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ABSTRACT: The carotenoid composition of petals, florets, and full inflorescences of Calendula officinalis grown in sun and shade
was investigated by the HPLC-DAD-MS method. The total carotenoid content of flowers grown in the shade was higher than those
grown in the sun (1.154 and 0.872 mg/g in petals), while no differences were found in the proportion of individual carotenoids. In
all samples, 29 components were identified, from which the main carotenoids, besides lutein, were $,8-epoxy-carotenoids with 8S
and 8'R configurations. The main $,8-epoxy-carotenoid was chrysanthemaxanthin with the 8S configuration and not flavoxanthin
with the 8R configuration, as published earlier. In addition, (all-E,8'R)- and (9Z,8'R)-luteoxanthin were detected in larger amounts.
The 5,8-epoxy-carotenoids (flavoxanthin, chrysanthemaxanthin, and luteoxanthin epimers) were also prepared via an acid-catalyzed
reaction of the parent carotenoid 5,6-epoxides. The structures of the epimers were elucidated by NMR measurements.

KEYWORDS: Calendula officinalis, HPLC-DAD-MS analysis, carotenoids, NMR, furanoid oxide rearrangement

Bl INTRODUCTION Garden marigold (Calendula officinalis) belongs to the order

. L . . Asterales, the family Asteraceae, and the subfamily Asteroidae.
Carotenoids are synthesized in plants and microorganisms, but ' 4 o ) Y
the animal and human body can only provide them from The head inflorescence (capitulum) has a diameter of 3—7 cm,
external sources.”” By 2013, more than 750 different comprising both ray (ligulate) and disc (tubular) florets, whose
carotenoid molecules had been isolated, of which usually six color varies from pale yellow to dark orange. It is an annual,
have been shown to be adsorbed and metabolized in the herbaceous plant that originated from the Mediterranean and

human body: a- and f-carotene, lycopene, f-cryptoxanthin, can be grown almost all over the temperate zone. Its cultivation
zeaxanthin, and lutein.** Carotenoids play a crucial role in the is typical in home gardens but it is also known in large-scale
life of a plant in photosynthesis,” but the exact mechanisms cultivation technology.”'’ The marigold drug and its various
controlling carotenoid accumulation are not fully understood. extracts, as well as the preparations made from them, are an
Currently, the use of carotenoids in the food and feed industry integral part of both folk medicine and modern phytother-
is becoming increasingly significant due to their natural apy.'" The dried flower (Calendulae flos) is an official drug
coloring, antioxidant, and favorable physiological effects.’ recognized by numerous monographs and accepted in the
Carotenoids have a range of functions in human health. current European Pharmacopoeia, and the more valuable
They primarily exert antioxidant effects, but individual flower drug picked from the disk (Calendula flos sine calycibus)
carotenoids may also act through other mechanisms; for is also available in trade.’
example, ff-carotene has a pro-vitamin A function, while lutein/ The most important hydrophilic active ingredients of
zeaxanthin constitutes macular pigment in the eye. There is marigold are flavonoids (isorhamnetin, quercetin and quercetin
evidence that carotenoids, in addition to beneficial effects on glucosides, narcissin, calendoflavoids).'>® Lipophilic biomo-
eye health, also produce improvements in cognitive function lecules of particular value to the cosmetic industry are the anti-
and cardiox;ascular health, and may help to prevent some types inflammatory, antioxidant, and skin-regenerating carotenoids
of cancer.” This brings up the important aspect of the (B-carotene (1), (all-E)-lutein (2), (9Z)-lutein, luteoxanthin

bioavailability of dietary carotenoids, which depends on other (3), flavoxanthin (4), violaxanthin (5), rubixanthin (6), y-
dietary factors, especially the contribution of dietary fats.® It ' ’ . ;

seems that the epoxyxanthophylls, such as violaxanthin and
neoxanthin, which are abundant in plants, particularly in green
tissues, cannot be incorporated into and used by the human
body. Despite the evidence of the health benefits of Received: September 11, 2023
carotenoids, large population-based supplementation studies Revised:  October 16, 2023
have produced mixed results for some of the carotenoids. To Accepted:  October 18, 2023

carotene (7), and lycopene (8), Figure $1)."*7'° In addition,
the determination of Calendula genus metabolic products has a

establish and confirm the health benefits of the different Published: October 31, 2023
carotenoids, more research, including clinical studies, is
needed.
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(8'R)-Luteoxanthin ((8'R)-3)
(all-E,35,5R,65,3'S,5'R,8'R)-5,6:5',8'-Diepoxy-5,6,5',8 -tetrahydro-f,B-carotene-3,3'-diol)

(8'S)-Luteoxanthin ((8'S)-3)
(all-E,35,5R,65,3'S,5'R,8'S)-5,6:5',8'-Diepoxy-5,6,5', 8 -tetrahydro-B,B-carotene-3,3'-diol)

JOH

Flavoxanthin (4)
(all-E,35,5R,8R,3'R,6'R)-5,8-epoxy-5,8-dihydro-f,e-carotene-3,3'-diol

\OH

Chrysanthemaxanthin (10)
(all-E,35,5R,85,3'R,6'R)-5,8-epoxy-5,8-dihydro-B,e-carotene-3,3'-diol

(8R)-Mutatoxanthin ((8R)-9)
all-E,35,5R,8R, -5,8-epoxy-5,8-di ro-PB,e-carotene-3,3'-dio
11-E,35,5R,8R,3'R)-5,8-epoxy-5,8-dihyd 3,3'-diol

(8S)-Mutatoxanthin ((85)-9)
all-E,35,5R,8S, -5,8-epoxy-5,8-di ro-B,e-carotene-3,3'-dio
11-E,35,5R,8S,3'R)-5,8-epoxy-5,8-dihyd 3,3'-diol

Figure 1. Structures of 5,8-epoxy-carotenoids.

tradition of more than a century, during which 656
characteristic molecules have been identified for taxa.'”

According to the literature, the carotenoid content of
calendula drug is influenced by various factors, such as variety,
growing location, harvest time, soil nutrient composition, or
temperature.” Based on the results of Andreeva,'® dark orange
calendulas can have up to 1.5% carotenoid content. As
reported by Raal et al,'” the total carotenoid content of
different calendula genotypes grown in Estonia was between
0.2 and 3.5%. According to the conclusions of Pintea et al™*
the carotenoid content of fresh flowers of orange-colored
varieties is higher than that of yellow-colored varieties, which
can be explained by a change in the ratio of hydrocarbon and
oxygenated compounds.
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The main carotenoids of calendula petals are lutein (2) and
its derivatives.”” Kishimoto et al.”' identified 19 carotenoids in
extracts of petals of orange- and yellow-flowered calendulas,
ten of which were peculiar to orange-flowered cultivars.
Besides a-carotene, all of these characteristic components of
orange varieties contained an W-end group, and six of them
had (5Z) or (5'Z) configuration. The (5Z)-carotenoids were
proposed to be the result of an unusual enzymatic isomer-
ization.

More than 20 years ago, we investigated the carotenoid
composition of petals, pollens, and industrial products of
calendula (herbal teas, tinctures, creams).”” At that time, we
carried out the separation of carotenoids on a C,4 stationary
phase, which could not separate well the apolar carotene
hydrocarbons. Among the S,8-epoxy-carotenoids, we identified

https://doi.org/10.1021/acsagscitech.3c00367
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flavoxanthin (4), luteoxanthin (3), and mutatoxanthin (9)
(Figure 1).

Zubay et al.” evaluated the shade effects on seven different
species (including Calendula) for plant height and width, fresh
yield, drug mass, essential oil content, and content of other
biologically active compounds. In that work, only the
carotenoid content of the dried petals was used in industry.

Here, we report the results of a detailed reinvestigation of
petals and florets of C. officinalis grown in sun and shade. In
addition, we describe the preparation and characterization of
flavoxanthin (4), chrysanthemaxanthin (10), and luteoxanthin
(3) epimers.

B MATERIALS AND METHODS

Plant Materials. Plants sampled for this study were grown in a 3
year in vivo agroforestry model experimental set up in the
Experimental and Research Farm of the Hungarian University of
Agriculture and Life Sciences in Budapest, Hungary (47°24'09.5"N
19°08’60.0"E). In this experiment, artificial (by commercially
available agro green shade nets) shade (30% light intensity decrease
all day long) was applied as treatment, and no shade was applied
(plants grown in sun all day long) as control. The area of both
experimental plots was 30 m” The propagation material (species: C.
officinalis L.; variety: Claudia; characteristics: high amount of
flavonoids; registration code of the variety: 239987) originated from
the gene bank of the Research Institute for Medicinal Plants and
Herbs Ltd. The cultivation technology consisted of the following main
steps: direct sowing (50 cm between rows), thinning, mechanical
weed control, regular irrigation in dry periods, and harvesting of the
inflorescences by hand. Sampling for this study took place on July 19,
2021, which was the 15th day after the appearance of the first
flowering individuals of the experimental population, during which a
significant part of the population had already been in bloom.
Inflorescences from 10 treated and 10 control plant individuals were
collected fresh and then stored in a refrigerator until use.

Pigment Extraction and Determination of Carotenoid
Content. Analytical-grade chemicals were used for the extractions.
Extraction: Flower samples were extracted twice with acetone and
once with Et,O. After evaporation, the residue of the acetonic extracts
was dissolved in Et,O. The ethereal solutions were combined, and this
total extract was saponified in the heterogeneous phase (30% KOH/
MeOH) overnight. The reaction mixture was washed with water ten
times. The saponified pigments were stored in benzene at —20 °C
under nitrogen.

The total carotenoid content of the plant materials was determined
photometrically.** UV—vis spectra were recorded with a Jasco V-330
spectrophotometer (Jasco Corporation, Tokyo, Japan). NMR spectra
were recorded with a Bruker Avance III Ascend 500 spectrometer
(500/125 MHz for 'H/ 13C) in CDCl;. Chemical shifts are referenced
to Me,Si ("H) or to the residual solvent signals ("*C).

High-Performance Liquid Chromatography on Cj,. Solvents
for the analysis (MeOH: methanol; MTBE: tert-butylmethyl ether,
acetone, water) were of HPLC grade. The HPLC-DAD separations
on a Cj, stationary phase were performed by a Dionex 3000 HPLC
system (Thermo Fisher Scientific Inc, Waltham, Massachusetts).
Chromatograms were detected at 450 nm wavelength, and the data
acquisition was performed by Chromeleon 7.20 software. The
separation was carried out on an end-capped Cj, column (250 mm
X 4.6 mm id; YMC Cj, 3 pm, YMC Europe GmbH, Dinslaken,
Germany). Eluents: (A) MeOH/MTBE/H,0 = 81:15:4 v/v% and
(B) MeOH/MTBE/H,0 6:90:4 v/v%. Chromatography was
performed in a linear gradient from 100% A eluent to 75% B mixture
in 75 min, with 1.00 mL/min flow rate at 22 °C.

HPLC-DAD-MS chromatograms were recorded by a 6530
Accurate-Mass Q-TOF LC/MS apparatus (Agilent Technologies,
Singapore); the data acquisition was performed by MassHunter
B.04.00 software. For LC—(APCI)MS, the positive ion mode was
used, with TIC, scanning range 200—1500 m/z, corona voltage 2.6
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kV, fragmentor voltage 150 V, skimmer 60 V, and Oct IRF Vpp 750
V. The flow rate of the dried nitrogen as nebulizer gas was 240 L/h,
and the vaporizer temperature was 400 °C. The HPLC conditions
were the same as described above.

High-Performance Liquid Chromatography on C,g. The
HPLC analysis was performed with a Dionex P680 quaternary
analytical pump, a Dionex PDA 100 UV/vis detector (Thermo Fisher
Scientific, Inc., Waltham, Massachusetts) with Chromeleon 6.8
software, and a column temperature control module. Chromatograms
were developed on a 250 mm X 4.6 mm stainless steel LiChrospher
100 RP 18, S mm (Merck KGaA, Darmstadt, Germany) column,
with 1.25 mL/min flow rate, at 22 °C. Eluents were (A) H,0/MeOH
= 12:88 v/v%; (B) MeOH; and (C) acetone/MeOH = 50:50 v/v%.
The gradient program was the following: 0—2 min 100% A, 2—10 min
to 80% A/20%B, 10—18 min to 50% A/50% B,18—25 min to 100% B,
25—27 min 100% B, 27—33 min to 100% C, 33—38 min 100% C, and
38—40 min to 100% B (in linear steps).

Identification of the Peaks. The carotenoids were identified
using the following data: elution order on the C;y HPLC column,”
spiking with authentic standards, UV—visible spectrum (4,,,),
spectral fine structure (%II1/II), cis peak intensity (%Ag/Ap),”¢ and
mass spectrum (molecular ion and fragments) compared to standards
and data available in the literature.”” Authentic standards were taken
from our collection.

Isomerization of Lycopene, y-, and §-Carotene. Lycopene
(8), 7-(7), and S-carotene (17) were taken from our collection. A
solution of 2 mg of carotenoid in S0 mL of toluene was isomerized in
the presence of 0.02 mg of I, (~2% to the carotenoid) under N, in
scattered daylight.”®*” The isomerization was monitored by UV—vis
spectrometry, and when the thermodynamic equilibrium was reached
(ca. 40 min), the mixture was washed free of I, with 5% Na,S,0,
solution and, after the usual workup, submitted to HPLC.

Preparation of Flavoxanthin and Chrysanthemaxanthin. To
a solution of 10 mg of lutein S,6-epoxide (11) (extracted from
Chelidonium majus) in 100 mL of Et,0 was added 0.1 mL of cc.
HOAC/HCI (9:1) solution at room temperature. The mixture was
kept under N, in the dark. The reaction was monitored by UV—vis
spectrometry. After 0.5 h, the mixture was washed with 5% aqueous
NaHCO; solution, and the organic phase was dried with anhydrous
Na,SO, and evaporated to dryness. The residue was dissolved in
toluene and submitted to open column chromatography (CaCOj,
Merck, Germany, 6 cm X 30 cm, toluene). After development, two
fractions were visible: fraction 1:20 mm yellow band, flavoxanthin (4)
and fraction 2:30 mm yellow band, chrysanthemaxanthin (10). After
processing, which consisted of cutting the column packing into
sections and extracting each section, fractions 1 and 2 were obtained,
which were crystallized from benzene with n-hexane, yielding 5 mg of
flavoxanthin (4) and 3 mg of chrysanthemaxanthin (10).

Preparation of (8’R)- and (8’S)-Luteoxanthins. To a solution
of 60 mg of violaxanthin (5) (extracted from spinach) in SO mL of
Et,0, 0.1 mL of cc. HOAc/HCI (9:1) solution was added at room
temperature. The mixture was kept under N, in the dark. The reaction
was monitored by UV—vis spectrometry. After 20 min, the mixture
was washed with a 5% aqueous NaHCOj solution, and the Et,O
phase was dried with Na,SO, and evaporated to dryness. The residue
was dissolved in toluene and submitted to open column
chromatography (CaCOj;, Merck, Germany, 6 cm X 30 cm, toluene).
After development, three fractions were visible: fraction 1:10 mm pale
yellow band, mixture of auroxanthin epimers; fraction 2:30 mm
yellow band, (5'R,8'R)-luteoxanthin; and fraction 3:30 mm yellow
band, (5'R,8'S)-luteoxanthin. After processing, which consisted of
cutting the column packing into sections and extracting each section,
fractions 2 and 3 were obtained, which were crystallized from benzene
with n-hexane, yielding 15 mg of (5'R,8'R)-luteoxanthin ((8'R)-3)
and 8 mg of (5'R,8’'S)-luteoxanthin ((8'S)-3).

Preparation of (9Z,8'R)-Luteoxanthin. A solution of 10 mg of
(all-E,5'R,8'R)-luteoxanthin ((8'R)-3) in 100 mL of toluene was
isomerized in the presence of 0.01 mg of I, (~2% to the carotenoid)
under N, in scattered daylight.”*** The isomerization was monitored
by UV—vis spectrometry, and when the thermodynamic equilibrium

https://doi.org/10.1021/acsagscitech.3c00367
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Table 1. 'H and *C NMR Data of Flavoxanthin and Chrysanthemaxanthin at 500/125 MHz, resp., in CDCl; at Room

Temperature”
flavoxanthin (8R) (4) chrysanthemaxanthin (8S) (10)
position 5(H) [ppm] ’J [Hz] 5(C) [ppm] position 5(H) [ppm] °] [Hz] 8(C) [ppm]
1 337 1 34.2
2 a: 1.51 (dd) 14.3, 3.4 46.8 2 a: 1.47 (dd) 14.1, 3.7 47.41°
p: 1.77 (dd) 143,43 p: 1.77-1.82 (m)
3 4.20—4.30 (m) 67.8 3 4.24 (brs) 67.9
a: 2.00 (dd) 139,43 47.5 a: 1.88—1.92 (m) 47.45°
B 2.13 (pdd) 14.0, 3.4 B 2.09-2.13 (m)
5 86.9 5 87.2
6 154.1 6 1532
7 5.25 (brs) 119.9 7 5.30 (d) 1.6 118.8
8 5.16 (brs) 87.8 8 5.07 (s) 88.4
9 138.0" 9 138.7
10 6.19 (d) 11.1 1273 10 6.19 (d) 10.9 1262
11 6.49 (dd) 15.1, 11.1 124.4 11 6.50 (dd) 15.0, 11.0 124.51°
12 6.32 (d)° 15.0 1376 12 6.32 (d) 15.0 1376
13 136.3° 13 1363
14 6.21—6.25 (m) 132.3° 14 6.21—6.25 (m) 132.1°
15 6.57—6.64 (m) 130.0° 15 6.57—6.65 (m) 129.8°
16 1.17 (s) 31.4 16 1.19 (s) 313
17 1.33 (s) 29.0 17 1.34 (s) 282
18 1.62 (brs) 29.1 18 1.68 (s) 30.6
19 171 (s) 127 19 1.80 (s) 134
20 1.94 (s)8 129 20 1.95 (s)” 12.8
r 34.1 I 34.0
2 a: 1.83 (dd) 132,59 447 2 a: 1.84 (dd) 132, 5.9 44.6
p: 1.36 (dd) 13.1, 6.9 p: 1.36 (dd) 13.0, 6.9
3 4.20-4.30 (m) 66.0 3 4.24 (brs) 65.9
’y 5.54 (brs) 124.5 ’y 5.54 (brs) 124.50”
s/ 138.0° s 138.0
6 2.40 (d) 9.8 55.0 6 2.40 (d) 9.9 55.0
7' 5.43 (dd) 15.4, 9.9 1287 7' 5.42 (dd) 15.5, 9.9 1287
8 6.11-6.15 (m) 137.8 8 6.11-6.15 (m) 137.7
9 135.0 9 135.0
10’ 6.11-6.15 (m) 130.8 10’ 6.11-6.15 (m) 130.8
11’ 6.57—6.64 (m) 124.8 11’ 6.57—6.65 (m) 1247
12/ 6.35 (d)” 14.9 137.6 12/ 6.35 (d) 14.9 137.3
13/ 136.4° 13/ 136.2
14/ 6.21—6.25 (m) 132.5° 14/ 6.21—6.25 (m) 132.5°
15/ 6.57—6.64 (m) 130.04° 15/ 6.57—6.65 (m) 130.0°
16’ 0.85 (s) 24.4 16’ 0.85 (s) 243
17’ 1.00 (s) 29.5 17’ 1.00 (s) 29.5
18’ 1.62 (brs) 22.8 18’ 1.62 (s) 22.8
19’ 1.91 (s) 13.1 19’ 1.91 (s) 13.1
20’ 1.97 (s) 129 20 1.96 (s)” 12.8

“All 'H and “C spectra were assigned with the help of '"H—"H-COSY, *C—"H-HSQC, and "*C—'"H-HMBC experiments. bAssignment may be

exchanged.

was reached (ca. 40 min), the mixtures were washed free of I, with 5%
Na,$,0; soln., and, after the usual workup, were submitted to OCC
(6 cm X 30 cm column, CaCO;). The separation of the thermal
isomerization mixture (toluene/acetone 95:5) resulted in the
following picture after development: fraction 1:4 mm pale yellow
(unidentified), fraction 2:15 mm yellow ((13Z)-isomer of 3), fraction
3:20 mm pale yellow ((9Z)-isomer of 3), and fraction 4:30 mm
yellow ((all-E,8'R)-3).

B RESULTS AND DISCUSSION

Semisynthesis and ldentification of 5,8-Epoxy-car-
otenoids (Furanoids). $,8-Epoxycarotenoids are easily
prepared by treating 5,6-epoxides with acid. Naturally
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occurring (3S,5R,6S)-3-hydroxy-S,6-epoxycarotenoids produce
two 5,8-epoxy epimers, namely, the (3S,5R,8R) and (3S,5R,8S)
epimers in almost the same proportion. In the case of 3-
hydroxy compounds, the epimers can be easily separated by
HPLC or open column chromatography (OCC) on
CaCO;,>"*" while in the absence of 3-hydroxyl group, they
can be separated only on a chiral phase.””*” The differentiation
of (8S) and (8R) isomers of the 3-hydroxy derivatives is based
on their '"H NMR spectra, according to Eugster’s criteria: for
the (8S) compound, 67y — Sag) = 0.15-0.22 ppm and
*Jt7s > 1.4 Hz, while in the (8R) epimer, 87 — S(.g) < 0.09
ppm, and H-7 gives a broad singlet.**

https://doi.org/10.1021/acsagscitech.3c00367
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Figure 2. Comparison of the '"H NMR spectrum of flavoxanthin (4) and that of chrysanthemaxanthin (10).

Preparation and Structure Elucidation of Flavoxan-
thin (4) and Chrysanthemaxathin (10). The treatment of
lutein $,6-epoxide (11) with cc. HOAc/HCI (9:1) produced a
mixture of flavoxanthin (4) (SR,8R) and chrysanthemaxanthin
(10) (5R,8S). These isomers could be separated on both Cj,
and Cyg stationary phases by HPLC and classical column
chromatography. The configuration of the separated epimers
was evaluated by '"H NMR and "*C NMR spectroscopy in
CDCl; (Table 1, Figures 2 and S2—S5). The comprehensive
work by Cadosch et al.** helps to identify the isomers: the
characteristic difference in the "H NMR spectra of 4 and 10 is
the chemical shift of H-8 (5.16 ppm for 4, 5.07 ppm for 10),
which can unambiguously distinguish the two molecules.*>*® A
similar tiny divergence can be observed in the chemical shifts
of H-19 (1.71 ppm for 4, 1.80 ppm for 10).” In CDCl,, the
B3C shifts of C-6 and C-7 of flavoxanthin differ by ~1 ppm
from the corresponding signals of chrysanthemaxanthin.

Preparation and Structure Elucidation of Luteoxan-
thin (3) C-8’ Epimers. Since violaxanthin (5) is a 5,6,5",6'-
diepoxide, the acidification had to be done carefully so that
only one of the 5,6-epoxide groups was converted to the §5,8-
epoxide. This can be achieved by frequent monitoring of the
reaction mixture; thus, the main products became (8'R)- and
(8'S)-luteoxanthin (3).>” The resulting luteoxanthin (3)
epimers can be easily separated from each other and from
the starting violaxanthin by column chromatography on
CaCO;. The configuration of the epimers obtained by the
OCC was established using 'H NMR and '*C NMR
spectroscopy. The measured chemical shifts (Table 2) are in
accordance with the literature data.’**” Similar to the
distinction of flavoxanthin (4) and chrysanthemaxanthin
(10), the chemical shifts of H-8' and H-19’, as well as those
of C-6" and C-7’, can be used to differentiate the C-8’ epimers.
The prepared compounds were used as standards on the Cjg
stationary phase to establish which epimer is present in
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Calendula. On the Cj, stationary phase, the two luteoxanthin
(3) epimers give one peak.”’

Preparation and Structure Elucidation of (9Z,8'R)-
Luteoxanthin. To prepare a standard, iodine-catalyzed
isomerization of (all-E,8R)-luteoxanthin (3) was performed
in a toluene solution. The configuration of the (9Z)-isomer
obtained by open column chromatography was identified by
'"H NMR and *C NMR spectroscopy (Table 2).>” The
position of the Z double bond was unambigously determined
by the characteristic "H chemical shift of H-8 (6.29 ppm for
the all-E compound and 6.83 ppm for the 9Z isomer) and that
of H-11 (6.57—6.63 ppm m for the all-E compound and 6.76
ppm dd for the 9Z isomer). *C chemical shifts of C-8, C-9,
and C-10 also reveal the existence of a 9Z compound (AS =
S(E) — 6(Z): A8 = 7.9 ppm for C-8, A5 = 1.5 ppm for C-9,
and AS = 1.4 ppm for C-10).**

Analysis of Flowers. The investigated head inflorescence
(capitulum) had a diameter of 3—7 cm, comprising both ray
(ligulate) and disc (tubular) florets, whose color was orange. In
our analysis, we used both types of flowers and the full
inflorescences. The green parts of the inflorescence (bracts and
receptacles) were excluded. The total carotenoid contents were
determined by UV—vis spectrophotometry.”*

The HPLC-DAD and HPLC-DAD-MS analyses were
performed on a C,, phase. Our previous results showed that
this stationary phase separates the isomers of interest well,
while a C;g phase is less suitable.”> The carotenoids were
identified by their elution order on the C;, HPLC column,
spiking with authentic standards, UV—visible spectra (A
spectral fine structure (%III/II)), cis peak intensity (%Ag/Ay),
and mass spectrum compared to standards and data available
in the literature.”’”

In the HPLC chromatograms of all of the investigated total
extract samples on a Cjzy column at 450 nm wavelength, 31
peaks were characterized (Table 3). The identification of the
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Table 2. '"H NMR and *C NMR Data of Luteoxanthin Isomers at 500/125 MHz, Respectively, in CDCI,; at Room

Temperature
(8'R) luteoxanthin (8'R-3) (8’S) luteoxanthin (8'S-3) (92,8'R) luteoxanthin (9Z,8'R-3)
5(C) 5(C) 5(C)
position  §(H) [ppm] 3] [Hz] [ppm] 5(H) [ppm] ’] [Hz] [ppm] 6(H) [ppm] 3] [Hz] [ppm]  position
1 35.3 35.4 35.3
2 a: 1.60—1.65 472 a: 1.60—1.65 472 a: 1.63—1.68 472 2
(m) (m) (m)

B: ~125 (m) B: ~125 (m) B: ~126 (m)
3 3.91 (ddd) 138,88,47 643 3.91 (ddd) 13.9,89,49  64.3 3.92 (ddd) 139,89,50 643 3

a: 1.60—1.65 41.0 a: 1.60—1.65 41.0 a: 1.63—1.68 41.0

(m) (m) (m)

p: 2.38 (dd) 142, 3.7 f: 2.40 (dd) 14.0, 3.6 B: 240 (dd) 142, 4.9
5 66.9 66.9 66.8 5
6 703 70.3 70.6 6
7 5.88 (d) 155 123.8 5.87 (d) 15.5 123.8 5.93 (d) 154 1259 7
8 6.29 (d) 15.6 137.4 6.28 (d) 15.5 137.4 6.83 (d) 154 129.5 8
9 134.2 134.2 132.7 9
10 6.19 (d) 11.1 1322 6.19 (d) 11.6 132.3 6.07 (d) 103 130.8 10
11 6.57—6.63 (m) 124.6 6.59—6.63 (m) 124.6°  6.76 (dd) 14.7, 11.7 123.5 11
12 6.37 (d) 15.0 1382 6.37 (d) 14.9 1382 6.29 (d) 157 137.6% 12
13 136.2 136.1 136.4 13
14 6.22—6.26 (m) 1322 6.23-6.27 (m) 132.9 6.20—6.24 (m) 132.5¢ 14
15 6.57—6.63 (m) 1299 6.57—6.63 (m) 129.8°  6.57—6.64 (m) 128.98“ 15
16 0.97 (s) 24.9 0.98 (s) 24.9 1.00 (s) 25.0 16
17 1.15 (s) 29.6 115 (s) 29.6 1.16 (s) 29.6 17
18 1.19 (s) 20.0 1.18 (s) 20.0 121 (s) 20.0 18
19 1.92 (s) 13.0 1.92 (s) 13.0 1.93 (s) 21.0 19
20 1.94 (s)* 12.80 195 (s) 12.8 1.94 (s)* 12.8° 20
iy 33.7 342 33.7 iy
2 a: 1.51 (dd) 14.1, 3.3 467 a: 147 (dd) 14.1, 3.7 47.4 a: 1.52 (dd) 14.1, 3.2 46.7 2’

p: 176 (dd) 142, 3.5 f: 1.78—1.81 p: 176 (dd) 15.1, 4.0

m

3 4.22—4.26 (m) 67.7 4.24 (pt) 3.8 67.9 4.24 (br m) 67.7 3
4 a: 1.99 (dd) 137, 3.9 474 a: 1.90 (dd) 14.0, 4.1 47.5 a: 1.98 (dd) 14.4, 4.1 474 4

p: 2.12 (dd) 13.6, 3.4 B: 2.11 (pd) 13.8 p: 2.12 (dd) 13.8, 3.2
5 86.8 87.2 86.9 s’
6 154.1 153.2 154.1 6
7' 5.25 (brs) 119.9 5.30 (d) L5 118.7 5.25 (s) 119.9 7'
8 5.17 (brs) 87.7 5.07 (s) 88.4 5.16 (s) 87.7 8
9’ 138.0 138.7 137.9 9’
100 6.19 (d) 11.1 1272 6.18 (d) 10.7 126.2 6.19 (d) 10.8 1272 10’
11" 649 (dd) 15.0, 113 1244 6.50 (dd) 15.0, 11.1 1245 6.48 (dd) 15.0, 11.1 1243 1’
127 632 (d) 152 137.6 6.32 (d) 15.1 137.3 6.32 (d) 162 137.5¢ 12/
13/ 136.4 136.4 136.2 13’
14 6.22-6.26 (m) 132.8%  6.23—6.27 (m) 132.1 6.20—6.24 (m) 132.3¢ 14/
15" 6.57—6.63 (m) 1302°  6.57—6.63 (m) 1302°  6.57—6.64 (m) 128.96" 15/
16 117 (s) 31.4 1.19 (s) 314 1.17 (s) 314 16’
17" 133 (s) 28.9¢ 1.34 (s) 282 133 (s) 289 17/
18 162 (s) 29.0¢ 1.68 (s) 30.6 1.61 (s) 29.0 18’
19’ 1.71 (s) 12.6 1.80 (s) 134 1.71 (s) 12.6 19’
200 1.96 (s)” 12.78% 195 (s) 12.8 1.96 (s)“ 13.0° 20’

“Assignment may be exchanged.

components is shown in the example of C. officinalis petals
(Figure 3).

The main component, peak 4, was identified as chrys-
anthemaxanthin (10) with (SR,8S) configuration by its UV—
vis (At 398, 421, 448 nm, %III/II: 92) and MS spectra (m/z
567, [M — H,0 + H]*) and cochromatography with an
authentic standard. Peak 8 was tentatively identified as the
(9Z)-isomer of chrysanthemaxanthin ((9Z)-10). This peak
showed characteristic UV—visible spectra (4,,,,: 395, 417, 443,
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%III/II: 101, %Ag/Ay: 6), with a slightly decreased spectral
fine structure and a hypsochromic shift of 4 nm compared to
the all-trans isomer (peak 4). The identification of this
compound was also supported by its m/z value (567, [M —
H,0 + H]").

Peak 3 exhibited UV—visible spectra similar to those of peak
4 (Apax 399, 421, 448 nm (%III/II: 91)). The molecular mass
([M + HJ"), detected at m/z 601 for the compound, seemed
to correspond to luteoxanthin (3). As mentioned above, the
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Table 3. Carotenoid Composition of C. officinalis

petals petals floret  inflorensce  inflorensce
sun shade  floret sun  shade sun shade
no.  carotenoid retention UV—vis M94(nf/ttal carotenoids”
time (min) Amax
(nm)
1 neoxanthin 7.71 412, 438, 601 [M + H]* 0.72 0.55 0.29 1.82 0.49 0.58
467
2 (9Z)-neoxanthin 8.24 413,436, 601 [M + H]* 0.42 0.51 022 093 039 030
463
3 (8'R)-luteoxanthin 9.18 399, 421, 601 [M + H]* 1041 10.15 tr tr 821 10.05
448
4 chrysanthemaxanthin 11.44 398, 421, 567 14.99 16.75 12.85 12.23 11.16 15.53
448 [M — H,0 + H]*
s (92,8'R)-luteoxanthin 12.44 397,417, 601 [M + HJ 7.53 7.90 2.90 3.59 8.36 8.26
442
6 lutein 13.55 444,471 551 1103 1076 1477 14.96 7.90 7.53
[M - H,0 + H]*
7 (8S)-mutatoxanthin 13.78 427, 452 585 [M + H]* 4.42 3.30 4.64 4.00
8 (9Z)-chrysanthemaxanthin ~ 14.43 395, 417, 567 0.54 0.44 1.76 1.57 0.61 0.71
443 [M - H,0 + H]*
9 mixture 15.13 321, 422, 0.56 0.74 tr tr 0.94 0.44
446
10 zeaxanthin 15.66 450,476 569 [M + H]* 131 0.83 528 525 141 1.33
11 (92)-lutein 16.83 331,439, 551 6.26 6.53 8.99 11.15 5.11 5.01
467 [M - H,0 + H]*
12 (9'Z)-lutein 19.40 330, 440, 5§51 2.64 245 7.58 8.03 2.00 222
467 [M - H,0 + H]*
13 (9Z)-zeaxanthin 20.59 340, 445, 569 [M+ H]* 3.27 341 4.01 3.53 298 2.78
471
14 P-cryptoxanthin 24.70 451, 476 553 [M+ H]* 0.59 0.37 4.60 391 0.66 0.94
15 (13Z)-p-Carotene 27.60 348, 450, 537 [M+ H]* 0.54 0.62 0.70 0.78 2.92 0.86
474
16  mixture 29.93 339, 442 0.58 021 073 0.58 2.52 0.28
17 a-carotene 31.91 445,472 537 [M + HJ* 0.58 0.81 0.73 041 3.81 0.76
18 (5'Z,9'Z)-rubixanthin 34.82 350, 455, 553 [M + H]* 3.09 3.24 1.54 1.46 0.92 491
484
19 p-carotene 35.52 452,478 537 [M + HJ 5.10 632 13.08 13.49 10.00 5.80
20 (9Z)-B-carotene 37.81 347,447, 537 [M + H]* 1.06 097 4.00 3.90 2.86 127
467
21 rubixanthin 41.94 459, 489 553 [M + H]* 1.11 0.83 0.14 0.44 1.71 1.30
22 (5'Z)-rubixanthin 43.03 460,490 553 [M + H]* 474 423 1.61 1.78 351 5.01
23 (di-Z)-y-carotene 45.49 350,455, 537 [M + HJ* 0.70 0.65 0.55 0.56 127 133
484
24 S-carotene 47.95 432,457, 537 [M + HJ* 0.69 0.73 1.80 1.90 122 0.74
487
25 (5Z)-8-carotene 48.65 431, 4SS, 537 [M + H]* 0.38 0.43 tr tr 0.32 0.51
486
26 y-carotene 52.20 460, 490 537 [M + H]* 2.14 2.36 1.47 121 2.68 2.14
27 (5Z)-y-carotene 53.15 360, 461, 537 [M + H]* 545 5.60 3.56 2.74 5.03 5.89
491
28 (52,9Z,5'Z)-lycopene 59.92 440, 465, 537 [M + H]* 0.47 027 0.18 0.10 0.63 0.44
496
29 (52,9Z)-lycopene 61.18 440, 465, 537 [M + H]* 261 271 1.16 1.25 2.13 3.92
496
30 lycopene 68.95 446, 471, 537 [M + H]* 0.89 0.83 0.26 0.16 0.49 0.69
502
31 (5Z)-lycopene 69.80 445, 471, 537 [M + H]* S.12 4.40 1.55 1.15 3.06 4.39
502
total carotenoid mg/g 0.872 1.154 0.0986 0.123 0.406 0.806

“Percentage of peak area in the HPLC chromatogram at 450 nm.

two C-8 stereoisomers of luteoxanthin (3) are inseparable in
the Cs, stationary phase. After separation of the calendula
extract on the C,q stationary phase (Figure S6), only one
stereoisomer was detected. Cochromatography with the
authentic standard obtained by acid-catalyzed rearrangement
of violaxanthin confirmed the identity of (5'R,8'R)-luteox-
anthin ((8'R)-3) (Figure S7).
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(9Z,5'R,8'R)-Luteoxanthin ((9Z,8'R)-3) (peak S) showed
characteristic UV—visible spectra (A,,,: 397, 417, 442, %I11/1L:
69, %Ag/Ay: 6), with a cis peak, slightly decreased spectral fine
structure, and a hypsochromic shift of 6 nm compared to the
all-trans isomer (peak 3). The identification of this compound

was supported by its m/z value (601, [M + H]") and spiking
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Figure 3. HPLC-DAD full chromatogram of C. officinalis petals. Peak numbering is given in Table 3.

with an authentic sample obtained by stereomutation of the
appropriate all-E compounds.

Peak 6 was identified as (all-trans)-lutein (2) by its UV—vis
(Amax: 444, 472 nm, %II1/11: 51) and MS spectra (m/z 551, [M
— H,0 + HJ]*) and cochromatography with authentic
standards. Peaks 11 and 12 were attributed to the 9-cis and
9’-cis isomers of lutein, respectively, according to the
characteristic hypsochromic shift and the low intensity of the
cis peak in the UV—visible spectra (4,,,: 330, 440, 467 nm, %
II/11: 5, %Ag/Ay: 9), MS ([M — H,O + H]* at m/z 551),
and spiking with authentic standards obtained from the iodine-
catalyzed isomerization of lutein.”**’

Peak 7, the shoulder of peak 6, was identified as (SR,8S)-
mutatoxanthin ((8S)-9). The molecular mass ([M + H]")
detected at m/z 585 and UV—vis spectrum (4,,,: 427, 452 nm,
%III/11: 69) seemed to correspond to mutatoxanthin (9). Our
earlier result showed that lutein and (SR,8S)-mutatoxanthin
eluted very closely on a Cj, stationary phase.”” This
assumption was confirmed by coelution with the authentic
standard prepared earlier in our laboratory.*"*’

In plants, lutein (2) is usually accompanied by more or less
zeaxanthin (14) (Figure S1). Peaks 10 and 13 were identified
as zeaxanthin (14) and (9Z)-zeaxanthin ((9Z)-14), respec-
tively, by their UV—vis (peak 10 A, 450, 476 nm, %III/II:
22, peak 13 A, 341, 445, 471 nm, %III/I1: 23, %Ag/Ay: 10)
and MS spectra (m/z 569, ([M + H]")). Peak 14 exhibited
UV-—visible spectra similar to those of peak 10. The molecular
mass ([M + H]"), detected at m/z 553, seemed to correspond
to f-cryptoxanthin (15).

From the polar carotenoids, (all-trans)-neoxanthin (12)
(peak 1) showed characteristic UV—visible spectra with fine
structure (A,,.,: 414, 438, 468 nm, %III/I1: 56). The identity of
peak 1 was supported by coelution with an authentic standard
and by its m/z value (600). Peak 2 was identified similarly to
peak S as (9'Z)-neoxanthin ((9'Z)-12). Both compounds
appeared in very small amounts. It should be noted here that
while Kishimoto®' found a larger amount (7%) of auroxanthin
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(13, Figure S1) in Calendula petals, we were able to detect it
only in trace amounts.

Peak 21 was identified as all-trans-rubixanthin (6) (Figure
S1). It had a UV—vis spectrum with 459 and 489 nm
absorption maxima (%I1I/1I: 43), and the m/z value of 553
(IM + H]") confirmed the occurrence of one hydroxyl group
in the molecule. The identity of peak 21 was supported by
spiking with an authentic standard. Peak 22 was identified as
the 5Z-isomer of rubixanthin (6) (4, 460, 490 nm, %III/II:
47). The spectrum of peak 18 showed a hypsochromic shift of
S nm compared to peak 21. The m/z value of 553 ([M + H]")
indicates the presence of a hydroxyl group. In the absence of
an authentic standard, the component was tentatively
identified as (5'Z,9'Z)-rubixanthin based on the UV-—vis
spectrum (A, 350, 455, 484 nm, %III/IL: 45, %Ag/Ay: 12)
and retention time, which was in accordance with data
published by Kishimoto.”"

Peak 19 had UV-—visible spectra similar to those of
zeaxanthin (14). The molecular mass detected at 536 seemed
to correspond to (all-trans)-f-carotene (1). Peak 20
corresponded to 9Z-, and peak 15 to 13Z-isomers of f-
carotene (1) based on their UV—vis (peak 20 4, 347, 447,
467 nm, %Ag/Ay: 15, peak 15 A,: 348, 450, 474 nm, %A/
Ap: 40) and MS spectra. Peak 17 with a spectrum similar to
that of lutein (2) and a [M + H]* value of 537 was identified as
a-carotene (16).

In addition to @- and f-carotene, the extract also contained
carotene hydrocarbons with a W-end group. Peak 30 was
identified as (all-E)-lycopene (8) by its UV—vis spectrum
(Amax: 446, 471, 502 nm, %Ag/A;: 68) and molecular mass
(m/z 537, [M + H]").

In the lack of standard materials, the identification of peaks
28, 29, and 31 was based on the cochromatography with the
iodine-catalyzed isomerization mixture of lycopene and the
data published earlier by Kishimoto et al.”* The similar UV—
vis spectra of peaks 30 and 31 (A, 445, 471, 502 nm, %Ag/
Ap: 69) showed the isomerization in position C-S; thus, peak
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31 was tentatively identified as (5Z)-lycopene. Peaks 29 and 28
were attributed to the S-cis and $,5'-di-cis isomers of (9Z)-
lycopene, respectively, according to the characteristic hyp-
sochromic shift and the low intensity of the cis peak in the
UV—visible spectra (4,,,: 352, 440, 465, 496 nm, %II1/11: 64,
%Ap/Ay: 13).

The peaks 24 and 26 were identified as §-carotene (17) and
y-carotene (7) by their UV—vis and mass spectra and
cochromatography with an authentic sample. Based on spiking
with the iodine-catalyzed isomerization mixture of §- and y-
carotene and the data published by Kishimoto et al.,*" peak 25
and peak 27 were identified as 5'Z-isomers of J- and y-
carotene, respectively. Peak 23 was tentatively identified as a Z-
isomer of y-carotene (7) from its UV—vis and mass spectra.

Only two peaks, peaks 9 and 16, remained unidentified,
which are presumably mixed components.

Bl DISCUSSION

We found a slight difference in the total carotenoid content
between plants grown in the sun and in the shade. Flowers
grown in the shade had higher carotenoid content than those
grown in the sun (Table 3). This was consistent with our
previous study,23 however, our one-year investigation cannot
be considered decisive. The examined petals and florets
showed a similar carotenoid composition except for (all-E)-
luteoxanthin (3). While the petals contained a large amount of
(all-E)-luteoxanthin (3), it was found only in traces in the
florets, while (9Z)-luteoxanthin ((9Z)-3) occurred in both.
With a few exceptions, we found the same carotenoids as
previously described.'*”" We detected the open-chain
lycopene (8), y-carotene (7), S-carotene (17), as well as
their cis- and di-cis-isomers, which were previously isolated and
identified by Kishimoto et al.”' Among the carotene hydro-
carbons, we also found a-carotene (16) and f-carotene (1) in
small amounts. Monohydroxy carotenoids are represented by
B-cryptoxanthin (15) and rubixanthin (6) and their cis-isomer.
Lutein (2) occurred as one of the main components, while
(92)-, (9'Z)-lutein, and (all-E)-zeaxanthin (14) were found
only in small amounts in petals and florets.

Contrary to the results of Pintea'* and Kishimoto,”' we
could not detect carotenoid S,6-epoxides (antheraxanthin
(18), lutein S,6-epoxide (11); Figures S1 and S7) or their
isomers, and we only found trace amounts of neoxanthin (12)
and (9'Z)-neoxanthin ((9'Z)-12) (Figure S1). A significant
difference was found in the case of $,8-epoxy-carotenoids.
Previously, the main component of Calendula was identified as
flavoxanthin (4) ((5R,8R)-epimer)."**"** Our current detailed
NMR studies show that the configuration of the main
component is (SR,8S), ie., it is chrysanthemaxanthin (10)
(Figure S9). Surprisingly, however, the configuration of
luteoxanthin (3) and (9Z)-luteoxanthin ((9Z)-3) was
(5'R,8’R) and that of mutatoxanthin (9) was (SR,8S).

The naturally occurring (SR,6S)-carotenoid S,6-epoxides
produce two 5,8-epoxy isomers (also called furanoids) in
almost equal amounts, namely, the (SR,8R) and the (SR,8S)-
epimers upon the influence of plant acids.’* The general
assumption that furanoids arise from the rearrangement of S,6-
epoxides in acidic media during isolation and purification
protocols has led to the consideration of these natural products
as artifacts. The fact that only one furanoid epimer was found
in Calendula suggests that here the epoxide-furanoid rearrange-
ment is not acid-catalyzed but enzyme-catalyzed. It also seems
to be confirmed by the absence of 3,5,6-trihydroxy derivatives

of violaxanthin (5) (latoxanthin, 6-epilatoxanthin) in the
extracts, since, in addition to §5,8-epoxy carotenoids, a small
amount of 3,5,6-trihydroxy component is always formed by
ring opening under acidic conditions.”® Previously, we
obtained karpoxanthin and 6-epikarpoxanthin by acidic ring
opening of antheraxanthin (18) in addition to mutatoxanthin
epimers (9) formed in large quantities.’' In red peppers, 3,5,6-
trihydroxy-carotenoids are formed enzymatically, catalyzed by
the capsanthin—capsorubin synthase (CCS) enzyme."""’

The (8S) configuration of chrysanthemaxanthin (10) and
mutatoxanthin (9), as well as the (8'R) configuration of (all-
E)- and (9Z)-luteoxanthin (3), suggests that different enzymes
catalyze the epoxide-furanoid rearrangement of monoepoxides
(lutein S,6-epoxide (11), antheraxanthin (18)) and that of the
diepoxide violaxanthin (5). In contrast to the results of
Kishimoto®' and Pintea,'* we did not find auroxanthin (13)
(Figure S1) even with detection at 420 nm. The molar mass of
auroxanthin (13) m/z 601 was not found in the MS spectra
either, even though auroxanthin (13) and luteoxanthin (3) are
well separated on the C,, phase from each other and from the
parent violaxanthin ($).

In order to clearly identify the structure, carotenoid $,8-
epoxides were prepared from the corresponding carotenoid
S,6-epoxides and their configuration was confirmed by NMR
studies. This is the first time reporting the complete 'H NMR
and "*C NMR data of chrysanthemaxanthin (10), flavoxanthin
(4), and luteoxanthin (3) epimers.
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