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Hypertrophic scar (HTS) is a prevalent chronic inflammatory skin disorder characterized by abnormal prolif-
eration and extracellular matrix deposition. N-Myc downstream regulated gene 2 (Ndrg2) is a cell stress response
gene related to cell proliferation, differentiation and various fibrotic diseases. However, the role of Ndrg2 in HTS
is unknown and warrants further investigation. In this study, we confirmed that the expression of Ndrg2 was
increased in HTS of human and a bleomycin-induced fibrosis mouse model. We then used Ndrg2 knockout mice
and found Ndrg2 deletion could significantly reduce the synthesis of collagen and alleviate skin fibrosis. In
addition, the proliferation and migration of Ndrg2-interfered HTS-derived fibroblasts decreased and those of
Ndrg2-overexpressed normal skin-derived fibroblasts increased. Further, by western blot analysis, we verified
that the expression of phosphorylated-PI3K, PI3K, phosphorylated-AKT and AKT were all increased after Ndrg2
overexpressed in normal skin-derived fibroblasts. Moreover, PI3K inhibitor (LY294002) administration signifi-
cantly rescued the effect of Ndrg2 overexpression on skin fibrosis. In summary, our results demonstrated that
Ndrg2 could promote HTS fibrosis by mediating PI3K/AKT signaling pathway. Our data suggest that Ndrg2 may
be a promising therapeutic target for HTS.

1. Introduction

Hypertrophic scar (HTS) is a pathological result of excessive wound
healing after skin injury, mainly composed of structural abnormalities
and excessive generation of collagen fibers [1], often secondary to
burns, trauma, and surgery [2]. The clinical manifestation of HTS is
tissue thickening with hardened texture, often accompanied by symp-
toms including pruritus and pain [3]. In severe cases, it not only affects
the patient’s quality of life but also brings a heavy psychological burden
to the patient. There are many treatments for hypertrophic scars [4,5],
including compression therapy, drug injection, radiation therapy, laser
therapy, and surgical resection, but their efficacy is limited and the
recurrence rate is high [6]. Therefore, in-depth research on the patho-
genesis of hypertrophic scars is significant for the treatment.

Fibroblasts are considered the predominant effector cells involved in
the development of hypertrophic scars, capable of producing and
reshaping the extracellular matrix [7]. Changes in their biological be-
haviors including proliferation, migration, apoptosis, and trans-
formation have significant effects on scar formation [8]. Hence, many
scholars have focused their research on fibroblasts and explored the role
of their involved signaling pathways in scar formation, such as the TGF-
B/Smad and PI3K/AKT pathways [9-14].

N-Myc downstream regulated gene 2 (Ndrg2) is a member of the
Ndrg gene family and can be transcribed into a mRNA of 2024 bp [15].
The gene encodes a 40.7 kD protein of 371 amino acids with an a/p
hydrolase catalytic domain [16]. Previous studies have shown that the
Ndrg2 gene is a cell stress response gene that is associated with cell
proliferation, differentiation, and apoptosis and plays an antitumor role
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in various cancer types [17-19]. Studies have indicated that Ndrg2, as a
tumor suppressor, can inhibit the epithelial mesenchymal transition in
breast cancer [20] and gallbladder cancer [21]. Ndrg2 is also associated
with organ damage repair and various fibrotic diseases and can also
inhibit TGF-B1/Smad pathway to alleviate liver fibrosis [22]. However,
upregulation of Ndrg2 expression can cause fibrosis of human lens
epithelial cells [23]. There are no reports on the research of Ndrg2 in
skin tissue fibrosis.

In this study, we investigated the protein expression of Ndrg2 in HTS
of human and bleomycin-induced fibrosis mouse models. We further
explored the effect of Ndrg2 on the biological function of fibroblasts. By
knocking down Ndrg2 in HTS-derived fibroblast (HFB) and over-
expressing Ndrg2 in normal skin-derived fibroblast (NFB), we validated
our hypothesis that Ndrg2 can promote the proliferation and migration
of fibroblasts through the PI3K/AKT signaling pathway. Our results
underscore Ndrg2 as a novel target gene in HTS, offering new insights
into signaling mechanisms and potential targets for the clinical man-
agement of HTS.

2. Materials and methods
2.1. Collection of tissues sample from human

HTS and normal skin tissues were collected from patients during
plastic surgery. The samples were divided into three parts for histo-
chemical stain, protein extraction and isolating fibroblasts. Then the
samples were stored in —80 °C until use. This study was approved by the
Medical and Ethics Committees of the Fourth Medical Center of Chinese
PLA General Hospital (2023KY140-KS001), and written informed con-
sent was obtained from each patient before enrolling in this study.

2.2. Animal model

8-week-old male adult C57BL/6 wild type (WT) mice and Ndrg2
knockout (Ndrg2~/~) mice were included in this study. C57BL/6 mice
were purchased from Ke Yu Laboratory Animal Center of Beijing and
Ndrg2 /" mice were purchased from Shanghai Model Organisms Center.
According to the manufacturer’s protocol, Quick Genotyping assay kit
for mouse tails (D7283, Beyotime, Shanghai, China) was used to identify
PCR-based genotyping (Fig. S1). Specific primers were synthesized by
Sangon Biotech (Shanghai, China) and the primer sequences are listed in
Table S1. All mice were raised facility of the Fourth Medical Center,
Chinese PLA General Hospital for one week before the experiment.
C57BL/6 mice and Ndrg2~/~ mice were randomly divided into two
groups, one group was injected with bleomycin (BLM), and the other
was injected with PBS (WT -+ PBS, WT+ BLM, Ndrg2~/~ + PBS and
Ndrg2™/~ + BLM). The mice in the BLM group were subcutaneously
injected with 100 pl BLM (100 pg/ml) daily, while mice in the control
group received equal volumes of PBS. After four weeks, all mice were
euthanized and skin tissues were obtained for following experiments.
The animal experiments were approved by the Experimental Animal of
Committee Fourth Medical Center, Chinese PLA General Hospital
(SQ2023662).

2.3. Hematoxylin-eosin and Masson staining

The collected samples from human and mice were fixed in 4 %
paraformaldehyde solution and dehydrated with ethanol series. Then
the fixed tissues were embedded in paraffin and sectioned into 5-pm-
thick paraffin sections, which were stained with the hematoxylin and
eosin staining kit (AR1180, Boster Biological Technology, Wuhan,
China) and Masson staining kit (G1340; Solarbio, Beijing, China),
respectively, according to the manufacturer’s instructions. We scaned
the images with digital panoramic scanner (WS-10, WISLEAP, Zhiyue
Medical Technology Co., LTD; Jiangsu, China). Relative collagen con-
tent was quantified by comparing optical density values using Image J.
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2.4. Western blot analysis

The proteins were extracted from HTS, normal skin tissues, skin of
experimental mice (tissues) or cells in ice-cold RIPA lysis buffer
(PO013B, Beyotime, Shanghai, China) containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF). Protein levels were measured with a
bicinchoninic acid (BCA) assay kit (Pierce/Thermo Scientific). Protein
samples were denatured and then separated through 10 % SDS-PAGE
gels and transferred onto a PVDF membrane (Bio-Rad, Hercules, CA).
Blocked the membranes with 5 % defatted milk in TBST buffer (B1009,
Applygen, Applygen Technologies Inc. Beijing, China) for 1 h at room
temperature and then incubated with the following primary antibodies
at 4 °C overnight: rabbit polyclonal to Ndrg2 (1:1000, 5667, Cell
Signaling Technology, Danvers, MA, USA); rabbit polyclonal to COL1A1
(1:1000, 72,026, Cell Signaling Technology, Danvers, MA, USA); rabbit
polyclonal to p-PI3K (1:1000, 4228, Cell Signaling Technology, Danvers,
MA, USA); rabbit polyclonal to PI3K (1:1000, 4249, Cell Signaling
Technology, Danvers, MA, USA); rabbit polyclonal to p-AKT (1:1000,
40608, Cell Signaling Technology, Danvers, MA, USA); rabbit polyclonal
to AKT (1:1000, 92728, Cell Signaling Technology, Danvers, MA, USA);
and mouse monoclonal to GAPDH (1:3000, HC301-01, TransGen
Biotech, China), respectively. After washing with TBST, the blots were
incubated in horseradish peroxidase-conjugated secondary antibody
including goat anti-rabbit IgG antibody (1:5000, BF03008, Biodragon
Immunotechnologies, Suzhou, Jiangsu, China) or goat anti-mouse IgG
antibody (1:5000, BF03001, Biodragon Immunotechnologies) for 2 h at
room temperature. Protein bands were scanned with an enhanced
chemiluminescence detection kit (Pierce) followed by using a Tanon
5200 chemiluminescence detection system (Tanon, Shanghai, China).
Protein levels were quantified by comparing the grey value with a
computer-assisted imaging analysis system (Image J, NIH).

2.5. Immunohistochemistry staining

Paraffin sections were prepared as described previously. The sections
were dewaxed, rehydrated, antigen repaired and incubated by anti-
Ndrg2 antibody (1:200, 5667, Cell Signaling Technology, Danvers,
MA, USA) and secondary antibody. DAB reagent was used to colored and
hematoxylin was applied to counterstained. Finally, the slides were
observed with digital panoramic scanner (WS-10, WISLEAP, Zhiyue
Medical Technology Co., LTD; Jiangsu, China).

2.6. Cell isolation, culture and identification

The dermal tissues of HTS or normal skin were rinsed with sterile PBS
containing penicillin—streptomycin and minced into small pieces (~ 1
mm). Then the pieces were incubated in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Grand Island, New York, USA) containing 10 %
fetal bovine serum and 1 % penicillin-streptomycin at 37 °C in an at-
mosphere of 5 % CO2. The medium was replaced every 2-3 days.
Explanted tissues were removed when cells proliferated from the edge of
tissue (approximately 7-10 days). When the density of cells reached
more than 80 %, the cells were subcultured. Cells from the third to the
fifth passages were used for experiments. Fibroblasts cultured in fluo-
rescent dishes were fixed in paraformaldehyde for 15 min. After rinsing
with PBS, 0.5 % Triton X-100 was used to permeabilize for 15 min at
room temperature. Then the fibroblasts were incubated for 1 h with 3 %
goat serum to block nonspecific binding sites at room temperature. Cells
were again washed with PBS and incubated with the specific primary
antibody against vimentin (1:1000, 5741, Cell Signaling Technology,
Danvers, MA, USA) at 4 °C overnight. Primary antibodies were detected
with Alexa Fluor 488 conjugated secondary antibodies (1:200,
ab150117; Abcam). DAPI (Thermo Fisher, Waltham, MA, USA) was used
to visualize nuclear. Finally, images were obtained with a confocal mi-
croscope (Zeiss LSM880, Carl Zeiss Microscopy GmbH, Jena, Germany).
Fibroblasts with green cytoplasm were regarded as positive cells, and 10
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fields were randomly selected to record the number of positive cells for
evaluating (Fig. S2).

2.7. Cell treatment

The Ndrg2 knockdown and Ndrg2 overexpressing adenoviruses were
constructed by Hanbio Biotechnology Co., Ltd. (Shanghai, China). Ac-
cording to the manufacturer’s recommendations, cells were cultured in
60 mm-dishes and the appropriate adenoviruses (multiplicity of infec-
tion = 25) were added into the dishes when confluence reaching 60 %-—
70 %. 24 h later, the medium containing adenovirus was discarded and
replaced with fresh medium. When the cells overgrew the bottom of the
dish, puromycin (Solarbio, Beijing, China) was used to select stably
infected cells. The efficiency of knockdown and overexpression were
evaluated by Western Blot. Finally, hypertrophic scar-derived fibro-
blasts with down-regulation of Ndgr2 and normal skin-derived fibro-
blasts with overexpression of Ndrg2 were obtained for further
experiments. Western blot was used to assessed the protein levels of
phosphorylated and total PI3K or AKT in HFB with down-regulation of
Ndgr2 and NFB with overexpression of Ndrg2. To investigate whether
the effect of Ndrg2 on proliferation and migration is mediated through
PI3K/AKT pathway in fibroblast, we treated NFB with overexpression of
Ndrg2 with a PI3K inhibitor, LY294002 (HY-10108, MCE, USA), and
assessed the ability of cell proliferation and migration.

2.8. Cell counting Kit-8 assay

According to the manufacturer’s protocol, the cells in different
groups were seeded in 96-well plates at a density of 4 x 10> cells /ml and
cultured at 37 °C for 24-, 48-, and 72-h, respectively. After that, 10 pl
Cell Counting Kit-8 (CCK-8) solution (CK04, Dojindo Laboratories,
Japan) and 90 pl complete medium were added to each well. The
absorbance at 450 nm was measured with a microplate reader and
analyzed after incubation at 37 °C for 2 h.

2.9. Transwell assay

Transwell assay was conducted using a transwell chamber with a
membrane pore size of 8 ym (membrane diameter 6.5 mm, Corning
Corporation, USA). Cell suspensions (1 x 10* cells) diluted in serum-free
DMEM were seeded in the upper chamber. Lower chamber was added
with DMEM containing 20 % FBS. The cells in the upper chamber were
removed after 24 h, and the migrated cells were fixed with 4 % para-
formaldehyde for 30 min, stained with 0.1 % crystal violet for 20 min.
After washing with PBS, the number of migrating cells was calculated
through an optical microscope.

2.10. Wound-healing assay

5 x 10° cells per well were seeded in 6-well plates, and linear defects
were generated on the cell surface using sterile 200-pl pipettor tip when
cells reached approximately 100 % confluence. Floating cells were
gently washed away using sterile PBS. Then the cells were subsequently
cultured with a serum-free medium. The scratch distance pictures were
taken by light microscope at 0- and 48-h time points, and measured with
Image J software.

2.11. Transcriptome profiling

RNA-seq analysis was performed in HFB infected with the control
shRNA adenovirus vector and Ndrg2 shRNA groups. Total RNA was
extracted using Trizol reagent (Thermo Fisher, 15,596,018) following
the manufacturer’s procedure. Then, mnRNA was purified from total RNA
(5 pg) by using Dynabeads Oligo (dT) (Thermo Fisher, CA, USA) with
two rounds purification. The cDNA samples were sequenced using the
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). We
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performed the 2 x 150 bp paired-end sequencing (PE150) on an Illu-
mina Novaseq™ 6000 (Novogene Co, Ltd., Beijing, China) following the
vendor’s recommended protocol.

2.12. Statistical analysis

Statistical analyses were performed with GraphPad Prism 9.0 for
Windows (GraphPad Software, La Jolla, CA). All quantitative
biochemical data and immunofluorescence staining were representative
of at least three independent experiments. Two-tailed unpaired Stu-
dent’s t-test was used for the comparison of the mean values between
two groups. All results were presented as the means + SEM, and dif-
ferences with p < 0.05 were considered statistically significant. The
significant differences between groups were represented as * p < 0.05,
**p < 0.01 and *** p < 0.001.

3. Results
3.1. Expression of Ndrg2 was upregulated in HTS of patients

We collected HTS tissues and normal skin (NS) tissues from patients.
The excess adipose layer was shaved, then epidermal and dermis layer
was left and used to perform hematoxylin-eosin (H&E) and Masson
staining. H&E staining revealed that the dermal thickness of HTS tissues
was thicker than that of NS tissues (Fig. 1A and B). In addition, Masson
staining identified disorderly collagen fibers and highlighted significant
collagen production in the HTS group compared with the NS group
(Fig. 1A and C). The protein expression levels of Ndrg2 and collagen I in
HTS compared with the matched NS were detected using western blot.
The results indicated the protein expression levels of Ndrg2 and collagen
I were significantly upregulated in the HTS group compared with the NS
group (Fig. 1D-F). In particular, immunohistochemistry (IHC) of Ndrg2
revealed stronger expression in the dermis of HTS than that in the NS
group (Fig. 1G and H). These results indicated that Ndrg2 expression
was increased in the skin of HTS, suggesting the important role of Ndrg2
in skin fibrosis.

3.2. Increased expression of Ndrg2 in the BLM induced fibrosis mouse
model

To further clarify the role of Ndrg2 in skin fibrosis, a fibrosis model
was constructed by persistent bleomycin injection into the dermis of
C57BL/6 mice as previous studies have described [24]. At 28 days after
modeling, dermal tissues were collected for subsequent testing (Fig. 2A).
A histological analysis was conducted to explore the effect of bleomycin
(BLM) on skin fibrosis. H&E and Masson’s staining revealed that BLM-
treated mice exhibited increased dermal thickness and collagen con-
tent compared with the PBS-treated group (Fig. 2B-D). To detect the
expression of Ndrg2 in the skin of BLM-treated mice, IHC staining and
western blot were conducted. The IHC staining revealed higher level of
Ndrg2 expression in the dermis of BLM-treated mice than in PBS-treated
mice (Fig. 2B and E). Consistently, high levels of Ndrg2 and collagen I
protein were detected in BLM-treated mice compared with the PBS-
treated group (Fig. 2F-H). Collectively, these results demonstrated that
the protein expression of Ndrg2 was elevated and collagen increased in a
BLM-induced fibrosis mouse model, which suggested that Ndrg2 may
promote the development of skin fibrosis.

3.3. Loss of Ndrg2 alleviated skin fibrosis in the BLM-induced mouse
model

To demonstrate the effect of Ndrg2 on skin fibrosis, we compared the
BLM-induced skin fibrosis in Ndrg2 knockout mice (KO + BLM) and
wild-type mice (WT + BLM). We continually injected BLM into the
dermis of WT and Ndrg2 KO mice for 28 days, and then we collected
their skin tissues (Fig. 3A). As revealed by H&E and Masson staining,
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Fig. 1. Changes in histological features and enhanced Ndrg2 expression in HTS. (A) H&E and Masson staining of skin tissues in NS and HTS. Scale bar = 100 pm, as
indicated. (B-C) Fold change of dermal thickness (B) and collagen content (C) of NS and HTS tissues determined from photomicrographs using ImageJ. (D-F)
Representative images and data analysis of protein expression of COL1A1 and NDRG2 in skin tissues of NS and HTS; n = 4 per group. (G) IHC staining for Ndrg2 in
the NS and HTS groups; the black arrow indicates Ndrg2-positive cells. Scale bar = 100 pm, as indicated. (H) Area (%) of NDRG2 expression in NS and HTS groups.
All data are presented as mean + SEM. *p < 0.05; **p < 0.01. All data were analyzed using a two-tailed unpaired Student’s t-test.
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Fig. 2. Enhanced Ndrg2 in the BLM-induced fibrosis mouse model. (A) The schematic illustration of the experimental mouse model. (B) Sections were stained with
H&E and Masson’s trichrome, and IHC staining of the WT + PBS and WT + BLM groups was conducted. The black arrow indicates Ndrg2-positive cells. (C-D) Fold
change in dermal thickness (C) and collagen content (D) in the WT + PBS and WT + BLM groups was calculated. (E) Area (%) of NDRG2 of the WT + PBS and WT +
BLM groups. (F-H) Representative images and data analysis of protein expression of COL1A1 and NDRG2 in mouse skin measured by western blot; n = 4 per group.
All data were analyzed as mean + SEM. *p < 0.05; **p < 0.01; ***, p < 0.001. All data were analyzed using a two-tailed unpaired Student’s t-test.

Ndrg2 knockout in BLM-induced fibrotic skin resulted in a thinner
epidermis and dermis, less collagen deposition, and a more ordered
arrangement of collagen structures (Fig. 3B-D). The IHC staining
revealed no Ndrg2-positive cells in the dermis of KO mice because Ndrg2
was knocked out. However, the level of Ndrg2 expression was high in
the dermis of WT mice (Fig. 3B and E). We further investigated the
protein expression of collagen I and Ndrg2 in the two groups. As ex-
pected, the protein levels of COL1A1 and Ndrg2 in the lesion skin of KO
-+ BLM both significantly decreased compared with those of BLM-treated
WT mice (Fig. 3F-H). Taken together, Ndrg2 knockout may improve the
collagen structure arrangement and proportion and decrease myofi-
broblasts in a BLM-induced fibrosis mouse model.

3.4. Knockdown Ndrg2 inhibited the proliferation and migration of HTS-
derived fibroblasts

To verify the regulatory effect of Ndrg2 on fibrosis, we constructed

Ndrg2 shRNA to exogenously alter the expression of Ndrg2 in primary
human fibroblasts, which were cultured from HTS. We infected HFB
with the control shRNA adenovirus vector (shNC group) and Ndrg2
shRNA (shNdrg2 group) specifically. Based on the western blot, Ndrg2
expression was significantly downregulated in HFB (Fig. S3). First, we
observed that the cell viability of the shNdrg2 group was significantly
reduced compared with that of the shNC group (Fig. 4A). To further
illustrate the growth effect of Ndrg2, we performed EdU staining to
detect the proliferation ability of fibroblasts treated with shNC or
shNdrg2. The relative ratio of EdU-positive cells in the shNdrg2 group
was remarkably decreased compared with that in the shNC group
(Fig. 4B and C). The results of the Transwell and wound-healing assay
indicated that the capacities of both invasion and migration were
considerably reduced in the shNdrg2 group compared with the shNC
group. All of these experimental findings demonstrated that knockdown
of Ndrg2 inhibited the proliferation and migration of HFB.
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Fig. 3. Knockout Ndrg2 alleviated skin fibrosis in the BLM-induced fibrosis mouse model. (A) The protocol of the experimental mouse model. Bleomycin was
continually injected into WT and Ndrg2 knockout mice for 4 weeks. (B) Sections were stained with H&E and Masson’s trichrome, and IHC staining of WT + BLM and
KO + BLM groups was conducted. The black arrow indicates Ndrg2-positive cells. (C-D) Fold change in dermal thickness (C) and collagen content (D) in the WT +
BLM and KO + BLM groups were calculated. (E) Area (%) of NDRG2 expression in the WT + BLM and KO + BLM groups. (F) Representative images and data analysis
of protein expression of COL1A1 and NDRG2 in mouse skin measured by western blot; n = 4 per group. All data are presented as mean + SEM. *p < 0.05; **p < 0.01;

**% p < 0.001. All data were analyzed using a two-tailed unpaired Student’s t-test.

3.5. Overexpression of Ndrg2 enhanced the proliferation and migration of
normal skin-derived fibroblasts

Next, Ndrg2-overexpressing adenovirus with enhanced green fluo-
rescent protein was transfected into NFB (Fig. S4A). Transfection effi-
ciency was confirmed by western blot. As expected, the protein
expression level of Ndrg2 was significantly upregulated in the over-
expressing group (Over) compared with the negative vector group
(Vector) (Fig. S4B). Our Cell Counting Kit-8 (CCK-8) assays revealed that
Ndrg2 overexpression promoted the proliferation of NFB (Fig. 5A).
Then, EdU staining was conducted and revealed Ndrg2 overexpression
significantly promoted the proliferation of NFB (Fig. 5B and C). Wound-
healing assay and Transwell assay were used to determine the migration
and invasion potential of cells in the Vector and Over groups, respec-
tively. It was found that following Ndrg2 overexpression, the capacity of
NFB to invade was considerably elevated (Fig. 5D and E). Meanwhile,
Ndrg2 overexpression promoted the migration ability of NFB (Fig. 5F

and G). Together, these results indicated that Ndrg2 was capable of
promoting proliferation and migration of NFB and contributed to skin
fibrosis.

3.6. Ndrg2 regulated the PI3K/AKT signaling pathway in fibroblasts

Given that the PISK/AKT signaling pathways is closely associated
with HTS as our previous research reported [25], we assumed that the
prevention of fibrosis by Ndrg2 interference may act through the PI3K/
AKT pathway. To confirm this hypothesis, we conducted RNA-seq in
HFB from shNC and shNdrg2 groups. PCA showed that shNC and
shNdrg2 had clear differences in clustering characteristics (Fig. 6A). A
total of 1692 DEGs were identified in shNdrg2 group compared to shNC,
including 883 downregulated and 809 upregulated genes (Fig. 6B).
Additionally, the heatmap showed that PISK/AKT pathway-related
genes such as Pten, Pdkl and Tlr4 was altered in shNdrg2 group
(Fig. 6C). Furthermore, western blot was performed in HFB and NFB
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Fig. 4. Knockdown Ndrg2 inhibited the proliferation and migration of fibroblasts. (A) The cell viability of fibroblasts treated with shNC or shNdrg2; n = 6 per group.
(B) EdU staining was performed to detect the proliferation ability of fibroblasts treated with shNC or shNdrg2. Scale bar = 5 pm. (C) The relative ratio of EdU-positive
cells in the shNC and shNdrg2 groups; n = 4 fields per group. (D-E) Quantification analysis of number cell of migration per field (D) and representative images of
Transwell invasion assay (E) in the two groups; n = 5 fields per group. (F-G) Wound-healing assay was performed to detect the effect of cell migration in the shNC and
shNdrg2 groups. All data are presented as mean + SEM. *p < 0.05; **p < 0.01; ***, p < 0.001. All data were analyzed using a two-tailed unpaired Student’s t-test.

with Ndrg2 interference and overexpression, respectively. The results
verified that Ndrg2 interference in HFB exhibited lower levels of Ndrg2
expression and protein phosphorylation in the PI3K/AKT pathway
compared with the shNdrg2 group (Fig. 6D-G). By contrast, after over-
expression of Ndrg2 in NFB, the protein level of Ndrg2 was significantly
upregulated. In addition, overexpressing Ndrg2 dramatically increased
the phosphorylation levels of PI3K and AKT (Fig. 6H-K). Collectively,

our findings suggested that Ndrg2 may regulate the PI3K/AKT pathway
in fibroblasts.

3.7. PI3K inhibitor (LY294002) decreased proliferation and invasion of
Ndrg2 overexpressed NFB

To further explore whether Ndrg2 regulates fibroblasts through the
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Fig. 5. Overexpression of Ndrg2 promoted the proliferation and migration of fibroblasts. (A) The cell viability of fibroblasts treated with Vector or Ndrg2-
overexpressing adenovirus (Over); n = 5 per group. (B) Representative images of EdU staining of fibroblasts treated with Vector or Ndrg2-overexpressing adeno-
virus. Scale bar = 5 pm. (C) The relative ratio of EdU-positive cells in the Vector and Over groups; n = 5 fields per group. (D-E) Quantification analysis of cell
migration per field (D) and representative images of Transwell invasion assay (E) in the Vector and Over groups; n = 5 fields per group. (F-G) Wound-healing assay
was performed to detect the effect cell migration in Vector and Over groups. All data are presented as mean + SEM. *p < 0.05; **p < 0.01; ***, p < 0.001. All data

were analyzed using a two-tailed unpaired Student’s t-test.

PI3K/AKT pathway, we overexpressed Ndrg2 and then used an inhibitor
(LY294002) of PI3K to verify its effects on the proliferation and invasion
of NFB. First, the results of western blot indicated that the ratios of p-
PI3K/PI3K and p-AKT/AKT were significantly downregulated after
using LY294002 in Ndrg2-overexpressed NFB (Fig. 7A-C). The results of

CCK-8 experiments indicated that the cell viability was relatively
decreased after the treatment of LY294002 in Ndrg2-overexpressed NFB
(Fig. 7D). In addition, EdU staining was conducted and revealed that the
number of cells in the DNA replication stage was significantly decreased
in the OE + LY294002 group compared with the Ndrg2-overexpressed
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Fig. 6. PIBK/AKT pathway changed in Ndrg2-interfered fibroblasts. (A) PCA was performed to visualize the separation of shNdrg2 and shNC groups. (B) Volcano plot
showing DEGs between shNdrg2 and shNC groups. (C) Heatmap showing expression profile of genes related to PI3K/AKT signaling pathway. (D) Levels of phos-
phorylated and total PI3K and AKT were measured in fibroblasts treated with shNC or shNdrg2. (E-G) Data analysis of the western blot results using ImageJ; n = 3 per
group. (H) Levels of phosphorylated and total PI3K and AKT were assessed in fibroblasts treated with Vector or Ndrg2-overexpressing adenovirus. (I-K) Semi-
quantification of the western blot results using ImageJ; n = 3 per group. All data are presented as mean + SEM. *p < 0.05; **p < 0.01. Data were analyzed
using a two-tailed unpaired Student’s t-test.

NFB group (Fig. 7E and F). The results of the Transwell assay indicated
that in Ndrg2-overexpressed NFB, the number of invasive cells was
dramatically decreased after the administration of LY294002 (Fig.7 G
and H). Similarly, the wound-healing assay revealed that the capacity of

migration was considerably reduced after the use of LY294002 in Ndrg2-
overexpressed NFB (Fig. 7I and J). These results suggested Ndrg2 pro-
motes the proliferation and migration of fibroblasts through the PI3K/
AKT signaling pathway.
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4. Discussion

In this study, we analyzed the effects of Ndrg2 on the proliferation
and migration in vitro of fibroblasts and in vivo in a BLM-induced
fibrosis mouse model. We revealed that Ndrg2 is a crucial regulatory
component in skin fibrosis. Importantly, Ndrg2 overexpression could
promote the proliferation and migration of fibroblasts through the PI3K/
AKT signaling pathway, as presented in our summarized signaling dia-
gram (Fig. 8). A PI3K inhibitor (LY294002) could reverse the effects of
Ndrg2 overexpression in promoting the proliferation and migration of
fibroblasts. This study provides a novel mechanism for the pathogenesis
of HTS and presents a potential therapeutic target gene of Ndrg2 for HTS
treatment.

As a member of the Ndrg family, Ndrg2 is a cellular stress response
gene that not only plays a tumor suppressor role in various cancer types
but also participates in cell proliferation, differentiation, apoptosis, and
other processes [26-29]. In addition, Ndrg2 has been reported to be
associated with fibrotic diseases. In a mouse model of liver fibrosis
induced by dimethylnitrosamine, Ndrg2 overexpression could reduce
the transcription and phosphorylation of Smad3, which blocked TGF-f1
signaling and inhibited the activation of hepatic stellate cells [30].
Furthermore, Ndrg2 could increase the ratio of matrix metallopeptidase
2 (MMP2) to tissue inhibitor of metalloproteinases (TIMPs), reduce the
deposition of extracellular matrix, and alleviate liver fibrosis [31]. In
another study, Ndrg2 could regulate the expression of TGF-p1 in LX-2
cells through the NF-xB pathway under hypoxia [32]. In the kidney,
Ndrg2 modulated the fibrosis of renal tubular epithelial cells induced by
TGF-f1 through the TGF-$1/Smad3 signaling pathway [33]. It has been
reported that the human lens epithelial cells exhibits fibroblast-like
morphological changes when Ndrg2 is overexpressed [23]. However,
the role of Ndrg2 in skin fibrosis has not been reported.

In the present study, we found that Ndrg2 was upregulated in HTS
compared with normal skin by western blot. It has been reported that
Ndrg2 is a hypoxic stress response gene [34]. When human lung
adenocarcinoma cells were subjected to hypoxia stimulation, the protein
level of Ndrg2 gradually increased with the prolongation of hypoxia.
The same phenomenon was also observed in HepGZ and skBR-3 cell
lines [35]. In some way, the interior of HTS is hypoxic. On the one hand,
when the extracellular matrix is excessively deposited, the microvas-
culature within the tissue is compressed, leading to a hypoxic

Cellular Signalling 129 (2025) 111659

microenvironment inside the scar [36]. On the other hand, excessive
tissue proliferation leads to increased cellular metabolism and oxygen
consumption, which also exacerbates hypoxia in the microenvironment
[37]. Therefore, we hypothesized that the increased expression of Ndrg2
in HTS may be related to the hypoxic stress and hypoxic microenvi-
ronment in the tissue.

Animal models are important tools for studying scar treatment and
pathogenesis. Because of the phylogenetic differences among various
species, there are certain limitations in the selection of nude mice,
rabbits, mice, or pigs for modeling. After referring to the literature
[38-40], we used bleomycin to induce skin fibrosis in a mouse model
and chose Ndrg2 knockout mice as the experimental subjects to inves-
tigate the effect of Ndrg2 deletion on scar formation. Bleomycin can
activate the expression of TGF- 3 and other pro-fibrotic factors [41,42],
and the fibrotic skin of mice has similar pathological characteristics to
human HTS, such as inflammatory cell infiltration, collagen deposition
and skin appendage atrophy [43]. The method of subcutaneous injection
was relatively simple and economical. The results indicated that the
protein expression of Ndrg2 in the fibrotic skin of mice was significantly
increased compared with that in normal skin, which again proved that
Ndrg2 was related to skin fibrosis. In addition, Ndrg2 knockout mice
exhibited significant resistance to BLM-induced skin fibrosis. After in-
jection of bleomycin, the collagen I in the skin of KO mice was notably
lower than that of control mice, indicating that Ndrg2 can affect the
synthesis of collagen I in the skin. Ndrg2 deficiency can alleviate skin
fibrosis caused by BLM in mice, which provided strong evidence of the
pro-fibrosis effect of Ndrg2 in scar formation. Many studies have utilized
Col1a2°FR or $100a4"RT mice to generate fibroblast-specific gene
knockout mice to study the roles of specific genes in fibroblast [44].
Experiments at later timepoints are needed to establish fibroblast-
specific Ndrg2 knockout mice to study the advanced mechanism.

Subsequently, we further investigated the effect of Ndrg2 on the
biological behavior of fibroblasts. The migration of fibroblasts is
assumed to play a crucial role in the local progression of fibrosis. The
results of wound-healing and Transwell assay indicated that Ndrg2
knockdown significantly inhibited the migration of HFB, whereas Ndrg2
overexpression promoted the migration of NFB. The CCK-8 and EdU
assay revealed that Ndrg2 knockdown significantly inhibited the pro-
liferation of HFB, whereas NFB exhibited the opposite trends when
Ndrg2 was overexpressed. These results provide strong evidence that

Fibroblast

Scar tissue

R

Proliferation
j :) EdU
AKT

(]
0 ¢
S I
5 Stratch - -
assay Migration
Transwell

Fig. 8. Schematic diagram summarizing the role of Ndrg2 in promoting skin fibrosis in HFB.
Ndrg2 plays a crucial role in HFB. Ndrg2 promotes the proliferation and migration of fibroblasts through the PI3K/AKT signaling pathway.
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Ndrg2 promotes fibrosis through fibroblasts.

The PI3K/AKT signaling pathway is one of the most classical intra-
cellular signal transduction pathways, which is of great significance for
the regulation of cell proliferation [45,46], migration [47,48], trans-
formation [49], metabolism [50], and apoptosis [51]. Studies have
shown that the Ndrg2 gene is closely related to PI3K/AKT pathway and
plays a regulatory role in various diseases. For example, in the process of
myocardial ischemia-reperfusion, Ndrg2 can act as a substrate and
phosphorylated protein of Akt to mediate the protective effect of insulin
on myocardium [52]. Ndrg2 can also affect the apoptosis and autophagy
of mouse neurons by regulating the PI3K/AKT pathway, which provides
a target for the treatment of ischemic stroke [53]. In addition, the PI3K/
AKT signaling pathway is closely associated with HTS as we previous
reported [25]. In the present study, Ndrg2 interference inhibited signal
transduction of the PI3K/AKT pathway in HFB. Consistent with our re-
sults, the PI3K/AKT signaling pathway was activated after over-
expressing Ndrg2. In addition, we found that the proliferation and
migration of Ndrg2-overexpressed NFB was significantly attenuated
after the administration of PI3K signaling inhibitor (LY294002). These
results suggest that Ndrg2 regulated the PI3K/AKT signaling pathway to
promote the proliferation and migration of fibroblasts in skin fibrosis.

However, some limitations must be acknowledged in this study.
First, this study is limited in size, although we utilized the clinical, an-
imal and cell experiments to enhance our results. Second, wortmannin
and other novel PI3K pathway inhibitors should be employed in the
further study, although LY294002 and wortmannin are the earliest and
still widely employed inhibitors of PI3K in many studies. Finally, we
noticed further studies are needed to investigate the direct effect be-
tween Ndrg2 and PI3K/AKT signaling pathway on hypertrophic scar and
discover potential intervention targets.

5. Conclusions

In conclusion, our study reveals the function and mechanism of
Ndrg2 in skin fibrosis. We reported the upregulation of Ndrg2 in HTS of
human and BLM-induced fibrosis mouse model and demonstrated the
pro-fibrotic effects of Ndrg2 using in vivo experiments. The results also
presented evidence that Ndrg2 was involved in the process of fibrosis by
regulating the PI3K/AKT pathway. This study provides a novel thera-
peutic target of Ndrg2 for HTS and elucidates the particular mechanism
underlying the clinical treatment of HTS.
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