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ABSTRACT: The cholesterol-lowering and anti-atherogenic effects of lemon essential oil (LEO) were investigated and
compared with the effects of limonene. Owing to their volatility, both LEO and limonene were microencapsulated before
preparation of the diet (20%, w/w). Hypercholesterolemia-induced rabbits were divided into 3 groups based on plasma
total cholesterol (TC) levels and fed coating matrix (control group), LEO (LEO group), or limonene (Limonene group)
for 8 weeks. LEO dose-dependently inhibited low-density lipoprotein oxidation in vitro. Plasma TC levels were the lowest
in the LEO group (P<0.05). Erythrocytes in the LEO group had a normal disc shape, whereas the erythrocytes in the li-
monene and control groups were aggregated and star-shaped, respectively. The aortic intima thickness was thinnest in the
LEO group followed by the control and limonene groups. Plasma TC lowering and anti-atherogenic effects of LEO were
greater than limonene, suggesting that other bioactive compounds besides limonene in LEO might contribute to these
effects. The bioactive compounds in LEO were limonene (67.57%), B-pinene (10.00%), and y-terpinene (9.95%). In addi-
tion, sabinene, a-pinene, myrcene, and geranial were also present but the amount was in the range of 1~2%. Several bio-
active compounds were also detected. In conclusion, LEO had beneficial effects on hypercholesterolemia due to its anti-

oxidative and cholesterol lowering effects.
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INTRODUCTION

Essential oils, in aromatic plants, have pharmacological
activities, including antibacterial, antimicrobial, antifun-
gal, and antiparasite effects, which might be from secon-
dary metabolites extracted along with the oil during
processing (1). Being low-molecular-weight compounds,
essential oils can easily penetrate the cell membrane and
therefore be involved in biochemical reactions in the body
(2). Studies on the health benefits of essential oils have
focused mainly on their antioxidative (3), anti-inflamma-
tory (4), lipid-lowering (5,6), antidiabetic (7), and hep-
atic protective effects (8,9). Although almost 3,000 vari-
eties of essential oils are available, only 10% are used as
pharmaceutical materials, food additives, or ingredients
for cosmetics and fragrances (10). Among essential oils,
those from citrus fruits are widely used in industry, be-
cause of availability of leftover fruit skin. Lemon (Citrus
limon L. Burm), orange (Citrus sinensis L. Osbeck), bitter
orange (Citrus aurantium L.), bergamot (Citrus bergamia),

mandarin (Citrus deliciosa Tenore), and grape fruit (Citrus
paradise Macfayden) are the major fruits used. Lemon es-
sential oil (LEO), in particular, has shown antifungal
(11) and antioxidative activities (12), as well as improved
hippocampus function (13). The bioactive compounds in
LEO are limonene, B-pinene, and y-terpinene. In addition,
minor components such as a-pinene, myrcene, and gera-
niol are present (14). Limonene, a major compound in
LEO, showed lipid-lowering effects via upregulation of
peroxisome proliferator-activated receptor alpha (PPARa)
and liver X receptor beta (LXRp) (15). y-Terpinene also
had a lipid-lowering effect (16).

Hypercholesterolemia plays a pivotal role in the devel-
opment of atherosclerosis, which is a leading cause of
death. Consequently, extensive studies have been con-
ducted on the development of therapeutic drugs to pre-
vent atherosclerosis; however, drug side effects are a big
concern (17). Functional foods or alternative medicines,
such as essential oils, have drawn attention as alterna-
tives to reduce the problems from drug use. Although the
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lipid-lowering effects of bioactive compounds in essen-
tial oils, particularly limonene, have been extensively ex-
amined, the hypolipidemic and anti-atherogenic effects
of LEO have not yet been studied. The industrial use of
LEO is expected to be high because the cost-benefit is
higher than that of other essential oils. Moreover, various
bioactive compounds, including limonene, are present in
LEO.

In this study, the lipid-lowering and anti-atherogenic
effects of LEO were investigated in hypercholesterolemia-
induced rabbits and compared with the effects of limo-
nene. The rabbit is an animal model used in atheroscle-
rosis research because the animal is prone to developing
hypercholesterolemia, which is a critical factor in the
pathogenesis of atherosclerosis. In this study, LEO and
limonene were microencapsulated for diet preparations
because they are highly volatile.

MATERIALS AND METHODS

Microencapsulation of LEO and limonene

LEO was purchased from Perfect Potion (Brisbane, Aus-
tralia), whereas limonene of 97% optical purity was pur-
chased from Sigma-Aldrich Co. (183164; St. Louis, MO,
USA). According to the manufacturer’s information, lem-
on fruit skin had been cold pressed to extract the oil. Be-
cause of their high volatility, both LEO and limonene
were microencapsulated before use (Sejeon Co., Chung-
buk, Korea). For the microencapsulation, 88% of modi-
fied starch and 12% of maltodextrin were used as coat-
ing materials (18). The amount of essential oil in the
microencapsulated powder was 20% (w/w).

Gas chromatography (GC) of LEO

The bioactive compounds in LEO were analyzed using a
GC system (HP-6890; Hewlett-Packard Co., Palo Alto,
CA, USA) equipped with a flame ionization detector. The
oven temperature was set to change over time as follows:
initial temperature of 80°C for 10 min, then 5°C/min in-
crements up to 150°C, and finally 10°C/min increments
up to 250°C.

Determination of low-density lipoprotein (LDL) suscepti-
bility to oxidation

LDL (L-5402; Sigma-Aldrich Co.) was dialyzed for 24 h
at 4°C in phosphate-buffered saline (PBS), then filtered
through a 0.45-m syringe filter, and finally quantified
using a protein assay kit (#5000002EDU; Bio-Rad Labo-
ratories Inc., Hercules, CA, USA). The LDL oxidation re-
action solution consisted of 0.1 mg/mL protein, alcohol,
and Cu®" (final concentration of 5 pM), into which the
LEO or vitamin E dissolved in alcohol was added. The
reaction solution was oxidized for 4 h at 40°C, and then

mixed with 1 mL of thiobarbituric acid reactive sub-
stances (TBARS) solution [0.4% 2-thiobarbituric acid
(TBA), 15% trichloroacetic acid, and 2.5% HCI] and
boiled for 20 min at 95~ 100°C. Thereafter, the hot mix-
ture was immediately cooled on ice and then centrifuged
for 10 min at 3,012.4 g. The absorbance of the superna-
tant fraction was measured at 532 nm. The TBARS value
was expressed as the malondialdehyde (MDA; nmol/mL)
amount. The calculated inhibition effect (%) was based
on the percentage of LDL oxidation.

Animals and experimental diets

Twenty-one specific pathogen-free rabbits (1,860+114.3
g, male) purchased from Orient Co., Ltd. (Seoul, Korea)
were acclimated individually for 2 weeks in stainless
steel cages at a controlled temperature of 23+2°C, rela-
tive humidity of 55+5%, and 12-h light/dark cycle. After
acclimation, the rabbits were fed a high-cholesterol diet
(HCD) for 4 weeks to induce hypercholesterolemia. The
HCD was prepared by adding 0.5% (w/w) cholesterol
and 10% (w/w) coconut oil to chow diet (Purina Rat
Chow, #5001; Ralston Purina, St. Louis, MO, USA). Af-
ter 4 weeks, the cholesterol level was determined from
blood drawn from the ear vein. Hypercholesterolemia
was confirmed as a cholesterol level >1,000 mg/mL (19).
The hypercholesterolemic rabbits were assigned to three
groups (n=7 per group) based on plasma cholesterol con-
centration. The microencapsulation coating material was
used as the control group to avoid bias effects from mi-
croencapsulation. In addition, the facility for rabbit ex-
periments, using automatic-feeding and -watering cages,
was limited to a certain number of rabbits since they had
to be house individually. The experimental groups were:
rabbits fed a HCD containing coating material (Control
group), microencapsulated LEO (LEO group), or micro-
encapsulated limonene (Limonene group), respectively.
The amount of coating material and microencapsulated
power added to the HCD was 2.5% (w/w). Rabbits dem-
onstrated toxicity at 500 mg/kg body weight of oral ad-
ministration (7,20). Therefore, in this study, we pro-
vided 250 mg/kg body weight of LEO or limonene to the
rabbits. The diet was prepared every week and kept at
—18°C. The diet provided to the animals for 8 weeks
was restricted, whereas water was provided ad [ibitum.
After the 8 weeks of feeding, the rabbits were fasted for
12 h and anesthetized with a tiletamine-zolazepam sol-
ution (15 mg/kg; Zoletil 50; Bayer Korea, Seoul, Korea).
Blood obtained from the inferior vena cava was sepa-
rated into heparin tubes for lipid concentration analysis
or into ethylenediaminetetraacetic acid (EDTA) tubes for
erythrocyte analysis. After perfusing with ice-cold PBS
(pH 7.4), the liver, heart, and aorta were excised, rinsed,
and weighed. The plasma and organs were stored at
—80°C for further analysis. The animal study was ap-
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proved by the Pusan National University-Institutional
Animal Care and Use Committee (PNU-2013-0375).

Determination of plasma lipid concentrations

Each plasma sample was separated by centrifugation for
10 min at 3,012.4 g at 4°C. Total cholesterol (TC), tri-
glyceride (TG), and high-density lipoprotein cholesterol
(HDL-C) levels were measured using commercial kits
(AM 202-K, AM 157S-K, and AM 203-K, respectively;
Asan Pharmaceutical Co., Seoul, Korea). LDL cholesterol
(LDL-C) levels were calculated using the Friedewald
equation (21).

Analysis of lipid peroxidation in the plasma

Plasma lipid peroxidation was measured and expressed
as TBARS values in MDA (22). Briefly, plasma was mixed
with TBARS solution (0.67% TBA and 0.05 N HCI) and
incubated at 95°C for 30 min. The reaction was termi-
nated by the addition of n-butanol/methanol solution.
The reaction mixture was centrifuged at 18,627 g for 10
min, and the UV absorbance of the upper layer was meas-
ured at 540 nm using a spectrophotometer. MDA was
used as the standard.

Determination of antioxidants in the liver

Hepatic catalase (23) and glutathione peroxidase (GSH-
Px) (24) activities were determined according to previ-
ously reported methods. Briefly, the substrates used for
the determination of catalase and GSH-Px activities were
hydrogen peroxide and nicotinamide adenine dinucleo-
tide phosphate, respectively. Bovine serum albumin was
used for protein quantification.

Analysis of erythrocyte morphology

Blood samples drawn into EDTA tubes were diluted in
PBS, and the erythrocytes were observed under an auto-
mated microscope (100x) equipped with an image ana-
lyzer (Olympus CH30; Olympus, Tokyo, Japan) (25).

Fatty streak formation in the aorta

A 3-cm length of the descending aorta was cut from the
heart. The aorta was opened, fixed in 4% paraformalde-
hyde overnight at 4°C, and then rinsed in 30% sucrose
solution and PBS (10 M, pH 7.2). The tissue was em-
bedded in paraffin, which was then sectioned into 4-um
thickness using a cryostat (Leica CM 3050; Leica
Biosystems Nussloch GmbH, Nuflloch, Germany) and
mounted on a coated slide glass. To evaluate the changes
in the intima thickness, the sequential sections were
stained with hematoxylin and eosin, and the stained
slides were monitored under a camera-mounted micro-
scope (Olympus CH30; Olympus).

Table 1. Bioactive compounds in the lemon essential oil used
in this study

Compound Relative area (%)
Limonene 66.57
B-Pinene 10.00
y-Terpinene 9.95
Sabinene 1.60
o-Pinene 1.95
Myrcene 1.59
geraniol 1.17
Neral 0.87
B-Bisabolene 0.59
Neryl acetate 0.53
trans-o~Bergamotene 0.43
Geranyl acetate 0.35
Terpinolene 0.29
a-Terpineol 0.12

Statistical analysis

Values were expressed as the mean=+standard deviation
(SD). Statistical analysis was performed using the SAS
program (SAS Institute Inc., Cary, NC, USA). One-way
analysis of variance was carried out, followed by Duncan’s
multiple range test. Significance was considered at P<
0.05.

RESULTS

Bioactive compounds in LEO

The bioactive compounds in LEO, as analyzed by GC,
are shown in Table 1. The amount of limonene, B-pinene,
and y-terpinene in LEO was 66.57%, 10.00%, and 9.95%,
respectively, indicating that limonene is the major bioac-
tive compound. Besides these, sabinene, a-pinene, myr-
cene, and geraniol were present in a range of 1~2%.
Seven other bioactive compounds were also detected in
small quantities.
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Fig. 1. Inhibition effect of lemon essential oil and vitamin E
(Vt.E) on low-density lipoprotein oxidation. Data with different let-
ters (a-d) are significantly different according to one-way ANOVA,
followed by Duncan’s multiple range test at ~<0.05.
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Table 2. Effect of lemon essential oil on lipid concentration and TBARS concentration in hypercholesterolemia-induced rabbits

during 8 weeks

Grou TG TC LDL-C HDL-C TBARS
P (mg/dL) (ma/dL) (mg/dL) (ma/dL) (nmol MDA/mL)
Control 385+102™ 1,395+134° 1,181£169™ 25.0+1.7%® 15.245.1%®
LEO 280+154 1,1424293° 1,0674289 27.745.1° 11.942.3°
Limonene 288499 121741342 1,129+206 222419° 17.84£7.5°

Control, coating material group fed a HCD (high-cholesterol diet) containing 2.5% coating materials for 8 weeks; LEO, lemon essen-
tial oil group fed a HCD containing 2.5% lemon powder: Limonene, limonene group fed a HCD containing 2.5% limonene powder.
TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
TBARS, thiobarbituric acid reactive substances; MDA, malondialdehyde.
NSvalues are not significantly different among the experimental groups.

Data are the mean£SD (n=7).

Data with different letters (a,b) in the same column are significantly different according to one-way ANOVA, followed by Duncan’s

multiple range test at £<0.05.

Inhibition of LDL susceptibility to oxidation

At the LEO concentrations of 25 and 100 pg, LDL sus-
ceptibility to oxidation was reduced by 24.68% and
75.64%, respectively (Fig. 1, P<0.05). At the same con-
centrations, vitamin E inhibited LDL oxidation by 47.11%
and 90.22%, respectively.

Changes in body and organ weights

The initial body weight of the rabbits was about 1,800 g,
which increased to 2,800+100 g after 12 weeks of the
experiment, including 4 weeks for the hypercholesterol-
emia-induction period. Body weight gain and liver and
aorta weight of rabbits were not different among experi-
mental groups because rabbits were on the restricted diet
(data not shown).

Changes in plasma lipid concentration and lipid peroxida-
tion

Plasma TC concentration of rabbits reached to 1,285
mg/dL after 4 weeks of HCD feeding, indicating that hy-
percholesterolemia had been successfully induced. After
8 weeks of experimental diet feeding, the increased plas-
ma TC concentration was significantly reduced by 18.2%
in the LEO group relative to that in the control group
(Table 2, P<0.05). Although the TC concentration in the
limonene group had decreased by 12.8% relative to the
control group, the changes were not significant. The con-
centrations of LDL-C and HDL-C among the three ex-
perimental groups were not different, although slight
decreases were found in the LEO and limonene groups.
The plasma TG concentration decreased by 27.3% in the
LEO group and 25.2% in the limonene group relative to
that of the control group, but the differences were not
significant.

As shown in Table 2, the plasma TBARS level of the li-
monene group was significantly higher than the LEO
group (P<0.05), indicating that limonene showed pro-
oxidant activity. On the contrary, the TBARS level of the

Table 3. Antioxidants levels in the liver

Group” Catalase GSH-Px
P (mUnits/mg protein) (mUnits/mg protein)
Control 0.25140.03" 17.85945.11"°
LEO 0.263£0.05 25.805+0.48
Limonene 0.203+0.08 19.111£1.92

See the footnote of Table 2 for the experimental groups.

GSH-Px, glutathione peroxidase.

Data are the meanxSD (n=7).

NSValues are not significantly different among the experimental
groups.

LEO group was lower than the control group although
significant differences were not found.

Antioxidant levels in the liver

As shown in Table 3, the hepatic antioxidants levels such
as catalase and GSH-Px were higher in the LEO group,
followed by the limonene and control groups. The anti-
oxidant activities among samples were not significant.

Morphological changes in erythrocyte and aortic intima
due to hypercholesterolemia

As shown in Fig. 2, erythrocytes in the control group
showed aggregation and were star-like shapes, whereas
those in the LEO group were of a normal disc shape. In
the limonene group, star-like shapes of erythrocytes were
also observed, but it was not as severe as those shown in
the control group. According to these results, LEO
showed protective effects against red blood cell damag-
ing by hypercholesterolemia, which was found to be
greater than that of limonene.

As shown in Fig. 3, the aortic intima width was the
thinnest in the LEO group, followed by the control group
and limonene group. These results are in line with the
lipid peroxidation results and morphological changes
seen in the red blood cells.
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Control LEO
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Fig. 2. Morphological changes in erythrocytes of hypercholesterolemia-induced rabbits fed lemon essential oil for 8 weeks (X100).
See the footnote of Table 2 for the experimental groups. Arrows indicate the changed or aggregated erythrocytes.
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Fig. 3. Morphological changes of the aortic intima thickness in hypercholesterolemia-induced rabbits fed lemon essential oil for
8 weeks (X100). The scale bar represents 100 um. See the footnote of Table 2 for the experimental groups. The arrows indicate

the intima thickness of each group.

DISCUSSION

Citrus fruit essential oils contain numerous bioactive
compounds, such as limonene, B-pinene, and y-terpinene,
which have antioxidative (2), antibacterial (26), and lip-
id-lowering (27) activities. In this study, we investigated
the lipid-lowering and anti-atherogenic effects of LEO in
comparison with limonene, a major active compound in
LEO. LDL susceptibility to oxidation is noticed in the
development of atherosclerosis. Macrophages in the aor-
ta have receptors for oxidized LDL, and agents that can
inhibit LDL oxidation in the plasma have been consid-
ered in cardiovascular disease research (28). In this study,
a dose-dependent inhibition of LDL susceptibility to oxi-
dation was caused by LEO, the effects of which were
comparable to those of vitamin E. Approximately 80% of
the antioxidative activity of vitamin E was found at a
concentration of 100 pg. Our finding is in line with pre-
vious studies that reported the antioxidative activity of
citrus essential oil in both Cu**-induced and 2,2’-azobis
(2-aminopropane) hydrochloride-induced oxidation of
human LDL in vitro (29). This in vitro antioxidative activ-
ity of LEO was confirmed in our in vivo study performed
with rabbits, where plasma lipid peroxidation was sig-
nificantly lower in the LEO group than in the limonene

group. These results indicate that synergic effects from
bioactive compounds, including limonene and vy-terpi-
nene, rather than a single compound in LEO, might be
responsible for the inhibitory effects. The antioxidative
activity of y-terpinene was 3-fold higher than that of lim-
onene in the methyl linoleate oxidation system (30).
Fourteen different bioactive compounds were detected
from LEO used in this study. It is well-known that lipid
peroxidation could increase oxidative stress that causes
degenerative diseases, such as aging, atherosclerosis, and
cancer through damage of zymoproteins, RNAs, and
DNAs (31).

Plasma lipid levels, particularly cholesterol and LDL-C
levels are positively associated with atherosclerosis de-
velopment due to hypercholesterolemia. In this study,
LEO decreased plasma TC levels, which was significantly
higher than the effects from limonene or the coating ma-
terial. In addition, the HDL-C level was significantly in-
creased in the limonene group. Moreover, LDL-C levels
in the LEO and limonene groups were reduced although
no significances were found. Limonene had cholesterol-
lowering effects in hypercholesterolemia-induced animals
(15,32) via downregulation of PPARa and LXRB (15).
Moreover, y-terpinene in LEO, has exhibited cholesterol-
lowering effects in animals (16). Hypercholesterolemia
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causes morphological changes in erythrocytes (33) and
promotes aortic intima proliferation, which are the ma-
jor causes of cardiovascular disorders and degenerative
diseases (34). In the present study, erythrocytes in the
control group were deformed into star-like shapes, where-
as most of the erythrocytes in the LEO group were found
to be normal disc-shape. However, erythrocytes in the
limonene group were aggregated and deformed into star-
like shape. Antioxidants are important to help prevent
oxidation in red blood cells (35). In LEO, a- and y-terpi-
nenes and terpinolene were identified to have antioxi-
dant activity (2). The cholesterol-lowering effects of LEO
might affect the cholesterol level in the membrane of red
blood cells. The cholesterol level of red blood cells is cor-
related to that of non-esterified cholesterol in the blood.
Non-esterified cholesterol is regulated by lecithin cho-
lesterol acyl transferase (LCAT). Hypercholesterolemia
impairs the LCAT activity, which stimulates cholesterol
accumulation in the inner leaf of the red blood cell mem-
brane. Lipid peroxidation of the membrane might there-
fore deform the erythrocytes (35). In this study, the TC
and LDL-C concentrations in the LEO group were sig-
nificantly lower than the levels in the control or limo-
nene groups. In addition, TBARS level in the LEO group
was lower than the control group. Taken together, it is
possible that LEO prevented cholesterol accumulation in
the red blood cells and mediated a reduction in plasma
cholesterol. The bioactive compounds in LEO had anti-
oxidative activity against lipid peroxidation on the mem-
brane of red blood cells.

Hypercholesterolemia leads to atherosclerosis through
proliferation of the aortic intima. In this study, the aortic
intima thickness was thinnest in the LEO group followed
by the control group and limonene group. These aortic
thickness findings are in agreement with our plasma cho-
lesterol levels and degree of peroxidation results. Lipid
peroxidation in the limonene group was found to be the
most severe among the experimental groups. The intimal
thickening caused by foam cell formation and vascular
smooth muscle proliferation is affected by inflammation
and the immune response at the intima as well as the
oxidized LDL (17). The antioxidative activities of bioac-
tive compounds in LEO such as y-terpinene, terpinolene,
and o-terpineol are responsible for the anti-atherogenic
effect of LEO.

In this study, we found antioxidative and cholesterol-
lowering activities of LEO in hypercholesterolemia-in-
duced rabbits, evidenced by its inhibition effects on LDL
oxidation and lipid peroxidation and preventive effects
against erythrocyte deformation and aortic intimal pro-
liferation. These effects were greater than those of limo-
nene, a major bioactive compound in LEO, suggesting
that the synergistic effects of bioactive compounds in
LEO were stronger than the effects of limonene alone. Be-

sides limonene, 13 other bioactive compounds (including
sabinene, B-pinene, y-terpinene, a-pinene, myrcene, and
geraniol) were detected. In particular, the antioxidative
effect of y-terpinene has been reported to be 3-fold high-
er than that of limonene. Unfortunately, we were unable
to include many experimental groups in this study be-
cause of the limited research facilities available. In order
to avoid bias effects from microencapsulation, which
was an essential procedure for the preparation of highly
volatile oils prior to addition in the experimental diet,
we included the coating material fed-rabbits as the con-
trol group. Future research studies are needed to eluci-
date the mechanisms through which LEO prevents athe-
rosclerosis as well as to determine its effect on inflam-
mation and immune responses.
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