
University of Rhode Island University of Rhode Island 

DigitalCommons@URI DigitalCommons@URI 

Biomedical and Pharmaceutical Sciences 
Faculty Publications Biomedical and Pharmaceutical Sciences 

2023 

Synergistic Inhibiting Effect of Phytochemicals in Rheum Synergistic Inhibiting Effect of Phytochemicals in Rheum 

palmatum on Tyrosinase Based on Metabolomics and palmatum on Tyrosinase Based on Metabolomics and 

Isobologram Analyses Isobologram Analyses 

Yin Xiong 

Hye Kyong Kim 

Övgü Çelikler Özer 

Bert van Duijn 

Henrie A. A. J. Korthout 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.uri.edu/bps_facpubs 

http://ww2.uri.edu/
http://ww2.uri.edu/
https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/bps_facpubs
https://digitalcommons.uri.edu/bps_facpubs
https://digitalcommons.uri.edu/bps
https://digitalcommons.uri.edu/bps_facpubs?utm_source=digitalcommons.uri.edu%2Fbps_facpubs%2F488&utm_medium=PDF&utm_campaign=PDFCoverPages


Synergistic Inhibiting Effect of Phytochemicals in Rheum palmatum on Synergistic Inhibiting Effect of Phytochemicals in Rheum palmatum on 
Tyrosinase Based on Metabolomics and Isobologram Analyses Tyrosinase Based on Metabolomics and Isobologram Analyses 

Creative Commons License Creative Commons License 

This work is licensed under a Creative Commons Attribution 4.0 License. 

Authors Authors 
Yin Xiong, Hye Kyong Kim, Övgü Çelikler Özer, Bert van Duijn, Henrie A. A. J. Korthout, Lihong Zi, and Ang 
Cai 

Creative Commons License 

This work is licensed under a Creative Commons Attribution 4.0 License. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Citation: Xiong, Y.; Kim, H.K.; Özer,

Ö.Ç.; van Duijn, B.; Korthout,

H.A.A.J.; Zi, L.; Cai, A. Synergistic

Inhibiting Effect of Phytochemicals in

Rheum palmatum on Tyrosinase Based

on Metabolomics and Isobologram

Analyses. Molecules 2023, 28, 944.

https://doi.org/10.3390/

molecules28030944

Academic Editor: Milen I. Georgiev

Received: 15 December 2022

Revised: 13 January 2023

Accepted: 13 January 2023

Published: 17 January 2023

Copyright: © 2023 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/).

molecules

Article

Synergistic Inhibiting Effect of Phytochemicals in Rheum
palmatum on Tyrosinase Based on Metabolomics and
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Abstract: Tyrosinase (TYR) plays a key role in the enzymatic reaction that is responsible for a range of
unwanted discoloration effects, such as food browning and skin hyperpigmentation. TYR inhibitors
could, therefore, be candidates for skin care products that aim to repair pigmentation problems. In
this study, we used a metabolomics approach combined with the isobologram analysis to identify
anti-TYR compounds within natural resources, and evaluate their possible synergism with each
other. Rheum palmatum was determined to be a model plant for observing the effect, of which seven
extracts with diverse phytochemicals were prepared by way of pressurized solvent extraction. Each
Rheum palmatum extract (RPE) was profiled using nuclear magnetic resonance spectroscopy and its
activity of tyrosinase inhibition was evaluated. According to the orthogonal partial least square
analysis used to correlate phytochemicals in RPE with the corresponding activity, the goodness of fit
of the model (R2 = 0.838) and its predictive ability (Q2 = 0.711) were high. Gallic acid and catechin
were identified as the active compounds most relevant to the anti-TYR effect of RPE. Subsequently, the
activity of gallic acid and catechin were evaluated individually, and when combined in various ratios
by using isobologram analysis. The results showed that gallic acid and catechin in the molar ratios
of 9:5 and 9:1 exhibited a synergistic inhibition on TYR, with a combination index lower than 0.77,
suggesting that certain combinations of these compounds may prove effective for use in cosmetic,
pharmaceutical, and food industries.

Keywords: tyrosinase inhibitory activity; Rheum palmatum; metabolomics; isobologram analysis;
orthogonal partial least square-modelling; catechin; gallic acid; synergistic effect

1. Introduction

Melanin is the primary determinant of the skin color in humans, of which the overpro-
duction may cause skin disorders such as hyperpigmentation and melanoma, and could
be genotoxic as well [1]. Familiar agents such as hydroquinone and kojic acid (KA) are
well known for their strong effects on preventing the formation of melanin, but are also
responsible for unwanted side effects, or even skin toxicity [2]. Considering the increasing
worries related to synthetic substances, the development of skin-care products from natural
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resources with a more secure and stable effect has become the current trend in the cosmetic
industry [3].

In the synthesis of melanin, the multi-copper enzyme tyrosinase plays the key role
in the first two rate-limiting steps [4]. It catalyzes the hydroxylation of L-tyrosine to
3,4-dihydroxyphenylalanine (L-DOPA), and subsequently the oxidation of L-DOPA to
o-quinones. This highly conserved enzymatic reaction is responsible for several unwanted
discoloration effects, such as food browning and skin hyperpigmentation. Therefore, tyrosi-
nase (TYR) inhibitors could be the candidates for skin care products to repair pigmentation
problems such as freckles, melasma, age spots, and acne scars. An interesting source of TYR
inhibitors are plants rich in various active phytochemicals, of which the extracts have been
used in cosmetic products to reduce hyperpigmentation disorders. The most commonly
used method to identify anti-TYR components from plants is based on the reaction between
TYR and its substrate of L-tyrosine or L-DOPA, followed by the fractionation using column
chromatography and subsequent identification of anti-TYR components from the active
fractions. However, this method is often time-consuming and sometimes fails to consider
the synergism or antagonism among those compounds [5,6].

Plants from the Polygonaceae family that are rich in anti-TYR and antioxidant com-
pounds have been used as a source of photo-protectants and skin-care products [7]. As a
medicinal plant from Polygonaceae, Rheum palmatum (RP) has been cultivated and commer-
cialized as ornamental rhubarb. On the other hand, this plant is a widely-used traditional
medicinal herb for the treatment of constipation, jaundice, gastrointestinal hemorrhages,
and ulcers [8]. The major constituents in RP, such as chrysophanol, physcion, emodin, aloe
emodin, and rhein, all show interesting biological activities including laxative, anti-oxidant,
and anti-inflammatory properties [9]. Rheum rhaponticum L., which belongs to the same
genus as RP, showed strong anti-TYR activity and shared many common ingredients with
RP [10]. However, the identification of TYR-inhibiting compounds from RP has not been
described yet to our knowledge. Therefore, in this study, a nuclear magnetic resonance
(NMR)-based metabolomics approach, together with multivariate analysis, was performed
to identify anti-TYR ingredient(s) from RP. This approach has been shown to be efficient
to find active compounds in the complex mixture of plant extracts, with the advantage
of providing comprehensive qualitative and quantitative information in a time-saving
way, compared with traditional strategies such as the bioassay-guided fractionation [11].
Furthermore, the synergistic effect of two identified components from RP was investigated,
which has not been explored to our knowledge. We hope the methods and results of the
study could support the potential applications of RP and its active compounds in medicinal,
food, or cosmetic industries.

2. Results
2.1. Inhibiting Effect of RP Extracts (RPEs) on TYR

Generally, a single solvent is used to obtain an initial plant extract in studies of natural
products. However, it is sometimes impossible to know whether the most active compounds
have been extracted from the plant by a single solvent. In this study, we used a mixture
of solvents n-hexane–acetone–water to extract diverse phytochemicals from non-polar to
polar by way of pressurized solvent extraction (PSE) [12]. This resulted in 21 different RPEs
(seven compositions of n-hexane–acetone–water, triplicates for each composition). The TYR
inhibitory effect of each RPE at a concentration of 200 µg/mL was shown in Figure 1. The
TYR inhibition rate of the positive control of KA at 0.94 µM was 95.1 ± 0.4%. Most extracts
showed a mild inhibitory activity ranging from 8% to 32%. Among these, the most active
extract was RPE3 which was extracted with the solvent n-hexane–acetone–water at the
ratio of 35:65:0, with the inhibition rate of 26 ± 3%.
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acetone–water = 0:65:35). While in the RPE1 (n-hexane 100%) mostly lipid and fatty acids 
were present, and in the RPE7 (100% water) mostly sugars were extracted. From the 
aromatic area, the most prominent signals were coming from gallic acid (GA) and catechin 
derivatives. Typical 1H-NMR spectra of RPE were shown in Figure S1. In the case of 
anthraquinone compounds, the most well-known compounds in RP such as rhein (8.15, s, 
H-4) and chrysphanol (7.62, s, H-4; 7.22, s, H-2), signals could be recognized [13]. 
However, the signals were very low, and the rest of the signals were difficult to identify 
as they were in the congested area. 

In order to examine the correlation between the TYR-inhibition rates of RPE samples 
and the corresponding phytochemicals within them, orthogonal partial least squares to 
latent structures (OPLS) modelling was applied. OPLS is a multivariate linear regression 
model that can discriminate between the bioactivity-related variables and non-related 
variables. In our study, OPLS was employed to determine the correlation of 1H-NMR 
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The OPLS model was validated further by CV-ANOVA and the model was significant 
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Figure 1. TYR-inhibition of different RPEs. RPE1 to RPE7 were extracts prepared by the mixture of
n-hexane–acetone–water of different proportions. Inhibition of the positive control, KA at 0.94 µM,
was 95.1 ± 0.4%. Mean value ± standard deviation was expressed (n = 3). RPE, Rheum palmatum
extract; TYR, tyrosinase. * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Correlation of NMR Data and Activity Results

Different extracts prepared from PSE were analyzed by 1H-NMR spectroscopy. Since
the solubilities of those samples were different, dimethyl sulphoxide (DMSO) was selected
as a solvent for NMR analysis. Most extracts were well dissolved in DMSO-d6. Visual
inspection of the 1H-NMR spectrum revealed that most of the aromatic compounds were
extracted from RPE2 (n-hexane–acetone–water = 65:35:0) till RPE5 (n-hexane–acetone–
water = 0:65:35). While in the RPE1 (n-hexane 100%) mostly lipid and fatty acids were
present, and in the RPE7 (100% water) mostly sugars were extracted. From the aromatic area,
the most prominent signals were coming from gallic acid (GA) and catechin derivatives.
Typical 1H-NMR spectra of RPE were shown in Figure S1. In the case of anthraquinone
compounds, the most well-known compounds in RP such as rhein (8.15, s, H-4) and
chrysphanol (7.62, s, H-4; 7.22, s, H-2), signals could be recognized [13]. However, the
signals were very low, and the rest of the signals were difficult to identify as they were in
the congested area.

In order to examine the correlation between the TYR-inhibition rates of RPE samples
and the corresponding phytochemicals within them, orthogonal partial least squares to latent
structures (OPLS) modelling was applied. OPLS is a multivariate linear regression model
that can discriminate between the bioactivity-related variables and non-related variables. In
our study, OPLS was employed to determine the correlation of 1H-NMR signals (X variables)
with the bioactivity (Y variables), which was the TYR-inhibition rate of each RPE at the
concentration of 200 ug/mL. From the 1H-NMR and bioactivity data, an OPLS model with
one predictive and two orthogonal components was obtained. The goodness of fit of the
model (R2 = 0.838) and its predictive ability (Q2 = 0.711) were high. The OPLS model was
validated further by CV-ANOVA and the model was significant with p < 0.05.

The score plot of the OPLS analysis showed that the activity was mostly correlated with
the samples of RPE3 (65:35:0). Additionally, those samples were relatively well separated
(Figure 2A). By examining the corresponding loading plot, the characteristic signals at δ
6.90 (s), δ 5.87 (d, J = 2.4 Hz), and δ 5.67 (d, J = 2.4 Hz) were identified to be correlated
to the enhanced bioactivity very well (Figure 2B). Those signals were identified to be GA
and catechin, respectively, by using an in-house database. As GA and catechin were the
main compounds in the most active extracts and OPLS analysis indicated they were mainly
responsible to the activity (Figure 2B), we then evaluated the TYR inhibitory activity of GA
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and catechin hydrate (CH) individually to confirm the prediction results. The structures of
the two compounds were shown in Figure 3.
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Figure 2. OPLS score plot (A) and loading plot (B) of RPEs. The scores are colored according to the
TYR inhibition activity. (A): The label codes consist of RPE samples prepared by different extraction
solvents, as described in Materials and Methods. (B): Loading plot presents the NMR signals (green
dots) which contributed for the bioactivity (blue square). Green dots in the red circle refer to the
characteristic proton NMR signals at δ 6.90 (s), δ 5.87 (d, J = 2.4 Hz), and δ 5.67 (d, J = 2.4 Hz). OPLS,
orthogonal partial least squares; RPE, Rheum palmatum extract; TYR, tyrosinase.
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2.3. Inhibitory Effect of GA and CH on TYR

The concentration–response curves of TYR exposed to GA and CH individually were
shown in Figure 4. According to Figure 4A, the inhibitory activity of GA on TYR was
increased in a concentration-dependent manner, which was consistent with an earlier
report [14]. The IC50 of GA was 20 µM, whereas CH could only inhibit TYR with a
maximum inhibition rate of around 25% (Figure 4B).
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From the results, the TYR inhibitory effect of individual GA or CH was not strong.
Considering the common fact that the combination of two or more single compounds might
produce a synergistic effect, the possible synergism between GA and CH on the inhibition
of TYR was further evaluated in this study.
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2.4. Synergistic Effect of GA and CH

Isobolographic analysis—a method for assessing whether the biological responses
induced by mixtures of agents are greater, equal, or smaller than what has been expected, on
the basis of the activities of individual agents and the concept of dose additivity [15]—was
applied in the synergism study on GA and CH.

The 20% maximal inhibitory concentration (IC20) values of the GA and CH were
determined for the ratio screening of GA:CH combinations. Based on the ratio of GA and
CH contents in the extract (around 3:5 in molar concentration) and ratio of IC20 values
(around 17:1), the solutions of GA and CH combinations in five ratios of 3:5, 9:5, 9:1, 18:1,
and 27:1 were prepared for investigating the possible synergism. The inhibitory effects of
different GA:CH combinations on tyrosinase activity are shown in Figure 5. The addition
of CH in an increased ratio resulted in a proportional decrease of the IC20 and IC50 values
of GA from 6.15 µM to 0.19 µM, and from 20 µM to 3.1µM, respectively (Figure 5A). Both of
the IC20 and IC50 values of GA reached the minimum at a molecular ratio of GA:CH = 3:5.
Meanwhile, the strongest inhibiting effect of CH alone could not reach 50% inhibition on
TYR. However, with the combination of GA, CH could inhibit 50% TYR at a concentration
even lower than 0.52 µM (Figure 5B), and the IC20 of CH on TYR was reduced from
0.36 µM to 0.14 µM. This indicated that the combination of GA and CH might enhance the
inhibiting effect on TYR of each other.
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Figure 5. IC values of (A) GA and (B) CH in combined mixtures of different molecular ratios, and
(C) CI value of GA:CH combinations at the inhibition level of 20% (IC20). GA, gallic acid; CH, catechin
hydrate; IC, inhibition concentration; CI: combination index.

To evaluate the interactive effect of GA and CH, the combination index (CI) values
at IC20 of different GA:CH combinations were calculated and shown in Figure 5C. The
CI value presents the degree of drug interaction between two or more compounds [16].
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A CI near 1 indicates an additive effect, <1 synergism, and >1 antagonism of the combined
compounds. According to the results, GA and CH in the ratio of 18:1 and 27:1 showed an
additive effect on TYR with CI values around 1.00, and 3:5 showed an additive or weak
synergistic inhibition on TYR with the CI value of 0.92. Moreover, the ratios of 9:5 and
9:1 showed a much more obvious synergism of TYR inhibition by CI < 0.77, of which 9:5
displayed the strongest synergistic effect. It suggested that certain combinations of GA and
CH could increase their inhibiting activity on TYR.

3. Discussion

Plants are the resources of active agents against human diseases. In the last decades,
several extracts generated from plants were positively screened on TYR inhibition, which
could be beneficial for repairing pigmentation problems such as freckles, melasma, age
spots, and acne scars [17]. However, the identification of active compounds in an extract
derived from natural sources was a real challenge. These extracts might contain hundreds
to thousands of compounds in varying concentrations that potentially contribute to the
biological effects, to a greater or lesser extent. Moreover, the biological effects of natural
extracts were often influenced by the synergism, additive action, or antagonism among com-
pounds within them [16]. As a consequence, the traditional identification of the bioactive
compound(s) in the extract by bioassay-guided fractionation often failed, since bioactivity
could be lost when two or more synergists were separated from each other during the
fractionation process [6]. The development and opportunities of the “omics” technologies,
such as metabolomics, might be a better alternative to bioassay-guided fractionation to
identify constituents relevant to the biological effect of complex mixtures [18].

Instead of traditional bioassay-guided fractionation, which is often costly and time-
consuming, metabolomics analysis based on the integration of chemical profiles with
biological activity profiles enables the isolation efforts to be targeted toward active rather
than abundant constituents [19]. Meanwhile, it is worth mentioning that there could be
possibilities of missing highly active compounds when they are present at low concentra-
tions, and also of predicting false positives that happen to be present in the same pools
and at the same relative concentrations as true active ones. That is an inherent limitation,
not only of the metabolomics analysis employed here, but of any bioassay-guided fraction-
ation experiment [20]. By utilizing optimized parameters and multiple models for data
processing and acquisition, it is possible to lower the chance of falsehood. Additionally, the
validation of the predicted results is always indispensable. In this study, two compounds
of GA and CH were predicted to be the major active ones in RP to inhibit TYR based on
OPLS analysis. To validate the prediction, the anti-TYR effects of single GA and CH were
investigated. GA showed a certain degree of inhibition, as it was able to be oxidized as
a substrate by the enzyme, and inhibit the synthesis of melanin through regulating the
production of TYR. In contrast, the inhibiting effect of single CH was rather low. This is due
to the similar structure of CH with L-tyrosine, a substrate of TYR with a phenolic group.
In the presence of CH, the affinity of the enzyme for the substrate could be diminished.
Catechin is the monomer unit of condensed tannins, which could not directly interact with
dopachrome, but could compete by means of nucleophilic attack with the internal cycliza-
tion, thus preventing the dopachrome formation. Therefore, when L-DOPA was oxidized,
CH might have already been present in the medium to interact with o-dopaquinone before
the cyclization took place [21]. According to the results, the inhibition of single GA or CH
was not as strong as a traditional TYR inhibitor such as KA. Thus, the reason that the two
compounds were screened by the model could be due to their relatively higher distribution
in the extract.

In addition, since the antagonism or synergism of multiple constituents could mask
their actual activities and distort metabolomics models, we hypothesized that there might
be synergy between these compounds. Synergy is assumed to occur if the effective concen-
tration of components in combination is significantly reduced, or the effects of components
in combination are significantly increased, compared to each individual component [22,23],
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which contributes to the widely accepted multi-drug therapy in health care. The ideal
goal for using a combination of different agents with similar bioactivity is to enhance
the therapeutic effect and reduce the toxicity of a single agent. For example, baicalein
and daidzein, two flavonoids, could synergistically process significant neuroprotective
effects against Aβ-induced cytotoxicity in PC12 cells [24]. However, synergy cannot be
easily distinguished from additive effects, and usually relies on high margins of variation.
Therefore, the isobologram analysis has been developed and performed to study the possi-
ble interactive effect among drugs [15]. In our research, it was applied to investigate the
combination effect of GA and CH. According to the results, compared with the concen-
tration of single compound, the combination of GA and CH produced the same level of
the TYR inhibiting effect with much lower concentration, indicating certain combinations
of them could enhance the efficacy. This finding may provide some inspirations for the
development of promising natural products with TYR inhibiting activity in the future.

4. Materials and Methods
4.1. Chemicals and Reagents

KA (>98.5%), CH (>98%), L-DOPA (>98%) and mushroom TYR (≥1000 units/mg
solid) were purchased from Sigma Aldrich (St. Louis, MO, USA). GA was generously
provided by Natural Product Laboratory, Leiden University and its purity (>98%) was
examined by 1H-NMR spectroscopy. As solvents used for pressurized speed extraction,
n-hexane was purchased from the VWR Chemicals (Rosny-sous-Bois, Île-de-France, France)
and acetone from Sigma-Aldrich (St. Louis, MO, USA), and all were HPLC grades.

4.2. RP Sample

Dried RP root and rhizome were purchased from the commercial market in Bozhou,
Anhui in China, in Sep. 2017 (batch number: 20, 170, and 914) [25]. The samples were
positively identified by Prof. Hongwei Wu at China Academy of Chinese Medical Sciences,
Beijing. The voucher specimen is stored at Fytagoras B.V. The samples were ground with a
blender and stored at room temperature.

4.3. PSE

PSE was performed using a Speed Extractor E-916 (BÜCHI Labortechnik AG, Flawil,
Switzerland) based on the method described by Bayona et al. [12]. In total, 500 mg of
dried and homogenized plant powder mixed with 9 mL fat free quartz sand (0.3–0.9 mm,
BÜCHI Labortechnik AG, Flawil, Switzerland), was extracted with the solvent mixtures
of n-hexane–acetone–water (Table 1) in 10 mL stainless steel extraction cells at 100 ◦C and
50 bar. Then, 2 cycles (heat-up time of 1 min, hold time of 1 min for cycle 1 and 2 min for
cycle 2, and discharge time of 2 min) were performed.

Table 1. Solvent composition used for the speed extraction.

Solvents Composition (%)
Extracts n-Hexane Acetone Water

RPE1 100 0 0
RPE2 65 35 0
RPE3 35 65 0
RPE4 0 100 0
RPE5 0 65 35
RPE6 0 35 65
RPE7 0 0 100

4.4. NMR Analysis

Extracts were transferred to 2 mL Eppendorf tubes and dissolved in 1 mL DMSO-d6.
The extracts were vortexed vigorously and sonicated for 5 min. After centrifugation at
13,000 rpm for 10 min, 300 uL of the supernatant were transferred to 3 mm-NMR tubes
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for 1H-NMR measurement. 1H-NMR analysis was performed using the method described
by López-Gresa et al. [26]. Briefly, 1H-NMR spectra were recorded at 25 ◦C on a 600 MHz
Bruker AV 600 spectrometer equipped with a TCI cryo-probe. DMSO-d6 was used for the
internal lock. Each 1H-NMR spectrum consisted of 64 scans requiring 5 min acquisition time.
The experimental parameters were as follows: 0.25 Hz/point, pulse width = 30◦ (10.8 ms),
and relaxation delay = 1.5 s. Free induction decays were Fourier transformed with Line
Broadening = 0.3 Hz and the spectra were zero-filled to 32 K points. The resulting spectra
were manually phased, and baseline corrected, and calibrated to DMSO at 2.49 ppm using
Topspin (version 3.5, Bruker).

4.5. Data Processing and Multivariate Data Analysis

For the multivariate data analysis, 1H-NMR spectra were imported to an Excel file
using AMIX 3.9.12 (Bruker, Germany). Bucket data were obtained by spectra integration
at every 0.04 ppm from δ 10.02 to 0.20. The peak intensity of individual peak was scaled
to the total intensity of the peaks. The regions δ 3.36–3.24 and δ 2.44–2.54 were excluded
from the analysis because of the signal of residual solvent and DMSO-d6, respectively.
The OPLS method was performed with the SIMCA-P software (v. 16.0.2, Umetrics, Umeå,
Sweden). We used the unit variance scaling method for OPLS modelling. 1H-NMR signal
identification was performed using in-house database and/or comparison with published
reference data.

4.6. TYR Inhibition Assay

The dry extracts/compounds were dissolved in 50% DMSO to prepare sample solutions
of different concentrations. The 5 mM L-DOPA and 200 U/mL TYR solutions were prepared
by dissolving each of them in 67 mM phosphate buffer solution (PBS, pH 6.8), respectively.
The inhibition of TYR was determined using the modified dopachrome method with L-DOPA
as the substrate [27]. The spectrophotometric assays were performed in 96-well microplate
using an ELISA microplate reader. A total of 10 µL of sample was added to 96-well micro
plate. Then, 80 µL of 67 mM phosphate buffer (pH 6.8) and 30 µL of 5 mM L-DOPA were
added in each well. After incubating at 37 ◦C for 10 min, 30 µL of TYR solution (200 U/mL)
was added. The reaction was monitored after 20 min for the formation of dopachrome by
measuring the optical absorbance at 492 nm using the microplate reader. All experiments
were carried out in triplicates. Results were compared with the control (50% DMSO). KA was
used as the positive control. The inhibition rate of TYR (I%) was calculated according to the
Equation (1):

I % = [(C − C0) − (A − A0)]/(C − C0) × 100 (1)

where C is the absorbance of TYR reacting with L-DOPA, C0 is the absorbance of PBS and
L-DOPA, A is the absorbance of TYR reacting with L-DOPA after adding the sample, and
A0 is the absorbance of PBS and L-DOPA after adding the sample.

4.7. Synergistic Effect of GA and CH

The synergistic effect of GA and CH was investigated by isobologram analysis, which
provided a CI value to present the degree of drug interaction between two or more com-
pounds [16]. The CI value was calculated by a method described by Chou and Talalay [28]
and Chou [22] according to the Equation (2):

n(CI)x =
n

∑
j=1

(D)j/(Dx)j =
(Dx)1−n

{[
Dj
]

∑n
j=1[D]

}
(Dm)j

{
( f ax)j/

[
1 − ( f ax)j

]}1/mj (2)

where n(CI)x is the CI for n compounds (e.g., GA and CH) at x% inhibition (e.g., inhibition on
tyrosinase); (Dx)1−n is the sum of the concentration of n compounds that exerts x% inhibition

in combination;
{[

Dj
]
/ ∑n

j=1[D]
}

is the proportionality of the concentration of each of n
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compounds that exerts x% inhibition in combination; and (Dm)j

{
( f ax)j/

[
1 − ( f ax)j

]}1/mj

is the concentration of each compound alone that exerts x% inhibition. A CI near 1 indicates
an additive effect, <1 synergism, and >1 antagonism of the combined compounds.

4.8. Statistical Analyses

All data are expressed as means ± standard deviation. The isobologram analysis and
one way-ANOVA were performed using GraphPad Prism 6 (GraphPad, San Diego, CA,
USA). The OPLS method was performed with the SIMCA-P software (v. 16.0.2, Umetrics,
Umeå, Sweden). A value of p < 0.05 was considered significant; values of p < 0.01 and
p < 0.001 were considered highly significant.

5. Conclusions

In the present study, the TYR inhibition effect of RP was examined. By using a
metabolomics approach, the corresponding active components of RP were identified to
be GA and CH. To better elucidate and improve the anti-TYR activity of the two active
compounds, their synergism was studied. The results showed that GA and CH, in the
ratios of 9:5 and 9:1, exhibited a synergistic inhibition on TYR, suggesting that certain
combinations of RP compounds could be effective for use in cosmetic, pharmaceutical,
and food industries. Meanwhile, additional works are required to clarify the possible
mechanism and toxicity of related products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28030944/s1, Figure S1: Figure S1. 1H-NMR spectra of
Rheum palmatum extract (RPE4) in DMSO-d6.
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16. Kifer, D.; Jakšić, D.; Šegvić Klarić, M. Assessing the effect of mycotoxin combinations: Which mathematical model is (the most)
appropriate? Toxins 2020, 12, 153. [CrossRef] [PubMed]

17. Zolghadri, S.; Bahrami, A.; Khan, M.T.H.; Munoz-Munoz, J.; Garcia-Molina, F.; Garcia-Canovas, F.; Saboury, A.A. A comprehensive
review on tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2019, 34, 279–309. [CrossRef]

18. Bayram, B.; González-Sarrías, A.; Istas, G.; Garcia-Aloy, M.; Morand, C.; Tuohy, K.; García-Villalba, R.; Mena, P. Breakthroughs in
the health effects of plant food bioactives: A perspective on microbiomics, nutri(epi)genomics, and metabolomics. J. Agric. Food
Chem. 2018, 66, 10686–10692. [CrossRef]

19. Lu, Y.; Liu, X.; Liang, X.; Xiang, L.; Zhang, W. Metabolomic strategy to study therapeutic and synergistic effects of tanshinone IIA,
salvianolic acid B and ginsenoside Rb1 in myocardial ischemia rats. J. Ethnopharmacol. 2011, 134, 45–49. [CrossRef]

20. Caesar, L.K.; Kellogg, J.J.; Kvalheim, O.M.; Cech, N.B. Opportunities and limitations for untargeted mass spectrometry metabolomics
to identify biologically active constituents in complex natural product mixtures. J. Nat. Prod. 2019, 82, 469–484. [CrossRef]

21. Chen, X.X.; Shi, Y.; Chai, W.M.; Feng, H.L.; Zhuang, J.X.; Chen, Q.X. Condensed tannins from Ficus virens as tyrosinase inhibitors:
Structure, inhibitory activity and molecular mechanism. PLoS ONE 2014, 9, e91809. [CrossRef]

22. Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharmacol. Rev. 2006, 58, 621–681. [CrossRef]

23. Banerjee, V.; Sharda, N.; Huse, J.; Singh, D.; Sokolov, D.; Czinn, S.J.; Blanchard, T.G.; Banerjee, A. Synergistic potential of dual
andrographolide and melatonin targeting of metastatic colon cancer cells: Using the Chou-Talalay combination index method.
Eur. J. Pharmacol. 2021, 897, 173919. [CrossRef] [PubMed]

24. Choi, R.C.Y.; Zhu, J.T.T.; Yung, A.W.Y.; Lee, P.S.C.; Xu, S.L.; Guo, A.J.Y.; Zhu, K.Y.; Dong, T.T.X.; Tsim, K.W.S. Synergistic action of
flavonoids, baicalein, and daidzein in estrogenic and neuroprotective effects: A development of potential health products and
therapeutic drugs against Alzheimers’s disease. Evid.-Based Complement. Altern. Med. 2013, 2013, 635694. [CrossRef] [PubMed]

25. Sun, M.; Wu, H.; He, M.; Jia, Y.; Wang, L.; Liu, T.; Hui, L.; Li, L.; Wei, S.; van Wijk, E.; et al. Integrated assessment of medicinal
rhubarb by combination of delayed luminescence and HPLC fingerprint with emphasized on bioactivities based quality control.
Chin. Med. 2020, 15, 72–88. [CrossRef] [PubMed]

26. López-Gresa, M.P.; Lisón, P.; Kim, H.K.; Choi, Y.H.; Verpoorte, R.; Rodrigo, I.; María Bellés, J.; Conejero, V. Metabolic fingerprinting
of Tomato Mosaic Virus infected Solanum lycopersicum. J. Plant Physiol. 2012, 169, 1586–1596. [CrossRef] [PubMed]

http://doi.org/10.3390/cosmetics8020026
http://doi.org/10.1016/j.indcrop.2020.112331
http://doi.org/10.1016/j.indcrop.2017.10.017
http://doi.org/10.1080/14756366.2016.1256882
http://www.ncbi.nlm.nih.gov/pubmed/28097901
http://doi.org/10.3390/molecules26040964
http://doi.org/10.3390/molecules27020349
http://doi.org/10.1007/s11101-020-09715-3
http://doi.org/10.1016/j.jep.2014.03.059
http://doi.org/10.1186/1472-6882-13-49
http://doi.org/10.3390/antiox11010110
http://doi.org/10.3390/md16100393
http://www.ncbi.nlm.nih.gov/pubmed/30347785
http://doi.org/10.5935/0103-5053.20160103
http://doi.org/10.1515/znc-2003-9-1022
http://www.ncbi.nlm.nih.gov/pubmed/14577638
http://doi.org/10.3389/fphar.2019.01222
http://doi.org/10.3390/toxins12030153
http://www.ncbi.nlm.nih.gov/pubmed/32121330
http://doi.org/10.1080/14756366.2018.1545767
http://doi.org/10.1021/acs.jafc.8b03385
http://doi.org/10.1016/j.jep.2010.11.048
http://doi.org/10.1021/acs.jnatprod.9b00176
http://doi.org/10.1371/journal.pone.0091809
http://doi.org/10.1124/pr.58.3.10
http://doi.org/10.1016/j.ejphar.2021.173919
http://www.ncbi.nlm.nih.gov/pubmed/33577837
http://doi.org/10.1155/2013/635694
http://www.ncbi.nlm.nih.gov/pubmed/24058373
http://doi.org/10.1186/s13020-020-00352-8
http://www.ncbi.nlm.nih.gov/pubmed/32684945
http://doi.org/10.1016/j.jplph.2012.05.021
http://www.ncbi.nlm.nih.gov/pubmed/22795749


Molecules 2023, 28, 944 11 of 11

27. Lee, K.H.; Aziz, F.H.A.; Syahida, A.; Abas, F.; Shaari, K.; Israf, D.A.; Laijs, N.H. Synthesis and biological evaluation of curcumin-
like diarylpentanoid analogues for anti-inflammatory, antioxidant and anti-tyrosinase activities. Eur. J. Med. Chem. 2009, 44,
3195–3200. [CrossRef]

28. Chou, T.C.; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme
inhibitors. Adv. Enzyme Regul. 1984, 22, 27–55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ejmech.2009.03.020
http://doi.org/10.1016/0065-2571(84)90007-4

	Synergistic Inhibiting Effect of Phytochemicals in Rheum palmatum on Tyrosinase Based on Metabolomics and Isobologram Analyses
	Synergistic Inhibiting Effect of Phytochemicals in Rheum palmatum on Tyrosinase Based on Metabolomics and Isobologram Analyses
	Creative Commons License
	Authors
	Creative Commons License


	Introduction 
	Results 
	Inhibiting Effect of RP Extracts (RPEs) on TYR 
	Correlation of NMR Data and Activity Results 
	Inhibitory Effect of GA and CH on TYR 
	Synergistic Effect of GA and CH 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	RP Sample 
	PSE 
	NMR Analysis 
	Data Processing and Multivariate Data Analysis 
	TYR Inhibition Assay 
	Synergistic Effect of GA and CH 
	Statistical Analyses 

	Conclusions 
	References

