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Editorial on the Research Topic

Frontiers in the midlands society of physiological sciences (2023-2024)
s

This Research Topic covers original studies and reviews submitted by participating
members of the Midlands Society of Physiological Sciences (MSPS) from 2023 to 2024.
MSPS is a regional nonprofit organization affiliated with the American Physiological
Society (APS). MSPS members primarily represent academic and healthcare institutions
in Nebraska and South Dakota, advocating for the importance of physiology in education,
research, career development, and public awareness. Research within MSPS encompasses
a wide range of disciplines and fields, spanning from molecular to whole-organism
interrogation in both physiological and disease conditions Figure 1.

Basic and translational cardiovascular sciences have beenmajor research focuses within
MSPS for decades. Herein, Lira et al. established a “double-hit” protocol that induces heart
failure (HF) with preserved ejection fraction (HFpEF) in FVB/N mice with dysfunction
of the myocardial ubiquitin-proteasome system, suggesting its pathogenic role in HFpEF
development and/or progression.This protocol simultaneously inducesmetabolic syndrome
and hypertension, producing key features of HFpEF mimicking the clinical syndrome in
patients, such as glucose intolerance, elevated blood pressure, and concentric left ventricular
hypertrophy with preserved systolic function.

Besides, Zhang et al. interrogated the dose-dependent effects of single interleukin-
10 treatment (IL-10) on macrophage phenotype regulation and cardiac remodeling
after myocardial infarction (MI). This study demonstrated that an intermediate dose
range of IL-10, but not high doses, effectively shifts macrophages toward an anti-
inflammatory, reparative phenotype and facilitate cardiac recovery post-MI. Particularly,
250 ng IL-10 exhibited the best overall outcome, whereas ≥1,000 ng IL-10 triggered mixed
responses transiently perturbing inflammatory responses and impairing cardiac function,
underscoring the importance of IL-10 dosage to maximize its benefits while minimizing
potential adverse effects.

Kitzerow et al. used a rat model of MI to map and quantify plasma extravasation
(PEx) in multiple organs over time, revealing that PEx occurs in a stage‐ and
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FIGURE 1
Representative Photos from the 6th MSPS Annual Meeting (2024). This event took place in the Lee Medicine and Science building at the University of
South Dakota in Vermillion, South Dakota, United States on 19 October 2024. (A) A photo showing one of the talks delivered by a local speaker (photo
courtesy of Dr. Jee-Yeon Hwang). (B) A photo showing the scientific discussions during the poster session.

organ‐specific manner during the progression of chronic HF.
Cardiac PEx was highest in the early phase but persisted in
scar regions, whereas lung PEx remained significantly elevated,.
Abdominal organs such as the liver, pancreas, and spleen showed
delayed and increasing PEx correlating with advancing HF. This
study suggests that the differential timing and severity of vascular
permeability in various organs may contribute to the multi‐organ
dysfunction observed in chronic HF.

Further, MSPS members leverage recent advances in artificial
intelligence (AI) andmachine learning (ML) that are revolutionizing
medical practice to accelerate translational and clinical research
development. Chowdhury et al. reviewed the clinical progress and
challenges of stem cell therapy for HF, noting that while numerous
clinical trials within the past decade have shown encouraging
results in cardiac repair, significant limitations remain due to
discrepancies between preclinicalmodels and human outcomes.The
authors highlight that advances in multiomics, precision medicine,
and AI/ML can help overcome these hurdles by optimizing cell
quality, targeting, and personalized treatment strategies, outlining a
roadmap for next-generation stem cell-based therapies that integrate
cutting-edge technologies to improve both the structural and
functional recovery in HF patients.

In addition, many MSPS members work on basic and
translational neurosciences, brain-organ axes, sex differences, and
neuropsychiatry. For example, Boomer et al. reported a novel role of
the regulators of G-protein signaling 2 (RGS2) in the hypothalamic
paraventricular nucleus (PVN) that critically regulates sympathetic
activities in a rat model of hypertension. With central adenoviral
RGS2 transfection, the authors found that the action of RGS2 on
angiotensin-II-induced Gq-protein activation modulated blood
pressure, sympathetic activities, and kidney function, providing
new insights into the central regulation of blood pressure and
potential targets to treat hypertension. Kamra et al. investigated
sex-based differences in chemoreflex activation under acute lung
injury (ALI), utilizing a bleomycin-induced ALI animal model. The
authors highlighted male vs. female chemoreflex changes during
the recovery from ALI and emphasized the importance of sex as

a determinant in respiratory responses. These findings point to a
need for a broader understanding of sex-based variations in lung
disorders and underscore the significance of sex as a crucial factor
in respiratory research.

Ma et al. described a key role of a genetic polymorphism of
brain-derived neurotrophic factor (BDNF) that possibly mediates
the sexual difference in idiopathic autism spectrum disorder
(ASD) and human autism. Using humanized mice with genetic
knock-in of the target human BDNF methionine (Met) allele, the
authors showed that diminished activity-dependent BDNF signaling
resulted in an increased excitability of prefrontal cortex pyramidal
neurons in male, but not female, BDNF+/Met mice. This study
revealed the necessity of examining sex as a biological variable
in neuropsychiatric disorders and provides avenues for exploring
targeted therapies for genetic variations in neural development.

Moreover, MSPS members have worked on metabolic and
endocrine physiology for many years. Here, Evans et al. examined
the correlation between leptin resistance and cardiac vagal
postganglionic (CVP) neuronal dysfunction in type 2 diabetes
mellitus (T2DM). Leptin acts on pro-opiomelanocortin (POMC)
neurons to regulate satiety. However, in T2DM, leptin resistance
develops along with complications such as CVP neuronal
dysfunction. In a rodent model using a high-fat diet and low-dose
streptozotocin, the authors observed reductions in leptin receptor
expression and uncoupling protein 2 in CVP neurons as T2DM
progressed and reduced cardiac parasympathetic activity, possibly
due to neuronal remodeling and insulin resistance.

Monaco and Davis reviewed the angioregression of corpus
luteum and factors associated with luteolysis on luteal vasculature.
This review article is an excellent summary of the work in
Dr. John S. Davis’s laboratory at the University of Nebraska
Medical Center (UNMC) and other research groups focusing
on corpus luteum in the last 3 decades. This article extensively
summarizes the essential roles of pro-angiogenic, anti-angiogenic,
and pro-inflammatory factors involved in luteal angioregression,
such as vascular endothelial growth factor, thrombospondin 1,
and tumor necrosis factor alpha. Besides, this review outlines
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the underlying mechanisms in luteal angioregression, including
vascular physiology and endothelial cell apoptosis.

Overall, the articles contained in this Research Topic fully
reflect the width and depth of the research among MSPS
members. MSPS will continue to promote the creation, application,
and translation of novel theories, innovative methodologies, and
advanced therapeutics to support the development of modern
physiology and to improve human health and welfare in America’s
Heartland.
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SD, United States

Heart failure with preserved ejection fraction (HFpEF) is a leading cause of death
and disability, with its prevalence surpassing that of heart failure with reduced
ejection fraction. Obesity and hypertension are often associated with HFpEF.
HFpEF can be modeled through simultaneous metabolic and hypertensive
stresses in male C57BL/6N mice provoked by a combination treatment of a
high-fat diet (HFD) and constitutive nitric oxide synthase inhibition by Nω-
nitro-L-arginine methyl-ester (L-NAME). Ubiquitin-proteasome system (UPS)
dysfunction was detected in many forms of cardiomyopathy, but whether it
occurs in HFpEF remains unknown. We report successful modeling of HFpEF
in male FVB/Nmice and, by taking advantage of a transgenic UPS reporter mouse,
we have detected myocardial UPS functioning impairment during HFpEF,
suggesting a pathogenic role for impaired protein degradation in the
development and progression of HFpEF.

KEYWORDS

heart failure with preserved ejection fraction (HFpEF), high fat diet (HFD), Nω-nitro-L-
arginine methyl-ester (L-NAME), ubiquitin-proteasome system (UPS), FVB/N mice

Introduction

Heart failure with preserved ejection fraction (HFpEF) is a lethal clinical syndrome
associated with poor quality of life and substantial healthcare resource utilization comprising
over half of all heart failure but with very limited pharmaceutical interventions (Dunlay et al.,
2017). From clinical understanding of HFpEF in humans, HFpEF is strongly associated with
numerous comorbidities including hypertension, obesity, diabetes, exercise intolerance,
atrial fibrillation, chronic kidney disease, and coronary artery disease (Shah et al.,
2013a). Notably, HFpEF is not strongly associated with acute coronary syndrome;
instead, it is accompanied by a plethora of comparatively more chronic diseases. Such
accompaniment substantially increases the difficulty of engineering a HFpEF mouse model
that accurately recapitulates the disease in an efficient amount of time. In lieu of this, the
“two-hit”HFpEFmousemodel utilizes the twomost dominant avenues of HFpEF pathology:
hypertension and obesity/metabolic syndrome. The “two-hit” hypothesis subjected C57BL/
6N wild-type mice to a treatment of high fat diet (HFD) and Nω-nitro-L-arginine methyl-
ester (L-NAME) to produce a HFpEF mouse model that recapitulates numerous hallmarks
of HFpEF including hypertension, obesity, left ventricular myocardial remodeling, exercise
intolerance in the absence of significant histopathological, molecular, or strength
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abnormalities in skeletal muscle, increased LV filling pressure,
increase in lung weight, cardiomyocyte hypertrophy, cardiac
fibrosis, myocardial capillary rarefaction but maintained left
ventricular (LV) ejection fraction (EF) (Schiattarella et al., 2019).
The “two-hit” HFpEF mouse model has quickly become one of the
leading HFpEF animal models.

The pathophysiology of HFpEF is complex and is not well
understood. However, some hallmark characteristics remain.
End-diastolic pressure elevation occurs due to an intricate
interplay between diastolic malfunction, elusive systolic
malfunction, and reduced atrial, LV, and arterial compliance
(Gevaert et al., 2019). Most HFpEF patients demonstrate multiple
pathological derailments, including cardiac and noncardiac
dysfunction. Cardiac elements include diastolic dysfunction,
reduced cardiac output reserve, atrial fibrillation, and coronary
artery disease. In contrast, noncardiac elements include reduced
vasodilation, increased arterial stiffness, ventilatory dysfunction,
skeletal myopathy, activation of the autonomic nervous system,
and renal dysfunction (Gevaert et al., 2019). Underlying pathologies
may also be classified according to their contribution to endothelial
damage (increased inflammation and decreased repair), exercise
intolerance due to cardiac and noncardiac mechanisms, and
comorbidities such as aging, metabolic syndrome, and iron
deficiency (Gevaert et al., 2019). Clearly, numerous interactions
account for the HFpEF phenotype, albeit some underlying
pathologies may dominate in individual patients (Borlaug, 2014).
Markedly important is the ambitious attempt to deepen our
understanding of HFpEF by developing animal models that
recapitulate not only the presenting symptoms of HFpEF but also
the diverse array of molecular abnormalities.

The molecular pathophysiology of HFpEF is aberrantly complex
and fluid, citing endothelial dysfunction in the setting of metabolic
inflammation, abnormalities in nitric oxide (NO) synthesis and
bioavailability (Chistiakov et al., 2015; Schiattarella et al., 2019),
impeded endothelial repair (Gevaert et al., 2019), cardiomyocyte
maladaptation impairing diastolic function (Leucker and Jones,
2014), fibroblast dysfunction, and recent discoveries of misfolded
protein accumulation (Gonzalez-Lopez et al., 2015; Wang and
Wang, 2020). Targeted degradation of misfolded proteins by the
ubiquitin-proteasome system (UPS) is pivotal to protein quality
control (Wang and Wang, 2020), a vital part of the mechanisms
maintaining proteostasis in the cell (Frankowska et al., 2022).
Approximately 13% of HFpEF patients suffer from wild-type
transthyretin (TTR) amyloidosis stemming from increased
cardiac protein deposition (Gonzalez-Lopez et al., 2015).
Myocardial UPS functional insufficiency was observed in a
widely used mouse model of cardiac proteinopathy where pre-
amyloid oligomers are increased in cardiomyocytes (Chen et al.,
2005; Liu et al., 2006). Animal model and cell culture studies have
established both the sufficiency and, in some cases, the necessity of
proteasome functional insufficiency as a significant pathogenic
factor in the heart (Wang and Robbins, 2014). Clinically, the
proteasome inhibiting drugs bortezomib and carfilzomib have
been shown to cause cardiotoxicity, including heart failure
(Enrico et al., 2007; Das et al., 2022; Makris et al., 2022;
Georgiopoulos et al., 2023).

Potential treatments addressing cardiac proteotoxicity seem
within reach, further emphasizing the urgency of exploring

impaired proteostasis as a pathological basis of HFpEF.
Overexpression of proteasome activator 28α (PA28α) is
cardioprotective against numerous challenges without altering
normal protein turnover or cardiac function (Li et al., 2011;
Wang and Wang, 2020). Potentially meeting HFpEF at the
intersection of diabetes and HF, overexpression of PA28α
attenuates diabetes-induced proteotoxic stress and
cardiomyopathy (Li et al., 2017). An upregulated unfolded
protein response (UPR) ameliorated the diastolic dysfunction
essential to HFpEF, suggesting that impaired proteostasis plays a
key role in HFpEF pathogenesis (Schiattarella et al., 2019). By
activating the cGMP-dependent protein kinase (PKG),
phosphodiesterase 5 (PDE5) inhibition by sildenafil slows down
cardiac disease progression in a mouse model of CryABR120G-based
cardiac proteinopathy (Ranek et al., 2013); and inhibition of
PDE1 induces cAMP-dependent protein kinase (PKA) and PKG-
mediated promotion of proteasomal degradation of misfolded
proteins and thereby effectively treats diastolic malfunction and
delays premature death in CryABR120G-based cardiac proteinopathy
mice (Zhang et al., 2019).

Impaired myocardial UPS performance has been observed in
both pressure overload induced HF and diabetic cardiomyopathy
(Ranek et al., 2015; Li et al., 2017). Plus, both myocardial UPS
impairment and diastolic malfunction are co-existed in mouse
models of cardiac proteinopathy (Zhang et al., 2019). Since
metabolic syndrome/diabetes and hypertension are common co-
morbidities of HFpEF, it is very likely that myocardial UPS
functioning is impaired during HFpEF but no reported studies
have examined that. Perhaps the most powerful tool to probe in
vivo UPS performance is the transgenic mouse model with
ubiquitous expression of a green fluorescence protein (GFP) that
has been modified with carboxyl fusion of degron CL-1 (Bence et al.,
2001), known as GFPdgn that has been validated as an inverse UPS
functioning reporter (Kumarapeli et al., 2005). Employing the
GFPdgn mice has allowed researchers to unveil in vivo UPS
dysfunction in various cardiac disorders (Chen et al., 2005; Liu
et al., 2006; Li et al., 2011; Li et al., 2017). Applying the “two-hit”
hypothesis to FVB/N GFPdgn transgenic mice may provide an
animal model of HFpEF that accurately recapitulates the disease’s
diverse etiologies and pathologies while probing into the disease’s
proteotoxic nature and UPS dysfunction.

Here we report that the HFD+L-NAME treatment can induce
HFpEF in FVB/N male mice; myocardial UPS functioning is
impaired during HFpEF and warrants further comprehensive
investigation.

Methods

Experimental animals and treatments

All experiments followed ethical and legal standards according
to The Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication 8th edition,
update 2011) and the Institutional Animal Care and Use Committee
of the University of South Dakota. The creation and validation of the
GFPdgn transgenic mice for monitoring the dynamic changes in
UPS performance in vivo was previously described (Kumarapeli
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et al., 2005). Littermate male GFPdgn transgenic and non-transgenic
mice in the FVB/N inbred background at 6–7 months of age were
randomly assigned to the CHOW group or the HFD+L-NAME
group throughout the study. The CHOW (control diet) group had
unrestricted access to a standard murine chow diet of 19.1% protein,
6.5% fat, and 47% carbohydrates (2020X from Teklad) and water.
The HFD+L-NAME group had unrestricted access to an HFDwhere
60% of the calories were from fat (lard and soybean oil), 20% from
proteins, and 20% from carbohydrates (D12492, Research Diets,
Inc) and water spiked with L-NAME (0.5 g/L; Sigma Aldrich,
Catalog #: N5751-10G). Body weight of each mouse was
measured weekly for 18 weeks at the same time of day. The age
of mice at the initiation time of this study (6–7 months of age), an
age that should be more clinically relevant to HFpEF that naturally
occurs in humans compared to the much younger age (8–10 weeks
of age) used in the prior report of this double-hit method
(Schiattarella et al., 2019).

Glucose tolerance test

A bolus intraperitoneal injection of 20% glucose solution (1 g/kg
in water) was conducted after 6-h fasting. Blood from the tail was
collected and measured immediately before (0 min) and 15, 30, 60,
90, and 120 min after the injection using Bayer Contour® Next EZ
Glucose Meter Kit and Contour® Next Blood Glucose Test Strips.

Exercise tolerance test

Mice ran on an Exer-3/6 treadmill with Stimulus Detection
(Columbus Instruments, Columbus, OH) on a 10-degree incline.
The day before the test, animals were subjected to an acclimation at
5 m/min for 4 min, then increased to 10 m/min for 10 min. For the
final test, mice were randomly grouped in a lane and perform at 5 m/
min for 4 min then at 14 m/min for 2 min. Speed was increased by
2 m/min every 2 min until exhaustion. Exhaustion is defined as the
animal getting shocked continuously for 5 s. The Treadmill Software

(Columbus Instruments, Columbus, OH) measured running
distance, time ran, and exhaustion.

Non-invasive blood pressure measurement

The tail-cuff method was used to measure systolic blood
pressure. Animals were trained in the instrument for at least
2 months before the final test. The mice were acclimated in the
temperature-controlled chamber for 15 min, and results were
measured, then another 15 min were allowed for resting data.
Blood pressure was then recorded for 4 days, and readings averaged.

Echocardiography

Echocardiography was performed as previously reported in a
double-blinded manner (Zhang et al., 2019). In brief, mice were
kept in light anesthesia with inhalation of Isoflurane (4% for
induction and 1.5% for maintenance) via a face mask.
Transthoracic echocardiography was performed using the
Visual Sonics Vevo 3100 system and a 40-MHz probe
(FUJIFILM Visual Sonics, Toronto, ON, Canada). A two-
dimensional guided M-mode episode was acquired through
the left ventricular (LV) anterior and posterior walls at short
axis view. Parameters of LV were derived from primary
measurements using Vevo LAB software.

Western blot analysis

Ventricular myocardial tissues were homogenized in 1x loading
buffer (41 mM tris-HCI, 1.2% SDS, 8% glycerol). The homogenates
were boiled for 5 min, then centrifuged for 20 min at 4°C at
14,000 rpm, and the supernatant was collected. Protein
concentration of the samples were measured using Pierce BCA
Protein Assay Reagent (Thermofisher, Rockford, Illinois). Equal
amounts of proteins were loaded to each lane of a 10% SDS-PAGE

TABLE 1 qPCR Primer Sequences.

mRNA target Sense/Antisense Primer sequence (5′-3′)

Gapdh Sense ATGACATCAAGAAGGTGGTG

Antisense CATACCAGGAAATGAGCTTG

Nppa Sense GGAGGAGAAGATGCCGGTAGA

Antisense GCTTCCTCAGTCTGCTCACTC

Nppb Sense CTGCTGGAGCTGATAAGAGA

Antisense TGCCCAAAGCAGCTTGAGAT

GFPdgn Sense TCTATATCATGGCCGACAAGCAGA

Antisense ACTGGGTGCTCAGGTAGTGGTTGT

Pln Sense CAATACCTCACTCGCTCGGC

Antisense GCGGTGCGTTGCTTCCC
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gel and fractionated by electrophoresis, then electrically transferred
to a PVDF membrane overnight in 4°C. The PVDF membrane was
washed and incubated in blocking buffer for 60 min before being
probed with the primary antibody overnight followed by incubation
with HRP-conjugated secondary antibodies. The bound secondary
antibodies on the PVDF were then detected with the SuperSignal
West Pico PLUS Chemiluminescent Substrates (ThermoScientific)
and imaged with a ChemiDoc MP imaging system (Bio-Rad).
Densitometry quantification was performed using the ImageLab
software (Bio-Rad).

RNA isolation, reverse transcription, and real
time PCR (qPCR)

Total RNA was extracted from left ventricular myocardium
using TRI Reagent® (Molecular Research Center Inc., Cincinnati,
OH). Thermo Scientific™ NanoDrop 2000 UV Spectrophotometer
was used to determine the concentration and purity of the RNA.
Reverse transcription utilized the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™) and a total of 900 ng of
extracted RNA as template. qPCR reactions used 2 μL of 1:

FIGURE 1
Changes in body weight (BW) of HFD+L-NAME or chow treatedmice. (A), Comparison of the time courses of changes in BWmeasured immediately
before (Week 0) and weekly after the initiation of the HFD or control diet (Chow) treatment. Shown are line graphs superimposed bymean ± SEM of each
time point. The p values shown are adjusted p values derived frommultiple two-sided unpaired t-tests with correction formultiple comparisons using the
Bonferroni-Dunn method; NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. The Chow group started with 7 mice but a mouse dropped out at
Week 8 and another at Week 14. The HFD+L-NAME group had 6 mice throughout. (B–D), Longitudinal comparison of BW fromWeek 0 to Week 1 (B), to
Week 2 (C), or to Week 18 (D). Each circle represents a mouse. P values are derived from two-sided paired t-tests. (E), BW/TL ratio measured at terminal
experiment (Week 18). TL, tibial length. Shown are scatter plots superimposed by mean ± SEM; each circle or dot represents a mouse. The p-value is
derived from two-sided unpaired t-test.
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10 nuclease-free water diluted cDNA solution and PowerUp SYBR
Green master mix (Applied Biosystems) for the following gene
products: Atrial Natriuretic Factor (Nppa), Brain Natriuretic
Peptide (Nppb), GFPdgn, Phospholamban (Pln), and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All
reactions for target genes (Nppa, Nppb, GFPdgn, and Pln) were
performed in duplicate. The 2−ΔΔCT relative quantification method
using GAPDH as the normalization gene was used to compute the
relative expression of the target genes. The primer sequences for the
qPCR reactions are shown in Table 1.

Statistical methods

GraphPad Prism software 9.2.0 (GraphPad Software, Inc., La
Jolla, CA) was used for all statistical analysis. Results are presented as
the mean ± SEM. Datum was deemed an outlier according to the
Grubbs test (p < 0.05). Two-tailed unpaired Student’s t-test was used
unless indicated otherwise. In addition, the Welches correction for
unequal variance was used when analyzing gene expression results.
Researchers were blinded to the individual genotypes during the

data collection and data analysis. A p-value or adjusted p-value
of <0.05 was considered statistically significant.

Results

The “double-hit”method induced metabolic
syndrome in FVB/N mice

HFD can induce obesity and the latter inevitably increases body
weight (BW). Thus, we measured mouse BW immediately before
(week 0) and weekly after initiation of the HFD+L-NAME
treatment. No significant changes in BW were observed in the
Chow group throughout the 18 weeks of study (Figure 1). The
difference in BW between the Chow and the HFD+L-NAME groups
was not statistically significant at week 0 (p > 0.9999) but became
significant from week 1 to week 17 (Figure 1A). Self-comparisons
show significant BW increases in the HFD+L-NAME group as early
as week 1 (p = 0.0014; Figure 1B) and the increases peaked at week 2
(p = 0.0001; Figures 1A,C) and plateaued thereafter (Figures 1A–D).
Longitudinal BW comparisons between week 0 and week 1

FIGURE 2
Glucose tolerance tests (GTTs) performed at week 6 and 15. A peritoneal injection of 20% glucose solution (1 g/kg) was administered after 6-h
fasting. Blood from the tail was collected immediately before (0 min) and 15, 30, 60, 90, and 120 min after the injection for glucose concentration
measurement. (A,B), GTTs at week 6. Shown are the time course of blood glucose levels during GTTs (A) and the area under curve (AUC) comparison (B)
between the Chow and the HFD+L-NAME groups. Multiple t-tests reveal the P values for comparisons at 0, 15, 30, 60, 90, and 120 min are
respectively 0.791, 0.711, 0.003, 0.002, 0.016, and 0.031; * denotes that the difference at 30- and 60-min is statistically significant after correction for
multiple comparisons using the Holm-Sidak method. (C,D), GTTs at week 15 weeks. Shown are the time course of blood glucose levels during GTTs (C)
and the area under curve (AUC) comparison (D) between the Chow and the HFD+L-NAME groups. Multiple t-tests reveal the P values for comparisons at
0, 15, 30, 60, 90, and 120 min are respectively 0.955, 0.017, 0.35, 0.008, 0.006, and 0.026; * denotes that the difference at 60 and 90 min is statistically
significant after correction for multiple comparisons using the Holm-Sidak method. Each circle or dot in B and D represents a mouse and p values are
derived from two-sided unpaired t-tests, the same for all subsequent Figures.
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(Figure 1B, p = 0.182 and 0.001 for the Chow and the HFD+L-
NAME groups, respectively), between week 0 and week 2 (Figure 1C,
p = 0.0891 and 0.0001), or between week 0 and week 18 (Figure 1D,
p = 0.4778 and 0.0033) are also summarized in Figure 1. The BW to
tibial length (TL) ratio (BW/TL) of the HFD+L-NAME group was
greater than that of the Chow group (p = 0.0171, Figure 1E) at week
18 when the terminal experiments were performed.

Obesity can cause glucose intolerance; hence, we performed
glucose tolerance tests on these animals at weeks 6 and 15. A bolus
intraperitoneal injection of glucose induced increases in blood
glucose levels in both groups, but the peak increase was
significantly greater (week 6) and the increases lasted longer
(weeks 6 and 15) in the HFD+L-NAME group compared with
the Chow group (Figure 2), indicating that glucose intolerance
was induced as early as week 6 by HFD+L-NAME.
Administration of L-NAME is known to induce hypertension
(Schiattarella et al., 2019); hence, we measured blood pressure
using the tail-cuff method at week 17 and found that systolic
blood pressure was significantly higher in the HFD+L-NAME
group than in the Chow group (p = 0.0474, Figure 3). All three
components of metabolic syndrome: hypertension, obesity, and
glucose intolerance, are at least common comorbidities of HFpEF
(Dunlay et al., 2017), and even can be an aspect of the multifactorial
comorbidity driven pathology of the HFpEF syndrome (Tourki and
Halade, 2021). The increased body weight, glucose intolerance, and
hypertension observed in the HFD+L-NAME group are in
alignment with recapitulating the metabolic syndrome central to
HFpEF. and provide a catalyst for afterload induced cardiac
remodeling of the left ventricle. Together, these pathologies
formed the foundation for more advanced HFpEF manifestations.

The “double-hit” method induced cardiac
hypertrophy in FVB/N mice

Serial echocardiography was performed to evaluate the
dynamic changes in cardiac morphometry and function in live

mice. Consistent with an increase in systolic blood pressure
observed in the HFD+L-NAME group, left ventricular (LV)
concentric hypertrophy was detected at both week 7 and week
15. This is evidenced by significantly greater LV end-diastolic
posterior wall thickness (LVPW; d, Figure 4) and a tendency of
deceased LV end-diastolic chamber diameter (Figure 5) in the
HFD+L-NAME mice, compared with the Chow group disclosing
diastolic dysfunction.

At the terminal experiment, we detected that LV myocardial
mRNA levels of fetal genesNppb (p = 0.1092) and Nppa (p = 0.1327)
tended to be higher and Pln mRNA levels (p = 0.1154) lower in the
HFD+L-NAME group than in the Chow group (Figure 6) although
the differences did not reach a statistical significance due to a large
variation within each group.

HFD+L-NAME impaired exercise tolerance
in FVB/N mice

Exercise tolerance tests performed at both weeks 7 and
16 revealed that the maximum distance and time of running to
exhaustion by the HFD+L-NAME mice were markedly shorter than
that by the Chow control group (Figure 7). At week 7 the Chow
group ran an average of 269 m (18:07 min) while the HFD+L-
NAME group ran an average of 168 m (13:30 min) prior to
exhaustion. Similarly, at week 16 the Chow group ran 303 m (19:
51 min) while the HFD+L-NAME group ran 167 m (13:21 min).
These data indicate that exercise intolerance occurred as early as
7 weeks after HFD+L-NAME treatment. Reduced exercise tolerance
including dyspnea and fatigue on mild exertion are common
complaints seen in HFpEF patients clinically. The exercise
intolerance in the HFD+L-NAME group indicate that the mouse
model began to recapitulate the clinical aspects of HFpEF as early as
week 7.

Preserved ejection fraction

Despite the numerous characteristics of heart failure in the
HFD+L-NAME treated mice, their LV ejection fraction (EF) and
fractional shortening (FS) were not decreased throughout the study
compared with those of the Chow control group (Figure 8),
indicating that the systolic function was preserved in the
HFD+L-NAME treatment group, one of the essential criteria for
the diagnosis of HFpEF.

Evidence of UPS impairment

The GFPdgn transgenic mice, which were created and have
been maintained in the FVB/N inbred background, have been
extensively used to probe changes in UPS functioning in mice
(Chen et al., 2005; Liu et al., 2006; Li et al., 2011); in absence of
GFPdgn protein synthesis, the steady state level of GFPdgn
protein inversely reflect UPS performance in the tissue or cell
examined (Bence et al., 2001; Kumarapeli et al., 2005). We
observed equivalent myocardial mRNA expression (p = 0.241)
but significantly elevated GFPdgn protein levels (p = 0.0497) and

FIGURE 3
Systolic blood pressure measured at week 17 with the tail-cuff
method.
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greater GFPdgn protein to mRNA ratios (p = 0.0379) in the
HFD+L-NAME treatment group compared with the CHOW
group (Figure 9), indicating that elevated GFPdgn protein is
not due to increased transcription, which provides compelling
evidence that myocardial UPS performance is impaired in the
HFpEF mouse.

Discussion

HFpEF is one of the most debilitating, lethal, and prevalent
healthcare challenges of the twenty-first century (Dunlay et al.,
2017), with very limited proven treatments. The uncontrolled
nature of HFpEF is largely due to the challenges in effectively
recapitulating the disease in animal models and poorly
understood of underlying pathogenic mechanisms (Horgan

et al., 2014). The groundbreaking “two-hit” mouse model
produced HFpEF in male C57BL/6N mice (Schiattarella et al.,
2019), representing a milestone for HFpEF research. Here, we
report successful emulation of HFpEF using the “two-hit”
method in FVB/N mice, paving the way for use of mice with
the FVB/N inbred background to further study HFpEF. This is
important because many genetically engineered mouse models,
especially those harboring a transgene driven by the murine
Myh6 promoter, have been made in the FVB/N inbred
background. The use of those mouse genetic models is
expected to facilitate the experimental investigations into the
pathogenesis and therapies of HFpEF. Moreover, taking
advantage of the UPS performance reporter mouse, the
present study also provides exciting evidence indicative of
UPS malfunction in this HFpEF model, identifying a
potentially new pathogenic pathway for HFpEF.

FIGURE 4
HFD+L-NAME induced cardiac hypertrophy as revealed by serial echocardiography. (A,B), Representative echographs of the Chow and the HFD+L-
NAME groups recorded at week 15. (C), Left ventricular anterior wall thickness at the end of diastole (LVAW; d) at week 7. (D), Left ventricular posterior wall
thickness at the end of diastole (LVPW; d) at week 7. (E), LVAW; d at week 15. (F), LVPW; d at week 15.
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Induction of HFpEF by the two-hit protocol
in FVB/N male mice

The reactivation of the fetal gene program and a downregulation of
PLN are often associated with and indicative of pathological
hypertrophy and heart failure (Loffredo et al., 2014) (Man et al.,
2018). Hence, these changes in gene expression are consistent with
the significantly increased wall thickness revealed by echocardiography

in the HFD+L-NAME group and the conclusion of induced cardiac
remodeling in the HFD+L-NAME group. Clinically, diastolic
dysfunction in HFpEF results in reduced cardiac output with
maintained EF due to limited cardiac filling but at higher left
ventricular end diastolic pressures. The increased systolic and
diastolic wall thickness, while not essential, are characteristic of
HFpEF as traditionally defined (Shah, 2013), while the reduction in
PLN mRNA is indicative of the signature diastolic dysfunction of

FIGURE 5
Comparisons of LV end-diastolic volume (LVEDV) and end-systolic volume (LVESV) between the Chow and the HFD+L-NMAE groups at week
7 (A,B) and week 15 (C,D).

FIGURE 6
Reactivation of the fetal gene program in the ventricles. At the terminal experiment (week 18), LV myocardium was sampled, preserved in the RNA-
Later reagent, and stored in −80°C until total RNA extraction. Total RNA was used for reverse transcription to synthesize the first-strand cDNA that was
subsequently used for real time PCR to measure the mRNA levels with gene-specific primer sets for Nppa (A), Nppb (B), and Pln (C).
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HFpEF (Grote Beverborg et al., 2021). Further, under the same “two-
hit” hypothesis, diastolic dysfunction has been well described by
invasively and non-invasively measured elevated LV filling pressures,
histologically reported cardiac fibrosis and capillary rarefaction,
pulmonary congestion, and reduction in coronary flow reserve.
Although clear exercise intolerance was observed, the “two-hit”
hypothesis is known to produce exercise intolerance without
histopathological, molecular, or strength abnormalities in skeletal
muscle indicating that decrement in exercise intolerance is not due
to a skeletalmuscle deficiency (Schiattarella et al., 2019). Taken together,
the hypertensive afterload stress and metabolic syndrome pathologies,
likely created an environment for pathologic hypertrophic cardiac
remodeling and diastolic dysfunction to occur, a hallmark of
HFpEF. Despite these changes, serial echocardiographic analyses
displayed preserved ejection fraction across both groups through at
least week 15 (Figure 8). Therefore, the present study demonstrates
compellingly that HFpEF can be produced with the “two-hit” protocol
in male FVB/N mice.

HFpEF is traditionally considered a disease of the elderly
resulting in challenges studying the disease in vivo in a time and
cost-efficient manner. To construct a model that most quickly
emulates the complete severity and mortality of HFpEF, male
mice were used exclusively (Patten, 2007) (Tromp et al., 2018). In
an aim of striking a balance between time efficiency and model
validity, mice six to 7 months of age were used. While the maiden
voyage of the two-hit hypothesis successfully recapitulated the
disease using mice 8–12 weeks of age (Schiattarella et al., 2019),

mice 3 months senior likely accounted for the age-related
etiology of HFpEF to a greater degree.

Conventionally, the “two-hit”HFpEFmouse model uses C57BL/
6N wild-type mice (Schiattarella et al., 2019), a lineage traditionally
renowned as the gold standard for producing diet induced obesity
and metabolic syndrome. However, recent studies comparing FVB/
N and C57BL/6J have begun to question this notion. FVB/N ob/ob
and C57BL/6J ob/ob mice are used to study obesity and its
comorbidities as both murine lineages are leptin deficient thus
maximizing hunger and the effects of the HFD. Compared to the
C57BL/6N ob/ob lineage, FVB/N ob/ob mice demonstrate increased
hyperglycemia, whole body and muscle insulin resistance, and
reduced clearance of circulating triglycerides (Haluzik et al.,
2004), suggesting that the FVB/N murine lineage exhibits
significant benefits over the C57BL/6J strain in modeling
metabolic dysfunction, a quintessential comorbidity of HFpEF.
Likewise, Nascimento-Sales et al. (2017), found that while
C57BL/6N mice develop obesity more quickly than FVB/N mice,
FVB/Nmice actually show a significantly greater degree of metabolic
intolerance after treatment with a HFD as evidenced by higher
insulin resistance, greater liver steatosis, and a large degree of
epididymal white adipose tissue induced inflammation. Notably,
they conclude by recommending the FVB/N lineage as a new tool to
uncover the complex multifactorial symptoms of obesity and
metabolic syndrome of which HFpEF is inevitably intertwined.

Between 40%–50%ofHFpEF patients are obese (Shah et al., 2013a).
Similarly, 45% of HFpEF patients have diabetes (McHugh et al., 2019).

FIGURE 7
Comparisons of exercise tolerance between the Chow and the HFD+L-NAME groups at week 7 (A,C) and week 16 (B,D).
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However, due to the decreased prevalence of diabetes relative to obesity,
HFpEF is more specific towards the diabetic population. This is perhaps
because HF and metabolic syndrome share numerous underlying
derangements that result in increased HF risk including insulin
resistance, metabolic derangements, endothelial dysfunction,
oxidative stress, mitochondrial dysfunction, and autonomic
neuropathy (Dhingra and Vasan, 2012; Oktay et al., 2013). Type
2 diabetes mellitus (T2DM) shares the pathologies of sodium
retention, impaired skeletal muscle function, and metabolic
derangements with HFpEF, implying an integrated pathogenesis of
both diseases, (Shah et al., 2013b). As more insight into comorbid
HFpEF and T2DM is acquired, it is anticipated physicians will be better
equipped to provide effective unique treatments for commonly
comorbid HFpEF and T2DM.

Further, Reduced exercise tolerance and increased myocardial
remodeling are critical features of HFpEF (Paulus and Tschope,
2013; Gevaert et al., 2019). FVB/N mice demonstrate higher
capabilities and cooperativity of daytime exercise tolerance testing
(Gibb et al., 2016). In response to exercise tolerance training, FVB/N
mice display increased cardiac remodeling compared to C57BL/6J
mice (Massett and Berk, 2005; Gibb et al., 2016). A higher level of
myocardium hypertrophy in response to increased exercise stress is
suggestive that FVB/N mice may also develop a greater degree of
cardiac remodeling due to increased afterload stress elicited by
HFpEF hypertension.

Mouse models emulating HFpEF generally originate from three
different avenues of the most prominent risk factors of HFpEF:
hypertensive models, diabetic (obesity) models, and aging models
(Horgan et al., 2014). The novel “two-hit” hypothesis developed a
HFpEF mouse model from both the hypertensive and diabetic
avenues. The FVB/NJ mice strain has been used to illuminate the
pathologies of HFpEF through the aging model avenue (Koch et al.,
2013). We report a HFpEF mouse model that potentially utilizes all
three avenues of the most significant HFpEF murine models
(hypertensive, metabolic dysfunction, and aging) to emulate
HFpEF. Finally, applying the “two-hit” protocol to the FVB/NJ
mice may not only emulate the clinical symptoms of HFpEF but
could also optimize the exercise tolerance measurements, essential
cardiac remodeling, and circadian misalignments of the disease
(Massett and Berk, 2005; Gibb et al., 2016). A deeper
understanding of the “two-hit” hypothesis and HFpEF
pathophysiology may be explored by expanding the protocol
across murine lineages, namely, the FVB/NJ lineage.

Impairment of UPS performance in HFpEF
mice

The UPS is the primary pathway responsible for the targeted
degradation of abnormal, misfolded, damaged, or oxidized proteins,

FIGURE 8
Comparisons of LV ejection fraction (EF) and fractional shortening (FS) between the Chow and the HFD+L-NMAE groups at week 7 (A,B) and week
15 (C, D).
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in addition to for the degradation of normal but no longer needed
proteins (Wang et al., 2013). In response to the recent reports of
accumulated misfolded proteins (Gonzalez-Lopez et al., 2015) and
altered unfolded protein response (UPR) playing a pivotal role in the
pathogenesis of HFpEF (Schiattarella et al., 2019), we hypothesized
that myocardial UPS performance could be impaired during HFpEF.
Beginning to examine this hypothesis, the present study applied the
“two-hit” protocol to the transgenic mice with ubiquitous expression
of GFPdgn, a surrogate substrate of the UPS (Kumarapeli et al.,
2005). In absence of changes in GFPdgn protein synthesis, changes
in its steady-state protein levels reflect inversely UPS performance
(Kumarapeli et al., 2005). Notably, the GFPdgn mRNA expression
between CHOW and HFD+L-NAME groups was not significantly
different, but GFPdgn protein levels were elevated in the HFD+L-
NAME group (Figure 9), indicating diminished UPS function in
HFpEF. Such impairment is consistent with the other preliminary
studies suggesting that the accumulation and mismanagement of
misfolded, damaged, and abnormal proteins play a vital role in the
development of HFpEF (Wang et al., 2014; Gonzalez-Lopez et al.,
2015; Schiattarella et al., 2019).

Evidence of impaired UPS functioning in HFpEF beckons for
further investigation to provide a deeper understanding of the
pathogenesis and devise new treatment strategies for HFpEF. For
example, it will be important to elucidate the main factors that
impair UPS performance during HFpEF. To this end, both

diabetes and hypertension have been shown to impair
myocardial UPS performance and proteasome functional
insufficiency (Ranek et al., 2015; Li et al., 2017), but more
detailed molecular mechanisms remain to be delineated. It is
also conceivable that UPS impairment could affect myocardial
proteostasis and thereby cardiac function through both slowing
down the turnover of normal proteins and accumulating
abnormal proteins, and both are quite detrimental to the heart
in many ways. Ultimately, we report successful modeling of
HFpEF in male FVB/N mice and, by taking advantage of a
transgenic UPS reporter mouse, we have detected myocardial
UPS functioning impairment during HFpEF, suggesting a
pathogenic role for impaired protein degradation in the
development and progression of HFpEF but insist on further
exploration (Figure 9E).

Limitations and future directions

This study has potential limitations. While the power of the
study was sufficient for the primary readouts, the number of mice
per group is not enough to decipher whether the GFPdgn
transgenic expression has an impact on the occurrence of
HFpEF. No female mice were included, leaving it untested
whether the “double hit” method could cause HFpEF in

FIGURE 9
Myocardial mRNA and protein expression of GFPdgn in HFpEF and control mice. At the terminal experiment (week 18), a segment of left ventricular
myocardium of each mouse was collected, snap-frozen in liquid nitrogen, and stored in a −80°C freezer until total protein extraction. The tissue
preservation for total RNA extraction was the same as described in Figure 6. (A,B), Representative images (A) and pooled densitometry data (B) of western
blot analysis for myocardial GFPdgn. (C), Comparison of GFPdgn mRNA levels as measured with qPCR. (D), Comparison of GFPdgn protein/mRNA
level ratios. (E), A summary of overall findings. Dot line denotes a potential causative relationship. The question mark denotes the relationship remains to
be determined. EF, ejection fraction; UPS, ubiquitin-proteasome system.
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female FVB/N mice or not. Additionally, mice were treated with
HFD+L-NAME for up to 18 weeks. Despite both Schiattarella
et al. and our results providing convincing evidence of HFpEF
within this time frame, the pathogenesis of HFpEF is known to
develop over the course of decades in humans (Lam et al., 2011).
It begs the question, was HFpEF established in its completeness
within the 18-week treatment course? Would longer treatment
periods elicit models with grander disease severity, more
confluent outcomes, and ultimately a clearer window into
HFpEF etiologies? In response, the degree of HFpEF could be
graded through measurement of the E/A ratio during
echocardiology. Murine blood pressures were measured using
tail-cuff methodology instead of telemetry. While tail-cuff
methods have been validated against telemetry for measuring
more course changes in blood pressure, telemetry allows for a
longer period of measurement, giving greater power to the study
so that fewer animals are needed (Fraser et al., 2001). Likewise,
echocardiology was used to measure ventricular wall thickness as
a surrogate for cardiomyocyte hypertrophy, fibrosis, and
increasing filling pressures when histological data using wheat
germ agglutinin, hematoxylin and eosin staining, and pressure
volume loop data would have measured these more directly.
Analysis of Nppa, Nppb, Pln, and GFPdgn may have been
more suited for normalization with 36B4 rather than GAPDH
as GAPDH has been shown to change during obesity and
metabolic syndrome (Fan et al., 2020). Despite preliminary
affirmation of the role of UPS malfunction in the pathogenesis
of HFpEF, more in-depth deciphering the specific defect in UPS-
mediated protein degradation pathway will provide concise
guidance for therapeutic interventions should the UPS
impairment play an important pathogenic role. It will be
extremely important to address questions such as “does
HFpEF drive UPS dysfunction or does UPS dysfunction drive
HFpEF?”

In summary, the present study demonstrates for the first time
that impaired UPS performance can occur in an animal model of
HFpEF; thus, further investigation into a potential cause-effect
relationship between UPS impairment and HFpEF is warranted.
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The corpus luteum is a transient ovarian endocrine gland that produces the
progesterone necessary for the establishment and maintenance of pregnancy.
The formation and function of this gland involves angiogenesis, establishing the
tissue with a robust blood flow and vast microvasculature required to support
production of progesterone. Every steroidogenic cell within the corpus luteum is
in direct contact with a capillary, and disruption of angiogenesis impairs luteal
development and function. At the end of a reproductive cycle, the corpus luteum
ceases progesterone production and undergoes rapid structural regression into a
nonfunctional corpus albicans in a process initiated and exacerbated by the
luteolysin prostaglandin F2α (PGF2α). Structural regression is accompanied by
complete regression of the luteal microvasculature in which endothelial cells die
and are sloughed off into capillaries and lymphatic vessels. During luteal
regression, changes in nitric oxide transiently increase blood flow, followed by
a reduction in blood flow and progesterone secretion. Early luteal regression is
marked by an increased production of cytokines and chemokines and influx of
immune cells. Microvascular endothelial cells are sensitive to released factors
during luteolysis, including thrombospondin, endothelin, and cytokines like tumor
necrosis factor alpha (TNF) and transforming growth factor β 1 (TGFB1). Although
PGF2α is known to be a vasoconstrictor, endothelial cells do not express receptors
for PGF2α, therefore it is believed that the angioregression occurring during
luteolysis is mediated by factors downstream of PGF2α signaling. Yet, the exact
mechanisms responsible for angioregression in the corpus luteum remain
unknown. This review describes the current knowledge on angioregression of
the corpus luteum and the roles of vasoactive factors released during luteolysis on
luteal vasculature and endothelial cells of the microvasculature.

KEYWORDS

corpus luteum, angioregression, endothelial cells, PGF2α, luteolysis, ovary

1 Introduction

Vascular remodeling occurs in various disease states such as myocardial infarction,
traumatic spinal cord injury (Olive et al., 2003; Benton et al., 2008), neurovascular disease
(Planas, 2020), and various hypertensive disorders (Intengan and Schiffrin, 2001).
Degradation of blood vessels, or angioregression, also occurs in disease states such as
chronic graft nephropathy (Ishii et al., 2005) and muscle degeneration (Dedkov et al., 2002;
Malek et al., 2010; Olenich et al., 2014). Vast non-pathological angioregression occurs during
normal development (Yin and Pacifici, 2001; McKeller et al., 2002; Nayak et al., 2018);
however, it is not prevalent in most adult tissues. There are some instances where
physiological angioregression occurs, such as in uterine remodeling during pregnancy
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(Henry et al., 2006), mammary gland involution (Djonov et al.,
2001), and during luteolysis of the ovarian corpus luteum during the
female reproductive cycle (Augustin, 2000).

The corpus luteum is a temporary, dynamic endocrine gland
formed from the remnants of the ovulated follicle (Stocco et al.,
2007). It produces the progesterone that is necessary for successful
establishment and maintenance of pregnancy. Following ovulation,
the remaining granulosa and theca cells of the ovulated follicle
undergo rapid, but limited, division and then differentiation as the
ovary shifts from making estradiol to making progesterone in a
process known as luteinization (Smith et al., 1994; Fraser and
Duncan, 2009). Notably, endothelial cells from the theca layer of
the follicle undergo rapid division, comparable to that of tumor
angiogenesis, forming the vast microvasculature of the corpus
luteum, with around 50% of cells in the mature corpus luteum
comprised of endothelial cells (Rodgers et al., 1984; O’shea et al.,
1989). In addition to the steroidogenic and endothelial cells, the
corpus luteum contains small populations of fibroblasts,
mesenchymal-like cells that produce and regulate extracellular
matrix, and immune cells (O’shea et al., 1989; Van Linthout
et al., 2014). The luteal vasculature contains mostly capillaries,
and nearly every steroidogenic cell is in contact with a
microvascular endothelial cell (Zheng et al., 1993; Fraser and
Duncan, 2009). As a result, the corpus luteum has one of the
highest blood supplies, per unit of any organ system (Smith
et al., 1994), as well as high blood flow and low vascular
resistance compared to the surrounding ovarian stroma
(Wiltbank et al., 1990). The microvasculature is crucial for luteal
function, as blockage of angiogenesis during luteal formation results
in dysfunctional corpora lutea (Yamashita et al., 2008). The luteal
vasculature is important for both transport of progesterone from
steroidogenic cells to the rest of the body and for nourishment of the
corpus luteum (Woad and Robinson, 2016). Early studies in rabbits
demonstrated the importance of the corpus luteum for the
production of progesterone and pregnancy (Mesiano, 2022). In
women, luteal function is crucial for pregnancy, as removal of
the corpus luteum within the first 7 weeks of pregnancy results
in termination of said pregnancy (Csapo et al., 1974). Progesterone
secreted from the corpus luteum is crucial for creating optimal
conditions for embryo implantation, a crucial point in pregnancy
(Kolatorova et al., 2022).

In a reproductive cycle that does not result in pregnancy, the
corpus luteum must cease progesterone production so the next
reproductive cycle can begin. In many species including bovines
(Knickerbocker et al., 1988), ovines (Goding, 1974), guinea pigs
(Evans, 1987), and rats (Wang et al., 1993), luteal regression
(luteolysis) is initiated by pulses of prostaglandin F2α (PGF2α)
produced by the uterus. In primates, it is believed to be initiated
by the lack of gonadotropin support and a concomitant rise in intra-
ovarian PGF2α production (Stouffer et al., 2013). Luteolysis occurs
in two steps: (1) functional regression, in which progesterone
production declines, and (2) structural regression, in which the
corpus luteum dissipates into a fibrotic corpus albicans within the
ovarian stroma. Structural regression involves various pathways of
tissue remodeling, including immune cell infiltration, breakdown
and buildup of extracellular matrix, and regression of the
microvasculature. Although it is known that blood flow is
impaired and the vascular endothelial cells are sensitive to

various factors released during luteolysis, the exact mechanism of
angioregression in the corpus luteum remains unknown. This review
will highlight current knowledge on angioregression of the corpus
luteum: from macrovascular changes, dilation and constriction of
luteal vasculature and subsequent impedance of blood flow, to
microvascular changes, such as the effects of growth factors,
cytokines, and thrombospondins on microvascular endothelial cells.

2 Blood flow

Electron microscopy of regressing guinea pig and bovine
corpora lutea revealed that endothelial cells detach from the
basement membrane, slough off the capillaries, and clog the
vessels; yet the capillary walls remain intact (Azmi and O’Shea,
1984; Modlich et al., 1996). However, luteal capillaries eventually
disappear throughout regression. Twelve hours after PGF2α-
induced regression, there were noticeably fewer capillaries in
ovine corpora lutea (Nett et al., 1976), but more arterial vessels
were present (Bauer et al., 2003). These vessels contain thicker walls
of smooth muscle (Bauer et al., 2003), which is further evidenced by
increased smooth muscle actin positive cells surrounding arterioles
in regressing bovine corpora lutea (Hojo et al., 2009). The diameter
of these vessels was demonstrated to be smaller compared to fully
functional mid-cycle corpora lutea (Lei et al., 1991; Nio-Kobayashi
et al., 2016), indicating that vasoconstriction may be occurring in
luteal regression. Similarly, arterial wall thickening is associated with
various cardiovascular diseases including atherosclerosis,
thrombosis, and hypertension (Burke et al., 1995; Corinaldesi and
Corinaldesi, 2008). Changes in blood flow during luteal regression as
a result of vasoactive factors are illustrated in Figure 1.

Early studies in the rabbit indicate that luteal blood flow is highly
correlated to progesterone levels in pseudopregnant rabbit corpora
lutea (Janson et al., 1981). Due to their size and prominent vascular
blood supply, corpora lutea from larger species such as ruminants
and humans can be identified via ultrasonography. Doppler
ultrasound has been utilized to study corpora lutea during
natural and PGF2α-induced regression. Doppler readings in
human corpora lutea have identified that blood flow drops in the
days nearing menstruation, which correlates to the reduction in
progesterone production in the late luteal phase (Miyazaki et al.,
1998), and pregnant cattle exhibited a much higher luteal blood flow
than non-pregnant cattle (Kanazawa et al., 2022). Additionally, in
vivo studies of cows injected with PGF2α to induce luteolysis have
identified that there is an early increase in blood flow after 2 h of
treatment that ultimately decreases below baseline levels after 8 h of
treatment (Acosta et al., 2002; Miyamoto et al., 2005; Jonczyk et al.,
2021). A study in the ovine suggested that ovarian blood flow to the
luteal ovary decreased 4 h post-PGF2α treatment, followed by a
decline in progesterone 6 h post-PGF2α treatment (Nett et al., 1976).
Similar findings were reported in the equine and the donkey
(Ginther et al., 2007; Miró et al., 2015). Also, luteal blood flow
and plasma progesterone followed a more similar trend in the
cycling bovine corpus luteum than did luteal size, which is
commonly used to identify luteal stage (Herzog et al., 2010), thus
implicating blood flow as an accurate measure of luteal function.
However, the opposite has been determined for the midcycle in
lactating dairy cows (Lüttgenau et al., 2011). The reason for the
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discrepancy is likely due to the enhanced hepatic metabolism of
progesterone in lactating dairy cows (Wiltbank et al., 2006).

The transient increase in blood flow seen early in luteal
regression is believed to be a result of the increased synthesis of
the vasodilator, nitric oxide (NO) (Miyamoto et al., 2005; Shirasuna
et al., 2008). Evidence across various species has shown that shear
stress from increased blood flow changes the shape of vascular
endothelial cells from their signature cobblestone shape to one that
is more spindle-like and oriented towards the direction of flow
(reviewed in (Masuda et al., 2003; Campinho et al., 2020)). This has
been observed in endothelial cells derived from the carotid arteries of
rabbits (Masuda et al., 1999) and mouse cardiac and pulmonary
endothelial cells (Merna et al., 2018). High stretch of cultured
endothelial cells induces a similar phenotype in which the cells
acquire a spindle-like shape via phalloidin remodeling and produce
increased reactive oxygen species (Girão-Silva et al., 2021). This
change in endothelial cell phenotype is suggested to be mediated by
calcium signaling and tyrosine kinase phosphorylation in cultured
bovine aortic endothelial cells (Malek and Izumo, 1996). More
recent studies show that increased shear stress causes retinal
endothelial cells cultured in 3D (Luu et al., 2023) and human
aortic endothelial cells (Kidder et al., 2023) to adopt a more
mesenchymal phenotype. There are no reports to our knowledge
of this phenomenon occurring in luteal endothelial cells; however,
shear stress from a compensatory blood flow increase early in luteal
regression may contribute to the changes in capillary basement
membrane that are seen during regression, which could result in the
release of endothelial cells from the capillary. Another hypothesis is
that the shear stress could cause the endothelial cells to transition to
a mesenchymal phenotype, as increased matrix stiffness is associated
with fibrosis and endothelial cell destabilization (Yu et al., 2023). It is

also important to note that endothelial cells are sensitive to many
factors released during luteal regression as discussed later; therefore,
changes in blood flow are likely not the sole contributor to luteal
angioregression.

3 Effect of vasoactive factors on luteal
vasculature and endothelial cells

Outside of the corpus luteum, PGF2α is more commonly known
as a vasoconstrictor, in which it does so by activating calcium
signaling and inducing contraction of smooth muscle cells
(Watts, 2007). In addition to PGF2α, various other vasoactive
agents are increased in luteal regression, such as NO, angiotensin
II (AT2), and endothelin 1 (EDN1) (Davis et al., 2003; Skarzynski
et al., 2008; Shirasuna et al., 2012b). The known changes in
vasoactive factors contributing to blood flow in luteal regression
are summarized in Table 1.

3.1 Nitric oxide (NO)

Nitric oxide (NO) is commonly known as a vasodilator that is
produced by nitric oxide synthase (NOS) enzymes. There are three
identified NOS enzymes (NOS1-3), two of the three being uniquely
expressed in specific cell types, neuronal NOS (nNOS or NOS1) and
endothelial NOS (eNOS or NOS3). The third NOS enzyme is
inducible NOS (iNOS or NOS2) (Förstermann and Sessa, 2012).
Both eNOS and iNOS have been identified in luteal tissue, with
eNOS primarily being localized to the endothelial cells and iNOS
exhibiting weak localization to the steroidogenic cells (Fridén et al.,
2000; Tao et al., 2004). One study identified increased eNOS in
naturally regressing bovine corpora and in corpora lutea induced to
regress following treatment with PGF2α (Shirasuna et al., 2008).
Studies in the human report increased iNOS at mid and late luteal
phase (Vega et al., 2000). However, others reported decreased eNOS
immunolocalization and transcription during the bovine late luteal
phase and luteal regression (Rosiansky-Sultan et al., 2006). Such
differences can be attributed to differences in staging of the corpus
luteum as opposite effects of PGF2α treatment were seen in early
corpora lutea compared to midcycle corpora lutea, as well as
whether the tissue sample was in the middle or periphery of the
corpus luteum, as eNOS was elevated only in the periphery of
midcycle corpora lutea in the bovine (Shirasuna et al., 2008).
Direct intra-luteal delivery of an NO donor temporarily increased
blood flow but then caused both blood flow and progesterone to fall
to levels below baseline (Shirasuna et al., 2008). Similar results have
been reported in other species. For instance, NO donor treatment
decreased serum progesterone but increased ovarian PGF2α
production in pseudopregnant rats, and the same has been
reported in cultured human luteal cells (Motta et al., 1999;
Fridén et al., 2000). Such differences may be due to
pharmacologic administration of NO donors in vivo and species-
to-species variations.

In addition to its ability to stimulate PGF2α, it has been
suggested that NO may have a direct effect on luteal cells.
L-arginine, an NOS substrate, increased apoptosis of cultured
human luteal tissue, which was suppressed by treatment with an

FIGURE 1
Effects of Vasoactive Factors released in response to PGF2α on
blood flow of the corpus luteum. (A)Nitric Oxide (NO) is released early
in luteal regression and causes vasodilation and subsequent increased
blood flow, which may consequently alter endothelial cell
phenotype. (B) Later in luteal regression, vasoconstrictors such as
Angiotensin II (AT2) and endothelin 1 (EDN1) are released, causing
decreased blood flow and decreased plasma progesterone. These
factors may also impair progesterone production of luteal
steroidogenic cells. This figure was made with Biorender.com.
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NO inhibitor (Vega et al., 2000). Similarly, treatment of bovine luteal
cells with the NO donor, NONOate, increased levels of cleaved
caspase 3, a marker of apoptosis (Korzekwa et al., 2006; Kowalczyk-
Zieba et al., 2014). Conversely, treatment of luteinized goat
granulosa cells with NO donor increased progesterone
production, whereas treatment with an NOS inhibitor decreased

progesterone and increased apoptosis (Guo et al., 2019). Such
differences may be due to differences in culture conditions and
the presence of multiple cell types (endothelial cells and immune
cells) in the cultures. Collectively, these data indicate that NO may
contribute to luteolysis beyond the vasculature and may have a
direct effect on steroidogenesis. Although there is some evidence

TABLE 1 Summary of Vasoactive, Pro-angiogenic, and Anti-angiogenic factors that are regulated during luteal angioregression.

Factor Expression
during luteal
regression

Source Effect on
endothelial

cells

Proposed role in
angioregression

References

Vasoactive factors

NO Nitric Oxide ↑ (early) Endothelial cells
(eNOS)

Inhibits apoptosis Vasodilation, increased blood
flow, stimulation of PGF2α

(Dimmeler and Zeiher, 1999;
Motta et al., 1999; Fridén et al.,

2000; Tao et al., 2004;
Shirasuna et al., 2008;

Förstermann and Sessa, 2012)

Steroidogenic cells
(iNOS)

AT2 Angiotensin II ↑ Circulating, ovary Proliferation Vasoconstriction, increase
PGF2α

(Hayashi and Miyamoto, 1999;
Benigni et al., 2010)

EDN 1 Endothelin 1 ↑ Endothelial cells Proliferation,
prostaglandin release

Vasoconstriction (Girsh et al., 1996b; Hinckley
and Milvae, 2001; Tanfin et al.,

2011)

Pro-angiogenic factors

VEGF Vascular Endothelial
Growth Factor

↓ Perivascular cells,
steroidogenic cells

Proliferation Decrease during luteal
regression causes vessel

dysfunction

(Gospodarowicz et al., 1989;
Hazzard et al., 2000; Neuvians

et al., 2004a)

FGF2 Fibroblast Growth
Factor 2

↑ Steroidogenic cells
and endothelial cells

Proliferation Fibroblast division,
sensitization of endothelial
cells (via increased type

1 collagen)

(Gospodarowicz, 1974; Asakai
et al., 1993; Robinson et al.,

2007; Maroni and Davis, 2011;
Zalman et al., 2012; Alan and
Kulak, 2021; Monaco et al.,

2023)

ANGPT1 Angiopoietin 1 __ Perivascular cells,
steroidogenic cells

Proliferation Decrease in relation to
ANGPT2 inhibits

angiogenesis

(Maisonpierre et al., 1997;
Wulff et al., 2000; Sugino et al.,

2005; Fiedler et al., 2006;
Eklund and Saharinen, 2013)

Anti-angiogenic factors

ANGPT2 Angiopoietin 2 ↑ Endothelial cells,
potentially

steroidogenic cells

Inhibits ANGPT1-
induced effects
(Tie2 antagonist)

Inhibits new angiogenesis,
sensitization of endothelial

cells

(Maisonpierre et al., 1997;
Wulff et al., 2000; Tanaka et al.,

2004; Sugino et al., 2005;
Eklund and Saharinen, 2013)

THBS1 Thrombospondin 1 ↑ Endothelial cells,
steroidogenic cells

Apoptosis (via
TGFB1)

Endothelial cell death, vessel
fibrosis (synergy with TGFB1)

(Mondal et al., 2011; Zalman
et al., 2012; Berisha et al.,

2016b; Farberov and Meidan,
2016)

TNF Tumor Necrosis
Factor α

↑ Immune cells,
endothelial cells,

possibly
steroidogenic cells

Apoptosis Endothelial cell death, PGF2α
production

(Sakumoto et al., 2000; Pru
et al., 2003; Cherry et al., 2008;
Henkes et al., 2008; Sakumoto
et al., 2011; Talbott et al., 2017)

IL1B Interleukin 1β ↑ Immune cells
(CD11b+), potentially

fibroblasts and
steroidogenic cells

Chemokine release Immune cell recruitment,
PGF2α production,

potentially vessel fibrosis via
EndMT

(Kobayashi and Terao, 1997;
Estevez et al., 2003;

Lopez-Castejon and Brough,
2011; Bourdiec et al., 2013;
Bishop et al., 2017; Talbott

et al., 2017; Baddela et al., 2018)

TGFB1 Transforming
Growth Factor β1

↑ Ubiquitous Apoptosis,
dysregulation of

capillary structures

Endothelial cell death, vessel
fibrosis

(Branton and Kopp, 1999;
Maroni and Davis, 2011;
Maroni and Davis, 2012;

Talbott et al., 2017)
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that NO may be an inhibitor of apoptosis in endothelial cells
(Dimmeler and Zeiher, 1999, this phenomenon has yet to be
studied in luteal endothelial cells.

3.2 Angiotensin II (AT2)

Angiotensin II (AT2) is a potent vasoconstrictor that is derived
from angiotensinogen produced by the liver. Angiotensinogen is
converted to angiotensin I by the enzyme renin, and angiotensin I is
converted to angiotensin II by angiotensin converting enzyme
(ACE) (Ng and Vane, 1967). AT2 has pleiotropic effects that
include production of aldosterone, which increases blood
pressure, or it can act as an independent vasoactive factor or act
on other systems such as the kidney to raise blood pressure
(Fyhrquist et al., 1995; Santos, 2014). Such effects, along with
pro-inflammatory and pro-fibrotic effects are mediated by the
angiotensin receptor 1 (AGTR1) (Benigni et al., 2010).
Angiotensin II is also capable of binding to the AGTR2, which
induces vasodilation and anti-inflammatory and anti-fibrotic effects
(Benigni et al., 2010). Interestingly, AGTR1 levels remain consistent
throughout the luteal phase, but AGTR2 levels are decreased at
midcycle (days 8–12) but are increased during the late luteal phase
(days 13–17) and regression (> day 18) in bovine corpora lutea, but
were also found to be elevated to the same level in the corpus luteum
of pregnancy (Hayashi et al., 2000; Kobayashi et al., 2001; Schams
et al., 2003). Although this seems contradictory to the increased
inflammation and fibrosis seen during luteal regression, it is possible
that (1) these studies only accounted for AGTR2 mRNA and not for
desensitization or endocytosis of the AGTR2, or (2) AGTR2 actions
ensure that the regression is tightly controlled.

The ovary is capable of producing renin and AT2 (Yoshimura,
1997; Palumbo et al., 2016). Additionally, ACE has been identified in
endothelial cells of the bovine corpus luteum during early luteal
phase (Hayashi et al., 2000). The luteal renin-angiotensin-
aldosterone system (RAAS) may serve an important role in
pregnancy in women, as increased corpus luteum number was
associated with differential levels of RAAS components, but there
were no differences in birth outcomes (Wiegel et al., 2021).

PGF2α has been shown to increase AT2 levels in microdialyzed
bovine corpora lutea in vitro (Hayashi and Miyamoto, 1999), and
AT2 has been demonstrated to increase PGF2α levels but also
progesterone levels alone and in conjunction with PGF2α treatment
in vitro (Kobayashi et al., 2001). In that study, AT2 increased secretion
of oxytocin, another luteolytic factor. In rat luteal cells, AT2 had no
effect on basal progesterone, but inhibition of AGTR2 slightly decreased
progesterone secretion (Pepperell et al., 2006). However, in another
study, AT2 decreased progesterone after 14 h alone and after 4 h in
conjunction with PGF2α in microdialyzed bovine corpora lutea
(Hayashi and Miyamoto, 1999). It is possible that such effects are
mediated by angiotensin reactive proteins in the luteal endothelial cells,
as ACE is present in bovine luteal endothelial cells, and treatment with
an ACE inhibitor, captopril, decreased AT2 secretion from luteal
endothelial cells (Hayashi et al., 2000). Therefore, it is possible that
endothelial-derived AT2 may aid in decreasing progesterone either
alone or through the release of luteolytic factors.

3.3 Endothelin-1 (EDN1)

Endothelin 1 (EDN1) is a 21 amino acid protein derived from
endothelial cells that is known to be a potent vasoconstrictor
(Yanagisawa et al., 1988). It is produced in endothelial cells as a
larger pro-endothelin which is then cleaved to active endothelin by
endothelin converting enzyme (ECE) (Sawamura et al., 1989; Tanfin
et al., 2011). Studies in the cow and the ewe have identified that luteal
endothelin 1 levels increase during natural and PGF2α-induced
luteal regression (Girsh et al., 1996b; Ohtani et al., 1998; Hinckley
and Milvae, 2001), and PGF2α induces secretion of EDN1 from
microdialysed bovine corpora lutea (Miyamoto et al., 1997).
Furthermore, tumor necrosis factor α (TNF), an inflammatory
cytokine that is elevated in luteal regression, increased
EDN1 production by bovine aorta endothelial cells (Marsden and
Brenner, 1992) therefore EDN1 secretion may be regulated by
PGF2α, inflammatory cytokines, and other secondary responses
to PGF2α.

Although EDN1 is well known for its role as a vasoconstrictor, it
may have some direct effects on steroidogenic cells in the corpus
luteum. In vitro, EDN1 decreased progesterone secretion of ovine
luteal minces and decreased basal and LH-induced progesterone
production by large, but not small bovine luteal cells (Girsh et al.,
1996a; Doerr et al., 2008). In vivo, EDN1 decreased progesterone in a
synergistic manner with PGF2α in the bovine (Shirasuna et al.,
2006). Given this information, the luteolytic role of EDN1 may
involve both vasoconstriction and direct action on luteal
steroidogenic cells.

4 Pro- and anti-angiogenic factors in
luteolysis

In addition to the presence of factors affecting vessel dilation or
contraction during luteal regression, luteolysis is associated with
decreased expression of pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and increased expression of
anti-angiogenic factors, such as thrombospondin 1 (THBS1),
EDN1, transforming growth factor β 1 (TGFB1) and pro-
inflammatory cytokines (Skarzynski et al., 2008; Shirasuna et al.,
2012b; Berisha et al., 2016a; Talbott et al., 2017). The proposed
effects of these factors on luteal vasculature are illustrated in
Figure 2. These events are triggered by a luteolytic dose of
PGF2α in vivo; however, multiple studies have demonstrated that
endothelial cells do not express the receptor for PGF2α (Liptak et al.,
2005; Maroni and Davis, 2011). Therefore, the effects of the
luteolytic cascade on microvascular endothelial cells must be
from release of factors following the initial PGF2α pulses.
Furthermore, luteal endothelial cells are known to be sensitive to
such factors, and thus are believed to be the first to die during luteal
regression (Azmi and O’Shea, 1984). Additionally, the luteal rescue
signal, interferon tau, increases endothelial cell survival and
decreases transcription of luteolytic factors like THBS1, EDN1,
and TGFB1 in bovine luteal slices (Basavaraja et al., 2017).
Therefore, the presence or absence of secreted factors relating to
angiogenesis may contribute to luteal angioregression.
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4.1 Pro-angiogenic factors

4.1.1 Vascular endothelial growth factor (VEGF)
Vascular endothelial growth factor (VEGF) is growth factor that

acts as a potent mitogen on endothelial cells (Gospodarowicz et al.,
1989). There are five VEGF isoforms which can bind to three
receptors, VEGFR1 (Flt1), VEGFR2 (KDR or Flk1) and VEGFR3
(Flk4) (Geva and Jaffe, 2000). Because rapid angiogenesis is
necessary to build the luteal microvasculature, VEGF is highly
prominent in the developing corpus luteum (Redmer et al., 1996;
Woad and Robinson, 2016). Interruption of VEGF during
ovulation results in decreased luteal formation (Duncan et al.,
2008). In the late luteal phase, and in PGF2α-induced regression
across multiple species, luteal VEGF mRNA decreases (Otani
et al., 1999; Hazzard et al., 2000; Neuvians et al., 2004a;
Vonnahme et al., 2006). The rapid reduction in VEGF
expression indicates that no active angiogenesis is occurring
during luteal regression, a finding confirmed by studies across
various species, including the rat (Tamura and Greenwald,
1987), sheep (Reynolds and Redmer, 1999) and pig (Ricke
et al., 1999), indicating that little endothelial cell
proliferation occurs during luteal regression. The reduction
in VEGF may reduce support for the luteal vasculature,
leading to vascular regression. Such a phenomenon has been
witnessed in tumors where withdrawal of VEGF will cause
regression of the vessels that had built up in that tumor
(Benjamin and Keshet, 1997; Baffert et al., 2006), and this
phenomenon is a current target for anti-cancer therapeutics
(Meadows and Hurwitz, 2012; Frezzetti et al., 2017). However,
this has yet to be confirmed in the regressing corpus luteum.

4.1.2 Fibroblast growth factor 2 (FGF2)
Fibroblast growth factor 2, or basic fibroblast growth factor

(FGF2) is a heparin binding protein, discovered for its ability to
induce proliferation of NIH 3T3 fibroblast cell lines
(Gospodarowicz, 1974). FGF2 is a prominent angiogenic factor,
potentially even more so than VEGF, and it is necessary for luteal
formation, as blockade of FGF2 at the time of ovulation results in
corpora lutea that have malformed blood vessels and lower
progesterone (Robinson et al., 2007; Yamashita et al., 2008).
Immunohistochemical studies reveal FGF2 localization in
endothelial cells and steroidogenic cells of the corpus luteum
(Asakai et al., 1993; Alan and Kulak, 2021).

Unlike VEGF, FGF2 expression is increased during luteal
regression (Neuvians et al., 2004a; Neuvians et al., 2004b; Zalman
et al., 2012; Monaco et al., 2023). These findings indicate that an
elevation in luteal FGF2 is not sufficient to prevent the loss of
endothelial cells and capillaries that occurs during early luteal
regression, nor does FGF2 cotreatment affect progesterone levels
of cows treated with PGF2α in vivo (Piotrowska-Tomala et al., 2021).
An explanation for this phenomenon could be that the increased
FGF2 transcription is a compensatory effect and slows down the
luteolytic process (Neuvians et al., 2004b). Another explanation is
that FGF2 acts on stromal or fibrotic components of the corpus
luteum. In support of this idea, using smooth muscle actin as a
marker, Reynolds and Redmer observed that fibroblast number was
elevated in the corpus luteum during the late luteal phase of sheep,
and collagen production was also elevated following PGF2α
treatment (Reynolds and Redmer, 1999; Vonnahme et al., 2006).
A recent study showed that FGF2 induced both proliferation and
collagen production of bovine luteal fibroblasts (Monaco et al.,

FIGURE 2
Macro vs. microvascular changes in response to factors secreted during luteal regression. (A) Because the luteal microvasculature also contains
smooth muscle and pericytes, vasoactive factors cause contraction of vascular smooth muscle cells and consequent vasoconstriction, in addition to
TGFB1 and FGF2 activating fibroblasts to produce more collagen, thereby thickening and stiffening the vessels. Capillaries do not have these bordering
cells (B). Therefore, these vessels wouldmostly be impacted by factors that directly impact endothelial cells. In both cases, death of endothelial cells
causes sloughing into the capillaries which can clog vessels and impair blood flow. Abbreviations: Endothelin 1 = EDN1, Angiotensin II = AT2, Fibroblast
growth factor 2 = FGF2, Transforming growth factor β-1 = TGFB1, Thrombospondin 1 = THBS1, Tumor necrosis factor α=TNF. The figurewasmade using
Biorender.com.
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2023). Furthermore, in vitro studies reveal that the presence of type
1 collagen causes endothelial cells to become more sensitive to
TGFB1 (Maroni and Davis, 2011). Therefore, FGF2 in the regressing
corpus luteum may be acting as a luteal pro-fibrotic factor that
contributes to sensitizing endothelial cells to luteolytic ligands.

4.1.3 Angiopoietins 1 & 2 (ANGPT1/2)
Angiopoietins (ANGPTs) are growth factors that regulate

angiogenesis through binding to tyrosine kinase receptors Tie1 and
Tie2. ANGPT1 is known to be secreted by pericytes and smoothmuscle
cells adjacent to endothelial cells, and ANGPT2 is believed to be
exclusive to endothelial cells (Eklund and Saharinen, 2013).
However, in situ hybridization and immunohistochemistry of the
human corpus luteum revealed ANGPT 1 and 2 distribution in
both steroidogenic and endothelial cells (Wulff et al., 2000; Sugino
et al., 2005), and a similar result was revealed in the buffalo corpus
luteum (Mishra et al., 2016). ANGPT1 binds to Tie2 on endothelial cells
to promote angiogenesis by inducing proliferation and migration. In
contrast, ANGPT2 acts as a Tie2 receptor antagonist to ANGPT1 and
plays a role in vessel stabilization rather than new vessel formation
(Maisonpierre et al., 1997). The ANGPT2/ANGPT1 ratio was reported
to be elevated in regressing corpora lutea, suggesting that angiogenesis
does not occur during luteal regression (Goede et al., 1998). Expression
ofANGPT1 transcripts in corpora lutea may be species-dependent, as it
was highest at mid-luteal phase in bubaline (Mishra et al., 2016) and
bovine (Tanaka et al., 2004) corpora lutea, and in corpora lutea of
pregnancy in human (Sugino et al., 2005), but highest at late cycle in
rhesus monkey corpora lutea (Hazzard et al., 2000). ANGPT2
expression was lowest at midluteal phase in human corpora lutea
and decreased in corpora lutea of pregnancy, when the corpus
luteum was fully functional (Sugino et al., 2005), whereas it was
highest in the late luteal phase in the rhesus monkey (Hazzard
et al., 2000) and bubaline corpus luteum (Mishra et al., 2016). In
the bovine corpus luteum, no changes in luteal ANGPT2 mRNA were
detected throughout the luteal phase but ANGPT2 mRNA was
transiently elevated 2 h post-PGF2α injection, and then decreased
after 4 h of PGF2α treatment (Tanaka et al., 2004). Although there
are no reports of the effects of ANGPT2 on luteal endothelial cells,
ANGPT2 has been shown to sensitize endothelial cells to the pro-
apoptotic effects of TNF (Fiedler et al., 2006). Tanaka et al. found that
ANGPT2 decreased progesterone secretion of bovine corpora lutea at
4–8 h of treatment at higher concentrations (100 ng/mL) in an in vitro
microdialysis system (Tanaka et al., 2004). This is inconsistent with
what was reported in the buffalo, in which ANGPT1 and 2 increased
progesterone production in cultured bubaline luteal cells after 24 h of
treatment at 100 ng/mL (Mishra et al., 2016). Because ANGPTs are
known to act primarily on endothelial cells (Eklund and Saharinen,
2013), more studies using primary luteal endothelial cells are needed to
elucidate their role in angioregression.

4.2 Anti angiogenic factors

4.2.1 Thrombospondin 1 (THBS1)
Thrombospondins are a family of calcium-binding glycoproteins

that influence a variety of functions, including angiogenesis, vessel
biology, and wound healing. They are known to regulate several
factors such as AT2, TGFB1, and even matrix metalloproteinases

(Adams and Lawler, 2011), but the well-established function of
thrombospondins 1 and 2 is dysregulation of angiogenesis
(Armstrong and Bornstein, 2003). The role of thrombospondins in
the corpus luteum has been reviewed in detail (Farberov et al., 2019).
Localization of THBS1 was identified in endothelial cells and
steroidogenic cells in the corpus luteum (Berisha et al., 2016b), and
THBS1 expression is increased in the regressing corpus luteum and is
reduced in the corpus luteum of pregnancy (Mondal et al., 2011; Zalman
et al., 2012; Romero et al., 2013; Farberov andMeidan, 2016). Treatment
of luteal tissue slices with interferon tau, the maternal signal for luteal
rescue in bovines, decreased THBS1 mRNA and protein (Basavaraja
et al., 2017). It is believed that THBS1 exerts anti-angiogenic effects on
the regressing corpus luteum, as it has been demonstrated to decrease
numbers of bovine and rabbit luteal endothelial cells in culture
(Bagavandoss and Wilks, 1990; Farberov and Meidan, 2016).
Thrombospondin 1 may act in part through TGFB1 signaling, as
THBS1-treated luteal cells exhibited increased downstream
TGFB1 signaling, which was decreased with THBS1 knockdown;
however, inhibition of TGFB1 signaling did not ameliorate THBS1-
induced endothelial cell death (Farberov and Meidan, 2016). Therefore,
other signaling factors must come into play. For instance, a TGFB
superfamily member, Nodal, which is increased in hypoxic conditions,
elevated THBS1 and CD36 and downregulated CD31 (an endothelial
cell marker) in equine luteal explants (Walewska et al., 2019).
Furthermore, despite its elevation in luteolysis, THBS1 has been
shown to be upregulated after ovulation and induced migration of
monkey ovarian endothelial cells (Bender et al., 2019). Therefore, the
action of THBS1 must depend on multiple signaling pathways and the
presence of other factors in the corpus luteum, as the pro or anti-
angiogenic effect of THBS1 is dependent on the target receptor.
Thrombospondin 1 acts as an anti-angiogenic factor when bound to
CD36 (Dawson et al., 1997), and as a pro-angiogenic factor when bound
to the low density lipoprotein receptor-related protein-1 (LRP1) receptor
(Orr et al., 2003). CD36 was elevated in PGF2α-induced luteolysis of the
bovine corpus luteum (Berisha et al., 2016b). However, it has been shown
in the ovary that THBS1 can inhibit VEGF through LRP1 binding
(Greenaway et al., 2007). THBS1 has also been demonstrated to
sequester FGF2 by binding to its heparin-binding site (Farberov
et al., 2019). The ability of THBS1 to bind to many targets including
angiogenic factors and cytokines such as TGFB1, makes it an ideal
candidate for further investigation of factors that can influence cytokine
levels and angioregression in the corpus luteum.

5 Effects of cytokines on endothelial
cells

5.1 Tumor necrosis factor α (TNF)

In most cells, TNF binding to its receptor (TNFR1) results in
inflammatory responses and/or programmed cell death. TNF
protein is elevated in the pseudopregnant mouse corpus luteum
following treatment with a luteolytic dose of PGF2α (Henkes et al.,
2008). In the bovine, mRNA for TNF is upregulated early in PGF2α
induced luteolysis (Talbott et al., 2017) and in the natural cycle
(Friedman et al., 2000; Sakumoto et al., 2000). TNF has been shown
to be localized to immune cells and faintly in steroidogenic cells in
the bovine corpus luteum (Sakumoto et al., 2011); however, others
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have found TNF to be localized in the vascular immune cells of the
porcine corpus luteum (Hehnke-Vagnoni et al., 1995). TNF affects
steroidogenesis directly by decreasing LH-stimulated progesterone
production in luteinized murine granulosa cells (Adashi et al., 1990)
and in porcine (Pitzel et al., 1993) and bovine (Benyo and Pate, 1992;
Sakumoto et al., 2000) luteal cells. Furthermore, TNF can induce
production of PGF2α, thus creating a positive feedback loop within
the regressing corpus luteum (Sakumoto et al., 2000).

Luteal endothelial cells are sensitive to inflammatory cytokines, as
TNF induces apoptosis of luteal endothelial cells (Friedman et al., 2000;
Pru et al., 2003; Cherry et al., 2008; Henkes et al., 2008). Endothelial cells
are a rich source of acid sphingomyelinase (ASMase), a common
mediator of cytokine signaling. A report by Henkes et al. shows that
TNF, but not PGF2α, activated ASMase and cell death in murine
ovarian endothelial cells, a response that was not present in endothelial
cells lacking ASMase (Henkes et al., 2008). In vivo studies revealed that
mice treated with Etanercept, a TNF receptor inhibitor, were resistant to
PGF2α-induced luteal regression. Additionally, mice lacking ASMase
were protected from PGF2α-induced luteal regression. There was no
gross evidence of PGF2α-induced disruption of the corpus luteum in
the ASMase deficient mice, findings supported by the maintenance of
progesterone levels (Henkes et al., 2008). These results suggest that
TNF-mediated activation of ASMase serves a pivotal role in altering the
luteal vasculature during PGF2α-induced luteal regression. The absence
of direct cytotoxic effects of PGF2α on isolated luteal endothelial cells
argues that luteal regression in response to PGF2α requires cytokines
like TNF to disrupt vascular integrity. In vitro studies with bovine luteal
endothelial cells show that TNF also induces apoptosis by inducing
ASMase, production of ceramide, and activation of Jun-N-terminal
Kinase (JNK) MAPK signaling (Pru et al., 2003). TNF-induced
endothelial cell death may increase vascular permeability, allowing
for increased infiltration of immune cells, which release more TNF,
thereby exacerbating angioregression. However, further studies need to
be performed to determine whether TNF affects luteal vascular
permeability in vivo.

5.2 Interleukin 1 β (IL1B)

Interleukin 1 β (IL1B) is a pro-inflammatory cytokine that, like
TNF, is upregulated early in luteal regression (Talbott et al., 2017).
Also like TNF, IL1B is produced in immune cells, based on previous
studies (Lopez-Castejon and Brough, 2011), although some studies
indicate that fibroblasts may be able to secrete inflammatory
cytokines like IL1B (Kobayashi and Terao, 1997; Bartok and
Firestein, 2010), and a transcriptomic study identified the
presence of IL1B mRNA in small steroidogenic cells of the
bovine corpus luteum (Baddela et al., 2018). Although the exact
localization of IL1B has not been determined in the corpus luteum,
flow cytometry of the primate corpus luteum indicated that IL1B is
produced by CD11b+ cells in the late luteal phase (Bishop et al.,
2017). Unlike TNF, the role of IL1B has not been investigated in
luteal endothelial cells; however, in the corpus luteum, IL1B has been
demonstrated to impair steroidogenesis and increase
cyclooxygenase and subsequent PGF2α production in cultured rat
ovarian tissue (Estevez et al., 2003), indicating cytokines like IL1B
can potentially contribute to a positive-feedback loop to enhance
PGF2α production and action.

In studies of human umbilical vein endothelial cells (HUVECs),
IL1B induces matrix metalloprotease 9 and decreases levels of tissue
inhibitor ofmatrixmetalloprotease 1, suggesting that IL1B induces a net
breakdown of matrix (Qin et al., 2012). In the same study, it was
demonstrated that IL1B also increased endothelial cell permeability and
altered expression of membrane cadherins and claudins, which could
implicate increased immune cell recruitment (Qin et al., 2012). In
agreement with this possibility, both TNF and IL1B increased
neutrophil recruitment to HUVECs. Furthermore, the effect of IL1B
was increased slightly in conditions of shear stress (Sheikh et al., 2005).
A potential mechanism could be through the secretion of chemokines,
which attract immune cells like neutrophils. For instance, IL1B
increased secretion of IL8, a chemokine known to recruit
neutrophils, in immortalized human microvascular endothelial cells
(Bourdiec et al., 2013). Additionally, the receptor for IL1B, IL1R, has
been implicated in shear-stressed induced EndMT, where endothelial
cells transdifferentiate into myofibroblast-like cells (Kidder et al., 2023).
Therefore, IL1B action in angioregression may be beyond generalized
inflammation, and may even induce further inflammation through
recruitment of immune cells and increased production of PGF2α.

5.3 Transforming growth factor β1 (TGFB1)

Similar to TNF and IL1B, TGFB1 is increased very early during
luteal regression (Hou et al., 2008; Talbott et al., 2017). TGFB1 is a
ubiquitously expressed cytokine that binds to tyrosine kinase TGFB
receptors (TGFBRs) and activates a family of transcription factors
called mothers against decapentaplegic, commonly known as
SMADs, by phosphorylation (Branton and Kopp, 1999; Tzavlaki
and Moustakas, 2020). One of the classic functions of TGFB1 is
activating fibroblasts into myofibroblasts, in which they gain more
actin fibers and produce more collagen (Vallée and Lecarpentier,
2019). Maroni and Davis demonstrated that TGFB1 induces
collagen and laminin production by bovine luteal fibroblasts
in vitro (Maroni and Davis, 2012). In luteal endothelial cells,
TGFB1 decreased DNA incorporation, cell migration, and
endothelial sprouting (Maroni and Davis, 2011). In that same
study, TGFB1 increased caspase-3/7 activity of bovine luteal
endothelial cells, disrupted the distribution of VE-cadherin, and
increased endothelial cell permeability (Maroni and Davis, 2011).
These findings demonstrate that TGFB1 has a direct effect on luteal
angioregression by elimination of endothelial cells, increased
vascular permeability, and fibrosis of the vasculature.

6 Summary and future directions

Although the exact mechanism of vascular regression of the
corpus luteum remains unclear, it is known that blood flow
transiently increases then is impaired. The early increase in blood
flow may be from the release of vasodilators like NO during luteal
regression. Based on observations in other tissues, shear stress may
alter endothelial cell morphology and consequent function (Malek
and Izumo, 1996; Watts, 2007). As mentioned in the review,
endothelial cells themselves are also sensitive to growth factors
and cytokines released during luteal regression. Increased
production of cytokines in the luteal tissue microenvironment
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during regression may contribute to such changes in morphology as
well as death of endothelial cells. The cytokine-mediated events, in
conjunction with the loss of growth factors that typically signal
endothelial cell survival and proliferation, contribute to
angioregression in the corpus luteum. Endothelial cell apoptosis
may result in sloughing of cells into capillaries and increased
permeability of the vessels.

In this review, we summarized the current knowledge on
changes in blood flow, presence of vasoactive factors and
inflammatory cytokines, which all may contribute to
angioregression of the corpus luteum. However, endothelial
cells themselves may also be acting as luteolytic agents. Luteal
endothelial cells can produce cytokines such as TNF as well as
chemokines like monocyte chemoattractant 1 protein, which
attracts immune cells to the site of luteolysis (Liptak et al.,
2005; Cherry et al., 2008). Furthermore, in vivo studies
revealed that PGF2α rapidly induced P-selectin, a leukocyte
adhesion molecule, in bovine endothelial cells and recruited
polymorphonuclear neutrophils into the corpus luteum
(Shirasuna et al., 2012a). Studies in the primate indicate
infiltration of macrophages, neutrophils, and natural killer
cells in the regressing corpus luteum (Bishop et al., 2017).
Endothelial-immune cell interactions may exacerbate
luteolysis, as in vitro studies revealed that contact co-culture
of endothelial cells with peripheral blood mononuclear cells was
required to synergistically increase monocyte chemoattractant
protein 1 (Liptak et al., 2005). Endothelial cells also express class
II major histocompatibility (MHC) proteins, which allow binding
and subsequent activation of T lymphocytes (Cannon et al.,
2007a). Luteal endothelial cells also express proteins that
stabilize MHC II binding to T-cells as well as the
costimulatory molecule CD80, which induces T-cell survival
and proliferation (Cannon et al., 2006; Cannon et al., 2007b).
However, most of the current research focuses on the influence of
endothelial cells on immune cells rather than vice versa. Studies
are needed to determine how immune cell binding to luteal
endothelial cells affects vascular permeability, recruitment of
other immune cells and viability.

This review has centered on the actions of a number of growth
factors and cytokines, but newly developing research implicates
additional factors like adipokines and neuropeptides in luteal
regression. The potential role of many of these factors is the
subject of a recent review (Mlyczyńska et al., 2022). Many of
these factors impact metabolic pathways in cells that ultimately
control cellular fate. How adipokines and neuropeptides contribute
to luteal angioregression is a question requiring further
investigation.

It is well established that structural regression of the corpus
luteum involves programmed cell death of endothelial cells and
steroidogenic cells. However, recent research indicates that
apoptosis, autophagic cell death, and necroptosis may all
contribute to regression of the bovine corpus luteum (Hojo
et al., 2022). It is not known whether and how each of these
processes contribute to the demise of endothelial cells.
Additionally, non-apoptotic pathways of angioregression may
also occur in the regressing corpus luteum, such as a change in
endothelial cell phenotype. Senescence of vascular endothelial
cells has been associated with vascular dysfunction in variety of

disease states by impairing new angiogenesis and endothelial-
mediated changes in vascular tone (Shosha et al., 2018; Kiss
et al., 2020; Cohen et al., 2021; Bloom et al., 2023a; Bloom et al.,
2023b; Han and Kim, 2023). Senescent cells exhibit a pro-
inflammatory phenotype (Birch and Gil, 2020); thus, if
endothelial cell senescence is present in the regressing corpus
luteum, then these senescent endothelial cells may be producing
the inflammatory mediators that contribute to angioregression
and the viability of steroidogenic cells. Research is needed to
determine the phenotypes of luteal endothelial cells before and
during luteal regression.

Another possibility is that some endothelial cells are
changing phenotype by transdifferentiation or EndMT. This
phenomenon has been implicated in vascular dysfunction of
various disease states such as cancer, vascular fibrosis,
sclerosis, pulmonary hypertension, and atherosclerosis
(Zeisberg et al., 2007; Manetti et al., 2017; Alvandi and
Bischoff, 2021; Cai et al., 2021; Gorelova et al., 2021). EndMT
is known to be initiated by TGFB1, and is exacerbated by TNF in
cancer-associated fibroblasts (Yoshimatsu et al., 2020); therefore,
it is possible that the increases in content of TNF and
TGFB1 during luteal regression can contribute to EndMT.
Because luteal endothelial cells exhibit a variety of phenotypes
(Spanel-Borowski and van der Bosch, 1990; Spanel-Borowski,
1991; Fenyves et al., 1994; Davis et al., 2003), it is possible that
different endothelial cells undergo different forms of regression,
for instance cell death compared to senescence or EndMT.
Lineage tracing models using a transgenic animal model can
be used to study EndMT in vivo (Sánchez-Duffhues et al., 2018),
but has yet to be done in the corpus luteum to track whether
EndMT occurs or when it occurs in the regression process. It is
possible that EndMT may appear later in regression, when
fibrosis occurs, following inflammation.

Furthermore, many of these previous studies are done in
cultured endothelial cells from whole digested luteal tissue. Thus,
arteriolar, venular, and microvascular endothelial cells are all
considered to be the same. However, studies in other tissues
indicate that the type of vessel from which the endothelial cell
belonged can have an effect of its responsiveness to certain
environmental stressors. For instance, Polk et al. demonstrated
that human dermal microvascular cells slightly oriented
themselves in response to shear stress, and Reinitz et al.
demonstrated that human brain microvascular endothelial
cells did not change shape as HUVECs did in response to
shear stress (Reinitz et al., 2015; Polk et al., 2022). It was also
demonstrated that rat endothelial cells from different vessels
respond differently to vasoactive factors, such as acetylcholine-
induced relaxation (Abukabda et al., 2017). In that study, it was
identified that titanium dioxide nanoparticles impaired
acetylcholine-induced relaxation in endothelial cells from the
aorta, third-, and fourth-order mesenteric arteries, whereas it had
no effect in endothelial cells from the femoral artery (Abukabda
et al., 2017). Additionally, human dermal microvascular
endothelial cells exhibited less damage in response to Candida
albicans compared to HUVECs but more damage in response to
Staphylococcus aureus (Seidl et al., 2012). The human
microvascular endothelial cells also released less IL-8
compared to HUVECs in response to either pathogen (Seidl
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et al., 2012). Because of such differences between macro- and
microvascular endothelial cell responses to pathogens and shear
stress, it is important to decipher the macro- and microvascular
responses separately when studying luteal angioregression.
Various changes in the vasculature and causes of endothelial
cell death have been identified in the corpus luteum (summarized
in Table 1). However, a unifying mechanism of vascular
regression has yet to be established. The current knowledge
revolves around changes in blood flow and secreted factors
that may affect endothelial cell viability; yet, neither the exact
transcriptome or proteome of regressing vascular endothelial
cells nor their varying phenotypes has yet to be studied.
Single-cell proteomic or transcriptomic studies conducted
during luteal regression could provide new insight on how
changes in the luteal microenvironment in response to PGF2α
lead to angioregression.

Furthermore, the fibrosis of various luteal vessels has yet to be
explored. Studies show that while the microvasculature is
disappearing the walls of larger vessels become thicker during
luteal regression (Bauer et al., 2003). The presence of
myofibroblast-like cells in the regressing corpus luteum (Nio-
Kobayashi et al., 2016) may contribute to a fibrotic response. As
reviewed above, many endothelial-reactive factors may
contribute to fibrosis. Fibroblast activation by TGFB1 and
FGF2 (Monaco et al., 2023) and deposition of matrix may be
a major contributor to this process. EDN1 has been implicated in
pulmonary fibrosis and TNF-induced EndMT in cardiac fibrosis
(Swigris and Brown, 2010; Hu et al., 2023). Thrombospondins
may also contribute to vascular fibrosis through TGFB1
(Sweetwyne and Murphy-Ullrich, 2012). Given that the end
stage of luteal regression is a fibrotic corpus albicans, more
studies are needed to elucidate the mechanism of luteal
vascular regression beyond blood flow and apoptotic cell death
of endothelial cells.
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Introduction:Chronic Heart failure (CHF) is a highly prevalent disease that leads to
significant morbidity and mortality. Diffuse vasculopathy is a commonmorbidity
associated with CHF. Increased vascular permeability leading to plasma
extravasation (PEx) occurs in surrounding tissues following endothelial
dysfunction. Such micro- and macrovascular complications develop over time
and lead to edema, inflammation, andmulti-organ dysfunction in CHF. However, a
systemic examination of PEx in vital organs among different time windows of CHF
has never been performed. In the present study, we investigated time-dependent
PEx in several major visceral organs including heart, lung, liver, spleen, kidney,
duodenum, ileum, cecum, and pancreas between sham-operated and CHF rats
induced by myocardial infarction (MI).

Methods: Plasma extravasation was determined by colorimetric evaluation of
Evans Blue (EB) concentrations at 3 days, ~10 weeks and 4 months following MI.

Results: Data show that cardiac PEx was initially high at day 3 post MI and then
gradually decreased but remained at a moderately high level at ~10 weeks and
4 months post MI. Lung PEx began at day 3 and remained significantly elevated at
both ~10 weeks and 4 months post MI. Spleen PExwas significantly increased at
~10 weeks and 4 months but not on day 3 postMI. Liver PEx occurred early at day 3
and remain significantly increased at ~10 weeks and 4 months post MI. For the
gastrointestinal (GI) organs including duodenum, ileum and cecum, there was a
general trend that PEx level gradually increased following MI and reached
statistical significance at either 10 weeks or 4 months post MI. Similar to GI
PEx, renal PEx was significantly elevated at 4 months post MI.

Discussion: In summary, we found that MI generally incites a timedependent PEx
of multiple visceral organs. However, the PEx time window for individual organs in
response to the MI challenge was different, suggesting that different mechanisms
are involved in the pathogenesis of PEx in these vital organs during the
development of CHF.
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Introduction

Chronic heart failure (CHF) is a highly prevalent disease that
drastically increases morbidity and mortality of patients (Roger,
2021). It is estimated that CHF impacts over 37 million people
worldwide and is the leading cause of hospitalization among adults
and the elderly (Ziaeian and Fonarow, 2016). CHF occurs secondary
to earlier cardiac and vascular disorders such as hypertension,
myocardial infarction (MI), or myocarditis (Kemp and Conte,
2012). Post-MI timelines of cardiac inflammation and fibrosis
have been extensively analyzed as have their effects on cardiac
morphology and function (Cleutjens et al., 1995; Sutton and
Sharpe, 2000; Frangogiannis, 2012; Prabhu et al., 2016; Talman
and Ruskoaho, 2016). What remains unknown are the influences of
CHF on extracardiac organs at different timepoints during the
disease. Assessing extracardiac organ function will provide a
more comprehensive understanding of pathogenesis and
comorbidities of CHF and promote the development of novel
therapies. In this study, we performed permanent coronary
ligation MI to investigate the impact of early, middle, and late
stages of CHF on thoracic and abdominal organ plasma
extravasation (PEx) in rats.

All cells require nutrients and a means of removing waste. In
higher organisms, these functions are primarily carried out by the
circulatory system. Although the vascular system is considered
closed, it must be adequately permeable to allow for the
exchange of nutrients and waste products. Under basal vascular
permeability (BVP), molecules are exchanged in the capillaries and
consist largely of water, gases, glucose, and slight amounts of plasma
proteins (McDonald et al., 1999; Nagy et al., 2008). Permeability can
be described in 2 other pathological forms: acute vascular
hyperpermeability (AVH) and chronic vascular hyperpermeability
(CVH), both of which contribute to the pathogenesis of PEx. In the
instances of AVH or CVH, extravasated fluid, known as exudate, is
protein rich, approaching concentrations levels of plasma. Notably,
AVH is self-limiting, but chronic exposure to factors that increase
permeability results in profound changes in venular structure such
as pericytes detachment and endothelial thinning. The result is an
enlarged highly permeable venule with profound exudate. The
subsequent protein accumulation and osmotic pressure in the
interstitium drives fluid retention and promotes edema. In
addition, plasma proteins can interact with tissue factors to
induce migration and activation of mesenchymal and
inflammatory cells (Colvin and Dvorak, 1975; Dvorak et al.,
1979). These actions can limit the diffusion of nutrients and
elimination of waste and ultimately impair organ function.
Therefore, determining PEx of a given tissue or organ can
potentially serve as a guide for organ health. However, the time
course of PEx in individual organs at the different stages of CHF has
not been previously established. In this study, we utilized EB to
assess the degree of PEx. EB binds and stains albumin, so tissues
undergoing PEx are stained bluish purple due to the entrapped EB-
albumin complex within their parenchyma. Concentrations of EB
can then be calculated to determine relative levels of PEx and predict
the course of hyperpermeability. The goals of this study were to
quantify the levels of PEx in various organs at multiple timepoints
after the induction of MI in hopes to determine the effects of
multiple stages of CHF on extracardiac organ permeability.

Methods

All animal experimentation was approved by the Institutional
Animal Care and Use Committee of the University of Nebraska
Medical Center and performed in accordance with the National
Institutes of Health’s Guide for Use and Care of Laboratory
Animals and in accordance with the ARRIVE guidelines
(Kilkenny et al., 2012; Institute of Laboratory Animal
Resources, 2021). Experiments were performed on adult, male
Sprague-Dawley rats purchased from the Charles River
Laboratories (Wilmington, MA). Food and water were
supplied ad libitum, and rats were kept on 12-h light/dark cycles.

Rat model of chronic heart failure

Rats (180–200 g) were chosen at random to undergo either
MI surgery or sham surgery. CHF was produced by left coronary
artery ligation as previously described (Hong et al., 2021). Sham-
operated rats were prepared in the same manner but did not
undergo coronary artery ligation. Briefly, the rat was ventilated at
a rate of 60 breaths/min with 2%–3% isoflurane during the
surgical procedure. A left thoracotomy was performed through
the fifth intercostal space, the pericardium was opened, the heart
was exteriorized, and the left anterior descending coronary artery
was ligated. For post procedure pain management,
Buprenorphine SR (1.5 mg/kg) was subcutaneously injected
immediately after surgery. All sham rats survived, and~70% of
rats survived from coronary artery ligation surgery. At the end of
terminal experiments, infarct size (IS) was measured by taking
the ratio of the infarct area to whole left ventricle (LV) minus
septum in rats 10 weeks or 4 months post sham/MI. In rats 3 days
post sham/MI, we did not measure IS because the scar has not
formed although each infarcted heart exhibited a pale ischemic
region.

Tissue plasma extravasation and
quantification of Evans Blue

Rats were anesthetized with urethane (800 mg/kg ip) and α-
chloralose (40 mg/kg ip). EB, 20 mg/kg (10 mg/mL, dissolved in
heparinized saline) was administered intravenously through the
femoral vein. After 10 min, anesthetized rats were euthanized by
transcardiac perfusion with Phosphate Buffered Saline (0.01 M,
pH 7.4). Organ tissues including lungs, heart, kidney, liver,
pancreas, duodenum, ileum, cecum, and spleen were excised,
weighed, and photographed. Additional dissection of infarcted
hearts was performed to separate regions of the infarct. The left
ventricle was dissected into scar, peri-scar tissue that was adjacent
the scar, and remote tissues. Then, samples were placed in 2 mL of
N,N′-dimethyl formamide, homogenized, and incubated at 50°C
water bath for 24 h. Samples were then centrifuged (1 min,
14,000 rpm) and the EB content in the supernatant was
determined in a 96-well microplate reader (infinite M200,
TECAN, Männedorf, CH, Switzerland) using a fluorescence
excitation wavelength of 620 nm (bandwidth 10 nm) and an
emission wavelength of 680 nm (bandwidth 40 nm) (100 µL
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sample per well). Extravasation of EB was expressed as mg EB/g of
tissue, by comparing the experimental values with a known
standard.

Statistics

Statistical evaluation was analyzed using GraphPad Prism
(GraphPad Software, San Diego, CA. Version 9.4.1). Normality
was first determined using the Shapiro-Wilk test with an alpha
set at 0.05. If organ data sets were not normally distributed, Mann-
Whitney tests were utilized to determine differences between sham
and MI groups. Unpaired t-tests were used when data sets were
normally distributed. The comparison of PEx between each
timepoint for MI rats was done using one-way ANOVA with
tukey’s multiple comparison test with p < 0.05 being statistically
significant. Differences between two groups (Sham and MI) were
defined at p < 0.05 being statistically significant.

Results

Evaluation of cardiac PEx at different stages
of CHF

Infarcted rats at 10 weeks (i.e., middle stage of CHF) and 4 months
(i.e., late stage of CHF) post MI showed significant scaring of the left
ventricle compared to sham operated rats (IS at 10 weeks post MI:
37.8% ± 9.3%; IS at 4 months post MI: 36.7% ± 9.9%) (Figure 1C). All
regions of the left ventricle experienced significant PEx with the scar
tissue undergoing the most. At 10 weeks the remote region was
significantly decreased compared to 3 days and did not show
significant PEx when compared to sham. The Peri-MI region
experiences PEx through 3 days and up to 4 months when
compared to control. Surprisingly, the scar tissue showed the same
pattern to a greater extent (Figure 1). These data demonstrate that PEx
in cardiac tissues occurs at all stages of CHF, but the level at which it
occurs depends on stage of CHF and proximity to the area of effect.

FIGURE 1
Time-dependent PEx in the heart post sham/MI. 10 weeks post MI shows scar formation and PEx visualized by the tissue content of EB in the MI (B)
heart but not sham (A). Extent of scar area is shown in (C). Time course of PEx in various regions of the left ventricle in control and MI animals (D)Mean ±
SD. n = 5-8 per group. Comparing MI with Sham group p < 0.05 (*) and p < 0.005 (**). Comparing timepoints within MI group p < 0.005 (##).
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Evaluation of lung PEx at different stages
of CHF

Next, we examined lung PEx at different stages of CHF. Due to
the relative proximity of the lung to the heart and their
interconnected functions, we hypothesized the lung would mirror
the temporal PEx patterns as the heart. As expected, the lungs
started showing significant levels of PEx at 3 days post MI.
Significant levels of PEx were seen through 10 weeks and
4 months post MI similar to the heart (Figure 2). Contrary to the
heart, PEx in the lungs did not decrease over time.

Evaluation of gastrointestinal organ PEx at
different stages of CHF

Pulmonary hypertension and right-sided heart failure often
precede liver dysfunction. We predicted that significant levels of
liver PEx would follow lung PEx. However, significant liver PEx
occurred at 3 days and continued to 4 months postMI (Figure 3). Due
to the hepatic portal system, we predicted concurrent and subsequent
PEx of the digestive tract. However, only the duodenum and cecum
showed significant PEx, and notably at varying timepoints (Figure 4).
The cecum experienced significant PEx at 10 weeks while the
duodenum reached significant levels at 4 months. There appeared

to be slight enhancement of PEx at 4 months post MI in ileum and
cecum as well, but these were not statistically significant. The pancreas
did not experience significant PEx until 10 weeks and continued
through 4 months (Figure 5). In contrast to the other digestive
organs, PEx of the pancreas increased significantly over time with
levels tripling from 10 weeks to 4 months.

Evaluation of spleen PEx at different stages
of CHF

The spleen is a secondary lymphoid organ that houses
leukocytes, which can be mobilized in the event of tissue damage
or infection. As such, we expected significant levels of PEx to occur
acutely and chronically. Surprisingly, PEx was not observed until
week 10 post MI (Figure 6). Also, much like the pancreas, PEx of the
spleen worsens at 4 months post MI.

Evaluation of renal PEx at different stages
of CHF

The kidney did not show significant levels of PEx at 3 days post
MI (Figure 7). PEx levels were still normal at 10 weeks but increased
at 4 months post MI. These data closely resemble previously
documented compensatory actions of the kidney at the mid-stage
of CHF (Xia et al., 2022). The late renal PEx is consistent with
declined renal function at the late stage of CHF.

FIGURE 2
Time-dependent PEx in the lungs post sham/MI. Representative
images of sham (A) and MI (B) lungs treated with EB at 10 weeks post-
surgery. Time course of PEx in the lung post MI (B) and sham surgery
(C). Mean ± SD. n = 5-8 per group. Comparing MI with Sham
group p < 0.05 (*) and p < 0.005 (**).

FIGURE 3
Time-dependent PEx in the liver post sham/MI. Representative
images of sham (A) and MI (B) liver treated with EB at 10 weeks post-
surgery. Time course of PEx in the liver PEx in sham and MI animals
post-surgery (C). Mean ± SD. n = 5-8 per group. Comparing MI
with Sham group p < 0.005 (**).
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Discussion

In this study, we examined multiorgan PEx at different stages
of CHF. We used an MI model for the development of CHF in
rats. MI can produce left ventricular remodeling including
changes in LV size, shape, function, and cellular and
molecular composition (Sutton and Sharpe, 2000). By utilizing
EB, we determined divergences of PEx in thoracic and abdominal
organs, the severity, and initiation and duration. In general, we
found that MI induces a time-dependent increase of PEx in most
visceral organs in addition to the heart. However, due to varying
timepoints of PEx initiation and duration the mechanisms that
promote such extravasation most likely differ among these
organs.

The tight regulation of protein extravasation helps to maintain
the oncotic pressure of both the blood and tissue interstitium, thus
sustaining homeostasis. In general, vascular permeability (VP) is the
ability of fluid to move across microvessels to allow the exchange of
molecules. Basal vascular permeability describes rapid flux of small
molecules such as water, salts, and gases across the endothelial
barrier of capillaries. Importantly, the plasma filtrate during BVP
contains very little plasma protein (McDonald et al., 1999; Nagy
et al., 2008; Dvorak, 2010; Dvorak, 2021). However, during AVH or
CVH, there is extensive protein extravasation with protein
concentration of the exudate near plasma levels (Majno et al.,
1961). In the events of AVH, the protein exudate can be
beneficial in that it promotes angiogenesis and induces migration
and activation of inflammatory cells like neutrophils and monocytes

to clear dead tissue or pathogens. Crucially, AVH is self-limiting
unlike CVH which can occur from chronic exposure to
permeabilizing factors in cases of tumors or chronic
inflammation (Nagy et al., 2008; Dvorak, 2010). Persistent
increased protein exudate is problematic because it can result in
edema and increased interstitial pressure. Accumulation of
interstitial fluid is damaging to tissue health because it increases
the diffusion distance for nutrients and waste products, which may
compromise cellular metabolism (Scallan et al., 2010). In addition,
many organs are surrounded by unyielding fascial sheaths and
consequently have limited ability to expand their interstitial
space. This means that relatively small increments in fluid induce
large increases in interstitial pressure. Furthermore, if
hyperpermeability is left to persist and edema increases, the
vascular transmural pressure gradient decreases and capillaries
can be physically compressed, thereby reducing tissue perfusion
needed for nutrient and waste exchange. Chronically elevated
extracardiac PEx after MI as demonstrated in our study
highlights the clinical significance of assessing multiorgan health
after MI especially upon development of CHF. The extent of
extravasation of plasma solvent and solute depends on pressure
and concentration gradients, hemodynamic forces, intrinsic
permeability of the vascular wall (Dvorak, 2010), and
inflammatory status of a given tissue (McDonald et al., 1999). By
extrapolating PEx using EB concentration, we can account for the
sum total of all these factors, however, we cannot be certain which
mechanism is primarily responsible for the observed PEx of an
organ.

FIGURE 4
Time-dependent PEx in the gastrointestinal (GI) tract post sham/MI. Representative images of sham (A) and MI (B) GI tract treated with EB at
4 months post-surgery. Time course of PEx in the areas of the GI tract from sham and MI animals post-surgery (C). Mean ± SD. n = 5-8 per
group. Comparing MI with Sham group p < 0.005 (**).
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Chronic heart failure can occur secondary to earlier cardiac
events like MI (Kemp and Conte, 2012). The initial infarct causes
early inflammatory activation which is a necessary event for the
transition to later reparative stages (Guo and Dipietro, 2010; Kain
et al., 2014; Prabhu et al., 2016). The reparative stage begins around
72 h in mice (Dewald et al., 2004) and is marked with significant
collagen deposition (Cleutjens et al., 1995) and myofibroblast
activation (Sun and Weber, 1996) that lead to the development
of fibrotic tissue (Sun and Weber, 2000; Sun et al., 2002; Dewald
et al., 2004) and continued scar development. These adverse changes
culminate in LV remodeling and ultimately hemodynamic
perturbances that include elevated cardiac filling pressures,
reduced cardiac output, and central venous congestion that are
characteristic of CHF (Verbrugge et al., 2020). Based on these
considerations, we predicted that our MI rat model would cause
inflammatory-induced AVH in the heart and lungs while
hemodynamic alterations characteristic of CHF would drive CVH
in all organs.

Our rat data closely correspond withmurine findings in that PEx
of all regions of the heart peaked at 3 days with levels diminishing
thereafter, suggesting resolution of inflammation and the initiation
of repair. Of note, this may be a species-specific response; dogs
demonstrated a more delayed response, with the reparative stage not
beginning until 7 days (Dewald et al., 2004). Of intertest, PEx is
significantly reduced in the remote region at 10 weeks but reemerges

at 4 months which may be linked to the development of CHF and
continued remodeling of the heart.

Our data indicate that PEx of the infarcted area is not
resolved 4 months after MI. We believe that the initial PEx
(3 days) is a direct result of cardiac inflammation and that
chronic PEx is the result of cardiac remodeling. Angiogenic
factors like vascular endothelial growth factor (VEGF), which
have been shown to increase VP (Nagy et al., 2008), are highly
expressed in the peripheral zone of the infarct following MI.
Subsequently, the peripheral zone becomes highly vascularized
just 3-days post MI (Sun et al., 2002; Rog-Zielinska et al., 2016)
and remains highly vascularized over 8 weeks (Kalk et al., 1997;
Sun and Weber, 2000) suggesting angiogenesis. Neo-
vascularization would support and contribute to the creation
of dense fibrillar collagen networks that are found in the infarct
scar 4 weeks after MI (Sun et al., 2002). Unlike other tissues the
heart demonstrates continued collagen deposition (Cleutjens
et al., 1995) and myofibroblast activation (Sun and Weber,
1996) for prolonged periods of time–up to several months in
rats–that would require nutrients from newly created vascular
beds. We speculate that blood flow and exudate in the peripheral
zone may diffuse into the fibrotic scar. Little is known about the
capacity of vessels to deliver nutrients and diffusion of such
nutrients to the fibrotic scar, but our data indicate that PEx of the
infarct is not resolved 4 months after MI.

Given the lungs anatomic and physiological proximity to the
heart, it can be reasoned that the lungs would be the first and most
severely impacted extracardiac organ following an MI. Our data
corroborate with this line of thinking evidenced by significant acute
pulmonary PEx. Inconsistent to the heart, the lung did not

FIGURE 5
Time-dependent PEx in the pancreas post sham/MI.
Representative images of sham (A) andMI (B) pancreas treatedwith EB
at 10 weeks post-surgery. Time course of PEx in the areas of the GI
tract from sham and MI animals post-surgery (C). Mean ± SD. n =
5-8 per group. Comparing MI with Sham group p < 0.005 (**).
Comparing timepoints withinMI group p <0.05 (#) and p <0.005 (##).

FIGURE 6
Time-dependent PEx in the spleen post sham/MI. Representative
images show PEx in the spleen at 10 weeks post sham/MI (A,B). Time
course of PEx in the spleen from sham and MI animals post-surgery
(C). Mean ± SD. n = 5-8 per group. Comparing MI with Sham
group p < 0.005 (**). Comparing timepoints within MI group p <
0.05 (#).
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experience diminishment of PEx over time. It may even be
increasing, but due to lack of statistical significance we cannot be
certain.

As far as lung PEx is concerned, we believe the same general
mechanisms are in play: initial inflammation followed by
hemodynamic perturbance. Small infarcts that do not lead to
elevated left ventricular end diastolic pressure induced
neutrophil infiltration into the lung (Yan et al., 2014). This
suggests that cardiac damage is sufficient to promote lung
inflammation. However, as time goes on, diminished heart
function and left-sided heart failure lead to pulmonary
hypertension and an increase in pulmonary arterial wedge
pressure (PAWP) (Kuebler et al., 1999; Konstam et al., 2018)
both of which have deleterious effects on pulmonary function
including increased plasma exudate and edema. Pulmonary
hypertension can also progress to poorer right ventricular
reserve, and when coupled with an increase in PAWP, will
drastically worsen lung congestion (Reddy et al., 2019).
Lymph flow may increase by a factor of 20–30 under
sustained conditions of increased filtration attributable to
elevated capillary pressure (Uhley et al., 1962). However, the
increased levels of chronic PEx indicate pathologic VP that could
overwhelm the lymphatic system. Even if high levels of edema
are absent, small accumulations of interstitial fluid within the
lungs will dramatically impair gas exchange and potentially
interfere with other organ systems evidenced by the fact that

lung injury can induce extrapulmonary organ PEx (Kitzerow
et al., 2022).

The interplay of the heart and kidney cannot be understated;
the kidneys provide clearance of waste products, maintenance of
volume and electrolyte homeostasis, and modify
neuroendocrine activities. Our data show elevated PEx in the
kidney occurring at 4 months post MI. These data are consistent
with the trend of renal pro-inflammatory/injury markers post
MI (Xia et al., 2022). The lack of PEx at 10 weeks post MI may be
due to a renal compensatory response that seeks to normalize
cardiac output and arterial pressure post MI. The compensatory
stages of heart failure may normalize kidney PEx, but upon CHF
and development of elevated central venous pressure (CVP),
PEx resumes due to elevated hydrostatic pressure in renal
post-capillary venules. Unlike other abdominal organs, the
kidney is intimately encased in a fibrous capsule causing
additional plasma leakage and interstitial pressure particularly
damaging and producing accelerated and irreversible loss of
nephrons (Schroten et al., 2016) and promoting renal failure.

The current study shows that PEx of the intestines and
pancreas occurs after liver PEx begins, 3 days post MI. This
suggests that liver dysfunction precedes and may contribute to
dysfunction of other digestive organs. Of the GI tract, only the
duodenum and cecum demonstrated significant levels of PEx at
4 months and 10 weeks, respectively, while the ileum did not.
Interestingly, the pancreas was the only digestive organ that
presented significant worsening of PEx as time progressed and
exhibited the highest levels of PEx of any organ including the
heart. Each of these organs possesses fenestrated capillaries
(Milici et al., 1985; Griffin and Gao, 2017; Burganova et al.,
2021) so anatomical capillary structure does not explain the
observed differences.

CHF is associated with chronic pancreatitis (Nikolic et al.,
2019; Hiraiwa et al., 2022), congestive hepatopathy (Seeto et al.,
2000; Sundaram and Fang, 2016), protein-losing enteropathy
(Chan et al., 1999), malnutrition, and loss of appetite. Due to its
development in the chronic stages of CHF we believe that PEx is
caused, in part, by CVP elevation. The liver is especially sensitive
to increased CVP (Seeto et al., 2000) due to the hepatic portal
system. Elevated CVP increases the hydrostatic pressure of post-
capillary venules and promotes VP and protein exudate in the
liver because of their connections to the portal system, the
intestines, pancreas, and spleen. Increased CVP also increases
liver lymph flux which stresses the retroperitoneal lymphatic
system (Itkin et al., 2020) which can rupture intestinal lacteals
and further promote gut edema (Sundaram and Fang, 2016).
Acute PEx may not occur in the gut due to its relatively high
tolerance to reductions in blood flow and resistance to hypoxia
(Seeto et al., 2000; Zheng et al., 2015) implying that these tissues
most likely do not exhibit severe oxidative or pro-inflammatory
responses that increase VP due to acutely diminished cardiac
output. However, severe intestinal hypoperfusion and mucosal
ischemia, have been shown to increase bacterial translocation
and serum endotoxins (Niebauer et al., 1999; Krack et al., 2004)
suggesting increased vascular permeability. Although the
peritoneal cavity has high expansive abilities, unrestrained
transcapillary filtration leads to exudation of interstitial fluid
into the gut lumen (Granger, 1981) and, together with pancreatic

FIGURE 7
Time-dependent renal PEx post sham/MI. Representative images
show PEx in the kidney at 4 months post sham/MI surgery (A, B). Time
course of PEx in the kidney from sham and MI animals post-surgery
(C). Mean ± SD. n = 5-8 per group. Comparing MI with Sham
group p < 0.05 (*).
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exocrine deficiency often seen in CHF (Xia et al., 2017), could
explain malabsorption and loss of appetite.

The spleen exhibits significant PEx starting at 10 weeks. Levels
rise significantly higher at 4 months.We expected the spleen to show
PEx at 3 days due to the immune interactions between the spleen
and heart. There appears to be an upward trend, but unlike the other
organs, the normal spleen demonstrates relatively high levels of PEx.
Even looking at the spleen macroscopically, sham and MI look very
similar.

Spleen activity after MI has received much attention due to
the spleen’s importance in the development of leukocytes and its
ability to respond to distant tissue injury (Swirski et al., 2009). In
the case of MI, cardiac tissue damage has been shown to trigger
the release of splenic immune cells, which contribute to cardiac
remodeling and heart failure (Van Linthout and Tschope;
Prabhu, 2018; Tian et al., 2016). Elevated VP increases
mobilization of immune cells. Because VP and PEx are
interrelated, we hypothesized that PEx would be enhanced
3 days following MI. Swirski et al. (Swirski et al., 2009),
demonstrated splenic immune mobilization 1 day after MI,
suggesting that VP may only be momentarily enhanced.
However, splenic PEx is not only heightened at 4 months but
increasing, which may portend an inflammatory response.
Chronic heart failure has been shown to induce splenomegaly
as measured by volume (Fujinami et al., 2018) and mass (Tonelli
et al., 2013), and stimulate white pulp and marginal zone
hypertrophy (Prabhu, 2018). Alternatively, the chronic
production of splenic PEx may be the result of elevated CVP
much like the other abdominal organs. As discussed above,
portal hypertension can induce increases in hydrostatic
pressure of post-capillary venules leading to PEx and edema.
Due to their lymphatic connections via the periaortic nodes
(Mikhael and Khan, 2022), liver lymph pathology can also
contribute to spleen PEx.

Limitations

One of the hallmarks of CHF is elevated CVP. However,
CVP was not measured in our permanent MI model, so we can
only speculate that elevated CVP contributed to increased levels
of PEx in each organ. In addition, lymphatics play an important
role in clearing extravasated materials as well as
contributing to the exudate. By measuring circulatory PEx by
EB we are not able to determine the extent to which lymphatic
efflux contributes to overall organ extravasate. In addition, by
using EB to extrapolate PEx, we cannot determine the exact
mechanisms that are occurring and driving the observed PEx of
an organ. Lastly, all experiments were conducted in adult male
SD rats. Further studies are required to elucidate if
divergences in multiorgan PEx after MI occur due to sex
differences.

Conclusion

Vascular permeability is critical for any organ function since
the tight regulation of protein extravasation helps to maintain

homeostasis. Persistent increased protein exudate limits the
diffusion efficiency of nutrients and waste, increases
interstitial pressure that can collapse capillaries and ultimately
impair organ function. Increased vascular permeability could
also cause organ inflammation or edema. Plasma extravasation in
varying degrees is present in all organs following MI. Due to
varying timepoints of PEx initiation and intervals, the
mechanisms that promote extravasation, such as cardiac
inflammation, hypoperfusion, or venous pressure most likely
differ among organs. This is the first study to our knowledge
documenting the time varying nature of PEx following MI and
the development of CHF. We believe that PEx could be an
independent risk factor to predict the MI-induced cardiac and
extracardiac organ dysfunction.
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Stem/progenitor cells have been widely evaluated as a promising therapeutic
option for heart failure (HF). Numerous clinical trials with stem/progenitor cell-
based therapy (SCT) for HF have demonstrated encouraging results, but not
without limitations or discrepancies. Recent technological advancements in
multiomics, bioinformatics, precision medicine, artificial intelligence (AI), and
machine learning (ML) provide new approaches and insights for stem cell
research and therapeutic development. Integration of these new technologies
into stem/progenitor cell therapy for HF may help address: 1) the technical
challenges to obtain reliable and high-quality therapeutic precursor cells, 2)
the discrepancies between preclinical and clinical studies, and 3) the
personalized selection of optimal therapeutic cell types/populations for
individual patients in the context of precision medicine. This review
summarizes the current status of SCT for HF in clinics and provides new
perspectives on the development of computation-aided SCT in the era of
precision medicine and AI/ML.

KEYWORDS

stem cells, heart failure, cell therapy, precision medicine, artificial intelligence, machine
learning, clinical trial, regenerative medicine

Introduction

Heart failure (HF) typically arises from prolonged cardiomyopathy, a chronic and
progressive pathological condition characterized by weakening, loss, and/or stiffening of the
heart muscle (i.e., myocardium) (Dassanayaka and Jones, 2015). Without proper
intervention, cumulative reductions in the cardiac capacity to pump blood likely lead to
HF or even death. Unfortunately, HF is irreversible and incurable because human hearts do
not have sufficient innate regenerative capacity to restore severe myocardial damage (Uygur
and Lee Richard, 2016). HF has become a major global healthcare burden that progressively
deteriorates the physiological capability of the affected population and significantly impacts
their quality of life (Savarese et al., 2022). In the United States alone, HF affects around 2.5%
and 1.7% of all men and women, respectively (Tsao et al., 2022). Importantly, the overall
age-adjusted mortality rate for HF has notably increased from 2.36 to 3.16 per
100,000 people over the recent two decades (1999–2019) (Jain et al., 2022).
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TABLE 1 Summary of recent clinical trials with stem cell therapy for heart failure. This table summarizes the key parameters and findings of major human trials with stem/progenitor cell therapy for heart failure since
2015.

Trial Name Author Year of
Publication Trial Phase

Administration Route and
Type of Stem Cells

Type of HF
(Pt #)

Randomization and Sample
Size

Average Age (%
Male)

Average
EF

NYHS
Class

Key Findings

REGENERATE-DCM Hamshere et al.
(2015) Phase II

Intracoronary administration of
autologous BMC

NICM S/C Saline:15 S/C G-CSF:15 IC BM serum:15
IC BMC: 15

56 (63%) 36% ≥II At 3 months post-treatment, the IC BMC
therapy group showing 1) 5.37% increase
in LVEF: 38.3% ± 13.0% vs. 32.9% ±
16.5% (p = 0.0138) for up to 1 year. 2)
Decrease in NYHA classification, reduced
plasma NT-proBNP,increased exercise
capacity, and improved quality of life. 3)
No notable change in LVEF in remaining
intervention groups

MiHeart Study Martino et al. (2015) Phase
II/II

Intracoronary administration of autologous
BMNC

NICM Placebo: 78 IC BMNC: 82 56 (73%) 24% III/IV At 12 months post-treatment, no
significant differences between the
intervention and placebo groups for
LVEF, LVESV, LVEDV, and mortality
rate

MPC-HF Perin et al. (2015) Phase II Transendocardial administration of
allogenic MSC

ISCM(38) and
NICM (7)

25M MPC: 20 75M MPC: 20 150M MPC: 20
(15 treated and 5mock control 5mock control

each per group)

62 (97%) 31% II/III 1) No difference between the groups for
adverse events, clinically significant
immune response, survival probability,
MACE-free probability, and all-cause
mortality. 2) Significant reduction in HF-
related MACE (HF hospitalization,
successfully resuscitated cardiac death, or
cardiac death) in the 150M MPC group
compared to all other groups (p = 0.025)

MSC-HF trial Mathiasen et al. (2020)
Phase II

Intracoronary administration of autologous
BM derived MSC

ISCM Placebo: 20 MSC: 40 66 (36%) 28% II/III At 3 months post-treatment, the MSC
therapy group showing: 1) Significant
reduction in LVESV (−7.6 mL, p = 0.001).
2) No significant change in LVEF, stroke
volume, and myocardial mass

REGENERATE-AMI Choudry et al. (2016)
Phase II

Intracoronary administration of
allogenic BMC

ISCM BMC: 55 Placebo: 45 56 (84%) 48% ≥I 1) At 1 year, a greater myocardial salvage
index by MRI in the BMC-treated group,
compared with placebo (p = 0.048). 2) No
difference in rare major adverse events
between groups. 3) At the 5-year follow-
up, there was no difference in the clinical
outcomes between the two groups.
Mathur et al. (2022)

IMPACT-CABG Noiseux et al. (2016)
Phase II

Intramyocardial administration of autologous
BM derived CD133+ Cells

ISCM Intervention: 19 Placebo: 14 66 (89.5%) 40% II-IV 1) At 6 months post-treatment,
improvements in LVEF and LV volumes
in all patients by MRI with no significant
difference between the two groups. 2) One
death and four cases of transient renal
insufficiency during the 6-month follow-
up period

Ixmyelocel-T for ISCM Patel et al. (2016)
Phase IIB

Intramyocardial administration of autologous
Ixmyelocel-T (BM deribed-CD90+ MSC and

Cd 45+CD14+macrophages

ISCM Ixmyelocel-T: 66 Placebo: 60 35% III/IV At 12 months post-treatment, the
Ixmyelocel-T therapy comparing to the
placebo group: 37% reduction in cardiac
events (risk ratio: 0.63 [95% CI 0.42–
0.97]; p = 0.0344). Less serious adverse
events (53% vs 75%, p = 0.0197)

(Continued on following page)
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TABLE 1 (Continued) Summary of recent clinical trials with stem cell therapy for heart failure. This table summarizes the key parameters and findings of major human trials with stem/progenitor cell therapy for heart
failure since 2015.

Trial Name Author Year of
Publication Trial Phase

Administration Route and
Type of Stem Cells

Type of HF
(Pt #)

Randomization and Sample
Size

Average Age (%
Male)

Average
EF

NYHS
Class

Key Findings

CHART-1 Study Teerlink et al. (2017)
Phase II/III

Intramyocardial administration of autologous
cardiopoietic MSC

ISCM Cardiopoietic MSC (C3BS- CQR-1): 120
Sham procedure: 151

62 (89%) 27% II-IV 1) At 12 months post-treatment, the
cardiopoietic MSC group showing
decreases in LVEDV by 17 mL (p = 0.006)
and increases in LVESV by 12 mL (p =
0.017). 2)The treatment group with a
moderate number of repeated injections
(>16 to <20) exhibiting the largest reverse
remodeling

PERFECT Steinhoff et al. (2017) Phase III Intramyocardial administration of autologous
BM derived CD133+ stem cells

ISCM CD133+ SC: 41 Placebo: 41 63 (85%) 32% I-IV 1) At 180 days post-treatment, no notable
difference in survival, adverse events, or
change in LVEF by MRI from baseline. 2)
Increased Erythropoeitin (p = 0.02) and
SH2B3 mRNA expression (p = 0.073) in
preoperative peripheral blood of the
responders (ΔLVEF≥ 5% after 180 days);
reduced CD133+ EPC (p = 0.005) and
thrombocytes (p = 0.004) in the
preoperative peripheral blood of the non-
responders. 3) Preoperative
discrimination with 80% (responders) and
84% (non-responders) accuracy after 10-
fold cross-validation by machine learning-
identified 20 biomarker response
parameters

REGENERATE-IHD Choudhury et al.
(2017) Phase II

Intramyocardial and intracoronary
administration of autologous BMSC with

G- CSF

ISCM Peripheral: S/C G-CSF: 15 S/C Placebo: 15
Intramyocardial: IM BMC: 15 S/C Placebo: 15
Intracoronoary: IC BMC: 15 IC Placebo: 15

61 (100%) 30% II-IV 1) At 1 year post-treatment, significant
improvement in LVEF of 4.99% by MRI
with intramyocardial BMC therapy (p =
0.038); no difference in LVEF in all other
groups. 2) Reduced NT-proBNP at 6
months and a reduction in NYHA class at
1 year with intramyocardial BMC therapy

Muscle-derived SC with connexin-43 gene
overexpression for HF Gwizdala et al.

(2017) Phase I

Intramyocardial administration of allogenic
engineered muscle derived stem/progentor

cells

ISCM (11) and
NICM (2)

13 61 (92%) 25% II/III At 6 months, compared to the baseline: 1)
Improved exercise capacity: NYHA (3 ± 0
vs. 1.8 ± 0.7, p = 0.003), exercise duration
(388.7 ± 141.8 s vs. 462.1 ± 176.7 s, p =
0.025), peak O2 consumption (14.4 ± 4.0
vs. 15.8 ± 3.7 mL/kg.min, p = 0.022), and
O2 pulse (10.6 ± 2.9 vs. 18.9 ± 22.6
mLO2/heart rate, p = 0.012). 2)
Improvement in the levels of BNP, LVEF,
and LVED. 3) Significant improvement in
the mean unipolar voltage amplitudes in
the injected segments (9.6 ± 2.6 vs. 11.6 ±
3.5 mV, p = 0.014) and the entire LV (8.8
± 2.8 vs. 10.2 ± 3.4mV, p = 0.041). 4) No
deaths reported; one subject with
ventricular tachycardia

(Continued on following page)
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TABLE 1 (Continued) Summary of recent clinical trials with stem cell therapy for heart failure. This table summarizes the key parameters and findings of major human trials with stem/progenitor cell therapy for heart
failure since 2015.

Trial Name Author Year of
Publication Trial Phase

Administration Route and
Type of Stem Cells

Type of HF
(Pt #)

Randomization and Sample
Size

Average Age (%
Male)

Average
EF

NYHS
Class

Key Findings

TRIDENT study Florea et al. (2017)
Phase II

Transendocardial administration of allogenic
BM derived MSC

ISCM 20M-MSC: 15 100M-MSC: 15 66 (90%) 36% I-III At 12 months post-treatment: 1) Similar
reduction in scar size in both groups by
CT. 2) Increase in LVEF only with 100M-
MSC Tx (by 3.7U, p = 0.04).3) Improved
NYHA class in the 20M-MSC (35.7%) and
100M-MSC (42.9%) groups 4) Increased
proBNP in the 20M-MSC group (0.32 log
pg/mL p = 0.039), but not in the 100M-
MSC group (−0.07 log pg/mL)

RIMECARD Trial Bartolucci et al. (2017)
Phase I/II

Peripheral infusion of allogenic umbilical
cord derived MSC

ISCM (21) and
NICM (9)

UC-MSC: 15 Placebo: 15 57 (80%) 33% I-III At 3, 6, and 12 months post-treatment, the
US-MSC group had: significant
improvement in LVEF compared to baseline
(+7.07 ± 6.22% vs. +1.85 ± 5.60%; p = 0.028)
improvements of NYHA class (p= 0.0167 vs.
baseline) and MLHFQ (p<0.05 vs. baseline).
no difference in mortality, HF admissions,
arrhythmias, or incidentmalignancy between
the two groups

IV-MSC for NICMP Butler et al. (2017)
Phase IIA

Peripheral infusion of allogenic ischemia-
tolerant MSC (itMSC) grown in chronic

hypoxia

NICM itMSC: 10 Placebo: 12 47 (59%) 32% II/III No difference in mortality, adverse events,
or hospitalization. No significant change
in LVEF and LV volume. Increased 6-min
walk distance (+36.47 m, 95% CI 5.98–
66.97; p = 0.02) with itMSC Tx. 3)
Improved Kansas City Cardiomyopathy
clinical summary (+5.22, 95% CI
0.70–9.74; p = 0.02) and functional status
scores (+5.65, 95% CI −0.11 to 11.41; p =
0.06) with itMSC Tx

IC BMC and MSC in HF Xiao et al. (2017)
Phase II

Intracoronary administration of autologous
BM mononuclear cells or MSC

NICM BMMC: 16 BMSC: 17 Control: 20 50 (64%) 33% II-IV At 3 months, improvement in LVEF (p =
0.004), NYHA class (p= 0.02) andmyocardial
perfusion (p= 0.019)with BMSCTx as well as
LVEF (p = 0.04) and NYHA class (p = 0.047)
with BMMCTx. At 12months, improvement
in LVEF (p = 0.005), NYHA class (p = 0.05)
and myocardial perfusion (p = 0.038) only
with BMSC Tx. No difference in major
adverse cardiovascular events between the
three groups

POSEIDON-DCM Hare et al. (2017) Phase
I/II

Transendocardial administration of allogenic
or autologous BM derived MSC

NICM Autologous BMSC: 19 Allogenic BMSC: 18 56 (71%) 26% I-III At 1 year post-treatment: 1) Increase in
LVEF in allo-BMSC group by 8.0% (p =
0.004) compared with auto-BMSC; 2)
Increase in the 6-min walk test with allo-
BMSC by 37.0 m (p = 0.04); 3) Decrease
in MLHFQ score in allo-BMSC (p =
0.0022); 4) Decreases in TNFα overall for
both groups (p = 0.0001) with a greater
decrease in the allo-BMSC group (p =
0.05); 5) No serious adverse events at 30
days; at12 months, serious adverse event
rates: 63.5% in auto-BMSC and 28.2% in
allo-BMSC (p = 0.1)

(Continued on following page)
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TABLE 1 (Continued) Summary of recent clinical trials with stem cell therapy for heart failure. This table summarizes the key parameters and findings of major human trials with stem/progenitor cell therapy for heart
failure since 2015.

Trial Name Author Year of
Publication Trial Phase

Administration Route and
Type of Stem Cells

Type of HF
(Pt #)

Randomization and Sample
Size

Average Age (%
Male)

Average
EF

NYHS
Class

Key Findings

Repeat CD34+ Vrtovec et al. (2018) Phase II Transendocardial administration of
autologous peripheral blood stem cells

NICM Group A: Repeated stem cell treatment in 6
months: 30 Group B: Single stem cell

treatment: 30

55 (88%) 31% III 1) From baseline to 6 months,
improvement in both groups: a. LVEF:
+6.9 ± 3.3% in Group A, p = 0.001 and
+7.1 ± 3.5% in Group B, p = 0.001. b. NT-
proBNP: −578 ± 211 pg/mLin Group A, p
= 0.02 and −633 ± 305 pg/mL in Group B,
p = 0.01. c. 6-min walk test: +87 ± 21 m
in Group A, p = 0.03 and +92 ± 25 m in
Group B, p = 0.02)

RECARDIO Bassetti et al. (2018) Phase I Intramyocardial administration of autologous
BM derived CD133+ cells

ISCM 10 69 (100%) 38% II-IV 1) At 6 months, improved baseline
myocardial perfusion in: Summed stress
scores (from 18.2 ± 8.6 to 13.8 ± 7.8, p =
0.05). Difference stress scores (from 12.0
± 5.3 to 6.1 ± 4.0, p = 0.02). Improvement
at 6 months compared to baseline in
Canadian Cardiovascular Society
(p≤0.001) and NYHA classes (p = 0.007).
Positive correlation between changes in
summed stress score and ATMP-CD133
release of proangiogenic cytokines HGF (r
= 0.80, p = 0.009) and PDGF-bb (r = 0.77,
p = 0.01). Negative correlation between
changes in summed stress score and the
proinflammatory cytokines RANTES (r =
−0.79, p = 0.01) and IL-6 (r = −0.76, p
= 0.02)

MPC in LVAD Yau et al. (2019) Phase II Intramyocardial administration of
allogenic MPC

ISCM (70) and
NICM (89)

MPC: 106 Control: 53 55 (88.7%) 15% II-IV No difference between the groups in terms
of successful temporary weaning from
LVAD after 6 months of randomization,
rate of adverse events, rate of readmission,
and 1-year mortality

HUC-HEART Trial Ulus et al. (2020) Phase
I/II

Intramyocardial administration of allogenic
umbilical derived MSC vs BM mononuclear

cells

ISCM Control: 16 BM-MNC: 12 Umbilical MSC: 25 59 (100%) 35% I/II At the 6-month follow-up: decline in NT-
proBNP levels compared to baseline in
both cell-treated groups. At the 6- to 12-
month follow-up: increase in LVEF (5.4%)
and stroke volume (19.7%) only in the
umbilical MSC group. Decreasing necrotic
myocardium by 2.3% in the control, 4.5%
in the BM-MNC group, and 7.7% in the
umbilical MSC group. Increase in the 6-
min walking test in the control (14.4%)
and the umbilical MSC group (23.1%)

CCTRN SENECA Trial Bolli et al. (2020)
Phase I

Intramyocardial administration of allogenic
BM derived MSC

NICM MSC: 14 Placebo: 17 54 (24%) 33% II/III No significant difference in clinical
outcomes between the two groups

Collagen scaffold MSC in HF He et al.
(2020) Phase I

Intramyocardial administration of allogenic
MSC with cell-laden hydrogel scaffold

ISCM CABG + Cell + Hy drogel: 18 CABG + Cell:
17 Control: 15

62 (78%) <10% III/IV No significant difference in serious
adverse events. At 12 months post-
treatment, cardiac MRI showing
significant reduction in the mean infarct
size only in the collagen/cell group: −3.1%
(95% CI, −6.20% to −0.02%, p = 0.05)

(Continued on following page)
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TABLE 1 (Continued) Summary of recent clinical trials with stem cell therapy for heart failure. This table summarizes the key parameters and findings of major human trials with stem/progenitor cell therapy for heart
failure since 2015.

Trial Name Author Year of
Publication Trial Phase

Administration Route and
Type of Stem Cells

Type of HF
(Pt #)

Randomization and Sample
Size

Average Age (%
Male)

Average
EF

NYHS
Class

Key Findings

ALLSTAR Makkar et al. (2020) Phase II Intracoronary administration of allogenic
cardiosphere derived cells

ISCM CDC: 90 Placebo: 44 55 (84.4%) 40% I/II A1 month post-treatment, no primary
safety endpoint events. At 6-month
follow-up, no change in scar size
percentage. At 6-month follow-up, CDC-
treated patients showing notable
reductions in LVEDV (p = 0.02), LVESV
(p = 0.02), and NT-proBNP (p = 0.02)

CCTRN CONCERT-HF Bolli et al. (2021)
Phase II

Intracoronary administration of autologous
bone marrow derived MSC and c-kit + CPC

ISCM MSC + CPC: 33 MSC: 29 CPC: 31 Placebo: 32 62 (87%) 28% II/III Lowest HF-related major adverse cardiac
events in the CPC- treated group compared
to placebo (−22%, p = 0.043) Significantly
improved QOL scores in the MSC-alone
group (p = 0.05) and the MSC + CPC group
(p = 0.023) vs. placebo. No significant
difference among groups in LVEF, LV
volumes, scar size, 6-min walking distance,
and peak O2 consumption

Danish Trial Qayyum et al. (2023a) Phase II Intramyocardial administration of allogenic
adipose derived MSC

ISCM ASC: 54 Placebo: 27 67 (81%) 34% II No significant change in LVESV, LVEDV,
LVEF, NYHA class and 6 min walk test
between groups

SCIENCE Trial Qayyum et al. (2023b)
Phase II

Intramyocardial administration of allogenic
adipose derived MSC

ISCM ASC: 90 Placebo: 43 66 (93%) 32% II/III No significant differences between groups in
LVESV, LVEDV, LVEF, NYHA class, 6-min
walk test, NT-proBNP, CRP, or QOL.

MPC in HF Perin et al. (2023) Phase III Transendocardial administration of allogenic
BM derived MSC

ISCM (319) and
NICM (244)

BMSC: 283 Control: 282 63 (78%) 28% II/III At 12 months post-treatment, BMSC group
vs. control group (analysis population: n =
537): Increasing LVEF, especially in patients
with inflammation. Decrease in the risk of
TTFE forMI or stroke by 58% (cause- specific
HR: 0.42, 95% CI: 0.23–0.76). Red uction in
the risk of TTFE for the 3-point MACE by:
28% (HR: 0.72, 95% CI: 0.51–1.03) Reducing
risks of MI/stroke and the 3-point MACE by
75% and 38%, respectively, in patients with
inflammation (hsCRP≥2 mg/L)

Legend Abbreviations.

ATMP: Autologous advanced therapy medicinal product BM: bone marrow.

BMC: Bone marrow-derived cells BMNC: Bone marrow mononuclear cells CI: confidence interval.

CRP: C-reactive protein CT: Computed tomography EF: ejection fraction.

EPC: endothelial progenitor cell.

G-CSF: Granulocyte colony-stimulating factor HF: heart failure.

hsCRP: High-sensitivity C-reactive protein IC: intracoronary.

ISCM: Ischemic cardiomyopathy LV: left ventricule.

LVEF: Left ventricular ejection fraction LVESV: Left ventricular end-systolic volume LVEDV: Left ventricular end-diastolic volume M: million.

MACE: Major adverse cardiovascular events MSC: mesenchymal stem cells.

MLHFQ: Minnesota Living with Heart Failure Questionnaire MRI: magnetic resonance imaging.

NICM: Non-ischemic cardiomyopathy.

NT-proBNP: N-terminal pro-B-type natriuretic peptide Pt: Participants.

QOL: quality of life.

RANTES: regulated on activation, normal T cell expressed and secreted; also known as Chemokine (C-C motif) ligand 5 (CCL5). ProBNP: pro-B-type natriuretic peptide.

S/C: subcutaneous.

TNFα: Tumor necrosis factor-α TTFE: Time-to-first-event.

Tx: Treatment.
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The current medical regimen for clinical Stage C symptomatic
HF includes a combination of vasodilators, beta blockers, sodium-
glucose cotransporter-2 inhibitors, mineralocorticoid receptor
antagonists, and diuretics (Heidenreich et al., 2022). Regardless
of the recommended medical treatment, about 5% of HF patients
develop Stage D HF or end-stage heart disease that requires either
heart transplantation or mechanical support with a left ventricular
(LV) assist device (LVAD) (Costanzo et al., 2008). However, these
advanced therapies for end-stage HF have their individual
limitations. For example, there is a constant shortage of matching
hearts for transplantation as well as a higher incidence of sudden
cardiac death in heart transplant recipients compared to the general
population (Colvin et al., 2022; Bonnet et al., 2023). Patients with
LVAD are at an increased risk for thromboembolic complications,
bleeding, driveline infection, and right ventricular failure (Chaudhry
et al., 2022). Thus, there is an unmet need for alternative medical
approaches that fundamentally stop or revert the progression of HF
pathologies as well as biologically enable the preservation and/or
regrowth of functional myocardium.

Stem cells are precursor cells that have the ability to self-renew
and differentiate into functionally mature, specialized cells in
various human tissues (i.e., pluripotent or multipotent) (Evans
and Kaufman, 1981; Pittenger et al., 2019). Numerous efforts
have been poured into stem cell research over the last two
decades, resulting in abundant laboratory discoveries and
translational applications of distinct human stem/progenitor cell
types: embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs), lineage-restricted or tissue-specific stem/progenitor cells
(e.g., hematopoietic stem cells, skeletal muscle satellite cells, and
intestinal stem cells) (Martello and Smith, 2014; Pizzute et al., 2015;
Moradi et al., 2019), and adult mesodermal multipotent precursor
cells (e.g., mesenchymal stem/stromal cells) (Pittenger et al., 2019).
Many human clinical trials using stem cell-based regenerative
therapy for treating HF have thus arisen from promising basic
stem cell research and demonstrated encouraging results (Table 1).
(Hare et al., 2012; Perin et al., 2012; Heldman et al., 2014; Hare et al.,
2017; Teerlink et al., 2017) In this review, we will summarize the
current status of stem/progenitor cell therapy for HF, persistent
challenges and possible solutions, as well as the future perspectives
of stem cell-based cardiac regenerative medicine in the era of
precision medicine and artificial intelligence (AI) (Figure 1).

The clinical scope of stem cells in
heart failure

Bone marrow-derived stem cells
In 2001, bone marrow-derived stem cells (BMSCs) were first

transplanted into animal models of ischemic cardiac injury where
the donor cells were shown to produce de novo myocardial and
vascular structures in the peri-infarcted regions of the myocardium
(Jackson et al., 2001; Orlic et al., 2001). The observed benefits were
largely attributed to the paracrine release of tissue trophic factors by
the donor cells, for example, VEGF and HGF promoting
angiogenesis and cardiomyocyte (CM) survival, respectively
(Gnecchi et al., 2005; Mabotuwana et al., 2022).

Human phase 2 clinical trials, such as FOCUS CCTRN and
TAC-HFT, were conducted in patients with ischemic

cardiomyopathy (ICM) who received multiple transendocardial
injections of bone marrow mononuclear cells (BMMCs) in the
infarcted territory. However, the results failed to demonstrate any
significant improvement in LV chamber size, ejection fraction (EF),
or quality of life (Perin et al., 2012; Heldman et al., 2014). Similarly,
the REGENERATE AMI trial studied the impact of intracoronary
infusion of autologous BMMCs in patients with ICM (Choudry
et al., 2016). Despite the encouraging results at the 1-year follow-up
that showed significant decreases in the infarct size and improved
myocardial salvage indices in the intervention group, the 5-year
follow-up did not exhibit improved clinical outcomes, suggesting
short-term benefits of intracoronary BMMC infusion (Mathur et al.,
2022). Interestingly, analysis of pre-transplant bone marrow (BM)
samples of patients who responded to autologous BMMC therapy in
the FOCUS CCTRN trial showed a higher frequency of CXCR4+
and B cells and fewer monocytes/macrophages and endothelial
colony-forming cells in their BM compared to non-responders
(Taylor et al., 2016). Therefore, the presence of certain subset(s)
of BM progenitor and/or immune cell populations may indicate the
potency of donor cells for autologous BMMC therapy (Taylor et al.,
2016). The CardiAMP trial utilized the abovementioned concept
and screened their subject’s BM cell potency by flow cytometry prior
to the enrollment (Johnston et al., 2018; Raval et al., 2021). Subjects
with ICM and favorable BM cellular composition were selected for
the trial and underwent BM aspiration, followed by an enrichment
process to separate the nucleated cell fraction from the plasma phase
using a density-tuned dual buoy column; the enriched BM aspirate
was then injected into the infarcted myocardium (Raval et al., 2021).
The 12-month follow-up data on 10 patients reported significant
improvement in 6-min walk distances and trends towards improved
NYHA class, LVEF, and quality of life (Raval et al., 2021).

Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are allogeneic STRO-1/STRO-

3+ cells, a subpopulation of stromal cells that express CD73, CD90,
and CD105 and can be extracted from BM, adipose, and other
tissues (Simmons and Torok-Storb, 1991; Haynesworth et al., 1992;
Zuk et al., 2001; Karantalis and Hare, 2015). MSCs are adult
multipotent precursor cells with great potential for cardiac repair
since they can be easily isolated from autologous sources and rapidly
expanded ex vivo (Pittenger et al., 1999; Halvorsen et al., 2000; Miura
et al., 2003; Dominici et al., 2006; Chen et al., 2015; Melo et al., 2017).
MSCs have been shown to improve cardiac function in multiple
preclinical animal models of cardiac injury (Amado et al., 2005;
Alfaro et al., 2008; Qi et al., 2008; Chen et al., 2013). Their primary
mechanism of action for cardiac repair is paracrine secretion of
multiplex tissue trophic factors that stimulate cellular repair and
regeneration via angiogenesis, endothelization, anti-inflammation,
and anti-fibrosis (Kocher et al., 2001; Chen et al., 2009; Abdalmula
et al., 2017). The direct differentiation of MSCs into desired cardiac
cell types, if any, did not appear to contribute significantly to the
functional recovery observed in prior studies (van der Spoel TI. et al.,
2011a; Guo et al., 2020).

The MSC-HF trial reported that ICM patients treated with
multiple intramyocardial injections of autologous BM-derived
MSCs exhibit progressive improvement in LV end-systolic
volume (LVESV), EF, and myocardial mass 12 months after their
initial treatment, even reducing hospitalization for angina in the
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MSC-treated group after 4 years (Mathiasen et al., 2020). On 1-year
follow-up, the DREAM-HF trial demonstrated that single-dose
transendocardial injection of allogenic BM-derived MSCs
improved LVEF, LVESV, LV end-diastolic volume (LVEDV) of
treated HF patients, with 12% reduction in MI or stroke risk in
patients with elevated high-sensitivity CRP (≥2 mg/L) (Perin et al.,
2023). These results suggest that MSC treatment can improve
clinical outcomes in HF patients for up to several years,
especially for those with systemic inflammation.

In contrast, human clinical trials using adipose-derived MSCs
for HF treatment failed to show any significant beneficial outcomes
(Qayyum et al., 2023a; Qayyum et al., 2023b). Yau et al. reported that
intramyocardially injecting allogenic BM-derived MSCs during
LVAD implantation did not improve the successful weaning
from LVAD, 1-year mortality, or the rate of serious adverse
events (Yau et al., 2019). Currently, the STEMVAD trial
(NCT03925324) is evaluating the safety and efficacy of three
serial doses of allogenic MSCs by intravenous infusions in
patients with end-stage HF requiring LVAD. The results of this
study will help clarify the utility of MSC therapy in patients with
end-stage HF.

Cardiosphere-derived cells
Cardiosphere-derived cells (CDCs) are characterized by their

ability to separate from cardiac tissues and form spheroids in
suspension cultures (Messina et al., 2004). They can function as
adult stem/progenitor cells and have been shown to differentiate
into myocytes and vascular cells in SCID beige mice (Messina et al.,
2004). CDCs mainly contribute to cardiac repair by releasing
paracrine factors and exosomes which inhibit cellular apoptosis
and promote angiogenesis and CM proliferation (Chimenti et al.,
2010; Ibrahim et al., 2014). The ALLSTAR trial evaluated the safety
and efficacy of intracoronary delivery of allogenic CDCs in ICM
patients with >15% scar burden (Makkar et al., 2020). At the 6-
month follow-up, the intervention group showed significant
reductions in LVESV, LVEDV, N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels, and decreased segmental
circumferential strain with MRI, but no improvement in their LV
scar size, suggesting that CDCs could functionally benefit such
patients but are not anti-fibrotic (Ostovaneh et al., 2021).

Induced pluripotent stem cells
In 2006, Yamanaka and colleagues first described a cocktail of

four transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) capable of
artificially reprogramming mouse embryonic cells and adult
fibroblasts into iPSCs that exhibit the self-renewability and
pluripotency similar to ESCs (Takahashi and Yamanaka, 2006).
iPSCs possess multiple translational advantages over ESCs: 1) no
ethical concerns regarding the cellular origin; (Zheng, 2016);
2) autologous immunocompatible cell sources (if applicable),
such as patient’s own fibroblasts, obviating the need for
immunosuppression; (Mandai et al., 2017; Schweitzer et al.,
2020); 3) direct reprogramming approaches available for
differentiating into desired tissue-specific cell types without going
through the pluripotent stage, for example, direct reprogramming of
human fibroblasts into CMs. (Qian et al., 2012). Cardiomyogenesis
from iPSCs has been attempted previously (Yang et al., 2017; Wu
et al., 2023); however, iPSC-derived CMs (iPSC-CMs) largely

expressed fetal phenotypes and failed to efficiently function as
adult CMs (Liao et al., 2021), limiting their clinical applicability.
Recently, progress has been made to enhance the maturity of iPSC-
CMs (Li et al., 2022; Hsueh et al., 2023). Besides, viral vectors used to
reprogram fibroblasts to iPSCs may have the potential to cause
cancer; (Okita et al., 2007) alternative non-viral delivery systems to
induce iPSCs are under investigation, for example, the targeted
nanoparticles (Anokye-Danso et al., 2011; Ye et al., 2016; Wang
et al., 2020). iPSCs have the potential for clinical cell therapy in HF
patients, and currently, two phase 1 trials are ongoing to assess the
safety and efficacy of human allogenic iPSC-CMs in patients
with ICM (ClinicalTrials.gov Identifier: NCT04945018 and
NCT04696328).

Stem/progenitor cell-derived exosomes
Exosomes are extracellular vesicles that carry various

proteins, lipids, and/or RNAs and play a major role in
intercellular communications (Rezaie et al., 2022). Since the
paracrine effect is an essential mechanism for stem/progenitor
cell-mediated cardiac repair, exosomes derived from those cells
that contain secretory trophic factors (e.g., pro-angiogenic and
pro-survival cytokines) may constitute an alternative therapeutic
approach to direct cell transplantation (Bolli et al., 2021). For
instance, exosomes derived from human iPSCs had proliferative
and protective effects on cardiac mesenchymal stromal cells,
impacting their transcriptomic and proteomic profiles. (Bobis-
Wozowicz et al., 2015). CDC-derived exosomes delivered via
intramyocardial injections were shown to improve cardiac
function and decrease scar size in porcine MI models (Gallet
et al., 2017). A meta-analysis of ten studies using preclinical
animal models of MI revealed that exosomal therapy had the
potential to reduce cellular apoptosis and autophagy as well as
improve cardiac function, fibrogenesis, and inflammatory
response (Zheng et al., 2022).

Potential mechanisms of action of exosomal therapy in ischemic
hearts include: 1) protection against myocardial reperfusion injury by
reducing oxidative stress through inhibition of caspase 3/7 activation
and delivery of cardioprotective microRNAs (miRs) such as miR-21
and miR-210; (Wang et al., 2015); 2) enhancement of intracellular
calcium homeostasis and cardiomyocyte contraction by rescuing the
expression and function of reticulumCa2+ATPase 2a (SERCA-2a) and
ryanodine receptor 2 (RyR-2); (Li et al., 2023); and 3) improvement of
cellular energy metabolism and myocardial bioenergetics without
increasing the risk of arrhythmia (Gao et al., 2020). Intriguingly,
besides modulating immune responses and inflammation, immune
cell-derived exosomes facilitate crosstalk between immune cells and
myocardial cells, which sustains ventricular function and promotes
cardiac repair post-MI (Wen et al., 2021).

The use of exosomal therapy in HF patients is still under
investigation, (Marbán, 2018; Duong et al., 2023), and current
challenges for clinical applications include exosomal delivery,
tissue targeting, and immunogenicity (Balbi and Vassalli, 2020).
Moreover, exosomes may possibly carry inherent limitations or
defects of their cellular origins that could impact their
therapeutic efficacy (Riva et al., 2019; Andreeva et al., 2021).
Thus, selecting appropriate, healthy stem/progenitor cell sources
from which beneficial exosomes can be efficiently extracted is key to
improving exosome-based HF therapy.
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Challenges and alternatives for discrepancy
between animal and human studies

Human trials involving stem cell therapy often fail to replicate
the remarkable successes in animal models of cardiac injury
(Table 1). (Rheault-Henry et al., 2021; Bolli et al., 2022; Bolli and
Tang, 2022) This could be attributed to multiple reasons: 1) rodent
hearts may not accurately mimic the pathophysiology of human HF
because they differ from human hearts in terms of size, intrinsic
heart rate, (Wessels and Sedmera, 2003), and epigenomic and
transcriptomic profiles; (Lin et al., 2014); 2) a number of
confounding factors that can be controlled in a laboratory
experiment may not be adequately controlled in a human clinical
trial, leading to differences in observed outcomes (e.g., diet and
genetic background); (Hasenfuss, 1998; van der Spoel et al., 2011a);
3) inconsistent results in clinical trials may be due to the variability

in study protocols between different research groups/institutions in
terms of donor cell types and sources, treatment dose and duration,
routes of administration, and timing of stem cell therapy.
(Golpanian et al., 2015).

Besides, isolating specific stem/progenitor cells out of their
native niche environment could disrupt important cell-to-cell
and/or microenvironmental signaling, which may lead to
suboptimal therapeutic potency including reduced cell
proliferation, survival, differentiation, and/or paracrine function.
(Kuchina et al., 2011). Furthermore, the cardiac disease cascade in
humans is complex and consists of a dynamic process of progressive
tissue ischemia, hypoxia, inflammation, and/or myocardial fibrosis,
making the host environment harsh for transplanted cells to survive.
Another issue is inadequate cell retention and reduced cell survival
after administration because only ~11% of the delivered cells are
retained in the myocardium, decreasing the overall efficiency of cell

FIGURE 1
Next-generation stem/progenitor cell therapy for heart failure. To design next-generation personalized stem cell treatment for HF that ensures
sustainable functional and structural recovery with minimal side effects, it is essential to integrate new components, including AI/ML, bioinformatics, and
precision medicine, into stem cell research and therapeutic development. The emerging streamlined high-throughput testing platforms, such as
organoid and organ-on-a-chip diseasemodels, may greatly shorten the preclinical development phase and accelerate the progress of human trials.
The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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therapy (Hou et al., 2005). Currently, the process of stem/progenitor
cell homing to areas of myocardial damage is not fully understood,
and strategies to improve targeted cardiac delivery are under
investigation (Liesveld et al., 2020).

Also, there are variabilities among patients in terms of
comorbidities, risk factors, lifestyle, and genomic differences;
presently, it is not clear which type of individuals will benefit
most from stem cell therapy (Patel et al., 2010; Gambini et al.,
2012). Additionally, the majority of human trials used LVEF,
LVESV, and LVEDV as surrogates for cardiac recovery;
alternative endpoints may be needed to assess the efficacy of
stem/progenitor cells since multiple clinical studies have reported
improvement in subjects’ quality of life and exercise tolerance
without any significant increases in LVEF (Bolli et al., 2022).
Thus, it may be essential to investigate alternative endpoint
surrogates rather than solely relying on notable improvement in
LVEF as the marker for therapeutic success (Borow et al., 2019).

There remain other challenges to solve, including 1) designing
optimal cell banking strategies to maintain the therapeutic quality of
donor stem/progenitor cells; 2) establishing appropriate high-
throughput experimental protocols or computation algorithms to
select or predict stem/progenitor cells ideal for treating a particular
HF stage or pathology, respectively; and 3) building more non-
invasive tools to measure how transplanted precursor cells function
within the human subjects. Addressing these challenges may help
improve the efficacy of stem cell therapy in human trials.

The application of stem cells in precision
medicine for heart failure

Precision medicine is the anticipated future of medicine where
therapy will be tailored according to the patient’s genetic
composition, environment, lifestyle, and risk factors (Ashley,
2016; Delpierre and Lefèvre, 2023). Stem cells can be used for a
number of applications in precision medicine: 1) stem cell-derived
CMs can be used to understand or simulate the pathophysiology of
patient-specific cardiac conditions; (Musunuru et al., 2018) 2)
cardiac diseases caused by genetic mutations can be replicated in
patient-derived or engineered cell models with the assistance of the
iPSC technology or genome editing tools, respectively; (Musunuru
et al., 2018) 3) stem cell-derived cardiac cellular models can be used
to test the efficacy and safety of personalized medication for
individual patients; (Chen et al., 2016) and 4) autologous stem
cell-derived cardiac cells may be used as a personalized therapeutic
tool (Musunuru et al., 2018; Lightner and Chan, 2021).

Alternatively, cardiac organoid models derived from stem cells
have been used to substitute animal and human subjects for the
initial testing of the safety and/or efficacy in drug development,
reducing animal and human morbidity and mortality (Azar et al.,
2021). Thus, utilizing stem cells in precision medicine will not only
improve our understanding of acquired cardiac disease (e.g., ICM
and HF), (Bolli et al., 2022) inherent conditions (e.g., familial
cardiomyopathies), (Jiang et al., 2021) and congenital heart
defects (e.g., hypoplastic left heart syndrome, Ebstein anomaly,
Fontan circulation with right ventricular dysfunction),
(Tsilimigras et al., 2017) but also has the potential to be used as
adjuvant treatment to current medical or surgical therapies.

Furthermore, large clinical datasets that comprise patient
histories and characteristics, body fluid compositions, diagnostic
results, tissue pathologies, imaging studies, and/or treatment
effects may be used to identify, classify, or even predict the
distinct signatures or behaviors of genome, epigenome,
transcriptome, proteome, and/or phenome associated with a
particular cardiac pathology in individual patients, and vice
versa (Attia et al., 2019; Qiu et al., 2020; Segar et al., 2020; Liu
et al., 2022). Also, many biological samples of patient-specific stem
cells used in clinical trials are currently stored in biobanks
(Musunuru et al., 2018; Annaratone et al., 2021). Combining
the big data of multiomics with the cellular background and
clinical information may facilitate a personalized multi-level
analysis (Shi and Xu, 2019; Hu et al., 2020). Such
comprehensive personalized analysis may improve our
understanding of how stem cells behave and/or interact with
other cell types under specific pathological conditions or disease
stages (e.g., terminal-stage HF), ultimately aiding in the design of
precision stem cell therapy for personalized medicine (Figure 1).

Computational tools to aid future
development of stem cell-based
therapeutics

The fields of AI and machine learning (ML) are rapidly
expanding and contributing to various medical applications,
including medical imaging, personalized medicine, and robotic-
assisted surgeries (Krajcer, 2022; Haug and Drazen, 2023). AI-
driven decision-making is exemplified in scenarios where
algorithms can process environmental and biological inputs, such
as changes in the culture media, intercellular signals, or cellular
behaviors, and respond accordingly based on predefined parameters
(Adlung et al., 2021). For instance, AI may autonomously detect and
sustain predetermined cellular phenotypes by adjusting the
conditions in human stem/progenitor cell cultures (e.g., infusing
specific cytokines to stimulate cell growth or adding bicarbonate to
maintain consistent pH levels), keeping the culture quality and
streamlining routine wet-lab tasks (Capponi and Daniels, 2023).

AI’s capability to analyze large preclinical and clinical datasets
from biobanks, research data depositories, public health databases,
and healthcare systems has immense implications for stem cell
therapeutics in the context of precision medicine. AI/ML can be
leveraged to identify common genomic traits, individual genetic
polymorphism, disease-associated mutations, morphological
patterns, and/or cellular functions in a personalized manner
(Capponi and Daniels, 2023). This transdisciplinary knowledge
helps: 1) determine the developmental stage and maturation of
stem cells, (Guan et al., 2021; Kim et al., 2022) 2) assess their
regenerative potentials and/or limitations, (Fischbacher et al., 2021),
and 3) predict their therapeutic efficacy and/or side-effects in
individual subjects. (Mota et al., 2021). For example, ML
algorithms were used to identify biomarkers for predicting
positive patient responses to BMSC therapy, (Steinhoff et al.,
2017), characterize CMs non-invasively using video microscopy
and image analysis, (Maddah and Loewke, 2014), analyze the
effects of drugs on the calcium signals of iPSC-CMs, (Juhola
et al., 2021), identify cell lines with/without genetic defects using
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cellular images, (Kim et al., 2023), and identify neural stem cell
differentiation. (Zhu et al., 2021).

Moreover, by analyzing the unique DNA methylation profiles,
investigators devised a linear classification learning model to discern
iPSCs, ESCs, somatic cells, and embryonal carcinoma cells, achieving
94.23% accuracy. (Nishino et al., 2021). Another group utilized
convolutional neural networks (CNNs) to effectively differentiate
pluripotent cells from initial differentiating cells. (Waisman et al.,
2019). The training of the CNN model involved the use of light
microscopic images of PSCs captured at different intervals after the
induction process, including mouse-embryonic cells being induced to
epiblast-like cells. (Waisman et al., 2019). Notably, the results
demonstrated CNN’s remarkable capability to distinguish between
differentiated and undifferentiated cells with 99% accuracy.

Importantly, AI can leverage information from separate studies,
extensive datasets, and stem cell biobanks to create models that
predict the outcomes of stem cell therapy for specific disease states.
These models can potentially be applied to enhance stem cell
proliferation, optimize their functions in the host environment,
and/or predict the most effective population(s) for individuals
with specific phenotypes of cardiomyopathy (Capponi and
Daniels, 2023). Thus, integrating AI/ML into stem cell research
holds great promise for advancing precursor cell-based therapy for
HF by: 1) facilitating our understanding of stem cell biology within
specific cardiac disease contexts at a systems level; 2) improving the
good manufacturing practice for clinical-grade cellular products;
and 3) establishing personalized therapeutic prediction models for
individual patients (Figure 1).

Discussion

A considerable number of recent clinical trials in stem cell
therapy for HF have demonstrated its promise and substantially
increased our understanding of the behaviors and working
mechanisms of stem/progenitor cells in patients (Table 1).
(Hamshere et al., 2015; Martino et al., 2015; Perin et al., 2015;
Choudry et al., 2016; Noiseux et al., 2016; Patel et al., 2016;
Bartolucci et al., 2017; Butler et al., 2017; Choudhury et al., 2017;
Florea et al., 2017; Gwizdala et al., 2017; Hare et al., 2017; Steinhoff
et al., 2017; Teerlink et al., 2017; Xiao et al., 2017; Bassetti et al., 2018;
Vrtovec et al., 2018; Yau et al., 2019; Bolli et al., 2020; He et al., 2020;
Makkar et al., 2020; Mathiasen et al., 2020; Ulus et al., 2020; Bolli
et al., 2021; Qayyum et al., 2023a; Qayyum et al., 2023b; Perin et al.,
2023) In the next phase of clinical stem cell research, it is critical to
address the outcome discrepancy between preclinical and clinical

studies and expand the scope of stem cell-based therapy to other
forms of cardiomyopathy, such as chemotherapy- or arrhythmia-
induced cardiomyopathy. Exploiting the power of AI/ML and
computational tools will facilitate our understanding of the
benefits and limitations of stem cell therapy and provide a
systems perspective for properly applying stem cell therapeutics
in the context of precision and personalized medicine.
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Effects of regulator of G protein
signaling 2 (RGS2) overexpression
in the paraventricular nucleus on
blood pressure in rats with
angiotensin II-induced
hypertension

Shane H. Boomer, Xuefei Liu and Hong Zheng*

Basic Biomedical Sciences, Sanford School of Medicine, University of South Dakota, Vermillion, SD,
United States

The hypothalamic paraventricular nucleus (PVN) regulates sympathetic activity
and blood pressure. The regulator of G protein signaling 2 (RGS2) is a negative G
protein regulator, which selectively regulates G⍺q signaling, a potential cause of
hypertension. This study aimed to examine angiotensin II (ANG II)-G protein-
RGS2 signaling on the central mechanisms of blood pressure control,
sympathetic activation, and kidney function. The Sprague Dawley rats were
infused with ANG II (200 ng/kg/min) via osmotic mini pump to induce
hypertension. Adenovirus (AV) vectors encoding RGS2 was transfected into
the PVN in vivo. By radio telemetry measurements, we found AV-RGS2
transfection to the PVN significantly attenuated the increase of mean arterial
pressure in ANG II infusion rats from days 2–7 of the 2-week experiment (Day 7:
ANG II + AV-RGS2 141.3 ± 10.0 mmHg vs. ANG II 166.9 ± 9.3 mmHg, p < 0.05).
AV-RGS2 transfection significantly reduced the serum norepinephrine level and
acute volume reflex and increased daily urine volume and sodium excretion in
ANG II-infused hypertensive rats. AV-RGS2 transfection significantly reduced
G⍺q and PKC protein expressions within the PVN in ANG II infusion rats. In
cultured mouse hypothalamic cells, real-time PCR study showed ANG II
treatment increased mRNA expression of G⍺q, G⍺s, and RGS2, and AV-RGS2
treatment decreased ANG II-induced mRNA expression of G⍺q and G⍺s. Using
confocal imagery, we found that AV-RGS2 attenuated the increase of calcium
influx in ANG II-treated cells. Our results suggest that central overexpression of
RGS2 in the PVN attenuated the increase of blood pressure and sympathetic
outflow, and improves kidney excretory function in hypertensive rats. Thismay be
via the alteration of ANG II-G-protein-RGS2 signaling in the central
nervous system.
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regulator of G-protein signaling 2, G-protein-coupled receptor, angiotensin-II,
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Introduction

Hypertension is a cardiovascular disease that significantly
increases associated mortality and morbidity (Chobanian et al.,
2003; Wu et al., 2015). Data suggests that more than 50% of
clinical hypertension cases are primary (essential) forms, often
featuring a neurogenic origin (Frame et al., 2016). The
hypothalamic paraventricular nucleus (PVN) is a critical central
nucleus regulating sympathetic activity. Excitatory input to pre-
autonomic neurons in the PVN leads to increased sympathetic
outflow in animal models with hypertension (Li and Pan, 2017;
Guyenet et al., 2020). The dysfunction of sympathetic modulation
within the PVN contributes to fluid and electrolyte balance
alterations, which are seen in animals with hypertension and
chronic heart failure (Zheng et al., 2022). With its roles in stress,
metabolism, growth, reproduction, and autonomic function, the
PVN has been established as one of the most critical control
autonomic centers in the brain (Ferguson et al., 2008; Zhang and
Anderson, 2014).

The sympathetic nervous system (SNS) acts on ⍺- and β-
adrenergic receptors that are coupled to G-proteins. Specific ⍺-
and β-adrenergic receptors act on specific G-protein isoforms.
⍺1 receptors are coupled to Gq proteins, ⍺2 receptors are
coupled to Gi proteins, and β1 and β2 receptors are coupled to
Gs proteins (Vasudevan et al., 2011; Taylor and Cassagnol, 2024).
Heterotrimeric G-proteins have three distinct subunits (⍺, β, and γ).
As GTP binds, the ⍺ subunit dissociates from the β and γ subunits,
triggering downstream signaling specific to the G-protein isoform.
In the isoforms associated with excitatory function, the signaling
cascade is an essential factor in increasing cellular activity, causing
several proteins to be transcribed relating to cell cycle progression,
proliferation, growth factors, metabolism, neurotrophy, and cell
survival (Wang et al., 2018; Alshak and Das, 2024). With
G-proteins being present within all cell types, it is plain to see
their vital role in cell signaling. Understanding the regulatory
mechanisms of different isoforms of G-proteins within the brain,
specifically Gαq/Gαs, is essential in how they are directed to modify
sympathetic activation and cardiovascular parameters.

Angiotensin II (ANG II) acts to activate type 1 (AT1) and type 2
(AT2) receptors, each with their corresponding mechanism. As
ANG II binds to the AT1 receptor, a conformation change
ensues, allowing GTP binding, subunit dissociation, and
intracellular signaling (Eguchi et al., 2018). AT1 receptors are
coupled to a Gq protein, where the ⍺ subunit will act to activate
phospholipase C enzyme (Freeman and Tallant, 1994). This enzyme
then acts to increase intracellular calcium through inositol
triphosphate (IP3) and activate protein kinase C (PKC) through
diacylglycerol (Bill and Vines, 2020). ANG II stimulates sympathetic
activity, increases vasoconstriction, impacts sodium and water
reabsorption in the kidneys, and influences baroreceptor
sensitivity, stress responses, and cardiovascular remodeling
(Fyhrquist et al., 1995).

The regulators of G-protein signaling (RGS) family regulates G
protein signaling through their GTPase-activating proteins (GAP)
activity. This GAP activity causes GTP to hydrolyze to GDP, thus
inactivating and causing the reassociation of the three subunits (⍺, β,
and γ), and halting the signaling cascade (Kimple et al., 2011).
Further looking into RGS’s activity on G-proteins and the cessation

of cell signaling may be an important feature in the progression of
blood pressure dysregulation. Of the RGS protein family,
RGS2 regulation has been shown to be an emerging target in
multiple tissues for various pathologies (McNabb et al., 2020;
O’Brien et al., 2019). Studies have examined RGS2 in cognitive
dysfunction, cardiac fibrosis, and pancreatic dysfunction. With
little to no studies being done on the RGS2 protein on G-protein
signaling on the central mechanisms of blood pressure control, we
view it as important to examine how these interactions affect
sympathetic reflex and the progression of hypertension.
Examining the neuronal activity with cell signaling cascade
changes in blood pressure management between hypertensive
and normotensive subjects may be a critical link needed to
help better combat this condition.

The present study aimed to test the central molecular
mechanisms of RGS2 protein and its relationships with the
sympathetic nervous system, as well as its roles in cardiovascular
and renal function. In vivo, we assessed the blood pressure changes,
sympathetic activation, acute volume reflex, and kidney function in
chronic ANG II infusion rats with central adenovirus (AV)
RGS2 transfection in the PVN. In vitro, we assessed the changes
in G-protein with ANG II and AV-RGS2 treatment. We also
examined ANG II-induced calcium flux changes as we altered
the expression of RGS2 in the neuronal culture cells.

Materials and methods

Animals

For in vivo study, we used male Sprague-Dawley rats (treatment
started at 12 weeks of age, end-of-treatment aged approximately
14–16 weeks, total animal number = 60) of Rattus norvegicus
(Envigo and USD Animal Resource Center). The rats were
housed in the Animal Resource Center at the University of South
Dakota on a 12-h day/night cycle with ad libitum access to standard
rat chow and water. All the procedures on animals were approved by
the Institutional Animal Care and Use Committee of the University
of South Dakota. The experiments were in accordance with the
American Physiological Society and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Anesthesia

For rat survival surgeries, the subject was placed unconscious via
isoflurane gas introduced at 4%–5% in oxygen. Maintenance levels
(2%–4%) of isoflurane were given, and reflexes were monitored to
ensure adequate anesthetic dosage. Ventilatory rate, depth, and
quality were assessed and titrated to ensure the proper anesthetic
without loss of ventilation. Post-surgery, 0.1 mL buprenorphine SR
(0.5 mg/mL) was given subcutaneously for analgesia. The subject
was monitored following surgery for proper and timely surgical
site healing.

In rat non-survival surgeries, the subject was given either
urethane and ⍺-chloralose (0.5 mL/100 g, concentration 8.8 g/
50 mL), or Thiobutabarbital (Inactin Hydrate) (2 mL/kg,
concentration 0.05 g/mL) via intraperitoneal injection. Reflexes
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were monitored, and sacrifice occurred when reflexes were absent.
Additional doses of anesthetic were given accordingly. The subject
was sacrificed following the completion of the experiment.

Chronic ANG II infusion via osmotic
mini pump

In this survival surgery, the osmotic mini pump (Alzet: Model
2002; Durect, CA) was inserted into the scruff of the neck of the
subject. An incision was made, and blunt dissection was performed
to create a cavity where the osmotic pump was placed. The osmotic
pump was calibrated to deliver ANG II (Sigma, St Louis, MO) at
200 ng/kg/min over 2 weeks.

Adenoviral RGS2 (AV-RGS2) transfection in
the PVN

The subject was anesthetized and placed on the stereotaxis
device. An incision was made along the midline of the cranium. A
small hole was drilled into the skull to allow for the insertion of the
needle and delivering the injection into the PVN. To give an
injection into the PVN, we moved from bregma −1.7 to −1.8 mm
along the A-P axis, +/− 0.5 mm along the M-L axis and went to a
depth of 7.5–8 mm from the surface of the skull. 50 nL of AV-
RGS2 with co-expression of reporter mCherry (2 × 10e9,
SignaGen, Frederick, MD) or AV-GFP was given bilaterally
upon each injection. AV-RGS2 transfection, in relation to ANG
II infusion, occurred on the same day as the osmotic minipump
implantation.

Transfection evaluation was completed by RGS2 mRNA
level, histological assessment confirming mCherry staining
and RGS2 fluorescent signal within the PVN area. For
RGS2 mRNA studies, additional rats were transfected with
AV-GFP as a control. For histological studies of AV-RGS2
transfection, each subject was used as self-control. The AV-
RGS2 was introduced unilaterally to the PVN region in the left
hemisphere, with no virus being introduced to the right
hemisphere. We compared the left versus right PVN by the
presence and absence of AV-RGS2 coupled with mCherry
fluorescence.

Radio telemetry recording of blood pressure

The telemetry unit (Model PA-C10, Data Sciences International,
St. Paul, MN) was inserted into the subject by making a subdermal
pocket adjacent to the femoral artery. A magnet and radio were used
to activate and assess the telemetry device. With telemetry implanted,
we monitored blood pressure and heart rate changes before and
during ANG II infusion in conscious states for 2 weeks. Blood
pressure and heart rate measurements were recorded every hour in
the morning to afternoon for 1 min and averaged for each day
following the conclusion of the experiment. Data was recorded and
stored on the Ponemah (Data Sciences International) outfitted for the
mentioned telemetry devices. Measurements were taken over 2 weeks
and exported to Excel for analysis.

Metabolic parameter, sympathetic activity,
and kidney function study

After 1 week of ANG II infusion and AV-RGS2 transfection,
each subject was placed within a NALGENE laboratory metabolic
cage (Thermal Scientific) for 24 h and provided standard rat chow
and water ad libitum. Each cage was given standard rat chow and
250 mL of water. After 24 h, the subject was placed back into a
standard rat cage. Water intake was noted. Urine was collected,
and 24-h urine volume was measured. Urine was centrifuged and
taken to measure sodium, norepinephrine, and creatinine
concentration.

Urinary sodium concentration was measured via a flame
photometer (Jenway PFP7, Cole-Parmer Ltd., Vernon Hills,
IL). Urinary and serum norepinephrine (LSBio, Shirley, MA)
and creatinine (Sigma) were measured via ELISA kit. With
concentrations of urine sodium and norepinephrine, 24-h
urine volume measurements allowed us to measure the 24-h
excretion rate of sodium and norepinephrine. 24-h urine volume,
urine and serum creatinine concentration, and body weight were
used to calculate glomerular filtration rates (GFR) of
each subject.

General procedures during acute volume
reflex experiments

Tracheostomy
An incision was placed along the midline of the tracheal area,

and blunt dissection was performed to reveal the cartilaginous
rings of the trachea. A transverse incision on the trachea was
made, and a polyethylene tube was inserted and secured. The
tube was examined for adequate ventilation by assessing the
fogging of the tube and normal respiratory effort, frequency,
and depth.

Vascular access
An incision was placed along the femoral triangle. The femoral

artery and vein pair were exposed and isolated. The femoral artery
catheter was assessed for pulsatile flow within the tube, and proper
readings were made on the MacLab systemmonitor (ADInstruments,
Colorado Springs, CO). Blood pressure and heart rate measurements
were recorded from the arterial catheter. Saline replacement was given
through the venous catheter.

Retroperitoneal access and
urostomy placement

While the subject was in a prone position, a series of incisions
and blunt dissection along the lumbar region were made to access
the retroperitoneal space. The ureter was isolated from
surrounding tissues and cut to allow for a PE-10 tube to be
inserted. Urine output was assessed by measuring the before-
and-after weight of the collecting vial, calculating liquid volume,
and dividing by the collection time. Following, kidney weight was
also measured to evaluate the volume per time collected per gram
of kidney.
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Saline challenge protocol (acute
volume reflex)

The subject was given Thiobutabarbital (Inactin hydrate,
2 mL/kg, concentration 0.05 g/mL) via an intraperitoneal
injection. Left and right urostomies were provided, and the
subject was allowed 15–30 min recovery. Baseline urine output
was measured over 15-min intervals with a 1 mL/h normal saline
replacement. After baseline measurements, saline replacement
was increased to 10% of body weight per hour. Urine output was
collected every 5 min until 30 min. Then, saline replacement was
reduced to 1 mL/h, and a recovery baseline was collected at two
15-min intervals. Collection tubes were weighed before and after
urine collection, allowing us to calculate urine volume from the
difference in measurements. Urine flow and sodium
concentration changes were noted and calculated throughout
the acute experiment.

Tissue preparation and Western blot

Frozen tissue from the PVN were cut with a cryostat according
to a stereotaxic atlas. The brain sections were bilaterally punched
using the Palkovits and Brownstein technique (Palkovits, 1983). The
punches were homogenized in 100 μL of radioimmunoprecipitation
assay (RIPA) buffer containing a 1% protease inhibitor cocktail
(Promega, Madison, WI) and phosphatase inhibitor cocktail
(ThermoFisher Scientific). Bicinchoninic acid assay
(ThermoFisher Scientific) was then completed to measure the
protein concentration and calibrate each sample. 4 × loading
buffer was added (1:3) to the protein samples and placed within
the −80°C freezer for later use.

Western blot protocol included loading protein samples
(30–40 μg) onto a sodium dodecyl sulfate polyacrylamide
electrophoresis gel and subjecting them to electrophoresis for
120 min at 90 V. The gel was then transferred to a
polyvinylidene difluoride membrane for 90 min at 300 milliamps.
Initial blocking was completed in Tris-buffered saline with tween
(TBST)-milk. Primary mouse antibodies were incubated overnight
in the concentrations shown below. Secondary anti-mouse antibody
conjugated to Alexa Fluor 680 (1:10000, ThermoFisher Scientific)
was incubated over 1.5–2 h and then washed. Fluorescent signals of
the blotted membranes were detected using a LICOR scanner
(Lincoln, NE) and quantified using ImageJ from NIH. The
membranes were analyzed for target protein labeling intensity
versus a β-actin control.

The following primary antibodies were used: RGS2 (sc-100761,
1:125); G⍺q (sc-136181, 1:125); G⍺s (sc-135914, 1:125); PKC⍺ (sc-
8323, 1:125), PKA⍺ (sc-28315, 1:125), and β-actin (sc-398595, 1:
1000) (Santa Cruz Biotechnology, Santa Cruz, CA).

Real-time PCR

Frozen PVN tissue samples were extracted by punching and
placed into TRI reagent (Molecular Research Center, Cincinnati,
OH) and homogenized for 10–15 s. RNA extractive of each punched
tissue was dissolved in DNase/RNase-free water, and reverse

transcription was completed. The sample of cDNA was used in
quantitative real-time PCR (Applied Biosystems, ThermoFisher
Scientific) to have a quantitative measurement for the primers
used. The melting curve was analyzed to ensure the quality of
the quantitative real-time PCR experiment. RNA primers include
RGS2, G⍺q and G⍺s, with β-actin used as a housekeeping primer.
Relative expression of target gene was calculated with delta-deltaCt
method, which related expression of the target gene to expression of
a housekeeping gene (β-actin).

The following primer sequences were used: RGS2-Sense Strand -
GCC TGA TGG AGA ACA ACT CTT A; RGS2-Antisense Strand -
TCA TCT CAC ACC CTG CTT TC; GNAq-Sense Strand - GCC
TGC ATC AGT CAG TAT GT; GNAq-Antisense Strand - GGC
TTT CTA GAG CAA GGG ATA G; GNAs-Sense Strand - AGA
GGA GAA AGG AGG AGA AGA A; GNAs-Antisense Strand -
GCC TCT GTA GCA GGA AGT TAA G; β-actin-Sense Strand -
GAGGTATCCTGACCCTGAAGTA; β-actin-Antisense Strand -
GCT CGA AGT CTA GAG CAA CAT AG.

Cryostat sectioning and
immunohistochemistry

Under deep anesthesia with isoflurane, the subject was perfused
through the left cardiac ventricle with heparinized saline followed by
4% paraformaldehyde. The brain was removed, post-fixed with
paraformaldehyde, and then placed in 30% sucrose. Brain
sections of the PVN (each section 30 µm thick) were cut with a
cryostat according to a stereotaxic atlas and preserved in
cryoprotectant.

Immunohistochemistry steps included a blocking step (1 h in
10% donkey serum), primary antibody incubation (anti-RGS2, 1:
200, MABC1220, Millipore, Sigma) (overnight in 1% donkey serum
in PBS-Triton), and secondary antibody incubation (Alexa Fluor
488 donkey anti-mouse secondary antibody, 1:200, 2 h, Jackson
ImmunoResearch, West Grove, PA). After washing, the sections
were then placed on slides, dried, and covered with a Vectashield
mounting medium (Vector Laboratory, Burlingame, CA).
Immunofluorescence of RGS2 and mCherry within the PVN
(sections from −1.7 mm to −1.8 mm to bregma) were viewed by
a Leica fluorescence microscope and captured by a digital camera
(Leica, Germany).

Hypothalamic cell culture

For the cell culture studies, a hypothalamic cell line (mHypoA-
POMC/GFP-1, CLU500, CELLutions Biosystems Inc., ON, Canada)
was used. We used the mHypoA-POMC cell line as they are a
hypothalamic cell line, and they have a common protein expression
to other hypothalamic cell lines. However, their unique protein
expression (responsible for their neuroendocrine function) should
also be considered. We had indiscriminate targeting of the PVN, so
all PVN neurons, including POMC neurons, are
potentially impacted.

A culture medium of 1% penicillin/streptomycin in
Dulbecco’s Modified Eagle Medium (DMEM) was used with
fetal bovine serum to grow the cells within the culture flask.
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Cell cultures were maintained until they reached 60%–70%
confluency, and then the cells were plated for the ANG II and
AV-RGS2 treatment studies.

Cells were plated for 24–48 h and then starved for another 24 h.
Following this, we treated the individual plates with their assigned
treatment. Treatments had varying final concentrations of ANG II
(6.25, 12.5, 25, 50,100 µM) in DMEM. Each dish contained 5 mL of
DMEM. Viral transfection was achieved by adding 50 µL AV-RGS2
(stocking concentration: 10e8, final concentration: 10e6) for −24 h.
Cells were scraped from the plates, collected, and used for the
mRNA studies. Alongside the ANG II treatments, an additional
dish of starved cells was used as a control. This control was treated
with 100 µL of only DMEM, while the treated cells had varying
concentrations of ANG II in 100 µL DMEM. Gene expression
targets were compared to β-actin controls.

Calcium imaging

For calcium imaging, mHypoA-POMC/GFP-1 cells were pre-
incubated with or without AV-RGS2 for 24 h at 37°C in an 8-well
Ibidi slide chamber (Ibidi United States, Inc., Fitchburg, Wisconsin).
Each well contains 300 µL of DMEM. Viral transfection was
achieved by adding 3 µL AV-RGS2 (final concentration: 1e7).
After incubation, the cells were loaded with Fluo-3 (5 μM,
stocking: 150 μM, add 10 µL into 300 µL medium)
(ThermoFisher Scientific) for 30 min at 37°C. At the end of the
incubation, cells were washed with DMEM to remove extracellular
Fluo-3 and add fresh DMEM (300 µL). Cells were then placed on the
stage of a laser confocal microscope (Leica). The confocal calcium
image with green fluorescence was taken when the neurons were
challenged with ANG II (Final concentration: 1 mM). Fluo-3 was
excited by light at 488 nm, and fluorescence was measured at
wavelengths of >515 nm using a ×100 objective. Raw data was
imported into an Excel file for analysis.

Statistical analysis

The controls for the in vivo experiments included Sprague-
Dawley rats without ANG II treatment, and ANG II infusion
without AV-RGS2. When comparing to the PVN injection of
AV-RGS2, we subjected a control Sprague-Dawley rat to AV-
GFP PVN injection. Controls for the in vitro experiments include
a plate of cells treated only with DMEM medium.

Statistical significance in before-and-after treatments was
determined by Student’s paired t-test. Student’s t-test was used to
calculate differences in samples with two groups. Experiments with
3 groups was analyzed by one-way ANOVA, followed by the
appropriate post hoc analysis. Two-way ANOVA was used to
evaluate the effects of two factors (treatment and time).

Data was assessed prior to parametric analysis if the
assumptions of parametric analysis were met. If assumptions
were violated, appropriate measures were taken to correct these
violations. If the violations remain, nonparametric analysis tools
were used instead. Statistical significance was accepted when p <
0.05. All data were presented as means ± SE. Data was assessed using
Prism 9 (GraphPad Software, La Jolla, CA).

Results

General data

Male Sprague-Dawley rats were used and had a mean body
weight of −395 g at the time of tissue collection ranging between
14 and 16 weeks of age. Chronic ANG II infusion and AV-RGS2
transfection did not significantly change the body weight among
the groups.

Adenoviral gene transfer of RGS2 within
the PVN

We evaluated the efficacy of AV-RGS2 gene transfer in the PVN
by comparing RGS2 mRNA levels of the PVN. We completed
bilateral adenovirus PVN injections in 12 male Sprague-Dawley
rats. 6 rats were transfected with AV-GFP as controls, and the other
6 were transfected with AV-RGS2. Post-transfection tissue
collection occurred at 3, 7, and 14 days with two rats in each
group for each adenovirus transfection. Analysis of our Sprague-
Dawley rat strain showed that the PVN had significantly increased
RGS2 mRNA expression in AV-RGS2 transfected rats compared to
the AV-GFP transfected rats (Figure 1A). RGS2 showed peak
mRNA expression on the 3rd day, with increased expressions at
weeks 1 and 2 of the experiment compared to the AV-GFP injected
rats. Overall, there was an increase in RGS2 gene expression over the
3 timepoints (Figure 1B).

5 Sprague Dawley rats were unilaterally transfected with AV-
RGS2 in the PVN in the left hemisphere, with the right hemisphere
being self-control. We compared left versus right PVN by the
presence and absence of AV-RGS2 coupled with mCherry
fluorescent protein. The mCherry and RGS2 fluorescent signal
was increased 3-, 6-, 9-, 12-, and 15 days post-transfection.
Figure 1C shows the images acquired with mCherry, RGS2, and
merged staining within the PVN at 6 days post-transfection.

Effect of AV-RGS2 on arterial pressure in
conscious ANG II infusion rats

Baseline blood pressure and heart rate measurements were taken
over multiple days after telemetry device insertion recovery and
before ANG II infusion (Mean blood pressure: 111.2 +/−
2.3 mmHg). Chronic ANG II infusion significantly increased
blood pressure over 2-week (First week: 166.9 +/− 9.3 mmHg;
Second week: 188.6 +/− 6.5 mmHg). AV-RGS2 transfection in
the PVN significantly attenuated the increase of blood pressure
in the ANG II + RGS2 group compared to the ANG II group from
day 2 to day 7 (Figure 2A). No differences were noted between when
the virus was given, and they showed a similar increase to the
hypertensive phenotype occurring early in the 2nd week of the
telemetry experiment. The results shown below are in order of
the ANG II + AV-RGS2 and ANG II group, respectively (in mmHg).
Day 2: 123.4 +/− 7.7 vs. 145.3 +/− 8.0, p < 0.05; Day 3: 132.3 +/−
6.4 vs. 155.5 +/− 10.7, p < 0.05; Day 4: 136.7 +/− 10.1 vs. 157.4 +/−
8.0, p < 0.05; Day 5: 139.3 +/− 9.5 vs. 158.7 +/− 6.0, p < 0.05; Day 6:
140.3 +/− 7.0 vs. 160.3 +/− 4.6, p < 0.05; Day 7: 141.3 +/− 10.0 vs.
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FIGURE 1
(A) ThemRNA expression changes of RGS2within the PVNwith AV-GFP or AV-RGS2 transfection, n= 6/group. (B) ThemRNA expression changes of
RGS2 within the PVN over time with AV-RGS2 or AV-GFP transfection. RGS2 showed peak expression on the 3rd day, with increased expressions at weeks
1 and 2 of the experiment compared to the AV-GFP injected rats. Four subjects were used for each time point (2 AV-RGS2, 2 AV-GFP). *p < 0.05, **p <
0.01 signifies within groups. (C) Histological assessment of AV-RGS2 with mCherry (red) transfection and RGS2 (green) in the PVN area at 6-day
post-transfection, X400. n = 5. 3V: third ventricle.

FIGURE 2
(A) Themean blood pressure (BP) changes over a 2-week period. Days 2 through 7 showed a significant reduction of blood pressure in the ANG II +
AV-RGS2 groups compared to the ANG II group. *p < 0.05 signifies between groups. (B, C): Depict changes in blood pressure and heart rate at 7-day
treatment from baseline. *p < 0.05, **p < 0.01, ****p < 0.0001 signifies within groups, #p < 0.01, ####p < 0.0001 signifies between groups, n =
4–5/group.
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166.9 +/− 9.3, p < 0.05. There were no significant differences of blood
pressure from day 8 to the end of the experiment. There were no
significant differences comparing the normotensive control groups
with AV-GFP and AV-RGS2. Day 7 mean blood pressure and heart
rate changes from baseline are shown in Figures 2B,C, respectively.
There was a significant increase in blood pressure from baseline in
both ANG II and ANG II + AV-RGS2 groups. However, the changes
in blood pressure in the ANG II + AV-RGS2 group were attenuated
compared to those in the group that received ANG II infusion alone.
There was a significant decrease in heart rate in the ANG II + AV-
RGS2 group versus ANG II infusion alone group.

Effect of AV-RGS2 on the metabolic
parameters, sympathetic activity, and kidney
function in conscious ANG II infusion rats

We measured water intake and urine output over 24 h. Water
consumption for the ANG II + AV-RGS2 group measured at 100.7
+/− 11.4 mL, which was significantly higher than its pre-treatment
baseline (30.5 +/− 2.4 mL, p < 0.0001) and the ANG II group (43.0
+/− 6.0 mL, p < 0.001) (Figure 3A). Urine output for the ANG II +
AV-RGS2 group measured at 64.0 +/− 10.5 mL, which was
significantly higher than its pre-treatment baseline (7.6 +/−
0.7 mL, p < 0.0001) and the ANG II group (21.4 +/− 5.4 mL, p =
0.001) (Figure 3B). Daily sodium excretion significantly increased
after treatment in the ANG II + AV-RGS2 group compared to the
baseline (4.0 +/− 0.5 vs. 1.4 +/− 0.1 mEq/day, p < 0.0001)
(Figure 3C). Daily sodium excretion in the ANG II + AV-RGS2
group was significantly increased compared to the ANG II group
(4.0 +/− 0.5 vs. 2.0 +/− 0.3 mEq/day, p < 0.01).

To evaluate sympathetic activity, assessment of 24-h urine
norepinephrine excretion (as sympathetic index) showed that the
ANG II + AV-RGS2 group was significantly decreased after
treatment compared to the ANG II group (9262.9 +/− 1171.8 vs.
12293.5 +/− 1257.7 pg/day, p < 0.05) (Figure 3D). Daily urinary
norepinephrine excretion in the ANG II group tended to increase
but not reach statistical significance (13021.6 +/− 1119.6 vs. 13783.2
+/− 1267.9 pg/mL, p > 0.05). The ANG II + AV-RGS2 group had
significantly decreased serum norepinephrine concentration
compared to the ANG II group (806.7 +/− 36.0 vs. 991.4 +/−
77.3 pg/mL, p < 0.05) (Figure 3E).

To evaluate kidney function, we found that daily urine creatinine
excretion was significantly increased in the ANG II + AV-RGS2
group compared to the pre-treatment values (6290.3 +/− 762.1 µg/
day vs. 2124.5 +/− 192.8 µg/day, p < 0.001) (Figure 3F). Serum
creatinine concentration in the ANG II + AV-RGS2 group tended to
lower than the ANG II group, but not significantly different between
the two groups (p > 0.05) (Figure 3G). Calculated glomerular
filtration rates tended to be increased in the ANG II + AV-RGS2
group compared to the ANG II group but did not reach significance
(p > 0.05) (Figure 3H).

Effect of AV-RGS2 on the acute volume
reflex in ANG II infusion rats

Average urine flow and sodium excretion in the acute volume
reflex experiment under anesthesia was depicted in Figures 4A,B.
There was a significant increased baseline urine volume in the ANG
II and ANG II + AV-RGS2 groups compared to the control (p <
0.05). The urine flow and sodium excretion responses to saline

FIGURE 3
Metabolic changes in ANG II-induced hypertensive rats with or without AV-RGS2 introduced to the PVN.Water intake (A), urine output (B), and urine
sodium excretion (C) before and after treatment in ANG II and ANG II + AV-RGS2 groups. (D, E) showed the changes in serum and urine norepinephrine
concentration. (F–H) showed the changes in urine excretion and serum concentration of creatinine and GFR. *p < 0.05, ***p < 0.001, ****p <
0.0001 signifies within groups, ##p < 0.01, ###p < 0.001 signifies between groups. n = 4–6/group.
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challenge significantly increased in both ANG II and ANG II + AV-
RGS2 groups (p < 0.05). However, AV-RGS2 significantly
attenuated the urine flow and sodium excretion responses
challenged with saline infusion compared to the ANG II infusion
group (p < 0.05).

PVN tissue Western blot assessment

Figure 5A shows the gel images obtained from the Western blot
experiment and used for the data analysis. Assessment of G-proteins
and downstream effectors show that G⍺q, not G⍺s, was significantly

FIGURE 4
(A) The urine flow rate changes when subjected to a 10% body weight per hour saline challenge, measured in uL of urine per minute per gram of
kidney. (B) The sodium excretion rate with 10% body weight per hour saline challenge, measured in uEq of per minute per gram of kidney. Baseline and
Recovery was measured over 15-min intervals. Samples are measured over 5-min intervals. *p < 0.05 compared to the AV-RGS2 and control groups. n =
3–4/group.

FIGURE 5
(A) The gel images were obtained from the Western blot experiment and used for the data analysis. (B–F) Protein expressions of G⍺q, RGS2, G⍺s,
PKC and PKA in the PVN with the introduction of AV-RGS2. *p < 0.05, **p < 0.01, ***p < 0.001 signifies between groups. n = 3/group.
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decreased in the ANG II + AV-RGS2 compared to the ANG II
infusion group (p < 0.05) (Figures 5B,D). RGS2 expression in the
PVN was shown to be significantly increased in the ANG II + AV-
RGS2 compared to the ANG II group (p < 0.05) (Figure 5C).We also
found that G-protein downstream effector PKC in the ANG II group
was significantly increased compared to the control (p < 0.05). PKC
protein expression were significantly attenuated with AV-RGS2
transfection compared to the ANG II group (p < 0.05)
(Figure 5E). However, there was no significant change in protein
kinase A (PKA) expression in the PVN after AV-RGS2 transfection
(p > 0.05) (Figure 5F).

Effect of AV-RGS2 on ANG II-induced
G-protein mRNA expression in the
hypothalamic cell line

Real-time PCR analysis showed that treatment of ANG II had a
graded increase in G⍺q (Figure 6A), G⍺s (Figure 6B) and RGS2
(Figure 6C) from control, as the concentration of ANG II increased.
The collected data had a positive trend and reached statistical

significance with ANG II treatment (p < 0.05). In the setting of cell
cultures treated with ANG II with AV-RGS2, G⍺q and G⍺s mRNA
levels were not significantly different compared to the control (p > 0.05)
(Figures 6D,E), while RGS2 mRNA showed a similar graded increase
(Figure 6F), suggesting AV-RGS2 treatment attenuated the
upregulation of G-protein gene expression seen in ANG II treatment.

Calcium imaging

Treatment of cells with ANG II causes the activation of PKC and
influx of calcium into the cytoplasm, which then can be pictured via
fluorescence. As RGS2 deactivates the receptor activated by ANG II,
we expect to see a reduction of calcium fluorescence in cells treated
with ANG II and transfected with AV-RGS2. Confocal imaging was
shown in Figure 7A, and fluorescence analysis was displayed in
Figure 7B. Analysis showed that AV-RGS2 transfected cells treated
with ANG II demonstrated attenuated fluo-3 fluorescence signal
compared to the cells only treated with ANG II. Cells treated with
AV-RGS2 showed a significant decrease in fluorescence in both
duration and intensity.

FIGURE 6
(A–C) The changes in mRNA expression in cell culture with treatment of varying concentrations of ANG II. (D–F): Treatments with ANG II with AV-
RGS2. There was an increase in mRNA expression as the concentration of ANG II increases. The addition of AV-RGS2 attenuated the fold change seen
with ANG II. *p < 0.05 compared to the control without ANG II. n = 3/group.
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Discussion

In this study, AV-RGS2 transfection to the PVN significantly
attenuated the increase of mean arterial pressure in ANG II infusion
rats from days 2–7 of the 2-week experiment. AV-RGS2 significantly
decreased the serum norepinephrine concentration, 24-h urine
norepinephrine excretion, and acute volume reflex. AV-RGS2
also increased daily urine volume, water consumption, and
sodium excretion in ANG II-infused hypertensive rats. AV-RGS2
transfection within the PVN significantly lower the G⍺q and PKC
protein expressions within the PVN in ANG II infusion rats. In
hypothalamic cells, AV-RGS2 attenuated ANG II-induced mRNA
expression of G⍺q, G⍺s. We also found a attenuated calcium influx
in ANG II-treated cells with AV-RGS2 transfection. This data
supports the effects of RGS2 in the PVN on blood pressure,
sympathetic outflow, and kidney function in hypertensive rats.

Various studies have shown the importance of G-proteins and
their impact on cellular signaling (Sriram and Insel, 2018). Of the
RGS protein family, RGS2 regulation has been shown to be an
emerging target in multiple tissues for various pathologies (McNabb
et al., 2020; O’Brien et al., 2019). It is important to investigate the
actions of RGS proteins, specifically RGS2, on G⍺q signaling. The
activity of RGS2 on G-protein signaling and the cessation of cell
signaling may be an important feature in the progression of blood
pressure dysregulation. One study shows that a reduced expression
of RGS2 within the placenta may contribute to the development of
preeclampsia (Perschbacher et al., 2020). RGS2 is also shown to have
a role in vascular function, with a reduced expression of RGS2 in the
vasculature contributing to hypertension (Osei-Owusu and Blumer,
2015). Additionally, RGS2 maintains a role in renal hemodynamics
and contributes to overall renal function (Osei-Owusu et al., 2015).

Other studies have mainly focused on the peripheral mechanisms
of RGS2. Still, no studies have shown the central roles of RGS2 and
how it impacts blood pressure regulation and kidney function through
sympathetic activity modulation. With little to no studies being done
on the RGS2 protein on G-protein signaling on the central
mechanisms of blood pressure control, we view it as important to
examine how these interactions affect sympathetic reflex and the
progression of hypertension. Examining the neuronal activity with cell
signaling cascade changes in blood pressure management between

hypertensive and normotensive subjects may be a critical link needed
to help better combat this condition.

We elected to use ANG II infusion to induce a hypertensive state
in our rat model. We used ANG II infusion and PVN AV-RGS2
transfection rats in a second group. ANG II infusion quickly induced
a hypertensive phenotype in this model. ANG II infusion rats with
PVN AV-RGS2 transfection had significantly attenuated the
increase of blood pressure compared to the ANG II group. This
confirms that overexpression of RGS2 in the PVN attenuates the rise
in blood pressure caused by ANG II. The attenuation of the increase
of blood pressure in the PVN AV-RGS2 group also suggests that the
PVN is a critical central nucleus regulating blood pressure, and
RGS2 impacts blood pressure regulation within the PVN.

Our present study shows we can directly alter RGS2 mRNA
expression with AV-RGS2 transfection in a rat model, confirmed by
mRNA measurement and histological assessment. As expected with
adenovirus transfection, there was an acute increase in mRNA
expression of RGS2 after 3 days of transfection; then the
RGS2 mRNA level gradually decreased over the next 2 weeks. The
decreasing level of RGS2 might be because of the immune system
clearing the adenovirus transfection. Our hemodynamic study showed
that the AV-RGS2 transfection to the PVN significantly reduced mean
arterial pressure in ANG II infusion rats in the first week of the 2-week
ANG II infusion period. This was consistent with the mRNA study,
showing the reduced efficacy of AV-RGS2 transfection after 7 days.

Studies suggest that the dysfunction of sympathetic modulation
within the PVN contributes to fluid and electrolyte unbalance and
kidney excretory dysfunction, which is seen in hypertension and
chronic heart failure (Zheng et al., 2022). Our metabolic study
showed urine output and water consumption were increased in
the ANG II + AV-RGS2 combined treatment group compared to the
ANG II infusion and control groups. This may be caused by an
alteration in sympathetic activity from the AV-RGS2 transfection.
One characteristic of hypertension is the conservation of sodium. In
addition, we saw that daily urine excretion was significantly
increased in the ANG II + AV-RGS2 combined treatment model,
suggesting sodium retention was relieved by the introduction of AV-
RGS2 in the PVN in hypertensive rats.

To examine sympathetic activity changes, 24-h urine
norepinephrine excretion was examined. As expected, the

FIGURE 7
(A) The progression of fluorescence over 8 min in cells treated in DMEM with a final concentration of 1 mM ANG II, with/without AV-RGS2
transfection. (B) The calculated relative intensity compared to the baseline. Cells treated with AV-RGS2 showed a significant decrease in fluorescence in
both duration and intensity. n = 3 per group. λ = 488 nm *p < 0.05 compared to the control (ANG II without AV-RGS2).
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excretion rates showed that AV-RGS2 decreased overall
norepinephrine excretion. Serum norepinephrine was significantly
increased in the ANG II infusion model, which suggested alterations
in sympathetic activity. To measure kidney function, urine and
serum creatinine concentrations were evaluated and used to
determine glomerular filtration. The trends suggest kidney
function was improved with the ANG II and AV-RGS2
combined treatment compared to the ANG II infusion model.
The data suggests a mild-to-moderate change in kidney function
with AV-RGS2 transfection, which was expected as the upregulation
of RGS2 impacted overall sympathetic activity and, thus, kidney
function in ANG II-induced hypertension.

The PVN is a critical site for the coordination and integration of
neurogenic and hormonal actions on the cardiovascular system and
the kidney, in response to changes in blood volume (volume reflex)
and sodium concentration/osmolality in the body. Several lines of
evidence provide credence for the critical role of the parvocellular
neurons of the PVN in the neural regulation of fluid balance (Li
et al., 2003; Coote, 2005). The specific details of the pathways within
the central nervous system and the specific neurotransmitter
substances involved in the volume reflex arc have been
investigated to some extent. In the experiment to evaluate
volume reflex, we saw that the urine flow rate and sodium
excretion rates were significantly increased in the ANG II
infusion group compared to the control group. ANG II with AV-
RGS2 transfection group had attenuated diuresis and natriuresis
compared to the ANG II infusion group. These differences suggest
that RGS2 alters volume reflex and ANG II-induced fluid
responsiveness from the central nervous system.

Furthermore, we examined molecular interactions involving
G-protein activation and the activation of downstream effector
proteins. ANG II binds to a Gq-protein-coupled receptor, which
RGS2 selectively regulates. G-protein activation triggers numerous
responses throughout the organism. Gq-protein activates PKC and
mobilizes Ca2+ by activating phospholipase C, which hydrolyzes
PIP3, cleaving it into DAG and IP3 (Mizuno and Itoh, 2009). Gs-
protein activates adenylate cyclase activity, which contributes to
cAMP production, activating PKA. Gi-protein inhibits this pathway
by inhibiting adenylate cyclase (Sassone-Corsi, 2012). This signaling
cascade is an important factor of heightened cellular activity, causing
several proteins to be transcribed relating to cell cycle progression,
proliferation, growth factors, metabolism, neurotrophy, and cell
survival (Wang et al., 2018). With G-proteins being present
within all cell types, it is plain to see their vital role in cell
signaling. Understanding brain G-protein subunits, specifically
Gαq/Gαs, is important in how they are directed to alter
sympathetic activation and cardiovascular parameters. With this,
we elected to evaluate the changes in G-protein and downstream
signaling in the PVN as we manipulated ANG II and RGS2.

Our PVN tissue protein analysis showed decreased changes in
G⍺q but not G⍺s with AV-RGS2 transfection, further aiding our
statement regarding RGS2 selectivity for Gq-protein interaction. As
a downstream effector protein of Gq-protein activation, PKC
significantly increased with ANG II infusion and decreased with
AV-RGS2 transfection compared to the ANG II infusion
group. This is expected as RGS2 returns to active G⍺q to its
inactive state, halting the downstream actions directly involving
PKC. In addition, we evaluated changes in PKA, which is

downstream of Gs-protein activation. No changes were present in
PKA protein expression in the PVN.

To further examine the role of RGS2 on the ANG II-G-protein
signaling in our mouse hypothalamic cell line, we found increased
G-protein mRNA expression as ANG II treatment concentration
increased. AV-RGS2 treatment reduced the G-protein mRNA
expression induced by ANG II treatment. These in vitro studies
further support that RGS2 interacts with G-proteins and returns them
to an inactive state, halting the downstream signaling cascade expected
with ANG II-G-protein activation. Further, ANG II acts on a signaling
pathway that is expected to increase intracellular calcium, so we should
expect an increase in calcium flux by adding ANG II. RGS2 should
decrease the duration and intensity of calcium flux by limiting the action
of ANG II by Gq-protein deactivation. We used confocal microscopy to
measure calcium flux in cells treated with or without AV-RGS2 in
response to ANG II. We have demonstrated that AV-RGS-treated cells
had a significantly reduced fluorescence compared to those without AV-
RGS2 treatment. This suggests an attenuation in calcium flux in the AV-
RGS2 treated group, which is the expected result when Gq-protein
activation time is decreased with increases in RGS2 protein.

Perspectives

Our results describe a novel role of RGS2 in the PVN for regulating
blood pressure, sympathetic activation, and kidney function in
hypertension. These findings show that the action of RGS2 on
ANG II-induced Gq-protein activation modulates blood pressure,
sympathetic activation, and kidney function in hypertension. Our
study provides new insights into the central regulation of blood
pressure and potential targets to treat hypertension.

Limitations and alternative approaches

Many factors influence the overall blood pressure control of an
organism. In this study, we are investigating only few impacting
factors of blood pressure regulation. In addition, among the
receptors and proteins investigated, many isoforms and subtypes
of these receptors have differing ligand-receptor interactions and
downstream signaling. While between organisms, the tissue-specific
receptors are generally conserved, there are subtle differences that
may impact overall results. Further investigation is needed to better
understand how acting of specific receptors or proteins can have off-
target effects. The jump between rodent and human models of
hypertension may contribute to a variation of results. Some models
of hypertension do not accurately display a phenotype that can be
characterized as essential hypertension, which may impact results,
especially when comparing essential hypertension in humans.

Additional limitations include our use of an adenovirus as a vector,
which has a higher immunogenic response in comparison to adeno-
associated virus, which may contribute to unwanted physiological
responses. We also used only male models, and thus, sex as a
biological variable must be noted. Additional female subjects would
have to be used to exclude sex as a biological variable in addition to
ANG II infusion and AV-RGS2 transfection. In addition, we used daily
sodium excretion from urine to assess sodium handling, while true
sodium balance must take account for sodium intake. However, no
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considerable changes in food intake were noted. Finally, we used some
controls for our telemetry study, yet we did not have anANG II infusion
with AV-GFP control to determine vector impacts on ANGII infusion.
These limitations will be considered in future studies.
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Chemoreflex sensitization occurs
in both male and female rats
during recovery from acute lung
injury
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Han-Jun Wang1,2*
1Department of Cellular and Integrative Physiology, University of Nebraska Medical Center, Omaha, NE,
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United States

Introduction: Sex-specific patterns in respiratory conditions, such as asthma,
COPD, cystic fibrosis, obstructive sleep apnea, and idiopathic pulmonary fibrosis,
have been previously documented. Animal models of acute lung injury (ALI) have
offered insights into sex differences, with male mice exhibiting distinct lung
edema and vascular leakage compared to female mice. Our lab has provided
evidence that the chemoreflex is sensitized in male rats during the recovery from
bleomycin-induced ALI, but whether sex-based chemoreflex changes occur
post-ALI is not known. To bridge this gap, the current study employed the
bleomycin-induced ALI animal model to investigate sex-based differences in
chemoreflex activation during the recovery from ALI.

Methods: ALI was induced using a single intra-tracheal instillation of bleomycin
(bleo, 2.5 mg/Kg) (day 1). Resting respiratory frequency (fR) was measured at 1-
2 days pre-bleo, day 7 (D7) post-bleo, and 1 month (1 mth) post-bleo. The
chemoreflex responses to hypoxia (10% O2, 0% CO2) and normoxic-hypercapnia
(21%O2, 5%CO2) weremeasured before bleo administration (pre-bleo) and 1mth
post-bleo using whole-body plethysmography. The apnea-hypopnea Index
(AHI), post-sigh apneas, and sighs were measured at each time point.

Results: There were no significant differences in resting fR betweenmale and female
rats at the pre-bleo time point or in the increase in resting fR at D7 post-bleo. At 1mth
post-bleo, the resting fR was partially restored in both sexes but the recovery towards
normal ranges of resting fR was significantly lower in male rats. The AHI, post-sigh
apneas, and sighs were not different between male and female rats pre-bleo and
1mth post-bleo. However, at D7 post-bleo, themale rats exhibited a higher AHI than
female rats. Bothmale and female rats exhibited a sensitized chemoreflex in response
to hypoxia and normoxic-hypercapnia with no significant differences between sexes.

Conclusion: A sex difference in resting ventilatory parameters occurs post ALI
with a prolonged increase in resting fR and larger AHI in male rats. On the other
hand, we did not find any sex differences in the chemoreflex sensitization that
occurs at 1 mth post-bleo. This work contributes to a better understanding of
sex-based variations in lung disorders.

KEYWORDS

acute respiratory distress syndrome, acute lung injury, bleomycin, chemoreflex, sex-
based differences
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1 Introduction

In studies involving vertebrate animals and humans, the
consideration of “sex” as a critical biological variable is essential
throughout the design, analysis, and reporting of research (Lee,
2018). Sex-related differences in lung development are apparent
throughout life, affected by factors like variations in lung growth and
maturity, as well as the influence of sex hormones (Carey et al., 2007;
Silveyra et al., 2021). Pulmonary diseases such as respiratory distress
syndrome, bronchiolitis, pneumonia, chronic obstructive
pulmonary disease (COPD), obstructive sleep apnea (OSA), and
the SARS-CoV-2 epidemic have reported sex differences (Silveyra
et al., 2021).

Acute lung injury (ALI) and its severe form, acute respiratory
distress syndrome (ARDS) caused by the disruption of the normal
capillary endothelial barrier leads to impacting ventilatory control
(Young et al., 2019). Acute respiratory failure, responsible for 10% of
ICU admissions with significant mortality and morbidity, affects
approximately 200,000 new cases annually in the US alone (Mowery
et al., 2020). Epidemiological research on sex differences in all-cause
ARDS presents contradictory findings, with some studies indicating
a substantial correlation between ARDS incidence, mortality, and
sex (Moss andMannino, 2002; Agarwal et al., 2006; Phua et al., 2009;
Lemos-Filho et al., 2013; Chen et al., 2015). Structural and functional
variations in lung and airway development, influenced by genetic,
epigenetic, hormonal, and environmental factors, contribute to these
disparities (Silveyra et al., 2021). Notably, pre-term birth in males is
associated with a greater disadvantage (Bancalari and Jain, 2019).
Sex hormones, particularly testosterone and estrogen, play a role in
influencing immune-related cells, macrophage polarization, airway
smooth muscle cells, and inflammation (Becerra-Díaz et al., 2018).
Clinical studies show that male infants are more susceptible to lower
respiratory tract infections, bronchiolitis, respiratory distress
syndrome, and bronchopulmonary dysplasia (Liptzin et al.,
2015). In contrast, male children are more prone to asthma,
while women exhibit a higher exacerbation risk in chronic
obstructive pulmonary disease (COPD) and a lower likelihood of
obstructive sleep apnea (OSA) compared to men (Han et al., 2018).
Sex differences have also been studied in different models of ALI by
several groups. Most importantly, all those studies focused on lung
pathology post-ALI. A potential sex difference in the neural control
of breathing post-ALI has not been investigated.

Carotid bodies (CBs), peripheral chemoreceptors found at the
common carotid artery bifurcation, are stimulated by hypoxemia
brought on by ALI. As a basic defensive response to return blood gas
concentrations to normal, these chemoreceptors detect changes in
pH and blood gas levels. The enhancement of sympathetic drive by
acute or chronic CB activation is a well-established phenomenon.
Excessive sympathetic output can cause cardiac arrhythmias, cardio-
renal syndrome, metabolic syndrome, Type 2 diabetes, and impaired
cardiac activity (Mark, 1995; Marcus et al., 2014; Moreira et al., 2015;
Li, 2022). Previously, our laboratory has provided evidence of
increased chemosensitivity during recovery from ALI in male rats
(Kamra et al., 2022). Nevertheless, there remains a knowledge gap
regarding the comparisons of male vs. female chemoreflex changes
during the recovery from ALI. The current study utilizes a
bleomycin-induced ALI animal model to investigate sex-based
differences in chemoreflex activation under ALI conditions.

2 Methods

2.1 Ethical approval

Animals were housed in a temperature-controlled environment
(22°C–25°C) with a 12 h light-dark cycle and ad libitum access to
food and water, by standards set by the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of
Nebraska Medical Center (protocol ID no. 17-006-03 FC).

2.2 Animals

Eighteen adult (eight male and ten female) Sprague-Dawley rats
(2 - 3 months old) were used for these experiments. They were
allowed to acclimate for 3 days to their new environment before the
experiment. All animal experimentation (collection of ventilatory
parameters during rest and hypoxic/hypercapnic gas exposure) was
performed during the day (9:00–16:00 h). Delivery of bleomycin
sulfate (bleo) was performed within the Department of Comparative
Medicine. At the end of the experimental protocol, all animals were
humanely euthanized with an overdose of pentobarbital sodium
(150 mg/kg, IV). Euthanasia was confirmed by the removal of vital
organs. An experimental timeline is shown in Figure 1.

2.3 Drugs and chemicals

Bleo was purchased from Enzo Life Sciences (New York,
United States). Bleo was dissolved in saline for intra-tracheal
administration. This procedure was performed within the
Department of Comparative Medicine.

2.4 Rat model of lung injury

Rats were randomized into two experimental groups and
evaluated at three time points- 1-2 days before instillation (pre-
bleo), day 7 (D7) post-bleo, and 1 month (1 mth) post-bleo
instillation as follows: male bleo-treated rats (n = 8) and female
bleo-treated rats (n = 10). Bleo (2.5 mg/kg) was instilled on day
0 intratracheally under 2% - 3% isoflurane anesthesia.

2.5 Breathing and ventilatory
chemoreflex function

Unrestrained whole-body plethysmography was utilized to
measure ventilatory parameters-respiratory rate (fR), tidal
volume (Vt) and minute ventilation (V_E) in conscious rats by
using signals from a differential-pressure transducer (DLP 2.5,
Harvard Apparatus), amplified, and connected to a PC via an
acquisition system (PowerLab 35 Series) managed by LabChart
(v8.1.5) software (ADInstruments, Colorado Springs,
United States). Rats were acclimated to the plethysmograph
chamber for 1 h each for two consecutive days before
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recordings. Respiratory parameters were not recorded during the
acclimatization sessions. The plethysmography chambers used
for this study were custom-made (Midwest Plastics Inc.,
Nebraska, United States) and were 10, 10.5, and 20 cm in
height, width, and length, respectively. The volume channel
(i.e., flow integration) was calibrated by pushing 5 mL of air
using a syringe before the start of the recording. During
recordings, a constant flow of gas at 3 L/min was maintained
to avoid an increase in humidity, temperature, and CO2 levels
using a manually operated flow meter (Precision Medical,
Northampton, PA, United States). The body weight (in grams)
of rats was recorded before each experiment. In the resting state,
rats were exposed to normoxia (21% O2, 0% CO2) for baseline
measurements followed by two different gas challenges-hypoxia
(10% O2, 0% CO2) and normoxic hypercapnia (21% O2, 5% CO2)
balanced by N2. The order of the gas challenge was randomized
and was maintained for 5 minutes. The last 1-min-long segment
without any artifacts was used for analysis. A normoxic exposure
of a minimum of 10 min or more was used in between challenges.
All resting ventilatory parameters considered for analysis were
recorded when the rats were awake and stationary (no activity-
related events were included in the analysis in the LabChart8 raw
data file). V_E was calculated as the product of fR and Vt. Vt and V_E
were normalized to body weight. All data values were extracted
from LabChart8 raw data files. A 30-min recording without
artifacts was recorded for all rats while they breathed room
air. This was used to measure all resting ventilatory
parameters and to manually extract apneas, hypopneas, sighs,
and post-sigh apneas from LabChart 8 raw data files. Apneas were
defined as the cessation of breathing for at least three respiratory
cycles, as determined by the respiratory rate for the prior 10 s;
hypopneas were defined as reductions in breath amplitude 50% of

the average cycle amplitude of the preceding 10 s of regular
breathing; post-sigh apneas were defined as the cessation of
breathing for at least three respiratory cycles immediately after
a sigh. Apneas and hypopneas were expressed as Apnea-
Hypopnea Index (AHI, events/hour). Sighs and post-sigh
apneas were also expressed as events/hour.

2.6 Statistical analysis

Data analysis in text, tables, and figures are presented as mean ±
SD. Statistical evaluation was analyzed using GraphPad Prism
(GraphPad Software, San Diego, CA. Version 8). For the
chemoreflex comparisons, two-way ANOVA with Bonferroni
corrections (male vs. Female and Pre-Bleo vs. Post-Bleo) was
used with p ≤ 0.05 being statistically significant. Body weight and
baseline respiratory parameters at multiple time points post-Bleo
were compared by using two-way Repeated Measurement (RM)
ANOVA with p ≤ 0.05 being statistically significant.

3 Results

3.1 Effect of bleomycin on body weight in
male and female rats post-ALI

Body weights were measured in all rats at pre-bleo
administration and post-bleo administration at D7 and 1 mth.
Body weight did not change in either male or female rates during
the first 7 days post-bleo (Table 1). At 1-mth post-bleo, male and
female rats significantly increased body weight by 99 ± 74 g
(p < 0.0001) and 56 ± 24 g, p < 0.0001), respectively (Table 1).

FIGURE 1
Timeline showing the experimental design.

TABLE 1 Mean body weight and mean change in body weight (in grams) for male and female dose bleo rats.

Body weight (grams)

W0 pre-bleo Day 7 post-bleo 1 mth post-bleo

Male rats (n = 8) 410 ± 59 394 ± 63 510 ± 47 **

Female rats (n = 10) 187 ± 27 175 ± 17 243 ± 19 **

Values are mean ± SD; Bleo indicates bleomycin. **p < 0.0001 vs. W0 (Week 0) pre-bleo.
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3.2 Sex-based differences in baseline
respiratory parameters between male and
female rats post-ALI

As noted in Figures 2A, C, E, G, male and female rats showed a
steady normal resting fR pattern pre-bleo with average fR similar
between groups (male rats = 95 ± 15 bpm; female rats = 86 ± 11 bpm
(Table 2). However, as expected, consistent with our previously
published data, both male (280 ± 70 bpm, p < 0.0001) and female
(240 ± 43 bpm, p < 0.0001) rats exhibited a significant increase in
resting fR post-bleo treatment at D7 after receiving bleo compared to
the pre-bleo time point (Table 2). This increase in fR was partially
restored at 1 mth post-bleo treatment in both groups (male = 141 ±
44 bpm (p = 0.0004, D7 vs. 1 mth post-bleo) and female = 104 ±
23 bpm (p < 0.0001, D7 vs. 1 mth post-bleo) (Table 2; Figures 2B, D,
F, H). The comparison of fR between male and female rats at 1 mth
post-bleo time point was significantly different (p = 0.03) with male

rats having a higher resting fR than female rats (male vs. female:
141 ± 44 bpm vs. 104 ± 23 bpm). In male rats, the Vt and VE were
significant differences in D7 post-bleo when compared to pre-bleo
time points. The female group also showed no significant differences
in Vt, however, VE was significantly increased at D7 post-bleo and
1mth-post-bleo when compared to pre-bleo (p < 0.0001, female rats:
pre-bleo vs. D7 post-bleo).

3.3 Sex-based differences in the occurrence
of apneic events between male and female
rats post ALI

The 30-minute-raw data recorded during normoxic gas
exposure were utilized to manually extract apneas from male and
female rats at three time points-pre-bleo, D7 post-bleo, and 1 mth
post-bleo. Male and female rats showed a significant difference

FIGURE 2
Representative ventilator tracings at normoxia, 10% hypoxia, and 5% normoxic-hypercapnia were obtained in a male and a female rat.
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(p = 0.02) in the occurrence of apneas throughout the experimental
timeline. The changes pre- and post-bleo were also seen to be
significantly different (p = 0.002) (Figure 3A).

The post-sigh apneas were significantly different between male
vs. female rats (p = 0.02). These differences however were not seen to
be affected by bleo treatment (pre-vs. post-bleo, p = 0.08)
(Figure 3B). The occurrence of sighs did not change significantly
at all three time points for either sex and for pre-vs. post-bleo,
revealing no sex differences for sighs during the acute and recovery
phase of ALI (Figure 3C).

3.4 Sex-based differences in the
chemoreflex sensitivity between male and
female rats during the recovery from ALI

The chemoreflex responses to 10% hypoxia and 5% normoxic-
hypercapnia were assessed by measuring the absolute difference
between 21% O2/0% CO2 and 10% O2/0% CO2 or 21% O2/5% CO2-
induced responses. At pre-bleo, both male and female rats exhibited
similar increases in fR and VE in response to 10% hypoxia (Figures
4A, C, E). At 1 mth post-bleo, there was a significant increase in
chemosensitivity (Figures 4B, F) with no differences in chemoreflex
activation between male vs. female groups of rats (Figures 4B, F).
The changes in Vt in response to 10% hypoxia were not statistically
significant for either male vs. female groups of rats (Figures 4C, D).

Similarly, in response to 5% normoxic-hypercapnia, both male
and female rats showed similar changes in fR and VE at pre-bleo time
points (Figures 5A, E). Like 10% hypoxia, both groups showed a
significant increase in chemoreflex activation at 1 mth post-bleo
with no difference between sexes (Figures 5B, F). The changes in Vt

in response to 5% normoxic-hypercapnia were not statistically
significant for either male vs. female groups of rats (Figures 5C, D).

4 Discussion

In this study, we examined the resting breathing parameters (fR,
AHI, sighs, post sigh apneas) during both the acute phase (D7) and
recovery phase (1mth) of ALI, and the chemoreflex sensitization during

the recovery from ALI in male and female rats. The key findings of this
study are summarized as follows: 1) There were no significant
differences in the resting breathing parameters (fR, AHI, sighs, post
sigh apneas) between male and female rats. At the D7 post-bleo, resting
fR was significantly increased in bothmale and female rats but tended to
increase by a larger degree inmale rats. At 1mth post-bleo, the resting fR
was partially restored in both sexes but the recovery towards normal
ranges of resting fR was significantly lower inmale rats. At D7 post-bleo,
the males exhibited significantly more events/hour of AHI compared to
females. 2) At the pre-bleo time point, both male and female groups
showed similar chemoreflex responses in fR to 10% hypoxia and 5%
normoxic-hypercapnia. During recovery from ALI at 1 mth post-bleo,
the chemoreflex sensitivity in response to hypoxia and normoxic-
hypercapnia did not exhibit sex-based differences.

Animal models, such as the two-hit model involving acid
instillation followed by overventilation, have provided histological
evidence of sex differences in ALI, with male mice exhibiting
distinct lung edema and vascular leakage compared to female mice
(Erfinanda et al., 2021). Another study observed higher levels of airway
inflammation and hyperresponsiveness in male mice (Carey et al.,
2007). Lingappan et al. investigated sex-specific differences in lung
injury induced by hyperoxic exposure in neonatemice (Lingappan et al.,
2016). They found that male neonate mice exhibited a greater cytokine
response and pulmonary angiogenesis arrest compared to females
(Lingappan et al., 2016). They observed similar patterns in adult
male mice compared to females (Lingappan et al., 2016). On the
other hand, several other studies from LPS-induced ALI models
showed no significant sex difference in lung pathology. For instance,
Nguyen et al. reported no differences in pulmonary injury and
abnormal lung development between male and female mice exposed
to early postnatal systemic LPS challenge (Nguyen et al., 2019). They
also reported findings that suggest a similar innate response to early
neonatal LPS exposure and the resulting pulmonary sequelae in male
and female mice (Nguyen et al., 2019). Another study demonstrated no
sex-based differences in LPS-induced TLR4 expression in the adult rat
lung (Du et al., 2005).

A previous study from our lab using a bleo-induced ALI adult
rat model demonstrated a significant increase in resting fR in male
ALI rats at D7 post-bleo administration (Kamra et al., 2022). The
present study demonstrated no significant difference in this

TABLE 2 Mean resting ventilatory parameters for male and female bleo rats.

Male rats (n = 8) Female rats (n = 10)

Resting fR (BPM) Pre-bleo 95 ± 15 86 ± 11

D7 post-bleo 280 ± 70 *** 240 ± 43 ***

I-mth post-bleo 141 ± 44 $ * 104 ± 23

Resting Vt (mL/Kg) Pre-bleo 0.45 ± 0.15 0.63 ± 0.27

D7 post-bleo 0.31 ± 0.1 $$ ** 0.57 ± 0.18

I-mth post-bleo 0.38 ± 0.05 $$$ 0.75 ± 0.19

Resting VE (mL/min/Kg) Pre-bleo 40 ± 9.8 50 ± 27.6

D7 post-bleo 85 ± 27 $$ ** 143 ± 52 ***

I-mth post-bleo 57 ± 20.76 74 ± 24 *

Values are mean ± SD; bleo indicates bleomycin. $ (all time points vs. pre-bleo); * (Male vs. Female rats).
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increase in resting fR at D7 post-bleo between male and female rats.
However, a trend of comparatively higher resting fR was seen in
adult male ALI rats at D7 post-bleo compared to female ALI rats.
More importantly, the recovery from increased resting fR in male
rats at 1 mth post-bleo was significantly slower than in female rats.
This may be due to the protective effects of female sex hormones
(Speyer et al., 2005; Carey et al., 2007; Erfinanda et al., 2021). It is
known that female neonate mice demonstrated a better
antioxidant defense mechanism against hyperoxia-induced
reactive oxygen species (ROS) (Vento et al., 2009; Tondreau
et al., 2012). Estrogen’s antioxidant, vasodilatory, and anti-
inflammatory properties contribute to a lower risk of
cardiovascular diseases in females (Xiang et al., 2021).

In addition, we also documented a significant increase in the
occurrence of apneas and hypopneas in male ALI rats at the
D7 post-bleo time point. This increase was significantly increased
in male rats at this time point compared to female bleo rats that
also exhibited a trend towards higher apneic incidences. The
post-sigh apneas were significantly higher at D7 post-bleo in
female rats while the male rats exhibited a trend to show an
increase. Consistent with our AHI data, clinical evidence also
suggests that obstructive sleep apnea is documented to be higher
in males than in females (Lin et al., 2008). In our study, we see this
significant increase in apneic events at the D7 post-bleo time
point as lung injury is at its peak during this period, after the first
and only insult of bleo (Kamra et al., 2022). It is known that the

FIGURE 3
Effects of sex, bleomycin (pre-vs. post-bleo) and the interaction between the sex and treatment for (A) Apnea-hypopnea index (AHI), (B) Post-sigh
apnea occurrence, and (C) Sigh occurrence in male (n = 8) and female (n = 8) rats. Two-way ANOVA, repeated measures, Values are mean ± SD.
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occurrence of apneas and hypopneas are among many factors
associated with increased sympathetic nerve activity,
inflammation, and intermittent hypoxia, and may be caused
by respiratory control instability (Javaheri et al., 2017).

Previously, we reported evidence of enhanced chemoreflex
response to hypoxia and normoxic-hypercapnia in the recovery

phase (1 mth post-bleo) in male ALI rats (Kamra et al., 2022).
However, a potential sex difference in chemoreflex sensitivity during
the recovery of ALI was not examined. The data from the present
study in male and female rats corroborate the findings from our
previous study in male ALI rats of chemoreflex sensitization with
recovery from ALI. We now show no statistically significant

FIGURE 4
Effect of bleomycin on ventilatory parameters in male (n = 8) and female (n = 10) rats in response to chemoreflex activation with 10% O2/0% CO2.
Two-way ANOVA, Values are mean ± SD: (A) Respiratory rate (fR) at normoxia vs. hypoxia; (B) Delta fR (Delta is the absolute difference between the
response at normoxia and hypoxia); (C) Tidal volume (Vt) at normoxia vs. hypoxia; (D) Delta Vt; (E) Minute ventilation (V_E) at normoxia vs. hypoxia; (F)
Delta V_E.
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differences in chemoreflex sensitization in male vs. female rats
during the recovery of ALI.

Supportive evidence of no sex differences in chemosensitivity was
presented by Usselman et al. who examined the effect of sex on
chemoreflex regulation of muscle sympathetic nerve activity in

young healthy men and women who were not using any form of
hormonal contraception (Usselman et al., 2015). They observed similar
sympathetic responses to chemoreflex activation in men and women
(Usselman et al., 2015). Interestingly, in rats exposed to CIH, another
study showed there are sex differences in respiratory-related

FIGURE 5
Effect of bleomycin on ventilatory parameters in male (n = 8) and female (n = 10) rats in response to 21% O2/5% CO2. Two-way ANOVA, Values are
mean ± SD: (A) Respiratory rate (fR) at normoxia vs. normoxic-hypercapnia; (B) Delta fR (Delta is the absolute difference between the response at
normoxia and normoxic-hypercapnia); (C) Tidal volume (Vt) at normoxia vs. normoxic-hypercapnia; (D)Delta Vt; (E)Minute ventilation (V_E) at normoxia vs.
normoxic-hypercapnia; (F) Delta V_E.
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sympathetic nerve discharge that characterize differences in the
respiratory modulation of sympathetic activity after CIH (Souza
et al., 2018).

Independent of sex hormones, these data in juvenile rats (Souza
et al., 2018) demonstrate sexual dimorphism in the reconfiguration of
respiratory and pre-sympathetic network interactions after CIH
(Souza et al., 2018). It is interesting to note that in the current
study, at 1 mth post-bleo, the recovery of resting fR was
significantly faster in female bleo rats than in male bleo rats. The
generation of resting fR is controlled both by intrinsic respiratory drive
and thoracic neural receptors. It is possible that in the case of female
bleo-rats, the female sex hormone exhibited protective effects in the
reflexes controlling the resting fR generation (Behan et al., 2003; Zhang
et al., 2020). However, at the same time point (1 mth post-bleo), we
note that the chemoreflex activation in response to both hypoxia and
normoxic-hypercapnia was not different between the sexes. The
peripheral and central chemoreceptors contribute to the integrated
receptor input in the pons and medulla to modify the generation of
rhythmic breathing during non-normoxic conditions. The effect of
sex hormones on these chemoreceptors and whether estrogen has any
protective effects on the respiratory rhythm generator is not well
understood. It is noteworthy that sex-based differences in chemoreflex
were not measured at the D7 post-bleo timepoint in the current study.
According to our earlier research, male rats withmoderate ALI tend to
exhibit a significantly blunted chemoreflex response to hypoxia or
normoxic-hypercapnia at this timepoint, whereas those with severe
ALI generally have a more sensitive chemoreflex response (Kamra
et al., 2022). The reasons for this disparity in chemoreflex sensitivity
between male rats with moderate and severe ALI at D7—blunted
versus sensitized—remain unclear. However, we observed that during
the ALI recovery period, or 1-month post-ALI, both moderate and
severe ALI rats developed a sensitized chemoreflex. Given that both
moderate and severe ALI rats showed consistent chemoreflex
sensitization at this chronic time window, we chose to focus on
the recovery period in the current study due to the complex changes in
chemoreflex sensitivity between these groups at the D7 post-
ALI timepoint.

5 Conclusion

In conclusion, our study highlighted noteworthy sex differences
in terms of resting fR, with a pronounced increase observed in males
at the 1 mth post-bleo time point. Moreover, sex-specific variations
were identified in acute AHI (at the D7 post-bleo), emphasizing the
importance of sex as a determinant in respiratory responses.
Interestingly, the chemoreflex response exhibited consistency
across sexes during both pre-bleo and recovery from ALI (1-mth
post-bleo). These findings point to a need for a broader
understanding of sex-based variations in lung disorders and
underscore the importance of considering sex as a crucial factor
in respiratory research. Further exploration of these mechanisms is
warranted to advance our knowledge and refine therapeutic
strategies tailored to the unique aspects of male and female
respiratory physiology.
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Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders 
with strong genetic heterogeneity and more prevalent in males than females. 
We and others hypothesize that diminished activity-dependent neural signaling 
is a common molecular pathway dysregulated in ASD caused by diverse genetic 
mutations. Brain-derived neurotrophic factor (BDNF) is a key growth factor mediating 
activity-dependent neural signaling in the brain. A common single nucleotide 
polymorphism (SNP) in the pro-domain of the human BDNF gene that leads to a 
methionine (Met) substitution for valine (Val) at codon 66 (Val66Met) significantly 
decreases activity-dependent BDNF release without affecting basal BDNF secretion. 
By using mice with genetic knock-in of this human BDNF methionine (Met) allele, 
our previous studies have shown differential severity of autism-like social deficits 
in male and female BDNF+/Met mice. Pyramidal neurons are the principal neurons 
in the prefrontal cortex (PFC), a key brain region for social behaviors. Here, 
we investigated the impact of diminished activity-dependent BDNF signaling on 
the intrinsic excitability of pyramidal neurons in the PFC. Surprisingly, diminished 
activity-dependent BDNF signaling significantly increased the intrinsic excitability 
of pyramidal neurons in male mice, but not in female mice. Notably, significantly 
decreased thresholds of action potentials were observed in male BDNF+/Met mice, 
but not in female BDNF+/Met mice. Voltage-clamp recordings revealed that the 
sodium current densities were significantly increased in the pyramidal neurons of 
male BDNF+/Met mice, which were mediated by increased transcriptional level of 
Scn2a encoding sodium channel NaV 1.2. Medium after hyperpolarization (mAHP), 
another important parameter to determine intrinsic neuronal excitability, is strongly 
associated with neuronal firing frequency. Further, the amplitudes of mAHP were 
significantly decreased in male BDNF+/Met mice only, which were mediated by 
the downregulation of Kcnn2 encoding small conductance calcium-activated 
potassium channel 2 (SK2). This study reveals a sexually dimorphic signature of 
diminished activity-dependent BDNF signaling on the intrinsic neuronal excitability 
of pyramidal neurons in the PFC, which provides possible cellular and molecular 
mechanisms underpinning the sex differences in idiopathic ASD patients and 
human autism victims who carry BDNF Val66Met SNP.
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1 Introduction

ASD is highly genetically heterogeneous and caused by both 
inherited and de novo gene mutations (Simons Foundation Autism 
Research Initiative, SFARI) (Satterstrom et al., 2020; Homozygosity 
Mapping Collaborative for Autism et  al., 2014). We  and others 
hypothesize that diminished activity-dependent neural signaling is a 
common molecular pathway dysregulated in ASD caused by diverse 
genetic mutations (Ebert and Greenberg, 2013; Yap and Greenberg, 
2018). Brain-derived neurotrophic factor (BDNF) is synthesized and 
secreted in response to neuronal activity, which is a key molecule 
mediating activity-dependent neural signaling and has particular 
roles in synaptic transmission, synaptic connections, neurotransmitter 
release, and synaptic plasticity during postnatal neuronal 
development (Song et al., 2017; Greenberg et al., 2009; Chao, 2003). 
A common single nucleotide polymorphism (SNP) in the pro-domain 
of the human BDNF gene that leads to a methionine (Met) 
substitution for valine (Val) at amino acid 66 (Val66Met) significantly 
reduces dendritic trafficking, synaptic localization of the protein, and 
decreases up to 30% of activity-dependent BDNF release without 
affecting basal BDNF secretion (Chen et al., 2006; Egan et al., 2003). 
This human BDNF Val66Met SNP has been linked to psychiatric 
diseases, including anxiety (Chen et  al., 2006; Egan et  al., 2003; 
Notaras et al., 2015). Human studies showed that the BDNF Val66Met 
SNP was significantly associated with children with ASD in the 
Korean population (Yoo et  al., 2014). Abnormal cortical 
developmental was observed in autism children harboring BDNF 
Val66Met SNP (Raznahan et al., 2009). By using mice with genetic 
knock-in of this human BDNF methionine (Met) allele, our recent 
studies have shown that diminished activity-dependent BDNF 
signaling differentially induces autism-like social deficits in males 
and females, and that males appear to be more severe than females 
(Ma et al., 2023).

In humans and rodents, the prefrontal cortex (PFC) is a hub brain 
region critical for “high-level” executive functions, including social 
behavior and cognition (Arnsten and Rubia, 2012; Davidson, 2002; 
Qin et  al., 2019; Qin et  al., 2018). Ours and others’ studies have 
demonstrated that Shank3-deficiency significantly diminished NMDA 
receptors- and AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors-mediated glutamatergic synaptic 
transmission in the PFC, which caused social deficits in mouse models 
(Duffney et al., 2015; Wang et al., 2016; Qin et al., 2018). Increased 
neural activity in the PFC is a key pathogenesis of social deficits in 
ASD (Lee et al., 2017; Gao and Penzes, 2015; Yizhar et al., 2011; Spratt 
et al., 2019). Pyramidal neurons are the principal neurons in the PFC, 
which send out long-distance glutamatergic excitation to the 
subcortical regions (Murugan et al., 2017; Zhong et al., 2022; Zhong 
et al., 2020). Intrinsic neuronal excitability is the capability of a neuron 
to generate action potentials in response to integrative synaptic inputs 
such as somatic current injections, which is determined primarily by 
the densities and functions of voltage-gated ion channels (Zhang and 
Linden, 2003). The changes in intrinsic neuronal excitability are 
thought to play an important role in learning and memory (Chen 
et al., 2020), and social deficits in autism mouse models (Spratt et al., 
2019; Zhang et al., 2021; Tatsukawa et al., 2019; Eaton et al., 2021; 
Spratt et al., 2021; Khandelwal et al., 2021). However, little is known 
about the impact of activity-dependent BDNF signaling on the 
intrinsic neuronal excitability of pyramidal neurons in the PFC.

According to the latest data from the Autism and Developmental 
Disabilities Monitoring (ADDM) network (CDC: Centers for Diseases 
Control and Prevention), one in 36 8-year-old children have been 
identified with ASD in 2020. Males are four times more likely to 
be  diagnosed with ASD than females. To highlight the need to 
investigate the neural mechanisms of ASD in both sexes (Shansky and 
Woolley, 2016), in this study, we  characterized the impact of 
diminished activity-dependent BDNF signaling on the intrinsic 
neuronal excitability of pyramidal neurons in the PFC by using male 
and female BDNF+/+ and BDNF+/Met mice.

2 Materials and methods

2.1 Animal care and husbandry

The use of animals and procedures performed were approved by 
the Institutional Animal Care and Use Committee of Sanford School 
of Medicine, University of South Dakota. A mouse model with genetic 
knock-in of a human BDNF Met variant was created, and the 
procedures for heterozygote breeding and genotyping were described 
previously (Chen et al., 2006). These mice were backcrossed more 
than 12 generations into the C57BL/6 strain. Animals were group-
housed (n = 4–5) in standard cages and were kept on a 12-h light–dark 
cycle in a temperature-controlled room. Food and water were available 
ad libitum. Experiments were performed in male and female BDNF+/

Met mice and sex- and age- matched WT littermates BDNF+/+, which 
were derived from heterozygous BDNF+/Met breeding pairs.

2.2 Brain slice preparation

Coronal brain slices containing PFC were prepared from 2 months 
old male and female BDNF+/+ and BDNF+/Met mice as described 
previously (Qin et al., 2019; Qin et al., 2018; Qin et al., 2021). In brief, 
mice were anesthetized with isoflurane and rapidly decapitated. Brains 
were immediately removed, iced, and cut into 300 μm slices by a 
Vibratome (Leica VP1000S, Leica Microsystems Inc.). Brain slices 
were then incubated at 33°C in artificial cerebrospinal fluid (ACSF) 
(in mM: 130 NaCl, 26 NaHCO3, 3 KCl, 5 MgCl2, 1.25 NaH2PO4, 1 
CaCl2, 10 glucose, pH 7.4, 300 mOsm) for 1 h and then kept for 1–4 h 
at room temperature (20–21°C) bubbling with 95% O2, 5% CO2.

2.3 Whole cell patch-clamp recordings

For recordings, the brain slice was positioned in a perfusion 
chamber attached to the fixed stage of an upright microscope 
(Olympus) and submerged in continuously flowing oxygenated ACSF 
(in mM: 130 NaCl, 26 NaHCO3, 1 CaCl2, 5 MgCl2, 3 KCl, 1.25 
NaH2PO4, 10 glucose, pH 7.4, 300 mOsm). Layer V pyramidal 
neurons in the PFC were visualized with infrared differential 
interference contrast video microscopy. Recordings were performed 
with a multi-Clamp 700B amplifier (Molecular Devices), and data 
were acquired using pClamp  11.2 software, filtered at 1 kHz and 
sampling rate at 10 kHz with an Axon Digidata 1550B plus 
HumSilencer digitizer (Molecular Devices). Recording electrodes 
were pulled from borosilicate glass capillaries (1.5/0.86 mm OD/ID) 
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with a micropipette puller (Sutter Instrument, model P-97, Novato, 
CA). The resistances of patch electrodes were 4–6 MΩ when filled 
with internal solution.

Whole-cell current-clamp recordings were used to measure action 
potentials. The brain slice was bathed in a modified ACSF with low 
(0.5 mM) MgCl2 to elevate neuronal activity, which more closely 
mimics the ionic composition of the brain interstitial fluid in situ. 
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
(20 mM CNQX) and GABAA (g-aminobutyric acid) receptors blockers 
(20 mM bicuculline) were added in action potentials recordings as in 
our previous studies (Qin et al., 2021). The pipettes were filled with an 
intracellular solution (in mM): 124 K-gluconate, 1 MgCl2, 6 KCl, 5 
EGTA, 10 HEPES, 0.5 CaCl2, and 12 phosphocreatine, 5 MgATP, 0.5 
Na2GTP, 0.2 Leupeptin, pH 7.2–7.3, 265–270 mOsm. To label the 
neurons under recording, the internal solution was supplemented 
with 0.05% sulforhodamine B. Slices were then fixed with 4% 
paraformaldehyde for 30 min, washed 3 times in PBS (pH 7.4). The 
neuronal images were acquired with a Leica TCS SP8 
confocal microscope.

Seal formation and membrane rupture were done in a voltage-
clamp mode at holding potential of −70 mV. Resting membrane 
potentials were measured immediately on break-in. A series of 250 ms 
current pulses (from −20 to 130 pA, 10 pA increments) were elicited 
to obtain action potential firing trains while the neurons were held at 
a fixed potential of −70 mV.

Rheobase was the minimal electric current required to elicit an 
action potential when current was injected into a neuron holding at 
−70 mV. The first spike latency was the time interval between the 
beginning of the current step and the occurrence of the first action 
potential elicited by minimal electric current. The voltage threshold of 
action potential was defined as the voltage where the value of dV/dt 
first exceeded 10 mV/ms at the first spike elicited by minimal electric 
current. The amplitude of medial after hyperpolarization (mAHP) was 
measured as the difference between the threshold and the peak of the 
most negative followed the action potentials after the first action 
potential (regular spiking neurons) or after short-bursts (intrinsic 
bursting neurons) elicited by 100 pA current injection (Wu 
et al., 2016).

The input resistance (r) was determined by injecting a − 100 pA, 
250 ms hyperpolarizing current into the neuron holding at 
−70 mV. The membrane time constant (τ) was calculated using a 
single exponential fit of the voltage change in response to −100 pA 
hyperpolarizing current injection with 250 ms duration. The cell 
capacitance (c) was calculated under a current-clamp mode using the 
formula c = r/τ, where c was membrane capacitance, r was cell 
membrane resistance, and τ was membrane time constant (Sun 
et al., 2020).

Whole-cell voltage-clamp recordings were used to measure 
sodium currents. The brain slice was bathed in ACSF. Recording 
pipette contained the following internal solution (in mM: 100 CsCl, 
10 tetraethylammonium chloride (TEA-Cl), 5 4-aminopyridine 
(4-AP), 10 HEPES, 4 NaCl, 1 MgCl2, 5 EGTA, 12 phosphocreatine, 5 
MgATP, 0.5 Na2GTP, 0.2 Leupeptin, pH 7.2–7.3, 265–270 mOsm) 
(Milescu et al., 2010). Neurons were held at −70 mV and stepped to a 
range of potentials (−70 to +50 mV, 10 mV increments) for 100 ms 
each. Current densities (current/capacitance) were plotted as a 
function of depolarizing potential to generate current densities-
voltage curves. All electrophysiological recordings were performed at 

room temperature (21–22°C). During recordings, neurons with leak 
currents >200 pA were discarded. Series resistance (Rs) was 
compensated to 80–90%. Cells having series resistance >10 MΩ or 
change above 20% throughout the experiments were excluded from 
analysis (Sontheimer and Ransom, 2002; Manz et  al., 2021). The 
leakage current amplitudes were subtracted offline from the current 
peaks, and the capacitive transients were not cancelled (Surges et al., 
2006). The amplitude of sodium current was measured as the 
difference between the onset of depolarization (after capacitive 
transient) and the peak of inward current.

2.4 Quantitative real-time RT-PCR

Total RNA was isolated from mouse PFC punches using Trizol 
reagent (Invitrogen) and treated with DNase I (Invitrogen) to remove 
genomic DNA. Then the iScriptTM cDNA synthesis Kit (Bio-Rad) 
was used to obtain cDNA from the tissue mRNA. Quantitative real 
time PCR was carried out using the iCycler iQ™ RealTime PCR 
Detection System and iQ™ Supermix (Bio-Rad) according to the 
manufacturer’s instructions. In brief, GAPDH was used as the 
housekeeping gene for quantitation of the expression of target genes 
in samples from male and female BDNF+/+ and BDNF+/Met mice. Fold 
changes in the target genes were determined by: Fold change = 2-∆(∆CT), 
where ∆CT = CT (target) - CT(GAPDH), and ∆(∆CT) = ∆CT (another 
group) - ∆CT (male BDNF+/+). CT (threshold cycle) is defined as the 
fractional cycle number at which the fluorescence reaches 10X of the 
standard deviation of the baseline. A total reaction mixture of 20 mL 
was amplified in a 96-well thin-wall PCR plate (Bio-Rad) using the 
following PCR cycling parameters: 95°C for 5 min followed by 
40 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for 45 s. Primers for 
all target genes are listed in Table 1.

2.5 Statistical analysis

Data were analyzed with GraphPad Prism 10 (GraphPad) and 
Clampfit 11.2 (Molecular Devices, Sunnyvale, CA). For statistical 
significance, experiments with more than two groups were assessed 
with two-way or three-way ANOVA, followed by post hoc Bonferroni 
tests for multiple comparisons. All values were presented as 
mean ± SEM. p < 0.05 was considered statistically different.

3 Results

3.1 Diminished activity-dependent BDNF 
signaling significantly increases the 
intrinsic excitability of pyramidal neurons 
in the PFC of male mice, but not in female 
mice

To examine the impact of diminished activity-dependent BDNF 
signaling on the intrinsic excitability of pyramidal neurons in the PFC, 
we performed a whole-cell patch clamp to evoke action potentials by 
injecting a series of constant currents while holding the membrane 
potential at -70 mV. Given that deep layer glutamatergic pyramidal 
neurons in PFC showed the clearest deficits in autistic children (Stoner 
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et  al., 2014), pyramidal neurons in layer V were selected for 
electrophysiological measurements. As shown in Figure 1A, pyramidal 
neurons can be reliably identified by electrophysiological recordings 
according to our previous studies (Qin et al., 2018; Qin et al., 2021). 
Pyramidal neurons have been classified into different subclasses based 
upon their spiking patterns (Franceschetti et al., 1998; Griego et al., 
2022). We identified regularly spiking (RS) and intrinsic bursting (IB) 
pyramidal neurons in male and female BDNF+/+ and BDNF +/Met mice, 
which is consistent with others’ studies (Franceschetti et al., 1998; 
Griego et al., 2022; Hedrick and Waters, 2011). In male BDNF+/+ mice, 
50% (8/16 neurons) of the recorded pyramidal neurons exhibited a 
regular spiking (RS) pattern in response to a series of depolarizing 
current steps and 50% (8/16 neurons) of them exhibited short bursts 
(two to five closely-spaced action potentials) (intrinsic bursting, IB) 
pattern. The proportion of these two types’ pyramidal neurons 
remained similar in female BDNF+/+ (RS, 56%, 9/16 neurons; IB, 44, 
7/16 neurons), male BDNF +/Met (RS, 50%, 8/16 neurons; IB, 50%, 8/16 
neurons) and female BDNF+/Met mice (RS: 50%, 10/20 neurons; IB: 
50%, 10/20 neurons). The input–output curve was conducted by 
gradually increasing the stimulus intensity of the depolarizing pulse 
(10 pA, 250 ms). The number of action potentials in regular spiking 
and intrinsic bursting pyramidal neurons was significantly increased 
with the incremented injected currents in male and female BDNF+/+ 
and BDNF+/Met mice. The regular spiking and intrinsic bursting 
pyramidal neurons from male BDNF+/Met mice displayed similar 
trends of higher number of evoked action potentials, but not 
significantly, compared to male and female BDNF+/+, and female 
BDNF+/Met mice (Supplementary Figure S1). Then, we combined the 
regular spiking and intrinsic bursting pyramidal neurons together in 
each group. The number of evoked action potentials was significantly 
higher in the total pyramidal neurons of PFC from male BDNF+/Met 
mice, but not female BDNF+/Met mice, compared to male and female 
BDNF+/+ mice (F Genotype (1, 64) = 3.7, p = 0.059, F Sex (1, 64) = 2.8, p = 0.099, 

F Genotype and Sex interaction (1, 64) = 5.4, p = 0.024, three-way ANOVA) 
(Figures  1B,C). Therefore, regular spiking and intrinsic bursting 
pyramidal neurons were pooled together in each group in this study. 
These results suggest that diminished activity-dependent BDNF 
signaling has a sexual dimorphic effect on the intrinsic excitability of 
pyramidal neurons in the PFC.

3.2 Diminished activity-dependent BDNF 
signaling significantly alters properties of 
action potential of pyramidal neurons in 
male mice, but not in female mice

To further determine the mechanisms of diminished activity-
dependent BDNF signaling increased intrinsic excitability of pyramidal 
neurons in male mice, we examined the key parameters reflecting the 
action potential properties of pyramidal neurons in male and female 
BDNF+/+ and BDNF+/Met mice. As shown in Figures 2A–E, diminished 
activity-dependent BDNF signaling significantly decreased rheobase in 
male, but not in female mice, the minimal electric current required to 
elicit an action potential when current was injected into a neuron (male 
BDNF+/+: 72.5 ± 5.6 pA; female BDNF+/+: 71.6 ± 4.9 pA; male BDNF+/Met: 
50.6 ± 3.3; female BDNF+/Met: 70.3 ± 3.9 pA. n = 16–20 neurons/4–5 mice/
group. F Genotype (1, 64) = 6.7, p =  0.012; F Sex (1, 64) = 4.3, p = 0.042; 
F Genotype and Sex interaction (1, 64) = 5.2, p = 0.025, two-way ANOVA). Male 
BDNF+/Met mice showed significantly shortened first spike latency, the 
period from the beginning of stimulus to the occurrence of first action 
potential (male BDNF+/+: 180.2 ± 10 ms; female BDNF+/+: 187.1 ± 9.8 ms; 
male BDNF+/Met: 133.2 ± 12.4 ms; female BDNF+/Met: 181.3 ± 9.2 ms. 
n = 16–20 neurons/4–5 mice/group. F Genotype (1, 64) = 6.4, p =  0.01, 
F Sex (1, 64) = 7.0, p = 0.01, F Genotype and Sex interaction (1, 64) = 3.9, p = 0.05, two-way 
ANOVA). The threshold of action potential reflects how easily a neuron 
turns synaptic inputs into an action potential. The thresholds of action 

TABLE 1  List of primers used in qPCR experiments.

Target Gene Forward Reverse Gene reference

Gapdh gacaactcactcaagattgtcag atggcatggactgtggtcatgag NM_001289726.1

Scn1a agcttcaacttcttcaccag tgggccattttcatcatcat NM_001313997.1

Scn2a ccttgctgctattgaacaac cctgcttccaagtcactatt NM_001099298.3

Scn3a agaatctcttgctgctatcg agcttccaagtcactgtttg NM_001355166.1

Scn8a ctttcatctacggggacatc gcgctaaatctgaagagagt NM_001077499.2

Hcn1 ggtcaacaaattctccctcc agtcactgtacggatggata NM_010408.3

Hcn2 cccaaggtttcgttctcat aattggcgctgcaggaag NM_008226.2

Hcn3 tactgggatctcatcatgct cagagaggacattgaagacg NM_008227.2

Hcn4 gtcagcagggttttggatta cacgggtatgatgatcagatt NM_001081192.3

Kcnn1 atacaccaaggagtcactct caagaacagctggatctctc NM_001363407.2

Kcnn2 aacagctctgacatggaaac cttgtcctggctctgttg NM_001312905.2

Kcnn3 ctggtctgttgcactcttc tggtcattgagatttagctgg NM_080466.2

Kcnn4 ctgagatgttgtggttcctg ccacaataagacaaaggagga NM_008433.5

Kcnq2 ttagtcttctcctgccttgt cacaaagtactcaacaccga NM_010611.3

Kcnq3 aagtcaccttggcgctag gttgttcctcttgactggg NM_152923.3

Kcnq4 tgtctgtactgtccaccat atatactccaagccaaagacc NM_001081142.3

Kcnq5 ctgtacaacgtgctggag ttttgtatgctcagggatgg NM_001160139.1
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potentials were significantly lower in the pyramidal neurons from male 
BDNF+/Met mice, but not from female mice, compared to male and 
female BDNF+/+ mice (male BDNF+/+: −44.6 ± 1.1 mV; female BDNF+/+: 
−45.0 ± 0.6 mV; male BDNF+/Met: −48.5 ± 0.5 mV; female BDNF+/Met: 
−45.7 ± 0.5 mV. n = 16–20 neurons/4–5 mice/group. F Genotype (1, 64) = 10.4, 
p = 0.002, F Sex (1, 64) = 2.9, p = 0.09, F Genotype and Sex interaction (1, 64) = 5.2, p = 0.03, 
two-way ANOVA). Medium afterhyperpolarization (mAHP) affects the 
threshold of action potential and neuronal firing activity (Bean, 2007; 
Dwivedi and Bhalla, 2021). The amplitudes of mAHP were significantly 
smaller in the pyramidal neurons from male BDNF+/Met mice, but not 
from female mice, compared to male and female BDNF+/+ mice (male 
BDNF+/+: −6.2 ± 0.4 mV; female BDNF+/+: −6.6 ± 0.3 mV; male BDNF+/

Met: −4.5 ± 0.2 s; female BDNF+/Met: −6.3 ± 0.3 s. n = 16–20 neurons/4–5 
mice/group. F Genotype (1, 64) = 9.7, p = 0.003, F Sex (1, 64) = 13.2, p = 0.0006, 
F Genotype and Sex interaction (1, 64) = 4.7, p = 0.03, two-way ANOVA). These results 

demonstrate that diminished activity-dependent BDNF signaling 
differentially alters the properties of action potential in the pyramidal 
neurons from male and female mice, which mediates the sex effect of 
diminished activity-dependent BDNF signaling on the intrinsic 
excitability of pyramidal neurons.

3.3 Diminished activity-dependent BDNF 
signaling has no effects on passive 
membrane properties

The passive intrinsic properties of neurons are highly related to 
the ability of neurons to generate action potentials (Chen et al., 
2020). Next, we  examined the impact of diminished activity-
dependent BDNF signaling on the passive membrane properties of 

FIGURE 1

Diminished activity-dependent BDNF signaling significantly increases intrinsic neuronal excitability of pyramidal neurons in the PFC of male mice, but 
not in female mice. (A) A representative confocal image showing layer V pyramidal neurons used for recording. (B) Quantification of the number of 
evoked action potentials in response to injected currents in the pyramidal neurons of PFC from BDNF+/+ and BDNF+/Met mice. n  =  16–20 neurons/4–5 
mice/group. (C) Representative action potential traces from regular spiking (black) and intrinsic bursting (red) pyramidal neurons. *p  <  0.05, BDNF+/Met 
versus BDNF+/+; #p  <  0.05, male versus female, three-way ANOVA.
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pyramidal neurons in male and female mice. The passive membrane 
properties were determined by injecting a small hyperpolarizing 
current into the soma of neurons (100 pA). As shown in 
Supplementary Figure S2, there were no differences of resting 
membrane potentials, cell capacitance, input resistance, and Tau 
between male and female BDNF+/+ mice and BDNF+/Met mice. These 
results demonstrated that diminished activity-dependent BDNF 
signaling has no effects on the passive membrane properties of 
pyramidal neurons in male and female mice, which indicates there 
are no significant differences in morphology of layer V pyramidal 
neurons in the PFC of male and female BDNF+/+ and BDNF+/Met 
mice (Isokawa, 1997).

3.4 Diminished activity-dependent BDNF 
signaling increases the expression of Scn2a 
and voltage-gated sodium currents in 
male, but not in female mice

Voltage-gated sodium channels play an essential role in 
generation and propagation of action potentials (Goldin et  al., 
2000). To determine whether diminished activity-dependent 
BDNF signaling increases the sodium currents in male mice, 
we evaluated the amplitudes of sodium currents in the pyramidal 
neurons of male and female BDNF+/+ and BDNF+/Met mice in a 
voltage-clamp mode. The membrane potential was held at 
−70 mV. The total inward currents were recorded in response to 

voltage steps from −70 to +50 mV (10 mV step increase, 100 ms). 
As shown in current density curves and representative traces 
(Figures  3A–C), the peak inward currents were triggered at 
−50 mV. The inward currents were abolished in the presence of 
tetrodotoxin (TTX, 0.5 μM). The peak current densities were 
significantly increased in the pyramidal neurons from male 
BDNF+/Met mice, compared to female BDNF+/Met and BDNF+/+ mice 
(male BDNF+/+: −64.5 ± 1.5 pA/pF; female BDNF+/+: −68.9 ± 2.1 
pA/pF; male BDNF+/Met: −92.5 ± 1.9 pA/pF; female BDNF+/Met: 
−71.4 ± 1.3 pA/pF, n = 16 neurons/4 mice/group, F Genotype (1, 

60) = 76.0, p < 0.0001; F Sex (1, 60) = 22.9, p < 0.0001, F Genotype and Sex interaction 

(1, 60) = 52.9, p < 0.0001). Among the 9 known members, Nav1.1, 
Nav1.2, Nav 1.3, and Nav1.6 are highly expressed in the central 
nervous system (Lai and Jan, 2006), which are composed by α and 
β subunits. To determine which sodium channel contributes to the 
decreased thresholds of action potentials in the pyramidal neurons 
from male BDNF+/Met mice, we examined the transcriptional level 
of α subunits of these four sodium channels, given that the a 
subunit forms a pore that conducts sodium. As shown in Figure 3D, 
the mRNA levels of Scn2a (encoding Nav 1.2) were significantly 
higher in PFC lysates from male BDNF+/Met mice (F Genotype (1, 

64) = 11.6, p = 0.002, F Sex (1, 64) = 14.6, p = 0.0007, F Genotype and Sex interaction 

(1, 64) = 15.4, p = 0.005), while the mRNA levels of Scn1a (encoding 
Nav 1.1), Scn3a (encoding Nav 1.3), and Scn8a (encoding Nav 1.6) 
were largely unchanged. These results suggest the increased Scn2a 
contributes to the higher sodium currents and decreased thresholds 
of action potentials in male BDNF+/Met mice.

FIGURE 2

Diminished activity-dependent BDNF signaling differentially alters properties of action potential of pyramidal neurons in the PFC of males and females. 
Bar graphs showing rheobase (A), first spike delay (B), threshold (C), and mAHP (D) in the pyramidal neurons of PFC from male and female BDNF+/+ and 
BDNF+/Met mice. *p  <  0.05, **p  <  0.01, BDNF+/Met versus BDNF+/+; #p  <  0.05, ##p  <  0.01, ###p  <  0.001, male versus female, n  =  16–20 neurons/4–5 mice/
group, two-way ANOVA. (E) Representative traces of the first spike elicited with minimum electric current in regular spiking (black) and intrinsic 
bursting (red) pyramidal neurons.
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3.5 Diminished activity-dependent BDNF 
signaling selectively decreases the 
transcriptional level of Kcnn2 in male mice, 
but not in female mice

Medium afterhyperpolarization (mAHP) is mainly mediated by 
small conductance calcium activated potassium channels (SK), 
voltage-gated potassium channels 7 (KCNQ), and hyperpolarization 

activated cyclic nucleotide (HCN) channels (Dwivedi and Bhalla, 
2021; Mateos-Aparicio et al., 2014; Gu et al., 2005). To find out which 
ion channels mediate the smaller mAHP in pyramidal neurons from 
male BDNF+/Met mice (Figure 2E), we examined the transcriptional 
levels of Kcnn1-4 (encoding SK1-4 channels), Kcnq2-5 (encoding 
KCNQ channels), and Hcn1-4 (encoding HCN1-4 channels) in the 
PFC. As shown in Figure 4, the mRNA levels of kcnn2 (encoding SK2) 
were significantly decreased in PFC lysates from male BDNF+/Met mice 

FIGURE 3

Diminished activity-dependent BDNF signaling significantly increases voltage-gated sodium currents and the expression of Scn2a in male mice, but 
not in female mice. (A) Current density-voltage relationship showing sodium current density in the pyramidal neurons from PFC of BDNF+/+ and 
BDNF+/Met mice. n  =  16 neurons/4 mice/group. (B) Bar graph showing the peak current density in the pyramidal neurons from PFC of BDNF+/+ and 
BDNF+/Met mice. ***p  <  0.001, BDNF+/Met versus BDNF+/+; ###p  <  0.001, male versus female, n  =  16 neurons/4 mice/group, two-way ANOVA. 
(C) Representative traces of voltage-gated sodium currents recorded in response to voltage steps from −70 to +50  mV in the pyramidal neurons from 
PFC of BDNF+/+ and BDNF+/Met mice. Inset: TTX (0.5  µM) abolished the inward currents. (D) Quantitative real-time PCR showing the mRNA levels of 
Scn1a, Scn2a, Scn3a, and Scn8a in the PFC of BDNF+/+ and BDNF+/Met mice. ***p  <  0.001, BDNF+/Met versus BDNF+/+; ###p  <  0.001, male versus female, 
n  =  8 mice/group, two-way ANOVA.
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(F Genotype (1, 28) = 12.5, p = 0.0015; F Sex (1, 28) = 5.6, p = 0.025), while the 
mRNA levels of Kcnn1, Kcnn3, Kcnn4, Kcnq2-5 and Hcn1-4 were 
largely unchanged. These results suggest that the decreased Kcnn2 is 
responsible for the smaller mAHP in male BDNF+/Met mice.

4 Discussion

In this study, we characterized the impact of diminished activity-
dependent BDNF signaling on the intrinsic excitability of pyramidal 
neurons in the PFC by using mice with knock-in of a human BDNF 
Met allele. Our results showed that diminished activity-dependent 
BDNF signaling increased intrinsic excitability of pyramidal neurons 
in male mice, but not in female mice. Furthermore, diminished 
activity-dependent BDNF signaling significantly increased the 
expression of Scn2a and decreased the expression of Kcnn2 in male 
mice only, which decreased the thresholds of action potentials and 
facilitated the propagation of firing. We provide the first preclinical 
evidence that diminished activity-dependent BDNF signaling has a 
sexually dimorphic effect on the intrinsic excitability of pyramidal 
neurons in the PFC.

The high incidence of epilepsy in ASD patients indicates that the 
elevated excitability of pyramidal neurons is a major pathogenic factor 
in ASD (Blackmon et al., 2016; Sansa et al., 2011; Frye et al., 2013; 
Viscidi et al., 2013; Jeste and Tuchman, 2015). Increased intrinsic 
excitability of pyramidal neurons was found in the cortical neuronal 
culture by blocking neuronal activity by adding TTX, which was 
prevented by co-application of BDNF (Desai et al., 1999a; Desai et al., 
1999b). In the present study, we found the evoked action potentials 
were significantly increased in the pyramidal neurons of PFC from 
male, but not female BDNF+/Met mice, indicating the critical role of 
activity-dependent BDNF in homeostatic regulation of intrinsic 
excitability of pyramidal neurons. Additionally, the thresholds and 
mAHP of action potentials were significantly lower in male BDNF+/

Met mice. The higher AP frequencies, lower thresholds, and smaller 
mAHP of action potentials in male BDNF+/Met mice indicate that 
activity-dependent BDNF differentially regulates intrinsic neuronal 
excitability in males and females.

One critical question is the underlying molecular mechanisms. 
The increased intrinsic excitability of pyramidal neurons in male 
BDNF+/Met mice may occur through different ionic mechanisms. 
Voltage-gated sodium channels are one of the most important ion 
channels, which are crucial for the thresholds of action potentials. 
We  found an upregulation of the sodium currents in pyramidal 
neurons of male BDNF+/Met mice. Consistent with others’ report 
(Sontheimer and Ransom, 2002), the sodium currents showed 
abruptly activated large inward currents with voltage steps to −50 mV, 
which indicated intrinsic signs of poor voltage control in brain slices 
recordings. Activity deprivation increased the sodium currents 
without affecting activation nor inactivation characteristics of sodium 
channels (Desai et al., 1999b), which indicates diminished activity-
dependent BDNF signaling will not alter the kinetic characteristics of 
sodium channels in male mice, though a voltage-independent change 
on open-channel probability cannot be ruled out (Li et al., 1992). 
Further studies are needed via minimizing the uncontrolled space-
clamp axonal currents by applying a depolarizing pre-pulse before 
each voltage step (Milescu et  al., 2010; Griego et  al., 2022) or 
dissociated pyramidal neurons from PFC, given that somatic sodium 

currents are under good voltage control. Nav1.2 (encoded by Scn2a) 
is one of several sodium channels involved in initiation and 
propagation of action potentials in neurons (Sanders et al., 2018) and 
expressed predominantly in pyramidal cells (Spratt et al., 2019). The 
transcription of Scn2a is selectively upregulated in the PFC of male 
BDNF+/Met mice. Nav1.2 is expressed in other cell types, such as 
interneurons (Yamagata et al., 2017), and glia cells (Pappalardo et al., 
2016) in the PFC. The combined transcriptional and 
electrophysiological evidence strongly suggests the upregulated 
Nav1.2 mediates the increased sodium currents in the pyramidal 
neurons of male BDNF+/Met mice.

mAHP is another parameter used to determine the intrinsic 
neuronal excitability, which is a hyperpolarized phase after a single or 
a train of action potentials and lasts 50 ~ 300 ms (Chen et al., 2020). 
mAHP is predominantly mediated by small conductance calcium-
activated potassium (SK) channels, although voltage-gated potassium 
channels 7 (Kv7) and hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels have also been shown to contribute to the 
mAHP (Dwivedi and Bhalla, 2021; Gu et al., 2005).

SK channels are small-conductance calcium-activated potassium 
channels that are widely expressed in neurons and influence neuronal 
firing frequency (Faber and Sah, 2007; Sun et al., 2020). There are four 
family members in the SK channels, which are SK1, SK2, SK3, and 
SK4, encoded by Kcnn1, Kcnn2, Kcnn3, and Kcnn4, respectively. 
Activation of SK channels by calcium influx can modulate the 
frequency of action potential through rapid potassium efflux, which 
leads membrane repolarization/hyperpolarization. Alterations in SK 
channels have also been reported in various brain diseases. Humans 
carrying loss-of-function KCNN2 mutations have been linked with 
ASD (Nam et al., 2023; Alonso-Gonzalez et al., 2019; Grove et al., 
2019). Downregulation of SK2 was associated with augmented 
reticular thalamic bursting and seizures in Scn1a-Dravet syndrome 
(Ritter-Makinson et al., 2019). However, increased Kcnn2 decreased 
intrinsic excitability of cortical pyramidal neurons in a PTEN-
associated autism mouse model (Garcia-Junco-Clemente et al., 2013). 
Intellectual disability and developmental delay symptoms have been 
reported in patients carrying KCNN3 variants (Bauer et al., 2019; 
Gripp et al., 2021; Schwarz et al., 2022). We found that diminished 
activity-dependent BDNF signaling selectively decreases Kcnn2, but 
not Kcnn1, Kcnn3, and Kcnn4.

Kcnq genes encode five family members of the Kv7 channels 
(Kv7.1–Kv7.5), which are a group of low-threshold voltage-gated 
potassium channels known as “M-channel” (Brown and Passmore, 
2009). Four of them (Kcnq2-5) are expressed in the nervous system. 
Kv7.2 and Kv7.3 (encoded by Kcnq2/3) are the principal molecular 
components of M-channels, which are expressed on both excitatory and 
inhibitory neurons and constrain repetitive neuronal firing (Gu et al., 
2005; Brown and Passmore, 2009; Delmas and Brown, 2005). Mutations 
of KCNQ2/3 cause ASD and benign familial neonatal epilepsy 
(Satterstrom et  al., 2020; Homozygosity Mapping Collaborative for 
Autism et al., 2014; Piro et al., 2019; Soldovieri et al., 2014; Maljevic and 
Lerche, 2014; Wang et al., 2020). Kcnq2 deficiency in pyramidal neurons 
increased neuronal excitability, resulting in epilepsy (Peters et al., 2005; 
Soh et  al., 2014). However, diminished activity-dependent BDNF 
signaling has no effect on the expressions of Kcnq2-5.

HCN channels are encoded by four genes (Hcn1–4), which can 
be activated typically at potentials below −50 mV and open at the 
resting membrane potential, conducting an inward cation current 
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(Ih) (Biel et al., 2009; Mishra and Narayanan, 2023; Santoro and 
Shah, 2020). In the mouse brain, HCN1 and HCN2 are 
predominantly expressed in the presynaptic synapse, soma, 
dendrites, and axon initial segments of layer V pyramidal neurons 
in the frontal cortex (Santoro and Shah, 2020), where they regulate 
glutamate release (Huang and Trussell, 2014) and generation of 
action potentials (Ko et al., 2016). The hyperexcitability of layer V 
pyramidal neurons in the anterior cingulate cortex was associated 
with a decrease in Ih (Santello and Nevian, 2015). HCN1/2 are 
implicated in early infantile epileptic encephalopathy and absence 
seizures (Crunelli et al., 2023; Ludwig et al., 2003; Nava et al., 2014). 
In this study, there were no differences in the expressions of Hcn1-4 
between BDNF+/+ and BDNF+/Met mice.

Therefore, diminished activity-dependent BDNF signaling 
selectively decreased the expression of Kcnn2, but not Kcnn1, Kcnn3, 

Kcnn4, Kv7 channels, and HCN channels, which indicates SK2 
mediates the decreased mAHP in male BDNF+/Met mice.

There are several limitations in this study. First, the causal link 
between upregulated Scn2a, decreased Kccn2 and increased intrinsic 
excitatory in pyramidal neurons of male BDNF+/Met mice is unknown. 
Selectively knockdown Scn2a and overexpression of Kcnn2 in the 
pyramidal neurons of male BDNF+/Met mice will confirm this causal 
link in our future studies. Female C57Bl/6 J mice exhibited higher 
glutamatergic transmission in the PFC compared to males (Knouse 
et  al., 2022). Second, the contribution of synaptic inputs on the 
neuronal excitability of pyramidal neurons in the PFC, and the impact 
of diminished activity-dependent BDNF signaling on the principle 
neurons in the other brain regions, need to be further investigated, 
which may mediate the anxiety, autism-like social deficits, and 
sex-specific effect of diminished activity-dependent BDNF signaling 

FIGURE 4

The impact of diminished activity-dependent BDNF signaling on the expression of SK channels, KCNQ channels, and HCN channels in the PFC. 
Quantitative real-time PCR showing the mRNA levels of SK channels (A), KCNQ channels (B), and HCN channels (C) in the PFC of BDNF+/+ and BDNF+/

Met mice. ***p  <  0.001, BDNF+/Met versus BDNF+/+; ##p  <  0.01, male versus female, n  =  8 mice/group, two-way ANOVA.
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on spatial memory (Ma et al., 2023). Third, the molecular mechanisms 
underlying the increased Scn2a and decreased Kcnn2 in the PFC of 
male BDNF+/Met mice are difficult to decipher at this moment, which 
will be investigated in future studies.

In summary, using a knock-in mouse model of the human BDNF 
Val66 Met SNP, the present study demonstrates that the increased Scn2a 
and decreased Kcnn2 account for the sex effect of diminished activity-
dependent BDNF signaling on the intrinsic excitability of pyramidal 
neurons in the PFC. The sex differences of intrinsic excitability of 
pyramidal neurons in the PFC of male and female BDNF+/Met mice may 
partially contribute to the severe autism-like behavioral deficits in male 
BDNF+/Met mice (Ma et al., 2023) and support that males are more 
vulnerable to having ASD (Giarelli et al., 2010; Werling and Geschwind, 
2013). Targeting Scn2a and Kcnn2 is a potential therapy for male ASD 
patients with or without BDNF Val66Met SNP.
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SUPPLEMENTARY FIGURE S1

Quantification of the number of evoked action potentials in response to 
injected currents in the regular spiking pyramidal neurons (A) and intrinsic 
bursting pyramidal neurons (B) of PFC from BDNF+/+ and BDNF+/Met mice. A: n 
= 8-10 neurons/4-5 mice/group; B: n = 7-10 neurons/4-5 mice/group.

SUPPLEMENTARY FIGURE S2

Diminished activity-dependent BDNF signaling has no effect on the passive 
membrane properties of pyramidal neurons in male and female mice. n = 
16-20 neurons/4-5 mice per group. (A) Resting potential, (B) Capacitance, 
(C) Input resistance, (D) Membrane time constant (τ), and (E) Representative 
traces in response to -100 pA hyperpolarizing current injection with 250 ms 
duration in the pyramidal neurons from PFC of BDNF+/+ and BDNF+/Met mice.
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Interleukin-10 exhibit
dose-dependent effects on
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Introduction: Interleukin-10 (IL-10) is a potent immunomodulatory cytokine
widely explored as a therapeutic agent for diseases, including myocardial
infarction (MI). High-dose IL-10 treatment may not achieve expected
outcomes, raising the question of whether IL-10 has dose-dependency, or
even uncharted side-effects from overdosing. We hypothesized that IL-10 has
dose-dependent effects on macrophage (Mφ) phenotypic transition and cardiac
remodeling after MI.

Methods: Using RAW264.7 monocyte models, we examined whether
administering differential doses of exogenous IL-10 (0–1,000 ng/mL) perturbs
classic M1 (pro-inflammatory) and M2 (anti-inflammatory) phenotypes of
polarized Mφ or even alters the phenotypic transition of prospective M1 and
M2 polarization. We then investigated the impact of single intramyocardial IL-10
administration on cardiac function, structure, and inflammation post-MI, using a
mouse MI model.

Results: Compared with 0-ng/mL control, 250-ng/mL IL-10 had the strongest
overall effects in decreasing M1 and increasing M2 phenotypes on polarized Mφ
while ≥500-ng/mL IL-10 dampened M1 polarization and augmented native IL-10
secretion more effectively than low doses in vitro. Echocardiography revealed
that the 250-ng group had consistently higher contractile function and lower left
ventricular (LV) dilatation than the saline control over 6 weeks while ≥1,000-ng
groups exhibited transient lower LV ejection fraction at 5 days post-MI in vivo.
Moreover, different doses of IL-10 differentially modulated myocardial gene
expression, phagocytic cell infiltration at the infarct, LV fibrosis, and
revascularization post-MI, with some, but not all, doses exerting
beneficial effects.
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Discussion: Our study suggested that IL-10 has an effective dose range on Mφ
phenotypes, and intramyocardial IL-10 treatment may trigger cardioprotective or
unwanted effects post-MI in a dose-dependent manner.

KEYWORDS

interleukin-10, ischemic heart disease, myocardial infarction, immunomodulation,
macrophage phenotype, cardiac remodeling

Introduction

In 2023, cardiovascular disease (CVD) caused roughly 20.5 million
deaths worldwide, representing an 18.5% increase in the CVD-
associated death rate compared to that of 2010 (Tsao et al., 2023).
The role of tissue inflammatory responses in cardiac remodeling and
functional recovery following myocardial damage has been widely
investigated in recent years (Epelman et al., 2015; Frangogiannis,
2015; Santos-Zas et al., 2018; Halade and Lee, 2022). The early-
phase inflammatory responses are primarily initiated and propagated
by the innate immune system soon aftermyocardial injury and typically
involve multiple secretory cytokines that mediate a variety of
pathophysiological activities within and around the damaged tissue,
such as cell death, myocardial fibrosis, metabolic homeostasis, and
tissue regeneration (Halade and Lee, 2022; Frangogiannis, 2014;
Pluijmert et al., 2021). For example, the expression of tumor
necrosis factor (TNF)-α, a critical pro-inflammatory cytokine,
significantly increases in the failing myocardium (Schumacher and
Naga Prasad, 2018). Interleukin-6 (IL-6) is a versatile cytokine that is
notably elevated and primarily activates pro-inflammatory responses
after acute myocardial infarction (AMI) (Anderson et al., 2013). On the
other hand, interleukin-10 (IL-10) is a pleiotropic cytokine that exhibits
broad immunoregulatory and anti-inflammatory activities (Iyer and
Cheng, 2012; Saraiva et al., 2020; Carlini et al., 2023; York et al., 2024).
IL-10 not only inhibits the expression of the essential pro-inflammatory
cytokines, including TNF-α, interleukin-1β (IL-1β), and IL-6 but also
reduces the production of macrophage (Mφ)-derived reactive oxygen
species (ROS) and nitric oxide (NO) (Saraiva et al., 2020).

In the cardiac milieu, the decrease of IL-10 expression over time
following MI has been associated with reduced long-term cardiac
function (Kaur et al., 2006). The increased plasma levels of anti-
inflammatory mediators following intravenous immunoglobulin
administration, including IL-10, notably correlated with
augmented left ventricle (LV) contractile function in patients
with congestive heart failure (Gullestad et al., 2001). Moreover,
daily subcutaneous administrations of recombinant human IL-10
(rhIL-10, 10 μg/animal/day) significantly improved the survival of
mice suffering from viral myocarditis, attenuated myocardial
lesions, and suppressed pro-inflammatory cytokine production
(Nishio et al., 1999). In a rat model of AMI, subcutaneous
injections of rhIL-10 (75 μg/kg/day) continuously for 4 weeks
resulted in significantly enhanced LV function, decreased serum
levels of pro-inflammatory cytokines/chemokines such as TNF-α,
IL-6 and monocyte chemoattractant protein-1 (MCP-1), and
reduced myocardial macrophage infiltration (Stumpf et al., 2008).
It was further demonstrated that systemic administrations of mouse
IL-10 (50 μg/kg, 5 times post-MI) in a mouse AMI model
significantly reduced inflammatory responses, improved LV
function, and mitigated cardiac remodeling (Krishnamurthy

et al., 2009). Two major mechanistic pathways haven been
identified to contribute to the IL-10-mediated therapeutic
benefits: inhibiting cardiac fibrosis through human antigen R/
matrix metallopeptidase 9 (HuR/MMP-9) suppression and
increased myocardial capillary density through signal transducer
and activator of transcription 3 (STAT3) activation (Krishnamurthy
et al., 2009; Haghikia et al., 2014). Thus, IL-10 treatment has a
potential to modulate myocardial inflammatory responses and
benefit cardiac structural and functional recovery post-MI (Jung
et al., 2017; Tesoro et al., 2022).

Mφ are versatile innate immune cells that play key roles in the
initiation, propagation, and resolution of myocardial inflammation
after MI (Bruton et al., 2022; Gao et al., 2021; Kim et al., 2021). Both
resident and recruited Mφ contribute to the clearance of the dead
cells and cellular debris, the initiation of the repair process, and the
modulation of the inflammatory responses (Zhang et al., 2021; Wu
and Lu, 2019; Salina et al., 2022). These Mφ are classically
categorized into two broad functional groups with distinct
phenotypes: M1 or inflammatory Mφ that are pro-inflammatory
and primarily contribute to the initiation and propagation of the
post-injury inflammatory responses, and M2 or noninflammatory
Mφ that largely participate in the resolution of inflammation as well
as tissue repair and recovery (Yunna et al., 2020; Cheng and Rong,
2018; Ni et al., 2021; Jian et al., 2023). Failure of theMφ participation
in the post-injury immune responses resulted in impaired healing
and chronic inflammation (Zuo et al., 2023; Krzyszczyk et al., 2018;
Ganesh and Ramkumar, 2020). IL-10 has been shown to play a
pivotal role in limiting the injury-induced inflammatory responses
and facilitating the Mφ phenotypic switch from inflammatory to
anti-inflammatory (Saraiva and O’Garra, 2010; Ip et al., 2017). IL-10
treatment can modulate macrophage polarization, reducing their
secretion of pro-inflammatory cytokines and enhancing their
contribution to cardiac tissue repair post-MI (Krishnamurthy
et al., 2009; Jung et al., 2017). Nevertheless, despite its promise,
the therapeutic potential of direct intramyocardial administration of
IL-10 remains untested.

Furthermore, the large, repeated therapeutic doses of IL-10
required for the subcutaneous or systemic administration in prior
studies not only increase the risks of potential unwanted or off-target
effects but also substantially raise the cost of the treatment
(Asadullah et al., 2003). For example, dramatically elevated serum
IL-10 in patients has been reported to play pro-inflammatory and
immune-activating roles in COVID-19 pathogenesis, suggesting the
unwanted effects of overly high circulating IL-10 concentrations (Lu
et al., 2021; Zhao et al., 2020; Han et al., 2020). To facilitate
preclinical and clinical translation of IL10-based therapeutics for
ischemic heart disease, in this study, we addressed the knowledge gap
between the therapeutic dosage of IL-10, immune modulation,
cardiac repair, and possible unwanted effects. We hypothesized
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that the Mφ phenotype polarization could be programmed with
appropriate doses of IL-10 to favor tissue repair and that early
localized administration of IL-10 into the ischemic myocardium
could ameliorate myocardial inflammation, cardiac remodeling, and
LV dysfunction, leading to enhanced cardiac structural and
functional recovery post-MI. To test our hypotheses, the current
study explored dose-dependent effects of IL-10 on programming
classic macrophage phenotypes and assessed the therapeutic
potential of an early, single-dose intramyocardial injection of IL-
10 in a mouse MI model.

Materials and methods

Induction of macrophage
polarization in vitro

We used RAW264.7 murine monocyte/Mφ cell line as a model
for evaluating the polarization of Mφ phenotypes. To induce
M1 polarization, RAW264.7 cells were treated with 20 ng/mL
recombinant murine interferon-gamma (mIFNγ; 315-05,
PeproTech, Cranbury, NJ, United States) for 24 h. To induce
M2 polarization, RAW264.7 cells were treated with 20 ng/mL
recombinant murine interleukin-4 (mIL-4; 214-14, PeproTech)
for 48 h. Cellular morphology was observed and imaged daily
post-induction with the EVOS M7000 microscope (ThermoFisher
Scientific, Waltham, MA, United States). Flow cytometry was used
to confirm the outcome of the induction. For M1 polarization, we
labeled cells with a primary rat anti-mouse CD86 antibody
conjugated with Alexa Fluor 488 (105,017, BioLegend, San Diego,
CA, United States). For M2 polarization, we labeled cells with a
primary rat anti-mouse CD206 (MMR) antibody conjugated with
Alexa Fluor 488 (141,709, BioLegend, San Diego, CA, United States).

Dose-dependent effects of IL-10 on
macrophage phenotypes in vitro

To examine the phenotypic effects of differential dosage of IL-10
on the classic M1/M2 polarization of Mφ in vitro, we used rhIL-10
(200-10, PeproTech). We chose rhIL-10 because it is functionally
active on both murine and human cells, according to the
manufacturer’s instructions and previous literature (Nishio et al.,
1999; Stumpf et al., 2008). We implemented two distinct
experimental protocols to investigate the impact of IL-10 on 1)
phenotypes of established Mφ polarization or 2) prospective
programming of Mφ polarization. In protocol #1, naïve RAW
264.7 cells were first induced with mIFNγ and mIL-4 for 24 and
48 h to establish the classic M1 and M2 phenotypes, respectively,
followed by individual treatment with different doses of IL-10 (0, 25,
100, 250, 500, and 1,000 ng/mL) for 24 h. In protocol #2, naïve RAW
264.7 cells were co-stimulated with a phenotype-polarizing agent
(mIFNγ for M1 or mIL-4 for M2) in conjunction with one of the six
IL-10 doses (0, 25, 100, 250, 500, or 1,000 ng/mL) for 36 h. Cellular
morphology was observed and imaged daily with the EVOS
M7000 microscope. Flow cytometry and cytokine secretion were
used to quantify the phenotypic and functional outcomes of these
experiments, respectively.

Flow cytometry

Cells labeled with fluorescence-conjugated primary antibodies
were analyzed with an Accuri C6 flow cytometer, equipped with 405,
488, and 561 nm lasers (BD Biosciences, San Jose, CA,
United States). Ten thousand events per sample were collected
for analysis. Sphero rainbow calibration particles with eight peaks
(RCP-30-5A, Spherotech, Lake Forest, IL, United States) were used
for instrument normalization and MEFL calculation. Briefly,
RAW264.7 cells were detached by scraping, washed and
resuspended in phosphate-buffered saline (PBS), and quantified
using a Countess 3 FL automatic hemocytometer (AMQAF 2000,
Thermo Fisher Scientific Cellular Analysis, Eugene, OR,
United States). The cell concentration was then adjusted to 1 ×
106 cells/mL before incubating them for 20 min on ice with
fluorescence-conjugated primary antibodies against specific cell
lineage markers that were diluted in FACS buffer (PBS with 1%
bovine serum albumin) and protected from light. Cells were then
washed twice with PBS to remove excessive antibodies and
resuspended in 500 μL of FACS buffer for analysis. For each
sample, 10,000 events were collected to ensure statistical
significance of the data. Flow cytometry data were analyzed and
quantified with FlowJo (FlowJo LLC, Ashland, OR, United States)
and represented in histograms (single parameter).

Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assay (ELISA) was performed
to quantify the amounts of TNF-α and murine IL-10 (mIL-10) in the
cell culture supernatants that were secreted by the induced
RAW264.7 cells treated with different doses of IL-10. The
sandwich ELISA development kits specific for capturing murine
TNF-α (900-T54) and mIL-10 (900-T53) were used with ELISA
TMB Buffer Kit (900-T00) (all from PeproTech) for the colorimetric
detection in prepare 96-well standard ELISA microplates (Greiner
Bio-One North America, Monroe, NC, United States). ELISA was
performed following the manufacturer’s instructions. Absorbance
readings at 450 nmwere recorded with an EnSpireMultilabel Reader
(Perkin Elmer, Shelton, CT, United States).

Experimental animals

The Institutional Animal Care and Use Committee (IACUC) at
the University of Pittsburgh (UPitt) and University of South Dakota
(USD) approved the animal usage and surgical procedures
performed in this study (UPitt IACUC Protocol 12010140 and
USD IACUC Protocol 03-01-22-25D). A total of 73 male
10–12 weeks old BALB/cJ mice (Jackson Laboratory, Bar Harbor,
ME, United States) were used for this study.

Intramyocardial injection of IL-10 in acute
myocardial infarction model

The same rhIL-10 employed in vitro was also used for in vivo
studies. The induction of AMI and intramyocardial injections were
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performed as we previously described (Figure 3A) (Xiang et al.,
2011; Chen et al., 2013; Chu et al., 2013) Briefly, after the induction
of anesthesia with 4% isoflurane gas, mice were intubated and
inhalationally anesthetized with 2% isoflurane gas throughout the
surgery. MI was microscopically induced by permanent ligation of
the left anterior descending (LAD) coronary artery. Mice were then
randomly assigned to one of the six IL-10 treatment groups: 25, 100,
250, 500, 1,000, and 2000 ng of rhIL-10 (all diluted in 30 µL of sterile
0.9% saline). Ten minutes after the induction of MI, injections were
microscopically performed at three sites of the ischemic
myocardium (at the center and two borders of the infarct area,
each receiving 10 µL solution). Control mice received 30 µL saline
(Baxter Healthcare, Deerfield, IL, United States) at the same three
sites, following the same procedures.

Echocardiography

Echocardiographic studies were performed by a blinded
investigator repeatedly before surgery and at 5 days, 2 weeks, and
6 weeks post-surgery to assess the cardiac function as described
previously (Chen et al., 2013; Chu et al., 2013; Okada et al., 2012).
Concisely, mice were initially anesthetized with 2% isoflurane gas
and subsequently maintained at 1%–1.5% isoflurane gas throughout
the echocardiographic study. Mice were then immobilized on a
heated stage equipped with electrocardiography. Heart rate,
respiratory rate, and body temperature were continuously
monitored and maintained. Echocardiographic parameters were
measured using high-frequency ultrasound scanners (Vevo
770 and 2,100 at the Center for Ultrasound Molecular Imaging
and Therapeutics, University of Pittsburgh Medical Center, and
Vevo 3,100 at the University of South Dakota (USD) Animal
Resource Center; both from FUJIFILM VisualSonics Inc.,
Canada). End-systolic dimension (ESD) and end-diastolic
dimensions (EDD) were determined from the short-axis images
of the LV using M-mode. At least eight consecutive beats were
measured. End-systolic area (ESA) and end-diastolic area (EDA)
were measured from short-axis images of the LV using B-mode.
Contractile parameters, including LV fractional shortening (LVFS)
and LV ejection fraction (LVEF), were determined as previously
described (Manning et al., 1994; Pollick et al., 1995; Wandt et al.,
1999). Mice that were sacrificed for histological analyses or died
prior to the end point of 6 weeks post-injection were excluded from
the echocardiographic studies.

Histological and
immunohistochemical analyses

Animals were sacrificed at 6 weeks post-surgery. Hearts were
harvested and arrested in diastole by immediately immersing in 1 M
potassium chloride (KCl) and processed as previously reported
(Xiang et al., 2011; Chen et al., 2013; Chu et al., 2013). Hearts
were flash-frozen in 2-methylbutane (Sigma-Aldrich, St. Louis, MO,
United States) that was pre-cooled in liquid nitrogen or dry ice.
Frozen hearts were stored at −80°C and subsequently serially
cryosectioned at 8-µm thickness from the apex to the ligation
level (approximately 0.5 mm in length). Heart slices at 1-mm

thickness were collected immediately below the ligation level for
molecular analyses from randomly selected heart samples. Each
series contains 18–24 heart sections, which are roughly 200 µm apart
natively and collected on one glass slide. Sections were fixed in a pre-
cooled (−20°C) mixture of methanol and acetone (1:1) for 5 min or
in 4% paraformaldehyde for 8 min at room temperature (RT)
immediately prior to staining (all from Sigma-Aldrich). For
immunohistochemistry, non-specific antibody binding was
blocked with 10% donkey or goat serum for 1–2 h at RT and, if
necessary, with the Mouse-on-Mouse (M.O.M.) antibody staining
kit (Vector Laboratories, Burlingame, CA, United States). For
evaluation of chronic inflammation, sections were incubated
overnight at 4°C with rat anti-mouse CD68 primary antibody (1:
200, Abcam, Cambridge, MA, United States), followed by goat anti-
rat-Alexa488 IgG (1:400, Life Technologies, Grand Island, NY,
United States). To examine vascular endothelial cells (ECs) and
smooth muscle cells (SMCs), sections were first incubated overnight
at 4°C with rat anti-mouse CD31 (platelet endothelial cell adhesion
molecule, PECAM-1) antibody (1:100, Becton-Dickinson
Biosciences, Franklin Lakes, NJ, United States), followed by
donkey anti-rat-Alexa594 IgG (1:400, Life Technologies) at RT
for 1 h, and subsequently incubated with mouse anti-alpha
smooth muscle actin-FITC (1:100, Sigma-Aldrich). Nuclei were
stained with Hoechst 33,342 diluted in PBS (1:1,000, Life
Technologies) at RT for 5 min.

Quantification of chronic inflammation and
revascularization

To evaluate chronic inflammation within the infarct region,
immunofluorescent staining of anti-mouse CD68 was performed on
the serial cryosections of flash-frozen mouse hearts. The
macrophage infiltration index, indicated by the number of CD68+

phagocytic cells per mm2, was subsequently estimated by averaging
CD68+ cell counts in 6-8 randomly selected images of the entire
infarct region of each heart at the mid-infarct level. To quantify
revascularization in the heart, double immunofluorescent staining
with antibodies against a mouse EC marker, CD31, and a
mammalian SMC marker, αSMA, was sequentially performed on
the serial cryosections of mouse hearts. The capillary density,
indicated by the number of CD31+ capillary ECs per mm2, was
subsequently estimated by averaging CD31+ cell counts in
6 randomly selected images of the infarct region or peri-infarct
area of each heart at the mid-infarct level; the SMC density,
indicated by the number of perivascular (i.e., adjacent to CD31+

ECs) αSMA + cells per mm2, was subsequently computed by
averaging αSMA + cell counts in 6 randomly selected images of
the infarct region or peri-infarct area of each heart at the mid-infarct
level, as described previously (Chen et al., 2013; Okada et al., 2012).
All images were analyzed using ImageJ.

Measurement of cardiac fibrosis

Masson’s trichrome staining kit (IMEB, San Marcos, CA,
United States) was used to reveal collagen deposition on heart
serial cryosections, following the manufacturer’s instructions. The
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area of the collagen deposition (indicating cardiac fibrosis) and the
area of the entire left ventricular cardiac tissue (including the septal
area and excluding void space in the chamber cavity) were measured
using a digital image analyzer (ImageJ). Fibrotic area fraction was
estimated as the ratio of fibrotic tissue to the entire cross-sectional
area of left ventricular tissue and averaged from 6 randomly selected
sections at comparable infarct levels per heart.

Quantitative polymerase chain
reaction analysis

Quantitative polymerase chain reaction (qPCR) was performed
to quantify relative expression levels of key genes in the infarcted
hearts 5 days after the induction of MI. The SYBR GreenMaster Mix
for qPCR (A25741; Applied Biosystems, Waltham, MA,
United States) was used with forward and reverse primer pairs
(Integrated DNA Technologies, Newark, NJ, United States) for the
qPCR gene expression analysis (Table 1). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the endogenous
control gene for delta Ct calculation. Genes investigated include:
TNF-α, IL-6, IFNγ, inducible nitric oxide synthase (iNOS), IL-1β,
mIL-10, mannose receptor (CD206), arginase 1 (Arg1), AXL
receptor tyrosine kinase (Axl), T-cell membrane protein 4

(Tim4), MER proto-oncogene tyrosine kinase (MerTK),
chemokine (C-X3-C motif) ligand 1 (CX3CL1), vascular
endothelial growth factor-A (VEGF-A), hyaluronidase 3 (Hyal3),
alpha smooth muscle actin (α-SMA), v-set immunoglobulin
domain-containing 4 (Vsig4), Fc-gamma receptor 1 (CD64),
scavenger receptor cysteine-rich type 1 protein M130 (CD163),
platelet-derived growth factor (PDGF), periostin (Postn), and
type I collagen (Col1a1) (Jung et al., 2017). The fold change in
gene expression was calculated using the 2(−ΔΔCt) method (n =
5 per group).

Statistical analysis

All measured data are presented as mean ± standard error (SE).
Statistical differences between groups were analyzed by one-way
analysis of variance (ANOVA) or two-way repeated ANOVA (for
repeated echocardiographic measurements) with a 95% confidence
interval. Statistical significance was set at p&0.05. For multiple
comparisons post hoc analysis, Bonferroni or Dunnett test was
performed for one-way ANOVA, and Tukey test was performed
for two-way ANOVA. Statistical analyses were performed with
GraphPad Prism 10 statistics software (Dotmatics, Boston, MA,
United States).

TABLE 1 Primer sequences for quantitative real-time PCR (qPCR) analysis.

Gene symbol Forward primer (5′→ 3′) Reverse primer (5′→ 3′)

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

IL1-beta GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IFN-gamma ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

iNOS CACCAAGCTGAACTTGAGCGA CCATAGGAAAAGACTGCACCGA

TNF-alpha CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Axl TGAGCCAACCGTGGAAAGAG AGGCCACCTTATGCCGATCTA

MerTk ACCCAGTTGCTAGAGAGCTG TGGTGAGTCTGTCTCCGGTAA

Vsig4 AGAGGCTACAGGCAAGTTTTG GGAGTCACGTAGGAAGATGGT

CX3CL1 CGCGTTCTTCCATTTGTGTA TGGGATTCGTGAGGTCATCT

Arg1 GGAAAGCCAATGAAGAGCTG GATGCTTCCAACTGCCAGAC

CD206 GGTCTATGGAACCACGGATG TGCCCAGTAAGGAGTACATGG

mIL-10 CGACTCCTTAATGCAGGACT TTGATTTCTGGGCCATGC

α-SMA GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA

Hyal3 TCTGTGGTATGGAATGTACCCT TTTTGGCCGTGAAAATGTTGG

VEGF GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

CD163 ATGGGTGGACACAGAATGGTT CAGGAGCGTTAGTGACAGCAG

Postn CCTGCCCTTATATGCTCTGCT AAACATGGTCAATAGGCATCACT

PDGF AGGTATGTATCCACACATGCGT AGTTCCTGTTGGTTTCATCTCG

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

CD64 AGGTTCCTCAATGCCAAGTGA GCGACCTCCGAATCTGAAGA
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Data availability

The authors declare that all relevant data supporting the findings
of this study are available within the paper and its supplementary
Information. Source data files for the quantitative data generated in
this study are available upon request.

Results

IL-10 exhibits dose-dependent modulations
on polarized macrophage phenotypes

To assess the efficacy of IL-10 for modulating the phenotypes of
polarized Mφ, we first differentiated naïve RAW264.7 monocytes to
classic M1 and M2 Mφ with mIFNγ and mIL-4, respectively
(Supplemental Figure 1). We then treated polarized Mφ individually
with differential doses of IL-10 (0, 25, 100, 250, 500, and 1,000 ng/mL) for
24 h. Flow cytometry analysis showed that the 250 group has significantly
lower CD86 (classicM1marker) expression when compared with no IL-
10 treatment (0 ng/mL); the 500 and 1,000 groups have notably higher
CD86 expression when compared with the 250 group (Figures 1A, B).
The ELISA assay revealed that M1Mφ in the 250 group secreted notably

less pro-inflammatory cytokine murine TNF-α (mTNF-α) when
compared with 0, 100, and 1,000 groups (Figure 1C). On the other
hand, the 25, 100, and 250 groups had the highest CD206 (classic
M2 marker) expression when compared with no IL-10 treatment while
the 500 and 1,000 groups had ~45–50% and ~40–45% lower
CD206 expression than the 100 and 250 groups, respectively (Figures
1D, E). The ELISA assay showed that all IL-10 treated groups have
substantially increased secretion of native murine IL-10 (mIL-10), with
the 250 group showing the highest mIL-10 secretion (Figure 1F),
consistent with our flow cytometry data. No antibody cross-reaction
between mIL-10 and exogenous hIL-10 was observed (Supplemental
Figure 2). These results suggest that one can induce drifting of established
Mφ phenotypes from the pro-inflammatory/destructive toward the anti-
inflammatory/resolutive by administering appropriate doses of IL-10
(Yunna et al., 2020).

IL-10 programs macrophage polarization in
a dose-dependent manner

To investigate how different exogenous IL-10 doses would impact
the Mφ polarization process, we co-stimulated naïve
RAW264.7 monocyte differentiation with one of the six doses of IL-

FIGURE 1
Dose-dependent effects of IL-10 on polarized macrophage phenotypes. To investigate dose-dependent effects of IL-10 on the phenotypes of
polarized Mφ, naïve RAW264.7 cells were first differentiated into the classic M1 and M2 phenotypes with mIFNγ and mIL-4, respectively, followed by
treatment with titrated IL-10 (0, 25, 100, 250, 500, or 1,000 ng/mL) for 24 h. We then analyzed M1 andM2 phenotypic changes by labeling cells with (A, B)
anti-CD86 (classic M1 marker) and (D, E) anti-CD206 (classic M2 marker) antibodies, respectively, before subjecting cells to flow cytometry. (A)
Representative graphs with averaged ratios of CD86+ cells from each IL-10 treatment group. (B) Quantification of the flow cytometry data (n = 3 per
group). Only the 250 group showed significantly lower CD86 expression than the 0 group (p = 0.0148). The 500 and 1,000 groups had significantly higher
CD86 expression than the 250 group (p < 0.01 and p < 0.05, respectively). (C)Detection of mTNF-α secretion by polarizedM1 cells after hIL-10 treatment
using ELISA. The 250 group consistently exhibited significantly lower TNF-α secretion than the 0, 100, and 1,000 groups (p < 0.0001, p = 0.0478, and p =
0.0146, respectively). (D) Representative graphs with averaged ratios of CD206+ cells from each IL-10 treatment group. (E) Quantification of the flow
cytometry data (n= 3 per group). The 25, 100, and 250 groups showed significantly higher CD206 expression than the 0 group (p = 0.007, p < 0.0001, and
p = 0.0003, respectively). The 500 and 1,000 groups expressed much less CD206 than the 100 (p = 0.0078 and p = 0.0123) and 250 groups (p =
0.0425 and p= 0.0654), respectively. (F)Detection of nativemIL-10 secretion by polarizedM2 cells after hIL-10 treatment using ELISA. All IL-10 treatment
groups exhibited significantly higher mIL-10 secretion than the 0 group (all p < 0.0001). Wildtype naïve RAW264.7 cells served as the negative controls
(Ctrl). Note: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns: not statistically significant.
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10: 0, 25, 100, 250, 500, and 1,000 ng/mL and a standard polarizing
agent (mIFNγ for M1 and mIL-4 for M2). For M1 polarization, flow
cytometry analysis showed that all groups treated with ≥100 ng/mL IL-
10 have significantly decreased M1 polarization, but not the 25 ng/mL,
when compared with the 0 ng/mL (Figures 2A, B). The ELISA assay
indicated that all IL-10 treated groups have notably less mTNF-α
secretion when compared with the 0 group (Figure 2C). It appeared
that higher doses of IL-10 may have stronger effects in reducing
M1 polarization. For M2 polarization, the 100 group exhibited the
highest CD206 expression when compared with the 0, 250, and
1,000 groups (Figures 2D, E). The ELISA assay revealed that all IL-
10 treated groups secrete substantially more native mIL-10 when
compared with the 0 group, with the 500 group having the highest
secretion (Figure 2F). These data suggested that when co-administered
with a polarizing agent, IL-10 has notable dose-dependent effects over
Mφ polarization, with the potential to achieve a distinct balance of
M1 orM2 phenotype with the addition of an appropriate dose of IL-10.

Intramyocardial IL-10 administration
exhibits dose-dependent effects on
cardiac function

To evaluate the potential of IL-10 as an immunomodulatory
treatment for enhancing cardiac repair post-MI, we examined the

cardiac function after single intramyocardial administration of
different IL-10 doses in a mouse MI model (Figure 3A). A dose
range of 25–2000 ng IL-10 was chosen for testing based on the
outcomes of the in vitro studies. The surgical mortality rate (death
during the operation or within 60 min after the surgery) was ~17%
(1 in 7) in all groups. Among all animals that fully recovered from
the surgery, one died before the terminal time point in each of these
four groups: saline control, 25, 100, and 2000, and was excluded
from this study. In total, five animals (n = 5) per group with no
notable behavioral abnormality were included in the 6-week
repeated echocardiographic assessment.

Cardiac contractile function was estimated by LV fraction
shortening (LVFS, Figure 3B) and LV ejection fraction (LVEF,
Figure 3C), whereas LV chamber size was determined by LV
end-diastolic area (LVEDA, Figure 3D) and end-systolic area
(LVESA, Figure 3E). At 5 days post-MI, the 2000 group had
significantly lower LVFS than all groups, except the 500 and
1,000 groups (Supplemental Figure 3). Particularly, the 1,000 and
2000 groups exhibited notably lower LVEF than the 250 group
(Figure 3C). At 6 weeks post-MI, the 25, 250, and 500 groups showed
considerably higher LVFS than the saline control (Figure 3B);
however, only the 250 group exhibited notably higher LVEF than
the saline control (Figure 3C, p = 0.0067) while showing significantly
higher LVFS than the 2000 group (Figure 3B; p = 0.0202). These
results suggest that single intramyocardial treatment with ≥1,000 ng

FIGURE 2
Dose-dependent effects of IL-10 on macrophage polarization. To study the effect of exogenous IL-10 treatment with differential doses on the Mφ
polarization process, we differentiated naïve RAW264.7 monocytes with a standard polarizing agent (mIFNγ for M1 and mIL-4 for M2) and one of the six
doses of IL-10: 0, 25, 100, 250, 500, and 1,000 ng/mL simultaneously for 36 h. We analyzed themanifestation of classic M1 and M2 phenotypes with flow
cytometry by labeling cells with (A, B) anti-CD86 and (D, E) anti-CD206 antibodies, respectively. (A) Representative graphs with averaged ratios of
CD86+ cells from each IL-10 treatment group. (B) Quantification of the flow cytometry data (n = 3 per group). All groups had significantly lower
CD86 expression than the 0 group (all p < 0.001), except the 25 group (p > 0.05). (C) Detection of mTNF-α secretion by polarized M1 cells after hIL-10
treatment using ELISA. All groups had significantly less TNF-α secretion when compared with the 0 group (all p < 0.001). (D) Representative graphs with
averaged ratios of CD206+ cells from each IL-10 treatment group. (E)Quantification of the flow cytometry data (n= 3 per group). The 100 group showed
significantly higher CD206 expression than the 0, 250, and 1,000 groups (p = 0.0047, p = 0.0065, and p = 0.0229, respectively). (F) Detection of native
mIL-10 secretion by polarized M2 cells after hIL-10 treatment using ELISA. All groups had significantly higher mIL-10 secretion than the 0 group (all p <
0.001). Wildtype naïve RAW264.7 cells served as the negative controls (Ctrl). Note: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns: not
statistically significant.
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IL-10 has an early negative impact in LV contractile function while
injecting 250 ng IL-10 appears to offer more consistent LV
contractile protection than other doses in the long term.

Moreover, at 6 weeks post-MI, the 25, 250, and 2000 groups
exhibited significantly smaller LVEDA (Figure 3D) and LVESA

(Figure 3E) when compared with the saline control. The
100 group notably reduced LVEDA (p = 0.007) but not LVESA
(Figures 3D, E). These data suggest that single intramyocardial
injection with select IL-10 doses can help ameliorate LV
dilatation. Overall, our echocardiographic analyses suggest that 1)

FIGURE 3
Intramyocardial injection of IL-10 improves cardiac function with dose-dependent effects. Using a mouse MI model, we investigated whether
intramyocardial IL-10 administration exerts any dose-dependent efficacy or potential unwanted effect on cardiac function post-MI. (A) The timeline of
the animal study, including surgical procedures, cardiac functional evaluations, and tissue-based analyses. Ten minutes after the induction of MI, mice
received one-time intramyocardial injection of IL-10 with one of the six doses (ng): 25 (sage), 100 (purple), 250 (green), 500 (blue), 1,000 (brown), or
2000 (red) or 0.9% saline (vehicle control, black). Echocardiography was repeatedly performed by a blinded investigator to measure left ventricular (B)
fractional shortening (5D: **p < 0.01, 2000 vs saline, 25, 100, and 250; 14D: *p < 0.05, 2000 vs 250; 42D: *p < 0.05, 2000 vs 250; all other comparisons vs
saline), (C) ejection fraction (5D: **p < 0.01, 2000 vs 25, 100, and 250; *p < 0.05, 1,000 vs 250; 14D: **p < 0.01, 2000 vs 250; *p < 0.05, 25 vs 250; all other
comparisons vs saline), (D) end-diastolic area (all comparisons vs saline), and (E) end-systolic area (all comparisons vs saline) at 5, 14, and 42 days post-
surgery (n = 5 per group). Results were statistically analyzed with two-way repeated ANOVAwith Tukeymultiple comparison test. Notably, the 250 group
exhibited the highest overall cardiac functional benefits among all treatment doses. The 1,000 and 2000 groups had decreases in cardiac contractile
function at 5 days post-MI, suggesting possible transient side-effects caused by high-dose IL-10 treatment. Note: *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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250 ng IL-10 treatment resulted in the most significant long-term
functional benefits among all doses, and 2) IL-10 has noteworthy
dose-dependent effects when administered intramyocardially,
including early adverse effects in LV contractile function with
excessive exogenous IL-10.

Intramyocardial IL-10 treatment modulates
early myocardial recovery post-MI

To assess the early impact of intramyocardial IL-10
administration in modulating myocardial inflammation, Mφ

function, and cardiac remodeling, we investigated the expression
of 16 essential genes involved in relevant functional pathways in the
infracted mouse hearts treated with 0 (saline control), 250, and
1,000 ng IL-10 at 5 days post-MI. Our qPCR analysis revealed that
most of these genes exhibit distinct expression patterns after treating
with 250 and 1,000 ng IL-10 (Figure 4).

Comparing with the saline control, despite inducing notable
upregulation in multiple beneficial genes, including the anti-
inflammatory CD206 (Figures 4B–H, p = 0.0166) and Arg1
(Figures 4B–I, p < 0.0001), the Mφ efferocytotic Tim4 (Figures
4C–L, p = 0.0005) and MerTK (Figures 4C–M, p < 0.0001), the
chemotactic CX3CL1 (Figures 4D–N, p < 0.0001), the angiogenic

FIGURE 4
Early dose-dependent effects of intramyocardial IL-10 treatment onmyocardial gene expression. We used qPCR to analyze the expression levels of
five groups of genes in mouse LV treated with different doses of IL-10 (0, 250, or 1,000 ng) at 5 days of post-MI, including (A) pro-inflammatory and
immune-activating genes (TNF-α, IL-6, IFNγ, iNOS, IL-1β, and CD64); (B) immunomodulatory and anti-inflammatory genes (mIL-10, CD206, Arg1, and
CD163); (C) macrophage efferocytotic genes (Axl, Tim4, and MerTK); (D) chemotactic and angiogenic genes (CX3CL1 and VEGF-A); (E) cardiac
fibrotic genes (α-SMA, Vsig4, Hyal3, PDGF, Postn, and Col1a1). Data were statistically compared using one-way ANOVA with Dunnett multiple
comparisons test (n = 5 per group). The results suggest that 250 and 1,000 ng IL-10 treatment differentially activated diverse functional signaling
networks, with 1,000 ng IL-10 seemingly triggering both pro-inflammatory and anti-inflammatory pathways. Note: *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.
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VEGF-A (Figures 4D–O, p < 0.0001), and the anti-fibrotic Vsig4
(Figures 4E–Q, p < 0.0001) genes, the 1,000 group also considerably
upregulated pro-inflammatory and pro-fibrotic genes, including
TNF-α (Figure 4A, p = 0.0009), IL-6 (Figures 4A, B, p = 0.0159),
iNOS (Figures 4A–D, p = 0.0015), Axl (Figures 4C–K, p < 0.0001),
α-SMA (Figures 4E–P, p < 0.001), the hyaluronan-degrading Hyal3
(Figures 4E–R, p = 0.0009), PDGF (Figures 4E–S, p < 0.0001), Postn
(Figures 4E–T, p = 0.0004), and Col1a1 (Figures 4E–U, p = 0.9989).

In contrast, comparing with the saline control, the 250 group
showed notable upregulation of the immune-activating IFNγ
(Figures 4A–C, p < 0.0001), CX3CL1 (Figures 4D–N, p <
0.0001), and Hyal3 (Figures 4E–R, p = 0.0348) genes significant
downregulation of macrophage M1 phenotype marker CD64
(Figures 4A–F, p = 0.021) as well as modest downregulation of
iNOS and Col1a1 genes. These results suggest that distinct IL-10
doses differentially regulate essential genes involved in the pro- and
anti-repair pathways, potentially contributing to the sustained long-
term LV function in the 250 group as well as the short-term
contractile dysfunction observed in high-dose IL-10 treatment at
5 days post-MI.

Single administration of IL-10 exhibits dose-
dependent reduction of chronic
inflammation

Based on the results of the cardiac functional studies above, we
selected a dose range of 25–1,000 ng IL-10 per heart to investigate
whether single intramyocardial IL-10 treatment has any dose-
dependent immunomodulatory effect on chronic inflammation.
At 6 weeks post-MI, phagocytic cells at the infarct site were
detected with anti-CD68 immunofluorescent staining
(Figure 5A). Unaffected myocardium contained few CD68+ cells
(Figures 5A, A). All IL-10-treated groups exhibited a trend of
diminished numbers of CD68+ cells within the infarct region
(Figures 5A, C–F) compared with the saline-injected control
(Figures 5A, B). Quantitatively, three IL-10-treated groups
showed significantly less CD68+ cell infiltration than the saline
control group (969.81 ± 120.02/mm2): 100 (522.20 ± 71.62/mm2),
250 (379.41 ± 20.50/mm2), and 1,000 (356.83 ± 60.17/mm2)
(Figure 5B, n = 3 per group). These results suggest that single
intramyocardial administration with ≥100 ng IL-10 soon after MI
has a long-lasting modulatory effect on MI-induced chronic
inflammation.

Intramyocardial IL-10 treatment ameliorates
left ventricular fibrosis

To investigate the effect of early intramyocardial IL-10 treatment on
cardiac fibrosis, we evaluated LV scar tissue formation (stained in blue/
purple) with Masson’s trichrome histological staining. Healthy hearts
had minimal deposition of collagen (Figures 6A, A). At 6 weeks post-
infarction, hearts treated with different doses of IL-10 (Figures 6A, C–F)
exhibited a trend of smaller infarct regions and less collagen deposition
than the saline-injected control at the mid-infarct level (Figures 6A, B).
Quantitative estimation of the LV fibrotic area fraction revealed a
common trend of reduction in fibrosis in all IL-10 treated groups

compared with the saline control group (Figure 6B, n = 3 per group).
Only the 250 group exhibited a statistically significant 53% reduction in
LV fibrosis (Figure 6B), suggesting that single intramyocardial IL-10
administration has a dose-dependent, long-term anti-fibrotic effect.

Intramyocardial administration of IL-10
enhances revascularization

We examined whether single administration of IL-10 enhances
long-term revascularization within the ischemic myocardium. At
6 weeks post-infarction, the presence of CD31+ endothelial cells
(ECs) and αSMA + perivascular cells (i.e., pericytes and vascular
smooth muscle cells adjacent to CD31+ ECs) at the infarct region
were simultaneously detected with dual immunofluorescent staining
(Figure 7A). Quantitative analysis (n = 3 per group) showed that
only the 250 group had a significantly higher density of CD31+ ECs
at the infarct region than the saline control (Figure 7B); all other IL-
10 treatment groups had marginal benefits (Figure 7B). No IL-10
treatment groups exhibited a notable increase in CD31+ EC density
in the peri-infarct areas compared with the saline control
group (Figure 7C).

On the other hand, only the 1,000 group had a significantly
higher density of αSMA + perivascular cells at the infarct region than
the saline control group (Figure 7D); all other IL-10 treatment
groups contributed to the repopulation of perivascular cells post-MI
marginally (Figure 7D). None of the IL-10 treatment groups showed
significant increases in αSMA + cell density in the peri-infarct areas
compared with the saline control group (Figure 7E). These data
suggest that when intramyocardial administered, select doses of IL-
10 have notable effects in enhancing long-term repopulation of
myocardial microvasculature at the infarct region, but not in the
peri-infarct areas.

Discussion

With its pleiotropy in the immune system, IL-10 and its family
of cytokines have been widely explored as therapeutic approaches in
a wide variety of human diseases involving autoimmunity or
excessive inflammation, such as rheumatoid arthritis, psoriasis,
and inflammatory bowel disease (Wang et al., 2019; Kwilasz
et al., 2015; Tilg et al., 2002; Huynh et al., 2023). Recent reports
suggest that high-dose IL-10 treatment may not lead to the expected
therapeutic outcome, raising the question of whether IL-10 has
dose-dependent effects for enhancing cardiac tissue repair after MI,
or even unexpected side effects from overdosing. By identifying an
optimal range of IL-10 doses for cardiac repair via intramyocardial
administration, we believe it is possible to safely utilize IL-10 to
facilitate myocardial recovery post-MI, prevent adverse effects from
IL-10 overdose, and lower the total cost of the costly recombinant
protein treatment. Our findings shed light on the
immunomodulatory properties of IL-10 on programming Mφ
phenotypes and its potential therapeutic implications for
myocardial repair post-MI (Figure 8).

We examined the impact of differential doses of IL-10 on
murine Mφ polarization with in vitro models. We demonstrated
that IL-10 has notable dose-dependent effects not only on the
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phenotypes of differentiated M1 andM2Mφ but also on prospective
M1 and M2 polarization of naïve Mφ. Our data suggest that
increasing concentrations of IL-10, up to 250 ng/mL, reduced the
ratio and pro-inflammatory phenotype of M1 Mφ and increased the
ratio and anti-inflammatory phenotype of M2 Mφ, with 250 ng/mL
IL-10 having the highest overall potency in both populations
(Figure 1). However, IL-10 concentrations ≥500 ng/mL did not
efficiently reduce M1 or increase M2 ratio and phenotype,
suggesting a limitation in the effective dose range of IL-10 for
modulating Mφ phenotypes and possibly conflicting actions on
differentiated Mφ (Figure 1). On the other hand, when co-
administered with mIFNγ or mIL-4 to stimulate M1 or
M2 polarization of naïve Mφ respectively, IL-10 ≥ 100 ng/mL
significantly reduced M1 polarization while all tested IL-10 doses
appeared to facilitate M2 polarization (Figure 2). These results
suggest that given an appropriate dose, IL-10 can modulate the
balance of Mφ ratio, phenotypes, and/or polarization toward an

anti-inflammatory M2 state that facilitates resolution of
inflammation and tissue repair (Figure 8).

Based on our in vitro findings, we subsequently assessed the
translational potential of intramyocardial IL-10 administration and
explicitly tested the impact of IL-10 dose-dependency in cardiac
repair by injecting a wide range of rhIL-10 doses (up to 80-fold
differences) (Figure 3). Despite the very short half-life of IL-10 in
vivo (2.7–4.5 h), (Huhn et al., 1997), our data showed that an early
intramyocardial injection of IL-10 resulted in long-term, dose-
dependent effects of on cardiac function and remodeling. The
250 ng IL-10 group had the most significant cardiac contractile
benefits among all tested doses, sustaining LV functions at roughly
60%–70% of their normal values. Nonetheless, treatment
with ≥1,000 ng IL-10 showed short-term negative impact in
cardiac function at 5 days post-MI, indicating a potential toxicity
associated with injecting a high dose of IL-10 intramyocardially
(Figure 3). Moreover, multiple groups exhibited improved EDA and

FIGURE 5
Intramyocardial IL-10 treatment decreases chronic inflammation within the infarct region. Chronic inflammation was assessed by the number of
infiltrating CD68+ phagocytic cells (green) within the infarct region at 6 weeks post-infarction. (A) Representative images of anti-CD68
immunofluorescent staining revealing phagocytic cell infiltration within the infarct region at the mid-infarct level from each group (scale bars: 50 μm).
Nuclei were stained in blue. Healthy (normal) hearts served as negative controls. (B) Three IL-10 doses (100, 250, and 1,000 ng) resulted in significant
decreases of CD68+ cell infiltration (n = 3 per group; p = 0.046, p = 0.007, and p = 0.006, respectively, vs saline). Note: *p < 0.05, **p < 0.01.
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ESA at 6 weeks post-MI, suggesting long-term merits on cardiac
remodeling. These results further suggest that if IL-10 would be used
therapeutically for MI, it may be necessary to identify an optimal IL-
10 dose range for individual patients, based on their disease timeline
or severity, to achieve the maximal efficacy and minimize the
potential risk of IL-10 overdose.

Our qPCR analysis highlighted the early changes of gene
expression associated with IL-10 administration in the infarcted
myocardium. The results suggested that different doses of
exogenous IL-10 differentially modulated the expression of many
key genes involved in the tissue inflammation, damage and recovery
processes, particularly the substantial upregulation of pro-

inflammatory, efferocytotic, and fibrotic genes by 1,000 ng IL-10
treatment (Figure 4). Particularly, the 1,000 group also upregulated
Axl expression, which is involved in Mφ efferocytosis and can
further increase intramyocardial inflammation (Figures 4C–I)
(DeBerge et al., 2021) Besides, our histological assays showed
that the 250 and 1,000 groups differentially exhibited reduction
of chronic inflammation at the infarct, ameliorated LV fibrosis, and,
to a minor extent, enhanced revascularization, all of which
potentially contributed to the improved LV contractile function
and remodeling (Figures 5–7). Intriguingly, the injection of 1,000 ng
IL-10 led to simultaneous upregulations of both pro- and anti-
inflammatory responses post-MI. Thus, we further hypothesize that

FIGURE 6
Intramyocardial IL-10 treatment reduces left ventricular myocardial fibrosis. Long-term left ventricular myocardial fibrosis was revealed byMasson’s
trichrome histological staining at 6 weeks post-infarction. (A) Representative images of Masson’s trichrome-stained transverse sections of hearts at the
mid-infarct level (collagen deposition stained in blue/purple, cardiac muscle stained in red; scale bars: 1 mm). Healthy (normal) hearts served as negative
controls. (B) Quantitatively, only the 250 group exhibited significantly reduced LV fibrotic area fraction (n = 3 per group; *p = 0.05, vs saline).
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FIGURE 7
Intramyocardial injection of IL-10 enhances revascularization in the ischemic myocardium. Long-term revascularization, including angiogenesis
and vasculogenesis, in the ischemic myocardium was evaluated by the presence of CD31+ endothelial cells (ECs) and αSMA + peri-vascular smooth
muscle cells (SMCs), respectively, at 6 weeks post-infarction (n = 3 per group). Perivascular SMCs defined as αSMA + cells around CD31+ ECs. Healthy
(normal) hearts served as baseline controls (n= 3). (A) Representative images of CD31+ ECs (red) and αSMA+ SMCs (green) within the infarct region at
the mid-infarct level from each group (scale bars: 50 μm). Nuclei were stained in blue. (B)Quantitatively, only the 250 ng group had a significantly higher
density of CD31+ ECs at the infarct (p = 0.013, vs saline). (C) No significant difference in the CD31+ EC density was noted in the peri-infarct area (all p >
0.05, vs saline). (D)Only the 1,000 group had a significantly higher density of αSMA + SMCs within the infarct region (p = 0.045, vs saline). (E) No notable
difference in the αSMA + SMC density in the peri-infarct area (all p > 0.05, vs saline). Note: *p < 0.05.
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the dual activation of pro- and anti-resolution functional pathways
by 1,000 ng IL-10 yields conflicting signals to immune cells that
potentially contribute to the early transient LV contractile
dysfunction observed in the echocardiographic analyses. Overall,
these data align with our in vivo findings and suggest a complex
interplay between IL-10 dosage and endogenous signaling networks
that warrants future investigations with advanced
approaches (Figure 8).

Previous reports demonstrated that mammalian cardiomyocytes
(CMs) have active turnover during physiological conditions and
may proliferate extensively after MI (Bergmann et al., 2009; Senyo
et al., 2013). We further hypothesized that the reduction of chronic
inflammation by intramyocardial IL-10 administration promotes
CM survival and/or proliferation following MI. We then
investigated whether there also exists any dose-dependent effect
of IL-10 in enhancing long-term CM survival or proliferation post-
MI (Supplemental Figure 4). Residual CMs at the infarct and in peri-
infarct areas were identified by a mature CM marker cTn-I;
proliferating CMs were detected by dual-positive signals of cTn-I
and a cell proliferation marker Ki-67. To our surprise, we did not
observe any notable differences in the number of either residual CMs
(Supplemental Figure 4A, all p > 0.05) or proliferating CMs
(Supplemental Figure 4B, all p > 0.05) within both the infarct
region and peri-infarct areas among all tested IL-10 dose groups
(25, 100, 250, and 1,000 ng IL-10; n = 3 per group). These results
suggest that a single intramyocardial injection of IL-10 did not elicit
notable dose-dependent efficacy in promoting long-term CM

survival or proliferation, similar to a saline injection in our
previous report (Chen et al., 2016).

One reason that large doses of IL-10 were used in previous
investigations lies in its short half-life in the body, limiting the
bioavailability in the target organ, particularly when administered
via systemic routes. To reduce the amount of IL-10 required for
effective treatment, appropriate delivery systems, such as exosomes
or nanoparticles, may be needed for efficient, targeted delivery of IL-
10 (Bu et al., 2021; Duncan et al., 2019). We and others have
previously demonstrated that when locally delivered in a controlled
manner, IL-10 can serve as an adjuvant for angiogenic or
morphogenic cytokines to synergistically preserve heart function
and improve cardiac repair after MI (Chen et al., 2015; Johnson
et al., 2015). Nonetheless, whether controlled delivery of IL-10
reduces the required therapeutic dose for desirable outcomes and
prevents early cardiac dysfunction observed in this study remains to
be further investigated.

In addition, our findings that the beneficial effects of IL-10 can
be precisely regulated by differential doses of exogenous IL-10
underscore the need for integrative systems approaches that are
more efficient to interrogate experimental therapeutics, based on IL-
10 or other cytokines, than conventional analytics. Due to the
inherent limitations in our experimental approach, we were
unable to further dissect the IL-10 dose-response
relationship. Modern high-throughput computational approaches,
such as machine learning (ML), may help us analyze the complex
dynamics of cytokine-based therapies beyond the capacities of

FIGURE 8
The estimated dose-dependent effects of single IL-10 administration. The illustration summarizes the overall dose-effect relationships after single
IL-10 administration in vitro and in vivo. The x- and y-axis of each horizontal bar represent the IL-10 dose ranges and the estimated levels of individual
annotated effects, respectively. Note: a. u.: arbitrary unit.
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conventional experimental approaches. With the ability to handle
big, complex datasets and precisely discern nuanced patterns in
dose-response relationships, ML algorithms may further identify
potential dosing ranges for optimal therapeutic efficacy while
minimizing potential adverse effects, paving the way for safer
and more effective therapeutic strategies as we move towards
precision therapy for MI.

Conclusion

The findings from this study suggest that given appropriate
doses, IL-10 has the potential to modulate Mφ phenotypes
in vitro and to ameliorate cardiac functional deterioration,
reduce myocardial inflammation and fibrosis, and promote
revascularization in the context of MI in vivo (Figure 8). Our
study highlights the dose-dependent effects of IL-10 and
underscores the potential clinical significance of appropriate
IL-10 administration in managing MI. Overall, these results
provide valuable insights into the development of new
therapeutic strategies or adjunct therapies targeting specific
myocardial pathologies to regulate Mφ phenotypes and
augment cardiac repair post-MI.
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Altered leptin signaling and
attenuated cardiac vagal activity
in rats with type 2 diabetes
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Introduction: The leading cause of death in type 2 diabetes mellitus (T2DM)
patients is cardiovascular-related events, including myocardial infraction-
induced ventricular arrhythmia. Previous studies have shown that T2DM-
induced functional remodeling of cardiac vagal postganglionic (CVP) neurons
contributes to ventricular arrhythmogenesis. As leptin resistance is common in
T2DM patients, and CVP neurons are located in epicardial adipose pads, a tissue
that secretes leptin, in this study we aimed to elucidate a correlation between
leptin resistance and CVP neuronal dysfunction in T2DM.

Methods: A high fat-diet/low dose streptozotocin-induced T2DM rat model was
used in this study to characterize T2DM-induced alterations in cardiac
parasympathetic tone, determined by changes in baroreflex sensitivity and
CVP neuronal excitability. The impact of leptin resistance on CVP neurons was
also studied by examining the expression of leptin in epicardial adipose pads, and
leptin receptors and uncoupling protein 2 (UCP2) in CVP neurons.

Results: T2DM rats exhibited diminished baroreflex sensitivity, and decreased
CVP neuronal excitability, demonstrated by a reduced frequency of action
potentials, diminished nAChR currents, and an attenuated response to
nicotine stimulation. Additionally, compared to sham animals, the expression
of leptin receptors and UCP2 in CVP neurons was reduced as early as 4 weeks
post-T2DM although the leptin levels in epicardial adipose pads was increased
during the progression of T2DM, which demonstrated the occurrence of leptin
resistance in T2DM CVP neurons.

Conclusion: Cardiac parasympathetic dysfunction in T2DM rats is due, in part, to
functional remodeling of CVP neurons. As leptin resistance develops as early as
4 weeks post-T2DM induction, diminished leptin receptors-UCP2 signaling may
contribute to CVP neuronal dysregulation.
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cardiac parasympathetic activity, intracardiac ganglia, leptin resistance, type 2 diabetes,
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Introduction

Type 2 diabetes mellitus (T2DM) is a commonmetabolic disease
that impacts more than 500 million individuals worldwide, with an
estimated healthcare cost anticipated to exceed $1054 billion by the
year 2045 (International Diabetes Federation, 2021; Hossain et al.,
2024). The leading cause of mortality in the T2DM population is
cardiovascular-related events including stroke, myocardial
infarction (MI), and sudden cardiac death (SCD) (Walker and
Cubbon, 2015; Rawshani et al., 2017; Gyldenkerne et al., 2023;
Wong and Sattar, 2023). The development of ventricular
tachycardia/ventricular fibrillation (VT/VF) post-MI has been
linked with sudden cardiac death in T2DM patients, with
ventricular arrhythmias accounting for one-third of abnormal
heart rhythms observed at the time of cardiac arrest (Agarwal
and Singh, 2017; Mhaimeed et al., 2023; Chakraborty et al.,
2024). While tight glycemic control is the typical treatment for
many diabetes-related pathologies, multiple studies have reported
that the risk of cardiovascular event-related deaths in T2DM
patients is not reduced by glycemic control alone (Reaven et al.,
2019; Scheen, 2022).

A significant contributor to ventricular arrhythmogenesis in
T2DM is the remodeling of the parasympathetic division of the
intrinsic cardiac nervous system which exerts autonomic control of
the heart (Zhang et al., 2018; Hu et al., 2021). The efferent
component of the cardiac parasympathetic nervous system begins
with preganglionic parasympathetic neurons that extend from the
dorsal vagal motor nucleus (DVMN) and nucleus ambiguus through
the left and right cardiac trunks of the vagus nerve (Armour, 2007;
Durães Campos et al., 2018). The latter ultimately innervates cardiac
vagal postganglionic (CVP) neurons located in the intracardiac
ganglia (ICG) embedded in the epicardial adipose pad on the
heart (Armour, 2007; Durães Campos et al., 2018). Our previous
work has shown that CVP neurons in T2DM exhibit reduced
nicotinic acetylcholine receptor (nAChR) currents and N-type
voltage-gated calcium currents, which result in compromised
neuronal function and increased susceptibility to
arrhythmogenesis (Liu et al., 2012; Liu et al., 2015; Zhang et al.,
2022). The molecular mechanisms driving changes in CVP neuronal
function as T2DM develops have not yet been elucidated.

Leptin resistance, as defined by reduced sensitivity to the
hormone leptin, is a common complication of T2DM (Schmidt
et al., 2006; Gruzdeva et al., 2019). Leptin, predominantly secreted by
adipose tissue, binds leptin receptors on the cell membrane, which
canonically activates the Janus kinase/signal transducer and
activator of transcription (JAK-STAT) pathway (Procaccini et al.,
2009). Previous studies have reported on leptin signaling’s role in
modulating neuronal excitability in Pro-opiomelanocortin (POMC)
neurons (Perissinotti et al., 2021), striatal cholinergic interneurons
(Mancini et al., 2022), and neuropeptide Y (NPY)/Agouti-related
protein (AgRP) neurons of the hypothalamic arcuate nucleus
(Takahashi and Cone, 2005). Currently, the impact of leptin
resistance on CVP neuronal function has not yet been explored.
As the ICG are located in epicardial adipose, the proximity of CVP
neurons to epicardial adipocytes speaks to a potential role for leptin
signaling in CVP neuronal function. We hypothesized that CVP
neurons would develop leptin resistance as T2DM progresses, which
further contributes to T2DM-induced CVP neuronal dysregulation.

Therefore, this study aimed to further characterize the impact of
T2DM on cardiac parasympathetic function and explore the
potential role of leptin resistance in CVP functional remodeling.

Materials and methods

Animal studies

This study conforms to guidelines for the Care and Use of
Laboratory Animals and was approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Nebraska
Medical Center (IACUC number: 23-043-09-FC and 18-023-04-
FC). After in vivo experiments were completed, rats were euthanized
via i.p. injection of 0.39 mL/kg of Fatal-Plus euthanasia (about
150 mg/kg pentobarbital, DBAMed-Vet International, Mettawa, IL,
United States).

T2DM rat model

Male and female Sprague-Dawley rats (200–220 g) were housed
in a controlled temperature and humidity environment and were
exposed to a 12-h light to 12-h dark cycle. Water and chow were
provided ad libitum. Sham rats were administered a standard chow
diet (34% protein, 53% carbohydrate, 13% fat). T2DM was induced
via introduction of a high-fat diet (HFD) (15.2% protein, 42.7%
carbohydrate, 42% fat; Inotiv Pharmaceutical Company,
Indianapolis, IN, United States). After 4 weeks of HFD
introduction, rats were injected with a low dose of streptozotocin
(STZ) (30 mg/kg, i.p.) and continued HFD feeding until sacrifice at
different time-points. Fasting blood glucose was measured every
4 weeks. All experiments were performed after 4, 8, or 12 weeks on
standard chow or HFD. Metabolic characteristics of rats used in this
study are summarized in Supplementary Table 1. Sham rats are
defined in this study as rats that did not receive HFD or STZ
treatment. Sham rats used were a mix of rats age-matched to the 4, 8,
and 12-week experimental groups. We chose a mixed control group
as we have not observed any difference in the parameters measured
in this study among sham rats of different ages.

Measurement of baroreflex sensitivity

A combination of chloralose (40 mg/kg, i.p.) and urethane
(800 mg/kg, i.p.) was used to anesthetize rats, with an additional
supplementation of chloralose (10 mg/kg, i.v.) every 2 h. A ventral
midline neck incision was made, the trachea was cannulated, and
artificial ventilation was performed via mechanical respirator
(Harvard Apparatus, Holliston, MA, United States; 60 breaths/
min; 2.5 mL tidal volume). A Millar pressure transducer (SPR
524, ADInstruments, Colorado Springs, CO, United States) was
inserted into the right carotid artery for testing arterial blood
pressure (ABP) and heart rate (HR). A polyethylene catheter was
implanted into the right femoral vein for drug administration.

Baroreflex sensitivity was determined by measuring reflex
changes in HR responding to changes in ABP. Sodium
nitroprusside (30 μg, i.v.) was administered to decrease ABP to
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approximately 50 mmHg. ABP was subsequently raised through
administration of phenylephrine (10 μg, i.v.). The logistic regression
curve was then fit using the equation: HR � A/1 +
eB(blood pressure−C) +D (A = HR range, B = Slope coefficient, C =
ABP at midpoint of range, D = minimum HR) (Zhang et al., 2014).
The maximum gain, an index of baroreflex sensitivity, was
determined by calculating A*B/4 of the logistic regression curve.

Isolation of CVP neurons and whole cell
patch-clamp recording for nAChR currents
and action potentials

CVP neurons were isolated by a two-step enzymatic digestion
protocol (Liu et al., 2012). Briefly, collected ICG was minced into
small pieces and incubated successively with digestion solution one
containing 0.1% collagenase and trypsin, and digestion solution two
containing 0.2% collagenase and 0.5% bovine serum albumin for
30 min at 37°C. The isolated neurons were cultured in the incubator
for patch clamp recording or immunofluorescence staining.

Action potentials and nAChR currents were recorded by the
whole cell patch-clamp technique using an Axopatch 200B patch-
clamp amplifier (Axon Instruments, Foster City, CA, United States).
The P-clamp 10.2 program (Axon Instruments) was used for data
acquisition and analysis. Recorded traces were sampled at 10 kHz
and filtered at 5 kHz. All experiments were done at room
temperature (22°C–24°C).

The nAChR currents were recorded by a gap-free voltage-
clamp technique. The resistance of the patch pipette was 3–5 MΩ
when pipette was filled with the following solution (in mM):
140 CsCl, 2 MgATP, 10 HEPES, and 1 EGTA (pH 7.2, 300 mOsm/
L). The extracellular solution consisted of (in mM): 140 NaCl,
3 KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, and 7.7 glucose (pH 7.2;
310 mOsm/L). Series resistance of 6–13 MΩ was electronically
compensated to 80%–90%. Junction potential was calculated to
be +5.1 mV. CVP neurons were clamped at −90 mV and
continuously perfused with extracellular solution (2 mL/min).
Nicotine, a nAChR specific agonist dissolved in the extracellular
solution, was applied to ICG neurons by bolus ejection (6 psi.;
100 m) through a micropipette connected to a Picopump (PV
820 Pneumatic PicoPump, World Precision Instruments,
Sarasota, FL). The micropipette (5–7 µm diameter) for drug
application was positioned 20–30 µm from the cell soma.
After nicotine concentration (3 mM) was applied (Liu et al.,
2015), peak currents were measured, and current density was
calculated by dividing peak current by cell membrane
capacitance (Cm).

In the current-clamp model, frequency of action potentials was
measured in a 1-s current clamp (100 pA). The patch pipette
solution consisted of (in mM): 105 K-Aspartate, 20 KCl, 1 CaCl2,
5MgATP, 10 HEPES, 10 EGTA, and 25 glucose (pH 7.2; 320mOsm/
L). The bath solution was composed of (in mM): 140 NaCl, 5.4 KCl,
0.5MgCl2, 2.5 CaCl2, 5.5 HEPES, 11 glucose, and 10 sucrose (pH 7.4;
330 mOsm/L). Junction potential was calculated to be +12.3 mV and
membrane potential was corrected using this value. Based on our
preliminary data and one previous study (Alkondon et al., 2000),
30 µM nicotine was perfused to measure resting membrane potential
and frequency of action potentials.

Reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR)

RNA was isolated from rat ICG using Trizol reagent
(Thermofisher, Walham, MA, United States) following the
manufacturers protocol. Five-hundred ng of total RNA was
subsequently reverse-transcribed (RT) using the iScript Reverse
Transcription Supermix (Bio-rad laboratories, Hercules, CA,
United States). RT was performed at 42°C for 30 min.
Quantitative PCR was performed using iQ Sybr-green supermix
(Bio-rad laboratories, Hercules, CA, United States) using 1 µL of
cDNA as template. PCR reactions were cycled in the Step-one plus
real time PCR system (Applied Biosystems, Foster City, CA,
United States). PCR was performed using the following cycling
parameters: 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 15 s,
followed by 60° for 1 min. Following the end of cycling, a melting
curve analysis was performed. For quantification, each gene of
interest was normalized to the housekeeping gene specified in the
corresponding figure legend. The data were analyzed using the 2−ΔΔCt

method. All primers used for amplification are listed in
Supplementary Table 3.

Reverse Phase protein Microarray (RPPA)

Due to the limitation of small ICG samples (1–2 mg wet weight),
we could not detect the protein expression using regular Western
blot analysis and instead employed a modified RPPA as previously
described (Zhang et al., 2018). In short, ICG were rapidly removed,
flash frozen, and stored at −80°C. ICG proteins were extracted in
protein lysis buffer (10 mMTris, 1 mMEDTA, 1% SDS; pH 7.4) plus
protease inhibitor (Sigma, St. Louis, MO, United States) and
incubated on ice for 1 h. Homogenates were centrifuged at
12,000×g for 30 min at 4°C and the supernatants were harvested.
Protein concentrations were determined using bicinchoninic acid
(BCA) assay (Thermofisher, Waltham, MA, United States) and
proteins were standardized to equal concentrations. 50 nL of
each protein homogenate was loaded onto nitrocellulose-coated
glass slides using an 8-pin arrayer. Nitrocellulose slides were
subsequently blocked using Intercept blocking buffer (LI-COR,
Lincoln, NE, United States) for 1 h at room temperature while
shaking. Slides were then incubated in primary antibody
(Supplementary Table 2) overnight shaking at 4°C. Slides were
washed 3X in TBS-T for 10 min at room temperature and
incubated with appropriate fluorescence-conjugated secondary
antibodies for 1 h at room temperature. Slides were subsequently
washed 3X in TBS-T for 10 min and visualized using the LI-COR
Odyssey DLX imaging system (Li-COR, Lincoln, NE, United States).
Protein expression was quantified using ImageJ analysis software
(NIH, Bethesda, MD, United States).

Immunofluorescence

Isolated CVP neurons were plated onto slides and were
subsequently fixed with 4% paraformaldehyde in 0.1 M PBS for
10 min at 4°C, washed with PBS-T, and blocked with 10% normal
goat serum for 1 h at room temperature. CVP neurons were
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incubated with primary antibodies listed in Supplementary Table 2
overnight at 4°C. Slides were washed and subsequently incubated
with appropriate secondary antibodies for 1 h at room temperature.
CVP neurons were observed under a Leica fluorescent microscope
with appropriate excitation/emission filters (Leica Microsystems,
Buffalo Grove, IL, United States). Pictures were captured by a digital
camera system. No staining was observed when PBS was used in
place of primary antibody. Protein expression was quantified using
Adobe Photoshop (Adobe Systems).

Western blot analysis

Rat epicardial adipose pads were rapidly removed and flash
frozen until used. Rat epicardial adipose pads were homogenized in
RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 50 mM NaF, 2 mM
EDTA, 1 mM Na3VO4, 1%NP-40, 1%SDS, 1 mM PMSF)
supplemented with a protease inhibitor cocktail (Sigma, St. Louis,
MO, United States) using the bead blaster homogenization system
(Benchmark Scientific, Sayreville, NJ, United States). Homogenates
were incubated on ice for 1 h and then centrifuged (12,000×g at 4°C
for 30 min) to remove excess tissue debris. Protein concentrations
were determined using a BCA assay, and concentrations were
standardized across all samples. 50 μg of total protein was loaded
onto 13% SDS-PAGE gels and run at 100 V for 1 h at room
temperature. Proteins were subsequently transferred to PVDF
membranes via wet transfer method for 1.5 h at 100 V. PVDF
membranes were incubated in ponceau-s solution (Thermofisher,
Waltham, MA, United States) to visualize total protein content of
each sample. Membranes were washed 3X in TBS-T for 10 min at
room temperature and subsequently blocked in Intercept blocking
buffer (LI-COR, Lincoln, NE, United States) for 1 h at room
temperature. Blots were incubated in primary antibody
(Supplementary Table 2) overnight at 4°C while rotating. Blots
were subsequently washed 3X in TBS-T for 10 min at room
temperature and probed with appropriate fluorescence-
conjugated secondary antibodies for 1 h at room temperature.
Blots were washed in TBS-T 3X for 10 min and visualized using
the LI-COR Odyssey DLX imaging system (LI-COR, Lincoln, NE,
United States). Protein expression was quantified using ImageJ
analysis software (NIH, Bethesda, MA, United States).

Statistics

It has been previously reported that the pathogenesis of T2DM
in patients exhibits sexual dimorphism (Kautzky-Willer et al., 2023).
To determine if there was sex-based variation in CVP neuronal
function, we examined nAChR currents and action potential
frequency in CVP neurons of 12-week T2DM male and female
rats. No significant difference in nAChR currents or action potential
frequency in CVP neurons was observed between male and female
rats in either the sham or T2DM condition (Supplementary Figures
1A, B). As we did not find sex differences in any parameters in the
present study, we mixed sexes for statistical analyses.

Statistical analysis was performed using GraphPad Prism
software (GraphPad software inc., La Jolla, CA, United States).
All data are presented as mean ± SEM. An unpaired t-test or a

one-way ANOVAwith post hocDunnetts test was used to determine
significance. Statistical significance was accepted when P < 0.05.

Results

Induction of T2DM

A previously described (Liu et al., 2012; Hu et al., 2021) HFD
and a low-dose STZ rat model was used in this study because rats
treated for 12 weeks with HFD and one-time low-dose STZ
injection (deemed T2DM rats in this study) closely mimic the
clinical characteristics, such as reduced insulin sensitivity,
dyslipidemia, and hyperglycemia, seen in T2DM patients
(Zhang et al., 2008; Liu et al., 2012; Skovsø, 2014; Cui et al.,
2018). At 8 and 12 weeks post-T2DM induction, elevated levels of
fasting blood glucose were observed in T2DM rats as compared to
sham, indicating that HFD-STZ treatment induced a
hyperglycemic state as early as 8 weeks post-T2DM induction
(Supplementary Table 1). However, no significant difference was
found in the body weight for T2DM and sham rats at any
timepoint studied (Supplementary Table 1).

FIGURE 1
Arterial baroreflex sensitivity in sham and T2DM rats. (A, B)
Representative recordings (A) and logistic regression curves (B) for
reflex changes in heart rate (HR) in response to changes in arterial
blood pressure (ABP) in anesthetized sham and T2DM rats. (C)
Quantitative data for maximum gains of HR calculated from logistic
regression curves. Arterial blood pressure was decreased to about
50 mmHg by sodium nitroprusside (30 μg, i.v.) and then increased by
phenylephrine (10 μg, i.v.). Data are mean ± SEM, n = 8 rats in each
group. *P < 0.05 vs. sham.
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T2DM reduced baroreflex sensitivity

To explore the impact of T2DM development on cardiac
autonomic function, we examined baroreflex sensitivity.
Baroreflex sensitivity was determined by measuring changes in
HR in response to pharmacologically induced changes in ABP in
sham and 12-week T2DM rats (Figures 1A,B). 12-week T2DM rats
exhibited a significantly lower HR Gainmax (an index of baroreflex
sensitivity) as compared to sham rats (Figure 1C), indicating that
T2DM development results in diminished baroreflex sensitivity.

T2DM diminished CVP neuronal excitability

Baroreflex sensitivity is regulated atmultiple centers, including the
efferent limb that is, in part, controlled by parasympathetic activity of
the vagus nerve (Kuo et al., 2005; Dall’ago et al., 2007; Soltani et al.,
2023). Furthermore, it has been reported that the vagus nerve becomes
structurally and functionally compromised during T2DMprogression
(Guo et al., 1987; Lee et al., 2002; Dall’ago et al., 2007; Ziegler et al.,
2018; Evans and Li, 2024). To explore the effect of T2DM on cardiac
vagal activity, we assessed the impact of T2DM development on CVP
neuronal function. In CVP neurons from sham and 12-week T2DM

rats, 3 mM nicotine-induced nAChR currents were measured. A
significantly lower nAChR current density was observed in CVP
neurons from 12-week T2DM rats compared to sham rats, consistent
with previously reported results (Liu et al., 2015) (Figures 2A,B).

To assess if reduced nAChR current densities impact CVP neuronal
excitability, we recorded action potentials in isolated CVP neurons from
sham and 12-week T2DM rats and measured the frequency of action
potentials with or without nicotine treatment (30 µM). CVP neurons
from T2DM rats exhibited fewer action potentials compared to that
from sham rats (Figures 2C,D). Additionally, nicotine-increased action
potential frequency was severely blunted in T2DM CVP neurons as
compared to sham CVP neurons (Figures 2D,E). Furthermore, there is
no difference in resting membrane potentials with or without nicotine
treatment between sham and T2DM CVP neurons (Figure 2F). Taken
together, these data indicate that CVP neurons exhibited attenuated
neuronal functionality in T2DM rats.

Uncoupling protein 2 (UCP2) expression was
reduced in T2DM

Along with diminished nAChR current density, our previous
studies have reported that T2DM reduces voltage-gated calcium

FIGURE 2
nAChR currents and cell excitability in CVP neurons from sham and T2DM rats. (A, B) Original recordings (A) and mean data (B) of nicotine (3 mM,
100 m)-evoked nAChR currents. (C, D) Original recordings of the action potential (C) and frequency of action potentials (D) before and after treatment
with nicotine (30 µM) in CVP neurons. (E) Percent change of action potential frequency in response to nicotine in CVP neurons. (F) Resting membrane
potentials before and after treatment with nicotine (30 µM) in CVP neurons. Data are mean ± SEM, n = 8 neurons in each group. *P < 0.05 vs. sham;
#P < 0.05 vs. T2DM control.
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current density in CVP neurons through reducing the expression of
N-type calcium channels (Liu et al., 2012). Additionally, the
alteration in N-type calcium channel expression was revealed to

result from elevated levels of hydrogen peroxide (H2O2, a type of
reactive oxygen species (ROS)) (Liu et al., 2012; Zhang et al., 2022).
As the mitochondria is a primary source of intracellular ROS

FIGURE 3
A time course of UCP2 expression as T2DM develops. (A) Mean RT-qPCR data of UCP2 transcript expression relative to cytochrome c oxidase
subunit IV (COX IV, mitochondrial maker) transcript expression in sham, 4-week, 8-week, and 12-week post-T2DM ICG; n = 6/group. (B, C)
Representative image (B) andmean data (C) of RPPA analysis of UCP2 and COX IV protein expression in sham, 4-week, 8-week, and 12-week post-T2DM
ICG; n = 6/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. sham.

FIGURE 4
Uncoupling protein 2 (UCP2) expression in CVP neurons from sham and type 2 diabetic (T2DM) rats. (A) Representative images showing UCP2 (red
color), cytochrome c oxidase subunit IV (Cox IV, mitochondrial marker, green color), 4,6-diamidino-2-phenylidole (DAPI, cell nucleus marker, blue
color), and colocalization of UCP2 and Cox IV in mitochondria. (B) Quantitative data for protein expression of UCP2 in mitochondria. Data are mean ±
SEM; n = 20 neurons in each group. *P < 0.05 vs. sham.
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(Hernansanz-Agustín and Enríquez, 2021), we examined the impact
of T2DM on the expression of Uncoupling protein 2 (UCP2), a
member of the mitochondrial uncoupling protein family, which
exerts antioxidant properties and downregulates oxidative stress
(Jabůrek et al., 2013; Forte et al., 2021). Upon examination of
UCP2 expression as T2DM progresses, RT-qPCR and RPPA
analysis revealed that the expression of UCP2 mRNA and
protein in T2DM ICGs was attenuated as early as 4 weeks post-
T2DM induction and gradually decreased through 12-week T2DM
(Figure 3). Additionally, the data from immunofluorescence staining
also revealed that 12-week T2DM significantly lowered the levels of
UCP2 in CVP neurons as compared to sham (Figures 4A,B).

Development of leptin resistance in
T2DM ICG

Leptin resistance is a common pathology associated with T2DM
development, characterized by attenuated responses to the hormone
leptin, despite elevated leptin levels (Gruzdeva et al., 2019; Knight
et al., 2010). As leptin has previously been shown to drive
UCP2 expression (Ho et al., 2010), we examined the impact of
leptin resistance in CVP neurons. In this study, leptin resistance was
defined as exhibiting reduced levels of leptin receptor (lepR)
expression in CVP neurons despite elevated levels of leptin
protein. As our previous study reported 12-week T2DM rats
exhibit hyperleptinemia (Liu et al., 2012), we examined leptin
expression in epicardial adipose pads as T2DM developed.
Western blot analysis revealed that levels of leptin significantly

increased in the epicardial adipose pads as early as 4 weeks post-
T2DM induction and remained elevated through 12-week T2DM, as
compared to sham (Figures 5A,B). To determine if elevated leptin
levels could be a result of a T2DM induced increase in white
epicardial adipose, we visually inspected isolated rat hearts and
found that 12-week T2DM rat hearts appeared to have more white
epicardial adipose tissue as compared to sham
(Supplementary Figure 2).

As T2DM epicardial adipose pads exhibited elevated levels of
leptin, we examined lepR expression in rat ICG to determine if
T2DM ICG experience leptin resistance. RT-qPCR and RPPA
analyses showed that ICG lepR mRNA and protein levels were
reduced 4 weeks post-T2DM induction and were continually kept at
a low level through 12-week T2DM (Figures 5C–E). Additionally,
immunofluorescent data also revealed a reduced level of lepR
protein in the CVP neurons from 12 weeks post-T2DM rats
compared to sham rats (Figures 6A,B). Taken together, these
data reveal that leptin resistance develops in T2DM ICGs, which
may contribute to CVP neuronal dysfunction in T2DM.

Discussion

In the present study, we found that HFD-STZ-induced T2DM
reduced cardiac parasympathetic activity, which might be partially
attributed to functional remodeling of CVP neurons located in the
ICG. Additionally, leptin resistance possibly correlates with the
functional remodeling of CVP neurons through the alteration of
UCP2 in T2DM. These findings suggest that leptin resistance could

FIGURE 5
A time course of leptin resistance as T2DM develops. (A, B) Representative image (A) andmean data (B) of Western blot analysis of Leptin expression
and ponceau-S total protein stain (housekeeping) in epicardial adipose pads from sham, 4-week, 8-week, and 12-week post-T2DM; n = 6/group. (C)
Mean RT-qPCR data of lepR transcript expression relative to choline acetyltransferase (ChAT, cholinergic neuronal marker) transcript expression in sham,
4-week, 8-week, and 12-week post-T2DM ICG; n = 6/group. (D, E) Representative image (D) and mean data (E) of RPPA analysis of lepR and ChAT
protein expression in sham, 4-week, 8-week, and 12-week post-T2DM ICG; n = 6/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. sham.
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be a therapeutic target to improve CVP neuronal function and
cardiac vagal activity in T2DM.

T2DM rat model

T2DM is a complex disease whose development and
pathological progression is the result of synergism of many
factors including nutrition, environment, and genetics (Wu et al.,
2014). In the early stages of T2DM, patients develop insulin
resistance. To combat this, pancreatic β-islet cells secrete greater
amounts of insulin to keep homeostatic blood glucose levels
(Rachdaoui, 2020; Wondmkun, 2020). As T2DM progresses, this
compensatory release of insulin diminishes in effectiveness, leading
to reduced glucose tolerance and a hyperglycemic state (Zheng et al.,
2018). In addition to insulin resistance and hyperglycemia,
individuals with T2DM often develop other pathophysiologies,
such as dyslipidemia, hyperleptinemia, and increased visceral
adipose accumulation (Mooradian, 2009; Hulkoti et al., 2022;
Zhao and Li, 2022). The heterogeneity in the pathogenesis and
complications experienced by diabetic patients makes identifying an
experimental animal model that mimics the progression and clinical
characteristics of human T2DM a significant challenge in
studying T2DM.

Using the same rat T2DM model, in our previous study we
found that T2DM rats exhibited reduced insulin sensitivity, elevated
triglyceride levels, hyperleptinemia, increased visceral white adipose,
and diminished brown adipose (Liu et al., 2012). Similar changes in
insulin sensitivity, triglyceride levels, and blood glucose levels have

also been reported in other studies using this model (Hussein et al.,
2012; Khan et al., 2013; Cui et al., 2018). While the T2DM model
used in this study has been reported to mimic clinical T2DM
pathologies (hyperglycemia, dyslipidemia, etc.) (Srinivasan et al.,
2005; Skovsø, 2014; Liu et al., 2012), we acknowledge that the
possible effects that HFD-induced obesity or STZ treatment alone
have on CVP neuronal function and cardiac parasympathetic
activity cannot be excluded.

Baroreflex sensitivity and functional
remodeling of CVP neurons in T2DM

As cardiovascular events are the leading cause of death in T2DM
patients (Walker and Cubbon, 2015; Wong and Sattar, 2023),
understanding the progression of cardiovascular dysfunction in
T2DM is of the utmost importance in the effort to decrease
T2DM mortality. A wide array of evidence in clinical studies and
animal experiments has shown that diminished arterial baroreflex
sensitivity is a common complication in T2DM (Kim et al., 2019;
Gupta et al., 2020; Samora et al., 2023; Hamaoka et al., 2024). The
baroreflex function is regulated at multiple integrative centers
including the baroreceptors at the afferent limb, central
components, and autonomic efferent components (Suarez-Roca
et al., 2021). Dysregulation of any of these branches could
contribute to T2DM-induced cardiac autonomic dysfunction. For
example, studies report that baroreceptor neurons in the nodose
ganglia in type 1 diabetic rats exhibit altered neuronal excitability
(Tu et al., 2010; da Silva-Alves et al., 2023). It is certainly possible

FIGURE 6
Protein expression of leptin receptors (lepR) in CVP neurons from sham and type 2 diabetic (T2DM) rats. (A) representative images showing lepR (red
color), choline acetyltransferase (ChAT, a cholinergic neuronalmarker, green color), 4,6-diamidino-2-phenylidole (DAPI, cell nucleusmarker, blue color),
and colocalization of lepR and ChAT in CVP neurons. (B) quantitative data for protein expression of lepR in CVP neurons. Data are mean ± SEM; n =
20 neurons in each group. *P < 0.05 vs. sham.
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that changes in sensory afferent signaling in nodose ganglia could
contribute to the diminished baroreflex sensitivity we observed in
this study.

Autonomic efferent control of the baroreflex includes both
sympathetic components as well as parasympathetic components
(Durães Campos et al., 2018; Suarez-Roca et al., 2021). Diminished
baroreflex sensitivity could result from an increase in cardiac
sympathetic signaling to the heart, a reduced parasympathetic
signaling to the heart, or a combination of both effects (Huggett
et al., 2003; Thaung et al., 2015; Young et al., 2019). This study
focused on the impact of parasympathetic decline in baroreflex
sensitivity because the decline in parasympathetic tone predates
sympathetic overactivation in T2DM (Hadad et al., 2022;
Rasmussen et al., 2022). Parasympathetic cardiac autonomic tone
is regulated through the activity of preganglionic neurons in the
DVMN and postganglionic CVP neurons in the ICG (Durães
Campos et al., 2018). One previous study reported that isolated
parasympathetic DVMN neurons depolarize in response to leptin
(Li et al., 2007). As DVMN neurons activate CVP neurons, it is
possible that diminished preganglionic cardiac parasympathetic
neuronal activity, in response to DVMN neurons becoming
resistant to leptin, could contribute to T2DM induced cardiac
parasympathetic withdrawal. Similarly, our previous studies have
reported that T2DM CVP neurons exhibit reduced functionality
resulting in compromised cardiac parasympathetic function (Liu
et al., 2012; Liu et al., 2015; Zhang et al., 2022).

In this study, we confirm that nAChR currents are reduced in
T2DM CVP neurons and further found that the reduced nAChR
currents could contribute to the decrease in CVP neuronal
excitability, evidenced by the reduced frequency of action
potentials. These data support that T2DM-induced alterations in
baroreflex sensitivity is partially due to reduced cardiac
parasympathetic activity at the level of the ICG. Nevertheless, the
potential role of cardiac sympathetic overactivation in T2DM-
induced cardiovascular autonomic dysfunction cannot be
discounted. Previous studies have reported that T2DM patients
exhibit sympathetic hyperactivity (Huggett et al., 2003; Young
et al., 2019), which could contribute to ventricular
arrhythmogenicity (Albarado-Ibañez et al., 2013; Gardner et al.,
2016). Furthermore, one study identified increased sympathetic
nerve activity in the stellate ganglion, which regulates
sympathetic cardiac autonomic activity, of Zucker fatty acid rats
(Thaung et al., 2015). As such, the symapathovagal balance must be
considered when assessing changes in cardiac autonomic
function in T2DM.

Potential molecular mechanisms leading to
functional remodeling of CVP neurons
in T2DM

As altered CVP neuronal excitability has been reported to
contribute to cardiac vagal dysfunction and malignant ventricular
arrhythmogenesis in T2DM (Zhang et al., 2022), understanding the
molecular processes that drive CVP neuronal dysfunction is
paramount in the effort to eradicate cardiac autonomic
dysfunction in T2DM patients. Previous studies showed that
reactive oxygen species (ROS) induce deleterious functional

changes in multiple neuronal cell types in T2DM, including CVP
neurons (Zherebitskaya et al., 2009; Liu et al., 2014; Zhang et al.,
2022; Zhang et al., 2023). One previous study reported that T2DM
elevated the levels of H2O2 (a type of ROS) and reduced the
expression of the ROS scavenger catalase in CVP neurons, which
contributed to CVP neuronal dysfunction (Zhang et al., 2022).
Similarly, induction of oxidative stress in ICG neurons via H2O2

stimulation alters calcium and potassium currents and reduces
neuronal excitability (Whyte et al., 2009). Additionally,
decreasing ROS levels in CVP neurons through reestablishing
antioxidant scavengers, such as catalase and superoxide
dismutase, has been shown to improve CVP neuronal function
(Whyte et al., 2009; Zhang et al., 2022). Although the driver of ROS
accumulation in T2DM CVP neurons has not yet been elucidated,
T2DM-impaired mitochondria could be a significant source of
intracellular ROS (Kizhakekuttu et al., 2012; Fiorentino et al.,
2021; Hernansanz-Agustín and Enríquez, 2021).

Our present study explored the impact of T2DM on UCP2, a
mitochondrial ROS regulator. Normally, UCP2 functions in the
maintenance of mitochondrial membrane potential and regulates
mitochondrial oxidative stress through its activity to dissipate the
proton gradient at the inner mitochondrial membrane (Nesci and
Rubattu, 2024). Our current study demonstrated that the expression
of UCP2 protein and mRNA was reduced in CVP neurons early in
the development of T2DM in HFD-STZ T2DM rats (4 weeks post-
T2DM induction), which is consistent with a previous study that
reported reduced UCP2 expression in kidney tissue of T2DM
patients (de Souza et al., 2015). Diminished UCP2 expression has
been associated with increased cellular oxidative stress in a rat brain
microvascular endothelial cell line, a rat renal proximal tubular
endothelial cell line, and the brain tissue from a spontaneously
hypertensive rat model (Rubattu et al., 2017; Forte et al., 2021).
Upregulation of UCP2 expression by treatment of perindopril has
been shown to rescue attenuated mitochondrial membrane potential
in a rat model of diabetic retinopathy (Zheng et al., 2009).
Furthermore, re-establishment of UCP2 expression in a
UCP2 knockout mouse model decreased ROS accumulation and
NLRP3 inflammasome activation in mouse astrocytes (Du et al.,
2016). These studies, including our present and previous data
(Zhang et al., 2022; Zhang et al., 2023) make a strong argument
that restoring UCP2 expression may serve as a potential therapeutic
strategy for improving T2DM-induced CVP neuronal dysfunction.

To further explore potential mechanisms that lead to reduction
of UCP2 expression, we examined the impact of leptin resistance on
T2DM CVP neurons. Canonically, leptin binds leptin receptors
expressed on the cell surface and initiates the Janus kinase/signal
transducer and activator of transcription (JAK-STAT) pathway to
exert cellular transcriptional regulation (Procaccini et al., 2009),
though activation of other signaling molecules, such as PKC and
PKA, has also been reported (Barrenetxe et al., 2004). Previous
studies have reported that leptin/lepR signaling induced an increase
in UCP2 expression in SH-SY5Y neuronal cells and white adipose
tissue of Sprague-Dawley rats (Scarpace et al., 1998; Ho et al., 2010).
Furthermore, Lapp et al. reported that STAT3 could directly bind
the UCP2 promoter to drive UCP2 expression (Lapp et al., 2014).
These studies make a strong argument that changes in leptin/LepR
signaling, such as the development of leptin resistance, during
T2DM development may be a regulator of UCP2 expression.
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Leptin resistance often develops as a result of T2DM (Bidulescu
et al., 2020; Manglani et al., 2024; Vilariño-García et al., 2024), and
we have previously reported that T2DM rats exhibit
hyperleptinemia (Liu et al., 2012). However, leptin resistance may
not impact all tissues, but develops selectively, which is a novel
concept of selective leptin resistance (Correia et al., 2002; Mark et al.,
2002). One previous study has shown that, in agouti yellow obese
mice, leptin’s impact on renal sympathoexcitation was preserved,
despite the loss of leptin’s weight reducing actions (Correia et al.,
2002). Similarly, Munzberg et al. reported that neurons in the
arcuate nucleus, but not the ventromedial hypothalamus, or
dorsal medial hypothalamus exhibit leptin resistance in diet-
induced obese mice (Münzberg et al., 2004).

To ascertain the state of leptin resistance in T2DM ICG, we
first examined the state of leptin expression in epicardial adipose
pads and found that T2DM epicardial adipose pads express
elevated levels of leptin as early as 4 weeks post-T2DM
induction. Upon visual examination of our rat hearts, we
identified that T2DM rats appeared to have more white
epicardial adipose as compared to sham (Supplementary
Figure 2). This increase in epicardial leptin may be due to an
increase in white epicardial adipose tissue, as previous studies
have shown that white adipose tissue secretes more leptin than
brown adipose (Moinat et al., 1995; Cinti et al., 1997).
Examination of lepR expression in CVP neurons revealed
T2DM induces reduced levels of lepR as early as 4 weeks
post-T2DM induction, and levels stay diminished as T2DM
progresses. The combination of elevated leptin levels and
reduced leptin receptor expression indicates that CVP
neurons in the ICG develop leptin resistance during the early
stages of T2DM development. So far, we do not know whether
leptin resistance in CVP neurons is a form of selective leptin
resistance or if the rats experience a global leptin resistance in
this T2DM rat model, which should be clarified in future studies.
To our knowledge, we are the first to report that CVP neurons
develop leptin resistance through reductions of lepR
expression in T2DM.

As T2DM CVP neurons exhibit leptin resistance, we expect
that lepR controlled intracellular signaling will become
dysregulated in T2DM. As leptin/lepR signaling has previously
been implicated in intracellular ROS maintenance (Bilbao et al.,
2015; Frühbeck et al., 2017), and one previous study in adipose
tissues of T2DM mice reported that restoration of canonical
leptin/lepR signaling attenuated intracellular ROS accumulation
(Frühbeck et al., 2017), it is certainly possible the leptin
resistance-UCP2-ROS signaling pathway might be associated
with CVP neuronal dysfunction in T2DM. It is important to
acknowledge that leptin resistance is not the only possible
explanation for CVP neuronal dysfunction. We have
previously reported that 12-weeek T2DM rats exhibit reduced
insulin sensitivity/insulin resistance (Liu et al., 2012). It may be
that CVP neuron dysfunction is also driven by reduced insulin
responsiveness. One previous study correlated the development
of insulin resistance in human patients with diminished cardiac
vagal tone (Ziegler et al., 2018). Similarly, insulin resistance in
sensory dorsal root ganglion neurons has been shown to alter
neuronal function through dysregulated Akt activation (Grote
et al., 2013). As leptin resistance and insulin resistance occur

simultaneously in T2DM, it is also certainly possible that a
synergism of diminished leptin and insulin response leads to
reduced CVP neuronal function. We, of course, acknowledge that
our present study has not shown the direct association among
leptin resistance, UCP2, and CVP neuronal function in T2DM,
which need further studies to be definitively elucidated, such as in
vivo overexpression of lepR or UCP2 in CVP neurons.

In conclusion, the data presented here identified cardiovascular
parasympathetic dysfunction in HFD-STZ T2DM rats, which is
partially attributed to functional remodeling of CVP neurons during
T2DM development. Additionally, leptin resistance and reduced
UCP2 expression initiated in the early stage of T2DM might be
potential triggers to cause CVP neuronal dysfunction, and further
result in attenuation of cardiovascular parasympathetic activation
and cardiac arrhythmogenesis during the progression of T2DM.
These triggers should be potential therapeutic targets to improve the
prognosis of T2DM patients.
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