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Abstract

Background: Calcific aortic valve disease (CAVD) is a progressive condition characterized by inflammation and fibrous calcification
remodeling, with aortic valve fibrosis (AVF) representing the associated subclinical phase. Early intervention with oral medication during
the AVF stage may prevent and slow the development and progression of CAVD. Previous studies have demonstrated that individuals
with diabetes are at an elevated risk of CAVD and also experience a significantly higher incidence of aortic valve stenosis, which rapidly
advances from mild to severe stages. Significantly, the adverse effects of glucose fluctuations (GFs) on cardiovascular diseases exceed
those associated with persistent hyperglycemia. Nonetheless, the mechanisms through which GFs contribute to AVF, the early stage of
CAVD, remain inadequately understood. Consequently, this study aimed to investigate the inflammatory mechanisms underlying AVF
induction in response to fluctuations in glucose levels. Methods: Diabetic rat models were established through intraperitoneal injection
of streptozotocin (STZ). GFs in these diabetic rats were managed by alternating between a Western diet and periods of fasting. Infliximab
was administered to inhibit inflammation mediated by tumor necrosis factor-alpha (TNF-«). For the in vivo study, echocardiographic
assessments of the aortic valve and left ventricular function were conducted on the diabetic rats after eight weeks. Aortic valves from
various groups of rats were dissected to test fibrosis, extracellular matrix remodeling, and variations in inflammatory factors, which were
examined using hematoxylin and eosin (HE) staining, modified Movat—Russell pentachrome staining, and immunohistochemical staining,
respectively. For the in vitro study, porcine valvular interstitial cell (VIC) cultures were used to establish GF-induced fibrosis, thereby
elucidating the underlying inflammatory mechanisms. Results: Our study demonstrated that GFs exacerbate AVF and dysfunction
in diabetic patients. This is characterized by increased peak blood flow velocity and peak cross-valve gradient of the aortic valve.
Furthermore, we observed intensified TNF-c-mediated inflammatory responses, characterized by the upregulation of T lymphocytes
and macrophages, as well as activation of the Janus kinase 1 (JAK1)/signal transducer and activator of transcription 3 (STAT3) pathway.
Notably, these pathological processes were ameliorated by the administration of infliximab, resulting in the downregulation of fibrotic and
inflammatory markers, as well as improved echocardiographic indices. Our research findings indicate that TNF-a-mediated inflammation
exacerbates fibrotic aortic valve processes through GFs, which are mediated by the JAK1/STAT3 signaling pathway. Conclusions:
Targeting TNF-a may serve as a potential therapeutic target to mitigate the progression of inflammation-induced aortic valve damage
and fibrosis.
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1. Introduction logical stage of CAVD, is distinguished by the activation
of quiescent VICs, remodeling of the extracellular matrix,
and the infiltration of an inflammatory response, eventu-
ally leading to aortic valve stenosis and calcification [3,4].
As calcification deposition progressively deteriorates, AVF
may advance to aortic valve stenosis, heart failure, and po-
tentially mortality [5]. The primary therapeutic intervention
for CAVD includes surgical or transcatheter aortic valve
replacement, both of which are associated with a substan-

Calcified aortic valve disease (CAVD) is a progres-
sive cardiovascular condition characterized by fibrosis and
calcification of the aortic valve leaflets [1]. The patho-
genesis and progression of CAVD involve a complex, cell-
driven process, in which valvular endothelial cells (VECs)
and valvular interstitial cells (VICs), in conjunction with
their interactions with the extracellular matrix, play a piv-
otal role [2]. Aortic valve fibrosis (AVF), an initial patho-
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tial risk of adverse events and considerable healthcare ex-
penses [6]. Regrettably, no pharmacological interventions
have currently been identified that can reverse or deceler-
ate the progression of CAVD. Clinical trials have demon-
strated that conventional cardiovascular medications, in-
cluding statins and renin—angiotensin system inhibitors, are
ineffective in slowing the progression of CAVD [1]. Conse-
quently, the exploration of therapeutic targets for the early
stage of CAVD, particularly AVF, constitutes a significant
challenge in clinical practice that necessitates urgent atten-
tion.

Diabetes represents a longstanding public health
challenge and serves as an independent risk factor for
CAVD, significantly affecting individuals worldwide [4,7].
Histopathological analyses have demonstrated that individ-
uals with both diabetes and CAVD exhibit more severe
valvular calcification, accelerated disease progression, and
poorer prognostic outcomes compared to those without di-
abetes. Experimental models exploring hyperlipidemia and
hyperglycemia have consistently identified the aortic valve
as the primary site impacted by these metabolic stressors
[8]. In clinical practice, hyperglycemia in individuals with
diabetes predominantly presents in two forms: persistent
hyperglycemia and glucose fluctuations (GFs). The latter
refers to the unstable condition characterized by oscillations
in blood glucose levels between peak and trough values [9].
Recent research indicates that GFs have a more significant
adverse effect on the cardiovascular system compared to
persistent hyperglycemia [10]. Nevertheless, the precise
mechanisms through which GFs contribute to cardiovascu-
lar damage are not yet fully understood. Therefore, it is
hypothesized that GFs may present a greater risk to indi-
viduals with CAVD than persistent hyperglycemia.

Tumor necrosis factor-alpha (TNF-«) is a multifunc-
tional cytokine that is integral to numerous biological
processes, including cell apoptosis, survival, and prolif-
eration. TNF-« is predominantly secreted by activated
macrophages and T lymphocytes [11,12]. Infliximab, a
monoclonal antibody targeting TNF-«, has been approved
for the management of various chronic inflammatory dis-
eases. Infliximab functions by binding to both soluble
and transmembrane forms of TNF-a, thereby preventing
their interaction with TNF receptors (TNFRs). This ac-
tion effectively inhibits the release of proinflammatory cy-
tokines, thereby mitigating the inflammatory response. No-
tably, TNF-« has been identified in calcified aortic valves
of both human and murine origin [13]. TNF-« significantly
contributes to aortic valve calcification by affecting vari-
ous processes, such as exacerbating damage to VECs, pro-
moting monocyte adhesion, and facilitating foam cell for-
mation [14-17]. However, the specific molecular mecha-
nisms underlying TNF-a-mediated calcification of the aor-
tic valve remain inadequately elucidated. The Janus ki-
nase (JAK)/signal transducer and activator of transcription
(STAT) signaling pathway, a widely expressed intracellu-

lar signaling cascade, plays a crucial role in various bio-
logical processes, including cellular proliferation, differ-
entiation, apoptosis, and immune regulation [18]. More-
over, this pathway serves as a direct mechanism for modu-
lating gene expression in response to extracellular stimuli.
Abundant studies have demonstrated a strong correlation
between the persistent activation of the JAK/STAT signal-
ing pathway and the onset of immune and inflammatory dis-
eases, underscoring its significance as a therapeutic target
for cardiovascular diseases [19—22]. A previous study has
explicitly demonstrated that the JAK/STAT signaling path-
way is integral in mediating inflammation, cell apoptosis,
and calcification triggered by dsRNA, thereby facilitating
valve calcification [23]. As a result, the JAK/STAT signal-
ing pathway presents as a promising target for therapeutic
intervention in the management of CAVD.

This study aimed to examine the impact of GFs on
the progression of AVF in rats with streptozotocin (STZ)-
induced diabetes, as well as the underlying mechanisms
involved. The findings suggest that the activation of the
JAK1/STATS3 signaling pathway, triggered by TNF-q, is a
crucial factor contributing to the pathogenesis of AVF in the
presence of GFs.

2. Materials and Methods
2.1 Material

Primary polyclonal rabbit antibodies against CD3
(ab16669, Abcam Plc, Cambridge, UK), CD68 (ab955, Ab-
cam Plc, Cambridge, UK), TNF-« (ab6671, Abcam Plc,
Cambridge, UK), transforming growth factor-31 (TGF-
B1; ab92486, Abcam Plc, Cambridge, UK), a-smooth
muscle actin (@-SMA; ab7817, Abcam Plc, Cambridge,
UK), and JAK1 (ab138005, Abcam Plc, Cambridge, UK)
proteins were purchased from Abcam, UK. Addition-
ally, primary polyclonal rabbit antibodies against colla-
gen 1 (14695-1-AP, Proteintech Group, Inc., Chicago, IL,
USA) and collagen 3 (227345-1-AP, Proteintech Group,
Inc., Chicago, IL, USA) were procured from Proteintech,
USA. Phospho-STAT3 (p-STAT3, 381552, Zen Bioscience,
Chengdu, China) and total-STAT3 (t-STAT3, 251611, Zen
Bioscience, Chengdu, China) were acquired from Zen Bio-
science, China. Injectable infliximab (CN-30069V, Cilag
AG, Schaffhausen, Switzerland) was sourced from Cilag
AG, Switzerland. Furthermore, an improved hematoxylin—
eosin (HE) staining kit (G1121, Solarbio Technology Co.,
Ltd., Shanghai, China) and the modified Movat—Russell
pentachrome staining kit (G3700, Solarbio Technology
Co., Ltd., Shanghai, China) were purchased from Solar-
bio, China. In addition, the concentrated SABC-POD
(Mouse/Rabbit IgG) kit (SA2010, BOSTER Biological
Technology Co., Ltd., Wuhan, China), DyLight 488 con-
jugated AffiniPure goat anti-mouse IgG (H + L) (BA1126,
BOSTER Biological Technology Co., Ltd., Wuhan, China),
DyLight 594 conjugated AffiniPure goat anti-rabbit IgG (H
+ L) (BA1142, BOSTER Biological Technology Co., Ltd.,
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Wuhan, China), ethylenediaminetetraacetic acid (EDTA)
antigen retrieval solution (AR0023, BOSTER Biological
Technology Co., Ltd., Wuhan, China), 4’,6-diamidino-2-
phenylindole (DAPI) staining solution (AR1176, BOSTER
Biological Technology Co., Ltd., Wuhan, China), hu-
man TNF-« enzyme-linked immunosorbent assay (ELISA)
kit (EK0525, BOSTER Biological Technology Co., Ltd.,
Wuhan, China), and human TGF-81 ELISA kit (EK0513,
BOSTER Biological Technology Co., Ltd., Wuhan, China)
were obtained from Boster, China. The human collagen
1 ELISA kit (CSB-EL005716HU, CUSABIO BIOTECH
CO., Ltd., Wuhan, China) was obtained from CUSABIO,
China.

2.2 In Vitro Model of Glucose Fluctuations

Primary porcine aortic valve interstitial cells
(pAVICs) were isolated from porcine aortic valves through
a collagenase digestion process, as previously described
in the literature (The relevant identification data for the
primary cells have been included in the supplementary
materials for reference) [24]. In this investigation, pAVICs
from passages three to six were employed. The cells
were cultured at 37 °C in a humidified environment
with 5% COs, utilizing Dulbecco’s Modified Eagle’s
Medium (DMEM; 11885-084, Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS;
10270-106, Gibco, Grand Island, NY, USA), 1% penicillin
G and streptomycin (15140122, Gibco, Grand Island, NY,
USA). The study applied a previously established method
for modeling GFs in vitro. Upon achieving approximately
50% to 60% confluency, the cells were allocated into
three distinct treatment groups: glucose control group
(CTRL), high glucose (HG), and GFs. The CTRL group
cells were cultured in a medium containing 5.5 mmol/L
glucose, whereas the cells in the HG group were exposed
to a medium with 25 mmol/L glucose. The cells in the
GF group underwent alternating incubation between 5.5
mmol/L and 25 mmol/L glucose every 12 hours over
a 72-hour period. Infliximab is a specific monoclonal
antibody that inhibits TNF-«, exerting therapeutic effects
by suppressing its proinflammatory activity. In vitro
data obtained from ELISA in this study confirmed that
infliximab treatment effectively blocks TNF-a activation
(Supplementary Fig. 2). Concurrently, each group of
pAVICs was independently exposed to 10 pg/mL of TNF-«
and infliximab to examine the effects of these agents on
fibrosis in pAVICs.

2.3 In Vivo Experimental Animal Models

Healthy Sprague-Dawley male rats, weighing 180-
200 g, were procured from the Jiangsu Institute of Schis-
tosomiasis Control in China. Subsequently, the rats were
housed in cages equipped with food and water, situated in
an environment maintained under standard conditions: tem-
perature of 22 °C £ 2 °C, humidity levels of 55% =+ 5%,
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and a 12-hour light—dark cycle. All experimental proce-
dures were performed in compliance with the protocol ap-
proved by the Ethics Committee for Animal Experiments at
the Affiliated Wuxi People’s Hospital of Nanjing Medical
University (Ethics No. DL2024015). All animal experi-
ments conducted in this study comply with the Regulations
on Laboratory Animals issued by the National Science and
Technology Commission and the Implementation Rules for
the Regulations on Medical Laboratory Animals promul-
gated by the Ministry of Health. Each cage accommodated
4-5 rats, with the bedding being routinely replaced to en-
sure a clean and dry environment.

To develop an animal model of diabetes in rats, we
administered an intraperitoneal injection of STZ (Sigma-
Aldrich Corp., St. Louis, MO, USA) at a dose of 60 mg/kg,
as outlined in our previous study [9]. Rats exhibiting blood
glucose levels greater than 16.7 mmol/L at one week post-
injection were selected for subsequent experimental pro-
cedures. The rats were randomly allocated into five dis-
tinct groups: the glucose control group (CTRL), the per-
sistent hyperglycemia group (HG), the diabetes with GFs
group (GF), the persistent hyperglycemia with infliximab
injection group (HG + IFX), and the GF with infliximab
injection group (GF + IFX). In the HG + IFX and GF +
IFX groups, rats received intraperitoneal injections of in-
fliximab weekly at a dosage of 5 mg/kg for a period of eight
weeks. In contrast, other groups were administered physi-
ological saline. The CTRL group was subjected to insulin
therapy, receiving long-acting insulin (glargine insulin, 20
1U/kg; Sanofi-Aventis Co., Paris, France) twice daily to en-
sure stable glycemic control. To induce GFs in diabetic rats,
a regimen alternating between 24-hour fasting and 24-hour
ad libitum feeding was employed [25]. During the fasting
intervals, rats were administered conventional insulin (in-
sulin Aspart, 0.5 IU/kg; Novo Nordisk Corp., Copenhagen,
Denmark) to reduce blood glucose levels when they ex-
ceeded 5.5 mmol/L. Following an 8-week fasting regimen,
the rats were provided with unrestricted access to food for
two days, commencing 24 hours before the conclusion of
the fasting period, before being euthanized for experimental
purposes. For euthanasia, animals were anesthetized with
5% isoflurane, anesthesia was confirmed by tail pinch, and
then sacrificed by cervical dislocation. During the exper-
iment, aortic valves were excised, and individual samples
were immediately fixed in 4% paraformaldehyde (PFA) for
subsequent analysis.

2.4 Comprehensive Echocardiographic Analysis

Following the completion of the modeling process,
each rat within the respective groups was marked and sub-
sequently administered 10% pentobarbital sodium into the
lower abdomen at a dosage of 50 mg/kg of the related
body weight to induce anesthesia. Upon achieving ade-
quate anesthesia, the thoracic hair of the rats was care-
fully removed using a hair clipper to expose the underlying
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skin. Thereafter, continuous Doppler technology was em-
ployed to evaluate aortic valve function across the different
rat groups, while left ventricular function was assessed us-
ing two-dimensional (2D) ultrasound technology. Specifi-
cally, the apical 3-chamber view and the parasternal long-
axis view were utilized to evaluate the aortic valve and left
ventricular function, respectively. For the comprehensive
analysis and acquisition of essential measurement values,
the built-in measurement module of the ultrasound diagnos-
tic instrument (Philips IE33, Koninklijke Philips N.V., Am-
sterdam, Netherlands) was employed. The parameters for
cardiac evaluation included left ventricular ejection fraction
(LVEF), left ventricular fractional shortening (LVFES), left
ventricular internal diameter in systole (LVIDs), left ven-
tricular internal diameter in diastole (LVIDd), aortic root
diameter, mean blood flow velocity across the aortic valve
(Vmean), peak blood flow velocity across the aortic valve
(Vmax), mean transvalvular pressure gradient of the aortic
valve (meanPQ@), and peak transvalvular pressure gradient
of the aortic valve (maxPG).

2.5 Histopathological Examination

The rat aortic valves were fixed in 4% PFA in
phosphate-buffered saline (PBS) at 4 °C overnight. Subse-
quently, the tissue was dehydrated through a graded ethanol
series, treated with xylene, and embedded in paraffin wax.
Tissue sections, with a thickness of 6 um, were prepared us-
ing a Leica microtome. HE staining was employed to elu-
cidate the fundamental pathological alterations in the aortic
valves of diabetic rats.

2.6 Modified Movat—Russell Pentachrome Staining

The paraffin-embedded aortic valve sections were
subjected to anti-detachment treatment, followed by the
application of the modified Movat—Russell pentachrome
staining protocol, as recommended by the manufacturer.
The stained sections were then examined microscopically,
revealing distinct coloration: nuclei and elastic fibers ap-
peared black, collagen and reticular fibers were yellow, pro-
teoglycans exhibited a blue-green hue, cellulose-like struc-
tures and cellulose structures were dark red, and myocar-
dial smooth muscle was red. Images were captured using
a Nikon Eclipse 501 microscope (Nikon, Tokyo, Japan) in
conjunction with NIS-Elements F software (NIS-Elements
F software Version 4.60, Nikon, Tokyo, Japan). For the
morphometric analysis of staining, a minimum of three
fields per section were photographed to quantify the inten-
sity and density of the positive signals. Image-Pro Plus 6.0
software (Image-Pro Plus software Version 6.0, Media Cy-
bernetics, Silver Springs, MD, USA) was employed, uti-
lizing the integrated optical density (IOD) parameter and
the straw tool to identify positive signals. A selection range
was established to filter out impurities, thereby ensuring the
reliability of the data. The ratio of IOD to the image area
(IOD/area) of the proteoglycan regions was calculated and

analyzed for comparison and statistical evaluation among
the different rat groups.

2.7 Immunohistochemistry

For the immunohistochemical analysis of CD3, CD68,
TNF-q, collagen 1, collagen 3, a-SMA, JAK1, and STAT3
expression, our study employed transverse 4% PFA-fixed,
paraffin-embedded aortic valve sections (6 um thick). The
procedure commenced with the dewaxing and hydration
of the sections, followed by the inhibition of endogenous
peroxidase activity using 3% hydrogen peroxide for 30
minutes. Subsequently, the sections were immersed in
an EDTA antigen retrieval solution and subjected to mi-
crowave heating at high temperature for 5 minutes. This
process was allowed to cool to room temperature and was
repeated twice. To reduce nonspecific binding, the tissue
sections were incubated with 5% goat serum at room tem-
perature for one hour. The primary antibody was applied
and incubated at 4 °C overnight. This was followed by a
60-minute incubation with a biotinylated secondary anti-
rabbit and anti-mouse IgGs, and detection was performed
using 3,3’-diaminobenzidine (DAB). Hematoxylin staining
was applied for counterstaining. The sections were then vi-
sualized using a microscope, and the resulting images were
quantitatively analyzed using Image ProPlus 6.0 software.
The data are presented as the IOD/area.

2.8 Western Blot Analysis

Cells were lysed using ice-cold RIPA buffer (89900,
Pierce Co., Rockford, IL, USA) supplemented with pro-
tease and phosphatase inhibitors (04693159001, Roche,
Basel, Switzerland), in accordance with the manufac-
turer’s recommended protocols. Immunoblotting was sub-
sequently employed to analyze collagen 1, TGF-51, p-
STAT3, t-STAT3, and [-actin. The lysate was ini-
tially subjected to separation via sodium dodecyl sulfate—
polyacrylamide gel -electrophoresis (SDS-PAGE) and
subsequently transferred onto a polyvinylidene fluoride
(PVDF) membrane (10600121, Amersham Biosciences
Co., Chicago, IL, USA). To prevent nonspecific binding,
the PVDF membrane was then incubated with a 5% skim
milk solution at room temperature for one hour. Follow-
ing this blocking step, the membrane was incubated with
the specified primary antibody. After the incubation pe-
riod, the membrane underwent washing with PBS contain-
ing 0.05% Tween 20. Finally, the membrane was treated
with a peroxidase-conjugated secondary antibody specific
to the primary antibody. Following additional washing
steps, the membrane was incubated with enhanced chemi-
luminescence reagents and subsequently exposed to X-ray
film for visualization. The resulting immunoblot bands
were quantified using a densitometer in conjunction with
ImagelJ software (Version 1.8, Scion Corp, Frederick, MD,
USA). Density standardization served as a control treat-
ment, while relative folding standardization was applied to
[-actin to ensure the accuracy of the quantification process.
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Fig. 1. Glucose fluctuations adversely affect the function of the aortic valve and left ventricular function in diabetic rat models.
(A) The aortic valve functions in diabetic rats from the glucose control (CTRL), high glucose (HG), and glucose fluctuations (GF) groups.
(B-E) The peak and mean blood flow velocity across the aortic valve (Vmax and Vmean), as well as the peak and mean transvalvular
pressure gradients of the aortic valve (maxPG and meanPG), were measured in diabetic rats from the CTRL, HG, and GF groups (n =3
per group). (F) The left ventricular function in three cohorts of diabetic rat models. (G-I) The left ventricular ejection fraction (LVEF),
left ventricular fractional shortening (LVFS), and left ventricular internal diameter in systole (LVIDs) were assessed in diabetic rats (n =
5 per group). The data are presented as the mean £ SEM. Statistical analyses were conducted utilizing one-way ANOVA, followed by
post hoc corrections to account for multiple comparisons (Fig. 1B-E, G-I). *p < 0.05. SEM, standard error of the mean.
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Fig. 2. Inhibition of TNF-« attenuates glucose fluctuations-induced proteoglycan deposition in the aortic valves of diabetic rat

models. (A) HE staining was utilized to examine the morphology of the tricuspid aortic valves across five cohorts of diabetic rats. (B,C)

Modified Movat—Russell pentachrome staining demonstrated an increased deposition of proteoglycans (indicated by arrows) in the aortic

valves of the HG and GF rat cohorts in comparison to the CTRL cohort. However, administration of infliximab reduced proteoglycans

(arrows) in both the HG and GF groups (n =5 per group). The data are presented as the mean £ SEM. Statistical analyses were conducted

utilizing one-way ANOVA, followed by post hoc corrections to account for multiple comparisons (Fig. 2C). *p < 0.05, scale bar = 100

pm. TNF-q, tumor necrosis factor alpha; HE, hematoxylin and eosin; ANOVA, analysis of variance.

2.9 Immunofluorescence

To elucidate the relationship between CD3 and JAK,
as well as CD68 and JAKI1 expression, immunofluores-
cence co-staining was conducted on the aforementioned
aortic valve sections. Initially, the paraffin-embedded sec-
tions (6 um thick) underwent dewaxing and hydration pro-
cessing, followed by the inhibition of endogenous perox-
idase activity using 0.3% hydrogen peroxide for 30 min-
utes. Subsequently, antigen retrieval was achieved by im-
mersing the sections in an EDTA solution and subjecting
them to high-temperature microwave treatment for 5 min-
utes. After cooling to an ambient temperature and repeat-
ing the procedure twice, the tissue slices were incubated
with 5% goat serum at room temperature for one hour to
reduce non-specific binding. Subsequently, primary anti-
bodies from different species were applied and incubated
at 4 °C overnight. This was followed by incubation with
the corresponding fluorescent secondary antibodies at room
temperature in the dark for one hour. Finally, the samples
were stained with DAPI, and images were acquired from
each slice using a confocal microscope. For the statistical
analysis of positively stained cells by each antibody, a min-
imum of three fields per section were randomly selected.
The intensity and density of the positive signals associated
with individual cells were quantified using the Image-Pro
Plus 6.0 software. The results are expressed as [OD/area.

2.10 Enzyme-Linked Immunosorbent Assay

To assess the efficacy of IFX in inhibiting TNF-«
activation and its related downstream signaling pathways,
specifically those involving collagen 1 and TGF-51, we
performed an ELISA on cell supernatants that had been

subjected to TNF-a stimulation and IFX treatment. The
preparation of samples and standards adhered strictly to the
experimental protocols recommended by the manufacturer.
Biotin-labeled antibodies were subsequently added, and the
reaction was incubated at 37 °C for 60 minutes. Follow-
ing this, the samples underwent three washes with PBS, af-
ter which an avidin—biotin complex (ABC) was introduced,
and the reaction was maintained at 37 °C for an additional
30 minutes. The samples were then washed five times with
PBS before the addition of the tetramethylbenzidine (TMB)
substrate, allowing the reaction to proceed at 37 °C for 15
to 20 minutes. A stop solution was subsequently applied,
and the optical density (OD) was measured using a plate
reader. A standard curve was generated from the standards
to quantify the concentration of the samples.

2.11 Statistical Analysis

Data are presented as the mean + standard error of
the mean (SEM). Statistical analyses were conducted us-
ing IBM SPSS Statistics Version 2.0 software (IBM, Ar-
monk, NY, USA). For comparisons between two groups,
Gaussian-distributed numerical variables were analyzed us-
ing the Student’s f-test, preceded by Levene’s test for equal-
ity of variance. For comparisons involving three or more
groups, a one-way analysis of variance (ANOVA) was uti-
lized, with subsequent pairwise comparisons performed
using Tukey’s honestly significant difference (HSD) test.
Non-Gaussian numerical variables were evaluated using the
Mann—Whitney non-parametric test. Two-sided probability
p-values < 0.05 were considered statistically significant.
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Fig. 3. Inhibition of TNF-a mitigates glucose fluctuations-induced aortic valve fibrosis. (A,B,D,E) Immunohistochemical staining

for collagen 1 and 3 (indicated by arrows) demonstrated enhanced collagen deposition in the aortic valves of the HG and GF diabetic rat

models. However, treatment with infliximab was observed to mitigate this collagen accumulation. (C,F) Immunohistochemical analysis

for a-SMA (arrows) revealed an increased fibrotic response in the aortic valves of the diabetic rats in the HG and GF groups; however,

infliximab treatment reduced this progression (n = 5 per group). The data are presented as the mean + SEM. Statistical analyses were

conducted utilizing one-way ANOVA, followed by post hoc corrections to account for multiple comparisons (Fig. 3D-F). *p < 0.05,

scale bar = 50 pm or 100 pm. a-SMA, a-smooth muscle actin.

3. Results

3.1 Glucose Fluctuations Impair the Function of the
Aortic Valve and Left Ventricle in Diabetic Rats

As depicted above, three distinct groups of rat mod-
els were established to examine the effects of GFs on aortic
valve function in diabetic rats: CTRL, HG, and GF. The
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cardiac ultrasound results for these groups after 8 weeks
are presented in Fig. | (Fig. |AF). Compared to both the
CTRL and HG groups, the GF group demonstrated signifi-
cantly elevated Vmax and maxPG values, with these differ-
ences reaching statistical significance (p < 0.05). Although
the Vmax and maxPG values in the HG group were higher
than those in the CTRL group, the difference did not attain
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Fig. 4. Inhibition of TNF-a reduced inflammation induced by glucose fluctuations in the aortic valves of diabetic rat models.
(A,D) Immunostaining for TNF-« (indicated by arrows) revealed an elevated expression of the TNF-a protein in the aortic valves of
the HG group, with an even greater upregulation observed in the GF group. Notably, the inhibition of TNF-a effectively reversed
this upregulation in both the HG and GF groups. (B.E) The HG and GF groups exhibited an increased infiltration of CD3-positive T
lymphocytes compared to the CTRL group; however, this increase could be mitigated by the inhibition of TNF-«. (C,F) The HG group
showed increased CD68-positive macrophage infiltration compared to the CTRL group, and the GF group showed even higher levels;
however, TNF-« inhibition could reduce this upregulation (n = 5 per group). The data are presented as the mean = SEM. Statistical
analyses were conducted utilizing one-way ANOVA, followed by post hoc corrections to account for multiple comparisons (Fig. 4D-F).

*p < 0.05, scale bar = 50 um or 100 um.
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Fig. 5. TNF-a-mediated inflammation could exacerbate fibrosis in vitro in porcine aortic valve interstitial cells across different

glucose levels. (A,B,E,F) In the primary porcine aortic valve interstitial cells (pAVICs) groups, both HG and GF conditions were found

to upregulate collagen 1 protein expression. Moreover, the proinflammatory cytokine TNF-« aggravated this upregulation under HG

conditions, with an even more pronounced effect observed under GF conditions. Conversely, the inhibition of TNF-« could reverse these

upregulations in both the HG and GF groups. (C,D,G,H) TGF-f1 protein expression increased under both HG and GF conditions, with

TNF-« further enhancing this increase, especially under GF conditions. The inhibition of TNF-« reversed these effects in both groups

(n =4 per group). The data are presented as the mean & SEM. Statistical analyses were conducted utilizing one-way ANOVA, followed

by post hoc corrections to account for multiple comparisons (Fig. 5SE-H). *p < 0.05.

statistical significance (Fig. 1B,C). Meanwhile, there were
no significant differences in the Vmean and meanPG val-
ues among the three groups of rats (Fig. 1D,E). Similarly,
the inner diameter of the aortic root did not differ signif-
icantly among the groups. However, further examination
of the impact of blood glucose concentration on left ven-
tricular function revealed that the GF group exhibited sig-
nificantly reduced LVEF and LVFS compared to the HG
group, with these reductions being more pronounced than
those observed in the CRTL group (Fig. 1G,H). Further-
more, the LVIDs in the GF group of rats were markedly
increased in comparison to both the HG and CTRL groups.
Importantly, there was no statistically significant difference
in the LVIDd among the three groups (Fig. 11).

3.2 Glucose Fluctuations Exacerbate Aortic Valve Fibrosis
in Diabetic Rats

The rat aortic valve sections underwent HE staining
as well as modified Movat-Russell pentachrome staining
to assess the effects of GFs on aortic valve function in vivo.
The findings demonstrated heightened expression of pro-
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teoglycans in the aortic valve specimens from the HG and
GF groups compared to the CTRL group. Furthermore, the
aortic valve in the GF group displayed increased thicken-
ing relative to the HG group, although the expression level
of proteoglycans was not significantly increased (Fig. 2A—
C). Immunohistochemical analysis indicated a significant
upregulation in collagen 1, collagen 3, and a-SMA expres-
sion in the rat aortic valve samples from the HG and GF
groups compared to the CTRL group (Fig. 3A—C). Notably,
the expressions of collagen 1 and collagen 3 were signifi-
cantly elevated in the GF group relative to the HG group,
whereas the a-SMA levels did not exhibit significant vari-
ations (Fig. 3D—F). These results collectively indicate an
enhancement in the fibrotic morphology of the aortic valve
in diabetic rats subjected to fluctuations in glucose levels.

3.3 Glucose Fluctuations Result in Enhanced Infiltration
of TNF-« In Vivo, Accompanied by Elevated CD3 and
CD68 Expressions

Immunohistochemical analysis of the rat aortic valves
was employed to quantify the expression levels of inflam-
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Fig. 6. TNF-« activated the JAK1/STAT3 pathway in vitro in porcine aortic valve interstitial cells under varying glucose concen-

trations. (A,B.E.F) In the pAVIC groups, both the HG and GF conditions upregulated the JAK1 protein expression. The presence of

TNF-« exacerbated this upregulation under HG conditions, with a more pronounced effect observed under GF conditions. Conversely, the

inhibition of TNF-« effectively reversed these upregulations in both the HG and GF groups. (C,D,G,H) In the pAVIC groups, phospho-

STATS3 protein expression increased under both the HG and GF conditions, with TNF-« further enhancing this increase, especially in the

GF conditions. Inhibiting TNF-« reversed these effects in both the HG and GF groups (n = 4 per group). The data are presented as the

mean + SEM. Statistical analyses were conducted utilizing one-way ANOVA, followed by post hoc corrections to account for multiple

comparisons (Fig. 6E-H). *p < 0.05. JAK1, Janus kinase 1; STAT3, signal transducer and activator of transcription 3.

matory markers CD3, CD68, and TNF-«. Our results indi-
cated a significant upregulation of these markers in both the
GF and HG groups compared to the CTRL group (Fig. 4A—
C). Importantly, the expression levels of CD68 and TNF-«
were markedly higher in the GF group relative to the HG
group (Fig. 4D,F). Interestingly, a substantial reduction in
the expression of these inflammatory markers was observed
after intraperitoneal administration of infliximab (Fig. 4D—
F).

3.4 Elevated Infiltration of TNF-« Facilitates Diabetes
Associated Aortic Valve Fibrosis and Inhibition of TNF-«
May Mitigate This Fibrotic Process

In this study, the expression of fibrosis-associated pro-
teins in pAVICs was evaluated in vitro using Western blot
analysis across three groups: CTRL, HG, and GF. The find-
ings indicated that the GF group exhibited elevated levels of
TGF-f1 and collagen 1 compared to the HG group, which,
in turn, showed higher levels than the CTRL group. Fur-
thermore, treatment with the TNF-a protein at a concen-
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tration of 10 pg/mL resulted in a significant upregulation
of TGF-£1 and collagen 1 expression in all three groups
(Fig. 5A,C,E,G). There was a significant reduction in the
expression levels of TGF-51 and collagen 1 in both the
HG and GF groups upon administration of infliximab at
a concentration of 10 pg/mL (Fig. 5B,D,F,H). These find-
ings were corroborated by an immunohistochemical analy-
sis, which demonstrated that intraperitoneal administration
of infliximab reduced the expression of the fibrotic proteins
TGF-£1 and collagen 1 within the valve tissue of rats in the
HG + IFX and GF + IFX groups, compared to the HG and
GF groups (Fig. 3A-F).

3.5 JAK1/STAT3 Signaling Pathway Regulation in Aortic
Valve Fibrosis is Associated With TNF-o-Mediated
Glucose Fluctuations

In further in vitro experiments incorporating Western
Blot analysis, the expression levels of JAK1 and STAT3
protein were elevated in the GF and HG groups relative to
the CTRL group, with the GF group exhibiting the most
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Fig. 7. Inhibition of TNF-« led to the downregulation of the JAK1/STAT3 pathway in vivo in the aortic valves of diabetic rat

models. (A,B) Immunohistochemical analysis of JAK1 (indicated by arrows) revealed an upregulation in JAK1 protein expression in

the aortic valves of both HG and GF diabetic rat models. Notably, administration of infliximab was found to attenuate this upregulation.

(C,D) Immunohistochemistry showed increased p-STAT3 protein expression in the aortic valves of the HG and GF diabetic rats, which

was attenuated by the inhibition of TNF-« treatment. n = 5 per group. The data are presented as the mean == SEM. Statistical analyses

were conducted utilizing one-way ANOVA, followed by post hoc corrections to account for multiple comparisons (Fig. 7B,D). *p <

0.05, scale bar = 100 um.

pronounced upregulation. The application of the TNF-a
protein at a concentration of 10 pg/mL further augmented
the expression of JAK1 and STAT3 in pVICs within the
CTRL + TNF-a, HG + TNF-«, and GF + TNF-a groups
compared to their respective CTRL, HG, and GF coun-
terparts (Fig. 6A,C,E,G). Subsequently, treatment with 10
pg/mL infliximab resulted in a significant reduction in the
expression levels of JAK1 and STAT3 (Fig. 6B,D,F,H). Im-
munohistochemical analysis of the JAK1 and STAT3 pro-
tein expressions in the aortic valves of five rat cohorts re-
vealed that the HG and GF groups exhibited significantly
elevated expression levels compared to the CTRL group,
with the GF group demonstrating the highest expression.
Moreover, administration of infliximab via intraperitoneal
injection reduced the JAK1 and STAT3 expressions in both
the HG + IFX and GF + IFX groups (Fig. 7A-D).

3.6 The Interaction Between JAK1 and T Cells, as Well as
Macrophages

Utilizing immunofluorescence co-staining tech-
niques, this study investigated the spatial and quantitative
associations between JAK1 and CD3, as well as JAK1
and CD68. This analysis revealed an enhancement in the
co-localization of JAK1 with CD3 and CD68 in both the
GF and HG experimental groups (Fig. 8). Notably, the
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GF group exhibited a greater increase compared to the
HG group. Meanwhile, a reduction in the co-staining of
JAK1, CD3, and CD68 was observed after infliximab
administration via intraperitoneal injection (Fig. 8A,B).

4. Discussion

GFs exert more detrimental effects than persistent hy-
perglycemia in the development and progression of car-
diovascular complications associated with diabetes; how-
ever, the underlying mechanisms remain inadequately un-
derstood [26-29]. This study represents the first investiga-
tion into the molecular mechanisms through which blood
GFs influence AVF within the framework of diabetic car-
diovascular complications. Notably, our findings indicate
that GFs have a more pronounced impact on AVF than sus-
tained hyperglycemia, with GFs exacerbating AVF more
significantly than sustained hyperglycemia, a phenomenon
associated with elevated expression levels of collagen 1.
Furthermore, our study highlights the critical role of TNF-a
in the pathogenesis of glucose-induced AVF. Additionally,
we discovered that GFs activate the JAK1/STAT3 signal-
ing pathway, resulting in the upregulation of downstream
proteins related to fibrosis.

In comparison to non-diabetic individuals, patients
with diabetes are more prone to metabolic abnormalities
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Fig. 8. Colocalization of CD3, CD68, and JAKI in the aortic valves of diabetic rat models. (A,B) The coimmunostaining analysis
of the HG and GF groups demonstrated the presence of CD3, CD68, and JAK1 proteins, indicating that JAK1 expression is primarily
localized in T lymphocytes and macrophages. Notably, this expression pattern could be altered through the inhibition of TNF-c.. Scale
bar = 50 um. DAPI, 4’ ,6-diamidino-2-phenylindole.
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Fig. 9. A working model of TNF-a-mediated JAK1/STAT3 pathway activation in glucose fluctuation-induced aortic valve fi-

brosis. GFs induce damage to VECs, which subsequently enhances the infiltration of macrophages and T lymphocytes, along with the

secretion of TNF-a, and the activation of VICs. This cascade further augments the inflammatory signaling pathway, particularly through

the upregulation of JAK1/STAT3. The phosphorylation of STAT3 facilitates its translocation into the nucleus, where it promotes the

upregulation of fibrotic factors, thereby exacerbating the AVF. Red arrows: the specific proteins up-regulated.

that can lead to structural and functional changes in the
aortic valves [30,31]. Notably, diabetic patients with aor-
tic valve disease exhibit heightened levels of calcification,
experience accelerated disease progression, and frequently
encounter a poorer prognosis [32,33]. AVF, regarded as a
preclinical stage of CAVD, may represent a pivotal point for
early therapeutic intervention. Early therapeutic interven-
tions at the initial stage of AVF may impede or slow the pro-
gression of CAVD. Therefore, it is crucial to investigate the
specific mechanisms through which diabetes induces AVF.
This research holds promise for the development of new
strategies to prevent and manage this condition. Therefore,
this study establishes diabetic rat models with controlled,
uncontrolled, and fluctuating blood glucose levels to assess
the impact of blood glucose levels on valve fibrosis. In the
experiment, the diabetes group with controlled blood glu-
cose serves as the control group, based on the baseline data,
to evaluate the condition of AVF. However, due to the ab-
sence of a non-diabetic wild-type control group, certain lim-
itations remained when assessing the effect of blood GFs on
AVF.
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Recent findings have demonstrated that CAVD arises
from complex and dynamic cellular mechanisms involving
VICs, VECs, and inflammatory cells, which collectively
contribute to the remodeling of the extracellular matrix
(ECM) [34-36]. Furthermore, collagen 1 and collagen 3 are
predominantly expressed as ECM proteins within the aortic
valve [37,38]. Our study indicates that the aortas of dia-
betic rats experiencing fluctuating blood glucose levels ex-
hibit significant fibrosis, accompanied by an upregulation
in the expression of collagen 1. In addition, the results of
the modified Movat—Russell pentachrome staining demon-
strated an increase in proteoglycans within the aortic valves
of diabetic rats experiencing fluctuating blood glucose lev-
els. Our research findings suggest that GFs exert a more
detrimental effect on aortic valve function than sustained
hyperglycemia. Moreover, in comparison to persistent hy-
perglycemia, GFs more significantly exacerbate AVF by
upregulating the expression of collagen 1 to a greater ex-
tent. Nonetheless, the expression of a-SMA did not ex-
hibit a significant increase compared to the HG group, po-
tentially due to the activation of distinct pathways involved
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in valvular fibrosis. Collagen, a crucial component of the
ECM, undergoes excessive deposition, which is a hallmark
of fibrosis. The expression of collagen 1 is typically regu-
lated by signaling pathways such as TGF-$ and connective
tissue growth factor (CTGF). Meanwhile, a-SMA serves
as a marker of myofibroblasts, while the upregulation of
a-SMA is closely associated with the progression of fibro-
sis. Indeed, the expression of a-SMA increases during the
differentiation of VICs into fibroblasts. Therefore, we hy-
pothesized that GFs enhance collagen deposition primarily
by increasing the activation of the TGF-3 pathway, rather
than promoting the differentiation of interstitial cells into
fibroblasts. This hypothesis requires further experimental
validation.

Research has demonstrated that individuals with di-
abetes experience chronic systemic inflammation [39,40].
Previous studies have shown that diabetes can cause spe-
cific molecular changes in valve endothelial cells, promote
monocyte infiltration, and contribute to endothelial dys-
function [41]. During infiltration, inflammatory cells re-
lease significant quantities of TNF-«, which influences var-
ious aspects of aortic valve calcification, including exacer-
bating VEC injury, enhancing monocyte adhesion, and fa-
cilitating the formation of foam cells [42,43]. Our research
results indicate that during GFs, the infiltration of inflam-
matory cells in the aortic valve increases, and a large num-
ber of inflammatory factors are secreted, mainly manifested
as an upregulation in TNF-« expression. However, in ad-
dition to the presence of inflammatory infiltrating cells, it
is plausible that VICs may produce TNF-« in response to
stimulation or an enhanced reaction to GFs. This hypothe-
sis requires further empirical validation.

Chronic inflammation plays a crucial role in the pro-
gression of CAVD [44-46]. However, the exact mecha-
nism involved remains unclear, while an effective target
also needs to be identified to alleviate this process. To our
knowledge, this study is the first to elucidate the molecu-
lar mechanism through which GFs affect AVF within the
context of cardiovascular complications in diabetes. This
study aimed to investigate the impact of TNF-a on glucose-
induced AVF, with a particular focus on the activation of
downstream signaling pathways resulting from increased
infiltration of inflammatory cells. In particular, the re-
search focused on the JAK1/STAT3 signaling pathway, a
crucial mediator of the inflammatory response. We uti-
lized echocardiography to assess aortic valve and left ven-
tricular function in rats with high glucose levels and GFs.
Subsequently, we implemented the TNF-« inhibitor, in-
fliximab, as an intervention strategy. Further validation of
aortic valve and left ventricular function in the HG + IFX
and GF + IFX rat groups could provide a more compre-
hensive understanding of the specific effects of TNF-a on
these structures. After intraperitoneal injection of inflix-
imab into glucose fluctuating rats, inflammation infiltration
in the valves decreased in vivo, and valve fibrosis also im-
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proved. Moreover, a significant decrease was observed in
the expression levels of critical proteins associated with fi-
brosis, including JAK1, STAT3, collagen 1, and TGF-51,
following the application of infliximab to cultured rat aortic
valves. These findings indicate that targeting TNF-a may
effectively modulate the inflammatory response and atten-
uate the progression of glucose-induced AVF, underscoring
the critical role of inflammatory pathways in this patholog-
ical process. This study provides evidence to support the
potential of inhibiting the TNF-a/JAK1/STAT3 pathway in
preventing the progression of valve calcification. Further
clinical studies are needed to investigate the safety and ef-
ficacy of this treatment in CAVD.

5. Conclusions

This study suggests that, in comparison to persistent
hyperglycemia, GFs lead to impaired endothelial cell func-
tion, increased infiltration of inflammatory cells, and ele-
vated secretion of TNF-«, which acts on AVICs. This pro-
cess enhances the expression of the JAK1/STAT3 signaling
pathway, thereby exacerbating the expression of fibrosis-
related proteins and facilitating the development and pro-
gression of AVF (Fig. 9). These findings suggest that GFs
may constitute a more significant risk factor of AVF than
persistent hyperglycemia. Consequently, improved man-
agement of GFs could emerge as a novel therapeutic strat-
egy in clinical practice, potentially aiding in the decelera-
tion and reversal of AVF in individuals with diabetes.
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