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Purpose: Puerarin is the main isoflavone extracted from Radix Puerariae lobata (Willd.) and exerts a strong protective effect on 
endothelial cells. This isoflavone also exerts proven angiogenic effects; however, the potential underlying mechanism has not been 
fully explored. Here in this work, we aimed to determine the proangiogenesis effect of a puerarin-attached lignin nanoparticle- 
incorporated hydrogel and explore the underlying mechanism.
Materials and Methods: Puerarin-attached lignin nanoparticles were fabricated and mixed with the GelMA hydrogel. After the 
hydrogel was characterized, the angiogenic effect was evaluated in a mouse hind-limb ischemia model. To further explore the 
mechanism of angiogenesis, human endothelial cell line EA.hy926 was exposure to different concentrations of puerarin. Wound 
healing assays and tube formation assays were used to investigate the effects of puerarin on cell migration and angiogenesis. qPCR and 
Western blotting were performed to determine the changes in the levels of angiogenesis indicators, autophagy indicators and PPARβ/δ. 
3-MA was used to assess the role of autophagy in the puerarin-mediated angiogenesis effect in vivo and in vitro.
Results: The hydrogel significantly improved blood flow restoration in mice with hind-limb ischemia. This effect was mainly due to 
puerarin-mediated increases in the angiogenic capacity of endothelial cells and the promotion of autophagy activation. A potential 
underlying mechanism might be that puerarin-mediated activation of autophagy could induce an increase in PPARβ/δ expression.
Conclusion: The puerarin-attached lignin nanoparticle-incorporated hydrogel effectively alleviated blood perfusion in mice with 
hind-limb ischemia. Puerarin has a prominent proangiogenic effect. The potential mechanisms might be that puerarin-mediated 
autophagy activation and increase in PPARβ/δ.
Keywords: puerarin, angiogenesis, autophagy, PPARβ/δ, vascular endothelial cell

Introduction
As an isoflavone derivative, puerarin (chemical structure of the puerarin molecule shown in Figure 1H) is the main active 
component extracted from dry root of the traditional Chinese medicine (TCM) Radix Puerariae lobata (Willd.). Similar 
to many TCMs that are thought to exert “activating blood” effects, the beneficial effects of puerarin as shown by TCM 
theory have been supported by modern medical technology.1 Puerarin has been shown to promote vasodilation and is 
considered a clinical treatment for ischemic heart diseases and ischemic cerebrovascular disease.2,3 However, endothelial 
cells (ECs) not only participate in vasoconstriction and vasodilation but also play key roles in vascular formation. 
Angiogenesis is widely involved in multiple physiological and pathological processes. Improving vessel formation has 
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been a hot topic in ischemic disease therapy and tissue regeneration research.4,5 Studies have shown that puerarin can 
exert protective effects on ECs under pathological conditions such as inflammation, oxidative stress, and endothelial- 
mesenchymal transition (EMT).6,7 The angiogenic effect of puerarin has been supported by evidence of enhanced levels 
of angiogenesis factors, such as VEGFA, in rats.8 However, the detailed molecular mechanisms by which puerarin 
induces angiogenesis have not been extensively studied.

Autophagy is a process by which cells self-degrade and recycle intracellular components, and it participates in many 
cellular processes, including angiogenesis.9,10 In many neovascularization diseases, such as tumors, macular degeneration 
and diabetic retinopathy, the promotion of autophagy can be detected in vessels.11–13 In vitro experiments have shown 
that suppressing of autophagy can evidently inhibit the migration and tube formation abilities of ECs.14 The reason of 
this effect might be that the promotion of autophagy can accelerate the degradation and recycling of intracellular 
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Figure 1 Material characterization. (A) Images of LNP/PUE-incorporated hydrogel. (B) SEM results of the LNP/PUE-incorporated hydrogels ((a) scale bar=50 μm, (b, c) 
scale bar=20 μm). (C) Drug-release percentages of the hydrogels under pH=7.4. (D) Drug-release percentages of the hydrogels under pH=6.4. (E) In vivo degradation of 
LNP/PUE-incorporated hydrogel. (F) TEM results of LNP and LNP/PUE. (G) FTIR results of LNP and LNP/PUE; (H) Chemical structure of the puerarin molecule.
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substances to provide more sufficient energy for the angiogenesis process. It has been demonstrated that puerarin can 
regulate autophagy; for example, this isoflavone can activate autophagy in chondrocytes to alleviate osteoarthritis.15 

Another study suggested that puerarin could promote autophagy in an AMPK-dependent manner and protect ECs against 
hyperglycemia-induced chronic vascular disease.16 However, whether this puerarin-mediated autophagy can further 
induce angiogenesis remains unknown.

Peroxisome proliferator-activated receptor β/δ (PPAR β/δ) belongs to the PPAR family and participates in energy 
homeostasis and metabolic function.17 Previous reports have indicated that PPARβ/δ activation can promote fatty acid 
metabolism.18 Moreover, this factor may have a close relationship with autophagy. It has been suggested that PPARβ/δ 
can accelerate bone regeneration by activating the AMPK/mTOR pathway and subsequently promote autophagy levels 
by inhibiting mTOR.19 PPAR β/δ can also promote autophagic flux in hepatic cells and contribute to lipid deposition.20 

On the other hand, PPARβ/δ plays a nonnegligible role in cell migration and invasion and is considered a proangiogenic 
factor.21 This factor can promote vascular repair by interacting with HIF1α after ischemia.22 In tumor tissue, PPARβ/δ 
can promote angiogenesis in an IL-8-related manner both in vivo and in vitro.23,24 In our study, puerarin promoted 
PPARβ/δ elevation. However, whether there is a relationship between puerarin-mediated autophagy and PPARβ/δ-related 
angiogenesis has not yet been explored.

In this study, we chose lignin nanoparticles (LNPs) as scaffold to attach puerarin. LNPs are novel green 
nanoparticles that have been used in vivo as efficient candidate for drug and gene delivery.25 We prepared and 
characterized puerarin-attached LNPs (LNP/PUE) and mixed them with GelMA hydrogel to construct a puerarin 
sustained- release system. After determining the proangiogenic effect of the composite material in a mouse hind-limb 
model, the underlying molecular mechanism was further explored. The treatment of EA.hy926 cells with puerarin 
induced migration and tube formation were observed. Autophagy activation and overexpression of the ligand-activated 
transcription factor PPARβ/δ were also examined. Autophagy inhibitor could significantly suppress this puerarin- 
induced autophagy and PPARβ/δ activation and angiogenesis in both in vivo and in vitro studies. Therefore, we 
hypothesized that puerarin could mediate angiogenesis through autophagy-induced PPARβ/δ upregulation. Our find-
ings may provide theoretical evidence for the development of biomedical applications of puerarin to mediate 
angiogenesis.

Materials and Methods
Preparation and Characterization of the LNP/PUE-Incorporated Hydrogel
LNP/PUE were produced using antisolvent precipitation according to the method described by Ou et al.26 A total of 
60 mg of alkaline lignin (Sigma, 370959) was dissolved in 10 mL of methanol and stirred using a magnetic stirring 
apparatus for 2 h. The insoluble sediment was removed after brief centrifugation at 800 rpm. Then, lignin solution was 
stirred by a magnetic stirring apparatus, and distilled water was added. For every 2 mL lignin solution, 6 mL distilled 
water was added. After all the water was added, stirring was continued for 10 min and then the sample was centrifuged at 
10,000×g for 10 min. The sediment was collected, stored at −80°C overnight and dried by freeze-vacuuming 
(CoolSafe1104, LaboGene) for 24 h to obtain LNP powder. 10 mg of LNPs were resuspended in 100 µL of PBS. 
Different concentrations of puerarin (PUE(L)=2.5 mM, PUE(M) =5 mM, PUE(H) =25 mM) were mixed and incubated 
with the LNP suspension. Then, the mixture was mixed thoroughly and stored at −80°C overnight before being frozen 
under vacuum to obtain LNP/PUE. FTIR of LNP/PUE was performed with a BRUKER TENSOR 27 to evaluate the 
functional groups and chemical bonds of the LNPs and puerarin. The morphological structures of LNP and LNP/PUE 
was determined by TEM (HITACHI, H-7500).

The GelMA hydrogel was purchased from EFL (EFL, EFL-GM-30) and prepared according to the manufacturer’s 
instructions. LNP/PUE nanoparticles were mixed with GelMA at a concentration of 2.5 mg/mL. The gel was injected 
into a circular mold with an inner diameter of 1 cm and was cured using an UV lamp to obtain LNP/PUE-incorporated 
hydrogel. The surface morphology of the hydrogel was observed by SEM (JSM, IT300). Sustained release of puerarin 
was detected by HPLC. The hydrogels in each group were subcutaneously put into mice after weighed. The weight of 
each hydrogel was recorded on days 3, 7, 10 and 14 to evaluate the in vivo degradation.
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Mouse Hind Limb Ischemia Model Construction
Animal experiment were strictly followed by Laboratory animals—General code of animal welfare (OIE Terrestrial 
animal health code—Chapter 7.8—Use of animals in research and education, MOD). Male C57BL/6 mice weighing 22 
±2 g were purchased from the Laboratory Animal Center of Southern Medical University. The experiments were 
approved by the Animal Ethics Committee of Guand Dong Hua Wei Testing Co, Ltd (Grant No.202207003) and were 
performed in strict accordance with the guidelines pertaining to experimental animal care and use in China. Unilateral 
femoral artery ligation was performed as described by Padgett et al.27 Briefly, after the mice were anesthetized, the right 
femoral artery was exposed. The proximal femoral artery and distal saphenous artery were ligated, and an arterectomy 
was performed. GelMA, GelMA/LNP, GelMA/LNP/PUE(L), GelMA/LNP/PUE(M), and GelMA/LNP/PUE(H) were 
placed at the dissection areas in the control, LNP/PUE, LNP/PUE(L), LNP/PUE(M) and LNP/PUE(H) groups (n=6 for 
each group), respectively. In the LNP/PUE + 3-MA groups, 15 µL of 5 mg/mL 3-methyladenine (3-MA) (MCE, HY- 
19312) was added to the hydrogel. Perfusion conditions were examined immediately after the operation and on day 7 and 
14 after the operation using a laser speckle contrast imaging imager (RWD, RFSLI ZW/RFLSI III). 14 days after the 
operation, gastrocnemius tissues were collected from the mice for further analysis.

Tissue Staining
Mouse gastrocnemius tissue was harvested and fixed in 4% formaldehyde. The tissue was then and sliced after 
being dehydrated and paraffin-embedded. After being dewaxed, the sections were quenched with 3% hydrogen 
peroxide and boiled with 0.01 M citric acid buffer (pH 6.0). Then, after being incubated with CD31 antibody 
(28083-1-AP, Proteintech, China) at 4°C overnight and being washed, the slices were then treated with secondary 
antibodies. The slices were backstained with hematoxylin and images were taken with an Olympus BX63 
microscope.

Cell Culture
The human EC line EA.hy926 was provided by the Chinese Academy of Science Cell Bank (Shanghai, China). The cells 
were cultured in Dulbecco’s modified eagle’s medium (DMEM, C11995500BT, Gibco, US) containing 10% fetal bovine 
serum (FBS) (164210–50, Procell, China) in a humidified 37°C incubator with 5% CO2. Passaging was performed when 
the cells grew to 80% to 90% confluence. EA.hy926 cells were incubated with 10, 25, and 50 µM puerarin with or 
without 10 mM 3-MA, an autophagy inhibitor. Two hours before the treatment, 3-MA was pre added to the culture 
medium.

Cell Proliferation and Viability Assays
Cell viability was assessed by MTT assays as described by Zhou et al.28 EA.hy926 cells (2×103 per well) were inoculated 
into a 96-well plate allowed to adhere for 24 h, and then exposed to 5, 10, 25, 50 or 100 μM puerarin (HY- 
N0145, MCE, US) for 6, 24 and 48 h, and each group included 6 replicates. Then, 5 mg/mL MTT was added to each 
well and the plate was incubated for another 4 h. Then, 150 μL of DMSO was added into each well, and the samples were 
oscillated on a shaker for 10 min. The absorbance at 490 nm was recorded.

Cell Migration Assays
The migration ability of EA.hy926 cells was detected by wound healing assays as described in our previous study.29 Cells 
were inoculated onto 12-well plates and cultured until the density reached 100%. Scratches on the cell monolayer were 
made with a 200 μL micropipette tip. Puerarin was diluted to 10, 25 and 50 μM in DMEM without FBS, and added into 
the plate and incubated for 24 h. As described by Mishra et al30 cells in the 3-MA and 3-MA + puerarin groups were 
exposed to 10 mM 3-MA for 2 h before the drug was added. Then, the supernatant was discarded and replaced with 
culture medium with or without a certain concentration of puerarin. Photographs were taken after 0, 12 and 24 h of 
treatment. ImageJ software was used to measure the recovery area in each group.
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Tube Formation Assays
Tube formation ability of puerarin-treated EA.hy926 was assessed as previously described.29 The cells were pretreated by 
puerarin for 12 h. Similar to the migration assays, the cells in the 3-MA and 3-MA + puerarin groups were treated with 
3-MA in culture medium for 2 h before being treated with puerarin. Then, 100 μL of Matrigel (356237, BD, US) was 
added to a 96-well plate and placed in an incubator for 30 min until it solidified. The pretreated cells were then 
resuspended in FBS-free medium and inoculated in the Matrigel-coated plates at a density of 2×104 cells per well. 
Photographs were taken at 6, 12 and 24 h. Tubular structures were defined using ImageJ and the Angiogenesis Analysis 
plugin.31

Quantitative Real-Time Polymerase Chain Reaction (qPCR)
RNA was obtained from puerarin-treated EA.hy926 cells using a Total RNA Isolation Kit (RC112-01, Vazyme, China) 
and reverse transcribed into cDNA using All-in-one RT SuperMix (R333-01, Vazyme, China) for qPCR. SYBR Green 
Master Mix (AG11701, Accurate Biology, China) and a LightCycler 480 (Roche, Swiss) were used to perform qPCR. 
The OD results were normalized against GAPDH expression. The primers in this work are listed in Table 1.

Western Blotting (WB)
For animal samples, gastrocnemius tissues were harvested and immediately placed into liquid nitrogen. The frozen 
samples were then placed into RIPA lysis buffer (BB-32012, Bestbio, China) and homogenized. For in vitro experiments, 
EA.hy926 cells were exposed to 10, 25 and 50 μM puerarin for 0, 1, 3, 6, 12 and 24 h. Total protein was extracted from 
tissue and cell samples with RIPA lysis buffer according to the instructions. The sample concentrations were assessed by 
a BCA kit (23223, Thermo Fisher, US) and normalized. The extracts were then separated by SDS-PAGE and transferred 
onto PVDF membranes (IPVH00010, Millipore, US). The membranes were then treated with Quickblot buffer (P0252, 
Biotime, China). Primary antibodies and secondary antibodies were used to sequentially treat the membranes. The gray 
values were evaluated by ImageJ software.

Immunofluorescence
2×104 of EA.hy926 cells were inoculated onto each cell slides in a 24-well plate and treated with puerarin with or 
without 3-MA for 12 h. The slides were then fixed with 4% paraformaldehyde. After 10 min of treatment with 0.1% 
Triton X-100 (P0096, Biotime, China) and being blocked with 5% BSA (SW3015, Solarbio, China) for 1 h at 37°C, the 
cells were incubated with LC3 antibodies (ab48394, Abcam, UK) overnight. Then the cells were incubated with the 
secondary antibody (ZF-0511, ZSGBbio, China) for 1 h. DAPI (C0065, Solarbio, China) was then used to stain the cell 
nuclei. And the fluorescence intensity was observed with an Olympus BX63 microscope.

Statistical Analysis
All the results in this manuscript are presented as the means ± standard deviations. Significant differences between 
groups were evaluated by one-way ANOVA or two-tailed Student’s t-test using SPSS version 20.0. Experiments were 
repeated at least three times. The significance is displayed in the figures as *(P < 0.05), **(P < 0.01) and ***(P<0.001) 
or #(P < 0.05), ##(P < 0.01) and ###(P<0.001).

Table 1 The Primer Sequences Used for qPCR

Gene Forward Primer Sequence (5’-3’) Reverse Primer Sequence (5’-3’)

VEGFA CTTCTGGGCTGTTCTCGCTTCG CTCCTCTTCCTTCTCTTCTTCCTCCTC
VEGFR2 CTGGCTACTTCTTGTCATCATCCTACG TGGCATCATAAGGCAGTCGTTCAC

ANGI CGCTGCCATTCTGACTCACATAGG CGTACTCTCACGACAGTTGCCATC

ANGII CAGAACCAGACGGCTGTGATGATAG AGTGTTCCAAGAGCTGAAGTTCAAGTC
Tie2 TGCTTGGACCCTTAGTGACATTCTTC TCTTGCCTTGAACCTTGTAACGGATAG

GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC
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Results
Characterization of the LNP/PUE Hydrogel
The LNP/PUE hydrogel was prepared (Figure 1A) and characterized. The LNP/PUE FTIR results suggested that 
there were no chemical bonds between puerarin and LNP (Figure 1G). The TEM results indicated that both LNP 
and LNP/PUE showed spherical structures and the addition of PUE did not significantly affect LNPs morphology 
(Figure 1F). The SEM results showed that the hydrogel had a porous structure (Figure 1B). PUE release behavior 
was determined by HPLC under pH=7.4 (Figure 1C) and pH=6.4 (Figure 1D). The puerarin release rate in the 
GelMA/PUE groups was markedly faster than that in the GelMA/LNP/PUE groups, which indicated that the LNPs 
played an effective role in sustained controlled release as a scaffold for PUE. The results of the in vivo 
degradation indicated that the degradation rate of the nanomaterials was close to 100% at day 14 after the 
operation (Figure 1E).

The LNP/PUE Hydrogel Alleviates Blood Flow in Hind-Limb Ischemia Mice
Representative blood flow images are presented in Figure 2A and B, 7 days after the surgery, the blood reperfusion ratios 
in the LNP/PUE(M) and LNP/PUE(H) groups were evidently higher than those in the control groups (P<0.001). On day 
14, all three puerarin-treated groups had better blood flow conditions than the control groups (P<0.001). 
Immunohistochemical staining of the gastrocnemius ligation side indicated that there was higher CD31 expression in 
the medium concentration group (P<0.001) and high concentration groups (P<0.05) (Figure 2C and D). There were no 
differences between the control and LNP groups. Muscle tissue protein was then extracted and examined by WB. The 
results suggested that the proangiogenic indicator VEGFA was prominently increased in the three puerarin groups, and 
the vessel endothelial biomarker CD31 also showed higher expression levels in the LNP/PUE(M) group than in the LNP 
and control groups (Figure 3A and B). In the LNP/PUE(H) groups, CD31 was upregulated compared with that in the 
control groups. There was still no significant difference between the control and LNP groups. These above results 
suggested that the LNP/PUE hydrogel could alleviate blood flow in hind-limb ischemia mice, especially in the medium 
concentration groups, and the therapeutic effect was mostly due to the presence of puerarin rather than LNPs. In the 
following experiment, we aimed to further explain the potential underlying mechanism of the proangiogenic effect of 
puerarin.

Effect of Puerarin on Cell Viability
We used the human umbilical vein EC line EA.hy926 to examine the potential mechanism of puerarin-induced 
angiogenesis. First, to determine the appropriate working concentration of puerarin in vitro, MTT assays were performed. 
As shown in Figure 4A, exposure of EA.hy926 cells to 10, 25, 50 and 100 μM puerarin for 6 h showed slightly enhanced 
viability. Exposure to 5–50 μM puerarin for 24 h promoted cell proliferation, and exposure to 10, 25 and 50 μM puerarin 
for 48 h enhanced proliferation. However, the viability of 100 μM puerarin-treated cells was significantly reduced at both 
24 and 48 h. These results suggested that 10, 25 and 50 μM puerarin could promote cell viability, whereas 100 μM 
puerarin was cytotoxic toward EA.hy926 cells. Based on the MTT results, 10, 25 and 50 μM puerarin were chosen for the 
following experiments.

Puerarin Promotes the Migration of EA.hy926 Cells
A wound healing assay was performed to determine whether puerarin could affect EA.hy926 cell migration (Figure 4B and C). 
Twelve hours after the scratched were made, the recovery areas in the groups treated with 10, 25 and 50 μM puerarin groups 
were larger than those in the control group. However, no difference was observed among the puerarin-treated groups. At 24 h, 
the recovery areas in the 10, 25 and 50 μM groups were larger than those in the control group. Moreover, 50 μM puerarin more 
effectively promoted cell migration than 10 μM puerarin (P<0.05). These results demonstrated that puerarin could promote the 
migration of EA.hy926 cells and that 50 μM puerarin exerted superior effects compared to 10 μM puerarin.
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Puerarin Promotes Angiogenesis in EA.hy926 Cells
After confirming that puerarin could promote EA.hy926 cell migration, we further determined its effect on angiogenesis 
via tube formation assays (Figure 4D). As shown in Figure 4E the master segment lengths in the 25 and 50 μM groups 

Figure 2 The LNP/PUE-incorporated hydrogel promotes angiogenesis in a mouse hind-limb ischemia model. (A) Representative image of blood flow perfusion image of 
hind-limb ischemia mice on days 0, 7 and 14 after the operation. (B) Statistical analysis of (A); (C and D) CD31 immunohistochemical and statistical analysis of mouse 
gastrocnemius samples on day 14 after the operation (scale bar=250 μm). *(P < 0.05), ***(P<0.001).
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were enhanced compared with those in the control group. The meshes area and node numbers in the experimental groups 
were all significantly increased. Among three puerarin-treated groups, the meshes areas and node numbers in the 50 μM 
group were higher than those of the 10 μM group. Puerarin robustly promoted tube formation in EA.hy926 cells.

Puerarin Promotes Angiogenesis-Related Factor Expression in EA.hy926 Cells
The levels of the angiogenesis-related factors VEGFA, VEGFR2, ANG1, ANG2 and Tie2 were measured by qPCR. 
Treatment with puerarin (10 μM) for 1, 3, and 6 h increased VEGFA expression, and the mRNA level of VEGFR2 was 
also increased at 3 h (Figure 5A). VEGFA expression was elevated in the 25 μM puerarin-treated group at all timepoints, 
and an increase in VEGFR2 upregulation was observed at 3, 6 and 12 h (Figure 5B). Puerarin at a concentration of 50 
μM induced a greater increase in VEGFA expression than 10 or 25 μM, and the change in VEGFR2 expression lasted 
until 24 h (Figure 5C). However, no difference was observed in the expression of ANG1, ANG2 or Tie2.

We further confirmed the changes in VEGFA and VEGFR2 expression at the protein level by WB. Treatment with 10, 
25 and 50 μM puerarin for 3 h promoted VEGFA expression, and the effect lasted for 24 h. As shown in Figure 6A, 
VEGFR2 expression was increased by treatment with 10 μM puerarin for 6, 12 and 24 h. In the 25 and 50 μM puerarin- 

Figure 3 The LNP/PUE-incorporated hydrogel promotes angiogenesis, autophagy and PPARβ/δ elevation in the gastrocnemius tissue of hind-limb ischemic mice. (A and B) 
WB results and the statistical analysis of the tissue samples. *(P < 0.05), **(P < 0.01).
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Figure 4 Effects of puerarin on the proliferation, migration and tube formation abilities of EA.hy926 cells. (A) The viability of EA.hy926 cells after exposure to puerarin (5, 
10, 25, 50 and 100 μM) for 6, 24 and 48 h; (B and C) After exposure to 10, 25 and 50 μM puerarin for 12 and 24 h, wound healing assays were performed to examine the 
migration ability of the cells (scale bar=500 μm). (D) After 12 h of exposure to puerarin, the angiogenesis ability of cells was detected (magnification: 100×). (E) Master 
segment length, meshes area and node numbers were evaluated in each group. *(P < 0.05), **(P < 0.01), ***(P<0.001).
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treated groups, the increase in VEGFR2 expression occurred earlier at 3 h (Figure 6B and C). These results indicated that 
puerarin could increase the expression of the angiogenesis indicators VEGFA and VEGFR2.

Puerarin Activates Autophagy
The autophagy indicators p62 and LC3BII were examined by WB. As shown in Figure 7A, 10 μM puerarin induced 
a significant p62 downregulation at 3 h, and the activation of autophagy lasted for 24 h. LC3BII elevated in 12 and 24 
h. This promotion was observed in the 25 and 50 μM puerarin-treated groups after 1 h of treatment (Figure 7B and C). 
Moreover, in the 50 μM puerarin-treated groups, p62 expression was enhanced at 1 and 3 h and then decreased to the 
control level at 12 and 24 h. This up-then-down trend might be due to the excessive generation of autophagosomes, 

Figure 5 Effects of puerarin on the mRNA expression levels of angiogenesis indicators. After treatment with 10 μM (A), 25 μM (B) and 50 μM (C) puerarin for 1, 3, 6, 12 
and 24 h, the mRNA expression levels of VEGFA, VEGFR2, ANG1, ANG2 and Tie2 were determined by qPCR. *(P < 0.05), **(P < 0.01).
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which are generated to such a level that they cannot be rapidly degraded in time during the early stage.32 

Immunofluorescence was performed to observe the changes in the LC3BII levels in puerarin-treated cells. Treatment 
with 50 μM puerarin for 12 h upregulated LC3BII expression in EA.hy926 cells (Figure 7D and E). These indicated that 
puerarin could activate autophagy in EA.hy926 cells. Similar results were confirmed by WB in animal tissue samples. 
Compared to those in the control groups, the LC3BII levels in all the puerarin groups were increased (Figure 3A and B). 
These results indicated that puerarin could activate autophagy both in vivo and in vitro.

Puerarin Induces Angiogenesis via Autophagy-Induced PPARβ/δ Expression
We further examined the levels of the angiogenic factor PPARβ/δ by WB (Figure 8). The results indicated that 10 μM 
and 25 μM puerarin for 1, 3, 6 and 12 h promoted PPARβ/δ expression. In the 50 μM puerarin-treated groups, the 
enhancement of PPARβ/δ expression lasted for 24 h. Puerarin induced significant PPARβ/δ overexpression in EA.hy926 
cells. Consistently, a significant increase in PPARβ/δ was observed in animal tissue in the medium- and high- 
concentration groups (Figure 3A and B).

To investigate the relationship between puerarin-induced autophagy activation and PPARβ/δ-mediated angiogenesis, 
we used an autophagy inhibitor 3-MA and observed its effect on PPARβ/δ expression and angiogenesis (Figure 9A and B). 

Figure 6 Puerarin promotes the protein expression of VEGFA and VEGFR2. After exposure to 10 μM (A), 25 μM (B) and 50 μM (C) puerarin for 1, 3, 6, 12 and 24 h, the 
changes in the levels of VEGFA and VEGFR2 were detected by WB. *(P < 0.05), **(P < 0.01).
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The Western blot results showed that 3-MA successfully suppressed autophagy and PPARβ/δ expression, which suggested 
that autophagy could regulate PPARβ/δ expression. Furthermore, the expression of the angiogenesis indicators VEGFA and 
VEGFR2 was significantly decreased, which suggested that the angiogenic effect was inhibited by 3-MA. The 3-MA + 
puerarin group exhibited increased LC3BII expression and significantly lower p62 levels than the 3-MA group, suggesting 

Figure 7 Puerarin activates autophagy in EA.hy926 cells. The expression levels of LC3B and p62 in the 10 μM (A), 25 μM (B) and 50 μM (C) puerarin-treated groups at each 
timepoint were detected by WB. (D) After treatment with 50 μM puerarin, the level of LC3B was observed by immunofluorescence analysis (scale bar=125 μm). (E) 
Statistical analysis of the data in (D). *(P < 0.05), **(P < 0.01), ***(P<0.001).
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that puerarin abrogated 3-MA-mediated suppression of autophagy. Similar results were observed by immunofluorescence 
analysis (Figure 9C and D). The fluorescence intensity of GFP-labeled LC3 in the 3-MA + 50 μM puerarin group was 
brighter than that in the 3-MA group. Moreover, the changes in the expression of VEGFR2, VEGFA and PPARβ/δ were 
alleviated by puerarin, which suggested that puerarin could suppress angiogenesis by inhibiting autophagy. We further 
demonstrated that 3-MA exerted an antiangiogenic effect through migration and tube formation assays, and similar results 
were obtained. As shown in Figure 10A and B, after 24 h, the wound recovery areas in the 3-MA-treated groups (14.65 ± 
0.17%) were prominently smaller than those in the control group (37.80 ± 0.71%). Moreover, the wound recovery areas in 
the 10, 25 and 50 μM puerarin groups reached 22.84 ± 0.83%, 31.36 ± 1.15% and 46.77 ± 0.25%, respectively, which 
suggested that puerarin treatment alleviated the decrease in migration. Similarly, in tube formation assays (Figure 10C), the 
master segment length (Figure 10D), meshes area (Figure 10E) and node numbers (Figure 10F) were all decreased after 
autophagy inhibition and were significantly restored in the 3-MA + puerarin groups. Furthermore, the 3-MA + 50 μM 
puerarin groups showed an even longer segment length and larger junction number than the control group. The autophagy 
inhibitor 3-MA was also used on a mouse hind-limb ischemia model to verify our hypothesis. LNP/PUE(M) was chosen for 
this rescue assay because it exerted the most significant proangiogenic effect. As shown in Figure 11A and D, the blood 
reperfusion ratio in the LNP/PUE+3-MA group was evidently lower than that of the LNP/PUE groups. WB results also 
indicated that 3-MA significantly weakened puerarin-induced autophagy and PPARβ/δ expression, and the levels of the 
angiogenesis indicators VEGFA and CD31 were also decreased (Fig, 11B). 3-MA suppressed CD31 decrease, as observed 
by immunohistochemistry (Figure 11C and E). The above results suggested that puerarin could promotes angiogenesis via 
autophagy-induced PPARβ/δ enhancement.

Discussion
Angiogenesis refers to the process by which new blood vessels grow from existing capillaries and retro capillary 
venules.33 Due to its involvement in a variety of physiological processes, particularly tissue repair, angiogenesis plays 
an very important role in biomedical processes.5 ECs are vital functional cells associated with angiogenesis and are the 
target cells in most angiogenic-related studies.34 The promotion of EC proliferation, migration and tube formation 
abilities of ECs is critical for angiogenesis. Many TCM formulas, herbal extracts, and compounds are thought to have 
“blood-activating” functions.35 Some of the beneficial effects of these TCMs on the vascular system have been supported 
by modern medical theories. Treatments such as Danshen (Salvia miltiorrhiza Bunge.), Danggui (Angelica sinensis.), 
icariin (Epimedium P.E.) and Huangqi (Astragalus membranaceus Bunge.) extractions have been shown to exert 
outstanding angiogenic effects on ECs and accelerate wound healing or bone regeneration.29,36 Puerarin is the main 

Figure 8 Puerarin increases PPARβ/δ levels. After exposure to 10 μM (A), 25 μM (B) and 50 μM (C) puerarin, the level of PPARβ/δ was detected by WB. (D) Statistical 
analysis of (A–C). *(P < 0.05), **(P < 0.01).
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Figure 9 Puerarin induces increases in VEGFA, VEGFR2 and autophagy-induced PPARβ/δ expression. EA.hy926 cells were exposed to 3-MA with or without puerarin for 12 
h. (A and B) The expression levels of VEGFA, VEGFR2, p62, LC3B and PPARβ/δ were detected by WB. (C) LC3B levels were further confirmed by immunofluorescence 
analysis (scale bars=125 μm). (D) Statistical analysis of the data in (C). *(P < 0.05), **(P < 0.01), ***(P<0.001).
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Figure 10 Puerarin alleviates the migration and tube formation dysfunction induced by autophagy inhibition. EA.hy926 cells were exposed to 3-MA + 10 μM, 3-MA + 25 and 
3-MA + 50 μM puerarin. (A and B) Wound healing assays were performed to examine the cell migration ability (scale bars=500 μm). (C–F) Angiogenesis ability was 
confirmed by tube formation assays (Magnification: 100×). *(P < 0.05), **(P < 0.01), ***(P<0.001).
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Figure 11 3-MA inhibited angiogenesis and autophagy activation mediated by the LNP/PUE-incorporated hydrogel. (A) Representative images of blood flow perfusion of 
hind-limb ischemia mice on day 0, 7 and 14 after the operation. (B) Western blot results and the statistical analysis of tissue samples. (C) CD31 immunohistochemical of 
gastrocnemius samples on day 14 after the operation (scale bars=250μm). (D) Statistical analysis of (A). (E) Statistical of (C). LNP/PUE(M) was used in the “LNP/PUE” 
groups, and 15 µL of 5 mg/mL 3-MA was used in the results in Figure 11. Compared with control: *(P < 0.05), **(P < 0.01), ***(P<0.001); compared with LNP/PUE + 3-MA: 
###(P<0.001).
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extract of Puerariae Radix lobata, one of the earliest crude herbs used in TCMs to treat diabetes, fever and other 
conditions.1 Currently, puerarin is often used to treat the therapy of cardiovascular diseases such as hypertension and 
arrhythmia in China.37,38 The main molecular mechanisms underlying these therapeutic effects functions are anti- 
inflammatory, antioxidative stress and antiapoptotic effects.39 For instance, puerarin can inhibit the inflammatory NF- 
κB pathway,40 oxidative stress-related MAPK pathway,41 apoptosis-related Bcl/Bax ratio,42 and PI3k/Akt pathway,43 

among other factors and pathways. In addition, puerarin can also act function as an open-channel blocker of IK1, which 
may explain the antiarrhythmic function of puerarin.44 Although the beneficial effects of puerarin on the cardiovascular 
system have been well documented, its effect on vascular EC angiogenesis requires further examination. In this study, we 
prepared a puerarin sustained release system, demonstrated its angiogenic effect, and further explored the potential 
underlying mechanisms.

First, we demonstrated the angiogenic effect of puerarin in vivo in a mouse hind-limb ischemia model. The literature 
and our results both indicated that high concentrations of puerarin could induce toxicity; therefore, sustained adminis-
tration of low doses was necessary. In previous studies of the therapeutic use of puerarin, multiple times of treatments 
were often required.45–47 To avoid excessive drug concentrations in the body, reduce the administration frequency and 
alleviate patient pain, the application of a sustained release system is necessary. Hydrogels have good biocompatibility 
and biodegradability, and are suitable for use as drug carriers in sustained release systems. The observation period of 
posterior limb ischemic healing is generally 7–14 days, but in our study, the release efficiency of GelMA/PUE was close 
to 100% within 7 days (Figure 1D), suggesting that the sustained release effect of GelMA/PUE alone did not last long 
enough. Similar results were also found in the study of Ou et al, in which the sustained release duration in the drug + 
hydrogel group was significantly shorter than that in the drug + carrier + hydrogel group. Therefore, to maintain 
therapeutic blood concentration, LNP was selected as scaffold to furtherly help the dispersion of PUE, and GelMA/ 
LNP/PUE was prepared to achieve prolonged sustained release effect of puerarin. LNPs are novel, green biodegradable 
nanoparticles that have been proven to be effective in sustained release of a variety of TCMs.25,48 The FTIR results 
showed that the characteristic peaks of the prepared LNPs and the LNP/PUE were basically consistent, indicating that 
there were no chemical bonds formed after PUE was added.

Then, the LNP/PUE were blended into a hydrogel to prepare the GelMA/LNP/PUE sustained release system. 
According to the SEM results, the porous morphology and release efficiency of the prepared hydrogel were conducive 
to PUE dispersion and sustained release, respectively. Not only under pH=7.4 physiological environment, but also in 
pH=6.4 condition, PUE showed effective sustained release effects. A pH of 6.4 was selected because the pH value of 
acute and chronic wounds or necrotic tissues is acidic. In a study by Shi et al, pH 6.4 was used to simulate the angiogenic 
microenvironment of the wound area to explore the slow-release effect of drugs.49

Next, we demonstrated the materials’ therapeutic effect on mouse hind-limb ischemia. After each group of hydrogels 
was applied to the mouse hind-limb ischemia model, puerarin significantly alleviated blood flow on days 7 and 14 after 
surgery. Immunohistochemical staining of day 14 samples also showed that neovascularization in the LNP/PUE(M) and 
LNP/PUE(H) groups was prominently promoted. Similar results were observed by WB of animal tissue samples. The 
addition of puerarin significantly increased the vascular EC marker CD31 and angiogenesis indicator VEGFA. The 
prepared hydrogels we prepared, especially those in the medium concentration groups, had an evident proangiogenic 
effect. Moreover, compared with that in the control groups, there was no difference in angiogenesis in the LNP groups, 
suggesting that it was puerarin that played a major role in angiogenesis in response to the materials we constructed. In the 
study by Jin et al, puerarin-induced CD31 elevation and promoted angiogenesis were also detected in mice with 
transverse aorta constriction.50 Zhang et al also reported VEGF enhancement in ischemic myocardium of puerarin- 
treated of rats.51 Our results are consistent with these existing studies, confirming the effectiveness of puerarin in 
angiogenesis in vivo, and the sustained-release system we constructed was also effective in mediating angiogenesis.

Therefore, in the following studies, we hope to further explore the mechanism of puerarin-promoted angiogenesis 
through in vitro experiments. EA.hy926 cells were used to construct an in vitro model. The effect of puerarin on cell 
proliferation was detected. Puerarin was diluted to 5, 10, 25, 50 and 100 μM, and incubated with the cells for 6, 24 and 
48 h. The results shown in Figure 3A suggest that all of the concentrations except for 5 μM promoted cell viability 
starting at 6 h. At 24 h, 5 μM puerarin also enhanced cell proliferation, but this effect was not maintained until 48 h. As 
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previously reported, the proliferation ability of ECs is also an essential function for neovascularization.52 The effect of 5 
μM puerarin on promoting cell proliferation began later and was maintained for a short time; thus, we hypothesize that its 
effect is less significant than that observed in response to higher concentrations, and it would be difficult to achieve the 
expected effect and explore the underlying cytological mechanism of proangiogenic effect. Puerarin (100 μM) signifi-
cantly induced cytotoxicity at 24 and 48 h. This dual effect of puerarin on cell viability indicates the importance of the 
concentration range in the therapeutic applications of puerarin. Because this work aimed to explore the therapeutic effects 
of puerarin, its biocompatibility is critical, and a concentration of 100 μM was therefore excluded. To further confirm the 
puerarin concentrations, we reviewed existing literature. In other current studies, the concentrations of puerarin that 
effectively protected ECs included 10, 25, 30, and 50 μM. Within this concentration range, puerarin has a significant 
effect on protecting the viability and promoting the cellular function of ECs,12 which is consistent with our hypothesis. 
Therefore, 10, 25 and 50 μM puerarin were used in the following experiments.

Migration and tube formation are vital features of angiogenic capacity.33 Therefore, to evaluate the effect of puerarin 
on the angiogenesis of EA.hy926 cells, wound healing and tube formation assays were performed. As shown in 
Figure 3B and C, 10, 25 and 50 μM puerarin prominently accelerated the wound recovery rate. However, difference 
was not observed among the three puerarin-treated groups at 12 h. At 24 h, the recovery area in the 50 μM groups was 
markedly larger than those of the control and 10 μM groups. This result was consistent with the study by Jin et al, who 
reported that 10, 25 and 50 μm puerarin could effectively promote HUVEC migration rate.50 Similarly, our tube 
formation assay also indicated that puerarin induced a longer master segment length and larger node junction numbers 
and meshes area than the control values. We further confirmed the proangiogenic effect of puerarin at the mRNA and 
protein levels. The VEGF pathway and ANG/Tie axis are two vital signal transduction pathways involved in angiogen-
esis and are considered classic indicators.53,54 VEGF is the most specific growth factor that is active during angiogenesis: 
VEGF is involved in migration and proliferation and induces the permeabilization of vessels; VEGFR2 is the specific 
receptor of VEGF, and an increase in the levels of this receptor indicates the promotion of angiogenesis.53,55 ANG1 and 
ANG2 are competitively antagonistic, and can activate the Tie2 receptor and promote EC migration and vessel 
stabilization. ANG1 has been shown be highly expressed in the tumor vasculature, and changes in its expression level 
can reflect the changes in angiogenesis; ANG2 can also bind to Tie2 to regulate angiogenesis.55,56 Therefore, we 
subsequently determined the levels of VEGFA, VEGFR2, ANG1, ANG2 and Tie2 by qPCR and WB. The qPCR results 
showed increases in VEGF and VEGFR2 levels, but the changes in ANG, ANG2 and Tie2 were not significant. It has 
been suggested by a recent study suggested that puerarin could promote the expression of ANG1 and ANG2 in rats with 
myocardial infarction.8 However, our results indicated that the levels of ANG1 and ANG2 did not differ from those of 
the control. This effect may be due to differences in experimental models and differences between in vivo and in vitro 
experiments. Then, the protein expression of VEGFA and VEGFR2 in puerarin-treated cells was measured. The results 
indicated the upregulation of these two angiogenic indicators. These changes in these of proangiogenic molecule levels 
are consistent with our morphological results and confirm that puerarin can effectively promote angiogenesis in ECs.

Autophagy, which promotes the recycling of intracellular substances, is a necessary process for the maintenance of 
normal cellular activities.10,57 Regulating autophagy levels has become a prominent therapeutic strategy for many 
diseases.58 Enhanced autophagy in vessels is considered a necessary process associated with the dynamic adaptation 
of ECs to bioenergetic needs during angiogenesis.59 Many herbal TCMs have been shown to be effective in treating 
cardiovascular diseases, nervous system diseases and diabetes due to their regulation of autophagy.60–62 Studies have 
indicated that puerarin can also affect autophagy levels in different types of cell lines or tissues. In kidney podocytes, 
puerarin induces autophagosome production, increases LC3II expression and decreases p62 levels, which attenuates 
diabetic nephropathy.63 An in vivo study suggested that puerarin could restore autophagy through activation of the 
AMPK/mTOR pathway in rats and thereby protect against cardiomyocyte hypertrophy.64 In contrast, puerarin-mediated 
autophagy inhibition has also been reported. Autophagy suppression was observed in puerarin-treated osteoclast 
precursors, and osteoclast precursor proliferation and osteoclast differentiation were blocked.65 Another study indicated 
that puerarin decreased LC3II levels and p62 degradation and helped to relieve myocardial ischemia/reperfusion injury, 
and this autophagy suppression might be caused by a puerarin-induced Akt increase.66 These findings suggests that 
puerarin can affect autophagy. Notably, the contradictory regulatory effects might be due to the differences in drug 
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concentrations and experimental models in these researches. Our MTT results above also indicated similar bidirectional 
regulation; although 10, 25 and 50 μM puerarin could promote EA.hy926 cell proliferation, cell viability was suppressed 
by prolonged exposure to higher concentrations of puerarin. Subsequently, we examined how puerarin regulates 
autophagy in EA.hy926 cells and whether it further affects angiogenesis. LC3II is a recognized indicator of autophagy. 
During autophagy process, LC3I in the cytoplasm is enzymatically converted into membrane-bound LC3II, which is 
located on the autophagosome membrane.67 As shown in Figure 6, the LC3II levels were increased in all three puerarin- 
treated groups, which suggested that autophagosome formation was promoted. p62 is a key autophagy receptor that can 
connect cargo and autophagosomes and then enter autophagic lysosomes to complete the degradation of ubiquitinated 
substrates.68 In the 10 μM puerarin-treated group, p62 downregulation was observed at 3, 6, 12 and 24 h, and in the 25 
μM group, this decrease was observed at 1 h, which suggested that autophagic degradation was mediated by puerarin in 
EA.hy926 cells. It is worth noting that in the 50 μM puerarin-treated groups, the p62 expression levels were increased at 
1 and 3 h and then decreased gradually to levels lower than those in the control group at 12 and 24 h. Although the 
increased p62 levels is generally considered a marker of autophagy inhibition, during the analysis, it is not uncommon to 
see that autophagy activation is not uncommonly accompanied by the upregulation of p62 expression.32,69 One potential 
reason may be that p62, which is a stress protein, is greatly increased in response to sudden changes in the cellular 
environment.70 In response to a high concentration of puerarin, excessive autophagosome formation of is observed 
during the early stage, and these autophagosomes cannot be degraded by autophagic lysosomes in a timely manner. 
Therefore, temporary p62 accumulation is observed, indicating a “pseudo” autophagy blockade. This finding may help to 
explain why 100 μM puerarin inhibited cell activity. This effect might be due to the overproduction of autophagosomes, 
which far exceeds the degradation capacity of autophagolysosomes, and their excessive accumulation results in 
subsequent adverse effects, thereby leading to the suppression of proliferation. This finding also reminds us to strictly 
control the selection of puerarin concentration when studying the biomedical applications of puerarin. Overall, these 
results demonstrate that puerarin activates autophagy, and in subsequent experiments, we explored the effects of 
puerarin-induced autophagy on angiogenesis.

Consistent with current reports, our results indicate that 3-MA exposure can inhibit the expression of the angiogenic 
factors VEGFA and VEGFR2, EC migration and tube formation. Moreover, the use of puerarin clearly alleviated the 
reduction in the angiogenic ability of ECs. These results are consistent with our in vivo evidence, which demonstrated 
that 3-MA can significantly inhibit the puerarin-mediated upregulation of VEGFA and CD31 in mouse tissue. This 
evidence strongly suggests that autophagy is a key intermediate step in puerarin-mediated angiogenesis. Autophagy in 
ECs is closely associated with metabolic pathways and lipid homeostasis.9 PPARs belong to the superfamily of ligand- 
activated transcription factors, and they play key roles in lipid metabolism, adipogenesis, insulin sensitivity and blood 
pressure regulation.71 The PPAR family member PPARβ/δ is considered an angiogenesis promoter. It has been reported 
that there is a PPAR response element on the VEGFA promoter, which might explain the PPARβ/δ activation-induced 
VEGFA mRNA expression and the subsequent promotion of angiogenesis.72 An increase in MMP-9 mRNA level was 
also observed in ECs after exposure to a PPARβ/δ agonist. MMP-9 is involved in proteolysis and remodeling of the 
extracellular matrix,73 and its upregulation can aid EC migration. Other angiogenesis pathways, such as the PDGF/ 
PDGFR pathway and c-Kit, can also be triggered by PPARβ/δ activation.74 Moreover, PPARβ/δ has a close relationship 
with cellular fatty acid metabolism and antiapoptotic effects, which might also be beneficial in EC proliferation and other 
cellular functions of ECs needed for angiogenesis.18,75 However, in the literature, whether puerarin-mediated autophagy 
can regulate PPARβ/δ is unclear, although it can promote the elevation of the PPAR family homologs, PPAR-α76 and 
PPAR-γ.77 Here in our in vivo study, PPARβ/δ was increased in the LNP/PUE(M) and LNP/PUE(H) groups in vivo. In 
vitro experiments showed that PPARβ/δ levels in the 10, 25 and 50 μM puerarin groups were also significantly increased. 
Exposure to the autophagy inhibitor 3-MA downregulated PPARβ/δ expression in vivo and in vitro, but the level was 
restored by puerarin, which indicated that puerarin could regulate PPARβ/δ levels by promoting autophagy. Notably, 
another existing study suggested that PPARβ/δ was an upstream regulator of autophagy, that could trigger AMPK/mTOR 
pathway-mediated autophagy in BMSCs and thus accelerate bone regeneration.19 Whether this downstream/upstream 
difference is due to there is indeed feedback loop regulation between autophagy and PPARβ/δ or caused by experimental 
conditions is unclear, and we will further explore the role of PPARβ/δ and autophagy in angiogenesis in future studies.
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Conclusion
The LNP/PUE-incorporated hydrogel was prepared and characterized. We demonstrated the angiogenic effect of puerarin 
on mouse hind-limb ischemia and EA.hy926 cells and explored the potential underlying mechanisms. Our findings 
suggest that puerarin can promote autophagy, induce the expression of the angiogenic factor PPARβ/δ, and thereby 
mediate angiogenesis in EA.hy926 cells. The findings will hopefully be helpful in studying the angiogeneic applications 
of puerarin and will provide a theoretical basis for the therapeutic effect of puerarin on the cardiovascular system.
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