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Abstract

AlIM: To investigate the effects and mechanism of d-limonene
on the growth and metastasis of gastric cancer in vivo.

METHODS: Metastatic model simulating human gastric
cancer was established by orthotopic implantation of
histologically intact human tumor tissue into gastric wall
of nude mice. One percent d-limonene was orally
administered at dose of 15 ml/kg every other day for seven
weeks. Eight weeks after implantation, tumor weight,
inhibition rate, apoptotic index (Al), microvessel density
(MVD), vascular endothelial growth factor (VEGF), variation
of ultrastructure, and the presence of metastasis were
evaluated, respectively, after the mice were sacrificed.

RESULTS: The tumor weight was significantly reduced in
5-FU group (2.55£0.28 @), d-limonene group (1.49+0.09 g)
and combined treatment group (1.48+0.21 g) compared
with the control group(2.73+0.23 g, P<0.05). In 5-FU
group, d-limonene group, combined treatment group, the
inhibition rates were 2.60%,47.58% and 46.84% and O,
respectively; Al was (3.31+0.33)%, (8.26+1.21)%,
(20.99£1.84)% and (19.34+2.19)%, respectively; MVD was
(8.64+2.81), (16.77£1.39), (5.32+4.26) and ( 5.86+2.27),
respectively; VEGF expression was (45.77+4.79), (41.34+5.41),
(29.71+8.92) and (28.24+8.55), respectively. The
incidences of peritoneal metastasis also decreased
significantly in 5-FU group(77.8%), d-limonene group
(20.0%) and combined group (22.2%) compared with
control group (100%) versus 62.5%,30% and 22.2%)
(P<0.05). Liver metastasis was also inhibited and the
incidences decreased significantly in 5-FU group, d-
limonene group and combined group than that in control
group (87.5% vs 55.5%, 20.0% and 22.2% respectively)
(P<0.05). The incidence of ascites in control group, 5-FU
group, d-limonene group and combined group was 25.0%,
22.2%, 0, 0, respectively and 12.5%, 11.1% O, 0, with
respect to the metastasis rate to other organs.

CONCLUSION: d-limonene has antiangiogenic and
proapoptotic effects on gastric cancer, thereby inhibits
tumor growth and metastasis. Combination of d-limonene
with cytotoxic agents may be more effective.
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INTRODUCTION

d-limonene isamonoterpene compound. In recent years, it was
used for prevention and cure of various animal tumor models
induced by chemical carcinogen and was proved to have anti-
cancer activities*™. Our previous study also suggested that
d -limonene can inhibit the growth of human gastric cancer cell
in vitro through a mechanism of inducing the apoptosis of
tumor cellg¥. To make a further understanding of the anti-
cancer effects and mechanism of d-limonene in vivo, an
orthotopic transplantation model of gastric cancer in nude mice
was employed. The d-limonene emulsion was administrated to
investigate its inhibition effects on the growth and metastasis
of gastric cancer dynamicaly, which will be thetheoretical basis
for the clinical application of d -limonene.

MATERIALS AND METHODS

Materials

Experimental animals Forty male BALB/c nu/nu hude mice,
purchased from Chinese Medical University, wereraised under
the SPF (specific pathogen free) condition for aweek to adapt
the surroundings before the initiation of the experiment.
Tumor tissues Gastric cancer cell line BGC-823 was obtained
from Cdll Research Ingtitute (Shanghai, China). A 0.2mL of cell
suspension (2x10° cells) was subcutaneously injected into the
anterior axilla of nude miceto form the entity of cancer. When
the tumor grew to a diameter of 2-2.5 cm, the mouse was
sacrificed to dissect the neoplasm and the capsule of tumor
wasremoved and kept in saline containing 100 U /mL penicillin,
100 U/mL streptomycin (pH 7.2). Pieces of fresh tumor tissue
(12 mm?®) near the margin were inocul ated to another mouse by
puncture method. The above procedure was repeated for 5 times
and the last generation of the tumor tissue was be used for
orthotopic transplantation.

Animal modd Beforetransplantation, mice bearing tumor were
killed. Then the tumor was dissected and put into saline
containing penicillin (100 U/mL) and streptomycin (100 U/mL)
aseptically. Pieces of intact, fish-meat-like tumor tissue of
3 mmein diameter from margin were prepared after theremoving
of tumor capsule. Miceanesthetized by thethialisobumalnatrium
(40 mg/kg) injected into abdominal cavity were sterilized with
caseoiodine on skin of abdomen and atransverse incision was
made in left upper quadrant. After the exposure of greater
curvature of stomach, the serosa and muscular layer were
incised. Then, tumor tissueswere transplanted under serosa of
stomach by means of suture and embedding. Stomach was
brought into abdominal cavity; theincisionin belly was sutured
delaminatedly. The whole operation procedure followed the
doctrine of aseptic manipulation.

Drugs and groups d-limonene with 97% purity (product
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number: 183164) was purchased from Sigma Company (USA).
It was prepared as 10 g/L lecithin emulsion by Dalian Medical
Science Ingtitute. Mice were randomly divided into 4 groups:
control group, 5-FU group, d-limonenegroup, and d-limonenet+5-
FU group and administrated with saline (0.3 mL/d, gastric
perfusion), 5-FU (30 mg/kg/d, intraabdominal injection), D-
limonene (15 mL/kg/d, gastric perfusion), and 5-FU (30 mg/kg/d,
intraabdominal injection)+ d-limonene (15 ml/kg.d, gastric
perfusion), respectively for 7 wk. The body massand abdominal
circumstances were measured on the 7th, 14th, 21st, 28th,
35th, 42nd, 49th d after transplantation and the status of
eating, drinking and defecation of mice were recorded. The
dying mice were executed and necropsy was performed. Inthe
8th wk, all the mice werekilled; the neoplasm was resected and
weighted; and the occurrence of distant metastasis and ascites
wereexamined.

Methods

Themeasur ement of tumor weight and inhibitionrateof tumor
growth Micewerekilled by dislocation of cervical vertebra,
the tumor weight was measured and the tumor inhibition rate
wascalculated. inhibition rate=[ ( tumor weight of control group-
tumor weigh of treated groups)/weight of control]x100%.
The occurrence of metastasis and ascitesin nude mice The
metastasis of gastric cancer was examined in abdomina cavity,
peritoneum and liver. Tumor specimens were fixed in neutral
formaldehyde, dehydrated by dimethylbenzene and embedded
in paraffin for the hematoxylin and eosin (HE) staining and
immunohistochemistry. The characters and volume of ascites
were recorded.

Apoptoticindex (Al) TUNEL method was used to detect the
apoptosis of tumor cell. The sectionswere fixed and embedded
asusual. TUNEL test kit was purchased from Roche Company.
DNase | (1 mg/mL) was used to digesting the positive control
specimen for 10 min before being put into TUNEL response
mixture. Only label liquor was added into the negative control
response mixture. Cells with brown or yellow nuclei were
assumed as apoptotic cells. the number of apoptotic cellsand
total cancer cells were counted under light microscope at
400xmagnification in 5 fields of vision and the average values
were used for the cal culation of apoptosisindex (Al) according
to thefollowing formula: Al=(apoptotic cellgtotal cancer cells)
x100%.

Microvessel density assay The polyclonal antibody for factor
O-related antigen (FO-RAg, Santa Cruz Biotechnology, Inc,
USA) was selected to detect the microvessel density in paraffin
embedded tumor sections by immunohistochemical method
accordingto themanufacturer’ singruction . Result determination:
Sections were screened at 40x magnification under a light
microscope to identify three regions with the highest MVD.
Then, blood vessels stained brown by antibody for FO-RAgQ
was counted at 200xmagnification. For the determination of
microvessels, first of all, the hemorrhage area and marginal
region were eliminated. Those brown-stained endothelial cells
or cell cluster that had interspaces with microvessel, cancer
cells and connective tissue were regarded as a micro vessels.
The average value of the three regions was regarded asMVD.

Imunohistochemical assay of VEGF Imunohistochemical
staining was performed with mouse monoclonal antibody
specific for human VEGF (C1, Santa Cruz Biotechnology, Inc,
USA) inadilution of 1:100 according to SP method specification.
The presence of brown or yellow granulesin plasmaor nucleus
was regarded as positive staining for VEGF protein expression.
The sum of positive cells number was calculated in five fields
per slide at 200x magnification under light microscope. Results
were ratified by fluorescence microscope and colorful
microscopic figure analysis system (OLY MPUS BX51TR,
Image-Pro Plus, Analysis Software).

Statistical analysis

Tumor weight, Al, MVD and VEGF were expressed as the
mean+SD. Comparison between groups was performed using
andysis of variance; Differences of the metastassin peritoneum,
liver and other organsand the occurrence of asciteswereexamined
by c? test (P<0.05 was considered statistically significant).

RESULTS

The influence of d-limonene on the general condition of tumor-
bearing mice

At the end of the 7th wk, two mice-bearing tumor from control
group, one from 5-FU group and one from combined group
died of exhaustion while none from d-limonene group. During
the whole process of the experiment, only one mousein 5-FU
group was found with loose stools, and no passage of bloody
stools was found in any groups. Compared with the control
and 5-FU group in which mice were found emaciation, inactive
and lassitude, micein d-limonene group and combined group
had better appetite and increased body mass although
statistically had no difference.

Influence of d-limonene on orthotopic transplanted tumor
weight and tumor inhibition rate

At necropsy, xenografts of gastric cancer were found in each
groups of nude mice. The transplanted tumor entity was pink
in color, elipse or round in shape, with nodosity in surface and
necrosisin central parts, and was confirmed as adenocarcinoma
by pathological section. Compared with the control group, the
tumor weight of micein d-limonenegroup and combined group
were decreased significantly (P<0.05). Moreover, theinhibition
effects of d-limonene or the combined effects of d-limonene
and 5-FU on the growth of gastric cancer were more significant
than that of 5-FU (Table 1).

Effects of d-limonene on tumor cell morphology and ultrastructure
Morphologically, tumor cellsin the control group were bigger,
ellipse, with red plasma and big, deep stained nuclei. A clear
imbalance ratio of nucleus to plasma was found also. No
significant difference was observed between the control and 5-FU
group. While in d-limonene group and combined group,
relatively small tumor cellswith vacuolesin plasmaand clouding
nucleus were observed in which the ratio of nucleusto plasma
wasrelatively normal.

Table 1 Inhibition effects of d-limonene on growth of orthotopic transplanted gastric tumor (mean£SD)

Groups n Tumor mass (g) Inhibition rate (%) Al (%) MVD (n) VEGF(%)
Control 8 2.69+0.32 0 3.31+1.44 18.64+2.81 45.77+4.79
5-FU 9 2.62+0.35 2.60 8.26+1.21° 16.77+1.39 41.34+5.41
d-limonene 10 1.41+0.58% 47.58% 20.99+2.84z¢ 5.32+4.26% 29.71+8.92%
Combined 9 1.43+0.513 46.84% 19.34+3.19% 5.86+2.27% 28.24+8.55%

2P<0.05 vs control group; °P<0.05 vs 5-FU group.
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The major morphological changes of cancer cellsin D-
limonene and combined group were the shrinkage of cell, the
condensation of cytoplasm, the aggregation of ribosome and
mitochondrion, the occurrence of nuclear fragmentation, the
peripheral masses of condensed chromatin. Apoptotic bodies
derived from the shedding of condensed masses were found to
be degradated by surrounding phagocytes and formed
vacuolesin cytoplasm. Fusiform shape, morphological irregular
and karyomegaly cancer cells were observed in control and
5-FU group with tight binding between cells, imbalanceratio of
nucleusto plasmaand the maldistribution of chromatin. But no
obviously changes in cell morphology were detected.

Effects of d-limonene on apoptosis of cancer cell

Resultsof TUNEL demonstrated that apoptotic cellswith yellow
nucleuswere seen occasionally in control group and 5-FU group
while piles of apoptotic cells were observed in d-limonene and
combined group. Therewas a significantly differencein Al in
d-limonene and combined group compared to the control and
5-FU group (P<0.05) (Table 1, Figures 1-4).

Figure 1 Control group FVIII-RAg with SP method. x100.

Figure 2 5-FU group FVIII-RAg with SP method. x200.

Figure 3 d-limonene group FVIII-RAg with SP method. x100.

The influence of d-limonene on MVD of orthotopic transplanted
tumor
Under light microscope, the intensive brown-staining

microvesselson stomach wall was observed without integrated
basement membrane in the control group. Compared with the
control and 5-FU group, almost no microvesselswasfound in
the tumor of d-limonene and combined group for the cancer
cellswerein dormancy status, and the MV D of thosetwo groups
was statistically lower than that of the control and 5-FU group
(Tablel, Figures5-8).

Figure 4 Combined group FVIII-RAg with SP method. x100.

Figure 5 Control group TUNEL. x400.

Figure 6 5-FU group TUNEL. x400.

Figure 7 d-limonene group TUNEL. x400.
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Figure 8 Combined group TUNEL. x400.

Inhibitory effects of d-limonene on metastasis of gastric cancer
The metastasis rate of gastric cancer to peritoneum (regional
lymph node) was to 100% in the control group and the
metastasis rates in other groups are displayed in Table 2. the
metastasis to liver, peritoneum and other organs of gastric
cancer and the formation of asciteswere significantly inhibited
ind-limonene and combined groups (P<0.05) whileno statitical
inhibitory effects on the metastasis to liver and peritoneum
were observed in 5-FU group (P>0.05, Table 2).

Table 2 The Inhibitory effects of d-limonene on orthtopic trans-
planted gastric cancer (%)

Group n  Peritoneum Liver Ascites Metastasis to
metastasis metastasis other organs
Control 8 8(100.0) 7(87.5) 2(25.0) 1(12.5)
5-FU 9 7(77.8) 5(55.5)  2(22.2) 1(11.1)
D-limonene 10 2(20.0)x 2(20.0)x 0% 0
Combined 9 3(33.3)* 2(22.2)x 02 0

2P<0.05 vs control group; ®P<0.05 vs 5-FU group.

DISCUSSION

Gastric cancer isthe most common malignant tumor in digestive
system. The cure rate of gastric cancer was increased year by
year with the progress of surgical technique, chemotherapy
and other means. But afive-year survival rateis still wandered
below 10%, especially in middle or late phase patients'®. Thus,
to find an effective adjuvant chemotherapy drug became the
focus of gastric cancer therapy besides emphasizing surgical
operation.

Limonene (1-methyl-4-isopropyl-cyclohexene) is the
essential component in citrusoil. d-limonene, the most common
isomer of limonene, isakind of monoterpene component. It has
the ability of anti-oxygenation, anti-inflammation and drainage
for gallstone. The anti-cancer activity of d-limonenewasfound
recently. Therefore, d-limonene has been applied to precaution
and treatment in chemical-induced animal model, such ascolon
cancer, breast cancer, gastric cancer, pancreatic cancer and
hepatic cancer with promising resultg*”. Most of those studies
focus in the chemoprophylaxis of tumor. Our results
demonstrated that in d-limonene and combined group, the tumor
weight of xenograft was decreased drastically, the metastasis
to liver, peritoneum and the occurrence of asciteswereinhibited
significantly compared with the control group. Thus, an
inhibition effect of d-limonene on the growth and metastasis of
gastric cancer cellswasratified. Taking the results of TUNEL
assay into consideration, we found the main mechanism
underlying the inhibition effects of d-limonene was to induce
the apoptosis of cancer cells.

At present, it isthought that a phenotype change from no-
vascular period to angiogenesis stage exists during the growth

of tumor. In no-vascular period, the velocity of cancer cells
apoptosis and proliferation maintain a dynamic balance and
the tumor may survive for months or even years without the
presence of metastasis. But the alterations of some important
factors, such as heredity cause, over-expression of
proangiogenic factors originated from cancer cells or down-
regulation anti-angiogenic factors expressed by body tissues
or cancer cells, the switch for tumor angiogenesis thereby
activating and leading to vascularization of tumor. Once the
tumor vascular is formed, the growth speed of tumor will be
increased and the invasive growth and metastasis will be
induced.

Microvessd density (MVD), isusually used to evaluate the
vascularizationlevel of tumor?, A large amount of experiments
and clinical research results showed that MV D had a close
relationship with the prognosis of almost al malignant tumors,
a higher MVD suggested the lower differentiation and the
higher reoccurrence and metastasis incidence*. We
demonstrated that compared with control and 5-FU group, tumor
MVD in d-limonene and combined group was decreased
significantly, suggesting ainhibitive effect of d-limonene on
tumor angiogenesis.

Although the mechanismsinvolved in tumor angiogenesis
have not been understood exactly, the effect of VEGF on
vascularization has been conformed. VEGF, a specific mitogen
for vascular endothelial cellswasisolated from follicular cell
plasma of cattle and considered as the most important
angiogenic factor of metastatic tumor 2214 The expression of
VEGFwasfound very low in norma adult tissues. Onceinitiated
in pathologic status of tumor, the angiogenesis was induced
and promoted drastically by VEGF and resulted in the increase
of MVD. Among vascular growth factors, VEGF wasthe only
oneto stimulate the proliferation of tumor endothelial cell and
to induce the vascul arization of tumor directly!*. Asthe newly
formed vessels may provide tumor with oxygen, nutrition, the
growth of tumor will be invasive and uncontrollable®. It was
reported that the over expression of VEGF had closeréationship
with tumor metastasis and poor prognosis. The invasion of
blood vessels and lymph nodes has been often observed in
patients with enhanced VEGF expression, which will result in
the rapidly malignant change of tumor, easily relapse and short
survival period after surgical operation. Here we showed that
relatively highlevel of VEGF in the tumor of control and 5-FU
group, especially in the areas around vessels, while notably
decreased expression of VEGF in d-limonene and combined
group. Thus, a positive correlation of VEGF expressiono with
increased MVD was ratified, suggesting the anti-angiogenic
mechanism of d-limonene via down-regulation of VEGF.
Moreover, we found that the anti-cancer target of 5-FU might
not on the inhibition of neovascularization.

5-fluorouracil, an antimetabolite pyramine, has been used
as traditional chemitherapeutic drug for more than 40 years.
For the anti-cancer target of 5-FU lies in the inhibition of
thymidylic acid synthetase to prevent DNA synthesis but not
the interference of tumor angiogenesis*”, no satisfied cure
effect was obtained in our experiment. As to d-limonene,
preventing tumor angiogenesis and increasing tumor cells
apoptosis are the main anti-cancer mechanisms, which may
diminish the incidence of drug resistance mutation for its
character of physiological cell death. The effectiveness, none-
toxicity, and lower drug resistance of d-limonene wereratified
for a better eating, activity and living ability in d-limonene
and combined groups than in control group within the 7-wk
experiment. No statistical difference in body weight was
observed among four groups for increased tumor weight and
the formation of ascitesin control and 5-FU group.

Further studies need to elucidate the apoptotic mechamisms
of d-limonenebeforeitsclinical application.
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