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Abstract: Heat stress is a significant environmental and physiological issue
that breaks thermoregulatory equilibrium and exerts significant force on the
cardiovascular system. Increases in heart rate, changes in vascular tone, and
changes in autonomic control are all quick responses of the heart to
increases in body temperature which can ensure circulatory stability.
Rabbits like humans have similar anatomical and physiological
characteristics that make them a great model to study these effects because
of their similarity in myocardial structure, coronary circulation, and
autonomic regulation. In this review, the authors provide a summary of the
cardiac effects of heat stress on rabbits incorporating systemic, cellular, and
molecular evidence. Exposure to heat causes extreme tachycardia, low
stroke volume, peripheral vasodilation, and
electrocardiogram. At the cellular response, thermal stress triggers
oxidative mechanisms, resulting in amplified release of reactive oxygen

changes in the

species, lipid peroxidation, compromised antioxidant mechanisms, and
dysfunctional mitochondria. Also, thermal shock proteins of which HSP70
and HSP90 are the most important, is a critical protective response in
maintaining cardiac proteins, mitochondrial functionality, and reducing
apoptosis with prolonged or extreme exposure. Histopathological studies in
rabbits have found a continuum of reversible swelling to structural
degeneration of the myocardium. Since these reactions are highly similar to
human physiological responses to heat, the rabbit model should be a useful
translational marker of heat-related cardiovascular risk, particularly in
relation to climate change, occupation, and exertional hyperthermia. The
knowledge of these mechanisms can help in coming up with preventive
and treatment measures to reduce cardiac predisposition in the face of heat
stress.
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Introduction

Global warming and the increasing occurrence of extreme heat events has made heat stress
an even more topical physiological and environmental problem. High ambient temperatures disrupt
the thermoregulatory homeostasis, initiating a sequence of systemic responses with participation of
cardiovascular, endocrine, metabolic and autonomic nervous systems (1,2). The heart being the
central organ that makes sure that blood is distributed throughout the body and that the body
maintains thermal balance is especially prone to heat induced strain. Even weak increases in core
temperature may trigger tachycardia, reduction in stroke volume, peripheral redistribution of blood
flow, and an augment in the state of myocardial oxygen demand, thus exposing the organism to
arrhythmias, endothelial dysfunction, and circulatory collapse in case of heat exposure continues
(3,5). To comprehend such complicated interactions, it is necessary to choose an appropriate
experimental model. The similarity of the physiological and structural aspects of the human heart and
the rabbit has made it an important mammalian model to study heat-stress. The proportions of
myocardial chambers in the rabbit are closer to those of the human heart compared to rats or guinea
pigs in proportions of myocardial chambers, coronary architecture, conduction pathways, and
autonomic regulation (6). The rabbits also obligate nasal breathers with similar thermoregulatory and
cardiovascular responses when exposed to thermal environment, and therefore they are very suitable
in regulated laboratory experiments (7). Their application in the past in the investigations of
hypertension, ischemia, atherosclerosis, metabolic stress, and cardioprotection also justifies their
usefulness in experimental cardiology (6,8). This review summarizes existing data on the effects of
heat stress on the rabbit heart, physiological, biochemical, hemodynamic, and molecular responses,
and adds increased coverage of the oxidative stress pathways and cardioprotection via heat-shock
proteins.

Literature Review
The Rabbit as a Model for Cardiac Heat Stress

Rabbits are useful for studies on cardiovascular heat stress because of a number of
characteristics. Their thoracic structure enables accurate monitoring of myocardial contractility,
coronary flow, ventricular function, and arterial pressure (6). They have large, easily accessible veins
in their hind limbs and ears, which make it possible to measure hemodynamic changes and
circulating biomarkers. In rabbits, heat stress causes a unique cardiovascular profile that includes
tachycardia, elevated respiratory rate, decreased central venous return, and systemic vasodilation (7,
8). These responses parallel those observed in humans undergoing high-temperature exposure or
exercise in hot environments (3,5). Additionally, rabbits exhibit heat acclimation, a physiological
adaptation that improves tolerance to prolonged exposure to heat; this adaptation is similar to human
acclimation mechanisms (9).

In rabbits, environmental temperatures above roughly 36.5-37.0 °C consistently cause heat-
stress reactions, such as increases in heart rate, core temperature, and evaporative heat loss through
increased respiratory activity (7). They are perfect for researching the relationship between cardiac
performance and hydration status because of their sensitivity to dehydration, which increases cardiac
strain during heat exposure.

Research Method
Mechanisms of Heat Stress on Cardiac Physiology

The cardiovascular response to heat stress results from integrated thermal, neural, hormonal,
and metabolic pathways that affect myocardial performance.
Thermoregulatory and Cardiorespiratory Interplay

Thermoregulatory control involves central integration of core temperature (Tc), hypothalamic
signaling, and blood pressure reflexes. Heat exposure increases cutaneous vasodilation and
evaporative heat loss, which reduces venous return and causes compensatory tachycardia to sustain
cardiac output (6,10). Rabbits exhibit rapid increases in heart rate, respiratory frequency, and Tc
within minutes of heat exposure (11). Despite elevated heart rate, cardiac contractility often remains
stable due to autonomic adjustments rather than intrinsic myocardial dysfunction (12).
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Cellular and Molecular Changes in Cardiomyocytes

Exposure to heat causes cardiomyocytes to swell, karyopyknosis, degeneration, and changes
in the formation of cytoplasmic granules. These changes are caused by oxidative stress, mitochondrial
dysfunction, calcium overload, and metabolic disruption (13). Heat also turns on intracellular
signaling pathways, such as MAPK, NF-kB, and calcium-handling proteins that affect how well cells
contract and how long they live (14).
Vascular and Hemodynamic Adaptations

Heat stress causes significant vasodilation in large arteries and resistance arterioles, mediated
by nitric oxide and reduced sympathetic vasomotor tone (6). Autonomic activation occurs early,
producing increases in heart rate and coronary vasodilation, followed later by reductions in stroke
volume and mean arterial pressure due to thermal fatigue (15). Electrolyte shifts including
hypokalemia, hyponatremia, and altered calcium flux further modulate vascular tone and myocardial
excitability (16).
Autonomic and Neurohumoral Modulation

Rabbits exhibit elevated norepinephrine levels, decreased coronary flow, and persistent
tachycardia during early heat exposure (6). Baroreflex sensitivity and thermoregulatory feedback
modulate adaptations that cause the balance to shift toward parasympathetic dominance with
prolonged heating (11). Independent of autonomic input, isolated heart preparations show intrinsic
thermal effects on frequency-inotropy relationships (12). As shown in (Table 1land Figure 1).
Electrolyte Imbalance and Cardiac Electrical Disturbances During Heat Stress

Heat stress causes great unbalances in the electrolyte system leading to a direct influence on
the myocardial excitability and conduction. Rabbits subjected to high temperatures develop high rate
of dehydration and greater water loss through respiration and hence dilutional hyponatremia and low
plasma osmolality (16). Action potentials are reduced by hyponatremia, which changes the activity of
sodium channels in cardiomyocytes. Hypokalemia, which is a common effect of long-term heat
exposures, enhances arrhythmogenicity by increasing the duration of repolarization, decreasing the
velocity of conduction, and exposing the myocardium to premature afterdepolarizations (17).
Overload of intracellular calcium through the inhibited SERCA2 activity and disturbed sarcolemmal
permeability are also aided by heat stress in enhancing mitochondrial dysfunction, impaired
contractile function, and triggering apoptotic signals (18).
Heat Stress-Induced Mitochondrial Dysfunction in Cardiomyocytes

Mitochondria are very vulnerable to metabolic and oxidative disturbance brought about by
heat. Exposure to heat triggers acceleration in oxygen usage and leakage of electrons in the electron
transport chain leading to elevated generation in the reactive oxygen species (ROS) (19). In rabbits, the
production of mitochondrial ROS increases dramatically upon exposure to heat which leads to
oxidative alteration of mitochondrial proteins and mitochondrial DNA. One of the most pathogenic
events is the opening of the mitochondrial permeability transition pore (mPTP) causing the loss of
membrane potential, ATP depletion, mitochondrial swelling, and release of cytochrome c that results
in apoptosis (20). Heat stress also gives mitochondria dynamic disequilibrium; making fission more
prominent and fusion less prominent, reducing ATP supply, and exposing cardiomyocyte to further
susceptibility to metabolic failure and oxidative damage (21).
Thermotolerance and Adaptive Responses to Repeated Heat Exposure

Recurrent heat exposure to mild or brief heat exposure causes thermotolerance, a protective
adaptive phenomenon, which enhances cellular and cardiac resilience. When heat-shock proteins are
studied in rabbits that receive repeated heat treatments, they are found to be highly expressed at
baseline of HSP70- and HSP90-proteins (24). These chaperones stabilize the cytoskeleton,
mitochondrial membranes and minimize oxidative and apoptotic injuries in later heat-shocks (25).
Thermotolerance also increases endogenous antioxidant, prevents ROS build-up and maintains
calcium homeostasis in the face of thermal stress (22). On a larger scale, thermotolerant rabbits have
more consistent heart-rate responses, are better able to maintain the stroke volume, and are more
capable of cutaneous vasodilation during a heat load (23).
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Table 1. Summary of Physiological Cardiac Responses to Heat Stress in Rabbits

Parameter Normal State | Heat Stress Response | Mechanism

Heart Rate 180250 bpm | 1 Tachycardia Sympathetic activation

Stroke Volume Normal | Reduced filling Peripheral vasodilation

Cardiac Output Normal 1 then | Thermal fatigue

Mean Arterial Pressure | Stable | Hypotension Reduced preload

Respiration Rate Normal 1 Tachypnea Evaporative cooling

Core Temperature 38.5-39.5°C 1 Hyperthermia Impaired heat dissipation
HEAT STRESS

( TAmblent Temperature, Exercise)

v

Thermoregulatory Response
1 Core Temperature (T.)
1 Cutaneous vasodilation
| Evaporative heat loss

Autonomic
Regulation

Cardiovascular
System

t Heart rate (HR)

| Stroke volume (SV)

} Mean arterial pressurre
1 Venous return

T Norepinephrine early
1 Altered baroreflex
Shift to parasympathetic

dominance with time
v

Heat Shock ProteinResponse

T HSP70 — protacts mitochondria

T HSPS0 — stabilizes cardiac
enzymes

Reduces protein denaturation

v
FINAL OUTCOME ON THE HEART
» Tachycardia
» Reduced cardiac efficiency
- Electrolyte imbalance
» Risk of arrhythmias
= Potential myocardial injury

Figure 1. Integrated Flowchart of Heat Stress—Induced Physiological and Cellular Responses in the
Rabbit Heart

Result and Discussion
Oxidative Stress Pathways in Heat Stress

Oxidative stress is closely linked with heat stress as one of the principal causes of myocardial
injury. High temperature enhances the rate of oxygen uptake and leakage of electrons in
mitochondria, which favor production of reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide and hydroxyl radicals (17). Such oxidative molecules destroy lipids, proteins and DNA,
which result in impaired myocardial cell integrity. Research indicates that in rabbits, malondialdehyde
(MDA) and antioxidant enzyme levels of superoxide dismutase (SOD), catalase, and glutathione
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peroxidase increase greatly and decrease respectively after heat exposure (18,19). Oxidative stress also
interferes with calcium homeostasis, facilitates the opening of the mitochondrial permeability
transition pore (mPTP), the hindrance of ATP production and dysfunctional contractile behavior (20).
Oxidative stress caused by heat can also cause endothelial damage leading to vascular resistance and
poor coronary perfusion (21). The antioxidants (vitamin C, vitamin E, quercetin, and N-acetylcysteine)
have been protective in restoring the redox balance and preventing myocardial damage, which
happens in rabbit models (22,23).
Heat Shock Proteins (HSP70/HSP90) and Cardiac Protection

Heat shock proteins (HSPs) are also necessary molecular chaperones that are triggered when
temperatures are changed. HSP70 and HSP90 are also highly induced in cardiomyocytes of rabbits
when exposed to heat and they are important molecules in protection (24,25).
Roles of HSP70/HSP90 in Cardiac Protection
Prevent protein misfolding and aggregation
Stabilize cytoskeletal structures and contractile proteins
Enhance mitochondrial stability during oxidative stress
Modulate inflammatory pathways by inhibiting NF-kB activation
Promote cell survival via anti-apoptotic signaling

Experimental research indicates that HSP70 overexpression causes cardiomyocyte apoptosis
and ensures cardiomyocyte contractility is preserved during heat load (26). HSP90 promotes the work
of endothelial cells by stabilizing eNOS, which guarantees the production of nitric oxide during
thermal stress is sufficient (27). HSPs are regarded as a biomarker of adaptive thermotolerance that
increases heat resistance and lessens the cardiac damage following repeated heat exposure (24).

Heat shock proteins (HSP70/HSP90)
and cardiac protection

Roles of HSP70/HSP90

in Cardiac Protection

* Prevent protein misfolding
and aggregation

« Stabilize cytoskeletal structures
and contractile proteins

* Enhance mitochondrial stability
during oxidative stress

» Modulate inflammatory
pathways by inhibiting NF-xB
activation

* Promote cell survival via anti-
apoptotic signaling

Thermal stress

Figure 2. Roles of HSP70 and HSP90 in Protecting the Rabbit Heart During Heat Stress

Experimental Findings in Rabbits Under Heat Stress

Hyperthermia induces major changes in cardiovascular performance, electrolyte balance,
metabolism, and tissue structure (7,8).
Hemodynamic Effects

Rabbits exposed to 35-39 °C show marked tachycardia and reduced stroke volume, with a
compensatory increase in cardiac output early in exposure followed by gradual decline as thermal
fatigue develops (11,15). These patterns resemble human responses during exercise or environmental
hyperthermia (3).
Electrocardiographic Alterations
Heat stress alters ECG characteristics, producing:
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Tachyarrhythmias
Decreased R-R interval
Altered P-wave morphology
ST-segment depression or displacement

Heart rate exceeding 270 bpm has been associated with hypertension and conduction
abnormalities (6). Chronic exposure produces more stable yet still elevated HR responses (28).
Biochemical and Metabolic Shifts

Heat exposure increases circulating biomarkers of inflammation (IL-6, TNF-a), myocardial
strain (troponin-I), and osmotic imbalance (Na*, K*, Cl) (16,19). Mitochondrial substrate shifts,
including accumulation of G6P, malate, lactate, and IMP, reflect metabolic stress and partial
uncoupling of oxidative phosphorylation (20).
Histopathological Insights

Short-term heat exposure produces mild cardiomyocyte swelling and vacuolation, with
minimal structural injury (8). Severe or prolonged hyperthermia may result in necrosis, edema,
endothelial damage, and interstitial inflammation (29). Rabbits demonstrate intermediate sensitivity
compared to rodents and pigs.
Comparative Physiology: Rabbits vs Other Models

Rabbits exhibit thermoregulatory and cardiovascular patterns more like humans than smaller
rodents. Their moderate evaporative capacity, nasal breathing, myocardial architecture, and
autonomic balance make them ideal for modeling human heat responses (6,9). Rodents show higher
thermotolerance and metabolic rate, while pigs are more heat-sensitive and exhibit severe myocardial
injury at lower temperatures.
Translational Implications for Human Health
The implication of findings on heat-stress in rabbits is as follows:
Heat exhaustion and heat stroke.
Exercise-related hyperthermia in athletes.
Heat waves result in cardiovascular collapse.
Heat in the workplace of employees.
Thermal risk in older age and heart patients.

The information on oxidative stress, endothelial dysfunction, the role of HSP in protection,
and arrhythmogenic pathways can provide ways of potential therapy (22,25).

Conclusion

Heat stress also causes severe physiological, biochemical, and molecular changes in cardiac
activity in rabbits, such as tachycardia, decreased stroke volume, arrhythmia, oxidative injury,
endothelial dysfunction, and metabolic disturbances. The rabbits are highly useful in the study of the
induced cardiovascular dysfunction of heat because they have a close resemblance to humans in
terms of their anatomical and physiological characteristics. The integration of oxidative stress and
pathways of heat-shock protein development contribute to the knowledge of the processes involved
in the development of thermally induced cardiac damage. Additional studies that combine molecular
profiling, antioxidant treatment, autonomic regulation, and long-term acclimation paradigm in the
future will gain more ground towards the reduction of the heat-associated cardiovascular risk.
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