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Abstract
Background Adipsin (complement factor D, CFD), as the first described adipokine, is well-known for its regulatory effects 
in diabetic cardiovascular complications. However, its role in diabetic hind-limb ischemia was not clarified. This study aimed 
to evaluate the possible therapeutic effect of Adipsin in hind-limb ischemia in type 2 diabetic mice and to elucidate the 
molecular mechanisms involved.

Methods A high-fat diet and streptozotocin (HFD/STZ)-induced diabetic mouse model, and a transgenic mouse 
model with adipose tissue-specific overexpression of Adipsin (Adipsin-Tg) were employed. Hindlimb ischemia was 
established by femoral artery ligation, and blood flow recovery was monitored using Laser Doppler perfusion imaging. 
Molecular mechanisms underlying Adipsin-potentiated angiogenesis were examined using RNA sequencing and 
co-immunoprecipitation/mass spectrometry (Co-IP/MS) analyses.

Results Adipsin expression was upregulated in non-diabetic mice following HLI, while suppressed in diabetic mice, 
indicating its potential role in ischemic recovery which is impaired in diabetes. Adipsin-Tg mice exhibited significantly 
improved blood flow recovery, increased capillary density, and enhanced muscle regeneration in comparison with non-
transgenic (NTg) diabetic mice. Adipsin facilitated proliferation, migration, and tube formation of human umbilical vein 
endothelial cells (HUVECs) under hyperglycemic and hypoxic conditions. Additionally, it enhanced phosphorylation of AKT, 
ERK, and eNOS pathways both in vivo and in vitro. RNA sequencing and co-immunoprecipitation/mass spectrometry (Co-
IP/MS) analyses identified that Adipsin promoted angiogenesis by interacting with SERBP1, which disrupted the binding 
of SERBP1 to SERPINE1 mRNA, resulting in reduced SERPINE1 expression and the subsequent activation of the VEGFR2 
signaling cascade.

Conclusions Adipsin promotes angiogenesis and facilitates blood perfusion recovery in diabetic mice with HLI by 
downregulating SERPINE1 through interaction with SERBP1. These findings elucidate a novel therapeutic potential for 
Adipsin in the management of PAD in diabetic patients, highlighting its role in enhancing angiogenesis and tissue repair.
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Introduction
Type 2 diabetes mellitus (T2DM) is a chronic and com-
plex metabolic disorder caused by impaired insulin 
secretion or reduced insulin sensitivity [1]. This condi-
tion poses a formidable global health crisis, with increas-
ing incidence rates imposing substantial socioeconomic 
burdens on society [2]. Prolonged hyperglycemia in 
T2DM leads to a range of clinical complications associ-
ated with metabolic syndrome [2, 3]. One major com-
plication is lower-extremity peripheral artery disease 
(PAD), which can result in leg ulcers and, in severe cases, 
necessitate amputations [4, 5]. Furthermore, individuals 
with both PAD and diabetes exhibit more severe arterial 
disease and poorer outcomes compared to their non-
diabetic counterparts [6]. These conditions often lead to 
significant physical disability, reduced productivity, and 
profound emotional distress [4]. Current therapeutic 
strategies for managing PAD in diabetic patients often 
fail to achieve satisfactory results. Both revasculariza-
tion techniques and pharmacotherapies are limited by 
the impaired angiogenic response to the typical diabetic 
milieu [7]. Therefore, there is a critical need for new ther-
apeutic approaches that can enhance angiogenesis and 
improve perfusion in ischemic tissues in the context of 
diabetes.

Angiogenesis, the biological process by which new 
capillaries emerge from pre-existing blood vessels, is 
a vital physiological mechanism, particularly essential 
for wound healing and restoration of blood flow follow-
ing injury [8]. This intricate process involves prolifera-
tion, migration, and differentiation of endothelial cells 
(ECs), orchestrated by a multitude of signaling molecules 
and pathways [9]. However, in diabetic state, endothe-
lial cells exhibit diminished proliferation and migration, 
contributing minimally to new blood vessel formation 
[10]. Within the context of PAD, angiogenesis functions 
as a crucial compensatory mechanism for restoration of 
blood flow to ischemic regions [9]. However, in diabetic 
patients, the angiogenic response is markedly compro-
mised, primarily due to disrupted endothelial function 
and angiogenic signaling inherent in the diabetic milieu. 
This compromised angiogenesis exacerbates ischemic 
conditions, facilitating the risk of non-healing ulcers and 
limb amputation [5, 6, 11].

Adipsin, also known as complement factor D (CFD), is an 
adipokine primarily secreted by adipose tissue [12, 13]. It is 
a crucial component of the alternative complement pathway 
to catalyze the synthesis of C3a, the active form of comple-
ment component 3 (C3), playing an instrumental role in 
innate immunity [14, 15]. Beyond its immunological func-
tions, recent studies have indicated that Adipsin may play 
a key role in ischemia-reperfusion and sepsis [16, 17]. In 
addition, Lo and colleagues have reported that Adipsin pre-
serves β cells by catalyzing C3a formation in diabetic mice. 

Studies have shown that a correlation between Adipsin con-
centrations and the susceptibility to diabetes onset in adults 
[18]. Our earlier work depicted that Adipsin exerts a cardio-
protective effect in the context of diabetic cardiomyopathy 
by enhancing mitochondrial function and mitigating myo-
cardial lipotoxicity and lipid accumulation [19]. Moreover, 
adipose tissues release exosomes enriched with Adipsin, 
which are subsequently internalized by cardiac microvas-
cular endothelial cells (CMECs), thereby exerting its protec-
tive function on CMECs [10]. The modulatory potential of 
Adipsin for EC function suggests that it may hold significant 
promise for hindlimb ischemia and impaired angiogenesis 
in diabetic patients.

In this study, we examined the role of Adipsin in pro-
moting blood flow recovery through a comprehensive 
approach, utilizing a diabetic mouse model with induced 
HLI and a transgenic mouse model engineered to overex-
press Adipsin specifically in adipose tissues. The present 
study revealed that Adipsin facilitated the restoration of 
blood flow and promoted angiogenesis in diabetic HLI. 
Mechanistic studies indicated that Adipsin interacts with 
SERBP1, thereby disrupting the binding between SERBP1 
and SERPINE1 mRNA, leading to a reduction in SER-
PINE1 expression. In consequence, endothelial cell pro-
liferation and tube formation are enhanced, to promote 
angiogenesis. These findings elucidate a novel role for 
Adipsin in the promotion of angiogenesis.

Materials and methods
Animal models
All experimental protocols detailed herein received 
approval from the Institutional Animal Care and 
Use Committee of the Air Force Medical University 
(Approval ID: 20220617). Adipose tissue-specific Adipsin 
transgenic mice (Adipsin-Tg) were generated by cross-
ing conditional Rosa26 Adipsin knock-in homozygous 
(AdipsinLSL/LSLTg) mice with Adipoq-Cre mice. Both 
AdipsinLSL/LSLTg and Adipoq-Cre mice were procured 
from the Shanghai Model Organisms Center, and geno-
types were confirmed using PCR analysis. Eight-week-old 
C57BL/6J mice were obtained from the Animal Center 
of the Air Force Medical University (Xi’an, China). Male 
mice were used in all animal experiments. Mice were 
housed under a controlled light/dark cycle at 23 °C for 
12 h with free access to water.

To establish an animal model of type 2 diabetes mel-
litus (T2DM), mice were administered a high-fat diet 
(5.24  kcal/g; 60% of calories from fat, 20% of calories 
from protein and 20% of calories from carbohydrates) 
(HFD; Research Diets, D12492, USA), followed by strep-
tozotocin (STZ; 50  mg/kg, Sigma Aldrich, S0130, Ger-
many) injection, per the protocol defined in previous 
literature [10]. Eight-week-old male C57BL6 Adipsin-
Tg and NTg mice were subjected to either an HFD or a 
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normal diet (ND; Research Diets, D12450J, USA) for 16 
weeks. After 15 weeks of dietary regimen, mice with glu-
cose intolerance were intraperitoneally injected with STZ 
or an equivalent volume of citrate buffer for 5 consecu-
tive days. One week after the final STZ injection, mice 
that did not fulfill the diagnostic criteria for diabetes 
were excluded from the experiments. Glucose tolerance 
test (GTT) was conducted to confirm hyperglycemia. 
Blood glucose levels were monitored using blood samples 
obtained from the tail vein, and only mice with blood 
glucose levels > 16.6 mmol/L were considered diabetic 
and used for experiments.

Immunofluorescence staining
Ischemic and control gastrocnemius muscles were har-
vested from the hind limbs of mice. The collected tissues 
were fixed in 4% paraformaldehyde (PFA), washed with 
phosphate-buffered saline (PBS), dehydrated, embed-
ded in paraffin, and sectioned at a 10-µm thickness. Sec-
tions were permeabilized and blocked for 1  h at room 
temperature with blocking buffer (Beyotime, C0265, 
China), and 0.1% Triton X-100 in PBS. Thereafter, sec-
tions were incubated with respective primary antibodies 
at 4°C overnight. Following primary antibody incuba-
tion, tissue sections were exposed to appropriate fluo-
rescently labeled secondary antibodies for 1 h in the dark 
at room temperature. Nuclei were counterstained with 
DAPI (Beyotime, C1006, China). For the quantification 
of capillary and arteriole density, sections stained with 
anti-CD31 and α-SMA were examined using a confocal 
microscope. The vessel densities were analyzed using the 
ImageJ software.

HUVECs were collected and fixed in 4% PFA for 
10 min at room temperature. Thereafter, fixed cells were 
permeabilized with 0.1% Triton X-100 in PBS for 10 min 
and blocked in 1% BSA for 1 h at room temperature. Cells 
were stained with primary antibodies at overnight 4°C. 
Subsequently, cells were incubated with the appropri-
ate fluorescent secondary antibody for 1 h at room tem-
perature. Images were acquired using a Nikon Eclipse Ti 
microscope at 60× magnification. Images were analyzed 
using the ImageJ software. Specific details for antibody 
dilutions are provided in the Supplementary Materials 
(Supplementary Material 1: Table S3).

Hind limb ischemia (HLI) surgery and assessments
Eight-week-old Adipsin-Tg and NTg mice, with or with-
out T2DM induction, were used in hindlimb ischemia 
(HLI) experiments, with the appropriate optimization 
methods [20]. In brief, animals were anesthetized using 
inhaled isoflurane (2.5-4% isoflurane in 100% oxygen at 
a flow rate of 1 L/min) and placed on a heated blanket to 
maintain body temperature. Left hind limbs were shaved, 
and a 5-mm incision was conducted in the left thigh. The 

femoral artery was ligated at proximal and distal sites 
with two suture knots, followed by dissection and exci-
sion of small branches between the ligatures. The skin 
incisions were then meticulously closed with 4 − 0 surgi-
cal sutures.

A PeriCam perfusion speckle imager (PSI) (Perimed, 
PeriCam PSI, Sweden) was employed to monitor 
hindlimb blood flow at 0, 3, 7, and 14 days post-femoral 
artery ligation (dpl). Perfusion data were quantitatively 
analyzed by comparing the average perfusion of the 
ligated limb to that of the non-ligated limb, to minimize 
data variability. Following the completion of the experi-
ments, mice were euthanized to collect ischemic and 
non-ischemic gastrocnemius muscles for subsequent 
analyses.

Motor function was evaluated at 14 dpl using an estab-
lished scoring system: 0-flexion of the plantar or toe in 
response to tail traction; 1-plantar flexion; 2-absence of 
dragging but without plantar flexion; 3-foot dragging [21].

Hematoxylin and eosin (H&E) staining
Excised tissues were fixed in 4% PFA and subsequently 
embedded in paraffin. The paraffin sections were cut to 
a thickness of 4 μm. Following sectioning, samples were 
deparaffinized and rehydrated through a series of graded 
ethanol washes. The sections underwent histological 
staining, being treated with hematoxylin for 3  min and 
eosin for 1  min. Presence of myocytes with centrally 
located nuclei, a hallmark of muscle regeneration, was 
employed as an indicator to evaluate the extent of limb 
injury and the treatment efficacy. Total number of myo-
cytes exhibiting centrally located nuclei was quantified 
and expressed as a percentage of the overall myocyte 
count per field [22].

Matrigel plug assay
The Matrigel plug assay was executed as delineated with 
appropriate optimization. In brief, mice were anesthe-
tized using isoflurane and subcutaneously administered 
200 µL of reduced growth factor Matrigel (Corning Fal-
con, 356230, USA) containing 30 ng/mL VEGF (Peprot-
ech, 450 − 32, USA) and 50 units of heparin (Pfizer, USA), 
which rapidly solidified at physiological temperatures to 
form a solid plug. Following an incubation period for 7 
days, the Matrigel plugs were extracted, homogenized 
in 500 µL of cell lysis buffer, and subjected to centrifuga-
tion at × 6000  g for 60  min at 4 °C. Hemoglobin levels 
were subsequently quantified by absorbance at 400  nm 
using the Hemoglobin Colorimetric Assay Kit (Beyotime, 
P0381S, China). Plugs were harvested for comprehensive 
histological and immunofluorescence staining. Quantifi-
cation of angiogenesis was performed using the ImageJ 
software.
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Cell culture and treatment
HUVECs were procured from iCell Bioscience Inc. 
(Shanghai, China, iCell-h110) and cultured in endothe-
lial cell medium (ECM) (iCell Bioscience, China) supple-
mented with 10% fetal bovine serum (FBS), 100 units/
mL penicillin, and 100 mg/mL streptomycin. For the pur-
poses of this study, cell cultures were incubated in a high-
glucose medium (25 mM glucose) within a normoxic 
incubator (20% O2, 5% CO2, 37 °C, humidified atmo-
sphere) or subjected to hypoxic conditions (1% O2, 5% 
CO2 in N2) with 5 mM glucose for 12 h [23]. Following 
exposure to normoxic and hypoxic environments, cells 
underwent a series of functional assays, including cell 
viability assays, migration assays, tube formation assays, 
and fluorescence detection.

Gene intervention
To enhance Adipsin expression, HUVECs were trans-
duced with an Adipsin-overexpressing adenovirus (Ad-
Adipsin) or an empty adenovirus (Ad-Control) at varying 
multiplicities of infection (MOIs) in an FBS-free medium, 
once cells had reached 50–60% confluence. Following an 
8-hour infection period, medium was replaced with fresh 
medium containing 10% FBS. Cells were subsequently 
harvested 48 h later for further examination [24].

To downregulate the expression of SERPINE1 or 
SERBP1, three siRNAs were synthesized by Tsingke Bio-
technology Company (Beijing, China) (Supplementary 
Material 1: Table S1). For in vitro studies, HUVECs were 
transfected using Lipofectamine 2000 (Thermo Fisher 
Scientific, Michigan, USA), and the siRNA with the 
highest knockdown efficiency was selected for conver-
sion into a shRNA sequence. For in vivo studies, adeno-
associated virus-1 (AAV1) vectors were engineered to 
carry an ICAM2 (intercellular adhesion molecule 2) pro-
moter, along with Serpine1 or Serbp1 shRNA, or control 
shRNA constructs. All viral vectors were designed and 
constructed by Tsingke Biotechnology Company (Bei-
jing, China). The sequences of shRNA for Serpine1 is 5′- 
G G C C G A C T T C A C A A G T C T T T C-3′. The sequences of 
shRNA for Serbp1 is 5′- G C G C T T A A G A A A G A A G G A A 
T A-3′. The viruses were injected into the gastrocnemius 
muscles of both legs of NTg or Adipsin-Tg male mice two 
weeks prior to the induction of HLI.

CCK-8 proliferation assay
The Cell Counting Kit-8 (CCK-8) assay was utilized to 
quantitatively evaluate viability of HUVECs. HUVECs 
subjected to the specified treatments were initially 
seeded into 96-well plates at an approximate density 
of 5 × 103 cells per well. Subsequently, 10 µL of CCK-8 
reagent (InCellGene, IC-1519, China) was added, ensur-
ing homogeneous distribution. The plates were then 
placed back into the incubator for an additional 2-hour. 

Absorbance was recorded at 450 nm using a microplate 
reader (Molecular Devices, SpectraMax M5, USA).

EdU incorporation assay
To evaluate proliferation of HUVECs, the BeyoClick™ 
EdU-594 Cell Proliferation Assay Kit (Beyotime, C0078S, 
China) was utilized following the manufacturer’s proto-
col. Fluorescence imaging was conducted with an Olym-
pus IX73 microscope, and subsequent image analysis was 
executed using the ImageJ software to precisely quantify 
proliferative indices.

Wound healing assay
The wound healing assay was utilized to assess migratory 
capacity of HUVECs. In brief, HUVECs were plated in 
6-well culture dishes and were maintained until reach-
ing approximately 90% confluence. Subsequently, a lin-
ear wound was inflicted using the tip of a 200-µL sterile 
pipette, followed by rinsing with PBS to eliminate dis-
lodged cells. The cultures were then maintained in either 
serum-free or low-serum medium, and images of wound 
areas were captured at 0 and 12 h post-scratch. Quanti-
tative analysis of cell migration was conducted employ-
ing the ImageJ software to evaluate the extent of cellular 
movement.

Transwell assay
For transwell assay, we employed 6.5-mm Transwell 
inserts featuring an 8-µm pore size (Corning, 3422, USA). 
HUVECs at a density of 2 × 104 cells per well were seeded 
into the upper chamber, while 600 µL of medium sup-
plemented with 10% FBS was introduced into the lower 
chamber. After 24 h of incubation at 37°C, HUVECs that 
had migrated across the membrane were subsequently 
fixed with 4% paraformaldehyde for 15 min, stained with 
0.1% crystal violet (Beyotime, C0121, China) for 10 min, 
and subjected to quantitative analysis using an Olympus 
microscope.

Tube formation assay
For tube formation assay, 96-well cell culture plates were 
coated with 50 µL of Matrigel (Corning Falcon, 356230, 
USA) per well and were subsequently incubated at 37°C 
for 30  min to ensure polymerization. HUVECs were 
resuspended in endothelial cell medium and seeded onto 
the Matrigel at a density of 3 × 104 cells per well. Develop-
ment of capillary-like tube structures was then observed 
using an Olympus microscope. The total tube length and 
the meshed area were quantitatively assessed using the 
ImageJ software. For enhanced visualization, the vascular 
network was segmented using ImageJ.
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RNA extraction and quantitative RT-PCR
Total RNA was extracted employing the RNAsimple 
Total RNA Kit (TIANGEN, DP419, China). The RNA 
concentration was determined using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Michigan, 
USA). Reverse transcription of RNA to cDNA was car-
ried out utilizing the PrimeScript RT reagent kit (Takara, 
RR036A, Japan). Quantitative real-time PCR (RT-qPCR) 
analysis was subsequently conducted using the CFX96 
Real-Time System (Bio-Rad) with SYBR Premix Ex Taq II 
(TaKaRa, RR820A, Japan). Detailed primer sequences are 
provided in the Supplementary Material (Supplementary 
Material 1: Table S2).

Western blotting
Cells were lysed on ice using a RIPA lysis buffer contain-
ing PMSF, protease inhibitors, and phosphatase inhibi-
tors. Concurrently, muscle tissues were homogenized 
using a homogenizer (TissueLyser LT, 85600, Germany) 
according to the manufacturer’s instructions. The lysates 
were centrifuged at 12,000 rpm for 30 min at 4°C (HITA-
CHI, CT15RE, Japan), and supernatants were collected 
for Western blotting analysis. Protein concentrations 
were determined using the BCA protein assay kit (Beyo-
time, P0010, China). Proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gels (SDS-PAGE; ACE, 
ET12420LGel, China) and transferred onto polyvinyli-
dene difluoride (PVDF) membranes (Millipore, MA, 
USA). Target proteins were incubated with specified pri-
mary antibodies overnight at 4°C, followed by incubation 
with appropriate secondary antibodies for 1  h at room 
temperature. Enhanced chemiluminescence (ECL) color 
bands were visualized using chemiluminescence technol-
ogy. Densitometric analysis was conducted utilizing the 
ImageJ software. Details of primary antibodies are pro-
vided in Supplementary Material (Supplementary Mate-
rial 1: Table S3).

Co-immunoprecipitation (Co-IP)
For preparation of HUVEC antigen samples, protein 
A/G immunoprecipitation magnetic beads (InCellGenE, 
IC-8110, China) were utilized. The magnetic beads were 
preprocessed and conjugated with anti-Adipsin and anti-
SERBP1 antibodies, precipitated and eluted antigens, 
following the manufacturer’s protocol. Subsequently, 
20–50 µL of 1× loading buffer was added to the processed 
antigen samples. The mixture was thoroughly stirred 
and heated at 95°C for 5  min before undergoing a sec-
ond round of magnetic separation. The supernatant was 
collected and transferred to a new Eppendorf tube. Fol-
lowing centrifugation at 13,000 g for 10 min at room tem-
perature, the supernatant was collected for subsequent 
analysis [19].

Immunoprecipitation and mass spectrometry (MS) analysis
Initially, HUVECs were exposed to Adenovirus express-
ing Adipsin (Ad-Adipsin) under hyperglycemic hypoxic 
conditions. Following this treatment, a co-immuno-
precipitation (Co-IP) assay was conducted targeting 
Adipsin. Proteins that were immunoprecipitated were 
subsequently subjected to MS analysis by Q-Exactive 
HF-X mass spectrometer. A silica capillary C18 column 
(75  μm×25  cm, Thermo, USA) was used for peptide 
separation, and the flow rate was set at 300 nL/min with 
mobile phase A consisting of 0.1% formic acid in water 
and mobile phase B consisting of 0.1% formic acid in 80% 
acetonitrile. Obtained data were searched in the UniProt 
database using MaxQuant software.

Molecular docking
A sophisticated protein-protein docking analysis was 
conducted using the structural data of Adipsin (Alpha-
FoldDB: P00746) and SERBP1 (AlphaFoldDB: Q8NC51) 
by HEX 8.0 software (https://hex.loria.fr/). The optimal 
docking complex was identified and scrutinized through 
Pymol 2.3.0 for visualization and comprehensive analysis.

RNA sequencing analysis
HUVECs infected with either Ad-Adipsin or Ad-Control 
were subjected to a high-glucose, hypoxic environment for 
24  h. After this exposure, total RNA was extracted from 
HUVECs using TRIzol reagent (Invitrogen, 15596026, 
USA). Genes with significant differential expression were 
identified using a cutoff fold change ≥ 1.5 and adjusted 
p < 0.05. Gene set enrichment analysis (GSEA) was per-
formed using the MSigDB. All bioinformatics analyses were 
conducted on the integrated cloud platform of Majorbio 
(https://cloud.majorbio.com/) [24].

Statistical analysis
All data are presented as scatter dot plots or line charts 
with mean ± SEM, and p < 0.05 was considered signifi-
cant. Detailed information regarding the number of 
independent biological samples or mice used in each 
experiment, as well as the frequency with independently 
repetitions, is provided in the corresponding figure leg-
ends. The Shapiro-Wilk test was employed to assess data 
normality, while the Brown-Forsythe test was used to 
evaluate the homogeneity of variance. Upon verifying the 
assumptions of homogeneity of variances and normality, 
the statistical comparisons were conducted as follows: 
For comparisons between two groups, a two-tailed Stu-
dent’s unpaired t-test was employed. For comparisons 
involving multiple groups, one-way ANOVA followed by 
Tukey’s multiple comparison test was utilized. In experi-
ments incorporating a second variable, two-way ANOVA 
with Tukey’s multiple comparison test was performed. 
Specifically, for Laser Doppler imaging experiments, 

https://hex.loria.fr/
https://cloud.majorbio.com/
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Fig. 1 (See legend on next page.)
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two-way repeated measures ANOVA with Tukey’s mul-
tiple comparison test was applied. All statistical analy-
ses were conducted using GraphPad Prism 9 (GraphPad 
Software, CA).

Results
Adipsin is upregulated in HLI model yet suppressed under 
diabetic conditions
Diabetes is implicated in the development of PAD. Our 
previous studies have shown a cardioprotective prop-
erty for Adipsin in improving cardiac function in DCM 
[10, 19]. However, the effect of Adipsin on post-ischemic 
blood flow recovery is not well understood. We evalu-
ated whether Adipsin expression remained stable or was 
regulated under pathological conditions. In this study, we 
induced a diabetic mouse model using HFD/STZ induc-
tion, and established hindlimb ischemia (HLI) by ligating 
the left femoral artery (Fig. 1A, B). Adipsin protein levels 
were monitored in serum and gastrocnemius muscles of 
C57BL/6 mice at 1, 3, 7, and 14 days post-ligation (dpl). 
When subjected to HLI, Adipsin levels in the serum and 
gastrocnemius muscles were significantly upregulated in 
non-diabetic mice (Non-DM), compared to sham con-
trols (Fig. 1C–E). However, this induction of Adipsin by 
ischemia was abolished in diabetic mice (DM) (Fig. 1F–
H), suggesting a potential role for Adipsin in ischemic 
recovery that is impaired in diabetic mice. Consistent 
with our previous observation, levels of Adipsin in serum 
and gastrocnemius muscles were lower in diabetic mice 
compared to non-diabetic mice (Fig.  1I, J). Intriguingly, 
immunofluorescence analysis demonstrated that Adip-
sin predominantly co-localized with the endothelial cell 
marker CD31. Furthermore, Adipsin fluorescence inten-
sity in gastrocnemius muscles showed a pronounced 
increase in Adipsin signal post-femoral artery ligation 
as compared to the sham-operated group. In contrast, 
no such elevation in Adipsin levels was observed in dia-
betic mice (Fig.  1K, L). Consequently, we hypothesized 
that Adipsin might play a pivotal role in regulating blood 
perfusion restoration and tissue regeneration following 
hindlimb ischemia.

To determine the possible role of Adipsin in blood per-
fusion recovery, we generated heterozygous mice with 
conditional Adipsin overexpression. Adipose tissue-spe-
cific Adipsin transgenic mice (Adipsin-Tg) were created 

by crossing conditional Rosa26 Adipsin knock-in homo-
zygous (AdipsinLSL/LSLTg) mice with Adipoq-Cre mice 
[19]. Western blot and quantitative real-time PCR veri-
fied the intended overexpression in transgenic mice, evi-
denced by increased levels of Adipsin mRNA in white 
adipose tissue (WAT) and Adipsin protein in serum and 
gastrocnemius muscles (Supplementary Material 2: Fig. 
S1A–D), validating successful generation of Adipsin-Tg 
mice. Further analysis of gastrocnemius muscles dem-
onstrated little differences in capillary density and arte-
riolar number (Supplementary Material 2: Fig. S1E–H) 
between NTg and Adipsin-Tg mice in the absence of 
hindlimb ischemia challenge.

Adipsin facilitates the restoration of blood flow and 
promotes angiogenesis in diabetic HLI
To determine whether Adipsin plays a role in protect-
ing against diabetic ischemia, NTg and Adipsin-Tg mice 
were randomly grouped in a 1:1 ratio treated with ND/
citrate buffer (Non-DM + NTg, Non-DM + Adipsin-Tg) or 
HFD/STZ (DM + NTg, DM + Adipsin-Tg) (Fig.  2A). No 
significant differences were observed in blood glucose 
levels and glucose tolerance between NTg and Adipsin-
Tg mice, with or without diabetes (Supplementary Mate-
rial 2: Fig. S2A–C). Mice were then subjected to hindlimb 
ischemia by ligation of the femoral artery. Blood flow 
recovery was quantified using PSI at 0, 3, 7, and 14 dpl 
(Fig.  2B, C and Supplementary Material 2: Fig. S2D, E). 
Laser Doppler perfusion images showed that the surgical 
procedure reduced blood flow in the ischemic hindlimbs, 
while diabetes remarkably impaired blood flow recovery. 
However, Adipsin overexpression remarkably accelerated 
blood flow recovery at 7 and 14 dpl compared to dia-
betic NTg mice. Notably, diabetic mice displayed signifi-
cantly impaired limb function compared to non-diabetic 
mice, with significantly increased number of necrotic 
toes (Supplementary Material 2: Fig. S2F, G). Adipsin-Tg 
mice exhibited an increased frequency of necrotic toes, 
concomitant with improved functional outcomes in their 
hindlimbs of diabetic animals. These results indicate that 
Adipsin improves blood flow recovery and function in 
diabetic mice with HLI.

To elucidate the underlying mechanisms through 
which Adipsin facilitates the restoration of blood perfu-
sion in lower extremities with ischemia, H&E staining 

(See figure on previous page.)
Fig. 1 Adipsin is upregulated in HLI model although it is suppressed under diabetic conditions. A Experimental scheme of establishment of T2DM in 
mice and femoral artery ligation to mice. B Schematic graphic of ischemia model used in this model. C Serum, and gastrocnemius muscles (GM) were 
harvested from non-diabetic mice at the specified time points following either HLI or sham operation. Expression level of Adipsin were quantified using 
Western blotting. D, E Quantification of Adipsin/TF (D), Adipsin/β-ACTIN (E) (n = 5 mice). F Serum, and GM were harvested from diabetic mice at the speci-
fied time points following either HLI or sham operation. Expression level of Adipsin were determined using Western blotting. G, H Quantification of Adip-
sin/TF (G), Adipsin/β-ACTIN (H) (n = 5 mice). I Representative Western blot images of serum and GM Adipsin levels at 1-day post femoral artery ligation 
(dpl) or sham operation control. J Quantification of Adipsin/TF, Adipsin/β-ACTIN (n = 5 mice). K Representative immunofluorescence images of Adipsin 
and CD31 in GM at 3 dpl. L Quantitative analysis of Adipsin and CD31 in GM (n = 3 mice). Values are presented as mean ± SEM in D, E, G, H, J and L. Statisti-
cal significance is determined using two-way ANOVA followed by a Tukey post hoc test in D, E, G, H, J and L. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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and immunofluorescence labeling of CD31 and α-smooth 
muscle actin (α-SMA) were conducted in the ischemic 
skeletal muscles (Fig. 2D). Histological analysis of muscle 
sections indicated that impaired regeneration of the gas-
trocnemius muscle in hindlimb ischemia diabetic mice 
was largely restored by Adipsin overexpression, as mani-
fested by a significant increase in myocytes exhibiting 
centrally positioned nuclei (Fig. 2E). In addition, immu-
nofluorescence assay of ischemic tissue revealed that 
diabetic Adipsin-Tg mice exhibited increased capillary 
density and arteriolar abundance in the gastrocnemius 
muscles at 14 dpl compared to NTg mice. (Fig.  2F, G). 
These data suggest that Adipsin promotes angiogenesis 
in diabetic mice following ischemic injury.

To further confirm this phenotype, the Matrigel plug 
assay, a widely used ex vivo model for assessing angio-
genesis was utilized to discern the potential impact of 
Adipsin overexpression on angiogenesis. Consistent with 
earlier findings, Adipsin was found to enhance hemoglo-
bin content (Fig. 2H and Supplementary Material 2: Fig. 
S2H) and promote vessel formation (Fig.  2H–J) as evi-
denced by bright-field imaging, H&E staining and immu-
nostaining of CD31. These findings were in line with the 
increased angiogenesis observed in diabetic Adipsin-Tg 
mice following HLI, providing strong evidence for the 
promotion of angiogenesis by Adipsin overexpression. 
These results collectively favor a crucial role for Adipsin 
in promoting post-ischemic angiogenesis and facilitating 
blood perfusion recovery, thereby leading to improved 
tissue repair following HLI.

Adipsin enhances the migration, proliferation, and 
angiogenic activity of HUVECs under diabetic conditions
To further assess the cellular effect of Adipsin under dia-
betic, ischemia-simulating conditions, HUVECs were 
transfected with an Adipsin-overexpressing adenovi-
rus (Ad-Adipsin) or an empty adenovirus (Ad-Control). 
Transfection efficiency was assessed (Supplementary 
Material 2: Fig. S3A–D). Subsequently, HUVECs were 
subjected to hypoxic conditions (HG-HY) in the pres-
ence of 25 mM glucose or normoxic conditions (NG-
NO) with 5 mM glucose (Fig.  3A). Angiogenesis, the 

process by which new blood vessels form, depends on the 
budding, proliferation, and migration of endothelial cells. 
To this end, HUVEC viability was assessed using the 
Cell Counting Kit-8 assay across various experimental 
groups. HG-HY treatment resulted in reduced HUVEC 
viability, whereas Adipsin significantly increased their 
viability under HG-HY conditions (Fig.  3B). Moreover, 
Adipsin overexpression rescued the proliferation capaci-
ties of HUVECs as confirmed by EdU incorporation assay 
(Fig.  3C, D). Moreover, the influence of Adipsin on the 
migration capacity of HUVECs was evaluated in vitro 
using wound healing and transwell assays. The wound 
healing assay revealed that HUVECs exposed to HG-HY 
conditions exhibited a significantly reduced migration 
area as compared to the NG-NO group, whereas Adip-
sin markedly enhanced the migration area of HUVECs 
under HG-HY conditions (Fig.  3E, F). Results from the 
transwell assay denoted that Adipsin effectively counter-
acted the impaired cell migration evoked by HG-HY and 
significantly enhanced migration of HUVECs challenged 
with HG-HY compared to the control group (Fig.  3G, 
H). Tube formation assay was executed to evaluate the 
ability of Adipsin to promote HUVECs angiogenesis. As 
expected, HG-HY treatment led to a significant reduction 
in both total tube length and meshed area. Interestingly, 
Adipsin reversed these effects and significantly promoted 
tube formation under HG-HY conditions (Fig.  3I–K). 
Taken together, these data suggest a regulatory role for 
Adipsin in endothelial cell biological functions essential 
for angiogenesis, including cell proliferation, migration, 
and tube formation.

Adipsin markedly downregulates SERPINE1 and its 
downstream genes in HUVECs
We aimed to uncover the molecular mechanisms under-
lying the effects of Adipsin on endothelial cells under 
ischemic conditions. Therefore, HUVECs infected with 
Ad-Adipsin or Ad-Control were exposed to a high-
glucose hypoxic environment for 24  h prior to collec-
tion of cells for RNA-sequencing analysis (Fig.  4A). 
Analysis of differentially expressed genes, using a cut-
off fold change ≥ 1.5, as well as adjusted p value < 0.05, 

(See figure on previous page.)
Fig. 2 Adipsin facilitates restoration of blood flow and promotes angiogenesis in diabetic HLI. A Experimental schematic illustrating the establishment 
of T2DM mice and the procedure for femoral artery ligation. B Representative images illustrating blood flow in the hindlimb paws, monitored by PeriCam 
PSI at 0 and 14 days post-ligation (dpl). C Quantification of blood flow recovery at 0, 3, 7, and 14 dpl, as assessed by the ischemic to non-ischemic limb 
perfusion ratio. Values are presented as mean ± SEM (n = 8 mice). Statistical significance is determined using two-way repeated measures ANOVA followed 
by a Tukey post hoc test. D Representative images of H&E staining of gastrocnemius muscle sections at 14 dpl. E Quantification of the number of new-
born skeletal muscle cells (n = 8 mice). F Quantification of CD31-positive area (n = 8 mice). G Quantification of α-SMA-positive vessels count (n = 8 mice). 
H Representative images of Matrigel plugs encompassing photographic, H&E staining, and immunostaining analysis of blood vessels. (Top row) Depicts 
representative photographs of Matrigel plugs collected at 14 days post-implantation. (Middle row) Illustrates histological examination of the Matrigel 
plugs using H&E staining. (Bottom row) Showcases representative images of Matrigel plugs subjected to immunostaining for CD31. I Quantification of the 
number of blood vessels in the H&E-stained Matrigel plugs (n = 8 mice). J Quantification of angiogenesis in Matrigel plugs by measuring CD31-positive 
area (n = 8 mice). Values are presented as mean ± SEM in C, E, F, G, I and J. Statistical significance is determined using two-way ANOVA followed by Tukey 
post hoc test in E, G, I, K and L. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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which revealed 141 upregulated genes and 70 down-
regulated genes in response to Adipsin overexpression, 
as depicted in a volcano plot (Fig.  4B). The global gene 
expression profiles from RNA-sequencing (RNA-seq) 
indicated extensive activation of angiogenesis-related 
signaling cascades in Ad-Adipsin treated HUVECs com-
pared to control HUVECs under HG-HY conditions 
(Fig. 4C). The transcriptomics study revealed that VEGF 
signaling and PI3K-Akt signaling may serve as targets 
of Adipsin for promoting angiogenesis. To this end, we 
examined whether Adipsin affects VEGF-induced down-
stream PI3K-AKT activation. As expected, AKT, ERK, 
and eNOS were activated upon VEGF activation. Our 
results revealed that Adipsin enhanced activation of 
AKT, ERK, and eNOS in HUVECs in response to VEGF 
stimulation (Fig. 4D, E). Previous studies have shown that 
VEGF-induced activation of PI3K-Akt signaling cascade 
requires VEGFR2 dimerization and autophosphorylation, 
thereby modulating endothelial angiogenesis [25–27]. 
Indeed, Western blot analysis revealed that Adipsin over-
expression facilitated VEGFR2 phosphorylation upon 
VEGF stimulation in HUVECs under HG-HY conditions 
(Fig. 4F, G).

Interestingly, analysis of gene expression indicated a 
significant decrease in SERPINE1 expression in HUVECs 
infected with Ad-Adipsin under high-glucose hypoxic 
conditions (Fig.  4B). Furthermore, it was shown that 
SERPINE1 inhibits activation of VEGFR2 induced by 
VEGF, through disruption of a vitronectin-dependent 
proangiogenic binding interaction between αVβ3 inte-
grin and VEGFR-2 [28]. Consequently, it impedes both 
cell adhesion and migration, thereby leading to inhibi-
tion of angiogenesis [29]. Therefore, we hypothesized 
that Adipsin might promote angiogenesis by modulat-
ing SERPINE1 to regulate VEGF-A/VEGFR2 signaling. 
As expected, SERPINE1 expression was decreased in 
HUVECs infected with Ad-Adipsin under HG-HY con-
ditions (Fig.  4F, G). These results were consistent with 
in vivo data, with significantly lower levels of SERPINE1 
protein in diabetic Adipsin-Tg group compared to dia-
betic NTg group at 7 dpl. Additionally, Adipsin increased 
the phosphorylation of the aforementioned proteins in 
diabetic ischemic muscles (Fig. 4H, I).

SERPINE1 mediates Adipsin-induced angiogenesis in 
diabetic mice subjected to hindlimb ischemia
To further explore the role of SERPINE1 in Adipsin-
induced angiogenesis following ischemia in vivo, adeno-
associated virus-1 (AAV1) carrying shRNA targeting 
Serpine1 was used to knockdown its expression in mice 
(Supplementary Material 2: Fig. S4B, C). Two weeks later, 
femoral artery ligation was performed, and subsequent 
examination involved laser Doppler perfusion imaging 
and molecular biological evaluation at designated time 
points (Fig.  5A). Our findings demonstrated that blood 
flow recovery in the ischemic hindlimb was significantly 
enhanced in diabetic NTg mice with Serpine1 knock-
down as compared to control mice that received AAV1-
shN injection. Notably, overexpression of Adipsin failed 
to further improve blood flow recovery in diabetic mice 
with SERPINE1 knockdown, indicating that Adipsin-
induced responses are mediated by the downstream 
effects of SERPINE1 (Fig. 5B–D). Both H&E staining and 
immunofluorescence analysis revealed that knockdown 
of Serpine1 enhanced gastrocnemius muscle regenera-
tion, capillary density, and arteriolar count in hindlimb 
ischemic diabetic mice. In contrast, overexpression of 
Adipsin did not offer additional improvement to these 
responses (Fig.  5E–H). Our findings collectively suggest 
that Adipsin promotes angiogenesis in diabetic mice with 
hindlimb ischemia, partially through regulation of SER-
PINE1 expression.

SERPINE1 mediates Adipsin-induced cellular effects in 
HUVECs
In vitro cell experiments were conducted using HUVECs 
infected with Ad-Adipsin or Ad-Control for 24 h. Then, 
a small interfering RNA (siRNA)-based approach was 
employed to knock down SERPINE1 in HUVECs main-
tained in high-glucose hypoxic conditions (Supplemen-
tary Material 2: Fig. S4A). In alignment with in vivo 
findings, knockdown of SERPINE1 notably enhanced 
growth, migration, and tube formation in HUVECs. 
Moreover, Adipsin overexpression did not offer fur-
ther improvement in endothelial cell function following 
SERPINE1 knockdown (Supplementary Material 2: Fig. 
S4D–K). These findings suggest that Adipsin enhances 
endothelial cell functions in diabetic conditions, and 

(See figure on previous page.)
Fig. 3 Adipsin enhances the migration, proliferation, and angiogenic activity of HUVECs under diabetic conditions. A Experimental design for B through 
K. HUVECs were infected with either Ad-Adipsin or Ad-Control for 24 h, and were then incubated in a high-glucose medium (25 mM) within a hypoxic 
chamber or subjected to hypoxia with 5 mM glucose for 12 h. B Cell viability of HUVECs infected with Ad-Adipsin or Ad-Control with or without HG-HY 
treatment determined using CCK-8 assay (n = 3). C Representative images of HUVECs proliferation examined by EdU incorporation assay. D Plot showing 
the quantification of EdU-positive cells (n = 3). E Migration of HUVECs was measured using wound healing assay. Yellow line indicated the boundary of 
scratch. F Plot exhibiting analysis of migration area (n = 3). G Representative images of migrating HUVECs. H Plot showing the number of migrated cells 
(n = 3). I Representative images of tube formation in a Matrigel assay. Vascular network was segmented using the ImageJ software for better visualiza-
tion. J, K Plot exhibiting analysis of total tube length (J) and meshed area (K) (n = 3). Values are presented as mean ± SEM in B, D, F, H, J and K. Statistical 
significance is determined using two-way ANOVA followed by a Tukey post hoc test in B, D, F, H, J and K. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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SERPINE1 serves as a downstream regulator for Adipsin 
in the process of angiogenesis.

Adipsin interacts with SERBP1 within the cytoplasm
To comprehend the mechanism through which Adipsin 
enhances downregulation of SERPINE1 and to identify 
additional proteins that possibly interact with Adipsin, 
a co-immunoprecipitation/mass spectrometry (Co-IP/
MS) experiment was conducted. HUVECs were initially 
treated with Ad-Adipsin under conditions of high-glu-
cose hypoxia. A Co-IP assay was then performed using 
Adipsin as a target protein, followed by LC-MS/MS 
analysis to find co-binding proteins for Adipsin (Fig. 6A). 
Among the identified proteins, SERBP1 (SERPINE1 
mRNA binding protein 1) was of particular interest 
given its known role in the regulation of mRNA stabil-
ity of SERPINE1 (Supplementary Material 1: Table S5) 
[30]. Thus, SERBP1 was selected for further investigation. 
To elucidate the potential interaction between Adipsin 
and SERBP1 in Ad-Adipsin infected HUVECs, Co-IP 
assays were conducted using antibodies against Adip-
sin and SERBP1. This resulted in a notable interaction 
being detected between Adipsin and SERBP1 (Fig.  6B, 
C). Moreover, confocal microscopy analysis revealed that 
Adipsin and SERBP1 co-localized in the cytoplasm of 
HUVECs (Fig.  6D, E). Computer-aided molecular dock-
ing was employed to predict possible interaction sites 
between Adipsin and SERBP1 (Fig. 6F).

We then evaluated whether SERBP1 expression 
remained stable or was regulated under pathologi-
cal conditions. In this study, we examined microarray 
and RNA sequencing datasets from public databases 
(GSE3313, GSE152139, GSE49524). The analysis revealed 
that SERBP1 expression in muscles remained stable in 
mice subjected to HLI, as compared to pre-HLI group 
(Supplementary Material 2: Fig. S5A, B). Similarly, 
there was no alteration in SERBP1 expression in adduc-
tor muscle of Lepr db/db mice or in HUVECs derived 
from women with gestational diabetes (Supplementary 
Material 2: Fig. S5C, D). As a validation, both qPCR and 
western blot analysis showed that SERBP1 expression 
did not exhibit significant variation in HUVECs under 

high glucose-hypoxic conditions (Supplementary Mate-
rial 2: Fig. S5E–G). In alignment with in vitro findings, 
there was no detectable alteration of SERBP1 expression 
in muscles of mice suffering from hindlimb ischemia or 
hyperglycemia (Supplementary Material 2: Fig. S5H, I).

A subsequent study was conducted to determine 
whether the interaction between Adipsin and SERBP1 
influences the mRNA stability of SERPINE1. Overexpres-
sion of Adipsin led to a reduction in the mRNA level of 
SERPINE1. Similarly, the inhibition of SERBP1 also cor-
related with a decrease in SERPINE1 mRNA (Fig.  6G, 
H). Moreover, with the usage of actinomycin D to inhibit 
RNA synthesis, the mRNA levels of SERPINE1 displayed 
a decreased pattern upon the overexpression of Adipsin 
and the half-life of SERPINE1 mRNA diminished follow-
ing silencing of SERBP1 (Fig.  6I, J). Importantly, west-
ern blot analysis showed that Adipsin treatment did not 
affect the SERBP1 protein levels in diabetic mice at 7 
dpl, indicating that the observed effects on mRNA sta-
bility were not due to alterations in SERBP1 expression 
(Supplementary Material 2: Fig. S5J, K). These findings 
elucidate a previously unrecognized post-transcriptional 
regulatory mechanism. A direct interaction was dis-
cerned between Adipsin and SERBP1, leading to dimin-
ished binding between SERBP1 and SERPINE1 mRNA, 
thereby destabilizing SERPINE1 mRNA expression.

Adipsin mediates angiogenesis through its interaction 
with SERBP1
We subsequently evaluated if the interaction between 
Adipsin and SERBP1 is crucial for Adipsin-potentiated 
angiogenesis. AAV1-Serbp1-shRNA or control AAV1-
negative control (NC)-shRNA was administered into the 
gastrocnemius muscles of the Adipsin-transgenic and 
non-transgenic diabetic mice bi-laterally, two weeks prior 
to HLI, to downregulate SERBP1 expression (Fig. 7A and 
Supplementary Material 2: Fig. S6B, C). Perfusion mea-
surements of the hindlimb revealed an enhancement in 
the recovery of blood flow in the ischemic limb following 
suppression of SERBP1 expression. However, overexpres-
sion of Adipsin did not provide additional benefits in the 
recovery of blood flow in diabetic mice where SERBP1 

(See figure on previous page.)
Fig. 4 Adipsin markedly downregulates SERPINE1 and its downstream genes in HUVECs. A Scheme depicting workflow of harvesting HUVECs for RNA 
sequencing analysis. B Volcano plot of RNA-seq data comparing Ad-Adipsin versus Ad-Control groups reveals differentially expressed genes (DEGs). 
Genes with fold-change ≥ 1.5 and adjusted p < 0.05 were considered significantly DEGs. Red, green, and gray dots represent significantly upregulated, 
downregulated, and not significantly altered genes, respectively. C Enrichment of pathways related to angiogenesis in the control or Adipsin-overex-
pressed HUVECs of HG-HY treatment, as analyzed by GSEA of RNA-seq data. D Control or Adipsin-overexpressed HUVECs were treated with or without 
VEGF-A stimulation (50 ng/mL) for 5 min. Cell lysates were subsequently subjected to immunoblotting with antibodies specific for p-ERK, ERK, p-AKT, 
AKT, p-eNOS, and eNOS. The experiments were conducted independently in triplicate. E Quantification of p-ERK/ERK, p-AKT/AKT, and p-eNOS/eNOS 
(n = 3). F Control or Adipsin-overexpressed HUVECs were treated with or without VEGF-A stimulation (50 ng/mL) for 5 min. Cell lysates were subsequently 
subjected to immunoblotting with antibodies specific for SERPINE1, p-VEGFR2, and total VEGFR2. G Quantification of SERPINE1/β-ACTIN and p-VEGFR2/
VEGFR2 (n = 3). H Gastrocnemius muscles were harvested from diabetic NTg and Adipsin-Tg mice at 7 dpl. Expression level of SERPINE1, p-ERK, ERK, p-AKT, 
AKT, p-eNOS, and eNOS were determined using Western blotting. I Quantification of SERPINE1/β-ACTIN, p-ERK/ERK, p-AKT/AKT, and p-eNOS/eNOS 
(n = 3). Values are presented as mean ± SEM in E, G, and I. Statistical significance is determined using two-tailed Student’s unpaired t-test in I or one-way 
ANOVA followed by a Tukey post hoc test in E, and G. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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was knocked down (Fig.  7B, C and Supplementary 
Material 2: Fig. S6D, E). The potential effect of SERBP1 
on angiogenesis was further corroborated through the 
Matrigel plug assay. Consistently, knockdown of SERBP1 
increased hemoglobin content and promoted vessel for-
mation as depicted using bright-field imaging, H&E 
staining, and CD31 immunostaining. Overexpression 
of Adipsin, however, did not offer any further effect on 
the observed phenomena (Fig. 7D–F and Supplementary 
Material 2: Fig. S6F).

To validate our hypothesis, additional in vitro assays 
were conducted to elucidate the role of SERBP1 in 
HUVECs. The findings from the EdU proliferation, Tran-
swell invasion, wound healing, and tube formation assays 
affirmed that the knockdown of SERBP1 (Supplementary 
Material 2: Fig. S6A) significantly stimulated growth and 
enhanced migration of HUVECs. It was anticipated that 
Adipsin overexpression did not result in further growth 
or enhanced migration of HUVECs under high glu-
cose-hypoxic conditions following SERBP1 knockdown 
(Fig.  7G–J and Supplementary Material 2: Fig. S6G–K). 
These data indicate that Adipsin prompts angiogenesis 
in diabetic ischemic hindlimb and suggest the role for 
SERBP1 as a downstream regulator for Adipsin.

Discussion
Peripheral arterial disease (PAD) is characterized by 
gradual constriction and occlusion of peripheral arteries, 
predominantly affecting lower extremities. As a result, 
the insufficient blood perfusion to the legs precipitates 
pain, risks of amputation, multi-organ dysfunction, and 
even mortality [2, 3, 5, 7]. Moreover, among patients 
afflicted with PAD, individuals with diabetes manifest 
more pronounced arterial deterioration and endure 
markedly less favorable prognoses relative to non-dia-
betic peers [4, 6]. Therapeutic angiogenesis has emerged 
as a promising strategy for treating lower-limb ischemia 
[31–33]. Despite the application of VEGF-based mono-
therapies, clinical outcomes for patients with PAD have 
remained suboptimal, suggesting the involvement of 
supplementary regulatory mechanisms in effective angio-
genesis [34, 35]. Here in this study, we examined the role 
of Adipsin in hindlimb ischemia in T2DM mice and the 
underlying mechanisms involved.

Adipsin, initially described as the first adipokine, is 
a major protein secreted by adipose cells [14]. Previous 

research has confirmed that Adipsin is indispensable 
for the intrinsic alternative complement pathway ini-
tiation, as well as the amplification of C3 convertases. 
These processes participate in the early stages of infec-
tion, usually before innate antibodies reaching effective 
serum levels in circulation [13]. Adipsin has been shown 
to play important roles in ischemia reperfusion and dia-
betic cardiomyopathy [17, 19, 36]. Additionally, Adipsin 
levels were overtly increased in both humans and mice 
with acute myocardial infarction (MI) [37]. In parallel, 
our results showed that Adipsin levels were significantly 
increased in response to ischemic conditions in non-dia-
betic mice, while failed to exhibit a comparable response 
in diabetic mice. Moreover, our further study indicated 
that Adipsin facilitates angiogenesis and restoration of 
blood flow, thereby promoting tissue repair in diabetic 
mice following HLI surgery. In vitro studies also denoted 
that Adipsin promotes proliferation, migration, and tube 
formation of HUVECs under HG-HY conditions. It is 
noteworthy that even within an ex vivo environment 
devoid of complement system components, which are 
ordinarily indispensable for the conventional function-
alities of Adipsin, the exogenously Adipsin overexpres-
sion retains the capacity to exert a pronounced effect on 
HUVECs. These results suggest that Adipsin may have 
direct effects on promoting angiogenesis in diabetic con-
dition, which is independent of the complement system. 
Adipsin may serve as a novel therapeutic target for the 
treatment of PAD. Consistent with previous findings [10, 
15, 19, 38], Adipsin levels were overtly decreased in dia-
betic mice. Importantly, these metabolic improvements 
may be beneficial for the proangiogenic effect of Adipsin. 
Our previous study demonstrated that Adipsin overex-
pression did not significantly affect blood glucose levels 
in HFD/STZ-induced diabetic group [10]. The observed 
increase in angiogenesis in response to Adipsin is likely a 
direct effect in endothelial cells as opposed to a second-
ary consequence of metabolic improvement.

To unveil the possible molecular mechanisms under-
neath Adipsin-evoked effect on endothelial cells under 
high-glucose hypoxic conditions, cells following indi-
cated treatments were subjected to RNA-sequencing 
analysis. Transcriptomics analysis revealed that VEGF 
signaling, and PI3K-Akt signaling may serve as targets of 
Adipsin for promoting angiogenesis. Activation of AKT 
kinase appears to orchestrate a multitude of signaling 

(See figure on previous page.)
Fig. 5 SERPINE1 mediates Adipsin-induced angiogenesis in diabetic mice subjected to hindlimb ischemia. A Experimental schematic depicting the 
establishment of T2DM mouse model, administration of AAV1, and procedure for femoral artery ligation. B Representative images illustrating blood flow 
in hindlimb paws, as monitored by PeriCam PSI at 0 and 14 days post-ligation (dpl). C Quantification of blood flow recovery at 0, 3, 7, and 14 dpl, assessed 
by the ischemic to non-ischemic limb perfusion ratio. D Blood flow at 14 dpl. Values are presented as mean ± SEM (n = 8 mice). Statistical significance is 
determined using two-way repeated measures ANOVA followed by a Tukey post hoc test. E Representative images of H&E staining and immunostaining of 
gastrocnemius muscle sections at 14 dpl. F Quantification of the number of newborn skeletal muscle cells (n = 8 mice). G Quantification of CD31-positive 
area (n = 8 mice). H Quantification of α-SMA-positive vessels count (n = 8 mice). Values are presented as mean ± SEM in F, G and H. Statistical significance 
is determined using two-way ANOVA followed by a Tukey post hoc test in F, G and H. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 6 Adipsin interacts with SERBP1 within the cytoplasm. A Schematic representation of the experimental workflow. B, C Interaction between Adipsin 
and SERBP1 in HUVECs was validated through Co-IP followed by Western blot analysis (n = 5). D Localization of Adipsin (green) and SERBP1 (red) were 
stained and visualized using confocal microscopy. E Intensity profiles showing colocalization along the direction of the white arrow. F Molecular dock-
ing analysis of the interaction between Adipsin and SERBP1. G, H Quantification of SERPINE1 mRNA levels via RT-qPCR in HUVECs subjected to either 
Adipsin overexpression or SERBP1 silencing (n = 3). I, J Stability of SERPINE1 mRNA was assessed in HUVECs treated with actinomycin D, following either 
the overexpression of Adipsin or the silencing of SERBP1 (n = 3). Values are presented as mean ± SEM in G, H, I and J. Statistical significance is determined 
using two-tailed Student’s unpaired t-test in G and H or two-way repeated measures ANOVA with a Sidak post hoc test in I, and J. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Fig. 7 (See legend on next page.)
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cascades implicated in angiogenesis [39]. The diverse 
downstream substrates of AKT not only converge to 
inhibit the induction of apoptosis but may also stimulate 
proliferation, migration, and tube formation of endo-
thelial cells, ultimately contributing to vascular remod-
eling and maintenance of vessel integrity throughout 
the angiogenic process [40–43]. In our hands, Adipsin 
exerts angiogenic effects in HUVECs by activating AKT, 
ERK, and eNOS. Previous studies have depicted that 
VEGF-induced activation of PI3K-Akt signaling requires 
VEGFR2 dimerization and autophosphorylation, thereby 
modulating endothelial angiogenesis [25–27]. Our in 
vitro findings suggested that Adipsin overexpression 
increased VEGFR2 phosphorylation in response to VEGF 
stimulation.

Interestingly, we found decreased SERPINE1 expression 
in HUVECs infected with Ad-Adipsin under high-glucose 
hypoxic conditions. SERPINE1, also known as plasminogen 
activator inhibitor-1 (PAI-1), serves as the master regula-
tor of the plasminogen system [44]. It has been implicated 
for its role in exacerbating diverse pathological conditions 
through the accumulation of extracellular matrix (ECM), 
as well as its role in altering cell fate and behavior [45]. Ear-
lier results indicated that the concentration of SERPINE1 
increases during the impaired glucose tolerance stage and 
continues to rise throughout the progression of diabetes and 
metabolic syndrome [46, 47]. Accumulating evidence has 
elucidated a vital role for SERPINE1 in promoting angio-
genesis and tissue regeneration [28, 48–51]. Moreover, the 
antiangiogenic effect of SERPINE1 appears to be mediated 
by modulating VEGF-induced endothelial cell activation 
through disruption of VEGFR2-αVβ3 crosstalk [29, 52]. 
These findings further intimated a partial regulatory role 
for SERPINE1 in Adipsin-induced angiogenesis. In this 
study, SERPINE1 knockdown exhibited reduced ischemic 
damage following HLI, which was attributed to augmented 
blood flow recovery, enhanced angiogenesis, and improved 
endothelial cell functions, including proliferation, migration, 
and tube formation. Furthermore, our findings revealed that 
overexpression of Adipsin did not offer any additional pro-
tective effects with suppression of SERPINE1.

We observed that Adipsin directly binds to SERBP1 in 
HUVECs, offering the specific molecular mechanisms by 

which Adipsin promotes angiogenesis. SERBP1 is the RBP 
to regulate mRNA stability of SERPINE1 [30, 53]. Previous 
findings have indicated that an association between SERBP1 
gene polymorphisms and ischemic stroke risk or clinical 
manifestations [54]. SERBP1 may modulate proliferation, 
migration and invasion of lung adenocarcinoma cells via 
enhancing the mRNA stability of SERPINE1 [53]. These 
properties of SERBP1 support its involvement in the regu-
lation of Adipsin to promote angiogenesis and tissue repair. 
Consistent with these findings, mRNA levels of SERPINE1 
exhibited a pattern of decline upon Adipsin overexpression 
and the half-life of SERPINE1 mRNA diminished follow-
ing SERBP1 silencing. Our results indicated that the reduc-
tion of SERBP1 facilitated blood flow recovery, augmented 
angiogenesis, and enhanced proliferation, migration, and 
tube formation in endothelial cells. These findings indicate 
that Adipsin directly enhances angiogenesis by binding with 
SERBP1, thereby obstructing the interaction of SERBP1 
with SERPINE1 mRNA.

Despite the promising findings, certain limitations need 
to be acknowledged. First of all, the mouse model of HLI 
is an acute event in our study that failed to recapitulate the 
real-world lower extremity PAD. The present study focused 
on short-term outcomes following HLI and may not fully 
capture the long-term impacts or potential off-target effects 
of Adipsin overexpression. Therefore, chronic PAD models 
should be considered, and clinical patient data need to be 
integrated in future research to validate these findings. Sec-
ondly, the present study exclusively employed HUVECs for 
mechanistic studies, whereas new vessel formation follow-
ing femoral artery ligation is predominantly driven by the 
microvasculature and arterial endothelial cells. Additional 
cell models should be employed for mechanistic studies to 
further verify the findings of the current study.

Conclusions
In conclusion, the present study provides clear evidence 
that Adipsin plays a positive regulatory role in response to 
HLI in diabetic mice. Adipsin binds to SERBP1 in endothe-
lial cells, disrupting the interaction between SERBP1 and 
SERPINE1 mRNA. This disruption decreases the stability 
of SERPINE1 mRNA, reduces SERPINE1 expression, and 
promotes VEGF-induced activation of VEGFR2 (Fig. 8). As 

(See figure on previous page.)
Fig. 7 Adipsin mediates angiogenesis through its interaction with SERBP1. A Schematic representation of the experimental workflow, detailing the 
establishment of T2DM model, the administration of AAV1, and the procedure for femoral artery ligation. B Representative images depicting blood 
flow in hindlimb paws monitored by PeriCam PSI at 0 and 14 days post-ligation (dpl). C Quantification of blood flow recovery at 0, 3, 7, and 14 dpl, as 
assessed by the perfusion ratio between ischemic and non-ischemic limbs (n = 8 mice). Values are presented as mean ± SEM. Statistical significance is 
determined using two-way repeated measures ANOVA followed by a Tukey post hoc test. D Representative images of Matrigel plugs, including photo-
graphic documentation, H&E staining, and immunostaining analysis of blood vessels. E Quantification of the number of blood vessels in the H&E-stained 
Matrigel plugs (n = 6 mice). F Quantification of angiogenesis in Matrigel plugs by measuring CD31-positive area (n = 6 mice). G Representative images 
of migrating HUVECs. H Plot showing the number of migrated cells (n = 5). I Representative images of tube formation in a Matrigel assay. The vascular 
network was segmented using the ImageJ software to enhance visualization. J Plot showing the analysis of total tube length (n = 5). Values are presented 
as mean ± SEM in E, F, H and J. Statistical significance is determined using two-way ANOVA followed by Tukey post hoc test in E, F, H and J. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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a result, endothelial cell proliferation and tube formation 
are increased, which promotes angiogenesis. These findings 
suggest that targeting Adipsin could be a promising thera-
peutic strategy for treating PAD.

Abbreviations
CFD  Complement factor D
C3  Complement component 3
HLI  Hindlimb ischemia
GM  Gastrocnemius muscles
T2DM  Type 2 diabetes mellitus
PAD  Peripheral artery disease
Adipsin-Tg  Adipsin tissue-specific transgenic mice
ECs  Endothelial cells
HFD  High-fat diet
ND  Normal diet
HG  High glucose

STZ  Streptozotocin
GTT  Glucose tolerance test
PFA  Paraformaldehyde
PBS  Phosphate-buffered saline
ECM  Endothelial cell medium
FBS  Fetal bovine serum
MOIs  Multiplicities of infection
dpl  day post-ligation
EGFP  Enhanced green fluorescent protein
HUVECs  Human umbilical vein endothelial cells
SMA  Smooth muscle actin
VEGF-A  Vascular endothelial growth factor-A
VEGFR2  Vascular endothelial growth factor receptor 2
TF  Transferrin
SERBP1  SERPINE1 mRNA binding protein 1
PAI-1  Plasminogen activator inhibitor-1
Co-IP  Co-immunoprecipitation
MS  Mass spectrometry

Fig. 8 Graphical illustration of Adipsin-SERPINE1 regulatory mechanism. (1) Adipsin, secreted by adipose tissues, is taken up by endothelial cells. In 
non-diabetic mice, Adipsin enters endothelial cells and binds to SERBP1, disrupting the interaction between SERBP1 and SERPINE1 mRNA. This disrup-
tion results in decreased stability of SERPINE1 mRNA, reduced SERPINE1 expression, and enhanced VEGF-induced activation of VEGFR2. Consequently, 
endothelial cell proliferation and tube formation are increased, promoting angiogenesis. (2) In diabetic mice, the interaction between Adipsin and SERBP1 
is diminished due to reduced levels of Adipsin. This leads to increased binding of SERBP1 to SERPINE1 mRNA, thereby enhancing the stability of SERPINE1 
mRNA and expression of SERPINE1. As a result, SERPINE1 inhibits VEGF-induced activation of VEGFR2, impairing angiogenesis
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