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Abstract

Purpose: To investigate the possible role of IL-4 signaling pathway in vincristine-induced 
peripheral neuropathy.
Methods: The mouse model of vincristine-induced peripheral neuropathy and interleukin 
(IL)-4 knockout mice were utilized to investigate the possible role of IL-4 signaling pathway 
in vincristine-induced peripheral neuropathy. Vincristine induced increased sensitivity to 
mechanical stimulation was measured by von Frey hair test 7 and 14 days after intraperitoneal 
administration of 0.1 mg/kg vincristine in mice. Relative expression levels of cytokines were 
detected by quantitative real-time PCR. STAT6 expression following vincristine treatment was 
assessed with western blotting.
Results: We discovered that IL-4/STAT6 signaling was down-regulated in vincristine-treated 
mice. Deletion of IL-4 in mice increased the sensitivity to mechanical allodynia. IL-4 knockout 
mice also produced more pro-inflammatory cytokines, including IL-1β and TNF-α. Notably, co-
administration of exogenous recombination IL-4 significantly prevented vincristine-induced 
mechanical allodynia.
Conclusion: Anti-inflammatory cytokine IL-4 protects rodent model from vincristine-induced 
peripheral neuropathy via the stimulation of IL-4/STAT6 signaling and inhibition of the pro-
inflammatory cytokines.
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from neuropathy-induced pain10. Peripheral 
depletion of Tregs in mice resulted in prolonged 
mechanical pain hypersensitivity. Furthermore, 
there is evidence that endogenous anti-
inflammatory cytokineIL-10 are required 
for resolution of chemotherapy-induced 
neuropathic pain11. Exogenous administration 
of IL-10 and IL-4 could suppress allodynia 
in neuropathic animal models, reducing the 
production of pro-inflammatory cytokines, 
microglia responses and pain behavior9,12-14. 
When rats were pre-treated withIL-4, the pain 
responses were attenuated, and the onset 
of pain hypersensitivity was delayed15-17. All 
of these indicating that anti-inflammatory 
cytokine IL-4 have potential links with 
neuropathy pain.
 Although experimental evidences have 
suggested that IL-4 may play a protective role 
in peripheral neuropathy, little is known about 
the exact underlying mechanism. Whether 
IL-4 is participate in chemotherapy-induced 
peripheral neuropathy is still unknown. Thus, in 
the present study, we utilize a mouse model of 
vincristine-induced peripheral neuropathy and 
IL-4 knockout mice to investigate the possible 
role of IL-4 signaling pathway in vincristine-
induced peripheral neuropathy. 

 ■ Methods

 The experiments with mice were in full 
compliance with the European Communities 
Council Directive of 24 November 1986 
(86/609/EEC) or with the Guidelines laid down 
by the NIH in the US.
 Male wild-type (WT) C57BL/6Jand 
interleukin (IL)-4 knockout (KO) mice (with 
C57BL background) weighing30–35 g were used 
throughout this study. Mice were obtained 
from the Jackson Laboratory (Bar Harbor, ME). 
Rodents were housed under conditions of 
optimum light, temperature and humidity (12 
h light–dark cycle, 22±3°C, 60–80% humidity), 
and had ad libitum access to food and water. 

 ■ Introduction

	 Chemotherapeutic drugs such as 
vincristine, paclitaxel, andoxaliplatin, are 
widely used to treat several types of malignant 
tumors. Nevertheless, their clinical use are also 
accompanied by severe side effects, including 
peripheral neuropathy and chronic neuropathic 
pain1. The vinca alkaloid compound vincristine 
(VCR), which was originally derived from the 
madagascar periwinkle plant, is a common 
chemotherapeutic agent for a variety of 
malignancies including acute lymphoblastic 
leukemia, lymphomas, sarcomas, 
neuroblastoma, and kidney, liver, lung, brain 
and breast tumors amongst others2,3. However, 
vincristine treatment is limited by a progressive 
peripheral neuropathy, such as paresthesia and 
dysesthesia. Vincristine-induced peripheral 
neuropathy (VIPN), which affects sensory, 
motor, and autonomic nerves, is often resistant 
to standard analgesics4-6. To date, rodent and 
cell models of VIPN have been developed to 
elucidate the underlying mechanisms1,7, but 
the exact mechanism is still not completely 
understood.
 It is now known that chemotherapeutic 
exposure could enhance the release of 
different cytokines. There is evidence that 
administration of chemotherapeutic drugs 
such as vincristine, paclitaxel and cisplatin 
could lead to the increased pro-inflammatory 
cytokines and chemokines such as TNF-α, IL-1β 
and MCP-17.These pro-inflammatory cytokines 
can result in inflammation-related responses, 
for instance, the release of histamine8, and 
can bind to their receptors to enhance activity 
in neuropathy pain pathways9. On the other 
hand, anti-inflammatory cytokines also 
participate in peripheral neuropathy. Previous 
studies have shown that CD4+ regulatory Tcells 
(Tregs), which can produce anti-inflammatory 
cytokines including interleukin (IL)-4, IL-
10, and transforming growth factor TGF-β, 
plays important role in endogenous recovery 
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All experimental procedures were performed 
according to the Guidelines for Animal Care 
and Use of Zhangqiu District of Traditional 
Chinese Medicine Hospital (NO.20160163). 

Vincristine treatment

 The chemotherapeutic drug vincristine 
was purchased from Novopharm (Nippon 
Kayaku, Tokyo, Japan). Vincristine was diluted 
in water at the concentration of 1.0 mg/
mL, and then diluted in sterile saline before 
intraperitoneally injections. One group of 
mice received saline served as the normal 
control. The other group received vincristine 
at a dosage of 0.1 mg/kg. The injections were 
performed from day 0 to day 4, followed by 2 
days of rest, and a second round of injection 
from day7 to day11.

von Frey hair test

 Mechanical threshold testing was 
performed on day0 before vincristine 
administration and on day14 after vincristine 
treatment. The mice were placed in a clear 
plastic box (23 × 23 × 12 cm) with a mesh 
floor. The animals were acclimatized for 30 
min before behavioral testing. Subsequently, a 
series of von Frey hairs (2,4,8g) were applied 
perpendicular to the midplantar surface of 
hindpaw. Each mouse received five-second 
stimulations for 5 times. A sharp withdrawal 
of the stimulated region was regarded as a 
positive response. The number of withdrawal 
responses were examined, and the overall 
with drawal frequency was calculated for each 
group. 

Western blotting

 Samples were lysed in 
RadioImmunoPrecipitation Assay (RIPA) buffer 
(50 mmol/L Tris  HCl (pH 8.0), 150 mmol/L NaCl, 
1% NP-40, 0.5% sodium deoxycholate, and 0.1% 
sodium dodecyl sulfate [SDS]) with protease 

inhibitor cocktail (Roche) and 1 mMPMSF for 
30 min on ice. After centrifugation at 14,000 
g for15 min at 4C, the lysates were boiled in 
4×SDS loading buffer. Equal amounts of protein 
(20 mg/lane) were separated by SDS-PAGE, 
transferred to a PVDF membrane, and detected 
by immunoblotting analysis with antibodies 
using Immobilon Western Chemiluminescent 
HRP Substrate (Millipore).

Quantitative Real-Time PCR

 Total RNA was extracted from samples 
with TRIzolreagent (Invitrogen) and reverse-
transcribed using the SuperScript III reverse 
transcriptase protocol (Invitrogen). Quantitative 
real-time PCR was performed using ABI Q7 
Real-Time PCR system (Applied Biosystems). 
Relative expressions of mRNAs were calculated 
using the comparative Ct method18, and were 
normalized to housekeeping gene GAPDH.

Statistical analysis

 Data are expressed as mean ± SEM. 
Statistical analysis was performed using 
SPSS22.0and GraphPad Prism 5.0 softwares. 
One-way ANOVA or repeated-measures t test 
followed by Bonferroni post hoc analysis were 
applied. Differences with p < 0.05 were defined 
as the threshold for significance.

 ■ Results

Vincristine-induced peripheral neuropathy in 
mice

 Wild-type (WT) C57BL/6J mice were 
intraperitoneally (i.p.) treated with two rounds 
of vincristine daily at a dosage of 0.1 mg/kg for 
5 days, with 2 days rest in between (Figure 1A). 
Mechanical threshold testing was performed 
on day0 (before vincristine administration), 
day7 (after a round of vincristine treatment) 
and day14 (after two rounds of vincristine 
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treatment). The results showed that withdrawal 
frequency of Von Frey hair test for mechanical 
allodynia was almost the same between two 
groups on day0. However, on day7 and day14, 
vincristine-treated mice expressed higher 
withdrawal frequency as compared to saline-
treated animals (Figure 1B). That means 
chemotherapeutic drug vincristine could lead 
to peripheral neuropathy in animal models.

Figure 1 - Effect of vincristine-induced peripheral 
neuropathy in Mice. (A) Vincristine treatment 
schedule; arrows: vincristine injection. (B) Hind 
paw withdrawal responses to von Frey hair test 
were measured after administration of vincristine 
or saline. Graphs are expressed as mean ± SEM 
(one-way ANOVA followed by Bonferroni’s post hoc 
test; ***p < 0.001).

IL-4/STAT6 signaling was down-regulated in 
vincristine-treated mice

 In order to investigate the role of 
IL-4/STAT6 signaling in vincristine-treated 
animals, IL-4 mRNA relative expression level 
was measured in sciatic nerves. Samples 
were collected on day14, when behavioral 
test expressed the most significant difference 

between vehicle and vincristine-treated 
groups. The results showed that endogenous 
IL-4 mRNA relative expression level was down-
regulated in vincristine-treated mice compared 
to vehicle group (Figure 2A). Furthermore, 
western blotting result showed that p-STAT6, 
the downstream effector of IL-4, was also down-
regulated in vincristine-treated mice sciatic 
nerves (Figure 2B). These results indicating 
that chemotherapeutic drug vincristine may 
contribute to peripheral neuropathy by down-
regulating anti-inflammatoryIL-4 pathway. 

Figure 2 - IL-4/STAT6 signaling was down-regulated 
in vincristine-treated mice. (A) Quantitative real-
time PCR showed that endogenous IL-4 mRNA 
relative expression level was down-regulated in 
vincristine-treated mice compared to vehicle group. 
Relative expressions of mRNAs were normalized to 
housekeeping gene GAPDH. (B) p-STAT6 protein 
level was down-regulated in vincristine-treated 
mice sciatic nerves. Graphs are expressed as mean 
± SEM, **p < 0.01.

Deletion of IL-4 acceleratedmechanical 
allodynia and pro-inflammatory cytokines 
production 

 To further discover the necessity of IL-4 
signaling pathway in mechanical allodynia, IL-4 
knockout (KO) mice were used for von Frey hair 
test. As a result, IL-4 KO mice expressed higher 
withdrawal frequency as compared to WT 
group (Figure 3A). Next, IL-4 was re-introduced 
into IL-4 KO mice by injection of recombination 
IL-4 protein. On day7 and day14 after IL-4 
protein injection, the withdrawal frequency 
were significantly decreased compared to 
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IL-4 KO group (Figure 3A). It is reported that 
the protective function of IL-4 was often 
associated with decreased production of pro-
inflammatory cytokines, such as IL-1βand 
TNF-α19-21. Thus, we measured the relative 
expression level of IL-1βand TNF-α in WT, IL-4 
KO and IL-4 KO + IL-4 mice. It showed that 
these two pro-inflammatory cytokines were 
over expressed in IL-4 KO mice compared 
to WT mice (Figure 3 B-C). Notably, reduced 
expression of IL-1βand TNF-α were discovered 
when IL-4 was re-introduced into IL-4 KO mice 
(Figure 3 B-C). In addition, re-introduction of 
recombination IL-4 protein attenuated IL-4 KO-
induced p-STAT6 down-regulation (Figure 3D).
 

Figure 3 - Deletion of IL-4 accelerated mechanical 
allodynia and pro-inflammatory cytokines 
production in mice. (A) Hind paw withdrawal 
responses to von Frey hair test were measured. 
Vehicle: WT mice; IL-4 KO: IL-4 knockout mice; L-4 
KO + IL-4: injection of recombination IL-4 protein 
into IL-4 knockout mice. (B) and (C) Quantitative 
real-time PCR of IL-1βand TNF-α. (D) p-STAT6 
protein level was measured by western blotting. 
Graphs are expressed as mean ± SEM (one-way 
ANOVA followed by Bonferroni’s post hoc test). 
** p<0.01, ***p < 0.001 vs. vehicle; # p<0.05, ## 
p<0.01, ### p < 0.001 vs. IL-4 KO.

IL-4 attenuated vincristine-induced peripheral 
neuropathy

 Knowing that IL-4 is necessary for 
reducing mechanical allodynia, we next 
investigated whether administration of 
exogenous IL-4could suppress vincristine-
induced peripheral neuropathy in mice. 
We found out that there were significant 
reductions of withdrawal frequency in mice 
with exogenous IL-4treatment when exposed 
to vincristine on day7 and day14 (Figure 4A). 
 p-STAT6 protein level was significantly 
down-regulated in vincristine-treated mice 
compared to vehicle group as shown previously in 
Figure 2B. Accordingly, p-STAT6 protein level was 
restored in exogenous IL-4-treated mice (Figure 
4B). It indicating that activation of IL-4/STAT6 
signaling pathway could attenuated vincristine-
induced peripheral neuropathy in mice.

Figure 4 - IL-4 attenuated vincristine-induced 
peripheral neuropathy in mouse models. (A) Hind 
paw withdrawal responses to von Frey hair test 
were measured. Vehicle: WT mice; VCR: WT mice 
treated with vincristine; VCR+IL-4: injection of 
recombination IL-4 protein into vincristine-treated 
mice. (B) STAT6 protein level was measured by 
western blotting. Graphs are expressed as mean 
± SEM (one-way ANOVA followed by Bonferroni’s 
post hoc test). ***p < 0.001 vs. vehicle; ### p < 
0.001 vs. VCR.
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 ■ Discussion

 The vinca alkaloid compound vincristine 
has successfully become a chemotherapeutic 
agent for a variety of malignancies since 1950’s3. 
It binds to the β-subunit of tubulin heterodimers 
to prevent the polymerization and incorporation 
of microtubules. Thus, dividing cells were 
arrested in metaphase22. Due to the fact that 
β-subunit of microtubules are also critical 
components of nerve fiber axons, vincristine 
treatment can cause peripheral neuropathy 
as well23,24. The peripheral nervous system is 
frequently affected by vincristine treatment, 
leading to severe peripheral neurotoxicity 
that includes neuropathic pain and autonomic 
impairment25. Moreover, vincristine-induced 
peripheral neuropathy may not resolve over 
time, which not only affects quality of life 
for years, but also contributes to drug dose 
reductions26. At present, knowledge about the 
mechanisms underlying vincristine-induced 
peripheral neuropathy remains obscure. 
Therefore, it is highly imperative to explore the 
related molecular and signaling pathways. 
 In this study, we found that anti-
inflammatory cytokine IL-4 protects from 
vincristine-induced peripheral neuropathy 
via the stimulation of IL-4/STAT6 signaling. 
IL-4/STAT6 signaling was proved to be down-
regulated in vincristine-treated mice. By 
performing von Frey hair test, we discovered 
that deletion of IL-4 accelerated mechanical 
allodynia in animal models. IL-4 knockout 
mice also produced more pro-inflammatory 
cytokines, including IL-1βand TNF-α. 
Furthermore, peripheral neuropathy was 
attenuated when exogenous recombination 
IL-4 was re-introduced into vincristine-treated 
mice. These findings demonstrated thatIL-4/
STAT6 signaling plays a protective role against 
vincristine-induced peripheral neuropathy.
 Several previous studies have 
demonstrated the role of neuro-immune 
balance in neuropathic pain27. However, they 
mainly focused on the pro-inflammatory 

cytokines such as TNF, IL-1β and IL-628. To our 
knowledge, this is the first study to discover the 
potential protective role of IL-4 in vincristine-
induced peripheral neuropathy. In our study, 
anti-inflammatory cytokine IL-4 was found to 
be down-regulated in vincristine-treated mice, 
while pro-inflammatory cytokinesIL-1βand 
TNF-α were up-regulated. It is in consistent with 
the previous report that patients with complex 
regional pain syndrome and painful neuropathy 
have increased levels of pro-inflammatory 
cytokines TNF, IL-2 and IL-6 and decreased 
levels of  anti-inflammatory cytokines, IL-10 
and IL-429,30. Others have shown thatIL-4, often 
released by activated T cells, mast cells and 
granulocytes, could inhibit the production of 
TNF, IL-1β and IL-615. Collectively, our findings 
indicating that IL-4 protects against vincristine-
induced peripheral neuropathy by reducing 
the release of pro-inflammatory cytokines.
 This study also had some limitations. 
First, neurotoxicity often depends on the type 
of drug used and the total cumulative dose31. It 
is possible that different conditions may share 
common pathophysiology and may due to the 
imbalance of cytokine network. In this study, 
vincristine treatment only had one dosage of 
0.1mg/kg. The downstream effect and animal 
behavior of different cumulative dose has 
not been examined. Whether the protected 
role of IL-4 signaling is a common event in 
chemotherapy-induced peripheral neuropathy 
remains unknown. In addition, the reason of IL-4 
down-regulation upon vincristine treatment is 
still unclear because only mRNA level of IL-4 
was measured. It is supposed to have reduced 
transcriptional activity, and further study is still 
needed.
 As a protective molecular in vincristine-
induced peripheral neuropathy, IL-4 may 
become a potential therapeutic target. 
Modulation of cytokine signaling by promoting 
anti-inflammatory cytokines and blocking 
pro-inflammatory cytokines may become 
treatment strategies for chemotherapy-
induced peripheral neuropathy in the future.
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 ■ Conclusion

 The anti-inflammatory cytokine IL-4 
protects rodent model from vincristine-induced 
peripheral neuropathy via the stimulation of 
IL-4/STAT6 signaling and inhibition of the pro-
inflammatory cytokines.
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