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Abstract

Background Hemorrhoids are very common in patients with human immunodeficiency virus (HIV) infection. The risk of
postoperative infection is significantly greater in HIV-positive patients than in HIV-negative individuals, and the wound
healing time is significantly prolonged. This study aimed to investigate the role of HIV-associated hemorrhoids from the
perspective of vascular smooth muscle cell (VSMC) function.

Methods A total of 24 hemorrhoid tissue samples (note: grade IV hemorrhoids were absence) were collected and subjected
to Masson staining to evaluate fibrosis in this study. mRNA and protein levels were monitored by qPCR and WB analysis,
respectively. Immunofluorescence was conducted to evaluate PKG1 and a-SMA expression. To establish a cell model in vitro,
VSMCs were stimulated with envelope glycoprotein (gp) 120, which is a type of HIV envelope protein. Cell proliferation
was assessed via a CCK-8 assay and EdU staining. Moreover, a wound healing assay was performed to assess cell migration.
Results Our data confirmed that fibrosis was present in hemorrhoid tissues from HIV-infected patients and that PKG1 expres-
sion was upregulated. Moreover, the administration of HIV gp120 promoted the proliferation and migration of VSMCs.
Similarly, fibrosis-related markers (a-SMA, MMP2, MMP3, and TIMP1) were markedly upregulated. However, silencing
PKGI inhibited the proliferation, migration, and expression of fibrosis-related markers in gp120-challenged VSMCs.
Conclusion The present research revealed that PKG1 regulated the proliferation, migration, and fibrosis of VSMCs, thereby
exerting detrimental effects on HIV-associated hemorrhoids.

Keywords Hemorrhoids - Human immunodeficiency virus - CGMP-dependent protein kinase 1 - Fibrosis - Vascular
smooth muscle cells

Introduction

Highlights . o Men who have sex with men (MSM) are more susceptible to
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the wound healing time is significantly prolonged [10]. This
presents a great challenge for clinicians in selecting appro-
priate treatment strategies for HIV-positive patients with
hemorrhoids. However, the development of hemorrhoids in
patients living with HIV and the underlying pathophysiologi-
cal mechanisms are not completely understood.

During HIV infection and viral replication, HIV-related pro-
tein products, such as envelope glycoprotein (gp) 120, are typi-
cally generated and released into the surrounding environment
[11, 12]. HIV gp120 is secreted into the cell culture medium
during HIV infection in vitro, and it is shed into the serum
and tissues of HIV-infected individuals in vivo [13]. Increasing
evidence has demonstrated that gp120 is cytotoxic to neurons,
lung microvascular endothelial cells, human arterial smooth
muscle cells, and umbilical vein endothelial cells, and it exerts
these effects through the activation of pro-oxidative, proinflam-
matory, and/or proapoptotic signaling pathways [14, 15].

Previous studies on hemorrhoids have primarily focused
on the role of vascular endothelial cells in angiogenesis,
inflammation, and apoptosis [16—18]. Hemorrhoids are char-
acterized by vascular lesions and hyperplasia in the anal
region. In addition to vascular endothelial cells, vascular
smooth muscle cells (VSMCs), a primary component of
vessel walls, may also play a vital role in the progression
of hemorrhoids. However, little is known about the role of
VSMC dysfunction in hemorrhoids. Previous research has
revealed that human VSMCs can be infected with HIV both
in vivo and in vitro, thereby exacerbating coronary athero-
sclerosis and vasculopathy in individuals infected with HIV
[19]. Therefore, we were curious about the role of VSMC
function in HIV-positive patients with hemorrhoids.

cGMP-dependent protein kinase 1 (PKG1), one of the
effector proteins of guanosine 3',5'-cyclic monophosphate
(cGMP), is a serine/threonine-specific protein kinase with
an N-terminal regulatory domain and a C-terminal catalytic
domain [20]. After transcription from the same gene, two
PKG1 isoforms, PKG1a and PKG1§, are produced by alterna-
tive splicing [21]. Previous studies have confirmed that PKG1
plays an important role in healthy VSMC function, including
the modulation of vasorelaxation and the contractile pheno-
type [22, 23]. A recent study reported that the treatment of
human mucosal epithelial cells with pseudotyped HIV type-1
(HIV-1) viral particles or recombinant gp120 protein (a type
of HIV envelope protein) resulted in increased PKG1 expres-
sion [24]. However, it is still unclear whether HIV can regu-
late PKG1 expression in gp120-treated VSMCs. If so, how
does PKG1 affect the function of VSMCs?

Thus, the present research hypothesizes that the upregula-
tion of PKG1 expression facilitates the proliferation, migra-
tion, and fibrosis of gp120-challenged VSMCs. The current
research aims to investigate the role of HIV-associated hem-
orrhoids from the perspective of VSMC function.
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Methods
Sample collection

In this study, a total of 24 male patients with hemorrhoids
who underwent anorectal surgery therapy were recruited
between 2021 and 2022 from the First Hospital of Chang-
sha (Hunan, China). For the diagnosis of hemorrhoids,
the guidelines for the diagnosis and treatment of hemor-
rhoids in China were followed. A total of 12 HIV-negative
participants were included in the control group. A total
of 12 HIV-positive patients were included in the hemor-
rhoids + HIV group. Hemorrhoid tissue samples were
collected from these patients during surgical removal.
This study was approved by the Ethics Committee of The
First Hospital of Changsha, with signed informed consent
obtained from the patients or their families. [1] Inclusion
criteria include symptomatic grade II to IV hemorrhoids
diagnosed during preoperative evaluation (note: none of
the 24 volunteers recruited in present study suffered from
Grade IV hemorrhoids); aged between 20 and 55 years; and
agreed to join the study and signed the informed consent
form. [2] Exclusion criteria include history of hemorrhoid
surgery or perianal surgery, with a surgical anastomosis
less than 3 cm from the dentate line; combination of hepa-
titis B virus or hepatitis C virus infections and medical
history of neoplastic, hematopoietic, or autoimmune dis-
eases; and other anal diseases (for example, anal fissure,
anal cancer, anal fistula).

Masson staining

To study fibrosis in the hemorrhoid tissue samples, Mas-
son staining was conducted. The tissue samples were fixed
with 4% paraformaldehyde overnight. Next, the tissue sam-
ples were decalcified in 20% ethylenediaminetetraacetic
acid, dehydrated in gradient concentrations of ethanol,
and embedded in paraffin. The sections were subsequently
stained with Masson’s trichrome (Solarbio) following the
manufacturer’s instructions. Finally, images were captured
under an optical microscope (Olympus, Tokyo, Japan).

Total RNA extraction and qPCR

Total RNA was extracted from hemorrhoid tissues and
VSMCs via TRIzol reagent (Beyotime) following the man-
ufacturer’s instructions. cDNA synthesis was performed
with a Script Reverse Transcription Reagent Kit (TaKaRa,
China). A SYBR Premix Ex Taq II Kit (TaKaRa) was used
for the qPCR process. The relative expression of the target
genes was calculated with the 2724 method. p-actin served
as a reference gene.
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Western blot (WB) assay

RIPA buffer (Beyotime Biotech) was used to extract total
protein from the lysates of hemorrhoid tissues or VSMCs.
Additionally, the cytoplasmic and mitochondrial proteins of
VSMCs were isolated following the manufacturer’s instruc-
tions for a commercially available cell mitochondrial isolation
kit (Beyotime Biotech). A bicinchoninic acid protein assay
kit (Beyotime) was used to determine protein concentrations.
After that, the protein samples were separated and transferred
onto PVDF membranes (Millipore, USA). Thereafter, the
PVDF membranes were blocked with 5% skim milk for 1 h
before they were incubated with primary antibodies against
the following proteins at 4 °C overnight (Abcam, Cambridge,
MA, USA): PKGI1 (ab154613, 1:1000), a-SMA (ab5831,
1:1000), MMP2 (ab86607, 1:5000), MMP3 (ab53015, 1:500),
TIMP1 (ab216432, 1:200), and p-actin (ab8226, 1:1000).
Next, the membranes were washed with 1% TBST and then
incubated with horseradish peroxidase-conjugated goat anti-
rabbit antibody (1:2500) for 2 h. Relative protein expression
was analyzed via Imagel software (National Institutes of
Health, USA) and normalized to the internal control -actin.

Immunofluorescence staining

Slices of hemorrhoid tissues and VSMCs were incubated
with blocking solution and then incubated with primary
antibodies against PKG1 (ab154613, 1:1000, Abcam) and
a-SMA (ab5831, 1:1000, Abcam). After being washed
three times, the slices were incubated with an Alexa Fluor
488-conjugated anti-rabbit antibody (ab150077, 1:500,
Abcam). DAPI solution was used to stain the cell nuclei.
All the slices were mounted with mounting medium and
observed under a microscope to count the number of PKG1-
and/or a-SMA-positive cells.

Cell culture and transfection

VSMCs were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were main-
tained in DMEM (Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific) and 1% antibiotics (Beyotime, Shanghai, China)
at 37 °C with 5% CO,. To knockdown PKG1 in VSMCs,
adenoviruses carrying short hairpin RNA targeting PKG1
(sh-PKGl1-1 and sh-PKG1-2), and the corresponding negative
controls (sh-NC) were synthesized by GenePharma (Shang-
hai, China). VSMCs were transfected with Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. To establish a model of
HIV infection in vitro, VSMCs were stimulated with gp120 at
a concentration of 100 ng/mL for 24 h according to previous
studies [25, 26] with slight modifications.

Cell counting kit-8 (CCK-8) assay

The viability of the VSMCs was determined via the CCK-8
assay (US Everbright, Suzhou, China; C6005) following
the manufacturer’s instructions. In brief, VSMCs were
seeded in 96-well plates at a density of 1x 10* cells/well
and incubated for 24 h until they adhered to the well. Next,
10 pl of CCK-8 was added to each well, followed by 1 h of
incubation at 37 °C. Finally, the absorbance was measured
at a wavelength of 490 nm via a Bio-Rad 550 microplate
reader (Bio-Rad).

EdU staining

Following the instructions of the EAU Apollo 567 In Vitro
Imaging Kit (RibiBio, Guangzhou, China), cell proliferation
was assessed. In brief, VSMCs were seeded in 24-well plates
at a density of 5x 10* cells/well and incubated for 48 h. The
cells were then treated with 50 pM EdU solution for 6 h,
fixed with paraformaldehyde, and permeabilized with Triton
X-100. After being stained with Apollo 567, the cells were
stained with DAPI solution. After that, the EdU-positive
cells were counted by fluorescence microscopy.

Wound healing assay

To study the migration of VSMCs, wound healing assay
was utilized. VSMCs (2 x 10° cells/well) from each group
were seeded in 6-well plates, with three wells for each
group, and cultured in an incubator at 37 °C and 5% CO,
for 24 h until the cells in monolayer were plated. A sterile
200-pL tip was used to scratch the monolayer of cells, and
the plate was washed with PBS, followed by culture for
24 h at 37 °C in an incubator with 5% CO,. The cells were
observed under a microscope (Olympus, Tokyo, Japan)
and photographed to record wound healing after 0 h and
24 h of culture. Finally, cell mobility was calculated on
the basis of changes in the wound size after O h and 24 h
of culture.

Statistical analysis

Each experiment was performed at least three times. The
data are presented as the means + standard deviations
(SDs), and statistical analyses were conducted via Graph-
Pad Prism 9.0 (GraphPad Software, Inc., San Diego, CA,
USA). Differences between two groups were analyzed via
unpaired Student’s ¢ test. Differences among three or more
groups were evaluated by one-way analysis of variance
(ANOVA) followed by a Newman—Keuls post hoc test.
The Benjamini—Hochberg procedure was used to adjust the
P values. A threshold of P <0.05 was defined as statisti-
cally significant.
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Results

Fibrosis and upregulation of PKG1 in HIV-infected
patients with hemorrhoids

First, Masson staining was conducted to observe smooth
muscle cells in the vessel walls of hemorrhoid tissue samples
from hemorrhoid patients with or without HIV infection. As
shown in Fig. 1A, normal red smooth muscle cells (indicated
by the black arrow) were observed in the vessel wall of con-
trol patients, whereas smooth muscle cells in vessel walls
were absent in hemorrhoid tissue samples from HIV-infected
patients. In addition, there was a significant increase in blue
collagen fibers (indicated by the red arrow), indicating that
HIV stimulated fibrosis in the smooth muscle cells of hemor-
rhoid tissues. Subsequently, PKG1 expression was measured
in hemorrhoid tissue samples. As expected, PKG1 expres-
sion was significantly increased in HIV-positive patients with
hemorrhoids (Fig. 1B-D). Similarly, the fluorescence intensi-
ties of both PKG1 and a-SMA were dramatically increased

A

in hemorrhoid tissue samples from HIV-positive hemorrhoid
patients (Fig. 1E-F). These data confirmed that fibrosis and
upregulated PKG1 expression occurred in tissues from HIV-
infected patients with hemorrhoids.

Proliferation, migration, and fibrosis were
stimulated in gp120-exposed VSMCs

To further investigate whether HIV stimulates fibrosis in vitro,
the VSMCs were exposed to 100 ng/mL gp120 for 24 h to
establish a cell model. The results from the CCK-8 assay and
EdU staining demonstrated that cell viability was dramati-
cally increased in gp120-exposed VSMCs (Fig. 2A—C). More-
over, a wound healing assay revealed that gp120 enhanced
the migration ability of VSMCs (Fig. 2D-E). Fibrosis of the
VSMCs was subsequently observed after the administration
of gp120. The mRNA and protein levels of fibrosis-associated
markers, including a-SMA, MMP2, MMP3, and TIMP1,
were significantly increased in gp120-stimulated VSMCs
(Fig. 2F-N). As expected, both the mRNA and protein levels
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Fig.1 Fibrosis and upregulation of PKG1 in HIV-infected patients
with hemorrhoids. A A total of 12 HIV-negative hemorrhoid patients
were included in the control group. A total of 12 HIV-positive hemor-
rhoids patients were included in the Hemorrhoids+HIV group. The
representative images of Masson’s trichrome-stained hemorrhoid
tissue samples is shown (the black arrow indicates normal smooth
muscle cells, while the red arrow indicates collagen fibers). B Results
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from qPCR revealed that mRNA expression of PKG1 was signifi-
cantly increased in HIV-positive hemorrhoids. C-D The protein
level of PKG1 in hemorrhoid tissue samples was measured by WB
analysis. The results revealed that PKG1 was elevated in the Hem-
orrhoids + HIV group. E-F The fluorescence intensity of PKG1 and
a-SMA were dramatically increased in hemorrhoid tissue samples
from HIV-positive hemorrhoid patients
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of PKG1 were markedly increased in gp120-treated VSMCs
(Fig. 20-Q). Immunofluorescence staining for PKG1 and
a-SMA was increased in gp120-induced VSMCs (Fig. 2R).
Thus, the administration of gp120 not only promoted the pro-
liferation, migration, and fibrosis of VSMCs, but also led to
an increase in PKG1 expression.

Silencing PKG1 mitigated fibrosis
in gp120-challenged VSMCs

To confirm the function of PKG1 in fibrotic VSMCs, sh-
PKGI1-1 and sh-PKG1-2 were transfected into VSMCs.
The results from the qPCR and WB analyses revealed that
PKG1 expression was dramatically decreased by sh-PKG1-1
or sh-PKG1-2 transfection. Notably, sh-PKG1-1 more sub-
stantially decreased the PKG1 levels than did sh-PKG1-2.
Given its superior silencing effects, sh-PKG1-1 was cho-
sen for further investigation (Fig. 3A—C). Next, the VSMCs
transfected with sh-PKG1 were challenged with gp120. As
showed in Fig. 3D-F, sh-PKG1 notably weakened gp120-
induced PKG1 expression in VSMCs. Moreover, inhibit-
ing PKGI decreased the viability and migration of gp120-
treated VSMCs (Fig. 3G-K). In addition, inhibiting PKG1
strongly inhibited gp120-induced fibrosis-associated marker
(-SMA, MMP2, MMP3, and TIMP1) expression in VSMCs
(Fig. 3L-T). The results of the immunofluorescence stain-
ing for a-SMA revealed a similar trend (Fig. 3U). Taken
together, these findings suggested that decreased PKG1
expression ameliorated fibrosis in gp120-exposed VSMCs.

Discussion

Although some related studies have shown that HIV infec-
tion contributes to disease progression and increases the
difficulty of treating proctological diseases, including hem-
orrhoids [9, 10], limited research has been conducted on
the molecular mechanisms underlying poor evolution of
HIV-associated hemorrhoid. The current study revealed that
fibrosis and upregulation of PKG1 expression were present
in tissues from HIV-infected patients with hemorrhoids.
Furthermore, PKG1 silencing ameliorated gp120-stimulated
VSMC proliferation, migration, and fibrosis.

Previous studies have revealed that HIV-mediated disrup-
tion of immune responses has downstream negative effects,
leading to the increased release of proapoptotic, profibrotic,
and proinflammatory cytokines [27]. This, in turn, triggers
vasofunctional disturbances, pulmonic fibrosis [28], hepatic
fibrosis [29], cardiac fibrosis [30], and fibrosis in other organs,
accelerating multiple organ damage. In the present study, for
the first time, evidence that fibrosis was present in tissues
from HIV-positive patients with hemorrhoids was obtained.

A previous study indicated that transactivator of transcrip-
tion (TAT), another HIV protein, promoted proliferation in
human pulmonary artery smooth muscle cells [31]. Similarly,
the administration of HIV gp120 facilitated the proliferation,
migration, and fibrosis of VSMCs. This evidence suggests
that HI'V-induced fibrosis plays an important role in the pro-
gression of hemorrhoids in HIV-positive patients. Given the
complexities of the wound repair process, it is unsurprising
that multiple cell types are involved in the biology of wound
healing. The wound repair process is associated with fibrosis
in VSMC:s. Similar cellular responses have been observed in a
variety of other pathological conditions related to fibrogenesis
and organ remodeling. Specifically, excessive proliferation,
migration, and fibrosis of VSMCs lead to increased neoin-
timal hyperplasia and vessel wall thickness, which, in turn,
results in vascular stenosis [32, 33]. This impairs vascular
function, particularly the transport of oxygen and nutrients
in damaged vessels. Consequently, VSMC fibrosis adversely
affects wound healing process and might contribute to
extended wound healing time of hemorrhoids in HIV patients.
Furthermore, due to the immune deficiency of HIV-positive
individuals, the postoperative wound of hemorrhoids in HIV
patients is more susceptible to be infected by bacteria and
viruses (including the patient’s own HIV) from the rectum,
perianal region, or the air environment. When it happened,
wounds can be a nidus for infection, which can cause the risk
of postoperative infection of these patients increase.

A recent study revealed that the treatment of human
mucosal epithelial cells with HIV-1 viral particles or the
gp120 protein led to the activation of PKG1 and thereby dis-
rupted epithelial cell junctions [24]; this study provided new
insight for preventing HIV transmission. Consistently, gp120
promoted PKG1 expression in VSMCs. Moreover, PKG1 was
significantly increased in HIV-positive patients with hem-
orrhoids. Functionally, PKG1 promoted fibrosis in HIV-
exposed VSMC:s. This can be explained as follows: silencing
PKG1 contributes to decreases in the expression of prolif-
eration, migration, and fibrosis markers (a-SMA, MMP?2,
MMP3, and TIMP1). Nevertheless, other studies have shown
that PKG1 has the opposite effect on fibrosis. Specifically, the
silencing of the PKG1 gene makes VSMCs from young rats
prone to profibrotic effects [34]. This contradictory phenome-
non may be attributed to different pathological conditions and
different disease backgrounds, indicating that understanding
the regulatory role of PKG1 in fibrosis requires specific anal-
yses under different conditions. In the current study, our cell
experiments focused solely on VSMC:s in the investigation of
the role of PKG1 in HIV-induced fibrosis in vitro. However,
HIV-induced fibrosis progression involves not only VSMCs
but also other cells, such as fibroblasts, mesenchymal stem
cells, and vascular endothelial cells. Therefore, the in vivo
environment is more complex, with a wider variety of cell
types involved, suggesting that the expression of a specific
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Fig. 2 Fibrosis promoted gp120-exposed VSMCs. The VSMCs were
stimulated with gp120 (100 ng/mL) for 24 h to establish the cell
model. A The results of the CCK-8 assay indicated that cell viability
was increased in gp120-exposed VSMCs. B—C EdU staining revealed
that cell proliferation was increased in gp120-exposed VSMCs. D-E
Detection of cell migration by wound healing assay revealed that
migration was increased in gp120-treated VSMCs. F-I The mRNA
expressions of a-SMA, MMP2, MMP3, and TIMP1 were increased

@ Springer

in gp120-exposed VSMCs. J-N WB analysis showed that the pro-
tein levels of a-SMA, MMP2, MMP3, and TIMP1 were enhanced in
gp120-exposed VSMCs. O PKG1 mRNA expression was improved
in gp120-exposed VSMCs. P-Q WB analysis showed that the pro-
tein level of PKG1 was improved in gp120-exposed VSMCs. R The
upregulation of PKG1 and a-SMA in gp120-induced VSMCs was
observed by immunofluorescence staining
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PKG1 expression was dramatically decreased by sh-PKGI1-1 or sh-
PKGI1-2 transfection. C-T VSMCs transfected with sh-PKG1 were
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with sh-PKGI1 notably weakened gpl120-induced increases in both
the mRNA (D) and protein (E-F) expression of PKG1 in VSMCs.
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PKG1 strongly depressed the proliferation of gp120-treated VSMCs.
J-K Wound healing assay showed that inhibiting PKG1 suppressed
the migration of gp120-treated VSMCs. L-O Silencing PKG1 led to
inhibit the mRNA expression of a-SMA, MMP2, MMP3, and TIMP1
in gp120-treated VSMCs. P-T Silencing PKG1 led to inhibit the pro-
tein levels of a-SMA, MMP2, MMP3, and TIMP1 in gp120-treated
VSMCs. U a-SMA was detected via immunofluorescence staining.
The results showed that inhibiting PKG1 suppressed gp120-induced
a-SMA expression
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Fig.3 (continued)

gene may not necessarily be consistent between in vitro and
in vivo models. Thus, the findings might not be generalizable
to other diseases or tissues.

In addition, this study relied primarily on in vitro experi-
ments and cellular models, which may not fully replicate
the complex interactions and dynamics that occur in
vivo. Moreover, the present research did not explore the
roles of other potential molecular mechanisms or certain
downstream signaling pathways regulated by PKGI in the

@ Springer

development of HIV-associated hemorrhoids, which is a
limitation of this study. It is possible that additional factors
beyond PKG1 could contribute to the observed deleteri-
ous effects. In future studies, we will further investigate the
effects of PKG1-related signaling pathways and whether
they are involved in the process of HIV-induced fibrosis.
A review of numerous studies revealed that the Smad2/3
signaling pathway is involved in fibrosis induced by mul-
tiple factors in various organs, tissues, and cells [35-37].
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Thus, we will explore the role of the Smad2/3 signaling
pathway in HIV-induced fibrosis of VSMCs. Given that
PKGI is stimulated by gp120 and contributes to the fibrosis
of VSMCs, we hypothesized that PKG1 may be a promis-
ing candidate target for further investigation. For example,
research on small-molecule peptides or antibodies that
target PKG1 could be a promising approach. Additionally,
mixed lineage kinase 3 (MLK3) is a substrate for PKGla,
whereas inositol trisphosphate receptor-associated cGMP-
kinase substrate 1 (IRAG1) is a substrate for PKG1 [38,
39]. Thus, MLK3 and IRAG1 also merit further attention.
Insights into the targeting of PKGI1 or related signaling
pathways and substrates will enable the future development
of methods for inhibiting HIV-induced fibrosis progression
that function through novel mechanisms of action in the
treatment of HIV-associated hemorrhoids. However, addi-
tional animal studies or clinical studies on these potential
therapeutic strategies for treating HIV-associated hemor-
rhoids are need to provide theoretical support.

Conclusions

In conclusion, this study provides the first insights into the role
of PKGI in regulating the proliferation, migration, and fibrosis
of VSMC:s to exert deleterious effects on HIV-associated hem-
orrhoids. Inhibiting PKG1 could be a promising therapeutic
approach for the treatment and management of hemorrhoids in
HIV-positive patients. In addition, the exploration of fibrosis of
VSMC:s will provide valuable directions for our future research
on hemorrhoids and other anorectal diseases.
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