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Abstract. Metronomic chemotherapy (MCT) regimens may 
be associated with risks to the patient due to the ambiguity 
surrounding low dosages and schedules. In the present study, 
metronomic regimens of vinorelbine (NVB) combined with 
cisplatin (CDDP) or fluorouracil (5‑FU) were chosen to study 
the dose‑response associations with tumor growth and metas‑
tasis, along with the underlying mechanisms in angiogenesis, 
apoptosis and tumor immunity, using experimental techniques 
such as immunofluorescence, immunohistochemistry, western 
blotting and flow cytometry. The results demonstrated a 
dual‑directional pharmacological action of promoting and 
suppressing tumor growth or metastasis in BALB/c mice 
bearing a 4T1 tumor at certain low and high doses of the drugs. 
Low doses of NVB combined with CDDP or 5‑FU accelerated 
tumor growth by enhancing angiogenesis, increasing the expres‑
sion of angiogenic proteins, NF‑κB and osteopontin in tumor 
tissues, and inducing the accumulation of myeloid‑derived 
suppressor cells and macrophages. By contrast, higher doses 
inhibited tumor growth by suppressing these effects. Notably, 
the upregulation of apoptotic proteins was observed after low‑ 
and high‑dose treatments. Furthermore, at low concentrations, 
NVB combined with CDDP or 5‑FU stimulated certain func‑
tions of endothelial and tumor cells, including migration and 
invasion, whereas at higher concentrations they suppressed 
proliferation and induced apoptosis. Therefore, the results of 
the present study suggested the potential risks of metronomic 
combination chemotherapy by demonstrating that, at certain 
low doses, tumor growth or metastasis was promoted, and 
emphasized the existence of an effective dose interval that 
changes with different drug combinations. However, further 
studies are needed before a specific metronomic combination 
regimen can be administered clinically for cancer treatment.

Introduction

In conventional chemotherapy, antineoplastic drugs are 
administered at a maximum tolerated dose (MTD), derived 
from the maximum survivable dose or minimum lethal dose, 
with the aim of eliminating as many proliferative tumor 
cells as possible (1). Accumulating evidence has indicated 
that the heterogeneity of tumor tissues can result in tumor 
cells that have different responses to the same chemothera‑
peutic regimen, indicating that treatment regimens should 
be based upon a combination of antineoplastic agents (2,3). 
Moreover, the current combinations of effective MTD regi‑
mens are still falling short of expectations for disease control 
and/or regression, frequently due to severe toxicity. There 
have been significant efforts to identify the optimal strategy 
for achieving disease control while reducing toxicity, as drug 
doses and schedules were found to be the determinants of 
chemotherapeutic efficacy (4).

Metronomic chemotherapy (MCT) involves the continuous 
administration of antineoplastic drugs at relatively low, effec‑
tive, minimally toxic doses and without extended drug‑free 
intervals (5). The mild toxicity of MCT may enable more 
effective and tolerable chemotherapy combinations, increasing 
the selectivity of therapeutic strategies for cancer (6,7). The 
purpose of combining low‑dose antineoplastic drugs with 
different modes of action is to achieve a synergy to yield a 
sufficient antitumor efficacy with lower doses, and to reduce 
the incidence and intensity of side effects. Nevertheless, deter‑
mining the optimal metronomic combination regimen has 
been challenging due to low dosages and drug‑free intervals 
covering numerous possible combinations. There have been 
some attempts to develop metronomic combination regimens, 
but they were empirical in terms of determining the appro‑
priate dosage and interval for administering antineoplastic 
agents due to the lack of a specific definition of MCT and 
standardized guidance (8,9). Furthermore, emerging evidence 
has indicated that low‑dose antineoplastic agents, such as 
gemcitabine and cyclophosphamide, may promote tumor 
growth or metastasis, suggesting a potential risk associ‑
ated with the empirical administration of chemotherapy 
drugs in MCT (10,11). Therefore, metronomic combination 
chemotherapy has only theoretical advantages, but presents a 
number of risks and challenges in clinical practice. Further 
research is urgently required to determine the optimal doses of 
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combination regimens, despite the proven efficacy and toler‑
ability of metronomic combination chemotherapy (12,13).

Vinorelbine (NVB) is an anti‑tubulin agent, and one of the 
most frequently used chemotherapy drugs in MCT, either in 
monotherapy or in combination with other drugs, including 
cisplatin (CDDP), fluorouracil (5‑FU) and targeted agents such 
as tyrosine kinase inhibitors and immune checkpoint inhibi‑
tors (14,15). Although NVB‑based metronomic combination 
therapy has yielded inconsistent clinical outcomes, the details 
about this inconsistency remain unclear (16,17). CDDP and 
5‑FU are extensively utilized chemotherapeutic drugs that have 
an antitumor effect on various types of cancer, such as breast 
and colorectal cancer, by inducing DNA lesions or obstructing 
DNA synthesis, respectively (18,19). In the present study, the 
dose‑response associations and mechanisms of NVB‑based 
combination regimens were investigated, specifically NVB + 
CDDP and NVB + 5‑FU, both in vivo and in vitro.

Materials and methods

Chemicals. NVB (cat. no. 19990278) and CDDP 
(cat. no. 20040813) were provided by Jiangsu Hansoh 
Pharmaceutical Group Co., Ltd. 5‑FU (cat. no. 31020593) 
was purchased from Shanghai Xudong Haipu Pharmaceutical 
Co., Ltd. The chemicals were prepared in 0.9% sodium chlo‑
ride solution (cat. no. 19994067), which was obtained from 
Shanghai Baxter Medical Supplies Co., Ltd.

Cell lines. The human umbilical vein endothelial cell 
(HUVEC) line and the 4T1 breast cancer cell line were 
obtained from The Cell Bank of Type Culture Collection of 
The Chinese Academy of Sciences. The HUVEC line was 
cultured in DMEM media (Gibco; Thermo Fisher Scientific, 
Inc.) and the 4T1 cell line was cultured in RPMI‑1640 media 
(Gibco; Thermo Fisher Scientific, Inc.), supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin, in a culture chamber 
with 5% CO2 at 37˚C.

Tumor models. Animal experiments were approved by The 
Biomedical Ethics Committee of Xi'an Jiaotong University 
(Xi'an, China). Furthermore, the animal experiments were 
performed in accordance with the guide for the care and use 
of laboratory animals during the treatment period (20). Female 
BALB/c mice (6‑8 weeks old; 18‑22 g; GemPharmatech Co., 
Ltd.) were housed under a capacious and controlled environ‑
ment with constant humidity, temperature (20‑22˚C) and a 
12‑h light cycle, as well as with unlimited access to chow and 
water to prevent death caused by environmental and feeding 
factors.

Mouse models of tumor growth or metastasis were 
established by injecting 1x106 in 0.1 ml 4T1 tumor cells 
into the subcutaneous groin or tail vein of each mouse, 
respectively. In the present study, the experimental doses 
were determined based on published research and prelimi‑
nary experiments (21,22). All mice were randomly grouped 
into the control or treatment groups (6 mice/group), and i.p. 
injected with either 0.9% sodium chloride solution (control), 
NVB + CDDP (0.03125/0.05, 0.0625/0.1, 0.125/0.2, 0.25/0.4, 
0.5/0.8, 1/1.6 or 2/3.2 mg/kg) or NVB + 5‑FU (0.0525/3.9375, 

0.105/7.875, 0.21/15.75, 0.42/31.5 or 0.84/63 mg/kg) in a 
volume of 0.1 ml/10 g body weight, 24 h after tumor cell 
inoculation; this dosing regimen was repeated every other 
day for 2 weeks. The health and behavior of the mice and the 
size of the tumors were monitored daily. Notably, the diet of 
the animals was closely monitored due to the common gastro‑
intestinal reactions such as nausea, vomiting and anorexia, 
associated with these chemotherapeutic drugs (23). The 
tumor burden did not exceed 5% of the initial body weight 
of the mouse, which is commonly considered a humane 
endpoint in mouse models. At the end of the study, the 
mice were anesthetized by intraperitoneal injection of 20% 
(1 g/kg) urethane solution and sacrificed by cervical disloca‑
tion. The blood, tumors and lungs of the tumor‑bearing mice 
were collected for further examination.

Cell‑counting kit‑8 (CCK‑8) and MTT assays. HUVEC and 
4T1 cell viability was measured by CCK‑8 or MTT assays. 
The maximal concentration (Cmax) of NVB + CDDP or NVB + 
5‑FU was determined using the following formula: Cmax(NVB + 

CDDP)=IC50(NVB) + IC50(CDDP) or Cmax(NVB + 5‑FU)=IC50(NVB) + IC50(5‑FU). 
Next, the cells were seeded at 2.5x103 cells/well in a 96‑well 
plate and treated with a series of concentrations of NVB + 
CDDP and NVB + 5‑FU. The cells were incubated with 
CCK‑8 (cat. no. AR1160; Boster Biological Technology) or 
MTT (cat. no. 1334MG250; BioFroxx; neoFroxx) reagent for 
1 or 4 h, respectively, before measuring the absorbance using 
a Multimode Reader (Synergy LX; BioTek) at 450 nm for 
CCK‑8 or 490 nm for MTT.

Cell apoptosis. Briefly, 1x105 HUVECs or 4T1 tumor cells 
per well were seeded in a 6‑well plate and harvested by 
centrifugation (1,000 x g, 5 min,) 4˚C) following treatment 
with antineoplastic agents. The HUVECs or 4T1 cells were 
treated with NVB + CDDP (0.03/88 and 3.6/1.1x104 nM; 
0.125/37.5 and 4/1.2x103 nM) and NVB + 5‑FU (0.1/1.4x103 
and 3.6/4.5x104 nM; 0.06/5.3 nM and 4/340 nM). The 
harvested cells were processed using an Annexin V‑PE/7‑AAD 
Apoptosis Detection Kit (cat. no. G1512‑50; Wuhan Servicebio 
Technology Co., Ltd.), following the manufacturer's instruc‑
tions. Next, cell apoptosis was measured by Flow Cytometry 
(FACSCanto™ II; BD Biosciences) and analyzed by FlowJo 
version 10 software (FlowJo LLC).

Wound healing assay and Transwell assay. The 
HUVECs or 4T1 cells were treated with NVB + CDDP 
(0.03/88 and 3.6/1.1x104 nM; 0.25/75 and 4/1.2x103 nM) and 
NVB + 5‑FU (0.1/1.4x103 and 3.6/4.5x104 nM; 0.03/2.7 nM 
and 4/340 nM) in vitro, respectively.

For wound healing assay, HUVECs or 4T1 cells were 
seeded and cultured in a 6‑well plate with media supplemented 
with 10% FBS until 80‑90% confluency was reached. The cell 
layer was then wounded using a 200‑µl pipette tip and washed 
with PBS to remove the non‑adherent cells. Images were 
captured using a light microscope (XD‑202; Nanjing Jiangnan 
Novel Optics Co., Ltd.) with x100 magnification before 
and after the cells were incubated with serum‑free media 
containing antineoplastic agents for 24 h at 37˚C. The relative 
change of the wound area was analyzed using Image‑Pro Plus 
software (version 6.0; Media Cybernetics, Inc.).
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The Transwell assay was performed using a 24‑well plate 
with 8‑µm pore chambers (MilliporeSigma), as previously 
described (24). The top chamber was precoated with Matrigel 
Matrix (cat. no. 354234; Corning, Inc.) for 4 h at 37˚C. Next, 
5x105 cells were suspended with serum‑free media and seeded 
in each chamber, and complete media containing antineoplastic 
agents were placed in the bottom wells. After 24 h incubation, 
the non‑invaded cells were wiped away and the invaded cells 
were fixed with 4% paraformaldehyde for 10 min, followed by 
staining with 0.1% crystal violet dye for 10 min, both at room 
temperature. Images were captured using a light microscope 
(XD‑202; Nanjing Jiangnan Novel Optics Co., Ltd.) with x100 
magnification.

Hematoxylin & eosin (H&E) staining, immunohistochemistry 
and immunofluorescence. The tissues, including tumor and 
lung tissues, were fixed by immersing in a 4% paraformalde‑
hyde solution for >24 h at room temperature. After fixation, the 
tissues were embedded in paraffin and cut into slices (5‑µm 
thickness). The lung slices were deparaffinized by a xylene 
and ethanol series for 5‑10 min and stained with hematoxylin 
(1‑2 min) and eosin (5 min) at room temperature to analyze 
the tumor metastatic nodules in the lung tissues. The images 
were digitized using a 3D Histech Scanner System (DX12; 
3DHISTECH Ltd.).

Immunohistochemical and immunofluorescence staining 
were conducted as previously reported (25). Briefly, the 
dewaxed tissue slice (treated as aforementioned) was incu‑
bated with 3% H2O2 to block the endogenous peroxidase 
activity, immersed in sodium citrate for antigen retrieval 
(95‑100˚C for 15 min) and blocked with 5% bovine serum 
albumin (cat. no. AR0004; Boster Biological Technology) 
for 30 min at 37˚C. For immunohistochemistry, the slice was 
incubated with osteopontin (OPN; 1:1,000; cat. no. ab283656; 
Abcam), matrix metalloproteinase (MMP)‑2 (1:1,000; 
cat. no. GB11130; Wuhan Servicebio Technology Co., Ltd.) 
and MMP‑9 (1:5,000; cat. no. ab283575; Abcam) primary 
antibodies overnight at 4˚C, incubated with a biotin conju‑
gated IgG (cat. no. BA1003; Boster Biological Technology) 
secondary antibody for 30 min at 37˚C, stained with DAB 
and then counterstained with hematoxylin for 1‑2 min 
at room temperature. For immunofluorescence, the slice 
was incubated with CD31 (1:800; cat. no. GB11063‑2; 
Wuhan Servicebio Technology Co., Ltd.), CD11b (1:1,000; 
cat. no. 133357; Abcam), F4/80 (1:1,000; cat. no. 300421; 
Abcam) and CD206 (1:400; cat. no. GB113497‑100; Wuhan 
Servicebio Technology Co., Ltd.) primary antibodies 
overnight at 4˚C. The slice was then incubated with Cy3 
(1:1,000; cat. no. GB21303; Wuhan Servicebio Technology 
Co., Ltd.) or Alexa Fluor® 488 (1:1,000; cat. no. GB25303; 
Wuhan Servicebio Technology Co., Ltd.)‑conjugated IgG 
for 50 min at 37˚C. Finally, the slice was stained with 
DAPI (cat. no. AR1177; Boster Biological Technology) for 
10 min at room temperature. Images were obtained using a 
fluorescent Zeiss Axio Imager (Carl Zeiss AG).

Western blotting. The tumor tissues were lysed with RIPA 
lysis buffer (cat. no. R0020; Beijing Solarbio Science & 
Technology Co., Ltd.) supplemented with 1% protease and 
1% phosphatase inhibitors. The protein concentrations 

were quantified using a BCA protein quantification kit 
(cat. no. G2026; Wuhan Servicebio Technology Co., Ltd.). 
Equal amounts of 15 µg denatured protein per lane were then 
separated on 10% SDS‑PAGE gels and transferred to PVDF 
membranes (MilliporeSigma). The membranes were immersed 
in 5% (w/v) non‑fat milk for 2 h at room temperature to block 
non‑specific binding and were then cut horizontally according 
to the different molecular weights. The cut membranes were 
then incubated with the following targeted primary antibodies 
overnight at 4˚C: β‑actin (1:5,000; cat. no. bs‑0061R; Bioss), 
VEGF (1:800; cat. no. bs‑0279R; Bioss), VEGFR1 (1:1,000; 
cat. no. 32152; Abcam), VEGFR2 (1:1,000; cat. no. 9698s; 
CST Biological Reagents Co., Ltd.), NF‑kB (1:1,000; 
cat. no. 8242; CST Biological Reagents Co., Ltd.), caspase‑3 
(1:1,000; cat. no. 9662; CST Biological Reagents Co., Ltd.), 
cleaved‑caspase‑3 (1:1,000; cat. no. 9661; CST Biological 
Reagents Co., Ltd.), caspase‑8 (1:1,000; cat. no. 4790T; CST 
Biological Reagents Co., Ltd.) and cleaved‑caspase‑8 (1:1,000; 
cat. no. 8592T; CST Biological Reagents Co., Ltd.), followed 
by incubation with an HRP‑conjugated secondary antibody 
(1:8,000; cat. no. BA1054; Boster Biological Technology) 
for 2 h at 37˚C. The signal was examined using Clarity 
Western ECL Substrates (Bio‑Rad Laboratories, Inc.) and a 
ChemiDoc™ XRS+ System (Bio‑Rad Laboratories, Inc.). The 
analysis was performed using Image Lab software version 3.0 
(Bio‑Rad Laboratories, Inc.).

Flow cytometry. The blood collected from the tumor‑bearing 
mice was lysed with ammonium‑chloride‑potassium lysis 
buffer (cat. no. 00‑4333‑57; Thermo Fisher Scientific, Inc.) and 
washed with pre‑cooled PBS to harvest cells by centrifugation 
(1,000 x g, 5 min at 4˚C). The cells were incubated with PE 
anti‑mouse Ly‑6G/Ly‑6C (Gr1; 0.25 µg/µl; cat. no. 108407; 
BioLegend, Inc.), FITC anti‑mouse CD11b (0.25 µg/µl; 
cat. no. 101205; BioLegend, Inc.) and APC anti‑mouse Ki‑67 
(0.25 µg/µl; cat. no. 652405; BioLegend, Inc.) antibodies 
for 40 min at 4˚C. The positive cells were measured using a 
FACSCanto II Flow Cytometry System (BD Biosciences) and 
analyzed by FlowJo version 10 (FlowJo LLC). 

Statistical analysis. Statistical analyses were performed using 
SPSS software (version 19.0; IBM Corp.). Data are presented 
as the mean ± SD. Comparisons of two or more groups were 
conducted using an unpaired sample t‑test or one‑way ANOVA 
with the Bonferroni post hoc test, respectively. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Dual‑directional effect of NVB combined with CDDP or 
5‑FU on tumor growth and metastasis. The dose‑response 
association of NVB combined with CDDP or 5‑FU on tumor 
growth was evaluated using a breast cancer mouse model, 
which involved the subcutaneous injection of 4T1 tumor cells 
into the inguinal area of BALB/c mice. The tumor weight 
increased by 37.32, 40.09 and 54.09% (P<0.01, P<0.01 and 
P<0.05, respectively) following treatment with 0.03125/0.05, 
0.0625/0.1 and 0.125/0.2 mg/kg NVB + CDDP, respectively, 
but decreased by 37.17, 45.60 and 72.20% (all P<0.01) following 
treatment with 0.5/0.8, 1/1.6 and 2/3.2 mg/kg NVB + CDDP, 



LIU et al:  EFFECT OF METRONOMIC COMBINATION CHEMOTHERAPY ON TUMOR GROWTH AND METASTASIS4

respectively, compared with the control (Fig. 1A and B). 
One mouse in the 0.03125/0.05 mg/kg NVB + CDDP treat‑
ment group died on day 6 due to internal bleeding caused 
by an accident during the subcutaneous injection process. A 
similar result was observed in the NVB + 5‑FU treatment 
groups (Fig. 1C), where the tumor growth increased by 
67.17, 60.55 and 58.34% (P<0.01, P<0.01 and P<0.05, respec‑
tively) following treatment with 0.0525/3.9375, 0.105/7.875 
and 0.21/15.75 mg/kg NVB + 5‑FU, respectively, while 
tumor growth decreased by 28.79% (P<0.05) following 

treatment with 0.84/63 mg/kg NVB + 5‑FU. As shown in 
Fig. 1D and E, in the group receiving 0.84/63 mg/kg NVB + 
5‑FU, one out of the six mice exhibited weight loss (11.05%) 
and experienced mild diarrhea (wet and soft stool), ultimately 
resulting in death on day 12, possibly due to an adverse 
intestinal reaction (26).

Based on the aforementioned findings, the effect of NVB + 
CDDP or NVB + 5‑FU on tumor metastasis was further inves‑
tigated in a BALB/c metastasis mouse model where 4T1 cells 
were injected into the tail vein. The H&E results demonstrated 

Figure 1. Effects of NVB combined with CDDP or 5‑FU on tumor growth or metastasis in vivo. Analysis of the 4T1 tumor weight of BALB/c mice (n=6) 
treated with (A) low or (B) high doses of NVB + CDDP, or (C) NVB + 5‑FU, administered once every other day for 2 weeks. (D) Survival curve of BALB/c 
mice treated with NVB + 5‑FU. (E) Weight change of the mouse treated with 0.84/63 mg/kg NVB + 5‑FU that died on day 12. (F) Representative images and 
(G) analysis of pulmonary metastatic nodules of BALB/c mice (n=3) treated with NVB + CDDP for 2 weeks, as well as the (H) analysis and (I) images of 
the NVB + 5‑FU treatment groups. Scale bar, 1,000 µm. *P<0.05, **P<0.01 vs. control. 5‑FU, fluorouracil; CDDP, cisplatin; Con, control; NVB, vinorelbine.
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that the number of pulmonary metastatic nodules increased 
by 43.75% (P<0.05) following treatment with 0.25/0.4 mg/kg 
NVB + CDDP and increased by 81.25% (P<0.01) and 28.13% 
(P<0.05) following 0.21/15.75 and 0.42/31.5 mg/kg NVB + 
5‑FU treatment, respectively, compared with the untreated 
group (Fig. 1F‑I). However, the number of pulmonary 
metastatic nodules decreased by 59.38% (P<0.01) following 
0.84/63 mg/kg NVB + 5‑FU treatment, compared with the 
untreated group (Fig. 1F‑I). Notably, although 2/3.2 mg/kg 
NVB + CDDP significantly inhibited tumor growth, this dose 
led to an insignificant reduction in pulmonary metastases.

Collectively, these results indicated that metronomic 
administration of NVB + CDDP or NVB + 5‑FU induced a 
possible dual‑directional action of promoting and suppressing 
tumor growth and metastasis at different doses.

Dual‑directional effect of NVB combined with CDDP or 
5‑FU on angiogenesis. To explore whether angiogenesis 
was involved in the dual‑directional effect of metronomic 
combined regimens on tumor growth and metastasis, 
microvessel density (MVD) was observed in tumor and lung 
samples from the statistically significant groups by staining 
with a CD31 antibody, which is a surface marker of neovas‑
cular endothelial cells. The MVD significantly increased in 
tumor tissues by 44.05% (P<0.05) following treatment with 
0.0625/0.1 mg/kg NVB + CDDP, compared with the control 
group (Fig. 2A and B). Meanwhile, the MVD increased by 
145.99% (P<0.01) following 0.21/15.75 mg/kg NVB + 5‑FU 
treatment and decreased by 51.77% (P<0.05) following 
0.84/63 mg/kg NVB + 5‑FU treatment, compared with the 
control group (Fig. 2C and D). In the lungs with metastatic 
tumors, 0.21/15.75 mg/kg NVB + 5‑FU treatment resulted in 
a significant increase (132.78%) in MVD and 0.84/63 mg/kg 
NVB + 5‑FU treatment led to a 47.60% decrease, compared 
with the untreated group (both P<0.01; Fig. 2E and F).

The expression levels of pro‑angiogenic proteins, 
VEGF, VEGFR1 and VEGFR2, in the tumors were also 
determined by western blotting. As shown in Fig. 2G, 
0.0625/0.1 mg/kg NVB + CDDP significantly increased 
the VEGF, VEGFR1 and VEGFR2 protein expression levels 
by 22.69, 23.90 and 37.57% (all P<0.05), respectively, 
compared with the untreated group. However, the higher 
dose of 2/3.2 mg/kg NVB + CDDP reduced the expression 
of VEGF, VEGFR1 and VEGFR2 by 9.08, 18.35 and 15.11%, 
respectively, compared with the untreated group, but the 
changes were not statistically significant. Similarly, the 
VEGF, VEGFR1 and VEGFR2 expression levels were 
significantly upregulated by 29.00, 34.32 and 23.85%, 
respectively (P<0.05, P<0.05 and P<0.01, respectively) in the 
0.21/15.75 mg/kg NVB + 5‑FU treatment group compared 
with the untreated group (Fig. 2H). However, the VEGF and 
VEGFR1 expression levels were non‑significantly reduced 
by 18.36 and 0.50%, respectively, and the VEGFR2 expres‑
sion level was significantly reduced by 32.20% (P<0.01), 
following 0.84/63 mg/kg NVB + 5‑FU, compared with the 
untreated group (Fig. 2H).

The expression levels of angiogenesis‑related proteins, 
MMP‑2 and MMP‑9, in the lung tissues were also assessed. 
The MMP‑2 expression level was higher (38.20%; P<0.01) 
in the 0.25/0.4 mg/kg NVB + CDDP group and lower 

(29.43%; P<0.05) in the 2/3.2 mg/kg NVB + CDDP group 
compared with that in the control group (Fig. 2I). In addition, 
0.21/15.75 mg/kg NVB + 5‑FU increased the level of MMP‑9 
by 64.33% (P<0.05), whereas 0.84/63 mg/kg NVB + 5‑FU 
decreased the level of MMP‑9 by 73.65% (P<0.01), compared 
with the untreated group (Fig. 2J).

Collectively, these findings indicated that angiogenesis 
likely played a role in regulating tumor growth and metastasis 
in the present study, and the enhancement of angiogenesis was 
particularly notable at low doses of combined treatment.

Promotion of apoptosis in tumors treated with low and high 
doses of NVB combined with CDDP or 5‑FU. To observe 
the impact of metronomic NVB‑based combination regi‑
mens on apoptosis, the expression levels of apoptosis‑related 
proteins in tumor tissues were measured using western 
blotting. The levels of cleaved‑caspase‑3, caspase‑3 and 
caspase‑8, but not cleaved‑caspase‑8, were increased by 
30.04, 29.22 and 45.72% (P<0.01, P<0.01 and P<0.05), 
respectively, following treatment with 0.84/63 mg/kg NVB + 
5‑FU, compared with the untreated group (Fig. 3A). Notably, 
low‑dose 0.21/15.75 mg/kg NVB + 5‑FU also significantly 
increased the expression levels of cleaved‑caspase‑3, 
cleaved‑caspase‑8 and caspase‑8 by 53.52, 44.69 and 32.48% 
(P<0.01, P<0.01 and P<0.05), respectively, compared with 
the control group. Similar results were obtained in the 
low‑dose NVB + CDDP treatment groups. 0.0625/0.1 mg/kg 
NVB + CDDP significantly increased the expression levels 
of cleaved‑caspase‑3, caspase‑3, cleaved‑caspase‑8 and 
caspase‑8 by 29.44, 35.06, 51.98 and 27.04% (P<0.05, 
P<0.01, P<0.01 and P<0.01), respectively, compared with 
the untreated group (Fig. 3B). These findings suggested that 
either low or high dose treatments enhanced the expression 
of apoptotic proteins. Meanwhile, the inhibition of tumor 
growth induced by high‑dose treatment was related to the 
upregulation of apoptosis‑related proteins.

Previous studies suggest that, despite its known role in 
tumor suppression, apoptosis may stimulate tumor growth 
through the participation of NF‑κB and OPN (27,28). In the 
present study, it was found that the expression level of NF‑κB 
was higher (25.45%; P<0.05) in the 0.0625/0.1 mg/kg NVB + 
CDDP group than in the control group, and lower (14.42%;) 
in the 2/3.2 mg/kg NVB + CDDP group, but this result was 
not significant (Fig. 3C). Meanwhile, 0.0625/0.1 mg/kg 
NVB + CDDP increased the OPN expression level by 51.39% 
(P<0.01), whereas 2/3.2 mg/kg NVB + CDDP decreased the 
OPN expression level by 49.52% (P<0.05), compared with the 
untreated group (Fig. 3D and E). Furthermore, the OPN expres‑
sion level increased by 29.7% in the 0.21/15.75 mg/kg NVB + 
5‑FU group and decreased by 41.35% in the 0.84/63 mg/kg 

NVB + 5‑FU group, compared with the untreated group (both 
P<0.05; Fig. 3F and G). These findings demonstrated that the 
role of apoptosis in tumor growth may be influenced by NF‑κB 
and OPN, at low treatment doses.

The Ki67 index, a well‑recognized marker for the evaluation 
of cell proliferation, independently predicts the malignancy of 
tumors (29,30). Therefore, the effect of NVB‑based combi‑
nation regimens on Ki67 expression was investigated in the 
blood and lungs of mice with metastatic tumors. Although 
no significant differences were identified in the percentage of 
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Ki67+ cells in the blood of different subgroups treated with 
NVB + CDDP or NVB + 5‑FU (Fig. 3H‑K), the number of 
Ki67+ cells in the lungs increased following treatment with 

0.21/15.75 mg/kg NVB + 5‑FU but decreased following 
0.84/63 mg/kg NVB + 5‑FU (Fig. 3L). These results suggested 
that the number of Ki67+ cells in tissues may be more valuable 

Figure 2. Effects of NVB combined with CDDP or 5‑FU on angiogenesis. (A) Representative images and (B) analysis of CD31 (red) in 4T1 tumors treated 
with 0.0625/0.1 mg/kg NVB + CDDP using immunofluorescence. The cell nuclei were counterstained with DAPI (blue). (C) Analysis and (D) representative 
images of CD31 in tumors of BALB/c mice treated with NVB + 5‑FU, as well as (E) images and (F) analysis of CD31 in the lungs. VEGF, VEGFR1 and 
VEGFR2 protein levels were detected in 4T1 tumors following treatment with (G) NVB + CDDP or (H) NVB + 5‑FU using western blotting. Detection of 
(I) MMP‑2 and (J) MMP‑9 in the lungs of metastatic BALB/c mice treated with NVB + CDDP or NVB + 5‑FU using immunohistochemistry. n=3. Scale bar, 
20 µm. *P<0.05, **P<0.01 vs. control. 5‑FU, fluorouracil; CDDP, cisplatin; Con, control; IOD, integral optical density; MMP, matrix metalloproteinase; ns, not 
significant; NVB, vinorelbine; ns, not significant.
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Figure 3. Effects of NVB combined with CDDP or 5‑FU on apoptosis and Ki67 expression. Detection of the cleaved‑caspase‑3, caspase‑3, cleaved‑caspase‑8 
and caspase‑8 in 4T1 tumors following treatment with (A) NVB + 5‑FU or (B) NVB + CDDP by western blotting. (C) NF‑κB protein levels in 4T1 tumors 
treated with or NVB + CDDP. (D) Detection of OPN (brown) in 4T1 tumors following treatment with low dose and (E) high dose of NVB + CDDP using 
immunohistochemical staining. (F) Representative images and (G) analysis of OPN in 4T1 tumors in the NVB + 5‑FU treatment group. (H) Analysis and 
(I) images of Ki67+ cells in the blood of tumor metastatic mice after treatment with NVB + CDDP using flow cytometry, as well as the (J) analysis and 
(K) images after NVB + 5‑FU treatment. (L) Detection of Ki67+ cells in the lungs of metastatic BALB/c mice treated with NVB + 5‑FU. n=3. Scale bar, 20 µm. 
*P<0.05, **P<0.01 vs. control. 5‑FU, fluorouracil; CDDP, cisplatin; Con, control; IOD, integral optical density; ns, not significant; NVB, vinorelbine; OPN, 
osteopontin; ns, not significant.
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in the assessment of cell proliferation rates than the levels in 
peripheral blood.

Dual‑directional effect of NVB combined with CDDP or 
5‑FU on the apoptosis of endothelial and tumor cells in vitro. 
To explore the direct effect of NVB combined with CDDP or 
5‑FU on endothelial and tumor cells, cell viability, apoptosis, 
migration and invasion rates were assessed in vitro. The 50% 
inhibitory concentration (IC50) of NVB, CDDP and 5‑FU 
were 3.6, 1.1x104 and 4.5x104 nM for HUVECs, respectively. 
HUVEC viability was significantly suppressed following treat‑
ment with NVB + CDDP [concentrations ≥1/8 of the Cmax(NVB + 

CDDP)] and NVB + 5‑FU [concentrations ≥1/32 of the Cmax(NVB + 

5‑FU)] (Fig. 4A). Meanwhile, HUVEC apoptosis significantly 
increased by 220.66 and 133.81% (both P<0.01) following 
exposure to 3.6/1.1x104 nM NVB + CDDP and 3.6/4.5x104 nM 
NVB + 5‑FU, whereas it was inhibited by 32.89 and 28.31% 
(both P<0.05) following treatment with 0.03/88 nM NVB + 
CDDP and 0.1/1.4x103 nM NVB + 5‑FU, compared with 
untreated cells (Fig. 4B). In addition, the migration and invasion 
levels of HUVECs were significantly upregulated by 107.75% 
(P<0.01) and 40.18% (P<0.05), respectively, following expo‑
sure to 0.03/88 nM NVB + CDDP, and by 141.11% (P<0.01) 
and 46.72% (P<0.05), respectively, following treatment with 
0.1/1.4x103 nM NVB + 5‑FU, compared with the respective 
control cells (Fig. 4C and D). However, higher concentrations 
of 3.6/1.1x104 nM NVB + CDDP or 3.6/4.5x104 nM NVB + 
5‑FU slightly inhibited migration and invasion, compared 
with the control cells, but these changes were not statistically 
significant.

For 4T1 tumor cells, the IC50 values of NVB, CDDP and 5‑FU 
were 4, 1.2x103 and 340 nM, respectively. NVB + CDDP and 
NVB + 5‑FU had a significant inhibitory effect on cell viability 
following exposure to concentrations of ≥1/4 of the Cmax, and a 
significant enhancement effect was observed following expo‑
sure to 1/32 of the Cmax of NVB + CDDP, compared with the 
untreated cells (Fig. 4E). The apoptosis levels of 4T1 cells were 
significantly increased by 40.38 and 61.86% following treatment 
with 4/1,200 nM NVB + CDDP and 4/340 nM NVB + 5‑FU, 
respectively, but were decreased by 39.74 and 30.41% following 
treatment with 0.125/37.5 nM NVB + CDDP and 0.06/5.3 nM 
NVB + 5‑FU, respectively, compared with untreated cells (all 
P<0.05; Fig. 4F). Furthermore, treatment with 0.25/75 nM 
NVB + CDDP significantly increased migration and inva‑
sion by 39.87% (P<0.05) and 73.19% (P<0.01), respectively, 
and treatment with 0.03/2.7 nM NVB + 5‑FU significantly 
increased migration and invasion by 48.36% (P<0.05) and 
88.19% (P<0.01), respectively, compared with the respective 
controls (Fig. 4G and H). Notably, a high concentration of 
4/340 nM NVB + 5‑FU increased cell migration and invasion 
by 65.10 and 28.09% (both P<0.05), compared with untreated 
cells, and 4/1.2x103 nM NVB + CDDP increased migration by 
18.03% (P<0.05), compared with untreated cells, but no marked 
effect on invasion was observed.

Collectively, the results indicated that low concentration 
NVB‑based combination treatments suppressed the apoptosis 
of endothelial and tumor cells, and stimulated migration and 
invasion. Moreover, high concentrations had an antiprolifera‑
tive and apoptotic effect on both endothelial and tumor cells 
but induced inconsistent effects on cell migration and invasion.

Dual‑directional effect of NVB combined with CDDP or 
5‑FU on myeloid‑derived suppressor cells (MDSCs) and 
macrophages. MDSCs are regarded as important contributors 
to immunosuppression of the tumor microenvironment (31). 
To observe the effect of metronomic NVB‑based combina‑
tion regimens on immune cells, MDSC levels were initially 
measured in the blood and tumors of mice from the tumor growth 
model, as well as in the lungs of mice from the tumor metas‑
tasis model. It was found that the percentage of Gr1+CD11b+ 

MDSCs in the peripheral blood increased by 36.50% (P<0.05) 
and 77.44% (P<0.01) in the 0.0625/0.1 and 0.125/0.2 mg/kg 
NVB + CDDP treatment groups, respectively, compared with 
the control (Fig. 5A). In addition, treatments with 0.0525/3.9375, 
0.105/7.875 and 0.21/15.75 mg/kg NVB + 5‑FU increased the 
percentage of Gr1+CD11b+ MDSCs by 80.59, 90.75 and 83.87% 
(all P<0.01), respectively, while 0.84/63 mg/kg NVB + 5‑FU 
decreased the percentage of Gr1+CD11b+ MDSCs by 80.32% 
(P<0.01), compared with the control (Fig. 5B). In tumor tissues, 
the levels of CD11b+ MDSCs were higher (71.43%) following 
treatment with 0.21/15.75 mg/kg NVB + 5‑FU, and lower 
(51.79%) following 0.84/63 mg/kg NVB + 5‑FU, compared 
with those in untreated mice (both P<0.01; Fig. 5C and D). 
In lung tissues, 0.21/15.75 mg/kg NVB + 5‑FU significantly 
increased the number of CD11b+ MDSCs by 52.00%, and 
0.84/63 mg/kg NVB + 5‑FU decreased the number of CD11b+ 

MDSCs by 72.00% (both P<0.01; Fig. 5E and F). 
A number of studies have revealed that M2 macrophages 

are involved in tumor growth and metastasis (32,33). To 
further explore the potential role of macrophages in tumor 
growth, the levels of total and M2 macrophages were 
investigated in 4T1 tumor tissues of BALB/c mice from 
the tumor growth model. The levels of F4/80+ total and 
CD206+ M2 macrophages increased following treatment with 
0.21/15.75 mg/kg NVB + 5‑FU, while the levels decreased 
following 0.84/63 mg/kg NVB + 5‑FU (Fig. 5G).

Collectively, the results of the present study demonstrated a 
dual‑directional action of NVB combined with CDDP or 5‑FU 
on tumor growth and metastasis. Moreover, the dual‑directional 
action induced by the metronomic combination chemotherapy 
may have been the result of a mutual interaction of several 
mechanisms rather than any single specific mechanism 
(Fig. 6). 

Discussion

There is a great divide between ideal clinical demands and 
practical applications in cancer chemotherapy, primarily due 
to the difficulty in achieving an optimal efficacy‑toxicity 
balance (34). A thorough understanding of the dose‑response 
association of metronomic combination chemotherapy is 
crucial for the success of this chemotherapeutic strategy. In 
the present study, a dose‑dependent dual‑directional pharma‑
cological phenomenon was discovered in 4T1 tumor‑bearing 
BALB/c mice treated with NVB + CDDP and NVB + 5‑FU at 
the regular interval of every other day. The results demonstrated 
that tumor growth and metastases were stimulated following 
low‑dose treatment and was suppressed following higher 
doses. A previous study also demonstrated that gemcitabine 
+ CDDP at certain low doses facilitated tumor formation and 
growth in a xenograft mouse model of melanoma (11). These 
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Figure 4. Effects of NVB combined with CDDP or 5‑FU on the functions of endothelial and 4T1 tumor cells. (A) Analysis of HUVEC viability following 
treatment with NVB + CDDP or NVB + 5‑FU for 48 h using an MTT assay (n=6). (B) Detection of HUVEC apoptosis induced by NVB + CDDP or NVB + 
5‑FU by staining with Annexin V‑PE and 7‑AAD (n=3). HUVEC (C) migration and (D) invasion were investigated following treatment with NVB + CDDP or 
NVB + 5‑FU by wound healing and Transwell assays, respectively (n=3). (E) Cell viability, (F) apoptosis, (G) migration and (H) invasion of 4T1 tumor cells 
following treatment with NVB + CDDP or NVB + 5‑FU. Scale bar, 100 µm. *P<0.05, **P<0.01 vs. control. 5‑FU, fluorouracil; CDDP, cisplatin; Con, control; 
HUVEC, human umbilical vein endothelial cell; ns, not significant; NVB, vinorelbine; ns, not significant.



LIU et al:  EFFECT OF METRONOMIC COMBINATION CHEMOTHERAPY ON TUMOR GROWTH AND METASTASIS10

Figure 5. Effects of NVB combined with CDDP or 5‑FU on MDSCs and macrophages. The percentage of MDSCs in the peripheral blood of BALB/c mice 
following treatment with (A) NVB + CDDP or (B) NVB + 5‑FU was measured by staining with Gr‑1 and CD11b antibodies. (C) Representative images and 
(D) analysis of CD11b+ MDSCs (green) in the tumors of BLAB/c mice treated with NVB + 5‑FU using immunofluorescence, as well as the (E) analysis and 
(F) images in the lungs. (G) Detection of total macrophages (F4/80, red) and M2 macrophages (CD206, green) in tumors treated with NVB + 5‑FU. Cell nuclei 
were counterstained with DAPI (blue) (n=3). Scale bar, 50 µm. *P<0.05, **P<0.01 vs. control. Gr‑1, PE anti‑mouse Ly‑6G/Ly‑6C; 5‑FU, fluorouracil; CDDP, 
cisplatin; Con, control; MDSCs, myeloid‑derived suppressor cells; ns, not significant; NVB, vinorelbine.
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results suggested that inappropriate metronomic combination 
regimens, particularly when empirically determining metro‑
nomic regimens, may lead to unexpected outcomes associated 
with the use of low doses. In addition, the present study 
demonstrated that the doses that promote or inhibit tumor 
growth may differ from those that promote or inhibit tumor 
metastasis in the same drug combination. The modification 
of antineoplastic agent dosages or their schedules may target 
different cellular and molecular pathways, but the dosage 
might be a critical factor in influencing the pharmacological 
actions of antineoplastic agents administered at the same 
frequency based on the findings of the present study.

Blood vessels within tumor tissues provide oxygen and 
nutrients for tumor growth and serve as a route for the circu‑
lation of tumor and metastatic cells (35). The results of the 
present study demonstrated that the level of CD31, a surface 
marker of neovascular endothelial cells, in tumor or lung 
tissues increased after the low‑dose treatments and decreased 
after the higher dose treatments, which was in line with the 
dual‑directional effect on tumor growth or metastasis (36). 
VEGF binding to VEGFR2 is an important pathway for the 
functions of endothelial cells and angiogenesis (37). In the 
present study, western blotting demonstrated that low doses of 
NVB + CDDP or NVB + 5‑FU increased the expression levels 
of VEGF and VEGFR2, suggesting that metronomic combi‑
nation chemotherapy promoted tumor growth by enhancing 
tumor angiogenesis and the VEGF/VEGFR2 pathway. 
VEGFR1, which is required for metastasis, has an important 
role in the biological process of angiogenesis (38). The upregu‑
lation of VEGFR1 has been revealed to be associated with 

the promotion of tumor angiogenesis and metastasis (11,39). 
In the present study, low doses of NVB + CDDP or NVB + 
5‑FU increased the expression of VEGFR1, suggesting that 
VEGFR1 might be an important activator of angiogenesis 
at low doses of these drugs. However, in the present study, 
there was no statistically significant reduction in the levels of 
pro‑angiogenic proteins in the high‑dose treatments that led to 
the inhibition of tumor growth, and more research is needed 
to clarify this aspect. MMPs, including MMP‑2 and MMP‑9, 
participate in multiple stages of tumor progression, and are 
positively correlated with microvessel density and angiogenic 
markers, such as VEGF (40,41). Tumorigenesis and tumor 
progression may be mediated by angiogenic processes, such 
as the increase of vascularization and upregulation of VEGF, 
MMP‑2 and MMP‑9 (11,42). The results of the present study 
demonstrated that the expression levels of MMP‑2 and MMP‑9 
increased in the lungs following low‑dose treatments, indicating 
that angiogenesis participated in the mechanism of promoting 
tumor metastasis. Unlike conventional chemotherapy targeting 
fast‑dividing tumor cells, endothelial cells responsible for tumor 
neovascularization have always been regarded as the primary 
target of MCT (43). In the present study, NVB combined with 
CDDP or 5‑FU suppressed the apoptosis of endothelial cells and 
stimulated their migration and invasion at low concentrations. 
However, at higher concentrations, NVB combined with CDDP 
or 5‑FU enhanced apoptosis and suppressed proliferation. These 
results suggested that the survival and function of endothelial 
cells directly contributed to the acceleration of tumor growth 
at low drug doses, while apoptosis and anti‑proliferation 
primarily lead to the inhibition of tumor growth.

Figure 6. Proposed mechanisms of tumor growth in metronomic combination chemotherapy at different treatment doses of NVB + CDDP or NVB + 5‑FU. 
MMP, matrix metalloproteinase.



LIU et al:  EFFECT OF METRONOMIC COMBINATION CHEMOTHERAPY ON TUMOR GROWTH AND METASTASIS12

Caspase‑8 and its downstream protein, caspase‑3, are asso‑
ciated with apoptotic machinery and are considered reliable 
biomarkers for cell apoptosis (44,45). In the present study, high 
dose NVB + 5‑FU increased the expression of pro‑apoptotic 
proteins in tumor tissues, suggesting a positive effect of apoptosis 
on inhibiting tumor growth. More notably, increased expression 
of pro‑apoptotic proteins was also observed in low‑dose treat‑
ments that induced the promotion of tumor growth. Emerging 
evidence has indicated that cell apoptosis could facilitate tumor 
growth and is correlated with poor prognosis and disease‑free 
survival in certain types of cancer such as breast, head and neck, 
and colon cancer (46,47). Chang et al (28) demonstrated that 
5‑FU‑generated tumor cell debris stimulated tumor growth by 
triggering the release of OPN from tumor cells in subcutaneous 
and orthotopic models of colon cancer. In the present study, it 
was found that the level of OPN increased in low‑dose treat‑
ments, which indirectly indicated that cell apoptosis may be 
involved in the promotion of tumor growth mediated by OPN. 
In addition, cell debris produced by cell death (such as apoptosis 
and necrosis) promotes tumor growth through the production of 
pro‑inflammation cytokines (48,49). Caspase‑3 and caspase‑8 
have been suggested to stimulate tumor growth through various 
mechanisms (50). For example, caspase‑8 has the non‑apoptotic 
function of promoting the accumulation of NF‑κB and the 
expression of NF‑κB‑dependent cytokines (such as IL‑1, IL‑8 
and VEGF) (45,51,52). Moreover, NF‑κB could also promote 
angiogenesis by upregulating the signaling pathways involved 
in angiogenic factors, such as VEGF (53). The results of the 
present study demonstrated an upregulation of NF‑κB expres‑
sion following low‑dose NVB + CDDP treatment, implying 
the potential positive action in promotion of tumor growth. 
However, the role of apoptosis in promoting tumor growth 
remains unclear and further research is required to elucidate 
it. In the present study, in vitro, low concentrations of NVB + 
CDDP or NVB + 5‑FU suppressed apoptosis and stimulated the 
migration and invasion of 4T1 tumor cells, which was consistent 
with the promotion of these functions by low concentrations of 
gemcitabine + CDDP in B16, MCF‑7 and T‑47D tumor cells 
in vitro (11). However, the results of 4T1 tumor cells treated with 
high‑concentration NVB combined with CDDP or 5‑FU were 
contradictory, as they revealed that proliferation was inhibited, 
and apoptosis, migration and invasion were promoted. These 
results suggested that the anti‑apoptosis, migration and inva‑
sion of tumor cells might directly stimulate tumor progression, 
while apoptosis and anti‑proliferation contribute to the inhibi‑
tion of tumor growth.

Clinical data have suggested that MDSCs are strongly 
correlated with poor overall survival time (54). MDSCs, 
which can be mobilized into the peripheral blood and 
recruited to tumor or lung tissues, promote tumor growth and 
metastasis through angiogenesis, invasion or the formation of 
pre‑metastatic niches (31,55). In a bone marrow transplanta‑
tion mouse model, it was found that gemcitabine + CDDP 
treatment promoted the mobilization of Gr1+CD11b+MDSCs 
and enhanced the accumulation of bone marrow‑derived cells 
in tumors (11). In the present study, MDSC levels increased in 
the blood, tumors and lungs of mice following treatment with 
low‑dose NVB + CDDP or NVB + 5‑FU, but were decreased 
following high doses, which suggested that the mobilization 
and recruitment of MDSCs plays a role in the dual‑directional 

regulation of tumor growth and metastasis in metronomic 
combination chemotherapy. In addition to MDSCs, macro‑
phages are another type of immune cell abundantly found in 
the tumor microenvironment of various solid tumors such as 
pancreas, breast and lung tumors, and this abundance has been 
found to be correlated with poor survival time (56). Emerging 
evidence has revealed that macrophages, specifically M2 
macrophages, can promote tumor initiation and progression 
by enhancing angiogenesis, stimulating tumor cell functions, 
such as migration, invasion and intravasation, and suppressing 
antitumor immunity (32). The present study found that both 
total macrophage and M2 macrophage levels increased in the 
low‑dose NVB + 5‑FU group, and decreased in the high‑dose 
group, indicating that macrophages may participate in the 
dual‑directional biological process of tumor growth induced 
by metronomic combination treatment at different doses. 
Furthermore, it has been reported that the cross‑talk among 
MDSCs, macrophages and tumor cells affects antitumor 
immunity by regulating the production of molecules, including 
IL‑6, IL‑10, IL‑12, TNF‑α and NO (57).

In conclusion, the present study illustrated a dual‑direc‑
tional mode of action of NVB‑based metronomic combination 
chemotherapy. The promotion of tumor growth and metastasis 
induced by low doses of chemotherapeutic drugs highlighted 
that there is an effective dose interval that varies with different 
drugs or combinations in metronomic combination chemo‑
therapy. Therefore, more preclinical and clinical studies are 
needed to optimize specific combined metronomic regimens, 
including the optimal drug combination, dosage and intervals, 
prior to their widespread implementation in clinical settings.
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