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Abstract

Our previous studies have shown that continuous infusion of angiotensin II (Ang II) in 
C57BL/6J mice causes dysfunction and a cachexia-like pathogenesis in both skeletal mus-
cle and the left ventricle, which is significantly reduced by withaferin A (WFA), a steroidal 
lactone. However, it remains unknown whether WFA can reverse right ventricular (RV) 
dysfunction induced by Ang II. To determine the effects of WFA in attenuating Ang II-
induced RV dysfunction, we employed a model in which continuous Ang II infusion via 
an osmotic pump in C57BL/6J mice induced cardiac remodeling. We then focused on in-
stigating RV performance and structural changes using echocardiography and histo-
pathological examination, as well as quantitative real-time PCR (qRT-PCR) for mRNA ex-
pression. Echocardiographic analysis demonstrated that Ang II significantly increased RV 
wall thickness and impaired RV systolic and diastolic function, as indicated by reductions 
in tricuspid annular plane systolic excursion, TV E/E′ ratio, RV S′, and RVOT VTI. The 
qRT-PCR analysis revealed marked upregulation of pro-fibrotic markers, including TGF-
β, fibronectin, and collagen. WFA treatment restored RV functions and significantly atten-
uated Ang II-induced RV dysfunction and fibrosis. Our findings provide the first evidence 
that WFA attenuates Ang II-induced cachexia-like remodeling and dysfunction of the RV. 
These results position WFA as a compelling therapeutic candidate for cardiac cachexia, 
offering direct anti-fibrotic and cardioprotective benefits that warrant further transla-
tional development.
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1. Introduction 
Cachexia is a multifactorial metabolic syndrome characterized by involuntary weight 

loss, progressive skeletal muscle wasting, adipose tissue depletion, and systemic inflam-
mation [1,2]. It leads to functional decline, metabolic changes, and reduced survival across 
chronic diseases, including cancer, chronic kidney disease, and heart failure [3–5]. Despite 
its clinical relevance, cachexia remains a major unmet medical need, exerting broad met-
abolic and physiological consequences across multiple organ systems [6]. These systemic 
disturbances are further supported by biomarker profiling studies that reveal widespread 
alterations in circulating metabolites [7–10]. In cancer patients, cachexia frequently ex-
tends to the myocardium, resulting in cardiac cachexia marked by myocardial atrophy, 
fibrosis, and impaired contractility. Recent studies highlight myocardial atrophy, fibrosis, 
and contractile impairment as central features of cachexia-driven cardiac remodeling 
[11,12]. This cardiac involvement is increasingly recognized as a key prognostic determi-
nant in almost all oncological populations [13,14]. However, current therapeutic strategies, 
including nutritional support and appetite stimulants, have largely failed to restore mus-
cle mass or cardiac function, thus underscoring the urgent need to target the molecular 
drivers of cachexia, particularly within the myocardium [3–5,13]. 

Angiotensin II (Ang II), a major effector of the renin–angiotensin–aldosterone system, 
plays a central role in cardiac oxidative stress, inflammation, and remodeling via atrophy 
and fibrosis, and is also implicated in skeletal muscle catabolism across multiple condi-
tions [15–17]. Ang II activates maladaptive pathways in cardiovascular tissues, including 
oxidative stress, mitochondrial disruption, inflammation, and profibrotic signaling cas-
cades [18]. Chronic Ang II exposure suppresses anabolic signaling via inhibition of the 
IGF-1/AKT/mTOR pathway, increases oxidative stress through NADPH oxidase activa-
tion, and drives transforming growth factor-β (TGF-β)/SMAD-dependent fibrosis in car-
diac and skeletal muscle [15,16,19]. Suppression of the IGF-1/AKT/mTOR signaling axis is 
a well-established mechanism underlying muscle and myocardial wasting conditions 
across chronic diseases [20]. Therapeutic approaches that enhance IGF-1 signaling or in-
hibit Ang II-mediated catabolic cascades have been shown to alleviate cachexia in multi-
ple preclinical models [21–23]. Tumor-free models that recapitulate the molecular and his-
topathological features of cancer-associated wasting are essential for isolating direct anti-
cachectic effects from tumor suppression. Continuous Ang II infusion is a well-established, 
tumor-independent model of cachexia-like cardiac remodeling, producing hallmark fea-
tures such as myocardial fibrosis, inflammation, contractile dysfunction, and diastolic im-
pairment [24,25]. Oxidative stress is a key driver of Ang II-induced remodeling in these 
models, making them well-suited for evaluating direct cardioprotective and anti-cachectic 
actions [26–28]. 

In this context, WFA, a steroidal lactone derived from Withania somnifera, has 
emerged as a potent anti-inflammatory and anti-cachectic agent [1,29–33]. WFA amelio-
rates cancer-induced skeletal muscle wasting and cardiac cachexia, likely through modu-
lation of inflammatory pathways such as NF-κB and suppression of pro-cachectic gene 
expression in skeletal and cardiac tissues [31,34,35]. Natural bioactive compounds with 
anti-inflammatory or anti-fibrotic properties, including steroidal lactones like WFA, have 
gained attention for their ability to modulate signaling pathways relevant to cachexia 
pathogenesis [36–38]. Studies in tumor-bearing models suggest that WFA exerts both anti-
tumor and anti-cachectic effects [31,35]. While left ventricular (LV) remodeling has been 
widely studied, right ventricular (RV) involvement is increasingly recognized as a critical 
determinant of clinical outcomes in heart failure and cancer cachexia. Compared with LV, 
the RV’s thinner wall and unique hemodynamic load make it particularly vulnerable to 
fibrotic stiffening, diastolic impairment, and contractile dysfunction under systemic in-
flammatory or neurohormonal stress [13,39]. In addition, emerging evidence indicates 
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that RV is more prone to oxidative stress-mediated pathogenesis than LV [40–43]. There-
fore, understanding the molecular drivers of RV remodeling in cachexia is essential for 
developing targeted cardioprotective interventions.

This study builds on our prior findings demonstrating that WFA restores LV function, 
reduces fibrosis by regulating profibrotic gene expression, and preserves myocardial ar-
chitecture in Ang II-induced cardiac cachexia [29,34]. More importantly, despite extensive 
investigation of LV remodeling, the right ventricle (RV) remains understudied, even 
though RV dysfunction independently predicts mortality, exercise intolerance, and poor 
outcomes in both heart failure and cachexia, and often responds poorly to therapies opti-
mized for LV failure [44]. The present study investigates whether WFA confers similar 
direct anti-cachectic and cardioprotective benefits to the RV. Using continuous Ang II in-
fusion in C57BL/6J mice, we assessed RV function alongside profibrotic gene expression 
(TGF-β, fibronectin, and collagen). To the best of our knowledge, this is the first investi-
gation of whether WFA can mitigate Ang II-induced RV fibrosis and dysfunction, provid-
ing mechanistic evidence for WFA’s direct protective effects against cachexia-like cardiac 
remodeling [13,16,25,31,34,35].

2. Results
2.1. WFA Restores RV Contractility and Systolic Performance

To determine if continuous infusion of Ang II induces cardiac cachexia and impairs 
RV performance, and whether WFA reverses these functional deficits, we assessed RV 
systolic indices using transthoracic echocardiography following four weeks of Ang II in-
fusion. Ang II-vehicle mice displayed significant RV systolic dysfunctions, including re-
ductions in TAPSE, RV systolic tissue Doppler velocity (S′), and RVOT VTI compared with 
saline controls (all p < 0.001). Tricuspid annular plane systolic excursion (TAPSE) reflects 
RV longitudinal systolic shortening; systolic tissue Doppler velocity (S′) represents myo-
cardial contractile velocity; and right ventricular outflow tract velocity–time integral 
(RVOT VTI) serves as an index of RV stroke distance and forward flow [45]. WFA robustly 
reversed these parameters. TAPSE (p < 0.0001) and S′ (p < 0.0001) were restored close to 
control levels, indicating recovery of RV contractility (Figure 1A, B). Likewise, RVOT VTI 
normalized with WFA treatment (p < 0.0001) (Figure 1C), demonstrating preserved for-
ward flow and ejection performance.
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Effect of WFA on the systolic function of the right ventricle (RV). Shown are RV tricuspid annular 
plane systolic excursion (TAPSE, mm) (A), RV systolic tissue Doppler velocity S′ (cm/s) (B), and RV 
outflow tract velocity–time integral (RVOT VTI, cm) (C). Data shown in the boxes is median with 
interquartile range (N = 4–6/group). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-way 
ANOVA with Tukey’s post hoc test. RV = right ventricle; TAPSE = tricuspid annular plane systolic 
excursion; RVOT = right-ventricular outflow tract. Four animals were randomly selected from sa-
line-infused groups and five to six from Ang II–infused groups for echocardiographic analysis. ns = 
non-significant.

Together, these results demonstrate that chronic Ang II infusion causes profound RV 
systolic impairment, and WFA effectively reverses these deficits. These findings comple-
ment prior reports of WFA’s protective actions in LV models, highlighting its ability to 
restore RV systolic mechanics and preserve output in cachexia-associated dysfunction.

2.2. WFA Reverses RV Structural Remodeling and Diastolic Impairment

To determine whether the systolic deficits induced by Ang II were accompanied by 
structural remodeling, we assessed indices of RV wall structure and diastolic function. 
Chronic Ang II infusion promotes profibrotic and inflammatory signaling that can lead to 
impaired relaxation and elevated filling pressures [46,47]. Consistent with this, Ang II-
vehicle mice exhibited significantly increased RV free-wall (RVFW) thickness (p < 0.001) 
and elevated tricuspid valve E/E′ (p < 0.001), indicating concentric remodeling and dias-
tolic dysfunction (Figure 2A,B). Importantly, LV mitral E/E′ did not differ among groups 
(Figure 2C), confirming that these impairments were RV-specific.

Figure 2. Effect of WFA on right ventricle (RV) remodeling and diastolic function in Ang II-infused 
mice. Shown are RV free-wall (RVFW) thickness (A), tricuspid valve E/E′ ratio (TV E/E′) (B), and 
mitral valve E/E′ ratio (MV E/E′) (C). Ang II infusion significantly increased RVFW thickness and 
TV E/E′ ratio, indicative of hypertrophy and elevated diastolic filling pressure, both of which were 
reversed by WFA. Data shown in the boxes is median with interquartile range (N = 6). * p < 0.05; ** 
p < 0.01; *** p < 0.001; **** p < 0.0001. ns = non-significant.
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WFA effectively reversed these maladaptive changes: RVFW thickness was markedly 
reduced (p < 0.0001), suggesting attenuation of remodeling, and TV E/E′ was normalized 
(p < 0.0001), indicating the improvement of RV relaxation. However, RV tissue Doppler 
E′/A′, and RV E/A ratios did not reach significance, and the LV diastolic parameters re-
mained unchanged, thus confirming the RV-specific effects.

Collectively, these findings demonstrate that Ang II-induced cachexia triggers ad-
verse RV remodeling and diastolic impairment, effects that are significantly mitigated by 
WFA. This extends findings by Vemuri et al. [29] by establishing that WFA protects RV 
structural integrity and filling function, independent of its tumor-related actions.

2.3. WFA Reverses the Cardiac Hypertrophy Induced by Ang II in the RV

The section above revealed the structural RV hypertrophy by echocardiography, 
showing WFA prevention of Ang II-increased RVFW thickness as a potential consequence 
of concentric hypertrophy; however, echocardiography alone cannot determine whether 
the wall thickening is caused by enlargement of heart muscle cells, changes in the extra-
cellular matrix, or both. Therefore, histological analysis was needed to determine whether 
the myocytes are truly hypertrophic. Histological analysis using FITC–WGA staining pro-
vided independent confirmation of RV hypertrophy (Figure 3) by evaluating the size of 
cardiomyocytes. Quantification of the cell cross-sectional area (CSA) enclosed by the 
green membrane confirmed that Ang II-infused mice exhibited significantly enlarged RV 
myocytes CSA relative to saline controls (p < 0.01). WFA treatment significantly reduced 
CSA (p < 0.01), indicating that WFA prevents or reverses Ang II-induced cardiomyocyte 
enlargement. Representative WGA-stained sections further revealed reduced myocyte di-
ameter and preserved architecture in the Ang II + WFA group compared with the Ang II 
+ vehicle group. Together, these findings demonstrate that continuous Ang II infusion 
induces profound structural remodeling and cardiomyocyte hypertrophy in the RV, lead-
ing to compromised contractility and diastolic dysfunction. WFA reverses these maladap-
tive changes, normalizing wall thickness, restoring performance, and reducing cellular 
hypertrophy.

Figure 3. WFA attenuates Ang II-induced cardiomyocyte hypertrophy in the right ventricle (RV). 
Representative images of wheat germ agglutinin (WGA-stained RV sections and quantification of 
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cardiomyocyte cross-sectional area (CSA). Cardiac tissues were stained with FITC-conjugated WGA, 
and four to five fields per tissue were analyzed. Fifteen cells per field were measured to determine 
the mean CSA. Ang II-vehicle-treated mice displayed a significant increase in CSA compared with 
saline vehicle controls. In contrast, WFA markedly reduced CSA toward control levels, indicating 
reversal of Ang II-induced hypertrophy. Data shown is mean ± SD, *p < 0.05; **p < 0.01; *** p  0.001; 
****p < 0.0001 indicates significance. Scale bar = 50 µm. ns = non-significant.

2.4. WFA Reduces the Fibrosis in Cardiac Tissue Induced by Ang II in the RV

To evaluate the effect of WFA on Ang II-induced RV fibrosis, we examined the ex-
pression of fibrosis-associated genes and histological changes in RV tissue. The qRT-PCR 
analysis revealed significant upregulation of TGF-β, α-SMA, Fibronectin, and Collagen 1a 
mRNA expression in Ang II-infused mice compared to saline controls, confirming activa-
tion of profibrotic pathways (Figure 4A–D). WFA treatment markedly attenuated expres-
sion of all four genes (p < 0.05 to p < 0.001), demonstrating that WFA effectively suppresses 
Ang II-induced fibrotic remodeling.

Figure 4. WFA attenuates Ang II-induced profibrotic gene expression in the right ventricle (RV). 
Mice were infused with Ang II or saline as described in Materials and Methods. RV tissue was ana-
lyzed for mRNA levels of (A) TGF-β, (B) α-SMA, (C) Fibronectin, and (D) Collagen 1a. Ang II 
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significantly upregulated the expression of all four genes compared to saline controls, whereas WFA 
reduced their expression. Data are mean ± SD (n = 4–6). * p < 0.05; ** p < 0.01; *** p < 0.001 indicate 
significance. ns = non-significant.

To further support the increased expression of profibrotic genes by RT-PCR assay, 
histologically, Sirius Red staining also revealed increased interstitial collagen accumula-
tion in the hearts of Ang II-vehicle mice, whereas saline controls showed minimal staining. 
This further supports the increased expression of profibrotic genes by RT-PCR assay. 
WFA treatment significantly decreased fibrotic area (p < 0.0001, Figure 5), confirming at-
tenuation of extracellular matrix expansion.

Figure 5. WFA inhibits Ang II-induced interstitial fibrosis in right ventricular tissue. Mice were in-
fused with Ang II or saline as described in Materials and Methods. RV sections were stained with 
hematoxylin and eosin (H&E) and Sirius Red to assess fibrosis. Ang II-infusion induced substantial 
collagen accumulation, which was significantly reduced by WFA treatment. Quantification of Sirius 
Red-positive area demonstrated a significant decrease in fibrosis with WFA administration. Data 
shown are mean ± SD (n = 15). *** p < 0.001, **** p < 0.0001 Ang II-infused vs. saline-infused. Magni-
fication = 40×, Scale = 50 µm. ns = non-significant.

These results demonstrate that WFA suppresses both transcriptional and structural 
markers of RV fibrosis, supporting its role as a cardioprotective anti-fibrotic therapeutic.

3. Discussion
The present study demonstrates that WFA effectively mitigates Ang II-induced RV 

remodeling and dysfunction as cachexia-like cardiac pathogenesis in a tumor-free model. 
Rather than merely summarizing functional outcomes, these findings are interpreted in 
the context of right ventricular specific susceptibility to Ang II-driven remodeling, fibro-
sis, and diastolic dysfunction, positioning WFA’s protective effects within established and 
emerging mechanistic frameworks [29]. By integrating functional, structural, and 
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molecular assessments, our findings reveal that WFA exerts direct cardioprotective effects 
on the RV, a chamber whose vulnerability to stress is increasingly recognized. Im-
portantly, this study establishes RV-specific protection by WFA, extending beyond prior 
LV-focused investigations and addressing a critical gap in cachexia-associated cardiac re-
search. These results extend our previous observations in the LV [29] and establish that 
WFA’s benefits are not confined to a single cardiac chamber, supporting its potential as a 
chamber-independent anti-cachectic agent. Chronic Ang II infusion elicited a reproduci-
ble constellation of RV abnormalities characteristic of cachexia-associated cardiac remod-
eling, including impaired systolic function (reduced TAPSE, S′, and RVOT VTI), increased 
RV free-wall thickness, and elevated filling pressures, alongside activation of profibrotic 
gene programs [15,16,25]. These alterations align with established pathological features of 
cachexia-related cardiac injury, fibrosis, hypertrophy, and diminished contractility, vali-
dating the model as suitable for evaluating direct cardiac effects of therapeutic interven-
tions independent of tumor burden. 

WFA effectively ameliorated these Ang II-induced abnormalities, and the pattern of 
recovery provides insight into its biological significance. Functionally, WFA restored RV 
systolic indices toward control values, preserving longitudinal shortening and forward 
flow, which are critical determinants of RV performance. Structurally, WFA reduced RV 
free-wall thickness and normalized cardiomyocyte cross-sectional area, demonstrating re-
versal of hypertrophic remodeling. At the molecular level, WFA downregulated key pro-
fibrotic genes TGF-β, α-SMA, fibronectin, and collagen 1α, consistent with the observed 
reduction in Sirius Red-quantified collagen deposition. These molecular changes are 
highly relevant, as TGF-β signaling drives fibroblast activation and extracellular matrix 
accumulation, α-SMA reflects myofibroblast differentiation, and fibronectin and collagen 
Iα are central mediators of myocardial stiffening and diastolic dysfunction. Importantly, 
the coordinated suppression of fibrotic gene expression suggests that WFA modulates up-
stream remodeling programs rather than acting on isolated downstream markers [48]. In 
fact, TGF-β serves as a central profibrotic cytokine that drives fibroblast activation, myo-
fibroblast differentiation, and extracellular matrix deposition in the myocardium, and α-
SMA is a hallmark of activated myofibroblasts reflecting the transition of resident fibro-
blasts into contractile, matrix-producing cells that promote tissue stiffening. Further, fi-
bronectin functions as an early provisional extracellular matrix scaffold that facilitates col-
lagen assembly and amplifies profibrotic signaling, while collagen 1α represents the prin-
cipal structural component of mature myocardial fibrosis responsible for increased ven-
tricular stiffness and impaired relaxation. The coordinated suppression of these mediators 
by WFA, therefore, indicates broad inhibition of fibroblast activation, matrix expansion, 
and maladaptive RV remodeling rather than isolated gene-specific effects. Collectively, 
these findings indicate that WFA blocks the fibrotic–hypertrophic cycle that drives RV 
stiffening and dysfunction in cachexia-like states. Although upstream signaling pathways 
were not directly interrogated, the coordinated suppression of these profibrotic markers 
is consistent with established WFA actions on inflammatory and redox-sensitive signaling 
cascades reported in prior studies [29]. Accordingly, the present study was intentionally 
designed to establish phenotypic, functional, and transcriptional endpoints that justify 
and inform future pathway-specific investigations, including targeted interrogation of in-
flammatory, redox, and profibrotic signaling cascades using molecular and genetic ap-
proaches. 

The physiological relevance of these findings is amplified by the unique properties 
of the RV. Compared with the LV, the RV is thinner-walled, more compliant, and more 
sensitive to afterload; consequently, fibrotic or hypertrophic remodeling disproportion-
ately compromises its contractile reserve. Unlike the left ventricle, the right ventricle is 
characterized by a thinner wall, lower myocardial mass, reduced coronary perfusion 
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reserve, and greater dependence on longitudinal fiber shortening for systolic function 
[49]. These structural and hemodynamic features render the RV particularly sensitive to 
increases in afterload, neurohormonal activation, and systemic inflammatory stress. Un-
der conditions of Ang II excess and cachexia-like signaling, even modest fibrotic deposi-
tion or hypertrophic remodeling can disproportionately impair RV compliance, contrac-
tile reserve, and ventricular–arterial coupling, thereby accelerating functional decline 
compared with the LV [50]. Thus, extending WFA efficacy from the LV to the RV is clini-
cally meaningful, as preservation of RV function remains a major unmet need in cachexia 
and heart failure, where RV failure frequently limits prognosis even when LV function is 
therapeutically supported. In this context, our demonstration that WFA improves RV sys-
tolic performance and reduces diastolic burden highlights its potential utility in condi-
tions where RV dysfunction contributes to clinical deterioration. These RV observations 
and previously reported LV improvements with WFA [29] further underscore the trans-
lational promise of this therapy, capable of protecting both cardiac chambers in systemic 
wasting conditions. Importantly, this study also emphasizes the broader significance of 
targeting cachexia-related cardiac remodeling. In both heart failure and cancer cachexia, 
RV dysfunction is an independent predictor of mortality and poor functional outcomes 
[13,39]. Our data provides direct evidence that WFA addresses structural and molecular 
drivers of cachexia-induced cardiac injury, particularly fibrosis and hypertrophy, which 
represent viable therapeutic targets for preserving RV function. The cardioprotective ef-
fects observed here are mechanistically aligned with prior literature implicating inflam-
mation, oxidative stress, and TGF-β-driven remodeling as central mediators of cachexia-
associated cardiac decline, supporting WFA as a promising intervention. 

This study has its limitations. First, it relies on a single Ang II-based tumor-free 
model, which may not fully capture the heterogeneity of human cardiac cachexia, partic-
ularly in tumor-bearing states or chronic disease conditions [24,25]. Additional validation 
in cancer models, alternative cachexia paradigms, and longer-term studies will be neces-
sary to define the generalizability and durability of WFA’s protective effects. Second, 
while functional, histological, and transcriptional endpoints clearly demonstrate RV pro-
tection, direct interrogation of upstream signaling pathways (e.g., NF-κB, STAT3, IGF-
1/AKT/mTOR, or redox regulators) was beyond the scope of this study. Targeted mecha-
nistic studies using pathway-specific inhibitors or genetic approaches will be essential to 
define the molecular hierarchy of WFA action in the RV. Mechanistic pathway analyses 
will also be required to evaluate dose–response relationships, long-term safety, and ther-
apeutic window [3–5,29,31,35]. From a translational perspective, several important con-
siderations must be addressed before clinical application of WFA for cardiac cachexia, 
including optimization of dosing and formulation, characterization of pharmacokinetics 
and tissue bioavailability, and evaluation of long-term safety with chronic administration. 
In addition, validation across tumor-bearing cachexia models, diverse etiologies of sys-
temic inflammation, and larger animal systems will be essential to define therapeutic ro-
bustness and clinical relevance. These considerations represent critical next steps toward 
advancing WFA from preclinical proof-of-concept to clinical translation. 

In summary, this study provides the first direct evidence that WFA counters Ang II-
induced RV remodeling by restoring systolic function, normalizing diastolic indices, re-
versing hypertrophy, and attenuating fibrosis at both tissue and molecular levels. When 
considered alongside prior LV and skeletal muscle data [29], our findings suggest that 
WFA possesses broad, chamber-independent anti-cachectic potential (Figure 6). WFA, 
therefore, emerges as a promising therapeutic candidate for both cancer-associated and 
non-tumor cachexia in which preservation of RV function is essential for improving pa-
tient outcomes. 



Int. J. Mol. Sci. 2026, 27, 1877 10 of 16

https://doi.org/10.3390/ijms27041877

Figure 6. This schematic illustrates how chronic Ang II infusion drives RV dysfunction through 
enhanced TGF-β signaling, profibrotic gene upregulation, interstitial fibrosis, hypertrophic signal-
ing, RV free-wall thickening, myocyte enlargement, diastolic stiffness, and impaired RV contractility 
(↓ TAPSE, ↓ S′, ↓ RVOT VTI). WFA ameliorates these maladaptive changes by suppressing fibrosis 
and hypertrophy and restoring both diastolic and systolic RV function. Collectively, WFA amelio-
rates Ang II-induced cardiac remodeling and improves overall RV performance. The image was 
created with the help of BioRender.com.

4. Materials and Methods
4.1. Ethical Approval

All animal experiments were conducted in strict accordance with the National Insti-
tutes of Health (NIH, Bethesda, MD, USA) guidelines for the care and use of laboratory 
animals. Experimental procedures were reviewed and approved by the University of Lou-
isville Institutional Animal Care and Use Committee (IACUC) under protocol number 
19653 before study initiation. The Ang II-induced cachexia model and RV assessments 
employed here followed standard methodologies as described previously in our pub-
lished work on cachexia, each performed under approved IACUC oversight and in full 
alignment with NIH standards. This ethical framework, encompassing murine cachexia 
models, welfare safeguards, and endpoint monitoring, is consistent with established ex-
perimental practice and our group’s priority in vivo research.

4.2. Generation of Ang II-Induced Cachectic Mouse Model

To evaluate whether the cardioprotective effects of WFA arise from direct actions on 
cardiac muscle rather than secondary anti-tumor effects, we employed a well-established, 
tumor-independent pharmacological model of cachexia using continuous Ang II infusion, 
with a dose (1000 ng/kg/min) and a four-week infusion period, which was based on our 
prior validated studies demonstrating reproducible cachexia-like cardiac remodeling, 
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including fibrosis and functional impairment, without inducing overt systemic toxicity or 
mortality [51]. Ten to 11-week-old female C57BL/6J mice (The Jackson Laboratory, Bar 
Harbor, ME, USA) were housed under standardized conditions at the University of Lou-
isville animal facility. Animals were randomly assigned to receive either Ang II or sterile 
saline via subcutaneously implanted osmotic minipumps (Alzet Model 1004, Cupertino, 
CA, USA), which delivered a constant flow of 0.1 µL/hour for four weeks. Baseline body 
weight, forelimb strength, and total grip strength were recorded before treatment initia-
tion. One week after pump implantation, each treatment group was further subdivided to 
receive intraperitoneal injections of either WFA (4 mg/kg) or vehicle control (10% DMSO, 
90% glycerol trioctanoate, Sigma Aldrich, St. Louis, MO, USA) every three days, following 
established methods [1,52]. All experimental procedures, including cardiac functional as-
sessments, were performed in duplicate, and data from both runs were pooled for statis-
tical analysis. Because this project is a continuation of our LV study, the experimental de-
sign was identical to that described in Vemuri et al. [29]. 

4.3. Echocardiography and Functional Analysis of the Right Ventricle 

Transthoracic echocardiography (Echo) was conducted to evaluate RV systolic and 
diastolic function using a high-resolution Vevo 2100 imaging system (VisualSonics Inc., 
Toronto, ON, Canada) equipped with a 40 MHz linear transducer probe. Mice were posi-
tioned supine on a heated platform maintained at 37 °C, with continuous monitoring of 
heart rate, respiratory rate, and ECG signals as previously described [39]. Anesthesia was 
induced with 3% isoflurane (1.5–2.5 L/min O2) and maintained at 1–2% throughout imag-
ing. Anesthetic depth was verified via the absence of the toe-pinch reflex. The thoracic 
region was shaved, treated with depilatory cream, cleaned, and lightly coated with Ne-
osporin ointment to prevent infection or chemical burns. A thin layer of ultrasound gel 
was applied to ensure optimal acoustic coupling without compression. Echocardio-
graphic images were acquired in parasternal long-axis, parasternal short-axis, and apical 
four-chamber views to capture RV geometry and contractile function. Emphasis was 
placed on RV wall thickness, filling dynamics, and longitudinal motion to characterize 
changes in RV compliance and systolic performance under Ang II infusion and WFA treat-
ment. 

4.4. Histological Analysis of the Right Ventricle 

Hearts were harvested and dissected into three components: LV, RV, and a reserved 
portion for biochemical analysis. Each sample was embedded in optimal cutting temper-
ature (OCT) compound (Fisher Scientific, Waltham, MA, USA) and stored at −80 °C. 
Transverse cryosections (5 µm) were prepared using an Epredia Microm HM525 cryostat 
(Cat # 95-664-1EC, Waltham, MA, USA) maintained at −20 °C, with two sections mounted 
per slide for subsequent staining [53]. Hematoxylin and Eosin (H&E) staining was per-
formed to evaluate myocardial architecture, cardiomyocyte integrity, and inflammatory 
changes. Sections were air-dried, fixed in 10% neutral formalin (Sigma-Aldrich Catt # 
HT501128, Saint Louis, MO, USA) for 10 min, rinsed in phosphate-buffered saline (PBS), 
stained in Harris hematoxylin (Sigma-Aldrich) for 5 min, differentiated in acid alcohol, 
blued in ammonia water, and counterstained with 1% Eosin Y for 2 min. Slides were de-
hydrated through graded ethanol, cleared in xylene, and mounted with Eukitt® medium 
(Sigma-Aldrich Cat # 03989, St. Louis, MO, USA). This procedure provided a baseline his-
tomorphological context for evaluation of the cardiac chambers [29,54,55]. Fibrosis was 
quantified using Sirius Red staining to assess interstitial and perivascular collagen depo-
sition. Sections were fixed in Bouin’s solution (Sigma-Aldrich) for 1 h, rinsed, and stained 
in 0.1% Sirius Red F3B (Sigma-Aldrich, Cat. # 365548) in saturated picric acid for 1 h. Slides 
were washed in acidified water (0.5% acetic acid), dehydrated, cleared in xylene, and 
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mounted with Eukitt®. Collagen appeared red against a yellow myocardial background 
under brightfield microscopy. Images were captured using a calibrated digital scanner, 
and the fibrotic area was quantified using ImageJ (NIH, Version 1.53) with standardized 
thresholding [56]. 

Cardiomyocyte morphology was evaluated via FITC-conjugated Wheat Germ Ag-
glutinin (WGA, Sigma Aldrich, St. Louis, MO, USA) staining to delineate sarcolemmal 
borders and determine cross-sectional area (CSA) [57]. Air-dried RV sections were incu-
bated with FITC-WGA (Sigma-Aldrich, Cat. # L4895; 50 µg/mL in PBS) for 45 min in the 
dark, then mounted using ProLong™ Diamond Antifade Mountant (Thermo Fisher Sci-
entific, Cat. # P36961, Waltham, MA, USA). Images were acquired using a Nikon Eclipse 
Ti confocal microscope. For each section, 5–7 random fields were analyzed, and 15 cells in 
each field were quantified using ImageJ to calculate mean CSA, assessing myocyte hyper-
trophy or atrophy [54,58]. Together, these histological and morphometric analyses pro-
vided a detailed evaluation of RV remodeling, encompassing chamber morphology and 
cellular structure. 

4.5. Total RNA Extraction and Quantitative Real-Time PCR 

Total RNA was isolated from RV tissue using the RNeasy Fibrous Tissue Mini Kit 
(Qiagen, Cat. # 74704, Germantown, MD, USA) according to the manufacturer’s instruc-
tions. Approximately 25–30 mg of tissue was homogenized in lysis buffer, and RNA was 
purified via silica-membrane spin columns. RNA concentration and purity were deter-
mined using a NanoDrop spectrophotometer. Complementary DNA (cDNA) was synthe-
sized from 1 µg RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Cat. # 170-8891). 
Quantitative real-time PCR (qRT-PCR) was performed on a Bio-Rad CFX-Connect system 
using SYBR Green Master Mix and gene-specific primers (Table 1). Reactions were per-
formed in triplicate, and melt-curve analysis verified amplification specificity. Beta-actin 
served as the reference gene (internal control), following previously established protocols 
[34,35]. Relative expression for each gene was calculated using the ΔΔCt method with 
efficiency correction [44,59]. 

Table 1. The sequence of the primers used. 

Gene Forward Reverse 
β-Actin 5′-CAGGCATTGCTGACAGGA TG-3′ 5′-TGCTGATCCACATCTGCT GG-3′ 
TGF-β 5′-CTCCCGTGGCTTCTAGTGC-3′ 5′-GCCTTAGTTTGGACAGGATCTG-3′ 
α-SMA 5′-GTCCCAGACATCAGGGAGTAA-3′ 5′-TCGGATACTTCAGCGTCAGGA-3′ 

Fibronectin 5′-GATGTCCGAACAGCTATTTACCA-3′ 5′-CCTTGCGACTTCAGCCACT-3′ 
Collagen-Ia 5′-GAGCGGAGAGTACTGGATCG-3′ 5′-TACTCGAACGGGAATCCATC-3′ 

4.6. Statistical Analysis 

All analyses were conducted using GraphPad Prism version 10.0.2 (La Jolla, CA, 
USA). Differences among experimental groups were assessed using two-way analysis of 
variance (ANOVA) followed by Tukey’s multiple-comparison post hoc test. Statistical sig-
nificance was accepted at p < 0.05 unless otherwise stated. The data are presented as mean 
± SD with individual data points displayed for each group. Significance is denoted by 
asterisks corresponding to p-value thresholds, consistent with our previous reporting 
methods [34,35]. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

Ang II Angiotensin II 
AT1R Angiotensin II Type 1 Receptor 
CSA Cross-Sectional Area 
ECM Extracellular Matrix 
FITC Fluorescein Isothiocyanate 
LV: Left Ventricle 
NF-κB Nuclear Factor Kappa B 
Nrf2 Nuclear Factor Erythroid 2–Related Factor 2 
qRT-PCR Quantitative Real-Time Polymerase Chain Reaction 
RV Right Ventricle 
RVFW Right Ventricular Free Wall 
RVOT Right Ventricular Outflow Tract 
S′ Systolic Tissue Doppler Velocity 
TAPSE Tricuspid Annular Plane Systolic Excursion 
TGF-β Transforming Growth Factor Beta 
TV Tricuspid Valve 
VTI Velocity Time Integral 
WFA Withaferin A 
WGA Wheat Germ Agglutinin 
α-SMA Alpha-Smooth Muscle Actin 
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