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Purpose: Citrus essential oils are widely used for aromatherapy and the alternative treat-
ment of chronic diseases. Beyond the aroma substances, they are known to contain bioactive
nonvolatile components; however, little knowledge has been gained about nonvolatiles in the
essential oil of pomelo (Citrus grandis Osbeck), the largest citrus fruit. The purpose of this
study was to analyze the nonvolatile oxygenated heterocyclic compounds (OHCs) of pomelo
essential oils and evaluate their in vitro antioxidant activities for further development.

Methods: Cold-pressed essential oil (CPEO) and distilled essential oil (DEO) were obtained
from the peel of the Liangping pomelo cultivar. High-performance liquid chromatography
(HPLC) coupled with a photodiode array and fluorescence detection method was developed
to identify and quantify the OHCs of the two essential oils. Ferric reducing antioxidant
(DPPH) and 2-phenyl-4,4,5,5-tetramethyl-
imidazoline-1-oxyl 3-oxide (PTIO) radical scavenging assays were used to determine the

power and 2,2-diphenyl-1-picrylhydrazyl
antioxidative capabilities.

Results: Thirteen OHCs were identified in CPEO. Coumarins such as meranzin (2.0 mmol L)
and furanocoumarins such as isoimperatorin (1.3 mmol L") composed the majority of non-
volatiles in CPEO. These OHCs were characterized by high proportion (58%) of side chain
epoxides. Five OHCs, namely, auraptenol, 6’,7'-dihydroxybergamottin (6',7'-DHB), imperatorin,
isoimperatorin and 8-geranyloxypsoralen were first identified in pomelo CPEO. Eight OHCs
were detected at trace amounts in pomelo DEO. Antioxidant assays showed that CPEO was
multiple times more potent than DEO regarding the total reducing power and radical scavenging
capacity. Clearance of PTIO, a stable reactive oxygen species, followed slow kinetics.
Conclusion: Coumarins and furanocoumarins, two families of OHCs, constituted most of
the nonvolatile components in CPEO. The nonvolatiles contributed significantly to the
in vitro antioxidant activity of CPEO. Pomelo CPEO showed good prospects as a potential
long-lasting natural antioxidant.

Keywords: volatile oil, cold expression, hydrodistillation, psoralen, epoxides, fluorescence,

radical scavenging, pummelo, Citrus maxima

Introduction

Pomelo (Citrus grandis Osbeck), one of the three primordial citrus species, is con-
sumed worldwide and used as a traditional medicine in China and Southeast Asia.
Pomelo essential oil has a characteristic odor, and it has numerous applications in
fragrant, aromatherapeutic, spiritual and cosmetic fields." Pomelo essential oil is also

suggested to have a broad spectrum of pharmacological activities such as antioxidation,
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inhibition of microbes,” ™ an’timelanogenesis,5 and be used in
as an alternative therapy for cough, ulcer, swelling, and
epilepsy.’

Cold-pressing and water distillation are commonly
used methods for the extraction of essential oil from citrus
peel. Cold-pressed essential oil (CPEO), a natural mixture
of nonvolatile and volatile components, maintains the ori-
ginal composition and properties of phytochemicals.’
Distilled essential oil (DEO) lacks the nonvolatile fraction,
and its volatile composition varies as a consequence of
exposure to different temperatures and acidities during
distillation.®

Volatiles in both kinds of pomelo essential oils have
been intensively studied, and they are mainly composed of
mono- and sesquiterpene hydrocarbons and their oxyge-
nated derivatives as well as linear hydrocarbons, alcohols,
aldehydes and esters.>” ' However, only two studies have
analyzed a few nonvolatile components of pomelo
CPEO.'*" It is known that the nonvolatiles in CPEO of
other citrus species such as orange, mandarin, grapefruit,
lemon and bergamot, are mainly composed of poly-
methoxyflavones, furanocoumarins and coumarins.'
These three families of compounds all possess a benzo
oxygen-containing ring and are collectively called oxyge-
nated heterocyclic compounds (OHCs). An important role
in the characterization of citrus essential oils has been
attributed to these components.'?

Reactive oxygen and nitrogen species (ROS and RNS)
could damage biomacromolecules such as lipids, proteins
and nucleic acids. They are responsible for the degradation
of collagen and elastin in dermal tissues.'® They also play
a pivotal role in the development of age-dependent dis-
eases including atherosclerosis, diabetes, rheumatoid, neu-
rodegenerative disorders and cancers.'” To prevent the
damage that results from excessive oxygen and nitrogen
radicals, the potential of essential oils as antioxidants has
been extensively studied and the results have been system-
atically reviewed; ' ®2° however, limited and inconsistent
knowledge has been generated about the role of nonvola-
tile components in the radical scavenging activities of
pomelo essential oil.>*!

Liangping pomelo is one of the representative cultivars
of Chinese pomelos.?” This study aimed to provide pre-
liminary evidence for the potential antioxidant therapy
using pomelo essential oil and/or its major bioactive com-
ponents. The first objective was to characterize the profile
of nonvolatile OHCs in cold-pressed and distilled essential
oils of Liangping pomelo. The second objective was to

evaluate the in vitro antioxidant activities of the essential
oils and determine the contribution of nonvolatiles to the
activity of CPEO.

Materials and Methods
Pomelo Samples and Preparation of
Essential Oil

Fresh mature fruits of Liangping pomelo were obtained
from an orchard of the National Citrus Germplasm
Repository (106°43’ E, 29°83" N; altitude 241 m). Cold-
pressed essential oil (CPEO) was obtained by using
a method as described in our previous study.” Briefly,
the fruit flavedo layer was manually peeled and extracted
using a household squeezer. The aqueous peel oil emulsion
was collected and quickly centrifuged at 12,000 rpm at 4°
C for 10 min. The upper-most oil layer was then collected.
Distilled essential oil (DEO) was obtained by using an
improved Clevenger apparatus with a second condenser

as described by Chen et al.**

One hundred grams of
pomelo flavedo was distilled with 0.4 L of water until no
more essential oil was obtained. The collected CPEO and
DEO were dried using anhydrous sodium sulfate and

stored at —80°C for two weeks to remove any sediment.

Chemicals

HPLC-grade solvents and reagents: acetonitrile, methanol,
tetrahydrofuran and n-hexane were purchased from
Honeywell (Morris Plains, USA). Dimethyl sulfoxide and
phosphoric acid were purchased from Sigma-Aldrich (St
Louis, USA) and Chron Chemicals (Chengdu, China),
respectively. Ultrapure water was freshly produced using
a Milli-Q plus Advantage A10 system (Molsheim,
France).

Analytical pure reagents, ferric chloride hexahydrate,
2,4,6-tripyridyl-s-triazine (TPTZ), trichloroacetic acid,
acetone, and anhydrous ethanol were purchased from
China). 2.2-Diphenyl-
1-picrylhydrazyl (DPPH) and ascorbic acid were pur-
Biotech (Shanghai China).
2-Phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl 3-oxide
(PTIO) was purchased from TCI Chemicals (Shanghai,
China).

Standard substances of oxygenated heterocyclic com-

Taixin Chemical (Chongqing,

chased from Yuanye

pounds (OHCs): meranzin hydrate, auraptenol, meranzin,
3,5,6,7,8,3",4'-
heptamethoxyflavone, 6',7'-dihydroxybergamottin, isoim-

isomeranzin, osthole, oxypeucedanin,

peratorin, imperatorin, 8-geranyloxypsoralen, auraptene
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and psoralen were purchased from Yuanye Biotech
(Shanghai China). Tangeretin and 6',7'-epoxybergamottin
USA).
Nobiletin was purchased from TRC (Toronto, Canada).

were purchased from ChromaDex (Irvine,

6',7-Epoxyauraptene =~ was  obtained by  using
a preparative liquid chromatography separation from
pomelo CPEO (details can be found in Supplementary
Information. Other related nonvolatile standards such as
phenolic acids and flavanone glycosides were purchased
from CRMRM, Ltd. (Beijing, China). The stock solution
of the individual standard was approximately 1 mg mL ™"
in methanol or dimethyl sulfoxide and was stored at

—20°C.

Analytical HPLC Condition and Settings
A Thermo Accucore PFP column (i.d. 4.6x150 mm, 2.6
um) attached to an Agilent EC-C18 guard column (i.d.
4.6x5 mm, 2.7 um) was used with an Agilent 1260 liquid
chromatography system equipped with a photodiode array
(PDA) detector and a fluorescence detector (FLD) in ser-
ies. The mobile phase consisted of 0.025% phosphoric
acid aqueous solution (A), methanol (B), acetonitrile (C)
and a mixture of water/acetonitrile/tetrahydrofuran
(volume ratio 55/20/25, D) at 1 mL/min flow rate.
Column temperature was maintained at 30°C. The LC
program to separate the nonvolatile components of pomelo
essential oils consisted of the following linear gradients:
0-7 min, 33% B and 4% C; 7-20 min, 33-0% B, 4-34%
C and 0-25% D; 20-25 min, 34-40% C and 25% D;
25-30 min, 40-75% C and 25-0% D; 30-35 min,
75-100% C; and 35-40 min, 100% C; after 40 min, the
initial conditions were reestablished. Solvent A was used
to make up the unlisted percentage in the gradient.
Detectors were set following our previous work with
minor modifications.”> PDA was set to scan 210—400 nm.
FLD was set to excite at 330 nm and scan the emission
wavelengths 340-560 nm. Essential oil samples were
diluted in hexane at proper volume ratios prior to HPLC
analysis.

Identification and Quantitation of OHCs

in Essential Oils

A combination of spectral and chromatographic retention
information was used for the identification of sample
peaks. The UV spectrum and fluorescence (FL) emission
spectrum of all standard compounds were scanned and
composed a homemade library. The identity of a sample

peak was preliminarily confirmed by evaluating the match-
ing degree of UV and FL spectra compared to standards
using an OpenLab CDS ChemStation software (Agilent,
USA). Identification was further confirmed by checking
the consistency of retention time.

Quantitation of the sample OHCs was carried out using
an internal standard method. Psoralen was added as the
internal standard (IS) at a concentration of 0.27 mmol L™
to each level of the standard calibration solution, and the
correction factor (CF) was determined. The same level of
IS was added to essential oil samples and OHCs were
quantitated using the CFs.

Validation of Analytical Methods

Validation of the developed analytic procedures was car-
ried out according to the International Conference on
Harmonization guidelines.”® Linearity, limit of detection
(LOD), limit of quantitation (LOQ), and spiking recovery
were determined.

Ferric Reducing Antioxidant Power Assay
The FRAP analysis was conducted spectrophotometri-
cally as suggested by Benzie and Strain’’ with a few
modifications. Briefly, 300 mmol L' acetate buffer
adjusted to pH 3.6, 10 mmol L™ TPTZ dissolved in 40
mmol L' HCI and 20 mmol L' FeCl;-6H,0 were mixed
at a ratio of 10:1:1 to form the working solution. The
essential oils and the negative control, D-limonene, were
diluted in a mixture of acetone and methanol (50:50, v/v)
to form a series of dilutions at 10% (v/v) intervals. The
positive control, ascorbic acid, was dissolved in the same
mixed solvent at a concentration of 227.1 pmol L™". Fifty
microliters of each solution were vortexed vigorously
with 950 pL of the TPTZ working solution for 6 min in
the dark. The absorbance at 593 nm was recorded using
a Varioskan LUX microplate reader (Thermo Scientific,
USA). The FRAP value was determined using ascorbic
acid calibration and expressed as micromoles of ascorbate
equivalent antioxidant capacity (AEAC) per liter of
essential oil.

DPPH Free Radical Assay

The DPPH assay was carried out following the procedure
described by Brand-Williams et al*® with minor modifica-
tions. Then, 0.1 mL of essential oil dilution at different
concentrations as described in FRAP analysis was added
to 0.7 mL of 63.4 pmol L' DPPH methanol solution. The
mixture was vortexed vigorously in the dark for 120 min

Drug Design, Development and Therapy 2021:15
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to ensure a thorough reaction as reported by Du et al.*

Absorbances were measured at 517 nm. The scavenging
effect was calculated using the following equation:

Scavenging effect (%) = (1 — Aveaction mixture _Asample) x 100
Abplank

where A |eaction mixture 1S the absorbance of sample and
DPPH mixture after the reaction; DPPH solution was
replaced with absolute methanol and A umpe is the absor-
bance of the sample and methanol mixture; essential oil
sample was replaced by the acetone/methanol solvent and
A plank Was the absorbance of the solvent and DPPH
mixture. Ascorbic acid and D-limonene were used as the
positive and negative controls, respectively. The amount of
antioxidant necessary to decrease the initial DPPH con-
centration by half, 50% efficient dose (ED50), was calcu-
lated. Scavenging capability was expressed as anti-radical
power (ARP), which is equal to 1/ED50.

PTIO Free Radical Assay

A PTIO radical scavenging assay was conducted following
the protocol described by Li*° with modification. PTIO
was dissolved in methanol at 214.3 pumol L™'. Exactly
0.2 mL essential oil dilution at different concentrations
was separately added to 0.4 mL of the PTIO methanol
solution, and the mixture was vortexed at 37°C for 6
h. Absorbance was measured at 586 nm. The PTIO
scavenging effect was calculated using the same equation
as for DPPH. Again, ascorbic acid and D-limonene were
used as the positive and negative controls, respectively.

Statistical Analysis

All experiments were performed in triplicate and the results
are presented as the mean + standard deviation. Differences
between the mean values for the individual groups were
assessed by a one-way analysis of variance (ANOVA) with
Duncan’s multiple range tests. P<0.05 was considered as
a statistically significant difference. SPSS 22 software
(IBM Corporation, USA) was used for the analysis.

Results and Discussion
LC Separation of OHCs

The structural similarity of these oxygenated heterocyclic
compounds made it impractical to chromatographically
separate all of them under isocratic solvent conditions.
Moreover, isomers such as auraptenol, meranzin and iso-
meranzin eluted at almost the same time in a water-
methanol or water-acetonitrile gradient. Therefore, an

additional organic phase, tetrahydrofuran, was introduced,
and a quaternary solvent gradient was developed.

The optimized separation of OHCs, the internal stan-
dard (IS) and a few other nonvolatile components in the
CPEO of Liangping pomelo is shown in Figure 1. Both
chromatograms of UV absorbance monitored at 325 nm
and fluorescence (FL) emission monitored at 395 nm are
presented. The FL emission response was inverted for
a better comparison with the UV response, and large FL
peaks were truncated so that small peaks were clearly
shown. The retention times of FL peaks are slightly later
than the corresponding UV peaks because of the series
connection of PDA and FLD. As seen in the figure, from
meranzin hydrate to auraptene, sixteen OHCs, including
three polymethoxyflavones, ie nobiletin, heptamethoxyfla-
vone and tangeretin which were not detected in the essen-
tial oil sample, were chromatographically resolved.

Identification of Sample OHCs
To identify sample OHCs in the presence of other non-
volatiles using less selective detectors such as PDA and
FLD, it is necessary to check their full spectra of both
UV absorbance and FL emission and compare them to
those of standards.>> UV and FL full spectra of the
sixteen OHC standards were collected and are shown in
Figure 2. All Spectra are categorized in five groups
(A-E). Compounds within a group have similar spectra
and substitution patterns. For instance, the five 7,8-dis-
ubstituted coumarins all have UV maxima at 322~325
nm and a small shoulder peak at 245~255 nm, and their
FL maxima are approximately 394~400 nm (Figure 2A).
By checking either the UV or FL spectrum of a sample
peak, it might not be able to make a correct identification
from the five candidates; however, when the two spectra
are used together as a double insurance, the possibility of
erroneous identification will be minimized. In addition,
the chromatographic retention time was always another
independent measurement to confirm identification.
Pomelo peel has been shown to contain flavanones,
flavones, flavanols, coumarins and furanocoumarins, in
both the free and glycosidic forms.>'*? However, cur-
rent knowledge of pomelo oil nonvolatiles was limited.
By using the above described tools together, we identi-
fied six furanocoumarins namely oxypeucedanin, 6',7'-
dihydroxybergamottin (6',7'-DHB), imperatorin, isoim-
peratorin, epoxybergamottin and 8-geranyloxypsoralen
(8-GOP),
hydrate,

and seven coumarins namely meranzin

auraptenol, meranzin, isomeranzin, 6',7'-
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Figure | Separation and identification of nonvolatiles in the cold-pressed essential oil of Liangping pomelo. Chromatograms of UV absorbance monitored at 325 nm and
fluorescence emission (FL Em) monitored at 395 nm are shown in reverse. Nobiletin, heptamethoxyflavone, and tangeretin are not found and marked with x.

epoxyauraptene, osthole and auraptene in the CPEO
1). with
this is the first report of auraptenol, 6',7'-

sample
studies,
DHB, isoimperatorin, imperatorin and 8-GOP in pomelo

(Figure
12,13

Compared previous

CPEO. In addition, two peaks at retention times of 17.6
min and 32.9 min were tentatively identified as coumar-
ins according to their UV and FL spectra. Therefore, the
nonvolatile constituents in Liangping pomelo CPEO
were mainly composed of furanocoumarins and coumar-
ins. Two phenolic acids (p-coumaric and ferulic acids)
and a flavanone glycoside (naringin) were detected in

trace amounts.

Quantitative Analysis of Coumarins and

Furanocoumarins
Quantitation wavelengths of the OHCs were set at or
near their spectral maxima (Figure 2). The linear range,
CF, LOD and LOQ of UV and fluorescence responses
of each standard compound were determined and are
shown in Table 1. Except for tangeretin which does not
fluoresce, all the other OHCs showed commensurate
results (relative error<5%) when quantitated using UV
and FL signals within the overlapping linear ranges.
The total amount and molar concentrations of each
coumarin and furanocoumarin in cold-pressed and
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Figure 2 UV absorbance and fluorescence emission spectra of 16 oxygenated
heterocyclic compound standards categorized into five groups according to their
molecular structure. (A) 7.8-disubstituted coumarins; (B) 7-substituted coumarins;
(C) 5-substituted furanocoumarins; (D) 8-substituted furanocoumarins; (E)
polymethoxyflavones.

distilled essential oils of Liangping pomelo are shown
in Table 1. To the best of our knowledge, this table

shows the most comprehensive qualitative and

quantitative information of the major oxygenated het-
erocyclic components in pomelo essential oils. The
most abundant compounds in CPEO are meranzin and
isoimperatorin (2.0 mmol L™ and 1.3 mmol L"), fol-
lowed by 6',7"-epoxyauraptene (0.62 mmol L") and
auraptene (0.51 mmol L™"). Only seven OHCs were
detected at very low concentrations in DEO. The accu-
racy of quantitation was verified by a standard spiking
recovery and the
Supplementary Table S1. Recovery rates in CPEO ran-
ged between 89.6% and 105.4%, and those in DEO
ranged between 80.7% and 118.7%.

Pomelo CPEO is characterized by high contents of

test, results are shown in

coumarin and furanocoumarin epoxides. Meranzin, oxy-
peucedanin, 6',7'-epoxyauraptene and epoxybergamottin
collectively accounted for more than half (58%) of the
total OHCs (mol/mol). The OHC profile in CPEO of
other commercially important citrus species was summar-
ized by Dugo and Russo.*> Sweet orange (Citrus sinen-
sis) or mandarin (C. reticulata) CPEO contains no
epoxides. Bergamot (C. bergamia), lime
(C. aurantifolia) and lemon (C. limon) oils contain low
proportions of epoxides (0.3%~8.3%, 3.3%~7.8% and
7.8%~41.8% OHCs of bitter
(C. aurantium) and grapefruit (C. paradisi) CPEOs con-
tain comparable amounts (29.9%~66.5% and 38.3%

~64.8%) of total epoxides as pomelo oil; however, these

respectively). orange

two oils lack oxypeucedanin. Therefore, the qualitative
and quantitative composition of OHCs can be used as
a criterion to discriminate pomelo CPEO from the other
citrus oils.

Furanocoumarins appear to be responsible for the
majority of phototoxic reactions in humans caused by
plants. The phototoxic action of these compounds is due
to their ability to react with nucleobases of DNA under
UVA irradiation, giving rise to cross-links in DNA
strands.®* The confirmed phototoxic and photomutagenic
compounds include bergapten (5-methoxypsoralen,
5-MOP), psoralen and xanthotoxin (8-methoxypsoralen).>®
In the current study we did not find these compounds in
the CPEO or DEO of the pomelo. Other potential conge-
ners, ie isoimperatorin, oxypeucedanin and epoxyberga-
mottin, whose contents were approximately 350, 110 and
85 mg/L (ppm) respectively, were the most abundant fur-
anocoumarins in the CPEO sample. However, isoimpera-
torin was reported to be phototoxic to rabbits at a threshold
of 5000 ppm, and oxypeucedanin had a threshold of 250

ppm to Guinea pigs and rabbits.*® A recent cohort study
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Table | Linear Range, Correction Factor, Limit of Detection and Quantitation of 16 OHC Standards and Their Concentrations in the

Pomelo Essential Oils

No. | Compound Name UV Detection FL Detection Average
Concentration®
Range CF LOD LOQ Range CF LOD LOQ CPEO DEO
(nmol (nmol (umol (umol (nmol (nmol (nmol (nmol
L") L") L") L L") L") L") L")
| Meranzin hydrate 1.8-1800 | 8.07 0.57 1.98 0.1-360 1.600 0.03 0.09 20.4 ND
+3.0
2 Auraptenol 1.9-1100 9.49 0.65 2.15 0.1-380 1.359 0.04 0.12 58.0 ND
0.5
3 Meranzin 0.8-1900 | 11.44 0.15 0.46 0.8-1920 | 0.858 0.005 0.02 1995.6 | 3.9+0.3
285
4 Isomeranzin 0.2-1900 | 11.84 0.15 0.54 0.04-190 | 8.529 0.0l 0.03 264.9 0.5+0.1
4.1
5 Oxypeucedanin 3.5-1750 | 37.68 0.14 0.49 17.5-1750 | 0.101 0.45 1.50 374.7 0.6
+5.5 +0.2°
6 Nobiletin 5.0-1200 | 21.57 0.22 0.75 12.4-1240 | 0.142 0.37 1.27 ND ND
7 Heptamethoxyflavone | 2.3-1160 | 27.87 0.07 0.25 23.1-1150 | 0.051 0.95 333 ND ND
8 6',7'-DHB 0.3-2700 | 22.8I 0.03 0.11 2.7-1600 | 0.024 0.11 0.40 1.2 ND
+0.9
9 Tangeretin 1.3-1340 | 26.40 0.05 0.16 NA NA NA NA ND ND
10 Imperatorin 0.17-740 | 19.60 0.07 0.18 55.5-5550 | 0.002 17.65 58.83 27.5 ND
0.3
I 6',7'-epoxyauraptene | 3.2-1600 | 12.36 0.06 0.25 0.6-1600 | 0.696 0.02 0.06 622.2 0.60.1
+10.3
12 Osthole 2.1-2050 | I1.55 0.08 0.33 4.1-2050 | 0.290 0.20 0.61 168.8 <LOQ
+2.8
13 Isoimperatorin 0.7-1850 | 30.34 0.04 0.11 5.5-11,100 | 0.018 1.00 329 1289.3 | 2.3+0.1
239
14 Epoxybergamottin 0.3-1400 | 27.98 0.11 0.37 5.6-1410 | 0.095 0.31 1.07 240.7 0.4
+45 +0.0°
15 8-GOP 0.6-600 18.54 0.03 0.12 59.1-1500 | 0.001 30.14 70.92 7.9+0.2 ND
16 Auraptene 3.4-1700 7.28 0.10 0.37 0.7-1680 | 0.481 0.03 0.10 513.5 0.4+0.1
103
Total 1.56 24 mg
gL L

Notes: *Calculated using both UV and FL detection; bdetermined using only UV quantitation.
Abbreviations: FL, fluorescence; ND, not detected; DHB, dihydroxybergamottin; NA, not available; GOP, geranyloxypsoralen.

found no significant association between the risks of mel-
anoma or squamous cell carcinoma and dietary intake of
furanocoumarins (including epoxybergamottin).’

Although there is still not enough information to identify

human safety thresholds of essential oils that contain var-
ious furanocoumarins, current data suggest that safety
issues should not be of major concern when pomelo essen-
tial oils are topically applied.
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Table 2 Antioxidant Capacities of Liangping Pomelo Essential
Oils Obtained from Cold Expression and Distillation

Samples FRAP AEAC DPPH ARP PTIO ARP
(umol L) (umol L) (umol L)
CPEO 459.9+10.0* 611.9+19.4° 862.8+14.6°
DEO 102.2+5.4° 265.1%17.1° 335.5+6.0°
D-limonene 29.8+0.3¢ ND ND

Note: *>“Different letters in the same column indicate significant differences (P <
0.05).

Abbreviations: AEAC, ascorbic equivalent antioxidant capacity; ARP, anti-radical
power, the equivalent amount of ascorbic acid to remove 50% of free radicals; ND,
not determined under the current experimental conditions.

Reducing Power and DPPH and PTIO
Scavenging Activity of Essential Oils

The total reducing power of oil samples expressed as
ascorbic equivalents is shown in Table 2. The reducing
power of CPEO was approximately 4.5 times higher than
that of DEO and 15 times higher than that of D-limonene,
which is the prevailing (normally>90%) volatile compo-
nent of citrus essential oils.

The results of the DPPH scavenging effect as
a function of sample amount are shown in Figure 3. The
top scales indicate the consumed sample volume per pmol
of DPPH; the bottom scales indicate the molar ratios of
ascorbic acid to DPPH. As seen in the figure, D-limonene
exhibited weak scavenging activity and could not reach
a 50% clearance of DPPH. An early study of citrus

sample volume/DPPH (mL/umol)
0 0.2 0.4 0.6 0.8 1 1.2
1 1 1 1 1 1 1 1

80

O Ascorbic Acid
® CPEO

® DEO

A D-limonene

DPPH scavenging effect (%)

T T T T
0 0.2 0.4 0.6 0.8 1 1.2
molar ratio of ascorbic acid/DPPH (umol/umol)

Figure 3 DPPH scavenging effects of cold-pressed and distilled pomelo essential
oils. Ascorbic acid and D-limonene were used as positive and negative controls,
respectively. Droplines indicate the 50% clearance of DPPH and the corresponding
dosage, ED50, of each sample.

essential oils and their major volatiles showed similar
results in which approximately 85% of DPPH was retained
after reaction with D-limonene for 30 min.>® Ascorbic
acid, CPEO and DEO of Liangping pomelo exhibited
significant scavenging effects in a dose dependent manner.
Their ED50 values, as indicated with drop lines, were 0.28
pmol, 0.46 mL and 1.07 mL per pmol of DPPH. The anti-
radical power (ARP) of the essential oils was calculated
and shown as the equivalent amount of ascorbic acid
(Table 2). CPEO was 230% more powerful than DEO in
scavenging DPPH free radicals.
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< 0.3
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0 120 240 360 480 600 720
Reaction Time (min)
B sample volume/PTIO (mL/umol)
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Figure 4 PTIO radical scavenging effects of pomelo essential oils. (A) Evolution of
absorbance when reacted with 10% and 50% dilutions of CPEO or DEO; (B)
scavenging rate of ascorbic acid, CPEO, DEO and D-limonene. Droplines indicate
the 50% clearance of PTIO and the corresponding ED50 of each sample.
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PTIO is a stable ROS and can be directly determined
using spectrophotometry.®® To find the best reaction time
of essential oils with PTIO, we determined the absor-
bance decay of the mixture at 586 nm as a function of
time. The evolution of Asgg nm Within 12 h when reacted
with low (10%, v/v) and high (50%, v/v) levels of CPEO
and DEO is shown in Figure 4A. The fact that all absor-
bance curves were hyperbolic-like, reaching a stable
minimum at approximately 4—6 h, indicated that scaven-
ging of PTIO by essential oils followed a slow kinetic
pattern. A six-hours reaction was chosen, and the results
of the effect-dose relations are shown in Figure 4B. All
the samples showed higher scavenging effects on PTIO
than on DPPH. The ED50 values of ascorbic acid, CPEO
and DEO were 0.24 pmol, 0.28 mL and 0.72 mL, respec-
tively, per umol of PTIO. ARP value of CPEO was 2.6
times higher than that of DEO (Table 2).

OHC:s Structures and Bioactivity

The results of FRAP, DPPH and PTIO assays showed the same
order of antioxidant capacity, CPEO>DEO>D-limonene. The
multiple higher effects of cold pressed oil beyond distilled oil
should be mainly attributed to the nonvolatiles. As shown in
Figure 1, p-coumaric acid, ferulic acid and naringin, the most
common phytochemical antioxidants were only detected in
trace amounts in CPEO. They were more hydrophilic and
hardly soluble in the terpene matrices of essential oil due to
the multiple hydroxyl groups. Therefore, OHCs were the most
likely contributor to the additional antioxidant activity.
Similarly, Naseri et al*” reported that six furanocoumarins
and coumarins extracted from Apiaceae roots were moderate
DPPH scavengers.

Active hydrogens such as phenolic hydroxy- and mer-
capto-H are considered to mediate fast scavenging reac-
tions. However, compounds with these functional groups
were only detected at trace concentrations. The slow anti-
radical behavior of CPEO is mainly based on other struc-
tures in the OHCs. We propose that the most abundant
epoxy moiety is a probable scavenger based on previous
reports. De Almeida et al* reported the quenching abil-
ities of (+)-limonene epoxide against hydroxyl radical and
thiobarbituric acid reactive species. They proposed
a sequential mechanism comprising the epoxy-ring open-
ing and the formation of a multimembered-radical transi-
ent state. Gurak et al*' found that B-carotene epoxides had
a higher ability to scavenge ABTS radicals and singlet
oxygen than (all-E)-B-carotene. In addition, comparatively
active hydrogens such as the vicinal diol in the side chain

of meranzin hydrate and 6’,7-DHB, and allyl alcohol in
the side-chain of auraptenol, could offer extra scavenging
ability. Stobiecka®” studied the scavenging mechanism of
ABTS and DPPH by geraniol, a volatile compound in
citrus essential oils. They found that the presence of an
allylic hydrogen atom close to the hydroxyl group was
essential in the reaction. Nevertheless, they were probable
minor contributors due to their low concentrations in
CPEO.

In recent decades, due to the ever-growing occurrence
of resistant strains of pathogens, limitations and abuse
problems of antibiotics and chemical drugs have been
profoundly recognized. The use of plant essential oils as
complementary and alternative therapies against patho-
genic microbes has attracted increasing attention.****
Donadu et al* " reported that essential oils from
Hornstedtia bella, lavender and North Sardinia plants
showed inhibitive activity on methicillin-resistant
Staphylococcus aureus, multidrug-resistant Pseudomonas
aeruginosa and Candida spp. Coumarins have been indi-
cated as possible sources for the discovery and develop-
ment of antimicrobial agents, and their activities are
related to the substitution structures. For example, the
hydroxyl-substituted congeners exhibit better antifungal
activity against human pathogenic fungi than those lacking
hydroxylation; substitution at the C-8 position of 7-hydro-
xycoumarins has been reported to have strong inhibitory
activity.**** The cold-pressed essential oils of pomelo,
which contain a high concentration and various types of
bioactive coumarins and furanocoumarins, are promising
natural antimicrobial agents affecting antibiotic/drug-

resistant pathogens.

Conclusion

The long unnoticed nonvolatiles of pomelo essential oil
were comprehensively analyzed for their composition pro-
file and antioxidant potential. OHCs, which are mainly
composed of coumarins and furanocoumarins, were
found to be the major constituents of the nonvolatiles.
The cold-pressed essential oil of pomelo showed
a significant in vitro antioxidant potency and a long-
acting radical scavenging activity. OHCs were the major
active compounds contributing to the antioxidant effects.
The results obtained will provide preliminary information
for the further development of pomelo essential oils for the

treatment of oxidation-related diseases.
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