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Hair follicle transplantation
promotes skin ulcer healing in a
mouse model of experimental
diabetes

Qian Hu'?, Xue Peng?, Yugian Yang' & Zhongshan Liu*"**

Chronic nonhealing wounds are complex complications of diabetes and are characterized by impaired
vascular networks and persistent inflammation, making them challenging to treat. Studies have
demonstrated that hair follicles possess tissue regenerative potential; however, their role in diabetic
wounds remains unclear. This study aimed to investigate the impact of blood glucose levels on hair
follicle activity and compare the effects of hair follicle transplantation under hyperglycemic and
normoglycemic conditions on full-thickness skin wound healing in both normal and diabetic mice.

The results revealed that hyperglycemia inhibited hair follicle activity. Nevertheless, hair follicle
transplantation under both hyperglycemic and normoglycemic conditions promoted granulation tissue
formation, collagen remodeling, and angiogenesis while reducing chronic inflammation, thereby
enhancing the healing quality of diabetic wounds. Notably, hair follicles derived from normoglycemic
conditions were more effective at promoting diabetic wound healing. This study provides an innovative
strategy for skin regeneration in the treatment of diabetic wounds.

Keywo rds Diabetic wound, Hair follicles, Hair follicle stem cells, Hair follicle transplantation, Wound
healing

Diabetes mellitus is a chronic metabolic disease with a continuously increasing global incidence, with type
2 diabetes mellitus (T2DM) accounting for the majority of cases. The pathophysiological features of T2DM
are characterized primarily by insulin resistance and insufficient insulin secretion, resulting in sustained
hyperglycemia. Long-term hyperglycemia can lead to a variety of complications, among which diabetic foot is
particularly prominent. Globally, approximately 18.6 million people suffer from diabetic foot ulcers each year.
In diabetic patients, nearly 80% of lower limb amputations are preceded by ulcer formation, and this condition
is closely associated with an increased risk of mortality. It is estimated that 50-60% of diabetic foot ulcers are
infected, and approximately 20% of moderate to severe infections may result in lower limb amputation. The five-
year mortality rate for patients with diabetic foot is approximately 30%, increasing to as high as 70% for those
who undergo major amputations, severely impacting patients’ quality of life'. Delayed wound healing in diabetic
patients is attributed to multiple factors, including hyperglycemia, neuropathy, microvascular complications,
chronic inflammation, and impaired immune function. These conditions synergistically contribute to slow
and complicated wound repair?. Currently, conventional treatments—such as debridement, infection control,
negative-pressure wound therapy, and autologous skin grafting—have shown limited efficacy in certain
cases. Moreover, these approaches are often associated with high costs and difficulties in reconstructing skin
appendages’.

Regenerative medicine has brought new hope to the treatment of diabetic wounds. As an emerging technique
in this field, hair follicle (HF) transplantation offers unique advantages. HFs are the only skin appendages with
cyclical regenerative capacity. HF transplantation causes minimal damage to the donor site, is easy to perform,
and requires simple postoperative care. Compared with traditional scar repair methods, this method also
results in better wound healing and improved tissue quality*. Studies have shown that HF transplantation
promotes wound healing and reduces scar formation. Hair follicle stem cells (HFSCs) play a key role in this
process by differentiating into epithelial cells and accelerating wound coverage. Clinically, wounds treated
with HF transplantation demonstrate better resistance to friction, enhanced flexibility, and smoother tissue
appearance. This technique is also associated with fewer complications and improved quality of life®. Although
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HF transplantation has been applied successfully in chronic lower limb wounds, challenges remain in diabetic
wounds due to the high-glucose environment, which may impair HF viability and reduce treatment efficacy’.
In diabetic foot ulcers, the scarcity and fragility of lower limb HFs further hinder healing*. Despite this, HF
transplantation is considered to have strong therapeutic potential for chronic diabetic wounds. Research
suggests that HFs contribute to wound healing by promoting keratinocyte proliferation, reducing inflammation,
enhancing angiogenesis, and accelerating extracellular matrix (ECM) deposition®~!2. HFSCs, as multipotent stem
cells, are especially important—they can differentiate into endothelial cells and promote neovascularization.
Additionally, HFs regulate fibroblast function and epithelialization, creating a more favorable wound-healing
environment'>°. For example, Ansell et al.' reported that anagen-phase HFs enhanced re-epithelialization
in mouse wounds by promoting keratinocyte proliferation, reducing inflammatory infiltration, increasing
angiogenesis, and accelerating ECM deposition. Lough et al.® reported that transplanting HFSCs via hydrogel
scaffolds enhanced epithelialization, hair regeneration, and angiogenesis. However, studies on HF viability and
efficacy under hyperglycemic conditions are limited. High glucose may impair HFs through a reduced blood
supply or suppressed stem cell activity'®. Since HF viability is key to transplantation success'’, understanding
HF function under diabetic conditions is critical. This study aimed to explore the role of HF transplantation
in diabetic wound healing and evaluate the impact of hyperglycemia on HF activity. We hypothesize that HFs
retain their viability and differentiation potential in a high-glucose environment and can continue to promote
wound repair. To test this hypothesis, autologous or syngeneic HFs were transplanted into full-thickness skin
wounds in both normoglycemic and streptozotocin-induced diabetic mice. We assessed HF activity under
hyperglycemic conditions and examined wound healing outcomes, including angiogenesis, cell proliferation,
granulation tissue formation, and other key indicators. This research aims to provide an innovative and effective
strategy for diabetic wound treatment.

Results

We conducted the experiment according to the following procedures (Fig. 1la). To verify the successful
establishment of the experimental diabetic mouse model, we assessed several parameters, including body weight
changes, fasting blood glucose levels, glucose tolerance, histological changes in the liver, and microcirculatory
alterations at the dorsal wound site.

Body weight changes

Body weight was recorded at weeks 0, 2, 4, 6, 8, 10, and 12 for the mice fed either a normal diet or a high-fat,
high-sugar (HFHS) diet (Fig. 1b). The body weight of the mice in the HFHS group gradually increased during
the early phase of the experiment. Starting at week 4, their body weight was greater than that of the normal diet
(NG) group (P<0.05). Two weeks after streptozotocin (STZ) injection, body weight began to decline and was
lower than that of the NG group by week 9 (P <0.05), indicating that metabolic disturbances are consistent with
diabetic progression.

Fasting blood glucose and glucose tolerance

Fasting blood glucose levels were recorded from weeks 7 to 12 (Fig. 1c). Compared with that in the normal
control (NC) group, fasting blood glucose was elevated in the diabetic wound (DW), DW + HF(NG), and
DW +HF(HG) groups (P<0.05). To further assess glucose metabolism, an intraperitoneal glucose tolerance
test (GTT) was performed at week 9 (four weeks after STZ injection) (Fig. 1d). At 0, 30, 60, and 120 min, blood
glucose levels in the DW, DW + HF(NG), and DW + HF(HG) groups were consistently higher than those in the
NC, NC+HF(NG), and NC+HF(HG) groups. The corresponding area under the curve (AUC) values were also
elevated (P <0.05) (Fig.1le), indicating impaired glucose tolerance.

Liver histopathology

Histological evaluation of liver tissues via H&E staining was performed at week 9 (Fig. 1f). In the NG group, the
liver cords were clearly and regularly arranged, and the hepatocyte nuclei appeared normal. In contrast, the HG
group presented disorganized hepatic cords, enlarged hepatocytes, and numerous intracellular lipid vacuoles
and fat droplets, indicating the presence of hyperlipidemia and fatty liver.

Ultrastructural changes in the microvasculature of diabetic mice

Four weeks after STZ injection, transmission electron microscopy (TEM) was used to observe the ultrastructure
of the dorsal skin microvasculature in the mice (Fig. 2a). In the NG group, the vascular lumens appeared normal,
the endothelial cells showed no protrusions, and the mitochondria were short rod- or spheroid-shaped with
uniform electron density and an intact structure, without swelling, vacuolization, or crista disruption. In contrast,
the HG group exhibited localized and diffuse thickening of the capillary basement membrane. Endothelial cells
proliferate and form hump-like, papillary, or bridge-like structures that cross the vascular lumen. In addition,
the mitochondria were enlarged and showed uneven electron density, and some exhibited swelling, rupture,
reduced matrix density, and transparency, with autophagosomes also observed. These changes are key indicators
of microcirculatory dysfunction. Quantitative analysis revealed that the endothelial cell thickness in the HG
group was greater than that in the NG group (P <0.05) (Fig. 2b).

Changes in hair follicle activity in diabetic mice

To investigate the impact of hyperglycemia on hair follicle activity, hair follicles were collected four weeks after
STZ injection, and alkaline phosphatase (ALP) activity in follicular tissue was assessed (Fig. 2c). ALP is a critical
marker of hair follicle activity in both humans and mice and is considered one of the most prominent indicators
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Fig. 1. Establishment of a Diabetic Wound Model in Mice and Evaluation of Hair Follicle Transplantation

for Promotion of Diabetic Wound Healing. (a) Experimental workflow diagram. (b) Changes in mouse body
weight. (c) Fasting blood glucose (FBG) measurements. (d) Oral glucose tolerance test (OGTT) results. (e)
Data from (d), area under the glucose tolerance curve (AUC) for the OGTT results. (f) Pathological changes in
the livers of the NG and HG groups, as shown by H&E staining. The error bars represent the means + standard
deviations (SDs), n=6 per group. Statistical analysis was performed via one-way ANOVA. with p values
denoted as *P<0.05, **P<0.01, ***P<0.0001.

of follicular viability'®. The results revealed that ALP activity in the HG group was lower than that in the NG
group (P <0.05), suggesting that hyperglycemia markedly suppresses hair follicle activity.

Hair follicle transplantation promotes wound re-epithelialization

The effect of hair follicle transplantation on wound healing was observed and statistically analyzed (Fig. 3a. b).
On day 3, the wound healing rate in the NC group was 38.80%, that in the NC+HF(NG) group was 57.00%,
which was significantly greater than that in the NC group (P<0.05). The healing rate in the NC+HF(HG)
group was 50.04%, which was also significantly greater than that in the NC group (P <0.05). The healing rate
in the DW group was 27.07%, which was significantly lower than that in the NC group and lower than that in
both the NC+HF(NG) and NC+HF(HG) groups (P<0.05). The healing rate in the DW + HF(NG) group was
49.66%, which was significantly greater than that in the DW group (P<0.05), and in the DW + HF(HG) group,
it was 46.99%, which was also significantly greater than that in the DW group (P<0.05). These findings indicate
that hair follicle transplantation promotes wound healing in both normal and high-glucose environments. On
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Fig. 2. Changes in Microcirculation and Hair Follicle Activity in Diabetic Mice. (a) Transmission electron
microscopy (TEM) images showing ultrastructural changes in microvessels under different glycemic
conditions in the NG and HG groups. Red arrows indicate mitochondria; blue arrows indicate the vascular
lumen; yellow arrows indicate autophagosomes. (b) The thickness of endothelial cells in the NG and HG
groups as determined via TEM. (c) Statistical analysis of alkaline phosphatase (ALP) activity in the NC and
HG groups. All the data are presented as the means + standard deviations (SDs), n=6 per group. The error bars
represent the means+ SDs. Statistical analysis was performed via independent t tests, with p values denoted as
% P<0.001 and **** P<0.0001.

day 7 after surgery, the healing rate in the NC+HF(NG) group was 89.23%, which was significantly greater
than that in the NC group (77.54%). The healing rate in the NC+ HF(HG) group was 86.67%, which was not
significantly different from that in the NC group (P> 0.05). The healing rate in the DW group was 45.68%, that in
the DW + HF(NG) group was 85.93%, and that in the DW + HE(HG) group was 75.43%. Both the DW + HF(NG)
and DW + HF(HG) groups had significantly higher healing rates than did the DW group (P <0.05). The difference
in healing rates between the NC+ HF(NG) and NC+ HF(HG) groups was significant (P <0.05), suggesting that
the effect of hair follicle transplantation is weaker under high-glucose conditions. On day 10 after surgery, the
healing rate in the NC+HF(NG) group was 91.46%, which was significantly greater than that in the NC group
(91.46%). The healing rate in the NC+ HF(HG) group was 95.63%, with no significant difference (P>0.05). The
healing rate in the DW group was 74.79%, which was significantly lower than that in the other groups (P<0.05).
The healing rate in the DW + HF(NG) group was 98.46%, and that in the DW + HF(HG) group was 96.47%, both
of which were significantly greater than that in the DW group (P<0.05). The healing rate in the NC+HF(NG)
group was significantly greater than that in the DW + HF(HG) group (P<0.05). Hair follicle transplantation
from normal blood glucose environments appears to have a better effect, possibly because of the sustained action
of hair follicles and their immune privilege characteristics. On day 14 after surgery, all groups except the DW
group had complete wound closure, with significantly lighter scars after hair follicle transplantation. Overall,
hair follicle transplantation promoted diabetic wound healing and improved healing quality.

Hair follicle transplantation promotes epidermal restoration and collagen deposition

Hematoxylin and eosin (H&E) staining (Fig. 4a) revealed the formation of an epidermal cell layer in the wound
area. In the NC group, wound healing occurred primarily through tissue contraction, with evenly distributed hair
follicles surrounding the wound. The regenerated epidermis appeared thin, with relatively few newly formed hair
follicles and blood vessels. In contrast, the DW group presented large epidermal defects and incomplete wound
closure. Compared with the NC group, both the NC+HF (NG) and NC+HF (HG) groups presented clearly
stratified skin architecture, including visible hair follicles and sebaceous glands. The epidermis was significantly
thickened. Similarly, in comparison with the DW group, the DW + HF (NG) and DW + HF (HG) groups also
presented epidermal thickening. (Fig. 4d) Notably, the DW + HF (NG) group demonstrated increased numbers
of hair follicles and newly formed blood vessels, whereas these features were less prominent in the DW + HF
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Fig. 3. Wound Healing Assessment After Hair Follicle Transplantation on STZ-Induced Diabetic Wounds.
(a) Representative images of wounded skin on days 0, 3, 7, 10, and 14 posttransplantation, showing wound
healing progression. (b) The wound healing rate of each group was analyzed on days 0, 3, 7, 10, and 14 after
transplantation. The error bars represent the means + SDs. Statistical analysis was performed via two-way
ANOVA. Compared with the NC+HF(NG) group and the NC+HF(HG) group, the NC+HF(NG) group and
the NC+HF(HG) group were significantly different on days 3 and 7 **** p < 0.0001, ** p < 0.01). Compared
with the DW+HF(NG) group and DW+HF(HG) group, the DW+HF(NG) group and DW+HF(HG) group
presented statistically significant differences on days 3, 7, 10, and 14 (** P < 0.05, **** P < 0.0001).
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Fig. 4. Histological and mass assessment of granulation tissue and collagen deposition.(a) HE staining was
used to examine granulation tissue in different treatment groups; scale bar, 50 pm; black arrows indicate
hair follicle cells; red arrows indicate new blood vessels; (b) collagen was stained via Masson’s trichrome; (c)
collagen deposition and tissue fibrosis were assessed via Masson’s trichrome staining. Scale bar, 50 pm. (d)
Epidermal thickness on day 14 after transplantation. The error bars represent the means + SDs. Statistical
analysis was performed via one-way ANOVA. * P < 0.05, *** P < 0.001, **** P < 0.0001, ™P > 0.05.

(HG) group. Masson’s trichrome staining (Fig. 4c) revealed that, compared with the NC group, the NC+HF
(NG) group presented significantly more organized collagen fibers, greater collagen deposition, and an increased
amount of collagen fibers on postoperative day 14 (P<0.05). In contrast, the NC+HF (HG) group presented
limited collagen deposition, with no statistically significant difference compared with the NC group (P>0.05).
Compared with the DW group, both the DW + HF (NG) and DW + HF (HG) groups presented more orderly
collagen fiber arrangements and increased collagen content on day 14. Among them, the DW + HF (NG) group
presented significantly greater collagen deposition and more organized collagen fibers (P<0.05). (Fig. 4b)

Summary: On day 14 after hair follicle transplantation, the wound surface exhibited an epidermal layer
centered around the transplanted follicles. The transplanted follicles gradually integrated with the surrounding
tissue. In the DW group, the wound bed was predominantly filled with granulation tissue and covered by a scab,
with no formation of an epidermal layer. Hair follicle transplantation effectively promoted the formation of skin
appendages, epidermal thickening, and increased collagen deposition and fiber organization.

Hair follicle transplantation promotes granulation tissue formation

Hair follicle transplantation not only promoted granulation tissue formation but also improved the inflammatory
state of the wound. Ki67 is a well-established marker of cellular proliferation that is expressed exclusively in
actively cycling cells and is absent in quiescent cells!®. To investigate the effects of normal and high-glucose-
conditioned hair follicles on cell proliferation within granulation tissue, Ki67 immunofluorescence staining was
performed. Compared with that in the NC and DW groups, the expression of Ki67 was significantly increased
in all hair follicle transplantation groups (NC+HF (NG), NC+HF (HG), DW + HF (NG), and DW + HF (HG)),
indicating enhanced cellular proliferation following hair follicle transplantation (Fig. 5). Among these groups,
the DW + HF (NG) group presented the highest level of Ki67 expression, further confirming the prominent role
of normal hair follicles in promoting cell proliferation in the diabetic wound model.
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Fig. 5. Evaluation of Cellular Proliferation in Wounds via Ki67 Immunofluorescence. (a) Representative
immunofluorescence images of Ki67 staining (red) in skin tissues from each group on day 14 posttreatment,
with DAPI (blue) used for nuclear counterstaining. Scale bar: 50 um. (b) Quantitative analysis of Ki-67
fluorescence intensity. The error bars represent the means + SDs. Statistical analysis was performed via one-
way ANOVA. with p values denoted as **P < 0.01, *** P < 0.001,**** P < 0.0001.
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Fig. 6. Representative images of immunohistochemical staining for CD31 and VEGF in wound tissues.(a)
Representative images of CD31 immunohistochemical staining of wound tissues from each group. Scale bars:
50 um. (b) Representative images of VEGF immunohistochemical staining of wound tissues from each group.
Scale bars: 20 um. (¢) Quantitative analysis of CD31-positive staining in wound tissues. (d) Quantitative
analysis of VEGF-positive staining in wound tissues. All data are presented as the means + standard deviations
(SDs), n = 6 per group. Statistical analysis was performed via one-way ANOVA, with p values denoted as "*P >
0.05, *P < 0.05, ***P < 0.001, and ****P <0.0001.

Hair follicle transplantation promotes angiogenesis

Effective microcirculation is closely associated with improved wound healing®®. On day 14, CD31
immunohistochemistry was performed to evaluate and quantify the microvessel density at the wound sites.
CD31 is a well-established marker of endothelial cells?’ and is commonly used in immunohistochemical
staining to assess the degree of tissue vascularization. As shown in the CD31-stained images (Fig. 6), hair
follicle transplantation markedly increased the microvessel density within the wound area. The percentage of
CD31-positive cells in the NC+HF (NG) group was significantly greater than that in the NC group (P<0.05).
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Fig. 7. Quantitative Analysis of Skin Inflammatory Markers (TNF-a, IL-6, and IL-1p) in Each Group. The
levels of the inflammatory markers TNF-a, IL-6, and IL-1p were quantified across groups. All data are
presented as the means + standard deviations (SDs), n = 6 per group. Statistical analysis was performed via
one-way ANOVA, with p values denoted as "P > 0.05, *P < 0.05, ***P < 0.001, and ****P < 0.0001

Although the NC+HF (HG) group showed a slight increase, it was not significantly different from the NC
group. In contrast, both the DW + HF (NG) and DW + HF (HG) groups presented significantly greater CD31-
positive rates than did the DW group (P <0.05), with the DW + HF (NG) group showing the greatest microvessel
density. Moreover, the microvessel density in the DW + HF (NG) group was significantly greater than that in
the DW + HF (HG) group. Vascular endothelial growth factor (VEGF)?, a key protein in angiogenesis, belongs
to a family of growth factors essential for neovascularization during wound healing. As shown in Fig. 6, VEGF
expression was significantly greater in the NC+HF (NG) group than in the NC group (P<0.05) on day 14 after
hair follicle transplantation. However, the NC+HF (HG) group was not significantly different from the NC
group (P>0.05). Both the DW + HF (NG) and DW + HF (HG) groups presented significantly higher VEGF
expression than the DW group did (P <0.05).

Anti-inflammatory effects of hair follicle transplantation

One of the primary reasons for impaired wound healing in diabetes patients is the prolonged proinflammatory
phase. A high-glucose environment promotes the inflammatory response by upregulating the expression of
proinflammatory cytokines, such as TNF-a, IL-1B, and IL-6, and impairs the function of vascular endothelial
cells, thereby further delaying wound healing?>~?4. In this study, we assessed the levels of inflammatory cytokines
in skin tissue on day 14 following hair follicle transplantation (Fig. 7). The results revealed that both TNF-a and
IL-6 levels were significantly reduced in the DW +HF (NG) and DW + HF (HG) groups (P<0.05), whereas
IL-1P levels were increased in the DW +HF (HG) group (P<0.05). These findings indicate that hair follicle
transplantation can effectively suppress inflammation induced by a hyperglycemic environment and alleviate
wound inflammation. In contrast, although the cytokine levels in the NC + HF (NG) and NC+ HF (HG) groups
tended to decrease compared with those in the NC group, the differences were not statistically significant
(P>0.05).

Materials and methods

Ethics statement

Specific pathogen-free (SPF)-grade male C57BL/6 mice were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (production license number: SCXK (Jing) 2021-0006; quality certificate number:
NO.110011241100619078). All animals were housed under standard barrier conditions at Guizhou Medical
University. The study was approved by the Animal Ethics Committee of Guizhou Medical University (Approval
No. N 2305133). All procedures were conducted in accordance with the guidelines provided by the Institute of
Laboratory Animal Resources for the Care and Use of Laboratory Animals and in compliance with the ARRIVE
guidelines.

Diabetic wound model

A total of 36 male SPF-grade C57BL/6 mice (18-22 g, approximately 6 weeks old) were housed at 24 °C+1 °C
and 55% * 5% humidity with a 12-hour light/dark cycle. Food and water were provided ad libitum. The mice
were weighed to 1 g accuracy and randomly divided into two groups: normal glucose (NG, #=18) and high
glucose (HG, n=18). The NG group received a standard diet, whereas the HG group was fed a high-fat diet that
provided 60% of the calories from fat (commercial diet D12492). Body weight was monitored regularly, and
mice whose body weights were below the standard threshold were excluded. The inclusion criterion for HG-
treated mice was a body weight equal to or greater than that of the NG-treated mice. After 4 weeks, HG mice that
met the weight criteria were intraperitoneally injected with streptozotocin (STZ, 40 mg/kg; Solarbio, China) for
5 consecutive days to establish diabetic mice?*. The control animals received intraperitoneal injections of citrate
buffer (pH 4.5). Blood glucose levels were measured one week later via a glucometer. Mice with nonfasting blood
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glucose levels>200 mg/dL (11.1 mmol/L) were maintained for an additional 4 weeks before full-thickness skin
wounds were created?®. After 4 weeks, 18 NG-fed mice were randomly divided into three groups (1 =6/group):
the normal control group (NC), the NC plus HFs under normal glucose conditions group (NC+HF(NG)), and
the NC plus HFs under high glucose conditions group (NC+HF(HG)). Similarly, 18 HG-treated mice with
blood glucose levels > 16.67 mmol/L were randomly divided into three groups (n =6/group): the diabetic wound
group (DW), the DW plus hair follicles under normal glucose conditions group (DW + HF(NG)), and the DW
plus hair follicles under high glucose conditions group (DW + HF(HG)).

Surgical procedure

Acquisition of whisker hair follicles

The surgical site was disinfected with ultraviolet light for 30 min. The mice were weighed and then anesthetized
via intraperitoneal injection of Nembutal (35 mg/kg, Sigma, USA). After successful anesthesia, the mice were
placed on the operating table. The whisker area was disinfected with iodine three times. A wedge-shaped
skin sample (0.4-0.5 cm x 0.2-0.3 cm) was carefully excised from the whisker pad on one side of the mouse,
along the direction of hair follicle growth, reaching the hair follicle base while ensuring the preservation of
the hair follicle structure. Hemostasis was achieved at the excision site, and interrupted sutures were applied
via absorbable methods. The skin sample was immersed in Ringer’s solution, and after disinfection, it was
placed on a microscopic operating stage. After being rinsed three times with saline, whisker hair follicles were
carefully separated from the skin sample via microscopic instruments. The lower part of the hair follicle was
gently squeezed, revealing the hair papilla with a red blood supply. The surrounding tissue enveloping the hair
follicle was trimmed, and the hair papilla was removed or the hair shaft was extracted as per the specific group
treatments. The hair follicles were placed in a sterile culture dish containing culture medium and kept on ice if
the temperature was too high.

Whisker hair follicle skin graft

The skin on the posterior midline of the back was shaved using a hair clipper. The mouse’s body was sprayed with
75% alcohol for disinfection. Afterward, iodine tincture was applied three times to disinfect the surgical site,
and sterile drapes were placed. Whisker hair follicles from different types of mice were acquired via the method
described above. The following treatments were applied to the groups:

1. Normal Blood Glucose Mouse Wound Group (Normal Control Group, NC group): PBS was applied to the
wounds of normal mice.

2. Normal Blood Glucose Mouse Wound Normal Blood Glucose Hair Follicle Grafting Group (NC plus HFs
under normal glucose conditions, NC+HF(NG) group): Autologous hair follicles were transplanted into the
wounds of normal mice.

3. Normal Blood Glucose Mouse Wound High-Glucose Hair Follicle Grafting Group (NC plus HFs under
high-glucose conditions, NC+ HF(HG) group): Syngeneic high-glucose hair follicles were transplanted into
the wounds of normal mice.

4. Diabetic Mouse Wound Group (Diabetic Wound, DW group): PBS was applied to the wounds of diabetic
mice.

5. Diabetic Mouse Wound Normal Blood Glucose Hair Follicle Grafting Group (DW plus hair follicles under
normal glucose conditions, DW + HF(NG) group): Syngeneic normal blood glucose hair follicles were trans-
planted into the wounds of diabetic mice.

6. Diabetic Mouse Wound Autologous High-Glucose Hair Follicle Grafting Group (DW plus hair follicles un-
der high-glucose conditions, DW + HF(HG) group): Autologous high-glucose hair follicles were transplant-
ed into the wounds of diabetic mice.

The surgical site was located on the dorsal midline of the mouse, and the skin was shaved. A circular wound was
created by marking a 0.8 cm diameter incision on the designated skin area. After disinfection and draping, the
full-thickness skin was excised along the marked line, with careful attention to hemostasis. Hair follicle grafting
(autologous or syngeneic) was performed at a density of 5FU/cm®"”. The wound was covered with petroleum
jelly gauze and clean gauze, and the area was finally secured with an elastic bandage. The wound healing process
was observed on days 0, 3, 7, 10, and 14, and images were collected for analysis. The wound healing rate was
calculated via Image] software.

Scanning electron microscopy (SEM)

Skin tissue samples were cut into small pieces, fixed in fixative, rinsed with PBS, and postfixed with osmium
tetroxide. The samples were then dehydrated through a graded ethanol series, infiltrated and embedded in
resin, and polymerized at 60 °C. Ultrathin sections were then cut, stained, and finally observed and imaged via
transmission electron microscopy.

ALP expression in diabetic hair follicles

The experiment used 1 g of hair follicle tissue, which was homogenized with 9 mL of physiological saline.
After centrifugation at 3000-3500 rpm for 10 min, the supernatant was collected for detection. The samples
were clear and free of particles, hemolysis, and bubbles, with approximately 100 uL reserved as a backup. The
reagent kit (Biobase Biodustry, CHN) includes R1 and R2, which should be mixed or used separately according
to the instructions. The reagents were stored at 2-8 °C. The experiment is performed on the Boco automatic
biochemical analyzer, where the parameters are set, and the instrument automatically completes the process
after loading the reagents and samples.
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Histological assay

On the 14th day following surgery, the animals were sacrificed, and wound tissue and liver samples were collected
and processed into paraffin-embedded sections for histological examination. The tissues were initially fixed in
10% formalin and then embedded in paraffin blocks. Sections were cut at a thickness of 5 um and stained with
hematoxylin and eosin (H&E) for observation under a light microscope. Epidermal thickness was measured via
Image] software. To assess collagen deposition, Masson’s trichrome staining was applied, and the collagen-rich
area density was quantified via Image].

Ki67 immunofluorescence

To distinguish endogenous wound tissue proliferation from proliferation within transplanted hair follicles,
Ki67 expression was evaluated specifically in the wound bed, which is composed of regenerated dermis and
epidermis, and Ki67 immunofluorescence staining was performed on the wound tissue sections on day 14. After
deparaflinization, rehydration, antigen retrieval, and blocking, the sections were incubated with a rabbit anti-
Ki67 primary antibody (1:200, Servicebio, CHN, NO.[GB121141]), followed by a goat anti-rabbit secondary
antibody (1:500, Seracare, USA, NO.[5220-0336]), and counterstained with DAPI. Images were captured at
20x magnification via a fluorescence microscope, with five randomly selected fields per sample analyzed. The
percentage of Ki67-positive cells in each group was quantified via Image-Pro Plus software.

CD31 and VEGF immunohistochemistry and quantification of microvessel density

To evaluate angiogenesis after treatment, CD31 and VEGF immunohistochemistry was performed on wound
tissue sections on day 14 with a rabbit anti-rat CD31 antibody (1:200, Abcam, UK, NO. [ab182981])/rabbit
anti-rat VEGF antibody (1:200, BOSDE, CHN, NO. [BA0407]). After deparaffinization and rehydration, the
sections were subjected to antigen retrieval via microwave heating, treated with 3% hydrogen peroxide, and
blocked with 5% goat serum. The sections were then incubated overnight at 4 °C with the primary antibody,
followed by a 1-hour incubation with an HRP-conjugated goat anti-rabbit secondary antibody (1:500, Seracare,
USA, NO. [5220-0336]), and visualized via a DAB kit (ZSGB-BIO, China). The slides were counterstained with
hematoxylin and observed under a fluorescence microscope (Nikon, JPN). For analysis, the three regions with
the most prominent neovascularization at 5x magnification were selected from each slide, and three random
fields per region were imaged at 20x magnification. Microvessel density (MVD) was calculated via Image-Pro
Plus software as the average number of vessels per image.

Elisa

The skin tissue samples were minced, homogenized, and centrifuged to collect the supernatant for analysis. In
accordance with the instructions of the ELISA kit (Ruixinbio, CHN), standard solutions and samples were added
to ELISA plates precoated with specific antibodies (Ruixinbio, CHN), followed by incubation, washing, and the
addition of HRP-conjugated secondary antibodies (Ruixinbio, CHN) and substrate for color development. The
reaction was terminated with a stop solution, and the absorbance was measured at 450 nm via a microplate reader.
The concentrations of IL-6 (Ruixinbio, CHN, No. [RX203049M]), IL-1p (Ruixinbio, CHN, No. [RX203063M]),
and TNF-a (Ruixinbio, CHN, No. [RX202412M]) in the samples were calculated on the basis of the standard
curve and statistically analyzed.

Statistical analysis

All the statistical analyses were performed via GraphPad Prism 8.0.1, and the data are presented as the
mean * standard deviation (X + SD). Comparisons between two unpaired groups were conducted viaindependent
samples t tests. For comparisons among multiple groups, one-way or two-way analysis of variance (ANOVA) was
applied, followed by Bonferroni post hoc correction. A p value of <0.05 was considered statistically significant.

DISCUSSION
Wound healing is a complex and highly orchestrated biological process that is essential for maintaining skin
barrier function?’. However, diabetic ulcers, as one of the most common and severe complications in patients
with diabetes, have emerged as a major global public health issue. They impose a significant economic burden
on patients and severely impair their quality of life. In individuals with diabetes, hyperglycemic conditions lead
to dysfunction of epidermal and endothelial cells, persistent inflammatory responses, and diffuse, multifocal
vascular lesions, all of which markedly impair the wound healing process?®-%. Clinically, such healing
impairments are most frequently observed in patients with type 2 diabetes mellitus (T2DM) and, if left untreated,
can progress to diabetic foot ulcers or even limb amputation, posing serious threats to patient survival?.
Although conventional therapies offer some benefit, their overall efficacy remains limited. In recent years,
advances in regenerative medicine have identified hair follicles and their associated stem cells as promising
candidates in the field of wound repair. Human hair follicle stem cells (HFSCs) are advantageous because of their
widespread distribution, abundance, ease of isolation, minimal damage to the donor site, rapid regeneration
cycle, and ability to be harvested repeatedly regardless of donor age. Moreover, HFSCs serve as robust stem cell
reservoirs that play critical roles in both chronic diabetic wound healing and tissue engineering. Compared with
mesenchymal stem cells (MSCs), which are currently utilized in the treatment of chronic diabetic wounds, HFSCs
exhibit superior regenerative capacity, greater survival and functional stability, and lower immunogenicity. In
diabetic mouse models, HFSCs demonstrated increased therapeutic efficacy in wound repair and improved
posthealing skin quality®*—*!. Consistent with the findings of Qiu et al.*>, HFSC transplantation increased
collagen fiber deposition and remodeling in the wound bed, contributing to the formation of skin tissue with an
architecture more closely resembling that of normal skin. This not only enhances healing quality but also reduces
scar formation.
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To better replicate the diabetic mouse model, we employed a protocol of low-dose, continuous intraperitoneal
streptozotocin (STZ) injections. Prior to establishing the wound model, we carefully monitored the physiological
status of each mouse to ensure sustained hyperglycemia. Only when blood glucose levels remained elevated for
four weeks did we proceed, thereby ensuring prolonged hyperglycemia-induced endothelial dysfunction and
microcirculatory impairment. After four weeks, we compared microcirculatory alterations, liver histopathology
(HE staining), and alkaline phosphatase (ALP) expression in hair follicles between STZ-induced diabetic
mice and controls. Our screening revealed that not all the mice maintained stable hyperglycemia after STZ
administration; only approximately 60% exhibited sustained blood glucose levels exceeding 16.7 mmol/L. In
these mice, transmission electron microscopy revealed significant microvascular abnormalities, including
localized and full-thickness basement membrane thickening in the dorsal skin, indicating microcirculatory
dysfunction. Additionally, HE-stained liver sections from the high-fat, high-glucose (HG) group presented
disorganized hepatic cords, hepatocyte hypertrophy, cytoplasmic lipid vacuoles, and numerous lipid droplets,
reflecting features of hyperlipidemia and fatty liver—pathological hallmarks also observed in T2DM patients.

Furthermore, we observed marked suppression of hair follicle activity in diabetic mice, likely due to disruption
of the specialized microenvironment surrounding HFSCs, particularly in the dermal papilla. Diabetes-induced
local ischemia and hypoxia in this region may further impair follicular function. Studies have reported that a
glucose concentration of 30 mM destabilizes HIF-1a, delays wound healing by exacerbating oxidative stress,
and inhibits HFSC activation®. Moreover, hyperglycemia suppresses the Wnt/B-catenin signaling pathway,
downregulating genes such as Lgr4, Lgr5, Wnt4, and Wnt8a, ultimately hindering Lgr5+HFSC activation,
follicular regeneration, and epidermal cell proliferation!. These mechanisms may contribute to the impaired
skin turnover and chronic wound formation frequently observed in diabetic patients**—.

Emerging evidence supports the use of local hair follicle transplantation as an effective strategy for chronic
ulcer repair, suggesting that this approach may also hold promise for the treatment of diabetic wounds®. In recent
years, with the deepening understanding of skin appendages, hair follicles have garnered widespread attention
because they are the largest reservoir of stem cells within the skin®’~%’. Hair follicle stem cells (HFSCs) are
believed to possess multipotent differentiation potential and hold great promise for applications in regenerative
medicine*!. However, the specific mechanisms by which HFSCs exert therapeutic effects during transplantation
remain unclear. In this study, we found that hair follicles from both normal and diabetic mice promoted
epidermal regeneration by enhancing granulation tissue formation, angiogenesis, and collagen deposition.
Moreover, hair follicle transplantation increased epidermal thickness. To our knowledge, this is the first study to
report the promoting effect of hair follicle transplantation on wound healing under hyperglycemic conditions.

These results demonstrated that although persistent hyperglycemia in diabetic mice impaired follicular
activity, transplantation still accelerated wound repair. Surprisingly, the DW + HE(NG) group exhibited greater
wound healing efficiency than did the DW + HF(HG) group and even outperformed the NC+HF(NG) group.
These findings suggest that hair follicles from normoglycemic environments have greater intrinsic activity.
Additionally, this result implies that hair follicle transplantation may result in unique immune-privileged
properties. A moderate increase in blood glucose levels may activate exogenous follicles, thereby increasing
their contribution to wound repair, which aligns with previous studies’. We speculate that the therapeutic effects
of hair follicle transplantation are closely associated with their abundant stem cell populations. Under prolonged
hyperglycemic conditions, the blood supply and activity of hair follicles may be impaired; however, upon
transplantation, HFSCs may partially recover their activity and become reactivated. These cells can then secrete
paracrine factors that recruit and stimulate resident stem cells from adjacent, undamaged tissues to participate in
wound healing. One such factor is vascular endothelial growth factor (VEGF), which promotes microcirculatory
formation.

Previous studies have shown that hair follicles in the anagen phase can effectively enhance wound healing.
In C57BL/6 mice, trunk hair follicles are typically in the anagen phase at approximately 10 weeks of age. In the
present study, whisker follicles were harvested from 16-week-old mice. Although the growth cycle of mouse
whisker follicles has not been extensively characterized, some studies suggest that the duration of the anagen
phase determines hair length. For example, human scalp hair follicles remain in anagen for approximately 2-8
years, whereas eyelashes remain in this phase for only 2-3 months. It is therefore plausible that whisker follicles
may have a longer anagen phase than trunk follicles in mice*2. Nonetheless, the relatively lower healing efficiency
observed following transplantation of high-glucose follicles in this study may also be attributed to the follicles
being in a nonanagen phase at the time of harvesting, which warrants further investigation.

This study focused on the analysis of wound healing in mice within a 14-day period and did not investigate
long-term tissue remodeling, scar formation, or functional restoration. However, previous studies have
conducted hair follicle (HF) transplantation into scar tissue over a six-month period and reported that anagen-
phase HFs can attenuate fibrotic phenotypes through paracrine signaling by releasing remodeling factors
such as VEGF and EGE These findings offer new insights into the development of regenerative strategies for
remodeling mature scars®’. Not surprisingly, adequate microcirculation appears to be closely associated with
improved wound healing outcomes?. In our study, HF transplantation increased the number of CD31-positive
vessels within the wound tissue of diabetic mice, suggesting enhanced angiogenesis. VEGE, a key angiogenic
factor, promotes endothelial cell mitosis, inhibits apoptosis, increases vascular permeability, and facilitates cell
migration, all of which contribute to the regulation of angiogenesis*2. The Ki67 immunofluorescence results
in our study indicated that HF transplantation effectively accelerated wound closure and promoted both cell
proliferation and angiogenesis within granulation tissue in both normal and diabetic mice. Compared with that
in nondiabetic wounds, wound healing in diabetic mice is delayed, primarily due to a prolonged inflammatory
phase®. One of the key factors contributing to persistent inflammation in diabetic ulcers is the impaired transition
of macrophages from the proinflammatory M1 phenotype to the anti-inflammatory M2 phenotype*. M1
macrophages secrete a range of proinflammatory cytokines, such as TNF-a, IL-1, and IL-6, which exacerbate
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tissue damage, whereas M2 macrophages release anti-inflammatory cytokines, such as IL-10 and TGF-B1, which
help suppress inflammation.

Another crucial benefit of HF transplantation lies in its notable anti-inflammatory properties. In this study,
HF transplantation downregulated the expression of inflammatory cytokines—including TNF-a, IL-6, and IL-
1p—in the wound tissue of diabetic mice, thereby mitigating inflammation and reducing vascular endothelial
damage. Interestingly, this anti-inflammatory effect was less pronounced in wounds from nondiabetic mice,
suggesting that the immunomodulatory capacity of mesenchymal stem cells (MSCs) within HFs may play a key
role in this context®!.

In summary, this study demonstrated that hair follicle (HF) transplantation effectively accelerates wound
healing in diabetic mice by promoting re-epithelialization, wound contraction, angiogenesis, and collagen
deposition while simultaneously reducing the inflammatory response. HF transplantation not only provides a
robust source of stem cells but also results in unique immune-privileged properties. Therefore, HF transplantation
represents a promising therapeutic strategy for the treatment of diabetic wounds. However, the current findings
remain at the preclinical stage, and further investigations are needed to elucidate the underlying molecular
mechanisms, evaluate long-term efficacy, and assess the feasibility and safety of clinical translation.

As we aim to publish this study in the near future, it is important to acknowledge its limitations. First, we
used only male mice in this study; future research will include female mice to account for potential sex-related
differences. Second, the study duration was relatively short, and we focused only on wound changes within
two weeks posttransplantation, without evaluating long-term tissue remodeling, scar formation, or functional
recovery. Third, we did not further isolate HF-derived stem cells or secreted factors to determine their specific
contribution to wound repair, which warrants further experimental exploration. Finally, while this study
demonstrated the beneficial effects and partial mechanisms of HF transplantation on diabetic wound healing,
many aspects remain unclear. We plan to expand the dataset and conduct additional studies to further clarify
these mechanisms in the future.

Conclusion

1. Hair follicles can promote wound healing in diabetic mice under both hyperglycemic and normoglycemic
conditions, with syngeneic transplantation resulting in increased repair efficiency in a normoglycemic envi-
ronment.

2. Hyperglycemia not only induces microcirculatory disturbances but also suppresses hair follicle activity.

3. Following transplantation, hair follicles facilitate diabetic wound healing by secreting vascular endothelial
growth factor (VEGF), increasing microvessel density, accelerating granulation tissue formation, inhibiting
proinflammatory cytokine expression, and alleviating wound inflammation.

Data availability

The datasets generated during and/or analysed during the current study are available. The data are presented in
supplementary materials. The raw data supporting the conclusions of this article will be made available by the
authors (Qian Hu) on request.
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