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Introduction

Diabetic foot is one of the serious chronic complications 
that lead to disability and death in diabetic patients and 
defined by the World Health Organization as lower limb 
infection, ulceration and/or destruction of deep tissue in dia-
betic patients due to the combination of nerve and various 
degrees of peripheral arterial lesions. It has been reported 
that more than 25% of people with diabetes worldwide will 
develop foot ulcers or gangrene at some point in their lives.1,2  

There are as many as 60 million diabetics in China, and about 
a quarter of them suffer from diabetic foot. More advanced 
patients are often associated with widespread infection, 
higher rates of amputation, and mortality. Traditional treat-
ment methods for diabetic foot include drugs, vascular 
bypass, and interventional surgery, with poor clinical out-
come. At least 30~40% of patients with diabetic foot have 
to undergo amputation because of poor lower extremity 
microcirculation and complete occlusion of small blood ves-
sels, which cannot lead to surgical vascular reconstruction.3,4 
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Abstract
Diabetic peripheral arterial atherosclerosis is one of the important characteristics 
of diabetic foot syndrome. Apolipoprotein (Apo A-IV) participates in various 
physiological processes, and animal studies have shown that it has roles of anti-
atherosclerosis, prevention of platelet aggregation and thrombosis. Apo A-IV 
glycosylation is closely related to the occurrence and development of diabetic 
peripheral atherosclerosis. This study aimed to explore the mechanism of diabetic 
peripheral arterial lesions caused by glycosylated Apo A-IV. Type 2 diabetes 
mellitus (T2DM) and T2DM with diabetic foot patients (T2DM-F; n = 45, 30) were 
enrolled in this study, and individuals without diabetes (n = 35) served as normal 
controls (NC). In T2DM group, serum Apo A-IV content was higher than those in 
NC and T2DM-F group, as carboxymethyl lysine (CML) glycosylation of Apo A-IV 
in mixed serum from T2DM-F group was identified to be more significant than 
those in two other groups. Within a microfluidic arterial chip model, Apo A-IV from 
T2DM and T2DM-F group significantly increased transcription and protein levels 
of tumor necrosis factor alpha (TNF-α) in chip arteries, and CML expression was 
observed in T2DM-F group, which were associated with increased nuclear receptor 
subfamily 4 group A member 3 (NR4A3) expression. Recombinant human Apo 
A-IV could reverse the stimulating effect of serum Apo A-IV from T2DM-F group on 
TNF-α expression, and NR4A3 blocking peptide downregulated TNF-α expression 
by inhibiting NR4A3 expression. In the chip arteries, Apo A-IV from T2DM and 
T2DM-F increased TNF-α expression and turn them into a pre-atherosclerotic 

state, which might be one of the important mechanisms of glycosylated Apo A-IV to induce diabetic peripheral arterial lesions and 
eventually lead to diabetic foot.
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Impact statement

Diabetic peripheral arterial atherosclerosis is one 
of the important characteristics of diabetic foot 
syndrome, but its pathogenesis is different from 
that of non-diabetic atherosclerosis. Diabetes mel-
litus glycosylates apolipoprotein (Apo A-IV), which 
impels its anti-atherosclerosis function in diabetes. 
The establishment of vascular chip with micro-
fluidic technology can precisely simulate the real 
hemodynamics, solving many shortcomings of 
traditional two-dimensional cell culture model and 
animal experiments. In this study, we successfully 
construct a microfluidic real arterial chip model to 
simulate arterial pulse and found that the serum 
endogenous Apo A-IV from Type 2 diabetes mellitus 
with diabetic foot (T2DM-F) patients could induce 
tumor necrosis factor alpha (TNF-α) expression in 
chip arteries to turn the blood vessels into a pre-
atherosclerotic state. This may provide experimen-
tal basis to further understand the pathogenesis of 
diabetic peripheral vascular disease.
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Diabetic peripheral arterial atherosclerosis is one of the 
important characteristics of diabetic foot syndrome.5

Apolipoprotein A-IV (Apo A-IV) is a lipid-binding pro-
tein that is synthesized primarily in the small intestine and 
packaged as chylomicron during fat absorption and enters 
the bloodstream through the thoracic duct. In circulation, 
Apo A-IV exists in three forms: chylomicron, high-density 
lipoprotein, and free lipid-free form (about 80%). Apo A-IV 
participates in various physiological processes of the body, 
such as promoting lipid absorption and metabolism, main-
taining the dynamic balance of glucose, and stimulating 
appetite. Animal studies have shown that it has roles of 
anti-atherosclerosis, prevention of platelet aggregation and 
thrombosis.6 Apo A-IV glycosylation is closely related to the 
occurrence and development of diabetic peripheral athero-
sclerosis. ApoE-deficient mice were prone to atherosclerosis 
when glycosylated Apo A-IV increased.7 The glycosylation 
level of diabetic Apo A-IV correlated with the severity of 
coronary artery disease, and its atherosclerotic effect was sig-
nificantly reduced by mutation of major glycosylation sites.8 
Recombinant glycosylated Apo A-IV stimulated inflam-
matory responses both in vitro and in vivo.9 These findings 
suggested that glycosylation of Apo A-IV protein impels its 
anti-atherosclerosis function in diabetes.

The organ-on-a-chip is a bionic system that can simulate 
the main functions of human organs on microfluidic chips by 
using micromachining technology. Organ chip technology 
with microfluidic technology, miniaturization, and integra-
tion can precisely control multiple system parameters such 
as chemical concentration gradient and fluid shear stress to 
simulate the complex structure of human organs, microenvi-
ronment, and physiology function, solving many shortcom-
ings of traditional two-dimensional cell culture model and 
animal experiments. It may become a bionic, efficient, and 
energy-saving tool for physiological research, disease model, 
and drug development.10–12 The establishment of vascular 
chip is of great significance to study vascular diseases such 
as atherosclerosis, hemostasis and thrombosis, inflammatory 
vascular diseases, and tumor transvacuolar metastasis.13

In this study, a polydimethylsiloxane (PDMS) microflu-
idic chip was constructed based on the photolithography 
principle, and the microfluidic real artery chip platform was 
constructed by implanting human internal mammary artery 
segments into a dynamic continuous culture perfusion sys-
tem. Effect of serum Apo A-IV from diabetes mellitus type 2 
(T2DM) patients with diabetic foot (T2DM-F) on chip arteries 
was observed to explore the mechanism of arterial lesions 
caused by glycosylated Apo A-IV, and provide evidence for 
prevention and control of diabetic foot.

Materials and methods

Study population and serum sample collection

Forty-five T2DM and 30 T2DM-F patients were enrolled in this 
study, who were inpatients from January 2020 to December 
2021 in the department of endocrinology, University of 
Chinese Academy of Science Shenzhen Hospital, Shenzhen, 
China. Inclusion criteria for T2DM was made according to 
the diagnostic criteria of American Diabetes Association.14 
Inclusion criteria for T2DM-F was T2DM with clinical 

manifestations of ischemic lower extremity and local chronic 
ulcers or gangrene, and computed tomography (CT) angi-
ography imaging of arterial stenosis in the lower extremi-
ties (stenosis rate ⩾ 60%); They were accompanied with or 
without carotid, coronary, and aortic atherosclerotic plaques, 
and the imaging showed a stenosis rate of < 60%, without 
clinically relevant symptoms and signs. Exclusion criteria 
for all participants were: renal insufficiency or renal failure, 
dialysis, pregnancy, and known or treated malignancies. 
All subjects gave written informed consent to participate 
in this study. The study protocol was approved by the eth-
ics committee of University of Chinese Academy of Science 
Shenzhen Hospital, which conformed to the principles of the 
Declaration of Helsinki. Thirty-five healthy subjects with-
out evidence of T2DM or T2DM-F were recruited as normal 
controls (NC) from the annual physical check-up people in 
the same hospital, who had no history of any cardiovascular 
or cerebrovascular diseases with normal results of carotid 
artery ultrasound examination, coronary CT angiography, 
and blood glucose testing. Three milliliter peripheral venous 
blood from three groups was collected in sterile tubes with-
out anticoagulants, and kept at room temperature for 30 min, 
followed by centrifugation at 500 g for 30 min. Then, it was 
gathered in aseptic frozen tube (Thermo Fisher, USA) and 
frozen at −80°C until further use. Blood samples were sub-
jected to centrifugation within 1 h of acquisition.

Detection of serum Apo A-IV by ELISA

Enzyme-linked immunosorbent assay (ELISA, Abcam, USA) 
was used according to the manufacturer’s instruction to 
detect the serum Apo A-IV. Based on standard curve and 
concentration range of samples determined by pre-experi-
ment, sample concentration was calculated with dilution of 
500 times and triple parallel repeat.

Isolation, purification and glycosylation 
identification of Apo A-IV

Apo A-IV were isolated and purified from fasting lipopro-
tein depleted serum, as previously described.15 Brief method 
was summarized in the Supplementary material. Purity and 
glycosylation identification of the isolated Apo A-IV prepa-
rations were determined by immunoblotting with anti-Apo 
A-IV and carboxymethyl lysine (CML) antibodies (Abcam, 
R&D, USA), using SuperSignal West Dura Extended 
Duration Substrate kit (Thermo Fischer, USA).

Preparation of PDMS microfluidic chip and 
establishment of dynamic continuous  
culture perfusion system

The mold casting method was adopted to prepare microflu-
idic chips. A teflon mold is designed and optimized itera-
tively according to the requirements of simulating vascular 
hydrodynamics expected by microfluidic artery chip. The 
drawing software used for mold design is AutoCAD Version 
2020. For fabricating the PDMS microfluidic chip, a polytetra-
fluoroethylene mold was processed and assembled with steel 
needle. The prepared PDMS (SYLGARD™ 184 silicone elas-
tomer kit, Dow-Corning, Midland) was poured onto a silica 
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wafer and put in an oven (2 h, 80°C) to form a 5 mm thick 
PDMS layer. The mold was put above the cured PDMS layer 
and PDMS was poured on the mold to construct a chamber 
for vascular cultivation. A second curing process (1 h, 80°C) 
was conducted, afterwards the mold was disassembled and 
the microfluidic chip was acquired, which was thoroughly 
cleaned with isopropyl alcohol and sterilized with autoclave 
before use. The dynamic continuous culture perfusion system 
including infusion tank, microfluidic micro-peristaltic pump, 
substrate and waste liquid pipe was connected with medical 
silicone hose (φ1 mm, Dongguan Yongle Rubber & Plastic 
Products Co., Ltd., China) to construct a microfluidic chip 
platform. The substrate included at least one holding space 
for accommodating blood vessel, and the accommodating 
space was connected with at least one pair of liquid inlet 
and outlet with connecting heads for connecting blood vessel 
and the hose. The 10–12 mm residual and abandoned nor-
mal human internal mammary arteries with smooth lumen 
surface and a diameter of about 1–1.5 mm obtained during 
coronary artery bypass of non-diabetic coronary heart dis-
ease patients were used for the microfluidic arteriosus chip 
construction. These arterial segments were repaired at both 
ends with removal of necrotic tissue and clot, and immedi-
ately implanted into cold Dulbecco’s Modified Eagle’s whole 
culture medium (DMEM) (Gibco, USA) containing antibiotics 
after washing with HANKs three times for use. They were 
inserted and anastomosed to the inlets and outlet in the sub-
strates and ligated with surgical nylon to prevent leakage. 
All the above operations were performed under completely 
aseptic condition.

Continuous arterial microfluidic perfusion  
culture and experimental group

The base infusion was DMEM medium (Gibco, USA) con-
taining 10% fetal bovine serum (Corning, USA), 1% penicil-
lin, and 1% streptomycin (DMEM whole culture medium). 
Microfluidic micro-peristaltic pump worked to simulate 
vascular hydrodynamics and squeezed the hoses to move 
fluid inside the blood vessels. By adjusting the pulley speed 
of the microfluidic peristaltic pump, the perfusion amount, 
perfusion time, and perfusion pressure could be changed in 
real time. In this experiment, the pump speed was adjusted 
to approximately 1.8–2.0 rpm to make the intravascular fluid 
flow rate 30 cm/s (Color Doppler Ultrasonic Diagnostic 
Instrument s2000. Siemens, German), the mean intravascu-
lar pressure 60–70 mmHg (Multi-Parameter Monitor MEC-
1000, Mindray, China), and the chip arterial pulse 80 times 
per minute, which was basically consistent with the arterial 
pulse rate of normal people. The arterial chip was placed in 
an incubator with 5% CO2 at 37˚C for culture. According to 
the pre-experimental optimal condition and requirement, the 
culture time was set as 96 h.

The experiment was divided into two groups: control 
group (CG, n = 9), DMEM whole culture medium plus 
healthy human serum Apo A-IV and experimental group 
(EG, n = 36), which was further subdivided into the fol-
lowing groups: Experimental group 1 (EG1, n = 9): DMEM 
whole culture medium plus serum Apo A-IV of T2DM 
patients; Experimental group 2 (EG2, n = 9): DMEM whole 

culture medium plus serum Apo A-IV of T2DM-F patients. 
Experimental group 3 (EG3, n = 9): DMEM whole culture 
medium plus serum Apo A-IV of T2DM-F patients with 
recombinant human Apo A-IV (Abcam, USA). Experimental 
group 4 (EG4, n = 9): DMEM whole culture medium plus 
serum Apo A-IV of T2DM-F patients, before which, 10 μg/
mL nuclear receptor subfamily 4 group A member 3 (NR4A3) 
blocking peptide (Fitzgerald, USA), was added and incu-
bated for 2 h. The total amount of serum Apo A-IV added 
to the continuous culture perfusion system was 10 μg/mL, 
and the recombinant human Apo A-IV added to the system 
was 5 μg/mL according to the average Apo A-IV content of 
subjects in three groups detected by ELISA. The final perfu-
sion amount of 10 mL in the dynamic continuous culture 
perfusion system was changed once after 48 h of culture.

Pathological, immunohistochemical,  
and apoptosis staining

After the culture, the chip arteries were immediately removed 
and implanted in 4% paraformaldehyde for fixation, tissue 
dehydration, wax immersion, embedding, and pathologi-
cal section. Some sections were taken for LightCycler real-
time polymerase chain reaction (PCR; Roche, Switzerland). 
Hematoxylin and eosin (H&E), immunohistochemical stain, 
and apoptosis detection were performed on vascular cross-
section. To count positive cells accurately, continuous sec-
tions along the long axis of blood vessels were taken and 
one slice was taken from every 20 sections for staining and 
detection. The section thickness was 4 μm. Main antibodies 
used in immunohistochemistry included monoclonal mouse 
anti-α-actin (1:200, Santa Cruz, USA) for smooth muscle 
cells, anti-intercellular adhesion molecule-1 (ICAM-1, 1:100, 
Santa Cruz, USA), antitumor necrosis factor-α (TNF-α, 1:100, 
Abcam, USA), anti-interleukin 8 (IL-8, 1:100, Santa Cruz, 
USA) anti-proliferating cell nuclear antigen (PCNA, 1:100, 
Santa Cruz, USA), anti-CML (1:200, Abcam, USA), and anti-
NR4A3/NOR-1 (1:200, Abcam, USA) antibodies, which were 
stained by immunohistochemical streptavidin-peroxidase 
method (SP, Santa Cruz, USA). Apoptosis was detected by 
TdT-mediated dUTP Nick-End Labeling (TUNEL, Abcam, 
USA) with DAB chromogenic and the method was per-
formed according to the manufacturer’s instruction. Digital 
image analysis was performed using the HALO image anal-
ysis software v3.3.2541 (Indica Labs, USA). One thousand 
cells were counted under microscope magnification of 100 
times and the number of antibody-reactive positive cells was 
calculated as the actual amount of expression.

LightCycler real-time PCR

According to the instruction of RNeasy formalin-fixed, par-
affin-embedded (FFPE) Kit (Qiagen, Germany), total RNA 
was purified from formalin-fixed, paraffin-embedded tis-
sues, followed by complementary DNA (cDNA) synthesis 
with random primers using RevertAid H. Minus M-MLV 
reverse transcriptase (Thermo Fischer, USA). Negative con-
trol samples (no first-strand synthesis) were prepared by 
performing reverse transcription reaction in the absence 
of reverse transcriptase. Relative expression of IL-8, TNF-
α, ICAM-1, and NR4A3 were quantitated by quantitative 
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real-time PCR using a LightCycler 480 Instrument (Roche, 
Switzerland). Real-time PCR primer information is avail-
able on request. The final results were calculated as ratios 
of the relative transcript levels of the target genes to the 
relative amount of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Compared with the control group, equal or 
more than twofold relative expression level of target genes 
in experimental groups and p < 0.05 were considered as dif-
ferential expression. The detailed method was described in 
the Supplementary material.

Statistical analysis

Statistical Package for the Social Sciences (SPSS), version 22.0 
software (SPSS, USA) was used for data analysis. Results are 
expressed as mean ± SD. Differences in variables between 
groups were determined by unpaired t-tests or by Chi-
square tests. Two-sided p < 0.05 were considered as statisti-
cal significance.

Results

Study population

All 110 subjects including T2DM patients, T2DM-F patients, 
and NC were enrolled in this study. As shown in Table 1, the 
three groups were gender-matched, and there was no signifi-
cant difference of age between T2DM or T2DM-F group with 
the NC group, as the age of patients with T2DM-F was higher 
than that of the T2DM group. Clinical examination and labo-
ratory test results showed that the prevalence of hyperten-
sion, fasting blood glucose, glycosylated hemoglobin A1c, 
blood uric acid, triglyceride, total cholesterol, low-density 

lipoprotein and high-sensitivity C-reactive protein (hsCRP) 
in T2DM and T2DM-F groups were higher than those in 
control group, but high-density lipoprotein was lower in 
them. It was noteworthy that hsCRP of T2DM-F group is 
significantly higher than that of T2DM group. The serum 
creatinine content in T2DM-F group was slightly higher than 
that in NC group but still within normal range. Meanwhile, 
ischemic wounds or ulcers might be located on the skin sur-
faces of the dorsal and lateral feet. There was ischemia and 
even gangrene at the end of the plantar foot. Noninvasive 
ultrasonography and even CT angiography revealed local 
luminal stenosis and flow slowing or occlusion of periph-
eral arteries. Local vascular stenosis lesions most commonly 
involved the dorsalis pedis and anterior tibial arteries. In 
severe cases, the vascular lesions were multiple and distrib-
uted along arterial branches (Figure 1).

Serum Apo A-IV content by ELISA

Serum free Apo A-IV content was determined by ELISA 
and results of three groups were shown in Table 1, in which, 
serum Apo A-IV concentration in T2DM group was signifi-
cantly higher than that in NC group and T2DM-F group.

Identified results of isolated and glycosylated  
Apo A-IV

Immunoblotting method was used to identify the purifica-
tion and glycosylation of isolated Apo A-IV protein from 
serum. Obvious and clear bands formed by Apo A-IV sepa-
rated from mixed samples of the three groups were observed 
in electrophoresis. The CML glycosylation status of Apo 

Table 1. Baseline characteristics of study population.

NC
(n = 35)

T2DM
(n = 45)

T2DM-F
(n = 30)

Male patients (%) 68.57 68.89 63.33
Age (years) 54.23 ± 6.96 51.18 ± 7.72 57.50 ± 7.93**
BMI (kg/m2) 22.45 ± 1.29 23.85 ± 2.88 23.32 ± 1.70
Cigarette smoking (%) 45.71 51.11 30.00
Hypertension (%)  5.71 33.33* 68.57*/**
Fasting blood glucose (mmol/L) 5.44 ± 0.40 13.7 ± 3.64* 12.81 ± 2.39*
HbA1c (%) 4.93 ± 0.48 10.5 ± 2.02* 9.15 ± 1.89*/**
Blood uric acid (mmol/L) 288.63 ± 77.14 368.29 ± 86.09* 339.24 ± 73.92*
Serum creatinine (mmol/L) 70.01 ± 8.01 71.17 ± 23.43 79.83 ± 19.87*
Triglyceride (mmol/L) 0.98 ± 0.24 2.94 ± 2.04* 2.35 ± 1.38*
Total cholesterol (mmol/L) 3.83 ± 0.61 5.24 ± 1.22* 4.83 ± 1.29*
HDL cholesterol (mmol/L) 1.35 ± 0.24 1.02 ± 0.21* 0.94 ± 0.15*
LDL cholesterol (mmol/L) 2.44 ± 0.43 2.89 ± 0.71* 2.59 ± 0.81
hsCRP (mg/L) 3.38 ± 1.38 7.33 ± 11.42* 25.62 ± 31.37*/**
Serum Apo A-IV (μg/mL) 4.18 ± 1.06 5.54 ± 1.34* 4.79 ± 1.47**
Antidiabetic medication  
 Metformin (%) – 42.22 33.33
 Glimepiride (%) – 17.78  3.33
 α-glucosidases (%) – 13.33 10.00
 Insulin therapy (%) – 20.00 26.67

NC: normal controls; T2DM: diabetes mellitus type 2; T2DM-F: T2DM with diabetic foot patients; BMI: body mass index; HbA1c: glycosylated hemoglobin A1c; HDL: 
high-density lipoprotein; LDL: low-density lipoprotein; hsCRP: high-sensitivity C-reactive protein.
Data are mean ± standard deviation (SD) or number (percentage).
*p < 0.05, versus NC.
**p < 0.05, versus T2DM.
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A-IV isolated from the three groups was detected by anti-
CML antibody, indicating that the CML glycosylation of Apo 
A-IV in diabetic foot group was more significant (Figure 2).

Microfluidic artery chip construction and vascular 
morphology

The microfluidic arterial chip platform was constructed 
by implanting human internal mammary artery segments 
into the dynamic continuous culture perfusion system. 
After culturing for 96 h, the blood vessels were removed 
for histopathological examination. Morphology and immu-
nohistochemistry showed clear layer structure of the artery, 

Figure 1. Clinical features of diabetic foot patients. (A) Local chronic ulcer with inflammatory exudate on the back of left foot of a 65-year-old male T2DM-F patient. 
(B) Color ultrasonic image displayed occlusion of the right anterior tibial artery of a 61-year-old male T2DM-F patient with skin ulceration on the inside of the ankle of 
the right lower extremity. (C) CT angiography showed multiple arterial occlusions in both lower limbs of a 69-year-old female T2DM-F patient with skin ulceration on 
the back of left foot.

Figure 2. Total Apo A-IV protein and glycosylated Apo A-IV protein in serum 
from T2DM patients with and without diabetic foot. Serum Apo A-IV proteins 
isolated by fast protein liquid chromatography (FPLC), were mixed with equal 
column in the same group, and detected by western blot using anti-Apo A-IV 
and anti-CML antibody.
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intact vascular endothelial cells, and non-hyperplasia intima. 
Smooth muscle cells in vascular middle layer were arranged 
orderly, and showed positive reaction of α-actin (Figure 3(A) 
and (B)). Some medium smooth muscle cells showed PCNA-
positive, indicating that they still maintained the ability to 
multiply (Figure 3(C)). TUNEL staining was performed 
to observe vascular apoptosis and injury in microfluidic 
dynamic culture. Except a few weak positive cells, most of 
the arteries showed TUNEL-negative (Figure 3(D)), which 
indicated that we had successfully constructed the microflu-
idic artery chip model.

Effect of Apo A-IV on microfluidic vascular biology

Results of LightCycler real-time PCR. The melting curve of 
PCR for each sample had a single peak that indicated the 
good specificity for PCR amplification (Figure 4(A) and (B)). 
The relative expression of the target genes was calculated as 
ratios of the relative transcript levels of the target genes ver-
sus that of GAPDH. Of all relative expressions of target 
genes (including IL-8, TNF-α, ICAM-1, and NR4A3) exam-
ined, only TNF-α and NR4A3 were equal or more than twice 
as expressed relative to control group. The fold changes with 

Figure 3. Histopathology of chip arteries after serum Apo A-IV perfusion. (A) Morphology and immunohistochemistry showed clear layer structure of the artery, intact 
vascular endothelial cells, and non-hyperplasia intima. Smooth muscle cells in vascular middle layer were arranged orderly. Scale bar, 20 μm. (B) All the smooth 
muscle cells in chip vascular medium showed α-actin-positive by immunohistochemical staining. Scale bar, 20 μm. (C) Some medium smooth muscle cells showed 
PCNA-positive by immunohistochemical staining. Scale bar, 10 μm. (D) Most of the arteries showed TUNEL-negative in apoptosis assay. Scale bar, 20 μm.
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TNF-α in T2DM and T2DM-F groups versus the NC group 
were 4.48 and 5.30, and with NR4A3 were only 3.36 in 
T2DM-F group versus NC group (all p < 0.05), indicating 
that plasma Apo A-IV perfusion could upregulate the TNF-
α gene expression of microfluidic arteries in T2DM and 
T2DM-F groups, but increase in NR4A3 gene expression 
was observed in T2DM-F group (Figure 4(C) and (D)).

Immunohistochemistry results

In this study, ICAM-1, TNF-α, and IL-8 were selected as 
indicators of inflammatory response and the effect of serum 
Apo A-IV perfusion on expressions of these proteins in chip 
vessels was observed in each group. The results showed 
that only expression of TNF-α was significantly increased 
after serum Apo A-IV perfusion in T2DM and T2DM-F 
group, which was associated with increased NR4A3 anti-
gen expression (Figure 5(A) and (B)). As shown in Table 2, 
recombinant human Apo A-IV could reverse the stimulating 
effect of serum Apo A-IV of T2DM-F patients on expres-
sion of TNF-α in chip arteries and NR4A3 blocking peptide 
could downregulate expression of TNF-α in chip arteries 
by inhibiting NR4A3 expression, although expressions of 
ICAM-1 and IL-8 were not detected. As one of the glyco-
sylated forms of Apo A-IV, anti-CML staining could reflect 
whether or not Apo A-IV was glycosylated by CML and its 
degree. It was found that CML expression in chip arteries 
was significantly positive in the Apo A-IV infusion group of 

T2DM-F (Figure 5(C)), while negative in the T2DM and NC 
groups (results not shown).

Discussion

Diabetic foot syndrome is a major complication of diabetes 
mellitus. The two most important risk factors are periph-
eral neuropathy and vascular disease. According to epide-
miological data, solely neuropathy account for about 50% 
of the cases of diabetic foot syndrome. Peripheral arterial 
occlusive disease on its own is accountable for just 15% of 
the cases, whereas in 35%, foot ulcerations develop as a com-
bination of both neuropathy and angiopathy, which means 
that about 50% of patients with diabetic foot are related 
to peripheral arterial disease.16 Among the patients with 
T2DM-F enrolled in this study, arterial stenotic rate in the 
lower extremities was equal or more than 60% according 
to the results of ultrasound and/or CT angiography find-
ings. This setting of subjects ensured that the occurrence 
of T2DM-F was indeed associated with peripheral vascu-
lar disease. The age of patients with T2DM-F was higher 
than that of the T2DM group because of the longer course 
of diabetes with poor glycemic control and the character-
istics of onset age. Clinical examination and laboratory test 
results showed that the prevalence of hypertension, fast-
ing blood glucose, glycosylated hemoglobin A1c, blood uric 
acid, triglyceride, total cholesterol, low-density lipoprotein, 
and hsCRP in T2DM and T2DM-F groups were higher than 

Figure 4. Expressions of TNF-α and NR4A3. Relative TNF-α and NR4A3 mRNA expression were determined by real-time PCR using GAPDH as an endogenous 
reference gene. Normalized TNF-α and NR4A3 value are derived from ratios of TNF-α/GAPDH and NR4A3/GAPDH expressions. (A, B) Concentration and integrity 
of total mRNA isolated from FFPE tissue were evaluated by quantitative and melting curves using specific primers for GAPDH. (C, D) Expression levels of TNF-α and 
NR4A3 mRNA in vascular tissue from T2DM patients with or without diabetic foot. Data for control group (Open bar), T2DM group (black bar), and T2DM-F (shaded 
bars) are shown as mean ± SD. *p < 0.05 by Student’s t-test.
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Figure 5. Expression of TNF-α, NR4A3, and CML in chip arteries stimulated with serum Apo A-IV from T2DM-F group. (A) Increased TNF-α expression in vascular 
walls after serum Apo A-IV perfusion from T2DM-F group by immunohistochemical staining. Scale bar, 20 μm. (B) Increased NR4A3 antigen expression after serum 
Apo A-IV perfusion from T2DM-F group by immunohistochemical staining. Scale bar, 20 μm. (C) Positive CML expression of chip vascular after serum Apo A-IV 
perfusion from T2DM-F group by immunohistochemical staining. Scale bar, 10 μm.

Table 2. Effect of Apo A-IV on expression of TNF-α in microfluidic vessels.

Group n TNF-α NR4A3

CG  9   1.89 ± 1.26  71.31 ± 27.72
EG 36  
EG1  9 123.09 ± 30.44* 329.32 ± 81.93*
EG2  9 848.07 ± 154.29* 936.33 ± 27.27*
EG3  9 491.31 ± 68.96**  
EG4  9  55.78 ± 31.26**  4.62 ± 2.93**

Apo A-IV: apolipoprotein A-IV; TNF-α: antitumor necrosis factor-α; NR4A3: antinuclear receptor subfamily 4 group A member 3; CG: control group; EG: experimental group.
The number of antibody-reactive positive cells under microscope magnification of 100 times.
*p < 0.05, versus CG.
**p < 0.05, versus EG2.
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those in NC group, but high-density lipoprotein was lower 
in them. Low HDL indirectly reflected a reduced ability of 
these patients to resist atherosclerosis and predisposition to 
vascular lesions. It was noteworthy that hsCRP of T2DM-F 
group is significantly higher than that of T2DM group, indi-
cating local infection of T2DM-F lesions, which is one of the 
important characteristics of T2DM-F patients different from 
T2DM patients. Based on their long-term history of diabetes, 
laboratory characteristics, imaging evidence of peripheral 
artery stenosis or occlusion, and chronic foot skin ulceration 
with local chronic infection or ischemic necrosis or gangrene 
of the toe, the clinical diagnosis of T2DM-F could be estab-
lished and inclusion criteria for T2DM-F were met.

Keeping a normal content of circulating Apo A-IV is nec-
essary to maintain its roles of anti-atherosclerosis, preven-
tion of platelet aggregation and thrombosis.17 In this study, 
the serum free Apo A-IV content in T2DM group was sig-
nificantly higher than that in NC group and T2DM-F group, 
which implied a protective role of Apo A-IV in the patho-
physiological mechanism of T2DM and T2DM-F and a 
physiological feedback increase during those procedures.6 
Compared with patients with T2DM, a larger amount of Apo 
A-IV in patients with T2DM-F was consumed during the 
course of the disease, which resulted in relative insufficiency 
of free Apo A-IV in serum and lead to an aggravated condi-
tion. Three possible mechanisms have been suggested for 
the anti-atherosclerotic action of Apo A-IV. One is the role 
of Apo A-IV in promoting reverse cholesterol transport and 
the other are the anti-oxidant and anti-inflammatory activi-
ties of Apo A-IV.18–20 In this study, we observed the expres-
sions of inflammatory cytokines including TNF-α, ICAM-1, 
and IL-8 in chip arteries after a perfusion of serum Apo A-IV 
from T2DM and T2DM-F patients at the transcription and 
the protein levels and found that TNF-α expression sig-
nificantly increased, which was associated with increased 
NR4A3 antigen expression. Recombinant human Apo A-IV 
could reverse the stimulating effect of serum Apo A-IV of 
diabetic foot patients on TNF-α expression, as NR4A3 block-
ing peptide downregulated TNF-α expression in chip arteries 
by inhibiting NR4A3 expression, suggesting that the serum 
Apo A-IV of diabetic foot patients might promote TNF-α 
expression in chip arteries by stimulating NR4A3 in T2DM-F 
patients. These observations were consistent with other stud-
ies that had found that recombinant glycosylated Apo A-IV 
could have stimulated inflammatory responses both in vitro 
and in vivo through stimulating NR4A3 expression of vas-
cular endothelial cells and were correlated with the sever-
ity of the atherosclerotic disease.8,21 NR4A3 expression was 
significantly elevated in atherosclerotic plaques from T2DM 
patients compared with non-atherosclerotic arteries.8 Indeed, 
hyperglycemia in T2DM patients caused the glycosylation 
of serum proteins including Apo A-IV, which might induce 
increased expression of inflammatory cytokines in local arte-
rial wall by stimulating the NR4A3 receptor and mediate the 
pro-inflammatory reaction and atherogenesis.8,22,23 Apo A-IV 
glycosylation weakened the anti-atherosclerosis function of 
Apo A-IV in patients with T2DM-F.

There were strong evidences for the role of TNF-α in 
the development of atherosclerosis.24 TNF-α downregu-
lated expression of macrophage scavenger receptor via 

transcriptional and post-transcriptional processes and 
upregulated expression of several adhesion molecules that 
are critical in extravasation of monocytes via nuclear factor 
kappa B (NF-κB) pathway.25 Therefore, TNF-α is a powerful 
pro-inflammatory agent that orchestrated the production 
of a pro-inflammatory cytokine cascade. TNF-α has been 
proposed as a central player in activation and recruitment 
of inflammatory cell, and a critical role in the development 
of many chronic inflammatory diseases and atherosclero-
sis.26 In this study, serum Apo A-IV induced increased TNF-
α expression in microfluidic chip arteries in T2DM and 
T2DM-F patients to promote the blood vessels into a pre-
atherosclerotic state, which might be one of the important 
mechanisms of glycosylated Apo A-IV to induce athero-
sclerosis and eventually lead to diabetic foot. Although the 
induction of TNF-α expression by glycosylated Apo A-IV 
was observed in this study, expression of other inflamma-
tory cytokines such as ICAM-1 and IL-8 was not increased 
at the transcription and protein levels, due to the possible 
reason mentioned above that TNF was a cytokine involved 
in the early reaction of inflammation. In this experiment, the 
culture time of chip arteries was 96 h, and we did observe  
the trend of increased expression of these two cytokines 
at the transcriptional level. Perhaps over time, increased 
expression of these inflammatory cytokines was evident.

Glycosylation of Apo A-IV protein mainly included car-
bamidomethyl cysteine (a fixed modification), oxidized 
methionine, N-acetylation, and Nε-CML (variable modi-
fications). In T2DM, CML modifications in vivo predomi-
nated in advanced glycation end products (AGEs), which 
was commonly found in diabetic tissues including CML–
protein adducts (the predominant AGEs present in vivo).8,27 
Immunohistochemistry of the coronary arteries from diabetic 
patients with severe coronary artery disease (CAD) demon-
strated CML and Apo A-IV co-localization in atherosclerotic 
plaques.8 In this study, we also found that Apo A-IV from 
diabetic foot patients could increase the expression of CML 
in chip arteries, which demonstrated the possibility that this 
Apo A-IV was glycosylated by CML. Indeed, we found that 
Apo A-IV from T2DM-F group was obviously glycosylated 
with CML using immunoblotting. CML-adducts could acti-
vate endothelial cells, vascular smooth muscle cells both  
in vitro and in vivo, and mononuclear phagocytes to induce 
expressions of a range of pro-inflammatory molecules and 
activation of NF-κB.28 Using liquid chromatography–mass 
spectrometry, Dai et al.8 has verified glycosylation of Apo 
A-IV protein and identified 19 CML modification sites in 
T2DM patients with CAD. Of these sites, K65, K123, K189, 
and K361 have the highest frequencies in diabetic patients, 
suggesting that CML modification of these sites results in 
Apo A-IV dysfunction.

Previous studies on vascular diseases were mainly car-
ried out through animal experiments and in vitro culture of 
vascular endothelial cells and smooth muscle cells. After all, 
animal results apply differently to human. The environment 
of single cell two-dimensional culture in vitro is far from 
the environment of body tissue and organ cells. Based on 
microfluidic chip technology, Zheng et al.29 created a three-
dimensional (3D) microvascular network with type I col-
lagen as the scaffold on a chip, and studied the interaction 
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between human umbilical vein endothelial cells and vas-
cular pericytes and angiogenesis by adding growth factors 
such as vascular endothelial growth factor (VEGF), and 
introduced chemical stimuli such as Phorbol ester to mimic 
the response of blood vessels to inflammation, showing that 
chemical stimulation could cause endothelial cells to return 
to a pre-thrombotic state. In another study, a 3D simulation 
vessel with hemodynamic characteristics was constructed 
by the flow control chip technology to study the process of 
thrombosis and its risk factors, providing a platform for the 
future in vitro study of vascular diseases and the theoreti-
cal basis for clinical application of anticoagulant therapy.30 
In this study, we constructed a true arterial chip model by 
microfluidic perfusion using human internal mammary 
arteries. It had several advantages. It maintained the struc-
tural integrity of the vascular tissue and avoided mechanical 
or enzymatic damage to the cells during cell culture that 
might affect their function. Microfluidic continuous dynamic 
perfusion culture completely simulated arterial blood flow, 
blood flow velocity, blood pressure, and periodic arterial 
beats under physiological conditions, which was relatively 
real in vivo conditions. In this 96-h culturing system, tissue 
structure of these arteries was intact, and smooth muscle 
cells in vascular middle layer were arranged orderly with 
little apoptosis, as some cells still maintained their ability to 
multiply. With successful construction of microfluidic real 
arterial chip, arterial lesions could be dynamically observed 
in simulating arterial pulse during the whole process, which 
will provide the basis for the future study of the pathogen-
esis of vascular diseases and drug application.

Conclusions

A microfluidic real arterial chip model was successfully 
constructed. Based on it, we found that the serum Apo 
A-IV from T2DM and T2DM-F patients could induce TNF-
α expression in chip arteries to turn the blood vessels 
into a pre-atherosclerotic state, which might be one of the 
important mechanisms of glycosylated Apo A-IV to induce 
peripheral arterial atherosclerotic lesions and eventually 
lead to T2DM-F.
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