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activating FGFR/ERK1/2 signaling pathway
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Abstract
Background: Diabetic wounds (DWs), especially leg or foot ulcers, are common diabetic complications,
accounting for about 20% of diabetic patients. At present, there is still lack of effective measures to treat
DWs in clinical practice. Kanglexin (KLX) is an anthraquinone compound with vasoprotective effect. This
study will explore the therapeutic effects of KLX on DWs and the underlying mechanisms.

Method: KM mice were injected with streptozocin (180 mg/kg) intraperitoneally to establish animal
model of Type 1 Diabetes. The full-thickness skin wounds with the diameter of 5 mm were prepared on
the back of diabetic mice with a skin punch. KLX is dissolved in sterile injection oil and applied to the
wound once a day for 14 consecutive days. The wounds were photographed every day and the wound
size was analyzed by Image Pro Plus software. On the 3rd, 7th, 11th day after KLX administration, skin
tissues with a diameter of 1cm around the wound were �xed in paraformaldehyde and subjected to HE,
Masson and immunohistochemical staining. Collagen deposition were evaluated by hydroxyproline kit.
Angiogenesis of wound skin was evaluated by recording the formation of new blood vessels on its
subsurface. In vitro study, human umbilical vein endothelial cells (HUVECs) were treated with advanced
glycation end products (AGEs, 100 μg/mL) to establish the cell model of DWs. The proliferation,
migration and tubular structure formation of HUVECs were measured by MTT, scratch and tubule
formation experiments, respectively. Phosphorylation of ERK1/2 was detected by Western blot analysis.

Results

Firstly, in-vivo study showed that KLX signi�cantly accelerated the closure of diabetic wounds through
promoting granulation tissue formation, collagen synthesis and angiogenesis. Secondly, in vitro study
results further con�rmed that KLX promoted the proliferation, migration and tubular structure formation
of HUVECs. Besides, KLX signi�cantly up-regulated phospho-ERK1/2 both in diabetic wounds and AGEs-
treated HUVECs. Thirdly, molecular docking simulation results indicated that there were multiple hydrogen
bonds between KLX and FGFR amino acid residues, and FGFR inhibitor PD173074 signi�cantly reversed
KLX’s promotion of ERK1/2 phosphorylation and angiogenesis.  

Conclusions:

KLX promotes angiogenesis and accelerates the healing of diabetic wounds by activating FGFR and
ERK1/2 signaling pathway.

Background
Diabetes mellitus, characterized by chronic hyperglycemia and metabolic syndrome, has become one of
leading causes of death following with cardiovascular disease and cancer, seriously threatening human
health. According to data collected by International Diabetes Federation, there were 425 million diabetics
all over the world in 2017, and this number was expected to reach 629 million by 2045 [1, 2]. As we all
know, long-term hyperglycemia leads to chronic damage of various organs and tissues, especially eyes,
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kidneys, heart, blood vessels and nerve, referred to as diabetic complications. Among people with
diabetes, about 30 ~ 80% are combined with diabetic wounds (DWs), which are manifested as the
destruction of foot or lower limb tissues, resulting in ulcers and infections that are di�cult to cure, and
even lead to amputation [3, 4]. In addition to the tremendous damage to patient’s health and life, DWs
also bring about a huge �nancial burden. Data shows that the cost of treatment and care for diabetic foot
without primary ischemic symptoms is $16,000. If combined with primary ischemic symptoms, this cost
will increase to $26,700 [5, 6]. Therefore, there is an urgent need to address the issues of treatment and
care of DWs.

Wound healing is an evolutionarily conservative, complicated, multicellular regulated biological process.
Its purpose is to recover the barrier function of the skin [7]. When the skin is injured, the body activates a
series of mechanisms to repair the injured tissue, referred to as "healing cascade". The healing cascade
can be divided into four stages: hemostasis, in�ammation, proliferation, and maturation [8]. Wound
healing usually begins with hemostasis and microbial invasion at the wound, initiating the in�ammatory
phase. During the in�ammatory phase, pro-in�ammatory cells such as neutrophils and macrophages
increase rapidly to remove pathogens and cell debris from the wound. After this, the proliferative phase
begins, and new tissues, new matrix and new blood vessels forms gradually to �ll the wound area and
promote wound healing [9]. However, DWs exhibit a continuous in�ammatory stage, accompanied by
impaired formation of mature granulation tissue and collagen, leading to a reduction in wound tensile
strength. This phenomenon may be caused by microangiopathy and damaged angiogenesis at the
wound site, leading to local ischemia and hypoxia [10, 11]. Angiogenesis is regulated by a variety of
angiogenesis-inducing growth factors around the wound. By binding to their receptors, growth factors
activate multiple downstream signaling pathways, promote the proliferation, migration, and
differentiation of vascular endothelial cells and promote angiogenesis [12, 13]. However, studies have
shown that growth factors and their receptors in the wound area have changed both in type and
abundance in diabetic patients. The possible reason is that long-term hyperglycemia and oxidative stress
increase the formation of advanced glycation end products (AGEs), reduce the activity of growth factors,
affect endothelial cell functions, and delay wound healing [14, 15].

With the development of biological science and technology, bioengineered drugs such as growth factors,
skin substitutes and cytokines have been used to treat DWs. Currently, there are numerous marketed
drugs that promote wound healing. However, due to so many risk factors affecting DWs, the cure ratio is
still less than 50% [16, 17]. The possible reason is that chronic wounds are prone to produce proteolytic
environments, which directly degrade biological drugs such as growth factors; or up-regulated pro-
in�ammatory factors and chemokines in wound area indirectly inhibit the function of growth factors [18–
19]. Therefore, there is an urgent need for effective treatment to promote diabetic wound healing. KLX is a
compound with the parent nucleus of anthraquinone (Fig. 1). Our previous studies have shown that KLX
has vascular endothelium protecting and vascular tension decreasing effect [20]. Since angiogenesis is
closely related to vascular endothelial function, we examined the effect of KLX on angiogenesis and DWs
and explored the underlying mechanisms.
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Materials And Methods
Materials

Streptozocin, Masson Staining Kit were purchased from Solarbio Life Science, Beijing, China; Sterile
Soybean Oil for Injection (CAS: 8001-22-7) was purchased from Sheng Rui Medicine, Xi’an, China;
Hydroxyproline Assay Kit was purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing,
China; HE Staining Kit, Triton X-100, RIPA was purchased from Beyotime Biotechnology, Shanghai, China;
α-SMA primary antibody for immunohistochemistry experiment was purchased from Boster Biological
Technology, Wuhan, China; secondary antibody for immunohistochemistry experiment was purchased
from ZSGB-Bio, Beijing, China; Human umbilical vein endothelial cells (HUVECs) was purchased from
Sciencell Research Laboratories (San Diego, CA, USA). Phospho-ERK1/2, β-actin antibody was purchased
from Cell Signaling Technology, Danvers, USA; anti-HRP antibody was purchased from LI-COR
Biosciences, USA; MTT was purchased from Sigma-Aldrich, USA; AGEs was purchased from Biovision,
San Francisco, USA; Matrigel was purchased from BD Biosciences, Franklin Lakes, USA; Calcein AM,
PD173074, ZM306416, AG1296 and PD153035 was purchased from Abcam, Cambridge, UK.

Preparation of drugs

KLX with a purity of 99% was provided by department of pharmaceutical chemistry (College of Pharmacy,
Harbin Medical University) and dissolved in Sterile Soybean Oil for Injection at the concentration of 30,
100, 300 μg/mL.

In vivo study

KM mice (male, 18-20 g, SPF level) were purchased from Laboratory Animal Center of Second A�liated
Hospital of Harbin Medical University. Mice were randomly divided into two groups according to their
original body weight: normal mice and diabetic mice. Diabetic mice were intraperitoneally injected with
streptozocin (180 mg/kg) to establish the animal model of Type 1 Diabetes. After 3 days, the fasting
glucose was measured. The mice with fasting glucose higher than 11.1 mmol/L can be used as diabetic
mice for subsequent experiments. Diabetic mice were randomly divided into 6 groups according to their
fasting glucose level: diabetic wound without treatment (DW), diabetic wound treated with blank oil (DW
+ Blank oil), diabetic wound treated with KLX oil 30 μg/mL (DW + KLX 30 μg/mL), diabetic wound treated
with KLX oil 100 μg/mL (DW + KLX 100 μg/mL), diabetic wound treated with KLX oil 300 μg/mL (DW +
KLX 300 μg/mL). All mice were anesthetized with 1% sodium pentobarbital (0.1 mL/10g), the back was
shaved, and a skin wound with a diameter of 5 mm was made on the back with a skin punch. The NW
and DW group were not treated with any drugs, and the rest groups were treated with 10 μL of the
corresponding drugs once a day at the wound site for 14 consecutive days. The wound healing of each
mouse was recorded by taking pictures at the same focal length every day. Wound area is measured by
Image Pro Plus software and the healing rate was calculated by the following formula:
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Angiogenesis on the subsurface of the skin

Mice were sacri�ced on the 7th day after administration with corresponding drugs. Skin samples with a
diameter of 1 cm around the wound were cut and the angiogenesis of the subsurface of the skin was
recorded.

Hematoxylin-eosin staining

Mice were sacri�ced on the 7th day after administration with corresponding drugs. Skin samples with a
diameter of 1cm around the wound were cut and �xed with 10% paraformaldehyde for 48 h. Then the
tissue was embedded with para�n and sliced into tissue sections with the thickness of 6 μm. Then tissue
sections were processed into hematoxylin-eosin (HE) staining using HE Staining Kit. The nuclei was
stained blue, and cytoplasm and connective tissue were stained red. Representative images of each
group were taken by Leica microsystems (Solms, Germany).

Masson staining

Mice were sacri�ced on the 7th day after administration with corresponding drugs. Skin samples with a
diameter of 1cm around the wound were cut and �xed with 10% paraformaldehyde for 48 h. Then the
tissue was embedded with para�n and sliced into tissue sections with the thickness of 6 μm. Then tissue
sections were processed into Masson staining using Masson Staining Kit. Collagen �bers were stained
blue or green. It is worth noting that the inherent collagen �bers were stained dark blue and the new
collagen �bers were stained light blue. Representative images were taken by Leica microsystems (Solms,
Germany).

Immunohistochemistry

Mice were sacri�ced on the 7th day after administration with corresponding drugs. Skin samples with a
diameter of 1cm around the wound were cut and �xed with 10% paraformaldehyde for 48 hours. Then the
tissue was embedded with para�n and sliced into tissue sections with the thickness of 6 μm. Then tissue
sections were �xed on the glass slide pretreated with gelatin and washed twice in PBS for 5 minutes
each. Then the tissue sections were treated with 0.1% triton X-100 penetration solution, washed with PBS
for 30 minutes, and blocked at room temperature for 2 hours. Then the sections were incubated with α-
SMA primary antibody (1: 1000) at 4 ℃ for 24 hours. After incubation, the sections were washed 6 times
in PBS for 5 minutes each. Finally, the sections were incubated with secondary antibody for 2 hours. After
incubation, the sections were washed 6 times in PBS for 5 minutes each, and sealed with glycerine
sealant. Representative images were taken by Leica microsystems (Solms, Germany).

Determination of hydroxyproline content
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Mice were sacri�ced on the 3th, 7th, 11th day after administration with corresponding drugs. Skin samples
with a diameter of 1cm around the wound were cut and the hydroxyproline content was measured.
Determination was performed according to the requirements of the Hydroxyproline Assay Kit. The
preparation method of test samples is as follows: skin tissue 10 mg was hydrolyzed with hydrolysate 200
μL for 20 minutes in 95 ℃ metal bath. After cooling with running water, 10 μL of indicator solvent was
add to each sample. After shaking well, each sample was mixed with 200 μL pH solution A. Then pH
solution B was added dropwise to each sample tube and the sample solution was mixed thoroughly until
the liquid becomes yellow green. Then the sample solution was diluted with 2 mL of deionized water.
Transfer the diluted sample solution to a new tube and add an appropriate amount of activated carbon.
After thorough mixing, the mixture was centrifuged at 3500 rpm for 10 minutes and 200 μL of
supernatant was taken as the test sample. Then add the detection reagents 1, 2 and 3 in the assay kit to
the sample tubes respectively (deionized water served as a blank Control and 5 μg/mL hydroxyproline
solution served as a standard control) and heat in a 60℃ water bath for 15 minutes. After cooling, the
mixture was centrifuged at 3500 rpm for 10 minutes and the supernatant was taken and its absorbance
at the wavelength of 550 nm was measured. The content of hydroxyproline was calculated according to
the following equation:

Determination of cell proliferation

Cell proliferation was determined by MTT assay according to previous method. Cultured HUVECs were
seeded into 96-well cell culture plates at a density of 1×104/well and divided into six groups: Control,
AGEs, AGEs + DMSO, AGEs + KLX 1 μM, AGEs + KLX 10 μM and AGEs + KLX 100 μM. Cells were
pretreated with AGEs 100 μg/mL for 24 hours to establish a diabetic wound cell model and treated with
the corresponding drugs for 30 minutes. In another experiment, cells were pretreated with PD173074
(FGFR inhibitor), PD153035 (EGFR inhibitor), ZM306416 (VEGFR inhibitor) and AG1296 (PDGFR inhibitor)
for 12 hours to inhibit the activity of above receptors before incubating with KLX. Then the culture
medium was discarded and MTT solution was added to each well in the dark. After incubating for 4
hours at 37℃, the MTT-containing medium was discarded and 150 μL of DMSO was added to each well.
After shaking for 1 minute, the absorbance of each sample was detected at 490 nm with a microplate
spectrophotometer (Bio-Tek, USA).

Determination of cell migration

Cell migration was determined by scratch assay. Cultured HUVEC was seeded into a 6-well cell culture
plates at a density of 1×106/well and divided into six groups: Control, AGEs, AGEs + DMSO, AGEs + KLX
0.1 μM, AGEs + KLX 1 μM, AGEs + KLX 10 μM. A cell model of wound was prepared by drawing a straight
line with a uniform width using the tip of a sterile pipette at the bottom of the culture plate. Then the cells
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were washed 3 times with PBS to remove cell debris. Except for the control group, cells in the other group
were treated with AGEs 100 μg/mL and corresponding drugs. In another experiment, cells were pretreated
with PD173074 (FGFR inhibitor) for 12 hours to inhibit the activity of FGFR before incubating with KLX.
Cell migration in each well was recorded by taking photos at 0 hours, 12 hours and 24 hours after
administration. The wound healing was calculated by Image-Pro-Plus Software.

Determination of tubular structure formation

The entire experiment should be performed at 4°C. The equipment and reagents required for the
experiment should be cooled in advance. Matrigel was placed at 4℃ overnight to dissolve and diluted
with FBS free PRIM-1640 medium in proportion of 1:1. Add 100 μL of diluted Matrigel to the center well of
a precooled laser confocal dishes, and transfer the dishes to the incubator for 30 minutes to allow
Matrigel to solidify. At the same time, HUVECs cell suspension was prepared and mixed with
corresponding drugs, and then uniformly seeded into laser confocal cultural dishes. Please note that air
bubbles should be avoided throughout the process. Then the dished were incubated at 37°C and 5% CO2

for 4 hours. The culture medium was discarded and the cells were stained with Calcein AM dye for 30
minutes. Then the cells were gently washed 3 times with PBS. The formation of the tubular structure was
observed and recorded under Leica microsystems (Solms, Germany). Mesh number, node number and
total tube length of the tubular structure was calculated by Image-Pro-Plus software.

Western blot analysis

Western blot analysis was performed according to the previous method [20]. Protein extraction
experiments should be performed at 4°C. Cells or tissues were lysed with ice-cold protein lysates (RIPA :
phosphatase inhibitor : protease inhibitor = 100:10:1) and the lysed mixture was collected into a tube.
The lysed mixture was sonicated and centrifuged at 13500 rpm and 4°C for 15 minutes. The supernatant
was collected and the protein concentration was measured. The protein samples were heated in a metal
bath at 95°C for 10 minutes. Then the samples were cooled and subjected to gel electrophoresis. Protein
samples were added to the gel wells for separation. After complete separation, protein was transferred to
an NC membrane and blocked with 5% skim milk for 2 hours to block nonspeci�c bands. Then the NC
membrane was washed with PBST on a shaker for 30 minutes and incubated with phospho-ERK1/2 and
β-actin primary antibody (1:1000) at 4 ℃ overnight. Then the NC membrane was washed with PBST on a
shaker for 30 minutes and incubated with the anti-HRP antibody (1:10000) for 50 minutes in the dark at
room temperature. Then the NC membrane was washed with TBST on a shaker in the dark for 30
minutes. The expression of the target protein was detected by an infrared �uorescence scanning system,
and the optical density integral value of the protein bands was analyzed by Odyssey1.3 software.

Molecular docking

The discovery Studio 3.5 docking program was adopted here [21]. The preparation of protein structure
(PDB code 3POZ) included adding hydrogen atoms, removing water molecules, and assigning Charm
force�eld [22]. Goldscore was selected as the score function, and the other parameters were set as
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default. For each docking study, a total of 10 docking poses were retained. The root-mean square
deviation (RMSD) between docking poses were calculated.

Statistical analysis

Data are expressed as mean ± SEM. Data of each group was performed T-Test or Paired T-Test for
statistical analysis. p < 0.05 was considered statistically signi�cant.

Results
KLX accelerates the healing of diabetic wounds

Wound healing of normal and diabetic mice was recorded for 14 consecutive days. Normal wounds (NW)
and diabetic wounds (DW) were not treated with any medication. For the other diabetic wounds, the
corresponding drugs were given once a day at the wound site for 14 consecutive days. Pictures of each
wound were taken daily to record the healing process, and the wound area and healing rate were
calculated using Image-Pro-Plus software. Compared with NW, the healing rate of DW was signi�cantly
reduced at each time point. Besides, the blank oil has no obvious improvement on the healing of diabetic
wounds. However, daily administration of KLX signi�cantly promotes the healing of diabetic wounds,
especially the wounds treated with KLX 300 μg/mL in the �rst 7 days after trauma. Together all, KLX
promotes the healing of diabetic wounds, and this effect is more pronounced in the middle and early
stages of wound healing (Fig. 1).

KLX promotes the formation of granulation tissue and new collagen in the wound area

On the 7th day after treatment with corresponding drugs, mice were sacri�ced by injecting excessive
pentobarbital sodium intraperitoneally. Skin samples with a diameter of 1cm around the wound were cut
off and �xed with 10% paraformaldehyde, followed by HE, Masson and immunohistochemical staining to
determine the pathological changes of each wound. HE staining results showed that the granulation
tissue formation and epidermal regeneration around wound area of NW were better than DW. Besides, DW
showed obvious accumulation of in�ammatory cells and fewer capillary blood vessels compared with
NW. After administrated with KLX for 7 days, a large amount of granulation tissue and a more complete
new epidermis were formed on the wound skin, indicating that KLX can signi�cantly promote epidermal
regeneration and granulation tissue formation in diabetic wounds. Besides, compared with DW, KLX
obviously reduced in�ammatory cells in�ltrating into wound tissues and promoted neovascularization
(Fig. 2a). In addition, Masson staining was performed to detect the effect of KLX on the formation of
collagen �bers in diabetic wounds (the collagen �bers were stained blue, of which the native collagen
was dark blue and the new collagen was light blue). Compared with NW, DW showed thinner skin tissues
and fewer collagen �bers. After KLX treatment, the skin tissues became thickened and the new collagen
�bers were increased signi�cantly and arranged more tightly (Fig. 2c). In addition, α-SMA
immunohistochemical staining was performed to detect the transformation of myo�broblasts in skin
wounds. The transformation of myo�broblast contributes to secrete more collagen and increase the
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elasticity and tensile strength of wound skin. Results showed that the expression of α-SMA of DW was
lower than NW, which indicated less myo�broblast transformation in DW. After KLX treatment, the
expression of α-SMA was signi�cantly increased, indicating the increase in myo�broblast transformation
and collage formation (Fig. 2b). However, the blank oil did not have these bene�cial effects. Besides,
hydroxyproline assay kit was performed to detect the content of hydroxyproline in the wound with or
without KLX treatment. Results showed that the content of hydroxyproline in KLX-treated wound was
signi�cantly higher than DW wound on the 3th, 7th and 11th days after trauma (Fig. 2d).

KLX promotes angiogenesis of diabetic wound skin

Angiogenesis is a key factor in wound healing. Therefore, we examined the effect of KLX on angiogenesis
in both in vivo and in vitro studies. Firstly, in vivo study, mice were sacri�ced by injecting excessive
pentobarbital sodium intraperitoneally on the 7th day after the corresponding drugs was administrated.
Skin samples with a diameter of 1 cm around the wound were cut off. Angiogenesis on the subcutaneous
surface of the wound was observed and recorded. The results showed that more new blood vessels were
formed on the subcutaneous surface of NW skin. Compared with NW, the number of blood vessels on the
subcutaneous of DW skin was signi�cantly reduced. KLX signi�cantly promoted the formation of new
blood vessels on the subcutaneous surface of DW skin, while blank oil did not have this promotive effect
(Fig. 3a). Next, we further veri�ed the role of KLX in promoting angiogenesis at the in vitro level. Firstly,
HUVECs were treated with AGEs 100 μg/mL to inhibit its proliferation to establish an cell model of
diabetic wounds, and the effect of KLX on the inhibition of HUVEC proliferation by AGEs was detected by
MTT assay. The results showed that AGEs signi�cantly inhibited the proliferation of HUVECs. KLX 10 μM
and 100 μM signi�cantly reduced the inhibitory effect of AGEs on HUVECs proliferation in a dose-
dependent manner, while DMSO (solvent of KLX) had no signi�cant effect on the inhibitory effect of
AGEs on cell proliferation (*** p < 0.001 vs Control; ## p < 0.01, ### p < 0.001 vs AGEs; Fig. 3b).
Secondly, the effect of KLX on migration ability of HUVEC was detected by scratch test. The results
showed that HUVEC migration was signi�cantly inhibited after treating cells with AGEs for 12 and 24
hours. KLX 10 μM signi�cantly alleviated the inhibitory effect of AGEs on HUVECs migration, while DMSO
had no signi�cant effect on AGEs-inhibited cell migration (* p < 0.05, ** p < 0.01 vs Control; # p < 0.05, ##
p < 0.01 vs AGEs; Fig. 3c-d). Finally, the effect of KLX on angiogenesis ability of HUVECs was detected by
tubule formation experiments using Matrigel as a carrier. The results showed that AGEs signi�cantly
reduced the tubule formation ability of HUVECs. Compared with the control group, the number of nodes,
meshes and the total length of the tubular structures of AGEs-treated cells were signi�cantly reduced (* p
< 0.05, ** p < 0.01 vs. control, n = 3). However, after KLX treatment, the tube-forming ability of HUVECs
was signi�cantly enhanced, and the number of nodes, meshes and total length of the tubular structures
were signi�cantly increased ( ** p < 0.01, *** p < 0.001 vs. AGEs, n = 3; Fig. 3e-h).

KLX activated ERK1/2 signaling pathway

Activation of ERK1/2 signaling pathway can stimulate the proliferation and survival of vascular
endothelial cells, thereby promoting angiogenesis [23]. Therefore, effect of KLX on the phosphorylation of
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ERK1/2 in wound tissues on the 7th day after trauma was examined by Western blot experiments. The
results showed that there was no statistical difference in the protein abundance of phospho-ERK1/2 in
DW compared with NW, while KLX signi�cantly increased the protein abundance of phospho-ERK1/2 of
DW ( p < 0.05, n = 3; Fig. 4a). The same results were also obtained in HUVECs. After HUVECs was treated
with 100 μM KLX for 30 minutes, the protein abundance of phospho-ERK1/2 increased signi�cantly ( p <
0.05, n = 3; Fig. 4b). These results indicate that KLX promotes angiogenesis by activating the ERK1/2
signaling pathway.

Effect of KLX in promoting proliferation of vascular endothelial cells is related to FGFR activity

Cytokines and growth factors regulate angiogenesis and promote wound healing process. Studies have
shown that the dysregulation of cytokines and growth factors, including degradation of growth factors
and downregulation of growth factor receptors, affects angiogenesis of skin and wound healing. Studies
have found that growth factors such as VEGF, FGF, PDGF, EGF, etc, are signi�cantly reduced in diabetic
patients, which may be an important factor causing wound healing disorders. Therefore, these growth
factors and their receptors can be molecular targets for the treatment of diabetic wound. In this study, we
used inhibitors of these growth factor receptors to verify whether the angiogenic effects of KLX were
achieved by affecting these growth factor receptors. Firstly, the effects of EGFR inhibitor PD153035,
FGFR inhibitor PD173074, VEGFR inhibitor ZM306416 and PDGFR inhibitor AG1296 on the proliferative
effect of KLX on HUVECs were determined by MTT assay. Results showed that AGEs signi�cantly
inhibited HUVECs proliferation, while KLX reversed the inhibitory effect of AGEs on HUVEC proliferation,
which was similar to the results of previous studies. In addition, PD173074, ZM306416 and AG1296
inhibited the promotion of HUVEC proliferation by KLX, of which PD173074 had the most signi�cant
inhibitory effect. The EGFR inhibitor PD153035 had no inhibitory effect on the proliferative effect of KLX.
These results indicate that the FGFR inhibitor PD173074 signi�cantly reversed the proliferative effects of
KLX, suggesting that the proliferation of KLX may be mediated by the activation of FGFR (Fig. 5a).

Molecular Docking simulation of KLX and FGFR

To explore the potential binding of KLX and FGFR, a molecular docking was performed by Discovery
Studio 3.5 to view the potential interactions. As shown in Figure 5b, KLX can subtly occupy the binding
pocket. The α-hydroxyl group of KLX can form a hydrogen bond with the Glu562 side chain located in the
hinge region of kinase. Two carbonyl groups of the succinate side chain of KLX form two conservative
hydrogen bonds with the Gly485 residue of FGFR. Additionally, the anthraquinone core of KLX is deeply
embedded in the hydrophobic pocket, including Leu484, Leu630 and Val492 residues, forming a
hydrophobic interaction. The above results provided a potential structural basis for KLX as a potential
FGFR agonist.

KLX promotes angiogenesis by activating the FGFR/ERK1/2 signaling pathway

The results of molecular docking simulations suggest that KLX can activate FGFR and downstream
signaling pathways by acting as a ligand for FGFR. Therefore, we investigated the effect of FGFR
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inhibitor PD173074 on the pharmacological action of KLX in phosphorylating ERK1/2 and promoting
angiogenesis. Firstly, the effect of PD173074 on KLX phosphorylating ERK1/2 was detected by Western
blot experiment. The result showed that KLX signi�cantly increased the protein abundance of phospho-
ERK1/2 to 2.02 ± 0.30 folds of Control group, while PD173074 signi�cantly reversed KLX’s promotion of
ERK1/2 phosphorylation (Fig. 5c). Besides, PD173074 signi�cantly reversed KLX’s promotion of HUVECs
migration and tube formation (Fig. 7d-i). These results suggest that FGFR inhibitor signi�cantly reverse
the pharmacological effects of KLX on ERK1/2 phosphorylation and HUVEC proliferation, migration and
tubular structure formation. Therefore, we can speculate that KLX promotes angiogenesis by activating
the FGFR/ERK signaling pathway.

Discussion
In our previous studies, we found the vascular endothelium protecting property of KLX and con�rmed its
pharmacological effects of lowering blood pressure [20]. In this study, we explored the effect of KLX in
promoting diabetic wound healing and the underlying molecular mechanisms. In vivo study, KLX
signi�cantly accelerated the healing of skin wound in diabetic mice. Pathological studies of the wound
skin showed that KLX promoted the formation of granulation tissue and new collagen, facilitated
angiogenesis and reduced in�ltration of in�ammatory cells in diabetic wounds. In vitro studies con�rmed
that KLX promoted HUVEC proliferation, migration, tubular structure formation and ERK1/2
phosphorylation, further proving KLX’s role in promoting angiogenesis. Molecular docking simulations
show that KLX has potential binding sites to amino acid residues of FGFR, suggesting that KLX may act
as a ligand for FGFR and activate it. Besides, inhibition of FRFR signi�cantly reversed the effects of KLX
on phosphorylating ERK1/2 and promoting angiogenesis. These data demonstrate the therapeutic effect
of KLX on diabetic wounds, and KLX exerts this effect by activating FGFR/ERK1/2 mediated
angiogenesis.

Abnormal blood glucose handling ability of diabetic patients complicates and prolongs the wound
healing process [24]. Under normal circumstances, wound healing is a dynamic process regulated by
multiple factors. Normal wounds can heal completely in 2 ~ 3 weeks, while the healing process of
diabetic wounds may be extended to more than 8 weeks [25]. Hyperglycemia severely affects all stages
of wound healing, including hemostasis, in�ammation, proliferation, and remodeling. Diabetic wounds is
characterized with a continuous in�ammatory phase, mature granulation tissue formation obstacle,
decreased collagen content, thinned skin tissue and reduced wound tensile strength [26–27]. In this study,
we established a type 1 diabetes model with mouse by injecting STZ intraperitoneally. Although type 2
diabetes accounts for about 90% of total diabetic patients, type 1 diabetes animal models are more
widely used in the study of diabetic wounds, because of its uncomplicated preparation, high modeling
rate, and consistent abnormal glucose metabolism process with type 2 diabetes [28–29]. Our research
results con�rmed that KLX accelerated the healing speed of diabetic wounds. Pathological analysis of
skin samples further indicated that KLX signi�cantly reduced the in�ltration of in�ammatory cells,
promoted the regeneration of granulation tissue, new collagen and new blood vessels around diabetic
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wounds. These effects of KLX contribute to accelerate the transition of wound tissue from the
in�ammatory stage to the proliferative stage, thereby promoting tissue regeneration and wound healing.

The tardy healing of diabetic wounds involves complex molecular mechanisms. Vascular damage and
microangiopathy of the wound skin cause ischemia and hypoxia in the wound. Sustained ischemia and
hypoxia could induce an endoplasmic reticulum stress response and promote the production of
proin�ammatory mediators, which is the main reason why the diabetic wounds continue to be in the
in�ammatory stage [30]. New blood vessels can effectively �ll the damaged area of skin, increase the
blood and oxygen supply to the damaged skin, and correct the ischemic and hypoxic conditions of
wound tissues [31–32]. Therefore, promoting angiogenesis is a key factor in accelerating skin wound
healing. In this study, we explored the effects of KLX on angiogenesis in vivo and in vitro. Firstly, in
animal studies, KLX signi�cantly increased the density of blood vessels on the subsurface of the skin of
diabetic wounds. In addition, in vitro study, HUVEC was pretreated with AGEs to establish a cell model of
diabetic wounds. AGEs are stable end products produced by condensation, rearrangement, pyrolysis, and
oxidative modi�cation between free amino groups of proteins, amino acids, lipids, or nucleic acids and
aldehyde groups of reducing sugars [33]. Under normal physiological conditions, AGEs accumulate
slowly in our body with age increasing. However, chronically high or �uctuating blood glucose accelerates
AGEs formation in diabetes patients (or pre-diabetes people), resulting in the rapid accumulation of AGEs
in the internal environment [34]. AGEs attach to healthy cells, joints, organs, skin, and various other
systems, and accelerate the development of diabetes and diabetic complications directly or indirectly.
AGEs affect normal physiological functions of cells and hinder diabetic wound healing through inducing
the production of cytokines and in�ammatory factors, inhibiting the generation of collagen, and inducing
excessive immune response [35, 36]. Therefore, AGEs have been used widely as a stimulant for preparing
in vitro models of diabetic wounds [37, 38]. Our results con�rmed that AGEs signi�cantly inhibit the
proliferation, migration, and tubular structure formation of HUVECs, whereas KLX signi�cantly reverses
the inhibitory effect of AGEs. Based on these results, our research revealed that KLX has the function of
promoting angiogenesis and antagonizing the harmful effect of AGEs. These effects provide a
preliminary explanation for its role in accelerating wound healing.

Pro-angiogenic factors, such as VEGF, FGF, EGF, PDGF, are involved in the regulation of angiogenesis. The
binding of theses growth factors with their receptors can activate downstream signaling pathways and
promote the proliferation, migration and tubular structure formation of vascular endothelial cells [39–40].
Studies have shown that in diabetic wounds, the production and release of these pro-angiogenic growth
factors are reduced, their degradation is increased, or their receptors are down-regulated, leading to the
dysfunction of growth factors in the wound area and preventing wound healing process from entering the
proliferative stage [41]. VEGF is the most effective angiogenic factor. VEGF can increase the capillary
density of diabetic wounds, improve the blood perfusion and metabolism of injured tissues, and provide
nutrients for repairing cells and wound tissues by activating VEGFR2 [42, 43]. FGF is also a key regulator
of angiogenesis. FGFR is a kind of tyrosine receptor. The combination of FGF and FGFR causes FGFR
activation and autophosphorylation, thereby initiating intracellular signal transduction and promoting
angiogenesis [44, 45]. PDGF-BB is a hypoxia-regulated gene product of VEGFA, which promotes wound



Page 14/23

healing at all stages [46]. Currently, the growth factor-based drugs that have been used in clinical
treatment are PDGF-BB and bFGF. However, their application has certain limitations. In acute wounds,
various cells can promote the restoration of skin barrier function under the action of growth factor drugs.
Unlike ordinary acute wounds, diabetic wounds exhibit a longer in�ammatory period. In�ammatory cells
in�ltrate the wound surface to form a proteolytic environment, leading to the hydrolysis of growth factor
drugs. In addition, pro-in�ammatory factors and chemokines at the wound site are continuously
upregulated, which can also lead to the degradation and disconnection of growth factors and cytokines,
thereby inhibiting their functions [18]. In addition, it is worth noting that the healing ratio of diabetic
wound is still less than 50% with the intervention of so many existing drugs. Therefore, there is still an
urgent need for research and development of drugs that can upregulate related growth factor receptors to
activate downstream proliferation signaling pathway and promote the healing of chronic wounds. Based
on this point, this study further veri�ed whether KLX’s role in promoting angiogenesis is related to the
activity of growth factor receptors. Firstly, we treated HUVEC with inhibitors of EGFR, FGFR, PDGFR and
VEGFR to observe the effect of inhibiting the function of these receptors on KLX’s promotion of cell
proliferation. The results showed that except for EGFR inhibitor, the other three inhibitors signi�cantly
inhibited the effect of KLX on promoting HUVEC proliferation, and FGFR inhibitor was the most
e�cacious. Secondly, the results of the molecular docking simulation showed that there were multiple
hydrogen bonds between KLX and FGFR amino acid residues. Hydrogen bond is the most important way
of intermolecular bonding, and it is also an important way for drugs to interact with proteins. This result
further demonstrates the potential of KLX to interact with FGFR. Thirdly, FGFR inhibitor also inhibit the
role of KLX in promoting ERK1/2 phosphorylation and angiogenesis, further indicating that KLX promotes
angiogenesis by activating FGFR and its downstream ERK signaling pathways (Fig. 6).

Conclusion
In conclusion, our results con�rm the therapeutic effect of KLX in diabetic wounds. KLX promotes
angiogenesis and the healing of diabetic wounds by activating FGFR and its downstream ERK signaling
pathway. Current study indicates that KLX is a new candidate compound for treating diabetic wounds.
Further study needs to ensure the effectiveness and safety of KLX preparations in the treatment of
diabetic wounds in order to promote the application of KLX in clinical treatment.
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Figure 1

KLX accelerates the healing of diabetic wounds. a Chemical structure of KLX. b Flow diagram of
experiment. c Representative images of wound healing for 14 consecutive days. NW represents non-
diabetic mice without any treatment at the wound site; DW represents diabetic mice without any
medication at the wound site; DW + Blank oil represents diabetic wounds treated with 10 μL of blank oil
daily; DW + KLX 30 μg/mL represents diabetic wounds treated with 10 μL of KLX (30 μg/mL) daily; DW +
KLX 100 μg/mL represents diabetic wounds treated with 10 μL of KLX (100 μg/mL) daily; DW + KLX 300
μg/mL represents diabetic wounds treated with 10 μL of KLX (300 μg/mL) daily. d Fitting curve of
diabetic wound healing after different drug treatments. *** p < 0.001 compared with NW; ## p < 0.01, ###
p < 0.001 compared with DW; n = 6.

Figure 2

KLX promotes granulation tissue, new collagen and new blood vessels formation at the wound. a HE
staining of wound skin, n = 3. b Immunohistochemical staining of α-SMA in the wound skin, n = 3. c
Masson staining of wound skin, n = 3. d Content of hydroxyproline in wound skin, * p < 0.05, *** p < 0.001
compared with NW; ## p < 0.01, ### p < 0.001 compared with DW; n = 5.
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Figure 3

KLX promotes angiogenesis of diabetic wound skin. a Representative image show that the formation of
new blood vessels on the subcutaneous surface of wound skin, n = 3. b Effect of KLX on the inhibition of
HUVECs proliferation by AGEs ( * p < 0.05, *** p < 0.001; n = 4). c Representative images show that the
effect of KLX on the inhibition of HUVECs migration by AGEs. d Statistical graph of cell migration in each
group ( * p < 0.05, ** p < 0.01 vs. Control; # p < 0.05, ## p < 0.01 vs. AGEs; n = 4). e Representative images
show that the effect of KLX on the inhibition of angiogenesis by AGEs. f Statistical graph of the number
of nodes in each group of tubular structures. g Statistical graph of the number of meshes in each group
of tubular structures. h Statistical graph of the number of total length in each group of tubular structures (
* p < 0.05, ** p < 0.01, *** p < 0.001; n = 3).
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Figure 4

KLX phosphorylates ERK1/2 in diabetic wounds and HUVECs. a Effect of KLX on the phosphorylation of
ERK1/2 in the skin tissue of wound on the 7th day after trauma. * p < 0.05, n = 3. b Effect of KLX on the
phosphorylation of ERK1/2 in HUVECs. * p < 0.05, n = 3.
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Figure 5

KLX promotes angiogenesis by activating the FGFR/ERK1/2 signaling pathway. a Effects of EGFR
inhibitor PD153035, FGFR inhibitor PD173074, VEGFR inhibitor ZM306416 and PDGFR inhibitor AG1296
on the proliferation of HUVEC by KLX; *** p < 0.001, n = 6. b Molecular docking of KLX and FGFR. c
Effects of FGFR inhibitor PD173074 on KLX promoting ERK1/2 phosphorylation, p < 0.05, n = 3. d
Representative images show the effect of FGFR inhibitor PD173074 on KLX promoting HUVEC migration,
n = 6. e Statistical graphs of cell migration rate show that the effect of FGFR inhibitor PD173074 on KLX
promoting HUVEC migration. ** p < 0.01, *** p < 0.001 vs. Control; ## p < 0.01, ### p < 0.001 vs. AGEs;
&& p < 0.01, &&& p < 0.001 vs. AGEs + KLX 10 μM; n = 6. f Representative images show that the effect of
FGFR inhibitor PD173074 on KLX’s promotion of tube formation, n = 3. g Statistical graph of the number
of nodes in tube structure in the tube formation experiment. h Statistical graph of the number of the
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meshes in tube structure in the tube formation experiment. i Statistical graph of total length of tube
structure in the tube formation experiment. * p < 0.05, ** p < 0.01 , n = 3.

Figure 6

Schematic diagram of the proposed signaling mechanisms by which KLX promotes angiogenesis and
wound healing.


