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Abstract 
Skin wound healing is a complex process involving various cellular and molecular events. However, chronic wounds, par-
ticularly in individuals with diabetes, often experience delayed wound healing, potentially leading to diabetic skin compli-
cations. In this study, we examined the effects of umbelliferone on skin wound healing using dermal fibroblasts and skin 
tissues from a type 2 diabetic mouse model. Our results demonstrate that umbelliferone enhances several crucial aspects of 
wound healing. It increases the synthesis of key extracellular matrix components such as collagen I and fibronectin, as well 
as proteins involved in cell migration like EVL and Fascin-1. Additionally, umbelliferone boosts the secretion of angiogenesis 
factors VEGF and HIF-1α, enhances the expression of cell adhesion proteins including E-cadherin, ZO-1, and Occludin, and 
elevates levels of skin hydration-related proteins like HAS2 and AQP3. Notably, umbelliferone reduces the expression of 
HYAL, thereby potentially decreasing tissue permeability. As a result, it promotes extracellular matrix deposition, activates 
cell migration and proliferation, and stimulates pro-angiogenic factors while maintaining skin barrier functions. In sum-
mary, these findings underscore the therapeutic potential of umbelliferone in diabetic wound care, suggesting its promise as 
a treatment for diabetic skin complications.

Key messages 
• Umbelliferone suppressed the breakdown of extracellular 

matrix components in the skin dermis while promoting 
their synthesis.

• Umbelliferone augmented the migratory and proliferative 
capacities of fibroblasts.

• Umbelliferone activated the release of angiogenic factors 
in diabetic wounds, leading to accelerated wound heal-
ing.

• Umbelliferone bolstered intercellular adhesion and rein-
forced the skin barrier by preventing moisture loss and 
preserving skin hydration.
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Introduction

Impaired wound healing poses a significant health challenge, 
particularly among diabetic patients, with substantial implica-
tions for both health outcomes and socioeconomic burdens [1, 
2]. The consequences of inadequate wound healing in diabetes 
are far-reaching, often culminating in infection, persistent inflam-
mation, sepsis, wound reopening, and potentially fatal outcomes 
[3]. Despite the profound impact of this persistent issue, effec-
tive therapeutic interventions remain elusive. Current strategies, 
such as adjustments in wound dressing and the administration 
of growth factors and cytokines, still fall short in addressing the 
complex needs of diabetic wound management [2, 4, 5].
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Diabetic wounds are characterized by an excessive 
influx and activation of neutrophils, impaired formation of 
new blood vessels (angiogenesis), and deficiencies in the 
movement and growth of epithelial cells [6, 7]. These defi-
ciencies prolong the inflammatory stage of wound healing, 
leading to further tissue deterioration due to heightened 
levels of inflammatory cytokines, reactive oxygen spe-
cies, and harmful enzymes [8, 9]. Angiogenesis, crucial 
for delivering nutrients to damaged tissue, and reepithe-
lialization, involving the proliferation and migration of 
epidermal keratinocytes and dermal fibroblasts, are piv-
otal molecular processes in wound repair [10–12]. Hence, 
interventions targeting inflammation, angiogenesis, and 
reepithelialization hold promise for initiating the tissue-
rebuilding phase of wound healing. Investigating multi-
faceted factors capable of concurrently influencing these 
processes is urgently warranted.

Umbelliferone, also referred to as 7-hydroxycoumarin, 
is a naturally occurring coumarin compound widely dis-
tributed in various plant species. It can be found in herbs 
such as sanicle, celery, cumin, fennel, parsley, hogweed, 
and carrots [13]. Extensive research has explored the 
pharmacological properties of umbelliferone, including 
its involvement in inflammation and oxidative stress pro-
cesses [14]. Notably, this compound has shown potential 
in preventing hepatocyte cell death by mitigating endo-
plasmic reticulum stress [15]. Moreover, umbelliferone 
exhibits promise in slowing down the advancement of 
diabetic nephropathy by inhibiting ferroptosis in HK-2 
cells and diabetic kidneys [16]. However, its potential in 
ameliorating skin wound formation associated with dia-
betic dermopathy remains uncertain.

In this research, we explore the impact of umbelliferone 
on the natural healing process of skin wounds. We elucidate 
the diverse functions of umbelliferone in diabetic wound 
healing, highlighting its ability to uphold the integrity of 
the extracellular matrix (ECM) and facilitate the prolif-
eration, migration, angiogenesis, and reepithelialization of 
cells. Additionally, umbelliferone preserves the skin’s bar-
rier functions through improved moisturizing capabilities 
in both dermal fibroblasts and diabetic skin tissues. These 
discoveries offer promising prospects for the development 
of innovative, mechanism-driven therapies to address the 
impaired wound healing associated with diabetes.

Materials and methods

Chemicals

Human dermal fibroblast was sourced from Clonetics (San 
Diego, CA). Fetal bovine serum (FBS), trypsin–EDTA, 
and penicillin–streptomycin were provided from Lonza 

(Walkersville, MD, USA). Dulbecco’s modified Eagle’s 
medium (DMEM), mannitol, D-glucose, umbelliferon, and 
all other regents not mentioned elsewhere were obtained 
from Sigma-Aldrich Chemical (St. Louis, MO, USA). 
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
immunoglobulin (Ig)G, goat anti-mouse, and donkey anti-
goat IgG were acquired from Jackson ImmunoResearch 
Laboratories (West Grove, PA, USA). Essentially, fatty 
acid-free bovine serum albumin (BSA) and skim milk were 
supplied by Becton Dickinson Company (Sparks, MD, 
USA). Mouse monoclonal antibodies of collagen I (clone 
3G3, catalog no. sc-293182), fibronectin (clone 2775–8, 
catalog no. sc-69681), pro-collagen I (clone M-60, cata-
log no. sc-30136), matrix metalloproteinase (MMP)-2 
(clone 2C1, catalog no. sc-13594), MMP-9 (clone E-11, 
catalog no. sc-393859), EVL (clone B-1, catalog no.sc-
376943), Fascin-1 (clone 55 K-2, catalog no. sc-21743), 
VEGF (clone VG-1, catalog no. sc-53462), E-cadherin 
(clone 5F133, catalog no. sc-71007), Occludin (clone 
E-5, catalog no. sc-133256), Has-2 (clone C-5, catalog no. 
sc-365263), HYAL (clone 1D10, catalog no. sc-101340), 
and AQP-3 (clone F-1, catalog no. sc-518001) were sup-
plied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Rabbit polyclonal antibody of ZO-1 (catalog no. #61–7300) 
was obtained from Thermo Fisher Scientific (Waltham, 
MA, USA). Antibody of mouse polyclonal HIF-1α (clone 
D2U3T, catalog no. 3716S) was purchased from Cell Sign-
aling Technology (Denver, MA, USA). Mouse monoclonal 
β-actin (clone AC-15, catalog no. A1978) antibody was pro-
vided by Sigma-Aldrich Chemical. All primary antibodies 
were diluted at a 1:1000 ratio in 5% BSA.

Cell culture

Human dermal fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS, 100 U/
ml penicillin, 100 µg/ml streptomycin, and 2 mM glutamine at 
37 °C in a humidified incubator containing 5%  CO2. Cells were 
seeding at 90% confluence in all experiments. Fibroblasts were 
incubated in 5.5 mM normal glucose or 33 mM high glucose 
for a hyperglycemia environment. Non-toxic concentrations of 
1–20 µM umbelliferone were added in media for 3 days. Cell 
viability or cytotoxicity was measured by assaying with MTT 
assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium 
bromide). Cells were incubated with 1 mg/ml MTT solution 
at 37 °C for 3 h, forming an insoluble purple formazan product 
that was dissolved in isopropanol prior to reading the absorb-
ance in a microplate reader at 570 nm.

In vivo animal experiments

Male C57BL/6 J mice of 5 weeks of age (average weight 
20 ± 0.5 g) were purchased from DooYeol Biotech (Seoul, 
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Korea). To introduce diabetes, mice were subjected to 
daily intraperitoneal (IP) injections of streptozotocin (STZ) 
(Sigma-Aldrich Chemical, St. Louis, MO, USA) dissolved 
in sodium citrate buffer (pH 4.5, 25 mg/kg/day) for five con-
secutive days. The induction of diabetes was confirmed by 
a fasting blood glucose concentration after the fifth day of 
STZ injection, and mice were divided into three subgroups 
(n = 9–10 for each subgroup). The first group was fed a 
standard laboratory chow diet (DooYeol Biotech, Seoul, 
Korea) as a control. The STZ-treated mice fed a high-fat 
diet (HFD) were divided randomly into two groups based 
on fasting glucose checks. One group received water orally 
after STZ administration, while the other group received 
oral administration of umbelliferone at a dosage of 10 mg/
kg body weight for 10 weeks, excluding the day of wound 
formation and the following 2 days. The content in fat per-
centage of the diets is 60% kcal% fat. Mice were kept on a 
12-h light/dark cycle at 23 ± 1 °C with 50 ± 10% relative 
humidity under specific pathogen-free conditions, fed a 
standard laboratory chow diet (CJ Feed, Seoul, Korea), and 
were provided with water ad libitum at the animal facility 
of Hallym University. All experiments were approved by 
the Committee on Animal Experimentation of Hallym Uni-
versity and performed in compliance with the University’s 
Guidelines for the Care and Use of Laboratory Animals 
(hallym(2023–18)). No mice died, and no apparent signs of 
exhaustion were observed during the experimental period.

Full‑thickness excisional wound model

Mice were anesthetized with 250 mg/kg concentration of 
Avertin via intraperitoneal injection. After anesthesia, the 
dorsal hair was shaved to fully expose the skin, which was 
then rinsed with 70% ethanol. Four full-thickness wounds 
were created on each mouse using a 6-mm-diameter biopsy 
punch under sterile conditions. To determine the wound clo-
sure rate, wound areas were evaluated on days 0, 4, 8, 12, 
14, and 18 post-wounding. Photographs were taken, and the 
wound area was measured by tracking the edge of the wound 
using ImageJ image analysis software (NIH, Bethesda, MD, 
USA). The percentage of wound closure was expressed as 
the ratio of the remaining area of the wound to the original 
area of the wound over time. The percentage of residual scar 
rate was expressed by taking the ratio of the scar area to the 
original area of the wound.

Western blot analysis

Whole-cell lysates were prepared from fibroblasts (3.5 ×  105 
cells) and skin tissue extracts from mouse skin using RIPA 
buffer. The skin tissue extracts were obtained from the skin 
of mice that were grown until 10 weeks. After anesthesia, 
skin samples from mice were collected from the mice, 

immediately extracted, and snap-frozen for biochemical 
assays. For western blot analysis, each sample was homog-
enized in lysis buffer and centrifuged at 3000 rpm for 10 min 
to remove any insoluble material. The supernatant was then 
transferred to a clean tube. Protein concentration was deter-
mined using the Lowry protein assay, and 30–50 µg of pro-
tein was used for the experiments. Equal amounts of pro-
teins from cell lysates and tissue extracts were separated by 
electrophoresis on 8–12% SDS-PAGE and then transferred 
onto a nitrocellulose membrane. Nonspecific binding was 
blocked with either 3% fatty acid-free bovine serum albumin 
(BSA) or 5% nonfat dry skim milk for 3 h. The membrane 
was subsequently incubated overnight at 4 °C with primary 
antibodies targeting specific proteins, followed by washing 
in a TBS-T buffer for 10 min. Afterward, the membrane 
was incubated for 1 h with secondary antibodies (goat anti-
rabbit IgG, goat anti-mouse IgG, or donkey anti-goat IgG) 
conjugated to HRP. Each target protein level was assessed 
using immobilon western chemiluminescent horseradish 
peroxidase substrate (Millipore Corp.) and detected through 
chemiluminescence using a ChemiDoc (Cytiva). Addition-
ally, incubation with a mouse monoclonal β-actin antibody 
was performed for comparative controls. We performed a 
quantitative analysis of the western blot results using densi-
tometry. The band intensities were measured using ImageJ 
software (NIH, Bethesda, MD, USA) and normalized to the 
corresponding β-actin bands. The relative expression levels 
were calculated and statistically analyzed.

Immunostaining

Fibroblasts were fixed with 4% formaldehyde for 10 min 
and permeabilized by 0.1% Triton X-100 on ice. To block-
ade the unspecific protein binding, fibroblasts were treated 
with 5% bovine serum albumin (BSA) for 1 h. The primary 
antibody for collagen I was prepared by diluting it at a ratio 
of 1:100 in 5% BSA and incubated overnight at 4 °C. The 
secondary antibody, Cy3-conjugated anti-mouse IgG (Sigma-
Aldrich Chemical, St. Louis, MO, USA), was diluted at a 
ratio of 1:500 in PBS and used for the cytochemical staining 
of fibroblasts for 30 min. Nuclear staining was performed 
using 4′,6-diamidino-2-phenylindole (DAPI), which was 
diluted at a ratio of 1:1000 in PBS. Slide was mounted in 
glycerol (Sigma-Aldrich Chemical, St. Louis, MO, USA). 
Images were taken using an inverted microscope system for 
the visualization of collagen I (Nikon, Tokyo, Japan). Fluo-
rescence intensity of immunostained cells, using a Cy3-red 
dye, was measured with the ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). The red channel of 
the images was analyzed directly. Regions of interest (ROIs) 
corresponding to individual cells were selected. The mean 
fluorescence intensity within each ROI was quantified, and 
background fluorescence was subtracted. The results were 
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normalized to control samples to account for variability 
between experiments.

Cell scratch wound healing assay

To evaluate the impact of glucose on dermal fibroblast motil-
ity, as well as the potential effects of umbelliferone, an in vitro 
scratch wound assay was employed. In this assay, fibroblasts 
were seeded onto a 12-well plate and allowed to incubate for 
24 h in media containing 10% FBS (fetal bovine serum). Once 
the cells reached confluency, a scratch was created horizontally 
in each well using a pipette tip. After the scratch was made, 
the injured cells were further incubated for an additional 24 h 
in culture media containing 33 mM high glucose media, with 
or without the presence of 1–20 µM umbelliferone. Images 
of scratch wounds were captured in 2–3 microscopic fields 
per well using a microscope equipped with a Nikon camera 
(Nikon, Tokyo, Japan). Quantification of wound closure was 
performed using ImageJ software (NIH, Bethesda, MD, USA) 
normalized with the wound size at day 0 as 100%.

Rhodamine phalloidin staining

Fibroblasts (0.7 ×  105 cells) were fixed with 4% formalde-
hyde for 10 min and permeabilized with 0.1% Triton X-100 
for 10 min on ice. For red cytochemical staining, the cells 
were treated with red-fluorescent rhodamine phalloidin 
(Thermo Fisher Scientific, Waltham, USA) for 30 min. 
Nuclear counterstaining was performed using 4′,6-diami-
dino-2-phenylindole (DAPI). Each slide was mounted with 
VectaMount mounting medium (Vector Laboratories, Burl-
ingame, CA, USA).

Hematoxylin and eosin staining of skin tissue 
and measurement of epidermis/dermis thickness 
and adipocyte size

Paraffin-embedded skin specimens were cut into 8 µM thick 
sections, dewaxed and rehydrated, and stained with eosin 
reagent to assess and hematoxylin for counterstaining. The 
stained tissue slides were examined using a microscope 
equipped. The thickness of skin epidermis, dermis, and adi-
pocyte size were analyzed by ImageJ software.

Masson and Gomori trichrome staining

For the histological analysis, the skin was obtained at 
the end of the experiments and fixed in 10% buffered for-
malin. The skin tissues were then embedded in paraffin, 
and sections of 8 µM thickness were prepared. These sec-
tions were de-paraffinized and stained with Masson and 
Gomori trichrome to visualize collagen fibers and muscle 
fibers under light microscopy. The stained tissue sections 

were examined using an inverted microscope system. 
The analysis of Masson and Gomori staining intensity 
was performed using ImageJ software. Digital images 
were uploaded to ImageJ, and a scale was set using digi-
tal micrometer gauge readings to convert pixel units to 
microns. The proportions of collagen fibers (blue areas), 
cytoplasm, and muscle (red areas) were determined by 
setting the appropriate color thresholds, following the 
methodology [17].

In vivo skin evaluation

Hydration and TEWL of the dorsal skin of the mice were 
measured with a Corneometer CM 825 (Courage and Khaz-
aka, Köln, Germany), and SCH was measured using GPSkin 
(GPOWER Inc., Seoul, South Korea), respectively. Three 
independent measurements from the same area of skin were 
averaged for each value.

Statistical analysis

Data were analyzed using SPSS (SPSS Inc., Chicago, IL, 
USA), and a mean difference of p < 0.05 was considered sta-
tistically significant. Different letters in the figures indicate 
significant differences between various treatment groups at 
p < 0.05, as determined by one-way ANOVA. Once a signifi-
cant difference was recognized, Tukey’s test was conducted 
as a post hoc analysis to compare the differences between 
the groups. All data are presented as mean ± SD.

Results

Umbelliferone induces dermal fibroblast collagen 
synthesis, paralleled decreased activation of MMPs 
under high glucose setting

To study the impact of high glucose environment on 
skin dermal fibroblasts ECM compositions, dermal 
fibroblasts were exposed to 33 mM glucose for 6 days. 
A temporal downregulated expression of cellular ECM 
components, collagen I and fibronectin, was observed in 
dermal fibroblasts (Fig. 1E). Furthermore, results from 
rhodamine phalloidin staining were employed to observe 
changes in the cellular morphology of fibroblasts. It was 
observed that fibroblasts exposed to high glucose exhib-
ited more simplified morphology, showing an approxi-
mate 30.95 ± 10.3% reduction in length compared to 
their original state (Fig. 1D). Exposure of fibroblasts to 
hyperglycemia adding with 1–20 µM umbelliferone for 
3 days, the induction of pro-collagen I, collagen I, and 
fibronectin was inclined (Figs. 1F, 2A) and there was no 
cytotoxicity observed from the MTT assay (Fig. 1B, C). 
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The matrix metalloproteinase (MMP) proteins cause the 
degradation of ECM components via aberrant proteolysis 
of cells, leading to cellular dysfunctions. The expression 
of MMP-2 and MMP-9 was elevated following the high 
glucose stimulation, which was attenuated by umbellifer-
one (Fig. 2B).

Under normal glucose conditions, fibroblasts exhibited 
robust cytoplasmic red staining, as confirmed by collagen I 
immunocytochemical staining (Fig. 2C). However, exposure to 
hyperglycemic conditions for 3 days led to a reduction in cel-
lular levels of collagen I. Conversely, treatment with umbellif-
erone at concentrations of ≥ 10 µM augmented the suppression 
of collagen I induction caused by high glucose insult.

Histopathological alterations of skin tissue 
in diabetic mellitus

This study also confirmed changes in extracellular matrix 
(ECM) component proteins induced by streptozotocin in a 
type 2 diabetic mouse model using western blot analysis. 
Both collagen type I and fibronectin exhibited a decrease in 
the diabetic group, as observed in cell experiments. How-
ever, upon administration of umbelliferone, an increase in 
ECM components was observed (Fig. 2D). Furthermore, 
additional analysis involved Masson and Gomori trichrome 
staining, selectively staining collagen fibers blue in the tis-
sue (Fig. 3C, D). The results revealed a substantial reduc-
tion in intensely stained blue collagen fibers in diabetic 
mice compared to the control group. Conversely, upon 
umbelliferone treatment, collagen fiber synthesis became 
more active, represented by lighter blue staining, and the 
optical density of blue collagen fibers was depicted using a 
bar graph (Fig. 3H, I). In contrast, when examining matrix 
metalloproteinases (MMPs) through western blot analysis, 
enzymes responsible for ECM component degradation, it 
was observed that the activity of MMP2 and MMP9, which 
were pronounced in diabetic mice, decreased upon umbel-
liferone treatment (Fig. 2E).

Hematoxylin and eosin (H&E) staining was per-
formed on skin tissues from diabetic-induced mice. An 
overall image of the skin tissue, ranging from the epider-
mal layer to the muscular layer, is presented (Fig. 3A). 
Additionally, micrographs displaying magnified views 
of the epidermis and dermal layers are shown (Fig. 3F, 
G). In the skin tissue of mice induced by streptozotocin, 
compared to the control group, an increase in adipocyte 
size was observed (Fig. 3A, E), along with an augmented 
epidermal thickness (Fig. 3B, F), and a decrease in over-
all dermal thickness (Fig. 3B, G). Conversely, in the 
group treated with umbelliferone, a relatively reduced 
adipocyte size was evident, and both epidermal and 
dermal thickness were restored to levels similar to the 
control group.

Enhancement of cell motility by umbelliferone

We investigated alterations in proteins associated with cel-
lular migration of fibroblasts under chronic hyperglycemia 
condition. Fibroblasts cultivated in a high glucose environ-
ment of 33 mM demonstrated a marked decrease in the 
expression of both EVL and Fascin-1 proteins when com-
pared to the control group. However, subsequent treatment 
with umbelliferone at varying concentrations exhibited a 
concentration-dependent augmentation in protein expres-
sions. To evaluate both cellular motility and wound healing 
proficiency, a scratch wound healing assay was conducted 
on the fibroblasts. Microscopic images were captured after 
generating uniform-sized and length of scratch wounds using 
a yellow tip (Fig. 4B). Post-wound induction and subsequent 
exposure to 33 mM glucose and different concentrations of 
umbelliferone, it was noted that the control group exhib-
ited heightened cell migration compared to the immediate 
post-scratch image (indicated by the black dotted line). Con-
versely, cells exposed to elevated glucose levels displayed 
markedly reduced migration. Notably, treatment with umbel-
liferone led to a concentration-dependent enhancement in 
cell migration, correlating with an improvement in wound 
healing capacity (Fig. 4C). The extent of the cellular wound 
area was quantified as a percentage and illustrated graphi-
cally for each experimental group (Fig. 4D).

Furthermore, we employed western blot analysis using 
animal skin tissues to ascertain the protein expression asso-
ciated with cellular migration, which was also confirmed 
through in  vitro experiments. Both EVL and Facsin-1 
proteins exhibited reduced expression in skin tissues of 
streptozotocin-induced type 2 diabetic mice. However, in 
the groups that received oral administration of 10 mg/kg 
umbelliferone, protein expression increased (Fig. 4E).

Improvement of diabetic cutaneous wound healing 
ability by umbelliferone

The diagram illustrates the overall flow of the animal experi-
ment (Fig. 5A). To assess the extent of wound healing abil-
ity in diabetes-induced animals, a partial removal of fur was 
performed on the mouse dorsum, and wounds were created 
using a 6 mm punch. The healing process was then observed 
through photographs from the day of injury until the 18th day 
(Fig. 5B). The wound-healing effect of umbelliferone was 
investigated in full-thickness cutaneous wounds in diabetic 
mouse. As shown in Fig. 5B, skin wounds in diabetic mice 
treated with umbelliferone healed more rapidly than those 
in untreated diabetic mice. By day 8, umbelliferone-treated 
mice wounds achieved nearly 25% closure compared with 
the 60% wound closure observed in control. On day 12, as 
quantified in the graph, it was confirmed that wound healing 
ability in mice treated with umbelliferone was approximately 
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twice as fast as in diabetic mice (Fig. 5C). On day 14, the 
wound healing ratio of umbelliferone-treated mice was 80%, 
showing a higher healing rate compared to diabetic mice.

Angiogenesis is essential for the wound healing process, 
involving the creation of new blood vessels from existing 
ones [18]. It occurs as these vessels invade the wound clot 
and organize into a microvascular network within the granu-
lation tissue. Therefore, the expression of factors involved 
in angiogenesis, namely HIF-1α and VEGF proteins, was 
examined. It was observed that the secretion of these fac-
tors decreased in fibroblasts treated with high glucose and 
the expression of these proteins in the skin tissues of dia-
betic mice. Conversely, upon umbelliferone treatment, the 
protein secretion and expression were restored, respectively 
(Fig. 5D, E).

Blockade of impairment of skin junction barrier 
integrity and moisture retention capacity 
by umbelliferone

Alongside the wound healing process, we verified the 
expression of E-cadherin, ZO-1, and Occludin with western 
blot analysis, which plays a pivotal role in forming defense 
skin barriers within cells and tissues through adherent 
junctions (AJ) and tight junctions (TJ). Under hyperglyce-
mic conditions, a reduction in protein expression of these 
junctional markers was observed, indicating a weakening 
of intercellular adhesion function [19]. Conversely, treat-
ment with umbelliferone led to an increased expression of 
these proteins, confirming the reinforcement of intercel-
lular adhesion function (Fig. 6A). The expression of cell 
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Fig. 1  Chemical structure of umbelliferone (A), umbelliferone cyto-
toxicity (B), and umbelliferone viability in high glucose-exposed 
human skin dermal fibroblasts (C). Cell viability was measured by 
the water-soluble tetrazolium salt cell quantification method (B, C). 
Microscopic images depicting changes in the cellular morphology 
of fibroblasts through rhodamine phalloidin staining (D). Tempo-
ral course of collagen I and fibronectin in high glucose stimulation 
(E) and induction of pro-collagen I were measured by western blot 
(F). Fibroblasts were incubated in media containing 5.5  mM glu-
cose, 5.5  mM glucose plus 27.5  mM mannitol as osmotic controls, 

or 33 mM glucose in the absence and presence of 1–20 µM umbel-
liferone for 3 days. The bar graphs represent the quantitative results 
of blot bands (E, F). Densitometric analysis of immunoblots for each 
protein relative to β-actin is presented. Significance levels are indi-
cated as follows: *p < 0.05, **p < 0.01, ***p < 0.001 for compari-
sons between the 33 mM glucose and control groups; ##p < 0.01 for 
comparisons between the 33 mM glucose and umbelliferone-treated 
groups. Statistical significance of the mean values for each group 
was determined using ANOVA followed by Tukey’s test. Data are 
expressed as means ± SD
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adhesion-related proteins in the skin tissues of diabetic mice 
was confirmed, and the results were consistent with those 
observed in the cell experiments (Fig. 6B).

To investigate changes in the protein expression related to 
the moisture-retention capability of dermal fibroblasts under 
chronic hyperglycemia conditions, the expression of HAS2, 
HYAL, and AQP3 proteins was examined using western blot 
analysis (Fig. 6C). HAS2 is an enzyme involved in hyaluronic 
acid synthesis, contributing to the formation of the skin’s mois-
ture barrier and the maintenance of elasticity. On the other 
hand, the enzyme HYAL is a protein responsible for hyalu-
ronic acid degradation, in contrast to HAS. AQP3 is a water 
transporter protein that facilitates the passage of water from 
fibroblasts into skin tissues. Under hyperglycemia conditions, 
it was observed that the HYAL showed increased activity, the 

expression of the induction of HAS2 protein decreased, and 
the ability of AQP3 protein was also diminished. However, 
in fibroblasts treated with umbelliferone, it was observed that 
the expression of the AQP3 protein increased, and the protein 
expression of HAS2 also increased in a concentration-depend-
ent manner. Conversely, the expression of the HYAL protein 
declined. In mice induced with diabetes by streptozotocin, the 
western blot analysis of protein expression related to skin mois-
ture retention yielded results consistent with cell experiments 
(Fig. 6D). In STZ-induced mice, the HYAL protein showed a 
significant increase compared to the control, while the HAS2 
and AQP3 proteins were observed to decrease. However, oral 
administration of umbelliferone resulted in the recovery of 
these proteins to the control group levels. We also measured 
the degree of skin water loss through the mice skin tissues, 
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Fig. 2  Umbelliferone improved the level of multiple ECM compo-
nents and deterred MMP activity in skin dermal fibroblasts and dia-
betic skin tissues. Western blot data showing elevation of induction 
of collagen I and fibronectin (A) and downregulated induction of 
MMP2 and MMP9 (B). Fibroblasts were incubated in media con-
taining 5.5 mM glucose, 5.5 mM glucose plus 27.5 mM mannitol as 
osmotic controls, and 33  mM glucose in the absence and presence 
of 1–20  µM umbelliferone for 72  h. For the immunocytochemical 
analysis of collagen I, a red Cy3-conjugated secondary antibody was 
used for visualizing collagen I induction, being counterstained with 
4′,6-diamidino-2-phenylindole for the nuclear staining (C). Each 

microphotograph was obtained by using a microscope system (scale 
bar: 200  µM). Skin tissue levels of collagen I, fibronectin (D), and 
MMP-2/9 (E) were measured by western blot analysis, respectively. 
The right bar graphs represent the quantitative results of blots in A, 
B, D, and E. **p < 0.01, ***p < 0.001 for comparisons between 
the 33  mM glucose and control groups; #p < 0.05, ##p < 0.01, 
###p < 0.001 for comparisons between the 33  mM glucose and 
umbelliferone-treated groups. Statistical significance of the mean val-
ues for each group was determined using ANOVA followed by Tuk-
ey’s test. Data are expressed as means ± SD
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represented by epidermal water loss (Fig. 6E), the moisture 
content in the outermost layer of the skin, referred to as skin 
stratum corneum hydration (SCH) (Fig. 6F), and the skin’s 
humidity (Fig. 6G). In diabetic mice, we observed a significant 
increase in skin water loss through the epidermis compared 
to the control group, while the moisture content in the stra-
tum corneum and skin humidity were significantly decreased. 
However, the administration of umbelliferone resulted in an 
increase in skin moisture retention capability and a suppression 
of moisture evaporation.

Discussion

Complications arising from impaired wound healing can 
result in foot ulcers and, in severe cases, may necessi-
tate amputation, making diabetic mellitus a significant 

contributor to mortality rates [3, 6]. The wound healing 
process unfolds through four distinct stages: hemostasis, 
inflammation, proliferation/migration, and remodeling. 
Hyperglycemia can impede wound healing, thereby pro-
longing this cascade of events. Dermal fibroblasts, key 
cellular components of the skin’s dermis, play a vital role 
in wound healing by aiding in the synthesis of extracellular 
matrix (ECM) components, facilitating the production of 
factors essential for neovascularization, and orchestrating 
the remodeling of the wound site through cellular growth 
and migration [20, 21]. Consequently, holistic therapeutic 
strategies targeting these aspects of wound healing may 
hold considerable promise for enhancing diabetic skin 
wound recovery. In the present study, we demonstrated 
that umbelliferone ameliorated diabetes-associated delayed 
skin wound healing and improved skin barrier functions 
both in vitro and in vivo.
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Fig. 3  Representative images of hematoxylin and eosin (H&E) and 
Masson’s and Gomori trichrome-stained histological sections from 
skin dorsal of mice from different treatment groups. Images of the 
epidermis, dermis, subcutaneous adipose tissue, and muscular layer 
of skin tissue (A). Below are focused images of the epidermis and 
dermal regions (B). The reddish staining indicates cytoplasm and 
muscle fibers, and the blue staining shows collagen fibers and con-
nective tissues (C, D). Bar graph of subcutaneous adipocyte size 

(E), epidermal thickness (F), dermis thickness (G), and collagen 
fiber optical density (H, I). *p < 0.05, ***p < 0.001 for comparisons 
between STZ-induced diabetic mice and control groups; #p < 0.05, 
##p < 0.01, ###p < 0.001 for comparisons between STZ-induced dia-
betic mice and STZ-induced diabetic mice treated with umbelliferone. 
Statistical significance of the mean values for each group was deter-
mined using ANOVA followed by Tukey’s test. Data are expressed as 
means ± SD
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The skin dermis serves as the architectural framework of 
the skin, imparting robustness and suppleness while accom-
modating various essential components like hair follicles, 
glands, blood vessels, and nerves. At the heart of dermal 
function are the dermal fibroblasts (DF), primary cells 
responsible for orchestrating the synthesis of the extracellu-
lar matrix (ECM), thereby providing structural integrity and 
support to the skin tissue [22]. DFs exhibit remarkable plas-
ticity throughout skin development, wound healing, regener-
ation, and skin disease pathology [23]. Also, fibroblasts play 
a crucial role in the repair of cutaneous wounds by migrat-
ing to the site of damage, replenishing the wounded area, 
and restructuring fibrin and collagen deposits [24]. They 

induce biochemical alterations in the extracellular matrix 
(ECM) by breaking down fibrin and synthesizing collagen, 
playing a significant role in the contraction of granulation 
tissue [21]. The ECM molecules play an indispensable role 
in initiating the proliferation, migration, and interactions of 
diverse cells within skin tissues [25]. The interaction and 
balance between ECM components and MMPs are crucial 
for maintaining skin stability, as they play a pivotal role in 
the deposition, maturation, and reorganization of the extra-
cellular matrix (ECM) during the wound healing process 
[26, 27]. However, increased activities of MMPs have been 
noted in diabetic wounds, which can directly decrease col-
lagen, consequently disrupting the healing process. In our 
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Fig. 4  Umbelliferone improves cell migration and motility markers 
induced by high glucose stimulation. Fibroblasts were cultured in 
high glucose media with or without umbelliferone for 3  days. EVL 
and Fascin-1 levels were assessed by western blot assay (A). Scratch 
wound healing assays were performed to examine fibroblast migra-
tion in the hyperglycemia condition with or without 1–20 µM umbel-
liferone (B, C). Microscopic images were captured immediately after 
inducing a scratch, with the initial scratch size indicated by white 
dots (B). Subsequently, images were taken 48 h after scratch induc-
tion, following treatment with high glucose and umbelliferone of 

varying concentrations (C). The graph represents the scratch area as 
a percentage (D). The skin tissue levels of EVL and Fascin-1 were 
measured by western blot (E). The right bar graphs represent the 
quantitative results of blots in A and E. *p < 0.05, ***p < 0.001 for 
comparisons between the 33  mM glucose/diabetic mice and control 
groups/control mice; #p < 0.05, ##p < 0.01, ###p < 0.001 for compari-
sons between the 33  mM glucose/diabetic mice and umbelliferone-
treated groups. Statistical significance of the mean values for each 
group was determined using ANOVA followed by Tukey’s test. Data 
are expressed as means ± SD
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results, we observed a decrease in ECM components and an 
increase in MMP activity in high glucose-induced fibroblasts 
and diabetic skin tissues. However, treatment with umbel-
liferone was found to restore the expression of collagen I 
and fibronectin while reducing the expression of MMP-2 
and MMP-9. Additionally, we found an increase in accu-
mulated collagen fibers with strong blue staining following 
the administration of umbelliferone, which had decreased 
in diabetic mice.

The cell proliferation, crucial for tissue repair, plays a 
vital role in facilitating wound closure in biological systems. 
Migration is equally essential for effective wound contrac-
tion and the formation of granulation tissue, which are criti-
cal for successful wound healing [28]. Fascin-1 promotes 

cell movement by bundling actin filaments, particularly aid-
ing in filopodia formation [29, 30]. Ena-VASP-like (EVL), 
located at filopodia tips and adhesive sites, regulates cell 
morphology and movement, impacting developmental 
angiogenesis in the postnatal retina [31]. Depletion of EVL 
reduces endothelial tip cell density and impairs vascular 
sprouting by hindering filopodia formation at the angiogenic 
front [32]. A notable characteristic of the proliferative phase 
in wound healing is robust angiogenesis, driven by various 
proangiogenic factors produced within wounds in response 
to the established oxygen gradient caused by injury which 
disrupts homeostasis, leading to a hypoxic state [12]. Fol-
lowing injury, hypoxia triggers the activation of hypoxia-
inducible factor-1(HIF-1α), a transcriptional activator 
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Fig. 5  Schematic diagram outlining the animal experimental pro-
cedure (A). Following a 1-week period of STZ injection, mice were 
subjected to a 6  mm circular wound on their dorsal using a punch 
biopsy. Images of the wound were captured at intervals of 4 days until 
day 18, facilitating observation of wound progression. Representative 
images demonstrating wound closure were captured on specific days: 
day 0, day 4, day 8, day 12, day 14, and day 18 (B), and the quantita-
tive analysis of the percentage of wound closure was conducted (C). 

Western blot analysis was conducted on fibroblasts (D) and diabetic 
skin tissue (E) to examine the levels of HIF-1α and VEGF proteins. 
The right bar graphs represent the quantitative results of blots in E. 
***p < 0.001 for comparisons between the diabetic mice and control 
mice; #p < 0.05, ###p < 0.001 for comparisons between the diabetic 
mice and umbelliferone-treated groups. Statistical significance of the 
mean values for each group was determined using ANOVA followed 
by Tukey’s test. Data are expressed as means ± SD
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that stimulates angiogenesis by increasing the expression 
of target genes such as vascular endothelial growth factor 
(VEGF) [33]. The secretion of pro-angiogenic molecule 
VEGF by fibroblasts promotes the formation of new blood 
vessels, which is a crucial mechanism in tissue regenera-
tion [34]. Throughout this interconnected process, wound 
contraction takes place. Our study confirmed that under 
diabetic conditions, impaired cell growth and migration, 
along with suppressed activity of angiogenic factors, con-
tribute to delayed wound healing. This was validated not 
only through cell scratch assays but also through experi-
ments involving intentionally created wounds on the dorsal 
area of mice. However, we observed that umbelliferone pro-
motes cell migration and growth in response to hypergly-
cemic stimuli. Furthermore, we confirmed an increase in 

the secretion of angiogenesis-promoting factors, including 
HIF-1α and VEGF, suggesting the wound-healing potential 
of umbelliferone.

The skin barrier protects against pathogens, chemicals, 
and water loss, relying on components like the microbiome, 
tight junctions, and chemical and immunological barriers [35, 
36]. The barrier breakdown leads to increased water loss and 
reduced skin hydration. Tight junctions are essential for barrier 
integrity and the remodeling phase of wound healing, and they 
also help maintain skin hydration [19]. The deficiency of Clau-
din-1 protein has been reported to result in profound water loss 
due to defects in the skin barrier [37]. Additionally, the knock-
down of ZO-1 and Occludin proteins has been documented to 
increase paracellular permeability in epidermal keratinocytes 
for ions and large molecules [38]. Moreover, the knockdown 
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Fig. 6  Western blot analysis of E-cadherin, ZO-, and Occludin in 
fibroblasts (A) and diabetic skin tissue (B). Alterations in the expres-
sion of proteins associated with skin tissue’s moisture retention abil-
ity, namely, HAS2, HYAL, and AQP3, were examined through west-
ern blot analysis in both fibroblast cells (C) and skin tissue (D). The 
right bar graphs represent the quantitative results of blots in A–D. 
Dermal fibroblast cells were cultured in a high-glucose medium for 
3 days and treated with umbelliferone at concentrations ranging from 
1 to 20 µM. The animal model involved intraperitoneal streptozotocin 
injections for 5  days, followed by oral administration of umbellifer-
one for 4 weeks. The indices measured included TEWL (trans-epider-

mal water loss), a metric quantifying moisture evaporation through 
the skin (E); skin SCH (stratum corneum hydration), a measure of 
moisture content in the skin’s outermost layer (F); and humidity, an 
indicator of overall skin moisture state (G). Measurements were con-
ducted on the dorsal area of the mice (E–G). *p < 0.05, **p < 0.01, 
***p < 0.001 for comparisons between the 33  mM glucose/dia-
betic mice and control groups/control mice; #p < 0.05, ##p < 0.01, 
###p < 0.001 for comparisons between the 33  mM glucose/diabetic 
mice and umbelliferone-treated groups. Statistical significance of the 
mean values for each group was determined using ANOVA followed 
by Tukey’s test. Data are expressed as means ± SD



1468 Journal of Molecular Medicine (2024) 102:1457–1470

of Claudin-1 is known to impair the water barrier function in the 
stratum corneum [39]. Adequate moisturizing is vital for skin 
function, with hyaluronic acid (HA) in the dermis playing a key 
role. HA plays a crucial role in the skin’s extracellular matrix, 
essential for hydration, nutrient exchange, and protection against 
free radical damage [40–42]. It also supports fundamental bio-
logical processes such as cell renewal, differentiation, and motil-
ity [43]. Furthermore, in several studies, HA has been utilized as 
a therapeutic tool to promote repair in damaged tissues, owing 
to its biocompatible hydrogel properties and its indispensability 
during embryonic development [44]. Therefore, maintaining a 
consistent level of HA is important for skin health, highlighting 
the significance of balancing Hyaluronan synthase-2 (HAS2), 
responsible for its synthesis, and Hyaluronidase (HYAL), 
responsible for its degradation. Also, in normal skin physiology, 
aquaporins (AQPs) transport both glycerol and water, thereby 
promoting water retention and skin hydration, which play a key 
role in various skin processes, and abnormalities in this channel 
have been observed in several skin diseases [45, 46]. Our study 
found that exposure to high glucose led to decreased expression 
of TJ proteins and skin moisturizing proteins in fibroblasts, as 
well as in the skin tissues of diabetic mice. Additionally, diabetic 
mice exhibited increased trans-epidermal water loss (TEWL) and 
reduced moisture content in the epidermal stratum corneum and 
overall skin hydration, along with changes in epidermal and der-
mal thickness. Treatment with umbelliferone restored epidermal 
and dermal thickness, maintained skin moisture, and restored 
the expression of cell adhesion and moisture-regulating factors. 
Thus, umbelliferone may enhance skin moisturizing ability and 
maintain the skin barrier in diabetic conditions.

Therefore, the findings of this study indicate that umbel-
liferone exhibits potential in addressing the delayed wound 
healing and skin barrier dysfunction induced by high glu-
cose environments. Specifically, it appears to safeguard der-
mal hydration.

In summary, our study explored the impact of umbelliferone 
on wound healing in high glucose-induced dermal fibroblasts 
and diabetic skin tissues. We found that umbelliferone 
promoted ECM synthesis and collagen fiber production while 
inhibiting MMP activity. It also facilitated fibroblast migration 
and proliferation, boosted pro-angiogenesis factor expression, 
and enhanced skin hydration by regulating key enzymes. 
Additionally, umbelliferone strengthened the skin barrier by 
increasing moisture levels and improving cellular adhesion. 
Overall, these effects highlight umbelliferone’s potential as a 
therapeutic agent for diabetic skin wound healing.
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