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Background: Rapid core temperature reduction is crucial for treating heatstroke. Clinical methods like cooling blankets and cold fluid
infusions are common, but their specific effects are not well defined. This study evaluates these methods’ cooling effects and prognosis
impact in classic heatstroke rats.

Methods: Sixty Sprague Dawley rats with classic heatstroke were divided into five groups: cooling blanket, cold fluid infusion,
combination (combined cooling blanket and cold fluid infusion), natural cooling (control), and cold water immersion (positive
control). Core temperature and mean arterial pressure were monitored. Blood samples were taken at 0.5 and 2 hours post-cooling
for analysis. Half the rats underwent pathological evaluation and apoptosis analysis of heart and kidney tissues at 2 hours. The rest
were observed for 24-hour survival.

Results: The combination group showed the fastest cooling within 10 minutes. Cooling blanket and cold fluid infusion groups had
similar cooling rates. Heart and kidney function indicators and inflammatory cytokine levels were significantly lower in the
combination and cold fluid infusion groups compared to the cooling blanket group. Pathological damage was highest in the cooling
blanket group. Cooling rate negative correlated with organ function indicates and inflammation markers. No rats in the cooling groups
died, while seven in the natural cooling group did.

Conclusion: Cooling methods differ in effectiveness and impact on inflammation and organ function. While cooling blankets
demonstrate limited therapeutic efficacy and potential risks when used in isolation, rapid cold fluid infusion emerges as the preferred
cooling modality by preserving cardiac structure and renal function while attenuating systemic inflammation. Early rapid cooling
improves organ function and prognosis in classic heatstroke rats. Proper cooling methods are crucial for effective heatstroke
management, reducing organ damage, and improving survival rates.

Plain language summary:

® Both cooling blankets and cold intravenous fluids help lower body temperature in heatstroke, but we are still learning how they
differently affect the body.

® [n animal studies, cold fluids given through veins worked better than just using cooling blankets - they protected both heart and
kidneys from damage and reduced inflammation, even though both methods cooled the body equally fast.

® Using cold fluids together with cooling blankets cooled rats faster and more effectively, leading to less organ damage and fewer
dangerous inflammation reactions.

® More research is needed to determine the best combination of cooling methods to help classic heatstroke patients recover better.
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Introduction

Heatstroke (HS) represents a life-threatening syndrome characterized by core body temperature exceeding 40°C coupled
with central nervous system dysfunction. Classic heatstroke (CHS), predominantly affecting older adults with comorbid-
ities during heatwaves, arises from passive exposure to hot-humid environments, characterized by disrupted thermo-
regulation due to an imbalance between heat production and dissipation.' The severity of cellular and tissue damage in
HS patients depends on the maximum temperature reached and the duration of hyperthermia.” Rapid cooling to reduce
core temperature can halt cellular damage, quickly reverse organ dysfunction, and improve patient outcomes.® Clinical
evidence indicates that achieving core temperature below 40.0°C within 30 minutes of symptom onset significantly
reduces mortality and may prevent fatal outcomes.*> Our prior research further demonstrates that cooling rates during the
initial 30-minute emergency treatment window exhibit significant correlations with both multi-organ dysfunction severity
and in-hospital mortality rates.® Therefore, implementing effective and convenient cooling measures to quickly restore
core temperature is crucial for HS patients.”

Since the pathogenesis of HS does not involve a change in the hypothalamic set-point, antipyretics like aspirin and
acetaminophen are ineffective in its treatment.'™'" Additionally, these medications can exacerbate coagulation disorders
and liver damage in HS patients.”'""'? Therefore, physical cooling remains the primary treatment method for HS patients.
Effective cooling can be achieved through conduction (increasing the temperature gradient between the skin and
surrounding objects), evaporation (increasing water vapor pressure), and convection (increasing air speed).® Current
research suggests that among traditional cooling methods, cold water immersion (CWI), which employs conductive
cooling, has the fastest cooling rate and is often recommended as the primary on-site cooling measure for patients with
exertional heatstroke (EHS).'*'* However, there is insufficient evidence to demonstrate the advantages of CWI for
cooling patients with CHS. CWI has side effects such as shivering, peripheral vasoconstriction, and agitation, which can
affect patient tolerance and may be associated with poor prognosis in elderly patients.''® Furthermore, CWI can
interfere with other medical treatments, making it unsuitable for patients requiring active medical intervention, such as
those with impaired consciousness, airway damage, circulatory failure, or convulsions.'*"'® Other cooling measures, such
as using ice packs for conductive cooling, tepid water sponge bathing for evaporative cooling, or fan-assisted convective
cooling, are not sufficiently effective on their own and are typically used as part of combined cooling strategies.

Novel cooling methods, including the infusion of cold crystalloid fluids (4°C), the use of intravascular cooling
catheters for internal cooling, and the use of cold air or water-circulating blankets for external cooling, have proven
effective in inducing mild hypothermia and improving neurological outcomes in critically ill patients, particularly those
with cardiac arrest.'” These methods, especially cold fluid infusion and cooling blankets (CB), are increasingly being
applied in the treatment of HS due to their convenience. However, unlike the low perfusion state following cardiac arrest
resuscitation, HS patients generally exhibit high blood flow and vasodilation to increase heat dissipation. Blood flow state
is a crucial factor in body temperature regulation.'® Therefore, the effectiveness of these cooling methods in HS requires
validation.® To date, no controlled studies have explored and compared the impact of these cooling techniques on cooling
time and outcomes in HS patients.

Rapid cooling constitutes the cornerstone of HS management, with method selection requiring careful consideration
of implementation feasibility, thermal transfer efficiency, physiological tolerance, and ultimate clinical outcomes. The
predominant reliance on rodent models in HS research stems from two critical factors: (1) inherent ethical and logistical
constraints in conducting controlled human trials during acute emergencies, and (2) their unique capacity to replicate
pathophysiological extremes unattainable in clinical settings. Rat models demonstrate particular translational value by
recapitulating hallmark HS manifestations - including fulminant hyperthermia, systemic inflammatory cascades, and
sequential multi-organ dysfunction - that mirror human pathophysiology, establishing them as a valuable translational
platform for therapeutic evaluation.'” Under standardized protocols, thermal stress was induced through either: (i)
precision-controlled environmental chambers maintaining 40-43°C with 60% relative humidity *°=" or (ii) folded heating
pad set at 43°C.**%* This experimental framework incorporated continuous core temperature monitoring and arterial
pressure monitoring, with validated diagnostic thresholds for CHS induction defined as core temperature
>41.0-43.0°C**** concurrent with mean arterial pressure (MAP) reduction.”>**
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This study aims to use CHS rats with CWI as the standard control to preliminarily explore the cooling effects of CB
and cold fluid infusion and their differential impacts on organ function (including cardiac and renal function), providing
a basis for subsequent clinical research. Based on existing studies, we hypothesize that the combined use of CB and cold
fluid infusion will have a better cooling effect compared to either method alone.

Materials and Methods

Animal Preparation and Housing

Adult male Sprague-Dawley rats (350-400 g, Specific Pathogen Free) were housed individually at 20-25°C, 45-50%
humidity, with a 12-hour light-dark cycle. They had free access to standard rodent feed and water. After a one-week
acclimatization, experiments commenced. All protocols were conducted in compliance with the ARRIVE guidelines and
approved by the Second Affiliated Hospital Zhejiang University School of Medicine (Approval ID: AIRB-2023-
1677). Surviving rats were humanely euthanized using an overdose of sodium pentobarbital, adhering to ethical
guidelines.

Surgical Procedures and Physiological Monitoring

Anesthesia and Preparation

Rats were anesthetized with an intraperitoneal injection of sodium pentobarbital at an initial dose of 40 mg/kg body
weight to suppress corneal and pain reflexes such as those from tail clamping. Additional anesthesia was administered via
intraperitoneal injection of sodium pentobarbital as necessary, tailored to each rat’s response, while avoiding the
10 minutes before and the 30 minutes after HS onset to prevent interference with vital sign monitoring. Anesthesia
was maintained until blood was collected 2 hours after HS onset.

Cannulation and Monitoring

Under anesthesia, the right common carotid artery was cannulated using a 22G indwelling needle. This allowed for
continuous monitoring of physiological variables and blood sample collection. The tail vein was cannulated for fluid
administration. Core body temperature (Tc) was monitored at 10-minute intervals using a veterinary anal electronic
thermometer (visual marker at 2.5 cm insertion depth). Continuous hemodynamic monitoring was achieved via a pressure
transducer system (Chengdu Taimeng BL-420N) connected to the indwelling carotid arterial catheter, providing real-time
measurement of MAP and heart rate (HR).

Induction of Classic Heatstroke

Post-cannulation, the rats were placed on a heating pad maintained at 43°C with circulating hot water to simulate heat
stroke-inducing environmental conditions. HS onset was defined by two criteria: an increase in Tc to 42°C and a decrease
in MAP by at least 10 mmHg. This dual-parameter approach provided a reliable identification of HS onset, typically
occurring between 75 to 80 minutes of heat exposure. During heat exposure, rats exhibited physiological stress markers
including increased respiratory rate, moistened oronasal regions, and visible perioral fluid droplets. Post-HS induction,
body weight measurements were repeated, with thermal exposure-induced weight loss calculated as the difference from
baseline values.

Sample Size Calculation

This study is a randomized controlled trial in which the cooling rate was used as the basis for sample size calculations.
Based on preliminary experimental results, the cooling rate in the HS+WI group is approximately 5°C over 10 minutes
with a standard deviation of 0.8. Assuming that a difference of 1°C in the cooling rate between any experimental group
and the HS+WTI group is considered significant, with a two-tailed significance level of a=0.05/6 and a power of 0.80, the
required sample size for each group is calculated to be approximately 10. To ensure robustness, we have increased the
sample size to 12 per group.

Experimental Groups and Cooling Methods
After successfully modeling HS, the rats were randomly divided into five groups using a random number table:
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e HS with Natural Cooling (HS+C n=12): After modeling, rats were immediately removed from the heating pad and
allowed to cool naturally at room temperature. This group served as the model control group to evaluate the
effectiveness of the cooling measures.

e HS with Cold Water Immersion (HS+WI n=12): Immediately after modeling, the rats were immersed in 4°C cold
water up to the neck for 5 minutes, then placed at room temperature. This group served as the positive control group
to assess the cooling effects and impact on prognosis of different cooling methods.

e HS with Cooling Blanket (HS+CB n=12): The rats were placed supine on a custom-made 4°C CB for 10 minutes.

e HS with Cold Fluid Infusion (HS+LR n=12): Cold fluid at 4°C was administered via the tail vein, with a total
volume of 4 mL per 100 g body weight, using a constant-rate infusion pump over 10 minutes. Previous studies by
our team indicated that normal saline infusion could increase the risk of hypotension, acidosis, and renal damage in
HS rats,” so lactated Ringer’s solution was used in this study. To minimize the impact of environmental
temperature on the cold fluid, 50 mL of fluid was drawn into a syringe wrapped with a cotton pad.

e HS with Combined Cooling (HS+CC n=12): Rats were cooled using both a CB for 10 minutes and 4°C cold fluid
infusion for 10 minutes.

Preliminary experiments indicated that HS rats not receiving active cooling measures generally survived for more than
30 minutes at room temperature. Therefore, in this study, if rats in the cooling groups died within 30 minutes, they were
excluded from the analysis, and additional rats were included in the same group. This approach was taken to ensure that
early mortality was not due to the experimental cooling interventions. However, rats that died after 30 minutes were
considered as having survived the critical period and were included in the final analysis.

Post-Cooling Monitoring and Analysis

Monitoring Protocol

Post-cooling Tc, MAP, and HR were monitored for up to 2 hours, and for surviving rats, Tc was monitored up to 6 hours

post-cooling. Six rats from each group were selected for blood sample collection from the carotid artery cannula

0.5 hours post-cooling and were euthanized 2 hours post-cooling to collect heart and kidney tissues. The remaining

six rats had blood samples collected at 2 hours post-cooling and were observed for survival until 24 hours post-cooling.
The experimental procedure overview can be referred to in Figure 1A.

Analysis of Blood Samples for Organ Function and Inflammatory Markers

Arterial blood gases and electrolytes were analyzed immediately using an EDAN analyzer (Shenzhen Libang Precision
Instrument Co. Ltd). Blood samples for prothrombin time (PT) and complete blood count (CBC) were processed within
four hours. Other blood samples were centrifuged at 3000 rpm for 15 minutes to extract serum, which was then stored at
—80°C for future analyses. Biochemical parameters such as PT, alanine aminotransferase (ALT), serum creatinine (Scr),
and blood urea nitrogen (BUN) were measured using an automated biochemical analyzer (LWC400, Shenzhen Lanyun
Medical Device Technology Co. Ltd). CBC was determined with a fully automated blood analyzer (Jiangxi Tekang
Technology Co. Ltd). Serum levels of IL-6, TNF-a, neutrophil gelatinase-associated lipocalin (NGAL), cardiac troponin
I (cTnl), and catecholamines were measured using specific ELISA kits (Wuhan Kelu Biotechnology Co. Ltd and
Shanghai Fankew Industrial Co). following the manufacturers’ protocols.

Analysis of Tissue Samples for Organ Function and Inflammation

Tissue Sample Preparation

Kidney and heart tissues were rinsed, weighed, and homogenized in phosphate-buffered saline (PBS) to ensure complete
disruption. The homogenates were centrifuged, and the supernatant was used for the analysis of inflammatory and
damage markers.

Histological Examination
Tissue Preparation and Staining
Heart and kidney tissues were fixed, embedded in paraffin, and sectioned into 4-pm slices for histological examination.
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Figure | Experimental Procedures and Physiological Variables. (A) Overview of the experimental procedure. (B) Trend of Tc within 2 hours of cooling, with a detailed
graph for the first 30 minutes. The HS+CC group exhibited the fastest cooling rate, while the HS+CB and HS+LR groups showed similar cooling rates. (C) Tc trend over
6 hours of cooling. The HS+LR group demonstrated the least subsequent cooling effect and had a low incidence of hypothermia. The HS+CC group experienced a rapid
rebound to normal temperatures after early rapid cooling. (D) MAP trend within 2 hours of cooling, with a detailed graph for the first 30 minutes. The HS+LR group showed
the smallest MAP drop following heatstroke onset, whereas the HS+WI group had the largest drop. The HS+LR and HS+CC groups exhibited the fastest MAP recovery,
significantly higher than other groups at 20 minutes post-cooling.

Abbreviations: Tc, core body temperature; MAP, mean arterial pressure.
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These sections were stained with hematoxylin and eosin (H&E) and examined under a microscope. A blinded semi-
quantitative scoring method was used to assess organ damage.

Assessment of Cardiac Tissue Damage

Cardiac tissue damage was assessed semi-quantitatively based on Selcuk et al standards,”® examining 10 high-power
fields per tissue sample. Scoring criteria included eosinophilic cytoplasm and nuclei, cytoplasmic vacuolation, congestion
and hemorrhage in the interstitial small vessels, and infiltration of inflammatory cells in the interstitial space. Each field
received up to 12 points, with higher scores indicating more severe damage.

Assessment of Renal Damage

Renal damage was evaluated using a scale for acute renal failure,?” examining 100 cortical tubules in at least 10 different
areas per kidney. Scoring criteria included cell membrane blebs, loss of brush border, tubular epithelial flattening,
cytoplasmic vacuolation, cell necrosis, tubular lumen obstruction, and interstitial edema. Each tubule was scored up to 10
points for a comprehensive assessment of renal damage.

Apoptosis Evaluation in Tissue Sections

Apoptosis in heart and kidney tissue sections was detected using a One-step TUNEL Assay Kit (HKI0011, Haoke). After
fixation, embedding, sectioning, deparaffinization in xylene, and rehydration through a graded ethanol series, antigen
retrieval was performed using an EDTA solution. The TUNEL reaction mixture was applied, sections incubated at 37°C,
washed, and stained with DAPI for nuclear visualization. Sections were mounted and examined under a fluorescence
microscope (Eclipse Ci-L, Nikon, Japan). Tissue images were captured at 10x magnification using SlideViewer micro-
scope software. TUNEL staining was performed on heart and kidney specimens from four rats in each group. Apoptotic
cells, identified by red fluorescence, were quantified in 10 randomly selected high-power fields and averaged by an
observer who was blinded to the sample identities.

Outcomes
Due to the nature of the study, blinding of the intervention implementers was not feasible. However, the examiners and
pathologists were blinded. Tc and MAP were measured using instruments.

Primary Outcomes

The primary outcomes of this study were the cooling effects of various cooling measures, which included:
- 10-minute Cooling Rate: This was calculated based on the Tc before cooling and the Tc at 10 minutes of cooling.
- Subsequent Cooling Effect: This was determined using the Tc at the end of cooling and the lowest Tc within 6 hours.
- Incidence of Hypothermia: Hypothermia was defined as a Tc below 33°C. The incidence of hypothermia at 2 hours

and 6 hours was calculated for each group.

Secondary Outcomes

Secondary outcomes included MAP, cardiac and renal function indicators, inflammatory markers, histological evalua-
tions, and mortality. Notably, five rats in the HS + C group died within 1 hour. For this group, only the 10-minute cooling
rate and the trends of Tc, HR, and MAP within 30 minutes after cooling were calculated.

Statistical Analysis

Continuous variables were presented as mean =+ standard deviation (SD). One-way analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) post hoc test was applied for multi-group comparisons.
Categorical variables were analyzed using Pearson’s chi-square test or Fisher’s exact test as appropriate, with post hoc
pairwise comparisons adjusted by the Holm-Bonferroni method to maintain a family-wise error rate of a = 0.05. To
evaluate differences in Tc, HR, and MAP trends between groups, a random effects model was used. A multivariate
regression model assessed the relationship between the 10-minute cooling rate and organ function indicators, as well as
inflammatory markers. Two models were established: an unadjusted model and an adjusted model that included the
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cooling method as a covariate to determine the independent effect of the cooling rate on outcomes. All statistical analyses
were conducted using EmpowerStats (www.empowerstats.com) and GraphPad Prism 9.0.0. A P-value of less than 0.05

was considered statistically significant.

Results
Overall Situation and Mortality Rate

In the cooling groups, three rats died within 0.5 hours and were excluded from the study as per the research protocol;
replacements were added to the corresponding groups. The mortality rate in the HS + C group was notably high. For this
group, blood samples were collected and the rats were euthanized for organ sampling upon observing signs of imminent
death rather than strictly adhering to the 0.5-hour and 2-hour time points. Specifically, seven rats in this group died: two
died approximately 20 minutes after the onset of HS, three died after the 0.5-hour blood collection, and two died after the
2-hour blood collection. Consequently, the results from this group do not accurately reflect organ function and
inflammation marker levels at each time point. This group serves only as a reference to evaluate the cooling effects of
various measures within 30 minutes and the impact of active cooling on HS mortality. No rats in the other cooling groups
died during the experiment.

Differences in Outcomes with Different Cooling Measures

Cooling Effects

As shown in Figure 1B, after leaving the heat source, Tc decreased rapidly in all groups, with the fastest rate occurring in
the first 10 minutes. Upon ceasing active cooling measures, Tc continued to gradually decline, maintained a low level for
a period, and then gradually increased. The HS + LR and HS + CC groups showed the fastest Tc rebound. Specifically, as
presented in Table 1, the 10-minute cooling rate in each cooling group was significantly faster compared to the HS +
C group (2.03 + 0.82°C). The cooling rates in the HS + CB (4.32 + 0.70°C) and HS + LR (4.27 £+ 0.35°C) groups were
slower than in the HS + WI group (4.99 + 0.77°C), but the difference was not statistically significant, whereas the HS +
CC group (6.70 £ 0.57°C) exhibited a significantly faster rate. The HS + LR group demonstrated a lower incidence and
shorter duration of hypothermia at 2 and 6 hours compared to the HS + WI group (Figure 1C), with smaller subsequent
cooling amplitude in the HS + LR and HS + CC groups.

Map

After the onset of HS, MAP dropped sharply in all groups (Figure 1D). In the cooling groups, MAP reached its lowest
point 5 minutes after cooling, with the HS + LR group having the highest MAP. Subsequently, MAP gradually increased,
and 20 minutes post-cooling, the MAP in the HS + LR and HS + CC groups was higher than in the HS + WI and HS +
CB groups (Table 1). The MAP in the HS + C group continued to decline, maintaining a lower level. These findings
suggest that cooling with cold LR infusion or a combination of CB and cold LR infusion stabilizes circulatory function in
HS rats.

Acid-Base Balance and Organ Function

As shown in Tables 1 and S1, the HS + CB (7.35 £ 0.06) and HS + CC (7.32 + 0.05) groups exhibited lower pH levels at
0.5 hours post-cooling. The HS + CB group displayed signs of metabolic acidosis characterized by low base excess (BE),
high lactate (LAC), and low bicarbonate (HCOj; ), whereas the HS + CC group exhibited respiratory acidosis due to
elevated partial pressure of carbon dioxide (PCO,). The HS + WI group exhibited significantly elevated renal function
markers, including 0.5 hours Scr, BUN, and 2 hours NGAL levels, compared to both HS + LR and HS + CC groups.
However, the HS + CB group had significantly higher Scr levels at 0.5 hours compared to other groups. Blood and
myocardial tissue levels of cTnl were lower in the HS + LR and HS + CC groups, with significant differences in
myocardial tissue cTnl. Catecholamine levels in blood and myocardial tissue were significantly lower in the HS + LR and
HS + CC groups compared to the HS + WI group. No significant differences were found in ALT, platelets, and PT
between groups. These results suggest that cooling with cold LR infusion or a combination of CB and cold LR infusion
improves heart and kidney functions in HS rats.
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Table | Comparison of the Experimental Characteristics Between the Five Groups

Variables HS+C (n=12) HS+WI (n=12) HS+CB (n=12) HS+LR (n=12) HS+CC (n=12)
Cooling rate (°C/10min) 2.03 £ 0.82 499 £ 0.77" 432 + 0.70* 427 + 035" 6.70 £ 0.57%%@
Tco below 33°C within 2h of cooling, n (%) - 5 (41.67%) 5 (41.67%) 0 (0.00%)** 4 (33.33%)@
Tco below 33°C within 6h of cooling, n (%) - 7 (58.33%) 7 (58.33%) | (8.33%) 4 (33.33%)
Subsequent cooling effect (°C) - 629 +1.14 5.53%1.13 3.34+1.29%% 2.49+0.94+%
MAP (5min) 65.61 £ 10.93 54.42 £ 17.75 66.86 £ 16.25 81.58 £ 16.76* 67.45 + 19.63
MAP (20min) 59.53 £ 16.58 77.81 £ 12,67 73.56 £ 13.95 94.83 + 8.2+ 93.33 £ 15.18*%
Laboratory test results
PH

0.5 h 737 £0.16 7.44 + 0.04 7.35 + 0.06* 7.43 £ 0.03% 7.32 £ 0.05%@

2h 7.39 £ 0.07 7.40 £ 0.05 7.37 £ 0.04 7.43 £0.03 7.39 £ 0.03
Base excess

0.5 h -10.18 £ 5.83 —5.10 + 2.45 -7.80 £ 3.15 -1.84 £236 —4.77 £ 2.87

2h -840 + 3.92 -1.20 + 3.34 —1.63 £ 4.46 —0.77 £ 2.82 0.18 £ 3.03
Lactate (mmol/L)

0.5 h 46 +335 1.70 + 0.41 2.08 + 0.77 1.71 + 053 1.32 + 0.80

2h 1.18 + 0.69 0.62 + 0.10 0.77 + 0.34 0.58 + 0.25 0.43 £ 0.12
BUN (mmol/L)

0.5 h 8.70 £ 0.82 9.02 £ 1.10 9.27 + 1.08 6.33 £ 1.02+% 7.00 £ 0.89**

2h 12.29 + 1.46 1047 £ 1.62 1043 £ 243 7.58 £ 1.59 7.14 £ 1 47
Scr (umol/L)

0.5 h 83.63 £ 14.10 58.15 + 6.40 7137 £ 11.17% 4443 + 3.82%% 48.98 + 5.94%

2h 73.77 £ 1931 4430 + 4.99 50.40 + 10.83 41.65 + 5.49 3825 + 321%
NGAL (ng/mL)

0.5 h 2.17 £ 0.84 2,06 £ 0.74 2.00 £ 0.66 1.73 £ 021 1.71 £ 0.27

2h 242 037 2.26 £0.22 2.65 £ 0.48 1.71 £ 030 1.77 £ 0.23%
NGAL (Renal tissue) (ng/mL) 8.44 £ 0.26 8.08 £ 0.46 8.88 £ 0.77 781 £041% 7.80 £ 0.46%
cTnl (pg/mL)

0.5 h 152.70 + 37.82 133.54 + 50.75 129.23 + 57.49 8891 +20.17 84.52 + 20.37

2h 121.73 + 38.80 106.70 + 30.45 112,02 + 13.97 7832 + 12.83% 77.32 £ 1331%
Catecholamines (ng/mL)

0.5 h 376.51 £ 132.73 448.99 + 156.87 41592 * 143.46 237.97 % 25.78*% 237.19 % 39.00%%

2h 265.47 £ 45.52 304.30 £ 45.22 319.88 £ 38.16 248.96 + 25.62% 218.59 + 2524+
cTnl (Cardiac tissue) (pg/mL) 43494 + 87.76 506.24 + 83.38 419.06 = 124.36 343.62 % 29.55* 340.13 £ 50.11*
Catecholamines (Cardiac tissue) (ng/mL) 580.79 + 75.62 706.45 * 59.99 669.10 £ 38.17 493.12 + 33.04* 476.10 + 42.89*
IL-6 (pg/mL)

0.5 h 70.08 + 9.71 69.84 + 15.58 60.68 + 21.45 38.09 + 6.39% 4259 + 10.41*

2h 51.27 + 6.66 3829 + 7.38 4156 + 7.77 35.14 + 5.09 34.55 + 6.6l
TNF-a (pg/mL)

0.5 h 159.16 £ 25.56 170.22 £ 31.92 188.03 £ 65.81 129.00 £ 11.61 126.61 + 24.64
2h 143.88 + 33.20 151.19 £ 21.42 145.84 + 20.89 13191 £ 1578 127.88 + 17.87
IL-6 (Cardiac tissue) (pg/mL) 340.55 + 31.99 339.94 + 45.80 313.38 £ 42.49 243.62 * 36.87% 241.84  50.86*
TNF-a (Cardiac tissue) (pg/mL) 314.94 + 81.55 418.09 + 59.59 364.83 + 94.14 299.51 + 44.63* 27217 + 24.21%

Mortality, n (%) 7 (58.33%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Notes: All specimens are blood samples unless otherwise noted. Catecholamines, cTnl, NGAL, IL-6, and TNF-a are measured using ELISA kits. Data are represented as the
mean * SD. # P < 0.05 when compared with HS+C group. * P < 0.05 when compared with HS+WI group. * P < 0.05 when compared with HS+CB group. @ P < 0.05 when
compared with HS+LR group.

Abbreviations: BUN, blood urea nitrogen; cTnl, cardiac troponin I; IL-6, interleukin-6; NGAL, neutrophil gelatinase-associated lipocalin; Scr; serum creatinine; TNF-o,
tumor necrosis factor-alpha; WBC, White blood cell count.

Inflammatory Markers

White blood cell counts at 2 hours were lower in the HS + LR and HS + CC groups compared to the HS + WI group,
with a significant difference observed in the HS + LR group. Levels of IL-6 and TNF-a in tissues and blood samples at
0.5 hours post-cooling were significantly lower in the HS + LR and HS + CC groups compared to the HS + WI and HS +
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CB groups. This indicates that the inflammatory responses in the HS + LR and HS + CC groups were milder than those in
the other groups.

Histological Evaluation

Histopathological examination of heart tissue post-HS revealed partial degeneration and necrosis of myocardial cells,
characterized by smaller nuclei, deeper staining, increased eosinophilia of the cytoplasm, vascular dilation, congestion in
the myocardial interstitium, and inflammatory cell infiltration (Figure 2A). The HS + CB group exhibited the most severe
lesions, with the highest pathological scores for myocardial damage (Figure 2C). Different degrees of damage were
observed in the renal tissues of all groups of rats (Figure 2B). This included congestion in the capillary lumens of the
glomeruli and renal tubules, infiltration of inflammatory cells, and degeneration and necrosis of the renal tubular
epithelial cells. Among the cooling groups, the HS + CB group exhibited the most severe lesions, characterized by
coagulative necrosis of the proximal convoluted tubules and a large number of red blood cells retained in the capillary
lumens. The pathological score of the kidneys was significantly higher in the HS + CB group compared to the HS + LR
and HS + CC groups (Figure 2C).

Figure 2 Continued.
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Figure 2 Histological Evaluation of Heart and Renal Tissue. (A) Cardiac histopathology with hematoxylin and eosin (H&E) staining. Scale bar = 50 pm. In the heart tissue of rats
in the HS+C group, partial degeneration and necrosis of cardiomyocytes were observed, characterized by deeply stained nuclei, eosinophilic cytoplasm, and vacuolization in
some cells (Red arrow). There was congestion in the myocardial stroma, with significant retention of red blood cells (Yellow arrow) and infiltration of inflammatory cells (Blue
arrow). Similar findings were noted in the cooling groups, with the most severe lesions observed in the HS+CB group, while other groups exhibited relatively milder lesions.
(B) Renal histopathology with H&E staining. Scale bar = 50 pm. Congestion was observed in the capillary lumens of the glomeruli, accompanied by infiltration of inflammatory
cells (Red arrow). Tubular epithelial cells showed degeneration and necrosis, with cellular shedding (Blue arrow). Congestion was also noted in the interstitial blood vessels of
the kidneys (Yellow arrow). Among the cooling groups, the HS+CB group exhibited the most severe lesions, characterized by coagulative necrosis of the proximal tubules, with
visible tubular outlines but indistinct epithelial cell borders, nuclear disappearance, and cytoplasmic breakdown (Blue arrow). (C) Comparative cardiac and renal injury scoring.
The HS+CB group had the highest pathological score in cardiac tissue, significantly different from the HS+LR group. The HS+CB group had the highest pathological score renal
tissue, significantly different from the HS+LR and HS+CC groups. Data are presented as the mean % SD. *P < 0.05, **P < 0.01, ***P < 0.001.

4988 https://doi.org/10.2147/JIR.S512014 Journal of Inflammation Research 2025:18



Chen et al

Apoptosis

Using the TUNEL assay to detect apoptosis, we observed significantly lower levels of apoptosis in the heart and kidney
cells of the HS + LR and HS + CC groups compared to the HS + WI group (Figures 3). The HS + CB group had the
highest apoptosis rate among the cooling groups, indicated by increased red fluorescence. This suggests that different
cooling methods have varying impacts on cell death under heat stress conditions.

Impact of Cooling Rate on Outcomes

Univariate and multivariate logistic regression analyses evaluated the relationship between the 10-minute cooling rate
and the incidence of hypothermia and test indicators. As shown in Table 2, the cooling rate significantly correlated with
acid-base balance, organ function indicators, and inflammatory markers. Specifically, with the increase in cooling rate,
levels of HCO;3™ and PCO, significantly increased while lactate levels significantly decreased. Cardiac and renal function
indicators such as Scr, NGAL, c¢Tnl, and catecholamines, as well as inflammatory factors IL-6 and TNF-q, significantly
decreased. After adjusting for cooling methods, the independent relationship between the cooling rate and these
laboratory parameters (including blood gas analysis, organ function biomarkers, and inflammatory cytokines) remained
statistically significant. Rapid cooling was significantly associated with the duration of hypothermia within 2 hours, but
not at 6 hours. These results indicate that early rapid cooling improves heart and kidney functions and reduces
inflammatory responses without causing prolonged hypothermia.

Discussion

This study investigated the effects of clinical cooling methods—CB and cold fluid infusion—on cooling rate, organ
function, and prognosis in CHS rats. Early rapid cooling significantly reduced the 24-hour mortality rate, improved
cardiac and renal function, and reduced inflammation. Cold fluid infusion, alone or with CB, stabilized circulation and
improved organ function better than CB alone. The combination of cold fluid infusion and CB achieved the fastest
cooling rate.

The value of early rapid cooling in the treatment of HS has been widely recognized. In this study, the HS + C group,
which did not receive active cooling measures, had a high mortality rate, with a 2-hour mortality rate of 58.3%.
Pathological assessments showed more severe structural damage to the heart and kidneys and a higher rate of cell
apoptosis. However, none of the groups that received active cooling measures had any deaths within 24 hours. Further
analysis revealed a significant negative correlation between the 10-minute cooling rate and cardiac and renal function
indicators, as well as inflammatory factor levels, and this relationship was independent of the type of cooling measure.
This further confirms the crucial role of rapid cooling in the prognosis of HS. The pathophysiological mechanism of HS
is complex, involving direct cellular damage caused by heat exposure and the resulting systemic inflammatory response,
which plays a key role in multi-organ dysfunction."'> Rapid and active cooling after the onset of HS can not only quickly
lower core temperature, halting heat toxicity to cells, but also improve prognosis by inhibiting the inflammatory response.

Due to factors such as blood redistribution, profuse sweating, and myocardial injury, HS patients often experience
hypovolemic shock and circulatory failure. Clinical studies have found that deaths in HS patients often occur after
hyperthermia and the associated circulatory failure.® Therefore, in addition to rapid cooling, adequate fluid replacement
to restore blood pressure and tissue perfusion is also crucial.*® Cold fluid infusion not only has a cooling effect but also
serves to expand blood volume and replenish lost electrolytes, making it widely used clinically. This study found that
MAP in each group dropped sharply after the onset of HS, but the HS + LR group experienced the smallest decline, and
MAP in the HS + LR and HS + CC groups rebounded more quickly. Furthermore, the cardiac and renal function
indicators in these two groups were significantly better than those in the HS + WI and HS + CB groups. This
demonstrates that despite a cooling rate similar to that of CB, LR infusion is more beneficial for circulatory stability
and organ function improvement, further illustrating the importance of volume resuscitation in the management of HS.

In addition to improving cardiac and renal function-related indicators, the HS + LR group also exhibited lower levels
of inflammatory factors. We believe these effects are related not only to the improvement of tissue perfusion by volume
resuscitation but also to the specific role of lactate components in the solution. Lactate is not only an important carbon
source for cellular metabolism * but also a unique immunomodulatory molecule.’*** Lactate can inhibit the synthesis and
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Figure 3 Cell Apoptosis of Heart and Renal Cortex Tissues Evaluated by TUNEL Staining. (A) Representative images of TUNEL-stained heart tissue sections. Scale bar =
100 pm. (B) Representative images of TUNEL-stained renal cortex tissue sections. Scale bar = 100 ym. (C) Statistical analysis of the TUNEL-positive area using ImageJ
software. Data are presented as the mean * SD. *P < 0.05, **P < 0.0, ¥**P < 0.001, ****P < 0.0001.
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Table 2 Logistic Regression of Cooling Rate for Laboratory Test Results in Rats With Heat Stroke

Outcomes Cooling Rate, B (95% CI) P

Univariate

Adjust Model

Tc < 33°C within 2 h of cooling (min)

452 (-0.17, 9.20) 0.065

11.88 (3.13, 20.64) 0.011

Tc < 33°C within 6 h of cooling (min)

-9.17 (-26.51, 8.18) 0.306

~0.53 (-31.91, 30.84) 0.974

Lactate (mmol/L)

—0.24 (—0.41, —0.06) 0.010

—0.42 (—0.76, —0.09) 0.018

HCO;™ (mmol/L)

1.11 (0.28, 1.94) 0.012

2.23 (0.71, 3.75) 0.006

PCO, (mmHg)

3.33 (1.75, 4.91) <0.001

4.53 (1.49, 7.57) 0.006

Scr (umol/L)

—4.07 (—6.81, —1.33) 0.006

—5.96 (—10.35, —1.57) 0.011

NGAL (Renal tissue) (ng/mL)

—0.34 (—-0.57, —0.11) 0.008

—0.47 (—0.88, —0.06) 0.035

cTnl (pg/mL)

—10.65 (—19.13, —2.17) 0.018

—15.02 (—29.64, —0.40) 0.050

Catecholamines (ng/mL)

—41.31 (—66.19, —16.44) 0.002

~62.98 (~101.78, —24.18) 0.003

IL-6 (pg/mL)

—4.63 (—8.42, —0.84) 0.021

—10.89 (—17.17, —4.61) 0.002

~10.34 (—18.65, —2.04) 0.019 | —13.91 (~28.60, 0.79) 0.070

TNF-a (pg/mL)

Note: Adjust model adjusted for group (cooling methods).
Abbreviations: cTnl, cardiac troponin I; IL-6, interleukin-6; NGAL, neutrophil gelatinase-associated lipocalin; Scr, serum
creatinine; TNF-0, tumor necrosis factor-alpha.

secretion of cytokines and chemokines in monocytes and macrophages induced by lipopolysaccharides,” and it can
regulate immune responses by downregulating the activation of the NLRP3 inflammasome and the production of IL-1,
thereby reducing the severity of acute inflammatory responses.>’ Clinical studies have also shown that compared to
saline, treatment using lactated Ringer’s solution for treating severe acute pancreatitis can significantly reduce systemic
inflammation.’*? The results of this study also indicate that the levels of inflammatory markers IL-6 and TNF-a in the
myocardial tissue of rats with LR infusion (HS+LR, HS+CC) were significantly lower than in other groups. The levels of
IL-6 and TNF-a are significantly correlated with the severity of hypotension and tissue damage in HS, further supporting
the potential value of LR infusion in the treatment of HS.

Compared with the HS+LR group, the HS+CB group rats showed significantly more severe organ function and
structural damage, which we believe is related not only to volume factors but also to the characteristics of surface
cooling. Surface cooling, especially conductive cooling, requires establishing the maximum temperature gradient
between the core and the skin to accelerate passive heat transfer from the core to the periphery.! Therefore, a lower
temperature of cold water or CB is needed to lower the surface temperature as much as possible. However, excessively
low surface temperatures can cause peripheral vasoconstriction or shivering, thereby affecting the cooling effect and
patient tolerance.>** Additionally, surface cooling can activate the sympathetic nervous system, increasing serum
catecholamine levels, thereby exacerbating the burden on the circulatory system.>> Hence, although cold water immer-
sion can achieve satisfactory cooling rates, it may be associated with patient intolerance and increased mortality. The
results of this study also indicate that despite anesthetic drugs controlling the shivering response in rats, the ¢Tnl and
catecholamine concentrations in rats undergoing surface cooling alone (HS+WI, HS+CB) were significantly higher than
in other groups, further indicating the potential impact of surface cooling on circulatory function. Moreover, shivering
increases tissue oxygen consumption, which under conditions of insufficient tissue perfusion can induce metabolic
acidosis.*® The insufficient cooling rate of CB necessitates prolonged cooling time to achieve better cooling effects.
Prolonged local contact with cold sources exacerbates the adverse effects caused by excessively low surface tempera-
tures, resulting in significant metabolic acidosis in the HS+CB group. The combination of slow cooling rate, insufficient
tissue perfusion, and acidosis is likely to have contributed to severe structural and functional damage to the kidneys and
heart in the HS+CB group.
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The adverse effects caused by surface conductive cooling alone seem to be mitigated by the combined use of cold
fluid infusion. The combined cooling group not only exhibited organ structural and functional indicators and inflamma-
tory factor levels similar to the HS+LR group but also demonstrated the most optimal cooling rate. The protective effect
of combined cooling on the organs of HS rats may be attributed to both rapid cooling and sufficient hydration, as these
are key measures in the treatment of HS. The combined cooling group showed signs of respiratory acidosis 0.5 hours
after cooling, which may be related to a decreased respiratory rate and reduced ventilation caused by rapid cooling. Since
this study only collected specimens 2 hours after cooling, it was unable to assess the long-term effects of combined
cooling on the body.

Rapid cooling may lead to hypothermia. This study found that compared to the cold fluid infusion groups, the two
groups of rats subjected to surface cooling alone exhibited a more pronounced subsequent cooling effect, with a higher
incidence and longer duration of hypothermia. External conductive cooling reduces core temperature by lowering the
surface temperature. When cooling measures cease, the gradient between core temperature and surface temperature
persists, resulting in a continued cooling effect and the occurrence of hypothermia. Cold fluid administered intravenously
rapidly enters the central circulation, lowering the core temperature of tissues and organs. After stopping the infusion, the
cold source dissipates and the body restores normal temperature through its thermoregulatory mechanisms. The
combined cooling group’s body temperature dropped rapidly initially and then quickly returned to near-normal levels,
possibly due to the restoration of hypothalamic thermoregulatory function from rapid cooling. This can also be validated
by the faster temperature recovery in the cold water immersion group compared to the cooling blanket group.

Since this study only collected results within 2 hours after cooling, and hypothermia often occurs after 2 hours (as
shown in the Figure 1C), this study cannot yet explore the impact of hypothermia on prognosis. However, studies suggest
that hypothermia may increase the potential risk of adverse prognoses, such as arrhythmias and coagulopathies.'
Therefore, these results remind us to be vigilant about the subsequent cooling effects of cooling measures, especially
surface cooling, to prevent hypothermia.

This study systematically evaluated the differences in cooling rate, inflammation markers, and organ structure and
function between the commonly used clinical cooling methods of cold fluid infusion and CB in HS. To our knowledge,
this is the first randomized controlled study to explore the utility of different cooling measures in HS rats. Active rapid
cooling is the cornerstone of HS treatment; when implementing cooling measures, attention should not only be paid to
the cooling rate but also to the relationship between cooling measures and prognosis. Therefore, the findings of this study
provide important insights.

However, there are certain limitations to this study. This study focused on HS in rats. Although the HS response in
rats is similar to that in humans, the larger surface area-to-body mass ratio in rats makes their core temperature more
susceptible to environmental changes. Consequently, surface cooling methods such as CWI and CB may be more
effective in rats. Furthermore, this investigation was designed within a hospital-based context focusing on clinically
accessible cooling modalities including CB and cold fluid infusion. Notably, the study did not assess potential synergistic
effects between CWI and concurrent cold intravenous fluid administration. Consequently, whether cold fluid infusion
could attenuate certain adverse effects observed with CWI alone remains scientifically undetermined. Additionally,
thermoregulation mechanisms in rats differ from those in humans, as rats are nearly incapable of cooling through
evaporative heat loss from the trunk. However, the cooling methods employed in this study primarily relied on
conductive mechanisms. Moreover, anesthesia can affect thermoregulation during the cooling process and suppress
cardiovascular responses. Specifically, pentobarbital anesthesia may attenuate sympathetic-driven thermoregulatory
responses and induce cardiovascular depression,®” potentially influencing cooling efficacy. The single intraperitoneal
bolus administration further introduces variability in sustained anesthetic effects during prolonged
experiments. Nonetheless, clinical guidelines recommend the use of benzodiazepines, propofol, or fentanyl to control
agitation or shivering induced by cooling treatments.'® Therefore, anesthetized rats still exhibit significant similarities to
clinical conditions. Additionally, this study is based on an anesthetized rat CHS model, and it remains uncertain whether
the results can be generalized to EHS. EHS is more likely to cause severe renal impairment compared to CHS. Further
research is needed to explore whether cold fluid infusion is more effective in mitigating EHS-induced renal impairment
compared to CB alone. Further research should validate these findings in human clinical trials to clarify the value of
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different cooling measures in the management of HS patients, providing a basis for cooling measure choices and
temperature management for clinical caregivers. Additionally, in-depth exploration of the relationship between hypother-
mia and prognosis will also promote further refinement of HS temperature management protocols.

Conclusion

Compared to the use of CB alone, early rapid infusion of cold fluid can improve the structure and function of the heart
and kidneys in CHS rats and reduce the levels of inflammatory factors under similar cooling rates. Combining cold fluid
infusion with CB can significantly accelerate the cooling rate, thereby reducing organ damage and inflammatory
responses. These findings suggest that it is necessary to further study and evaluate the selection of cooling measures
for HS patients to improve clinical outcomes in HS management.
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