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 Background: Diabetes causes damage to the soft tissue and bone structure of the foot, referred to as “diabetic foot”. Ibrutinib 
is a Bruton tyrosine kinase (Btk) inhibitor, and the role and mechanism of ibrutinib on the diabetic foot have 
not been elucidated.

 Material/Methods: Male Wister rats were randomly divided into 3 groups: control group, model group, and ibrutinib group. After 
14 days, the ulcer wound size of each group was measured, and the ulcer healing rate was calculated. The lev-
el of inflammatory factors interleukin (IL)-1b, tumor necrosis factor (TNF)-a, and IL-6 was detected by enzyme-
linked immunosorbent assay (ELISA). Real-time polymerase chain reaction (PCR) was used to analyze the chang-
es of Toll-like receptor 2 (TLR2) and TLR4. The expression of vascular endothelial growth factor (VEGF) and the 
RAGE (receptor for advanced glycation end product/NF-kB (nuclear factor-kappa B) pathway was detected by 
western blot.

 Results: Blood glucose, blood lipids, serum creatinine, and urea nitrogen (BUN) levels were increased in the model group, 
together with increased levels of IL-1b, TNF-a, IL-6, as well as TLR2 and TLR4 expression, and there were signif-
icant differences compared with the control group (P<0.05). Meanwhile, the model group showed decreased 
VEGF expression and increased expression of RAGE and NF-kB. However, ibrutinib reduced blood sugar, blood 
lipids, creatinine, and urea nitrogen levels, inhibited the secretion of inflammatory factors, promoted ulcer heal-
ing, improved ulcer healing rate, decreased the expression of TLR2, TLR4, RAGE, and NF-kB, and increased VEGF 
expression; there were significant differences in the ibrutinib group compared with the model group (P<0.05).

 Conclusions: The Btk inhibitor ibrutinib can upregulate VEGF expression, inhibit the expression of TLRs, inhibit the secretion 
of inflammatory factors, and promote the healing of diabetic foot ulcer possibly by regulating the RAGE/NF-kB 
pathway.
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Background

Diabetes is a common and frequent metabolic disease, and its 
incidence is increasing. There are nearly 300 million people with 
diabetes in the world with around 100 million diabetic patients 
in China [1,2]. Due to long-term hyperglycemia, diabetes can 
cause chronic diseases of various tissues and organs. Among 
these diseases is peripheral neuropathy caused by diabetes, 
combined with peripheral vascular disease, which causes ex-
cessive mechanical stress leading to the destruction of soft tis-
sue and bone structure of the foot, called diabetic foot [3,4]. 
Diabetic foot is a serious complication of diabetes, a chronic 
progressive disease caused by vascular occlusive disease, lead-
ing to complications such as ischemia, peripheral neuropathy, 
and infection [5,6]. At least 25% of diabetic patients are likely 
to develop diabetic foot, and 85% of diabetic foot ulcers can 
eventually lead to amputation [7,8]. Epidemiological studies 
have reported that due to ischemia caused by diabetic nephrop-
athy or peripheral vascular disease, diabetic distal limb neu-
ropathy might occur, and then develops into diabetic foot [9].

Glucose and lipid metabolism disorders, inflammation, oxidative 
stress (OS), and apoptosis are important factors in the occur-
rence and development of diabetic foot [10]. The quality of life 
of patients with diabetic foot is seriously affected, and most of 
them are unable to work normally, causing enormous economic 
pressure and mental burden on patients, their families, and so-
ciety [11]. The current treatment of diabetic foot is mainly symp-
tomatic treatment, including debridement, treatment with ap-
propriate antibiotics, and promotion of healing [12,13]. However, 
the current treatment for diabetic foot is not effective, and the 
patients’ prognosis has not been significantly improved [14]. 
Btk (Bruton tyrosine kinase) belongs to Bruton tyrosine kinase 
family and is a tyrosine protein kinase in the cytoplasm. It can 
phosphorylate the corresponding substrate through recogniz-
ing the protein tyrosine residues. Sustained activation of Btk 
can lead to chronic inflammation and autoimmune disease [15]. 
Ibrutinib is a Btk inhibitor and is a novel immunomodulator that 
has been shown to play an important role in the treatment of 
diabetic nephropathy [16]. However, the role and mechanism of 
ibrutinib on diabetic foot has not been elucidated.

Material and Methods

Experimental animals

Healthy male Wister rats, 3 months old, SPF grade, body weight 
(250±30 g), were purchased from the experimental animal cen-
ter of Weifang Medical university and fed in a SPF animal ex-
periment center. Feeding conditions included the temperature 
of 21±1°C, relative humidity of 50% to 70%, and a 12/day cy-
cle every 12 hours.

Main reagents and instruments

Ibrutinib and STZ were purchased from Sigma (USA). TRIzol 
reagent was purchased from Invitrogen (USA). The serum cre-
atinine (Scr) test kit was purchased from Roche. PVDF mem-
branes were purchased from Pall Life Sciences, EDTA were pur-
chased from Hyclone (USA), RNA extraction kit and reverse 
transcription kit were purchased from Invitrogen. The western 
blot related chemical reagents were purchased from Shanghai 
Biyuntian Biotechnology Co., Ltd. Electrochemiluminescence 
(ECL) reagents were purchased from Amersham Biosciences. 
Anti-VEGF (vascular endothelial growth factor)/RAGE (recep-
tor for advanced glycation end product/NF-kB (nuclear factor-
kappa B) were bought from Abcam, and rabbit anti-human 
SOX9 monoclonal antibody, and goat anti-rabbit horseradish 
peroxidase (HRP) labeled IgG secondary antibody were pur-
chased from Cell Signaling, USA. The RNA extraction kit and 
the reverse transcription kit were purchased from Axygen, USA. 
The interleukin (IL)-1b, tumor necrosis factor (TNF)-a, IL-6, and 
IL-10 ELISA test kits were purchased from R&D (USA). The rat 
special urea nitrogen detection reagent was purchased from 
Beijing Furui Bioengineering Co., Ltd. The Labsystem Version 
1.3.1 microplate reader was purchased from Bio-rad Corporation 
of the United States. The PE Gene Amp PCR System 2400 DNA 
Amplifier was purchased from PE Corporation of the United 
States. The ACCU-CHEK electronic blood glucose meter was pur-
chased from the American Advantage company. The AU5800 
automatic biochemical analyzer was purchased from Beckman, 
Germany. Urine sugar test paper was purchased from Zhujiang 
Biochemical Reagent Company. Other commonly used reagents 
were purchased from Shanghai Shenggong Biological Co., Ltd.

DF model preparation

After 1 week of adaptive feeding of rats, the rat model prep-
aration was performed. However, before the model prepara-
tion, rats were fasting for 12 hours, but had access to water. 
The tail veins of the model rats were injected with 0.5% strep-
tozotocin (STZ) prepared in sterile citrate-sodium citrate buf-
fer at a dose of 50 mg/kg, and the control group was inject-
ed with the same amount of citric acid-sodium citrate buffer. 
After 2 weeks, blood sugar, urine sugar, and urine volume were 
measured. The model was successfully established if the blood 
sugar was higher than 16.7 mmol/L, the urine sugar was be-
low ++, and the urine volume was at least doubled. After suc-
cessful preparation, the rats were anesthetized with 10% sodi-
um pentobarbital. A wound of about 4×4 cm2 was prepared in 
the skin thickness of the back of the rat, and the wound depth 
reached the fascia, and the diabetic foot model was thus pre-
pared. The same size wounds were prepared in the same part 
of the control group and the ibrutinib group [17].
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Grouping of experimental animals

Thirty experimental rats were randomly divided into 3 groups 
with n=10 in each group (control group, model group, and 
ibrutinib group), in which model rats received intraperito-
neal injection of ibrutinib (2 μM) for a continuous 4 weeks 
(once/daily) [17].

Specimen collection

After treatment, rat abdominal aorta blood samples were 
collected in a vacuum biochemical tube by vacuum stor-
age method, and allowed to stand at room temperature for 
30 minutes followed by centrifugation at 4°C at 3600 rpm for 
10 minutes to collect the supernatant, which was stored in a 
refrigerator at –20°C for later use. The rats in each group were 
sacrificed and the wound tissue of the skin was stored in a re-
frigerator at –80°C for use.

Detection of renal function indicators

Blood glucose, blood lipids, Scr, and BUN changes were ana-
lyzed using an automated biochemical analyzer.

Enzyme-linked immunosorbent assay (ELISA) analysis of 
IL-1b, TNF-a, and IL-6 level

The serum was collected and the level of interleukin (IL)-1b, 
tumor necrosis factor (TNF)-a. and IL-6 were detected by en-
zyme-linked immunosorbent assay (ELISA) according to kit 
instructions. The main operation steps include: taking out 
a 96-well plate and adding 50 μL of the sequentially diluted 
standard to the corresponding reaction well to prepare a stan-
dard curve. 50 μL of the enzyme labeling reagent was added 
to each well except for the blank well. Mix gently by shaking 
and incubate for 30 minutes at 37°C. Wash the plate 5 times. 
Add 50 μL of the developer A to each well, then add 50 μL of 
the developer B, gently shake and mix, and develop at 37°C 
for 10 minutes in the dark. The enzyme plate was taken out, 
and 50 μL of the stop solution was added to each well to ter-
minate the reaction (in this case, the blue color turned yellow). 
The blank value was zeroed, and the optical density value (OD 
value) of each well was measured by a microplate reader at a 

wavelength of 450 nm. The measurement should be carried 
out within 15 minutes after the addition of the stop solution. 
The linear regression equation of the standard curve is calcu-
lated according to the concentration of the standard product 
and the corresponding OD value, and the corresponding sam-
ple concentration is calculated on the regression equation ac-
cording to the OD value of the sample.

Real-time polymerase chain reaction (PCR)

Under sterile conditions, the skin tissue of the back wounds of 
each group was isolated followed by extraction of total RNA 
using TRizol reagent and subsequent transcription into cDNA. 
Real-time polymerase chain reaction (PCR) was used to detect 
the expression of the target gene using the designed prim-
ers (Table 1). Reaction conditions: 52°C for 1 minute, 90°C for 
30 seconds, 58°C for 50 seconds, 72°C for 35 seconds, for a 
total of 35 cycles. Fluorescence quantitative PCR reactor soft-
ware was used to collect relevant data. According to the inter-
nal reference GAPDH, the standard cycle number (CT) of the 
standard was calculated, and the standard curve was drawn. 
The quantitative analysis was analyzed by 2–DDCt method.

Western blot analysis of VEGF, RAGE, and NF-kB protein 
expression

Total tissue protein from the back wound skin of each group was 
extracted: RIPA lysate containing protease inhibitor (150 mM 
NaCL, 1% NP-40, 0.1% SDS, 2 ug/mL aprotinin, 2 ug/mL leu-
peptin, 1 mM PMSF, 1.5 mM EDTA, 1 mM NaVanadate), lysate 
the cells on ice for 15 to 30 minutes, then 5 second sonica-
tion 4 times, centrifuge at 15°C for 10 minutes, and transfer 
the supernatant to a new Eppendorf (Ep) tube. The protein 
was quantified and stored at -20°C for western blot analysis. 
The isolated protein was separated on a 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to a polyvinylidene difluoride (PVDF) membrane and 
blocked with 5% skim milk powder for 2 hours. Then, prima-
ry antibody against VEGF (1: 1000 dilution), RAGE (1: 1000) 
and NF-kB (1: 2000) was incubated with the membrane at 
4°C, overnight. After washing with PBST, HRP-conjugated sec-
ondary antibody (1: 2000) was incubated with the membrane 
for 30 minutes at room temperature followed by PBST wash, 

Gene Forward 5’–3’ Reverse 5’–3’

GADPH AGTGCCAGCCTCGTCTCATAG CGTTGAACTTGCCGTGGGTAG

TLR2 AGCATCTAAGGCTCACAATGG GGCCTCTCGCACATTCGTA

TLR4 TCATAGTAGACATCTAGCCTC ACTTAGCTTCTTGCACGGTAGG

Table 1. Primer sequences for real-time polymerase chain reaction.

GADPH – glyceraldehyde 3-phosphate dehydrogenase; TLR – toll-like receptor.
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chemiluminescence for 1 minute, x-ray exposure imaging, 
observation results. X-film and strip density measurements 
were separately scanned using protein image processing sys-
tem software and Quantity One software. The experiment was 
repeated 4 times.

Ulcer area measurement and healing rate analysis

The changes of ulcer area in each group were measured and the 
healing rate was calculated. Healing rate=healing area/original 
wound area×100%; healing area is the difference between the 
original wound area and the unhealed wound area.

Statistical analysis

All data were expressed as mean ± standard deviation (SD) us-
ing SPSS 11.5 statistical software. Differences between groups 
were analyzed by analysis of variance (ANOVA), and the mean 
values of the 2 groups were compared using Student’s t-test. 
The enumeration data was presented as% and compared by 
chi-square test. P<0.05 indicated a statistical significance.

Results

Effect of ibrutinib on ulcer size and healing rate in diabetic 
foot model

The ulceration of diabetic foot rat ulcer model was small, and 
the healing rate was low. Compared with the control group, 
the difference was statistically significant (P<0.05). The treat-
ment of diabetic foot rat ulcer model with ibrutinib significant-
ly reduced the ulcer area and improved the healing rate, with 
statistical differences compared with model group (P<0.05) 
(Figure 1).

Effect of ibrutinib on blood sugar, blood lipid, Scr, and BUN

The levels of blood glucose, blood lipids, Scr, and BUN in the di-
abetic rat model of ulcer were significantly increased compared 
with those in control group (P<0.05). Ibrutinib treatment signif-
icantly reduced the levels of blood sugar, blood lipids, Scr, and 
BUN level compared with the model group (P<0.05) (Table 2).
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Figure 1.  Effect of ibrutinib on ulcer size and healing rate in diabetic foot ulcer model. (A) Diabetic foot ulcer model changes the ulcer 
area; (B) diabetic foot ulcer model ulcer healing area. Compared with control group, * P<0.05; compared with model group, 
# P<0.05.

Parameters Control Model Ibrutinib

Weight (g)  421.4±22.7  251.9±26.8*  322.1±32.2*#

Blood glucose (mmol/L)  6.2±0.2  32.4±2.2  19.1±2.5*#

Scr (µmol/L)  91.6±12.5  571.7±41.8*  282±81.5*#

BUN (mmol/L)  6.8±0.6  14.7±1.3*  10.2±1.2*#

TC (mmol/L)  1.6±0.2  3.5±0.6*  2.2±0.6*#

TG (mmol/L)  0.6±0.1  1.7±0.3*  1.1±0.5*#

Table 2. Effects of Ibrutinib on blood glucose, blood lipids, creatinine and urea nitrogen in diabetic foot ulcer model.

Scr – serum creatinine; BUN – blood urea nitrogen; TC – total cholesterol; TG – triglycerides. Compared with the control group, 
* P<0.05; compared with the model group, # P<0.05.
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Effect of ibrutinib on inflammatory factors in diabetic foot 
ulcer rat model

The levels of inflammatory factors IL-1b, TNF-a, and IL-6 were 
significantly increased in the diabetic rat model of ulceration 
compared with those in control group (<0.05). Ibrutinib treat-
ment significantly decreased the secretion of IL-1b, TNF-a, and 
IL-6 compared with model group (P<0.05) (Figure 2).

Effect of ibrutinib on the expression of Toll-like receptors 2 
(TLR2) and TLR4

Real-time PCR was used to detect the effect of ibrutinib on 
the expression of Toll-like receptors 2 (TLR2) and TLR4 in rat 
model of diabetic foot ulcer. The expression of TLR2 and TLR4 
in ulcerated skin tissue was significantly increased in the dia-
betic foot ulcer rat model compared with those in the control 
group (P<0.05). Ibrutinib decreased the expression of TLR2 and 

TLR4 in ulcerated skin tissue with a statistical significance dif-
ference in the ibrutinib group compared with the model group 
(P<0.05) (Figure 3).

Effect of ibrutinib on VEGF in a rat model of diabetic foot 
ulcer

The expression of VEGF was decreased in the diabetic rat mod-
el of ulceration, and ibrutinib promoted the expression of VEGF 
in the rat model of diabetic foot ulcer (Figure 4).

Effect of ibrutinib on RAGE/NF-kB signaling pathway

The effect of ibrutinib on RAGE/NF-kB signaling pathway in 
diabetic foot ulcer model was further analyzed. The results 
showed that the expression of RAGE and NF-kB in the dia-
betic rat model of ulcer increased, while ibrutinib decreased 
the expression of RAGE and NF-kB in the diabetic foot ulcer 
model (Figure 5).

Discussion

Diabetes can cause microvascular disease and hemodynamic dis-
order, leading to multiple organ damage. The foot is considered 
one of the target organs of multi-systemic diseases of diabetes, 
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Figure 2.  Effect of ibrutinib on inflammatory factors in diabetic 
rat model of ulcer. Compared with the control group, 
* P<0.05; compared with the model group, # P<0.05.
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Figure 4.  Effect of ibrutinib on vascular endothelial growth factor 
(VEGF) in a rat model of diabetic foot ulcer.
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Figure 5.  Effect of ibrutinib on RAGE/NF-kB signaling pathway in 
diabetic rat model of ulcer.
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Figure 3.  Effect of ibrutinib on the expression of TLR2 and TLR4 
in diabetic rat model of ulcer. Compared with the 
control group, * P<0.05; compared with the model 
group, # P<0.05.
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and blood vessels and peripheral neuropathy can cause inflam-
mation, infection, ulcer, food malformation, and even amputation 
in severe cases [18]. The treatment of diabetes and its compli-
cations imposes a huge economic burden on patients and world 
health institutions. Therefore, choosing effective treatment can 
reduce the incidence of diabetes and diabetic foot [19].

Btk phosphorylates protein tyrosine is a member of the non-
receptor tyrosine protein kinase family, which plays a role in 
a variety of cell development processes [20]. Btk can regulate 
the differentiation, development, activation, proliferation, and 
apoptosis of B cells, and participate in the regulation of inflam-
mation, bone cell development, and tumors [21]. The Btk selec-
tive small molecule inhibitor ibrutinib can inhibit the tyrosine 
kinase activity, cause oral irreversible inhibition of NF-kB sig-
naling pathway, and subsequent inhibition of the expression 
of inflammatory factors, and plays a role in the treatment of 
diabetic nephropathy [16,22]. Therefore, this study aimed to 
analyze the effect of ibrutinib on a rat model of diabetic foot 
ulcer. The results confirmed that ibrutinib can reduce blood 
sugar, blood lipids, Scr, and BUN levels, inhibit inflammatory 
factor secretion, promote ulcer healing, and improve ulcer heal-
ing rate in diabetic foot ulcer models. The data suggest that 
ibrutinib can inhibit the progression of inflammation in the 
rat model of diabetic foot ulcer, thereby controlling the blood 
sugar and lipid metabolism of diabetes, which then effective-
ly alleviate the progression of ulcers.

TLRs are one of the pattern recognition receptors involved 
in innate immunity, a class of important protein molecules 
that link natural immunity with specific immunity. TLR2 and 
TLR4, as members of the TLRs family, play an important role 

in inflammation, bacterial infection, and autoimmune dis-
eases [23]. The regulation of VEGF expression can improve the 
microvascular lesions in diabetes, resulting in insufficient local 
blood perfusion, and thus regulates the progression of diabet-
ic foot disease [24]. The RAGE/NF-kB signaling pathway is an 
important inflammatory factor regulatory pathway, and its ac-
tivation will lead to further deterioration of diabetic foot [25]. 
In the present study, we confirmed that ibrutinib can down-
regulate the expression of TLR2 and TLR4 in diabetic rat mod-
el of ulcer, promote the expression of VEGF, and decrease the 
expression of RAGE and NF-kB, suggesting that ibrutinib can 
downregulate the expression of VEGF and inhibit the expres-
sion of TLRs possibly by regulating RAGE/NF-kB pathway. In 
turn, it inhibits the progression of inflammation and promotes 
ulcer healing. In further research, we will explore the efficacy 
and related mechanisms of ibrutinib in the treatment of pa-
tients with clinical diabetic foot ulcers and provide more the-
oretical basis for the clinical use of ibrutinib.

Conclusions

Btk inhibitor ibrutinib can upregulate the expression of VEGF 
and inhibit the expression of TLRs by regulating the RAGE/NF-kB 
pathway, thereby inhibiting the secretion of inflammatory fac-
tors IL-1b, TNF-a, and IL-6, and promoting the healing of dia-
betic foot. This study provides a reference for the selection of 
new drugs for clinical treatment of diabetic foot.
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