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Editorial

Bio-Functional Natural Products in Edible Resources for
Human Health and Beauty
Toshio Morikawa

Pharmaceutical Research and Technology Institute, Kindai University, 3-4-1 Kowakae,
Higashiosaka 577-8502, Osaka, Japan; morikawa@kindai.ac.jp

Natural products remain important repositories of promising therapeutic candidates
due to their rich chemical and biological diversity. In particular, the development and
application of bio-functional natural products from edible resources for the prevention of
human diseases, health maintenance, and beauty are attractive for practical research.

The Special Issue “Bio-functional Natural Products in Edible Resources for Human
Health and Beauty”, published in the journal Molecules, includes twelve articles, including
ten original and two review articles.

The original papers include ‘Anthocyanin accumulation in the leaves of the pur-
ple sweet potato (Ipomoea batatas L.) cultivars’ by Guo Liang Li et al. [1]; ‘Composition
of sugars in wild and cultivated lingonberries (Vaccinium vitis-ideaea L.)’ by Gabriele
Vilkickyte et al. [2]; ‘NOx-, IL-1β-, TNF-α-, and IL-6-inhibiting effects and trypanocidal
activity of banana (Musa acuminata) bracts and flowers: UPLC-HRESI-MS detection of
phenylpropanoid sucrose esters’ by Louis P. Sandjo et al. [3]; A new eucalyptol-rich laven-
der (Lavandula stoechas L.) essential oil: emerging potential for therapy against inflammation
and cancer’ by Mohamed Nadjib Boukhatem et al. [4]; ‘Natural herbal estrogen-mimetics
(phytoestrogens) promote the differentiation of fallopian tube epithelium into multi-ciliated
cells via estrogen receptor beta’ by Maobi Zhu et al. [5]; ‘Sea buckthorn leaf powders: the
impact of cultivar and drying mode on antioxidant, phytochemical, and chromatic profile
of valuable resource’ by Lina Raudone et al. [6]; ‘Co-treatments of edible curcumin from
turmeric rhizomes and chemotherapeutic drugs on cytotoxicity and FLT3 protein expres-
sion in leukemic stem cells’ by Fah Chueahongthong et al. [7]; ‘Lycoperoside H, a tomato
seed saponin, improves epidermal dehydration by increasing ceramide in the stratum
corneum and steroidal anti-inflammatory effects’ by Shogo Takeda et al. [8]; ‘Consumption
of sinlek rice drink improved red cells indices in anemic elderly subjects’ by Peerasak
Lerttrakarnnon et al. [9]; and ‘Stress-relieving effects of sesame oil aroma and identification
of the active components’ by Hiroaki Takemoto et al. [10].

In addition, two review papers are included, namely ‘Natural ingredients from
medicine food homology as chemopreventive reagents against type 2 diabetes mellitus
by modulating gut microbiota homoeostasis’ by Xiaoyan Xia and Jiao Xiao [11] and ‘Phy-
totherapeutic approaches to the prevention of age-related changes and the extension of
active longevity’, by Olga Babich et al. [12].

As the guest editor of this Special Issue, I hope “Bio-functional Natural Products in
Edible Plant for Human Health and Beauty”, appearing in the Natural Products Chemistry
section of Molecules, will be of use to many researchers. I would like to acknowledge all the
authors for their valuable contributions and the reviewers for their constructive remarks.
Special thanks to the publishing staff of Molecules at MDPI for their professional support in
all aspects of this Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Article

Anthocyanin Accumulation in the Leaves of the
Purple Sweet Potato (Ipomoea batatas L.) Cultivars

GuoLiang Li , Zhaomiao Lin, Hong Zhang, Zhonghua Liu, Yongqing Xu, Guochun Xu,
Huawei Li, Rongchang Ji, Wenbin Luo, Yongxiang Qiu, Sixin Qiu * and Hao Tang

Institute of Crop Sciences, Fujian Academy of Agricultural Sciences, Scientific Observing and Experimental
Station of Tuber and Root Crops in South China, Ministry of Agriculture. Fuzhou, Fujian 350013, China;
uslgl@126.com (G.L.); linzhaomiao@foxmail.com (Z.L.); teeteeking@163.com (H.Z.); lhl8620@163.com (Z.L.);
qingqing0722@126.com (Y.X.); xgc_faas@163.com (G.X.); fjpotato@126.com (H.L.); jrc1976@163.com (R.J.);
lwb9630@163.com (W.L.); qyxlm@sohu.com (Y.Q.); tanghao9403@163.com (H.T.)
* Correspondence: qiusixin@faas.cn; Tel.: +86-0591-87572407

Received: 20 September 2019; Accepted: 15 October 2019; Published: 17 October 2019

Abstract: Sweet potato anthocyanins are water-soluble pigments with many physiological functions.
Previous research on anthocyanin accumulation in sweet potato has focused on the roots, but the
accumulation progress in the leaves is still unclear. Two purple sweet potato cultivars (Fushu No. 23
and Fushu No. 317) with large quantities of anthocyanin in the leaves were investigated. Anthocyanin
composition and content were assessed with ultra-performance liquid chromatography diode-array
detection (UPLC-DAD) and ultra-performance liquid chromatography/quadrupole time-of-flight
mass spectrometry (UPLC-QTOF-MS), and the expressions of genes were detected by qRT-PCR. The
two cultivars contained nine cyanidin anthocyanins and nine peonidin anthocyanins with an acylation
modification. The acylation modification of anthocyanins in sweet potato leaves primarily included
caffeoyl, p-coumaryl, feruloyl, and p-hydroxy benzoyl. We identified three anthocyanin compounds
in sweet potato leaves for the first time: cyanidin 3-p-coumarylsophoroside-5-glucoside, peonidin
3-p-coumarylsophoroside-5-glucoside, and cyanidin 3-caffeoyl-p-coumarylsophoroside-5-glucoside.
The anthocyanidin biosynthesis downstream structural genes DFR4, F3H1, anthocyanin synthase
(ANS), and UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT3), as well as the transcription
factor MYB1, were found to be vital regulatory genes during the accumulation of anthocyanins
in sweet potato leaves. The composition of anthocyanins (nine cyanidin-based anthocyanins and
nine peonidin-based anthocyanins) in all sweet potato leaves were the same, but the quantity of
anthocyanins in leaves of sweet potato varied by cultivar and differed from anthocyanin levels in the
roots of sweet potatoes. The anthocyanidin biosynthesis structural genes and transcription factor
together regulated and controlled the anthocyandin biosynthesis in sweet potato leaves.

Keywords: sweet potato; anthocyanin compositions; biosynthesis structural genes; transcription factor

1. Introduction

The sweet potato (Ipomoea batatas L.) is an important tropical crop, providing starch, beta-carotene,
and anthocyanins for human nutrition and industrial use [1]. Leafy sweet potato is a new type in
China that is consumed for its stems and leaves, not the tuberous root. The stems and leaves are
nutritious and contain high levels of protein, dietary fiber, calcium, magnesium, iron, zinc, flavonoids,
and anthocyanins [2]. In 2003, the first leafy sweet potato cultivar was cultivated in China, called
Fushu No. 7-6 [3], but in 2016 there was only one purple leafy sweet potato cultivar being grown in
China, Fushu No. 23. Fushu No. 23 has been found to have high levels of anthocyanin in both the
stems and leaves (Figure 1).
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Anthocyanins are a group of water-soluble natural pigments that are considered flavonoids with
a basic structure of C6–C3–C6. They are responsible for fruit and flower coloration [4]. Previous
research on anthocyanins in sweet potato has focused on the roots and found that the basic anthocyanin
monomers are cyanidin, peonidin, and pelargonidin. These anthocyanin monomers are often linked to
acylated glucoside or sophoroside, and acylation modification comes from caffeic acid, p-coumaric
acid, ferulic acid, and p-hydroxybenzoic acid [4–8]. Terahara et al. (1999) identified eight acylated
anthocyanins in the roots of the purple Japanese sweet potato cultivar Yamagawamurasaki, and
six monomers were identified as diacylated anthocyanins [9]. Tian et al. (2005) identified 26
anthocyanins from the ‘Ayamurasaki’ line that had been root cultured, and it was first discovered that
the purple-fleshed sweet potato contained pelargonidin 3-sophoroside-5-glucoside and pelargonidin
3-feruloylsophoroside-5-glucoside [4]. Lee et al. (2013) separated six pelargonidin-based anthocyanins
from Korean purple-fleshed sweet potato cultivar Borami [6], and found that compared with the
purple-fleshed root, anthocyanins in sweet potato leaves were relatively less studied. Islam et al. (2002)
detected 15 anthocyanin compounds from sweet potato leaves, and eight cyanidin derivatives were
identified and measured [10]. Su et al. (2019) identified 14 anthocyanins with a new anthocyanin
peonidin 3-caffeoyl-p-coumaryl sophoroside-5-glucoside in the leaves of three sweet potato varieties [11].
Vishnu et al. (2019) found that peonidin derivatives were the major anthocyanins in tubers and the
leaves, but that the contents of the cyanidin derivatives were greater in leaves than in tubers [12].
Studies have shown that anthocyanins from sweet potato have good properties regarding scavenging
1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals [13], and protect the liver [14,15], have anti-tumor
properties [16], lower blood sugar levels [17], and have other positive physiological functions on the
human body [18,19].

In this study, two purple sweet potato cultivars (Fushu No. 23 and Fushu No. 317) with different
patterns of anthocyanin accumulation were studied (Figure 1). The content and chemical structures of
anthocyanin monomers in the leaves were analyzed and the expression of anthocyanin biosynthetic
structural genes and transcription factors were studied.
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2. Materials and Methods

2.1. Chemicals

All of the reagents or solvents were of analytical, HPLC, or HPLC-MS grade. Absolute ethanol,
acetone, hydrochloric acid (HCl), and sodium hydroxide (NaOH) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Methanol and ethanol in LC-MS grade was purchased
from Honeywell (Muskegon, MI, USA). Acetonitrile in LC-MS grade was obtained from Merck KgaA
(Darmstadt, Germany). Formic acid in LC-MS grade was the product of Fisher Scientific (Waltham, MA,
USA). The standard cyanidin 3-O-glucoside was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The TransStart Top Green qPCR SuperMix was purchased from Transgen Biotech (Beijing, China).

2.2. Plant Materials

The purple-leaf sweet potato cultivars Fushu No. 23 and Fushu No. 317 were sampled under
natural outdoor light and temperature conditions. Two-thirds of samples were stored at −80 ◦C in a
refrigerator (Haier Group Co., Qingdao, China) for later analyses of metabolites. To determine the
content of total anthocyanins, the remaining 1/3 of leaves were oven-dried, ground into powder with a
diameter less than 0.3 mm, and stored in a vacuum pack (VIP320, Beijing Torch SMT Inc. Co., Beijing,
China) at 4 ◦C.

In order to understand the difference in anthocyanin levels between roots and leaves, some
purple-fleshed sweet potatoes were examined, the cultivars Fushu No. 9, Fushu No. 24, Fushu No. 317,
Ornamental Purple (OP), Fushu No. 23, and Fushu No. 25 were obtained from the Institute of Crop
Sciences, Fujian Academy of Agricultural Sciences, Fuzhou, China, (26◦08′ N, 119◦28′ E) in August
2018. Yanshu No. 5, Longzishu No. 6, and Longzishu No. 8, were generously provided by the Longyan
Institute of Agricultural Sciences, Longyan, China, in August 2018.

2.3. Sample Preparation

Two-thirds of lyophilized samples (50 mg) were grounded by TissueLyser JX-24 (Jingxin, Shanghai,
China) with beads at 40 Hz for 4 min, and extracted with 0.5 mL of 70% methanol containing 0.1% formic
acid. Samples were then processed for 10 min 100 HZ ultra-sonication in ice water. The mixtures were
vortexed for 30 s and left to stand for 2 h at −40 ◦C. After, samples were centrifuged at 4 ◦C at 14,000
rpm for 15 min, and 350 µL of supernatant were dried under gentle nitrogen stream and re-dissolved
in 90 µL of 70% methanol containing 0.1% formic acid combined with 10 µL of 25 µg/mL lidocaine
(internal standard) prior to ultra performance liquid chromatography/quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS) analysis. Quality control (QC) sample was obtained by isometrically
mixing the prepared samples. The injection volume was 1 µL (ESI+).

2.4. Ultra Performance Liquid Chromatography Diode-Array Detection (UPLC-DAD) and UPLC-QTOF-MS
Analysis

Chromatographic separation was performed on an ACQUITY UPLC I-Class system (Waters
Corporation, Milford, MA, USA) with an ACQUITY UPLC BEH C18 column (100 × 2.1 mm, 1.7 µm,
Waters Corporation, Milford, MA, USA) maintained at 45 ◦C. The injection volume was 3 µL. The
mobile phases consisted of water (phase A) and acetonitrile (phase B), both with 0.5% formic acid (v/v).
A linear gradient elution was performed using the following program: 0–2 min, 1% B; 3 min, 5% B; 9
min, 20% B; 12 min, 50% B; 15 min, 100% B; 17 min, 100% B; 17.1 min, 1% B, and held for 20 min.

The eluents were analyzed on a Vion IMS QTOF Mass spectrometer (Waters Corporation, Milford,
MA, USA) set to ESI+ mode. The capillary voltage was set to 2 kV. The sampling cone voltage and
cone gas flow were 40 V and 50 L/h, respectively. The desolvation gas was maintained at a flow rate of
900 L/h and a temperature of 450 ◦C. The ion source temperature was 115 ◦C. The TOF-MS scan was
operated at a high-resolution with 0.2 s survey scan time and a range of 50–1000 m/z in the continuum
mode for both function 1 and 2. To improve the identification of unknown metabolites, MSE function
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was also performed to obtain fragment ion information with a ramp collision energy from 20 to 45 eV.
The mass accuracy calibration was performed with the 250 ng/mL lock mass leucine-enkephalin at 5
µL/min, with data acquisition frequency set at 30 s. The software for controlling the instrument and
collecting data was UNIFI 1.8.1 (Waters Corporation, Milford, MA, USA). Peak picking, alignment,
and deconvolution were conducted using Progenesis QI (Nonlinear Dynamics, Newcastle, UK) with
default parameters. A suitable quality control sample (QC from pooled samples) from the run was
selected as a reference for peak alignment. The structural identification of anthocyanins was performed
using UNIFI 1.8.1(Waters Cooperation, Milford, MA, USA). The anthocyanin content was expressed as
mg of cyanidin 3-O-glucoside equivalent.

2.5. Quantitative Real-time PCR ANALYSIS of Anthocyanin Biosynthetic Genes in Sweet Potato Leaves

Total RNA was isolated from sweet potato leaves in September using TransZol Plant (Transgen
Biotech Inc., Beijing, China) following the manufacturer’s instructions. First-strand cDNA were reverse
transcribed using a Reverse Transcriptase M-MLV Kit (Promega, Madison, WI, USA). The qRT-PCR assay
was performed on an ABI QuantStudio5 Real-time system (ABI, Foster City, CA, USA), and in 10 µL of
reaction containing 2× TransStart Top Green qPCR SuperMix (Transgen Biotech Inc., Beijing, China),
10 µM of solution from each primer (Supplementary Table S1), and 100 ng of cDNA. Thermocycling
conditions were: initial denaturation at 95 ◦C for 2 min, followed by 40 cycles for 15 s at 95 ◦C, and 1 min
at 60 ◦C. The relative expression of anthocyanin biosynthetic genes was assessed by the comparative
threshold cycle (Ct) method [20]. The sweet potato actin gene (NCBI accession: EU250003) served as
an internal control for signal normalization. Expression levels were evaluated as technical duplicates
of biological triplicates from separate plant samples.

3. Results and Discussion

3.1. Total Monomeric Anthocyanin Content in the Leaves of the Cultivars Fushu No. 23 and Fushu No. 317

To further understand the differences between the two purple sweet potato cultivars in the
accumulation of anthocyanins, the composition and content of anthocyanins were detected by
UPLC-DAD and UPLC-QTOF-MS (Figure 2, Tables 1 and 2). Eighteen anthocyanin monomers were
found, which contained a typical anthocyanin spectrum of a maximum absorbance at 520 nm.
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anthocyanins; (b) caffeic acid (m/z 180); (c) ferulic acid (m/z 194); (d) p-hydro benzoic acid (m/z 138); and
(e) p-coumaroyl acid (m/z 164).
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Table 1. Identification of anthocyanins (1–14) from cultivar Fushu No. 23 and cultivar Fushu No. 317
leaves using ultra performance liquid chromatography/quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS/MS).

Peak Rt a (min) Fragment Ions (m/z) [M]+ (m/z) Identity b

1 4.45 287 449 611 773.2117 Cy 3-soph-5glc
2 4.99 301 463 625 787.2266 Peo 3-soph-5glc
3 5.92 287 449 731 893.2325 Cy 3-p-hydroxybenzoylsoph-5glc
4 6.10 287 449 773 935.2421 Cy 3-caffeylsophsoph-5glc
5 6.63 301 625 745 907.2479 Peo 3-p-hydroxybenzoylsoph-5glc
6 6.77 301 463 787 949.2578 Peo 3-caffeylsophsoph-5glc
7 6.86 287 449 757 919.2477 Cy 3-p-coumarylsoph-5glc
8 6.98 287 449 787 949.2577 Cy 3-feruloylsoph-5glc
9 7.50 301 463 771 933.2634 Peo 3-p-coumarylsoph-5glc

10 7.64 301 463 801 963.2734 Peo 3-feruloylsoph-5glc
11a 7.83 287 449 935 1097.2741 Cy 3-dicaffeylsoph-5glc
11b 7.89 287 449 893 1055.2636 Cy 3-caffeoyl-p-hydroxybenzoylsoph-5glc
12a 8.33 287 449 949 1081.2794 Cy 3-caffeoyl-p-coumarylsoph-5glc
12b 8.35 287 433 919 1111.2898 Cy 3-caffeoyl-feruloylsoph-5glc
13a 8.52 301 463 907 1111.2898 Peo 3-dicaffeoylsoph-5glc
13b 8.62 301 463 949 1069.2791 Peo 3-caffeoyl-p-hydroxybenzoylsoph-5glc
14a 9.05 301 463 933 1095.2942 Peo 3-caffeoyl-p-coumarylsoph-5glc
14b 9.05 301 463 963 1125.3038 Peo 3-caffeoyl-feruloylsoph-5glc

a Rt = retention time b Cy = cyanidin, Peo = peonidin, soph = sophorside, glc = glucoside.

The m/z ratio of the 18 anthocyanin monomers with daughter fragments was captured within the
scanning interval range. Nine cyanidin was detected at m/z 287 and nine peonidin was detected at
m/z 301. Cyanidin 3-sophoroside-5-glucoside (Table 1, Figure S1.1, m/z 773) produced three fragments
located at m/z 611, 449, and 287. Transition 773 > 611 and 773 > 449 represented the loss of glucose
(m/z 162) and sophorose (m/z 324), respectively, while transition 773 > 287 produced cyanidin (m/z 287)
aglycone due to the loss of both glucose and sophoroside. Another example for mono- and di-acylated
anthocyanin was cyanidin 3-(6”-p-hydroxybenzoylsoph)-5-glucoside (Table 1, Figure S1.3, m/z 893). The
transitions from 893 to 731 indicated a loss of glucose [M− 162]+, and from 893 to 449 [M− 162× 2− 120]+

indicated a loss of sophoroside and p-hydroxybenzoic acid 120 [p-hydroxybenzoic acid-H2O]+. The
remaining anthocyanins were identified in a similar fashion using the LC-MS library and identification
results of Tian and Lee et al. [4,6] The m/z ratios of each intact anthocyanin and its daughter fragments
are summarized in Table 1. We identified four anthocyanin compounds that were found in the
leaves of sweet potato for the first time: cyanidin 3-p-coumarylsophoroside-5-glucoside, peonidin
3-p-coumarylsophoroside-5-glucoside, cyanidin 3-caffeoyl-p-coumarylsophoroside-5-glucoside, and
peonidin 3-caffeoyl-p-coumarylsophoroside-5-glucoside.

The composition of anthocyanins in the sweet potato leaves had certain regularity. The first
anthocyanin monomers was cyanidin, another anthocyanin monomer peonidin was formed by
methylation at the cyanidin R1 position, and other monoacylanthocyanins or diacylanthocyanins
were formed by acylation modification at cyanidin or peonidin at the R2 and R3 positions [4–7]. The
structure of the acylated anthocyanins was more stable and had stronger physiological activities than
nonacylated anthocyanins. The acylation modification of anthocyanin in sweet potato leaves primarily
included: caffeoyl, p-coumaroyl, feruloyl, and p-hydroxy benzoyl (Figure 2).
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Table 2. Anthocyanin monomer (1–14) content in cultivar Fushu No. 23 and cultivar Fushu No. 317 as
determined by ultra performance liquid chromatography (µg/g fresh weight, FW).

Identity a Fushu No. 23 Fushu No. 317

Lf1 Lf2 Lf3 Lf1 Lf2 Lf3

Cy 3-soph-5glc 0.93 ± 0.22 1.65 ± 0.10 0.58 ± 0.06 3.47 ± 0.36 1.36 ± 0.17 0.21 ± 0.02
Peo 3-soph-5glc 0.68 ± 0.36 2.31 ± 0.12 1.40 ± 0.21 5.88 ± 0.84 2.76 ± 0.60 0.53 ± 0.05

Cy 3-p-hydroxybenzoylsoph-5glc 2.46 ± 0.50 6.66 ± 0.39 5.71 ± 0.43 10.41 ± 0.10 4.06 ± 1.11 0.63 ± 0.06
Cy 3-caffeylsophsoph-5glc 0.14 ± 0.00 0.40 ± 0.07 0.79 ± 0.11 11.09 ± 1.14 4.55 ± 1.08 0.31 ± 0.02

Peo 3-p-hydroxybenzoylsoph-5glc 0.98 ± 0.49 3.55 ± 0.11 2.85 ± 0.22 5.72 ± 0.05 2.76 ± 1.00 0.45 ± 0.08
Peo 3-caffeylsophsoph-5glc 0.02 ± 0.00 0.11 ± 0.02 0.18 ± 0.01 5.45 ± 1.16 2.00 ± 0.67 0.14 ± 0.01
Cy 3-p-coumarylsoph-5glc 0.06 ± 0.01 0.17 ± 0.04 0.12 ± 0.01 21.23 ± 2.04 7.42 ± 1.91 0.55 ± 0.05

Cy 3-feruloylsoph-5glc 0.21 ± 0.01 0.38 ± 0.03 0.45 ± 0.08 4.65 ± 0.72 1.63 ± 0.19 0.31 ± 0.05
Peo 3-p-coumarylsoph-5glc 0.11 ± 0.01 0.42 ± 0.07 0.31 ± 0.01 15.42 ± 0.79 6.84 ± 2.22 0.35 ± 0.04

Peo 3-feruloylsoph-5glc 0.05 ± 0.03 0.18 ± 0.04 0.20 ± 0.01 4.50 ± 0.85 1.45 ± 0.35 0.33 ± 0.06
Cy 3-dicaffeylsoph-5glc 0.24 ± 0.07 0.71 ± 0.13 3.27 ± 0.66 11.08 ± 0.82 6.34 ± 2.36 0.11 ± 0.01

Cy 3-caffeoyl-p-hydroxybenzoylsoph-5glc 1.43 ± 0.28 4.04 ± 0.61 8.57 ± 1.54 4.52 ± 0.40 2.61 ± 0.95 0.09 ± 0.01
Cy 3-caffeoyl-p-coumarylsoph-5glc 0.02 ± 0.00 0.10 ± 0.03 0.16 ± 0.04 7.24 ± 0.53 4.18±1.27 0.05 ± 0.00

Cy 3-caffeoyl-feruloylsoph-5glc 0.06 ± 0.03 0.21 ± 0.02 0.70 ± 0.22 5.07 ± 0.69 2.14 ± 0.40 0.10 ± 0.00
Peo 3-dicaffeoylsoph-5glc 0.02 ± 0.00 0.09 ± 0.01 0.40 ± 0.03 4.81 ± 0.35 2.72 ± 1.11 0.04 ± 0.00

Peo 3-caffeoyl-p-hydroxybenzoylsoph-5glc 0.20 ± 0.09 0.88 ± 0.08 1.56 ± 0.06 2.31 ± 0.14 1.42 ± 0.61 0.04 ± 0.00
Peo 3-caffeoyl-p-coumarylsoph-5glc - 0.02 ± 0.00 0.02 ± 0.00 2.57 ± 0.28 2.12 ± 0.67 0.01 ± 0.00

Peo 3-caffeoyl-feruloylsoph-5glc - 0.04 ± 0.01 0.14 ± 0.02 1.92 ± 0.45 0.85 ± 0.24 0.03 ± 0.00
Total anthocyanin 7.62 ± 1.43 21.92 ± 1.25 27.41 ± 2.69 127.33 ± 7.55 57.20 ± 6.75 4.28 ± 0.25

non-acylated anthocyanin 0.98 ± 0.24 1.84 ± 0.14 0.78 ± 0.06 7.97 ± 1.21 2.81 ± 0.51 0.53 ± 0.09
monoacylated anthocyanin 6.01 ± 1.75 17.98 ± 1.48 23.46 ± 3.42 60.99 ± 4.58 29.39 ± 8.78 2.28 ± 0.24

diacylated anthocyanin 0.63 ± 0.13 2.10 ± 0.25 3.17 ± 0.21 58.37 ± 5.93 25.00 ± 7.62 1.48 ± 0.17
cyanidin-based anthocyanin 5.59 ± 1.59 15.66 ± 0.93 12.38 ± 1.11 83.32 ± 7.19 33.37 ± 8.95 3.47 ± 0.38
peonidin-based anthocyanin 2.03 ± 0.52 6.26 ± 0.94 15.03 ± 2.58 44.01 ± 4.52 23.83 ± 7.96 0.81 ± 0.11

a Cy = cyanidin, Peo = peonidin, soph = sophorside, glc = glucoside.

3.2. Differential Accumulation of Anthocyanins in the Leaves of the Cultivars Fushu No. 23 and Fushu No. 317

As shown in Figure 1, the anthocyanin accumulation in the leaves of the cultivars Fushu No. 23
and Fushu No. 317 was different. The anthocyanin content in Fushu No. 23 leaves increased with
the growth of the first to third leaves (one- to seven-day-old from new leaves), while the anthocyanin
content in Fushu No. 317 leaves decreased in that period.

The total anthocyanin content in sweet potato leaves ranged from 4.28 to 127.33 µg/g fresh weight
(FW). The accumulation of anthocyanin monomers in the leaves of Fushu No. 23 and Fushu No. 317
was different (Table 2). In Fushu No. 23, the simple structure of anthocyanidin monomers led cyanidin
3-sophoroside-5-glucoside to increase from the first to second leaves, and then decrease from the
second to third leaves. Meanwhile, the structurally complex monomers in Fushu No. 317 caused
cyanidin 3-(6’,6′’-dicaffeylsophoroside)-5-glucoside to increase from the first to the third leaves.

3.3. Expression of Anthocyanidin Biosynthesis Structural Genes and Transcription Factor

The synthesis precursor of anthocyanin monomers in sweet potato leaves is phenylalanine,
and structural genes in the synthesis process include: phenylalanine ammonialyase (PAL), cinnamic
acid-4-hydroxylase (C4L), 4-coumarate:CoA ligase (4CL), chalconesynthase (CHS), chalconeisomerase
(CHI), flavanone 3-hydroxylase (F3H), flavonoids 3′-hydroxylase (F3′H), dihydrofavonol4-reductase
(DFR), and anthocyanin synthase (ANS) [21]. The first anthocyanin monomer was cyanidin, and
other acylated anthocyanin monomers formed under the action of the UDP-glucose flavonoid
3-O-glucosyltransferase (UFGT) [22] or anthocyanin 3-O-acyltransferases (3AT) [23,24] genes (Figure 3).
DFRs, UFGTs, and 3Ats are mined from two diploid wild relatives of cultivated sweet potato (Ipomoea
triloba. L). UFGT1 (3GGT) was found to transfer glucose to glycosylated anthocyanins in purple sweet
potato [25], but this is the only UFGT whose function in the sweet potato has been established. The
transcription factors in anthocyanin synthesis were MYB, bLHL, and WDR40 [21,26]. IbMYB1 is a key
regulatory gene of anthocyanin biosynthesis in the storage roots of purple-fleshed sweet potato [27].
IbMYB60 is homologous to the Arabidopsis R2R3-MYB transcription factor AtMYB60, a transcriptional

8



Molecules 2019, 24, 3743

repressor of anthocyanin biosynthesis in lettuce [28]. AtMYB75 (PAP1) [29,30] and AtMYB113
(PAP2) [31,32] regulate the anthocyanin pathway in Arabidopsis seedlings. Two homologous AtMYB75
genes (IbMYB75-1 and IbMYB75-2) were mined from Ipomoea triloba genome, but only one homologous
gene IbMYB113 was found in the Ipomoea triloba genome (www.sweetpotato-garden.kazusa.or.jp).
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Figure 3. Expression of anthocyanin structural genes and transcription factors in the purple sweet
potato cultivars Fushu No. 23 and Fushu No. 317. (a) Simplified model of the anthocyanin biosynthetic
pathway and qRT-PCR analysis of the transcript abundance of the anthocyanin biosynthesis-related
genes in Fushu No. 23 and Fushu No. 317 leaves. (b) Expression of transcription factors IbMYBs in
sweet potato leaves.

To further clarify the internal connection of anthocyanin content with transcription levels of the
genes involved in anthocyanin biosynthesis, 25 anthocyanin structural genes and five transcription
factor genes were detected by quantitative real-time PCR. We found there were substantial differences
in the expression of anthocyanidin-related genes in Fushu No. 23 and Fushu No. 317, and we found
that the two cultivars had an opposite accumulation pattern. From the first to third leaves of Fushu No.
317, CHS, DFRs, F3Hs, ANS, UFGTs, and 3Ats had a tendency to first increase and then decrease. Most
anthocyanin biosynthesis related-myb transcription factors also had the same pattern. However, DFRs
were correlated with the increase in anthocyanin content in the first to third leaves of Fushu No. 23.

On comparing the first leaf of Fushu No. 23 to Fushu No. 317, anthocyanin content was greater in
Fushu No. 317 than Fushu No. 23, while the expression of ANS in the leaf of Fushu No. 23 was lower
than in Fushu No. 317. Therefore, we speculate that ANS is the key gene for anthocyanin biosynthesis
in the first leaf of sweet potato.
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The anthocyanin content in the third leaf was also different. Expression of the structural genes:
CHS, DFR4, F3′H1, ANS, and UFGT3 were greater in Fushu No. 23 than in Fushu No. 317. Therefore,
CHS, DFR4, F3′H1, ANS, and UFGT3 may be vital regulatory genes of anthocyanin biosynthesis in
sweet potato leaves.

MYB transcription factors (TFs) have had a long association with anthocyanin biosynthesis.
In sweet potato, activation of anthocyanin levels by IbMYB1 was first observed in a functional
complementation experiment using a mutant. Mano et al. (2007) reported IbMYB1 was only expressed
in the roots of purple-fleshed sweet potatoes but not in other related-tissues such as stems, leaves,
flowers, and the roots of orange-, yellow-, or white-fleshed varieties [24], but we found IbMYB1 can be
highly expressed in the leaves of sweet potato variety Fushu No. 23, and can have very low expression
in the leaves of Fushu No. 317. Perhaps the biosynthesis of anthocyanins in the leaves of sweet potato
is through more than one metabolic pathway. MYB60 and MYB113 decreased from the first to third
leaves, while MYB1 and MYB75-2 increased from the first to third leaves, possibly due to the fact that
MYB has different effects on anthocyanin biosynthesis in different sweet potato leaves.

3.4. Anthocyanins in Roots of Purple-fleshed Sweet Potato Were Different from the Anthocyanins in Sweet
Potato Leaves

In order to further determine differences in the composition of anthocyanins between sweet
potato leaves and roots, we used the same method to analyze the anthocyanin components of
five sweet potato leaves and five sweet potato roots. Fushu No. 317, Fushu No. 25, and
OP contained 18 anthocyanin components and Fushu No. 23 and Yanshu No. 5 contained 17
anthocyanin components. However, cyanidin 3-p-coumarylsophoroside-5-glucoside and cyanidin
3-caffeoyl-p-coumaryl sophoroside-5-glucoside were not found in the any of the roots in this study.
Interestingly, Tian et al. (2005) found cyanidin 3-p-coumarylsophoroside-5-glucoside and cyanidin
3-caffeoyl-p-coumaryl sophoroside-5-glucoside in a PL (purple line) cell line generated from the storage
root of the purple-fleshed sweet potato cultivar Ayamurasaki [4], but this has not been identified in
any earlier reports on purple-fleshed sweet potato [9,33]. It is possible that these compounds were not
found in our study because they existed at such a low level that they could not be detected.

In this study, among five purple-fleshed sweet potatoes in this study, Longzishu No. 6 had the
greatest number of anthocyanin monomers in the roots. The total contents of anthocyanins in Longzishu
No. 6 roots were 255.75 ± 17.39 µg/g FW (Table 3), not very high. Anthocyanin monomers cyanidin
3-p-coumarylsophoroside-5-glucoside, cyanidin 3-caffeoyl-p-coumaryl sophoroside-5-glucoside, and
cyanidin 3-caffeoyl-feruloylsophoroside-5-glucoside were not found in the roots of Fushu No. 317.
The total contents of anthocyanins in Fushu No. 317 leaves (188.81 ± 18.35 µg/g FW) were much
lower than that in the roots (1009.29 ± 66.41µg/g FW). As Su et al. speculated [11], maybe anthocyanin
biosynthesis between sweet potato leaves and roots involved different phenotypes. Fushu No. 9
lacked two anthocyanin monomers: peonidin 3-p-coumarylsophroside-5-glucoside and peonidin
3-caffeoyl-p-coumarylsophoroside-5-glucoside in roots. Fushu No. 24 and Longzishu No. 4 only
contained 13 anthocyanin monomers in the roots. It should be noted that the total anthocyanins in
the roots of purple-fleshed sweet potato had greater changes with different varieties, but the total
anthocyanins in the leaves of sweet potato showed small changes. A future study to explain the
genotype of anthocyanin biosynthesis genes in the leaves and roots of sweet potato may be necessary.
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Abbreviations

PAL phenylalanine ammonialyase
C4L cinnamic acid-4-hydroxylase
4CL 4-coumarate:CoA ligase
CHS chalconesynthase
CHI chalconeisomerase
F3H flavanone 3-hydroxylase
F3′H flavonoids 3′-hydroxylase
DFR dihydrofavonol 4-reductase
ANS anthocyanin synthase
UFGT UDP-glucose flavonoid 3-O-glucosyltransferase
3AT anthocyanin 3-O-acyltransferases
qRT-PCR quantitative real time polymerase chain reaction
SD standard deviation
UPLC-QTOF-MS ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry
UPLC-DAD ultra-performance liquid chromatography diode-array detection
FW fresh weight
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Abstract: Products of lingonberries are widely used in the human diet; they are also promising beauty
and health therapeutic candidates in the cosmetic and pharmaceutical industries. It is important to
examine the sugar profile of these berries, due to potential deleterious health effects resulting from high
sugar consumption. The aim of this study was to determine the composition of sugars in wild clones and
cultivars or lower taxa of lingonberries by HPLC–ELSD method of analysis. Acceptable system suitability,
linearity, limits of detection and quantification, precision, and accuracy of this analytical method were
achieved. The same sugars with moderate amounts of fructose, glucose, and low amounts of sucrose were
found in wild and cultivated lingonberries. Cultivar ‘Erntekrone’ and wild lingonberries collected from
full sun, dry pine tree forests with lower altitude and latitude of the location, distinguished themselves
with exclusive high contents of sugars. The changes in the sugar levels during the growing season were
apparent in lingonberries and the highest amounts accumulated at the end of the vegetation. According
to our findings, lingonberries seem to be an appropriate source of dietary sugars.

Keywords: Vaccinium vitis-idaea; lingonberry; sugars; cultivated berries; wild berries; HPLC–ELSD

1. Introduction

As the modern lifestyle and prevalence of chronic diseases have become a relevant issue of concern,
functional food ingredients, nutraceuticals, and food supplements have become a significant area of research.
Increasing sugar intake is of concern, because it may result in obesity, metabolic disorders, dental caries,
and increased risk of noncommunicable diseases—hypertension, dyslipidemia, cardiovascular diseases,
type 2 diabetes, cancer and others, which are responsible for more than half of all deaths worldwide [1,2].
Possible harmful cardiometabolic mechanisms of action of dietary sugars include induction of inflammatory
processes, oxidative stress, increasing insulin resistance, and impaired β-cell function [3]. Sugars differ from
each other in structure, effects, and applications. According to the structure, sugars can be referred to as:
(1) Monosaccharides (glucose, fructose, and galactose), which have five or six carbon atoms, sweet taste
and can be called reducing sugars; (2) disaccharides (sucrose, lactose, maltose, trehalose), which make up
two or more monosaccharide units and may not have reducing properties; and (3) polyols—sugar alcohols
(sorbitol, mannitol, lactitol, xylitol, erythritol, isomalt, maltitol). Sugars may naturally present in food or
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can be added to food additionally by the manufacturer or consumer. The latter is considered to be more
dangerous because of the faster absorption and conversion to fats [4–6].

Deleterious health effects may occur if sugars are consumed in large amounts [3]. The same can
be said about any macro- or micronutrient. The moderate intake of sugars, which according to WHO
should be less than 10% of total energy intake, does not increase the health risk [1]. While excessive
amounts of sugars are undoubtedly unhealthy, rational use of sugars can be favorable. Sugars are
a prominent constituent of plants, acting as structure matter and molecule signal, regulating growth
and enzyme activity [7]. Furthermore, they are the main energy source for the human body and
an ubiquitous ingredient of our food, providing a desirable sweet taste [4,8].

It has been suggested that some sugars take part in the anti-adherence activity. Adhesin proteins,
fimbriae or pili, expose adhesive lectins on the cell surface, which bind complementary carbohydrates
on the tissues of the host, and thus permit Escherichia coli bacterial adhesion to the urothelium. Adhesin
proteins can be mannose-resistant (p-fimbriae) or mannose-sensitive (type 1 fimbriae). The current
hypothesis proposes that proanthocyanidins inhibit the adherence of p-fimbriae, and fructose inhibits
adherence of type 1 fimbriae; consequently, uropathogenic bacteria cannot infect mucosal surface
and postulate urinary tract infections [9,10]. Hereby, fructose contributes to the disease-preventing
properties of the most common bacterial infections, acquired in the community or hospitals [11].

To avoid the harmful impact of sugars and to maintain their positive role, monitoring the
concentration of sugars in food is needed, as well as choosing dietary sugars with low energy density
that naturally occur in food—vegetables and fruits, including berries. According to this, lingonberries
seem to be an appropriate source of dietary sugars [2,4]. Lingonberry (Vaccinium vitis-idaea L.) is a native
plant to the boreal forest of North Eurasia and North America, nowadays generally accessible in most
countries of Europe, especially in Scandinavia. Lingonberries can be consumed fresh, bought at the
local markets, or cooked in the form of juices, jams, jellies, compotes, and syrups [12,13]. These berries
are widely used in the human diet, especially sweetened products, which are more favorable for most
consumers [14]. Fruits of this low-growing, evergreen shrub, belonging to the genus Vaccinium L.,
are popular not only because of their unique taste, but also because of their high level of healthy
bioactive compounds. Lingonberries are considered to be a good source of flavonols, anthocyanins,
phenolic acids, proanthocyanidins, free amino acids, vitamins, omega-3 fatty acids, and minerals [15,16].
A wide spectrum of biological activities of lingonberries has been determined. Lingonberries exhibit
antimicrobial, anti-inflammatory, antioxidant, immunomodulatory, and antiproliferative activities
and play a role in bacterial adhesion [12,17]. Products of lingonberries are increasingly marketed as
a natural solution for the treatment of various conditions, particularly urinary tract infections [18].

However, the lingonberry’s composition and activity have not yet been fully investigated to date.
Lingonberry is one of the least studied raw in the Ericaceae family; besides that, most studies were
conducted in the Nordic countries and focused mainly on phenolic compounds [19]. Considering these
berries’ popularity in food and health and wellness products, it is necessary to examine their sugar
profile, due to potentially adverse effects. Lingonberries have historically been collected from the wild,
and this is still mainly the case today. There are some cultivars produced, but there is no large-scale
cultivation, and plant breeding of lingonberry is still in its infancy [20]. Cultivation of lingonberry can
best meet the increased needs of plant material. To optimize horticulturally important traits, evaluation
the phytochemical differences between cultivated and wild lingonberries is needed, as well as emphasis
of factors such as optimal collecting time and environmental conditions leading to better yield.

To the best of our knowledge, there have been no comprehensive studies on sugar analysis of many
lingonberry coenopopulations, considering phenological growth stages, altitude, and latitude of the
berries’ collecting locations. The variations of identified sugars have been presented for the first time for
the cultivars and lower taxa. This is the first report on sugar composition of V. vitis-idaea var. leucocarpum,
which is a unique white berry-bearing variety that is included in the National Genetic Resources of
Lithuania. The obtained results will be really important to breeders for developing new cultivars and,
of course, as a part of the ongoing interest in nutritional and nutraceutical properties of food, the content
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of sugars in lingonberries will be of interest to dietitians and may be used in the pharmaceutical industry
in developing new products for consumers with special dietary requirements. Our results can contribute
to quality improvement of lingonberry products, leading to increased acceptability of consumers and
market size. The findings on the content of fructose in lingonberries may disclose the necessity of further
studies on fructose from lingonberries as a natural anti-adhesive agent. The sugar profile and individual
sugar ratio can also serve as a fruit authenticity tool to prevent adulterations.

Therefore, our aim was to characterize the sugar composition in wild clones from Lithuania, in seven
cultivars (’Erntedank’, ’Erntekrone’, ’Kostromička’, ’Kostromskaja rozovaja’, ’Rubin’, ’Sanna’, ’Sussi’) and
lower taxa (V. vitis-idaea var. leucocarpum) of lingonberries, considering genetic and environmental factors.

2. Results

2.1. Method Validation

Linearity for all sugars was evaluated between 0.0625 and 4 mg/mL. Calibration equations with
their linearity coefficients of detected sugars in lingonberries presented in Table 1. Limits of detection
(LOD) of all tested sugars ranged between 11 and 18 µg/mL, and limits of quantification (LOQ) between
30 and 60 µg/mL. The precision values—repeatability and intermediate precision—were < 2% (relative
standard deviation (RSD) of retention times < 1%, and RSD of peak areas < 2%). It could be concluded
that our method gave acceptable precision for sugar measurements because the intra- and inter-day
variations RSD for sugars were very low. The average recoveries of sugars were 98.08–102.15%,
thereby confirming the accuracy of this analytical method. Resolution values were greater than 1.5 and
selectivity values were greater than 1, ensuring that the sample components were well separated.

Table 1. The linearity of calibration curves of lingonberry sugars.

Component Calibration Equation Coefficient of Determination R2 Coefficient of Correlation R

Fructose Y = 1.80 X + 44.9 0.9998 0.9999
Glucose Y = 2.00 X − 26.3 0.9876 0.9938
Sucrose Y = 1.77 X + 82.2 0.9999 0.9999

2.2. Qualitative Analysis of Sugars in Wild and Cultivated Lingonberries

Sixteen sugars, including mono- and disaccharides, as well as polyols, were searched in samples
of wild and cultivated lingonberries. HPLC–ELSD results showed that only three sugars—fructose,
glucose, and sucrose—were detected in all tested samples (Figure 1). Retention times of fructose,
glucose, and sucrose were 7.109, 8.132, and 12.251 min, respectively.

Figure 1. Chromatograms of reference compounds (on the left) and analyte (on the right).
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2.3. Quantitative Analysis of Sugars in Wild Lingonberries

Fructose and glucose were the most abundant sugars in wild lingonberry extracts (Figure 2).
These sugars contributed up to 98.01% of total sugars (the sum of identified sugar amounts). Contents
of sucrose varied considerably among lingonberries from different collecting locations—the coefficient
of variation (CV) was 42.61%—whereas the content of fructose and glucose varied only slightly
(CV = 11.78% and 10.58%, respectively). The highest (p < 0.05) amounts of fructose were determined in
Valkininkai (295.74± 13.80 mg/g dry weight (DW)), Gudžiai (286.63± 9.40 mg/g DW), and Aukštadvaris
(280.58 ± 14.69 mg/g DW) forests, and the lowest (p < 0.05) in Juodlė (214.98 ± 6.92 mg/g DW),
Jurašiškės (215.97 ± 6.42 mg/g DW), and Gineitiškės (217.10 ± 6.80 mg/g DW) forests. Contents
of glucose were quite similar among different collecting locations, with the highest (p < 0.05) ones
determined in lingonberries from Valkininkai forest (309.83 ± 15.18 mg/g DW), followed by Bingeliai,
Aukštadvaris, Rudnia, and Marcinkonys forests. The lowest (p < 0.05) amounts of glucose accumulated
lingonberries collected from Juodlė, Gineitiškės, and Jurašiškės forests (226.06 ± 7.28, 227.26 ± 7.12,
and 236.77 ± 7.04 mg/g DW, respectively). Contents of sucrose ranged between 7.76 ± 0.24 mg/g DW
in Gineitiškės forest (contribution 1.72% of total sugars) and 43.01 ± 2.51 mg/g DW in Valkininkai
forest (contribution 6.63% of total sugars). Considering the sums of sugars, it was determined
that lingonberries from Valkininkai forest accumulated the highest (p < 0.05) amount of total sugars
(648.59 mg/g DW), meanwhile the lowest (p < 0.05) amount was determined in lingonberries from Juodlė,
Gineitiškės, and Jurašiškės forests (450.23, 452.13, and 469.29 mg/g DW, respectively). Correlation
analysis showed that sugar levels in wild lingonberries negatively correlated (p < 0.05) with latitudes
and altitudes of their collecting locations.

Figure 2. Composition of sugars in wild lingonberries clones. Bars marked with *, **, *** indicate the
highest (p < 0.05) fructose, glucose, and sucrose amounts in lingonberries, respectively.

The cluster analysis divided lingonberries from different collecting locations into four clusters,
which differed statistically significant from each other (Figure 3). The first cluster consisted of the
lingonberries from Juodlė, Gineitiškės, and Jurašiškės forests. Lingonberries collected from these
forests distinguished themselves by the lowest (p < 0.05) amounts of all types of detected sugars.
Cluster two was the largest and included lingonberries from Gudžiai, Aukštadvaris, Rudnia, Bingeliai,
Varėna, and Šilainė forests. Wild clones from these forests could be characterized by higher than
average amounts of fructose and glucose and low amounts of sucrose. Lingonberries from Varčia
and Marcinkonys forests were attributed to the third cluster. These lingonberries, on the contrary
to the second cluster, accumulated lower than average amounts of fructose and glucose and high
amounts of sucrose. Lingonberries from the Valkininkai forest surpassed lingonberries from other
collecting locations by the highest (p < 0.05) contents of all sugars, and were attributed to the fourth
cluster. These results highlight differences between wild clones of lingonberries and their adaptability
to growing and environmental conditions in different locations.
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Figure 3. Dendrogram based on the amounts of sugars in wild lingonberry clones from different
collecting locations.

2.4. Quantitative Analysis of Sugars in Cultivated Lingonberries

Similarly to wild clones, the predominant sugars in cultivars and lower taxa of lingonberries
were fructose and glucose (Figure 4). Fructose contributed 43.51–49.49% and glucose contributed
47.40–50.29% of total sugars in different cultivars and lower taxa of lingonberries. The highest
contribution of glucose and fructose was found in V. vitis-idaea var. leucocarpum (98.16%), and the
lowest one in ‘Kostromskaja rozovaja’ (92.08%). CV of fructose and glucose among tested cultivars and
lower taxa were 15.55% and 14.27%, respectively, indicating that the contents of these sugars between
cultivated lingonberries did not differ extremely. Significantly the highest contents of fructose were
determined in ‘Erntedank’ (327.64 ± 15.01 mg/g DW), ‘Erntekrone’ (317.72 ± 16.57 mg/g DW), and ‘Sussi’
(311.01 ± 11.17 mg/g DW); meanwhile, the lowest (p < 0.05) were in ‘Sanna’ (203.82 ± 7.32 mg/g DW)
and ‘Rubin’ (232.47 ± 8.35 mg/g DW) cultivars of lingonberries. The content of glucose among tested
cultivars and lower taxa of lingonberries ranged between 214.78 ± 7.72 mg/g DW (in ‘Sanna’ cultivar)
and 355.24 ± 18.53 mg/g DW (in ‘Erntekrone’ cultivar). Amounts of sucrose (1.84–7.92% of total sugars in
different cultivars and lower taxa of lingonberries) were considerably lower than that of other sugars,
but varied within a wide range (CV = 49.85%). Significantly, the highest content of sucrose was found
in ‘Kostromskaja rozovaja’ cultivar (47.29 ± 1.71 mg/g DW), whereas the lowest (p < 0.05) in ‘Sanna’
cultivar (11.46 ± 0.41 mg/g DW) and V. vitis-idaea var. leucocarpum (10.68 ± 0.54 mg/g DW). It was noticed
that ‘Erntekrone’ cultivar accumulated the highest (p < 0.05) amount of total sugars (708.78 mg/g DW),
whilst a lower amount of even more than one and a half times was determined in ‘Sanna’ cultivar.

Figure 4. Composition of sugars in cultivated lingonberries. Bars marked with *, **, *** indicate the
highest (p < 0.05) fructose, glucose, and sucrose amounts in lingonberries, respectively.
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After hierarchical cluster analysis, the lingonberry cultivars and lower taxa fruit samples were
grouped into four significantly different clusters (Figure 5). The first cluster was distinguished by the
highest amounts of total sugars, but the lowest of sucrose. The lingonberry cultivars attributed to this
cluster were German cultivar ‘Erntedank’, Swedish cultivar ‘Sussi’, and Russian cultivar ‘Kostromička’.
Lingonberries of Russian (‘Rubin’) and Swedish origin (‘Sanna’) accumulated the lowest amounts of
fructose and glucose and were attributed to the second cluster, whereas the highest amounts of these
two sugars were determined in a cultivar of German origin (‘Ertekrone’), which was attributed to the
third cluster. The Russian origin ‘Kostromskaja rozovaja’ was attributed to the fourth cluster, which was
characterized by the highest (p < 0.05) amount of sucrose and the lowest amount of total sugars. The results
of the cluster analysis of cultivated lingonberries indicate genetic variations in the levels of sugars.

Figure 5. Dendrogram based on the amounts of sugars in cultivated lingonberries.

2.5. Comparison of Sugars Between Wild and Cultivated Lingonberries

The same sugars with dominant fructose and glucose were found either in wild or cultivated
lingonberries, collected at the same time—berry formation stage in 2017 (Figure 6). The average
amounts of total sugars were 552.58 ± 63.57 mg/g DW in wild and 596.92 ± 85.78 mg/g DW in cultivated
lingonberries. Compared with wild lingonberries, cultivated ones accumulated 1.1, 1.1, and 1.2 times
higher amounts of glucose, fructose, and sucrose, respectively. Nevertheless, an independent samples
t-test showed that there were no statistically significant differences between sugar amounts in the wild
and cultivated lingonberries groups. Hence, domestication of lingonberries, genetical changes resulted
from human selection, and also presently used constant fertilization, irrigation, and other monitored
cultivation conditions had only a slight effect on the accumulation of sugars.

Figure 6. Average amounts of sugars in wild and cultivated lingonberries.
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2.6. Sugars of Lingonberries During the Growing Season

The results show that levels of sugars varied unevenly during the growing season (Figure 7).
The highest (p < 0.05) amount of total sugars was found in lingonberries collected at the end of
the vegetation (640.83 mg/g DW). Fructose, glucose, and sucrose levels in berries since the massive
blooming stage till the end of the vegetation increased 20.23%, 18.56%, and 26.18%, respectively.
Interestingly, the content of sucrose was the highest at the berry formation stage, but this content did
not differ statistically significantly from the content accumulated at the end of the vegetation, and had
no significant contribution to the total amount of sugars. According to the results, it is apparent that
the amounts of sugars are increasing during the growing season, and lingonberries collected at the end
of the vegetation are sweeter than those of the beginning of the vegetation.

Figure 7. Content of sugars during different vegetative phases of lingonberries.

3. Discussion

Lingonberries are described as very sour and quite tart berries with a little bit of sweetness.
The flavor is very similar to cranberries. Organoleptic properties of lingonberries, like other fruits,
are mainly determined by volatile compounds, sugars, organic acids, and their ratio [21]. Since sugars
in lingonberries affect consumer acceptability, a number of studies have been accomplished.

Mikulic-Petkovsek et al. analyzed various species of berries by the HPLC–RI method of analysis
and detected glucose (37.9 ± 1.32 mg/g fresh weight (FW)), fructose (29.2 ± 0.71 mg/g FW), and sucrose
(4.10 ± 0.45 mg/g FW) in wild lingonberries. Compared with other tested berries, the sugar level
in lingonberries was just moderate. Similar contents of sugars were found in wild blackberries,
red gooseberries, black mulberries, goji berries, and wild-grown elderberries [8]. Almost the same
amounts of sugars—up to 29, 36, and 2 mg/g FW of glucose, fructose, and sucrose, respectively—were
determined earlier in lingonberries, bought from the local retail shop [22]. The sugars were also found
in the lingonberry juices, extracted with a hydraulic press. Viljakainen et al., by using the HPLC–RI
method of analysis, found that amounts of fructose and glucose in Finnish lingonberry juices were
almost equal (42.30 ± 0.27 and 42.38 ± 0.39 mg/mL, respectively) and contributed up to 98.6% of
total sugars, whereas amounts of sucrose were very low (1.17 ± 0.01 mg/mL). Assessed amounts
of total sugars were slightly higher in lingonberry juices than in juices of bilberry, cloudberry,
blackcurrant, and strawberry, and almost two times higher than those of redcurrant, cranberry,
and black crowberry [23]. Recent studies have shown that sugars in lingonberry juices could be
detected by a sensitive spectrophotometric method using enzymatic assay kits specific for these
carbohydrates. It was proclaimed that squeezed lingonberry juices had 38.9 ± 0.43 mg/mL of
fructose and 45.4 ± 0.71 mg/mL of glucose. Contents of sugars were similar to those of elderberry
juices, but higher (p < 0.05) than in cornelian cherry juices [24]. One more report revealed that
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bioprocessing unaffected, fully riped Finnish lingonberries accumulated high amounts of fructose
(260 ± 0.01 mg/g DW), glucose (248 ± 0.03 mg/g DW), and sucrose (23.0 ± 0.01 mg/g DW) [21].

Our determined sugar amounts might seem higher than in previous studies, except the latter
one, in which observed sugar composition was consistent with the results of the present study. It can
be explained that in all of the researches mentioned above, except the latter one, the results were
expressed for fresh raw material, meanwhile in ours for dry raw material (lyophilized lingonberries).
The differences in contents of sugars also can be attributed primarily to the morphotype of lingonberries,
as well as geographical locations, prevailing climatic conditions, fruit ripeness, their collecting date,
and diversity of processing, extraction, and sugar analysis.

Notwithstanding the distinctions between sugar concentrations, contributions of fructose, glucose,
and sucrose of total sugars were partly consistent in previous studies, and a number of reports proved that
the main sugars of lingonberries are fructose and glucose. The amounts of other sugar components could
appear only after hydrolysis of polysaccharide fraction. Ross et al., by using gas–liquid chromatography
with FID detector, found impressively high amounts of arabinose, xylose, and galactose, and lower amounts
of mannose, fucose, and rhamnose in water-extractable polysaccharides fraction from Northern Manitoba
lingonberries [25]. Some of these sugars were looked at in the present study as well, but results showed that
they cannot be found in lingonberries as free sugars.

Results of the present study and literature data revealed that sugar concentration in lingonberries
is higher than in the most popular berries, like bilberries, strawberries, and cranberries. However,
the sweet taste is hidden because of the high organic acid content. Several studies have shown that
lingonberries accumulate high amounts of citric, fumaric, and shikimic, and lower amounts of tartaric,
benzoic and malic acids, which result in pH decreasing of lingonberries [8,21,23]. Bioprocessing of
lingonberries with enzymes, lactic acid bacterias, yeast, or their combination has an important impact
on sugars composition, and enzyme treatment could be a potential tool for decreasing the acidic flavor
of lingonberries [21].

It is acknowledged that lingonberries are indigenous to the sandy, northern, temperate, boreal
forests; they prefer light and well-drained, porous, acidic (pH range between 4.3 and 5.5) soils. However,
lingonberries are not demanding—they are resistant to temperature fluctuations, require very little
water, and can grow in very different habitats within its extensive natural range, from dry oligotrophic
pinewoods to raised bogs [26–28]. Lithuanian boreal forests seem to be a suitable place for the growth
of lingonberries. Considering the sugar amounts in lingonberries from different collecting locations
of Lithuania, it was noticed that the amounts of sugars in medium humidity, very infertile, pine tree
with full sun or partial shade forests (e.g., Varėna, Valkininkai, Aukštadvaris, Marcinkonys) were
higher (p < 0.05) than in medium humidity, medium fertility, with large variety of tree species shaded
forests (e.g., Gineitiškės, Jurašiškės). Thus, our results are in accordance with the literature data and
indicate that lingonberries accumulate higher amounts of compounds in sunny, dry tree sites, and even
very infertile land can be a great growth place for lingonberries. Detailed studies are needed on the
accumulation of other bioactive compounds in different soils, determining the organic and mineral
composition of the soil.

Our determined amounts of sugars in different cultivars of lingonberries were partly consistent
with their description of the flavors and yield. Cultivars in which berries are characterized as weakly
acidic or sweet-and-sour in taste were distinguished by the highest amounts of sugars (‘Erntedank’,
‘Sussi’, ‘Kostromička’, which were attributed to the same cluster, and ‘Ertekrone’, which was attributed
to a separate cluster). Meanwhile, the cultivars in which berries are described as having a sour taste
and producing poor fall crop accumulated the lowest amounts of fructose and glucose (‘Sanna’ and
‘Rubin’, which were attributed to the same cluster) [26,29].

The composition of bioactive compounds in cultivated lingonberries is the subject of numerous
studies. Lee et al. analyzed five different cultivars, including Swedish cultivars ‘Sanna’ and ‘Sussi’,
which were also examined in our study. They assessed that lingonberries of these cultivars accumulated
the lowest (p < 0.05) amounts of amino acids and moderate amounts of anthocyanins, total phenolics,

24



Molecules 2019, 24, 4225

and total tannins [13]. The lowest sugar productivity by ‘Sanna’ and one of the highest by ‘Sussi’
was observed in the present material. Phenolic compounds from lingonberry leaves within the same
cultivars and lower taxa as in the present study were investigated previously by us. The greatest
amounts of phenolics were found in the leaf extracts from ‘Rubin’ and ‘Kostromskaja rozovaja’ cultivars,
whereas the lowest ones in ‘Erntedank’, ‘Erntesegen’, and ‘Sanna’ cultivars. The cluster analysis
revealed that, according to the composition of phenolic compounds, the clusters were related to the
countries of origin, especially with German and Russian origin cultivars [30]. According to the present
findings, ‘Rubin’ and ‘Kostromskaja rozovaja’ cultivars accumulated just moderate amounts of sugars
in berries, ‘Sanna’ with the lowest (p < 0.05), and ‘Erntedank’, ‘Erntesegen’ with the highest ones.
Furthermore, there was no link between the cultivar country of origin and the quantities of sugars in
berries. Contents of sugars do not seem to correlate with the contents of other compounds in the same
cultivars and lower taxa of lingonberries. The productivity of cultivars in terms of sugars and in terms
of other compounds is probably different. However, it is hard to compare the results from the earlier
and present study, because of the different studied cultivars or raw materials.

Taking into account the importance of genetic differences and control of cultivation conditions,
it is anticipated that amounts of bioactive compounds should be different among wild clones and
cultivated plants. Notwithstanding, we found that there were no statistically significant differences in
sugar amounts between cultivated and wild lingonberries. Several researchers found higher levels of
phenolic compounds in wild fruits, meanwhile, the concentration of total sugars was quite similar
between cultivated and wild fruits, as in our study [8,31,32]. This information could be relevant
for breeders that are interested in sugar levels in the development of new cultivars, and it indicates
that they should look at some other cultivation techniques that may help affect the sugar content.
The successful development of lingonberry cultivars would increase the market size.

Altitude and latitude of location have an impact on temperature and solar radiation. As the
latitude of a location increases, it receives less sunlight, whereas increasing altitude results in a decrease
in pressure and thus in temperature. It is anticipated that most plants may adapt to higher latitudes
and altitudes. Harsh weather conditions could affect processes associated with plant development
and significantly enhance the biosynthesis of bioactive compounds [33,34]. Vyas et al. determined
that amounts of secondary metabolites—anthocyanins, proanthocyanidins, and total antioxidant
activity—of wild lingonberries positively correlated with latitude and altitude of the berries’ collecting
locations [35]. Our study showed contrary results—higher altitude and latitude, less sunlight and
lower temperature reduced sugar production in lingonberries. Consequently, we suggest that the
synthesis of primary metabolites does not intensify under the harsh weather conditions.

The variability and contents of bioactive compounds in plants depend on many factors, such as
the already discussed genetic and environmental factors, cultivation conditions, processing, extraction
method, and also maturity stage [36]. Numerous studies have been conducted to determine the
amounts of bioactive compounds in various berries during the growing season, thus finding out the
optimal collecting time [36–38]. Hence, we figured out that the changes in the sugar levels during the
growing season were apparent in lingonberries and the highest amounts accumulated at the end of
the vegetation. So, late September would be the optimal collecting time for those who prefer sweeter
berries. Analysis of the relationship of sugar amounts in lingonberries and consumer expectations
would help to develop the best quality standards for collecting dates.

Although there are considerable amounts of sugars in lingonberries, there is no need to worry
about high sugar intake with these berries leading to deleterious health effects. These effects may
occur if only more than about 1.25 kg of fresh lingonberries would be eaten daily, and more than
2.5 kg/day of fresh lingonberries would contribute to weight gain [6]. Meanwhile, the moderate
intake of lingonberries may trigger satiety and promote a positive energy balance due to sugars;
also lingonberry inclusion in the diet predisposes prevention of various human chronic diseases,
because of the richness of the phenolic antioxidants [39]. Published papers show the potential
benefit of lingonberries against diabetes and hypertension. These berries can inhibit α-amylase,
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α-glucosidase, anti-diabetic agent acarbose, and significantly enhance glucose uptake in human liver
cells, decreasing glycemia and insulin levels [40,41]. Kivimäki et al. reported that lingonberry juices at
small concentrations affect plasma inflammatory markers, clinical chemistry variables, and may lower
blood pressure in long-term treatment [42]. Furthermore, lingonberry extracts with strong antioxidant
function consumed orally or topically can protect dermal collagen protein, reduce the production and
activity of elastinase, relieve skin wrinkles and colored spots, and thus improve skin conditions [43,44].
Therefore, products of lingonberries are promising beauty and health therapeutic candidates in the
cosmetic and pharmaceutical industries.

4. Materials and Methods

4.1. Chemicals and Solvents

Analytical and chromatographic grade reference compounds were used for this study: Xylose,
arabinose, glucose, galactose, xylitol, mannitol, sorbitol, inositol, ribose, fructose, mannose, adonitol,
sucrose, maltose, lactose, and maltitol were purchased from Sigma-Aldrich GmbH (Steinheim,
Germany). HPLC grade acetonitrile was obtained from Sigma-Aldrich GmbH (Steinheim, Germany),
and purified deionized water (18.2 mW/cm) was produced using the Millipore (Millipore, Bedford,
MA, USA) water purification system.

4.2. Plant Material

4.2.1. Wild Lingonberries

The description of collecting locations of tested lingonberry wild clones is displayed in Table 2.
These collecting locations of wild clones differed from each other by soil moisture and degree of
yield, therefore by the quality of growing conditions. The soil of lingonberry collecting locations
was medium humidity, very infertile, with predominant Scots pine (Pinus sylvestris L.) tree species
in Varėna, Valkininkai, Aukštadvaris, Marcinkonys, and Juodlė forests; medium humidity, infertile,
with predominant Silver birch (Betula pendula Roth) and European spruce (Picea abies (L.) H. Karst.) tree
species in Rudnia and Gudžiai forests; and medium humidity, medium fertility, with a large variety of
tree species in Gineitiškės, Varčia, and Jurašiškės forests.

Table 2. Collecting locations of wild lingonberries, with their latitudes, longitudes, and altitudes.

Forest Latitude (◦) Longitude (◦) Altitude (m)

Rudnia 54.40 24.49 137
Gineitiškės 54.49 24.39 155

Marcinkonys 54.07 24.43 123
Varėna 54.29 24.44 136

Valkininkai 54.36 24.85 116
Gudžiai 54.36 24.43 136
Bingeliai 54.15 24.25 112
Šilainė 54.08 23.71 135
Varčia 54.32 24.21 148

Aukštadvaris 54.57 24.61 167
Juodlė 55.83 22.94 141

Jurašiškės 54.10 23.89 135

Samples of wild lingonberries were collected in berry formation stage (third decade of August, 2017)
in the twelve forests mentioned above, and also during different vegetative phases: Massive blooming
(2 August, 2017), summer blooming (12 August, 2017), berry formation (21 August, 2017), berry
ripening (2 September, 2017), massive berry ripening (16 September, 2017), and at the end of the
vegetation (26 September, 2017) in Rudnia forest. These collecting times were chosen according to the
lingonberry vegetative phases in Lithuania [26].
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Lithuania, a flat country overlooking the Baltic Sea, has a humid continental climate, which can
be described as a typical European continental influenced climate with warm, dry summers and fairly
severe winters. Agricultural land covers more than 50% of Lithuania; forested land consists of about
28%, with 1.8 million ha. Lithuania is situated within the so-called mixed forest belt, with a high
percentage of broadleaves and mixed conifer–broadleaved stands. The average solar radiation during
the lingonberries’ growing season from April to September of 2017 was 490 MJ/m2 and ranged between
259 MJ/m2 in September and 710 MJ/m2 in May; meanwhile, the average precipitation was 61 mm
and ranged between 20 mm in May and 125 mm in September. Average temperatures varied from
5 ◦C in April to 17 ◦C in August. The lowest moisture (53%) during the lingonberries’ growing
season in 2017 was determined in May, meanwhile the highest ones—75% and 80%—in August and
September, respectively, when berries were collected for this study. It should be noted that the duration
of sunshine in 2017 in Lithuania was about 1600 h, and it is much lower compared with previous years;
meanwhile, the average temperature of 2017 years was 7.6 ◦C, which is 0.7 ◦C above standard climate
rate. The meteorological data were obtained from the archive of the Lithuanian Hydrometeorological
Service under the Ministry of Environment.

4.2.2. Cultivated Lingonberries

The cultivated lingonberries were collected in the field collection of the Botanical Garden of Šiauliai
University (55◦55′57′′N, 23◦16′59′′E (WGS)). The following seven cultivars of lingonberry were tested:
Russian cultivars—’Kostromskaja rozovaja’ (registered in 1995), ‘Kostromička’ (1995), and ‘Rubin’
(1995); Swedish cultivars—’Sanna’ (1987) and ‘Sussi’ (1986); and German cultivars—’Erntedank’
(1975) and ‘Erntekrone’ (1978). Also, one variety (taxonomic rank between subspecies and form)
of lingonberries—V. vitis-idaea var. leucocarpum Asch. et Magnus —was included in the study.
Lingonberries belonging to this variety distinguish themselves by white berries, and the first time they
were found was in 1993 in the forest of Svencioneliai district, Lithuania [27,45].

Lingonberries were cultivated in a partially shaded place, with acidic and well-drained
soil. According to meteorological situation, fertilization and irrigation were periodically applied.
The dynamics of meteorological factors during the growing season of cultivated lingonberries
corresponded to those of wild clones. Fruits of different cultivars and lower taxa of lingonberries were
collected at the end of August 2017 (berry formation stage).

4.3. Sample Preparation and Extraction of Sugars

After collecting, lingonberries were immediately frozen and subjected to lyophilization in ZIRBUS
sublimator 3 × 4 × 5/20 (ZIRBUS Technology, Bad Grund, Germany) at a pressure of 0.01 mbar
(condenser temperature, –85 ◦C). To grind lyophilized berries to a fine powder, the Retsch 200 mill
(Haan, Germany) was used. Lyophilizates of lingonberries were comprised of 0.5 kg berries of each
cultivar, lower taxa or wild clones from different forests. All obtained results were re-calculated for dry
raw plant material.

One gram of the ground lyophilized lingonberries was added to 15 mL of distilled water in the
conical flask and extracted three times in an ultrasonic bath (Elmasonic P, Singen, Germany) for 10 min.
After the extraction, the homogenates were centrifugated for 5 min at 8500 rpm in a Biofuge Stratos
centrifuge, and obtained supernatants were filtered through a membrane filter with a pore size of
0.22 µm (Carl Roth GmbH, Karlsruhe, Germany).

4.4. Qualitative and Quantitative Analysis of Sugars by HPLC–ELSD Method

The determination of sugar contents was performed using the Waters 2695 Alliance system
(Waters, Milford, MA, USA) equipped with a Waters 2424 evaporative light-scattering detector
(ELSD). Separation of sugars was carried out using Shodex SUGAR SZ5532 (Showa Denko KK)
column (150 × 6.0 mm), according to the methodology described by Zymone et al. [46]. The gradient
consisted of eluent A (water) and B (acetonitrile) and followed: 0–5 min—81% B, 5–20 min—81–70% B,
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20–22 min—70% B, 23 min—81% B, with the eluent flow rate—1 mL/min and injection volume—10 µL.
As the ELSD nebulizer gas (25 psi), nitrogen was used and tube temperature was set to 60 ◦C.
Chromatographic peak identification was carried out by comparing the retention times of the analyte
and reference compounds. For sugar quantification, calibration curves were constructed.

4.5. Method Validation

The analytical HPLC–ELSD method was validated in terms of linearity, LOD, LOQ, precision
accuracy, and system suitability according to the ICH Q2(R1) guidelines [47]. To find out the
linearity, standard solutions of authentic samples of sugars were prepared. The standard curves
were based on five concentrations, each analyzed in triplicate. LOD and LOQ were determined
based on a signal-to-noise ratio (S/N). The detection limit was defined as the concentration that gave
a signal-to-noise ratio (S/N) >3 and the quantification limit as the concentration that gave S/N >10.
The precision of the method was evaluated by measurement in intra-day (for repeatability) and
inter-day (for intermediate precision) variability tests, calculating the relative standard deviation
(RSD) of peak areas or retention times. Accuracy of the method was expressed as percent recoveries,
which were studied by adding known amounts of standards to the samples. System suitability
parameters—resolution and selectivity—were calculated using Empower™ System Suitability software.

4.6. Statistical Analysis

Statistical analysis was conducted using SPSS 21.0 (SPSS Inc., Chicago, IL, USA) and Microsoft
Office Excel 2010 (Microsoft, Redmond, WA, USA). The amounts of sugars were expressed as the
mean (M) of three measurements ± standard deviation (SD). Analysis of variance (ANOVA) with
Tukey’s HSD post-hoc test and independent samples t-test were performed to determine the significant
differences among the wild and cultivated lingonberries (α = 0.05). Correlations were tested using
Pearson’s correlation test. Hierarchical cluster analysis was carried out using the centroid clustering
method with squared Euclidean distances.

5. Conclusions

Observed sugar amounts in lingonberries are not dangerously high, and consequently, do not
seem to be hazardous for consumers of food or health and wellness products of lingonberries. The same
sugars with dominant fructose, glucose, and low amounts of sucrose were found in wild and cultivated
lingonberries. As a lingonberry product authentication tool, these simple sugars could be searched to
prevent adulterations. The presence of moderate levels of fructose in lingonberries reveals potential
type 1 fimbriae inhibiting activity and relevance for further studies. Intraspecific variability was
detected when comparing the content of sugars in wild clones or cultivated lingonberries, regarding
to phenological growth stages. The highest contents of sugars were observed in berries collected at
the end of the vegetation—full ripening stage, from sunny, well-drained soil locations with higher
solar radiation and temperature. Consideration of these factors may result in lingonberry yields with
preferred sugar levels. Naturally sweeter food products of lingonberries would reduce the need for
added sugars, whereas reduced sugar levels in orally consumed pharmaceuticals or nutraceuticals
would increase the acceptability of consumers.
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Abstract: Banana inflorescences are a byproduct of banana cultivation consumed in various regions
of Brazil as a non-conventional food. This byproduct represents an alternative food supply that
can contribute to the resolution of nutritional problems and hunger. This product is also used in
Asia as a traditional remedy for the treatment of various illnesses such as bronchitis and dysentery.
However, there is a lack of chemical and pharmacological data to support its consumption as a
functional food. Therefore, this work aimed to study the anti-inflammatory action of Musa acuminata
blossom by quantifying the cytokine levels (NOx, IL-1β, TNF-α, and IL-6) in peritoneal neutrophils,
and to study its antiparasitic activities using the intracellular forms of T. cruzi, L. amazonensis,
and L. infantum. This work also aimed to establish the chemical profile of the inflorescence using
UPLC-ESI-MS analysis. Flowers and the crude bract extracts were partitioned in dichloromethane
and n-butanol to afford four fractions (FDCM, FNBU, BDCM, and BNBU). FDCM showed moderate
trypanocidal activity and promising anti-inflammatory properties by inhibiting IL-1β, TNF-α, and IL-6.
BDCM significantly inhibited the secretion of TNF-α, while BNBU was active against IL-6 and NOx.
LCMS data of these fractions revealed an unprecedented presence of arylpropanoid sucroses alongside
flavonoids, triterpenes, benzofurans, stilbenes, and iridoids. The obtained results revealed that banana
inflorescences could be used as an anti-inflammatory food ingredient to control inflammatory diseases.

Keywords: banana inflorescences; anti-inflammatory activity; antiparasitic activity; UPLC-ESI-MS;
arylpropanoid sucroses

1. Introduction

Several nutritionists and food chemists have been working intensively with non-conventional
food plants (NCFPs). Fruits, seeds, roots, flowers, leaves, or entire plants can constitute these
foods and, in most cases, they represent a new cultural food value for various communities [1].
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However, some NCFPs are only occasionally consumed, while others are actually daily dishes in
rural localities. The intensification of the use of nonconventional food plants has been widely
influenced by socioeconomic conditions (decrease of buying power), taste, and natural calamities
such as unfavorable dry seasons and flood [2]. Therefore, these plants play a crucial role as an
alternative food supply able to prevent nutritional problems and hunger [2]. The race to introduce
NCFPs as food alternatives has sometimes meant that scientific investigations to support the safety of
consumers have been lacking. Plants newly considered NCFPs must be chemically studied in order
to rule out the presence of toxins, mutagenic, carcinogenic, and teratogenic substances, and other
harmful metabolites. Chemical study can also bring to light substances with beneficial biological
activity and good nutritional value. This last indication was the main focus of this work; the present
study aimed to establish the chemical profile of Musa acuminata inflorescences, which are widely
consumed in rural areas of Brazilian Amazonia, coast regions of Parana, and São Paulo [3]. “Salpição
de mangará” and “amilácea”, meaning, respectively, “salad of banana heart” and “starchy”, are the
two principal dishes made of Musa flower [1]. Apart from being consumed, Musa inflorescences
and other parts of the plant are used popularly in Asia and Africa to cure dysentery, hypertension,
diabetes, ulcers, and bronchitis [4]. In South Africa, a decoction of this flower is taken three times
a day to normalize blood pressure [5]. Various biological investigations have been previously
performed with banana flowers of different Musa species. Among these, the most studied are the
inflorescences from Musa paradicicus, Musa sp var Nanjangud rasa bale, and Musa acuminata, which,
respectively, have shown antioxidant, antihyperglycaemic, and anticholesterolaemic activities [6–8].
To date, chemical investigations conducted on Musa acuminata have focused intensively on rhizomes,
unripe fruits, and tissues, from which phenalenones and phenylphenalenones have been identified as
the predominant components [9–11]. These compounds have been described to have a phytoalexin
role for Musa species against pathogenic crop microorganisms [9–11].

As the literature search on Musa acuminata inflorescences revealed few pharmacological and
phytochemical studies, this work aimed to biologically and chemically investigate the abovementioned
plant material. A part of our research goal was to search for and select non-conventional edible
plants from Brazilian Amazonia that are potential anti-inflammatory and antiparasitic treatments.
Diseases caused by parasites or leading to inflammation are a health problem in this area, which is
why this work aimed to search in the crude extract of the banana inflorescence for natural products
possessing an inhibitory effect against inflammatory mediators, including IL-1B, NOx, IL-6, and TNF-α.
More importantly, we evaluated their antiparasitic activities against the intracellular forms of Leishmania
amazonensis, L. infantum, and Trypanosoma cruzi amastigotes grown in human monocytic THP-1 cells.
The results obtained prompted us to establish the chemical profile of each fraction based on their
UPLC-ESI-MS/MS dereplication.

2. Results

Flowers and bracts of M. acuminata blossom were separated and extracted with methanol. Because
of the presence of insoluble precipitate whether in water or in polar organic solvents, both crude
extracts were separately poured into water and were extracted successively with dichloromethane and
n-butanol, affording four fractions (flower: FDCM and FNBU, respectively; bract: BDCM and BNBU,
respectively).

2.1. Biological Activities

2.1.1. Anti-Inflammatory Activity

Cell Viability

The effects of the organic fractions on isolated mouse neutrophils were determined by trypan
blue exclusion test of cell viability, as shown in Figure 1. FDCM and BNBU showed significant toxicity
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when tested from 10 to 1000 µg/mL (p < 0.05). The other two fractions, FNBU and BDCM, showed no
effect on neutrophil viability at the tested concentrations (p > 0.05).
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Figure 1.Effects of flower fraction from dichloromethane partition (FDCM) (A), flower fraction from 

n-butanol partition (FNBU) (B), bract fraction from dichloromethane partition (BDCM) (C), and bract 

fraction from n-butanol partition (BNBU) (D) on neutrophil viability. Control: peritoneal neutrophils 

isolated from mice treated only with vehicle; 10–1000: peritoneal neutrophils isolated from mice 

treated with concentrations of each specific extract ranging from 10 to 1000 µg/mL. Each group 
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compared to the control group (ctrl). 
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7.2% (p < 0.001) of when tested at 100 µg/mL (Figure 2A). Other fractions in turn weakly affected 

secretion of this inflammatory mediator (p > 0.05) (Figure 2B–D). 

Figure 1. Effects of flower fraction from dichloromethane partition (FDCM) (A), flower fraction from
n-butanol partition (FNBU) (B), bract fraction from dichloromethane partition (BDCM) (C), and bract
fraction from n-butanol partition (BNBU) (D) on neutrophil viability. Control: peritoneal neutrophils
isolated from mice treated only with vehicle; 10–1000: peritoneal neutrophils isolated from mice treated
with concentrations of each specific extract ranging from 10 to 1000 µg/mL. Each group represents the
mean ± standard error of the mean; n = 3/group. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to
the control group (ctrl).

Inhibition Study on Cytokine Secretion (IL-1β, TNF-α, and IL-6)

On the basis of the results obtained from the cell viability assay, inhibition effects of the fractions
were evaluated on pro-inflammatory mediators at non-cytotoxic concentrations. Only FDCM showed
significant inhibition of IL-1β levels, reducing the levels of this inflammatory mediator by 51.9% ± 7.2%
(p < 0.001) of when tested at 100 µg/mL (Figure 2A). Other fractions in turn weakly affected secretion
of this inflammatory mediator (p > 0.05) (Figure 2B–D).

While the level of TNF-α was decreased by 46.1% ± 8.0% (p < 0.05) when neutrophils were treated
with FDCM at 100 µg/mL (Figure 3A), BDCM at concentrations of 30 and 100 µg/mL inhibited the
secretion of the same cytokine by 46.5% ± 8.6% and 50.7% ± 6.2%, respectively (p < 0.01) (Figure 3C).
On the other hand, FNBU and BNBU did not reduce this inflammatory mediator (p > 0.05) (Figure 3B,D).
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Figure 2. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on IL-1β secretion by LPS-

stimulated peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated 

only with vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated 

with vehicle; 10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated with 

concentrations of each specific extract ranging from 10 to 100 µg/mL. Each group represents the mean 

± standard error of the mean; n = 3/group. ### p < 0.001 compared to the Ctrl group. *** p < 0.001 

compared to the Ctrl group. 

While the level of TNF-α was decreased by 46.1% ± 8.0% (p < 0.05) when neutrophils were treated 

with FDCM at 100 µg/mL (Figure 3A), BDCM at concentrations of 30 and 100 µg/mL inhibited the 

secretion of the same cytokine by 46.5% ± 8.6% and 50.7% ± 6.2%, respectively (p < 0.01) (Figure 3C). 

Figure 2. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on IL-1β secretion by LPS-stimulated
peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated only with
vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated with vehicle;
10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated with concentrations
of each specific extract ranging from 10 to 100 µg/mL. Each group represents the mean ± standard error
of the mean; n = 3/group. ### p < 0.001 compared to the Ctrl group. *** p < 0.001 compared to the
Ctrl group.
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Figure 3. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on TNF-α secretion by
LPS-stimulated peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice
treated only with vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and
treated with vehicle; 10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated
with concentrations of each specific extract ranging from 10 to 100 µg/mL. Each group represents the
mean ± standard error of the mean; n = 3/group. ## p < 0.001 compared to the Ctrl group. * p < 0.01
and ** p < 0.001 compared to the Ctrl group.
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Weak reductions of the IL-6 level were observed with FDCM (22.3% ± 6.4%) (p < 0.05) at 100 µg/mL
(Figure 4A), and with BNBU at 30 and 100 µg/mL (23.8% ± 5.0% and 43.2% ± 6.2%, respectively)
(p < 0.05) (Figure 4A,D). FNBU and BDCM showed no inhibition effect against this inflammatory
cytokine (p > 0.05) (Figure 4B,C).
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Figure 4. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on IL-6 secretion by LPS-

stimulated peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated 

only with vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated 

with vehicle; 10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated with 

concentrations of each specific extract ranging from 10 to 100 µg/mL. Each group represents the mean 
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Figure 5. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on NOx secretion by LPS-

stimulated peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated 

only with vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated 

Figure 4. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on IL-6 secretion by LPS-stimulated
peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated only with
vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated with vehicle;
10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated with concentrations
of each specific extract ranging from 10 to 100 µg/mL. Each group represents the mean ± standard
error of the mean; n = 3/group. ### p < 0.001 compared to the Ctrl group. * p < 0.01 and *** p < 0.001
compared to the Ctrl group.

Measurement of NOx Production by Mouse Neutrophils

FDCM, FNBU, and BDCM were unable to reduce the levels of NOx secretion regardless of the
concentrations tested (p > 0.05) (Figure 5A–C), whereas BNBU was able to reduce the production of
this inflammatory mediator by 40.2% ± 7.6% and 46.5% ± 5.2%, respectively, (p < 0.01) when tested at
30 and 100 µg/mL (Figure 5D).

The relationship between the inflammatory cytokines produced by parasites during infection
and their virulence [12–15] prompted us to evaluate all the fractions against the intracellular forms of
T. cruzi, L. amazonensis, and L. infantum amastigotes, as well as the viability of the THP-1 cells (human
monocytic cell line) used as host.
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Figure 5. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on NOx secretion by LPS-

stimulated peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated 

only with vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated 

Figure 5. Effect of FDCM (A), FNBU (B), BDCM (C), and BNBU (D) on NOx secretion by LPS-stimulated
peritoneal murine neutrophils. Control: peritoneal neutrophils isolated from mice treated only with
vehicle; LPS: peritoneal neutrophils isolated from mice stimulated with LPS and treated with vehicle;
10–100: peritoneal neutrophils isolated from mice stimulated with LPS and treated with concentrations
of each specific extract ranging from 10 to 100 µg/mL. Each group represents the mean ± standard
error of the mean; n = 3/group. ### p < 0.001 compared to the Ctrl group. ** p < 0.01 compared to the
Ctrl group.

2.1.2. Antitrypanosomal and Antileishmanial Activities

FDCM also revealed low toxicity to THP-1 cells with a CC50 value of 341.5 µg/mL, leading to a
selectivity index of 9.14 (Table 1). As the cytotoxicity of FDCM was nearly 300 µg/mL, a non-toxic
concentration of 50 µg/mL was considered to preserve the viability of the macrophage, with the aim of
observing significant antiparasitic activity.

FDCM inhibited 90.37% of T. cruzi growth, corresponding to an IC50 value of 37.35 µg/mL. It also
showed weak effects against L. amazonensis, and L. infantum amastigotes, with inhibition of 37.13%
and 11.04%, respectively. The remaining fractions showed weak to no activity against T. cruzi and the
studied Leishmania species.
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2.2. Chemistry

The hyphenated techniques UPLC-ESIMS and UPLC-ESI-MS2 were used to establish the chemical
compositions of FDCM, FNBU, BDCM, and BNBU, as they showed promising biological activity against
inflammation mediators. Their constituents were exclusively sensitive to the negative ionization
mode, and the base peak ionization (BPI) was used as the acquisition parameter of the chromatograms
(Figure 6). An error equal to or less than ±5 ppm was considered for the determination of the molecular
formula. FDCM showed in its LC-ESI-MS chromatogram the presence of 15 metabolites, while 23
components were detected in FNBU (Tables S1 and S2).
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Figure 6. Spectra of the dichloromethane and n-butanol flower (FDCM and FNBU, respectively) and
bract (BDCM and BNBU, respectively) fractions.

The first two metabolites of FDCM were detected at 6.66 and 6.99 min with the same mass value,
m/z 613.1731, corresponding to the elemental composition C27H34O16. Due to their low quantity in
the extract, no fragment was obtained in the tandem mass analysis. However, on their MS spectra,
a fragmentation pattern corresponding to a loss of ketene (42 Da) was observed. The obtained m/z
571.1544 fragment is a typical in-source-generated product, of which the mechanism has previously
been studied and reported [16]. A literature search of this elemental composition led to the structure of
four isomeric acetylated sucroses, namely mumeose G, mumeose S, mumeose H, and tomenside A.
Up to now, these arylpropanoid sucroses have never been previously reported in banana species.

Two other metabolites appeared in the chromatogram at tR 7.32 and 7.58 min with the same mass
value, m/z 655.1874, corresponding to C29H36O17. Both were different from the precedents at 6.66 and
6.99 min by 42 Da, indicating their acetylated derivatives. The tandem mass data of m/z 655.1874
showed ions consistent with structures of coumaric acid (m/z 163.0352), monoglycosylated coumaric
acid (m/z 349.0909), and triacetylated disaccharide (m/z 467.1384) (Figure S1). The metabolites at tR 7.32
and 7.58 min gave an almost similar fragmentation pattern, permitting their isomeric relationship to be
deduced. A literature search of C29H36O17 led to the structures mumeose I, mumeose L, mumeose
Q, mumeose U, and mumeose T, previously obtained from the flower buds of Prunus mume [17,18].
The exact structures of the compounds could not be determined based on the mass spectrometric
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data. However, the m/z 349.0909 fragment (Figure S1), corresponding to the monoacetylated glycosyl
coumaric acid ion, suggested muneose L and U as potential structures of the metabolite detected
at 7.32 min. The isomer (tR 7.58 min) revealed in its MS2 spectrum (Figure S1) a fragment at m/z
391.0948, leading to the structure of 4,6,2’,6’-O-tetraacetyl-3-O-p-coumaroylsucrose. This compound
was previously obtained from the fruits of Prunus jamasakura [19].

Four more compounds were detected with the same mass value, m/z 697.1997, at 7.84, 8.05,
8.16, and 8.27 min. The molecular formula was C31H38O18, different from that of muneose L and
U by 42 Da, corresponding to an acetyl group. This observation indicated m/z 697.1997 to be an
acetylated derivative of 4,6,2’,6’-O-tetraacetyl-3-O-p-coumaroylsucrose. These four metabolites showed
almost similar features in their tandem mass spectra. However, the one at 7.94 min gave a fragment
ion at m/z 391.0988 instead of m/z 349.0870, suggesting the presence of only an acetyl group on the
pentose unit. The aforementioned information led to the structure of two positional isomers, mumeose
V and mumeose D. Both compounds were previously identified from the flower buds of Prunus
mume [17]. The remaining metabolites gave in their MS/MS spectra an m/z 391.0988 fragment ion
alongside m/z 349.0870, both supporting the presence of two acetyl groups on the pentose, as found in
1,6,2’,6’-O-tetraacetyl-3-O-trans-p-coumaroylsucrose. This elemental composition together with the
obtained fragment ions led to the structures of four positional isomers, namely prunose I or mumeose
N, or mumeose M or mumeose O. These metabolites were all previously obtained from the flower
buds of Prunus mume [18].

Metabolites related to fatty acids were characterized from 14.22 to 15.68 min based only on their
chemical compositions, because no fragments were observed in their tandem mass spectra.

LCMS analysis of FNBU showed the presence of 22 metabolites, among which quinic acid was
detected at 0.49 min with an m/z 191.0551 [C7H12O6-H]−. Characterization of some components
was made possible by the interpretation of their tandem mass data compared to those reported
in the literature. Thus, the peak at 2.18 min showed a mass value of m/z 487.1465, corresponding
to [C21H28O13-H]−. Its tandem mass data displayed ions at m/z 307.0706, 163.0431, and 145.0352,
corresponding respectively to [M-H-180]−, [M-H-2x162]−, and [M-H-180-162]−. The diminution of
the precursor mass value by 180 Da and 162 Da occurred when the m/z 487.1465 fragment lost a
hexopyranose unit or a hexofuranose unit. The m/z 163.0431 and 145.0352 fragments corresponding to
the coumaric acid ion were formed after the loss of sucrose [20]. A literature search led to the structure
of three isomeric metabolites, among which 3-O-p-coumaroylsucrose was assigned as the structure.
This metabolite was previously identified in dried fruits of Prunus domestica [21].

Another metabolite was found at 2.37 min with m/z 487.1465 [C21H28O13-H]−, suggesting an
isomer of 3-O-p-coumaroylsucrose. Tandem mass of the m/z 487.1465 data showed fragment ions at m/z
341.0868 and 179.0580, which were formed after the loss of a deoxyhexose (146 Da) and a disaccharide
(deoxyhexose + hexose, 308 Da), respectively. The m/z 179.0580 aglycone was characterized as caffeic
acid, and the structure of this metabolite was assigned as cistanoside F. Its fragmentation behavior was
similar to that previously reported [22].

The metabolite at 3.43 min with m/z 529.1561 [C23H30O14-H]− gave in its MS/MS spectrum ions at
m/z 487.1449, 469.1057, and 341.0905, formed after the precursor lost an acetyl group (42 Da), acetic acid
(60 Da), and acetyldeoxyhexose (188 Da), respectively. The m/z 341.0905 fragment ion suggested this
metabolite to be related to cistanoside F. Based on the aforementioned information, the structure of m/z
529.1561 was assigned to be a derivative of acetyl cistanoside F.

Two other isomers were observed at 3.69 and 4.35 min with the mass value m/z 529.1561
[C23H30O14-H]−. These compounds differed from 3-O-p-coumaroylsucrose by 42 Da, suggesting an
acetyl derivative. Both isomers also showed a fragmentation pattern similar to 3-O-p-coumaroylsucrose
with fragment ions at m/z 487.1330 [M-H-ketene (42 Da)]−, 307.0742 [M-H-acetylhexose (222 Da)]−,
163.0405 [M-H-sucrose]−, and 145.0352 [M-H-sucrose-H2O]−. The abovementioned data led to the
structure being related to mumeose A and acetyl 3-O-p-coumaroylsucrose.
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Four peaks at 4.60, 5.15, 5.41, and 5.70 min showed the same mass value, m/z 571.1642
[C25H32O15-H]−. Their molecular formulas differed from that of muneose A by 42 Da, consistent
with an acetylated derivative. These compounds gave similar fragment ions at m/z 529.1467, 511.1470,
307.0814, 163.0405, and 145.0352 in their tandem mass spectra. The m/z 529.1467 and 511.1470 ions were
formed from the loss of an acetyl group (42 and 60 Da). The m/z 307.0814 ion was produced from the
precursor after the loss of a diacetylhexose (264 Da). The structure of the aglycone was also assigned as
coumaric acid based on the presence of the m/z 163.0405 and 145.0352 ions [20]. On the basis of the
abovementioned information, the structures of these metabolites were assigned as positional isomers
of mumeose B, P, or R, previously isolated from the flower buds of Prunus mune [17].

Four other positional isomers were also found in this fraction at 6.18, 6.40, 6.66, and 6.99 min
(m/z 613.1731 [C25H32O15-H]−). These compounds contained three acetyl groups as their mass value
differed from m/z 571.1642 by 42 Da, indicating a triacetyl 3-O-p-coumaroylsucrose derivative. All the
m/z 613.1731 precursors gave in their MS/MS spectra similar fragments at m/z 571.1592, 553.1507,
529.1467, 511.1423, 349.0909, 307.0814, 163.0378, and 145.0278, while the m/z 571.1592 and 553.1507
fragments corresponded respectively to [M-ketene (42 Da)-H]− and [M-acetic acid (60 Da)-H]−. The m/z
529.1467 and 511.1423 fragments were consistent with [M-H-2xketene(84 Da)]− and [M-H-2xacetic
acid (120 Da)]−. The m/z 349.0909 [M-264 (diacetylhexose)-H]− ion suggested the presence of an acetyl
group on the sugar directly attached to the aglycone. Furthermore, this fragment lost a ketene (42 Da)
to afford an m/z of 307.0814. As observed in the MS spectrum of the abovementioned metabolites,
the aglycone was coumaric acid, consistent with an m/z 163.0378 and its dehydrated m/z 145.0278
fragment ion [20]. Because the position of the acetyl groups could not be determined using MS data,
these four metabolite structures were deduced to be related to tomenside B based on the aforementioned
information. Tomenside B is a triacetylated phenylpropanoid sucrose previously obtained from Prunus
tomentosa leaves [23].

LCMS data of FNBU also showed two metabolites at 7.32 and 7.58 min with the same mass
value, m/z 655.1882 [C29H36O17-H]−. Their structures were found to be related to muneose L
and U for the metabolite at 7.32 min, while its isomer at tR 7.58 min was characterized as
4,6,2’,6’-O-tetraacetyl-3-O-p-coumaroylsucrose. A procyanidin derivative and a glycosylated flavonoid
were found at m/z 1197.2529 [2xC32H24O12+HCO2]− and 637.1405 [C27H28O15+HCO2]−, respectively.
The lack of fragmentation was presumably due to their low quantities in the fraction. A pentacyclic
triterpenic acid and a caffeate of betuline were also detected at 13.45 and 14.07 min with the mass
values of m/z 455.3515 [C30H48O3-H]− and 609.4099 [C39H56O5-H]−, respectively.

LCMS analysis of these BDCM fraction showed the presence of nine compounds, among which
four were characterized (Table S2). The structure of the first metabolite at 7.36 min with an m/z 177.0550
[C10H10O3-H]− was assigned as coumaric acid methyl ester or 4-methoxycinnamic acid. No fragment
was found to completely elucidate its structure.

The compound at 10.69 min showed ions at m/z 721.3635 [M+HCO2]− and m/z 675.3600
[M−H]−, corresponding to C33H56O14. This compound afforded on its MS/MS spectrum a fragment
ion at m/z 593.3170, consistent with the loss of 2-methylbuta-1,3-dien-1-one (82 Da). The m/z 723.3801
[C33H58O14+HCO2]− precursor ion did not provide a fragment ion; however, the structures of
3’-O-isobutyryl-3-O-isovaleryl-2-O-lauroylsucrose and 2,3,4-tri(5-methylhexanoyl)-α-d-glucopyranosyl-
β-d-fructofuranoside were suggested. The metabolites between 11.76 and 13.78 min did not furnish
any fragment ions, but the literature indicated a structural relationship with stilbene. This group of
metabolites has already been reported in Musaceae [24].

BNBU’s LCMS data (Table S2) showed a peak at 2.29 min with m/z 293.1223, corresponding to
[C12H22O8-H]−. A literature search provided γ-methyl-δ-hydroxy-pentanoic acid β-d-glucopyranoside
as a reliable structure [25].

The m/z 609.1482 peak at 5.01 min [C27H30O16-H]− gave fragment ions at m/z 581.1510 and
461.1089. The m/z 581.1510 fragment was formed when the precursor lost CO (28 Da); this fragment
in turn dehydrated and afforded m/z 461.1089 after a retro-Diels–Alder rearrangement (Figure S2).
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The structure of this metabolite was deduced to be 6,8-di-C-β-d-glucopyranosyl-luteoline, previously
detected in Citrus peels [26].

The peak at 7.87 min with m/z 431.1531 [C19H28O11-H]− showed on its tandem mass spectrum
ions at m/z 349.0985 [M-CH3CH2OH-2H2O-H]−, 331.0892 [M-CH3CH2OH-3H2O-H]−, and 113.0320
[M-aglycone-H2O-H2CO-H]− (Figure S3). This information led to the structure of diffusosides A or B,
two diastereomeric iridoids previously obtained from Hedyotis diffusa [27].

The peak at 8.05 min with an m/z of 433.1710 [C19H30O11-H]− showed in its MS/MS spectrum a
fragmentation pattern similar to that of the precedent metabolite, indicating another iridoid derivative.
The m/z 351.1140 ion was obtained after the precursor eliminated CH3CH2OH (46 Da) and 2H2O
(36 Da). The m/z 333.1045 ion was formed after the removal of CH3CH2OH (46 Da) and three molecules
of H2O (54 Da), while the m/z 113.0298 ion was produced from the loss of the aglycone (272 Da), H2O
(18 Da), and CH2CO (30 Da).

This information, together with that presented in Figure S4, indicated the structure of
7-O-ethylmorroniside. Another iridoid was found at 8.31 min with an m/z of 435.1851 [C19H32O11-H]−.
This metabolite was heavier than 7-O-ethylmorroniside by a double bond equivalence. No structure
matched the tandem mass data; however, the similarity between its fragment ions and those of
7-O-ethylmorroniside enabled the deduction that this metabolite was an iridoid derivative.

Two other metabolites were found at 8.75 and 13.23 min with m/z values of 221.1178 and 447.2509,
respectively. The lack of fragmentation limited their structural assignment; however, a literature
search indicated that these compound structures were related to those of an alkylated phenol and a
stilbene, respectively.

2.3. Discussion

The cytotoxic effect of the studied extracts on the isolated mouse neutrophils showed that FDCM
and BNBU reduced these cells’ viability at concentrations equal to or greater than 300 µM. Alongside
acetylated arylpropanoid sucroses, FDCM was also composed of fatty acids and other phenolics,
while FNBU was formed of flavonoids, triterpenes, cyclohexanetetrol, and a low quantity of acetylated
arylpropanoid sucroses (Table 2). The most concentrated sucrose, at 8.27 min (m/z 697.1997), and its
positional isomers were presumably responsible for the cytotoxicity observed against neutrophil cells.
However, their weak concentration in FNBU might support why this fraction lacked cytotoxic activity.
Interestingly, compounds related to 3-phenylpropanoid-triacetyl sucrose esters, such as tomensides
A–D and numeose C, demonstrated cytotoxicity against four human cancer cell lines in a previous
study, although no information was provided about their selectivity towards normal cells [23].

Table 2. The chemical constituents characterized in banana inflorescence fractions.

Group of Characterized Metabolites Fractions

FDCM FNBU BDCM BNBU

Arylpropanoid sucroses X X

Phenolics X X X

Fatty acids X X

Cyclohexanetetrol X

Flavonoids X X

Triterpenes X

Arylpropanoids X

Glycolipids X X

Stilbenes X X

Arylbenzofurans X X

Iridoids X
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The LCMS data of BDCM showed the presence of arylpropanoids, glycolipids, arylbenzofurans,
fatty acids, and stilbenes; among them, an m/z 447.2509 stilbene derivative was the major component.
No cytotoxicity was observed for this fraction. However, neutrophil cells responded slightly to BNBU,
which was rich in glycolipids, stilbenes, flavonoids, arylbenzofurans, other phenolics, and iridoids,
among which 6,8-di-C-glycosylated luteolin and an O-acyl glycoside were the main components.
A previous study revealed that 6,8-di-C-β-d-glucopyranosyl-luteolin (lucenin-2) is weakly or not
cytotoxic against five cancer cell lines [28]. Therefore, iridoids might be responsible for the cytotoxic
effect on neutrophils, since some of these metabolites have been described as antiproliferative agents [29].
No toxicity study was found in the literature on banana inflorescences; however, previous bioassays
have shown that its incorporation in rat diets might modulate serum cholesterol and glucose [8].

The anti-inflammatory effect of these fractions was evaluated at concentrations ranging from
10 to 100 µM. A different inhibitory profile was observed when these fractions were tested on the
anti-inflammatory mediators IL-1β, TNF-α, NOx, and IL-6. FDCM, rich in phenylpropanoid sucroses
(m/z 613.1731, 655.1882, and 697.1997), fatty acids, and other phenolic compounds, inhibited the
mediators IL-1β, TNF-α, and IL-6; its anti-inflammatory activity was presumably related to the
presence of these phenolic glycosides. This conclusion is supported by former studies reporting
similar metabolites with the same pharmacological property [30]. These arylpropanoid sucroses have
also been described as inhibitors of aldose reductase, which is involved in various inflammatory
disorders [17,18]. In fact, inhibition of aldose reductase might reduce reactive oxygen species and,
therefore, prevent the inflammatory signals induced by cytokines and other factors [17,18]. Despite the
presence of these metabolites in FNBU, no inhibition effect was observed on IL-1β, TNF-α, IL-6, and NOx

levels. FNBU showed traces of metabolites at m/z 613.1731, 655.1882, and 697.1997 in its LCMS data,
alongside other arylpropanoid sucroses (3-O-p-coumaroylsucrose, cistanoside F, and acetyl cistanoside
F derivative), flavonoid derivatives, and pentacyclic triterpenes. These classes of metabolites are
recognized to possess anti-inflammatory properties [31,32]. Therefore, the lack of anti-inflammatory
activity of FNBU might have been due to the low concentrations of these components, which were not
sufficient to produce the expected effect.

BDCM contained a stilbene derivative which, among other metabolites, inhibited only TNF-α.
This fraction displayed a chemical profile different from those of FDCM and FNBU, and the lack of
sucroses might be why this fraction showed a different inhibition profile. On the other hand, its effect on
TNF-α level could have been associated with the presence of a stilbene, of which the analogues, such as
resveratrol, are known to be inhibitors of TNF-α [33]. In addition, the presence in BDCM of coumaric
acid methyl ester (7.36 min, m/z 177.0550) related to the aglycone of the arylpropanoid sucroses could
also have contributed to the inhibition of TNF-α levels. The similarity of BNBU and FDCM relied
on an unidentified phenolic, although BNBU was able to inhibit the increase of NOx and IL-6 levels.
Considering the chemical profiles and the inhibition effects of FNBU and BDCM, iridoids and the
phenolic derivative might have been responsible for the anti-inflammatory activity of BNBU. Iridoids
structurally related to those found in BNBU, such as morroniside and geniposide, have been described
as anti-inflammatory agents, and morroniside in particular is a NOx inhibitor [34]. The presence of
a diffusoside derivative and 7-O-ethylmorroniside might support the observed anti-inflammatory
activity of this fraction. Lucenin-2, a 6,8-di-C-glycosylated flavone, could also have contributed to this
activity based on previous results describing its anti-inflammatory properties [35].

Since inflammatory cytokines are produced during parasite infections and these cytokines are
also manifestly related to their virulence [12–15], this study also aimed to investigate whether fractions
from banana blossom could exert antiparasitic effects against intracellular T. cruzi, L. amazonensis,
and L. infantum amastigotes.

As human monocyte THP-1 cells were used as the macrophage, their viability when treated with
the only active fraction (FDCM) was evaluated. This fraction was weakly cytotoxic to the THP-1 cell
line. As observed with the neutrophil cells, FDCM, composed essentially of phenylpropanoid sucroses,
required a high concentration to affect cell viability.
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Only FDCM showed antitrypanosomal activity against the intracellular form of T. cruzi with a
good selectivity index. It has been reported in the literature that human macrophages infected with
T. cruzi display an increased level of MMP-9, which has a strong relationship with the production
of inflammatory cytokines such as IL-1β, TNF-α, and IL-6 [14]. Therefore, the trypanocidal activity
observed for FDCM might have had a relationship with its anti-inflammatory effect by inhibiting
these three cytokines. In contrast to FDCM, which concomitantly inhibited three cytokines, BDCM
solely inhibited the cytokine TNF-α and showed no effect against T. cruzi. This observation led to
the conclusion that FDCM displayed antitrypanosomal activity, because it could reduce the levels of
these three cytokines without inhibiting the level of NOx. It has been reported that nitrogen-derived
species (NOx) have a crucial role for the immune system by protecting cells against intracellular
T. cruzi infection [36]. Therefore, the selective effect on the cytokines but not NOx is important for
antitrypanosomal activity. Nitrogen oxide species chemically specifically modify cysteine-containing
proteins in T. cruzi, and can potentially interact with the metalloproteins that mediate crucial metabolic
processes [36]. This might support why BNBU did not show any trypanocidal activity. None of the
fractions were active against the studied Leishmania species, indicating that the inhibition of IL-1β,
TNF-α, and IL-6 cytokines and NOx species might affect the growth of Leishmania.

As this non-conventional food showed various biological benefits, it can be classified as a functional
food, although more studies including toxicology and balanced diet studies need to be performed.

3. Materials and Methods

3.1. Plant Identification

The inflorescences of Musa acuminata were collected in Itacorubi/Florianópolis in March 2017.
A voucher was deposited under the number RB 02574A in the Jardim Botanico (Botanical Garden) of
Rio de Janeiro Herbarium (RB).

3.2. Anti-Inflammatory Assays

3.2.1. Mouse Neutrophil Isolation and Primary Culture

Mouse neutrophils were collected from mouse peritoneal leakage and maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum,
100 U/mL of penicillin, and 100 mg/mL of streptomycin incubated at 37 ◦C in a humidified CO2

incubator. The peritoneal neutrophils were obtained after injection of oyster glycogen into the peritoneal
mouse cavity, as described by Silva and co-workers with some modifications [37]. A total 3 mL of
oyster glycogen at 1% (w/v) dissolved in sterile phosphate-buffered saline (PBS) was injected into
the peritoneal mouse cavity, and after 4 h the animals were euthanized by overdose of xylazine and
ketamine administered intravenously (i.v.). After euthanasia, 3 mL of sterile PBS was injected into the
peritoneal cavity and the cavity was massaged for 10 s to suspend the neutrophils. An incision was
made using sterile surgical material and the peritoneal leakage was collected in 50 mL sterile tubes and
stored immediately in an ice bath. Furthermore, a pool of peritoneally collected neutrophils was made
in order to obtain 1 × 106 neutrophils/well. A reduced number of animals were used with respect to the
3Rs (Replacement, Reduction and Refinement) principle [38]. The procedures were approved by the
Committee for Ethics in Animal Research from UFSC (Protocol 8665141117) and were in accordance
with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

3.2.2. Lipopolysaccharide Stimulation of Isolated Neutrophils

The neutrophils were preincubated after plate distribution with or without different concentrations
(10, 30, and 100 µg/mL) of the studied fractions for 1 h, and then the medium was exchanged with
fresh DMEM mixed with lipopolysaccharide (LPS) at a final concentration of 5 µg/mL and incubated
for 16 h at 37 ◦C in a CO2 incubator (5%).
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3.2.3. Cell Viability Assay Using the Isolated Neutrophilis

The extracts were added to each well at different final concentrations (10, 30, 100, 300,
and 1000 µM) and incubated for 16 h at 37 ◦C in a CO2 incubator (5%). This procedure was
performed after the neutrophils were plated in a 96 well plate with DMEM culture medium enriched
with 10% fetal bovine serum and 1% (w/w) penicillin/streptomycin. The entire experiment was
conducted in triplicate and repeated on two different days of experimentation. The viability of
the neutrophils after treating with the blossom fractions was evaluated using the colorimetric
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assay. The supernatant was
discarded after incubation for 16 h and MTT solution (5 mg/mL) was added to each well, followed by
incubation for a further 3 h at 37 ◦C in a CO2 incubator (5%). The medium was then discarded again
and dimethylsufoxide (DMSO) was added to dissolve the formazan dye. The optical density was
checked at 540 nm using an ELISA reader (Infinite M200, Tecan, Männedorf, Switzerland).

3.2.4. Cell Inflammation Assay on Isolated Neutropils

In order to evaluate the effect of the standards and the fractions on inflamed ex vivo mouse
neutrophils, cells were designated to different groups (n = 4/group) consisting of the following:
(a) blank control (Ctrl, uninflamed neutrophils), cells treated only with vehicle; (b) negative control
(LPS, lipopolysaccharide-inflamed neutrophils), cells stimulated only with LPS (5 µg/mL); (c) positive
controls (dexamethasone: Dexa, reference anti-inflammatory drug treatment), cells pre-treated with
Dexa (10 µM) and after 0.5 h stimulated with LPS (5 µg/mL); and (d) experimental groups (studied
extracts), cells pre-treated with the extracts at 10, 30, and 100 µg/mL and stimulated after 0.5 h with
LPS (5 µg/mL). All experimental groups were incubated for 16 h at 37 ◦C in a CO2 atmosphere (5%).
The supernatant was collected for further inflammatory analysis and comparisons (NOx, IL-1β, TNF-α,
and IL-6).

3.2.5. Measurement of NOx Production in Neutrophils

The production of NO metabolites by mouse neutrophils (n = 10 per experiment) was determined
using Griess reagent. Measures of 100 µL of the Griess reagent were mixed with 50 µL of cell
supernatant and incubated for 40 min at 37 ◦C. Absorbance at 540 nm was measured with interpolation
from the nitrite standard curve (0–20 µM), and the results are expressed in µM.

3.2.6. Quantification of Pro-Inflammatory Cytokines Levels (IL-1β, TNF-α, and IL-6) in Neutrophils

The interleukin-1β (IL-1β), tumoral necrosis factor alpha (TNF-α), and interleukin 6 (IL-6) levels
in the neutrophil supernatants were quantified as follows. The supernatant was removed and
submitted to determination of the concentrations of IL-1β, TNF-α, and IL-6 using a commercially
available enzyme-linked immunosorbent assay kit (Peprotech, Rocky Hill, NJ, USA) according to the
manufacturer’s instructions. Cytokine level was estimated by interpolation from the standard curve
and the results are expressed in pg/mL.

3.3. Antiparasitic Assays

3.3.1. In Vitro Antitrypanosomal and Antileishmanial Assays

The human macrophage cell line THP-1 (ATCC TIB202) was grown in RPMI-1640 without phenol
red (Sigma-Aldrich, St Louis, MO, USA), supplemented with 10% FBS (Life Technologies, Carlsbad,
CA), 12.5 mM HEPES, penicillin (100 U/mL), streptomycin (100 µg/mL), and Glutamax (2 mM),
at 37 ◦C in a 5% CO2 incubator. Schneider’s insect medium (Sigma Chemical Co., St Louis, MO,
USA) supplemented with 5% heat-inactivated FBS and 2% human urine at 26 ◦C was used to grow
L. amazonensis MHOM/BR/77/LTB0016 and L. infantum (MHOM/BR/74/PP75) promastigotes, expressing
β-galactosidase. THP-1 cells (4.0 × 104 per well) were cultivated in 96 well microplates with complete
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RPMI-1640 medium supplemented with 100 ng/mL of phorbol 12-myristate 13-acetate (PMA) (Sigma
Chemical Co.) for 72 h at 37 ◦C in 5% CO2, to allow THP-1 cell differentiation into non-dividing
macrophages [39]. Four day old culture promastigotes (4.0 × 106 parasites/mL) were washed twice
with phosphate-buffered saline (PBS), pH 7.4, and incubated in RPMI-1640 supplemented with 10%
heat-inactivated human B+ serum for 1 h at 34 ◦C for parasite opsonization. Macrophages were
incubated with a parasite/cell ratio of 10:1 for 4 h at 34 ◦C and 5% CO2. Thereafter, non-adherent
parasites were removed by washing with PBS solution. Infected cells were incubated with 180 µL of
fully supplemented RPMI-1640 medium for another 24 h to allow the transformation of promastigotes
into intracellular amastigotes. The β-galactosidase T. cruzi, Tulahuén strain was obtained from the
Laboratory of Cellular and Molecular Parasitology, Centro de Pesquisas René Rachou, FIOCRUZ,
Belo Horizonte. Culture-derived trypomastigotes raised from an infected L929 cell line were used
to infect differentiated THP-1 cells (4.0 × 104 cells/well) in 96 well microplates in a parasite/cell
ratio of 2:1, and were then incubated overnight at 37 ◦C in a 5% CO2 atmosphere. The medium
containing non-internalized parasites was removed and replaced with 180 µL of fresh medium [40].
Samples were solubilized in dimethylsulfoxide (DMSO) Merck® and serially diluted (500 µg/mL
to 2 µg/mL). The infected cell monolayer was treated with 50 µg/µL of each sample, in triplicate,
followed by incubation for 48 h at 34 ◦C or 37 ◦C, 5% CO2. After treatment, cells were carefully washed
with PBS and incubated for 16 h at 37 ◦C with 250 µL of chlorophenol red-β-d-galactopyranoside
(CPRG) (Sigma-Aldrich Co.) at 100 µM and Nonidet P-40 (NP-40) (Amresco Inc, Solon, OH, USA)
0.1%. Optical density was read at 570/630 nm in an Infinite M200 (Tecan, Grödig, Austria) [41,42].
The concentration of each sample that reduced parasite viability by 50% when compared to untreated
control (IC50) was estimated by non-linear regression of concentration–response curves. Amphotericin
B (Sigma-Aldrich) and benznidazole (Sigma-Aldrich) were used as positive controls for antileishmanial
and antitrypanosomal activities, respectively, and DMSO 1% as negative control. The concentrations
able to inhibit 50% (IC50) of the parasites and the proliferation of THP-1 cells (CC50) were used to
express the antiparasitic activity and cytotoxicity, respectively. Selectivity index (SI) of each sample
was determined by the ratio of CC50/IC50.

3.3.2. Cell Viability Assay (MTT)

THP-1 cells were grown and cultivated in 96 well microplates (4.0 × 104 cells/well), treated with
the compounds serially diluted in concentrations ranging from 2 µg/mL to 500 µg/mL, and incubated
for 72 h at 37 ◦C, 5% CO2. The plates were centrifuged (3700×g/7 min), the supernatant was removed,
and the cells were resuspended in 50 µL of a solution of MTT (Amresco) at 3 mg/mL in saline buffer
and incubated for 4 h at 37 ◦C, 5% CO2 before being centrifuged (3700×g/7 min), and the formazan salt
was solubilized in 100 µL DMSO. Optical density was determined at 540 nm in a Tecan® Infinite M200
spectrophotometer. DMSO 1% (v/v) and DMSO 50% (v/v) were the negative and positive controls,
respectively. The IC50 values were calculated by non-linear regression using the GraphPad Prism
program [40].

3.4. LCMS analysis

3.4.1. Chemicals

Acetonitrile and formic acid were purchased from Tedia (São Paulo, Brazil). A Milli-Q system
(18.2MΩ, Millipore, Simplipak, France) was used to prepare ultrapure water. Syringe filters (13 mm,
0.22 µm) were bought from Analítica (São Paulo, Brazil).

3.4.2. Extraction, Fractionation, and Sample Preparation

The banana inflorescences were separated into bracts (228 g) and flowers (60 g), which were
extracted in methanol (500 and 100 mL respectively). Both extractions furnished crude extracts of
70 mg from the petals and 40 mg from flowers. Each crude extract was diluted in water and separated
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by liquid-liquid non-miscible extraction process with dichloromethane and n-butanol. FDCM (5 mg)
and FNBU (7 mg) were obtained from the flowers, whereas BDCM (4.8 mg) and BNBU (10 mg) were
obtained from the bracts. An total 3 mg of each sample was diluted with 4 mL of acetonitrile and
methanol (1:1, v/v) to afford solutions with concentrations of 750 µg/mL, which were filtered using a
0.22 µm syringe filter.

3.4.3. LC-MS Method

An Acquity UPLC system class H (Waters, Milford, MA, USA) equipped with a photodiode array
(PDA) detector, sample manager, and a quaternary solvent manager as well as a BEH C18 column
(50 mm, 1.0 mm, particle size 1.7 µm (Waters)) was used for the separation. The column and the sample
tray were maintained at temperatures of 40 ◦C and 20 ◦C, respectively. A sample volume of 3 µL was
subjected to a gradient condition at flow rate of 0.3 mL/min: 95% A (water/formic acid, 99.9/0.1 (v/v))
and 5% B (acetonitrile); 0–2 min, 95% of A; 2–10 min, 55% of A; 10–15 min, 5% of A; 15–20 min, 95%
of A.

A Xevo G2-S QTof (Waters) bearing an electrospray ionization (ESI) probe operating in positive
and negative ionization modes was coupled to the UPLC device and used to detect the chemical
components of each extract. Nebuliser gas: nitrogen; cone gas flow: 100 L/h; desolvation gas flow:
900 L/h; sampling cone 40 V; source offset 80 V; collision gas: argon; lockspray reference sample was
leucine encephalin with reference masses at m/z 554.2615 (ESI−). The desolvation and the ionization
source were maintained during the analyses at 250 ◦C and 90 ◦C, respectively, while the capillary
voltage was 3 kV. A range of 25 to 35 eV was used as the collision energy. Data were acquired in a range
of 100–1500 Da, at a scan time of 1.0 s over 20 min, and were processed with MassLynx V4.1 (Waters).

Molecular formulas were determined by calculation using MassLynx’s elemental composition tool.
The choice of each molecular formula was restricted by a tolerance of 5 ppm between the calculated
and the measured mass values.

4. Conclusions

This work focused on the anti-inflammatory activities of the fractions from banana flower and
bracts against NOx and cytokines, including IL-1β, TNF-α, and IL-6. Their effects on intracellular
forms of T. cruzi, L. amazonensis, and L. infantum amastigote were also investigated. Only the
flower fraction from the dichloromethane partition showed simultaneous anti-inflammatory and
antitrypanosomal activities. None of these fractions displayed antileishmanial activites against
L. amazonensis and L. infantum. Interestingly, the fraction from the dichloromethane partition (FDCM),
rich in arylpropanoid sucroses, was the most prominent with respect to the investigated biological
activities. Fractions showed different anti-inflammatory activities on the tested cytokines. All fractions
showed anti-inflammatory activity against at least one cytokine except FNBU. The chemical profiles
established by UPLC-ESI-QTOFMS of FDCM, FNBU, BDCM, and BNBU showed the presence of 15, 22,
8, and 9 metabolites, respectively. LCMS data of FDCM revealed the presence of eight arylpropanoid
sucroses alongside one phenolic metabolite, four fatty acids, and two unidentified metabolites. FNBU,
on the other hand showed the presence of 16 arylpropanoid sucroses in its LCMS data, together with 1
cyclohexanetetrol acid, 1 phenolic compound, 2 flavonoids, and 2 triterpenes. While the LCMS data
of BDCM displayed an arylpropanoid, two glycolipids, two stilbenes, one arylbenzofuran, and two
fatty acids, those of BNBU showed the presence of one fatty acid, one glycolipid, one arylbenzofuran,
one flavonoid, three iridoids, one stilbene, one phenolic derivative, and one unidentified metabolite.
The abovementioned results emphasized the health benefit of this non-conventional food and its
chemical composition. Therefore, banana blossom may have applications as a dietary food supplement
or as a potential functional ingredient to control inflammation.

Supplementary Materials: The following are available online, Figure S1: Fragmentation pattern of the metabolites
m/z 655.1874 with retention times 7.32 min (left) and 7.58 min (right), Figure S2: Fragmentation pattern of the
metabolite m/z 609.1482, Figure S3: Fragmentation pattern of m/z 431.1553, Figure S4: Fragmentation pattern
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of m/z 433.1710, Table S1: Chemical constituents of the flower fractions, Table S2: Chemical constituents of the
bract fractions.
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Abstract: Background/Aim: natural products are a potential source for drug discovery and
development of cancer chemoprevention. Considering that drugs currently available for the treatment
of inflammatory and cancer conditions show undesirable side effects, this research was designed
to evaluate, for the first time, the in vitro anticancer activity of Algerian Lavandula stoechas essential
oil (LSEO) against different cancer cell lines, as well as its in vitro and in vivo topical and acute
anti-inflammatory properties. Materials and Methods: the LSEO was extracted by steam distillation,
and chemical composition analysis was performed using gas chromatography. The main compounds
identified in LSEO were oxygenated monoterpenes, such as 1,8-Cineole (61.36%). LSEO exhibited
a potent anti-inflammatory activity using the xylene-induced mouse ear edema model. Results:
LSEO (200 and 20 mg/kg) was able to significantly reduce (p < 0.05) the carrageenan-induced paw
edema with a similar effect to that observed for the positive control. Topical application of LSEO at
doses of 82 and 410 mg/kg significantly reduced acute ear edema in 51.4% and 80.1% of the mice,
respectively. Histological analysis confirmed that LSEO inhibited the skin inflammatory response.
Moreover, LSEO was tested for its antitumor activity against different cancer cell lines. LSEO was
found to be significantly active against human gastric adenocarcinoma (AGS), Melanoma MV3,
and breast carcinoma MDA-MB-231 cells, with median inhibitory concentration (IC50) values of
0.035 ± 0.018, 0.06 ± 0.022 and 0.259 ± 0.089 µL/mL, respectively. Altogether, these results open a
new field of investigation into the characterization of the molecules involved in anti-proliferative
processes. Conclusion: We suggest that LSEO, with 1,8-Cineole as the major active component, is a
promising candidate for use in skin care products with anti-inflammatory and anticancer properties.
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The results of this study may provide an experimental basis for further systematic research, rational
development, and clinical utilization of lavender resources.

Keywords: Lavandula stoechas essential oil; topical anti-inflammatory effect; anticancer activity;
melanoma cell lines; 1,8-Cineole

1. Introduction

Inflammation is regarded as an important baseline reaction responsible for manifestations
of various chronic diseases such as cancer, septic shock, diabetes, atherosclerosis, and obesity.
Tissue damage determines the development of inflammation by mechanisms that include the
production of chemical mediators, the recruitment of specific cells and an increased rate of cell
division. These inflammatory mediators, when present in excess, inhibit apoptosis [1] and lead
to the loss of tissue homeostasis, which favors the onset of mutations that could lead to cancer
development [1–4].

Recent findings have expanded the concept that inflammation is a serious component of cancer
growth and progression. Chronic inflammation has been associated to several steps involved
in carcinogenesis, comprising cellular alteration, promotion, proliferation, invasion, angiogenesis,
and metastasis [3]. Many cancers arise from sites of infection, chronic irritation, and inflammation. It is
now becoming clear that the tumor microenvironment, which is largely orchestrated by inflammatory
cells, is an indispensable participant in the neoplastic process, fostering proliferation, survival,
and migration [3]. In some types of cancer, the inflammatory process is present before a malignant
change occurs; however, in other types of cancer, an oncogenic change induces an inflammatory
micro-environment that promotes the development of tumors [1,2].

In this context, drug discoveries of new agents with anti-inflammatory and anticancer properties
have a unique interest for medical care. Several in vivo and in vitro models of inflammation and
cancer have been used for the discovery of new therapeutic agents. The identification of antitumor
or anticancer properties could test the drug in different cancer cell lines with a principal objective of
separating features associated with cytotoxic effect toward many cell lines from those that affect only a
specific cell type [5–7].

Many traditional medicines, phytochemical extracts, essential oils (EOs), and volatile constituents
extracted from aromatic herbs and medicinal plants have been widely used as anti-inflammatory,
antitumor, antioxidant, and antimicrobial agents for the prevention and treatment of different human
diseases [2,5,8]. Several studies have demonstrated the anti-inflammatory and anticancer activities
of products derived from plants, such as EOs. Many cytotoxic molecules that are of plant origin are
widely used in chemotherapy [2,9]. EOs from some Lamiaceae species, such as lavender, have shown
effectiveness in these processes [5,10].

Algeria is a country with many unknown plants whose compounds could be used in medicine [8].
Among the various plants with putative pharmacological properties, lavender species are common
in Algeria. The genus Lavandula consists of approximately 20 species with more than 100 varieties
of lavender. Lavandula stoechas, locally known as “El Halhal”, is an evergreen shrub, and it usually
grows up to one meter high with spike violet flowers. L. stoechas, or wild lavender, is one of the plants
with aromatic leaves and attractive bracts at the top of the flowers. It grows in western Mediterranean
countries, Algeria, Tunisia, Italy, France, Spain, Turkey, and India [8,11–13].

Lavandula is an important genus of the Lamiaceae family that comprises EO-producing plants
relevant to the food, cosmetic, perfumery, and pharmaceutical industries. Lavandula stoechas essential oils
(LSEO) from lavender plants have been used for the first aid cure of wounds, abscesses, and burns [11,13].
Recently, Rahmati et al. [14] and Rafiee et al. [15] demonstrated anxiolytic, sedative, and antispasmodic
activities. The chemical composition and antimicrobial evaluation of LSEO have been the subject of
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several studies over the years [12,16,17]. However, there are very few detailed publications on its
anti-inflammatory and anticancer properties. To our knowledge, the EO of L. stoechas grown in the
Cherchell region (North-Center of Algeria) has not yet been reported in the literature. Taking this into
account, the present research was designed to evaluate, for the first time, the in vitro anticancer activity
of Algerian LSEO against different cancer cell lines as well as its in vitro and in vivo topical and acute
anti-inflammatory properties.

2. Results and Discussion

2.1. Chemical Composition of Lavandula stoechas Essential Oil

We used EO extracted from the aerial parts of Lavandula stoechas. Determination of the
chemical composition of LSEO was done using gas chromatography-mass spectrometry (GC-MS),
and quantitative and qualitative compositions are shown in Table 1 and Figure 1.
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Different constituents were detected and quantified, and 21 compounds were identified. The LSEO
consisted mainly of oxygenated monoterpenes (79.23%) and low amounts of hydrocarbons (1.84%).
Eucalyptol (1,8-cineole) was found to be the major component (61.36%), followed by β-pinene (13.83%)
and α-pinene (4.75%). Other compounds were detected but were less than 3% (Table 1). Thus, LSEO
from Algeria extracted by steam distillation may be classified as a “Eucalyptol Chemotype”.

L. stoechas has been the object of several phytochemical studies that have pointed out a high
chemical variability, allowing the establishment of several chemotypes. LSEO is characterized by
significant variations in the amounts of fenchone, camphor, and 1,8-cineole, and the fenchone/camphor
chemotype is the most commonly identified [8,17,18].

Our findings are in discordance with others carried out on Lavandula stoechas collected from other
regions worldwide [16,17,19]. Indeed, others studies reported the richness of LSEO in fenchone and
camphor as the major constituents. Vokou et al. [16] reported that L. stoechas is rich in EO, and the
principal compounds were fenchone (41%), 1,8-cineole (29%), and α-pinene (1.6%). Ristorcelli et al. [20]
reported the chemical composition of the EOs from 50 samples of L. stoechas from different areas of
Corsica (France) during the flowering stage; they found important variations in the major constituents:
fenchone, 15–75%; camphor, 2–56%; and 1,8-cineole, 1–8%. The variations detected in LSEO between
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our research and others are surely related to the disparity in the area of collection. This may be
explained by the influence of the external environment on the synthesis and regulation of secondary
metabolism pathways in medicinal plants. In fact, the chemical composition of medicinal flora differs
with phenological transformations, harvestings area, collected parts, and methods of distillation [13,19].

Table 1. Chemical composition of the volatile oil extracted from Lavandula stoechas using a steam
distillation method.

Retention Time (min) Name %

8.874 α-Pinene 4.75
9.155 Camphene 0.35
9.808 β-Pinene 13.83

11.031 1,8-Cineole 61.36
11.640 cis-Linalool oxide 0.92
11.887 trans-Linalool oxide 1.39
12.114 Linalool 1.63
12.475 α-Campholenal 0.44
12.734 Pinocarveol 2.12
12.778 Camphor 0.63
13.067 Pinocarvone 2.04
13.181 α-Terpineol 3.15
13.288 Terpineol-4 0.96
13.453 Cryptone 0.59
13.532 α-Terpineol 1.14
13.598 Myrtenal 2.36
13.781 Verbenone 0.29
14.261 Carvone 0.21
17.442 Aromadendrene 0.98
17.749 δ-Elemene 0.66
17.863 cis-Calamenene 0.20

Oxygenated Monoterpenes 79.23

Monoterene Hydrocarbons 18.93

Sesquiterpene Hydrocarbons 1.84

2.2. Anti-Inflammatory Activity In Vitro

2.2.1. Irritation Test in Red Blood Cell System Cellular Model

The results of in vitro anti-inflammatory activity determined by the human red blood cell
membrane stabilization method were shown in Table 2. The LSEO showed a concentration dependent
anti-inflammatory activity, and the protection percent increased with an increase in the concentration
of the samples. At a concentration of 3 µL/mL, the LSEO produced 74.471 ± 0.465% inhibition of
human red blood cells (HRBC) hemolysis (p < 0.05) as compared with 27.552 ± 3.354% produced by
standard NSAID sodium diclofenac. However, when comparing IC50 values, it is clear from the data
that sodium diclofenac showed greater response than LSEO.

The LSEO exhibited a membrane stabilization effect by inhibiting hypotonicity-induced lysis of
HRBC membrane. This membrane is analogous to the lysosomal membrane and its stabilization implies
that the LSEO may stabilize lysosomal membranes as well. Stabilization of lysosomal membrane is
essential in decreasing the inflammatory reaction by stopping the discharge of lysosomal components
of activated neutrophil such as bactericidal enzymes and proteases, which cause further tissue
inflammation and destruction upon extracellular release [21,22]. Although the exact mechanism of the
membrane stabilization by the LSEO extract is not known yet, hypotonicity-induced hemolysis may
arise from shrinkage of the cells due to osmotic loss of intracellular electrolyte and fluid components.
The LSEO may inhibit the processes, which may stimulate or enhance the efflux of these intracellular
components [23]. Karthik et al. [24] have reported that the lavender EO presented RBC membrane
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stabilization action by preventing hypotonicity-induced lysis of erythrocyte membrane. Both the
lavender EO and the positive control (NSAID) displayed anti-inflammatory activity, but the NSAID
being more effective. Erythrocyte membrane stabilization is an important mechanism to inhibit
the leakage of cellular constituents (protein and fluids) into the tissues during a time of increased
penetrability initiated by inflammatory mediators.

Table 2. Effect of LSEO on stabilization of HRBC membrane in vitro.

Treatment Concentration Absorbance
(560 nm)

% Inhibition
of Hemolysis IC50

#

Control (PBS) 0.568 - -

LSEO
(µL/mL)

6 0.370 34.917 ± 1.939 D

6.214 ± 0.776 B
3 0.145 74.471 ± 0.465 C

1.5 0.064 88.791 ± 0.101 B

0.8 0.042 92.605 ± 0.000 A

0.4 0.042 92.605 ± 0.465 A

Sodium diclofenac
(mg/mL)

30 0.46 19.014 ± 12.707 F

1.198 ± 0.735 A
3 0.411 27.552 ± 3.354 E

0.3 0.045 92.165 ± 0.419 A

0.03 0.041 92.693 ± 0.227 A

0.003 0.04 92.913 ± 0.221 A

Each value represents the mean ± SD. LSEO: Lavandula stoechas Essential Oil. IC50: Median Inhibitory Concentration;
HRBC: Human Red Blood Cells; PBS: phosphate-buffered saline. # Means within the same column followed by the
same letter are not significantly different (p > 0.05) according to ANOVA analysis followed by Tukey’s post hoc
multiple comparison tests.

2.2.2. Inhibition of Denaturation of Bovine Serum Albumin

Denaturation of protein is a recognized source of inflammation. Therefore, as part of the
examination to assess the anti-inflammatory mechanism of LSEO, its aptitude to inhibit BSA
denaturation was calculated. The inhibitory action of different concentration of LSEO on BSA
denaturation is shown in Table 3. It has been found that denaturation of BSA is inhibited by several
NSAIDs such as indomethacin and salicylic acid, proving this assay to be useful in the detection of
other anti-inflammatory compounds. It was detected from this assay that eucalyptol rich fraction of
LSEO presented a dose-dependent maximum inhibition of denaturation of BSA of 72.625 ± 2.56% at
0.4 µL/mL and a standard NSAID (sodium diclofenac) revealed maximum inhibition of 76.117 ± 0.534%
at the 0.01 mg/mL. On the basis of these results, LSEO showed significant anti-inflammatory activity
(IC50 = 2.447 ± 0.873 µL/mL, p < 0.05) as compared to NSAID control (IC50 = 8.260 ± 0.943 µL/mL),
and suggests that LSEO has potential anti-inflammatory activity.

The most commonly used drugs for management of inflammatory conditions are NSAIDs and
steroids, which have several adverse effects, especially gastric irritation leading to formation of gastric
ulcers [21–23]. Denaturation of tissue proteins is one of the well-documented causes of inflammation.
The preliminary screening with the BSA assay indicated that LSEO has significant levels of protection
against heat denaturation of the protein. Therefore, protection against protein denaturation, which was
the central mechanism of action of NSAIDs, could play an important part in anti-rheumatic and
anti-inflammatory actions. The anti-inflammatory effect of EOs may be due to the presence of
oxygenated monoterpenes such as eucalyptol and linalool either singly or in combination [23,25].
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Table 3. Effect of LSEO on heat-induced protein denaturation.

Treatment Concentration Absorbance
(560 nm)

% Inhibition
of BSA IC50

#

Control (PBS) 1.288 - -

LSEO
(µL/mL)

6 0.067 62.569 ± 0.967 E

2.447 ± 0.873 A
3 0.061 65.735 ± 0.853 D

1.5 0.054 69.832 ± 0.558 C

0.8 0.048 73.184 ± 0.558 B

0.4 0.049 72.625 ± 2.560 B

Sodium diclofenac
(mg/mL)

10 0.165 7.960 ± 7.741 F

8.260 ± 0.943 B
1 0.04 77.932 ± 0.721 A

0.1 0.044 75.279 ± 2.555 A

0.01 0.043 76.117 ± 0.534 A

0.001 0.045 74.720 ± 0.279 AB

Each value represents the mean ± SD. LSEO: Lavandula stoechas Essential Oil. IC50: Median Inhibitory Concentration;
BSA: Bovine Serum Albumin. # Means within the same column followed by the same letter are not significantly
different (p > 0.05) according to ANOVA analysis followed by Tukey’s post hoc multiple comparison tests.

2.3. In Vivo Anti-Inflammatory Activity Assay

2.3.1. Carrageenan-Induced Paw Edema

Carrageenan-induced mice paw edema is often used to evaluate the anti-inflammatory effect of
diverse natural bioactive compounds such as phytochemical extracts and EO. The anti-inflammatory
activity of orally administered LSEO (2, 20, and 200 mg/kg) was determined using the same paw
edema model. As shown in Table 4, in comparison with the NSAID indomethacin, LSEO exhibited a
significantly high anti-inflammatory activity in a dose-dependent manner.

Table 4. In vivo anti-inflammatory effect of LSEO using carrageenan induced-paw edema.

Treatment
(Dose µg/kg)

Weight (mean, mg) ± SD % Inhibition
of EdemaLeft Hind Paw Right Hind Paw Edema Weight #

LSEO (200) 126.10 ± 8.00 110.12 ± 7.12 15.975 ± 7.31 A 47.0588
LSEO (20) 138.48 ± 10.1 121.00 ± 6.72 17.480 ± 8.71 A 42.0712
LSEO (2) 146.08 ± 8.61 122.35 ± 6.00 23.733 ± 9.22 A,B 21.3476

Positive control
(Indomethacin) 161.25 ± 6.12 144.50 ± 6.18 16.750 ± 7.50 A 44.4904

Negative control 154.30 ± 7.65 124.12 ± 10.0 30.175 ± 13.41 B /

Groups of animals (n = 5 mice per group) were pretreated with vehicle, Indomethacin (25 mg/kg, p.o.) or LSEO at
doses of 2, 20, and 200 mg/kg per os (p.o.) 30 min before carrageenan-induced paw edema. LSEO: Lavandula stoechas
Essential Oil. # Means within the same column followed by the same capital letter are not significantly different
(p > 0.05) according to ANOVA analysis followed by Tukey’s post hoc multiple comparison test.

At 4 h after oral administration of LSEO, the degree of edema inhibition was similar for 20 mg/kg
and 200 mg/kg (42.07% and 47.06%, respectively). This level of edema inhibition was comparable to
the level observed using 25 mg/kg of the standard reference NSAID (44.5%).

Inflammatory illnesses are presently treated with steroidal and NSAIDs. Unfortunately, both of
these widely prescribed treatment classes have important harmful side effects and fail in certain
segments of the population [23]. Therefore, there is a need to develop and produce new treatments with
novel mechanisms of action that do not generate significant side effects. It has been reported that a variety
of EOs exhibit noticeable anti-inflammatory properties in numerous diverse models of inflammation.
Investigations on the anti-inflammatory action of LSEO are limited. Only one research report suggested
the aptitude of Lavandula angustifolia EO to reduce the carrageenan-induced paw edema in animals
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at doses of 200 mg/kg, even though the mode of action was not addressed in this publication [12].
The precise mechanism of the anti-inflammatory activity of the LSEO is unclear. Nevertheless, it has
been reported that a number of constituents contribute to the incomplete reduction of the release
of inflammation mediators. In recent years, numerous studies have reported oxygenated mono-
and sesquiterpenes and their hydrocarbon derivatives as the main compounds of EOs, which have
effective anti-inflammatory activity [5,26]. In our study, 1,8-cineole (eucalyptol) has been found to be
the major compound in LSEO. It appears that 1,8-cineole can be partially linked with the observed
pharmacological activity, but it is not apparent if the other oxygenated monoterpenes (fenchone, pinene)
can also potentiate this effect. Our results are in agreement with those published for other EOs rich in
1,8-cineole that demonstrated a potent and strong anti-edematogenic effect [12,26,27]. They revealed
that the EOs, which are rich in 1,8-cineole, showed analgesic and anti-inflammatory properties.
Eucalyptol also exhibits an inhibitory effect in a number of tests of experimental inflammation in
animals, using the carrageenan-induced paw edema test [26]. These activities may be linked with the
aptitude of eucalyptol to suppress the arachidonic acid metabolism and cytokine production in human
monocytes [27].

2.3.2. Xylene-Induced Ear Edema

Because the LSEO demonstrated an anti-inflammatory effect in the carrageenan-induced paw
edema assay, the anti-inflammatory activity of LSEO was further evaluated by the inhibition of
xylene-induced ear edema in mice. Topical application of xylene on the left ears caused noticeable
edema as indicated by the augmentation in the earplug weight of the left ear compared with the
untreated right ear (Table 5).

Table 5. Lavandula stoechas aromatic oil prevents xylene-induced ear edema in mice.

Treatment
(Dose mg/kg)

Weight (mean, mg) ± SD % Inhibition
of EdemaLeft Ear Right Ear Edema Weight #

LSEO (820) 22.97 ± 4.13 16.52 ± 0.73 6.45 ± 2.80 B 25.8620
LSEO (410) 16.37 ± 1.92 14.65 ± 2.22 1.72 ± 1.20 A 80.1724
LSEO (82) 22.72 ± 5.16 18.50 ± 1.99 4.22 ± 2.88 B 51.4367

Betasone® 0.5% 18.08 ± 2.79 15.50 ± 1.50 2.58 ± 1.49 A,B 70.3448
Voltarene Emulgel® 1% 20.70 ± 4.94 13.32 ± 1.35 7.38 ± 3.17 B 15.1724

Negative control (Vehicle) 28.10 ± 6.12 19.40 ± 4.13 8.70 ± 3.55 C /

Data are presented as Mean (mg) ± Standard Deviation (SD) (n = 5 mice per group). LSEO: Lavandula stoechas
Essential Oil. # Means within the same column followed by the same capital letter are not significantly different
(p > 0.05) according to ANOVA one way analysis followed by Tukey’s post hoc multiple comparison test.

In comparison with positive control (diclofenac topical gel), LSEO exhibited a powerful and
effective anti-inflammatory activity in our experimental animal model. Diclofenac gel (Voltarène
emulgène® 1%) produced 15.17% inhibition of xylene-induced edema, and this effect was statistically
different and lower (p < 0.05) than that observed with all tested doses of LSEO. Further, LSEO reduced
the inflammatory response by 80.1% for 410 mg/kg, which is higher than the positive control (Betasone)
(70.3%). To the best of our knowledge, this is the first study to prove that LSEO has a significant
topical anti-inflammatory activity in vivo. Consistent with current data, our previous report [28]
showed that topical application of EOs can limit the inflammatory symptoms of edema and neutrophil
accumulation. In phytotherapy, dermal application of EOs in a full body massage or to limited parts of
the body is greatly pleasing. Many EOs are used as curative ingredients for inflammatory indications
with lesional neutrophil accumulation: aphthous stomatitis, rheumatoid arthritis, and lesional fungal
or bacterial contagions [8,11,29].
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2.3.3. Mouse Ear Tissue Morphology

We investigated H&E-stained ear sections from xylene-induced animals (Figure 2). Xylene is
a highly irritating substance that stimulated an inflammatory response in the epidermis. Xylene
application resulted in a noticeable increase in ear thickness with obvious confirmation of edema,
epidermal hyperplasia, and inflammatory cell infiltration in the dermis with associated connective
tissue disruption (Figure 2D1,D2).Molecules 2020, 25, x FOR PEER REVIEW 8 of 17 
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inflammation phase. 1) Keratin; 2) epidermal layer; 3) cartilage layer; 4) PMN; 5) edema; 6) muscle. 
(A) Right ear without treatment (×10). (B) Lavandula stoechas Essential Oil (LSEO) treatment with 
different doses (B1): LSEO 82 mg/kg (G×10), (B2): LSEO 410 mg/kg (G×10), (B3): LSEO 810 mg/kg 
(G×10)) = edema (±); inflammatory cell infiltration (+), inflammation phase (±). (C) Positive control 
treatment (C1): Voltarène Emulgel (G×10); (C2): betamethasone (G×40) = edema (±); inflammatory 
cell infiltration (+), inflammation phase (±). (D1) Negative control (×10) = edema (++); inflammation 
phase (+++); inflammatory cell infiltration (+++) in epidermal and dermal layers, muscle, and 
cartilage. (D2) Negative control (×40). Scale − bar = 25 µm; black arrow indicates inflammatory 
polymorphonuclear cell infiltration. 

By histological comparison, topical application of LSEO decreased ear thickness and associated 
pathological indicators to an extent comparable to the positive controls (sodium diclofenac and 
betamethasone gels) (Figure 2B,C). These findings directly demonstrate the properties of LSEO 
within the target tissue, providing additional confirmation that LSEO ameliorates xylene-induced 
contact dermatitis. Microscopic investigation showed the valuable anti-inflammatory activity of the 

Figure 2. Sections of mice ear biopsies showing keratin, epidermal, dermal, muscle, and cartilage
layers. Hematoxylin & Eosin stained sections were scored as mild (+), modest (++), and severe
(+++) for edema and substantial inflammatory polymorphonuclear (PMN) cell infiltration in the
dermis inflammation phase. (1) Keratin; (2) epidermal layer; (3) cartilage layer; (4) PMN; (5) edema;
(6) muscle. (A) Right ear without treatment (×10). (B) Lavandula stoechas Essential Oil (LSEO) treatment
with different doses (B1): LSEO 82 mg/kg (G × 10), (B2): LSEO 410 mg/kg (G × 10), (B3): LSEO
810 mg/kg (G × 10)) = edema (±); inflammatory cell infiltration (+), inflammation phase (±). (C) Positive
control treatment (C1): Voltarène Emulgel (G × 10); (C2): betamethasone (G × 40) = edema (±);
inflammatory cell infiltration (+), inflammation phase (±). (D1) Negative control (×10) = edema (++);
inflammation phase (+++); inflammatory cell infiltration (+++) in epidermal and dermal layers, muscle,
and cartilage. (D2) Negative control (×40). Scale − bar = 25 µm; black arrow indicates inflammatory
polymorphonuclear cell infiltration.
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By histological comparison, topical application of LSEO decreased ear thickness and associated
pathological indicators to an extent comparable to the positive controls (sodium diclofenac and
betamethasone gels) (Figure 2B,C). These findings directly demonstrate the properties of LSEO within
the target tissue, providing additional confirmation that LSEO ameliorates xylene-induced contact
dermatitis. Microscopic investigation showed the valuable anti-inflammatory activity of the topical
application with LSEO. Compared to the control groups, edema was dramatically reduced by the
previous topical treatment with LSEO (Figure 2A vs. Figure 2B). To the best of our knowledge, this is the
first study to reveal that LSEO has a significant topical anti-inflammatory activity, which is confirmed
by histology examination.

Current results are consistent with previous publications about other EOs using the carrageenan
and xylene-induced edema methods [29–31]. In addition, the current results are in agreement with
our previous research [32], in which histological analysis revealed that rose-scented geranium oil
inhibited the skin inflammatory process in vivo. In conclusion, the results of our investigation support
the traditional usage of LSEO as an anti-inflammatory agent, although there is a need for further
investigations to better estimate its pharmaceutical potential and understand its mode of action.

2.4. Effects of LSEO on Cytotoxicity of Three Human Tumor Cell Lines

Because anti-proliferative screening models in vitro provide important preliminary data to help
select compounds with potential antineoplastic properties for further study, the LSEO was tested in vitro
for its potential human tumor cell growth inhibitory effect on human breast carcinoma MDA-MB-231,
human gastric cancer AGS, and human melanoma MV3, using MTT assay. This is a non-radioactive,
fast, and economical assay widely used to quantify cell viability and proliferation. As shown in Figure 3,
LSEO had selective cytotoxicity on different tumor cells, and a potent anti-proliferative effect on AGS
cells with IC50 value of 0.035 ± 0.018 µL/mL. This potent in vitro antitumor effect was also shown
in MV3 and MDA-MB-231 cell assays, with IC50s of 0.06 ± 0.022 µL/mL and 0.259 ± 0.089 µL/mL,
respectively. To the best of our knowledge, this is the first report on the anti-proliferative activity
of LSEO.
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Figure 3. In vitro cytotoxic effect of LSEO against different cancer cell lines using MTT assay. IC50:
Median inhibitory concentration. Experiments were performed three times in octuplets.

It is shown in Figure 4 that LSEO has an important dose-dependent cytotoxic effect against all
cancer cell lines tested. At higher concentration (4 µL/mL v/v), LSEO was more cytotoxic against
AGS cells (88.1% lysis) than MV3 cells ((86.4% lysis) and MDA-MB-231 cells (79.5% lysis). At low
concentration (0.032 µL/mL v/v) of LSEO, this same order of sensitivity was also obtained. AGS was
the most sensitive cancer cells (80.8%) at the low concentration.
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Figure 4. Anti-proliferative activity of LSEO after 24 h of exposure in the MTT assay. MDA-MB-231:
human breast carcinoma cells; MV3: human melanoma; AGS: human gastric cancer. Experiments were
performed three times in octuplets.

A previous investigation of another lavender species (L. angustifolia) EO showed cytotoxicity to
human skin cells in vitro at a concentration of 0.25% (v/v) [10]. As we did not evaluate the cytotoxic
effect of all chemicals present in LSEO against the three cancer cell lines, it is not possible to identify
which of these compounds are responsible for the observed results. It appears from this analysis that
EOs containing a high amount of eucalyptol are more cytotoxic than the others [33]. These results
are in agreement with those of other authors who reported that the eucalyptol (1,8-cineole) has an
important antitumor effect against tumor cell lines like hormone-refractory prostate cancer [7] and
drug-resistant human lung cancer [6]. Specific induction of apoptosis, not necrosis, was observed
in human colon cancer cell lines HCT116 and RKO by 1,8-cineole. The treatment with 1,8-cineole
was associated with inactivation of survivin and Akt and activation of p38. These molecules
induced cleaved poly(ADP-ribose) polymerase (PARP) and caspase-3, finally causing apoptosis.
In xeno-transplanted SCID mice, the 1,8-cineole group showed significantly inhibited tumor progression
compared to a control group [33,34]. On the other hand, Tayarani-Najaran et al. [35] studied
the cytotoxicity and the mechanisms of cell death induced by the EO of Lavandula angustifolia,
and were compared with both normal (human fibroblast cells) and malignant cancerous human
cells (HeLa Human cervix carcinoma and MCF-7 lung adenocarcinoma cell lines). They found
that the IC50 for normal cells was higher (>500 µg/mL) than that reported with cancer cell lines
(IC50 HeLa = 31.92 µg/mL; IC50 HeLa = 31.92 µg/mL); thus, confirming a higher sensitivity of tumor
cells as compared to normal cells.

LSEO with an anti-proliferative activity shows also in vitro and in vivo anti-inflammatory
properties. Even though there is a relationship between these two activities, the various mechanisms
involved for each EO could explain why there is variability of these effects. A link between inflammation
and cancer has long been suspected, but its molecular nature remains to be defined. Chronic
inflammation may directly affect the cells that eventually become transformed as well as exert indirect
effects on the tumor cell through surrounding cells [4,36,37]. In summary, the cytotoxic activity of LSEO
might be due to the synergic effects of different terpenes in the oil, or perhaps there are some other
active compounds responsible for the cytotoxic activity of the essential oil, which deserves attention in
the future.
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3. Materials and Methods

3.1. Material

3.1.1. Extraction of Lavandula stoechas Essential Oil

Lavandula stoechas (Lamiaceae family) aerial parts were collected in 2016 in the region of Cherchell
(Tipaza, Algeria). This area is located in the western region of Algiers and is situated at 36◦34′3.014” N
and 12′14.376” E in the central north of the country. LSEO was distilled from the leaves, stems,
and flowers using alembic steam distillation. The process consists of passing water vapor at a
high-pressure through an alembic (tank) filled with aromatic plants. The steam captures the volatile
compounds that are confined in the secretory glands of the aromatic herb, which then pass through a
cold-water frozen serpentine and condense into a liquid. Upon exit, phases of diverse densities are
separated with the help of a “Florentine vase” and floral water and EO (also named “aromatic water”)
are obtained.

3.1.2. Solvents, Drugs and Chemicals

The following drugs and chemicals purchased from Sigma Chemical Co. (St. Louis, MO, USA) were
used: dimethyl sulfoxide (DMSO), bovine serum albumin (BSA), sodium diclofenac, phosphate-buffered
saline (PBS, 10 mM, pH 7.4), sterile saline solution (0.9% w/v NaCl), Alsever solution (2% dextrose, 0.8%
sodium citrate, 0.5% citric acid, and 0.42% NaCl), 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium
bromide (MTT), xylene, Tween 80, acetone, and formaldehyde solutions. Voltarène emulgène® 1%
(diethylamine diclofenac, Novartis, Algeria), Betasone® 0.05% (Betamethasone, Saidal Pharmaceuticals,
Algiers, Algeria), and Indomet® 25 mg (Indomethacin, Saidal Pharmaceuticals, Algiers, Algeria) were
also used. Roswell Park Memorial Institute (RPMI)-1640 medium and other cell-culture reagents
including fetal bovine serum (FBS), penicillin, streptomycin, and amphotericin B were obtained from
Gibco Inc. (Grand Island, NY, USA).

3.1.3. Animals

Swiss albino NMRI (The Naval Medical Research Institute, Institut Pasteur d’Algérie, Algiers,
Algeria) mice of both sexes, weighing from 24–28 g and pathogen free, were obtained from animal
breeding of the R&D Center of Saidal Pharmaceuticals and from the “Laboratoire National de Contrôle
des Produits Pharmaceutiques” (Algiers, Algeria), respectively. The animals were left for 3 days at
room conditions for acclimatization. A minimum of 5 animals were used in each group, and were
kept at room temperature with a 12 h light/dark cycle. They were maintained on a standard pellet diet
and water ad libitum throughout the experiment. The pellets for mice have been purchased from a
commercial producer (National Livestock Food Office, Algiers, Algeria). Below is the composition
of the pellets: Carbohydrates: 49.8%; Crude Protein: 23.5%; Crude Fat: 5.0%; Crude Fiber: 5.5%;
Acid Insoluble Ash: 6.5%; Calcium: 1.1%; Phosphorus: 0.8%; Moisture: 12%; Vitamin A (UI/kg):
22,000; Vitamin D (UI/kg): 2000; Vitamin E (UI/kg): 100. All animal experiments have been conducted
in accordance with directives approved by current institutional guidelines (Saidal Pharmaceuticals,
Algiers, Algeria) for animal treatment (88-08/1988) and approved by the Council of the European Union
(2010/63/EU) on the Protection of Animals Used for Scientific Purposes.

3.1.4. Cancer Cell Lines

Three human cancer cell lines were used. MDA-MB-231 cells, which are estrogen receptor-negative
human breast cancer; human melanoma MV3 cells derived from lymph node with a high metastatic
potential; and human gastric adenocarcinoma (AGS) cells. Cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained as a monolayer culture in
the RPMI-1640 nutrient medium and were grown at 37 ◦C in a humidified chamber with 5% CO2 as
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monolayer adherent cultures in 75 cm2 tissue culture flasks, in a medium supplemented with 10% FBS,
1% penicillin, and 1% streptomycin.

3.2. Methods

3.2.1. Determination of the Chemical Composition of Essential Oil

Analysis and identification of the volatile compounds were performed using a Shimadzu
GC-17A Gas Chromatograph coupled with a Shimadzu QP-5050A Mass Spectrometer detector
(Shimadzu Corporation, Kyoto, Japan). The GC-MS system was equipped with a Tracsil Meta.X5
(95% dimethylpolysiloxane and 5% diphenylpolysiloxane) column (60 m × 0.25 mm, 0.25 µm film
thickness). Analyses were carried out using helium as the carrier gas at a column flow rate of 0.3 mL/min
and a total flow of 3.9 mL/min in a split ratio of 1:200 and the following program: (a) 80 ◦C for 0 min;
(b) increase of 3 ◦C/min from 80 ◦C to 210 ◦C and hold for 1 min; (c) increase of 25 ◦C/min from 210 ◦C
to 300 ◦C and hold for 3 min. The temperatures of the injector and detector were 230 ◦C and 300 ◦C,
respectively. All compounds were identified using two different analytical methods: (1) comparison of
experimental retention indexes (RI) with those of the literature; (2) mass spectra (authentic chemicals
and National Institute of Standards and Technology (NIST05) spectral library collection). Only fully
identified compounds are reported in this study.

3.2.2. In Vitro and In Vivo Anti-Inflammatory Activities

Anti-Inflammatory Test Using Erythrocyte System Cellular Model In Vitro

Preparation of blood samples for membrane stabilization assays: the human red blood cells (HRBC)
membrane stabilization method has been used as a method to study the in vitro anti-inflammatory
activity [23]. Human venous blood samples were freshly collected under informed consent from a
healthy human volunteer, and put into test tubes containing anticoagulant (EDTA-Na2 10%) and mixed
with equal volume of Alsever solution. Blood samples were centrifuged at 2500 rpm for 5 min and the
supernatant was removed. The cell suspension was washed with sterile saline solution and centrifuged
at 2500 rpm for 5 min. This was repeated three times until the supernatant was clear and colorless and
the packed cell volume was measured. The cellular component was reconstituted to a 40% suspension
(v/v) with PBS (10 mM, pH 7.4) and was used in the assays.

Hypotonicity-induced hemolysis: Different concentrations of LSEO (6–0.4 µL/mL) were prepared
using distilled water, and to each concentration 1 mL of PBS, 2 mL hyposaline and 0.5 mL of HRBC
suspension were added. It was incubated at 37 ◦C for 30 min and centrifuged at 3000 rpm for 20 min.
The hemoglobin content of the supernatant solution was estimated spectrophotometrically at 560 nm.
Sodium diclofenac as a non-steroidal anti-inflammatory drug (NSAID) was used as a reference standard
and a control was prepared by omitting the LSEO. The percentage inhibition of hemolysis or membrane
stabilization was calculated according to the method described by Parvin et al. [21].

Inhibition of hemolysis (%) =

(
A1−A2 sample

A1

)
× 100

where: A1 = optical density of hypotonic-buffered saline solution alone and A2 = optical density of
test sample in hypotonic solution.

Anti-Inflammatory Activity Using the Inhibition of Denaturation of Albumin In Vitro

The capability of LSEO to inhibit the denaturation of BSA was investigated by a method as
reported by Rahman et al. [22]. Typically, different concentrations (6–0.4 µL/mL) of LSEO were prepared
and the volumes were adjusted to 2.5 mL with 0.85% NaCl. Then 0.5 mL of BSA (5 mg/mL) was
added. The mixture was incubated at 37 ◦C for 20 min and further incubated at 55 ◦C for 30 min.
The tubes were cooled and 2.5 mL of 0.5 M PBS (pH 6.3) was added. The turbidity was measured
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spectrophotometrically at 560 nm. The assay was carried out in triplicates and the standard (sodium
diclofenac) was used in place of the LSEO. Percentage inhibition of BSA denaturation was evaluated
as follow:

% Inhibition =
(Abs Control −Abs Test

Abs Control

)
× 100

In Vivo Anti-Inflammatory Assay Using Carrageenan-Induced Paw Edema

This technique is based on a report by Bouhlali et al. [23]. Carrageenan is known to result in at least
neutrophil-linked edematous inflammation. LSEO was diluted in 0.5% Tween 80 and administered
30 min prior to carrageenan injection. The control group received an equivalent volume of the vehicle
(0.5% Tween 80 in 0.9% NaCl solution). LSEO at doses of 2, 20, or 200 mg/kg and vehicle were
administrated per os (p.o.) 30 min before injecting the carrageenan. Paw edema was induced with a
single 0.1 mL sub-plantar injection of carrageenan (0.1 mL) into the left hind paw of conscious mice.
Indomethacin (25 mg/kg, p.o.) was used as positive control (NSAID). The mice were sacrificed 4 h later.
The difference in weight between right untreated and left treated hind paws was calculated and results
are expressed as the increase in paw weight (mg). The percentage inhibition of the inflammatory
response was calculated for each mouse by comparison to the negative control, and calculated using
the following formula:

% Inhibition of edema =
(
1− ∆Pt

∆Pc

)
× 100

where ∆Pt is the difference in paw weight in the drug-treated group, and ∆Pc is the difference in paw
weight in the control group.

In Vivo Anti-Inflammatory Activity Using Xylene-Induced Ear Edema

Topical anti-inflammatory activity was assessed as inhibition of xylene-induced ear edema in
mice [23]. Male Swiss mice were divided into groups of 5 mice each. Thirty min after the dermal
application of LSEO, 10 µL acetone solution containing 10% xylene was carefully applied to the
anterior and posterior surfaces of the left ear. The right ear remained untreated. Vehicle (sweet almond
oil), doses of LSEO diluted in almond oil (82, 410, and 820 mg/kg), and positive controls (Voltaren®

Emulgel 1% and Betasone® 0.05%) were applied topically to the left ear about 30 min before the
xylene application. At the maximum of the edematous response (4 h later), mice were sacrificed and a
plug (5 mm in diameter) was removed from both treated (left) and untreated (right) ears. The edema
response was calculated as the weight difference between the two plugs. LSEO anti-inflammatory
potential was expressed as percentage of the edema weight reduction in treated mice in comparison to
the control group, and calculated using the following formula:

% Inhibition of edema =
(
1− ∆Wt

∆Wc

)
× 100

where ∆Wt is the change in weight of ear tissue in the treated mice, and ∆Wc is the change in weight
of ear tissue in the control mice.

Morphological Analysis of Ear Tissue

The resulting inflammatory response was checked and monitored by measurement of edema
formation and by microscopic observation. For morphological examination of cutaneous inflammation,
biopsies from control and treated ears of animals were collected at the end of the experiment.
Samples were fixed using 10% neutral buffered formalin, routinely processed, and sectioned at 6 µm
using a microtome (Leica RM 2125RT, Nussloch, Germany). Sections were stained with Hematoxylin
and Eosin (H&E) and the tissues were observed with a light microscope (Olympus CX41, Olympus,
Tokyo, Japan) and graded as mild (+), moderate (++), and severe (+++) for inflammation phase.
Infiltration and polymorphonuclear (PMN) cells’ accumulations were also assessed [29].
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3.2.3. Cytotoxic Activity Using MTT Test

MDA-MB-231, AGS, and MV3 cells were grown in RPMI-1640 medium supplemented with
10% FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL). Cells were maintained at 37 ◦C in a
humidified incubator with 5% CO2 and regularly examined using an inverted microscope. The medium
was replaced every two days and cells were sub-cultured at 70%–80% confluence. Cells in 96-well plates
(100 µL/well) were exposed to different concentrations of LSEO (4 to 0.0312 µL/mL) in DMSO/RPMI
(0.1% v/v) at 37 ◦C and 5% CO2 for 24 h. Final DMSO concentration did not affect cell viability. The MTT
colorimetric assay was used to evaluate the cytotoxic effect of LSEO [5]. MDA-MB-231, AGS, and MV3
cells were placed into 96-well culture plates (10 × 103 cells per well) and incubated for 24 h. Then,
100 µL of culture medium containing the specified concentration of the LSEO was added to each well.
After exposure to serial concentrations of LSEO for 24 h at 37 ◦C and 5% CO2, 100 µL of medium
were carefully aspirated from each well and replaced by 100 µL of MTT solution (5 mg/mL in PBS).
After addition of 100 µL PBS containing 0.5 mg/mL MTT, cells were incubated at 37 ◦C for 4 h. Formed
formazan crystals were dissolved in 50 µL DMSO. Absorbances in the control and LSEO-treated wells
were measured at 490 nm with an ELISA reader (BioTek, Winooski, VT, USA). Growth inhibition was
calculated as follows:

% cell viability =
( Abs Test

Abs Control

)
× 100

Concentration median inhibitory concentration (IC50) (µL/mL) was defined as the concentration
of LSEO producing 50% inhibition of cell survival. It was determined from the cell survival diagrams.

3.2.4. Statistical Analysis

Mean values of treated groups were compared with those of a control group and analyzed using
statistical methods. Data are reported as mean ± standard deviation (SD). Comparison between
different groups was conducted with one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc multiple comparison test. Differences with p < 0.05 between experimental groups were considered
statistically significant. IC50 (median inhibitory concentration) was calculated from the dose response
curve obtained by plotting percentage inhibition versus concentrations. Statistical data analysis was
performed using XLStat 2014 software (Pro statistical software, Addinsoft, Paris, France).

4. Conclusions

In conclusion, we describe for the first time the anti-inflammatory and anticancer effects of
LSEO and its chemical composition. Our results show that LSEO has important in vitro and in vivo
anti-inflammatory and cytotoxic effects against melanoma, breast cancer, and gastric cancer cells.
These data may serve as valuable research references for clinical research of medicines for treatment of
inflammation and cancer in the future and also a tool promoting the use of therapeutic benefits of EOs.
Considering that drugs currently available for the treatment of inflammatory and cancer conditions
show undesirable side effects, the present results may have clinical relevance and open new possibilities
for the development of novel anti-inflammatory and anticancer drugs. Further studies to elucidate the
mechanisms of action, and the possible compounds involved in these activities, will be undertaken.
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Abbreviations

ANOVA analysis of variance
BSA bovine serum albumin
DMSO dimethyl sulfoxide
EO essential oil
FBS fetal bovine serum
GC-MS gas chromatography-mass spectrometry
H&E hematoxylin-eosin
HRBC human red blood cells
IC50 median inhibitory concentration
LE left ear
LHP left hind paw
LNCPP Laboratoire National de Contrôle des Produits Pharmaceutiques
LSEO Lavandula stoechas essential oil
MTT 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium bromide
NIST National Institute of Standards and Technology
NMRI Naval Medical Research Institute
NSAID non-steroidal anti-inflammatory drugs
PBS phosphate-buffered saline
p.o. per os
PARP poly(ADP-ribose) polymerase
PMN polymorphonuclear cells
R&D Research and Development Center
RE right ear
RHP right hind paw
RI retention index
rpm rotation per minute
RPMI Roswell Park Memorial Institute
RT retention times
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Abstract: Phytoestrogens are herbal polyphenolic compounds that exert various estrogen-like effects
in animals and can be taken in easily from a foodstuff in daily life. The fallopian tube lumen, where
transportation of the oocyte occurs, is lined with secretory cells and multi-ciliated epithelial cells.
Recently, we showed that estrogen induces multi-ciliogenesis in the porcine fallopian tube epithelial
cells (FTECs) through the activation of the estrogen receptor beta (ERβ) pathway and simultaneous
inhibition of the Notch pathway. Thus, ingested phytoestrogens may induce FTEC ciliogenesis and
thereby affect the fecundity. To address this issue, we added isoflavones (genistein, daidzein, or
glycitin) and coumestan (coumestrol) to primary culture FTECs under air–liquid interface conditions
and assessed the effects of each compound. All phytoestrogens except glycitin induced multi-ciliated
cell differentiation, which followed Notch signal downregulation. On the contrary, the differentiation
of secretory cells decreased slightly. Furthermore, genistein and daidzein had a slight effect on
the proportion of proliferating cells exhibited by Ki67 expression. Ciliated-cell differentiation is
inhibited by the ERβ antagonist, PHTPP. Thus, this study suggests that phytoestrogens can improve
the fallopian tube epithelial sheet homeostasis by facilitating the genesis of multi-ciliated cells and
this effect depends on the ERβ-mediated pathway.

Keywords: fallopian tube; phytoestrogen; ciliated cell; secretory cell; Notch

1. Introduction

The fallopian tube (FT) shares a developmental origin (Müllarian duct) with the uterus
and serves as a route for bidirectional gamete transportation. The FT luminal wall is
composed of secretory cells, multi-ciliated cells, and basal cells. Basal cells are a type
of multipotent stem cell that gives rise to each specific cell type in the epithelium [1].
Secretory cells secrete mostly mucus materials that contain a series of compounds such as
glycoproteins and growth factors [2]. Multi-ciliated cells have motile cilia on the apical
surface to facilitate the flow of the mucous fluid [3]. Therefore, the FT cytohistological
architecture is functionally adapted to cope with the physiology of the reproductive tract
in vivo.

To modulate the FT environment, two major steroids, estrogen and progesterone, play
important roles [4]. Previous studies suggested that estrogen can facilitate glycoprotein
expression and secretion by secretory cells [2,5] and ciliogenesis in multi-ciliated cells [6],
and the molecular mechanisms underlying this regulation remain unknown. Estrogen
triggers the downstream pathway through the activation of estrogen receptors (ERs). Au-
thentic estrogen receptors, ERα and ERβ, translocate from the cytoplasm to the nucleus
when stimulated by estrogen, and they act as transcription factors to regulate downstream
gene expression [7]. They are known to have specific targets depending on the coactivators.
Knockout mouse studies showed that ERα is required for fertilization and embryonic devel-
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opment, and ERβ is essential for efficient ovulation [8]. However, the specific roles of ERs
in conditioning the FT epithelial sheet remains unclear. Our previous study demonstrated
that ERβ, but not ERα, promotes multi-ciliogenesis of FT epithelial cells by downregulating
the Notch pathway [9].

Additionally, natural herbal hormone-like compounds affect the homeostasis of female
reproductive tissues as an endocrine disruptor. Because all living things necessarily liaise
with the external environment, they would be easily affected by ingested foodstuff. Phy-
toestrogen is an organic compound with estrogen-mimetic effects, and it is produced and
stored in some plants such as soybeans, sprouts, and seeds [10]. Taking advantage of their
effects, these plants are prescribed as unauthorized medicinal natural supplements to treat
some diseases [10,11]. Conversely, a higher dosage of phytoestrogens has been suggested
to stimulate the proliferation of ER-dependent breast cancer cells [12]. Among phytoestro-
gens, genistein, daidzein, and glycitin are categorized as isoflavones and coumestrol is
a coumestan, and all of these are contained in beans and sprouts [13]. Previous studies
have shown that they have a relatively higher affinity for ERβ rather than ERα [14–16].
Although several studies reported the effects of phytoestrogen on cancer cells [17–19], their
actual roles in epithelial cell differentiation in the reproductive system remain unknown.

In this study, we examined the effects of phytoestrogens on the porcine FT epithelial
cell differentiation using the air–liquid interface (ALI) culture system that we previously
established [20]. Immunostaining of treated cells showed that phytoestrogens were able
to preferentially promote multi-ciliated cell differentiation over that of secretory cells.
This correlated well with downregulation of Delta-like protein 1 (DLL1), a Notch ligand,
and reduced cleavage of Notch. In conclusion, the present study suggests the potential
application of phytoestrogens to modulate the luminal homeostasis of the oviduct by
promoting multi-ciliated epithelial cell differentiation.

2. Results
2.1. Phytoestrogens Promote Multi-Ciliated Cell Differentiation

In the previous study, we demonstrated that estrogen promoted multi-ciliated cell
differentiation through ERβ [9]. Estrogen (estradiol, E2) and diarylpropionitrile (DPN),
which is an ERβ agonist, promoted the multi-ciliogenesis in approximately 30% of FTECs
in the ALI culture for 10 days as shown using anti-acetylated α-tubulin antibody, whereas
the negative control showed ciliogenesis in less than 10% of the cells (Figure 1a–c). To
evaluate the effect of the phytoestrogens on the differentiation of FTECs, we administered
coumestrol, daidzein, genistein, or glycitin in the medium (Supplementary Figure S1). All,
with the exception of glycitin, promoted the multi-ciliogenesis (Figure 1d). The efficiency of
coumestrol, daidzein, and genistein for inducing multi-ciliogenesis was almost 30%, which
is comparable with that of E2 and DPN. Dose dependency was observed between 1 and 10
µM, where each compound showed differential dose dependency (Figure 1e). Coumestrol
shared a similar pattern with genistein and showed an inverse proportion of multi-ciliated
cells by increasing the concentration from 1 to 10 µM. Conversely, daidzein increased the
number of multi-ciliated cells in a concentration-dependent manner. Glycitin showed
no significant induction of multi-ciliated cells at any concentration. Consistently, the
upregulated phosphorylation of ERβ, which is related to its activation, was observed in the
nuclei of cells treated with DPN, coumestrol, daidzein, and genistein, but less with glycitin
(Supplementary Figure S2). Therefore, phytoestrogens, with the exception of glycitin, can
promote ciliated cell differentiation, which is similar to the cases of E2 and DPN.
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Figure 1. Coumestrol, daidzein, and genistein induce ciliated cell differentiation in fallopian tube 
epithelial cells (FTECs). (a) Staining for acetylated α-tubulin (green) and nuclei (blue) in porcine 
FTECs that were cultured for 10 days under air–liquid interface (ALI) conditions with E2 or dia-
rylpropionitrile (DPN). (b) Magnified view of typical ac-tubulin-positive ciliated cells with multi-
ple cilia. (c) The proportion of ciliated cells under each condition in (a) is presented. Data are pre-
sented as the mean ± SD (n = 5 fields). (d) Staining for acetylated α-tubulin (green) and nuclei 
counterstained with DAPI (blue) of cells cultured in the medium containing coumestrol, daidzein, 
genistein, or glycitin. (e) The proportion of ciliated cells under each condition in (d) is presented. 
Data are presented as the mean ± SD (n = 5 fields). n.s.: not significant; SD, standard deviation; 
DPN, diarylpropionitrile; con, control. Scale bars: 20 µm in (a) and (d); 10 µm in (b). Statistical 
significance was assigned as *** p < 0.001. 

  

Figure 1. Coumestrol, daidzein, and genistein induce ciliated cell differentiation in fallopian tube epithelial cells (FTECs). (a)
Staining for acetylated α-tubulin (green) and nuclei (blue) in porcine FTECs that were cultured for 10 days under air–liquid
interface (ALI) conditions with E2 or diarylpropionitrile (DPN). (b) Magnified view of typical ac-tubulin-positive ciliated
cells with multiple cilia. (c) The proportion of ciliated cells under each condition in (a) is presented. Data are presented as the
mean ± SD (n = 5 fields). (d) Staining for acetylated α-tubulin (green) and nuclei counterstained with DAPI (blue) of cells
cultured in the medium containing coumestrol, daidzein, genistein, or glycitin. (e) The proportion of ciliated cells under
each condition in (d) is presented. Data are presented as the mean ± SD (n = 5 fields). n.s.: not significant; SD, standard
deviation; DPN, diarylpropionitrile; con, control. Scale bars: 20 µm in (a) and (d); 10 µm in (b). Statistical significance was
assigned as *** p < 0.001.
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2.2. Phytoestrogens Slightly Affect the Proportion of Secretory Cells and Basal Cells

Because phytoestrogens promote differentiation into ciliated cells, we next focused
on secretory cell differentiation. Pax8 is a lineage-specific transcription factor that is
expressed in FT secretory cells. Multi-ciliated cells that were revealed by anti-acetylated
α-tubulin antibody showed no or background levels of Pax8 in ALI culture at 10 days after
induction (DAI) (Figure 2a). Upon treatment with DPN or phytoestrogens, the proportion
of Pax8-positive secretory cells in the epithelial sheet varied depending on the species of
compounds (Figure 2b). Coumestrol, daidzein, and glycitin did not show any significant
changes in the proportion of the secretory cells compared with the control, whereas DPN
and genistein slightly reduced the proportion of secretory cells compared with controls
(Figure 2c). Finally, we examined the effects of phytoestrogens on basal cells because they
are still present, and they replenish the epithelial sheet with differentiated cells in vivo.
The proportion of basal cells that were positive for Ki67, which is a proliferation marker,
did not change significantly in the presence of DPN, coumestrol, or glycitin, whereas this
proportion significantly decreased and increased in response to daidzein and genistein,
respectively, compared with controls (Figure 2d). Thus, several compounds affected the
cell fate of secretory cells from basal cells.
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Figure 2. Genistein affects secretory cell differentiation and basal cell maintenance. (a) Staining for acetylated α-tubulin
(green), Pax8 (red), and nuclei (blue) in FTECs cultured for 10 days under ALI conditions. Yellow circles indicate the
ac-tubulin-positive ciliated cells with a lower Pax8 expression. (b) Staining for Pax8 (red) and nuclei (blue) of cells cultured
in the medium containing DPN, coumestrol, daidzein, genistein, or glycitin. (c) The proportion of Pax8-positive in cells
cultured under each condition in (b) is presented. Data are presented as the mean ± SD (n = 3 fields). (d) The proportion of
Ki67-positive in cells that were cultured under each condition in (b) is presented. Data are presented as the mean ± SD
(n = 3 fields). COUM, coumestrol; DAID, daidzein; GENI, genistein; GLYC, glycitin. n.s.: not significant; SD, standard
deviation. Scale bars: 10 µm in (b). Statistical significance was assigned as * p < 0.05 and ** p < 0.01.
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2.3. Induction of Multi-Ciliated Cell Differentiation Depends on the ERβ Pathway

We previously reported that E2 promoted multi-ciliated cell differentiation through
ERβ. To analyze whether phytoestrogens share this molecular pathway, we examined their
effect in the presence of the ERβ antagonist, PHTPP. FTECs under ALI-culture conditions
at 7 DAI were treated with DPN, coumestrol, daidzein, or genistein at their optimal
concentration to induce ciliogenesis (Figure 3a). In all cases, co-administration of PHTPP
significantly inhibited ciliogenesis whereas the control group without PHTPP continued to
undergo ciliogenesis (Figure 3b). This indicates that ERβ is involved in the mechanism of
action for phytoestrogens.
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Figure 3. The induction of ciliated cells by phytoestrogens is suppressed by PHTPP, an ERβ antagonist. (a) Staining for
acetylated α-tubulin (green) and nuclei (blue) of the FTECs that were cultured for 7 days in medium containing DPN,
coumestrol, daidzein, and genistein with DMSO or PHTPP. (b) The proportion of ciliated cells that were cultured under
each condition in (a) is presented. Data are presented as the mean ± SD (n = 5 fields). COUM, coumestrol; DAID, daidzein;
GENI, genistein; GLYC, glycitin. SD, standard deviation; DPN, diarylpropionitrile; DMSO, dimethyl sulfoxide. Statistical
significance was assigned as *** p < 0.001.

2.4. Coumestrol, Daidzein, and Genistein Suppress Notch Signaling

As we and another group have previously reported [9,21], the Notch signaling path-
way plays an important role in regulating multi-ciliogenesis in the FT. Moreover, E2 and
DPN antagonize the effect of Notch during multi-ciliogenesis. To examine the effects of
phytoestrogens on Notch signaling, we quantified the level of Notch intracellular domain
(NICD), which is a molecular marker of the activated Notch pathway. Twenty-four hours
after treatment with coumestrol, daidzein, or genistein, the NICD level was reduced to
half of the control value. This effect was attenuated by PHTPP treatment, confirming the
involvement of ERβ pathway to suppress Notch signaling (Supplementary Fguire S3). We
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further investigated the expression of Notch ligands 24 h after treatment with phytoe-
strogens (Figure 4a). Coumestrol, daidzein, and genistein significantly suppressed DLL1
mRNA expression but had little effect on Delta-like protein 4 (DLL4), Jagged 1 (JAG1),
or Jagged 2 (JAG2) mRNA expression, and the results were consistent with those of E2
and DPN (Figure 4b–e). These data indicate that coumestrol, daidzein, and genistein
suppress Notch signaling by reducing DLL1 mRNA levels during the ciliogenesis. Thus,
phytoestrogens can mimic the roles of endogenous estrogen in FTEC differentiation.
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Figure 4. Phytoestrogens downregulate Notch signaling via suppression of DLL1. (a) Immunoblots for Notch intracellular
domain (NICD) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in lysates of cells that were treated for 24
h with E2 (2 ng/mL), DPN (100 nM), coumestrol (1 µM), daidzein (10 µM), and genistein (1 µM). The graph below the
NICD blot shows the ratios of intensities of NICD to the GAPDH blots. (b–e) Quantitative RT-PCR for DLL1 (b), DLL4
(c), JAG1 (d), and JAG2 (e) expression in cells that were cultured for 24 h under each condition in (a) are presented. Data
are presented as the mean ± SD. (n = 3 experiments). COUM, coumestrol; DAID, daidzein; GENI, genistein; GLYC,
glycitin. SD, standard deviation; NICD, Notch intracellular domain; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
DPN, diarylpropionitrile; RT-PCR, real-time polymerase chain reaction. Statistical significance was assigned as * p < 0.05,
** p < 0.01, and *** p < 0.001.

3. Discussion

This study examined the effects of phytoestrogens on the differentiation of FTECs
using the ALI culture system. We used coumestrol, daidzein, genistein, and glycitin as
phytoestrogens that are included in daily foodstuff. Coumestrol, daidzein, and genistein
showed significant effects in promoting multi-ciliated cell differentiation, and the effects
are consistent with those of the ERβ agonist DPN. Although the differentiation of secretory
and basal cells was still affected, the level was not comparable to that in multi-ciliated
cells. Therefore, it is suggested that some phytoestrogens, at least coumestrol, daidzein,
and genistein, act as a switch to induce ciliated cell differentiation via the ERβ pathway.
However, genistein slightly but significantly reduces secretory-cell differentiation and
increases Ki67-positive proliferative cells. It is possible that the promotion of ciliated-cell
differentiation indirectly affects the proportion of secretory cells and basal cells. Based
on the higher specificity of genistein for ERβ over ERα, the strength of fate control might
depend on the ERβ pathway. Future transcriptome and epigenome analyses will reveal the
downstream genes regulated by each phytoestrogen. The promotion of ciliated cell differen-
tiation is consistent with the higher binding affinity of coumestrol, genistein, and daidzein
to ERβ rather than ERα [14]. Because ciliated-cell differentiation activity was suppressed
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by the ERβ antagonist, the responsible pathways that promote cell fate determination may
be common among the phytoestrogens. Regarding the differentiation of secretory cells,
other factors or pathways might be assumed instead of the ERβ pathway, because secretory
cells differentiated in about 70% of cells in basal medium alone (Figure 2b,c control).

Although we used phytoestrogens at a concentration of approximately the IC50 (half
maximal inhibitory concentration) for each compound, this value (1–10 µM = 254–2542 ng/mL
of daidzein and 270–2702 ng/mL of genistein) is much higher than the concentration
(<100 ng/mL of daidzein and <160 ng/mL of genistein) in a UK cohort over 40 years
of age [22]. However, the concentration of these compounds in a Japanese cohort was
0–2407 ng/mL and 0–4192 ng/mL for daidzein and genistein, respectively [22]. Therefore,
the phytoestrogen concentration in our study was comparable to that in the Japanese cohort.
Additionally, a US population did not show the presence of coumestrol in serum, although
the urine was positive for coumestrol [23]. Therefore, we cannot assess the concentration
of coumestrol.

Among phytoestrogens, our study showed that glycitin did not induce the multi-
ciliogenesis. Similar to genistein and daidzein, glycitin is present in soybeans, but its
structure is different from that of genistein and daidzein in terms of conjugation of glu-
cose, and the amount of glycitin is much lower than that of other phytoestrogens [13]
(Supplementary Figure S1). It has been reported that glycitin increases the ratio of Ki67-
positivity in the human dermal fibroblast cells [24], although it did not induce cell prolifer-
ation in the current study. Taking the amount of glycitin in soybeans and our results into
consideration, the effects of glycitin in FT epithelium would be minimal.

There are several studies that have shown different effects of genistein in different
animals, such as the metabolic and secretion-stimulating action on cells, the beneficial
influence on uterine homeostasis and embryonic development, and the adverse effect on
implantation [24,25]. Another in vivo study in mice demonstrated that genistein reduced
the efficiency of implantation [26]. Considering the very complex steps in the process of
implantation, which is susceptible to various factors, it is unclear whether the adverse effect
in the implantation of a mouse fertilized egg is attributable directly to genistein. Because
the effect of phytoestrogens depends on the dosage and model animals that are used in
each study, it is best to evaluate their effect in human cells. Although the cytoarchitecture
and size of the porcine FT resembles that of humans, further elucidation of the molecular
mechanism and application of phytoestrogens is required in human FTECs using primary
culture system.

4. Materials and Methods
4.1. Fallopian Tube Epithelial Cell Culture

The procedures for in vitro culture and differentiation of primary porcine FTECs
differentiation were described previously [20]. Briefly, porcine FT tissues were purchased
from the Yamanashi Meat Logistics Center. FTECs were obtained by digesting and scraping
the inside of opened porcine FTs using collagenase type IV (CLS4, Worthington, NJ, USA)
and DNase I (9003-98-9, Sigma-Aldrich, St. Louis, MO, USA). To induce differentiation,
cells were seeded onto a collagen type I coated 0.4-µm pore transwell (#3470, Corning,
NY, USA) and basal media that included agonists or phytoestrogens were applied to the
basal side in ALI culture. Reagents were as follows: β-estradiol (#E4389, Sigma-Aldrich, St.
Louis, MO, USA); diarylpropionitrile (DPN) (#1428-67-7, Sigma-Aldrich, St. Louis, MO,
USA); and PHTPP (#805239-56-9. Sigma-Aldrich). Phytoestrogens including genistein
(#446-72-0, Wako, Osaka, Japan), daidzein (#486-66-8, Wako, Osaka, Japan), glycitin (#40246-
10-4, Wako, Osaka, Japan), and coumestrol (#479-13-0, Cayman, Ann Arbor, MI, USA) were
dissolved in dimethylformamide.

4.2. Immunofluorescence

The cells on the transwell were fixed using 4% paraformaldehyde (PFA) at room
temperature (RT) for 10 min, permeabilized, and blocked with 0.1% Triton-X 100 and 5%
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goat serum in Phosphate-buffered saline (PBS) for 30 min at RT. Cells were incubated with
primary antibodies (Supplementary Table S1) at 4 ◦C for 24 h and with secondary antibodies
at RT for 1 h. Nuclei were counterstained with DAPI (D1306, ThermoFisher Scientific,
Waltham, MA, USA). Transwell membranes with cells were mounted onto glass slides
using Diamond Antifade Mountant (P36961, ThermoFisher Scientific). Staining images
were taken using a confocal (Olympus FV-1000, Tokyo, Japan) or fluorescent (Olympus
IX71) microscopes.

4.3. Immunoblot Analysis

Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-
HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) with a protease
inhibitor cocktail (#04693159001, Roche, Basel, Switzerland) and phosphatase inhibitor
cocktail (#07575-61, Nacalai Tesque, Kyoto, Japan). Proteins in the cell lysates were sep-
arated by a 4–20% gradient polyacrylamide gel and wet-transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked using Tris-buffered saline with
Tween 20 containing 2% bovine serum albumin and incubated with primary antibodies
(Supplementary Table S1) at 4 ◦C for 24 h and with secondary antibodies for 1 h at RT.
Signals were developed using an enhanced chemiluminescence substrate (#02230, Nacalai
Tesque, Kyoto, Japan), and blotting images were acquired using an ImageQuant LAS 4000
(GE Healthcare, Chicago, IL, USA).

4.4. Quantitative PCR

Total RNA was extracted from FTECs using the RNeasy Mini Kit (#74104, Qiagen,
Germantown, MD, USA). Double-stranded cDNA was synthesized using a reverse tran-
scription kit (#4368813, ThermoFisher Scientific, Waltham, MA, USA). Real-time quan-
titative polymerase chain reaction (RT-PCR) was performed by the FastStart Universal
Probe Master kit (#04913957001, Roche, Basel, Switzerland) with Roche Universal Probe
#2 and Probe #30 (#04684982001 and #04687639001, Roche, Basel, Switzerland) using a
StepOne PCR system (Applied Biosystems, Foster, CA, USA). Relative RNA quantitation
was performed using ∆∆CT calculations. Primer sequences are listed in Supplementary
Table S2.

4.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7 (San Diego, CA, USA).
Values were expressed as the mean ± standard deviation (SD). The Student’s t-test was
used to compare the variation between two samples. Analysis of variance (ANOVA) was
used to compare three or more groups. Statistical significance was assigned as * p < 0.05,
** p < 0.01, and *** p < 0.001.

Supplementary Materials: The following are available online, Figure S1: Molecular structure of
phytoestrogens that are used in this study; Figure S2: Phytoestrogens activate ERβ.; Figure S3:
Phytoestrogens downregulate Notch signaling via ERβ pathway.; Table S1: List of antibodies used in
this study; Table S2: List of oligonucleotides used in this study.
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Abstract: Sea buckthorn (Hippophae rhamnoides L. (HR)) leaf powders are the underutilized, promising
resource of valuable compounds. Genotype and processing methods are key factors in the preparation
of homogenous, stable, and quantified ingredients. The aim of this study was to evaluate the phenolic,
triterpenic, antioxidant profiles, carotenoid and chlorophyll content, and chromatic characteristics
of convection-dried and freeze-dried HR leaf powders obtained from ten different female cultivars,
namely ‘Avgustinka’, ‘Botaniceskaja Liubitelskaja’, ‘Botaniceskaja’, ‘Hibrid Percika’, ‘Julia’, ‘Nivelena’,
‘Otradnaja’, ‘Podarok Sadu’, ‘Trofimovskaja’, and ‘Vorobjovskaja’. The chromatic characteristics
were determined using the CIELAB scale. The phytochemical profiles were determined using
HPLC-PDA (high performance liquid chromatography with photodiode array detector) analysis;
spectrophotometric assays and antioxidant activities were investigated using ABTS (2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) and FRAP (ferric ion reducing antioxidant power) assays. The
sea buckthorn leaf powders had a yellowish-green appearance. The drying mode had a significant
impact on the total antioxidant activity, chlorophyll content, and chromatic characteristics of the
samples; the freeze-dried samples were superior in antioxidant activity, chlorophyll, carotenoid
content, and chromatic profile, compared to convection-dried leaf powder samples. The determined
triterpenic and phenolic profiles strongly depend on the cultivar, and the drying technique had no
impact on qualitative and quantitative composition. Catechin, epigallocatechin, procyanidin B3,
ursolic acid, α-amyrin, and β-sitosterol could be used as quantitative markers in the phenolic and
triterpenic profiles. The cultivars ‘Avgustinka’, ‘Nivelena’, and ‘Botaniceskaja’ were superior to other
tested cultivars, with the phytochemical composition and antioxidant activity.

Keywords: sea buckthorn; phenolic compounds; triterpenic compounds; carotenoids; chlorophyll;
freeze-drying; leaf powder ingredients

1. Introduction

In the frame of the changing climate, more attention is paid to the plants that are
resistant to the environment, have ecological implications, and are important for maintain-
ing human and animal wellness [1]. Hippophae L.—genus (Elaeagnaceae Juss.) consists
of seven dioecious, wind-pollinated species, the most known among them is sea buck-
thorn, Hippophae rhamnoides L. (HR) [2]. The species are widely distributed in the Northern
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Hemisphere and have great adaptability features to various climatic and edaphic condi-
tions. Hippophae plants are native to Asia and Europe, and they can be found in North
America [3,4]. The species are also cultivated in plantations as an agriculture crop using
diverse genetic origin cultivars (which have possessed specific traits and suitability for
different climatic zones since the 1970s) [3,5]. The HR plants can withstand a great range
of temperatures and they are resistant to drought. Moreover, the HR plants can easily
develop a complex root system coupled to nitrogen fixation and be used for soil erosion
prevention or be suitable for planting in degraded soils [3,6]. All parts of HR plants and
their extracts can be used for pharmaceutical, nutraceutical, cosmetical, food, and fodder
purposes, with the most well-known materials being fruits and leaves [4,5,7,8]. The tradi-
tional medicinal systems incorporate the fruits and leaves of HR in the treatment of various
ailments of digestive, hepatic, and cardiovascular systems, as well as skin diseases [3,4].
In vitro and in vivo studies have confirmed the anti-inflammatory, antitumor, hepatoprotec-
tive, immunomodulatory, anti-atherogenic, anti-stress, hepatoprotective, radioprotective,
tissue repair, antibacterial, antifungal, antiviral, and antioxidant activities, which are de-
termined by the multichemical origin compounds [4,9–13]. Fruits and leaves contain rich
profiles of carotenoids, tocopherols, amino acids, triterpenic compounds, and phenolic
compounds [3,5,7,8,10,14–20]. The phenolic compounds determine the pharmacological
effects that are associated with the antioxidant activity [10,21,22]. Carotenoid intake is
associated with a reduced risk of chronic aging-related diseases [23]. Chlorophylls can
suppress radical species from mitochondria and can have antiproliferative effects on cancer
cells, as well as modulate the redox status [24]. HR extracts can modulate intracellular
oxidative stress, prevent mitochondrial impairment, and protect neuronal cells from dam-
age [16]. On the other hand, the multitude of different chemical origin substances acting in
different modes provide synergistic or additive effects [11,25]; therefore, the comprehensive
determination of phytochemical profiles could provide information necessary for the stan-
dardization of extracts. The variable phytochemical characteristics can occur depending on
the genotype, female or male plant, the climatic zone of the growing area, cultivation condi-
tions, harvesting time, post-harvest management, and extraction methodology [3,12,20–22].
Growing promising genotypes in plantations could ensure greater homogeneity of raw
materials with defined markers for standardization [26]. Due to the specific attachments of
fruits, the branches are pruned during harvesting. As the leaves are also a very promising
raw material, no-waste technologies could be promoted [27]. The leaves contain simi-
lar phytochemical profiles as fruits, but have significantly higher amounts of phenolic
compounds, especially hydrolysable and condensed tannins, triterpenic compounds, and
flavonoids [10,19–21]. Flavonol isorhamnetin, in the frame of the COVID-19 pandemic
situation, gained scientific attention, due to its capabilities of in vitro inhibition on the
entrance of SARS-CoV-2 spike pseudo-typed virus into cells [13]. Results suggest great
potential for isorhamnetin-rich materials of HR as candidates in COVID-19 management.
Literature states that the phytochemical composition and antioxidant activity of HR leaves
are comparable to the green tea [9]. The drying methods also have a significant impact
on the quantitative profile, as well as the color of the product [28]. Color changes can be
induced by various reactions occurring in the raw materials during the drying process [29].
The elevated drying temperatures can reduce the total amounts of carotenoids and phenolic
compounds [30–32]; therefore, the evaluation of the conventional drying methods and
innovative techniques, such as freeze-drying, is crucial to produce high-added value prod-
ucts with unaltered health properties. The color characteristics have been evaluated for
the HR fruit products [32], but no data were found regarding the leaves. Furthermore, the
phytochemical profile data on HR cultivars’ leaves is still scarce, especially on triterpenic
compounds. This is the first report on the detailed triterpenic composition of leaf samples.
The adaptability traits, together with rich phytochemical compositions and pharmaco-
logical potential, propose HR as a multifunctional plant for the promotion of no-waste
technologies, including the better exploitation of plant material resources and growth of
sustainable agriculture. The aim of this study was to evaluate the phenolic, triterpenic,
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antioxidant, and chromatic profiles, as well as the carotenoid and chlorophyll content of
convection-dried (SD) and freeze-dried (FD) HR leaf powders obtained from ten different
cultivars. To the best of our knowledge, this is the first comparative report on the processed
leaf powders of ten collectional cultivars.

2. Results and Discussion
2.1. Evaluation of Chromatic Parameters in the Freeze-Dried and Convection-Dried Leaf Powders
of H. rhamnoides Cultivars

The processing stage is necessary for the plant origin materials to become stable,
functional ingredients or products. Thermal processing, operating in a various regimes,
is applied for the preservation of materials [33]. On the other hand, it can induce the
alterations in composition, as well as in color. Color is a significant quality trait for a
product or ingredient linked with visual appeal, consumers’ expectations and demands,
intrinsic quality potential, safety, and stability [30,33,34]. The determination of color
parameters can predict quality changes and aid in the standardization procedures requisite
for the stable product, corresponding to purposeful quality requirements. CIELAB color
parameters provide reliable, reproducible, and comparative results [34]. The applied
chromatic characteristics elucidated that freeze-drying gave better color quality parameter
values, with lighter, more vivid, and greener powders. Table 1 presents the data on the
convection-dried and freeze-dried HR leaves, indicating the L*, a*, b*, C, and h values.
The significant differences between convection-dried and freeze-dried HR powders were
determined for the cultivars tested. Significant correlations were established between
the different drying modes for all color values (R2 ranged 0.41–0.78 and R ranged 0.64–
0.88). The L* value represents the lightness (the closer to 100, the lighter the color). In
some cases, the degradation of phytochemical compounds can be associated with the
lowered values of the L* value indicator [32,35]. The freeze-dried HR leaf powders had
significantly greater (p < 0.05) L* values, compared to convection-dried powders (on
average, 59.88 ± 0.90 and 57.76 ± 1.62, respectively). The lightest powders were obtained
from the cultivar ‘Trofimovskaja’ (61.76 ± 0.01 and 60.28 ± 0.03 for the FD and CD samples,
respectively). The lower L* values can be associated with the higher temperatures’ regime
during the drying process [31]. The a* values represent the shift in color towards greenish
(negative values) or reddish (positive values) directions. The shifts can be linked to the
retention or oxidation of chlorophylls and carotenoids [31,34]. All the obtained HR sample
values ranged from −8.24–−0.30. The freeze-dried HR powders were, on average, 3.5-
fold more shifted toward the green scale, compared to the convection-dried HR powder
samples. The powders of ‘Vorobjovskaja’ had the greatest a* values (p < 0.05) in both
drying modes. The b* values represent the yellow and blue colors, towards positive and
negative scales, respectively. Freeze-dried powders were determined with greater yellow
shift (on average, b values 24.09 ± 0.86), compared to convection-dried powder samples
(on average—19.71 ± 1.60).

In general, the a* and b* values together indicate the yellowish-green appearance
of the HR powders. The chrome C value represents the chroma, or the vividness of the
color [29,33,34,36]. The obtained c values were greater (p < 0.05) in the freeze-dried powder
samples for all cultivars tested and correlated with the values of a and b (R = −0.60
and R = 98, respectively). Cultivars ‘Podarok Sadu’ and ‘Trofimovskaja’ had the greatest
chroma values (>23) in convection-dried mode leaf powders, while in the freeze-dried
mode cultivars, the greatest values were determined for ‘Nivelena’ and ‘Botaniceskaja’
(>26) (Table 1). The h value is a color-appearance parameter that is corresponding to the
dominant wavelength and represents the degrees, herein obtained angle values from 90◦

(yellow) towards 180◦ (green) and up to 110◦. The obtained values correspond to the
overall trend, with the freeze-dried powder samples possessing a greater shift toward the
green color. Cultivar ‘Vorobjovskaja’ had the greatest h values in the freeze-drying mode.
The calculated ∆E values indicate the color distance between evaluated colors. Figure S4
presents the ∆E data on fresh and dried HR material. As the values of FD materials are
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significantly (p < 0.05) lower, compared to CD materials, results suggest that freeze-drying
retains the color of fresh leaves greater, compared to convection-drying.

Table 1. The chromatic characteristics (L*, a*, b*, C, and h) of convection-dried (CD) and freeze-dried (FD) HR cultivars’
leaf powders.

Cultivar Drying Method L* a* b* C h

Avgustinka CD 58.76 ± 0.04 −1.37 ± 0.05 19.18 ± 0.15 19.23 ± 0.14 94.08 ± 0.15
Botaniceskaja
Liubitelskaja CD 55.92 ± 0.02 −0.30 ± 0.02 17.82 ± 0.07 17.82 ± 0.07 90.98 ± 0.05

Botaniceskaja CD 57.76 ± 0.03 −1.24 ± 0.11 19.16 ± 0.08 19.20 ± 0.08 93.70 ± 0.32

Hibrid Percika CD 59.53 ± 0.02 −2.67 ± 0.07 23.38 ± 0.13 24.66 ± 0.11 108.54 ± 0.25
Julia CD 56.38 ± 0.03 −1.47 ± 0.14 18.56 ± 0.24 18.62 ± 0.25 94.53 ± 0.37

Nivelena CD 57.12 ± 0.01 −0.74 ± 0.05 18.95 ± 0.07 18.96 ± 0.08 92.24 ± 0.14
Otradnaja CD 55.79 ± 0.02 −1.37 ± 0.02 18.47 ± 0.07 18.52 ± 0.07 94.23 ± 0.05

Podarok Sadu CD 59.84 ± 0.03 −5.03 ± 0.05 22.49 ± 0.10 23.11 ± 0.10 103.27 ± 0.14
Trofimovskaja CD 60.28 ± 0.03 −5.22 ± 0.01 22.49 ± 0.08 23.09 ± 0.07 103.07 ± 0.07
Vorobjovskaja CD 56.81 ± 0.02 −7.84 ± 0.09 19.93 ± 0.12 20.11 ± 0.12 97.63 ± 0.16

Avgustinka FD 59.71 ± 0.02 −7.14 ± 0.06 24.62 ± 0.18 25.64 ± 0.19 106.18 ± 0.10
Botaniceskaja
Liubitelskaja FD 59.10 ± 0.04 −7.61 ± 0.03 24.68 ± 0.11 25.82 ± 0.11 107.14 ± 0.02

Botaniceskaja FD 59.94 ± 0.03 −8.17 ± 0.03 25.02 ± 0.12 26.32 ± 0.10 108.09 ± 0.12
Hibrid Percika FD 59.02 ± 0.04 −7.84 ± 0.09 23.38 ± 0.13 24.66 ± 0.11 108.54 ± 0.25

Julia FD 59.18 ± 0.01 −7.66 ± 0.07 23.75 ± 0.13 24.95 ± 0.13 107.89 ± 0.15
Nivelena FD 60.25 ± 0.01 −7.56 ± 0.04 25.06 ± 0.04 26.18 ± 0.04 106.79 ± 0.07
Otradnaja FD 60.88 ± 0.02 −7.98 ± 0.04 24.35 ± 0.09 25.63 ± 0.07 108.14 ± 0.12

Podarok Sadu FD 59.85 ± 0.04 −6.05 ± 0.10 22.40 ± 0.11 23.21 ± 0.12 105.11 ± 0.21
Trofimovskaja FD 61.76 ± 0.01 −7.31 ± 0.08 24.35 ± 0.16 25.43 ± 0.17 106.71 ± 0.12
Vorobjovskaja FD 58.69 ± 0.01 −8.25 ± 0.02 23.30 ± 0.17 24.71 ± 0.17 109.49 ± 0.10

2.2. Content of Chrolophyll A (Cha), Chlorophyll B (Chb), and Carotenoids in the Freeze-Dried and
Convection-Dried Leaf Powders of H. rhamnoides Cultivars

The chlorophyll is an important leaf pigment, providing green color and indicating
the capacity of photosynthesis [28,37,38]. The drying method influenced the content of
the chlorophylls detrimentally (Figure 1). Freeze-drying, compared to convection-drying,
ensured greater (p < 0.05) retention of chlorophyll a, chlorophyll b, and the total amount
of chlorophylls, on average, 1.4-fold, 19-fold, and 1.6-fold, respectively. The greatest
amounts of total chlorophyll were determined in the leaf powders of the cultivars ‘Av-
gustinka’, ‘Julia’, ‘Otradnaja’, and ‘Botaniceskaja’ (−3.08 ± 0.22 mg/g, 2.97 ± 0.21 mg/g,
2.97 ± 0.22 mg/g, and 2.96± 0.20 mg/g, respectively). The impact of the drying method on
the chlorophyll content varied, depending on the cultivar. However, cultivars ‘Avgustinka’
and ‘Julia’ contained the greatest amounts of chlorophyll in both drying techniques. The
amounts of chlorophylls were well-correlated with all chromatic parameters (R for L*, b*,
C, and h values ranged from 0.49–0.96) (R for a* value—−0.66–−0.92) and antioxidant
activity (up to 0.55 and 0.61 (p < 0.05) with ABTS and FRAP assays, respectively). Chloro-
phyll b was more susceptible to drying-induced degradation, compared to chlorophyll
a. Kumar et al., 2015 [38], determined that the freeze-drying method resulted in higher
amounts of chlorophyll a, chlorophyll b, and the total chlorophylls, compared to thermal
drying, during which auto-oxidation and various other intrinsic processes can occur. Guan
et al., 2005 [30], determined that increasing the drying temperatures resulted in decreased
chlorophyll content.

The amounts of total carotenoids varied significantly (p < 0.05) between the cultivars
and drying methods (Figure 1). The greatest amounts of total carotenoids (p < 0.05) were
determined in the freeze-dried powders of ‘Avgustinka’, ‘Botaniceskaja’, ‘Otradnaja’, ‘Julia’,
and ‘Nivelena’ (0.41 ± 0.03 mg/g, 0.40 ± 0.03 mg/g, 0.40 ± 0.02 mg/g, 0.40 ± 0.02 mg/g,
and 0.35 ± 0.02 mg/g, respectively), compared to convection-drying and other cultivars in
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both drying modes. No significant differences in total carotenoids, between convection-
drying and freeze-drying, were determined for the other cultivars, namely ‘Hibrid Percika’,
‘Botaniceskaja Liubitelskaja’, ‘Trofimovskaja’, and’ Vorobjovskaja’. On average, the total
amount of carotenoids in the HR leaf powders was 0.34 ± 0.01 mg/g. The best preser-
vation of phytochemical compounds, especially the lipophilic ones, is obtained using
freeze-drying techniques, as the high drying temperatures in conventional modes result in
compound deterioration [39]. The amounts of determined carotenoids and chlorophylls
in HR leaf powders were comparable with the amounts determined in commonly used
vegetables [23,30].
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Figure 1. Total amounts (mg/g) of chrolophyll A (Cha), chlorophyll B (Chb), and carotenoids in convection-dried (CD) and
freeze-dried (FD) HR cultivars’ leaf powders.

2.3. Radical Scavenging and Reducing Activities of the Freeze-Dried and Convection-Dried Leaf
Powders of H. rhamnoides Cultivars

The determined antioxidant activity, corresponding to the radical scavenging and
reducing activities of the tested HR leaf powders, is presented in Figure 2. The drying
mode had an impact on the total antioxidant activity of the samples, and the antioxidant
activity of the freeze-dried samples was significantly greater than convection-dried HR leaf
powder samples. The leaf powder samples of ‘Avgustinka’ and ‘Nivelena’ possessed the
greatest antioxidant activities in both drying modes (p < 0.05). The main contributors to the
antioxidant activity are phenolic origin compounds. Correlational interrelationships were
determined between radical scavenging, reducing activities, and the amounts of catechin,
gallic acid, ellagic acid, p-coumaric acid, rutin, kaempferol, epigallocatechin, isorhamnetin,
myricetin, isoquercitrin, and procyanidin B3; additionally, with the sum of total identified
phenolic compounds, the Pearson’s correlation coefficients ranged from 0.44–0.74 (p < 0.05).
Reducing activities were greater compared to radical scavenging in both drying modes
and were well-correlated (R = 0.61, p < 0.05). Ellagic acid and flavan-3-ols, namely cate-
chin and epigallocatechin gallate, possess greater reducing activities, compared to radical
scavenging [40]. These compounds predominate the phenolic profile in all the cultivars
tested and were determined to have 1.5-fold greater reduction activity, compared to radical
scavenging. Our results are in agreement with Sne et al., 2013 [21], and Tzachristas et al.,
2020 [41], as they determined significantly greater FRAP values, compared to DPPH in the
leaves of HR [21,41]. In vitro antioxidant assays cannot be interpolated to the occurring
effect in vivo; nevertheless, they elucidate the potential of antioxidant active compounds
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to express their effects in different modes of action. The selection of antioxidant activity
methods should be based on their mechanisms of action, and due to the complexity of
phytochemicals, at least two methods should be implemented [5,40]. However, other
components present in the HR leaves, such as ascorbic acid, tocopherols, and carotenoids,
contribute to the antioxidant activity, as well [20,22,30,41]. Gornas et al., 2014 [39], de-
termined that lipophyllic antioxidants, such as carotenoids and tocopherols have been
retained to a greater extent using freeze-drying technique, compared to conventional dry-
ing. Furthermore, raw materials of HR are void of ascorbic acid oxidase, which ensures the
retention of ascorbic acid in dried products [10]. The HR leaf powders have great potential
as a functional antioxidative ingredient in the vinification process [41]. HR leaf extracts,
compared to green tea in cell cultures, increase glutathione levels, which causes intracel-
lular redox homeostasis [9]. Ethanolic extracts also contain lipophyllic compounds that
contribute to the total antioxidant activity significantly [39]. The multitude of lipophilic and
hydrophilic chemical origin compounds present in the botanical matrix possess intrinsic
and inter-relational antioxidant effects [10,39]; therefore, selection of the proper drying
regime is a crucial step in the preparation of the antioxidant’s active ingredients.
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Figure 2. Trolox equivalent antioxidant activity values (TE, µmol/g) of convection-dried (CD) and freeze-dried (FD) HR
cultivars’ leaf powders.

2.4. Principal Component Analysis of the Freeze-Dried and Convection-Dried Leaf Powders of
H. rhamnoides Cultivars

The principal component analysis was applied to distinguish the color parameters,
chlorophyll content, carotenoid content, and antioxidant activity of the convection-dried
and freeze-dried HR leaf powders of different cultivars. Three principal components, PC1,
PC2, and PC3 were obtained, which explained 54.37%, 21.00%, and 14.41% of the total
variance, respectively. The PC1 was positively correlated with L*, b*, C, and h values,
with the correlation coefficients being 0.86, 0.93, 0.94, and 0.96, respectively; additionally,
chlorophyll b (0.89) and the total chlorophylls (0.66) were negatively correlated with a value
(−0.95). The PC2 highly positively correlated with the FRAP and ABTS values (0.95 and
0.71, respectively). The PC3 positively correlated with the content of total carotenoids (0.95)
and chlorophyll a (0.61). The score plots (Figure 3) cultivars (with different drying modes)
into groups, corresponding to the drying method and cultivar.
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freeze-dried (FD) HR cultivars’ leaf powders.

The first group, on the top right, consisted of the freeze-dried powders of HR cultivars,
namely ‘Vorobjobskaja’, ‘Botaniceskaja Liubitelskaja’, ‘Botaniceskaja’, ‘Avgustinka’, and
‘Nivelena’. They were distinguished by higher antioxidant activity and had lighter, more
vivid, and closer to pure green color characteristics; additionally, they contained higher
amounts of carotenoids and chlorophylls. The second group, on the bottom right, consisted
of the convection-dried HR powders of three corresponding cultivars, namely ‘Avgustinka’,
‘Nivelena’, and ‘Botaniceskaja Liubitelskaja’. They possessed similar antioxidant activities
but were darker, shifted toward yellow color powders, and had a lower carotenoid and
chlorophyll content, compared to the first group. The third group, on the bottom left,
grouped convection-dried cultivars, namely ‘Vorobjovskaja’, ‘Julia’, ‘Otradnaja’, ‘Botan-
iceskaja’, and ‘Hibrid Percika’. The fourth group, on the top left, grouped the cultivars
‘Podarok Sadu’ (both drying modes), ‘Hibrid Percika’, ‘Julia’, ‘Otradnaja’ (FD mode), and
‘Trofimovskaja’ (CD mode). The last two groups had significantly lower antioxidant ac-
tivity, and the fourth group was characterized by its lighter, greener, and vivid colors.
Cultivar ‘Trofimovskaja’ was distinguished by the greatest amounts of chlorophyll b and
notable amounts of carotenoids. In summary, the freeze-dried powders of cultivars ‘Av-
gustinka’, ‘Botaniceskaja’, and ‘Nivelena’ were superior in antioxidant activity, carotenoid,
chlorophyll content, and color characteristics. Kumar et al., 2014 [38], determined that
freeze-drying retained the greatest amounts of chlorophyl, ascorbic acid, and antioxidant
activity, compared to room, sun, or other thermal drying techniques [38]. Higher drying
temperatures (>80 ◦C) induced the decay of the phenolic compounds, compared to lower
drying temperatures [30]. In our study, the color parameters, radical scavenging, and
reduced activities, as well as the amounts of chlorophylls and carotenoids (for certain culti-
vars) of the tested HR powders had greater values in the freeze-drying mode, compared to
convection-thermal drying. On the other hand, the drying modes had no significant effect
on the amount of identified phenolic and triterpenic compounds. This is in agreement with
the results of Asofiei et al., 2019 [42], where the polyphenolic profiles were not affected
by the microwave-assisted extraction. The results suggest that other compounds of the
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phytochemical complex with antioxidant activity can be susceptible to drying mode, such
as ascorbic acid, tocopherols, carotenoids, tannins, or other unidentified compounds in the
phenolic and triterpenic profiles [10].

2.5. Hierarchical Cluster Analysis of Phenolic and Triterpenic Compounds

The phytochemical profiles of individual phenolic and triterpenic compounds were
determined for each HR cultivar sample for both drying modes applied. Hierarchical
cluster analysis was performed to the convection-dried and freeze-dried HR leaf powder
samples for the mean qualities of phenolic and triterpenic compounds (Figure 4).
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Figure 4. The dendrogram of hierarchical cluster analysis on phenolic and triterpenic compounds
of convection-dried (CD) and freeze-dried (FD) HR cultivars’ leaf powders. 1–cluster composed of
CD and FD samples of ‘Avgustinka’, ‘Botaniceskaja’, ‘Botaniceskaja Liubitelskaja’, and ‘Nivelena’;
2–cluster composed of CD samples of ‘Hibrid Percika’ and ‘Otradnaja’; 3-cluster composed of CD and
FD samples of ‘Julia’, ‘Podarok Sadu’, ‘Trofimovskaja’, ‘Vorobjovskaja’, and FD samples of ‘Hibrid
Percika’ and ‘Otradnaja’.

The cluster analysis grouped the samples into three clusters. The first cluster coupled
all the convection-dried and freeze-dried samples from the cultivars ‘Avgustinka’, ‘Nive-
lena’, ‘Botaniceskaja’, and ‘Botaniceskaja Liubitelskaja’. They can be characterized by the
greatest amounts of catechin, protocatechuic acid, ellagic acid, and the total amount of
triterpenic compounds. The second cluster coupled two convection-dried samples from the
cultivars ‘Hibrid Percika’ and ‘Otradnaja’. The determined amounts of the total triterpenic
compounds were lower, compared to other clusters. The third cluster grouped all the
convection-dried and freeze-dried samples from the cultivars, namely ‘Vorobjovskaja’, ‘Ju-
lia’, ‘Trofimovskaja’, and ‘Podarok Sadu’, as well as the freeze-dried samples from cultivars
‘Hibrid Percika’ and ‘Otradnaja’. The clustering revealed that the triterpenic and phenolic
profiles strongly depend on the cultivar, as the samples from different drying methods
tended to group under the cultivar. The phenolic composition has a significant genotypic
and geographic-related qualitative and quantitative variability [2,9]. The principal phenolic
markers characteristic of the profiles of HR leaves are ellagic acid, gallic acid, isorhamnetin,
kaempferol, and quercetin derivatives [7]. The significant differences between the amounts
of determined compounds in the HR powders and the different drying methods were
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determined only for certain compounds, and the superiority of specific drying methods
was not confirmed. Therefore, the detailed discussion on phenolic and triterpenic profiles
is presented on the freeze-dried HR cultivar powder samples, as they were defined with
better chlorophyll, carotenoid, and chromatic characteristics (Table 2).

2.6. Phenolic and Triterpenic Profiles of the Freeze-Dried Leaf Powders of H. rhamnoides Cultivars

The determined phenolic profiles of 10 tested cultivars of HR consisted of flavonoids,
phenolic acids, and stilbene compound resveratrol. The flavonoid complex was com-
prised of flavan-3-ols (catechin, epigallocatechin, epicatechin gallate, and procyanidin
B3) and flavonols (rutin, isorhamnetin-3-rutinoside, isorhamnetin-3-glucoside, quercetin,
kaempferol, tiliroside, isorhamnetin, myricetin, quercetin 3-O-6”-acetyl-glucoside, and
isoquercitrin). Flavan-3-ols were predominant compounds in the profiles of all tested culti-
vars, with the greatest amounts in ‘Avgustinka’, ‘Nivelena’, ‘Botaniceskaja Liubitelskaja’,
and’ Botaniceskaja’ (Table 2). The total amounts of flavonol derivatives in the cultivars
were in the following order: isorhamnetin derivatives > quercetin derivatives > keampferol
derivatives. Their profiles were cultivar-dependent and elucidated ‘Podarok Sadu’, ‘Trofi-
movskaja’, and ‘Vorobjovskaja’ with the greatest amounts of isorhamnetin derivatives, up
to 1088 µg/g of dry weight (dw). Chemophenetically isorhamnetin glycosides prevail
over quercetin glycosides [19]. Recent findings on the isorhamnetin’s capability to bind to
human angiotensin-converting enzyme 2 and prevent the SARS-CoV-2 virus from entering
the cells [13] could initiate further research on the valorization of HR leaves for the produc-
tion of isorhamnetin. The leaf powders of ‘Otradnaja’ and ‘Podarok Sadu’ were determined
with the greatest amounts of kaempferol derivatives. Quercetin glycosides predominated
in ‘Avgustinka’ and ‘Botaniceskaja Liubitelskaja’ cultivars. Ciesarowa et al., 2020 [10], in
the HR leaf profiles, determined rutin and hyperoside as the predominant quercetin deriva-
tives, whereas in our study hyperoside was quantified only in traces (data not shown).
Overall, the leaf powders of ‘Avgustinka’, ‘Nivelena’, and ‘Botaniceskaja Liubitelskaja’ cul-
tivars were significantly distinguished by the greatest amounts of total identified flavonoid
derivatives, on average, 111.78 mg/g dw. The qualitative profile is in agreement with
the literature data, indicating rutin, epigallocatechin, and catechin as flavonoid profile
markers [7,8,19,20,43,44]. The profile of specific isorhamnetin, kaempferol, and quercetin
derivatives is genotype- and habitat-dependent and can be applied to chemophenetic and
authenticity studies [19].

The total amounts of identified phenolic acids ranged from 4511.40 µg/g to 6150.70 µg/g
in the cultivars ‘Trofimovskaja’ and ‘Avgustinka’, respectively. The profiles were pre-
dominated by the protocatechuic, ellagic, and gallic acids in all the tested cultivars (up to
3405.10 ± 117.65 µg/g, 2157.40± 74.43 µg/g, and 565.90± 19.30 µg/g, respectively), while
ferulic, p-coumaric, and caffeic acids were the minor compounds (Table 2). Asofiei et al.,
2019 [42], determined gallic acid as a predominant compound in various modes of extrac-
tion with different parameters. The greatest (p < 0.05) quantitative phenolic acid profiles
were determined for the leaf powders of the cultivars ‘Avgustinka’ and ‘Botaniceskaja
Liubitelskaja’ and corresponded to the cultivars with the greatest flavonoid profiles. On
the other hand, the amounts of phenolic acids in the leaf powders of cultivar ‘Julia’ were
comparable with the total amounts of 5421.20 µg/g. Zadernowski et al., 2005 [45], in the
fruit samples of ‘Nivelena’, ‘Otradnaja’, ‘Podarok Sadu’, and ‘Trofimovskaja’ quantified
1135–1868 µg/g of phenolic acids. Fruits samples were predominated by gallic and salicylic
acids. Other identified phenolic acids conform to the genotype and are in agreement with
the components identified in our study. Sytarova et al., 2020 [20], in the HR leaf sam-
ples, additionally determined notable amounts of chlorogenic and neochlorogenic acids;
however, leaf samples of our tested cultivars were devoid of these compounds. Studies
suggest that leaves contain richer fractions of phenolic acids, and individual qualitative
and quantitative profiles are genotype- and habitat-dependent [3,10,20,45].
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The greatest amounts of resveratrol (above 100 µg/g) were determined in the leaf pow-
ders of the cultivars ‘Otradnaja’ and ‘Podarok Sadu’. Leaves of HR genotypes, cultivated in
Velke Ripnany, only contained up to 7.9 µg/g of resveratrol [20]. Ghendov-Mosanu et al.,
2020 [46], determined about 100 µg/g of resveratrol in the fruit extracts. The amounts of
resveratrol in the leaves of HR are comparable with the amounts determined in well-known
sources, such as peanuts, red wines, or itadori materials [47].

The correlational analysis revealed strong interrelationships (R = 0.38–0.66 and p < 0.05)
between reducing activities and phenolic compounds, namely catechin, gallic acid, el-
lagic acid, p-coumaric acid, rutin, isorhamnetin-3-rutinoside, kaempferol, epigallocatechin,
isoquercitrin, and procyanidin B3. Radical scavenging activities were correlated only
to the individual amounts of isorhamnetin and myricetin, 0.53 and 0.71, respectively
(p < 0.01). The correlations between the chromatic characteristics and individual pheno-
lic compounds were also established. The amounts of catechin, gallic acid, ellagic acid,
quercetin, kaempferol, epigallocatechin, and procyanidin B3 were positively correlated
with chromatic parameters b and c (R = 0.41–0.83 and p < 0.05). On the other hand, the
amounts of caftaric acid and isorhamnetin-3-rutinoside negatively correlated to parameters
b and c (R = −0.43–−0.75 and p < 0.05).

The determined triterpenic profile was comprised of triterpenoid acids (maslinic,
oleonolic, ursolic, corosolic, and betulinic), triterpene alcohols (erythrodiol, uvaol, lupeol,
β-amyrin, and α-amyrin), neutral triterpenes (botulin and friedelin), and phytosterol—
β-sitosterol (Table. 2). The predominant triterpenic compounds in the profiles occurred
in the following order: α-amyrin > ursolic acid > β-sitosterol > corosolic acid. The con-
tent of α-amyrin comprised of, on average, about 24% of all identified triterpenic com-
pounds and ranged from 225.63 ± 7.53 µg/g (‘Trofimovskaja’) to 972.84 ± 33.40 µg/g
(‘Avgustinka’). The amounts of ursolic acid ranged from 221.53 ± 7.39 µg/g (‘Otradnaja’)
to 657.45 ± 22.47 µg/g (‘Avgustinka’) and constituted up to 23% of the total triterpenic
compounds. The amounts of β-sitosterol in the leaf powders of HP cultivars corresponded
to the quantitative pattern of ursolic acid, with the greatest amounts in ‘Avgustinka’ and
‘Voroblevskaja’ (373.81 ± 12.65 µg/g and 283.84 ± 9.54 µg/g, respectively) (Table 2).
Kukin et al., 2017 [27], determined β-sitosterol as the predominant compound in the profile
of triterpenoids and sterols. The leaf powders of cultivar ‘Julia’ were distinguished by
the greatest (p < 0.05) amounts of corosolic acid—263.05 ± 8.82 µg/g. The greatest total
amounts of identified triterpenic compounds (p < 0.05) were determined for the leaf pow-
ders of cultivars ‘Avgustinka’, ‘Nivelena’, and ‘Vorobjevskaja’ (3604.86 µg/g, 2584.47 µg/g,
and 2599.71 µg/g, respectively). Individual amounts of triterpenic compounds, correlated
only with reducing activity, indicated the highest coefficients for maslinic acid, α-amyrin,
and β-amyrin (R= 0.70, 0.60, and 0.74, respectively). Furthermore, all triterpenic com-
pounds (except maslinic acid, betulinic acid, erythrodiol, and uvaol) negatively correlated
with the chromatic parameter L, (R = −0.35–−0.65 and p < 0.05) indicating their impact on
the lightness of the powders. Certain triterpenic compounds were quantified in the fruit
materials, with ursolic, oleanolic, and maslinic acid being the predominant compounds in
different HR genotypes [48–50]. Our research proposes that HR leaves contain up to 25-
fold greater amounts of triterpenes, compared to literature data on fruits. Sadowska et al.,
2020 [44], reported oleanolic and ursolic acid as the predominant compounds in the leaves
of HR; however, no quantitative profiles were presented. Scientific data suggests the anti-
cancer potential of the triterpenic compounds and, particularly, ursolic acid. Grey et al.,
2010 [11], determined the antiproliferative effect of ursolic acid from HR in the Caco-2
and Hep G2 cell lines by increasing apoptosis [11]. Furthermore, the synergistic effects
between the triterpenic and phenolic compounds can also potentiate the anti-inflammatory
and anticancer activity mechanisms [11,44,51]. Yasukawa et al., 2009 [52], determined
the anti-inflammatory and antitumor activity of HR branches and identified ursolic acid
and epigallocatechin as the main contributors to the activity [52]. Skalski et al., 2018 [53],
determined that sea buckthorn phenolic and triterpenic fractions are promising agents
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for cardiovascular diseases, as they possess anticoagulant properties and inhibit plasma
lipid peroxidation.

3. Materials and Methods
3.1. Plant Material and Preparation of Extracts

The leaves of sea buckthorn (Hippophae rhamnoides L.), from nine different female
cultivars of the selection of Botanical Garden of Moscow State University, Russia, were
studied: (‘Avgustinka’, ‘Botaniceskaja Liubitelskaja’, ‘Botaniceskaja’, ‘Hibrid Percika’,
‘Nivelena’, ‘Otradnaja’, ‘Podarok Sadu’, ‘Trofimovskaja’, and ‘Vorobjovskaja’); ‘Julia’ was
released in Sweden [54]. Leaf samples were collected at the Lithuanian Research Centre
for Agriculture and Forestry, Institute of Horticulture (55.08911, 23.81653), in mid-August,
during the phenological development stage (BBCH) 87 [55]. Leaf samples were dried using
two different drying methods: convection at 60 ◦C and freeze-drying. Freeze-drying was
performed in a Zirbus lyophilizer (Zirbus Technology GmbH, Bad Grund, Germany) at
0.01 Mbar pressure and −85 ◦C condenser temperature. Convection drying was performed
in a UDS-150/1 hot-air laboratory dryer (“Utenos krosnys”, Lithuania) at a temperature of
60 ± 1 ◦C and an air-flow rate of 1.5 m s−1.

The dried leaves were ground in a laboratory mill Retsch ZM 200 (Retsch GmbH,
Haan, Germany) using 0.2 mm ring sieve to powder and stored in tightly closed glass
containers in a dark place.

For the analysis of phenolic compounds and antioxidant activity, about 0.2 g (precise
weight) of HR leaf powder was weighted, and 20 mL of 70% (v/v) ethanol was added.
For the analysis of triterpenic compounds, 1 g (precise weight) of HR leaf powder was
weighted, and 10 mL of methanol was added. The extraction process continued for 15 min
in an ultrasonic bath (Elmasonic P, Singen, Germany). The extracts were then centrifuged
for 30 min at 3000× g in a Biofuge Stratos centrifuge and filtered through 0.22 µm pore size
PVDF membrane filters (Carl Roth GmbH, Karlsruhe, Germany) to the dark glass vials. For
the analysis of chlorophylls and carotenoids, about 500 mg (precise weight) of convection-
dried and 200 mg (precise weight) of freeze-dried plant leaf samples were transferred to a
ceramic pestle, and for the sample rehydration, 3 and 1.5 mL of ultrapure water (according
to the weight of the sample) was added. The pestle was covered with aluminum foil for
2 min. The rehydrated sample was ground in a mortar and pestle with 5 g of pure quartz
sand. The pigments were extracted and transferred to volumetric flask (100 mL) with
an aqueous 80% solution of acetone. Homogenized sample mixture was centrifuged at
10,000 rpm for 15 min at 4 ◦C. The supernatant was separated and immediately subjected
to analysis.

3.2. Chemicals

HPLC-grade chemicals and solvents were used for this study: acetonitrile, methanol,
acetic, hydrochloric, trifluoracetic acids, α-amyrin, β-amyrin, β-sitosterol, lupeol, erythro-
diol, maslinic acid, oleanolic acid, rutin, isoquercitrin, quercetin, isorhamnetin, procyanidin
B3, caffeic acid, p-coumaric acid, ferulic acid, gallic acid, protocatechuic acid, caftaric
acid, ellagic acid, isorhamnetin-3-rutinoside, quercetin, kaempferol, tiliroside, epigallocat-
echin, isorhamnetin, myricetin, quercetin 3-O-(6′’-acetyl-glucoside), epicatechin gallate,
and resveratrol from Sigma-Aldrich (Steinheim, Germany); catechin, from Fluka (Buchs,
Switzerland); uvaol, friedelin, betulin, betulinic acid, corosolic acid, rutin, isorhamnetin-
3-O-glucoside, and quercitrin from Extrasynthese (Genay, France); ursolic acid from Carl
Roth (Karlsruhe, Germany); ethanol 96% (v/v) (AB Vilniaus degtine, Vilnius, Lithuania);
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,4,6-Tri-
(2-pyridyl)-S-triazine (TPTZ), ferric chloride hexahydrate (FeCl3 × 6 H2O), sodium acetate
(CH3COONa), 3-(2-pyridyl)-5,6-bis-(4-phenyl-sulfonic acid)-1,2,4-triazine (ferrozine), ob-
tained from Sigma-Aldrich (Buchs, Switzerland); potassium persulfate (K2S2O8), anhy-
drous ferrous chloride (FeCl2), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
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acid (Trolox), obtained from Alfa Aesar (Karlsruhe, Germany). Ultrapure water was
obtained by a Milli-Q water purification system from Millipore (Bedford, MA, USA).

3.3. Evaluation of Chromatic CIELAB Parameters

The color coordinates of the samples in the uniform contrast color space, CIEL*a*b*,
were measured with a MiniScan XE Plus spectrophotometer (Hunter Associates Labo-
ratory, Inc., Reston, VA, USA), as described in [56]. The parameters evaluated during
reflected-color measurements were L*, a*, and b* (brightness, red, and yellow coordinates
according to the CIE L*a*b* scale, respectively), and color saturation (the chroma value)
was calculated (C = (a*2 + b*2)1/2), with a* and b* converted into hue angle (h◦ = arc-
tan(b*/a*)) [57]. The values L*, a*, b*, and C* were measured in NBS units, hue angle h◦

was expressed in degrees from 0 to 360◦. The NBS unit is a unit of the U.S. National Bureau
of Standards and meets one color resolution threshold, i.e., the smallest difference in a
color that can be captured by a trained human eye. Prior to each series of measurements,
the spectrophotometer was calibrated with a light trap and a white standard with the
following color coordinates in the XYZ color space: X = 81.3, Y = 86.2, and Z = 92.7. The
value of L* indicated the ratio of white to black, the value of a* indicated the ratio of red
to green, and the value of b* indicated the ratio of yellow to blue. The ∆E was calculated

(∆E =
√(

L∗2 − L∗1
)2

+ (a∗2 − a∗1)
2 +

(
b∗2 − b∗1

)2). The ∆E values indicate the distance be-
tween colors of fresh and dried (in FD or CD mode) material. The ∆E values were added
in Supplementary Material (Figure S4). Leaf powders of each cultivar were taken for the
analysis. The color coordinates were processed by the Universal Software V.4-10.

3.4. Determination of Chlorophyll A, Chlorophyll B, and Total Carotenoid Content

The total carotenoids, chlorophyll a, and chlorophyll b content were determined
spectrophotometrically, according Lichtenthaler and Buschmann [58], as described by
Rubinskiene et al., 2015 [28]; the absorption was measured using a Cintra 202 spectropho-
tometer (GBC Scientific Equipment Pty Ltd., Australia), and the results were analyzed
using the Cintral ver.2.2 program.

3.5. HPLC Analysis

Phenolics compounds were analyzed using the Waters e2695 Alliance system, (Waters,
Milford, MA, USA), applying the method of Vilkickyte et al. [59]. Briefly, ACE Super
C18 column (250 mm × 4.6 mm, particle size 3 µm; ACT, UK) was used with a gradient:
0.1% trifluoroacetic acid in water (A) and acetonitrile (B), 0 min, 15% B; 0–30 min, 30% B;
30–50 min, 60% B; 50–56 min, 90% B; 56–65 min, 15% B; the flow rate was 0.5 mL/min,
injection volume −10 µL, and column temperature −15 ◦C. Detection of phenolic com-
pounds was performed at a wavelength of 330, 280, and 360 nm for the phenolic acids,
flavan-3-ols, and flavonols, respectively. The maximum absorption and the retention times
were compared with standard compounds.

Triterpenic compounds were analyzed using the Waters e2695 Alliance system, (Waters,
Milford, MA, USA), applying the methods of Vilkickyte et al. [60]. ACE C18 (150 × 4.6 mm,
3 µm) column (ACT, Aberdeen, UK) column was used and the injection volume was 10 µL.
Maslinic, corosolic, betulinic, oleanolic, ursolic acids, betulin, erythrodiol, and uvaol were
analyzed using the mobile phase of acetonitrile and water (89:11, v/v), the flow rate was
0.7 mL/min in the isocratic mode. The column temperature was set at 20 ◦C. Lupeol,
β-amyrin, α-amyrin, friedelin, and β-sitosterol were analyzed using the mobile phase
of acetonitrile and methanol (10:90, v/v). The column temperature was set at 35 ◦C, the
flow rate was 1 mL/min. Detection of all triterpenoids was performed at a wavelength
of 205 nm, corresponding to the maximum absorption and retention times, compared to
standard compounds.

The obtained chromatograms have been included in the Supplementary Material.
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3.6. Antioxidant Activity Assays

The ABTS assay was performed, as described by Re et al., 1999 [61], with some
modifications, according to Raudone et al. [62]. The ferric reducing activity (FRAP) was
determined, according to the method of Benzie and Strain (1996) [63], with some mod-
ifications, according to Raudone et al. [62]. All antioxidant activity measurements and
calculations were performed using Trolox calibration curves and were expressed as µmol
of the Trolox equivalent (TE) per one gram of dry weight, according to our previous
research [62].

3.7. Statistical Analysis

All experiments were performed in triplicate and the results were expressed as
mean ± standard deviation. Significant differences between means were evaluated us-
ing ANOVA and post-hoc Tukey’s HSD multiple comparison test. Hierarchical cluster
analysis was performed using squared Euclidean distances. Principal component analysis
(PCA) was performed upon factors with eigenvalues higher than 1. The linear regression
model was analyzed to calculate determination coefficients. Correlations were assessed
using Pearson’s correlation coefficients. Graphical and statistical analysis was performed
using Microsoft Office Excel 2010 (Microsoft, JAV) and SPSS 20 software packages. The
significance level was p < 0.05.

4. Conclusions

Hippophae rhamnoides leaves are still an underutilized resource of functional ingredients
with notable antioxidant activity and rich phytochemical composition. The valorization
of Hippophae rhamnoides leaves could conform to the strategy to transform agrotechnolog-
cial waste into a valuables resource. Catechin, epigallocatechin, procyanidin B3, ursolic
acid, α-amyrin, and β-sitosterol could be used as quantitative markers in the phenolic
and triterpenic profile. The freeze-drying ensures the retainment of antioxidative active
compounds, as well as notable radical scavenging and a reduction in the activities of leaf
powders. The cultivars ‘Avgustinka’, ‘Nivelena’, and ‘Botaniceskaja’ were superior to other
tested cultivars, with the greatest amounts of phenolic, triterpenic, carotenoid compounds,
and content of total chlorophyll, as well as antioxidant activity. Hippophae rhamnoides leaf
powders with defined phytochemical composition and determined antioxidant activity
are perspective candidates in the production of smart and innovative pharmaceutical or
functional food ingredients.

Supplementary Materials: The following are available online, Figure S1: Representative HPLC-PDA
chromatogram (λ = 360 and 280nm) of Hippophae rhamnoides leaf powders, showing separation of
phenolic compounds. Peak assignments: 1—gallic acid, 2—epigallocatechin, 3— protocatechuic acid
acid, 4—procyanidin B3, 5—caftaric acid, 6—(+)-catechin, 7—caffeic acid, 8—rutin, 9— isoquercitrin,
10—ellagic acid, 11—isorhamnetin-3-rutinoside, 12—p-coumaric acid, 13—(–)-epicatechin gallate, 14—
ferulic acid, 15—isorhamnetin-3-glucoside, 16—quercetin-3-O-(6′’-acetylglucoside), 17—myricetin,
18—tiliroside, 19—resveratrol, 20—quercetin, 21—kaempferol, 22—isorhamnetin., Figure S2: Repre-
sentative HPLC-PDA chromatogram (λ = 205 nm) of Hippophae rhamnoides leaf powders, showing
separation of: 1—maslinic acid, 2—corosolic acid, 3—betulinic acid, 4—oleanolic acid, 5—ursolic
acid, 6—betulin, 7—erythrodiol, 8—uvaol., Figure S3: Representative HPLC-PDA chromatogram
(λ = 205 nm) of Hippophae rhamnoides leaf powders, showing separation of: 1—lupeol, 2—β-
amyrin, 3—β-sitosterol, 4—α-amyrin, 5—friedelin., Figure S4: The difference between color of fresh
Hippophae rhamnoides and dried (∆E), using freeze-drying (FD) and convection-drying (CD).
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Abstract: This study aims to enhance efficacy and reduce toxicity of the combination treatment of
a drug and curcumin (Cur) on leukemic stem cell and leukemic cell lines, including KG-1a and
KG-1 (FLT3+ LSCs), EoL-1 (FLT3+ LCs), and U937 (FLT3− LCs). The cytotoxicity of co-treatments of
doxorubicin (Dox) or idarubicin (Ida) at concentrations of the IC10–IC80 values and each concentration
of Cur at the IC20, IC30, IC40, and IC50 values (conditions 1, 2, 3, and 4) was determined by MTT
assays. Dox–Cur increased cytotoxicity in leukemic cells. Dox–Cur co-treatment showed additive
and synergistic effects in several conditions. The effect of this co-treatment on FLT3 expression in
KG-1a, KG-1, and EoL-1 cells was examined by Western blotting. Dox–Cur decreased FLT3 protein
levels and total cell numbers in all the cell lines in a dose-dependent manner. In summary, this
study exhibits a novel report of Dox–Cur co-treatment in both enhancing cytotoxicity of Dox and
inhibiting cell proliferation via FLT3 protein expression in leukemia stem cells and leukemic cells.
This is the option of leukemia treatment with reducing side effects of chemotherapeutic drugs to
leukemia patients.

Keywords: leukemia; leukemic stem cell; FLT-3; chemotherapeutic drug; curcumin; co-treatment

1. Introduction

Leukemia is among the top 10 cancers diagnosed globally. It is a group of cancers
of early blood-forming cells, which are characterized by the uncontrolled production
and accumulation of blast or immature abnormal blood cells in the peripheral blood and
bone marrow. Leukemia can be divided into four major types according to the stage and
cell of origin: acute myeloid leukemia (AML), acute lymphoid leukemia (ALL), chronic
myeloid leukemia (CML), and chronic lymphocytic leukemia (CLL). AML is the most
common type of acute leukemia in adults, with the highest incidence and death rate in
both sexes. It can be distinguished by clonal expansion of abnormal myeloid blasts in
bone marrow, peripheral blood, or other tissues. According to recent data, 15–25% of AML
patients fail to achieve complete remission (CR) due to chemotherapy resistance and may
show relapse, with the overall 5-year survival rate of approximately 40% [1,2]. Moreover,
between 10 and 40% of newly diagnosed AML patients do not achieve CR with intensive
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induction therapy, and such patients are categorized as primary refractory or resistant [3].
Hence, AML is defined as an aggressive malignant myeloid disorder.

One theory of resistance and relapse in AML patients involves the presence of subpop-
ulations of leukemic stem cells (LSCs) [4]. LSCs have been defined as human AML-initiating
cell with a self-renewal capacity and the ability to give rise to heterogeneous lineages of
cancer cells [2,5]. They can be identified by the cell surface phenotype CD34+ hematopoietic
stem cell and CD38− subpopulation (i.e., CD34+CD38− cells) [6].

Traditional chemotherapeutic drugs are incapable of clearing the LSC population due
to many reasons. First, these drugs have been designed to eliminate fast-dividing cells by
inhibiting cell cycle progression [7]; thus, they are less effective against LSCs, which have a
prolonged G0 phase of the cell cycle [8]. Second, the expression of P-glycoprotein (MDR1),
a multidrug resistance efflux pump protein in LSCs, potentially removes cytotoxic agents
from cancer cells [9]. In addition, LSCs can undergo mutations and epigenetic changes,
creating resistance to conventional chemotherapy toxicity [10,11]. Thus, LSCs are thought
to play a fundamental role in AML pathogenesis and have become a focal point for targeted
AML therapies.

Although drug resistance in AML patients is common, the traditional chemotherapy
remains a popular method for leukemia treatment since these drugs can access cancer
cells that have spread throughout the body. Anthracycline antibiotics such as doxoru-
bicin (Dox (14-hydroxydaunorubicin)) and idarubicin (Ida (4-demethoxydaunorubicin))
are generally used as standard chemotherapeutic agents for AML treatment [12]. Ida is
normally prepared in a 1 mg/mL solution (sterile water or normal saline). For patients
with AML, the recommended intravenous dose of idarubicin for induction therapy is
12 mg/m2 daily for 3 days by slow (10 to 15 min) infusion, while Dox is recommended to
be used with a dose 50 mg/m2 daily for 3 days [13–15]. These drugs function by inhibiting
topoisomerase II activity in DNA transcription and also trigger apoptosis or autophagy
in cells [16]. The combination of anthracyclines and cytarabine in the initial treatment is
capable of inducing complete remission (CR) in approximately 45–70% of patients [17];
however, more than 40% of CR cases eventually experience relapse within 2 years [18]. The
previous studies on AML leukemic stem cells demonstrated that anthracycline is less effec-
tive in killing LSCs (CD34+/CD38− cells) than committed leukemic cells (CD34+/CD38+

cells) [19], and the co-treatment of cytarabine and anthracyclines is less effective against
primitive AML cells than against leukemia blasts [20,21]. Furthermore, with high dose
administration, anthracyclines cause side effects in patients including nausea, vomiting,
hair loss, and myelosuppression [22]. Several reports expressed their concern about the
presence of cardiac, renal, and liver toxicity in patients treated with Dox [23,24]. Thus,
combination therapy with natural substances exhibiting chemosensitizing and chemopro-
tective activities may be a promising strategy to overcome LSCs and reduce the side effects
of anthracyclines.

Curcumin (Cur) is a natural polyphenol constituent of turmeric (Curcuma longa Linn.).
It exhibits a wide range of pharmacological activities, such as antioxidant, anti-cancer,
anti-inflammatory, and antimicrobial effects [25–27]. Previous studies reported that Cur
exhibited a potent cytotoxic effect, induced cell death in several types of leukemic cell
lines [28–31], and showed inhibitory effects on WT1 and FLT3 protein expression, which
are associated with cell proliferation [29,32,33]. Moreover, Cur inhibited the activity of
P-glycoprotein (MDR1) [34] and exhibited cancer chemopreventive properties, especially
in myocardial protection [35] by inhibiting ROS generation [36]. Consequently, it may
be possible to manipulate the combination of Cur and anthracyclines for a reduction in
anthracycline toxicity and to overcome drug efflux via Pgp-mediated MDR in leukemia on
AML leukemic cells and LSCs. Although Dox and Cur exhibit synergistic cytotoxic effects
on cancer cell models, the combination of free Dox and free Cur has shown only a modest
synergistic effect in vivo [37].

The aims of this study were determined the cytotoxicity of co-treatment with an-
thracycline drugs and curcumin for FLT3-overexpressing leukemic stem cells (KG-1a and
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KG1), FLT3-overexpressing leukemic cells (EoL-1), and non FLT3-expressing leukemic cells
(U937). FLT3 protein is a member of the class III receptor tyrosine kinase (RTK) family [38].
It is overexpressed on the cell surface of AML leukemic stem cells and leukemic cells and
plays an important role in cell survival and proliferation of leukemic cell blasts [39]. Cur
has previously been shown to have an inhibitory effect on FLT3 protein expression in many
types of FLT-3 expressing leukemic cell lines, such as EoL-1 and MV4-11 [32]. Thus, it was
selected as a target protein for Dox–Cur treatment. Moreover, the effects of co-treatments
on FLT3 protein expression and total cell numbers were determined.

2. Results
2.1. Determination of Cytotoxicity of Doxorubicin (Dox), Idarubicin (Ida), and Curcumin (Cur) on
Leukemic Cell Viability by MTT Assay

A cell viability curve demonstrated Dox (Figure 1A) and IDa (Figure 1B) exhib-
ited the highest cytotoxicity for EoL-1 cells, followed by U937, KG-1, and KG-1a cells.
The cytotoxicity of all the treatments was assessed using an inhibitory concentration at
a 50% growth (IC50) value. Ida demonstrated the greatest cytotoxic effects on KG-1a,
KG-1, EoL-1, and U937 cells with IC50 values of 19.82 ± 1.80, 5.45 ± 0.89, 2.57 ± 0.32,
and 4.73 ± 2.38 ng/mL, followed by Dox with IC50 values of 0.69 ± 0.12, 0.21 ± 0.02,
0.02 ± 0.01, and 0.08 ± 0.02 µg/mL, respectively. The IC50 values of all the chemothera-
peutic drugs for the leukemic cell line models are shown in Table 1.
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Figure 1. Cytotoxicity of (A) doxorubicin, (B) idarubicin, and (C) curcumin on KG-1a, KG-1, EoL-1, and U937 cells. The
data are shown as mean ± SD from 3-time independent experiments.

Table 1. The IC50 values of chemotherapeutic drugs and curcumin on KG-1a, KG-1, EoL-1, and U937 cells.

Treatment
IC50 Value

KG-1a KG-1 EoL-1 U937

Idarubicin (Ida) (ng/mL) 19.82 ± 1.80 ### 5.45 ± 0.89 *** 2.57 ± 0.32 *** 4.72 ± 2.38 ***
Doxorubicin (Dox) (µg/mL) 0.69 ± 0.12 ### 0.21 ± 0.02 *** 0.02 ± 0.01 ***,## 0.08 ± 0.02 ***,#

Curcumin (Cur) (µg/mL) 9.19 ± 0.49 # 7.31 ± 1.45 * 5.55 ± 0.46 **,# 3.55 ± 0.54 ***,##

The significance of mean differences was assessed using one-way ANOVA. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with KG-1a
cells. # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with KG-1 cells.
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Cur was chosen to study the combination effect in order to improve the efficacy of
Dox and Ida in AML treatment. For single treatment, Cur exhibited the highest cytotoxicity
for U937cells, followed by EoL-1, KG-1, and KG-1a cells (Figure 1C). The IC50 values of
Cur for KG-1a, KG-1, EoL-1, and U937 cells were 9.19 ± 0.49, 7.31 ± 1.45, 5.55 ± 0.46, and
3.55 ± 0.54 µg/mL, respectively (Table 1).

The IC50 values of Dox in leukemic stem cells (KG-1a and KG-1) were found to be
significantly higher than for leukemic cells, EoL-1, and U937 cells. However, KG-1 leukemic
stem cells were substantially more responsive to Dox and Ida than KG-1a cells, indicating
a high number of LSCs affected the chemotherapeutic treatment’s sensitivity. Furthermore,
the IC50 values of Cur in KG-1a cells were considerably higher than those in the other
cells. These findings demonstrated the drug resistance in LSCs compared with LCs and
suggested a possible route to improve the potency of traditional AML chemotherapeutics.

2.2. Determination of Cytotoxicity of Combined Doxorubicin–Curcumin (Dox–Cur) and
Idarubicin–Curcumin (Ida–Cur) on Leukemic cell Viability by MTT Assay

Various doses of Dox and Ida (ranging from 0 to IC80 values) were added to Cur to
investigate combination effects on the viability of AML cell lines. Dox was used to treat KG-
1a (0–1.30 µg/mL), KG-1 (0–0.84 µg/mL), EoL-1 (0–0.08 µg/mL), and U937 (0–0.16 µg/mL)
cells, and Ida was used to treat KG-1a (0–40.0 ng/mL), KG-1 (0–20.0 ng/mL), EoL-1
(0–8.0 ng/mL), and U937 (0–9.2 ng/mL) cells; these cells were cotreated with Cur at
concentrations of the IC20 (condition 1), IC30 (condition 2), IC40 (condition 3), and IC50
(condition 4), respectively. The co-treatments of Dox–Cur and Ida–Cur exhibited higher
cytotoxicity for KG-1a, KG-1, EoL-1, and U937 cells than single-drug treatments in a
dose-dependent manner (see supplementary Figures S1 and S2). The IC50 value of each
co-treatment demonstrated that curcumin enhanced the efficacy of doxorubicin and idaru-
bicin in leukemic stem cells and non-leukemic stem cells, and also decreased the doses of
drugs in co-treatment when compared with a single treatment. The IC50 values of Dox–
Cur and Ida–Cur at different conditions in each cell line are shown in the supplementary
Tables S1–S4.

2.3. Synergistic Effects of Combination Treatment

Using a combination index (CI) calculation, formulations 3 and 4 of Dox–Cur showed
a synergistic effect (CI < 1) on KG-1a and EoL-1 cells and an additive effect (CI = 1) on
U937 cells at the IC50 values, while most of the Ida–Cur treatments exhibited an antagonist
effect (CI > 1) in all the leukemic cell lines (Table 2). It seemed Cur could not achieve
high cytotoxicity in the Ida–Cur combination since Ida had an extremely low effective
dose. Thus, most of the Ida–Cur-treated samples exhibited an antagonistic effect in AML
leukemic cell lines.

2.4. Effects of Various Conditions of Combined Treatment of Dox–Cur at Concentration Value of
IC20 on Cell Number and Cell Viability in FLT-3 Protein Expressing Leukemic Cells

Due to the synergistic and additive effect of Dox–Cur, a broader range of co-treatment
conditions were chosen to investigate the effects on cell number and viability of FLT-3
protein-expressing AML leukemic cells, including KG-1a, KG-1 and EoL-1 cells. The IC20
values of the Dox treatments from the Section 2.2 were used to cotreat for 48 h with Cur.
Dox–Cur conditions 1, 2, 3, and 4 (Dox (ng/mL) + Cur (µg/mL)) of KG-1a cells were
15.0 + 4.5, 16.0 + 5.5, 12.0 + 7.0, and 8.0 + 9.0, respectively. The conditions for KG-1 cells
were 22.0 + 3.5, 10.0 + 4.5, 7.0 + 6.0, and 6.0 + 7.5, while the conditions of EoL-1 cells
were 3.0 + 3.0, 0.7 + 4.0, 0.5 + 4.5, and 0.4 + 5.5, respectively. The results show that Dox
concentrations at IC20 values and all co-treatment conditions consistently reduced the cell
number of all leukemic cell lines (see supplementary Figures S3A–S5A). The total cell
number of KG-1a cells (control group) was 2.59 × 105 cells/mL, and cell number gradually
decreased to 1.85 × 105, 1.59 × 105, 1.42 × 105, 1.24 × 105, and 0.98 × 105 cells/mL in
response to Dox and Dox–Cur treatment conditions 1, 2, 3, and 4, respectively. The
total cell number of KG-1 cells decreased from 3.39 × 105 cells/mL (control group) to
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2.58 × 105, 2.18 × 105, 2.00 × 105, 1.70 × 105, and 1.44 × 105 cells/mL in Dox and Dox–Cur
treatment conditions 1, 2, 3, and 4, respectively. According to the cell number of EoL-1
cells after Dox and Dox–Cur conditions 1, 2, 3, and 4, the treatments reduced to 6.62 × 105,
5.77 × 105, 4.69 × 105, 4.01 × 105, and 3.27 × 105 cells/mL, respectively, compared with
12.07 × 105 cells/mL (control group). Cell viability of each sample was higher than 80% of
the total cell count (see supplementary Figures S3B–S5B).

Table 2. IC50 values of co-treatment of Dox–Cur and Ida–Cur on KG-1a, KG-1, EoL-1, and U937 cells.

Cell Line Dox–Cur CI Value Ida–Cur CI Value

KG-1a Dox + Cur 1 (4.5 µg/mL) 1.08 Ida + Cur 1(4.5 µg/mL) 1.16
Dox + Cur 2 (5.5 µg/mL) 1.12 Ida + Cur 2 (5.5 µg/mL) 1.27
Dox + Cur 3 (7.0 µg/mL) 0.97 Ida + Cur 3 (7.0 µg/mL) 1.21
Dox + Cur 4 (9.0 µg/mL) 1.02 Ida + Cur 4 (9.0 µg/mL) 1.09

KG-1 Dox + Cur 1 (3.5 µg/mL) 1.36 Ida + Cur 1 (3.5 µg/mL) 1.44
Dox + Cur 2 (4.5 µg/mL) 1.07 Ida + Cur 2 (4.5 µg/mL) 1.55
Dox + Cur 3 (6.0 µg/mL) 1.04 Ida + Cur 3 (6.0 µg/mL) 1.28
Dox + Cur 4 (7.5 µg/mL) 1.07 Ida + Cur 4 (7.5 µg/mL) 1.11

EoL-1 Dox + Cur 1 (3.0 µg/mL) 1.23 Ida + Cur 1 (3.5 µg/mL) 1.27
Dox + Cur 2 (4.0 µg/mL) 1.12 Ida + Cur 2 (4.0 µg/mL) 1.24
Dox + Cur 3 (4.5 µg/mL) 0.92 Ida + Cur 3 (4.5 µg/mL) 0.85
Dox + Cur 4 (5.5 µg/mL) 1.03 Ida + Cur 4 (5.5 µg/mL) 1.03

U937 Dox + Cur 1 (2.0 µg/mL) 1.46 Ida + Cur 1 (2.0 µg/mL) 1.35
Dox + Cur 2 (2.5 µg/mL) 1.55 Ida + Cur 2 (2.5 µg/mL) 1.40
Dox + Cur 3 (3.0 µg/mL) 1.42 Ida + Cur 3 (3.0 µg/mL) 1.26
Dox + Cur 4 (3.5 µg/mL) 1.00 Ida + Cur 4 (3.5 µg/mL) 1.04

The total cell number of Cur treatments at the IC20, IC30, IC40, and IC50 values were
observed to gradually decrease in all the cell lines in a dose dependent manner (see
supplementary Figures S3C–S5C). Moreover, these data also corresponded to the decline in
the cell numbers during the Dox–Cur treatment. The cell viability for each concentration of
Cur was also higher than 80% of the total cell count (see supplementary Figures S3D–S5D).

2.5. Effects of Combined Treatments of Dox–Cur at Concentration Value of IC20 on FLT3 Protein
Expressions in FLT-3 Protein Expressing Leukemic Stem Cells and Leukemic Cells

FLT3 protein is a member of the class III receptor tyrosine kinase (RTK) family [38]. It
is overexpressed on the cell surface of AML leukemic stem cells and leukemic cells and
plays an important role in cell survival and proliferation of leukemic cell blasts [39]. Cur
has previously been shown to have an inhibitory effect on FLT3 protein expression in many
types of FLT-3 expressing leukemic cell lines, such as EoL-1 and MV4-11 [32]. Thus, it was
selected as a target protein for Dox–Cur treatment.

In this study, KG-1a, KG-1, and EoL-1 cells were treated with Dox. Co-treatment
was conditions at the IC20 value, and FLT3 protein expression levels were detected by
Western blot. Dox and Dox–Cur co-treatment could decrease FLT-3 protein expression. In
KG-1a cells, the FLT3 protein levels of Dox and Dox–Cur treatment conditions 1, 2, 3, and 4
were decreased by 20.4 ± 8.8%, 51.6 ± 14.5%, 54.6 ± 12.2%, 80.2 ± 5.7%, and 92.2 ± 8.2%,
respectively (Figure 2A,C). For KG-1 cells, FLT3 proteins were gradually decreased by
2.7 ± 6.5%, 42.3 ± 2.9%, 55.0 ± 5.4%, 52.0 ± 7.3%, and 57.9 ± 11.5% in respond to Dox
and Dox–Cur conditions 1, 2, 3, and 4, respectively (Figure 3A,C). Similarly, FLT3 protein
expression in EoL-1 cells was reduced to 2.7 ± 5.6%, 10.7 ± 4.2%, 29.9 ± 6.8%, 35.2 ± 6.4%,
and 43.7 ± 15.7% in response to Dox and Dox–Cur conditions 1, 2, 3, and 4, respectively,
compared with the control group (100% expression level; Figure 4A,C). Additionally, the
ability of each concentration of Cur in the combination treatment to suppress FLT3 protein
expression was evaluated. All concentrations of Cur treatments were also able to decrease
the protein expression levels compared with the control group in a dose-dependent manner
(Figures 2B,D, 3B,D and 4B,D).
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Figure 2. FLT3 protein expression of KG-1a cells after treatment with Dox and combined treatment of Dox–Cur at
concentration value of IC20 for 48 h. Protein bands (A) and percentage (C) of FLT3 protein expression level of KG-1a
cells treated with DMSO (VC), Dox at concentration of 60 ng/mL, Dox–Cur condition 1 (15 ng/mL Dox + 4.5 µg/mL
Cur), Dox–Cur condition 2 (16 ng/mL Dox + 5.5 µg/mL Cur), Dox–Cur condition 3 (12 ng/mL Dox + 7 µg/mL Cur),
and Dox–Cur condition 4 (8 ng/mL Dox + 9 µg/mL Cur) for 48 h. Whole protein lysates (80 µg/lane) were loaded onto
SDS-PAGE. Protein bands (B) and percentage (D) of FLT3 protein expression level of KG-1a cells treated with DMSO (VC),
Cur (4.5 µg/mL), Cur (5.5 µg/mL), Cur (7 µg/mL), and Cur (9 µg/mL) for 48 h. The data are shown as mean ± SD from
3 independent experiments. The significance of mean differences was assessed using one-way ANOVA. * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared with VC. # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with single-Dox treatment.

2.6. Effects of Combination Treatments of Various Concentrations of Cur and a Fixed
Concentration of Dox on Cell Number and Viability in Leukemic Stem Cells and Leukemic Cells

Thus far, Cur and Dox–Cur treatments were found to inhibit AML LSC and LC cell
proliferation more effectively than Dox treatment alone. Thus, three non-toxic concentra-
tions within the range of Cur IC20 value and a fixed concentration of Dox from Dox–Cur
condition 1 were tested using KG-1a, KG-1, and EoL-1 cells for 48 h. Co-treatments of Dox–
Cur significantly decreased the cell number of both cell lines in a dose-dependent manner
when compared with a single-Dox treatment and control (Figure 5). The cell number of
KG-1a cells in the control group was 3.44 × 105 cells/mL, and decreased to 2.96 × 105,
2.21 × 105, 1.91 × 105, and 1.46 × 105 cells/mL in response to Dox, Dox + Cur at 4 µg/mL,
Dox + Cur at 4.5 µg/mL, and Dox + Cur at 5 µg/mL, respectively (Figure 5A). In addition,
the cell number of KG-1 cells decreased from 4.18 × 105 cells/mL in the control group to
3.48 × 105, 2.93 × 105, 2.47 × 105, and 2.22 × 105 cells/mL in response to Dox, Dox + Cur
at 3 µg/mL, Dox + Cur at 3.5 µg/mL, and Dox + Cur at 4 µg/mL, respectively (Figure 5C).
Moreover, the number of EoL-1 cells also decreased from 10.43 × 105 cells/mL in the
control group to 8.99 × 105, 6.82 × 105, 6.08 × 105, and 4.94 × 105 cells/mL in response to
the treatments of Dox, Dox + Cur at 2.5 µg/mL, Dox + Cur at 3 µg/mL, and Dox + Cur at
3.5 µg/mL, respectively (Figure 5E). All samples exhibited viable cells higher than 80% of
the total cell count (Figure 5B,D,F).
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(0.7 ng/mL Dox + 4 µg/mL Cur), Dox–Cur condition 3 (0.5 ng/mL Dox + 4.5 µg/mL Cur), and Dox–Cur condition 4
(0.4 ng/mL Dox + 5.5 µg/mL Cur) for 48 h. Whole protein lysates (80 µg/lane) were loaded onto SDS-PAGE. Protein
bands (B) and percentage (D) of FLT3 protein expression level of EoL-1 cells treated with DMSO (VC), Cur (3 µg/mL),
Cur (4 µg/mL), Cur (4.5 µg/mL), and Cur (5.5 µg/mL) for 48 h. The data are shown as Mean ± SD from 3 independent
experiments. The significance of mean differences was assessed using one-way ANOVA. * p < 0.05, ** p < 0.01, and
*** p < 0.001 compared with VC. ## p < 0.01 and ### p < 0.001 compared with single-Dox treatment.

2.7. Effects of Combination Treatments of Various Concentrations of Cur and a Fixed
Concentration of Dox on FLT3 Protein Expressions in Leukemic Stem Cells

Cur and Dox–Cur co-treatments were more effective in suppressing FLT3 protein
expression in all AML leukemic cell lines than single-Dox treatment. Moreover, the per-
centages of FLT3 protein in all conditions of co-treatments were also similar to those of
Cur treatment alone. To confirm the effect of Cur in increasing the inhibitory effect of
Dox on FLT3 expression, co-treatment of Dox–Cur condition 1 was used. Western blot
clearly showed all the non-toxic concentrations of Cur remarkably increased FLT3 protein
expression in all three AML cell lines when combined with Dox. The FLT3 expression level
of KG-1a cells after treatment with Dox (15 ng/mL), Dox + Cur (4 µg/mL), Dox + Cur
(4.5 µg/mL), and Dox + Cur (5 µg/mL) were decreased by 14.1 ± 5.2%, 35.8 ± 8.5%,
38.2 ± 3.3%, and 37.8 ± 7.0%, respectively, compared with the vehicle control (100% FLT3
protein expression level) (Figure 6A,B). For KG-1 cells, the FLT3 protein levels were de-
creased by 17.9 ± 7.6%, 38.2 ± 13.0%, 39.7 ± 11.4%, and 47.2 ± 5.4% in response to Dox
(22 ng/mL), Dox + Cur (3 µg/mL), Dox + Cur (3.5 µg/mL), and Dox + Cur (4 µg/mL),
respectively (Figure 6C,D). Finally, while the FLT3 protein expression levels in EoL-1 cells
were reduced to 3.5 ± 8.9%, 10.2 ± 8.1%, 15.6 ± 7.1%, and 34.6 ± 8.9% in response to
the treatments of Dox (2.8 ng/mL), Dox + Cur (2.5 µg/mL), Dox + Cur (3 µg/mL), and
Dox + Cur (3.5 µg/mL), respectively, from 100% protein expression level of the vehicle
control (Figure 6E,F).
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fixed concentration of Dox and various non-toxic concentration of Cur for 48 h. Total cell number (A) and cell viability (B)
of KG-1a cells were treated with DMSO (VC), Dox (15 ng/mL), Dox + Cur (4 µg/mL), Dox + Cur (4.5 µg/mL), and Dox +
Cur (5 µg/mL) for 48 h. Total cell number (C) and cell viability (D) of KG-1 cells were treated with DMSO (VC), Dox (22
ng/mL), Dox and Cur (3 µg/mL), Dox and Cur (3.5 µg/mL), and Dox and Cur (4 µg/mL) for 48 h. Total cell number (E)
and cell viability (F) of EoL-1 cells were treated with DMSO (VC), Dox (2.8 ng/mL), Dox and Cur (2.5 µg/mL), Dox and Cur
(3 µg/mL), and Dox and Cur (3.5 µg/mL) for 48 h. The data are shown as mean ± SD from 3 independent experiments.
The significance of mean differences was assessed using one-way ANOVA. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared
with VC. # p < 0.05 and ## p < 0.01 compared with single-Dox treatment.
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KG-1a cells treated with DMSO (VC), Dox (15 ng/mL), Dox + Cur (4 µg/mL), Dox + Cur (4.5 µg/mL), and Dox + Cur
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*** p < 0.001 compared with VC. # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with single-Dox treatment.

3. Discussion

Doxorubicin (Dox) and idarubicin (Ida) are the standard chemotherapy treatments
for AML patients. These compounds can destroy leukemic cells by binding to DNA and
inhibiting topoisomerase II activity in DNA transcription, thereby triggering apoptosis
or autophagy [16,40,41]. The cytotoxic activity of these anthracyclines was determined
in each leukemic cell line by MTT assays. Both drugs showed the greatest cytotoxicity
for EoL-1 cells, followed by U937, KG-1, and KG-1a cells. The inhibitory concentrations
at cell growth values of 50 (IC50) for Ida on KG-1a and KG-1 cells were 19.82 ± 1.80 and
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5.45 ± 0.89 ng/mL, respectively. In contrast, Dox showed lower cytotoxicity than Ida with
IC50 values of 0.65 ± 0.13 and 0.21 ± 0.02 µg/mL, respectively. Ida and Dox doses in a
previous report in vitro were 1–100 ng/mL and 0.1–1.5 µg/mL, respectively, in normal and
leukemic human bone marrow progenitors [42]. Drug doses were within the range of our
studies. However, doses used in this study presented activity at low levels when compared
with the previous report. Looking at intravenous injections of Ida and Dox in a rat model,
the maximum tolerated doses of both drugs were 3 mg/kg and 0.75 mg/kg per injection.
Moreover, the cardiac toxicity of Ida remained significantly lower than that of Dox [43].

Next, studies were conducted to determine the effect of combining the natural product
curcumin with these AML chemotherapeutics. Cur tended to increase the cytotoxicity
of Dox and Ida on all leukemic cell lines; however, several conditions of Dox + Cur co-
treatment showed additive and synergistic manners, whereas most conditions of Ida + Cur
co-treatment suggested that Cur was antagonistic. Ida appears to have a mechanism
similar to Dox in that it can intercalate DNA and block topoisomerase II activity [44], thus
differences may be due to the chemical structures of Ida and Dox. The absence of the
methoxyl group at position 4 of idarubicin’s structure increased the lipophilicity and rate
of cellular uptake, leading to greater toxicity than that of daunorubicin or doxorubicin [45].
Furthermore, Ida is relatively more potent than doxorubicin in suppressing the growth of
low or nonproliferating progenitor cells [42]. Thus, it is likely that the concentrations of
Cur used in the combination treatment were too low to achieve a synergistic effect when
combined with Ida. As a result, increasing the concentration of Cur combined with Ida
may be explored in future research.

In addition, the cytotoxicity of curcumin (Cur), a natural substance with chemosensi-
tizing and chemoprotective activities [26], was also examined with four leukemic cell lines
by MTT assay. Cur demonstrated the highest cytotoxic effect on U937 cells, followed by
EoL-1, KG-1, and KG-1a cells. Thus, Cur was selected as a supplementary substance for
enhancing the efficiency and decreasing the toxicity of anthracycline drugs in this study.

Appropriate concentrations of Dox, Ida, and Cur were chosen for the combination
effect, based on the results of the preliminary screening study. The co-treatments of Ida and
Dox at concentrations in the range of IC10 to IC50 values and low concentrations of Cur at
1, 2, and 3 µg/mL did not show a different effect on cell viability of KG-1a and KG-1 cells,
when compared with a single treatment (data not shown). Thus, KG-1a, KG1-a, EoL-1,
and U937 cells were treated with Dox and Ida at the concentration values of IC10–IC80
combined with Cur at concentrations of IC20, IC30, IC40, and IC50 values, respectively.
To investigate the combination effect, the percentage of cell viability of each treatment
was calculated and compared with that for the single drug and vehicle control, and the
inhibitory concentrations at 20% (IC20) and 50% (IC50) were determined.

Co-treatment of Dox–Cur and Ida–Cur tended to increase the cytotoxicity for KG-1a,
KG-1, EoL-1, and U937 cells in dose-dependent manners as compared with single-drug
treatment. Moreover, Cur also enhanced the cytotoxic efficacy for both chemotherapeutic
drugs in dose dependent manners, based on the lower IC50 values of anthracyclines used
in co-treatment in each cell line.

Dox and Ida are usually ineffective due to an increase in LSCs, drug resistance, and
relapse in AML patients. In this study, the natural substance Cur was found to improve
the cytotoxicity of Dox and Ida in all the cell lines due to its anti-leukemic (apoptotic
induction) [46] and chemosensitizing (decreasing MDR-1 gene expression) [34] activities.
For these reasons, Cur improved both chemotherapies by lowering IC50 values for Dox
and Ida in co-treatments when compared with single drug treatments.

It is notable that effective doses of the co-treatments used to treat KG-1a cells were
higher than those for KG-1, EoL-1, and U937 cells. KG-1a and KG-1 cells are leukemic stem
cell lines with a high percentage of leukemic stem cells (~95% and ~55%, respectively).
These cells are well-known for their chemotherapy resistance, which includes a prolonged
stage G0 of the cell cycle and high expression of the drug efflux pump. Since the EoL-1 and
U937 cells lack these stem cell features, they were more vulnerable to the co-treatments.
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The combination treatment of Dox–Cur showed synergistic and additive cytotoxic
effects on both AML leukemic stem cell lines (KG-1a and KG-1 cells) and AML leukemic cell
lines (EoL-1 and U937 cells). Even though only Dox–Cur condition 3 showed synergism
on KG-1a and EoL-1 cells, Cur was able to lower chemotherapeutic agent doses. The
combination treatment also reduced the concentration at the IC50 value of Dox in each cell
line which could be a useful formulation to decrease the cytotoxicity of Dox on normal cells.
However, the poor solubility and short biological half-life of Cur, as well as the non-specific
activity of Dox, may result in low absorption and cytotoxicity of these drugs in tumor
cells [16,27].

FLT3 is a key driver of AML, and its mutations are associated with the development of
high risk of relapse in patients. Previous studies demonstrated that Cur has an inhibitory
effect on FLT3 protein expression in leukemic cells [32]. Thus, the combination of Dox
and Cur for AML treatment may lead to FLT3 protein expression reduction, which in turn
could denote reduced proliferation of leukemic cells.

In this study, non-toxic doses at IC20 of the four conditions of Dox–Cur co-treatments
decreased the cell number and showed a higher inhibitory effect on FLT3 protein expression
than single Dox in both stem cell and leukemic cell lines. However, when compared
with Cur alone, none of the co-treatments showed any differences. To confirm, Dox–Cur
condition 1 was selected for the inhibitory effect of various concentrations of Cur with
a fixed concentration of Dox on cell number and FLT3 protein expression. Dox–Cur-
treated samples exhibited a lower cell number and FLT3 protein level than treatment
with Dox alone in all cell lines. It is possible that Cur was the main compound in co-
treatment that could suppress the FLT3 protein expression in a dose-dependent manner,
leading to a decrease in cell proliferation, while the main functions of Dox, in order to
eradicate tumor cells, involved inhibiting cell cycle progression, producing oxidation, and
inducing apoptosis, which is unrelated to the inhibition of FLT3 protein expression [16]. In
addition, these functions of Dox could affect cell proliferation, resulting in the decrease
in cell number in single-Dox-treated samples. The co-treatment had an inhibitory effect
on FLT3 protein expression. Notably, the IC20 values of Dox in Dox–Cur condition 1
(Dox 15 ng/mL + Cur 4.5 µg/mL) and 2 (Dox 16 ng/mL + Cur 5.5 µg/mL) in KG-1a cells
were not reduced in a dose-dependent response to the Cur increase. This might be because
the chosen Cur concentration was too low, making the lowering of the Dox concentration
in the reaction impractical, as shown by the cell number and FLT3 protein expression level.

Co-treatment likely assists in enhancing the cytotoxic effects of Dox by inhibiting the
cell proliferation activity of AML leukemic stem cells and leukemic cells as a result of the
decrease in the cell proliferation rate of each co-treatment condition compared with the
single treatment and vehicle control. These findings are consistent with a previous study
in which the combination of Dox with SU11657, a FLT3 inhibitor, increased the survival
rate of APL mice and overcame resistance to traditional chemotherapies in AML [47].

4. Materials and Methods
4.1. Reagents and Chemicals

Curcumin (Cur) was purchased from Thai-China Flavours and Fragrances Industry
Co., LTD (Nonthaburi, Thailand). MTT dye (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide), trypan blue, and DMSO were purchased from Sigma-Aldrich
(St. Louis, MO, USA). IMDM, RPMI-1640, penicillin-streptomycin, L-glutamine, and
fetal calf serum were purchased from InvitrogenTM Life (Carlsbad, CA, USA). Rabbit
polyclonal anti-GAPDH was purchased from Santa Cruz Bitechnology (Santa Cruz, CA,
USA). HRP-conjugated goat anti-rabbit IgG was purchased from Promega (Madison, WI,
USA). Rabbit polyclonal anti-FLT3 and LuminataTM Forte Western HRP Substrate were
purchased from Merck Millipore Corporation (Billerica, MA, USA).

109



Molecules 2021, 26, 5785

4.2. Cell Culture

KG-1a (acute myeloblastic leukemic cell line; ATCC® CCL-246.1™), KG-1 (acute
myeloblastic leukemic cell line; ATCC® CCL-246™), and EoL-1 (acute myeloblastic leukemic
cell line) were used as human leukemic cell line models in this study. KG-1a and KG-1 cells
were cultured in IMDM medium (InvitrogenTM, CA, USA) supplemented with 20% fetal
bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin.
EoL-1 (Eosinophilic leukemic cell line), a model of FLT3 overexpressing leukemic cells, was
purchased from RIKEN BRC Cell Bank (Ibaraki, Japan). U937 (monoblastic leukemic cell
line) was purchased from ATCC®. These were cultured in RPMI-1640 medium containing
10% fetal calf serum, 1 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL strepto-
mycin. All the leukemic cell lines were cultured at 37 ◦C in a humidified incubator with
5% CO2.

4.3. Cytotoxicity of Single Doxorubicin, Idarubicin, and Curcumin (Curcuminoid Mixture) on
Leukemic Stem Cell and Leukemic Cell Viability by MTT Assay

KG-1a and KG-1 cell lines were adjusted to 1.5 × 104 cells, while EoL-1 and U937 cells
were adjusted to 3.0 × 104 and 1.0 × 104 cells in 100 µL of complete medium, and then
seeded into flat-bottom 96-well plate and incubated at 37 ◦C under 5% CO2 atmosphere for
24 h. Following that, doxorubicin (Dox), idarubicin (Ida), and curcumin (Cur) were diluted
in 100 µL of medium with the 2-fold dilution technique and applied to the cells to obtain
the final concentrations from 0.001 to 2 µg/mL for Dox and Ida and 1.56 to 50 µg/mL for
Cur for 48 h. Complete medium and DMSO were used as cell control and vehicle control,
respectively. Afterwards, 100 µL of medium was removed, and 15 µL of MTT dye solution
was added and further incubated for 4 h. After removing the supernatant, 200 µL of DMSO
were added to dissolve the formazan crystals (cell viability indication). The optical density
was measured using an ELISA plate reader at 578 nm with the reference wavelength at
630 nm. The percentage of cell survival was calculated from the absorbance of test and
control wells using the equation below, and the inhibitory concentration at 20% (IC20) and
50% (IC50) growth of Dox, Ida, and Cur were determined.

% Cell viability =
Absorbance of test

Absorbance of vehicle control
× 100

4.4. Assessing Cytotoxic Effects of Combination of the Chemotherapeutic Drug and Curcumin on
Leukemic Stem Cell and Leukemic Cell Viability by MTT Assay

KG-1a, KG-1, EoL-1, and U937 cells were seeded into flat-bottom 96-well plate and
incubated at 37 ◦C under 5% CO2 atmosphere for 24 h. Then, various concentrations of
Dox and Ida in the range of IC10–IC80 (from the cytotoxic effects of single treatment) were
mixed with each concentration of Cur at IC20, IC30, IC40, and IC50 values, as well as DMSO,
to prepare the combination and single drug treatments, respectively. All the treatments
were added to the cells and incubated for 48 h. The cell viability in each treatment was
determined by the MTT assay, as described in Section 4.3.

4.5. Synergistic Effects of Combination Treatment

The combination index (CI) is used to quantitatively define the synergistic (CI < 1),
additive (CI = 1), and antagonist effect (CI > 1) of a drug–drug interaction [48]. It can be
calculated by using the following equation:

CI =
Dose of drug in combination at ICx

Dose of sin gle drug at ICx
× Dose of Cur in combination at ICx

Dose of sin gle Cur at ICx

ICx = The concentrations required to produce the given effect, such as IC50.
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4.6. Cell Number and Cell Viability of FLT3-Exprssing Cells Determined by the Trypan Blue
Exclusion Method

KG-1a, KG-1, and EoL-1 cells were adjusted to 1.5 × 105 and 3.0 × 105 cells/mL,
respectively, and incubated with non-toxic concentrations (IC20) of Dox, Cur, and com-
bination treatment at 37 ◦C under 5% CO2 atmosphere for 48 h. Then, the treated cells
were collected, and their cell number and percent of cell viability were estimated using
the trypan blue exclusion method by mixing the cells and the 0.4% trypan blue solution
in a ratio of 1:1; following this, the cells were counted in a hemacytometer under a light
microscope.

4.7. Western Blotting

KG-1a, KG-1, and EoL-1 cells were prepared and treated with Dox, Cur, and the
co-treatment as discussed in Section 4.6. After that, the cells were harvested after 48 h
of incubation, and the whole proteins were extracted using RIPA buffer. The protein
concentration was measured with the Folin-Lowry method. The protein lysates were
separated through 7.5% SDS-PAGE and then transferred to PVDF membranes. For the
antibody–protein reaction step, the membrane was cut to separate FLT3 (target protein)
and GAPDH (internal control protein), and then blocked in 5% skim milk. The part of
the membrane containing FLT3 protein was probed with rabbit polyclonal anti-FLT3 at a
dilution 1:1000, whereas the part containing GAPDH was probed with rabbit polyclonal
anti-GAPDH antibody at a dilution of 1:1000. After that, the reaction was followed by a
1:15,000 dilution of HRP-conjugated goat anti-rabbit IgG. The proteins were visualized
using Luminata™ Forte Western HRP substrate. Finally, the protein band signal (chemi-
luminescence) was detected by X-ray film or Fluorchem E Western blot and gel imager
(ProteinSimple, San Jose, CA, USA) and quantified using a scan densitometer (Bio-Rad,
Hercules, CA, USA) or Fluorchem Q program (ProteinSimple, CA, USA).

4.8. Statistical Analysis

The average of triplicate experiments and standard derivation (SD) were used for
quantification. The levels of target protein expressions were compared with those of the
vehicle control in each experiment. The results are shown as mean ± SD. The differences
between the means of each sample were analyzed by one-way analysis of variance (one-way
ANOVA). Statistical significance was considered at p < 0.05, p < 0.01, and p < 0.001.

5. Conclusions

Overall, anthracyclines (Dox and Ida) and Cur, a natural phenolic compound with anti-
tumor activity, were shown to be effective AML chemotherapeutic agents. The combination
of Dox and Cur had a synergistic effect and could improve Dox anti-tumor activity in AML
cells, particularly leukemic stem cells, by inhibiting cell proliferation through FLT-3 protein
suppression. This study demonstrated the benefit of co-treatment combining the natural
product curcumin and chemotherapeutic drugs (Dox and Ida) in leukemia therapy as a
potential approach to decrease chemotherapy dose and thereby reduce associated side
effects. Adding nontoxic doses of edible Cur to chemotherapeutic drugs enhanced the
cytotoxicity of Dox and suppressed leukemic stem cell proliferation. This finding presents
an alternative choice that may be useful in the development of a promising regimen for the
treatment of AML relapse in the future.

Supplementary Materials: The following are available online, Figure S1: Cytotoxic effects of co-
treatment of doxorubicin and curcumin (Dox–Cur) on KG-1a, KG-1, EoL-1, and U937 cell lines,
Figure S2: Cytotoxic effects of co-treatment of Idarubicin and curcumin (Ida–Cur) on KG-1a, KG-1,
EoL-1, and U937 cell lines, Figure S3: Cell number and cell viability of KG-1a cells after treatment
with Dox, Cur, and combined treatment of Dox–Cur for 48 h, Figure S4: Cell number and cell viability
of KG-1 cells after treatment with Dox, Cur, and combined treatment of Dox–Cur for 48 h, Figure S5:
Cell number and cell viability of EoL-1 cells after treatment with Dox, Cur, and combined treatment
of Dox–Cur for 48 h, Table S1: IC50 values of single and co-treatment of Dox or Ida and Cur on KG-1a
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cells, Table S2: IC50 values of single and co-treatment of Dox or Ida and Cur on KG-1 cells, Table S3:
IC50 values of single and co-treatment of Dox or Ida and Cur on EoL-1 cells, Table S4: IC50 values of
single and co-treatment of Dox or Ida and Cur on U937 cells.
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Abstract: Tomatoes are widely consumed, however, studies on tomato seeds are limited. In this study,
we isolated 11 compounds including saponins and flavonol glycosides from tomato seeds and evalu-
ated their effects on epidermal hydration. Among the isolated compounds, tomato seed saponins
(10 µM) significantly increased the mRNA expression of proteins related to epidermal hydration,
including filaggrin, involucrin, and enzymes for ceramide synthesis, by 1.32- to 1.91-fold compared
with the control in HaCaT cells. Tomato seed saponins (10 µM) also decreased transepidermal water
loss by 7 to 13 g/m2·h in the reconstructed human epidermal keratinization (RHEK) models. Quanti-
tative analysis of the ceramide content in the stratum corneum (SC) revealed that lycoperoside H
(1–10 µM) is a promising candidate to stimulate ceramide synthesis via the upregulation of ceramide
synthase-3, glucosylceramide synthase, and β-glucocerebrosidase, which led to an increase in the
total SC ceramides (approximately 1.5-fold) in concert with ceramide (NP) (approximately 2-fold)
in the RHEK models. Evaluation of the anti-inflammatory and anti-allergic effects of lycoperoside
H demonstrated that lycoperoside H is suggested to act as a partial agonist of the glucocorticoid
receptor and exhibits anti-inflammatory effects (10 mg/kg in animal test). These findings indicate
that lycoperoside H can improve epidermal dehydration and suppress inflammation by increasing
SC ceramide and steroidal anti-inflammatory activity.

Keywords: tomato seed; lycoperoside; steroidal saponin; ceramide; transepidermal water loss;
anti-inflammation

1. Introduction

Tomato (Solanum lycopersicum) is a popular food consumed around the world. It
contains various nutritional phytochemicals, including vitamins, carotenoids, saponins,
and flavonoids [1]. Among these, previous works regarding tomato saponins are limited.
The spirosolane types of steroidal saponins have been isolated as lycoperosides [2,3]
and escleosides [4–7] from tomato. Regarding the biological activities of these steroidal
saponins, Fujiwara et al. have reported that the oral administration of esculeoside A
reduced serum cholesterol and low-density lipoprotein-cholesterol in apolipoprotein E-
deficient mice [8]. On the other hand, Zhou et al. have reported that orally administered
esculeoside B isolated from tomato juice improved 2,4-dinitrochlorobenzene-induced type
IV allergic dermatitis in mice [9]. However, research specific to the seeds is limited.

We had an opportunity to obtain dried tomato seeds, and hence we performed a
chemical study on low molecular components in the tomato seeds and found that they
contain several types of saponins and flavonol glycosides (Figure 1). Among them, we
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have recently demonstrated that oral administration of lycoperoside H, a steroidal saponin
isolated from tomato seeds, ameliolated atopic dermatitis (AD)-like skin inflammation and
transepidermal water loss (TEWL), in concert with a decrease in accumulation of mast cells,
eosinophils in dermis, the secretion of serum total IgE, and the Th2/Th1 cytokine ratio
in IL-33 transgenic mice [10]. However, the mechamism of lycoperoside H in this study
was not evaluated in detail and the anti-inflammtory and/or epidermal hydrating effect of
isolated compounds other than lycoperoside H remain unknown.
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Generally, saponins exhibit a variety of biological activities. Among them, the anti-
inflammatory effects [11] and wound healing effects [12] of saponins on human skin have
been recognized as beneficial effects for decades. For example, Korean ginseng is well-
known for containing specific saponins, ginsenosides. Lee et al. have reported that the
oral administration of Korean ginseng extract containing ginsenosides improved TEWL
in AD mice, meaning an increase in anti-inflammatory effects and skin hydration [13].
Especially, ginsenoside Rg1, a principal ginsenoside, ameliorated the increase in TEWL in
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hairless mouse skin damaged by UV rays [14]. In addition to the anti-inflammatory effects,
ginsenoside Rc enhances filaggrin expression in HaCaT cells, a keratinocyte cell line, which
contributes to the retention of epidermal moisture [15]. On the other hand, gracillin, a
spirostan-type saponin, isolated from Dioscorea quinqueloba, improved TEWL in an AD
mouse model [16], and centella saponins in the leaves and stems of Centella (C) asiatica are
famous for their wound healing effect by promoting collagen production [17]. Centella
saponins also reduce epidermal dehydration. Madecassoside, a major pentacyclic triter-
pene saponin in C. asiatica, reduces TEWL and enhances several moisturizing molecules,
including aquaporin-3, loricrin, and involucrin [17]. Moreover, topical application of a
cosmetic formulation containing C. asiatica extract has been used for skin moisturizing and
anti-inflammation [18].

In consideration of the above references, we built the hypothesis that tomato seed
extract (TSE) and tomato seed saponins affect epidermal hydration by improving TEWL or
increasing moisturizing factors. Since several factors, including ceramide, a dominant lipid
in the stratum corneum (SC), filaggrin, and involucrin, contribute to epidermal hydration,
we conducted a study on the epidermal hydrating effect of tomato seed saponins including
lycoperoside H and flavonoids through epidermal molecule expressions contributing
toward hydration and TEWL suppression.

2. Results
2.1. Effect of TSE and Isolated Compounds (1–11) on the mRNA Expression of Proteins Related to
Epidermal Hydration in HaCaT Cells

We evaluated the effect of isolated compounds from tomato seeds on the mRNA ex-
pression of filaggrin, involucrin, serine palmitoyltransferase-2 (SPT2), ceramide synthase-3
(CerS3), and glucosylceramide synthase (GCS), which play crucial roles in epidermal hy-
dration. As shown in Table 1, TSE significantly upregulated the mRNA expression of
involucrin, SPT2, CerS3, and GCS, and tended to increase that of filaggrin. Similar to
TSE, lycoperoside C (2) significantly increased the mRNA expression of all the proteins
examined. Lycoperoside H (3) significantly enhanced the mRNA expression of proteins,
except filaggrin and SPT2. On the other hand, lycoperoside A (1) did not affect any mRNA
expression of proteins. As for allopregnenolone 3-O-β-solatrioside (4), only significant
upregulation of involucrin was observed.

Table 1. Effects of TSE and isolated compounds (1–11) on the mRNA expression of proteins related to epidermal hydration
in HaCaT cells.

Relative mRNA Expression

Filaggrin Involucrin SPT2 CerS3 GCS

Control 1.00 ± 0.03 1.00 ± 0.01 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.01
TSE 1.42 ± 0.06 1.56 ± 0.12 ** 1.49 ± 0.07 * 1.78 ± 0.04 ** 1.62 ± 0.13 **
Lycoperoside A (1) 1.47 ± 0.16 0.91 ± 0.04 0.98 ± 0.05 1.26 ± 0.04 1.00 ± 0.04
Lycoperoside C (2) 1.91 ± 0.26 ** 1.59 ± 0.14 ** 1.70 ± 0.21 ** 1.72 ± 0.07 ** 1.32 ± 0.01 *
Lycoperoside H (3) 1.56 ± 0.15 1.67 ± 0.07 ** 1.45 ± 0.05 1.50 ± 0.17 ** 1.47 ± 0.11 **
Allopregnenolone
3-O-β-solatrioside (4) 1.57 ± 0.14 1.40 ± 0.06 * 1.01 ± 0.17 1.20 ± 0.06 1.01 ± 0.03

Tomatoside A (6) 1.31 ± 0.11 0.96 ± 0.04 1.35 ± 0.09 1.33 ± 0.07 * 1.66 ± 0.15 **
Tigogenin 3-O-β-solatrioside (7) 1.30 ± 0.13 1.03 ± 0.12 1.59 ± 0.28 * 1.18 ± 0.05 1.58 ± 0.04 **
22α-Methoxytomatoside A (8) 1.50 ± 0.09 ** 1.21 ± 0.08 1.37 ± 0.09 1.32 ± 0.08 * 1.28 ± 0.08
Naringenin (5) 1.30 ± 0.11 1.14 ± 0.12 1.84 ± 0.09 * 1.09 ± 0.08 0.83 ± 0.07
Astragalin (9) 1.07 ± 0.09 1.16 ± 0.02 1.82 ± 0.09 ** 1.18 ± 0.09 0.81 ± 0.03
Rutin (10) 0.80 ± 0.11 1.01 ± 0.13 1.03 ± 0.03 0.66 ± 0.09 ** 0.81 ± 0.05 *
Quercetin 3-O-β-cellobioside (11) 0.72 ± 0.01 * 0.82 ± 0.12 0.79 ± 0.02 * 0.56 ± 0.03 ** 0.62 ± 0.03 **

HaCaT cells were treated with TSE (10 µg/mL) or isolated compounds (1–11, 10 µM) for 6 h. Extraction of total RNA and real-time
RT-PCR analysis were performed as described in the Materials and Methods section. Data are expressed as mean ± SE (n = 3). * p < 0.05,
** p < 0.01 vs. control. Each value was corrected by the mRNA expression level of β-actin and shown as the value relative to the control.

Tomatoside A (6) significantly increased CerS3 and GCS expression, and tigogenin 3-O-
β-solatrioside (7) enhanced SPT2 and GCS expression. In contrast to the effects of tigogenin
3-O-β-solatrioside (7), 22α-methoxytomatoside A (8) significantly increased the mRNA
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expression of filaggrin and CerS3. In terms of the flavonoids, only naringenin (5) and
astragalin (9) exhibited significant upregulation of SPT2, whereas rutin (10) significantly
downregulated the mRNA expression of CerS3 and GCS, and quercetin 3-O-β-cellobioside
(11) significantly decreased the expression of filaggrin, SPT2, CerS3, and GCS and tended
to diminish involucrin expression.

2.2. Effects of TSE and Saponins (1–4,6–8) on TEWL in RHEK Models

As a result of the screening for active compounds for skin hydration using HaCaT
cells, tomato seed saponins (1–4,6–8) were selected as the candidates which upregulate the
mRNA expression of factors related to epidermal hydration. As a next step, we evaluated
the effect of TSE and tomato seed saponins (1–4,6–8) on TEWL in RHEK models and
whether they have hydrating activity. TSE (10 µg/mL) significantly decreased TEWL on
days 5 and 7 (Figure 2A). As for the tomato seed saponins, 10 µM of 1, 3, and 7 significantly
suppressed TEWL on days 5 and 7 (Figure 2A,B). Compound 8 significantly decreased
TEWL on day 5 and 2 and 6 reduced TEWL on day 7 (Figure 2B). On the other hand, 4 had
no effect on TEWL.
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Figure 2. Effects of TSE and tomato seed saponins (1–4,6–8) on TEWL in RHEK models. RHEK
models were treated with each sample ((A) TSE: 10 µg/mL, 1–3: 10 µM, (B) 4–8: 10 µM) for 7 days.
TEWL measurements were performed on days 0, 1, 3, 5, and 7 using Tewitro TW24. Data are
expressed as mean ± SE (n = 4). * p < 0.05, ** p < 0.01 vs. control.
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2.3. Effects of Tomato Seed Saponins (1–4,6–8) on the Ceramide Contents in SC of RHEK Models

Figure 3A shows the effects of tomato seed saponins (1–4,6–8) on SC ceramide contents
in RHEK models. Among tomato seed saponins, only lycoperoside H (3) significantly in-
creased the total ceramide contents, and tigogenin 3-O-β-solatrioside (7) slightly increased
the total ceramide contents but the difference was not significant. In terms of the ceramide
species, ceramide (NP) was significantly increased by lycoperoside H (3) and tended to
increase with treatment of tigogenin 3-O-β-solatrioside (7) and 22α-methoxytomatoside
A (8). Although similar trends were observed in the contents of ceramide (NS, NDS),
(EOH), (AS), and (AP), significant differences were not confirmed. Other tomato seed
saponins did not affect the SC ceramide contents.

As described above, only lycoperoside H (3) significantly increased the SC ceramide
contents at 10 µM among the tomato seed saponins (1–4,6–8). Thus, we next evaluated the
concentration dependency of lycoperoside H (3). The effect of 1 and 10 µM of lycoperoside
H (3) on the SC ceramide contents in RHEK models is shown in Figure 3B. Lycoperoside
H (3) increased the total ceramide contents dose-dependently, and a significant difference
was observed at 10 µM. In addition, lycoperoside H (3) significantly increased the ceramide
(NP) contents at 1 and 10 µM with dose dependency. As for the ceramide (NS, NDS), (EOS),
(EOH), (AS), and (AP), lycoperoside H (3) tended to increase their contents.

2.4. Effects of Lycoperoside H (3) on the mRNA Expression of Enzymes Related to Ceramide
Synthesis in RHEK Models

Lycoperoside H (3) significantly increased the SC ceramide contents in RHEK mod-
els, as described above. Therefore, we evaluated the effects of lycoperoside H (3) on the
expression of enzymes involved in SC ceramide synthesis. Figure 4 shows the effects of
lycoperoside H (3) on the mRNA expression of enzymes related to SC ceramide synthesis,
SPT2, CerS3, GCS, β-glucocerebrosidase (GBA), sphingomyelin synthase-2 (SMS2), and
acid sphingomyelinase (ASM) in RHEK models. Lycoperoside H (3) significantly upregu-
lated the mRNA expression of CerS3, GCS, and GBA at 1, 3, and 10 µM, 3 and 10 µM, and
10 µM, respectively. On the other hand, the mRNA expression of SPT2 and SMS2 were
significantly downregulated by the treatment of lycoperoside H (3) at 1, 3, and 10 µM. No
significant change was observed in the mRNA expression of ASM.

2.5. Anti-Inflammatory and Anti-Allergic Effects of Lycoperoside H (3)

The anti-inflammatory and anti-allergic effects of lycoperoside H (3) were evaluated
to clarify the mechanism that contributes to the suppression of skin barrier deterioration,
other than ceramide production enhancement. TSE and lycoperoside H (3) did not affect the
compound 48/80-induced and histamine-induced scratching behavior in mice (Figure 5A).
On the other hand, significant suppression of the IgE-mediated passive cutaneous anaphy-
laxis (PCA) reaction in mice was observed with a high dose of TSE administration, but
not with lycoperoside H (3) (Figure 5B). Figure 5C shows the effects of TSE, lycoperoside
H (3), and tigogenin 3-O-β-solatrioside (7) on the acetic acid-induced writhing (upper) and
vascular permeability (lower) in mice. TSE and lycoperoside H (3) significantly suppressed
writhing and vascular permeability, while tigogenin 3-O-β-solatrioside (7) did not show
any effects. As a result of the glucocorticoid receptor competitive assay, lycoperoside H (3)
exhibited partial glucocorticoid receptor binding ability (Figure 5D). Figure 5E shows the
effects of TSE and lycoperoside H (3) on histamine-induced guinea pig tracheal muscle
contraction. TSE and lycoperoside H (3) did not show an antihistaminic effect in tracheal
muscle contraction.
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Figure 3. Effects of TSE and tomato seed saponins (1–4,6–8) on TEWL in RHEK models. RHEK models were treated for
5 days in culture with 10 µM of tomato seed saponins (A) or 1 and 10 µM of lycoperoside H (B). The extraction of lipids
from the SC of the RHEK model and high-performance thin-layer chromatography (HPTLC) analysis were performed as
described in the Materials and Methods section. Data are expressed as mean ± SE (n = 4). * p < 0.05, ** p < 0.01 vs. control.
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Figure 4. Effects of lycoperoside H (3) on the mRNA expression of enzymes related to SC ceramide synthesis. RHEK
models were treated for 4 days in culture with 1, 3, and 10 µM of lycoperoside H (3). Extraction of total RNA and real-time
RT-PCR analysis was performed as described in the Materials and Methods section. Data are expressed as mean ± SE
(n = 3). * p < 0.05, ** p < 0.01 vs. control.
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Figure 5. Anti-inflammatory and anti-allergic effects of lycoperoside H (3) and its relations to
glucocorticoid and histamine. (A) Effect on compound 48/80- and histamine-induced scratching
behaviors in mice (n = 5–7). Pruritus was induced by the subcutaneous administration of compound
48/80 or histamine dihydrochloride. Diphenhydramide hydrochloride (DP) was used as a positive
control. (B) Effect on the PCA reaction in mice (n = 10–14). Both the right and left mouse auricles
were sensitized by anti-2,4-dinitrophenyl (DNP). After test sample administration, intravenous
administration of 2,4-dinitrophenylated bovine serum albumin (DNP-BSA) and Evans blue was
performed, and the pigment that leaked into the auricles was measured. (C) Effect on acetic acid-
induced writhing behavior and vascular permeability in mice (n = 5–7). Two percent pontamine sky
blue was intravenously administered to mice after test sample administration. One percent acetic
acid was injected intraperitoneally and writhing behavior and leaked pigment into the peritoneal
cavity were measured. Dexamethasone (DX) was used as a positive control. (D) Glucocorticoid
receptor binding ability (n = 4). Glucocorticoid receptor competitive assay was performed using a
PolarScreen™ Glucocorticoid Receptor Competitor Assay Kit, Red. (E) Effect on histamine-induced
guinea pig tracheal muscle contraction (n = 3–4). An excised tracheal strip was fixed to a Magnus
apparatus. Changes in contraction induced by histamine were assessed after test sample addition. DP
was used as a positive control. All data are expressed as mean ± SE, * p < 0.05, ** p < 0.01 vs. control.
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3. Discussion

In previous studies on tomato saponins, steroidal saponins, such as lycoperosides (1–3),
had been isolated from whole fruits [2,19–21]. Furthermore, flavonoids including narin-
genin (5), astragalin (9), and rutin (10) had been reported to exist in the fruits [22]. On the
other hand, as for the constituent study of tomato seeds, these compounds had not been iso-
lated, while hydrophobic compounds, such as β-sitosterol, stigmasterol, and γ-tocopherol,
have been found [23]. In the present study, we isolated 7 saponins and 4 flavonoids from
tomato seeds. Thus, our findings may be the first report that tomato seeds contain steroidal
saponins and flavonoids as secondary metabolites.

Aiming to find the candidate compounds for skin hydration, the effects of 11 isolated
compounds on the mRNA expression of proteins related to epidermal hydration, filaggrin,
involucrin, SPT2, CerS3, and GCS were evaluated. Filaggrin provides natural moisturiz-
ing amino acids by its self-decomposition in SC [24] and acts as a filament-aggregating
protein [25]. Involucrin is one of the essential proteins for the formation of the cornified
envelope which contributes to the barrier function of the skin [26,27]. SPT2, CerS3, and
GCS are involved in the synthesis of SC ceramides, which exist as dominant lipids in the
SC of human skin and play important roles in the moisturization and barrier function [28].
SPT and CerS are involved in the de novo synthesis of ceramides [29,30] and GCS acts
as a glucosyltransferase enzyme to synthesize glucosylceramides, which are precursors
of SC ceramides [31]. In the present study, tomato seed saponins (1–4,6–8), especially
lycoperoside C (2), significantly upregulated the mRNA expression of these enzymes in
HaCaT cells. On the other hand, tomato seed flavonoids (5,9–11) exhibited a trend to
downregulate the expression of enzymes for ceramide synthesis. These results suggest
that tomato seed saponins appeared to be leading candidates that contribute to epidermal
hydration. Regarding previous reports of saponins on skin health, Oh et al. reported
that ginsenoside Rc isolated from Panax ginseng protects the epidermis from UVB-induced
photooxidative damage with the upregulation of filaggrin expression in HaCaT cells [15].
Likewise, madecassoside, an ursane-type saponin from C. asiatica, has been reported to
increase the mRNA and protein expressions of involucrin in HaCaT cells [17]. These
findings may support our present findings of the hydrating effects of tomato seed saponins
observed in HaCaT cells. In terms of the flavonols (9–11), we have demonstrated that
tiliroside, a flavonol glycoside isolated from strawberry seeds, upregulated the expression
of GCS and increased SC ceramide [32]. Regarding this finding, which is contrary to the
present result, the presence of coumaroyl moiety in the structure of tiliroside is suggested
to be involved in these effects. Li et al. demonstrated that tiliroside exhibits much greater
antioxidant and cytoprotective activities compared to astragalin (9), which has the same
structure, other than the coumaroyl moiety [33]. Thus, it is considered that the difference
between tomato seed flavonoids and tiliroside in the effect on GCS expression is also due
to the presence or absence of the coumaroyl moiety.

TEWL is the most frequently used parameter for the evaluation of the epidermal
barrier function [34]. Significant elevation of TEWL is commonly observed in dry skin
diseases such as AD [35], xerosis, and psoriasis [36]. To measure TEWL in vitro and in vivo,
several TEWL devices have been developed. Recently, Tewitro TW24, a device which can
directly and simultaneously measure the TEWL of RHEK models on a 24-well plate, has
been developed [37,38]. However, there are no reports that evaluated the effect of natural
compounds on TEWL using this device. Thus, we used this device to assess the effects of
tomato seed saponins on changes in TEWL in RHEK models in this study. As a result of the
measurements, all tomato seed saponins (1–3,6–8) except 4 significantly decreased TEWL
during the 7 days of treatment. Considering the difference in the effect between 4 and the
other saponins, it is suggested that the difference in aglycon structure might be involved.
Allopregnenolone 3-O-β-solatrioside (4) has a pregnane steroid structure which consists
of only steroidal A- to D-rings. On the other hand, saponins (1–3,6–8) which affected the
TEWL have a furostanol, a spirosolanol, or a spirostanol steroid structure which consist
of not only steroidal A- to D-rings but also an E-ring or E- to F-rings [39]. Similarly, it
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has been reported that topical application of gracillin, a spirostanol-type steroidal saponin
isolated from Dioscorea quinqueloba, prevented TEWL elevation on 2,4-dinitrochlorobenzen-
induced AD-like skin in mice [16]. Gracillin also has steroidal A- to F-rings. Therefore,
it is suggested that the TEWL-lowering effect of saponins requires at least an E-ring in
the structure.

Ceramides are a family of sphingolipids consisting of a sphingoid base and a fatty
acid. Ceramides dominantly exist in the SC and play pivotal roles as a water reservoir and
a barrier [28]. In the profiling study of ceramide species, 12 major classes of ceramides
have been found in the human SC [40]. SC ceramide significantly decreased in patients
with AD [41] or xerosis [42], and decreasing ceramide correlates to epidermal water evap-
oration [43]. Among the tomato seed saponins, only lycoperoside H (3) significantly
increased the total SC ceramide contents in the RHEK models in concert with a significant
increase of ceramide (NP). Lycoperoside H (3) is the most abundant saponin in TSE, and
its concentration-dependent effect (1 and 10 µM) was observed in ceramide production.
Our previous studies demonstrated that tiliroside isolated from strawberry seeds increases
the ceramide (NS, NDS) contents [32], and β-sitosterol 3-O-glucoside isolated from rice
bran increased ceramide (EOS) [44]. On the other hand, the present study demonstrated
that lycoperoside H (3) increased ceramide (NP), which was not observed in tiliroside and
β-sitosterol 3-O-glucoside. Therefore, the mechanism of increasing SC ceramide may be
different to tiliroside and β-sitosterol 3-O-glucoside.

Since a positive effect of lycoperoside H (3) on the SC ceramide contents was observed,
we evaluated the effects of lycoperoside H (3) on the mRNA expression of enzymes related
to SC ceramide synthesis in the RHEK models. In addition to SPT2, CerS3, and GCS, as
mentioned above, GBA, SMS2, and ASM are involved in SC ceramide synthesis. GBA
hydrolyzes glucosylceramide, which is synthesized by GCS to SC ceramide [45]. SMS
catalyzes the synthesis of sphingomyelin [46] and ASM synthesizes the SC ceramide from
sphingomyelin [47]. Lycoperoside H (3) significantly upregulated the mRNA expression
of CerS3, GCS, and GBA. On the other hand, significant downregulation of the mRNA
expression of SPT2 and SMS2 was also observed. The ceramide synthesis pathway in
the epidermis was regulated by two distinct streams, which involve glucosylceramide
or sphingomyelin as intermediate products, and a major part of SC ceramide species are
synthesized from glucosylceramides [31]. Thus, it is considered that the upregulation of
GCS and GBA by lycoperoisde H (3) mainly led to an increase in SC ceramide. However,
the effect of downregulation of SPT2, which is the most upstream enzyme of the pathway,
remains unclear in this study. Taken together, these results suggest that lycoperoside H (3)
is a promising compound to increase the level of SC ceramide by the upregulation of CerS3,
GCS, and GBA expression, in turn leading to TEWL improvement.

Although lycoperoside H (3) significantly increased the SC ceramide contents, we
thought that only the decrease in TEWL was not sufficient to ameliorate severe AD in-
flammation, as previously reported [9,11]. Therapy with steroidal medicines improves
TEWL due to anti-inflammatory and anti-allergic effects [48,49]. Therefore, we evaluated
whether lycoperoside H (3) has anti-inflammation and/or anti-allergic effects. As a re-
sult, lycoperoside H (3) did not exhibit suppressive effects on compound 48/80-induced
pruritus and IgE-mediated PCA reaction in mice. From these results, lycoperoside H (3)
is not considered to be effective against type-I allergy involving histamine as a mediator.
Actually, lycoperoside H (3) did not affect histamine-induced scratching behavior in mice
and histamine-induced guinea pig tracheal muscle contraction. These results suggest that
lycoperoside H (3) is not an antihistaminic agent. On the other hand, lycoperoside H (3)
significantly suppressed acetic acid-induced writhing behavior and vascular permeability
in mice, while tigogenin 3-O-β-solatrioside (7) did not exhibit any effect. Similarly, escins,
the oleanane-type saponins isolated from the seeds of Aesculus hippocastanum L., have
been reported to show a suppressive effect on acetic acid-induced vascular permeability
in mice [50]. Shehu et al. also reported that the saponin-rich fraction of Laggera aurita
suppressed the acetic acid-induced writhing [51]. Thus, the mechanism of lycoperoside
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H (3) in this experiment is considered similar to that of these saponins. Finally, as a re-
sult of the glucocorticoid receptor competitive assay, the partial glucocorticoid receptor
binding ability of lycoperoside H (3) was observed. A previous report demonstrated that
ginsenoside Rg1, a steroidal saponin derived from Panax ginseng, was shown to fully bind
to the human glucocorticoid receptor in the glucocorticoid receptor competitive assay,
and docking simulation revealed that the ginsenoside molecule marginally fits into the
hydrophobic cavity around the ligand-binding domain of the glucocorticoid receptor, in
spite of the sugar moiety causing steric bumps [52]. Ginsenoside Rg1 has steroidal A-
to D-rings with 2 sugar moieties which bind to A- and B-rings, respectively. Similarly,
lycoperoside H also has steroidal A- to D-rings with 4 sugars which bind to the A-ring.
Thus, it is reasonable to understand that both compounds could exhibit steroidal activity
through the glucocorticoid receptor, and lycoperoside H has less and partial ability to bind
to the glucocorticoid receptor because of disrupted binding by 4 sugars on the A-ring.
In the other study, the glucocorticoid receptor binding assay using FTO2B rat hepatoma
cells demonstrated that ginsenoside Rg1 binds to the glucocorticoid receptor with 1/10
to 1/100 ability of Dx [53]. Therefore, these findings suggest that lycoperoside H (3) is a
partial agonist of the glucocorticoid receptor and acts as a natural steroidal agent to exhibit
anti-inflammatory effects. Taken together, it is suggested that lycoperoside H (3) improved
TEWL by acting as a partial glucocorticoid receptor agonist with suppression of the acute
inflammatory effect. This activity is also considered to be the mechanism of our previous
results, which demonstrated that oral administration of lycoperoside H suppressed AD-like
skin inflammation in IL-33 transgenic mice [10].

In conclusion, we identified 11 compounds from tomato seeds, and among them,
lycoperoside H (3) has the potential to improve TEWL by the SC ceramide increasing effect,
in concert with significantly increased ceramide (NP) contents and by anti-inflammatory
effects via acting as a partial glucocorticoid receptor agonist. Therefore, lycoperoside H (3)
is a promising skin hydrating and anti-inflammatory compound that can be expected to
have excellent effects on epidermal hydration.

4. Materials and Methods
4.1. Preparation of Tomato Seed Extract and Its Compounds

To isolate lycoperoside A (1), lycoperoside C (2), lycoperoside H (3), allopregnanolone
3-O-β-solatrioside (4), and naringenin (5), tomato seeds (2 kg) obtained from JiuQuan
Jiuzhou Seed Co., Ltd. (Gansu, China) were defatted with hexane. The defatted seeds were
ground and MeOH (10 L) was used for extraction at 70 ◦C for 3 h, and then the solvent
was evaporated to yield the tomato seed extract (TSE, 44 g, yield 2.2%). The TSE was
suspended in water (500 mL) and extraction was performed with EtOAc (500 mL, twice)
and n-BuOH (500 mL, twice). These solvents were evaporated to obtain the EtOAc layer
(0.63 g, yield 0.03%), n-BuOH layer (2.41 g, yield 0.12%), and H2O layer (5.05 g, yield
0.26%). The n-BuOH layer underwent silica-gel column chromatography [CHCl3:MeOH
(9:1→7:3)→CHCl3:MeOH:water (6:4:1)→MeOH] to obtain fraction (Fr.) 1 (183.4 mg), Fr.2
(623.5 mg), Fr.3 (1.12 g), and Fr.4 (246.4 mg). Fr.3 was purified by reversed-phase HPLC
(Inertsil Ph-3, 20 ϕ × 250 mm; GL Science Inc., Tokyo, Japan) with 70% MeOH to obtain
lycoperoside A (1, 9.4 mg, yield 0.0005%), lycoperoside C (2, 1.9 mg, yield 0.00001%),
lycoperoside H (3, 12.2 mg, yield 0.0006%), and allopregnenolone 3-O-β-solatrioside
(4, 11.2 mg, yield 0.0006%). The EtOAc layer was purified by reversed-phase HPLC (In-
ertsil ODS-SP, 20 ϕ × 250 mm; GL Science Inc. Tokyo, Japan) with 80% MeOH to obtain
naringenin (5, 3.3 mg, yield 0.0002%).

To isolate tomatoside A (6), tigogenin 3-O-β-solatrioside (7), 22α-methoxytomatoside
A (8), astragalin (9), rutin (10), and quercetin 3-O-β-cellobioside (11), the H2O layer (60.0 g)
after EtOAc extraction underwent Diaion® HP-20 column chromatography (water→MeOH)
to obtain the MeOH-eluted Fr. (22.94 g, yield 2.15%) and the water-eluted Fr. (33.18 g,
yield 3.11%). The MeOH-eluted Fr. was fractionated by ODS column chromatography
(40% MeOH→60% MeOH→90% MeOH→MeOH) to obtain Fr.1 (1.47 g), Fr.2 (0.82 g),
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Fr.3 (1.59 g), Fr.4 (0.77 g), Fr.5 (10.37 g), Fr.6 (5.49 g), Fr.7 (2.06 g), and Fr.8 (0.84 g).
Fr. 8 was purified by reversed-phase HPLC (Cosmosil 5C18-MS-II, 20 ϕ × 250 mm;
Nacalai Tesque Inc., Kyoto, Japan) with 90% MeOH–1% acetic acid to obtain tomatoside
A (6, 12.0 mg, yield 0.0034%) and tigogenin 3-O-β-solatrioside (7, 19.5 mg, yield 0.0055%).
Fr. 5 was purified by reversed-phase HPLC (Cosmosil 5C18-MS-II, 20 ϕ × 250 mm) with
50% MeOH–1% acetic acid to obtain 22α-methoxytomatoside A (7, 289.9 mg, yield 0.939%).
Fr. 3 was purified by reversed-phase HPLC (Cosmosil 5C18-MS-II, 20 ϕ × 250 mm) with
50% MeOH–1% acetic acid to obtain astragalin (9, 31.0 mg, 0.0247%), rutin (10, 10.0 mg,
0.0080%), and quercetin 3-O-β-cellobioside (11, 14.6 mg, 0.0112%). The chemical structures
of the isolated compounds were identified by a comparison of the 1H- and 13C- NMR
spectra with References [2,19,20,54–60]. The chemical structures of the isolated compounds
(1–11) are shown in Figure 1.

4.2. Reagents

Dulbecco’s modified Eagle medium (DMEM), 0.25 w/v% trypsin 1 mmol/L/EDTA
4Na solution with phenol red (trypsin/EDTA aqueous solution), phosphate-buffered saline
(PBS), skim milk, DP, DX, histamine dihydrochloride, gum Arabic, Evans blue, and pon-
tamine sky blue were obtained from FUJIFILM Wako Pure Chemical Co. Ltd. (Osaka,
Japan). The RNeasy® Mini Kit was purchased from QIAGEN (Hilden, Germany). Prime-
Script™ Reverse Transcriptase and TB Green® Premix Dimer Eraser™ were purchased from
Takara Bio Inc. (Kusatsu, Japan). The dNTP mixture, random primer, and PolarScreen™
Glucocorticoid Receptor Competitor Assay Kit, Red, were purchased from Invitrogen
(Waltham, MA, USA). HPTLC plate and DNP-BSA were purchased from Merck Millipore
(Darmstadt, Germany). Fetal bovine serum (FBS) was purchased from Biosera (Boussens,
France). The ceramide standards of ceramide (NS, NDS) and (AS) were purchased from Ma-
treya LLC. (Philadelphia, PA, USA). Anti-DNP IgE was obtained from Seikagaku Industry
(Tokyo, Japan).

4.3. Cells and Animals

Immortalized human keratinocytes, HaCaT cells, were kindly supplied by Kindai
University (Osaka, Japan). RHEK models (LabCyte EPI-MODEL) obtained from Japan
Tissue Engineering Co., Ltd. (Gamagori, Japan) were used for the measurement of TEWL,
quantification of ceramide, and enzymes related to ceramide synthesis expression. LabCyte
EPI-MODEL was used for the measurement of TEWL, and LabCyte EPI-MODEL 6D, which
was cultured under pre-keratinization conditions before the formation of the SC layer, was
used for the other experiments.

Different animal sources were selected according to the experimental method. Male
ddY mice aged 5 and 8 weeks old and male Hartley guinea pigs aged 5 weeks old were
purchased from Japan SLC Inc. (Hamamatsu, Japan). The mice and guinea pigs were
acclimated for 7 days under 22 ± 2 ◦C and 50% ± 5% RH before the experiments and were
fed a standard CE-2 non-purified diet (Clea Japan Inc., Shizuoka, Japan) and LRC4 (Oriental
Yeast Co. Ltd., Tokyo, Japan), respectively. The animal experiments were performed
in accordance with the Guidelines for Animal Experimentation (Japan Association for
Laboratory Animal Science, 1987). All the animal experiments were approved by the ethics
committee of Oryza Oil and Fat Chemical Co., Ltd. (Aichi, Japan).

4.4. Culture of HaCaT Cells for the Screening of Candidate Compounds with Hydration Activity

HaCaT cells (1.0 × 105 cells/well) were seeded onto a 24-well culture plate and
maintained in DMEM with 10% FBS at 37 ◦C, 5% CO2 atmosphere. After incubation for
1 night, the medium was changed to DMEM without FBS and incubated for 24 h, and
the cells were treated with TSE (10 µg/mL) or isolated compounds (10 µM) which were
dissolved in dimethyl sulfoxide (DMSO) for 6 h. The final concentration of DMSO was
adjusted to 0.1%. The total RNA was extracted using a RNeasy® Mini Kit and automated

126



Molecules 2021, 26, 5860

RNA purification system (QIAcube; QIAGEN, Hilden, Germany), which includes the
procedure of RNase inhibition and DNase treatment.

4.5. Culture of the RHEK Models for the Evaluation of Hydration Factors

Each cup of the RHEK models was placed onto a 24-well culture plate and assay
medium was added under the cup. After incubating the plate at 37 ◦C, 5% CO2 atmosphere
for 1 day, the RHEK models were treated with a solution of TSE or isolated compounds
(final DMSO concentration: 0.1%). Depending on each experiment, the culture time was
selected. Namely, RHEK models were cultured for 7 days for TEWL measurement, for
4 days for real-time RT-PCR, and for 5 days for ceramide analysis. The medium containing
the test samples was replaced every day.

4.6. Measurement of TEWL in RHEK Models

TEWL measurement was performed before treatment and at 1, 3, 5, and 7 days
after treatment by Tewitro TW24 (Courage+Khazaka, Cologne, Germany), which can
simultaneously measure TEWL in 24-well RHEK models [36,37]. The RHEK model was
placed on a thermal insulation mat (HIENAI Mat; Cosmo Bio Co., Ltd., Tokyo, Japan)
which keeps the entire bottom surface at 32 ◦C without a lid for 5 min before measurement.
TEWL was measured for 30 min maintaining the bottom surface at 32 ◦C, and the mean
value for the last 10 min was used for the analysis. The measurements were performed
under sterile conditions.

4.7. Real-Time RT-PCR

The mRNA expression of enzymes related to ceramide synthesis in HaCaT cells and
RHEK models were measured by quantitative real-time RT-PCR. After the extraction, 0.1 µg
of total RNA was reverse transcribed using PrimeScript™ Reverse Transcriptase to obtain
cDNA. Real-time RT-PCR reaction was conducted using TB Green® Premix Dimer Eraser™
and Thermal Cycler Dice® Real-Time System Single (TM 800, Takara Bio Inc.). The specific
primers were used as follows: SPT2, 5′-AGCCGCCAAAGTCCTTGAG-3′ as forward and 5′-
CTTGTCCAGGTTTCCAATTTCC-3′ as reverse; CerS3, 5′-CCAGGCTGAAGAAATTCCAG-
3′ as forward and 5′-AACGCAATTCCAGCAACAGT-3′ as reverse; GCS, 5′-ATGTGTCATT-
GCCTGGCATG-3′ as forward and 5′-CCAGGCGACTGCATAATCAAG-3′ as reverse; GBA,
5′-TGGCATTGCTGTACATTGG-3′ as forward and 5′-CGTTCTTCTGACTGGCAACC-3′ as
reverse; SMS2, 5′-AAGTGTATAACATCAGCTGTGAA-3′ as forward and 5′-CAGTACCAG-
TTGTGCTAGACTAC-3′ as reverse; ASM, 5′-TGGCTCTATGAAGCGATGG-3′ as forward
and 5′-AGGCCGATGTAGGTAGTTGC-3′ as reverse; β-actin, 5′-CATGTACGTTGCTATCC-
AGGC-3′ as forward and 5′-CTCCTTAATGTCACGCACGAT-3′ as reverse; GAPDH, 5′-
AAGGTGAAGGTCGGAGTCAAC-3′ as forward and 5′-GGGGTCATTGATGGCAACAATA-
3′ as reverse. The mRNA expression level of each enzyme was determined by the 2-∆∆Ct
method and corrected by the expression level of β-actin or GAPDH.

4.8. Lipid Extraction and Ceramide Determination

The whole tissue of the RHEK models was carefully peeled from the membrane.
The separation of SC was initially carried out by incubation (37 ◦C, 5% CO2 atmosphere)
of the tissue in trypsin (2.5 mg/mL)/EDTA (0.25 mg/mL) aqueous solution (1 mL) for
15 min. Then, 10% FBS diluted in PBS (1 mL) was added to stop the trypsin activity and SC
separation was carried out under a microscope. The separated SC samples were washed
with PBS and stored at−80 ◦C until the determination of ceramides. The extraction method
described in previous studies [32,44] was used for lipid extraction. Namely, the SC samples
were homogenized with an ultrasonic homogenizer (AGC Techno Glass Co., Ltd. Shizuoka,
Japan) in a 4 mL mixture of chloroform, methanol, and PBS (1:2:0.8). The mixture was
centrifuged (3000 rpm, 15 min) at room temperature and the supernatants were collected in
test tubes. Chloroform (1 mL) and PBS (1 mL) were added to each supernatant and mixed
using a shaker for 20 min. After mixing, the mixture was centrifuged (3000 rpm, 15 min)
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and the bottom layer was collected using a 1 mL glass syringe with a 22G needle. The
collected bottom layer was dried at 30 ◦C by N2 gas blowing. The remaining precipitates
were used for the quantification of total protein contents to correct the ceramide contents.
The precipitates obtained after lipid extraction were dissolved in a mixture (300 µL) of 10%
sodium lauryl sulfate (SDS) and 1 N NaOH (1:9) at 60 ◦C for 2 h. Then, the mixture was
neutralized with 2N HCl (30 µL) and the total protein amounts were determined by the
bicinchoninic acid (BCA) method.

The ceramide contents in SC were measured by HPTLC. The quantification method
as described by previous studies [32,44] was carried out for TLC analysis. The dried lipid
samples were dissolved in a mixture of chloroform and methanol (2:1) and were developed
on a TLC plate (10 × 10 cm). The lipid samples were developed twice. Namely, a mixture
of chloroform, methanol, and acetic acid (190:9:1) was used for the first development
and a mixture of chloroform, methanol, and acetic acid (197:2:1) was used for the second
development. After the development, the spots were visualized by 10% copper sulfate
in 8% phosphoric acid aqueous solution, followed by heating at 180 ◦C for 7 min. The
spots for the ceramides were scanned and analyzed using an imaging system (ImageQuant
LAS500; GE Health Care, CT, USA). The spot areas of ceramides were corrected by the spot
areas of ceramide standard.

4.9. Compound 48/80- and Histamine-Induced Mice Pruritus (In Vivo Anti-Inflammation Models)

Male ddY mice aged 5 weeks old were fasted for 18–20 h prior to the experiment.
Gum Arabic (5%) in water was administrated orally to the control group. TSE (500 mg/kg),
lycoperoside H (10 mg/kg), and DP (30 mg/kg) suspended with 5% gum Arabic in water
were orally administered to each group. One hour after administration of the test sam-
ples, 3% compound 48/80 solution dissolved in saline was subcutaneously administered
(50 µL) to the back of the neck, and the number of scratching behaviors were counted for
30 min [61].

Male ddY mice aged 5 weeks old were fasted for 18–20 h prior to the experiment. The
test samples were orally administered to each group. One hour after administration of
the test samples, histamine dihydrochloride solution (2 µM) dissolved in saline (50 µL)
was subcutaneously administered to the back of the neck, and the number of scratching
behaviors were counted for 30 min [62].

4.10. PCA Reaction in Mice (In Vivo Anti-Allergy Model)

Anti-DNP IgE diluted with saline (×2000) was intradermaly administered (20 µL) to
both the right and left auricles in male ddY mice aged 8 weeks old. One day after the sensi-
tization, the mice were fasted for 18–20 h. Gum Arabic (5%) in water was administrated
orally to the control group. TSE (500 mg/kg) and lycoperoside H (10 mg/kg) suspended
with 5% gum Arabic in water were orally administered to each group. Two hours after
administration of the test samples, saline containing DNP-BSA (1 mg/mL) and Evans blue
(5 mg/mL) was injected (10 mL/kg) into the tail vein. The mice were sacrificed 30 min later,
and the auricles were excised. The removed auricles were suspended into 1N KOH (1 mL)
and incubated with slow shaking (37 ◦C, overnight). After incubation, 2 mL of the mixture
of 2.5N phosphoric acid and acetone (3:17) was added and centrifuged (2000 rpm, 10 min)
to obtain a clean supernatant. The absorbance (620 nm) of the supernatants (200 µL) was
measured using a microplate reader (Sunrise RAINBOW, Tecan Group Ltd., Manne Dorf,
Switzerland) [63].

4.11. Acetic Acid-Induced Writhing and Vascular Permeability in Mice (In Vivo
Anti-Inflammation Model)

Male ddY mice aged 5 weeks old were fasted for 15 h. Gum Arabic (5%) in water was
administrated orally to the control group. TSE (500 mg/kg), lycoperoside H (10 mg/kg),
tigogenin 3-O-β-soratrioside (10 mg/kg), or DX (10 mg/kg) suspended with 5% gum
Arabic in water were orally administered to each group. Two percent pontamine sky
blue dissolved in saline was injected (10 mL/kg) into the tail vein 55 min after the test
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samples were administered orally. Five minutes later, 1% acetic acid in saline was injected
(10 mL/kg) intraperitoneally and the number of writhings were counted for 15 min. The
mice were sacrificed, and the abdomen was immediately opened. After washing of the
peritoneal cavity with approximately 8 mL of saline, the washed solution was collected in
a glass tube and 0.1 mL of 1N NaOH was added. The solution was topped-up to 10 mL
with saline, and the absorbance (590 nm) was measured using a microplate reader to assess
the vascular permeability [50].

4.12. Glucocorticoid Receptor Competitive Assay (In Vitro Assay for Glucocorticoid
Receptor Ligand)

A PolarScreen™ Glucocorticoid Receptor Competitor Assay Kit, Red, was used ac-
cording to the manufacturer’s protocols. Briefly, lycoperoside H diluted with GR screening
buffer to adjust the final concentrations to 0.3, 1, 3, 10, and 30 µM was added to a 96-well
black plate. Similarly, DX diluted to adjust the final concentrations to 3, 10, 30, 100, and
300 nM was added. Then, 25 µL of 4× Fluormone™ GS Red solution was added and
mixed by shaking on a plate shaker. After shaking, 4× glucocorticoid receptor was added
and shaken on a plate shaker. The mixed solutions were incubated in the dark at room
temperature for 2 h, and then the fluorescence polarization values were measured at
535 nm (excitation) and 590 nm (emission) using a fluorescence microplate reader (Infinit®

200 PRO, Tecan Group Ltd.).

4.13. Histamine-Induced Guinea Pig Tracheal Muscle Contraction (In Vitro
Anti-Histaminic Model)

Male Hartley guinea pigs were anesthetized and sacrificed. The tracheal muscle was
harvested and cut horizontally into 5 or 6 strips. One muscle strip was opened and fixed to
a Magnus apparatus and placed in Krebs-Henselite solution (NaCl: 117 mM, KCl: 4.7 mM,
CaCl2: 2.5 mM, MgSO4: 1.2 mM, KH2PO4: 1.2 mM, NaHCO3: 24.8 mM, glucose: 11 mM)
gently bubbled with 5% CO2 and 95% O2.

The organ bath was kept at 37 ◦C and the specimen was set under a tension of 1 g.
Changes in contraction were assessed with an isotonic transducer (Powerlab, AD In-
struments, Dunedin, New Zealand) and contractions were recorded (Lab chart 6, AD
Instruments). After the tension became stable (30 min), histamine dihydrochloride (final
concentration 10 µM) was added to the organ bath to confirm muscle contraction. After
washing 5 times with Krebs-Henselite solution, the specimen was allowed to stabilize again.
Then, the TSE (final concentration 100 µg/mL) and lycoperoside H (3, final concentration
10 µg/mL) diluted in DMSO were added to the bath and the response was assessed for
10 min. Histamine dihydrochloride diluted in buffer (final concentration: 0.1–10 µM)
was added cumulatively and the responses were recorded. DP was used as a positive
control [63].

4.14. Statistics

All the results are expressed as means ± standard error (SE). The significance of
the differences was examined by one-way analysis of variance (ANOVA) followed by
Dunnett’s test. Bartlett’s test was performed before Dunnett’s test to confirm that all data
were parametric. Values of p < 0.05 or p < 0.01 were considered significant.
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Abbreviations
The following abbreviations are used in this manuscript.
TSE tomato seed extract
TEWL transepidermal water loss
AD atopic dermatitis
DP diphenhydramine hydrochloride
C Centella
DMEM Dulbecco’s modified Eagle medium
PBS phosphate-buffered saline
DX dexamethasone
HPTLC high-performance thin-layer chromatography
DNP-BSA 2,4-dinitrophenylated bovine serum albumin
FBS fetal bovine serum
RHEK reconstructed human epidermal keratinization
SC stratum corneum
DMSO dimethyl sulfoxide
SDS sodium lauryl sulfate
BCA bicinchoninic acid
PCA passive cutaneous anaphylaxis
SPT serine palmitoyltransferase
CerS ceramide synthase
GCS glucosylceramide synthase
GBA β-glucocerebrosidase
SMS sphingomyelin synthase
ASM acid sphingomyelinase

References
1. Chaudhary, P.; Sharma, A.; Singh, B.; Nagpal, A.K. Bioactivities of phytochemicals present in tomato. J. Food Sci. Technol. 2018, 55,

2833–2849. [CrossRef]
2. Yahara, S.; Uda, N.; Nohara, T. Lycoperosides A–C, three stereoisomeric 23-acetoxyspirosolan-3β-ol β-lycotetraosides from

Lycopersicon esculentum. Phytochemistry 1996, 42, 169–172. [CrossRef]
3. Yoshizaki, M.; Matsushita, S.; Fujiwara, Y.; Ikeda, T.; Ono, M.; Nohara, T. Tomato new sapogenols, isoesculeogenin A and

esculeogenin B. Chem. Pharm. Bull. 2005, 53, 839–840. [CrossRef] [PubMed]
4. Fujiwara, Y.; Takaki, A.; Uehara, Y.; Ikeda, T.; Okawa, M.; Yamauchi, K.; Ono, M.; Yoshimitsu, H.; Nohara, T. Tomato steroidal

alkaloid glycosides, esculeosides A and B, from ripe fruits. Tetrahedron 2004, 60, 4915–4920. [CrossRef]
5. Fujiwara, Y.; Yahara, S.; Ikeda, T.; Ono, M.; Nohara, T. Cytotoxic major saponin from tomato fruits. Chem. Pharm. Bull. 2003, 51,

234–235. [CrossRef]
6. Nohara, T.; Fujiwara, Y.; Zhou, J.R.; Urata, J.; Ikeda, T.; Murakami, K.; El-Aasr, M.; Ono, M. Saponins, esculeosides B-1 and B-2, in

tomato juice and sapogenol, esculeogenin B1. Chem. Pharm. Bull. 2015, 63, 848–850. [CrossRef]
7. Ono, M.; Takara, Y.; Egami, M.; Uranaka, K.; Yoshimitsu, H.; Matsushita, S.; Fujiwara, Y.; Ikeda, T.; Nohara, T. Steroidal alkaloid

glycosides, esculeosides C and D, from the ripe fruit of cherry tomato. Chem. Pharm. Bull. 2006, 54, 237–239. [CrossRef]
8. Fujiwara, Y.; Kiyota, N.; Hori, M.; Matsushita, S.; Iijima, Y.; Aoki, K.; Shibata, D.; Takeya, M.; Ikeda, T.; Nohara, T.; et al.

Esculeogenin A, a new tomato sapogenol, ameliorates hyperlipidemia and atherosclerosis in ApoE-deficient mice by inhibiting
ACAT. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2400–2406. [CrossRef]

9. Zhou, J.R.; Urata, J.; Shiraishi, T.; Tanaka, C.; Nohara, T.; Yokomizo, K. Tomato juice saponin, esculeoside B ameliorates mice
experimental dermatitis. FFHD 2018, 8, 228–241. [CrossRef]

130



Molecules 2021, 26, 5860

10. Takeda, S.; Miyasaka, K.; Shimoda, H. Lycoperoside H, a steroidal alkaloid saponin in tomato seeds, ameliorates atopic dermatitis-
like symptoms in IL-33 transgenic mice. J. Food Biochem. 2021, 45, e13877. [CrossRef]

11. Im, D.S. Pro-resolving effect of ginsenosides as an anti-inflammatory mechanism of Panax ginseng. Biomolecules 2020, 10, 444.
[CrossRef]

12. Agra, L.C.; Ferro, J.N.; Barbosa, F.T.; Barreto, E. Triterpenes with healing activity: A systematic review. J. Dermatolog. Treat. 2015,
26, 465–470. [CrossRef]

13. Lee, H.J.; Cho, S.H. Therapeutic effects of Korean red ginseng extract in a murine model of atopic dermatitis: Anti-pruritic and
anti-inflammatory mechanism. J. Korean Med. Sci. 2017, 32, 679–687. [CrossRef]

14. Jimbo, N.; Kawada, C.; Nomura, Y. Herb extracts and collagen hydrolysate improve skin damage resulting from ultraviolet-
induced aging in hairless mice. Biosci. Biotechnol. Biochem. 2015, 79, 1624–1628. [CrossRef]

15. Oh, Y.; Lim, H.W.; Park, K.H.; Huang, Y.H.; Yoon, J.Y.; Kim, K.; Lim, C.J. Ginsenoside Rc protects against UVB-induced
photooxidative damage in epidermal keratinocytes. Mol. Med. Rep. 2017, 16, 2907–2914. [CrossRef]

16. Jegal, J.; Park, N.J.; Jo, B.G.; Bong, S.K.; Jegal, H.; Yang, M.H.; Kim, S.N. Anti-atopic properties of gracillin isolated from Dioscorea
quinqueloba on 2,4-dinitrochlorobenzene-induced skin lesions in mice. Nutrients 2018, 10, 1205. [CrossRef]

17. Shen, X.; Guo, M.; Yu, H.; Liu, D.; Lu, Z.; Lu, Y. Propionibacterium acnes related anti-inflammation and skin hydration activities of
madecassoside, a pentacyclic triterpene saponin from Centella asiatica. Biosci. Biotechnol. Biochem. 2019, 83, 561–568. [CrossRef]
[PubMed]

18. Ratz-Lyko, A.; Arct, J.; Pytkowska, K. Moisturizing and antiinflammatory properties of cosmetic formulations containing Centella
asiatica extract. Indian J. Pharm. Sci. 2016, 78, 27–33. [CrossRef] [PubMed]

19. Yahara, S.; Uda, N.; Yoshio, E.; Yae, E. Steroidal alkaloid glycosides from tomato (Lycopersicon esculentum). J. Nat. Prod. 2004, 67,
500–502. [CrossRef]

20. Yamanaka, T.; Vincken, J.P.; de Waard, P.; Sanders, M.; Takada, N.; Gruppen, H. Isolation, characterization, and surfactant
properties of the major triterpenoid glycosides from unripe tomato fruits. J. Agric. Food Chem. 2008, 56, 11432–11440. [CrossRef]
[PubMed]

21. Dall’Asta, C.; Falavigna, C.; Galaverna, G.; Sforza, S.; Dossena, A.; Marchelli, R. A multiresidual method for the simultaneous
determination of the main glycoalkaloids and flavonoids in fresh and processed tomato (Solanum lycopersicum L.) by LC-DAD-
MS/MS. J. Sep. Sci. 2009, 32, 3664–3671. [CrossRef] [PubMed]

22. Slimestad, R.; Verheul, M. Review of flavonoids and other phenolics from fruits of different tomato (Lycopersicon esculentum Mill.)
cultivars. J. Sci. Food Agric. 2009, 89, 1255–1270. [CrossRef]

23. Kaunda, J.S.; Zhang, Y.J. The genus Solanum: An ethnopharmacological, phytochemical and biological properties review. Nat.
Prod. Bioprospect. 2019, 9, 77–137. [CrossRef] [PubMed]

24. McLean, W.H. Filaggrin failure-from ichthyosis vulgaris to atopic eczema and beyond. Br. J. Dermatol. 2016, 175, 4–7. [CrossRef]
25. Kezic, S.; Jakasa, I. Filaggrin and skin barrier function. Curr. Probl. Dermatol. 2016, 49, 1–7.
26. Eckert, R.L.; Yaffe, M.B.; Crish, J.F.; Murthy, S.; Rorke, E.A.; Welter, J.F. Involucrin-structure and role in envelope assembly. J.

Investig. Dermatol. 1993, 100, 613–617. [CrossRef] [PubMed]
27. Nishifuji, K.; Yoon, J.S. The stratum corneum: The rampart of the mammalian body. Vet. Dermatol. 2013, 24, 60–72. [CrossRef]
28. Huang, H.C.; Chang, T.M. Ceramide 1 and ceramide 3 act synergistically on skin hydration and the transepidermal water loss of

sodium lauryl sulfate-irritated skin. Int. J. Dermatol. 2008, 47, 812–819. [CrossRef]
29. Hanada, K. Serine palmitoyltransferase, a key enzyme of sphingolipid metabolism. Biochim. Biophysi. Acta 2003, 1632, 16–30.

[CrossRef]
30. Levy, M.; Futerman, A.H. Mammalian ceramide synthases. IUBMB Life 2010, 62, 347–356. [CrossRef]
31. Hamanaka, S.; Hara, M.; Nishio, H.; Otsuka, F.; Suzuki, A.; Uchida, Y. Human epidermal glucosylceramides are major precursors

of stratum corneum ceramides. J. Invest. Dermatol. 2002, 119, 416–423. [CrossRef]
32. Takeda, S.; Shimoda, H.; Takarada, T.; Imokawa, G. Strawberry seed extract and its major component, tiliroside, promote ceramide

synthesis in the stratum corneum of human epidermal equivalents. PLoS ONE 2018, 13, e0205061. [CrossRef] [PubMed]
33. Li, X.; Tian, Y.; Wang, T.; Lin, Q.; Feng, X.; Jiang, Q.; Liu, Y.; Chen, D. Role of the p-coumaroyl moiety in the antioxidant and

cytoprotective effects of flavonoid glycosides: Comparison of astragalin and tiliroside. Molecules 2017, 22, 1165. [CrossRef]
34. Fluhr, J.W.; Feingold, K.R.; Elias, P.M. Transepidermal water loss reflects permeability barrier status: Validation in human and

rodent in vivo and ex vivo models. Exp. Dermatol. 2006, 15, 483–492. [CrossRef] [PubMed]
35. Seidenari, S.; Giusti, G. Objective assessment of the skin of children affected by atopic dermatitis: A study of pH, capacitance and

TEWL in eczematous and clinically uninvolved skin. Acta Derm. Venereol. 1995, 75, 429–433.
36. Tezuka, T.; Fang, K.T.; Yamaura, T.; Masaki, H.; Sakon, K.; Suzuki, K. Changes of TEWL value at various skin diseases. Ski. Res.

1989, 31, 153–156.
37. Alexander, H.; Brown, S.; Danby, S.; Flohr, C. Research techniques made simple: Transepidermal water loss measurement as a

research tool. J. Investig. Dermatol. 2018, 138, 2295–2300. [CrossRef] [PubMed]
38. Joly-Tonetti, N.; Ondet, T.; Monshouwer, M.; Stamatas, G.N. EGFR inhibitors switch keratinocytes from a proliferative to a

differentiative phenotype affecting epidermal development and barrier function. BMC Cancer 2021, 21, 1–10. [CrossRef] [PubMed]
39. Upadhyay, S.; Jeena, G.S.; Shukla, R.K. Recent advances in steroidal saponins biosynthesis and in vitro production. Planta 2018,

248, 519–544. [CrossRef]

131



Molecules 2021, 26, 5860

40. Masukawa, Y.; Narita, H.; Shimizu, E.; Kondo, N.; Sugai, Y.; Oba, T.; Homma, R.; Ishikawa, J.; Takagi, Y.; Kitahara, T.; et al.
Characterization of overall ceramide species in human stratum corneum. J. Lipid Res. 2008, 49, 1466–1476. [CrossRef]

41. Imokawa, G.; Abe, A.; Jin, K.; Higaki, Y.; Kawashima, M.; Hidano, A. Decreased level of ceramides in stratum corneum of atopic
dermatitis: An etiologic factor in atopic dry skin? J. Investig. Dermatol. 1991, 96, 523–526. [CrossRef] [PubMed]

42. Akimoto, K.; Yoshikawa, N.; Higaki, Y.; Kawashima, M.; Imokawa, G. Quantitative analysis of stratum corneum lipids in xerosis
and asteatotic eczema. J. Dermatol. 1993, 20, 1–6. [CrossRef] [PubMed]

43. Shimotoyodome, Y.; Tsujimura, H.; Ishikawa, J.; Fujimura, T.; Kitahara, T. Variations of ceramide profile in different regions of the
body of Japanese females. J. Jpn. Cos. Sci. Soc. 2014, 38, 3–8.

44. Takeda, S.; Terazawa, S.; Shimoda, H.; Imokawa, G. β-Sitosterol 3-O-D-glucoside increases ceramide levels in the stratum
corneum via the up-regulated expression of ceramide synthase-3 and glucosylceramide synthase in a reconstructed human
epidermal keratinization model. PLoS ONE 2021, 16, e0248150. [CrossRef] [PubMed]

45. Takagi, Y.; Kriehuber, E.; Imokawa, G.; Elias, P.M.; Holleran, W.M. β-Glucocerebrosidase activity in mammalian stratum corneum.
J. Lipid Res. 1999, 40, 861–869. [CrossRef]

46. Tafesse, F.G.; Ternes, P.; Holthuis, J.C. The multigenic sphingomyelin synthase family. J. Biol. Chem. 2006, 281, 29421–29425.
[CrossRef] [PubMed]

47. Jenkins, R.W.; Canals, D.; Hannun, Y.A. Roles and regulation of secretory and lysosomal acid sphingomyelinase. Cell Signal. 2009,
21, 836–846. [CrossRef]

48. James, Q.; Kimberly, C. Topical corticosteroid application and the structural and functional integrity of the epidermal barrier.
Clin. Aesthet. Dermatol. 2013, 6, 20–27.

49. Yoshikawa, H.; Tasaka, K. Anti-allergic action of glucocorticoids: Comparison with immunosuppressive and anti-inflammatory
effects. Cur. Med. Chem. 2003, 2, 37–50. [CrossRef]

50. Matsuda, H.; Li, Y.; Murakami, T.; Ninomiya, K.; Yamahara, J.; Yoshikawa, M. Effects of escins Ia, Ib, IIa, and IIb from horse
chestnut, the seeds of Aesculus hippocastanum L., on acute inflammation in animals. Biol. Pharm. Bull. 1997, 20, 1092–1095.
[CrossRef]

51. Shehu, A.; Olurish, T.O.; Zezi, A.U.; Ahmed, A. Saponin and flavonoid-rich fractions of Laggera aurita Linn. F. produce central
analgesia in murine models of pain. Niger. J. Pharm. Sci. 2016, 15, 60–69.

52. Leung, K.W.; Cheng, Y.K.; Mak, N.K.; Chan, K.K.; Fan, T.P.; Wong, R.N. Signaling pathway of ginsenoside-Rg1 leading to nitric
oxide production in endothelial cells. FEBS Lett. 2006, 580, 3211–3216. [CrossRef] [PubMed]

53. Lee, Y.J.; Chung, E.; Lee, K.Y.; Lee, Y.H.; Huh, B.; Lee, S.K. Ginsenoside-Rg1, one of the major active molecules from Panax ginseng,
is a functional ligand of glucocorticoid receptor. Mol. Cell. Endocrinol. 1997, 133, 135–140. [CrossRef]

54. Yokosuka, A.; Mimaki, Y. Steroidal saponins from the whole plants of Agave utahensis and their cytotoxic activity. Phytochemistry
2009, 70, 807–815. [CrossRef] [PubMed]

55. Lee, Y.Y.; Hashimoto, F.; Yahara, S.; Nohara, T.; Yoshida, N. Steroidal glycosides from Solanum dulcamara. Chem. Pharm. Bull. 1994,
42, 707–709. [CrossRef]

56. Matsuo, Y.; Shinoda, D.; Nakamaru, A.; Kamohara, K.; Sakagami, H.; Mimaki, Y. Steroidal glycosides from Convallaria majalis
whole plants and their cytotoxic activity. Int. J. Mol. Sci. 2017, 18, 2358. [CrossRef]

57. Tsvetkov, D.; Dmitrenok, A.; Tsvetkov, Y.; Chizhov, A.; Nifantiev, N. Polyphenol components of the knotwood extracts of Salix
caprea L. Russ. Chem. Bull. 2020, 69, 2390–2395. [CrossRef]

58. Wei, Y.; Xie, Q.; Fisher, D.; Sutherland, I.A. Separation of patuletin-3-O-glucoside, astragalin, quercetin, kaempferol and
isorhamnetin from Flaveria bidentis (L.) Kuntze by elution-pump-out high-performance counter-current chromatography. J.
Chromatogr. A 2011, 1218, 6206–6211. [CrossRef]

59. Nohara, T.; Ito, Y.; Seike, H.; Komori, T.; Moriyama, M.; Gomita, Y.; Kawasaki, T. Study on the constituents of Paris quadriforia L.
Chem. Pharm. Bull. 1982, 30, 1851–1856. [CrossRef]

60. Biruk, S.; Kaleab, A.; Raghavendra, Y. Radical scavenging activities of the leaf extracts and a flavonoid glycoside isolated from
Cineraria abyssinica Sch. Bip. Exa. Rich. J. Appl. Pharm. Sci. 2012, 2, 44–49.

61. Kobayashi, Y.; Nakano, Y.; Inayama, K.; Sakai, A.; Kamiya, T. Dietary intake of the flower extracts of German chamomile
(Matricaria recutita L.) inhibited compound 48/80-induced itch-scratch responses in mice. Phytomedicine 2003, 10, 657–664.
[CrossRef]

62. Lee, H.K.; Park, S.B.; Chang, S.Y.; Jung, S.J. Antipruritic effect of curcumin on histamine-induced itching in mice. Korean J. Physiol.
Pharmacol. 2018, 22, 547–554. [CrossRef] [PubMed]

63. Shimoda, H.; Tanaka, J.; Yamada, E.; Morikawa, T.; Kasajima, N.; Yoshikawa, M. Anti type I allergic property of Japanese butterbur
extract and its mast cell degranulation inhibitory ingredients. J. Agric. Food. Chem. 2006, 54, 2915–2920. [CrossRef] [PubMed]

132



molecules

Article

Consumption of Sinlek Rice Drink Improved Red Cell Indices
in Anemic Elderly Subjects

Peerasak Lerttrakarnnon 1 , Winthana Kusirisin 1 , Pimpisid Koonyosying 2 , Ben Flemming 2,3,
Niramon Utama-ang 4,5, Suthat Fucharoen 6 and Somdet Srichairatanakool 2,*

Citation: Lerttrakarnnon, P.;

Kusirisin, W.; Koonyosying, P.;

Flemming, B.; Utama-ang, N.;

Fucharoen, S.; Srichairatanakool, S.

Consumption of Sinlek Rice Drink

Improved Red Cell Indices in Anemic

Elderly Subjects. Molecules 2021, 26,

6285. https://doi.org/10.3390/

molecules26206285

Academic Editor: Toshio Morikawa

Received: 8 September 2021

Accepted: 13 October 2021

Published: 17 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Family Medicine, Faculty of Medicine, Chiang Mai University, Chiang Mai 50200, Thailand;
peerasak.lerttrakarn@cmu.ac.th (P.L.); wkusiris@gmail.com (W.K.)

2 Oxidative Stress Cluster, Department of Biochemistry, Faculty of Medicine, Chiang Mai University,
Chiang Mai 50200, Thailand; pimpisid_m@hotmail.com (P.K.); benf9900@gmail.com (B.F.)

3 Department of Earth and Environment, Faculty of Science and Engineering, School of Natural Sciences,
University of Manchester, Manchester M13 9PT, UK

4 Cluster of High-Value Products from Thai Rice and Plants for Health, Faculty of Agro-Industry,
Chiang Mai University, Chiang Mai 50200, Thailand; niramon.u@cmu.ac.th

5 Department of Product Development Technology, Faculty of Agro-Industry, Chiang Mai University,
Chiang Mai 50200, Thailand

6 Thalassemia Research Center, Institute of Molecular Biosciences, Mahidol University Salaya Campus,
Nakornpathom 71300, Thailand; suthat.fuc@mahidol.ac.th

* Correspondence: somdet.s@cmu.ac.th; Tel.: +66-53935322

Abstract: Iron fortifications are used for the treatment of iron-deficiency anemia; however, iron
dosing may cause oxidative damage to the gut lumen. Thai Sinlek rice is abundant in iron and
contains phytochemicals. We aimed at evaluating the effect of an iron-rice (IR) hydrolysate drink
(100 mL/serving) on neurological function, red cell indices and iron status in elders. Healthy
elderly subjects were divided into three non-anemic groups and one anemic group. The non-anemic
groups consumed one WR (2 mg iron/serving) and two IR drinks (15 and 27 mg iron/serving)
(groups A, B and D, respectively), while the anemic group consumed one IR drink (15 mg iron
serving) (group C) every day for 30 days. There were no significant differences in the MMSE Thai
2002 and PHQ9 test scores for members of all groups, while the nutrition scores and body weight
values of group D subjects were significantly increased. Hemoglobin (Hb) and mean corpuscular
hemoglobin concentrations increased significantly only in group C. Serum iron and transferrin
saturation levels tended to increase in group A, while these levels were decreased in members of
group C. Serum antioxidant activity levels were increased in all groups, and were highest in group C.
Thus, consumption of an IR drink for 15 days functioned to increase Hb and antioxidant capacity
levels in anemic elders.

Keywords: anemia; cognition; elder; hemoglobin; iron; Oryza sativa; rice

1. Introduction

Anemia is a worldwide public health problem that is caused by a range of factors,
including inherited disease, acute blood loss, iron deficiency, end-stage renal disease, preg-
nancy and aging [1]. Iron-deficiency anemia (IDA) is a common nutritional disease suffered
by 1 billion people and must be treated with iron formulations (such as ferrous sulphate,
ferric carboxymaltose and Fe3O4@Astragalus polysaccharide nanoparticles) [2–4]. Though
iron supplementation is an effective therapy, gastrointestinal disturbance and oxidative
bowel damage are known to be uncompliant side effects. IDA is diagnosed by measuring
biomarkers of iron stores, blood iron parameters and red cell indices. Nutritional anemia in
the elderly (about one-third of all those diagnosed with the disease) is important to address
because the mortality risk has significantly increased. An adequate energy and protein
diet, along with effective iron and vitamin supplementation, have been acknowledged in
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the prevention and treatment of certain diseases such as anemia [5]. Incidences of iron defi-
ciency have been reported at considerable levels in elderly populations, of which females
appear to be at higher risk than males. However, elderly populations of both genders are
known to have a similar low dietary iron intake of 10–11 mg/day [6].

Meng and colleagues have reported on the iron content found in different forms of
rice (Oryza sativa L.), including black rice, red rice, sticky rice and rice millet. A higher
degree of iron content was found in black rice when compared with other rice varieties [7].
A previous study has revealed that red blood cell numbers were increased in early weaned
piglets after they were fed with high-iron rice [8]. Along with the establishment of iron-
fortified foods, the process of agronomic biofortification of rice grains has been increasingly
developed in major rice-producing countries for the purposes of addressing micronutrient
malnutrition in human populations [9]. Rice beverages are value-added and manufactured
by means of enzymatic hydrolysis and bacterial fermentation [10–12]. The effects of
temperature, reaction time, raw materials-to-water weight ratio and suitable α-amylase
enzyme hydrolysis need to be determined in order to produce high yields of nutrients
and bioactive compounds, while sustaining low carbohydrate content in the soluble or
concentrated products [12]. However, oxidative mucosal toxicity of ferrous sulphate tablets
was found when deglutition disorders were present in elderly patients. Consequently,
appropriate iron pharmaceutical formulations (such as syrups and drinks) should be
provided to these IDA patients [13]. Red rice grain is concentrated with iron and many
phytochemicals (such as phenolics, proanthocyanidins, oryzanol and vitamin E) that are
known to exert beneficial effects on human health [14–17]. Hypothetically, Sinlek rice
hydrolysate that is abundant in iron together with phytochemicals should be considered a
potential nutrient in the treatment of IDA patients. In this study, we focused on evaluating
the effects of iron-rice drinks on iron status, red cell indices and brain functions in Thai
anemic elderly patients.

2. Results
2.1. Subject Information

Firstly, one hundred and thirty-four elderly volunteers applied for enrolment in this
study and twenty-six individuals were excluded. From the relevant calculation, there
should be twenty-seven subjects in non-anemic groups A, B and D and in anemic group C
at the beginning of the study. However, two subjects in groups A, B and C were excluded
due to the occurrence of diseases or related complications. Furthermore, two additional
anemic subjects in group C were withdrawn during the course of this study. As is shown
in Table 1, a total of one-hundred elderly subjects were enrolled in the study and these
subjects were divided into four groups. These groups were then identified as non-anemic
groups A (n = 25), B (n = 25) and D (n = 27), and an anemic group C (n = 23). The number
of female subjects in the anemic group C was lower than in groups B and D, with statistical
significance (p < 0.05). In addition, the anemic subjects were found to be older than the
non-anemic subjects (p < 0.05). The average ages of the subjects in groups C, A, B and D
were 74.3 ± 7.2, 68.5 ± 5.7, 71.6 ± 7.7 and 68.9 ± 7.9 years respectively, and their height
values were 153.4 ± 8.2, 154.1 ± 7.2, 152.1 ± 8.0 and 150.8 ± 6.2 cm, respectively. However,
before the study, marital status, education, profession, health behaviors, including exercise,
smoking and alcohol drinking, body mass index (BMI) and co-morbidities including
chronic diseases, hypertension, diabetic mellitus and hyperlipidemia that were reported in
the members of these four groups were not determined to be significantly different among
all four groups (Tables 1 and 2).

134



Molecules 2021, 26, 6285

Table 1. General information of subjects in groups A, B, D and C before the study. Non-anemic elders consumed a WR drink
(2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and IR drink (27 mg iron/100 mL
serving) (group D), while anemic elders consumed the IR drink (15 mg iron/100 mL serving) (Group C). Data are expressed
in absolute numbers and percentages (blanket). * Pearson chi-square test, ** Fisher’s exact test (p < 0.05) when members of
the same group were compared.

Characteristics
Number (Percentage) of Subjects p-Value When

All Groups
Were

Compared
Non-Anemic Anemic

Group A Group B Group D Group C

Gender
Male 7 (28.00) 4 (16.00) 2 (7.41) 12 (52.17) p = 0.002 *

Female 18 (72.00) 21 (84.00) 25 (92.59) 11 (47.83)

Age (years)
60–69 13 (52.00) 10 (40.00) 18 (66.67) 5 (21.74)

p = 0.019 **70–79 11 (44.00) 11 (44.00) 5 (18.52) 12 (52.17)
≥80 1 (4.00) 4 (16.00) 4 (14.81) 6 (26.09)

Marital status

Single 3 (12.00) 3 (12.00) 3 (11.11) 3 (13.04)
p = 0.491 **Couple 13 (52.00) 11 (44.00) 10 (37.04) 8 (34.78)

Divorce/separate 0 0 3 (11.11) 4 (17.39)
Widow 9 (36.00) 11 (44.00) 11 (40.74) 8 (34.78)

Education

Primary school 15 (60.00) 18 (72.00) 17 (62.96) 13 (56.62)

p = 0.485 **
Secondary school 0 1 (4.00) 0 2 (8.70)

High school 6 (24.00) 0 5 (18.52) 3 (13.04)
Under graduate 2 (8.00) 3 (12.00) 1 (3.70) 2 (8.70)

Postgraduate 0 1 (4.00) 1 (3.70) 1 (4.35)
Other 2 (8.00) 2 (8.00) 3 (11.11) 2 (8.70)

Profession

No 16 (64.00) 13 (52.00) 18 (66.67) 10 (43.48)

p = 0.704 **
Agriculture 0 1 (4.00) 0 3 (13.04)

Worker 0 2 (8.00) 1 (3.70) 3 (13.04)
Merchant 3 (12.00) 3 (12.00) 2 (7.41) 2 (8.70)
Pension 2 (8.00) 2 (8.00) 3 (11.11) 1 (4.35)
Other 4 (16.00) 4 (16.00) 3 (11.11) 4 (17.39)

Table 2. Biographic information of subjects in groups A, B, D and C before the study. Non-anemic elders consumed a
WR drink (2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and IR drink (27 mg
iron/100 mL serving) (group D), while anemic elders consumed the IR drink (15 mg iron/100 mL serving) (Group C). Data
are expressed in absolute numbers and percentages (blanket). * Pearson chi-square test, ** Fisher’s exact test (p < 0.05) when
members of the same group were compared.

Health Information

Number (Percentage) of Subjects p-Value When
All Groups

Were
Compared

Non-Anemic Anemic

Group A Group B Group D Group C

BMI
(kg/m2)

<18.5 0 1 (4.00) 0 1 (4.35)
p = 0.911 **18.5–22.9 9 (36.00) 10 (40.00) 10 (37.04) 7 (30.43)

≥23 16 (64.00) 14 (56.00) 17 (62.96) 15 (65.22)

Chronic diseases 17/25 (68.00) 12/25 (48.00) 18/27 (66.67) 19/23 (82.91) p = 0.090 *

Hypertension 11/25 (44.00) 9/25 (36.00) 13/27 (48.15) 12/23 (52.17) p = 0.702 *

Diabetic mellitus 0/25 (0) 3/25 (12.00) 3/27 (11.11) 3/23 (13.04) p = 0.287 **

Hyperlipidemia 9/25 (36.00) 7/25 (28.00) 12/27 (44.44) 8/23 (34.78) p = 0.672 *

Osteoarthritis 5/25 (20.00) 4/25 (16.00) 4/27 (14.81) 7/23 (30.43) p = 0.541 **

Smoking 1/25 (4.00) 0/25 (0) 1/27 (3.70) 2/23 (3.70) p = 0.456 **

Alcohol drinking 1/25 (4.00) 0/25 (0) 0/27 (0) 2/23 (8.70) p = 0.136 **

Exercise 21/25 (84.00) 19/25 (76.00) 20/27 (74.07) 16/23 (69.57) p = 0.693 *

Drug allergy 4/25 (16.00) 0/25 (0) 5/27 (18.52) 1/23 (4.35) p = 0.063 **

Abbreviations: BMI = body mass index.

135



Molecules 2021, 26, 6285

Moreover, Barthel activities of daily living (ADL), Mini Mental State Examination
(MMSE Thai 2002) and Patient Health Questionnaire 9 (PHQ9) scores were found to be
non-significantly different in groups A and B, and between the anemic group and the
non-anemic group (Figure 1). The ADL scores for groups A, B, D and C were 19.84 ± 0.80,
19.84 ± 0.37, 19.89 ± 0.42 and 19.83 ± 0.49 points, respectively.
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Figure 1. Numbers of subjects in groups A, B, D and C for Barthel ADL (a), MMSE Thai 2002 (b) and
PHQ9 (c) tests before the study. Non-anemic elders consumed the WR drink (2 mg iron/100 mL
serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and IR drink (27 mg iron/100 mL
serving) (group D), while anemic elders consumed the IR drink (15 mg iron/100 mL serving)
(Group C) for 30 days. Data of individual subjects are expressed accordingly. ** Fisher’s exact test
when members of the same group were compared. Abbreviations: ADL = activities of daily living,
MMSE = Mini Mental State Examination, PHQ9 = Patient Health Questionnaire 9.

2.2. Health, Nutritional Scores and Neurological Function

Maintaining and retarding the decline of physical and cognitive function, along with
achieving the optimal degree of control of chronic diseases in aging populations, is an
important global goal for researchers in the hopes of increasing the life expectancy of
humans. Iron supplementation and therapeutic interventions are a nutritional strategy that
could be used to prevent IDA and other iron-related disorders in the elderly. As is shown in
Figure 2, there were no significant differences in the MMSE Thai 2002 and PHQ9 test scores
for members of all groups before and after the study. Surprisingly, the nutrition scores
and body weight (BW) values of the subjects in group D were significantly increased from
12.74 ± 0.76 to 13.30 ± 1.03 (ap < 0.05) and 59.50 ± 12.47 kg to 60.37 ± 13.29 kg (bp < 0.05)
respectively, during the course of this study. Iron is essential for increase of erythrocyte
mass, ribonucleotide reductase-catalyzed cell proliferation and tissue expansion [18]; in-
versely, primary negative effects associated with IDA include deficits in body weight gain.
For instance, pigs fed with a 450–600 mg ferrous sulfate-supplemented basal diet showed
significant increases of BW, SI and TIBC values when compared with those fed with the
basal diet, suggesting that the iron fortification should improve growth performance [19].
Some studies have reported that excess body mass or obesity was associated with iron ex-
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cess [20]. Increased iron availability and iron fortification positively affect human growth,
and increased growth in humans provided greater amounts of iron 18. In the present
study, there was greater BW gain in group D with the IR drink (27 mg iron/serving) than
that in group B with the IR drink (15 mg iron/serving) and group A with the WR drink
(2 mg iron/serving), possibly due to increased proliferation and expansion of cells (such
as adipocytes). Moreover, there were no significant differences in systolic blood pressure
(SBP) as well as diastolic blood pressure (DBP) in this study.
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Figure 2. Changes in neurological and nutritional scores, body weight and blood pressure values in
elderly subjects. Non-anemic elders consumed the WR drink (2 mg iron/100 mL serving) (group
A), IR drink (15 mg iron/100 mL serving) (group B) and the IR drink (27 mg iron/100 mL serving)
(group D), while anemic elders (group C) consumed the IR drink (15 mg iron/100 mL serving) for
30 days and reported MMSE Thai 2002 (a), PHQ9 (b) and nutritional (c) scores, BW (d) and BP
(e,f) values. Data are expressed as mean ± standard deviation (SD) values. * Shapiro–Wilk W test
(p < 0.05). a Wilcoxon signed rank-sum test p < 0.05 when members of the same group were compared
before and after the study. Abbreviations: BW = body weight, BP = blood pressure, DBP = diastolic
blood pressure, Hg = mercury, IR = iron rice, MMSE Thai 2002 = Mini Mental State Examination Thai
2002, PHQ9 = Patient Health Questionnaire 9, SBP = systolic blood pressure, WR = white rice.

137



Molecules 2021, 26, 6285

2.3. Hematopoietic Activity

Changes in hematological parameter values for 1, 2 and 3 visits for all groups
are shown in Figure 3. Mean blood hemoglobin (Hb) levels of non-anemic subjects in
group B were found to have decreased from 13.50 ± 0.92 to 12.97 ± 0.95 g/dL and to
12.83 ± 0.75 g/dL (p < 0.05) after receiving the low-dose IR drink for 15 and 30 days,
respectively. Remarkably, the Hb level in group C increased from 1 to 2 visits (11.71 ± 0.71
to 11.96 ± 0.95 g/dL) and decreased after 3 visits (11.86 ± 0.86 g/dL). Mean hematocrit
(Hct) values of non-anemic subjects in groups B and D were found to have decreased and
were statistically significant. Significant differences were recorded in the mean Hct levels
in groups B and D, mean white blood cells (WBC) in groups A and D, mean polymor-
phonuclear cells (PMN) in groups A and B, mean lymphocyte values in group A, mean
eosinophil values in groups A, B and D, mean monocyte values in group D, the average
mean corpuscular volume (MCV) in group C, the average mean corpuscular hemoglobin
(MCH) values in groups A, B and D and the mean platelets in group D. However, no
statistically significant differences were observed in the mean RBC values for all groups.
Mean changes in Hct values in group A (0.35% ± 0.42%) were found to reveal statistically
significant differences when compared with those of group B (−0.72% ± 0.39%) in the last
15 days (−0.07% ± 0.15% and −0.67% ± 0.12%). Using the same low-dose IR drink, the
mean change of Hb level variables in group C was found to have increased with statistically
significant differences when compared with group B in the first 15 days (0.24 ± 0.13 and
−0.53 ± 0.11 g/dL) and 30 days (0.14 ± 0.11 and −0.67 ± 0.12 g/dL). This may be indica-
tive of the effect of the IR drink in increasing Hb levels in anemic subjects when compared
to non-anemic subjects. In addition, mean changes in the values of MCV in group C
(1.28 ± 0.72 fL) were significantly different when compared with those in groups A, B
and D (−0.78 ± 0.39, −2.08 ± 0.87 and −2.75 ± 2.60 fL, respectively) over 30 days. Mean
changes in the values of MCH in group C (−0.06 ± 0.14 pg) were significantly different
from those in groups A, B and D (−0.17 ± 0.15, −0.77 ± 0.28 and −0.62 ± 0.15 pg, respec-
tively) over 30 days. Changes in the values of mean corpuscular hemoglobin concentration
(MCHC) level variables in group C (0.60 ± 0.21 g/dL) revealed significant differences
when compared with those of group B (−0.50 ± 0.29 g/dL) in the first 15 days of this
study. Nonetheless, mean changes in values of WBC, monocyte and platelets (PLT) were
not found to reveal statistically significant differences for all groups.
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Figure 3. Changes in RBC indices, WBC and platelet numbers of elderly subjects. Non-anemic
subjects consumed the WR drink (2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL
serving) (group B) and IR drink (27 mg iron/100 mL serving) (groups D), and anemic subjects
consumed the IR drink (15 mg iron/serving) (group C) for 30 days and blood samples were collected
for complete blood count analysis. Data are expressed as mean ± SD values. * Comparisons of
results of Shapiro–Wilk test (p < 0.05). d,e,f Between D0 and D15, D0 and D30, D15 and D30 for
normal distribution by paired Student’s t-test (p < 0.05) after using repeated analysis of variance
(repeated ANOVA) (p < 0.05). a,b,c Comparisons between D0 and D15, D0 and D30 and D15 and
D30 for non-normal distribution were performed by the Wilcoxon signed rank test (p < 0.05) after
using the Friedman test (p < 0.05). j,k,l Bonferroni test (p < 0.05) among groups with normal distri-
bution data after using one-way analysis of variance (one-way ANOVA) test. g,h,i Comparisons of
Kruskal–Wallis test (p < 0.05) for four groups and Dunn test (p < 0.05) between two groups with
non-normal distribution data. Abbreviations: EOS = eosinophil, Hb = hemoglobin, Hct = hematocrit,
Lym = lymphocyte, MCH = mean corpuscular hemoglobin, MCHC = mean corpuscular hemoglobin,
MCV = mean corpuscular volume, Mon = monocytes, PLT = platelet, PMN = polymorphonuclear
cell, RBC = red blood cells, WBC = white blood cells.
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2.4. Iron Status

The levels of serum Ft concentrations were significantly varied in the subjects of
groups A, B and C; however, the Ft levels were not changed by the administration of
rice drinks in all groups during the course of this study. Evidently, serum iron (SI) and
total iron-binding capacity (TIBC) levels were normal and non-significantly different in
all groups, even among anemic subjects (group C). Furthermore, the subjects were not
observed to be affected by the IR drinks. Moreover, the administration of rice drinks was
found to influence the levels of SI and TIBC significantly in subjects in groups B and D.
The rice drink was also found to significantly influence the serum Ft levels of non-anemic
subjects, but not in the anemic subjects (Figure 4).
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Figure 4. Changes in levels of serum iron, total iron-binding capacity and ferritin of elderly subjects. Non-anemic elders
consumed the WR drink (2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/serving) (group B) and IR drink
(27 mg iron/100 mL serving) (group D), and anemic elders consumed the IR drink (15 mg iron/100 mL serving) (group C)
for 30 days and blood samples were collected for analysis of iron parameters. Data are expressed as mean ± SD values
with the exception of ferritin, which is expressed as mean ± SEM values. * Shapiro–Wilk test (p < 0.05). d,e,f Comparisons
between D0 and D15, D0 and D30, D15 and D30 for normal distribution by paired Student’s t-test (p < 0.05) after using
repeated measure ANOVA (p < 0.05). Abbreviations: Ft = ferritin, SI = serum iron, TIBC = total iron-binding capacity.

2.5. Serum Antioxidant Capacity

Antioxidant capacity (AC) levels before and after the administration of the rice drink
increased significantly in all groups, and the changes in groups A, B, D and C after the
administration for 30 days were 31 ± 20, 47 ± 17, 38 ± 13 and 71 ± 19 µg TE/mL, respec-
tively (Figure 5). This finding suggests that the effects of the anti-oxidative phytochemical
ingredients were most effective in the anemic elders.
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2.6. Blood Biochemical Parameters

The values of all serum biochemical parameters for all groups were generally at the
normal levels before and after the study (Tables 3–5). The levels of serum lipids, total protein
(TP), albumin (Alb) and FBS were not found to be significantly different when comparisons
were made between non-anemic and anemic groups (Table 3). The consumption of WR and
IR drinks was found not to influence the levels of these parameters. The levels of blood
urea nitrogen (BUN) and serum creatinine (CRE) in anemic subjects seemed to be higher
than in non-anemic subjects, but the differences were not determined to be significantly
different (Table 4). Similarly, the levels of serum uric acid (UA), sodium ion (Na+) and
potassium ion (K+) were not significantly different among the groups and were found to be
unchanged during the rice drink intervention experiments (Table 4). Likewise, the levels of
serum TP, Alb and globulin (Glo) were not significantly different among the groups and
during the period of intervention. In contrast, the levels of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities were different among the groups,
for which the levels tended to decrease non-significantly in all groups during the course of
the intervention (Table 5).

Table 3. Levels of serum glucose and lipid profiles of elderly subjects. Non-anemic elders consumed the WR drink (2 mg
iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and IR drink (27 mg iron/100 mL serving)
(group D), and anemic elders consumed the IR drink (15 mg iron/100 mL serving) (group C) for 30 days and blood samples
were collected for analysis of glucose and lipids. Data are expressed as mean ± SD values. Changes in the mean are shown
as mean ± SD values in the brackets.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

FBS (mg/dL)

D0
(D0:D15)

82.5 ± 13.2
(7.3 ± 3.4)

79.0 ± 14.6 d,e

(6.5 ± 2.5)
81.0 ± 14.5 d

(7.3 ± 3.1 *)
84.4 ± 16.1
(1.8 ± 3.2)

D15
(D15:D30)

88.8 ± 15.6
(4.5 ± 5.0 *)

85.5 ± 17.7 d

(−1.4 ± 1.8 *)
87.9 ± 14.0 d

(−3.8 ± 2.9 *)
86.2 ± 16.4
(6.3 ± 3.3 *)

D30
(D0:D30)

93.2 ± 26.1 *
(11.8 ± 6.1 *)

84.1 ± 15.6 e

(5.1 ± 2.1)
85.3 ± 15.2
(3.5 ± 2.9)

92.5 ± 21.9
(8.1 ± 4.6 *)

141



Molecules 2021, 26, 6285

Table 3. Cont.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

TC (mg/dL)

D0
(D0:D15)

210 ± 39
(−11 ± 4 *)

209 ± 37 d

(−8 ± 5)
207 ± 36
(−1 ± 5)

193 ± 30
(−4 ± 4)

D15
(D15:D30)

203 ± 38
(7 ± 5)

202 ± 32
(−4 ± 4)

206 ± 39
(1 ± 3)

188 ± 32
(4 ± 4)

D30
(D0:D30)

209 ± 37
(5 ± 12 *)

198 ± 29 d

(0 ± 8)
207 ± 39
(11 ± 7)

192 ± 35
(9 ± 13 *)

TG (mg/dL)

D0
(D0:D15)

120 ± 59
(−22 ± 13 *)

117 ± 54 *
(−6 ± 11)

105 ± 36
(10 ± 10)

110 ± 54
(5 ± 8)

D15
(D15:D30)

98 ± 36 a

(27 ± 9)
111 ± 62 *
(6 ± 12 *)

113 ± 50 *
(1 ± 7)

115 ± 52
(4 ± 9)

D30
(D0:D30)

125 ± 48 *a

(5 ± 12 *)
117 ± 71 *

(0 ± 8)
114 ± 37
(11 ± 7)

119 ± 61 *
(9 ± 12 *)

HDL-C (mg/dL)

D0
(D0:D15)

53 ± 11
(−5 ± 2 *)

54 ± 17 *a

(−3 ± 1)
55 ± 12 d

(−3 ± 1 *)
51 ± 14 d

(−5 ± 1)
D15

(D15:D30)
49 ± 13 *a

(7 ± 2 *)
51 ± 15 *a,b

(4 ± 2)
53 ± 12 d

(3 ± 2 *)
46 ± 13 d,e

(4 ± 1)
D30

(D0:D30)
55 ± 12 a

(2 ± 2)
56 ± 17 *b

(1 ± 1 *)
56 ± 15
(0 ± 2)

49 ± 14 e

(−1 ± 1)

LDL-C (mg/dL)

D0
(D0:D15)

169 ± 45
(−20 ± 7 *)

159 ± 45 *a,b

(−12 ± 5)
155 ± 41
(−7 ± 5)

146 ± 36 d

(−5 ± 1)
D15

(D15:D30)
153 ± 48
(5 ± 6 *)

147 ± 37 a

(−4 ± 4 *)
148 ± 48 *a

(7 ± 4)
134 ± 35 d,e

(10 ± 4)
D30

(D0:D30)
157 ± 45

(−16 ± 8)
143 ± 33 b

(−16 ± 6)
155 ± 46 *a

(−1 ± 4)
144 ± 42 e

(−1 ± 6)

* Comparisons between results for the Shapiro–Wilk test (p < 0.05). d,e,f Comparison of D0 and D15, D0 and D30 and D15 and D30 for
normal distribution by paired Student’s t-test (p < 0.05) after using repeated ANOVA (p < 0.05). a,b,c Comparisons between D0 and D15, D0
and D30 and D15 and D30 for non-normal distribution by Wilcoxon signed rank test (p < 0.05) after using the Friedman test (p < 0.05).
Abbreviations: FBS = fasting blood sugar, HDL-C = high-density lipoprotein-cholesterol, LDL-C = low-density lipoprotein-cholesterol,
TC = total cholesterol, TG = triglyceride.

Table 4. Levels of blood urea nitrogen, serum creatinine, uric acid and electrolytes of non-anemic subjects who consumed
the WR drink (2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and IR drink (27 mg
iron/100 mL serving) (group D), and anemic subjects who consumed the IR drink (15 mg iron/100 mL serving) (group C)
for 30 days. Data are expressed as mean ± SD values. Changes in the mean are shown as mean ± SD values in the brackets.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

BUN (mg/dL)

D0
(D0:D15)

13.2 ± 2.4 d

(−1.7 ± 0.4)
13.0 ± 3.5

(−0.9 ± 0.4)
14.0 ± 3.8

(−1.1 ± 0.6)
15.8 ± 6.9 *
(−0.7 ± 0.8)

D15
(D15:D30)

11.6 ± 2.1 d

(0.5 ± 0.4)
12.1 ± 2.9 *
(0.8 ± 0.6)

12.8 ± 2.8
(0.4 ± 0.6)

15.1 ± 6.6 *
(0.2 ± 0.6 *)

D30
(D0:D30)

12.2 ± 2.2
(−1.2 ± 0.6 *)

12.9 ± 2.8
(−0.1 ± 0.7)

13.0 ± 2.9 *
(−0.7 ± 0.7)

15.3 ± 5.2 *
(−0.4 ± 1.0 *)

CRE (mg/dL)

D0
(D0:D15)

0.90 ± 0.14
(0.01 ± 0.03)

0.87 ± 0.20 *
(0.03 ± 0.03)

0.87 ± 0.19 *
(0 ± 0.04)

1.21 ± 0.61 *
(0.01 ± 0.04)

D15
(D15:D30)

0.91 ± 0.16
(0 ± 0.04)

0.90 ± 0.19
(0.05 ± 0.03)

0.87 ± 0.17 *
(0.03 ± 0.04)

1.22 ± 0.62 *
(0.03 ± 0.04)

D30
(D0:D30)

0.94 ± 0.29
(0.01 ± 0.06 *)

0.95 ± 0.21
(0.08 ± 0.04 *)

0.90 ± 0.16
(0.03 ± 0.05)

1.25 ± 0.70 *
(0.04 ± 0.05)
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Table 4. Cont.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

UA (mg/dL)

D0
(D0:D15)

6.75 ± 2.07 *
(0.07 ± 0.41 *)

7.35 ± 2.10
(−0.23 ± 0.21)

6.24 ± 1.86 *
(0.10 ± 0.46 *)

7.63 ± 2.56
(0.43 ± 0.55 *)

D15
(D15:D30)

6.85 ± 1.90
(0.17 ± 0.41)

7.12 ± 1.71 *
(0.31 ± 0.21)

6.31 ± 1.36
(0.16 ± 0.27)

8.06 ± 2.57
(−0.16 ± 0.37 *)

D30
(D0:D30)

7.03 ± 2.03
(0.25 ± 0.50 *)

7.43 ± 1.69
(0.08 ± 0.25)

6.43 ± 1.26
(0.26 ± 0.42 *)

7.90 ± 1.75
(0.27 ± 0.45 *)

Na+ (mmol/L)

D0
(D0:D15)

142 ± 3 d,e

(−1 ± 1)
144 ± 3 *a,b

(−3 ± 1)
143 ± 2

(−2 ± 1 a)
140 ± 3

(−1 ± 1 a)
D15

(D15:D30)
140 ± 2 d

(−0 ± 1)
141 ± 3 *a,c

(−1 ± 1)
141 ± 2

(−2 ± 1)
139 ± 2

(−0 ± 1)
D30

(D0:D30)
140 ± 3 e

(−2 ± 1)
139 ± 3 b,c

(−4 ± 1)
140 ± 2

(−3 ± 1 a)
139 ± 3

(−1 ± 1 a)

K+ (mmol/L)

D0
(D0:D15)

3.80 ± 0.44
(0 ± 0.08)

4.03 ± 0.35 d,e

(−0.12 ± 0.05)
4.09 ± 0.80 *

(−0.24 ± 0.18 *)
4.27 ± 0.51 a

(−0.17 ± 0.19 *)
D15

(D15:D30)
3.77 ± 0.51

(−0.05 ± 0.80)
3.91 ± 0.36 e

(−0.1 ± 0.05)
3.92 ± 0.42 *
(0.01 ± 0.11)

4.03 ± 0.75 *a,b

(0.05 ± 0.14 *)
D30

(D0:D30)
3.74 ± 0.44

(−0.04 ± 0.08)
3.81 ± 0.31 d

(−0.22 ± 0.06)
3.95 ± 0.57 *

(−0.15 ± 0.20 *)
4.08 ± 0.46 b

(−0.19 ± 0.10)

* Comparisons of results of the Shapiro–Wilk test (p < 0.05). d,e,f Between D0 and D15, D0 and D30 and D15 and D30 for normal distribution
by paired Student’s t-test (p < 0.05) after using repeated ANOVA (p < 0.05). a,b,c Comparisons between D0 and D15, D0 and D30 and
D15 and D30 for non-normal distribution by Wilcoxon signed rank test (p < 0.05) after using the Friedman test (p < 0.05). Abbreviations:
BUN = blood urea nitrogen, CRE = creatinine, K+ = potassium ion, Na+ = sodium ion, UA = uric acid.

Table 5. Levels of serum proteins, aspartate aminotransferase and alanine aminotransferase activity of non-anemic subjects
who consumed the WR drink (2 mg iron/100 mL serving) (group A), IR drink (15 mg iron/100 mL serving) (group B) and
IR drink (27 mg iron/100 mL serving) (group D), while anemic subjects consumed the IR drink (15 mg iron/100 mL serving)
(group C) for 30 days. Data are expressed as mean ± SD values. Changes in the mean are shown as mean ± SD values in
the brackets.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

TP (g/dL)

D0
(D0:D15)

8.00 ± 0.46
(−0.24 ± 0.09)

8.14 ± 0.72 d,e

(−0.11 ± 0.15)
7.97 ± 0.40

(−0.00 ± 0.12)
7.94 ± 0.35 d

(−0.24 ± 0.09)
D15

(D15:D30)
7.96 ± 0.42 *

(−0.09 ± 0.07)
7.90 ± 0.56 e

(1.99 ± 0.09)
7.90 ± 0.54

(−0.34 ± 0.12)
7.94 ± 0.48 e

(−0.09 ± 0.07)
D30

(D0:D30)
7.82 ± 0.46

(−0.33 ± 0.10)
7.81 ± 0.52 d

(−0.11 ± 0.14 *)
7.83 ± 0.53 *

(−0.34 ± 0.09)
7.60 ± 0.47 d,e

(−0.33 ± 0.10)

Alb (g/dL)

D0
(D0:D15)

4.50 ± 0.36
(−0.15 ± 0.08)

4.55 ± 0.32 *
(−0.09 ± 0.10)

4.44 ± 0.43 d

(0.00 ± 0.12 *)
4.20 ± 0.64 d

(−0.15 ± 0.08)
D15

(D15:D30)
4.46 ± 0.51

(0.21 ± 0.05)
4.40 ± 0.43 *a

(0.37 ± 0.10)
4.36 ± 0.52 e

(0.51 ± 0.14)
4.20 ± 0.60 e

(0.21 ± 0.05)
D30

(D0:D30)
4.66 ± 0.37

(0.06 ± 0.08)
4.62 ± 0.42 *a

(0.27 ± 0.09)
4.68 ± 0.38 d,e

(0.51 ± 0.17 *)
4.71 ± 0.48 d,e

(0.06 ± 0.08)

Glo(g/dL)

D0
(D0:D15)

3.56 ± 0.72 e

(−0.05 ± 0.10)
3.57 ± 0.77 e

(0.00 ± 0.16 *)
3.53 ± 0.59 *a

(−0.03 ± 0.14)
3.74 ± 0.75 d

(−0.05 ± 0.10)
D15

(D15:D30)
3.48 ± 0.63 d

(−0.32 ± 0.09 h)
3.52 ± 0.80 d

(−0.39 ± 0.13 i)
3.57 ± 0.64 b

(−0.83 ± 0.17 g,h,i)
3.72 ± 0.84 e

(−0.32 ± 0.09 h)
D30

(D0:D30)
3.16 ± 0.56 d,e

(−0.38 ± 0.09)
3.20 ± 0.71 d,e

(−0.39 ± 0.15)
3.15 ± 0.63 *a,b

(−0.86 ± 0.16)
2.89 ± 0.61 d,e

(−0.38 ± 0.09)
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Table 5. Cont.

Parameters Time Group A
(n = 25)

Group B
(n = 25)

Group D
(n = 27)

Group C
(n = 23)

AST (U/L)

D0
(D0:D15)

19 ± 6
(−1 ± 1)

19 ± 4
(−1 ± 2 *)

20 ± 10 *
(−1 ± 1)

18 ± 4
(−1 ± 1)

D15
(D15:D30)

18 ± 4
(0 ± 1)

18 ± 3
(−1 ± 1)

20 ± 8
(−0 ± 1)

18 ± 4
(0 ± 1)

D30
(D0:D30)

18 ± 5
(−1 ± 1)

18 ± 4
(−2 ± 2 *)

19 ± 7 *
(−1 ± 1)

17 ± 4
(−1 ± 1)

ALT (U/L)

D0
(D0:D15)

19 ± 9 *a,b

(−4 ± 1)
20 ± 5 d,e

(−4 ± 1)
21 ± 12 *a,b

(−4 ± 1 *)
19 ± 8 d,e

(−4 ± 1)
D15

(D15:D30)
15 ± 5 a

(−0 ± 1)
15 ± 3 e

(−0 ± 1)
17 ± 9 *a

(−1 ± 1)
15 ± 6 d

(−0 ± 1)
D30

(D0:D30)
15 ± 4 b

(−5 ± 1)
15 ± 5 d

(−4 ± 1)
17 ± 10 *b

(−5 ± 1 *)
14 ± 5 e

(−5 ± 1)

* Comparisons of results of the Shapiro–Wilk test (p < 0.05). d,e,f Between D0 and D15, D0 and D30 and D15 and D30 for normal distribution
by paired Student’s t-test (p < 0.05) after using repeated ANOVA (p < 0.05), a,b,c Comparisons between D0 and D15, D0 and D30 and D15
and D30 for non-normal distribution by Wilcoxon signed rank test (p < 0.05) after using the Friedman test (p < 0.05). g,h,i Comparisons of
Kruskal–Wallis test (p < 0.05) for four groups and Dunn test (p < 0.05) between two groups with non-normal distribution data. Abbreviations:
Alb = albumin, ALT = alanine aminotransferase, AST = aspartate aminotransferase, Glo = globulin, TP = total protein.

3. Discussion

With regard to a global IDA, rice fortification could increase the intake of micronutri-
ents, particularly iron. The World Health Organization (WHO) has recommended to fortify
polished rice with iron to achieve intake that meets the average requirement (150–300 g
rice/cap/day (7 mg iron/100 g)) of adults [21]. The iron fortification of rice is a promising
strategy that can be applied to improve iron nutrition in order to treat and prevent iron
deficiency. With regard to iron bioavailability, fractional iron absorption in young women
was found to be significantly higher in subjects who consumed ferric pyrophosphate (FPP)
and citrate-fortified rice (4 mg iron/meal) when compared with those who consumed
FPP-fortified rice and a citrate solution. However, no differences were observed in those
who consumed the ferrous sulfate (FS)-fortified rice reference meal [22]. In Thailand, Chit-
pan and coworkers had previously fortified dried broken rice with ferrous sulfate, ferrous
lactate or ferric ethylenediaminetetraacetic acid (FeEDTA) at 5.3 mg of iron/20 g serving.
It was found that FeEDTA fortification was the most suitable option and was revealed
to be the most stable over time [23]. In addition, the fortification of FeEDTA (5–10 mg
of iron/day) in phyto-diets containing phytates and polyphenolics did not produce any
direct toxic effects but did increase zinc and copper absorption [24]. Nonetheless, iron
fortification must follow the WHO guidelines in order to achieve the highest degree of iron
bioavailability and efficacy [25]. In this study, we used cross-bred Sinlek rice in the iron-rice
drink (27 mg of iron/100 mL serving) that contained anti-oxidative phenolic compounds
and γ-oryzanol. Importantly, this specific iron-rice drink received a high degree of accep-
tance among tested consumers. Vitamin C is an important factor in the enhancement of
iron bioavailability [26,27], so it has to be taken into consideration for oral iron intervention.
A previous study has reported original vitamin C levels of 29.7 and 36.6 mg in 100 g of
wet Riceberry and Sinlek rice grains, respectively (Oraphan Srichuenchom B.Sc. Special
Problem Study, Kasetsart University 2014). Herein, we have detected very low vitamin C
contents in all rice drinks, which was probably due to the losses incurred during hydrolysis
and heat lability. The limitations of this study include small serum volumes and an absence
of determination of vitamin C concentrations in the sera. Vitamin C is abundant in citrus
fruit and functions to convert dietary Fe3+ to more soluble Fe2+, which can be readily
absorbed into the intestinal epithelial membrane via the divalent metal iron transporter
1. With this in mind, commercial citric acid, which is a weak tridentate iron (Fe2+ and
Fe3+)-chelating chelator [28,29], was added as a food-flavoring and iron-stabilizing agent
to the drinks. For the satisfaction of consumers, 0.1% citric acid chelator (food grade) was
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added as an ingredient to soya sauces that had been fortified with ferrous sulfate, sodium
FeEDTA, ferric ammonium citrate, ferrous lactate and ferrous gluconate [30], which was
consistent with our recent study [31]. Hepcidin is an important iron-regulatory hormone,
for which the suppression under anemic condition allows for more dietary iron to be
absorbed during upregulation by oral administration of high-dose iron. This can limit the
efficiency of iron absorption [32].

Interestingly, Indian school children who had been fed a high iron (12.5 mg)-fortified
meal for 6 months significantly improved their physical performance, but the interven-
tion did not influence blood Hb concentrations, biochemical parameters and cognitive
function. However, a prevalence of anemia was observed to have decreased in children
who were fed with a low iron (6.25 mg)-fortified meal [33]. One report has supported the
contention that interventions of iron-biofortified food significantly improved the cognitive
performance of subjects with regard to attention and memory domains, but did not have
an effect on iron deficiency or anemia [15]. In addition, Cambodian school children who
were infected with hookworm were associated with low body iron levels and potentially
low cognitive performance; however, hook worm infection was found to be more preva-
lent in the subjects who consumed iron-fortified rice [34,35]. Moreover, consumption of
regular Indian rice (1 kg) fortified with FPP (20 mg iron), folic acid (1.3 mg) and vitamin
B1, B6 and B12 complexes for 8 months significantly improved the average cognitive
performance scores when evaluating subjects with the Annual Status of Education Report
of the Pratham Resource Center. These fortifications also increased blood Hb levels in
Indian school children [36]. On the other hand, iron deficiency can result in impaired
psychomotor development and cognitive function in infants and preschoolers, defective
work performance in adults and low birth weights among pregnant women. With regard to
neuro-protective properties, tocopherols, such as vitamin E (α-tocopherol), and tocotrienols
that are major lipid-soluble chain-breaking antioxidants abundant in rice, have been re-
ported to protect membrane integrity and lipid peroxidation, as well as to inhibit histamine
1 receptor neuronal cells [31,37–39]. Additionally, higher iron intakes associated with many
foods have been assessed in elderly populations using dietary pattern studies based on the
Reduced Rank Regression or the Food Frequency Questionnaire. It was determined that
higher iron intake was associated with a high risk of type 2 diabetes, cognitive impairment,
Parkinson’s disease and Alzheimer’s disease (AD) [40–44]. Specifically, a higher intake of
dietary heme-iron, but neither non-heme-iron nor supplemental iron, could result in an
increase in an accumulation of iron in the body and brain, along with a risk of iron-related
disorders in the elderly. Moreover, cognitive improvement may be associated with the
anti-oxidation capabilities of iron-rice drinks, as will be explained in the next section.

It has been reported that weekly consumption of micronized FPP-fortified rice (56.4 mg
iron/50 g) for 18 weeks decreased the prevalence of anemia (from 31% to 19%) but did not
improve blood Hb levels (before intervention: 11.4 g/dL and after intervention: 11.7 g/dL)
in Brazilian infants [45]. However, polished rice that had been fortified with micronized
FPP, zinc oxide, thiamin mononitrate and folic acid (50 g serving/day) was found to
improve the levels of zinc, thiamine, folic acid, MCH and MCHC significantly within
4 months in Indian preschool children [46]. Likewise, twice-weekly supplementation of iron
(30 mg) and folic acid (300 µg) for 20.5 weeks significantly increased blood Hb and serum Ft
levels in young Cambodian children with HbA, as well as those with HbE, in which watery
stool and restlessness were significantly more prevalent than in the placebo group [47].
More importantly, the treatment of Wistar rats with IR hydrolysate (50 mg/kg) for 90 days
significantly increased levels of RBC, Hb, Hct and MCV when compared to the DI control
group. This outcome suggests that certain active components, such as high iron content
and phytochemicals in the hydrolysate, could effectively enhance erythropoiesis [48]. As is
shown in Table 1, the numbers of anemic male and female subjects in group C are nearly
the same, whereas there were more non-anemic female subjects in groups A, B and D
than male subjects (p < 0.05). However, group C had the largest number of 80-year-old
subjects (p < 0.05). Thus, increased Hb levels among the anemic elders (group G) on the first
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15 days resulted from the oral intervention of the Sinlek IR rice beverage, which accelerated
the duodenal absorption of dietary iron. In previous studies, women of childbearing
age have been known to become anemic during pregnancy due to the massive loss of
menstrual blood. In addition, around 22% of Mexican women were found to be anemic
as a consequence of their level of iron deficiency (80.8% of the total population). These
subjects were also reported to have a low intake of vegetables and citrus fruit that would
enhance their levels of iron absorption [49]. All female subjects enrolled in this study had
already undergone menopause and were not deficient in iron; therefore, gender was not a
confounding factor that contributed to the increased level of hemopoietic activity in group
C. During the course of aging, inflammation can have a deleterious effect on hematopoietic
stem cell function, self-renewal capacity and RBC membrane integrity, all of which can
lead to anemia [50,51]. Results of this study confirm that the blood hemoglobin levels of
anemic elders (group C) were increased by oral administration of the iron-rice drink, but
this was not the case for female subjects nor those that were of advanced age.

The consumption of FPP-premixed rice significantly increased serum ferritin levels
and reduced IDA among Filipino schoolchildren when compared to non-fortified rice
used as a control [52]. Furthermore, this supplemented rice diet also increased body
iron stores among Indian children [46]. In a current study, healthy women revealed a
fractional degree of iron absorption from iron-fortified bouillon cubes in the following
order of fortification: ferrous sulfate > Aspergillus oryzae grown in FPP > FPP in a positively
correlated manner (p < 0.05) [53]. Unfortunately, it has been reported that hookworm
prevalence was significantly increased from 18.4% by micronutrient-fortified rice formula I
(7.55 mg of iron/g) to 22.7% by micronutrient-fortified rice formula II (10.67 mg of iron/g)
in Cambodian children, especially in those who live in environments with high-infection
areas [35]. Notably, all elderly subjects enrolled in this study lived in the city of Chiang Mai,
which is far away from the known prevalent and/or endemic areas of hookworm. Hence,
the subjects were not necessarily affected by iron deficiency caused by hookworm infection.
This was particularly true for the members of group C, who reported decreased SI levels
when compared to the members of the other three groups. Our findings with regard to
luminal absorptive iron have revealed an increase in SI and transferrin saturation at 5 h
and maximal levels at 15 h in rats that consumed a single IR hydrolysate (500 mg/kg) [48].
Similar to our results, the feeding of rice containing iron-saturated lactoferrin (Lf) at doses
of 100–500 mg Lf/kg BW to Wistar rats for 28 days increased RBC numbers (p < 0.05) and
Hb values, while decreasing SI, increasing TIBC (p < 0.05) and unchanging Ft values in the
serum when compared with normal saline feeding [54]. It is possible that the iron present
in the IR drinks was used as a substrate for de novo synthesis of heme, leading to increases
of Hb and RBC production and a decrease in SI. When compared with the other three
groups, SI and TIBC levels in group C anemic individuals who consumed the low-dose
IR drink tended to decrease during the course of this study; however, there was neither a
significant decrease in TIBC (an indirect measure of Tf level) nor a decrease in SI.

Consistent with the increased serum antioxidant capacity, IR hydrolysate exerted
higher antioxidant and anti-RBC hemolysis properties in vitro than the WR hydrolysate
in a concentration-dependent manner [48]. This outcome was possibly due to the pres-
ence of phenolic compounds (e.g., cyanidin, ferulic acid, chlorogenic acid and so on) and
γ-oryzanol [31]. In addition, treatments with Thai brown rice (var. Khao Dawk Mali 105)
have revealed anti-oxidative protection against carbon tetrachloride-induced hepatotox-
icity by inhibiting liver injury, lipid peroxidation, protein oxidation and DNA damage,
while decreasing cytochrome P450 (CYP2E isozyme), glutathione S-transferase, glutathione
peroxidase, superoxide dismutase and catalase activities. Furthermore, these treatments
ultimately reduced the glutathione contents in the livers of laboratory rats. Notably,
germinated rice was more significantly effective than un-germinated rice and white rice, re-
spectively. This was possibly due to the existence of phenolic acids, α-oryzanol, tocotrienol
and γ-amino butyric acid [54]. Moreover, antioxidant polyphenolic compounds, especially
flavonoids, excluding anthocyanin, present in plant-based foods were found to exhibit
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certain cognitive benefits and protective effects against neurodegenerative diseases, possi-
bly by inhibiting neuroinflammation, improving cerebrovascular blood flow and neuronal
synaptic plasticity, inducing angiogenesis and neurogenesis and scavenging neurotoxins
in the brain [55–57]. Furthermore, the consumption of polyphenolic-rich diets was found
to inhibit neuro-inflammatory processes that are associated with aging people and AD
patients via systemic inflammation and human gut microbiome, and may further improve
their cognitive decline [58]. Hence, the major active compounds, particularly bioiron and
phenolic compounds, that are present in Sinlek iron rice could effectively exert neuro-
and erythropoiesis-modulating properties. Consistently, feeding black rice and brown
rice (dewaxed and germinated forms) significantly lowered the plasma levels of AST and
ALT activities in animals [59–61]. Likewise, ethyl acetate extracts of rice bran and purple
rice, predominantly containing ferulic acid and quercetin, significantly decreased levels
of plasma TC and LDL-C, along with hepatic lipid in mice and patients with polygenic
hypercholesterolemia [62–64]. More importantly, the feeding of red yeast rice together with
a Mediterranean diet was more effective in decreasing (p < 0.05) serum LDL-C levels in
diabetic and dyslipidemic patients than in subjects fed with the diet alone. However, these
supplemented diets did not change serum AST and ALT activities [65]. Apparently, the IR
drink influenced the levels of serum lipids and liver function enzymes in elderly subjects
during the course of this study, suggesting hypolipidemic and hepato-modulating effects.

Study limitations: We assessed the efficacy of the natural IR drink per se in improve-
ment of iron deficiency and IDA in elderly subjects, but did not fortify the drinks with
iron compounds or folic acid. In addition, folic acid was not added to the iron rice as a
coenzyme for heme synthesis, but it may be persistent in sufficient amounts in the rice
or could be derived from luminal normal flora synthesis. The intervention time was only
30 days, which is very short when compared to other clinical trials. Additionally, the
responses of erythropoiesis and brain function to the iron-rich food were noticeably slower
in the elderly population than in developing children and adolescents. Together, the elders
who enrolled in this study did not report a reduction in iron deficiency status and may
require a longer period of time to adjust their erythropoietic activity in response to the iron
intervention.

4. Materials and Methods
4.1. Materials
4.1.1. Chemicals and Reagents

6-Hydroxy−2,5,7,8-tetramethylchroman−2-carboxylic acid (Trolox) was purchased
from Sigma-Aldrich Chemicals, St. Louis, MO, USA. Reagents and calibrators for the
analyses of serum cholesterol, triglyceride, glucose, protein and albumin were purchased
from Randox Laboratories, Crumin, United Kingdom. Reagents and calibrators for the
analysis of SI, TIBC and serum Ft were purchased from Roche Diagnostics Corporation,
Indianapolis, IN, United States. All other materials and solvents were of the highest purity
or HPLC grade.

4.1.2. Food Ingredients

Sinlek iron rice and Jasmin white rice were purchased from a private organic rice
farm located in Doi Saked District, Chiang Mai Province, Thailand. Citric acid monohy-
drate (food additive, Special Food Supplier, Samuthpakarn, Thailand) without detectable
levels of iron, mercury and lead was purchased from Tesco Supermarket in Chiang Mai
Province, Thailand. Polyflora bee honey (Food-grade, Eurngluang Brand) was obtained
from Polyplus Company Limited, Muang Chiang Mai, Thailand, for which 100 g contained
1.12 g protein, 0 g fats, 8.89 g carbohydrates, 72.28 g natural sugars, 0.75 g dietary fiber,
1.06 mg sodium, 0.33 mg vitamin C, 4.3 mg calcium and 0.21 mg iron. A heat-stable
α-amylase (Termamyl®, Novozymes™) obtained from Bacillus spp. was purchased from
Sigma-Aldrich Chemicals, St. Louis, MO, USA.
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4.2. Production of Rice Drink

The rice drink was produced, and chemical compositions were analyzed using the
recently published method established by Koonyosying and colleagues [31]. Briefly, rice
grains were polished, ground, filtered on nylon 300-µm mesh fabric (Hebei Shangshai
Bolting Cloth Manufacturing Company Limited, Shandon, People’ Republic of China) and
boiled in hot water (6 kg/60 L) at 80 ◦C for 10 min. After cooling, the rice slurry was
incubated with the α-amylase (Termamyl®) at 80 ◦C for 120 min and digestion was stopped
by the immediate heating of the hydrolysate at 100 ◦C for 10 min. We then used the Design
Expert version 6.2.10 Program, Product- and Consumer-Oriented tests, to optimize the in-
gredient composition and obtain the most suitable products. Rice hydrolysate was filtered,
concentrated to 20-Brig dryness, using a freeze-dry lyophilizing machine, acidified to a pH
value of 4.0 with 1% (v/v) citric acid, flavored with bee honey, poured into 100 mL glass
bottles and sterilized at standard temperature and pressure values. From the inductively
coupled plasma mass spectrometric analysis, WR (2 mg iron/100 mL serving), low-dose IR
(15 mg iron/100 mL serving) and high-dose IR (27 mg iron/100 mL serving) were provided
to each group of the subjects throughout the course of the study [66]. In addition, carbohy-
drates, protein, fat and the bioactive compounds, including total phenolic (1.15, 1.33 and
2.08 mg gallic acid equivalent, respectively), γ-oryzanol (54, 193 and 316 mg, respectively)
and antioxidant capacity (111, 856 and 1400 mg Trolox equivalent, respectively), were
comprised in the drinks [31]. Using liquid chromatographic/mass spectrometric analysis,
the IR drink has shown the presence of several phenolic compounds, p-protocatechuoyl-
O-glucoside and kaempherol, which were not found in the WR drink [31]. Vitamin C or
L-ascorbic acid was analyzed using the high-performance liquid chromatography-diode ar-
ray detection (HPLC-DAD) method established by Lakshanasomya [67]. Briefly, WR and IR
drinks and standard vitamin C (2.5–30 µg/mL) were prepared in 3% meta-phosphoric acid,
and the samples (20 µL) were subsequently injected into the HPLC-DAD system (Agilent
Series 1100, Agilent Technologies Inc., Santa Clara, CA, USA) connected to a reverse-phase
column (C18 type, 125 × 4 mm, 5 µm particle size, Lichrocard, Lichrospher 100, Merck
Millipore, Merck KGaA, Darmstadt, Germany). Both were then isocratic eluted with the
mobile-phase solvent (3 mM phosphate buffer, pH 3.3 in 0.35% (v/v) 3% meta-phosphoric
acid at a flow rate of 0.5 mL/min), while the OD of the eluents was detected at 248 nm.
The vitamin C peak of the rice drinks was compared with that of authentic vitamin C
at the same retention time and used for the quantification standard established from the
calibration curve. In the analysis, the WR drink contained 0.04 mg vitamin C/100 mL per
serving, while the low-dose and high-dose IR drinks contained 0.13 and 0.38 mg vitamin
C/100 mL per serving, respectively. Essentially, 3.7% (v/v) bee honey as a flavoring agent
and 1% citric acid as a stabilizing agent were added to the drinks.

4.3. Subject Recruitment

According to the inclusion criteria, elderly subjects enrolled in this study were aged
>60 years living in Chiang Mai and were able to communicate in Thai. The exclusion
criteria included the following: ADL score ≤ 11, history of thalassemia, uncontrolled
diabetes with FBS > 130 mg/dL or postprandial blood sugar > 180 mg/dL, abnormal
bleeding within 3 m, cancer of colon, esophagus, stomach, small intestine, or ampullary,
angiodysplasia, celiac disease, gastric antral vascular ectasia, blood donation less than
3 months, Helicobacter pylori-infected gastritis, esophagitis, gastrectomy/colectomy, or a
period of treatment with proton-pump inhibitors, iron formulations or folic acid.

The sample size (n) was calculated using the following Formula (1):

N = (Z1 − α/2 + Z1 − β)2 [σ2
treatment + σ2

control/r]/∆2 (1)

where r = ncontrol/ntreatment, ∆ = µtreatment − µcontrol, α = 0.01, β = 0.2, µtreatment = 11,
µcontrol = 10 and SD = 1. According to this calculation, 25 volunteers were placed in each
group and a value of 10% was then added as a calculated number for the purpose of loss
during follow-up. Ultimately, 27 subjects in each group were recruited for this study. We
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recruited healthy subjects from elderly schools or elderly clubs in Muang Chiang Mai. The
elderly subjects were interviewed in order to establish their demographic information.
They were also subjected to a psychological test (cognition and emotion), nutritional
evaluation, activities and daily living assessment, a physical examination and a blood test
screening. The elderly subjects who participated in the study were asked to sign documents
of informed consent. Subsequently, we matched 3 non-anemic elderly subjects by sex, age
and Hb level and 1 anemic elderly subject by sex and age in each elderly school and/or
elderly club.

4.4. Administration of Rice Drinks

Elderly volunteers who were recruited according to the inclusion criteria were divided
into four groups. There were three groups of non-anemic (n = 77) subjects and one group
of anemic (n = 27) subjects. The non-anemic volunteers in each group were randomly
allocated to receive the WR drink (group A, n = 27), the low-dose IR drink (group B, n = 27)
and the high-dose IR drink (group D, n = 27) (one 100 mL bottle/day), while the anemic
group (group C, n = 27) received only the low-dose IR drink (one 100 mL bottle/day) for
1 month. All subjects were then asked to fast and to only drink water for 12 h. Subsequently,
blood samples were collected from veins of all subjects on days 0, 15 (±1) and 30 (±1 or 2).

4.5. Physical Examination, Psychological and Nutrition Testing

BW, SBP/DBP and pulse rate were recorded on days 0 and 30. The MMSE Thai
2002 and PHQ9 tests (Thai-version) were used to assess whether there were any issues
of cognitive ability and/or depression on days 0 and 30 (±1 or 2), respectively [68–70].
Next, a questionnaire on the nutritional background of each subject was used to complete
a nutritional assessment. Lastly, Barthel’s index was used to evaluate the activities of daily
life for each subject.

4.6. Blood Analysis

For the hematological parameters, a CBC was measured using an automated Cell
Analyzer (Beckman-Coulter Inc., Brea, CA. USA) according to the manufacturer’s instruc-
tions. Biochemical parameters were measured using an automated Clin Chem Analyzer
(Randox®, Randox Laboratories Company Limited, County Antrim, UK) according to the
manufacturer’s instructions. SI and TIBC were measured using an automated ferrozine
colorimetric analyzer (Cobas, Roche Diagnostics Corporation, Indiana, IN, USA) and serum
Ft was quantified using an Elecsys® Chemiluminescent immunoassay analyzer (Cobas,
Roche Diagnostics Corporation, Indianapolis, IN, USA) according to the manufacturer’s
instructions [71,72].

4.7. Statistical Analysis

Data are presented in percentages and values of frequency, mean ± SD and
mean ± SEM. Statistical significance was analyzed using Stata 16.0 software, for which
p < 0.05 was considered a significant difference. Volunteer characteristics and health in-
formation of the members of all four groups were analyzed by the Chi-square test. Before
and after variables were compared by the paired Student’s t-test for parametric data and
Wilcoxon signed rank test for non-parametric data. Biochemistry variables were analyzed
by the Shapiro–Wilk test to establish a degree of normality. A comparison of variable mean
values in 1, 2 and 3 visits for each group was achieved using the repeated ANOVA test for
normal distribution variables and paired Student’s t-test for paired visits. Mean values of
non-normal distribution variables in 1, 2 and 3 visits were analyzed using the Friedman
test and Wilcoxon signed rank test for paired visits. Normal distribution mean changes of
all groups for the same visit were compared by ANOVA, and these values were compared
between groups using the Bonferroni test. Furthermore, non-distribution mean change
values were analyzed by the Kruskal–Wallis test and comparisons between groups were
made by the Dunn test.
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5. Conclusions

This is the first functional drink that was produced from non-iron-fortified, non-
transgenic rice, and it comprised higher iron content and antioxidant capacity than the
white-rice drink. Importantly, consumption of the iron-rice drink for at least 15 days
functioned to increase hemoglobin and antioxidant capacity levels in anemic elderly sub-
jects. However, long-term consumption of the iron-rice drink is recommended to improve
iron-deficiency anemia in aging people. Furthermore, folic acid fortification of iron rice
may be necessary to promote iron-enhanced erythropoiesis.
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Abstract: (1) Sesame oil aroma has stress-relieving properties, but there is little information on
its effective use and active ingredients. (2) Methods: ICR male mice were housed under water-
immersion stress for 24 h. Then, the scent of sesame oil or a typical ingredient was inhaled to the
stress groups for 30, 60, or 90 min. We investigated the effects of sesame oil aroma on mice behavior
and the expression of the dual specificity phosphatase 1 (DUSP1) gene, a candidate stress marker
gene in the brain. (3) Results: In an elevated plus-maze test, the rate of entering into the open
arm of a maze and the staying time were increased to a maximum after 60 min of inhalation, but
these effects decreased 90 min after inhalation. As for the single component, anxiolytic effects were
observed in the 2,5-dimethylpyrazine and 2-methoxy phenol group, but the effect was weakened
in the furfuryl mercaptan group. The expression levels of DUSP1 in the hippocampus and striatum
were significantly decreased in 2,5-dimethylpyrazine and 2-methoxy phenol groups. (4) Conclusions:
We clarified the active ingredients and optimal concentrations of sesame oil for its sedative effect. In
particular, 2,5-dimethylpyrazine and 2-methoxy phenol significantly suppressed the stress-induced
changes in the expression of DUSP1, which are strong anti-stress agents. Our results suggest that
these molecules may be powerful anti-stress agents.

Keywords: sesame oil aroma; 2,5-dimethylpyrazine; 2-methoxy phenol; water-immersion stress;
antianxiety; elevated plus-maze test; dual specificity phosphatase 1

1. Introduction

Central nervous system disorders have a great impact on society due to the general
aging process of the population and lifestyle factors. Stress is one of the most prevalent
psychological disorders in developed countries and leads to other clinical concerns, such
as anxiety, insomnia, or depression [1]. Prolonged periods of stress produce deleterious
effects that might become chronic and/or life-threatening. These effects are related to its
involvement in medical conditions such as metabolic syndrome, cardiovascular disease,
type 2 diabetes mellitus, allergies, and autoimmune diseases. Furthermore, brain disorders
and functions are notably influenced by stress. Its role in precipitating psychiatric patholo-
gies is either suggested or demonstrated for conditions such as mood disorders, anxiety
disorders, and post-traumatic stress disorder [2].

Benzodiazepines (BZD) and selective serotonin reuptake inhibitors (SSRIs) are highly
prescribed as anxiolytic and antidepressant drugs, respectively. BZD, such as diazepam,
lorazepam, or alprazolam, produces calming effects via binding to GABAA receptors
but may also produce somnolence, cognitive impairment, and ataxia as adverse drug
reactions [3]. SSRIs (e.g., fluoxetine, paroxetine, and citalopram) are prescribed as antide-
pressants because they are able to selectively block the serotonin transporter, but side effects
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include sexual dysfunction, sleep disturbance, and suicidal tendencies [4]. Both groups of
medicines can produce withdrawal and rebound effects when their use discontinues.

Phytotherapy has recently attracted much attention for reducing daily stress and
preventing central disorders. Particularly, essential oils have a long tradition in phar-
maceutical sciences as natural products with pharmacological, cosmetic, and nutritional
applications [5]. The use of essential oil in the form of aromatherapy is widely extended,
with some of them being used as agents to relieve anxiety and stress [6]. For example, laven-
der essential oil is traditionally used and approved by the European Medicines Agency as
herbal medicine to relieve stress and anxiety [1].

Previously, we investigated the anti-stress effect of sesame oil aroma [7]. Various
kinds of foods have drawn attention in recent years due to their stress relaxation effects.
Sesame seeds have been a popular healthy food product in Japan since ancient times, and
Japan imports the second-largest amount as a nation, following the US and Europe [8].
Sesame lignans, which show antioxidant effects, are known as the most popular active
ingredient in sesame, while sesame seeds have a characteristic aroma. When mice were
subjected to 24 h of water-immersion stress as a sleep-disordered stress, the number of
entries into the open arm of the maze decreased, and anxiety-like behavior was observed in
the elevated plus-maze test. However, the inhalation of sesame oil aroma for 90 min after
water-immersion stress attenuated the anxiety-like behavior.

Furthermore, the expression of DUSP1 (dual specificity phosphatase 1) gene was
investigated. DUSP is known to be negative regulators of the mitogen-activated protein
kinase cascade and modulate diverse neural functions, such as neurogenesis, differentiation,
and apoptosis. DUSP genes have furthermore been associated with mental disorders such
as depression and neurological disorders [9]. Although the expression of DUSP1 in the brain
was increased by water-immersion stress, the increased level was significantly attenuated
by the sesame oil aroma.

The unique fragrance ingredients of roasted sesame seeds are composed of several
molecules. Xiao Jia et al. reported that fifteen volatile compounds with the highest odor
activity values were selected as the key odors contributing to the flavor profile of sesame oil
aroma, including 2-methyl-propanal, 2-methyl-butanal, furaneol, 1-octen-3-one, 4-methyl-
3-penten-2-one, 1-nonanol, 2-methyl-phenol, 2-methoxy phenol, 2-methoxy-4-vinylphenol,
2,5-dimethylpyrazine, 2-furfuryl mercaptan, 2-thiophenemethanethiol, methanethiol, me-
thional, and dimethyl trisulfide [10]. Generally, sulfur-containing compounds, pyrroles,
and pyrazines seem to play important roles in the characteristic odor of sesame oil. Further-
more, among these compounds, pyrazines are major volatiles in sesame oil [11]. They are
commonly found in the aroma of roasted coffee [12], and it has been reported that coffee
bean volatiles have anxiolytic and hypnotic effects in mice [13].

In the present study, we analyzed the effect of sesame oil aroma in more detail. Fra-
grance inhalation has primary effects and toxic effects, so the optimal duration of inhalation
administration was determined. Furthermore, we identified the active components of
sesame oil aroma. Previously, pyrazines, methoxyphenols, and sulfur compounds were
detected from sesame oil aroma by GC-MS analysis. We investigated the anxiolytic effect of
2,5-dimethylpyrazine, 2-methoxy phenol, and furfuryl mercaptan (Figure 1). In this study,
to obtain the data for the effective use of sesame oil scent, an analysis was conducted of
the anti-stress effects of sesame oil at different inhalation times, and the effects of typical
compounds contained in sesame oil were evaluated from the elevated plus-maze test and
analysis of genetic variation by real-time PCR.
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Figure 1. Chemical structures of 2,5-dimethylpyrazine (A), 2-methoxy phenol (B), and furfuryl
mercaptan (C).

2. Results
2.1. Anxiolytic Effect of Sesame Oil Aroma

After 24 h of stress-loading, the mice inhaled sesame oil aroma for 0 min, 30 min,
60 min, or 90 min. In an elevated plus-maze test, the number of entries into each of the
open arms of the maze and the closed arm was measured, and a ratio of the open arm entry
number per entry number to the open and closed arms was calculated as the open arm
entry rate (Figure 2A). Figure 2B shows the staying time in the open arm. The average
value of the open arm entry rate of the 0 min group was 23.6%, while it was 65.8% for
the 30 min group and 90.2% for the 60 min group (Figure 2A). The ratio of the open arm
entry increase was dependent on the inhalation time. However, the 90 min group value
was 62.8%, indicating a decrease in the anxiolytic effect. The result of the staying time
in the open arm was similar to that of the open arm entry rate. The average value of the
staying time in the open arm of the 0 min group was 128.8 s, while it was 312.7 s for the
30 min group and 391.0 s for the 60 min group (Figure 2B). However, the value in the
90 min group was 253.3 s. These results suggest that the odor of sesame oil may have an
anxiety-depressing action. A significant stress-reducing effect was found to appear 30 min
after inhalation administration, and it was found that the greatest effect was observed
60 min after inhalation administration.
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Figure 2. Elevated plus-maze test. (A) Open arm entry rate (%), (B) open arm stay time (s). Results
represent mean ± SEM (n = 6). * p < 0.05, ** p < 0.01 (Two-way ANOVA followed by Tukey’s test or
Student’s t-test).

2.2. Anxiolytic Effect of Constituents of Sesame Oil Aroma

After 24 h of stress-loading, the mice inhaled 2,5-dimethylpyrazine, 2-methoxy phenol,
or furfuryl mercaptan, a constituent of sesame oil aroma, for 30 min. The open arm entry
rate and the staying time in the open arm are shown in Figure 3. The open arm entry
rate of the sesame oil group was 65.8%, while that of the 2,5-dimethylpyrazine group
was 83.3%, and that of the 2-methoxy phenol group was 88.2%. However, the effect of
furfuryl mercaptan was weakened, and the open arm entry rate was only 22.6% (Figure 3A).
Similarly, the staying time in the open arm of the 2,5-dimethylpyrazine (479.7 s) and 2-
methoxy phenol groups (519.4 s) were longer than that of sesame oil (312.7 s), while that
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of the furfuryl mercaptan group (118.3 s) was significantly shorter than that of sesame oil
(312.7 s) (Figure 3B). These results suggested that 2,5-dimethylpyrazine and 2-methoxy
phenol are the active ingredients involved in the stress-relieving effect of sesame oil.
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Figure 3. Elevated plus-maze test. (A): open arm entry rate (%), (B): open arm stay time (s). Results
represent mean ± SEM (n = 6). * p < 0.05, ** p < 0.01 (Two-way ANOVA followed by Tukey’s test or
Student’s t-test).

2.3. DUSP1 Expression after Sesame Oil Aroma Inhalation

After 24 h of stress-loading, the mice inhaled sesame oil aroma for 0 min, 30 min,
60 min, or 90 min. The expression levels of DUSP1 gene were measured at the end of in-
halation administration (Figure 4). The expression level of DUSP1 in the hippocampus was
significantly increased in the 30 min inhalation group (p < 0.05, two-way ANOVA). How-
ever, the expression levels in the 60 and 90 min inhalation groups decreased (Figure 4A).
On the other hand, in the striatum, the expression level significantly decreased after 30 min
and 60 min inhalation, and this tendency was also observed in 90 min inhalation group
(Figure 4B).

Figure 4. Expression level of DUSP1 in the hippocampus (A) and striatum (B). Results show
means ± SEM (control/saline, stress/saline, control/sesame, stress/sesame, n = 6). * p < 0.05 (two-
way ANOVA followed by Tukey’s test or Student’s t-test).

2.4. DUSP1 Expression after Inhalation of Constituents of Sesame Oil Aroma

After 24 h of stress-loading, the mice inhaled 2,5-dimethylpyrazine, 2-methoxy phenol,
or furfuryl mercaptan for 90 min (Figure 5). The expression level in both the striatum and
hippocampus significantly decreased in the 2,5-dimethylpyrazine and 2-methoxy phenol
groups (p < 0.05, two-way ANOVA). The effect of furfuryl mercaptan was lower than the

158



Molecules 2022, 27, 2661

other two compounds, and the expression level tended to decrease; however, there were no
significant differences.

Figure 5. Expression level of DUSP1 in the hippocampus (A) and striatum (B). Results show
means ± SEM (control/saline, stress/saline, control/sesame, stress/sesame, n = 6). * p < 0.05 (two-
way ANOVA followed by Tukey’s test or Student’s t-test).

3. Discussion

We have previously reported that sesame oil aroma has an anti-stress effect [7]. In the
present study, we performed a detailed analysis of the functionality of sesame oil aroma.
Firstly, the effect of inhalation time on the anti-stress effect was analyzed. To evaluate
the effect of anti-stress on behavior, we conducted an elevated plus-maze test. The water-
immersion stress has been shown to reduce the penetration rate to the open arm and the
staying time in the open arms [7]. The anti-stress effect of sesame oil aroma appeared 30
min after inhalation, and the effect was even stronger 60 min after inhalation (Figure 2).
On the other hand, the anti-stress effect weakened after 90 min of inhalation. It is known
that the inhaled volatile constituents act on the central nervous system through olfactory
nerves and the bloodstream [14]. It was suggested that the increased blood levels of the
active ingredient in sesame oil may cause toxicity after 90 min of inhalation.

Lavender oil mainly includes linalool and linalyl acetate, and it has been reported that
linalool has a sedative effect on humans by vapor inhalation at low doses [15]. However,
it also has nerve toxicity, and the LC50 for mammals is 2740 mg/m3 [16]. We previously
investigated the relationship between blood concentration of fragrance components and
onset of the sedative effect by intravenous administration test. Valerena-4,7(11)-diene, a
component of Valeriana officinalis oil, was administered intravenously at doses of 10, 100,
and 1000 µg/kg, and open field tests were performed. Sedative effects were greater in the
100 µg/kg group than in the 10 µg/kg group; however, treatment with 1000 µg/kg caused
a decreasing effect, suggesting an overdose. It was suggested that prolonged inhalation of
sesame oil flavor weakened anti-stress effects.

We then examined DUSP1 gene expressions in the hippocampus and striatum. The
hippocampus plays an important role in stress regulation. It exerts inhibitory control over
hypothalamic-pituitary-adrenal-axis activity and is also more broadly involved in cogni-
tive and affective processing via its widespread connections with other limbic prefrontal
regions [17]. The striatum is classically described as playing a key role in motor function
and is a part of the basal ganglia, which is important for adjusting the execution of motor
habits. Thus, deficits in motor automaticity are a characteristic of basal ganglia-related
illnesses, such as Parkinson’s disease.

Furthermore, anxiety, one of the main symptoms of depression, may be regulated by
the striatum. As one of the striatum-related circuit mechanisms underlying anxiety, the
striatal–prefrontal pathway is involved and becomes less connected, the cortico-striatal
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connections are also impaired, and anxiety is expressed [18]. It is known that the expression
level of DUSP1 is elevated in the rat brain experiencing chronic stress [19] and decreased by
treatment with antidepressants [20]. DUSP1 gene may be a representative of a promising
new drug target for the treatment of depression and other mood disorders. The present
study demonstrated that the scent of sesame oil significantly inhibited the expression level
of DUSP1 in the striatum. On the other hand, the level in the hippocampus was increased
instantaneously in 30 min inhalation group (Figure 4).

In the present study, we further analyzed the anti-stress effects of typical aromatic com-
ponents of sesame oil by inhalation administration. 2,5-Dimethylpyrazine and 2-methoxy
phenol showed stronger anti-stress effects than sesame oil, while furfuryl mercaptan had no
effect (Figure 3). Pyrazines and phenols are also commonly found in the roasted aroma of
coffee and tea. These compounds have been suggested to have a stress-reducing effect [21]
2,5-Dimethylpyrazine 2-methoxy phenol, roasted aroma contained in sesame oil, seems
to be an active ingredient involved in its stress-reducing effects. It is reported the effect of
alkylpyrazine derivatives on pentobarbital-induced sleeping time, picrotoxicin-induced
convulsion, and γ-aminobutyric acid levels in mouse brain [21]. These results suggest that
alkylpyrazine derivatives may strengthen the GABAnergic system in the brain.

On the other hand, sulfur compounds such as furfuryl mercaptan have also been iden-
tified as the characteristic aroma component in roasted coffee, wheat bread, and popcorn,
and these compounds were confirmed as key contributors to the flavor of sesame seeds [22].
Furfuryl mercaptan did not show anti-stress effects in the elevated plus-maze test, and
the expression level of DUSP1 tended to decrease but did not differ from the control. Un-
pleasant smelling gases such as halitosis are caused by volatile sulphur compounds such as
hydrogen sulphide, methyl mercaptan, and dimethyl sulphide [23]. Furfuryl mercaptan
may also exhibit anti-stress effects, although the concentration used in this experiment
is considered to be the borderline concentration at which both pleasant and unpleasant
effects appear. Therefore, it is necessary to verify the effect of low concentrations of furfuryl
mercaptan in the future. DUSP1 in the hippocampus was elevated 30 min after sesame oil
administration, but this may be due to an unpleasant odor. However, the level of DUSP1
decreased after 60 min of sesame oil administration, which may reflect the anti-stress
effects of the compounds found in this study. The anti-stress effects of sesame oil may be
maximized with 60 min of inhalation.

The safety of sesame oil has been tested for lignans [24]. A single-blind, placebo-
controlled, parallel-group, and multiple oral dose study was conducted on 48 healthy
subjects to investigate the pharmacokinetics and safety of multiple oral doses of sesame
lignans (sesamin and episesamin). No serious adverse events were observed in this study.
The pharmacokinetic study results demonstrate that no accumulation was observed follow-
ing multiple 50 mg doses of sesame lignans. Therefore, the use of fragrances, especially for
their anti-stress effects, is considered safe to use.

Recently, aromatherapy has attracted much attention as an alternative medicine, espe-
cially for psychosomatic diseases caused by stress. We have studied the effects of the odor
of sesame oil and clarified the optimal time for inhalation of sesame oil, which has a seda-
tive effect. Furthermore, we found that the sesame odor components, 2,5-dimethylpyrazine
and 2-methoxy phenol, significantly suppressed stress-induced changes in the expression
of DUSP1, a candidate stress marker gene in the striatum and hippocampus.

4. Materials and Methods
4.1. Materials

Aromatic sesame oil used in this study was purchased from Kuki Sangyo Co., Ltd.
(Mie, Japan). This oil was produced by pressing and extracting white sesame seeds from
Guatemala, followed by a cooling process. 2,5-Dimethylpyrazine (purity > 98%, GC),
2-methoxy phenol (purity > 98%, GC) and furfuryl mercaptan (purity > 98%, GC) were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
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4.2. Animal Experiment

This study was carried out according to the animal experiment handling provisions of
Toho University’s Animal Experiment Committee. The committee approved the animal
experiment design plan. ICR male mice at 5 weeks of age purchased from Clea Japan
(Tokyo, Japan) were housed in an acrylic cage, three animals per cage, and kept under the
12 h light/dark cycle (light period 08:00–20:00) at 24 ± 2 ◦C. Food and water were allowed
ad libitum. After adapting to the rearing environment for over a week, mice were randomly
divided into groups of four mice per group. All groups of mice were bred for 24 h in a cage
with water to the extent to which the limb of the mouse is immersed (water depth of about
1 cm), whereby the mice experience a stress response due to the induced discomfort and
insomnia [25]. The inhalation commenced at 10:30, just after 24 h of stress-loading. The
odor was placed in a glass box in which a piece of filter paper was impregnated with 50 µL
of sesame oil, or 5 µL of 2,5-dimethylpyrazine, 2-methoxy phenol, or furfuryl mercaptan
was adhered to the inside, and mice inhaled for 30, 60, or 90 min. Physiological saline was
used as a control. After completing the inhalation administration, behavioral tests and
dissections were performed as follows. This study was carried out according to the animal
experiment handling provision by Toho University Animal Experiment Committee. The
animal experiment design plan has been approved by the committee (approval number:
21-31-476, date: 1 April 2021).

4.3. Behavioral Analysis

The evaluation of anxiety-like behavior was performed by the elevated plus-maze
test for 10 min just after completion of the inhalation of the aroma. The maze consists
of an arm length of 30 cm, an arm width of 5 cm, a height from the floor of 60 cm, and
a closed arm wall height of 20 cm. Immediately after putting the mouse in the center of
the maze, the behavior of the animals was recorded with a video camera. The number of
entering the open arm and the staying time and the number of entering into the closed arm
and the staying time, were automatically recorded using the behavioral tracking software
ANY-maze (Muromachi Kikai, Tokyo, Japan) [7].

4.4. Total RNA Extraction

The mice were decapitated, and the whole brains were collected. The whole brain was
dissected on ice, and the striatum and hippocampus were sampled. The brain tissue was
immediately frozen in liquid nitrogen, and the frozen tissue was pulverized in liquid nitro-
gen to convert it into powder form. One milliliter of Qiazol (Qiagen, Hilden, Germany) was
added to each brain tissue sample and stirred until the sample was completely dissolved.
The total RNA was extracted with RNeasy Mini Kit (Qiagen) and RNase-Free DNase set
(Qiagen) as per the manufacturer’s protocols. The RNA was dissolved in RNase-free water,
and the concentration and the purity of the obtained total RNA were measured using
NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). Samples with a low purity were
ethanol-precipitated with Ethachinmate (Nippon Jean, Tokyo, Japan). The total RNA was
stored at −80 ◦C [7].

4.5. cDNA Synthesis

Reverse transcription was performed from the obtained RNA to synthesize cDNA
using ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka, Japan). First, the amount
of sample was calculated so that the RNA concentration of each sample was 1 pg/µL
to 1 µg/µL in 10 µL. A total of 6 µL of nuclease-free water was added to 2 µL of each
sample, and 2 µL of 2 × RT Master Mix (ReverTra Ace® qPCR RT Master Mix, Toyobo) was
added. cDNA was synthesized by reverse transcription using GeneAmp PCR System 9700
(Applied Biosystems, Thermo Fisher Scientific). The conditions for cDNA synthesis were
15 min at 37 ◦C, 5 min at 50 ◦C, and 5 min at 98 ◦C. The synthesized cDNA was stored at
−20 ◦C [7].
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4.6. Real-Time Reverse Transcription-Polymerase Chain Reaction (Real-Time RT-PCR)

For real-time RT-PCR, we used a TB Green Premix Ex Taq II (Takara Bio, Shiga, Japan).
For each 2 µL of the cDNA sample, 1.6 µL of primer (Forward and Reverse, 0.8 µL each)
(Table 1) (Takara Bio) was added, and 8.5 µL of RNase free water, 12.5 µL of TB Green
Premix Ex Taq II and 0.4 µL of Rox Reference Dye was added to make a total of 25 µL. The
expression level of cDNA was measured using an Applied Biosystems® 7500 real-time PCR
system (Thermo Fisher Scientific). The holding stage was at 50 ◦C for 2 min and 95 ◦C for
10 min. The cycling stage for 40 cycles was at 95 ◦C for 15 s, and 60 ◦C for 1 min. The melt
curve stage was at 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 30 s, and 60 ◦C for 15 s. The
analysis of the gene expression level of each sample was carried out in comparison with
the expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is a
housekeeping gene. The expression levels of DUSP1 were calculated as correction values
divided by the expression level of GAPDH. The primer sequences of each gene used in this
study were the same as in the previous report [7].

Table 1. The primer sequence of each gene measured in the present study.

GAPDH Forward: 5′-GGGTCCCAGCTTAGGTTCATCA-3′

Reverse: 5′-GTTCACACCCACCTTCACCATT-3′

DUSP1 Forward: 5′-CGCAGTGCCTGTTGTTGGA-3′

Reverse: 5′-TGAAGCGCACGTTCACTGAG-3′

4.7. Statistical Analysis

The results were expressed as mean ± SEM. ANOVA analysis was performed for
the significance among four groups, and further analysis was conducted using the Tukey
method. In some cases, the results were analyzed by a Student’s t-test to determine the
significant difference between the two groups. p < 0.05 was considered to be statistically
significant. Analyses were performed with BellCurve for Excel (Social Survey Research
Information Co., Ltd. Tokyo, Japan).

5. Conclusions

The effect of sesame oil aroma and its associated typical ingredients on behavior and
stress-related biomarkers was investigated. In an elevated plus-maze test, the anxiolytic
effect of sesame oil aroma was observed to maximum after 60 min inhalation, but the effect
was decreased 90 min after inhalation. As for the single component, anxiolytic effects
were observed in the 2,5-dimethylpyrazine and 2-methoxy phenol groups, but the effect
was weakened in the furfuryl mercaptan group. The expression of DUSP1 also showed
similar results to an elevated plus-maze test. We clarified the sesame oil’s active ingredients
and optimal concentrations for its sedative effects. 2,5-Dimethylpyrazine and 2-methoxy
phenol significantly suppressed the stress-induced changes in the expression of DUSP1, a
candidate stress marker gene in the striatum and hippocampus.
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Abstract: Type 2 diabetes mellitus (T2DM) is a noteworthy worldwide public health problem. It
represents a complex metabolic disorder, mainly characterized as hyperglycemia and lipid dysfunc-
tion. The gut microbiota dysbiosis has been proposed to play a role in the development of diabetes.
Recently, there has been considerable interest in the use of medicine food homology (MFH) and
functional food herbs (FF) to ameliorate diabetes and lead to a natural and healthy life. Hence, this
review compiles some reports and findings to demonstrate that the practical use of the MFH/FF can
modulate the homoeostasis of gut microbiota, thereby ameliorating the development of T2DM. The
results provided useful data to support further investigation of the functional basis and application
of MFH/FF to treat T2DM through maintaining intestinal homeostasis.

Keywords: medicine food homology; functional food herbs; type 2 diabetes mellitus; gut microbiota

1. Introduction

Diabetes mellitus is one of the major public health problems and has become a health
global burden. Based on the data of IDF, there were approximately 451 million diabetic
patients aged 18 to 99 in the world in 2017. By 2045, this figure is expected to increase to
693 million [1]. Diabetes mainly includes Type-1 (T1DM) and Type-2 Diabetes Mellitus
(T2DM), of which T2DM accounts for roughly 90–95% [2]. T2DM is a complex metabolic
disorder, which is chiefly characterized by hyperglycemia, with glycolipid dysfunction,
progressive loss and dysfunction of islet β-cell, and insulin resistance. T2DM is usually
accompanied by oxidative stress and inflammation, and long-term hyperglycemia may
lead to diverse diabetic complications [3].

One of the main reasons for the sharp increase in the incidence of T2DM is the
significant changes in human behavior and lifestyle. Through diet modification, regular
exercise, weight control, and patient education, T2DM can be managed and medications
can be avoided. Diabetes is characterized by “leaky gut” syndrome, where bacterial
cell wall components enter the blood circulation of the animal host in a large amount,
which may cause metabolic endotoxemia and systemic low-grade inflammation [4]. Gut
microbiota acts an important role in modulating the systemic and intestinal immunity and
metabolic homeostasis [5]. Studies have shown that the consortium of gut microbiota is
closely related to host genetics and other diverse conditions, such as food habits, stresses,
exposure to drugs or toxins [5]. It was reported that the gut microbiota in healthy people is
diversified, achieving more short chain fatty acids (SCFA) and producing more branched
amino acids, while the intestinal flora of diabetes is more likely to produce compounds
that affects glucose metabolism. The intestinal microbiota can digest diverse dietary fibers
that cannot be digested by the host, and produce SCFAs as its metabolites, such as acetate,
butyrate and propionate [6]. Propionate can maintain gluconeogenesis in the intestinal
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tract, thereby making better use of energy, while butyrate, with anti-inflammatory activity,
can reduce the permeability of the intestine [6]. In T2DM patients, butyrate producing
microbiota are significantly reduced, specifically the Clostridiales order, including the
genera Ruminococcus and Subdoligranulum, and species such as Roseburia intestinalis and
Roseburia inulinivorans [7,8].

In ancient China, diabetes was called ‘Xiao Ke’, manifested as persistent thirst and
hunger, excessive urination, and weight loss. For thousands of years, Chinese herbal
prescriptions and traditional Chinese medicine (TCM) medicinal materials have been com-
monly used to intervene in ‘Xiaoke’ disease. Historically, many of the formulations and
medicinal herbs have been used as food for safe and effective long-term consumption [9].
Natural plants are essential for the management of many human diseases, such as dia-
betes [10]. Numerous herbal medicinal plants are natural sources of antioxidants, which
can reduce the oxidative stress generated by STZ in β-cells. World Health Organization
(WHO) has recommended the evaluation and application of traditional botanical treat-
ments for diabetes because they are effective and non-toxic, have fewer side effects or have
no side effects, and are considered excellent candidates for oral therapy [11]. In recent
years, more and more researchers have been paying attention to natural products from
traditional herbs and foods for their safety, efficacy, and potency in treating diabetes [12].

The concept of ‘medicine and food homology’ was proposed in the Huang Di Nei
Jing Su Wen: ‘Eating on an empty stomach as food, and administering to the patient as
medication’ embodies the theory of medicine food homology (MFH); that is, some food
classes can also be used as drugs. Functional food (FF), also known as health food, refers
to a specific type of food that is not aimed at curing diseases but can modulate human
body functions. “Notice on Further Regulating the Management of Raw Materials for
Health Foods” was issued in 2012 by the Ministry of Health, which covers both foods and
medicines [9]. In addition, 110 MHF and 114 FF are currently included in this promulgated
management method. More and more clinical evidence clarifies that the occurrence and
development of T2DM can be prevented or delayed by regular intake of foods that are
believed to be functional and affect glycemic control, antioxidant enzymes activity and in-
testinal flora, while also inhibiting the excessive production of pro-inflammatory cytokines
during diabetes [13].

Therefore, in this review, we searched various online databases (PubMed, ScienceDi-
rect, CNKI) and scientific publications from the library using qualitative systematic reviews.
The review was based on MHF and FF application for possessing medicinal value against
T2DM by modulating the gut microbiota (Figure 1A).
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2. Association between Gut Microbiota and T2DM
2.1. Alteration of Gut Microbiota Composition with T2DM

Although T2DM is caused due to various factors, the human gut microbiota plays
a vital role in the progression of T2DM [4]. The impact of gut microbiota on T2DM has
attracted widespread attention; studies have been done over the past few years to research
the relationship between the two [12]. ‘Human microbiome’ was firstly defined by Joshua
Lederberg in 2001 as an ecological community of symbiotic and pathogenic microorganisms
that share our body space. An adult is colonized by almost 100 trillion microbes, which
mainly exist in the gastrointestinal tract, with the largest group living in the colon. Human
health is strongly affected by the microbiota that coexist with our body [14]. The diversity
of the intestinal flora of T2DM patients is significantly decreased compared to that of
healthy controls [15,16]. As Larson et al. reported, the abundance of Firmicutes phylum in
diabetic patients was reduced when compared to non-diabetic patients, and the ratio of
Bacteroides to Firmicutes was positively correlated with blood glucose levels [17].

2.2. Mechanism of Gut Microbiota Alteration Causing T2DM

T2DM, characterized by “leaky gut” syndrome, is known to have markedly enhanced
intestinal permeability, allowing bacteria to translocate across the intestinal epithelium,
resulting in host metabolic endotoxemia and triggering low-grade inflammation. In T2DM,
the abundance and diversity of the gut microbiota both decreased, accompanied by an
increase in the abundance of pathogenic microorganisms and a decrease in the abundance
of symbiotic microorganisms [18]. For example, the generas Faecalibacterium, Roseburia and
Bifdobacterium, with noticeable abilities to reduce intestinal permeability, have been shown
to be exhausted in T2DM [19]. The changes in the above-mentioned microbiota would
lead to low-grade inflammation, resulting in a decrease in mucus layer and disintegration
of the epithelial membrane. This is followed by an increase in intestinal permeability,
allowing lipopolysaccharides (LPS) to enter the blood circulation. Bacterial fragments
and LPS can be recognized by innate toll-like receptors (TLRs), particularly TLR-4, which
subsequently stimulates the activation of transcription factor κB (NF-κB) and the release
of pro-inflammatory mediators in intracellular signaling pathways [20]. The release of
pro-inflammatory cytokines would further result in the destruction of glucose metabolism
and insulin signaling pathways [21]. Metabolic endotoxemia and low-grade inflammation
occurs, subsequently. The systemic low-grade inflammation affects all vital organs or
tissues, such as the pancreas, liver, and kidney [22]. For example, the level of TNF-α in
T2DM is significantly increased, which is closely related to islet dysfunction [16,23]. Under
this circumstance, the homeostasis of glucose metabolism no longer exists and thus results
in type 2 diabetes. In this condition, the steady state of glucose metabolism collapses and
T2DM is developed [24].

3. Bioactive Ingredients of MFH and FF Target for Microbiota in T2DM

The diet and its metabolites have a major physiological impact on the composition of
gut microbiota and the health of the host [22]. In China, MFH and FF refers to a group of
foods that can also be used as medicines, many of which possessed anti-hyperglycemic
activities. Regular consumption of MFH, which is considered to affect glycemic control,
activation of antioxidant enzymes and gut microbiota, and to inhibit the excessive pro-
duction of pro-inflammatory cytokines, to prevent or treat T2DM [25]. MFH and FF have
been widely sought recently, and research into their use for T2DM has evoked considerable
interest. Herein, the bioactive ingredients of MFH and MHF were divided into: saponins,
polysaccharides, flavonoids, terpenoids, alkaloids, and others, and their anti-diabetic ef-
fects via gut miocrobiota regulation were listed in Table 1, and the chemical structures of
the representative compounds are shown in Figure 2.
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Figure 2. Chemical structures of the representative hypoglycemic compounds from MFH and FF that
can modulate gut microbiota in T2DM.

3.1. Saponins

Saponins are a class of glycosides composed of triterpenes or spirostanes, which are
widely present in nature [52]. Saponins have been reported to have a wide range of hypo-
glycemic targets and pathways, which can directly repair damaged islet cells and increase
insulin levels to maintain normal blood sugar. Saponins can also regulate blood lipids
and improve glucose tolerance. This suggests that they have broad research and devel-
opment prospects as anti-diabetic drugs [53]. In this review, saponins from Panax ginseng,
Panax notoginseng, Korean red ginseng and Polygonatum sibiricum were researched. It
was observed that these saponins can intervene on T2DM and are associated with their
modulating the imbalance of gut microbiota and inhibiting the low-grade inflammation
and insulin resistance.

Ginseng, a perennial herb of the genus Panax, has been used widely as a TCM herbs
in China and Asia for thousands of years. About 4000 years ago, “Shen Nong Ben Cao Jing”
is the earliest surviving TCM monograph in China. It records the use of ginseng as a health
medicine to delay aging and nourish the body without side effects [54]. According to Zhang
Zhongjing’s Shang Han Za Bing Lun in the Han Dynasty, ginseng was used to cure thirst,
which is the main symptom of “Xiaoke” (diabetes). Additionally, the “Tai Ping Hui Min
He Ji Ju Fang”, an official traditional Chinese medicine book in Song Dynasty, recorded the
use of ginseng to treat “Xiaoke disease”. Many of the Chinese patent medicines approved
by the government for the treatment of diabetes contain ginsenosides, such as Tianqi
capsules [55], Jinlida Granule [56], and ShenMai Injection [28,57]. Ginseng has several
therapeutic functions, such as anti-stress, maintaining and strengthening the central and
immune system, preventing certain chronic diseases, and delaying aging. While American
ginseng is more effective in treating cardiovascular disease [58]. Ginsenosides are extracted
from the roots and rhizomes of Panax ginseng C. A. Meyer. Research has shown that
ginsenosides show noticeable anti-diabetic activities and have been used as adjuvants for
diabetes treatment in China. It was reported that saponins isolated from ginseng, such as
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Ginsenoside Rk3, and 20(S)-ginsenoside Rg3 showed potential anti-diabetic activities by
regulation of gut microbiota.

It was observed that Ginsenoside Rk3 at the dose of 30 and 60 mg/kg/day could
alleviate the abundance imbalance of gut microbiota and inhibit the expression of pro-
inflammatory cytokines by reducing intestinal permeability and LPS levels, thereby pre-
venting low-grade colon inflammation caused by a high-fat diet in mice. An 8-week
intervention of Rk3 could significantly decrease the ratio of Firmicute to Bacteroidete,
and restore the abundance of Lactobacillaceae, Helicobacteraceae, Neococcaceae, and Bi-
fidobacteriaceae at the dose of 60 mg/kg/day. Ginsenoside Rk3 can effectively improve
the C57BL/6 Mice metabolic disorder of gut microbiota by decreasing the ratio of Firmi-
cute/Bacteroidete, and inhibit the inflammatory cascade by suppressing the TLR4/NF-κB
pathway [26]. It was found that 20(S)-ginsenoside Rg3 at a dose of 20 mg/kg can reduce
the blood glucose by regulating the metabolism of gut flora in T2DM rats [27].

Polygonatum sibiricum, a perennial herb of Liliaceae family, has diverse activities,
such as hypoglycemic effect, regulating blood lipids, delaying aging, and strengthening
immunity. A saponin was isolated from P. sibiricum (PSS) and administered to diabetic mice
at the dose of 1.0, 1.5, or 2.0 g/kg/day. It was found that PSS could alleviate the symptoms
of polyphagia and polydipsia and regulate the gut microbiota in the diabetic mice. PPS
increased the abundance of probiotics (including Bifidobacteria and Lactobacillus), and
down-regulated the harmful bacteria (such as Enterobacteriaceae, Enterococcus, and C.
perfringens) [30].

3.2. Polysaccharides

Polysaccharides are formed by the polymerization of monosaccharide molecules
through glycosidic bonds, which are generally composed of hundreds or even thousands
of monosaccharides molecules with a relatively high molecular weight. Polysaccharides,
as a kind of abundant natural product, are found in organisms such as fungi and plant
roots [59]. As prebiotics, polysaccharides have been found to affect the populations and
metabolism of the gut microbiota, and attracted widespread attention in biochemical and
medical research [60]. The polysaccharides from MFH have been studied to show potential
impact on T2DM, which is associated with the regulation of gut microbiota.

Ophiopogonis Radixa, the Chinese name Maidong, is the tuberous roots of Ophiopogon
japonicus (Thunb.) Ker-Gawl (Liliaceae), which is a popular TCM. Maidong is widely used
as a functional food in China. Maidong has been used to relieve diabetes and cardiovascular
diseases for years [31]. The polysaccharide is one of the main active ingredients of Maidong.
A homogeneous polysaccharide fraction was isolated and characterized from Ophiopogonis
Radix collected from Sichuan. Ophiopogonis Radix and was analyzed for anti-diabetic
effects in targeting β-cell dysfunction, insulin enhancement and inhibiting α-amylase and
α-glucosidase [61]. The anti-diabetic effects of polysaccharides, isolated from Maidong,
have been reported [62,63]. More than 15 kinds of polysaccharides have been isolated from
Maidong, which show a good anti-diabetic effect, and the main mechanism is associated
with improving β-cell dysfunction, enhancing insulin and inhibiting α-glucosidase and
α-amylase [64]. For example, MDG-1, a kind of polysaccharide isolated from Maidong,
possessed anti-diabetic effects in diabetic mice and regulated intestinal flora in obese
mice [31,64]. In KKay mice, the abundance of Escherichia coli and Streptococcus increased,
while the abundance of Lactobacillus and Bifidobacterium decreased. However, oral
administration of 300 mg/kg MDG-1 can reduce the number of pathogenic E. coli and
Streptococcus, and increase the number of Lactobacillus (p < 0.05). It has been proven
that oral MDG-1 can improve the glucose tolerance of diabetic mice and is related to its
regulating effect on the intestinal microecological balance [32].

Lycium barbarum L. and its mature fruits have been used as a TCM and functional
food in China for about 2000 years. The leaves of L. barbarum, also named Tianjing grass,
are widely used as tea, food and medicine in China due to its activities of reinforcing
deficiency and benefiting essence, as well as anti-thermic and eye-clearing effects [65,66].
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An HFD/STZ-induced T2DM rat model was established to study the anti-diabetic effects
of the water extract of L. barbarum leaf (LLB). It was found that LLB can improve T2DM,
which is mainly associated with the reversal of gut microbiota imbalance, and regulation of
nicotinate/nicotinamide, arachidonic acid/purine metabolism. Administration of LLB at
2.08 g/kg T2DM rats significantly reduced excessive abundance of Parasutterella, Marvin-
bryantia, Blautia, Ruminococcus_1, and Prevotellaceae_NK3B31_group, and reversed the
ratio of Firmicutes to Bacteroidetes in the gut microbiota of diabetic rats [66]. The homoge-
neous polysaccharide (LBP-W) was purified from crude Lycium barbarum polysaccharides
(LBPs), and administration of 50 mg/kg LBP-W could improve obesity by modulating
the composition of gut microbiota and the metabolism of SCFAs in C57BL/6 mice on a
high fat diet. LBP-W intervention reversed the HFD-induced changes in Firmicutes and
Bacteroides, and the ratio of Firmicutes/Bacteroides was noticeably reduced (p < 0.01) [33].

Plantago asiatica L. is a kind of TCM and has been used as a folk medicine world-
wide [67,68]. A high-fat diet and STZ induced T2DM rat model has been established,
and the anti-diabetic effect of Plantago asiatica L. polysaccharide (PLP) was studied. It
was observed that administration of PLP (at dose of 100, 200 or 400 mg/kg) significantly
decreased the level of blood glucose, insulin, serum lipids, non-esterifified fatty acid and
maleic dialdehyde, and noticeably increased the activities of antioxidant enzymes in T2DM
rats after 4 weeks of PLP intervention. The concentrations of SCFA were noticeably higher
in the feces of diabetic rats after treating with PLP. Moreover, colon bacterial diversity
and abundance of bacteria, including Bacteroides vulgatus, Lactobacillus fermentum, Pre-
votella loescheii and Bacteroides vulgates were markedly increased by PLP intervention. It
indicated that the anti-diabetic effect of PLP inT2DM rats was related to the regulation of
gut microbiota and increased levels of SCFAs production [37].

Apocynum venetum is a perennial herbaceous or half-shrub plant, and its leaves have
been traditionally consumed as a tea beverage in China. A. venetum is widely distributed in
saline-alkali land, riverbanks, fluvial plains and sandy soils of Asia and North America [69].
Hypoglycemic and hypolipidemic effects of polysaccharide-rich extracts from A. venetum
leaves on T2DM mice has been studied. Treatment of alkaline extracted polysaccharide-rich
products markedly decreased the levels of fasting blood glucose, serum insulin, and serum
lipids. Meanwhile, the reduced glycogen contents in liver were prominently improved,
and the oxidative damage was markedly ameliorated by alkaline extracted polysaccharide
products in diabetic mice. Furthermore, the polysaccharide-rich extracts could reverse the
gut microbiota dysbiosis in T2DM mice by increasing the abundance of genera Odoribacter,
Anaeroplasma, Parasutterella, and Muribaculum, while decreasing the abundance of
genera Enterococcus, Klebsiella, and Aerococcus. Thus, polysaccharide-rich extracts of
A. venetum showed good anti-diabetic effects for treating T2DM, which was associated
with the intervention of gut microbiota [35].

In this review, polysaccharides from MFH and FF were summarized and their impacts
on T2DM by regulating gut microbiota were listed in Table 1. It was found that the
polysaccharides play an important role in maintaining intestinal flora steady state, which
was associated with the promotion of short-chain fatty acids (SCFAs). SCFA mainly include
acetate, butyrate and propionate at the ratio of 3:1:1 in human gut microbiota, which are
usually present in the human intestine at a ratio of 3:1:1 and are in a steady state [70].
Butyrate possesses anti-inflammatory effects and can reduce intestinal permeability, and
propionate also maintains gluconeogenesis in the intestines, thereby making better use
of energy [24]. Individuals with T2DM have reduced butyrate-producing gut microbiota,
which promotes low-grade inflammation [70].

3.3. Flavonoids

Flavonoids are meaningful natural compounds that exist widely in the plant kingdom
and have a basic 2-phenyl-chromone structure. They are a class of secondary plant com-
pound with noticeable physiological effects and various health benefits [9]. Flavonoids
possess extensive pharmacological effects, among which are antioxidant and free radical
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scavenging activities, which are of particular interest to the pharmaceutical industry [71].
Flavonoids are widely reported to prevent and treat T2DM by affecting the function of islet
β-cells and anti-lipid peroxidation [72]. However, not so many flavonoids from natural
herbs were found to intervene T2DM by the regulation of gut microbiota.

Baicalein is a dietary flavonoid and is a main component of Oroxylum indicum and
Scutellaria baicalensis. It is used as a dietary supplement or as tea in Asia, Europe and
the Americas. Based on Zhang’s study in 2018, four weeks intervention of baicalein (50,
150 mg/kg·d) significantly decreased the blood glucose and LPS and improved insulin
resistance, inflammation, and lipid profile in T2DM rat dose-developmentally. These
anti-diabetic effects are owing to the increase in SCFAs content and the thickness of the
intestinal mucus layer, which is closely related to the regulation of the intestinal microbiota,
especially the abundance of Bacteroides and Bacteroides S24-7. They had the highest
relative abundance in rats receiving 150 mg/kg baicalein, and they were positively cor-
related with improving T2DM-related phenotypes [42]. As reported, Bacteroidales S24-7,
Prevotella, Blautia, and Butyricoccus are the key SCFA-producing bacteria, which may
relieve inflammation and insulin resistance, by reducing the intestinal endotoxins entering
the circulation, thereby alleviating T2DM [73,74].

Plumula nelumbinis, also named “Lian-Zi-Xin” in Chinese, is the dried embryo of
the ripe seeds of Nelumbo nucifera Gaertn (Nelumbonaceae). It is a traditional Chinese
medicine (TCM), and also an ordinary health food. It is commonly used in several counties
around the world. In TCM, Lian-Zi-Xin has been used to clear heart heat, calm the mind,
and treat high fever, promote astringent essence and hemostasis [75,76]. As Qiuzhe Li
reported in 2015, the total flavonoids from Lotus plumule showed noticeable anti-diabetic
effects by reducing the blood glucose level, regulating blood lipid levels and improving
the glucose tolerance in the T2DM mice.

3.4. Terpenoids

Terpenes are natural hydrocarbons and can be linked in diverse ways through isoprene
or isopentane. It mainly includes monoterpenes, sesquiterpenes, diterpenes and triterpenes,
which play a vital role in organisms. Studies have shown that some terpenoids possess
a preventive effect on T2DM; the mechanism may be mediated by protecting islet β-cells
and increasing glucose tolerance and hepatic glycogen synthesis [71]. However, there are
few studies on the effects of terpenoids treating T2DM by regulating gut microbiota.

A pentacyclic triterpene, 2β-hydroxybetulinic acid 3β-oleiate (HBAO), was isolated
from the seeds of Euryale ferox salisb. Oral administration of 60 mg/kg/d HBAO could
ameliorate glycemic homeostasis and alleviate oxidative stress in the streptozocin (STZ)-
induced diabetic rats. It was observed that HBAO normalized the blood glucose, glycosy-
lated hemoglobin (HbA1c), hepatic hexokinase and plasma insulin, improved damaged
pancreatic β-cell, regulated dyslipidemia and antioxidant enzymes (such as superoxide
dismutase, catalase and glutathione peroxidase) in the diabetic rats (p < 0.05) [43]. STZ-
induced diabetic mice were administrated by the triterpenoid-rich extracts of Euryale ferox
shell (ES) orally at doses of 200, 300, 400, 500 ± 2 mg/L for 4 weeks. It was found that the
triterpenoid-rich extracts of ES could regulate glucose metabolism (p < 0.01), normalize the
body weight of the diabetic mice (p < 0.01), reduce the expression of the negative regulation
protein PTP1B gene and increase insulin receptor IRS-1 protein expression (p < 0.05) [77].

3.5. Alkaloids

Alkaloids are a class of nitrogen-containing organic compounds derived in nature,
mainly in the plant kingdom. Most alkaloids are alkaline and have significant biological
activity and are a kind of important bioactive ingredient in MFH and FF [71]. It has been
found that the hypoglycemic activities of alkaloids are mainly mediated by inhibition
of gluconeogenesis, regulation of gut microbiota structure, promotion of glycolysis and
anti-glucagon activities, promotion of the secretion of pancreatic β-cells, and scavenging
of oxygen free radicals [78]. For example, neferine could reduce the levels of blood glu-
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cose, improve insulin resistance and regulate the disorder of lipid metabolism in T2DM
rats [75]. Isoliensinine was found to attenuate T2DM with hyperlipidemia in a KK-Ay
mouse model by regulating GLUT4, SREBP-1c, PPARγ, AMPK and ACC phosphoryla-
tion [76]. However, there are few studies on the effects of alkaloids treating T2DM through
gut microbiota regulation.

Berberine is an isoquinoline quaternary alkaloid that is widely found in Coptidis
rhizoma and Berberis vulgaris [79]. Berberine has a long history in Chinese and Western
medicine treatment [80]. In China, Berberine has been used to treat diarrhea caused by
bacteria as an over-the-counter drug for years [45,81]. Berberine was administrated to
T2DM rats, and it was found that the anti-diabetic effects of Berberine is related to its
regulation of gut microbiota. The community richness and diversity of the gut microbiota
were noticeably increased by Berberine, and the abundance of Bacteroidetes was increased,
while the number of Proteobacteria and Verrucomicrobia were decreased. At the family
level, a probiotic Lactobacillaceae was markedly increased after Berberine intervention,
which was negatively related to the risk of T2DM [44]. It suggested that Berberine can
alleviate T2DM in rats by modulating gut microbiota composition.

3.6. Others

Some other kinds of compounds in medical herbs, such as proteins, fibers, essential
oil and glycosides, also show significant hypoglycemic activities. We also researched
and summarized those kinds of ingredients from MFH and FF to find the potential anti-
diabetic compounds.

Rehmannia glutinosa is a kind of perennial herbaceous plant of the Scrophulariaceae fam-
ily. The R. glutinosa leaves’ total glycoside (DHY) is mainly composed of iridoid glycosides
and phenylethanoid glycosides extracted from R. glutinosa leaves. Studies have shown that
DHY has been used in the clinical treatment of various kidney diseases, due to its protection
on kidneys by improving glomerular permeability and reducing proteinuria. DHY was
also found to improve STZ-induced gut microbiota imbalance in diabetic nephropathy
rats [46]. DHY was observed to significantly decrease the levels of blood glucose, serum
lipid (such as total cholesterol and triglyceride) and improve kidney damage, and inhibit
the expression of α-SMA, TGF- β1, Smad3 and Smad4 in the kidney tissues of db/db mice.
DHY had noticeable up-regulation effect on Firmicutes in db/db mice. At the genus level,
DHY were dominant for the recovery of norank_f_Bacteroidales_S24_7_group in db/db mice.
Therefore, DHY may restore the dysfunctional intestinal flora to normal and regulate
glycolipid level of db/db mice [46].

Salvia miltiorrhiza Bge., a TCM for promoting blood circulation and removing blood
stasis, has been used as a health-care food recently. The aerial parts of S. miltiorrhiza Bge.
(DJ) are rich in phenolic acids similar to the rhizome [82]. The 60% ethanol extracts of DJ
were found to strengthen the intestinal barrier of diabetic mice by up-regulating the tight
junction proteins expressions in ileum and colon, but not in duodenum. DJ could modulate
the diabetes-induced gut microbiota imbalance. At phylum level, that the number of
Proteobacteria was significantly increased while Tenericutes was significantly decreased in
DJ group compared to the control group [82].

Dietary fibers can modify the gut barrier and microbiota homeostasis, thereby impact-
ing the progression of diabetes. Inulin-type fructans (ITFs) are natural soluble dietary fibers
with different fermentation degrees in chicory root, which can regulate the occurrence
and development of diabetes. Female nonobese diabetic mice were weaned to long-and
short-chain ITFs, ITF(l) and ITF(s) supplemented diet up to 24 weeks. Expression of barrier
reinforcing tight junction proteins occludin and claudin-2, antimicrobial peptides-defensin-
1, and cathelicidin-related antimicrobial peptide as well as short-chain fatty acid production
were enhanced by ITF(l). It was found that ITF(l) enhanced Firmicutes/Bacteroidetes ratio to
an antidiabetogenic balance and enriched modulatory Ruminococcaceae and Lactobacilli [49].
The inulin was found to alleviate different stages of T2DM in diabetic mice by modulat-
ing gut microbiota. It increased the relative abundance of Cyanobacteria and Bacteroides,

174



Molecules 2021, 26, 6934

and reduced the relative abundance of Deferribacteres and Tenericutes. Dietary inulin can
ameliorate diverse stages of T2DM by suppressing inflammation and modulating gut
microbiota, especially in pre-diabetic and early diabetic stages, thus it potentially serves as
an inexpensive intervention for the prevention and treatment of T2DM patients [15].

4. Herb Extracts of MFH and FF Target for Microbiota in T2DM
4.1. Single Herb Extracts of MFH and FF Target for Microbiota in T2DM

Generally, MFH and FF are usually taken in the form of decoction or direct consump-
tion. Therefore, the anti-diabetic effect of the water extracts or total extracts is worthy
of attention. We investigated the anti-diabetic effects of the extracts of MFH and FF by
regulating the imbalance of the intestinal microbiota, such as Fructus Aurantii Immaturus,
Atractylodis macrocephalae Rhizoma, Radix Puerariae, sea buckthorn, Anemarrhena asphodeloides,
Dendrobium officinale, listed in Table 2.
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Atractylodis macrocephalae Rhizoma is widely used as a functional food in Asia. The
water extracts of A. macrocephalae (AMK) at a dose of 100 mg/kg noticeably increased
the relative abundance of Bacteroides thetaiotaomicron and Methanobrevibacter smithii in gut
microbiota of the diabetic mice. It was found that AMK could significantly decrease the
blood glucose and serum lipids, and improve the insulin resistance, which was associated
with its inhibitory effects on inflammation and its regulation of gut miocrobiota imbalance.

Chinese propolis, is a resinous substance collected by bees from plants exudates that is
mixed with wax and mandibular gland secretions [96]. Propolis has long been recognized
as a natural nutraceutical has shown a beneficial effect on alleviating by exerting good
anti-inflammatory, anti-oxidant effects [96]. Studies have reported that propolis extract
could boost lipid metabolism, alleviate insulin resistance, and delay obesity in high-fat
diet-fed mice and rats with T2DM [87]. Propolis were abserved to reverse the elevation of
Firmicutes and inflammatory biomarkers expression induced by HFD in the obese mice [88].
Propolis intervention can regulate gut microbiota by decreasing Alistipes, and increasing
Lactobacillus in male mice, which are playing an important role in the preventive effect on
obesity and T2DM.

4.2. Herb Formula Consisted of MFH for T2DM by Regulating Microbiota

Chinese herbal formulas with anti-diabetic effects have been well studied, and many of
them have commonly been used in “Xiaoke” patients since ancient times. In the traditional
Chinese medicine system, the relationship between the gut microbiota and disease is
actually the relationship between the intestine and disease, which was early mentioned in
the “Huang Di Nei Jing”. Therefore, we summarized the herb formulas consisted of MFH,
which act anti-diabetic effects by regulating the imbalance of gut microbiota, and listed in
Table 3.

Wumei Wan was first recorded in Zhang Zhongjing’s “Shanghan lun”, and is the
main prescription for the treatment of Jueyin disease. “Xiaoke” disease was considered
to be one of Jueyin diseases as recorded in ancient China. It was found that Wumei
Wan (at the dose of 20, 10, 5 g/kg/d) could significantly enrich the functional bacteria,
such as Firmicutes, DeltaProteobacteria, and Lactobacillus, and decrease the abundance of
Bacteroidetes, Actinobacteria, Bacteroides, Clostridium in the T2DM rats [97]. It has been
proven that Wumei Pill can regulate the balance of intestinal flora in T2DM model rats,
increase the content of short-chain fatty acids (including acetic acid, propionic acid, butyric
acid), thereby lowering blood glucose and ameliorating T2DM. Daesiho-Tang is another
important formulation in TCM, known for its anti-diabetic and anti-hepatotoxic effects. It
has been found that Daesiho-Tang treatment noticeably increased the relative abundance
of Bacteroidetes, Bacteroidetes/Firmicutes ratio, Akkermansia Bifidobacterium, Lactobacillus, and
decreased the level of Firmicutes [98].
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5. Conclusions and Perspective

T2DM, as one of the major public health problems worldwide, is currently prevailing
and seems likely to continue for some time. Therefore, there is an urgent need for new
methods to prevent and treat this disease. However, most of the treatments currently in
use, especially drugs with proven effects, generally focus on agents designed to directly
affect signaling pathways that directly modulate the blood glucose, which usually show
some side effects. However, better underlying causes of T2DM indicates that regulating
the gut microbiota may be a potential way to treat this disorder.

Natural plants, especially medicine food homology and functional foods, are con-
sidered to be an ideal candidate for oral treatment because of their effective, non-toxic,
few side effects, and have received widespread attention in the of management of T2DM.
As described in this review, research, especially in animal models, supports this view.
Additionally, studies on MFH and FF suggests that their beneficial effects on T2DM may
be partly mediated by their influences on gut microbiota. In fact, approaches such as
inhibiting low-grade inflammation to prevent T2DM through regulating gut microbiota
have existed, but recent studies on impacts of gut microbiota suggest it may be a possible
medium for preventing this disorder. In this regard, further studies on the impacts of MFH
and FF on the gut microbiota are worthy of in-depth attention, in humans, paving the way
for better treatment and prevention of T2DM.
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Abstract: Maintaining quality of life with an increase in life expectancy is considered one of the
global problems of our time. This review explores the possibility of using natural plant compounds
with antioxidant, anti-inflammatory, anti-glycation, and anti-neurodegenerative properties to slow
down the onset of age-related changes. Age-related changes such as a decrease in mental abilities,
the development of inflammatory processes, and increased risk of developing type 2 diabetes have a
significant impact on maintaining quality of life. Herbal preparations can play an essential role in
preventing and treating neurodegenerative diseases that accompany age-related changes, including
Alzheimer’s and Parkinson’s diseases. Medicinal plants have known sedative, muscle relaxant,
neuroprotective, nootropic, and antiparkinsonian properties. The secondary metabolites, mainly
polyphenolic compounds, are valuable substances for the development of new anti-inflammatory and
hypoglycemic agents. Understanding how mixtures of plants and their biologically active substances
work together to achieve a specific biological effect can help develop targeted drugs to prevent
diseases associated with aging and age-related changes. Understanding the mechanisms of the
biological activity of plant complexes and mixtures determines the prospects for using metabolomic
and biochemical methods to prolong active longevity.

Keywords: aging of the human body; medicinal plants; antioxidant; anti-inflammatory; anti-glycation;
anti-neurodegenerative properties

1. Introduction

One of humanity’s global problems is the preservation of quality of life as the average
age of the population rises. According to the 2019 Revision of World Population Prospects,
by 2050, 1 in 6 people in the world will be over 65 (16% of the population), compared to 1
in 11 in 2019 (9% of the population) [1]. By 2050, one in four people in Europe and North
America will be 65 years of age or older. In 2018, for the first time in history, the number of
people aged 65 and over exceeded the number of children under the age of five worldwide.
The number of people aged 80 and over is projected to triple, from 143 million in 2019 to
426 million in 2050 [1].
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Chronic diseases were responsible for more than two-thirds of deaths worldwide
(38 million) in 2014, according to the World Health Organization [2]. Most deaths from
chronic diseases were associated with cancer, cardiovascular disease, chronic respiratory
disease, or diabetes. Although chronic diseases have a major cumulative impact on human
health and aging, epidemiology has historically studied chronic diseases separately [3]. Un-
derstanding the epidemiology of particular diseases requires a clinical assessment of each
chronic disease that contributes to aging. Accounting for multiple chronic diseases at the
same time, on the other hand, more accurately reflects the experience of patients who accu-
mulate conditions associated with aging and better reflects overall health. Well-established
data show that the incidence of cancer, cardiovascular disease, chronic respiratory disease,
and diabetes is associated with common modifiable risk factors such as alcohol use, body
mass index (BMI), smoking, unhealthy diet, and physical inactivity, which account for more
than two-thirds of the diseases that cause human aging [4].

A significant increase in the proportion of the elderly in populations of developed
countries has resulted in an increase in mortality from major diseases of old age (cardiovas-
cular diseases, malignant neoplasms, neurodegenerative processes, decreased resistance to
infection, diabetes mellitus) [5]. As a result, it is no coincidence that the concept of healthy
aging is listed as one of the top priorities in the UN Program on Aging’s project “Programs
for Scientific Research on Aging in the Twenty-First Century” [5].

Human aging is accompanied by the accumulation of unhealthy changes in the struc-
ture of cell biopolymers and the intercellular matrix. The age-related increase in the level
of oxidative processes in cells and tissues is one of the most important factors influenc-
ing these changes [6]. With aging, assimilation processes in organs and tissues weaken,
and the system of neurohumoral regulation of metabolism and body functions undergoes
restructuring. Moreover, one of the leading reasons for this is systemic inflammation
and the development of atherosclerotic processes. Oxidative stress associated with in-
flammation leads to significant changes in the structure of biomolecules. The rate of
nonenzymatic protein modifications—oxidation, glycation, and lipooxidation, as well as
amyloidogenesis—increases dramatically with age [7]. As a result, aging is often accom-
panied by the development of metabolic disorders (the most common of which is type
2 diabetes) as well as neurodegenerative diseases. In the process of aging, numerous
changes of various natures accumulate in the human body. Therefore, it appears obvious
that in order to effectively prolong active longevity, a coordinated effect on all of these
factors associated with body aging is required. At the same time, we must not forget that
neurodegenerative changes and diabetes mellitus complications are irreversible. Therefore,
it is preferable to prevent them, for example, by using substances that prevent the devel-
opment of these diseases with age—geroprotectors [8]. Clearly, a pharmaceutical strategy
that aims to simultaneously prevent the full range of age-related molecular changes such
as inflammation, oxidative stress, oxidative and glycoxidative protein modifications, and
amyloidogenesis would be more effective than current approaches.

Over the past decades, natural compounds of plant origin have been intensively
studied as potential antioxidants, antiglycators, and neuroprotective agents. However,
their combined application remains largely intuitive [9]. One of the promising objects
for preventing oxidative, inflammatory, neurodegenerative and glycating aging processes
are the components of medicinal plants [9]. It has been shown that many secondary
plant metabolites can effectively control the aging process and delay the development of
age-related diseases [9].

Therefore, the goal of this research was to study the concept of using medicinal plants
and their highly purified complexes, which have the optimal combination of antioxidant,
anti-inflammatory, anti-glycating, and anti-neurodegenerative properties, to slow down
the onset of age-related changes and prolong active longevity.

The scientific publications and patents of Russian and foreign authors on the effect of
medicinal plants and herbal preparations on antioxidant activity, the ability to reduce the
harmful effects of free radicals and, as a result, oxidative and aging processes in the human
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body, were the subjects of this study. Several keyword combinations were used to search
PubMed for studies published between 1999 and 2022, including natural compounds,
flavonoids, bioflavonoids, aging; medicinal plants; antioxidant, anti-inflammatory, anti-
glycation, and anti-neurodegenerative properties. Abstracts, bibliographies, editorials, and
pieces written in languages other than English and Russian were excluded. Generalization
was the primary method [10]. The results of practical studies and original studies of the
composition and antioxidant properties of medicinal ingredients, as well as statistical and
clinical data on the antioxidant activity of plant ingredients (for example, plant extracts),
scientific principles for the use of plant ingredients in the production of medicines, and the
results of practical and original studies of the composition and antioxidant properties of
medicinal ingredients were analyzed.

2. Antioxidant Properties of Medicinal Plants and Their Complexes

There is no doubt about the importance of disturbances in the regulation of free-
radical processes that occur in the body during aging, which is one of the causes of severe
pathologies such as atherosclerosis, myocardial infarction, diabetes, cancer, and a number of
other diseases, the emergence and progression of which depend on the effect of unfavorable
environmental factors, and in some cases, genetic anomalies. In living cells, there is a perfect
system of antioxidant protection that regulates the formation of free radicals (FRs) and
limits the accumulation in cells of both the FRs themselves and the toxic products of
their activity. Accumulation of FRs in the body with aging increases due to a decrease in
the effectiveness of the natural antioxidant system caused by exposure to radiation, UV
radiation, smoking, alcohol, constant stress, and poor nutrition. Cells use a variety of body
defense mechanisms against the toxic effects of free radicals. As a result, therapy with
antioxidants (AO) is increasingly being used in the treatment of a variety of diseases. At
the same time, the production of branded antioxidant preparations, which include various
components of natural or synthetic origin, is expanding [11].

As previously stated [12], free radicals are atoms, molecules, or ions that have unpaired
electrons and are extremely active in chemical reactions with other molecules. In a biological
system, free radicals are often formed from oxygen, nitrogen, and sulfur molecules. These
free radicals are members of the reactive oxygen species (ROS), reactive nitrogen species
(RNS), and reactive sulfur species (RSS) groups of molecules. For example, ROS include
free radicals such as superoxide anion, perhydroxyl radical, hydroxyl radical, nitric oxide,
and other compounds such as hydrogen peroxide, singlet oxygen, hypochlorous acid,
and peroxynitrite [13]. ROS are produced during cellular metabolism and functional
activity and play an important role in cell signaling, apoptosis, gene expression, and
ion transport [14]. However, excessive amounts of ROS can have harmful effects on
many molecules, including proteins, lipids, RNA, and DNA, because they are very small
and highly reactive. ROS can attack bases in nucleic acids, amino acid side chains in
proteins, and double bonds in unsaturated fatty acids, in which the hydroxyl radical is the
strongest oxidizing agent. ROS attacking macromolecules are often referred to as oxidative
stress. Cells can usually protect themselves from ROS damage by using intracellular
enzymes to maintain low ROS homeostasis. ROS levels can grow rapidly during periods
of environmental stress and cellular malfunction, causing considerable cell damage in
the body. Thus, oxidative stress makes a significant contribution to the pathogenesis of
inflammatory diseases, cardiovascular diseases, cancer, diabetes, Alzheimer’s disease, and,
in general, aging of the body [15]. The human body and other species have developed an
antioxidant defense mechanism that comprises enzymatic, metal chelating, and scavenging
activities to neutralize free radicals once they have been created in order to avoid or mitigate
ROS-induced oxidative damage. Furthermore, plant antioxidants can aid in maintaining a
healthy antioxidant level in the body [16].

The last twenty years have been marked by increased attention, both in medicine
and the chemical industry, to the products of processing of medicinal plant raw materials
(MPRM), which contain a rich complex of biologically active substances (BAS), many of

187



Molecules 2022, 27, 2276

which exhibit antioxidant activity [16,17]. The search, methods for isolation and study of
promising natural sources of substances with antiradical activity (ARA) and antioxidant
activity (AOA), along with the development of accessible and rapid methods for determin-
ing AOA, is currently one of the urgent tasks in preventing aging of the human body for
modern medicine, pharmacy, cosmetology, and food industry.

The group of substances that prevent the formation of strong oxidizing agents in vivo
during the aging of the human body is diverse. These include the SH-containing amino
acid cysteine, some peptides, and proteins (glutathione, albumin), ubiquinone, ascorbic
and uric acids, tocopherols, carotenoids, flavonoids, etc. (Figures 1 and 2). The detection
of AOA makes it possible to judge the possible physiological value of the studied plant
objects. Determining the content of individual AOs is, as a rule, insufficient since, in this
case, the processes of mutual oxidation/reduction and the influence of the analyte matrix
are not taken into account [18,19].

A significant amount of natural AO of the phenolic class present in MPRM determines
their antioxidant effect. The content of flavonoids, along with ascorbic acid and provitamin
A, is the most important indicator of the biological value of MPRM. The synergism of
the action of ascorbic acid with flavonoids in the regulation of redox processes is signifi-
cant [20]. The biological activity of natural AO is based on the processes of inhibition of
the developing radical oxidation of tissue lipids through the interaction of active radicals
with bioantioxidants [21]. It is noteworthy that the AOA value of flavonoids significantly
decreases as the number of free phenolic hydroxyl groups in the molecules decreases:
quercetin > rutin > luteolin-7-glucoside > apigenin > naringenin > 7-hydroxy-flavone [22].
For example, an assessment of the AOA of various natural flavonoids showed that quercetin
and cyanidin have the highest AOA after theaflavin. Quercetin glycosides, such as rutin,
have a lower AOA; flavones and flavone glycosides are characterized by the smallest
AOA among this group of substances. Therefore, the antioxidant properties of plant raw
materials can be judged based on the quantitative content of phenolic substances [20].

It has been established that polyphenols, tocopherols, and flavonoids exhibit AOA.
The theory of radical oxidation distinguishes between the mechanisms of linear termination
of radical chains on an inhibitor and the mechanism of inhibition, which is realized through
the formation of complexes of active radicals with systems with conjugated π-bonds. For
example, spatially shielded phenols, tocopherols, interact according to the first mechanism;
these inhibitors have a distinct induction period. The second mechanism is realized
more often for natural mixtures, including essential oils. Chamazulene and neryl methyl
butanoates, two of the compounds found in them, may act as second-type inhibitors [23].
Antioxidants are widely used as the main means of therapy or as additional means of
correction in the treatment of atherosclerosis, coronary heart disease, acute cerebrovascular
accident, inflammatory processes, diabetes mellitus, a wide range of eye diseases, etc. [24].

Natural antioxidants used in pharmacy easily and organically enter into metabolic
processes in the body during aging and practically do not have side effects common in
synthetic drugs [25]. However, Henkel et al. [26] found that increased attention is paid to
antioxidant therapy to prevent the rapid aging of the population. These substances are
appealing because they are considered natural and are associated with a healthy diet. The
hypothesis is that reducing oxidative stress can prevent disease processes such as cancer
or coronary heart disease. Because the majority of the general population is comprised
of reasonably healthy individuals, it is critical that these supplements be free of toxicity
and side effects. While early research on antioxidant supplements suggested they could
help prevent disease, more recent clinical trials and meta-analyses have cast doubt on
their effectiveness. Several studies have shown that overconsumption of supplements can
actually be harmful [27–30]. These studies have shown that excessive antioxidant levels can
be teratogenic for embryos [31]. As a result, recent attention has been focused on adjusting
the use of antioxidants for the treatment of male infertility, with particular emphasis on the
potentially dangerous consequences of antioxidant therapy [26].
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However, their composition is difficult to control [31]. The synergy of the action of
complexes of plant and synthetic drugs may be the solution to this problem. Synergy
is a process in which certain substances interact with each other to achieve a combined
effect that is greater than the sum of their individual effects [32]. It can be considered as a
natural direct strategy for increasing the efficacy of drugs with antioxidant activity. Hence,
synergistic effects can be observed when plant preparations interact with conventional
drugs or biochemical compounds. It is essential to identify and utilize these interactions
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because any advancement made as a result of such a process could be used to successfully
treat human diseases. Even in diseases as complex as cancer or aging, favorable synergistic
interactions between plants and medications must be investigated in order to get the
optimum results, such as increased patient benefit or the avoidance of negative side effects.
Multi-drug therapy is an effective strategy for directly blocking or destroying harmful
agents (such as cancer cells, free radicals, or pathogens) while also activating the human
body’s defense or repair mechanisms. This is because the previously accepted dogma of
monodrug therapy has gradually been abandoned; for decades, pharmacological research
has been based on the identification of a single active principle [33]. In terms of herbal
medicine research, traditional Chinese medicine, Ayurveda, and traditional Western herbal
medicine have only recently been scientifically validated and appreciated. Furthermore,
over the last two decades, there has been an increase in the use of traditional medicines in
combination with complementary and alternative medicine (CAM), which includes not only
homeopathy, naturopathy, chiropractic, and energy medicine, but also ethnopharmacology
and herbal medicine [34]. It is becoming clear that many diseases have a diverse etiology
and can be treated more effectively with a combination drug strategy than with a single
therapy. In Western countries, effective combination drug therapy is typically used for
multifactorial or complex disease treatment (for example, cancer, hypertension, metabolic
and inflammatory diseases, acquired immunodeficiency syndrome (AIDS), aging, oxidative
and infectious processes) [35]. Herbal medicine and ethnopharmacology play an important
role in the prevention of body aging in this context, as they are based on herbs or plants,
which are secundum naturam, a complex pool of millions of molecules. It should be noted
that human pharmacotherapy began with the use of plants in ancient times, probably
mimicking the self-medication of animals.

Due to the huge popularity of CAM (including ethnopharmacology and herbal
medicine), there is a need to focus on the risk/benefit ratio of herbal medicines and updated
information. As a result, new information on synergistic anticancer and antioxidant effects
of herbal medications and standard synthetic treatments is needed to explore the interaction
of plants and drugs. In this regard, research into the complex of medicinal preparations
with antioxidant properties is an urgent task.

The group of antioxidant protection of the human body from aging includes fat-soluble
plant antioxidants: vitamins of group E (tocopherols), ubiquinone, vitamins of group A
(retinols) and provitamins of group A (α-, β-, γ-carotenes), vitamins of group D (calciferols),
K (phylloquinone and menaquinone), lipoic acid, etc. [36].

The mechanism of the antioxidant action of these compounds is due to their high
donor properties (decrease in the amount of free oxygen in the cell, for example, by acti-
vating its utilization, increasing the activity of oxidation and phosphorylation processes),
and the ability to restore lipid radicals. All of these compounds are classified as antiradical
protection substances or direct antioxidants. Endogenous direct antioxidants are antiox-
idants that form less reactive radicals and have a more pronounced antioxidant activity.
Thus, tocopherols are of the greatest importance among all known endogenous antioxi-
dants [37]. However, the total antioxidant activity of these substances (the ability to inhibit
peroxide free radical reactions at all stages of oxidative stress) is determined not only by
their antiradical activity but also by the ability of the formed radical of the antioxidant
itself, in parallel with recombination reactions with the formation of stable molecules, to
initiate new chains of free radical oxidation upon interaction with each new molecule of an
oxidized compound [38].

Endogenous direct plant antioxidants, which form less reactive radicals, have a more
pronounced antioxidant activity. Thus, tocopherols are of the greatest importance among
all known endogenous antioxidants. To date, seven different compounds that exhibit E-
vitamin activity have been isolated from natural plant sources and studied. Phospholipids
of mitochondria and endoplasmic reticulum of membranes have a specific affinity for α-
tocopherols. The presence of a side isoprene chain in tocopherols, corresponding in length
to the fatty acid residues of phospholipids, provides them with the ability to integrate into
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the membrane with subsequent formation of complexes between the methyl groups of the
side chain and double bonds of fatty acids [39].

Plant α- and γ-tocopherols (vitamin E) have a pronounced antioxidant activity; the
antiradical activity is higher for α-tocopherol and the antioxidant activity is higher for
γ-tocopherol. α-Tocopherol provides 60% of the anti-radical action of all fat-soluble plant
antioxidants. In addition to the antiradical action, α-tocopherol has the greatest ability
to stabilize membranes and form complexes with fatty acids, leading to an increase in
membrane resistance to free radicals [40]. Fat-soluble plant antioxidants are retinols and
their precursors, mainly β-carotene [41].

The study of the pharmacological activity of Calluna vulgaris (L.) Hull., including as an
antioxidant agent, is of undoubted interest. Since ancient times, this plant has been used in
folk medicine for the treatment of various diseases: atherosclerosis, coronary heart disease,
diabetes mellitus, and diseases of the musculoskeletal system. The chemical composition
of the plant is quite diverse and includes the following groups of compounds: flavonoids
(from 0.5% to 5.5%), catechins, proanthocyanidins (up to 7–8%), phenolic acids (from 5%
to 9%), organic acids, amino acids (up to 17%), polysaccharides (about 5%), etc. [42]. It is
known that the flavonoids of Calluna vulgaris have a pronounced antioxidant activity [43].
Inflammation in damaged tissues intensifies the formation of free radicals, the excess of
which can adversely affect healthy cells and tissues. In this case, the use of antioxidants
can reduce the risk of oxidative damage.

The selection of dosage form, including the justification of the extractant, plays an
important role in the development of a drug. It is critical that the active substances be
extracted as much as possible when preparing a dosage form such as an extract. During the
extraction of Calluna vulgaris shoots with ethyl alcohol, mainly quercetin and its glycosides
pass into the extraction. Chepel V. et al. [44] associated the antioxidant properties of
Calluna vulgaris shoots with kaempferol-3-β-D-galactoside. This compound predominated
in the ethyl acetate fraction of the ethanol extract from the aerial part of the plant. Previously,
the Calluna vulgaris shoot extract was found to be safe for long-term use in an experiment
on rats [45]. Calluna vulgaris was studied as a plant antioxidant in order to establish the
nature of the dose–effect relationship for Calluna vulgaris shoot extract in an in vivo model,
as well as to evaluate the antioxidant activity of its main component, quercetin-3-β-D-
glucoside [42]. Comarum palustre L. has a wide spectrum of biological activity, including
wound healing, analgesic, anti-inflammatory, immunostimulating, antirheumatic, and
antioxidant actions [44]. Comarum palustre L. is widely used in traditional and folk medicine.
The chemical composition of Comarum palustre L. is characterized by great diversity; it
includes a polyphenolic complex, essential oils, resins, organic, hydroxycinnamic acids,
and their derivatives [43], including chlorogenic acid.

Chlorogenic acid (CA)-3-O-caffeoylquinic acid and its isomers are powerful antiox-
idants. The properties of CA have been intensively studied over the past few years due
to the discovery of a wide range of biological activities. CA exhibits the ability to inhibit
tumor growth (in vitro), has an inhibitory effect on colorectal cancer, liver cancer, and
laryngeal cancer, helps prevent type 2 diabetes mellitus, and has antihypertensive, an-
tiviral, antibacterial, and antifungal effects [46]. At the same time, CA has relatively low
toxicity and no side effects. Because of these properties, CA is used in food supplements
and cosmetics with antioxidant properties. It has also been established that one of the
molecular-cellular mechanisms of action of the Comarum palustre L. extract is its ability to
inhibit the processes of free radical oxidation of biomacromolecules, probably due to the
high content of substances of a phenolic nature. It has been shown that the mechanism
of the antioxidant activity of this phytoextract is associated with its ability to increase the
potential of the endogenous defense system of the body [47].

Artemisia vulgáris L. has been used as a medicinal plant since ancient times. It is
also used in modern scientific medicine. In modern folk medicine of the countries of
Central Asia, the herb Artemísia vulgáris L. in the form of a decoction is used as a laxative,
diaphoretic, diuretic, and anthelmintic, is used as a sedative and anticonvulsant in Chinese
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medicine, and in Russian folk medicine in the treatment of bronchial asthma, bleeding,
pyoderma, and as an antitoxic, antioxidant, and tonic. Extracts of Artemisia vulgaris L.
have a cytotoxic effect on leukemia cells. Their choleretic, hypoglycemic, antioxidant,
and hypolipidemic properties have also been determined [48]. Artemisia vulgaris herb
contains essential oils (0.07–0.20%), which contains: limonene, terpinolene, fenchone,
aromadendrene, thayyl alcohol, thujone (alpha and betta), alpha-pinene, beta-pinene,
camphor, and others [49]; triterpenoids: alpha-amyrin, fernenol; steroids: beta-sitosterol,
stigmasterol; amino acids: arginine, histidine, asparagine, proline, lysine, alanine, valine,
glycine, isoleucine, aspartic acid, methionine; phenolcarboxylic acids (not less than 0.5%
in terms of chlorogenic acid); coumarins (1.2%): scopoletin, umbelliferone, imperatorin,
esculetin, xanthotoxol, coumarin [48]; flavonoids (not less than 0.5% in terms of rutin):
quercetin, kaempferol, isorhamnetin, apigenin; carbohydrates: polysaccharides, inulin,
starch [49]; and artemisinin, a substance with antioxidant properties, was also discovered
in the herb [50].

One study [51] investigated the effect of various factors on the yield, antioxidant
activity (AA), and total phenol content (TPC) of plant extracts (guava leaves). The effect of
leaf sample pretreatment before extraction, extraction method, and leaf age were studied.
The results showed that sonication is the most suitable method for plant extraction as it
produces an extract with a significantly higher AA. Blanching followed by cooling with ice
water was proposed for the leaf pretreatment process. The study of leaf maturity showed
that young leaves show the greatest activity. Hot water was the best solvent for extracting
the active ingredients. An aqueous extract of young leaves pre-treated by blanching and
cooling showed the highest AA values. These values are 1.88-times higher than those of
the synthetic antioxidant butylated hydroxytoluene. It was concluded that the extraction
of plant extract bioactive components and their antioxidant capacity is influenced by
pre-treatment and drying processes, extraction method, and leaf maturity [51].

3. Anti-Neurodegenerative Properties of Medicinal Plants and Their Complexes

Millions of patients in the world suffer from chronic neurodegenerative diseases
(Parkinson’s and Alzheimer’s diseases, Huntington’s chorea, hyperprolactinemia, etc.).
The key link in the pathogenesis of neurodegenerative diseases is the degeneration of
specific neurons, which over time leads to dysfunction in the regulation of which they
are involved—cognitive functions in Alzheimer’s disease, motor behavior in Parkinson’s
disease, etc. [52].

Alzheimer’s disease (AD) has a special place among neurodegenerative diseases (ND) in
terms of its negative significance for society [52]. According to the World Health Organization
experts, AD is the most common cause of dementia in the elderly. The global prevalence
of dementia in the world will practically double every 20 years to 65.7 million in 2030 and
115.4 million in 2050. A particularly sharp increase in patients will occur in middle- and
low-income countries. The prevalence of the disease increases as the age category increases.
In people older than 65 years, the number of patients doubles every five years. The available
statistical data give grounds to consider AD, along with cardiovascular and oncological
diseases, as one of the most serious medical problems in developed countries [53]. The risk of
developing Alzheimer’s disease is significantly higher in women than in men, mainly due to
the higher life expectancy of women compared to men [53].

The etiology of Alzheimer’s disease is still an open question. Currently, factors and
diseases have been identified that increase the risk of AD developing. Risk factors are
advanced age, obesity, insulin resistance, vascular factors, dyslipidemia, hypertension, CNS
traumatic injury, and depression. The anatomical pathology of AD at the microscopic level
includes neurofibrillary tangles (NFT), senile plaques (SP), and cerebrocortical atrophy,
which mainly develops in the association regions and medial areas of the temporal lobe.
Alzheimer’s disease is accompanied by proteinopathy—the accumulation in the brain
tissues of abnormally folded proteins—of amyloid-beta and tau protein. Plaques are formed
from small peptides 39–43 amino acids long called amyloid-beta (A-beta, Aβ). Amyloid
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beta is a fragment of a larger precursor protein, APP. This transmembrane protein plays
an important role in neuron growth, survival, and recovery from damage. In Alzheimer’s
disease, for unknown reasons, APP undergoes proteolysis—it is divided into peptides
under the influence of enzymes. Aβ strains formed by one of the peptides stick together in
the intercellular space into dense formations known as senile plaques [54]. In Alzheimer’s
disease, changes in the structure of the tau protein lead to the disintegration of microtubules
in brain cells. More specifically, Alzheimer’s disease is also referred to as tauopathies,
diseases associated with abnormal aggregation of the tau protein. Each neuron contains a
cytoskeleton made up of microtubules that carry nutrients and other molecules from the
center to the periphery of the cell, to the end of the axon, and back. Microtubules are made
up of the tau protein, which stabilizes them along with several other proteins once they are
phosphorylated. In Alzheimer’s disease, tau protein is over-phosphorylated.

Herbal preparations can play an important role in the prevention and treatment
of neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases. This
review summarizes research by scientists worldwide on these diseases. Many studies by
international and Russian scientists have relied on preliminary and clinical studies [55–57].
Alzheimer’s and Parkinson’s diseases are among the major neurodegenerative disorders
(NDDs) that impose a significant socioeconomic burden. People have been searching for
a cure for NDDs using natural herbs for centuries. It is reported that many medicinal
plants and their secondary metabolites are able to alleviate the symptoms of NDDs [58,59].
The major identified mechanisms by which phytochemicals exert their neuroprotective
effects and potential neurological health support during aging include antioxidant, anti-
inflammatory, antithrombotic, antiapoptotic, acetylcholinesterase and monoamine oxidase
inhibition, and neurotrophic activity [60,61]. Studies [62,63] reviewed clinical trials and
provided statistical data on the mechanisms of action of some major herbal products with
potential in the treatment of NDD, according to their molecular targets, as well as their
regional sources. A number of studies have demonstrated the beneficial properties of plant
extracts or their bioactive compounds against NDDs [64,65]. Plant products potentially offer
new treatment options for patients with NDD that are a cheaper and culturally acceptable
alternative to traditional therapies for millions of people around the world with age-related
NDDs [66,67].

The mechanisms of this effect are not always known. Perhaps antioxidant, adaptogenic
mechanisms play a role here. Due to the content of carotenoids, some medicinal plants and
their complexes prevent the occurrence of Alzheimer’s disease. This fact was evaluated in a
number of studies [68–72]. Alzheimer’s disease is the most devastating neurodegenerative
disease affecting the aging population worldwide. Endogenous and exogenous factors
are involved in the triggering of this complex and multifactorial disease, the hallmark of
which is amyloid-β (Aβ), formed as a result of the breakdown of the amyloid precursor
protein under the action of β- and γ-secretase. Although there is no cure for Alzheimer’s
disease at this time, many neuroprotective natural products, such as polyphenol and
carotenoid compounds, have shown promising preventive activity as well as helping to
slow the disease’s progression [68]. Studies [68,70] have focused on the chemistry as well
as the structure of carotenoid compounds and their neuroprotective activity against Aβ
aggregation using molecular docking assays. Besides the most common anti-amyloidogenic
carotenoid, lutein, cryptocapsin, astaxanthin, fucoxanthin, and the apocarotenoid bixin
have all been studied [70]. Structure-based computer analysis of drug design and molecular
docking simulations have revealed important interactions between carotenoids and Aβ
through hydrogen bonding and van der Waals interactions and have shown that carotenoids
are potent anti-amyloidogenic molecules with a potential role in preventing Alzheimer’s
disease, especially since most of them can cross the blood–brain barrier and are considered
nutraceuticals [71]. As a result of these findings, we now have a better understanding
of how carotenoids inhibit Aβ aggregation. The potential role of carotenoids as new
therapeutic molecules in the treatment of Alzheimer’s disease and other neurodegenerative
diseases has been discussed [72].
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Nobiletin and tangeretin, flavonoids isolated from the peel and other parts of citrus
fruits, have a neuroprotective effect in experiments in vitro and in vivo and are promising
in the prevention and treatment of Alzheimer’s and Parkinson’s diseases [73]. Citrus narin-
genin prevents dopamine synthesis disorders in the brain which prevents the development
of Parkinson’s disease. Sedative, muscle relaxant, anti-hallucinogenic, neuroprotective,
memory-enhancing, and anti-Parkinsonian properties of medicinal plants have been noted.

Polyphenols, due to the antioxidant, anti-inflammatory properties of medicinal plants
and their extracts, have a neuroprotective effect in epilepsy and other neurodegener-
ative diseases; resveratrol and flavonoids prevent the occurrence and development of
neurodegenerative diseases and have a neuroprotective effect. Due to its antioxidant,
anti-inflammatory properties, methanol extract of ginger root can serve as an additional
tool in the treatment and prevention of Alzheimer’s disease [74]. Experimental stud-
ies have shown that taking cinnamon powder (Cinnamonum cassia, Cinnamonum verum)
prevents T-cell dysfunction, thereby providing a therapeutic and prophylactic effect in
autoimmune diseases, including multiple sclerosis [75]. Lemon oil reduces lipid peroxi-
dation in the hippocampus, thereby preventing the development of neurodegenerative
diseases [76]. Experimental studies have shown the presence of neuroprotective properties
in Terminalia chebula Retz. seed extracts [77]. Chebulic acid has pronounced neuroprotective
properties [78]. Ellagic acid has the same properties [78]. Silibum marianum Gaerth silubin
has immunosuppressive properties, and this makes it possible to use it in multiple scle-
rosis [79]. Silubin prevents memory impairment and destruction of nerve cells caused by
oxidation, which opens up prospects for its use in the treatment of Alzheimer’s disease [80].
Ferulic acid (Ferula assa foetida L.), due to its antioxidant properties, has a therapeutic effect
in neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases [81].

Experimental studies have shown that alcoholic extracts of date fruits (Phoenix dactylifera L.)
have a neuroprotective effect in ischemic damage to the nervous tissue [82]. Experimen-
tal studies have shown that the date diet, due to its antioxidant properties, can serve
as a prophylactic for Alzheimer’s disease [83]. As we have already noted, acetyl and
butyrylcholinesterase enzymes play an important role in the pathogenesis of the devel-
opment of complications from the nervous system in Alzheimer’s disease. In the plant
world, biologically active substances that inhibit these enzymes are common. The hot
infusion of orange (Citrus sinensis (L.) Osbeck.) peel has been found to inhibit MAO
and butyrylcholinesterase, which opens up great prospects for its use in the treatment
of neurodegenerative diseases [84]. It has also been determined that aqueous extracts
of oranges inhibit acetylcholinesterase, and they can serve as a therapeutic agent in the
treatment of Alzheimer’s disease [85]. Anticholinesterase activity has been shown for a
number of natural compounds, due to which they can be used for the prevention and treat-
ment of Alzheimer’s disease: essential oil of leaves and flowers of Polygonum hydropiper L.,
phenolics and flavonoids in Inula britannica L. [86,87], rosmarinic acid from extracts of
Hypericum perforatum L. [88], phenolics from extracts of Terminalia chebula Retz [89], al-
kaloids of Fumaria vailantii Loisl. [90], extracts Coriandrum sativum L. [91], a mixture of
chokeberry and lemon juices [92], ursolic acid and oil of Origanum majorana L. [93], extracts
of Myristica fragrans Houtt. [94], alcohol Foeniculum vulgare Mill. fruit extracts and its
oil [95], extracts of Thymus serpyllum L. [96], extracts of Rumex confertus Willd. leaves [97],
mulberry root bark extracts [98], Pleurotus ostreatus (Fr.) [99], castor bean leaf extracts [100].

The stems and fruits of black pepper (Piper nigrum L.) have shown the ability to
inhibit acetylcholinesterase, and butyrylcholinesterase. Cucumber fruit extracts have
anticholinesterase and antimonoamine oxidase activity, which opens up prospects for their
use in the treatment of neurodegenerative diseases [101]. Substances that prevent the
formation of amyloid fibrils have been identified among the biologically active substances
of plants. Grape seed gallic acid prevents the formation and accumulation of amyloid
fibrils, which play the main pathogenetic role in Alzheimer’s and Parkinson’s diseases [102].
Experimental studies have revealed the properties of alcoholic extracts of buckwheat
(Fagopyrum esculentum Moench.) to inhibit the production of β-amyloid and prevent
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memory impairment [103]. In the pathogenesis of Alzheimer’s disease, deficiency of P-
glycoprotein with adenosine transferase protein (ABCB1), which is involved in the transport
of β-amyloid from the brain tissue into the blood, plays an important role. Experimental
studies have shown that Hypericum perforatum L. extracts increase the rate of transport
of β-amyloid into the blood, thereby providing a preventive and therapeutic effect in
Alzheimer’s disease [104]. Similar properties have been found in curcumin.

Quinolinic acid is formed due to the degradation of tryptophan. The accumulation
of this substance stimulates the processes of neuroinflammation and demyelination, and
the development of degenerative diseases such as multiple sclerosis. Experimental studies
have shown that alcohol Terminalia chebula Retz. extracts inhibit the accumulation of
this substance and the development of oxidative stress in the nervous tissue under the
influence of quinolinic acid [105]. Calamus (Acorus calamus L.) root preparations [106] and
asparagus (Asparagus officinalis L.) extracts [107] reduce damage to the nervous tissue by
β-amyloid, thereby preventing the development of Alzheimer’s disease. Experimental
studies have shown that curcumin (Curcuma longa L.) prevents degradation caused by
toxic factors of nigral dopaminergic neurons and prevents the development of Parkinson’s
disease [108]. Methanol extracts of black pepper (Piper nigrum L.) reduce oxidative stress
in the hippocampus under the influence of β-amyloid [109]. In addition, pepper fruits
improve memory by stimulating the trophism of the nervous tissue, especially in the
hippocampus. Acorus calamus L. β-azarone is considered a potentially effective agent in
the treatment of neurodegenerative diseases, including Alzheimer’s disease [110]. Ginseng
preparations have been shown to be effective in the treatment of Parkinson’s disease due to
their neuroprotective properties of ginseng [111].

Experimental studies have shown that taking extracts of Hypericum perforatum L.
has a therapeutic effect in Parkinson’s disease [112]. Plant extracts are also promising
as a therapeutic agent for multiple sclerosis [113]. A similar effect was shown for cin-
namon (Cinnamomum Blume L.) extract [114]. A number of medicinal plants and their
metabolites have a therapeutic effect in Alzheimer’s disease: nobiletin and narirutin,
flavanoids from lemon fruits [115,116]; tangeretin has therapeutic potential in inflamma-
tory and degenerative processes in the nervous tissue accompanied by microglial acti-
vation [117]; seeds and roots of Peganum harmala L. [118], Crocus sativus L. stigmas [119],
Trigonella foenum-graecum L. seeds [120,121]. Experimental studies have shown that fenu-
greek seed extracts have a therapeutic effect on motor disorders in animal models of
Parkinson’s disease. Randomized, placebo-controlled clinical trials have shown that IBHB
(fenugreek seed extract) is a safe, effective adjuvant treatment for patients with L-DOPA-
dependent Parkinson’s disease.

Filipendula ulmaria L. Maxim, due to the presence of flavonoids such as kaempferol,
luteolin, and apigenin, has a therapeutic effect in neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, epilepsy, multiple sclerosis, and stroke [122]. An-
imal experiments have shown that meadowsweet has a therapeutic effect and prevents the
processes of demyelinization in encephalomyelitis [123]. Glabridin, extracted from mistle-
toe (Víscum álbum L.), protects against the deterioration of cognitive processes and memory
caused by exposure to chemical agents. This opens up prospects for the use of glabridin
in the treatment of Alzheimer’s disease. Neuroprotective properties of rosehip extracts
(Rosa cinnamonea L.) have been noted. Experimental studies have shown that a herbal prepa-
ration of rose hips, tansy herb, and nettle prevents memory impairment in Alzheimer’s
disease [124]. Valeriana officinalis L. extract improves cognitive functions caused by exposure
to amyloid β in models of Alzheimer’s disease [125]. The anti-neurodegenerative effects of
various plant components are summarized in Table 1. The table demonstrates a fairly wide
range of plants of various species that exhibit significant antioxidant activity. Many plant
species considered include neurodegenerative and antioxidant components.
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Table 1 demonstrates only the main components of the presented plants that affect the
antioxidant activity. It should be noted that these plants also contain other components
(for example, ellagitannins in Filipendula ulmaria or procyanidins in Vitis vinifera and wine),
which have a beneficial effect on the oxidation of free radicals, antioxidant activity, and the
aging process of the human body [122,123].

Essential oil is one of the key components of Citrus limon. Lemon essential oil is
extracted by cold pressing the fruit’s peel. The oil is fractionated by vacuum distillation,
and essential oils with varying concentrations of the main components (limonene, other
monoterpene hydrocarbons, citral, geranyl acetate, and sesquiterpenes) are produced. The
three primary components responsible for the aroma of lemon are limonene (1-methyl-
4-(1-methylethenyl)cyclohexene) and citral (a combination of two geometric isomers of
3,7-dimethyl-2,6-octadienal, neral and geranial). It was demonstrated that citral is unstable;
it is easily oxidized in the presence of light or oxygen [133]. In addition to these compo-
nents, lemon essential oil contains α-pinene, sabinene, β-pinene, β-myrcene, p-cymene,
α-terpinene, limonene, γ-terpinene, linalool, neral, geranial, neryl acetate, and geranyl
acetate. Lemon essential oils are powerful antioxidants. The inhibitory effect of essential
oil components on model aldehyde oxidation is based on competitive reactions between
these components and the aldehyde with an oxidizing agent, in this case air oxygen. The
components of essential oils oxidize and transform, resulting in a change in essential oil
composition, the emergence of new products, and the consumption of the main compo-
nents. On the other hand, comparing the rate of oxidation (decrease in concentration) of oil
components allows for evaluation of their antioxidant activity.

It was found that the antioxidant activity depends on the composition of the systems
and on the concentration of essential oils. Citral and limonene had the lowest antioxidant
activity; a mixture of these compounds had a higher activity. The antioxidant properties
of essential oils increased as their concentration or the content of monocyclic terpene
hydrocarbons in the model systems increased, especially α- and γ-terpinenes. Differences
in the oxidation resistance of the main components of lemon essential oils were determined,
and synergistic effects in the antioxidant activity and stability of essential oil components
were found [133].

Rauwolfia serpentina Benth., a tropical plant from the Apocynaceae family, is a source of
many indole alkaloids that are widely used in medical practice as antihypertensive, antiar-
rhythmic, and sedative drugs. Ajmaline is a key component among the alkaloids of this
plant [134]. Ajmalin is an antiarrhythmic medication that is effective in the treatment of the
cardiovascular system. Due to the endemic and endangered status of Rauwolfia serpentina,
as well as its slow growth rate and relatively low content of ajmaline alkaloids, these
compounds are currently obtained from in vitro cultivated tissues of this plant. Indole
alkaloids Rauwolfia serpentina are also represented by reserpine, serpentine, rescinnamine,
or yohimbine. Rauwolfia alkaloids have various pharmacological properties. They mainly
affect the central nervous system [134].

One of the modern directions of pharmaceutical research is the search for new types
of plant materials to expand the range of fatty oils for medical use in aging. A promising
source of fatty oils are the seeds and fruits of oleaginous plants. In particular, pomegranate
seeds are a source of fatty oil of an atypical chemical composition, which has been found
to contain the following fatty acids: palmitic (C16:0), linoleic (C18:2, cis), oleic (C18:1, cis),
linolelaidic (C18:2, trans), stearic (C18:0), punicic (C18:3, 9cis, 11trans, 13cis), α-eleostearic
(C18:3, 9cis, 11trans, 13trans), catalpic (C18:3, 9trans, 11trans, 13cis), β-eleostearic (C18:3,
9trans, 11trans, 13trans), eicosene (C20:1, cis), arachidonic (C20:0), lignoceric (C24:0), and
conjugated linolenic acids [135]. Thus, pomegranate oil consists of triglycerides containing
unsaturated fatty acids, mainly punicic acid, which has a pronounced positive biological
effect on the body [135].

The study of Terminalia chebula revealed its antioxidant, antibacterial, antitumor, neu-
roprotective, anti-inflammatory, antidiabetic, hepatoprotective, antimutagenic, antipro-
liferative, radioprotective, cardioprotective, antiarthritic, anticaries, and wound healing
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properties [136]. Terminalia chebula fruits contain 1,2,3-tri-O-galloyl-6-O-cinnamoyl-β-d-
glucose, 1,2,3,6-tetra-O-galloyl-6-O-cinnamoyl-β-d-glucose, 4-O-(2”,4”-di-O-galloyl-α-l-
rhamnosyl)ellagic acid, 1’-O-methyl neochebulin, dimethyl neochebulinate, 6’-O-methyl
neochebulinate, dimethyl neochebulinate, dimethyl 4’-epineochebulinate, methyl chebulate,
derivatives of polyhydroxytriterpenoids-23-O-neochebuloylarjungenin 28-O-β-d-glycopyra
nosyl ester, 23-O-4’-epi-neochebuloylarjungenin, and 23-O-galloylpinfaenoic acid 28-O-
β-d-glucopyranosyl ester. The hydrolysable tannins chebumeinin and chebumeinin B
were also found [137–139]. The bark of the plant contains triterpenoids-termichebuloside,
dimeric triterpenoid saponin, termichebulolide, oleanolic acid-type lactone [140]. The plant
contains Cl, Co, Cr, Fe, K, Mn, Na, Se and Zn salts [141]. Plant seed extracts have been
demonstrated to exhibit neuroprotective effects in experimental studies. Chebulic acid has
pronounced neuroprotective properties [142]. Ellagic acid from Chebulic myrobalans has
the same properties [143]. Plant extracts are promising for the treatment of Alzheimer’s dis-
ease because of their antioxidant and anti-inflammatory characteristics [138]. Experiments
have demonstrated that plant extracts suppress the enzyme acetylcholinesterase, which
is involved in the progression of Alzheimer’s disease [144,145]. Quinolinic acid is formed
due to the degradation of tryptophan. The accumulation of this substance stimulates the
processes of neuroinflammation and demyelination, and the development of degenerative
diseases such as multiple sclerosis. Experimental studies have shown that alcoholic extracts
of Chebulic myrobalans inhibit the accumulation of this substance and the development of
oxidative stress in the nervous tissue under the influence of quinolinic acid [146].

The healing properties of Sílybum mariánum have been known since ancient times. Both
the plant and the extract obtained from it are utilized in folk medicine. Silybum marianum
has a number of protective properties against liver diseases and neurogenerative dis-
eases [147]. It is a natural antioxidant. Sílybum mariánum seeds contain flavonoids from
which a pharmacological agent silymarin is produced. Silymarin contains three main
components: flavonoids silybin, silychristin, and silydianin. Silymarin has an antioxidant
effect in Alzheimer’s disease. The seeds are rich in fatty oils (20–30%), proteins (25–30%),
also contain tocopherol (0.038%) and sterols (0.63%) including cholesterol, campesterol,
stigmasterol, sitosterol, and others. Fatty oils are an indispensable nutritional factor that
provides a person with essential fatty acids (linoleic, linolenic, and arachidic), which are
not synthesized in the human body. They are also used in the production of medicines.
The identified new fatty oils containing a high amount of essential fatty acids (C18:2, 18:5)
belonging to the class ofω-2,ω-3 acids are of great interest [147].

Inula britannica contains flavonoids, essential oils, carotene, sesquiterpene lactones,
including britanin, tannins, and other substances. The seeds contain traces of alkaloids, and
the roots contain the bitter substance insulin and other compounds, which has led to their
widespread use in medicine (official, folk, veterinary) and food industry [148]. Compo-
nents typical of the Asteraceae family as a whole were detected in the glandular trichomes
secretion of I. britannica—essential oils including sesquiterpene lactones and phenolic com-
pounds (flavonoids). The fact that the content of trichomes stain with methylene blue,
which belongs to the group of basophilic dyes, indicates the predominance of oxidized
components in the composition of the essential oil (sesquiterpene lactones, flavonoids,
phenolic acids). The glandular trichomes of I. britannica synthesize essential oils (at the
initial stages of formation) and oleoresins (formed). The secret of the glandular trichomes of
I. britannica is formed by a polysaccharide mucus, which includes neutral sugars (the secret
is not stained with methylene blue); the content of numerous non-glandular trichomes is
filled with essential oil, which is released when the terminal cell is broken off [149].

Fumaria officinalis contains about 1% of a mixture of isoquinoline (styloptin, protopin,
cryptopin, synactin, bicuculin, adlumin, etc.) and spirobenzylisoquinoline (fumarophycin,
parfumin, fumaritrin, etc.) alkaloids [150,151]. Alkaloids adlumicein methyl ester, par-
fumine, and N-methylhydrastine methyl ester were identified in Fumaria officinalis [150]. In
Fumaria officinalis, isoquinoline alkaloids protopine, cryptopine, fumaranine, fumarostrezhdin,
parfumidin, synactin, etc. were identified. These substances have a neurodegenerative effect

199



Molecules 2022, 27, 2276

in Alzheimer’s disease and aging [151]. Glycosides, vitamins C, K, organic acids, sugars,
resins, traces of essential oil were also found. Spirobenzylisoquinoline alkaloid fumariline
was determined in seeds [150,152].

Vitis vinifera is a promising source of biologically active substances. Along with fruits,
which are valuable medicinal plant raw materials, leaves are often used for the manufacture
of a number of medicines and biologically active food supplements, which have antioxidant,
cardiovascular, anti-sclerotic, capillary-strengthening, and anti-inflammatory effects [153].
Twenty compounds belonging to different chemical groups were identified in the lipophilic
fraction: (a) high molecular weight fatty acids and their derivatives (myristic, palmitic,
linolenic, palmitoleic acids); (b) compounds of terpene nature, which are an integral part of
the essential oil fraction (d-limonene, geranyl, phenylacetate, squalene, etc.); (c) diterpene
alcohol phytol; (d) fat-soluble vitamins α- and γ-tocopherols; (e) a pyrazole derivative;
(f) higher aliphatic hydrocarbons and other organic substances [153].

Curcuma longa L. has a wide range of biological effects, including anti-inflammatory
and antioxidant properties. Its specific effect on various organs and tissues has been re-
vealed, i.e., on the skin, gastrointestinal tract, liver, and respiratory system. As part of
the components of turmeric, carbohydrates (4.7–8.2%), essential oils (2.44%), fatty acids
(1.7–3.3%), and curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycur-
cumin) have been isolated, the content of which is approximately 2%, although they
can reach 2.5–5.0% of dry weight, as well as other polypeptides such as turmerin (0.1%
dry extract) [154]. One of the main active components of Curcuma longa L. is curcumin, a
polyphenol, the main representative of the curcuminoids group. The antitumor, antioxidant,
and anti-inflammatory activity of curcumin has been confirmed. Curcumol, a component
of turmeric essential oil, has anti-epileptic properties. Anti-epileptic properties were de-
termined in the bisabolene terpenoids of turmeric. In experimental animals, curcumin
reduced movement disorders and stiffness caused by haloperidol. Experimental studies
demonstrated that curcumin prevents the degradation caused by toxic factors of nigral
dopaminergic neurons and prevents the development of Parkinson’s disease. Curcumin
has a positive therapeutic effect in all neurodegenerative diseases [154].

Biologically active substances of Acorus calamus are represented by essential oil, polysac-
charide complex, phenolic compounds [155]. The composition of the essential oil includes:
d-alpha-pinene, d-camphene, d-camphor, borneol, eugenol, methyleugenone, azaron, beta-
azaron, calamen, sesquiterpene ketone akorone, caryophyllene, proazulene, and other ter-
penoids. Acorus calamus is used for the treatment and prevention of cardiovascular diseases,
neurodegenerative disorders, epilepsy, Parkinson’s, and Alzheimer’s diseases [155].

The medicinal plant Filipendula ulmaria is a source of highly effective preparations of
various actions: anti-inflammatory, immunostimulating, antitumor, antioxidant, adaptogenic,
and nootropic [156]. Filipendula ulmaria contains isobutylamine, isoamylamine, higher fatty acids
(stearic and lenolenic), hexanal, 6,10,14-trimethyl-2 peptadecanone, 2 nonadecanone, 14-methyl
pentadecanoic acid ester, dodecanoic, tetradecanoic, pentadecanoic and hepatodecanoic acids,
1-nonadecene, hexadecanoic acid ester, 1-octadecanol, 9,12 octadecadienoic acid [156].

The chemical composition of Viscum species, in particular Viscum album, has not been
sufficiently studied, but it is known that their medicinal effectiveness is due to the content of a
number of chemically complex and diverse active substances. These include polypeptides, car-
bohydrates, amines, organic acids (lactic, isovaleric, caproic, etc.), rubber steroids, cardenolides
and triterpene glycosides (viscumneoside V, naringenin, rhamnocitrin, etc.), phenols, higher
fatty acids, saponins, and many others [28]. For Viscum album, 41 components of the extract
have been presented, which include 11 flavonoids, 2 hormones, 14 benzenoids, 1 inositol,
2 pyrimidines, 4 triterpenoids, 5 steroids, viscoline, and a new flavonone-(2S)-7,4’-dihydroxy-
5, 3’-di-methoxyflavanone [157]. White mistletoe is used as an analgesic, astringent and
enveloping agent, for the treatment of hypertension, gastrointestinal, uterine and hemor-
rhoidal bleeding, metabolic disorders, early menopause in women, dehelmintization, as
well as an anti-inflammatory, anticancer, and antioxidant agent [157].
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4. Anti-Inflammatory Properties of Medicinal Plants and Their Complexes

It is estimated that more than 150,000 plant species have been studied, many of
which contain valuable therapeutic agents, and the use of new compounds from plants for
pharmaceutical purposes has been gradually increasing in recent years [158]. Since ancient
times, plants have played an important role in protecting human health. When adapting
against pathogen attack and environmental stress, plants produce several substances that
exhibit biological activity. These organic molecules are secondary metabolites and also
exhibit biological activity. Among the various functions, the anti-inflammatory effect of
plants is distinguished. It is known that inflammation is an evolutionarily conserved
defense process and a critical survival mechanism [159]. It consists of complex successive
changes in tissue aimed at eliminating the original cause of damage to the cell, which
could be caused by infectious agents or substances released during their metabolism
(microorganisms and toxins), as well as physical factors (radiation, burns, and injuries),
or chemicals (caustic substances). Signs of inflammation are local redness, swelling, pain,
burning, and loss of function [160].

In general, this complex biological response leads to the restoration of homeostasis.
However, in cases of sustained release of inflammatory mediators and activation of insecure
signaling pathways, the inflammatory process persists, and a chronic pro-inflammatory
state may occur [161]. Chronic inflammation may be associated with diseases such as
obesity, diabetes, cancer, and cardiovascular disease. Medicinal plants play an important
role in the development of new potent anti-inflammatory drugs [162]. Ethnobotanical
research made it possible to combine a variety of plants with biological activity by methods
of observation, description, and experimental studies, which greatly contributed to the
discovery of natural plant products of biological action. The use of plant-based medicinal
natural compounds for the treatment of many diseases has become a trend in modern
clinical research. Polyphenolic compounds have attracted significant attention due to their
modulating effect on inflammasomes [163]. These multiprotein complexes are associated
with the onset and progression of metabolic disorders and chronic diseases caused by
inflammation [163].

Over the past decades, hundreds of research and review articles have been published
on the anti-inflammatory activity of plants [164]. It is important to note that the extraction
of plant raw materials is an important step that makes it possible to obtain a preparation
with a specialized action [164]. When a set of natural compounds is used, there is a high
possibility of synergy between the active ingredients, which can be lost when each of these
ingredients is isolated. This synergism has been found in several medical tests, including
anti-inflammatory activity. On the other hand, a mixture of different compounds can also
lead to inhibitory effects, namely that one component can reduce the biological activity
of another. Medicinal plants are used instead of non-steroidal anti-inflammatory drugs,
given that the use of these drugs is associated with undesirable effects on the gastroin-
testinal tract and kidneys. The biggest disadvantage of strong synthetic drugs is their
toxicity and recurrence of symptoms after withdrawal. Thus, screening and development
of herbal preparations with anti-inflammatory action are currently needed, and much
effort is being made to find anti-inflammatory preparations from medicinal plants [165].
Substances of plant origin belonging to various chemical classes have demonstrated proven
anti-inflammatory activity [156]. Among them are alkaloids, terpenes [157], phenolic
compounds, tannins, lignans, coumarins, saponins, and especially flavonoids [152].

The Álnus incána flavonoids—rutin, quercetin, and hesperidin—have been found to
have an anti-inflammatory effect [153]. Studies involving the Potentilla argentea glycosides
(kaempferol, quercetin, aromatendrenene) showed anti-inflammatory activity due to the
suppression of NO levels in microglial cells [154]. Agrimónia eupatória terpenes, which
exhibit pharmacological properties such as anti-inflammatory and antinociceptive abilities,
inhibit platelet aggregation and interfere at the intracellular level with the transduction
mechanism [155]. These compounds also contribute to a significant reduction in edema and
exhibit effects comparable to those of hydrocortisone. Some pathologies, such as inflamma-
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tion, can be exacerbated by the formation of free radicals that cause tissue damage by pro-
moting oxidation [156]. Oxidative stress is known to play an important role in endothelial
dysfunction; lung disease, gastrointestinal dysfunction, atherosclerosis, and inflammatory
symptoms are implicated in all these disorders [157]. Excessive pro-inflammatory cytokines
and mitochondrial dysfunction cause oxidative stress, characterized by an imbalance be-
tween the effectiveness of antioxidant protection and the rate of formation of reactive
oxygen species, causing an overload of oxidants [158].

Antioxidant compounds can reduce oxidative stress, minimizing the incidence of
pathologies. The search for new antioxidant agents from plant sources used against
inflammation and infection may lead to the discovery of natural molecules with high
anti-inflammatory potential in vitro and in vivo. These substances justify the popular use
of these plant species with anti-inflammatory properties [166]. Thus, arachidonic acid
metabolites play a vital role in inflammation. In the inflammatory process, arachidonic acid
is released from membrane phospholipids by the enzyme phospholipase and metabolized
by cyclooxygenases, lipoxygenases, and cytochromes into prostaglandins/thromboxane,
leukotrienes, and epoxy/hydroxy metabolites, such as epoxyeicosatrienoic acid. Cyclooxy-
genase (COX), the enzyme responsible for the formation of prostaglandins from arachidonic
acid, is released from cell membrane phospholipids by phospholipase [167]. COX is nec-
essary to maintain the normal physiological state of many tissues, including protecting
the gastrointestinal mucosa, controlling renal blood flow, homeostasis, autoimmune and
anti-inflammatory responses, and controlling the functions of the pulmonary, nervous, and
cardiovascular systems, and the reproductive functions of the human body [168]. COX
expression is significantly increased during inflammation, or mitogenic stimulation [167]
induced by inflammation by cytokines and endotoxins, and causes a decrease in the number
of prostaglandins that contribute to the development of edema, hot flashes, fever, and
hyperalgesia [168]. Therefore, activation of these enzymes stimulates intracellular signals
that alter the expression of pro-inflammatory cytokines such as interleukin. COX inhibition
is regarded as an important target for potential drugs for the treatment of inflammatory
processes in the aging human body [169]. Inhibition of COX by plant BAS is responsi-
ble for the imbalance of arachidonic acid metabolites; plant BAS increase the production
of lipoxygenase products, leukotrienes, which have pro-inflammatory properties [164].
Glycation or non-enzymatic glycosylation is a reaction between reducing carbohydrates
(glucose, fructose, etc.) and free amino groups of proteins, lipids, and nucleic acids of a
living organism, proceeding without the participation of enzymes. Glycation is a special
case of the Maillard reaction. Non-enzymatic glycosylation of proteins is a key mechanism
of tissue damage in diabetes mellitus [165].

5. Antiglycating Properties of Medicinal Plants and Their Complexes

The glycation process, which is enhanced by hyperglycemia, underlies the pathogene-
sis of micro and macrovascular complications of diabetes mellitus (DM), which is common
in the elderly [166]. Glycosylation end products (GEP) affect type IV collagen, myelin,
tubulin, plasminogen activator-1, and fibrinogen. The receptor-dependent effects of GEP
are mediated by their interaction with specific receptors, which leads to the activation
of the nuclear factor NF-κB, which moves to the nucleus and leads to an increase in the
transcription of intercellular adhesion molecules-1, E-selectin, endothelin-1, vascular en-
dothelial growth factor, and pro-inflammatory cytokines [167]. The first and most studied
substance that inhibits protein glycation is aminoguanidine, which prevents the formation
of GEP [168]. However, clinical trials of this drug were stopped due to the lack of efficacy
and the presence of side effects (gastrointestinal symptoms, lupus-like, flu-like syndromes,
vasculitis, anemia). Antiglycation activity was found in pyridoxamine, hydrazine deriva-
tives of thiazolidine and carboxymidamide, structurally similar to aminoguanidine, and
derivatives of phenoxyisobutyric acid [169]. All of the above determines the relevance of
the search for plant substances that prevent the formation of GEP in order to create drugs
for the pathogenetic prevention of DM complications.
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Diabetes mellitus is a metabolic disorder characterized by hyperglycemia. The preva-
lence of diabetes and its associated complications has increased dramatically over the past
few decades, leading to increased morbidity and premature mortality, and remains a major
risk factor for cardiovascular disease worldwide [170]. Chronic hyperglycemia is the main
factor causing vascular and internal organ damage in diabetes [171]. An uncontrolled
excess of glucose in the blood reacts with the free amino acids of proteins to form a labile
Schiff base and is stabilized in a compound known as GEP. Protein glycation causes sev-
eral structural modifications and alters the function of many proteins, especially albumin.
This process affects the affinity of the albumin-binding activity of drugs, hormones, fatty
acids, and other substances [172]. In addition, albumin-derived GEPs have been shown to
trigger the generation of intracellular reactive oxygen species, which leads to inhibition of
glucose uptake and oxidative changes in intracellular proteins [173,174]. Albumin has the
ability to scavenge free radicals depending on its structure, and this protective function is
lost in uncontrolled diabetes [175]. Numerous GEP inhibitors, including pharmacological
and natural compounds, have been investigated for their ability to prevent the compli-
cations of diabetes, but medicinal plants are considered safer than others, and many of
them have the ability to reduce the harmful effects of hyperglycemia [176]. Widespread
in Europe, Solidágo virgáurea L. and Lamium album L. have played a traditional role in folk
medicine for centuries in the treatment of skin diseases, rheumatism, hypertension, and
various infections. These plants are rich in phenolic flavonoids and phenolic acids. Many
compounds of these plants have antioxidant properties that act through enzymatic and
non-enzymatic pathways [177]. Recent studies have demonstrated the antibacterial and
antioxidant effects of Solidágo virgáurea L. and Lamium album, as well as their hypoglycemic
effects in diabetes [178]. It was found that the anti-glycation properties of the extracts
of Solidágo virgáurea L. and Lamium album were strongly correlated with their antioxidant
capacity (trapping DPPH-radicals). Like antioxidant capacity, anti-glycation activity corre-
lated strongly with phenol and flavonoid content.

Phenols and flavonoids are classified as antioxidants and have been reported to
have protective effects in diabetes. Some studies show that a higher content of phenol
and flavonoids has a greater effect on protection against hyperglycemia [179]. Albumin
glycation, including the formation of fructosamine, carbonyl groups, and amyloid β-
structures, is significantly attenuated in the presence of plant extracts. The initial step in the
formation of GEP, also known as the Maillard reaction, begins with the nucleophilic addition
of the free amino groups of proteins to the carbonyl group of reducing sugars to reversibly
form a Schiff base product, which in turn is converted to a stable fructosamine residue
(ketoamine) by Amadori rearrangement (Figure 2). The Schiff base and fructosamines
are called early glycation products. These adducts can undergo subsequent oxidation,
rearrangement, dehydration, and cyclization to form stable agents called GEP [172]. It has
been demonstrated that GEP inhibitors can prevent the formation of reactive dicarbonyls
and oxygen species [169]. It has been suggested that antioxidants such as phenols and
flavonoids inhibit the formation of GEP and such properties have been attributed to
the structure of these compounds. In fact, adjacent OH groups have been found to be
responsible for their antioxidant and antiglycation activity [173]. The relationship between
antioxidant and antiglycation activity was evident in that the maximum inhibition of
glycation was noted for medicinal plants, which showed the highest antioxidant properties.
Solidágo virgáurea and Lamium album showed a low ability to prevent the formation of
amyloid β-structures. The research results show that the extracts and complexes of these
plants are able to scavenge free radicals and prevent albumin glycation, and these properties
are highly correlated with each other. It has been found that a higher concentration of each
extract will result in greater inhibition of albumin glycation. Thus, it has been proven that
the antioxidant capacity of plants and the ability to antiglycate are due to the concentration
of phenols and flavonoids [172].

203



Molecules 2022, 27, 2276

6. Synergism in the Action of Medicinal Plant Complexes

Plants have been used as therapeutic agents since the beginning of human history [180].
Texts from ancient Sumeria, India, Egypt, China, and other countries contain recipes using
medicinal plants for the treatment of diseases [158]. Today, the use of medicinal plants
is still common, with a significant portion of the world’s population relying on herbal
natural products and supplements as their primary source of health care [181]. Nearly
20% of adults and 5% of children in the United States use herbal supplements for disease
treatment [182]. Despite being used for centuries, the effects of herbal medicines have only
been partially studied, and for most natural products on the market, there is no information
on which components are responsible for the alleged biological activity. The scientific
study of plant-based natural products is challenging due to their enormous complexity
and diversity [183]. Efforts in natural product chemistry are generally focused on reducing
complexity and identifying individual active components for drug development. However,
given that plant complexes, rather than single molecules, are often used for medicinal
purposes, interactions between components can be of great importance.

Understanding how combinations of plants and their complexes work together to
achieve a specific biological effect can aid in dealing with the ever-increasing threat of
disease resistance. Indeed, many diseases are not regulated by a single molecular target but
often have a multifactorial causal relationship [184]. Numerous studies have shown that
disease resistance is less likely to occur with a combination of compounds than with single
active ingredients [185]. Over millennia, plants have evolved to address the multifactorial
nature of disease pathogenesis by targeting pathogens through the combined action of
structurally and functionally diverse components [180]. Thus, complex mixtures of natural
plant substances represent an important resource for drug development, for future success
in natural product research, and for understanding the interactions within and between
components of mixtures of natural substances. Pharmacological studies of combined effects
can be studied at the level of molecular targets, disease pathways, cellular processes, and
patient responses [186]. Thus, in vitro, in vivo, preclinical, and clinical studies can provide
valuable information about combined effects. Despite the fact that there is a lot of research
in this area, these reviews focus on the methodology for interpreting combined effects
using molecular and cellular methods [187].

Plant extracts can contain hundreds or even thousands of individual components
in varying amounts [188], and the identification of compounds responsible for a given
biological effect is a serious problem. Too often, it is assumed that the behavior of a mixture
can be described by the presence of only a few known components. However, a number of
studies have shown that the overall activity of plant extracts can result from mixtures of
compounds with synergistic, additive, or antagonistic activity [189], and often efforts to
isolate individual compounds fail because the activity is lost upon fractionation [190]. There
are many possible explanations for this problem (including the irreversible adsorption
of compounds on the packing of a chromatographic column) [191]. The loss of activity
in some cases is caused by the fact that several components are required to observe the
biological effect. Many researchers recognize the multifactorial nature of herbal medicines.
However, the research methodology applied to herbal mixtures in most cases still tends to
either take a reductionist approach (focusing on only one or two “marker compounds”)
or completely ignores the issue of chemical composition, testing the biological effects of
complex mixtures and complexes with unknown active ingredients. The problem with
the latter is that the results tend to be difficult to interpret and reproduce. Many reviews
describe the methodologies that currently exist for understanding combined effects in
plant complexes.

To successfully generate useful data for understanding the effects of a combination
in complex mixtures, one must first select an appropriate biological assay to test the
combination. Since the combined effects can manifest through a myriad of mechanisms
(including changes in absorption and metabolism, effects on multiple target cells, etc.),
in vivo model systems provide the most complete assessment of the overall effect on
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a living organism [192]. The development of high-throughput in vivo testing of plant
complexes and mixtures shows promising possibilities for the identification of multi-target
components in mixtures [193]. Despite this, it remains a challenge to solve the complexity of
the in vivo systems that require the sacrifice of experimental animals and the maintenance
of animal housing. In addition, the results cannot be successfully transferred from one
animal model to another. Even when evaluating drug efficacy in human patients, there is
often intercellular variability and variability in drug response across patients [158]. Because
of this, it is possible that patients receiving combination therapy exhibit increased treatment
efficacy because their disease is sensitive to at least one of the drugs in the combination
(i.e., independent drug action) rather than due to true combination effects [158].

To overcome some of these problems, a considerable number of researchers work
only with in vitro systems. However, many cell-free high-throughput assays that seek
molecular targets do not accurately model the biology of an intact cell, making it impossible
to discover relevant combinational effects [194]. Thus, it is better to use cellular assays
that strike a balance between efficiency and preservation of molecular pathway interac-
tions [195]. Some of the useful cell systems for detecting combined effects in vitro have
been discussed in a recent publication by Pemovska et al. [196]. Cellular metabolism is a
dynamic network of regulated pathways that is often reprogrammed during cancer and
aging, and is recognized as a new key area of study. The first observations that transformed
cells exhibit a distinct metabolic program were made by Otto Warburg almost a hundred
years ago. The Warburg effect describes the phenomenon of cancer cells predominantly
undergoing glycolysis and the conversion of carbon to lactate even under conditions of
high oxygen content [197]. In cancer and aging, genetic events activate signaling pathways
that subsequently modulate cellular metabolism to meet increased bioenergetic, biosyn-
thetic, and redox needs [198]. Moreover, it contributes to the initiation and progression of
cancer and aging, and is usually accompanied by changes in the expression of metabolic
enzymes and transporters, which are important for the absorption and distribution of
nutrients along biomass formation pathways, which ultimately affects the response to
therapy [199,200]. Therefore, the metabolic changes specific to cancer and aging provide
not only a selective advantage for survival, but also introduce metabolic limitations that
provide a unique opportunity for therapeutic targeting [201]. In addition to selecting appro-
priate cell systems for biological testing, it is important to mimic physiological conditions
in the assay itself. Indeed, most of the media used to grow cells for biological testing do
not mimic physiological conditions, affecting the metabolism and phenotypic response
of the cells under study [202]. Similarly, the conditions of biological assays can lead to
dynamic residual complexity where the sample undergoes chemical change caused by the
environment, making it difficult to interpret the results [203]. In their recent publication,
Vande Voorde et al. [202] illustrated that the use of a complex culture medium designed to
mimic the physiological environment of cancer cells prevents the formation of undesirable
phenotypic artifacts and improves the transferability between in vitro assay results and
in vivo tumor models. The use of physiologically relevant media also increases the likeli-
hood that the components that elicit a biological response during biological testing will be
soluble and stable in the biological system, facilitating the identification of active compo-
nents. Primary tissue assays composed of multiple cell types, such as those used to screen
drug combinations for anti-inflammatory activity in mixed lymphocyte cultures, can also
be used to identify combination effects that work through multitarget mechanisms [197].
However, when screening for biological activity in vitro, investigators should be aware of
potential false-positive results arising from interference compounds commonly referred to
as pain, which are often identified as hits in biological screenings [203]. These false-positive
results can be generated due to multiple mechanisms, including fluorescence quenching,
aggregation effects, chemical reactivity, oxidation/reduction, membrane disruption, and
residual complexity [203]. Synergistic results are often found in aqueous media due to
aggregation effects, which can be minimized by adding a detergent to the media [204].
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In addition to careful selection of the biological system to study the effects of the
combination, it is necessary to collect data to effectively compare the combination of drugs
with extracts and individual substances [190]. Combined effects, including synergism and
antagonism, can manifest themselves over a wide range of concentrations, so it is necessary
to test different ratios of the studied samples [205]. A study [206] found that human serum
is a vital component of the host’s innate immunity that acts as the first line of defense
against invading pathogens. A key player in serum-mediated innate immune defense is a
system of more than 35 proteins, collectively referred to as the complement system. Upon
pathogen exposure, these proteins are activated in a cascade manner, eventually forming a
membrane attack complex (MAC) on the surface of the pathogen, which directly lyses the
bacterial cell. MAC formation had been demonstrated in vitro using a serum bactericidal
assay (SBA) that works in the absence of blood cellular components after serum has been
incubated with bacteria. The age-related differences in the bactericidal activity of human
blood serum against Pseudomonas aeruginosa have been described. It has been demonstrated
that sera from young adults were highly effective in killing Pseudomonas aeruginosa in vitro
compared to children and the elderly. The sera of the elderly were severely compromised
when killing P. aeruginosa, while the sera of young people showed an increased level of
killing. The data revealed a positive correlation between age and bacterial cell death
with higher coefficients of determination of 0.34, 0.27 and 0.58 after 60, 90 and 120 min
of incubation, respectively. Therefore, this study highlighted age-related differences in
the bactericidal activity of human sera [207]. One of the simplest methods for identifying
potential combined effects is to test samples individually and in combination, and to
determine if the combined effect of the samples is greater than, equal to, or less than the
expected sum of the two samples individually.

In addition to concentration-based approaches to evaluating combined effects, time-
based approaches have been developed and applied to determine antimicrobial synergism
and describe the relationship between bactericidal activity and sample concentration [208].
This method involves exposing a chosen pathogen to an inhibitor (or combination of
inhibitors), sampling the cultures at regular intervals, serially diluting and incubating
aliquots, and comparing the resulting colony-forming units. The resulting dose–response
curve can be used to determine additive, synergistic, and antagonistic effects [209]. Syner-
gism can occur through a variety of mechanisms, including pharmacodynamic synergy
through multiple target effects, pharmacokinetic synergy through modulation of drug
transport, penetration and bioavailability, elimination of side effects, and the manifestation
of disease resistance mechanisms [209]. While the general mechanisms by which synergistic
effects may occur are relatively well understood, the mechanisms by which specific herbal
preparations exert synergistic effects remain largely unknown [210], hindering attempts
to standardize and optimize them for therapeutic purposes. Only by understanding the
nature of the synergistic activity of plant extracts is it possible to optimize safe and effective
drugs for the treatment of diseases.

Cancer cells and pathogens can quickly become resistant to drugs containing a single
compound, and many cancers and resistant bacterial infections are treated with complex
multi-target drug combinations to overcome the development of resistance [211]. Plants
have long had to defend themselves against multifactorial diseases and have evolved to
produce a variety of active components that can adhere to cell membranes, intercalate into
RNA or DNA, and bind to numerous proteins [212]. Pharmacodynamic synergy results
from targeting multiple pathways that may include enzymes, substrates, metabolites, ion
channels, ribosomes, and signaling cascades [210]. Pharmacodynamic synergism may occur
through complementary actions in which synergists in a mixture interact with multiple
points in the pathway, leading to up-regulation of the drug-targeting process or down-
regulation of competing mechanisms. By selectively altering target activity and expression
through complementary actions, pharmacodynamic synergists can both enhance the ben-
eficial effects of treatment and reduce the side effects of the disease [211]. For example,
numerous studies have shown that many plants have synergistic neuroprotective effects

206



Molecules 2022, 27, 2276

both in vivo and in vitro by inhibiting free radical formation, scavenging reactive oxygen
species, regulating mitochondrial target gene expression, and reducing overstimulation of
nerve cells by neurotransmitters [213].

7. Conclusions

A significant increase in the proportion of the elderly population in developed coun-
tries is accompanied by an increase in mortality from major diseases of old age (diseases of
the cardiovascular system, malignant neoplasms, neurodegenerative processes, reduced
resistance to infection, and diabetes mellitus). One of the promising objects for the preven-
tion of antioxidant, anti-inflammatory, neuroprotective, and anti-glycation aging processes
are the components of medicinal plants.

Millions of people in the world suffer from chronic neurodegenerative diseases (Parkin-
son’s and Alzheimer’s diseases, Huntington’s chorea, hyperprolactinemia, etc.), which,
despite therapy, end in disability and/or death. Medicinal plants, due to the presence of
biologically active substances, can play an important role in the prevention of the develop-
ment of neurodegenerative diseases such as Alzheimer’s disease. The mechanisms of this
effect are not always known. Perhaps, antioxidant and adaptogenic mechanisms play a
role here.

The search, methods of isolation, and study of promising natural sources of substances
with antiradical and antioxidant activity are currently one of the urgent tasks for modern
medicine, pharmacy, cosmetology, and the food industry to reduce the effects of aging
of the human body. Medicinal plants play an important role in the development of new
potent anti-inflammatory drugs through the production of secondary metabolites with
biological activity. Medicinal plants are used in place of non-steroidal anti-inflammatory
drugs, given that the use of these drugs is associated with several side effects, among which
are unwanted effects on the gastrointestinal tract and kidneys.

The glycation process, which is enhanced by hyperglycemia, underlies the patho-
genesis of micro and macrovascular complications of diabetes mellitus (DM), which is
common in the elderly. It was found that the antiglycation properties of herbal extracts
and their complexes strongly correlated with their antioxidant capacity (trapping DPPH-
radicals). Like antioxidant capacity, anti-glycation activity correlated strongly with phenol
and flavonoid content.

In recent years, the concept of synergy in mixtures of natural plant substances has at-
tracted attention, and the importance of multipurpose combination therapy in human aging
has come to the fore. However, the classification of combined effects in complex mixtures
and the identification of constituents remains a challenge, especially when most known
tools have been developed to reduce the complexity of mixtures of natural substances.
Furthermore, there is still disagreement in this field about which reference models are best
for identifying combined effects, making it difficult to interpret studies. The metabolomic
and biochemometric approaches are promising tools for studying synergy and have only
just begun to be used to identify the components involved in the combined effects [197].
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and in vivo assessment of meadowsweet (Filipendula ulmaria) as anti-inflammatory agent. J. Ethnopharmacol. 2016, 193, 627–636.
[CrossRef]

124. Winther, K.; Vinther Hansen, A.S.; Campbell-Tofte, J. Bioactive ingredients of rose hips (Rosa canina L) with special reference to
antioxidative and anti-inflammatory properties: In vitro studies. Bot. Targets Ther. 2016, 6, 11–23. [CrossRef]

125. Wang, Q.; Wang, C.; Shu, Z.; Chan, K.; Huang, S.; Li, Y.; Xiao, Y.; Wu, L.; Kuang, H.; Sun, X. Valeriana amurensis improves
Amyloid-beta 1-42 induced cognitive deficit by enhancing cerebral cholinergic function and protecting the brain neurons from
apoptosis in mice. J. Ethnopharmacol. 2014, 153, 318–325. [CrossRef] [PubMed]

126. Pathania, S.; Mukund, S.; Randhawa, V.; Bagler, G. SerpentinaDB: A database of plant-derived molecules of Rauvolfia serpentina.
BMC Complement. Altern. Med. 2015, 15, 262. [CrossRef] [PubMed]

127. Moga, M.A.; Dimienescu, O.G.; Bălan, A.; Dima, L.; Toma, S.I.; Bîgiu, N.F.; Blidaru, A. Pharmacological and Therapeutic Properties
of Punica granatum Phytochemicals: Possible Roles in Breast Cancer. Molecules 2021, 26, 1054. [CrossRef]

128. Kumar, N.; Kumar, S. Functional Properties of Pomegranate (Punica granatum L.). Pharma Innov. 2018, 7, 71–81.

212



Molecules 2022, 27, 2276

129. Khodaei, J.; Samimi-Akhijahani, H. Some Physical Properties of Rasa Grape (Vitis vinifera L.). World Appl. Sci. J. 2012, 18, 9–17.
[CrossRef]

130. Huamán-Castilla, N.L.; Campos, D.; García-Ríos, D.; Parada, J.; Martínez-Cifuentes, M.; Mariotti-Celis, M.S.; Pérez-Correa, J.R.
Chemical Properties of Vitis Vinifera Carménère Pomace Extracts Obtained by Hot Pressurized Liquid Extraction, and Their
Inhibitory Effect on Type 2 Diabetes Mellitus Related Enzymes. Antioxidants 2021, 10, 472. [CrossRef]

131. Krishi, V.; Kendra, I.; Kumar, R.; Kumar, V.; Verma, R.; Kumari, P.; Maurya, R.; Verma, R.; Singh, R. Medicinal properties of
turmeric (Curcuma longa L.): A review. Int. J. Chem. Stud. 2018, 6, 1354–1357.

132. Jordan, E.; Wagner, H. Structure and properties of polysaccharides from Viscum album (L.). Oncology 1986, 43, 8–15. [CrossRef]
133. Misharina, T.A.; Terenina, M.B.; Krikunova, N.I.; Kalinchenko, M.A. Influence of the composition of lemon essential oils on their

antioxidant properties and component stability. Chem. Plant Mater. 2010, 1, 87–92. [CrossRef]
134. Siyanova, N.S.; Neustrueva, S.N. Optimization of conditions for growing tissue culture of Rauwolfia serpentine. Scientific notes

of Kazan University. Ser. Nat. Sci. 2008, 150, 201–224.
135. Goryainov, S.V.; Khomik, A.S.; Kalabin, G.A.; Vandyshev, V.V.; Abramovich, R.A. Fatty acid composition of punica granatum L.

seeds from pomegranate juice waste. Bull. Peoples’ Friendsh. Univ. Russia Ser. Ecol. Life Saf. 2012, 1, 10–15.
136. Karomatov, I.J.; Murodova, M.M. Kabul myrobalans. Biol. Integr. Med. 2017, 11, 126–146.
137. Ajala, O.S.; Jukov, A.; Ma, C.M. Hepatitis C virus inhibitory hydrolysable tannins from the fruits of Terminalia chebula. Fitoterapia

2014, 99, 117–123. [CrossRef]
138. Chhabra, S.; Mishra, T.; Kumar, Y.; Thacker, G.; Kanojiya, S.; Chattopadhyay, N.; Narender, T.; Trivedi, A.K. Chebulinic Acid

Isolated From the Fruits of Terminalia chebula Specifically Induces Apoptosis in Acute Myeloid Leukemia Cells. Phytother. Res.
2017, 18, 13–16. [CrossRef]

139. Bag, A.; Bhattacharyya, S.K.; Chattopadhyay, R.R. Isolation and identification of a gallotannin 1,2,6-tri-O-galloyl-β-D-
glucopyranose from hydroalcoholic extract of Terminalia chebula fruits effective against multidrug-resistant uropathogens.
J. Appl. Microbiol. 2013, 115, 390–397. [CrossRef]

140. Zhang, C.; Jiang, K.; Qu, S.J.; Zhai, Y.M.; Tan, J.J.; Tan, C.H. Triterpenoids from the barks of Terminalia chebula. J. Asian Nat. Prod.
Res. 2015, 17, 996–1001. [CrossRef]

141. Waheed, S.; Fatima, I. Instrumental neutron activation analysis of Emblica officinalis, Terminalia belerica and Terminalia chebula
for trace element efficacy and safety. Appl. Radiat. Isot. 2013, 77, 139–144. [CrossRef]

142. Eshwarappa, R.S.; Ramachandra, Y.L.; Subaramaihha, S.R.; Subbaiah, S.G.; Austin, R.S.; Dhananjaya, B.L. Antioxidant activities
of leaf galls extracts of Terminalia chebula (Gaertn.) Retz. (Combretaceae). Acta Sci. Pol. Technol. Aliment. 2015, 14, 33–42. [CrossRef]

143. Wang, H.; Shi, S.; Wang, S. Can highly cited herbs in ancient Traditional Chinese medicine formulas and modern publications
predict therapeutic targets for diabetes mellitus? J. Ethnopharmacol. 2017, 213, 101–110. [CrossRef]

144. Shen, Y.C.; Juan, C.W.; Lin, C.S.; Chen, C.C.; Chang, C.L. Neuroprotective effect of terminalia chebula extracts and ellagic acid in
PC12 cells. Afr. J. Tradit. Complement. Altern. Med. 2017, 14, 22–30. [CrossRef] [PubMed]

145. Velmurugan, A.; Madhubala, M.M.; Bhavani, S.; Satheesh Kumar, K.S.; Sathyanarayana, S.S.; Gurucharan, N. An in-vivo
comparative evaluation of two herbal extracts Emblica officinalis and Terminalia Chebula with chlorhexidine as an anticaries agent:
A preliminary study. J. Conserv. Dent. 2013, 16, 546–549. [CrossRef] [PubMed]

146. Sheng, Z.; Yan, X.; Zhang, R.; Ni, H.; Cui, Y.; Ge, J.; Shan, A. Assessment of the antidiarrhoeal properties of the aqueous extract
and its soluble fractions of Chebulae Fructus (Terminalia chebula fruits). Pharm. Biol. 2016, 54, 1847–1856. [CrossRef] [PubMed]

147. Pitkevich, E.S.; Lyzikov, A.N.; Tsaprilova, S.V. Milk thistle—Silybum marianum (L.). Probl. Health Ecol. 2008, 4, 119–126.
148. Tamakhina, A.Y.; Lokyaeva, Z.R. Features of the accumulation of heavy metals by British elecampane (Inula britannica L.) in areas

with varying degrees of technogenic pollution. Bull. Krasn. State Agrar. Univ. 2016, 4, 3–9.
149. Tamakhina, A.Y.; Gadieva, A.A. Morphology of excretory tissue of leaves and secondary metabolites of some members of the

genus Inula. South Russ. Ecol. Dev. 2017, 3, 53–63.
150. Suau, R.; Cabezudo, B.; Rico, R.; Nájera, F.; López-Romero, J.M. Direct determination of alkaloid contents in Fumaria species by

GC-MS. Phytochem. Anal. 2002, 13, 363–367. [CrossRef]
151. Chlebek, J.; Novák, Z.; Kassemová, D.; Šafratová, M.; Kostelník, J.; Malý, L.; Ločárek, M.; Opletal, L.; Hošt’álková, A.; Hrabinová,
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