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Persistent chronic oxidative stress is a primary pathogenic characteristics of

diabetic foot ulcers. Puffball spores are a traditional Chinese medicine used to

treat diabetic foot ulcers infections and bedsores. However, their effects

against diabetic wounds and the mechanism underlying these effects remain

largely unknown. The present study explored the effectiveness of puffball

spores in diabetic wound treatment and the mechanisms underlying their

effects. Sprague-Dawley rats with streptozotocin (STZ)-induced diabetes

were treated with puffball spores to ascertain whether they accelerated

wound healing.Real-time quantitative PCR, western blotting, hematoxylin-

eosin and Masson’s trichrome staining, immunohistochemistry analysis, and

immunofluorescence assays were performed. As indicated by wound and

serum histology and biochemical analyses, the puffball spores accelerated

wound healing by activating Akt/Nrf2 signaling and promoting the expression

of its downstream antioxidant genes, markedly stimulating antioxidant activity

and enhanceing angiogenesis and collagen deposition. Our findings showed

that puffball spores could accelerate diabetic wound healing, enhance

antioxidant ability, promote the expression of vascular markers, and suppress

inflammation, thus providing a theoretical basis for the treatment of diabetic

and refractory wounds.
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Introduction

Diabetic foot ulcers (DFUs) are a common complication of diabetes. It is a significant

health concern worldwide with a challenging clinical treatment (1, 2). This highly

preventable diabetes complication is the primary cause of lower-extremity amputations

(3). A study found that patients with DFUs had a much 2.5-fold higher risk of death than
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patients without lower extremity wounds, with an estimated 5-

year mortality rate of 42% for patients with DFUs (4). Although

various drugs are availabled for DFUs, the ulcers usually remain

refractory and impact the quality of life of patients (5).

Therefore, it is essential to investigate new strategies to

accelerate healing of these cutaneous ulcers.

Wound healing is a complex process,that can be divided into

main four progressive stages: hemostasis, inflammation,

proliferation, and remodeling (6). Compared with non-diabetic

wounds, the diabetic wound healing process has a prolonged the

inflammatory stage, with the excessive secretion of inflammatory

cytokines, such as tumor necrosis factor-alpha (TNF-a),
interleukin(IL)-1b, and IL-6. This leads to increased tissue

damage, which delays diabetic wound healing by interfering

with the proliferation and maturation stages (7). In long-term

hyperglycemia, accumulated advanced glycation end products

(AGEs) increase reactive oxygen species (ROS) production (8).

Excessive free radicals and ROS production in wound tissue can

lead to an imbalance between oxidation and antioxidation. ROS,

including anion superoxide, hydroxyl radicals, peroxide radicals,

and nitric acid radicals, are key signaling molecules contributing

to inflammatory disease progressions (9). As a result, wound

healing results in a prolonged inflammatory response and a

severe angiogenesis disorder. In patients with diabetic wounds,

prolonged inflammation and blocked angiogenesis are the main

reasons why taking a longer healing time than that for patients

with normal wounds. Maintaining oxidative stress balance is

favorable for accelerating diabetic wound healing.

Puffball is a traditional Chinese medicine, commomly used

to trean several diseases such as hemostasis, throat pain, and

cough (10). Puffball is mostly used as wound dressings, because

dry, mature spores have a positive effect on wound hemostasis.

Although it has been confirmed to possess effective clinical value,

its active components and monomers have only recently been

separated and identified. Some puffball extracts exert anti-cancer

activity (11). Puffball extracts were shown to decrease the

formation of nitric oxide (NO) in RAW264.7 macrophages

activated with lipopolysaccharide (LPS), eliciting an anti-

inflammatory effect (12). In addition, Puffball extracts have

also shown scavenging potential, reducing the levels of free

radicals and enhancing antioxidative action (13).

Growing evidence indicates that puffball spores have positive

effects on diabetic wounds. Nuclear factor erythroid 2-related

factor 2 (Nrf2) knockout mice with diabetses showed delayed

wound healing, accompanied by oxidative damage (14).

However, it remains unclear whether puffball spores promote

diabetic wound healing by promoting antioxidant enzyme

activity and activating the AKT/Nrf2 signaling pathway to

enhance antioxidation. Further studies of oxidative stress

markers and related signaling pathways are needed to clarify

the mechanism underlying the action of these spores. We created

a diabetic animal model in vivo. To examine the therapeutic
Frontiers in Endocrinology 02
effects of puffball spores on diabetes wound healing and to

invest igate the machanisms underlying their anti-

inflammatory, angiogenesis, and antioxidation mechanisms.
Materials and methods

Preparation of puffball spores

Puffball was purchased from Anhui Wansheng Chinese

Herbal Pieces Ltd (cat.No.190801, Fuyang, China). The

puffball was accurately weighed, and the internal spores were

separated into a clean mouth container. This was, then passed

through no. 5 and 6 sieves. The puffball spores were autoclaved

in a wide-mouth bottle at a pressure of 103.4kPa and an internal

temperature of 121.3°C for 15–30 minutes.
Animals

Sixty male Sprague-Dawley (SD) rats (weight, 320–400 g;

age, 12 weeks) were purchased from Qing Long Mountain

Company of Lab Animal Breeding (Certificate number: SCXK

(Zhe) 2019-0002 Nanjing, China). These SD rats were divided

into blank group and experimental group.

After the completion of modeling, the experimental group

was randomly divided into the following groups: puffball

spore, Ag+ antibacterial gel (positive group), and model

groups. The Animal Ethics Committee of the Nanjing

University of Chinese Medicine approved the animal

experiments (No. 202009A034).

We collected 5 mL of blood from all the rats under

anesthesia after they had fasted for 12 hours. The serum was

separated by centrifuging the blood at 3500 RPM for 15 minutes.

Wound samples were obtained using a skin-biopsy punch. The

wound areas were sampled for hematoxylin-eosin (HE),

Masson ’s trichrome (MT), immunofluorescence (IF),

Immunohistochemistry (IHC), Real-time quantitative (RT-

qPCR), and western blot (WB) analyses.
Establishment of a diabetic rat model

After 2 weeks of adaptive feeding, the rats from the model,

puffball spore, and Ag+ groups were fed a high-fat diet for 6

weeks. Next, streptozotocin (STZ; 40 mg/kg, Sigma, USA, Cat.

No. S0130) in citrate buffer (pH 4.5) was injected

intraperitoneally to induce diabetes. Glucose levels were

measured using a glucometer three days after diabetes

induction (Sinocare, Changsha, China). Diabetes was defined
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as blood glucose levels > 16.7 mmol/l. Weekly blood glucose

testing and body weight measurements were performed to

ensure that diabetes status remained stable.
Establishment of a diabetic
wound model

All groups established a wound model. After anesthesia with

sodium pentobarbital (45 mg/kg), the hair of the hind legs was

shaved. Each animal received a single, round, full-thickness

wound (10 mm) on a hind leg.After modeling was complete,

puffball spores and Ag+ antibacterial gel were evenly applied to

the wound at the dosage of 1 g/cm2, changed once a day. Rats in

the model and blank groups received the same amount of

physiological salt. The wounds were wrapped and fixed with

sterile gauze for 14 consecutive days.
Measurement of wound healing area

A series of wound changes were recorded and analyzed using

ImageJ on days 0, 3, 7, and 14 (NIH, USA). The wound healing

ability was quantified by the following formula: wound healing

ability = (F0-F3, 7, 14)/F0 × 100%, where F0 represents the primary

wound area, and F3, 7, 14 represents the wound area on days 3, 7,

and 14 respectively.
Histological examination

Sterile gauze was used to cover the entire wound area, until

the samples were harvested on day 14. The harvested samples

were fixed in 10% neutral formalin (Chunyu, China) and

embedded in paraffin for histological analysis. The wound

tissues were sectioned with a microtome (at a thickness of

5 mm, Leica, Germany) and dehydrated in a graded ethanol

series for routine HE (Solarbio, Beijing, China, Cat. No. G1120)

and MT (Solarbio, Beijing, China, Cat. No. G1340) staining to

detect for collagen fibers. The HE and MT sections were

observed under a light microscope (Nanjing Keygen,

Nanjing, China).
Immunohistochemistry assay

The IHC method was used to test the in situ CD31, pAKT,

Nrf2 protein expression in the wound tissues of the rats. Briefly,

the paraffin tissue sections were obtained as described above.

Subsequently, the paraffin sections (5 mm thick) were

deparaffinized, blocked with 5% blocking buffer for 50
Frontiers in Endocrinology 03
minutes, incubated with anti-CD31 antibodies (1:200,

Servicebio, Wuhan, China, Cat. No. GB11063-2), anti-pAKT

antibodies(1:200,

CellSignalingTechnology, USA, Cat. No. 4060S), anti-Nrf2

antibodies(1:500, Wanleibio, Shenyang, China, Cat.

No.WL02135) and observed under a light microscope

(Nanjing Keygen, Nanjing, China).
Enzyme-linked immunosorbent assay

The serum levels of inflammatory, oxidative stress, and

angiogenic factors were detected using ELISA. Following the

manufacturer’s instructions, ELISA kits were used to measure

the levels of IL-1b (MLBio, Shanghai, China, Cat. No.

ml037361), TNF-a (MLBio, Shanghai, China, Cat. No.

ml002859), 8-hydroxy 2 deoxyguanosine(8-oxo-dG, MLBio,

Shanghai, China, Cat. No. ml059056), and vascular endothelial

growth factor (VEGF) (MLBio, Shanghai, China, Cat. No.

ml064294). The final concentrations of these factors were

determined using a microplate reader.
Immunofluorescence assay

Following the manufacturer’s instructions, after being

deparaffinized and blocked, the paraffin sections (5 mm thick)

were incubated with anti-ROS primary antibodies (1:200,

Servicebio, Wuhan, China, Cat. No. GDP1018) and then with

fluorescein isothiocyanate (FITC)-conjugated secondary

antibodies (Servicebio, Wuhan, China, Cat. No. GB22302).

Finally, diamidino-phenyl-indole (DAPI) (Servicebio, Wuhan,

China, Cat. No. G1012) was used to stain the cell nuclei. A

fluorescence microscope (IX2-SL 81; Olympus) was used to

capture the images.
Detection of oxidative stress-
related factors

Malondialdehyde(MDA) levels, superoxide dismutase

(SOD) activity, catalase (CAT) activity, glutathione peroxidase

(GSH-Px) activity, and total antioxidant capacity (T-AOC) were

detected using the MDA (Solarbio, Shanghai, China, Cat.

No.A003-1), SOD (NJJCBIO, Nanjing, China, Cat. No.A001-

3), CAT (A007-1-1, NJJCBIO, Nanjing, China, Cat. No.A007-1),

GSH-Px (NJJCBIO, Nanjing, China, Cat. No.A005), and T-AOC

(Beyotime, Shanghai, China, Cat. No.A015-3-1) assay kits,

respectively. The working solution and the sample were mixed

and added to 96-well plates, the absorbance of the samples was

measured. Calculations were done as per the instructions.
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Total RNA extraction and real-time PCR

Following the manufacturer’s instructions, RNA was isolated

from wound tissues with TRIzol reagent (Vazyme, Nanjng,

China, Cat. No. R401-01). The wound tissues were

mechanically disaggregated using the TissueLyser apparatus

(Retsch, MM 400, Shanghai, China) for 60 seconds at 30 Hz.

After a 5-minute centrifugation, the supernatant was collected

for further analysis. An Applied Biosystems 7500 instrument

was used to detect mRNA using real-time quantitative PCR. The

PCR data were analyzed using the 2−DDCT method.
Western blotting analysis

The total wound tissue proteins were extracted using radio-

immunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher

Scientific, USA, Cat. No. 01408/30450) and quantified using the

BCA Protein Assay Kit (Yeasen Biotechnology, Shanghai, China,

Cat. No.P0010). The PVDF membranes were blocked with 5%

blocking buffer for 1 hour, and incubated overnight at 4°C with

antibodies against AKT(1:5000, Proteintech, Wuhan, China,

60203-2-Ig), pAKT(1:2000, Cell Signaling Technology, USA,

Cat. No.31957), Nrf2(1:500, Wanleibio, Shenyang, China, Cat.

No.WL02135), heme oxygenase-1 (HO-1, 1:500, Wanleibio,

Shenyang, China, Cat. No.WL02400), NAD(P)H:quinone

oxidoreductase-1 (NQO1, 1:500, Wanleibio, Shenyang, China,

Cat. No.WL04860), and b-actin (1:4000, Proteintech, Wuhan,

China, Cat. No. 20536-1-AP). Finally, the proteins bands were

developed with Image Quant LAS 4000 mini and analyzed using

Image J.
Statistical analysis

The SPSS 25.0 software was used to analyze the data. The data

from each group were analyzed using one-way ANOVA analysis of

variance. Data were presented as themean ± SEM; differences with P

values< 0.05 were considered statistically significant.
Results

Puffball spore treatment enhances
wound healing

An in vivo wound-healing study of puffball spores was

performed in STZ-induced diabetic rats using the excision wound

method at different time intervals. To test the puffball spore wound-

healing efficacy, wound areas were measured on days 0, 3, 7, and 14.

The wound area gradually decreased over time. The puffball spores

and Ag+ antibacterial gel exhibited a stronger wound-healing effect
Frontiers in Endocrinology 04
than that observed in themodel groups (Figures 1A–C). The wound

healed most rapidly on day 7.On day 3, the wound healing rates in

the four groups were 52.48%, 31.39%, 46.49%, and 51.46%,

respectively. On day 7, the wound healing rate of the model

group was 51.20%, while those of the other three groups were

82.16%, 68.57%, and 80.82%, respectively. After 14 days, the wound

healing rate in the model group was as high as 75.49%, and that in

the puffball spore group was 96.13% (*P< 0.05).
Histological observation of wound
healing process

The wound tissue harvested on day 14 were used for HE and

Masson. Compared with the model group, the puffball spore

group showed a greater reduction in cutaneous tissue damage,

according to the histological analysis (Figures 2A, B). We also

observed that wounds treated with puffball spore solution

exhibited better granulation formation, collagen deposition,

and denser alignment (Figure 2C).
Puffball spores accelerate angiogenesis
and reduce the expression of
inflammatory factors

Angiogenesis is an essential wound healing process. CD31

indicates angiogenesis level. We employed immunohistochemical

staining to measure CD31 protein expression in diabetic rats to

determine whether puffball spores can stimulate angiogenesis.

Figures 3A, B show that expression of CD31 in newly healed skin

tissue within 14 days of treatment, compared to the case in model

group. Using the ELISA method, we detected the expression of

inflammatory factors IL-1b, TNF-a, and VEGF in diabetic rat

serum. One of the main causes of poor neovascularization and

delayed wound healing is the loss of VEGF.As shown in Figure 3C,

puffball spore treatment increased VEGF expression in newly healed

wound tissue within 14 days. In contrast, the IL-1b and TNF-a
serum levels were lower than those in the model group

(Figures 3D, E).
Puffball spores increase ROS scavenging
and protect against oxidative damage

To further elucidate puffball spore effects on oxidative

damage, ROS production and MDA, 8-oxo-dG, CAT, GSH-

Px, SOD, and T-AOC secretion were detected. As shown in

Figure 4A and partly quantified in Figure 4B, ROS production

in the model group had the highest fluorescence intensity;

however, it was reduced after treatment with puffball spores.

MDA and 8-oxo-dG are indices of peroxidation and oxidative

stress in diabetes. Puffball spores effectively reduced oxidative
frontiersin.org
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A

B

C

FIGURE 1

The effects of wound healing by puffball spore treatment in diabetic rats. (A) The wound areas were recorded by a camera on days 0, 3, 7, and
14. (B) Heat map of the wound healed by different treatments over 14 days. (C) Quantitative data of relative wound area at different time
points.(Means ± SEM, n = 7; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Model group, ##P < 0.01 vs. positive group.).
A

B

C

FIGURE 2

Puffball spores improved diabetic foot ulcer recovery in rats. (A) Representative HE staining images of wound tissues, (scale bar = 100 µm; magnification,
200×; n = 3). (B) Representative images of Masson’s trichrome (MT) staining, (scale bar = 100 µm; magnification, 200×; the blue color represents
collagen; n = 3). (C) Wound tissue collagen fiber quantification using Image-Pro Plus. (Means ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P<0.001 vs. model
group).
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damage (Figures 4C, D). Figures 4E–H shows that the puffball

spores increased the activities of CAT, SOD, GSH-Px and

improved the antioxidant capacity, thus restoring the balance

between oxidative and antioxidative processes.
Puffball spores activate Akt/Nrf2 signal
transduction and promote the
expression of its downstream antioxidant
genes to promote wound healing

Nrf2 plays an important role in regulating cellular redox

homeostasis and functions. Nrf2 is activated in response to

endogenous and exogenous stress. This activation induces the

expression of antioxidant, cytoprotective, and detoxification

genes expression (15, 16). Given that the Akt/Nrf2/HO-1

pathway exerts important protective effects against diabetes

through the enhancement of the tissue’s anti-oxidative stress

ability, we investigated whether puffball spores are engaged in

the Akt/Nrf2/HO-1 pathway regulation in wound healing. The

western blot (Figures 5A, B) results showed that puffball spores

upregulated pAKT, Nrf2, NQO1, and HO-1 expression. The RT-

qPCR results (Figure 5C) showed that the puffball spores

upregulated Nrf2, NQO1, GCLC, GPX1, and HO-1 gene

expression. The immunohistochemistry results (Figure 5D)

showed that the expression of pAkt and Nrf2 in the wound

tissue was significantly increased after treatment with puffball

spores, which was consistent with the results of western blot.
Frontiers in Endocrinology 06
Discussion

Nrf2 is a transcription factor that regulates the expression of

hundreds of genes involved in cell defense against oxidative

stress (17). Nrf2 binds to antioxidative response elements

(AREs), inducing the transcription of related antioxidant

enzymes, such as SOD, HO-1, NQO-1 and CAT (18). In

numerous studies, Nrf2 activation did not reduce oxidative

stress or inflammation in normal settings, in contrast to the

demonstrated benefits of Nrf2 activation in diabetes patients (19,

20). This provides an effective approach to treat chronic diabetic

wounds. In long-term hyperglycemia, there is a delay in diabetic

wound healing, accompanied by severe oxidative stress,

increased inflammatory infiltration, and weak angiogenesis.

Our results revealed that treatment with puffball spores

enhanced pAKT, Nrf2, HO-1, and NQO1 expression in the

wound tissue. Furthermore, we also observed that treatment

with puffball spores elevated the SOD, CAT, GSH-Px, and T-

AOC levels in diabetic rat. These results suggested that puffball

spores could improve the antioxidant capacity of diabetic

wounds, achieving a balance between oxidation and

antioxidantion process during wound healing. Meanwhile, our

study showed that the puffball spores could reduce the levels of

proinflammatory related factors IL-1b and TNF-a, and increase

the expression of VEGF in serum and CD31 in wound tissues.

These results indicate that puffball spores work via a

pharmacologica l mechanism whereby they reduce

inflammatory reactions and promote angiogenesis.
A

B D EC

FIGURE 3

Effects of puffball spores on cytokine production in the serum of diabetics rats. (A) CD31 expression in wound tissues was detected by
immunohistochemistry (scale bar = 100 µm; magnification, 400×; n = 3). (B) Quantitative data of wound tissue CD31 expression using IPP. (Means ± SEM,
n = 3, **P < 0.01, ***P < 0.001 vs. model group). (C) VEGF, (D) IL-1b and (E)TNF-a were assayed by ELISA. (Means ± SEM, n = 6, *P < 0.05, **P < 0.01
vs. model group; #P < 0.05 vs. positive group).
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Current reports on the treatment of diabetes wounds by

puffball spores do not mention a its specific mechanism. Thus,

the present study preliminarily discussed the potential

pharmacological mechanism of puffball spores. In vivo
Frontiers in Endocrinology 07
experiments demonstrated that puffball spores accelerated

diabetic wound healing by activating the AKT/Nrf2/HO-1

signaling pathway, attenuating oxidative stress, reducing

inflammatory infiltration, and enhancing angiogenesis.
A

B D E

F G H

C

FIGURE 4

Puffball spores reduced oxidative damage by increasing antioxidant capacity. (A, B) Immunofluorescent staining reveals a decrease in the fluorescence
intensity in the samples from the puffball spore-treatments group (scale bar = 100 µm; magnification, 400×; n = 3). (C) 8-oxo-dG, (D) MDA, (E) CAT,
(F) GSH-PX, (G) SOD, and (H) T-AOC levels in serum from diabetics rats were determined using relevant kits. (Means ± SEM; n = 6; *P < 0.05, **P < 0.01,
***P < 0.001, ****p<0.0001 vs. Model group; #P < 0.05 vs. positive group).
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Furthermore, in a diabetic rat model of chronic wound healing,

puffball spores notably increased angiogenesis and suppressed

both inflammatory infiltration and collagen deposition by

reducing the levels of MDA and 8-oxo-dG and enhancing the

activities of SOD, CAT, and GSH-Px and the T-AOC.

To the best of our knowledge, our study is the first to

demonstrate a novel function of puffball spores during the

healing of DFUs. Puffball spores accelerated wound healing by

activating Akt/Nrf2 and promoting the expression of its

downstream antioxidant genes, achieving considerable

antioxidant activity. Moreover, puffball spores modulated the

inflammatory response by regulating the release of inflammation

related factors (IL-6, IL-1b, and TNF-a). Furthermore, they

improve the deposition of collagen fibers and enhanced

angiogenesis, providing suitable conditions to promote wound

healing. Thus, the present study lays the theoretical groundwork
Frontiers in Endocrinology 08
for further clinical research and application of puffball spores in

the treatment of DFUs.
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FIGURE 5

Puffball spores activates Akt/Nrf2/HO-1 signal transduction to promote wound healing (A, B) Protein levels of AKT, pAKT, Nrf2, NQO1, and HO-1 protein
levels in wound tissue. (C) Nrf2, NQO1, GCLC, GPX1, and HO-1 gene expression in wound tissue. (Means ± SEM, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001
vs. Model group). (D) Nrf2, pAKT expression in wound tissues was detected by immunohistochemistry (scale bar = 100 µm; magnification, 200×; n = 3).
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