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Microbiota-derived imidazole propionate inhibits
type 2 diabetic skin wound healing
by targeting SPNS2-mediated S1P transport

Shaoting Zheng,"?3 Honggi Wang, "% Jingxia Han," Xintong Dai," Ying Lv," Tao Sun,"?* and Huijuan Liu’-?4*

SUMMARY

Imidazole propionate (ImP) is a recently discovered metabolite of T2DM-related gut microbiota. The ef-
fect of ImP on T2DM wound healing has not been studied yet. In this research, the changes of ImP-produc-
ing bacteria on the skin are firstly evaluated. 16sRNA sequencing results showed that the abundance of
ImP-producing bacteria-Streptococcus in the intestine and skin of T2DM mice is significantly increased.
Animal experiments show that ImP can inhibit the process of wound healing and inhibit the formation
of blood vessels in the process of wound healing. Molecular mechanism research results show that ImP
can inhibit S1P secretion mediated by SPNS2, and inhibit the activation of Rho signaling pathway, thereby
affecting the angiogenesis process of HUVEC cells. This work also provides a potential drug HMPA that
promotes T2DM wound healing.

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a common metabolic disease.’ Approximately 463 million patients with diabetes aged 20-79 have been
recorded.” Patients with T2DM are prone to various complications, including skin damage and delayed wound healing.** Poor skin damage
repair in T2DM may result in chronic ulceration® and subsequent amputation of lower limbs.” In patients with diabetes, the incidence of dia-
betic foot ulcer is 4%—-10%, which is the main reason for the hospitalization of patients with diabetes.” The inhibition of angiogenesis by
vascular endothelial cell damage is one of the important reasons for slow wound healing in patients with T2DM.? Elucidating the molecular
mechanism of T2DM vascular endothelial cell damage is of great significance to the treatment of T2DM-related vascular degeneration and
wound healing.

The intestinal bacterial gut microbiota, as an internal environmental factor, is closely related to the occurrence and development of T2DM.”
The intestinal bacterial gut microbiota participates in T2DM through a variety of different pathways, such as short-chain fatty acid metabolism
pathway, '° lipopolysaccharide pathway, branched chain amino acid metabolism pathway.'"'? Imidazole propionate (ImP) was the first T2DM-
related metabolite reported by Ara Koh.'” Patients with T2DM have high concentrations of ImP in their portal veins and peripheral blood. ImP
is produced by the T2DM-associated microbiome through the metabolism of histidine, which induces impaired glucose metabolism by acti-
vating p38y-mTOR1-S6K1 signaling. The effects of ImP as a newly discovered metabolite of intestinal bacterial gut microbiota on skin tissue
damage and repair have not been explored.

S1P is a sphingolipid metabolite with a wide range of biological activities. S1P is produced by sphingosine kinase-1 and -2."* S1P
produced in the cells is transported out of the cells (inside-out), and then combined with S1P-specific G protein-coupled receptors
(S1PRs) to regulate cell growth, angiogenesis, lymphangiogenesis, and endothelial and epithelial barrier functions.”'® S1P regulates
angiogenesis by binding S1PR1 and $1PR3 on vascular endothelial cells and inducing them to form capillary networks."” The main sour-
ces of S1P in vivo are hematopoietic and vascular endothelial cells. The release of S1P in hematopoietic cells is mainly through the ABC
transporters, whereas the release of S1P in vascular endothelial cells is through spinster homolog 2 (SPNS2).'%'? S1P plays an important
role in angiogenesis, a key process in wound healing. So this work focused on whether ImP inhibiting wound healing through affecting
the S1P signaling pathway.

In this study, in vivo and in vitro experiments and proteomics methods were adopted to evaluate the effects of ImP on T2DM wound heal-
ing, vascular endothelial cell function, and angiogenesis. Moreover, whether ImP affects the function of vascular endothelial cells through the
S1P pathway was studied, and the effect of the small-molecule HPMA, which can regulate gut microbiota discovered in our previous work, on
T2DM skin wound healing was evaluated.
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RESULTS
Imidazole propionate inhibits the skin wound healing in normal mice and type 2 diabetes mellitus mice

The differences in gut microbiota and skin gut microbiota between normal and T2DM mice were firstly detected by the 16S rRNA method.
The results showed that the composition of the intestinal and skin gut microbiota of the two groups was obviously different at the genus level
(Figures 1A and 1B). Compared with the T2DM group, the Normal group had a higher number of genera (21 species) with abundance >1%.
The T2DM group only had 15 species with abundance >1%. The abundance of ImP-producing bacterium Streptococcus in the T2DM group
was significantly higher. The test results of the skin gut microbiota showed that the abundance of Streptococcus in the T2DM group was signif-
icantly higher than that of the normal group (p < 0.05; Figure 1C). Meanwhile, we examined the metabolic indexes of fasting blood glucose
(FSQG), total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) in T2DM mice. The results showed that there
was a significant difference in the metabolic data between the normal and T2DM mice, indicating that the establishment of the T2DM model
was successful (Figure S1).

A normal mouse skin wound model was established to evaluate the effect of ImP on skin tissue wound healing. The results showed that
compared with the control group, the wound healing rate of the mice in the ImP treatment group was slowed and dose-dependent (Fig-
ure 1D). On the 9th day, the wounds in the control group were almost completely healed, whereas the wounds in the ImP group were still
unhealed. In this work, a T2DM wound model was also established to evaluate the effect of ImP. The wound healing rate of the T2DM group
was slower overall than the normal control group. The rate of skin wound healing in the T2DM mice treated with ImP was slower than the T2DM
control group, and the inflammatory response at the wound was obvious (Figure 1E). The statistics of wound healing rate were shown in
Figures 1F and 1G. In addition, a pseudo germfree T2DM model (PGF-T2DM; Figure TH) was established to evaluate the effect of gut micro-
biota and ImP on wound healing. The experimental results showed that the wound healing rate of the PGF-T2DM model was faster than that
of the T2DM control group, indicating that the gut microbiota can influence the wound healing rate. The wound healing rate of the ImP-
treated PGF-T2DM group was slower than that of the PGF-T2DM model group (Figures 11-1K).

Imidazole propionate affects the tissue morphology and collagen production of the wounds

Figure 2A showed the results of H&E staining of the skin tissues of mice in the normal and T2DM groups on day 9 after the wounds were
inflicted. The skin tissues of the wounds in the normal group grew well with complete epidermal layers, and the wounds were almost
completely healed. By contrast, in the ImP-treated group, especially the high-dose group, the epidermal tissues grew slowly with a large de-
gree of inflammatory cell infiltration, and the scabs at the wounds did not fall off. Complete epidermal tissues at the wound did not form in the
T2DM group unlike in the normal group, and the fibrous tissues of the dermis was sparse. In the T2DM-ImP group, large areas of the skin
tissues at the wounds were unhealed, scabs were still be found at the wounds, the growth of granulation tissues was slow, and macrophages
and neutrophils were infiltrated. After Masson staining, collagen fibers were blue; muscle fibers, cytoplasm, cellulose, keratin and red blood
cells were red; and nuclei were blue-brown. As shown in Figure 2B, blue collagen fibers formed in each group on day 9 after wounding. In the
normal control group, blue collagen fibers were arranged tightly and regularly, whereas blue collagen fibers in the ImP-treated group were
lower in number and sparse. Few and sparce blue collagen fibers were observed in the T2DM control group, and almost no collagen was
produced in the wounds in the T2DM-ImP group. The skin tissue healing in the PGF-T2DM group was better than that in the T2DM group,
and the epidermal tissue growth was relatively complete. Wound healing in the PGF-T2DM-ImP group was slow and the epidermal tissue did
not form completely (Figure 2C). Collagen production in the control group of the PGF-T2DM group was higher than that in the T2DM control
group and lower than that in the normal control group. Collagen production in the PGF-T2DM-ImP group was significantly reduced (Fig-
ure 2D). These results indicated that ImP can prolong the inflammatory reactions in wounds, inhibit the growth of collagen tissues, and reduce
the speed of wound healing.

Imidazole propionate can inhibit the expression of Ki67, vimentin, and CD31

To further confirm the influence of ImP, immunohistochemical experiments were used to detect protein markers related to wound healing.
Kié7 is an important protein indicating the state of cell proliferation.”® The results showed that Ki67 staining was weaker in the wound tissues of
the ImP treatment group compared with the control group (Figure 2E). In wound healing, the migration of fibroblasts and keratinocytes play
important roles.”’*” Therefore, the expression of vimentin related to cell migration was evaluated. The experimental results showed that the
expression of vimentin in the skin wound tissues of mice decreased after ImP treatment. CD31 was associated with endothelial cell angiogen-
esis.”® The rate of CD31-positive cells in the skin wound tissues of the ImP group significantly reduced and was dose dependent (Figures 2E
and 2F). The above results further indicated that ImP can inhibit skin wound healing.

Imidazole propionate mainly inhibits the function of the vascular endothelial cell HUVEC

The influence of ImP on HUVEC, NIH-3T3, and HaCaT cell functions related to skin wound healing was further tested. The effects of different
concentrations of ImP on the viability of the cells were studied. The results were presented in Figure 3A. The viability of HUVEC cells
decreased with the increasing concentration of ImP in a dose-dependent manner. However, ImP showed no obvious effect on the viability
of NIH-3T3 and HaCaT cells. In addition, we investigated the temporal gradient cytotoxicity effect of ImP on HUVEC cells and found that
0 nM-1 uM concentrations of ImP were non-toxic to cells over different temporal gradients (24-72 h) (Figure S2). The results of tube formation
experiments showed that the number of nodes formed by HUVEC cells in the ImP-treated group were lower than those in the control group
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Figure 1. Imidazole propionate (ImP) can inhibit skin wound healing in normal, T2DM, and PGF-T2DM mice

(A) Detection of the difference in genus abundance of the gut microbiota between normal and T2DM mice through the 16S rRNA sequencing (n = 6).
(B) Difference in the genus level of skin gut microbiota between normal and T2DM mice (n = 6).

(C) Difference in the abundance of Streptococcus in the intestines and skin wounds between the normal and T2DM groups.

(D) The effect of ImP on skin wound healing in normal mice (n = 6). ImP-L: 700 nM, ImP-H: 1.5 pM, dermal topical administration.

(E) The effect of ImP on skin wound healing in T2DM mice (n = é). ImP-L: 700 nM, ImP-H: 1.5 uM, dermal topical administration.

(F) The skin wound healing rate-time curves of ImP-treated normal and T2DM mice.

(G) Statistics of wound healing rate in the skin tissues of ImP-treated normal and T2DM mice (9 Days after wounding).

(H) Schematic diagram of pseudo germfree mice-T2DM (PGF-T2DM) model establishment.

() The effect of ImP (2 mg/mL, intragastric administration) on the wound healing of skin tissues in the PGF-T2DM mice (n = 6).

(J) Skin wound healing rate-time curves of ImP-treated PGF-T2DM mice.

(K) Statistical graph of wound healing rate of skin tissues in the ImP-treated PGF-T2DM mice (9 Days after wounding). Data were expressed as mean + SD
(*p < 0.05, **p < 0.01).
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Figure 2. Effect of ImP on skin wound tissue morphology, collagen production, and wound healing-related protein markers

(A and B) H&E and Masson staining results of the skin tissue (obtained on day 9 after wounding) in the ImP-treated normal and T2DM groups. ImP-L: 700 nM,
ImP-H: 1.5 pM, dermal topical administration.

(C and D) H&E and Masson staining results of the skin tissues (obtained on day 9 after wounding) in the PGF-T2DM group (ImP 2 mg/mL, intragastric
administration).

(E) The effect of ImP on the expression of Kié7, vimentin, and CD31 in skin tissues detected by immunohistochemistry. ImP-L: 700 nM, ImP-H: 1.5 uM, dermal
topical administration.

(F) The statistic results of Kié7, vimentin, and CD31 immunohistochemical scores. Data were expressed as mean + SD (*p < 0.05, **p < 0.01). The number of
sample replicates for all experiments was 6 (n = 6).
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Figure 3. ImP inhibits the function of vascular endothelial cells without directly affecting the function of fibroblasts and epidermal cells

(A) The influence of ImP on the viability of HUVEC, NIH-3T3, and HaCaT cells.

(B and C) The effect of ImP on the angiogenesis ability of HUVEC cells.

(D and E) The impact of ImP on the migration ability of HUVEC, NIH-3T3, and HaCaT cells detected by scratch test.

(F and G) The effect of ImP on the migration ability of HUVEC, NIH-3T3, and HaCaT cells detected by transwell experiment.

(H) The effect of ImP on the permeability of HUVEC, NIH-3T3, and HaCaT cells.

(I) Schematic diagram of coculture model; the upper chamber was NIH-3T3 or HaCaT cells, and the lower chamber was HUVEC cells.

(J and K) The effect of ImP on the migration ability of NIH-3T3/HaCaT under cocultivation conditions (Co#NIH-3T3, Co#HaCaT).

(L) Schematic diagram of coculture model combined with scratch assay; the upper chamber was HUVEC cells, and the lower chamber was NIH-3T3 or HaCaT cells.
(M and N) The effect of ImP on wound healing in Co#NIH-3T3 or Co#HaCaT cells under coculture conditions. ImP-L: 500 nM, ImP-H: 1uM. Data are expressed as
the mean £ SD (*p < 0.05, **p < 0.01). The number of sample replicates for all experiments was 6 (n = 6).
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(Figures 3B and 3C). In this research, a scratch assay was used to detect the influence of ImP on the migration ability of the cells. The migration
speed of HUVEC cells in the ImP-treated group was slower than that in the control group, indicating that ImP can inhibit the migration ability
of HUVEC cells (Figures 3D and 3E). However, ImP exerted a slight effect on the migration ability of the NIH-3T3 and HaCaT cells. The results
of the transwell experiment (Figures 3F and 3G) also showed that ImP can inhibit the migration ability of HUVEC cells in a dose-dependent
manner. ImP had no significant effect on the migration ability of the NIH-3T3 and HaCaT cells. The endothelial cell permeability assay showed
that the amount of TRITC—dextran passed through the HUVEC monolayer in the ImP-treated group was increased relative to that in the con-
trol group, indicating that ImP increased the cell permeability of HUVEC cells. ImP showed no obvious effect on the permeability of the NIH-
3T3 and HaCaT cells. These results indicated that ImP mainly acted on vascular endothelial cells and had no direct effect on the functions of
fibroblasts and epidermal cells.

To further study the mechanism by which ImP affects the migration of fibroblasts and keratinocytes in tissues, a coculture model of HUVEC
and NIH-3T3/HaCaT (Co#NIH-3T3, Co#HaCaT) was established to simulate the interaction between vascular endothelial cells and fibroblasts
or keratinocytes. NIH-3T3 or HaCaT cells were seeded to the upper part of the Transwell chamber, and HUVEC cells were seeded to the lower
chamber (Figure 3l). ImP was added to the lower chamber at a dose of 500 nM and 1 uM. The pore size of the polycarbonate membrane on the
bottom of the chamber was 8 um to ensure that the upper chamber cells and soluble factors can pass through and ensure the material ex-
change between HUVEC and NIH-3T3/HaCaT. The migration ability of cells in the chamber was evaluated in different groups. The results
showed that ImP can inhibit the migration of Co#NIH-3T3 and Co#HaCaT (Figures 3J and 3K). The effect of ImP on the migration ability
of Co#NIH-3T3 and Co#HaCaT was further studied through the coculture model combined with the scratch experiment (Figures 3L-3N).
Compared with the scratch test results of NIH-3T3 and HaCaT cultured separately, the migration ability of Co#NIH-3T3 and Co#HaCaT
slowed down after the addition of ImP in a dose-dependent manner.

Imidazole propionate inhibited S1P release by targeting SPNS2 transport process

The above results showed that ImP mainly affects the angiogenesis and migration ability of HUVEC cells and the function of Co#NIH-3T3
(cocultured with HUVEC) and Co#HaCaT (cocultured with HUVEC). ImP had no obvious effects on NIH-3T3 and HaCaT cells cultured alone.
The results indicated that ImP may affected the migration ability of fibroblasts and keratinocytes by inhibiting the release of cytokines after
acting on vascular endothelial cells. S1P plays an important role in angiogenesis, cell migration and wound healing.”*> The main sources of
S1P in vivo were hematopoietic and vascular endothelial cells. So we speculate ImP may affect S1P secretion in HUVEC cells, thereby affecting
the migration ability of fibroblasts and keratinocytes. Therefore, the effect of ImP on S1P secretion was further tested. The intracellular and
extracellular S1P levels of HUVEC cells were detected by ELISA experiments. The S1P content in the supernatant of HUVEC cell culture me-
dium decreased compared with that in the control group, whereas intracellular S1P content increased (Figure 4A). Changes in S1P level in
mice was detected. Figure 4B showed that the application of ImP to the skin wound decreased S1P content in the wound tissues and blood
secretion. The S1P content in the wound tissues and blood secretion in T2DM mice were also significantly lower than those in the normal mice.
After ImP was added, the S1P content further decreased. These results suggested that ImP disrupts the release of S1P.

SPNS2 is an important transporter of S1P in vascular endothelial cells.”>*’ Therefore, ImP may inhibit the SPNS2-mediated transport of
S1P. To verify whether ImP affects SPNS2-mediated S1P transport, HUVEC cells transfected with SPNS2 siRNA (Si-SPNS2) were used. ImP
had a weaker effect on the viability of Si-SPNS2 HUVEC cells than on the normal HUVEC cells (Figure 4C). ImP slightly affected angiogenesis
(Figures 4D and 4E) and permeability (Figure 4F) in the Si-SPNS2 HUVEC cells. ImP also had no significant effect on the migration ability of Si-
SPNS2 HUVEC and Co#NIH3T3cells cocultured with Si-SPNS2 HUVEC cells (Figures 4G and 4H). SPNS2~/~ mice were used to establish a
wound model to analyze whether ImP affects wound healing by regulating SPNS2-mediated S1P transport. Figures 4l and 4J show that
the wound healing speed of SPNS2™/~ mice was slower than that in the control group. And ImP posed no significant effect on the wound
healing speed of SPNS2~~ mice. The number of CD31-positive cells in the skin wound tissues of the SPNS2~/~ mice were fewer than those
in the control mice. No significant difference in the number of CD31-positive cells in the skin wounds was found between SPNS2~/~ mice and
ImP-treated mice (Figures 4K and 4L). The results showed that ImP may inhibit wound healing by disrupting the release of S1P by targeting
SPNS2 transport process (The CD31-positive cells in the skin tissue of the wound were determined to be evaluated by immunohistochemistry).

Imidazole propionate can inhibit S1P-induced Rho signaling pathway
Whether ImP can inhibit the downstream signaling pathway of S1P was evaluated through proteomics analysis. ImP- and S1P-treated HUVEC
cells were analyzed by mass spectrometry. The down-regulated proteins in the ImP-treated group and the up-regulated proteins in the S1P-
treated group were screened and analyzed by KEGG and GO analyses. Figures 5A and 5B showed that ImP can inhibit the multiple functions
of vascular endothelial cells, such as cell migration, proliferation, and invasion. S1P up-regulated the cytoskeleton movement, proliferation,
epithelial-mesenchymal transition, and other functions of the HUVEC cells. Pathway analysis showed that ImP mainly affected the Rho
pathway. STRING analysis results were shown in Figure 5C. ImP affected vascular endothelial cell migration, proliferation, collagen produc-
tion, cytoskeleton movement, and other related functions. We further evaluated the effect of ImP on wound healing related proteins.
Angiogenesis is an important process of wound healing,”® and the formation of granulation tissues rich in blood vessels is a key step in
tissue regeneration?g'30 VEGF, CD31, and HIF-1a are the main markers associated with angiogenesis.m’33 Therefore, Western blot
was used to detect the effects of ImP on these proteins. The results showed that S1P can promote the expression of VEGF, CD31, and
HIF-1a, whereas ImP inhibited their expression (Figures 5D and 5E). ImP inhibits the expression of cell proliferation marker Ki67,%* and the
expression of MMP-2 and MMP-9 at the edges of acute wounds is related to the migration of fibroblasts and keratinocyte.>>=" Therefore,
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Figure 4. Effect of ImP on SPNS2-mediated S1P transport

(A) The impact of ImP on the S1P level in the extracellular and intracellular of HUVEC cells detected by ELISA (n = 3), ImP-L: 500 nM, ImP-H: 1uM.
(B) Changes in SIP level in wound tissues and blood secretion in normal and T2DM mice(n = 6), ImP: 1.5 uM.

(C) Effect of ImP on the viability of HUVEC cells and Si-SPNS2 HUVEC cells (n = 3), ImP:1 pM.

(D and E) The effect of ImP on the angiogenesis ability of Si-SPNS2 HUVEC cells (n = 3), ImP:1 pM.

(F) The effect of different doses of ImP on the permeability of Si-SPNS2 HUVEC cells.

(G and H) The effect of ImP on the migration of Si-SPNS2 HUVEC and NIH3T3cells under coculture conditions(n = 3), ImP:1 uM.

(I) The effect of ImP on skin wound healing in SPNS2™ '~ mice (n = 6), ImP:1.5 uM.

(J) Skin wound healing rate-time curves of ImP-treated SPNS2™ /= mice.

(

K and L) The effect of ImP on the expression of CD31 in the skin of SPNS2~/~ mice detected by immunohistochemistry (n = 6), ImP:1.5 uM. Data were expressed as
mean + SD (*p < 0.05, **p < 0.01).

iScience 26, 108092, November 17, 2023 7




¢? CellPress

OPEN ACCESS

A Imp
Signaling by Rho GTPases [ ]
Signaling by EGFR-
regulation of MAPK cascade - L
regulation of blood vessel remodeling - *
receptor metabolic process - [ ]
-logyo(P-Value)
negative regulation of transferase activity - [ ] 40
negative regulation of small GTPase mediated signal transduction- @ 35
negative regulation of phosphonyation - ® 80
o 25
E negative regulation of kinase activity = [ ]
2
g negative regulation of intracellular signal transduction - [ ]
Gene number
negative regulation of GTPase activity- ® o »
morphogenesis of an epithelium - ® ® 20
oytoskeleton-dependent intracelular transport = @ : 39
40
cell surface receptor signaling pathway involved in cell-cell signaling = ®
branching morphogenesis of an epithelial tube - @
Adherens junction- ¢
actin filament organization - [ ]

ABC-family proteins mediated transport- @

0.026.050.076.100.125

Rich factor
C x88
eset PARP1S
PPARGC1B
ZNF256 cic

ZNF2%6 10p,

HoN T UAOR? By

w PRRSAMSA gy PROM11 DNMT38  HNRNPL
e Sl ot case fin., -~ @9 ®
Fa§§‘}§;%§f.‘f;m*f:,f‘_ffw’?w,, @ @.@ -
N e vl @ e
2 g “"z:w‘,;;ﬂ'{wsm @f’@“@« @ e @@
e , Pt
ST APACS. sl KNt g, TPy
n.mmvmxéwiwjmﬁamm
Teo < IPvpss2
PTH = UNCX HMON1 MATNS &8
L Swwe e ey, 0
6L PHIP sT8 MMP16 .
RBICC1 SHCBP1 GLG1
' F'A)(BF“ANKRN5 A4 v
@ cytoskeleton Cell proliferation Others
Platelet coagulation @ Cell migration
Collagen production Transcription regulation
F Control SIP  ImP-L fmP-H
TAKD | S — — MMP2
78KD = ey = o MMP9
) Co#
358KD N g—y Ki67 NIHL3T3
S3KD | emmmw ammmy — Vimentin
43KD | ——— o
e [-actin
H Control S1P ImP-L ImP-H

Rho A

10 pm

Pearson’s correlation

iScience

B S1P
supramolecular fiber organization - [ ]
stem cell proliferation - .
([ ]
( ]
regulation of GTPase actiity- @ togio(P-Value)
feguition of cytoskeleton organization- ° w0
regulation of actin filament-based process = L] 35
egulation of actin cyoskeleton organization - . 30
g receptor internalization - . 23
g
9 receplor-mediated endoctosis - (]
Gene number
negative regulation of cell-matrix adhesion - * o
exocrine system development- * ®
et siuchre maimenance * : N
DNA ntegrity checkpoint - .
el ycle checkpoint- .
actin filament organization - [ ]
aciin flament-based process - ([ ]
actin cytoskeleton organization = ®
0‘1 U‘Z 0‘3
Rich factor
D
Control S1P  ImP-L ImP-H
27KD ‘ - — VEGF
120KD | e @mmi s s )
83KD e sy e ws= (D31 |HUVEC
358KD | e o— m— o i67
43KD | i — (i
E HUVEC
- M Control Ml ImP-L
°
g 20 M SIP B ImP-H
515
7}
2
1.0
5
I
Z 05
]
)
0.0
VEGF  HIF-la  CD31 Ki67
G Co# NIH-3T3
I Control M ImpL
M SIP M ImpH
T 2.0 L
l>) ¥ kk
g15 E)
5 1.
g F I
2
2 1.0
5
°
Z 05
5}
)
MMP2 MMP9 Ki67  Vimentin
1.0 *
&)
o 0.8
-5
Z 08
=
2
S 04
&
< 02
o
0.0
> R v R
& N Q0 X
00«\ ) & \48

Figure 5. ImP played a role in regulating wound healing by inhibiting the downstream Rho pathway of S1P
(A and B) Functions and pathways negatively enriched for ImP treated cells and positively enriched for S1P treated cells were shown. The differentially expressed

proteins was identified and analyzed by GO and KEGG pathway analysis.
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Figure 5. Continued

(C) Protein-protein interaction network analysis of ImP down-regulating protein by STRING.

(D and E) The effects of S1P and ImP on the expression levels of VEGF, HIF-1a, CD31, and Ki67 proteins in HUVEC cells detected by Western blot.

(F and G) The effect of ImP and S1P on the protein expression levels of MMP2, MMP9, Kié7 and Vimentin in NIH3T3cells under coculture conditions.

(H) The effect of ImP on the cell membrane localization of RhoA. ImP-L:500 nM, ImP-H: 1uM. Data are expressed as the mean + SD (*p < 0.05, **p < 0.01). The
number of sample replicates for all experiments was 3 (n = 3).

the HUVEC/NIH-3T3 coculture model was also used to explore the effect of ImP on the related proteins in cocultured NIH-3T3 after the secre-
tion of S1P in HUVEC cells was inhibited. ImP inhibited the expression of MMP2, MMP9, Ki67, and vimentin in the Co#NIH3T3cells, whereas
S1P increased the expression of the proteins (Figures 5F and 5G). Proteomics analysis showed that ImP mainly affected the Rho pathway,
which was an important pathway for STP function.”®*” The impact of ImP on the Rho pathway was evaluated by immunofluorescence. S1P
promoted the transfer of Rho A on the cell membrane, which further activation the Rho pathway. ImP inhibited the localization of Rho A
on the cell membrane. These results indicated that ImP can inhibit the activation of the Rho pathway (Figure 5H). Western blot images of
the original blots were shown in Figure S3.

Small-molecule HMPA can promote skin wound healing in type 2 diabetes mellitus mice through gut microbiota regulation

As ImP is a metabolite of the gut microbiota associated with T2DM, the effect of the gut microbiota regulator HMPA, which we discovered in
our previous research,’” on wound healing in T2DM mice was evaluated. After the administration of HMPA, the genus abundance of gut mi-
crobiota changed compared with that in the normal group (Figure 6A). After the administration of HMPA, the abundance of Prevotella and
Ruminococcaceae in the T2DM mice considerably changed. The abundance of Streptococcus, an ImP-producing bacterium, was significantly
reduced in the HMPA-administered group. And the abundance of Streptococcus at the skin was also decreased in HMPA treated group (Fig-
ure 6B). The results of the T2DM skin wound healing model (Figures 46C and éD) showed that HMPA promotes wound healing in T2DM mice.
The expression of CD31 in the HMPA group increased relative to that in the T2DM group (Figures 6E and 6F). H&E and Masson staining results
also showed that HMPA can promote the growth of skin tissues and collagen production (Figures 6G and 6H).

DISCUSSION

Delayed wound healing is a common phenomenon in patients with T2DM, seriously affects their quality of life, and is even life threatening.
Wound healing in these patients is slow, the infection rate was high, and the risk of lower limb amputation is significantly increased.”**> The
gut microbiota, through its metabolites, can promote the progress of T2DM by regulating downstream metabolism, inflammation, immunity,
and other signaling pathways.”“™*® It can directly or indirectly affect tissue oxygenation level, angiogenesis, inflammation, and immune sys-
tem, thereby affecting wound healing.””*” The oral administration of some probiotics can reduce the size of foot ulcer wounds in patients with
T2DM.”" ImP is a metabolite of gut microbiota closely related to T2DM and can inhibit insulin signal transduction by activating the mTORC
pathway.'*>? It can also reduce the therapeutic effect of metformin on T2DM. Urocanate reductase (UrdA) can catalyze urocanate to produce
ImP.>* Karlsson et al. used metagenomics data to identify 42 bacterial strains with UrdA, of which 28 strains (67%) had a higher content in
subjects with T2DM."? Among them, Streptococcus mutans and Eggerthella lenta (verified in vitro as an ImP-producing bacterium) were abun-
dant in subjects with T2DM. The current study showed that the abundance of Streptococcus mutans in the intestine and skin of T2DM mice
increased. In the in vivo experiment, a skin wound model was established to demonstrate that ImP can inhibit the skin wound healing in a
dose-dependent manner. The T2DM animal model results showed that ImP delays the healing of T2DM wounds. These results showed
that ImP, as a metabolite of gut microbiota, can inhibit wound healing process.

The inhibition of angiogenesis caused by vascular endothelial cell damage was one of the important reasons for the slow wound healing in
patients with T2DM.>" Vascular endothelial injury affects cell adhesion, vascular wall integrity, vascular permeability, blood flow regulation,
and angiogenesis.”>® The characteristics of damaged endothelial cells included reduced angiogenesis, phenotypic changes, inflammation,
and impaired permeability.””*® Local angiogenesis is reduced in patients with T2DM,>” and decreased blood supply can lead to delayed
wound healing. In addition, the reasons for the delayed wound healing of T2DM include the reduced migration and proliferation of kerati-
nocytes and epidermal fibroblasts,*“¢" increased apoptosis, and reduced epithelial-to-mesenchymal transition (EMT).%? In the present study,
the effect of ImP on the function of vascular endothelial cells was evaluated. ImP inhibits the migration, proliferation, and angiogenesis of
vascular endothelial cells, while posing little direct effect on the functions of fibroblasts and epidermal cells. By evaluating the expression
of CD31 in wounded skin, we found that ImP can significantly inhibit the formation of blood vessels in wound tissues.

S1P is a sphingolipid metabolite with a wide range of biological activities and regulates cell growth, angiogenesis, lymphangiogenesis,
and endothelial and epithelial barrier functions.®*** The STP—S1PRs axis plays a key regulatory role in angiogenesis and vascular perme-
ability, and S1P regulates angiogenesis by binding to $1PR1 and $1PR3 on vascular endothelial cells.”” In addition, S1P can increase the adhe-
sion and junction activity of endothelial cells. Owing to the high levels of S1P in the peripheral blood, S1P activity related to vascular perme-
ability helps maintain the integrity of specific vascular endothelial barriers. STP also regulates the migration of fibroblasts and epidermal cells
and plays an important regulatory role in wound healing. The results of this study showed that ImP can affect the secretion (transport) of STP in
HUVEC cells. ImP can inhibit the migration of fibroblasts and epidermal cells cocultured with vascular endothelial cells and can affect the func-
tions of fibroblasts and epidermal cells in the coculture environment by inhibiting the S1P secretion of HUVEC cells. SPNS2 is an important
physiologically relevant transporter of $1P in endothelial cells. This study verified that ImP can target SPNS2 to inhibit STP transport through

41,42
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Figure 6. Effect of HMPA on skin wound healing in T2DM mice

(A) Difference in gut microbiota abundance at the genus level in T2DM mice after the administration of HMPA.

(B) The difference in the abundance of Streptococcus in the intestines and skin of the T2DM group after HMPA administration.

(C) The effect of HMPA administration on wound healing in the skin of T2DM mice.

(D) Skin wound healing rate-time curves of T2DM mice after the administration of HMPA.

(E and F) The effect of HMPA administration on the expression of CD31 in the skin wound tissue detected by immunohistochemistry.

(G and H) H&E and Masson staining results of skin wound tissues 9 days after HMPA administration. HMPA: 15 mg/kg, intragastric administration. Data were
expressed as mean t SD (*p < 0.05, **p < 0.01). The number of sample replicates for all experiments was 6 (n = 6).

the Si-SPNS2 HUVEC cells and SPNS2~/~ mice experiment. The Rho signaling pathway is an important pathway for S1P to regulate angio-
genesis. S1P can induce the reorganization of the actin cytoskeleton by activating GTPase Rho and contribute to the chemotactic and angio-
genic activity of HUVEC cells.®® In the present study, ImP inhibited the activation of the Rho signaling pathway, and decreased the expression
of angiogenic related proteins VEGF, CD31, HIF-1a, and Ki67 in HUVEC cells. The expression levels of MMP2, MMP9, Kié7, and vimentin
related to cell migration and movement in cocultured NIH3T3cells decreased, indicating that ImP plays an important role in wound healing
atthe molecular level. The effect of the small-molecule drug HMPA on wound healing was also evaluated. HMPA regulated the abundance of
the ImP-producing bacterium Streptococcus and accelerated wound healing in T2DM wound mice. This study only provides a preliminary
explanation of the effects of ImP on skin wound healing and its impact on the S1P pathway at the cellular and experimental animal levels.
Due to the complexity of gut microbiota and its metabolites, the impact of ImP on wound healing in patients with T2DM may be more
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complex, and further research evidence is needed. And the effect of HMPA on T2DM wound healing also needs further verification and
improvement.

In conclusion, we found that the ImP-producing bacterium Streptococcus has a high abundance in the skin wounds of the T2DM mice. ImP
inhibits the SPNS2 mediated transport of S1P, induces the injury of vascular endothelial cells, and inhibits T2DM wound healing. The intestinal
microbiota regulator HMPA reduced the abundance of ImP-producing Streptococcus and promoted wound healing in T2DM mice. This study
provides a basis for clarifying the relationship between gut microbiota and T2DM wound healing and provides a potential drug for promoting
wound healing.

Limitations of the study

This study focused on the effects of ImP on vascular endothelial injury and T2DM wound healing, and found that ImP inhibited SPNS2-induced
S1P transport process. However, how ImP inhibits SPNS2-mediated S1P transport needs to be further studied.
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e This paper does not report any original code.
e Any additional information required to reanalyse the data reported in this work is available from the lead contact upon reasonable
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Fibroblasts (NIH-3T3), vascular endothelial cells (HUVEC), and keratinocytes (HaCaT) were purchased from KeyGEN BioTECH. Mycoplasma
was analyzed using a mycoplasma quantitative polymerase chain reaction detection kit. The cells were grown in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% FBS and maintained at 37°C in a humidified atmosphere containing 5% COs.

Animal

T2DM animal models and skin wound models were established with wild-type BALB/c male mice (6 weeks old). All mice were kept in animal care
facilities and were free of specific pathogens. All animal studies were conducted in accordance with the National Institutes of Health's animal use
guidelines and the current Chinese laboratory animal use regulations and standards. All animal experiments were approved by the animal ethics
committee of Tianjin International Joint Research Institute of Biomedicine and were carried out in accordance with experimental specifications.

METHOD DETAILS

Cell transfection

Si-SPNS2 siRNA was used for cell transfection experiments. Approximately 1.5 pg of Si-SPNS2 and 7.5 pl of Lipofectamine 2000 transfection
reagent were added to 100 pL of Opti-MEM successively, which was incubated at room temperature for 15 min. At 60% cell density and good
growth, the siRNA mixture was added to the cells and cultured in 2% serum for 8 h, the medium was then changed to full medium and incu-
bation was continued for 24-48h.

Western blot

The collected cells were washed with cold PBS and lysed in RIPA lysis buffer for 30 min. The lysate was centrifuged at 4°C for 10 min. A bi-
cinchoninic acid protein assay kit was used to measure protein concentration. Protein samples were separated by 10% SDS polyacrylamide
gel electrophoresis and electrotransferred to polyvinylidene fluoride (PVDF) membranes. After incubating the cells with BSA blocking solu-
tion, the PVDF membrane and primary antibody were incubated overnight at 4°C. The primary antibodies included CD31 (Affinity, 1:1000),
VEGF (Affinity, 1:1000), HIF-1a (Affinity, 1:1000), vimentin (Affinity, 1:1000), MMP2 (Affinity, 1:1000), MMP?9 (Affinity, 1:1000), and B-actin (Affin-
ity, 1: 4000). The PVYDF membrane was incubated with HRP-conjugated goat anti-rabbit secondary antibody (Invitrogen,1:5000). Finally, the
protein was visualized by enhanced chemiluminescence and analyzed using ImageJ software.

Cell viability experiment

The MTT colorimetric assay was used to determine the effect of ImP on the viability of cells. The cells (1 x 10* cells/well) were inoculated into a
96-well plate for overnight culture. The experimental group was treated with different concentrations of ImP, and the negative control group
was treated with a vehicle control for 48 h. Then, MTT was added to the cells and incubated for 4 h. The formazan crystals were dissolved with
100 puL of DMSO, and the absorbance was measured at 570 nm. The ICso of ImP was calculated using GraphPad Prism 7.0.

Transwell migration assay

Transwell experiment was used to detect the cell migration ability. In the individual culture group, NIH-3T3, HaCaT, and HUVEC cells suspen-
sions were inoculated into the upper chamber of the Transwell chamber separately, and DMEM containing 10% FBS was added to the bottom
chamber. In the coculture group, NIH-3T3 or HaCaT cells were seeded to the upper chamber, HUVEC cells were seeded to the lower cham-
ber, and the medium containing different concentrations of ImP was added to the lower chamber. We usually add around 40,000 cells mixed
with 200 plL of blank medium into the upper chamber of the Transwell and subsequently incubate for 24-48 h to observe the cell migration.
After the experiment, the cells that migrated to the lower part of the Transwell chamber were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet. After the cells on the upper part of the Transwell chamber were gently removed, the migrated cells under a micro-
scope were counted.

Internal cell permeability test

Endothelial cell permeability was assayed using a Transwell chamber. After HUVEC cells were digested, centrifuged, and resuspended, 200 pL
of cell suspension containing approximately 40,000 cells is inoculated into the upper chamber of the Matrigel capsule transwell chamber and
incubated until the cells are highly integrated. Approximately 500 plL of Incomplete Medium was then added to the lower chamber of the
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24-well plate, and TRITC-dextran was added to the upper chamber of the transwell. The liquid from the lower chamber of the 24-well plate was
added to the 96-well plate at 100 pL per well, and the fluorescence value was measured using the Infinite M1000 Pro Full Wavelength Multi-
Functional Acidic Labeling, which is directly proportional to the permeability of the cells.

Wound healing assay

NIH-3T3, HaCaT, and HUVEC cells were seeded into a 24-well plate, and the experiment was performed after the cell density reached
70%-80% confluence. A scratch was made in the center of each well with a pipette tip. In the coculture group, HUVEC cells (2 x 10 cells/
well) were seeded on the upper part of the Transwell chamber with a pore size of 3 pm. NIH-3T3 or HaCaT cells were seeded into a
24-well plate (2 x 10° cells/well), and the Transwell chamber was placed in the 24-well plate to ensure that the liquid was circulating. ImP
was diluted in an FBS-free medium and added to the HUVEC cells. The distance of the wound was photographed at 0 and 24 h with an optical
microscope. Three biological replicates were set in each group.

Immunofluorescence

Immunofluorescence was used to localize the protein of interest in the cells. Cells in good growth condition were inoculated into 24-well cul-
ture plates attached to cell climbing sheets and treated with different drugs. At the end of the treatment the cells were first fixed with 4%
paraformaldehyde for 20 min at room temperature and then the wells were closed and punched with closed punch solution for 30 min. After
that the cells were sequentially incubated with the corresponding primary and secondary antibodies and blocked with DAPI. Finally, they were
observed under a confocal microscope.

qPCR

Total RNA was first extracted from the treated cell samples and the relevant concentrations were determined. The RNA was then reverse
transcribed to cDNA using an SYBR RT PCR kit and specific primers. Finally, the expression level was quantified using the 2-*2Ct method.
Graphs were created using GraphPad Prism.

Proteomics analysis

The cells treated with STP or ImP were collected, and the proteins in the cell lysates were identified by mass spectrometry seperatly. The differ-
entially expressed proteins (|logFC| > 1.5) were analyzed by Gene Ontology (GO) and KEGG analysis to detect S1P- or ImP-induced changes
in molecular functions, biological processes, and cellular components. The String database (STRING) (https://string-db.org) was used to
analyze the protein—protein interactions network.

Animal experiments

Establishment of T2DM skin wound model

After the mice were adaptively reared for 3-5 days, they were fed with high-fat diet ( basic feed mixed with sucrose, lard, and fresh eggs;
15%—18% protein, 51%-54% carbohydrate, 22%-25% fat, and 20.08 kJ/g calories ) for 4 weeks. On the first and sixth days of the 11-week-
old mice, the mice were fasted overnight and then intraperitoneally injected with low-dose Streptozotocin (STZ). At the end of 12 weeks,
the mice were monitored for fasting serum glucose (FSG), and mice with FSG higher than 16.7 mmol/L were selected as the high-fat diet—
induced type 2 diabetes model (HFD-T2DM) mice for subsequent experiments. One part was used to establish skin wound models, and
one part was used to establish pseudo germ-free (PGF) mice models. To establish the wound model, a hole punch was used to make a
6 mm diameter wound on the skin of the mouse’s back. Each group included six mice. On the second day, mice in the control group
were coated with 2.5% carboxymethyl cellulose gel. Carboxymethyl cellulose gel containing ImP was applied to the wounds of the mice.
Wound length and width were measured daily with vernier calipers, and wound area was calculated. On the ninth day of the experiment,
the skin tissue of the wound was collected after anesthesia for the follow-up pathological experiment. According to the formula relative
wound area = (1 — current wound area/original wound area) x 100%, and the wound healing rate was calculated. Fontana-Masson staining
and hematoxylin-eosin (H&E) staining were used to evaluate the pathological changes of the skin tissues. The normal mice skin wound model
were also established and treatment with ImP according to the above method.

Establishment of PGF mice skin wound model

HFD-T2DM mice was selected, and each group included six mice. First, the mice received amphotericin B (1 mg/kg) gavage treatment for
3 days to inhibit the growth of fungi. From the third day, 1 mg/mL ampicillin (A) was added to drinking water. A mixture of antibiotics, including
vancomycin (50 mg/kg), neomycin (100 mg/kg), metronidazole (100 mg/kg) and amphotericin-B (1 mg/kg) was administered to the mice
through gavage for 12 h. The procedure was continued for 24 days to establish an antibiotic-induced PGF-T2DM model. After making the
wound, the mice were injected with ImP by intragastric administration (simulating the process of ImP entering peripheral blood from the
digestive system), and wound healing rate was observed and recorded as the T2DM skin wound model.
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Sampling process of skin wound

After local scabs appeared in the mouse skin wound model, sterilized cotton swabs were dipped into the sterilized 1x PBS, and the wound
was gently scraped without blood. Then, the cotton swabs were immediately transferred to sterilized centrifuge tubes, which were placed on
ice and then transferred to a refrigerator for storage at —80°C. Subsequent 16S rRNA sequencing and preliminary analysis were commis-
sioned by Crystal Energy Biotechnology Co., Ltd. (Shanghai, China).

Spns2~/~ mice identification

The offspring mice were obtained, and the toes of the offspring mice were clipped with sterilized surgical scissors. The toes were placed in
sterile EP tubes placed on ice and then transferred to the refrigerator (—80°C) and stored for homozygous gene detection. Spns2 gene
knockout homozygous mice (Spns2~~) were selected and identified for subsequent experiments.

16 S rRNA sequencing and functional analysis

Normal mice were randomly divided into cages and kept for 1 week to normalize the intestinal microbiota prior to the establishment of the
T2DM model.The intestinal microbiota in the feces of mice in the normal, model, and HMPA (15 mg/kg)-treated groups were analyzed by
Genergy Biotechnology using 16S rRNA sequencing (n = 6). Group size was determined using G*Power software based on the effect size
of 4.89 (calculated as the ratio of bacillus-like to fungal change), a = 0.05, and 1 - B = 0.80 from the preliminary experiments, and the results
showed that n > 6. The PICRUST software package 1.1.3 was used to predict the intestinal microbiota based on the sequences of the 165
rRNA-tagged genes and functional profiles. An interspecies co-abundance network analysis was performed based on Spearman correlation.
Only connections with p values greater than 0.6 or less than —0.6 were used for network construction and visualization. For network construc-
tion and visualization based on Cytoscape software.

Immunohistochemistry

The expression of vimentin, VEGF, CD31, Kié7, and other proteins in the skin tissues of the wounds was assayed by immunohistochemical
experiments. The tissue sections were deparaffinized and hydrated, and then antigen retrieval was performed with 0.01 M citrate buffer. After
blocking with serum for 30 min, the slide was placed in a humidified box and incubated with the primary antibody overnight. After the primary
antibody was washed off, a sensitizer was added, and the sections were incubated for 20 min. Then, biotinylated goat anti-rabbit secondary
antibody was added for 30 min of reaction. Finally, the slides were stained with DAB and hematoxylin, observed under a microscope, and
photographed. The staining intensity was scored as follows: none (0), light brown (1+), medium brown (2+), and dark brown (3+). According
to the percentage of stained skin cells, the percentage of positive cells was divided into four grades, that s, 1 (1%-25%), 2 (25%-50%), 3 (50%—
75%), and 4 (>75%).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses were performed using GraphPad Prism version 7. Statistically significant differences were calculated using two-tailed
unpaired t-tests or unpaired t-test with Welch's correction, Pearson’s correlation, and Kaplan-Meier. Data were presented as mean + stan-
dard deviation (SD). The significance criteria were as follows: *p < 0.05 and **p < 0.01.
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