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and neurohormonal mechanisms; a contribution of altered venous hemody-

namics remains plausible but unproven. Altered venous capacitance and filling
pressures suggest a potential contribution of venous hemodynamics to cardi-
orenal cross-talk, although renal venous hypertension and chronic renal con-
gestion remain unproven in SHR. Despite these mechanistic insights, signifi-
cant translational barriers persist, notably the “metabolic gap”, the phenotypic
and genetic variability of SHR/Wistar-Kyoto (WKY) substrains, and the con-
founding impact of environmental variables such as the gut microbiome. To
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bridge these gaps, future research should integrate high-resolution phenotyp-
ing, including single-cell and spatial transcriptomics, proteomics, metabolom-
ics, and targeted interrogation of emerging pathways, to define cell-specific
pathogenic mechanisms. Ultimately, the SHR should be recognized not as a
universal surrogate for human hypertension, but as a precision mechanistic
model whose value depends on the biological question under investigation.
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1. Introduction

Translational research in arterial hypertension and cardiorenal syndrome continues
to face considerable challenges, regarding the predictive capability of experimental
models to reproduce the complexity of human disease. Despite the development of
multiple surgical, pharmacological, and diet-induced models, the spontaneously hy-
pertensive rat (SHR), developed more than six decades ago, remains one of the most
extensively referenced models for studying the mechanisms of primary hyperten-
sion and target organ damage [1] [2]. Its continued relevance is due not merely to a
consequence of historical precedent, but also to the key conceptual advantage: SHR
allows to study the interaction between genetic, hemodynamic, and neurohormonal
determinants involved in primary hypertension, without the influence of secondary
factors introduced by experimentally induced models (i.e, high salt ingestion), or
associated comorbidities. In SHR, the progressive increase in blood pressure and the
subsequent cardiovascular and renal remodeling emerge spontaneously, reproduc-
ing key components of the progression of human hypertension [3].

However, this mechanistic simplification represents a limitation for transla-
tional interpretation. In human populations, hypertension frequently coexists
with individual metabolic abnormalities, including obesity, dyslipidemia, insulin
resistance, and impaired glucose regulation, while a subset of hypertensive pa-
tients fulfills formal diagnostic criteria for metabolic syndrome [4] [5]. These met-
abolic abnormalities may modify the pathophysiological context of hypertension
through additional inflammatory, neurohormonal, and metabolic mechanisms
[6] [7]. In contrast, the SHR predominantly exhibits alean phenotype and remains
largely normoglycemic during much of its lifespan [2]. This phenotypic discrep-
ancy generates a scientific paradox: the model permits precise dissection of mech-
anisms related to pressure overload and neurohormonal activation, but it does not
reproduce the metabolic complexity present in many hypertensive clinical popu-
lations (Figure 1). The aim of this work is to critically analyze the strengths, lim-
itations, and utility of the SHR as a model of cardiorenal investigation, rather than

to provide an exhaustive description of the SHR phenotype.
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Figure 1. The SHR Paradox in the Era of Cardiometabolic Hypertension. The spontaneously hypertensive rat
(SHR) excels at dissecting mechanisms of pressure overload and neurohormonal activation (Left Panel). How-

ever, its lean and largely normoglycemic phenotype contrasts with hypertensive populations in which obesity,
dyslipidemia, insulin resistance, impaired glucose regulation, or formal metabolic syndrome frequently coexist
(Right Panel). This phenotypic discrepancy creates a translational metabolic gap that must be considered when

extrapolating findings (Center). Source: Elaborated with https://www.lovart.ai.

The central questions are: what cardiorenal pathophysiological mechanisms
can be inferred from the SHR model? And to what extent does the absence of
metabolic alterations affect the translational interpretation of these findings? To
approach these questions is useful to consider the damage to the target organ, as
a process that goes beyond the isolated effect of blood pressure, and incorporates
the transition from initial adaptive responses through maladaptive status, medi-

ated by molecular network responses.

2. Characterizing the SHR Model

From the Hypertensive Phenotype to Cardiorenal Adaptation
The spontaneously hypertensive rat (SHR) phenotype is not only defined by the
increase in systemic blood pressure, but also by a substantial reprogramming of
the cardiovascular and renal control systems. One of the earliest pathophysiolog-
ical events in this model is sympathetic hyperactivity, a key component. This al-
teration appears before the established hypertension is manifested, which has led
to the proposal that it actively participates at the beginning of the hypertensive
phenotype, and not only represents a secondary response to the hemodynamic
alterations associated to the disease [8].

Increased sympathetic tone not only augments ventricular afterload, but also
directly affects the kidneys through renal sympathetic nerve activity, thereby mod-
ifying pressure-natriuresis and favoring sodium retention [6] [8]. This sympa-
thetic activation intersects with the renin-angiotensin-aldosterone system (RAAS);

however, SHR studies indicate that circulating and tissue RAAS components
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should not be considered equivalent. Plasma renin activity may be normal or re-
duced after hypertension is established, whereas renal and extra-renal RAAS com-
ponents show age- and tissue-dependent regulation [9] [10]. Thus, rather than a
uniform systemic RAAS activation, the SHR displays a compartmentalized and
stage-dependent RAAS phenotype.

SHR-specific studies support tissue-specific RAAS regulation. In the heart,
ACE inhibition reduced left ventricular hypertrophy together with cardiac tissue
angiotensin II content, despite the absence of parallel reductions in circulating
angiotensin II [11]. In the kidney, angiotensin II and its response to ACE inhibi-
tion differ between renal tissue and plasma, supporting partial independence of
tissue and circulating RAAS [10]. Therefore, rather than assuming uniformly in-
creased local angiotensin II signaling across organs and ages, the available evi-
dence supports dysregulated, tissue- and stage-dependent RAAS signaling that
may contribute to cardiac, vascular, and renal remodeling.

Facing this sustained neurohormonal and hemodynamic load, the heart and the
kidneys deploy initial adaptive responses. The myocardium develops concentric
left ventricular hypertrophy, a mechanism intended to normalize the wall stress
due to the afterload increase [12]. Facing this sustained neurohormonal and he-
modynamic load, the heart and kidneys exhibit age-dependent responses. The
myocardium develops concentric left ventricular hypertrophy, an initially com-
pensatory mechanism that reduces wall stress in response to increased afterload
[12]. In contrast, young adult SHR generally maintain relatively preserved renal
function and exhibit limited hypertensive renal injury despite elevated systemic
blood pressure. With aging, glomerular capillary pressure increases and precedes
proteinuria and structural injury, after which progressive glomerulosclerosis and
tubulointerstitial damage may emerge [13]. Thus, renal injury in the SHR should
be interpreted as an age- and context-dependent process rather than as an inevi-
table early consequence of hypertension. The relative contribution of these mech-
anisms changes along the model evolution: in the pre-hypertensive steps the com-
pensatory responses predominate, while in the established hypertension there is a
progressive increase in the influence of maladaptive mechanisms.

As hemodynamic and neurohormonal stress persists, initially adaptive re-
sponses may progressively become maladaptive and become associated with
structural remodeling, functional impairment, and target-organ injury. In SHR,
RAAS/AT1R-related signaling has been associated with oxidative stress and in-
flammatory pathways. ACE inhibition reduces cardiac tissue angiotensin II and
left ventricular hypertrophy and modifies renal tissue angiotensin profile [10]
[11]. whereas selective aip-adrenoceptor blockade with BMY 7378 reverses estab-
lished cardiac hypertrophy [14]. These findings support contri an association be-
tween neurohormonal pathways to target-organ remodeling but do not establish
a single causal sequence across organs and disease stages. Podocyte injury and
associated filtration-barrier alterations, endothelial dysfunction, and progressive
fibrosis have also been reported in SHR [15].
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3. Cardiorenal Network in SHR

Integrating the Oxidative Stress, Inflammation and Fibrosis
Progression from early hemodynamic adaptation to structural injury in SHR does
not follow a single predictable linear sequence. Instead, available evidence sup-
ports an interacting network in which mechanical overload, tissue-specific RAAS
dysregulation, mitochondrial remodeling, oxidative stress, inflammation, and fi-
brosis coexist and may reinforce one another (Figure 2). Although experimental
studies support links among these processes, their temporal and causal hierarchy
has not been established uniformly across organs, ages, or SHR substrains. Ac-
cordingly, this framework is best interpreted as a network of associated and po-

tentially reciprocal mechanisms rather than as a fixed causal cascade.
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Figure 2. The Cardiorenal Network in SHR: Integration of Oxidative Stress, Inflammation, and Fibrosis. The progression from
adaptive to maladaptive cardiorenal injury in SHR is represented as an interacting, non-linear network rather than a fixed causal
cascade. Phase 1 (Early Adaptation): sympathetic hyperactivity and tissue-specific RAAS dysregulation are associated with concen-
tric hypertrophy and glomerular hyperfiltration. Phase 2 (Interacting Molecular Network): mitochondrial remodeling, NADPH
oxidases, oxidative stress, NRF2/KEAP1, NF-«B, and NLRP3 are interconnected, with directionality varying by tissue and disease
stage. Phase 3 (Maladaptation): persistent inflammatory and profibrotic signaling is associated with cardiac and renal fibrosis. A
direct role for chronic renal venous congestion as a spontaneous driver of SHR renal injury remains unproven. Source: Elaborated
with https://www.lovart.ai.
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The intersection of hemodynamic load and angiotensin/AT1R signaling has
been associated with NADPH oxidase-derived ROS in hypertension [16] [17];
however, SHR-specific mitochondrial findings are heterogeneous and depend on
organ, age, and disease stage. In compensatorily hypertrophied SHR myocardium,
mitochondrial complex I/II activity and SirT1/AMPK-PGC-1alpha signaling were
reduced and Drpl/OPAI remodeling was altered [18]. A separate SHR study re-
ported reduced baseline MFN2 and OPA1 expression in the heart, and an im-
paired mitochondrial adaptive response to exercise [19]. Conversely, kidneys of
young prehypertensive SHR can exhibit increased PGC-1lalpha, mitochondrial
transcription factors, and OXPHOS proteins, suggesting an early compensatory
response to increased energetic demand [20], whereas established hypertension
has been associated with impaired renal mitochondrial oxidative phosphorylation
[21]. Therefore, mitochondrial alterations in SHR should not be interpreted as a
uniform downstream consequence of NOX-derived ROS; rather, they appear to
represent tissue- and stage-dependent remodeling that may interact bidirection-
ally with redox imbalance.

NRF2/KEAPI constitutes a central antioxidant regulatory system. In SHR, re-
nal NRF2-related defenses are altered, but their direction and magnitude depend
on age, tissue, and intervention. Javkhedkar et al reported impaired renal Nrf2
signaling and reduced downstream antioxidant defenses in SHR, whereas resvera-
trol restored Nrf2 activity and attenuated renal oxidative and inflammatory injury
[22]. More recently, celastrol treatment in SHR was associated with activation of
the Nrf2/HO-1 pathway, reduction of oxidative stress, and improvement of renal
injury [23]. These intervention studies support a role for NRF2-related antioxi-
dant defenses in SHR renal injury; however, they do not establish a universal pro-
gressive “exhaustion” of antioxidant capacity throughout the lifespan.

The resulting redox imbalance may favor persistent inflammatory responses.
NF-«B activation and inflammatory cytokines have been associated with hyper-
tensive tissue injury [24] [25]. Importantly, NLRP3 inflammasome activation has
been demonstrated directly in SHR kidney: Chen et al. reported increased renal
cortical NLRP3 activity and mature IL-14, whereas BCL6 overexpression reduced
NLRP3 expression, renal inflammation, and blood pressure [26]. NLRP3-related
signaling has also been implicated in cardiac remodeling in SHR intervention
studies [27]. These findings support an association between inflammasome activ-
ity and hypertensive tissue injury in SHR; however, the sequence linking mito-
chondrial ROS, NLRP3 activation, immune-cell recruitment, and subsequent fi-
brosis should not be presented as uniformly causal without longitudinal or inter-
vention evidence for each step.

TGF-p/SMAD signaling is a well-established profibrotic pathway [28] [29]. In
SHR, cardiac and renal fibrosis coexist with oxidative and inflammatory abnor-
malities, and interventions targeting neurohormonal, inflammatory, or redox
pathways can attenuate fibrotic and injury markers [15] [30]. These data are con-

sistent with cross-regulation among oxidative, inflammatory, and profibrotic
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pathways, but ROS and cytokines should be regarded as potential contributors,
rather than as components of an obligatory linear sequence. In the heart, intersti-
tial and perivascular fibrosis are associated with myocardial stiffening and im-
paired relaxation, whereas renal tubulointerstitial fibrosis is associated with mi-
crovascular rarefaction and hypoxic stress. The coexistence of cardiac and renal
remodeling provides a biological basis for parallel organ injury; however, it does
not by itself demonstrate direct bidirectional heart-kidney signaling.

Renal interstitial fibrosis and tubular hypoxia may stimulate local profibrotic
and vasoactive mediators, including endothelin-1 and TGF-£, and may therefore
participate in systemic humoral and neurohormonal interactions [31] [32]. SHR-
specific evidence also demonstrates abnormalities of the venous circulation.
Emans et al. reported increased mean circulatory filling pressure, enhanced sym-
pathetic venoconstrictor activity, and reduced mesenteric venous capacitance in
conscious hypertensive rats [33]. Longitudinal studies in SHR have also identified
an age-dependent stage characterized by increased left ventricular end-diastolic
pressure, while ejection fraction remains preserved [34]. Together, these findings
provide a physiological basis for considering altered venous hemodynamics as a
potential contributor to cardiorenal interaction. However, sustained renal venous
hypertension and chronic renal congestion have not been directly demonstrated

as spontaneous drivers of renal injury in untreated SHR.

4. From the Classic Cardiorenal Syndrome to Parallel
Cardiorenal Injury in the SHR: Potential Contribution of
Altered Venous Hemodynamics

The integration of neurohormonal, redox, inflammatory, and fibrotic abnormali-
ties prompts reconsideration of how cardiorenal injury should be interpreted in
SHR. In clinical settings, type 1 cardiorenal syndrome is characterized by an acute
worsening of cardiac function that promotes acute kidney injury. Its pathophysi-
ology is multifactorial and may involve impaired forward flow, elevated venous
pressures, neurohormonal activation, endothelial dysfunction, and inflammation
[31] [32]. This acute clinical syndrome does not reproduce the gradual natural
history of untreated SHR, in which cardiac and renal abnormalities develop pro-
gressively under sustained hypertension and shared neurohormonal stress. Recent
SHR studies document concurrent cardiac and renal injury and fibrosis [30].
Moreover, experimentally superimposed myocardial infarction-induced heart
failure in SHR aggravates renal injury, demonstrating that cardiorenal interaction
can occur in this model under additional cardiac stress [35]. However, that in-
duced model should not be taken as evidence that the same heart-to-kidney path-
way is the dominant mechanism in untreated SHR. Moreover, experimentally su-
perimposed myocardial infarction-induced heart failure in SHR aggravates renal
injury, demonstrating that cardiorenal interaction can occur in this model under
additional cardiac stress [35]. However, that induced model should not be taken
as evidence that the same heart-to-kidney pathway is the dominant mechanism in
untreated SHR.
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During aging, SHR develop progressive left ventricular hypertrophy, fibrosis,
and abnormalities of diastolic function. In a longitudinal study, Fu et a/ identified
a stage in which left ventricular end-diastolic pressure was elevated while ejection
fraction remained preserved, preceding overt systolic dysfunction [34]. SHR-spe-
cific studies also demonstrate altered systemic venous physiology; Emans et al
reported increased mean circulatory filling pressure and reduced mesenteric ve-
nous capacitance associated with enhanced sympathetic venoconstrictor activity
[33]. These observations establish abnormalities of cardiac filling pressure and ve-
nous capacitance in spontaneous hypertension, but they do not directly demon-
strate sustained elevation of renal venous pressure. Evidence from heart-failure
studies ans experimental models outside the untreated SHR indicates that in-
creased renal venous pressure can reduce renal plasma flow and glomerular filtra-
tion rate [32] [36]; therefore, extrapolation of this pathway to spontaneous SHR
cardiorenal injury should remain explicitly hypothetical.

Simultaneously, SHR kidneys develop injury through mechanisms directly doc-
umented in the model, including intraglomerular hypertension, altered renal vas-
cular resistance, tissue-specific RAAS signaling, oxidative stress, inflammation,
and progressive fibrosis. Thus, cardiac and renal injury in SHR need not be inter-
preted as a unidirectional sequence; both organs undergo progressive remodeling
under shared hemodynamic and neurohormonal stressors. The combination of
increased cardiac filling pressures and altered systemic venous capacitance, raises
the possibility that backward venous pressure transmission could additionally in-
fluence renal hemodynamics, but this has not been directly established in un-
treated SHR. Longitudinal studies simultaneously measuring cardiac filling pres-
sures, central and renal venous pressures, renal perfusion, and structural markers
of renal congestion will be required to test this hypothesis. From this perspective,
the SHR is best viewed as a model of parallel and progressive cardiorenal injury
in which a contribution of altered venous hemodynamics remains plausible but

unproven (Figure 3).

5. Biological and Methodological Limitations of the SHR
Model

The utility of the SHR model for cardiorenal research must be interpreted within
its biological and methodological limits. The model enables detailed analysis of
hemodynamic and neurohormonal mechanisms, but its predictive value depends
on both phenotypic differences from human disease and experimental implemen-
tation [2]. These limitations can be divided into external-validity challenges, re-
lated to the clinical contexts that the model does or does not reproduce, and in-
ternal-validity challenges, related to standardization and experimental control.
Importantly, the timing and magnitude of blood-pressure elevation, metabolic
phenotype, and target-organ injury in SHR vary with substrain and colony source,
sex, diet, housing conditions, and the method used to measure blood pressure;
these variables should therefore be considered part of the phenotype rather than
incidental methodological details [2] [37] [38].

DOI: 10.4236/jbm.2026.149028

460 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149028

M. F. Ifiigo-Pio et al.

Classic Type 1 CRS Parallel Cardiorenal Injury in SHR
Dilated Heart Concentric LV Hypertrophy
Reduced Ejection Fraction Preserved Ejection Fraction )
(Poor Pump Function) (Preserved Pump Function) Progressive
Hypoperfused Kidney Renal Injury
(Ischemic Injury) ALTERED VENOUS

EEMODYNAMICS?

LOW CARDIAC
OUTPUT

ﬁ

LPmpuscd pathway-requires direct validation in SHR

CARDIORENAL
CROSS-TALK
* Neurohormonal
* Inflammatory
* Fibrotic

KEY FEATURES KEY FEATURES o ‘
@ Preserved cardiac output (ejection fraction)

@ Low cardiac output

4= Altered venous hemodynamics (proposed
==p Unidirectional forward flow reduced Y (prop )

] 4= Bidirectional cardiorenal cross-talk
\\/ | Renal hypoperfusion and ischemic injury @ Progressive renal injury

4

Figure 3. Reconceptualizing Cardiorenal Injury in SHR: Established Features and a Proposed Venous-Hemodynamic Pathway.
Panel A: Classic Type 1 cardiorenal syndrome involves an acute cardiac event with reduced cardiac output and renal hypoperfusion.
Panel B: In SHR, cardiac and renal remodeling develop progressively under sustained hypertension and neurohormonal stress. SHR-
specific studies demonstrate left ventricular hypertrophy, age-dependent elevations in filling pressure, and altered systemic venous
capacitance. These findings raise the hypothesis that altered venous hemodynamics may contribute to heart-kidney cross-talk; how-
ever, sustained renal venous hypertension and chronic renal congestion have not been directly demonstrated as spontaneous drivers
of renal injury in untreated SHR. The venous pathway shown is therefore a testable hypothesis rather than an established character-
istic of the model. Source: Elaborated with https://www.lovart.ai.

5.1. The Metabolic Gap

In clinical practice, hypertension frequently coexists with metabolic abnormali-
ties, such as central obesity, dyslipidemia, insulin resistance, and impaired glucose
regulation. Importantly, the presence of one or more of these abnormalities
should be distinguished from the formal diagnosis of metabolic syndrome, which
requires a defined combination of metabolic risk factors. The prevalence of met-
abolic syndrome among individuals with hypertension varies with population
characteristics, diagnostic criteria, age, and hypertension severity. In the GOOD
observational survey, which included 3370 adult hypertensive outpatients from
305 sites across 12 European countries, approximately 58% fulfilled criteria for
metabolic syndrome [4]. In a separate Brazilian cohort of 236 hypertensive pa-
tients, metabolic syndrome was reported in 66% overall, including 73% of patients
with resistant hypertension and 60% of those with mild-to-moderate hyperten-
sion [5]. These findings demonstrate that metabolic syndrome and its individual
components are highly prevalent in selected hypertensive populations, but they
should not be interpreted as evidence that all, or necessarily most, individuals with

hypertension have a uniform cardiometabolic phenotype. The coexistence of met-
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abolic abnormalities is pathophysiologically relevant because obesity, insulin re-
sistance, dyslipidemia, and related disturbances can introduce additional inflam-
matory, neurohormonal, and metabolic mechanisms [6] [7]. In contrast, the clas-
sic SHR predominantly exhibits a lean phenotype and remains largely normogly-
cemic during much of its lifespan [2]. Therefore, the principal translational limi-
tation is not failure to reproduce a universal hypertensive phenotype, but failure
to incorporate the metabolic comorbidities present in important subsets of pa-
tients with hypertension.

Therapeutic responses observed in SHR should therefore be extrapolated cau-
tiously to metabolically complex settings. Interventions that modify oxidative
stress or neurohormonal pathways in the lean SHR may behave differently in
models in which obesity, insulin resistance, dyslipidemia, inflammation, and lipo-
toxicity coexist [7] [12]. The SHR is consequently best regarded as a mechanistic
model of genetic hypertension, rather than as a comprehensive representation of
the full phenotypic heterogeneity of contemporary hypertensive populations [2]
[39]-[42].

5.2. Internal Validation and Reproducibility: Challenges Related
to Controls and Environmental Factors

WKY rats have historically been used as the normotensive reference strain for
SHR because of their shared Wistar ancestry; however, substantial genetic and
phenotypic divergence exists among WKY substrains from different sources [1]
[3] [37]. Importantly, genetic divergence is not restricted to WKY controls: SHR
substrains and lines from different breeders can also differ genetically and pheno-
typically [37]. Consequently, the designation “SHR” or “WKY” alone does not
fully specify the experimental genotype, and provenance should be reported when
interpreting or comparing results.

Differences among SHR and WKY substrains can alter the magnitude of ob-
served strain contrasts and contribute to experimental heterogeneity [2] [37]. In-
terpretation should therefore recognize that part of the variability among studies
may reflect differences in colony origin, substrain, or baseline phenotype, rather
than hypertension per se. For reproducibility, studies should explicitly report the
SHR and control substrain, breeder or colony source, sex, age, diet, and baseline
blood-pressure characteristics [2] [37].

Beyond strain genetics, environmental and methodological variables also influ-
ence the SHR phenotype. Food composition, sodium intake, housing conditions,
ambient temperature, enrichment, and microbiota can modify blood pressure and
target-organ phenotypes [2] [43] [44]. Blood-pressure estimates can also vary ac-
cording to measurement method and experimental conditions; SHR studies com-
paring noninvasive tail-cuff measurements with direct arterial recording have re-
ported method-dependent differences, and wide limits of agreement [38]. Micro-
biome-related variability is increasingly supported by SHR-specific evidence: al-

tered intestinal IgA responses and distinct IgA-coated microbial communities
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have been reported in SHR [45] [46], while irbesartan-induced microbiota changes,
and fecal microbiota transfer experiments indicate that microbial composition
can modify blood pressure and host phenotypes in SHR [47]. Therefore, detailed
standardization and reporting of these variables are essential for internal validity

and reproducibility.

5.3. Biological Variables: Sex and Age
5.3.1. Sex as a Biological Variable: Sex-Dependent Hypertension and
Target-Organ Injury

The predominance of male animals in the SHR literature limits generalizability to
females. Direct SHR studies consistently show sex differences in blood-pressure
regulation, with young adult males generally exhibiting higher arterial pressure
than age-matched females [48] [49]. However, the hormonal basis of this differ-
ence is complex and should not be reduced to a simple model of estrogenic pro-
tection. Studies in SHR support important contributions from androgens and the
renin-angiotensin system to the higher pressure observed in males [48]. Ovariec-
tomy should therefore be described as an experimental model of ovarian-hor-
mone/estrogen depletion, and not as biologically equivalent to natural meno-
pause. Sex effects also vary with age, organ, and experimental context. Taken to-
gether, SHR studies support inclusion of both sexes and sex-stratified analyses

whenever the research question permits.

5.3.2. The Age Factor: Hypertensive Steps and Senescence

Age is a major determinant of the SHR phenotype because blood pressure and
target-organ remodeling develop progressively. Age ranges such as approximately
4 - 6 weeks for a prehypertensive/early phase, 6 - 12 weeks for evolving hyperten-
sion, and >12 weeks for established hypertension are commonly used experi-
mental conventions, but they should not be regarded as universal biological
thresholds [2]. The timing and magnitude of hypertension depend on substrain,
sex, diet, colony conditions, and blood-pressure measurement method [2] [37]
[38]. Similarly, changes observed in very old SHR reflect both, long-standing hy-
pertension and aging itself. Thus, chronological age should be reported and inter-
preted together with the actual blood-pressure phenotype and organ-specific

functional status, rather than used as a surrogate for disease stage.

5.4. Integration of Limitations in Translational Interpretation

The apparent paradox of the SHR is that one of its major strengths is also a trans-
lational limitation: relative absence of major metabolic comorbidities facilitates
mechanistic study of pressure overload and neurohormonal regulation, but only
partially represents hypertensive populations in which obesity, insulin resistance,
dyslipidemia, or formal metabolic syndrome coexist [2]. The SHR should there-
fore not be considered a universal model of hypertension. Its value is greatest as a
mechanistic model whose findings can be integrated with metabolically more

complex models [39] [40]. Interpretation also requires explicit consideration of
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substrain, sex, age, diet, environmental conditions, and blood-pressure measure-
ment methods, because these factors influence the phenotype and can affect re-
producibility [2] [37]. Accordingly, Table 1 summarizes the suitability of the SHR
for different research questions, highlighting both its major mechanistic strengths
and the experimental or clinical contexts in which complementary models may be

required.

Table 1. Suitability of SHR model according to the research question.

Scientific question Usefulness Justification
Cardiac remodeling due to /Y Spontaneous polygenic model that shows concentric hypertrophy and
es
pressure overload myocardial fibrosis [12].
. . SHR-specific studies demonstrate tissue- and stage-dependent RAAS
Tissue-specific RAAS . T . . .
lati v Yes regulation and partial dissociation between circulating and renal/cardiac
regulation
J angiotensin profiles [10] [11].
Cqa SHR hearts and kidneys show tissue- and stage-dependent
Oxidative stress and . . . . e .
. . . v Suitable mitochondrial remodeling and redox abnormalities, including changes
mitochondrial dysfunction . . o .
in PGC-1alpha/dynamics and oxidative phosphorylation [18] [20] [21].
Cardiac and renal fibrosis are documented in SHR and can coexist with
Cardiorenal fibrosis v Yes inflammatory/redox abnormalities; their temporal and causal sequence
varies by tissue and disease stage [15] [30].
Limited/requires The classic SHR is generally lean; consider an obese hypertensive strain

Hypertension + obesity

Hypertension + type 2
diabetes

Metabolic syndrome full

complementary model  such as SHROB or SHR/NDmcr-cp [2].

The classic SHR does not spontaneously develop overt type 2 diabetes; a
X No ) oL : .
combined hypertensive-diabetic model is required [2].

The classic SHR does not reproduce the full metabolic syndrome;
consider an obese hypertensive model such as SHR/NDmcr-cp or
X No SHROB [2] Corosolic acid prevents oxidative stress, inflammation and
hypertension in SHR/NDmcr-cp rats, a model of metabolic syndrome
[50].

6. Perspectives: Precision Phenotyping and Emergent
Therapeutic Targets

Conventional molecular tools, such as directed qPCR and western blot of com-
plete tissues, allowed to characterize the redox, inflammatory and fibrotic altera-
tions in the SHR; however, these approaches average the signal of thousands of
heterogeneous cells, then impeding the precise identification of which cellular
populations initiate, sustain, or amplify the cardiorenal damage. In practice this
means that we know the general mechanisms, but ignoring the exact responsible
cellular architecture; to overcome this limitation needs to incorporate high reso-
lution phenotyping technologies to search the SHR (Figure 4).

One persistent question in research on this model is which specific cell sub-
populations within the SHR kidney and heart participate in the transition from
adaptive remodeling to fibrosis. Single-cell transcriptomics (scRNA-seq) offers a
direct way to address this question. Its use in SHR remains limited; however,
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Figure 4. Strategic Framework for Future Research Directions in SHR. Emerging ap-
proaches to address current mechanistic gaps include: 1) single-cell transcriptomics; 2)
spatial transcriptomics; 3) metabolomics; 4) targeted evaluation of cellular senescence; 5)
Hippo/YAP/TAZ signaling, for which SHR renal and vascular intervention data are now
available; and 6) NRF2/HO-1 modulation, which has already been pharmacologically ma-
nipulated in SHR. Key unresolved questions include tissue specificity, timing, causality,
and persistence of remodeling after blood-pressure control. Source: Elaborated with
https://www.lovart.ai.

studies in renal injury models have shown that tubulointerstitial fibrosis can in-
volve specialized subpopulations of perivascular fibroblasts, and resident macro-
phages with profibrotic secretory phenotypes [51]. Applying scRNA-seq across
SHR disease stages could define when and in which cell populations TGF-
P/SMAD- and NF-xB-associated programs emerge. Spatial transcriptomics could
add the anatomical context required to map these cell-cell interactions in perit-
ubular and perivascular niches [52]. Such approaches would also allow direct test-
ing of whether hypoxic stress and potentially altered venous hemodynamics con-
verge in specific renal microenvironments, rather than assuming chronic renal
venous congestion as an established feature of the SHR.

Nevertheless, changes in gene expression do not always translate in functional
alterations of proteins or metabolites; this discrepancy between transcriptome and
the functional phenotype represents a methodological void, such that high reso-
lution proteomics and metabolomics could start closing it up.

Metabolic profiling has identified early metabolic abnormalities in SHR hearts
during the development of hypertension, including changes in glucose metabo-
lism and fatty acyl- and branched-chain amino-acid-derived carnitines [41]. More
recently, plasma and urinary metabolomics in 16-week-old male SHR identified

differential metabolites involving steroid-hormone, bile-acid, purine, and micro-
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biota-associated metabolic pathways [42]. Integrating these metabolic data with
transcriptomic and proteomic measurements may help determine whether re-
ported mitochondrial, and NRF2-related changes have measurable functional
counterparts in heart and kidney. Importantly, metabolomic associations should
be interpreted as hypothesis-generating unless linked to intervention or longitu-
dinal evidence.

Cellular senescence is another potentially relevant research axis, but SHR-spe-
cific evidence is tissue-dependent. In classic SHR, a longitudinal analysis reported
increased expression of senescence-associated markers in the heart and liver
across several ages, whereas the kidney did not show the same pattern [53]. There-
fore, a generalized claim that renal tubular senescence is an established driver of
cardiorenal injury in classic SHR would be premature. Studies in the stroke-prone
SHR substrain have reported sex- and age-dependent senescence and fibrosis in
heart and kidney, emphasizing that these findings can vary by substrain [54].
Senolytic therapy remains an attractive hypothesis, but whether selective elimina-
tion of senescent cells modifies spontaneous cardiorenal injury in classic SHR has
not yet been established.

Mechanotransduction is an emerging link between mechanical load and tissue
remodeling. Recent SHR-specific evidence supports involvement of Hippo/YAP
signaling in hypertensive organ injury. Peptide 17 treatment and YAP silencing
attenuated renal injury, inflammatory markers, and profibrotic signaling in SHR
[55]. More recently, enhanced YAP/TAZ activation has been demonstrated in the
SHR aorta in association with vascular smooth-muscle proliferation, fibrosis, and
remodeling [56]. These studies justify investigation of YAP/TAZ as a therapeutic
target in SHR; however, whether this pathway explains persistent cardiac or renal
fibrosis after normalization of blood pressure remains unproven, and should be
presented as a testable hypothesis.

Finally, pharmacological modulation of the NRF2/KEAP1 axis remains a rele-
vant therapeutic research direction in SHR. Resveratrol has been shown to restore
renal Nrf2 activity and reduce oxidative stress and inflammation in SHR [22]. In
addition, a recent SHR study demonstrated that celastrol ameliorated renal injury
while activating the Nrf2/HO-1 pathway, and reducing oxidative stress [23]. Thus,
NRF2-related pathways have already been pharmacologically modulated in SHR,
and the key unresolved questions concern timing, tissue specificity, durability,
and whether early intervention can prevent progression to structural injury. Ad-
dressing these questions will require longitudinal designs that combine direct
functional measurements with molecular and omics phenotyping.

Taken together, these approaches are not intended to replace the SHR model,
but to increase the resolution with which its strengths and limitations are defined.
Single-cell and spatial methods, metabolomics, direct mitochondrial phenotyp-
ing, and targeted interrogation of senescence, YAP/TAZ, NLRP3, and NRF2 path-
ways may generate testable hypotheses for subsequent validation in metabolically
complex models and, ultimately, clinical studies. The distinction between demon-
strated SHR mechanisms and hypotheses extrapolated from other disease contexts
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should remain explicit throughout this process.

7. Conclusions

The SHR remains a valuable experimental model for essential hypertension and
target-organ injury; however, its translational usefulness depends on specifying
which mechanisms are directly supported in the model and which remain infer-
ential. The SHR permits detailed study of sustained pressure overload, tissue-spe-
cific RAAS regulation, redox and inflammatory abnormalities, and progressive
cardiac and renal remodeling. These processes are associated in the model, but
their temporal and causal hierarchy is not uniform across tissues or disease stages.
The relevance of SHR findings to human disease should therefore be assessed
alongside evidence from metabolically and phenotypically diverse experimental
models and clinical studies. In particular, the classic SHR does not reproduce the
full cardiometabolic phenotype characterized by obesity, overt dysglycemia, and
the clustering of metabolic abnormalities, thereby limiting direct extrapolation to
patients with metabolic syndrome or obesity-associated hypertension.

The major strengths of the SHR are its spontaneous polygenic hypertension and
progressive target-organ remodeling, without the need for a supraphysiological
hypertensive stimulus. Cardiac and renal injury in this model should not be inter-
preted as a simple consequence of systemic blood pressure alone; rather, both or-
gans are exposed to shared mechanical, neurohormonal, redox, inflammatory,
and fibrotic influences. SHR-specific evidence of increased cardiac filling pressure
and altered venous capacitance additionally raises the possibility that venous he-
modynamics contribute to cardiorenal interaction, but sustained renal venous hy-
pertension and chronic renal congestion have not been directly demonstrated in
untreated SHR. Accordingly, venous congestion should remain a testable mecha-
nistic hypothesis, rather than an established characteristic of the model. Transla-
tional interpretation must also account for the metabolic gap, variation among
SHR and WKY substrains, sex and age effects, diet and environmental conditions,
microbiome-related variability, and blood-pressure measurement methods.

Ultimately, the scientific value of the SHR lies in providing a high-resolution
mechanistic framework, rather than reproducing the entire heterogeneity of hu-
man hypertension. Future work should use precise phenotyping and direct inter-
vention studies to distinguish causal mechanisms from associations, particularly
for mitochondrial remodeling, inflammasome activation, cellular senescence,
mechanotransduction, and antioxidant pathways. Findings from SHR should then
be integrated with metabolically complex animal models and clinical evidence.
The appropriate experimental model should be selected according to the biologi-
cal question it is designed to answer, not according to its ability to reproduce every

component of the human syndrome.
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