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Metronomic chemotherapy remodel cancer-associated fibroblasts
to decrease chemoresistance of gastric cancer in nude mice
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Abstract. The present study aimed to evaluate whether
capecitabine or 5-fluorouracil (5-Fu) chemotherapy with the
metronomic pattern may cause significant chemoresistance
compared with the traditional pattern, and whether CAFs are
involved in drug resistance. SGC-7901 cells were subcutane-
ously injected into the nude mice, and the mice were divided
into five groups: The control group, intraperitoneally injected
with normal saline; the 5-Fu conventional dose group [5-Fu
maximum tolerated dose (MTD) group], intraperitoneally
injected with 50 mg/kg, twice per week for 2 weeks, with
an 1-week discontinuation for 6 weeks; the capecitabine
conventional dose group (capecitabine MTD group), intragas-
tric 500 mg/kg, twice per week for 2 weeks, with a 1-week
discontinuation for 6 weeks; the 5-Fu metronomic group [5-Fu
low-dose metronomic (LDM) group], intraperitoneally injected
with 15 mg/kg, twice a week for 6 weeks; and the capecitabine
metronomic group (capecitabine LDM group), intragastric
administration at 200 mg/kg, twice a week for 6 weeks. The
chemotherapy resistance markers [glutathione transferase Pi
(GSTP) and multidrug resistance protein 1 (MDRI1)] were
detected by immunohistochemical staining (IHC), and the
association of the expression of these markers with the
chemotherapy administration patterns was analyzed. Vascular
endothelial growth factor (VEGF) and the cancer-associated
fibroblast (CAF) marker a-smooth muscle actin were also
examined by IHC to illustrate the possible mechanism of
chemoresistance. The expression of GSTP and MDRI1 in the
MTD groups was significantly higher compared with those of
the LDM groups (P<0.01). Furthermore, the number of CAFs
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and the level of VEGF in the MTD groups were significantly
higher compared with those of the LDM groups (P<0.05).
The low dose metronomic chemotherapy did not increase the
risk of chemoresistance compared with the conventional dose
traditional chemotherapy in terms of capecitabine or 5-Fu, the
increasing amount of CAFs in the microenvironment of cancer
cell following therapy may protect cell from capecitabine or
5-Fu via producing VEGF to increase vascularization.

Introduction

Gastric cancer (GC) is one of the leading causes of cancer-asso-
ciated mortality worldwide, and the incidence rate of this
disease is high, particularly in Eastern Asia (1). According to a
study in 2012, there were an estimated 951,600 cases of newly
diagnosed GC and 723,100 GC-associated mortalities (1), thus,
the application of effective treatment for GC is urgent. Surgical
resection with lymph node dissection is the cornerstone for
treatment of GC, particularly for those in the early stage;
however, the majority of patients are diagnosed at an advanced
stage in Eastern Asia, and even a number of those receiving
radical surgery have local and systemic recurrence (2). Several
clinical trials have been performed to compare between
surgery with adjuvant chemotherapy following curative D2
gastrectomy or neoadjuvant chemotherapy prior to D2 or
more extended surgery, and surgery alone, including the
ACTS-GC, CLASSIC,NSAS-GC, JCOG 0501 and PRODIGY
studies (2-5). The results of those trials demonstrated that
adjuvant chemotherapy with surgery may be more beneficial to
patients compared with surgery alone, and the phase III trials
of neoadjuvant chemotherapy (JCOG 0501 and PRODIGY)
are still going on.

Metronomic chemotherapy, in last decade, has been gradu-
ally recognized and became an alternative to conventionally
scheduled chemotherapy. The notion of ‘high time for low dose’
has replaced ‘the higher the dose, the better’ with the purpose
of administering systemic therapy incessantly with minimal
side effects (6). Metronomic chemotherapy not only disrupts
the process of cell division, which inhibits the proliferation
of cancer cell, but also eliminates endothelial cells involved
in angiogenesis, termed an anti-angiogenetic effect (7). In our
previous studies, capecitabine and 5-fluorouracil (5-Fu) was
able to express a marked anti-angiogenetic effect when admin-
istered at defined doses and schedules in mice xenografts of
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gastrointestinal cancer cell lines (8,9). Besides tapering the
tumor growth, the anti-angiogenetic activity of metronomic
chemotherapy was able to overcome drug resistance (10). It
is known that inherent and acquired resistance are one of
the major hinders for chemotherapy (11). In recent years,
studies on chemotherapy resistance have focused on the tumor
microenvironment. Cancer-associated fibroblasts (CAFs), the
dominant component of the tumor microenvironment, have
been confirmed to modulate chemoresistance by secreting
cytokines, including stromal cell-derived factor-la, inter-
leukin (IL)-6 and IL-17A (12-14). The present study aimed to
evaluate whether capecitabine or 5-Fu chemotherapy with the
metronomic pattern may cause significant chemoresistance
compared with the traditional pattern, and whether CAFs are
involved in the drug resistance.

Materials and methods

Cell lines and culture. Human GC cell line, SGC-7901,
was obtained from Shanghai Institute of Digestive Surgery
(Shanghai, China). These cells were maintained in Dulbecco's
modified Eagle's medium (BasalMedia; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (AusgeneX Pty Ltd., Gold Coast, Australia)
at 37°C with 5% CO, and saturated humidity.

Establishment of GC xenografts and tissue collection.
Male Balb/c nude mice (n=25), 4-6 weeks of age, with body
weight of 15-20 g, were provided by the Research Center of
Experimental Medicine, Shanghai Jiaotong University School
of Medicine Affiliated Ruijin Hospital (Shanghai, China). Mice
received humane care, and the study protocol was approved
by the Animal Care and Use Committee and conducted in
accordance with the Guide for the Care and Use Laboratory
Animals of Ruijin Hospital, Shanghai Jiaotong University
School of Medicine. Prior to performing the experiment,
animals were placed in separate cages for 1 week to adapt to
the new environment, which was under specific pathogen-free
(SPF) conditions. The temperature was maintained at between
22 and 25°C, with between 40 and 70% relative humidity, a
12-h light/12-h dark cycle and a light intensity of between
15 and 20 lux. Water in drinking bottles and pelleted food
(Xietong-organism, Nanjing, China) were provided ad libitum.
The SGC-7901 cell suspension was adjusted to a cell density
of 1x107/ml, and the nude mice were subcutaneously inocu-
lated with a 100 pl suspension. Administration of the therapy
was initiated when the subcutaneous nodules were ~2 mm
in diameter. The nude mice were randomly divided into the
following groups: i) Control group, intraperitoneally injected
with normal saline; ii) 5-Fu conventional dose group [5-Fu
maximum tolerated dose (MTD) group], intraperitoneally
injected with 50 mg/kg, twice per week for 2 weeks, with a
1 week discontinuation for 6 weeks; iii) 5-Fu metronomic
group [5-Fu low-dose metronomic (LDM) group], intra-
peritoneally injected with 15 mg/kg, twice a week for 6 weeks;
iv) capecitabine (Roche Diagnostics, Shanghai, China)
conventional dose (capecitabine MTD group), intragastric
500 mg/kg, twice per week for 2 weeks, with a 1 week discon-
tinuation for 6 weeks; and v) capecitabine metronomic group
(capecitabine LDM group), intragastric administration at
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200 mg/kg, twice a week for 6 weeks. Following drug admin-
istration, a Vernier caliper was used to measure the length (L)
and short track (W) of the tumor mass every 7 days in order to
calculate the volume (V) according to the following formula:
V=(W +L)/(2x W x L x0.5236) (9). Tumor size did not exceed
20 mm in any direction.

Immunohistochemical staining (IHC). The tumor was
fixed with 10% formaldehyde for 24 h at room tempera-
ture. Following hematoxylin-eosin staining (30 min; room
temperature) for tumor confirmation, immunohistochemical
staining was performed on 4-pym sections following the
EnVision two-step procedure of DakoREAL™ EnVision™
Detection system (Dako; Agilent Technologies GmbH,
Waldbronn, Germany). The slides were incubated at 4°C
overnight with primary antibodies for GSTP (dilution, 1:100;
catalog no. GT202729; Dako; Agilent Technologies GmbH),
MDRI1 (dilution, 1:50; catalog no. BM0508; Wuhan Boster
Biological Technology, Ltd. Wuhan, China), a-smooth muscle
actin (a-SMA; dilution, 1:50; catalog no. GM085129; Dako;
Agilent Technologies GmbH), CD34 (dilution, 1:200; catalog
no. SC-9095; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) and vascular endothelial growth factor (VEGF; dilu-
tion, 1:50; catalog no. M727329; Dako; Agilent Technologies
GmbH). The horseradish peroxidase-labeled antibody to
rabbit and mouse immunoglobulin were used as secondary
antibodies (used as supplied; catalog no. K5007; Dako;
Agilent Technologies GmbH) incubated at 37°C for 30 min.
The slides were visualized by diaminobenzidine under a light
microscope (BX51, Olympus Corporation, Tokyo, Japan; x200
magnification). The staining result criteria were as follows: A
tumor with brownish-yellow granules was positive for anti-
body staining. Image-Pro Plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA) was used to measure the mean density
of positive staining, which was the equivalent to the total inte-
grated optical density/area.

Statistical analysis. SPSS software (version 13.0; SPSS, Inc.,
Chicago, IL, USA) was used for statistical analysis. Data are
presented as the mean + standard deviation, and differences
between the groups were compared using one-way analysis of
variance with the Tukey's multiple comparison post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Expressionofchemoresistance markersisincreasedfollowing
chemotherapy. Our previous studies have confirmed that
metronomic 5-Fu-based chemotherapy may perform an
anti-angiogenetic role, which is associated with the anti-
tumor effects of metronomic chemotherapy in vivo and
in vitro. Compared with the conventional dose traditional
chemotherapy, the antitumor effect of low dose metronomic
chemotherapy is not inferior to the former (8,9). In addition to
the anti-angiogenetic effect, it was speculated that there are
other factors that enhance the antitumor effect of low-dose
groups. Thus, the expression of chemoresistance markers,
including GSTP and MDR1, was examined in the two groups.
The expression of GSTP and MDR1 in GC was determined
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by ITHC. MDRI1 expression was present as brown-yellow
particles in the plasma membrane and cytoplasm, and GSTP
was observed in the nucleus and cytoplasm. IHC revealed
that GSTP and MDRI1 expression were significantly higher
in the 5-Fu-based MTD groups compared with those of the
LDM, and control group (Figs. 1 and 2). In terms of GSTP, the
mean density of staining positive in the 5-Fu MTD, LDM and
control groups was 0.120+0.01, 0.076+0.001 and 0.06+0.001,
respectively, and the 5-Fu LDM group was significantly
lower than the 5-Fu MTD dose group (P<0.001) and slightly
higher compared with the control group (P<0.05; Fig. 1B).
The mean density of staining positive in capecitabine MTD,
capecitabine LDM and the control groups was 0.134+0.01,
0.109+0.002 and 0.06+0.001, respectively. The mean density
in the capecitabine LDM group was significantly lower
compared with the capecitabine MTD group (P<0.01) and
higher than the control group (P<0.001; Fig. 1B). In terms
of MDRI1, the mean density of positive staining in the 5-Fu
MTD, 5-Fu LDM and the control groups was 0.058+0.001,
0.028+0.001 and 0.02+0.001, respectively. The 5-Fu LDM
group was lower than the 5-Fu MTD group (P<0.0001), but
higher compared with control group (P<0.001; Fig. 2B).
The mean density of positive staining in the capecitabine
MTD, capecitabine LDM and the control groups was
0.052+0.001, 0.040+0.001, and 0.02+0.001, respectively. The
mean density in the capecitabine LDM group was signifi-
cantly lower than the capecitabine MTD group (P<0.0001)
and higher compared with the control group (P<0.0001;
Fig. 2B). Taken together, these observations advocated that
the MTD group of capecitabine and 5-Fu may increase
the risk of drug resistance when compared with the LDM
groups.

Tumor response to treatment is associated with increased
frequency of CAFs. Previous studies have demonstrated
that stromal compartments are changed by cytotoxic thera-
pies (14,15), indicating microenvironment-associated drug
resistance. Therefore, the stromal response in the MTD
and LDM groups treated with 5-Fu or capecitabine was
examined. CAFs were investigated on the basis of their
proposed roles in supporting drug-resistance (16). As the
characteristics of CAFs are rather distinctive in different
tumor types and stages, without homogeneity, in order
to compare the CAF evolution in GC following different
patterns of chemotherapies, matched samples from iden-
tical xenografts of the control, MTD, and LDM groups
were stained for the CAF marker a-SMA to reflect the
difference (Fig. 3A). The mean density of a-SMA in the
5-Fu MTD, 5-Fu LDM, capecitabine MTD, capecitabine
LDM and control groups was 0.0374+0.0015, 0.017+0.001,
0.0144+0.0002, 0.0122+0.0002 and 0.0098+0.0013, respec-
tively. IHC demonstrated that a-SMA increased following
chemotherapy, and the expression in the 5-Fu MTD group
was significantly higher compared with that of the 5-Fu
LDM group (P<0.0001; Fig. 3B). In addition, the expression
of a-SMA in the capecitabine MTD group was significantly
higher compared with that of the capecitabine LDM group
(P<0.05; Fig. 3B). These results indicated that CAFs are
enriched during post-therapy tumor growth, particularly
following conventional dose traditional chemotherapy.
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Effect of different chemotherapy patterns on the expression of
CD34 and VEGF. Matched samples from identical xenografts
of the control, MTD and LDM groups were stained for CD34,
and VEGF (Figs. 4 and 5). The THC results revealed that the
mean density of CD34 in the control group was 0.044+0.004,
while the mean densities of CD34 in 5-Fu conventional dose
and metronomic groups were 0.050+0.014, and 0.0216+0.0009,
respectively. The mean densities of CD34 in the capecitabine
conventional dose and metronomic groups were 0.051+0.004,
and 0.034+0.003, respectively. This indicates that 5-Fu and
capecitabine conventional dose traditional chemotherapy have
no significant effect on the microvascular density (MVD) in
GC xenografts, but 5-Fu and capecitabine low dose metro-
nomic chemotherapy significantly decreased the MVD (P<0.05
and P<0.01, respectively; Fig. 4B). These results correspond
with those of our previous study revealing that it is 5-FU and
capecitabine metronomic chemotherapy rather than 5-FU and
capecitabine traditional chemotherapy that decrease the MVD
in the GC xenografts (9). The mean densities of VEGF in
the 5-Fu MTD, 5-Fu LDM, capecitabine MTD, capecitabine
LDM and control groups were 0.016+0.001, 0.0066+0.0001,
0.063+0.001, 0.012+0.001, and 0.063+0.001, respectively
(Fig. 5). The results of IHC demonstrated that, although the
level of VEGF in the capecitabine MTD group was similar to
those of the control group (P>0.05), the VEGF expression was
significantly decreased following 5-Fu and capecitabine LDM
(both P<0.0001; Fig. 5B).

Discussion

5-Fu-based chemotherapy served as the first-line treatment
of GC (17). Capecitabine is a precursor of 5-Fu and exhibits
antitumor effects via conversion by the thymidine phosphory-
lase enzyme in cancer cells (8). To be an oral cytotoxic agent,
capecitabine has significant merits compared with intrave-
nous drugs with regards to being an appropriate choice for
metronomic chemotherapy (9). The characteristics of better
efficacy, low toxicity and good compliance, which have been
confirmed, made metronomic chemotherapy a novel trend in
tumor chemotherapy (8.,9).

In the present study, 5-Fu-based metronomic chemotherapy
significantly reduced the expression level of GSTP and MDR1
compared with those of conventional dose chemotherapy. A
previous study has demonstrated that multidrug resistance
(MDR) is the main cause for the failure of chemotherapy,
particularly in GC, and the occurrence of MDR proceeds
through an increased expression level of P-glycoprotein and a
decreased level of topoisomerase II (18). MDR1 protein, also
termed P-glycoprotein, may reduce the intracellular concen-
tration of chemotherapeutic drugs via inducing the efflux of
anticancer drug, and GSTP may protect cells against toxic
electrophiles and oxidative stress products, both of which
are classical MDR pathways leading to drug resistance (19).
Additionally, GSTP-positive GCs are resistant to 5-Fu (20),
which corresponds to the present study findings whereby
5-Fu-based conventional chemotherapy group acquired
drug-resistance.

To the best of our knowledge, no studies have previously
compared the drug resistance abilities between different
chemotherapeutic routes. It was found that conventional
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Figure 1. GSTP expression following different chemotherapy regimens of 5-Fu and capecitabine. (A) Immunohistochemical staining for the 5-Fu MTD group,
the 5-Fu LDM group, the capecitabine MTD group, the capecitabine LDM group and the control group. (B) Quantification of GSTP expression in the 5-Fu and
capecitabine groups. Magnification, x200. 5-Fu, 5-fluorouracil; LDM, low-dose metronomic; MTD, maximum tolerated dose; GSTP, glutathione transferase Pi.
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Figure 2. MDR1 expression following different chemotherapy regimens of 5-Fu and capecitabine. (A) Immunohistochemical staining for the 5-Fu MTD group,
the 5-Fu LDM group, the capecitabine MTD group, the capecitabine LDM group and the control group. (B) Quantification of MDR1 expression in the 5-Fu

and capecitabine groups. Magnification, x200. 5-Fu, 5-fluorouracil; LDM, low-dose metronomic; MTD, maximum tolerated dose; MDR 1, multidrug resistance
protein 1.

chemotherapy with 5-Fu or capecitabine may increase the risk ~ The increased expression of CAFs in the tissue of patients
of drug resistance compared with a metronomic approach. receiving conventional therapy suggests the possibility of
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Figure 3.Cancer-associated fibroblasts marker a-SM A expression following different chemotherapy regimens of 5-Fuand capecitabine. (A) Immunohistochemical
staining for the 5-Fu MTD group, the 5-Fu LDM group, the capecitabine MTD group, the capecitabine LDM group and the control group. (B) Quantification

of a-SMA expression in the 5-Fu and capecitabine groups. Magnification, x200. 5-Fu, 5-fluorouracil; LDM, low-dose metronomic; MTD, maximum tolerated
dose; a-SMA, a-smooth muscle actin.
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Figure 4. CD34 expression following different chemotherapy regimens of 5-Fu and capecitabine. (A) Immunohistochemical staining for the 5-Fu MTD group,
the 5-Fu LDM group, the capecitabine MTD group, the capecitabine LDM group and the control group. (B) Quantification of CD34 expression in the 5-Fu and
capecitabine groups. Magnification, x200. 5-Fu, 5-fluorouracil; LDM, low-dose metronomic; MTD, maximum tolerated dose; CD34, cluster of differentiation 34.

drug resistance (16). Thus, it was speculated that CAFs may  The results in mice have essential clinical implications, which
rebuild the vessel in the microenvironment via the production = may aid in explaining why a number of patients receiving
of VEGF, leading to drug resistance following chemotherapy. = metronomic or maintenance chemotherapy continue to have
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Figure 5. VEGF expression following different chemotherapy regimens of 5-Fu and capecitabine. (A) Immunohistochemical staining for the 5-Fu MTD group,
the 5-Fu LDM group, the capecitabine MTD group, the capecitabine LDM group and the control group. (B) Quantification of VEGF expression in the 5-Fu
and capecitabine groups. Magnification, x200. 5-Fu, 5-fluorouracil; LDM, low-dose metronomic; MTD, maximum tolerated dose; VEGF, vascular endothelial

growth factor.

stable disease exceeding the expected duration for cancer
cells to acquire chemoresistance. Studies associated with
metronomic chemotherapy mainly focus on anti-angiogenic
functions without consideration of the interaction with the
microenvironment; however, the change in the tumor micro-
environment caused by metronomic chemotherapy may affect
the chemoresistance (7-9). The study of metronomic chemo-
therapy to reduce drug resistance may be of use to improve
patient outcomes in clinical practice.

As demonstrated in a previous study (10), the anti-angio-
genetic characteristic of cyclophosphamide has been
demonstrated through increasing the apoptosis of tumor
cells and maintaining the cytotoxic pressure on the vascular
endothelial cells within the tumor bed, overall leading to
no drug resistance being acquired. These results were not
achieved using the conventional schedule, whereby mice
harboring tumors developed acquired drug resistance (10).
The anti-angiogenetic schedule used by Browder et al (10), is
similar to the metronomic chemotherapy in current use, as is
the metronomic administration pattern of 5-Fu or capecitabine.
All the methods utilize the drugs in innovative ways which are
able to have an improved effect over the traditional pattern.

The significant increase in the amount of CAFs following
chemotherapy indicated that chemotherapy may induce the
remodeling of the tumor microenvironment as well, and
CAFs may offer microenvironmental cues instructing tumor
drug resistance (14,21). In vitro assays have also demonstrated
that CAFs induce resistance to chemotherapy via secreting
cytokines (16,22,23). Besides chemotherapy agents, inhib-
iting CAFs may also enhance the effects of bevacizumab
(rhuMab VEGEF, Avastin) even in bevacizumab-resistant GC

cells (24), which is similar to the selective susceptibility of
a-SMA-deficient vessels to bevacizumab (25). CAFs are the
primarily source of VEGF, cancer epithelial cells are able to
produce VEGF and the level of VEGF is increased through
the cancer-stromal interaction (26). VEGFs and their recep-
tors have been revealed to modulate vascular permeability
activity, leading to enhanced interstitial fluid pressure in the
tumor stroma, which is associated with chemotherapeutic
resistance (25).

The participation of CAFs in tumor progression and
metastasis is well established, particularly in GC (27,28),
therefore, anti-CAF therapy may have a triple effect through its
anti-angiogenesis potency, antitumor qualities, and the ability
to increase chemotherapeutic drugs being absorbed by the
tumor (26). Similar to the oral anti-fungal agent itraconazole,
which is able to suppress the angiogenetic factors secreted
from CAFs, a synergic effect was demonstrated with peme-
trexed in a second-line therapy trial for lung cancer (24,29).

In conclusion, the present study demonstrated that low
dose metronomic chemotherapy was able to significantly
reduce the risk of acquired chemoresistance compared
with the normal dose conventional chemotherapy, and
the difference in the level of CAFs following both chemo-
therapy patterns confirmed the diversity of drug-resistance.
Furthermore, the downregulation of VEGF expression may
not only reflect the anti-angiogenesis effect of metronomic
chemotherapy, but also corresponds with the reduced
number of CAFs that occur, which may contribute to the
development of chemoresistance. To better understand the
crosstalk between metronomic chemotherapy and the tumor
microenvironment, including CAFs, mechanisms that lead
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to chemoresistance and molecules secreted by CAFs require
further characterization.
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