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Abstract

Heat stress (HS), a pervasive environmental stressor, significantly disrupts systemic physi-
ological homeostasis, posing substantial threats to human and animal health. Sheng Mai
San (SMS), a classic Traditional Chinese Medicine (TCM) formula, exerts its therapeutic
effects by replenishing qi (the vital energy governing physiological functions) and nourish-
ing yin (the material basis responsible for moistening and cooling actions). This formula
demonstrates significant efficacy in astringing sweating and preventing collapse. However,
its precise molecular mechanisms against HS-induced myocardial injury remain incom-
pletely elucidated. This study initially employed physicochemical analytical methods to
determine the contents of total polysaccharides, saponins, and flavonoids in SMS and
evaluated its antioxidant activity. Subsequently, both in vitro and in vivo rat models of
HS were established to systematically assess the alterations in reactive oxygen species
(ROS), antioxidant enzymes (GSH, SOD, CAT), and heat shock proteins (HSP70, HSP90)
following SMS intervention, thereby investigating HS-induced myocardial injury and the
protective effects of SMS. Furthermore, Western blot, immunofluorescence, and qRT-PCR
techniques were utilized to quantitatively analyze key molecules in the Keap1-Nrf2-HO-1
and Stub1-HSF1 signaling pathways. The results demonstrated that total polysaccharides
were the most concentrated in SMS, followed by total saponins. This formula exhibited
potent free radical scavenging capacity against DPPH, ABTS, and OH ™, along with signifi-
cant reducing activity. HS-induced myocardial injury reached its peak severity at 6-12 h
post-stress exposure. SMS intervention effectively suppressed excessive ROS generation,
enhanced the activities of antioxidant enzymes (GSH, SOD, and CAT), and downregulated
HSP70 and HSP90 mRNA expression levels, thereby significantly mitigating cardiomyocyte
damage. Mechanistic investigations revealed that SMS conferred cardioprotection through
dual modulation of the Keap1-Nrf2-HO-1 and Stub1-HSF1 signaling pathways. This study
not only provides a novel TCM-based therapeutic strategy for preventing and treating
HS-related cardiovascular disorders but also establishes a crucial theoretical foundation for
further exploration of SMS’s pharmacological mechanisms and clinical applications.
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1. Introduction

With the ongoing progression of global warming, the frequency and intensity of ex-
treme heat events have shown a significant upward trend, posing unprecedented challenges
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to human health [1]. HS refers to the physiological response that occurs when organisms
are chronically exposed to high-temperature environments (often accompanied by high
humidity), resulting in cumulative body heat exceeding thermolytic capacity [2]. This
condition emerges when impaired thermoregulatory function causes abnormal elevation of
core body temperature. The key mechanism lies in its detrimental effects on evaporative
cooling through perspiration and respiration, where high humidity reduces the water
vapor pressure gradient between skin and environment, thereby impeding heat dissipa-
tion through sweat evaporation [3]. Epidemiological studies have confirmed a distinct
J/U-shaped association between heat exposure and mortality [4]. It should be specifically
noted that the disease burden and mortality data cited in this study refer specifically to
health impairments directly caused by heat exposure, with evidence primarily derived from
large-scale epidemiological investigations of extreme heat events and high-temperature
occupational populations [5-8]. This study focuses on pathological states directly induced
by environmental and occupational heat exposure, with particular emphasis on analyzing
the pathogenesis of multi-organ dysfunction and related diseases resulting from heat stress.
Research indicates that susceptible populations (such as the elderly and patients with
cardiovascular diseases) are more prone to developing severe heat-related illnesses after
heat exposure; meanwhile, high-temperature occupational groups including athletes and
construction workers, due to long-term high-intensity work, exhibit significantly higher
incidence risks and clinical severity of heat-related diseases compared to the general pop-
ulation [1]. These findings not only reveal the significant public health threats posed by
climate warming but also highlight the strategic importance of advancing research on HS
mechanisms. The development of targeted prevention and intervention strategies is of
critical practical significance for protecting vulnerable populations and enhancing societal
resilience to climate change.

Extensive studies have demonstrated that suppressing oxidative stress represents
a pivotal therapeutic strategy for preventing and treating HS-related disorders. Under
hyperthermic conditions, myocardial tissues exhibit abnormal accumulation of ROS. These
excessive ROS molecules attack critical biomacromolecules including nucleic acids and
proteins within cardiomyocytes, inhibit the activity of key lipid-metabolizing enzymes,
and significantly reduce the biological activity of antioxidant enzymes such as super-
oxide dismutase (SOD), ultimately leading to myocardial oxidative damage and even
cellular apoptosis [9]. Nuclear factor erythroid 2-related factor 2 (Nrf2), a cap-n-collar
basic region-leucine zipper (bZIP) transcription factor, serves as the master regulator of
cellular antioxidant defense systems [10]. Under physiological conditions, Nrf2 is main-
tained in a low-activity state through its binding to Kelch-like ECH-associated protein
1 (Keap1) in the cytoplasm. Keapl serves as the substrate recognition subunit of the
Cullin3-RBX1 E3 ubiquitin ligase complex, exhibiting dual functionality as both a sensor
of oxidative/electrophilic stress and a regulator that maintains low basal Nrf2 expression
levels through ubiquitin-mediated proteasomal degradation [11,12]. Under oxidative stress
conditions, ROS induce conformational changes in Keap1 through specific modifications of
its critical cysteine residues, thereby destabilizing the Keap1-Cullin3-RBX1 complex. This
process facilitates nuclear translocation of Nrf2, which subsequently forms heterodimers
with small MAF (sMAF) proteins in the nucleus. The Nrf2-sMAF complex then binds to
antioxidant response elements (AREs), initiating transcription of various cytoprotective
genes [13,14]. In a broiler HS model, Wu Yanan's research team demonstrated that HS
impairs the Keap1-Nrf2-ARE signaling pathway, as evidenced by downregulation of down-
stream target genes (GCLC and NQO1), decreased serum activities of SOD and glutathione,
and elevated levels of malondialdehyde (MDA), a lipid peroxidation product [9]. These
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findings provide crucial experimental evidence for elucidating the molecular mechanisms
underlying HS-induced myocardial injury.

During the cellular response to HS, the cardiac tissue-specific molecular chaperone
Stubl (carboxyl terminus of Hsc70-interacting protein, CHIP) plays a pivotal regulatory
role [15]. Under physiological conditions, Stub1 is predominantly localized in the cyto-
plasm, with detectable but minimal nuclear presence. Upon HS exposure, Stub1 undergoes
rapid nuclear translocation and significantly enhances its binding affinity for heat shock
proteins (HSPs), including HSP70 and HSP90 [16]. However, under conditions of exces-
sive stress, nuclear Stubl levels exhibit paradoxical downregulation [17]. This biphasic
regulation is mediated through the heat shock transcription factor 1 (HSF1), which serves
as the master molecular switch connecting environmental stress with HSP induction [18].
Mechanistically, activated HSF1 forms functional trimers that bind to heat shock elements
(HSEs) in the promoters of HSP genes, thereby initiating their transcriptional activation [19].
Emerging evidence demonstrates that Stub1 not only regulates the chaperone system but
also directly facilitates HSF1 activation and nuclear translocation [20]. Mechanistically,
Stubl promotes HSP70-HSF1 complex dissociation, enhances HSF1 trimerization, and
co-localizes with HSF1 in the nucleus to potentiate its DNA-binding activity, thereby up-
regulating HSP70 expression to counteract misfolded protein accumulation [20]. Therefore,
elucidating the regulatory mechanisms of the Stub1-HSF1 signaling pathway under HS
conditions and its cardioprotective effects holds significant theoretical importance and pro-
vides novel therapeutic perspectives for clinical prevention and treatment of HS-induced
myocardial injury.

SMS, a classical Chinese herbal formula originally documented in “Yixue Qiyuan” by
Zhang Yuansu during the Jin Dynasty, is clinically prescribed for replenishing qi, nour-
ishing yin, and arresting sweating [21,22]. Contemporary pharmacological studies have
demonstrated its significant therapeutic effects in improving cardiac function, alleviating
myocardial ischemia, enhancing hypoxia tolerance, and protecting cardiomyocytes [23,24].
Our previous phytochemical analysis identified ginsenosides Rb1, Rh1, and Rg3; ophio-
pogonin D; ruscogenin; and schisandrin A as the major bioactive constituents of SMS, with
ginsenoside Rg3 and schisandrin A being the most abundant components [25]. Ginsenoside
Rg3 activated the Keapl/Nrf2 signaling pathway to attenuate OGD/R-induced ferroptosis
in H9C2 cells [26]. Similarly, schisandrin A has been shown to suppress RANKL-induced
ROS generation via Nrf2 activation and concurrently inhibit NF-«kB signaling, thereby
effectively attenuating osteoclast differentiation [27]. To elucidate the cardioprotective
mechanisms of SMS against HS-induced myocardial injury, we quantitatively analyzed its
contents of total polysaccharides, total flavonoids, and total saponins; systematically evalu-
ated its in vitro antioxidant capacity; and established both in vitro and in vivo HS models.
By employing multiple techniques including immunofluorescence, Western blotting, and
quantitative real-time polymerase chain reaction (QRT-PCR), we comprehensively inves-
tigated the regulatory effects of SMS on the Keap1-Nrf2-HO-1 and Stub1-HSF]1 signaling
pathways, providing novel therapeutic strategies for the clinical prevention and treatment
of HS-induced myocardial injury.

2. Materials and Methods
2.1. Reagents

Catalase (CAT) (Cat. No.: A007-2-1), SOD (Cat. No.: A001-3-2), and glutathione
(GSH) (Cat. No.: A006-2-1) were purchased from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China). An ROS assay kit (Cat. No. S0033S) and N-acetyl-L-cysteine
(NAC) (Cat. No. ST1546-50g) were obtained from Beyotime Biotechnology (Shanghai,
China). The Stub1 antibody (Cat. No.: ab134064) was acquired from Abcam (Cambridge,
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UK). HSP70 (Cat. No.: WL01019) and HSF1 (Cat. No.: WL20759) antibodies were pro-
cured from Wanleibio Co., Ltd. (Shenyang, China). Nrf2 (Cat. No.: 16396-1-AP), Keap1
(Cat. No.: 10503-2-AP), GAPDH (Cat. No.: 10494-1-AP), Laminb1 (Cat. No.: 12987-1-AP),
and HO-1 (Cat. No.: 10701-1-AP) antibodies were purchased from Proteintech Group
(Wuhan, China).

2.2. Preparation of SMS Extract

The herbal components of SMS, including Panax ginseng C.A. Mey., Ophiopogon japoni-
cus (L.f.) Ker-Gawl., and Schisandra chinensis (Turcz.) Baill., were weighed at a ratio of 3:3:2,
respectively. The mixture was ground using a pulverizer and sieved through a 20-mesh
screen. Subsequently, the powder was soaked in 10 volumes of distilled water for 30 min,
followed by decoction—initially brought to a boil over high heat, then simmered at low
heat for 60 min. The resulting filtrate was collected, and the residue was subjected to a
second extraction with 8 volumes of distilled water for 40 min. After filtration, the two
extracts were combined and centrifuged at 3000 r/min for 15 min. The supernatant was
concentrated under reduced pressure at 60 °C to achieve a final concentration of 1.0 g crude
herb/mL. The concentrated solution was then freeze-dried to obtain the SMS freeze-dried
powder [28,29].

2.3. Chemical Composition Analysis of SMS

A total of 500 mg of accurately weighed lyophilized SMS powder was dissolved in 50%
ethanol to a final volume of 5 mL, followed by ultrasonication for 30 min and centrifugation.
The supernatant was filtered through a 0.22 um membrane prior to analysis. Standard
solutions of glucose, rutin, and ginsenoside Rg3 were prepared at serial concentrations for
quantitative determination. The contents of total polysaccharides, total flavonoids, and
total saponins were measured using modified colorimetric methods: phenol-sulfuric acid
assay [30], sodium nitrite-aluminum nitrate-sodium hydroxide assay [31], and vanillin-
perchloric acid assay [32], respectively. Methodological validation was performed to verify
the reliability of the analytical procedures.

2.4. In Vitro Antioxidant Activity Assay

The antioxidant capacity of SMS was systematically evaluated using four standard
assays: DPPH radical scavenging (517 nm) [33], ABTS radical scavenging (734 nm) [33],
OH™ radical scavenging (520 nm) [34], and ferric ion reducing power assessment [potas-
sium ferricyanide method (700 nm) and FRAP assay (593 nm)] with NAC as the positive
control. Measurements were performed using UV-visible spectrophotometry, with each
experiment independently repeated in triplicate. Radical scavenging rates were calculated
according to standard formulas.

2.5. Cell Experiments
2.5.1. Cell Culture

Rat H9c2 cardiomyocytes were purchased from Wuhan Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China). The cells were cultured in DMEM complete medium,
consisting of 79% DMEM, 20% fetal bovine serum (FBS), and 1% penicillin-streptomycin-
amphotericin B, and maintained in a humidified incubator at 37 °C with 5% CO,. Subcul-
turing was performed when cells reached 70% confluence.

2.5.2. Establishment of H9¢2 Cardiomyocytes HS Model

H9c2 cardiomyocytes were seeded in culture plates and divided into the following
groups: Control, H5-0 h, HS-3 h, HS-6 h, H5-9 h, and HS-12 h. The Control group was
maintained under standard culture conditions (37 °C, 5% CO,) throughout the experiment.
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The remaining groups were subjected to HS (43 °C, 5% COy) for 2 h, followed by recovery
at 37 °C, 5% CO, for 0, 3, 6, 9, or 12 h, respectively.

2.5.3. SMS Intervention and Grouping

HO9c2 cardiomyocytes were seeded in culture plates and allowed to adhere for 24 h
prior to drug treatment. The experimental groups were treated with different concentrations
of SMS (500, 1000, and 2000 pg/mL) or NAC (0.125 uM). Additionally, intervention groups
were established using YL-109 (a Stub1 agonist, MCE) or Curcumin (an Nrf2 agonist, MCE).
Following 24 h of drug treatment, all groups were subjected to HS (43 °C, 5% CO,) for 2 h,
followed by recovery under standard conditions (37 °C, 5% CO»).

2.6. Animal Experiment

Sixty Sprague-Dawley (SD) rats were obtained from the Lanzhou Veterinary Re-
search Institute of Chinese Academy of Agricultural Sciences [license number: SCXK
(Gan) 2020-0002]. The rats were acclimatized for 7 days in standard housing cages under
controlled conditions: 12 h light/dark cycle, ambient temperature of 23 & 1 °C, and relative
humidity of 45 £ 5%. Throughout the study, animals had ad libitum access to standard
rodent chow and drinking water. The HS model was established according to a previously
described protocol [35] with modifications to better approximate clinical conditions. Briefly,
SD rats were placed in a preheated climate-controlled chamber and subjected to daily HS
exposure (38 + 1 °C, 75 £ 5% relative humidity) for 2 h per day (from 10:00 to 12:00) over
7 consecutive days, during which food and water were withheld. Control animals were
maintained under standard conditions (23 & 1 °C, 45 &= 5% relative humidity). The tempera-
ture and humidity parameters were selected based on the following rationales: pilot studies
confirmed that this specific combination effectively induced significant hyperthermia (core
body temperature elevated to 40.5-41.5 °C) without causing acute mortality, thereby closely
mimicking the clinical manifestation of heat stroke in human patients; furthermore, these
conditions simulate the typical heatwave climate prevalent in southern China and reflect
occupational heat exposure environments [6,7]; ultimately, this model reliably recapitulates
key pathophysiological features observed in human heat stroke, including HSP70 upregu-
lation, systemic inflammatory response, and multi-organ dysfunction. Two hours prior to
each HS exposure, animals received the following treatments via oral gavage: the Control
and HS groups were administered normal saline; the SMS-treated groups received SMS at
high (SMS-H, 5.04 g/kg), medium (SMS-M, 2.52 g/kg), or low (SMS-L, 1.26 g/kg) doses;
and the positive control group received NAC (150 mg/kg) [36]. Biological samples were
collected 6 h after the final HS exposure.

2.7. Determination of CAT, GSH, SOD, and ROS Levels in H9c2 Cardiomyocytes

Following treatment, cells were lysed using RIPA buffer and centrifuged at 3000 r/min
for 15 min. The supernatant was collected for protein concentration determination using
the BCA method. Subsequently, intracellular levels of ROS, CAT, SOD, and GSH were
measured strictly according to the manufacturer’s protocols of the respective assay kits.

2.8. Measurement of Intracellular ROS Levels in H9c2 Cardiomyocytes Using Fluorescent Probe

H9c2 cardiomyocytes were seeded in 6-well plates at a density of 2 x 10° cells/mL
(4 x 10° cells/well in 2 mL medium) and allowed to adhere for 24 h. After experimental
treatments, cells were washed three times with PBS and incubated with 1 mL DCFH-DA
working solution in a 37 °C, 5% CO, incubator for 20 min protected from light. Following
three additional PBS washes to remove unincorporated probe, 1 mL serum-free medium
was added prior to fluorescence microscopy observation and image acquisition. Three
independent replicates were performed for each experimental group.
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2.9. Quantitative Real-Time PCR Analysis

Total RNA was extracted using TRIzol reagent and reverse-transcribed into cDNA.
Quantitative PCR was performed on a LightCycler 96 system using ChamQ Universal SYBR
qPCR Master Mix, with all primers synthesized by Sangon Biotech (Shanghai). The primer
sequences were as follows: HSP70: Forward: 5-TCGAACAGTTCAAGATCAAACG-3/, Re-
verse: 5'-CCGGAACTTCTTGTAGTAGTCA-3'; HSP90: Forward: 5-GAAGTGAACAAGCT
TGATGGAG-3/, Reverse: 5-GTCCACGCTATTTTCATCAGAC-3’; Stubl: Forward: 5'-
TGAATGAGCTCTT-3/, Reverse: 5'-GTCACAGGATCGAAATGGCC-3'; HSF1: Forward:
5'-CCATGAAGCACGAGAACGAG-3/, Reverse: 5'-ACTGCACCAGTGAGATCAGGA -3/;
GAPDH: Forward: 5-ACGGGAAACCCATCACCATC-3/, Reverse: 5'-CTCGTGGTTCA
CACCCATCA-3'.

2.10. Immunofluorescence Analysis

For immunofluorescence staining, H9¢2 cardiomyocytes from different treatment
groups were processed as follows: Cells were washed three times with PBS, fixed with
4% paraformaldehyde at 37 °C for 15 min, and subsequently washed three times with
PBS (5 min each). Permeabilization was performed using 0.1% Triton X-100 at room
temperature for 15 min, followed by three additional PBS washes (5 min each). Non-
specific binding was blocked with 3% bovine serum albumin (BSA) at 37 °C for 30 min.
Primary antibodies against Nrf2 (1:200 dilution), Stub1 (1:500), and HSF1 (1:200) were
applied and incubated overnight at 4 °C. The following day, cells were rewarmed to room
temperature, washed three times with PBS (5 min each), and incubated with appropriate
fluorescent secondary antibodies at 37 °C for 30 min. After three final PBS washes (5 min
each), nuclei were counterstained with DAPI at room temperature, and slides were mounted
for microscopic observation.

2.11. Western Blot Analysis

Nuclear proteins were extracted from cardiac tissues using a commercial nuclear
protein extraction kit according to the manufacturer’s protocol. Protein concentrations
were determined by BCA assay, and equal amounts of protein were loaded for electrophore-
sis. Proteins were separated on SDS-PAGE gels (80 V for 40 min followed by 100 V for
80 min) and subsequently transferred to PVDF membranes at 200 mA for 90 min. Mem-
branes were blocked with 5% skim milk for 2 h at room temperature, then incubated
overnight at 4 °C with the following primary antibodies: HSP70 (1:1000), Keap1 (1:3000),
Nrf2 (1:3000), HO-1 (1:3000), Stub1 (1:10,000), HSF1 (1:1000), and GAPDH (1:2000). After
10 washes with TBST, membranes were incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room temperature. Following another
10 TBST washes, protein bands were visualized using ECL substrate and quantified using
Image] software (version 1.53t).

2.12. Statistical Analysis

All experimental data were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for multiple comparisons. Results are presented as
mean = standard error of the mean (SEM). Statistical analyses and graphical representa-
tions were performed using GraphPad Prism 9 software (GraphPad Software, San Diego,
CA, USA). A probability value of p < 0.05 was considered statistically significant.
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3. Results
3.1. Chemical Composition of SMS

Quantitative analysis revealed that SMS contained the highest content of total polysac-
charides (57.41%), followed by total saponins (10.98%) and total flavonoids (0.42%).
Method validation demonstrated reliable determination of all components, with preci-
sion (RSD < 3.56%), stability (RSD < 3.34%), repeatability (RSD < 4.20%), mean spike
recovery (93.73-106.06%; RSD < 3.69%), and validation test results (RSD < 3.37%), confirm-
ing the suitability of this method for quality control of SMS. Notably, total polysaccharides
were identified as the predominant active constituents (Table 1).

Table 1. Chemical composition analysis of SMS.

SMS Total Polysaccharides Total Saponins Total Flavonoids
Precision (RSD) 0.61% 1.54% 3.56%
Stability (RSD) 0.19% 3.34% 3.14%
Repeatability (RSD) 3.31% 2.40% 4.20%
Spike Recovery (Mean Recovery) 96.69% 106.06% 93.73%
Spike Recovery (RSD) 3.69% 2.61% 1.63%
Validation Test (RSD) 3.37% 3.35% 1.40%
Content 57.41% 10.98% 0.42%

3.2. In Vitro Antioxidant Activity of SMS

SMS exhibited a significant dose-dependent effect on DPPH free radical, ABTS free
radical, and OH™ scavenging activities. The half maximal inhibitory concentration (IC50)
of the SMS aqueous extract was 3.280 mg/mL for DPPH radicals, 7.503 mg/mL for ABTS
radicals, and 4.706 mg/mL for hydroxyl radicals (Figure 1A-C). Additionally, the aqueous
extract of SMS demonstrated a clear dose-response relationship for Fe>* reducing power,
with a slope of 0.0007179. At the same time, the FRAP method was used to evaluate the
Fe®* reduction ability. The Fe>* reduction capacity was found to be 0.0596 mmol FeSO,/g
for SMS (Figure 1D,E). The positive control drug NAC exhibited superior free radical
scavenging capacity and reducing power compared to SMS.

3.3. Effects of HS on Rat H9c2 Cardiomyocytes

HSP70, a key biomarker of the HS response [37], exhibited a time-dependent upreg-
ulation during recovery, with significantly elevated expression levels observed at 6-9 h
post-recovery (p < 0.05) (Figure 2A). Compared with the control group, intracellular ROS
levels exhibited progressive accumulation during recovery, peaking at 6 h post-recovery
(Figure 2B-C). Antioxidant enzyme activity assays revealed that GSH, SOD, and CAT activ-
ities were significantly reduced during 6-12 h recovery (p < 0.01), with values markedly
lower than control levels (Figure 2D-F). These findings demonstrate that HS-induced
myocardial cell injury primarily occurs during 6-12 h post-recovery, with the most severe
damage observed at 6 h.
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Figure 2. HS induces dysregulation of the heat shock response and oxidative stress injury in
H9c2 cardiomyocytes. (A) HSP70 expression levels in H9¢2 cells. (B,C) Intracellular ROS levels.
(D-F) Activities of GSH, SOD, and CAT; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group, n.s., not
significant (p > 0.05) (n > 3/group).

3.4. Protective Effects of SMS on Heat-Stressed H9c2 Cardiomyocytes

To investigate the protective effects of SMS against HS-induced injury in H9¢2 car-
diomyocytes, we examined changes in HSPs and oxidative stress markers. The results
showed that compared with the control group, HS not only significantly promoted the
increase of ROS (p < 0.01), but also markedly increased mRNA expression levels of both
HSP70 and HSP90 (p < 0.01) (Figure 3A-C). Concurrently, HS markedly reduced the ac-
tivities of GSH, SOD, and CAT (p < 0.01) (Figure 3D-F). Treatment with different doses of
SMS or NAC not only significantly reduced intracellular ROS levels and heat shock protein
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expression but also restored antioxidant enzyme activities, with medium and high doses of
SMS showing particularly significant improvements. These findings demonstrate that SMS
effectively alleviates HS-induced oxidative imbalance in H9¢2 cardiomyocytes, inhibits
ROS overaccumulation, and regulates HSP homeostasis.
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Figure 3. SMS attenuates HS-induced cellular injury in H9¢2 cardiomyocytes by modulating heat
shock proteins and enhancing antioxidant capacity. (A,B) mRNA expression levels of HSP70 and
HSP90 in H9¢2 cardiomyocytes. (C—F) Contents of ROS, GSH, SOD, and CAT in H9¢2 cardiomyocytes.
H9c2 cardiomyocytes were treated with SMS at concentrations of 500, 1000, and 2000 pg/mL or NAC
(0.125 uM). *** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. HS group, n.s., not
significant (p > 0.05) (n > 3/group).

3.5. Effects of SMS on the Nrf2-HO-1 Pathway in Heat-Stressed Rat H9c2 Cardiomyocytes

The Nrf2-HO-1 signaling pathway, a crucial antioxidant defense mechanism, was
investigated to determine SMS’s protective effects against HS in H9¢2 cardiomyocytes.
Compared to controls, HS significantly downregulated Nrf2 and HO-1 protein expression
(p < 0.01) while retaining Nrf2 primarily in the cytoplasm. Both SMS treatment and
curcumin (Nrf2 agonist) intervention effectively reversed these effects (p < 0.01), promoting
Nrf2 nuclear translocation and enhanced expression. Notably, no significant difference
existed between SMS alone and SMS-curcumin combination therapy (p > 0.05), indicating
that SMS specifically activates the Nrf2-HO-1 pathway for cardio-protection (Figure 4).
These findings demonstrate that SMS mitigates HS damage through targeted Nrf2-HO-1
pathway modulation.
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Figure 4. SMS attenuates HS-induced injury in H9c2 cardiomyocytes through activation of the
Nrf2-HO-1 signaling pathway. (A) Representative Western blot images. (B) Quantitative analysis of
Western blot results. (C) Immunofluorescence analysis of Nrf2 protein expression. H9¢2 cardiomy-
ocytes were treated with SMS (1000 pg/mL) or curcumin (2.5 uM). ** p < 0.01, *** p < 0.001 vs. control
group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. HS group, n.s., not significant (p > 0.05) (n > 3/group).

3.6. Effects of SMS on the Stub1-HSF1 Pathway in Heat-Stressed Rat H9c2 Cardiomyocytes

The Stub1-HSF1 signaling pathway serves as a critical molecular switch that regulates
the heat shock response and plays a central role in maintaining proteostasis during HS. To
elucidate the effects of SMS on the Stub1-HSF1 regulatory network in heat-stressed H9c2
cardiomyocytes, we performed intervention experiments using YL-109, a specific Stub1
agonist. The results demonstrated that compared with the control group, HS significantly
reduced Stubl protein expression levels (p < 0.05), with synchronous decreases observed
in both cytoplasmic and nuclear compartments, suggesting a systemic impairment of
Stubl-mediated proteostatic regulation under thermal stress conditions. Concurrently,
HSF1 expression was significantly elevated (p < 0.05) with marked nuclear translocation.
Both YL-109 and SMS interventions effectively upregulated Stubl expression (p < 0.05)
while suppressing HSF1 overactivation (p < 0.05). Notably, no statistically significant
difference was observed between SMS monotherapy and the SMS-YL-109 combination
therapy (p > 0.05), suggesting that SMS likely exerts its cardioprotective effects through
targeted modulation of the Stub1-HSF1 signaling pathway (Figure 5).



Antioxidants 2025, 14, 1140

12 of 20

A

Stubl

DAPI

Merge

DAPI HSF1

Merge

HS — + — + + B
1.5+ 5+
=
SMS - — 1000 1000 2 g N
: .E ok ok ok
YL-109  — + + . 2"
5~
ZS 1.0 T
= SRZEEN
S w sz
o 3 o o
— £3 23 2 4
=3 059 Sz w
L = L=
& = ##
] g 11
HSF1 82 kDa 2 E
0.0- 0=
FOEIR SRR
GAPDH 37 kDa 5 & & T
~ X X
| D S e— & ~
S
Control HS HS+YL-109 SMS SMS+YL-109
L, 80
Z
=
g
=
G
g =
232
]
E <
o
s
@
2
=

Control

HS

HS+YL-109

i w

The average optical density
of HSF1
in

Figure 5. SMS attenuates HS-induced injury in H9¢2 cardiomyocytes by suppressing the Stub1-HSF1
signaling pathway. (A) Representative Western blot images. (B) Quantitative analysis of Western
blot results. (C) Immunofluorescence analysis of Stubl expression. (D) Inmunofluorescence analysis
of HSF1 expression. H9¢2 cardiomyocytes were treated with SMS (1000 ug/mL) or YL-109 (4 uM).
**p <0.01, *** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. HS group, n.s., not
significant (p > 0.05) (n > 3/group).

3.7. Effects of SMS on the Keap1/Nrf2/HO-1 Pathway in Heat-Stressed Rat Myocardium

Our animal studies further demonstrated that SMS exerts multi-target cardioprotective
effects against HS through modulation of the Keap1-Nrf2-HO-1 pathway. The results
showed that SMS significantly attenuated HS-induced overexpression of HSP70 and HSP90
mRNA (p < 0.05) (Figure 6A,B). Notably, while HS markedly increased Keapl protein
expression (p < 0.05) and decreased both Nrf2 and HO-1 levels (p < 0.01) with reduced Nrf2
nuclear translocation compared to controls, SMS treatment effectively normalized these
protein expression abnormalities (Figure 6C,D). These in vivo findings closely aligned with
our cellular experiments, suggesting that SMS provides myocardial protection through
coordinated regulation of both heat shock response and antioxidant defense systems.
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Figure 6. SMS attenuates HS-induced myocardial injury in rats through activation of the Keap1-
Nrf2-HO-1 pathway and suppression of heat shock protein expression. (A,B) Effects of SMS on
myocardial HSP70 and HSP90 mRNA expression levels under HS. (C) Representative Western blot
images. (D) Quantitative analysis of Western blot results. Rats were treated with SMS at doses of
1.26,2.52, and 5.04 g/kg or NAC (150 mg/kg). ** p < 0.01, *** p < 0.001 vs. control group; # p < 0.05,
## p < 0.01, ### p < 0.001 vs. HS group, n.s., not significant (p > 0.05) (n > 5/group).
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3.8. Effects of SMS on the Stub1-HSF1 Pathway in Heat-Stressed Rat Myocardium

To elucidate the molecular mechanisms underlying SMS’s cardio-protection through
modulation of the Stub1-HSF1 pathway, we systematically analyzed Stub1 and HSF1 ex-
pression at both the protein and gene levels in myocardial tissues using Western blot and
qRT-PCR. The experimental results demonstrated remarkable consistency with our pre-
vious cellular findings: compared to the control group, HS significantly decreased Stubl
expression at both the mRNA and protein levels (including total and nuclear fractions)
(p < 0.05) while conversely increasing HSF1 expression (both transcriptional and transla-
tional levels) (p < 0.05). Notably, SMS intervention effectively reversed these molecular
alterations (p < 0.05), providing compelling evidence that SMS exerts its cardioprotective
effects through targeted regulation of the Stub1-HSF1 signaling pathway (Figure 7).
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Figure 7. SMS attenuates HS-induced myocardial injury in rats by suppressing Stubl and HSF1
expression and nuclear translocation. (A) Representative Western blot images of total Stub1 and
HSF1 protein. (B) Quantitative analysis of total protein expression. (C) mRNA expression levels of
Stubl and HSF1. (D) Representative Western blot images of nuclear Stub1 and HSF1. (E) Quantitative
analysis of nuclear protein content. Rats were treated with SMS at doses of 1.26, 2.52, and 5.04 g/kg
or NAC (150 mg/kg). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01,
### p < 0.001 vs. HS group, n.s., not significant (p > 0.05) (n > 3/group).

4. Discussion

HS represents one of the most significant environmental challenges to human and
animal health [38], particularly in tropical and subtropical regions worldwide [39]. Sub-
stantial evidence indicates that HS-induced physiological damage typically manifests not
during the initial exposure phase, but rather during the subsequent recovery or delayed
phases, a phenomenon consistent with numerous research and clinical observations [33,40].
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Our study demonstrates that HS significantly increases intracellular ROS levels in car-
diomyocytes. When ROS overproduction exceeds the buffering capacity of endogenous
antioxidant defense systems, pathological accumulation occurs, ultimately leading to
oxidative stress. HS significantly decreased the activities of key antioxidant enzymes
including GSH, SOD, and CAT in cardiomyocytes. These findings are consistent with
previous reports: Chen et al. observed significantly increased ROS levels in cardiac tissue
at 6 h post-HS, accompanied by progressively reduced SOD and CAT activities up to
12 h [41]. Similarly, Wang et al. demonstrated in an in vitro HS model that both SOD
and GSH were markedly decreased while ROS was significantly elevated at 6 h after HS
cessation [42]. This collective evidence confirms the characteristic delayed onset (typically
peaking at 6-12 h post-stress) of oxidative cardiac injury induced by HS. The resulting
oxidative stress triggers the production and release of HSPs, which serve as a protective
mechanism against ROS-mediated cellular damage [43]. Importantly, the accumulation of
HSP70 has been established as a reliable biomarker for detecting HS-induced injury [37].
Kaushik et al. demonstrated that HS stimulation significantly increased HSP70 mRNA
expression in cultured peripheral blood mononuclear cells (PBMCs) in a temperature-
and time-dependent manner compared to control conditions [44]. Similarly, Pawar et al.
reported time-dependent elevation of HSP70 mRNA levels in PBMCs during 04 h of HS
exposure, followed by gradual decline [45]. Our current study revealed parallel findings in
cardiomyocytes, showing progressive accumulation of HSP70 during post-stress recovery,
with particularly significant upregulation at 6-9 h. These consistent observations across
different experimental systems collectively indicate that compromised antioxidant defenses
and disrupted HSP homeostasis play pivotal roles in HS-induced myocardial injury.
Current clinical strategies for managing HS (including physical cooling, fluid replace-
ment, antipyretics, and organ support therapy) can alleviate symptoms but show limited
efficacy in regulating HS-induced oxidative stress. Therefore, developing effective and safe
anti-HS medications is of significant importance. TCM, with its multi-target approach and
low toxicity characteristics, demonstrates unique potential in HS prevention and control.
SMS, a classic Qi-invigorating and Yin-nourishing formula, is widely used in TCM and
in some Asian countries for the adjunctive treatment of cardiovascular conditions such
as heart failure, angina pectoris, and myocardial infarction [24]. It should be noted that
SMS is not yet specifically recommended in major international cardiovascular guidelines
(e.g., ACC/AHA or ESC guidelines); however, its clinical application is supported by
a body of evidence from TCM clinical practice and pharmacological studies [24,46,47].
Nevertheless, its protective effects against HS-induced myocardial injury and the under-
lying mechanisms remain poorly understood. Our study identified that SMS contains
abundant polysaccharides, flavonoids, and saponins, with total polysaccharides being
the most predominant component followed by total saponins. Previous studies have
confirmed that these bioactive compounds exhibit significant anti-inflammatory, antioxi-
dant, and immunomodulatory effects [48-51]. Specifically, Wang et al. demonstrated that
ginsenoside Rgl could alleviate hydrogen peroxide-induced neuronal oxidative damage
by reducing ROS and MDA levels [52]. Furthermore, Shin et al. revealed that ginseno-
side Re concentration-dependently inhibited UV-B irradiation-induced ROS accumulation
in HaCaT cells while modulating the GSH-SOD system activity [53]. Furthermore, our
in vitro antioxidant assays demonstrated that SMS effectively scavenges DPPH, ABTS, and
OH ™ radicals while exhibiting Fe>* reducing capacity, indicating direct antioxidant activity.
These findings are supported by studies from Chen et al. [54] and Wang et al. [55], although
variations in antioxidant potency were observed among different polar fractions and for-
mulations (Yiqi Fumai freeze-dried powder), potentially attributable to compositional
differences or preparation techniques. These results provide a theoretical foundation for
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further pharmacological investigation and clinical application of SMS. Our study revealed
that SMS intervention significantly downregulated HSP70 and HSP90 expression in both
HO9c2 cardiomyocytes and heat-stressed rat hearts, while markedly elevating myocardial
levels of GSH, SOD, and CAT. This cardioprotective effect may be mediated through the
regulatory actions of saponin constituents (ginsenosides) present in the formula. Support-
ing evidence comes from Feng’s research demonstrating that total ginsenosides improved
the physiological status of heat-stressed cattle by enhancing the antioxidant defense system
(reducing MDA while increasing GSH and SOD levels) [56]. Further corroboration comes
from Liu et al.’s findings that ginsenoside Rg3 attenuated testicular oxidative damage
and inhibited seminiferous tubule atrophy and apoptosis [57]. Collectively, these results
suggest that SMS’s cardioprotection against HS likely involves modulation of oxidative
stress pathways by its active components, particularly saponins and polysaccharides.

The present study demonstrated through both cellular and animal experiments that HS
significantly upregulates Keap1 expression while downregulating Nrf2 and its downstream
target gene HO-1 in myocardial tissues. These findings are consistent with previous reports:
Liu et al. [58] observed significant reductions in Nrf2 and HO-1 expression in skeletal
muscle cells under HS, while Wang [59] demonstrated impaired nuclear translocation of
Nrf2 in neutrophils following heat exposure. Notably, our experimental results revealed
that both the Nrf2 agonist curcumin and the TCM compound SMS effectively reversed
HS-induced suppression of the Nrf2 signaling pathway and significantly promoted Nrf2
nuclear translocation. Based on our preliminary findings, we hypothesize that the antioxi-
dant effects of SMS may involve scavenging excessive ROS, thereby indirectly modulating
the activation of the Keap1-Nrf2-HO-1 signaling pathway. Specifically, SMS likely regulates
this pathway through ROS elimination, as ROS can oxidatively modify critical cysteine
residues in Keap1l, inducing conformational changes that weaken its binding affinity for
Nrf2. This molecular mechanism facilitates Nrf2 nuclear translocation and subsequent
activation of downstream antioxidant genes [60]. The current study not only elucidates
the pivotal regulatory role of the Keap1-Nrf2-HO-1 signaling pathway in HS-induced
myocardial injury, but also provides novel theoretical evidence for understanding the
cardioprotective mechanisms of SMS.

This study systematically elucidates the pivotal regulatory role and molecular mech-
anisms of the Stub1-HSF1 signaling pathway in HS-induced myocardial injury. By es-
tablishing both in vitro and in vivo HS models, we identified that HS specifically down-
regulates Stubl expression in cardiomyocytes-a phenomenon distinct from classical is-
chemia/hypoxia injury models [61], suggesting that different stress stimuli may disrupt
myocardial homeostasis through unique molecular pathways. Our study further demon-
strated that under HS conditions, decreased Stubl expression leads to significantly in-
creased HSF1 nuclear translocation, resulting in excessive expression of downstream HSPs
such as HSP70. This regulatory mechanism involves Stubl’s dual functionality: as an
E3 ubiquitin ligase that promotes HSF1 degradation [62,63], and through its molecular
chaperone activity that modulates HSF1 conformational changes [64,65]. Importantly,
SMS effectively regulated the Stub1-HSF1 pathway, inhibiting abnormal HSF1 nuclear
translocation and reducing HSP70 overexpression to an extent comparable with the Stub1
agonist YL-109. These findings not only confirm the critical role of the Stub1-HSF1 pathway
in HS-induced myocardial injury, but also reveal that SMS ameliorates HS-mediated car-
diac damage through targeted regulation of this pathway, providing important theoretical
foundations for related drug development.

This study provides the first demonstration that SMS exerts cardioprotective effects
against HS -induced myocardial injury through dual mechanisms: activation of the Nrf2-
HO-1 antioxidant pathway and suppression of the Stub1-HSF1 heat shock pathway. This
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discovery not only provides a novel pharmacological rationale for the clinical application
of SMS but also reveals the great potential of synergistic therapeutic strategies targeting
multiple stress pathways (oxidative and proteotoxic stress). A key strength of this study
lies in the rigorous mutual validation through both in vivo and in vitro models, which
systematically elucidates this previously unrecognized mechanism. However, several
limitations should be acknowledged. First, although we confirmed that Stub1 is a critical
regulator of HSF1 activity and the downstream heat shock response, and previous studies
have indicated its involvement in oxidative stress regulation [66,67], we have not yet
directly demonstrated through gene knockout technology that Stub1 serves as the central
bridging molecule connecting these two pathways in our model. Second, the potential
crosstalk between the Nrf2 and HSF1 pathways, as well as their hierarchical relationship,
remains to be fully elucidated. Furthermore, while the current research primarily focuses on
preclinical mechanistic exploration, its translational applicability requires further validation
through subsequent preclinical pharmacodynamic studies and biomarker development.

5. Conclusions

This study reveals the multi-target protective mechanisms of SMS against HS-induced
myocardial injury. As the main active components of this formula, polysaccharides and
saponins demonstrate remarkable antioxidant capacity. Our findings show that HS-induced
myocardial injury reaches peak severity between 6 and 12 h post-exposure, with maximal
damage occurring at 6 h. SMS treatment significantly mitigates this injury through coordi-
nated actions: reducing oxidative stress by decreasing ROS levels while enhancing GSH,
SOD and CAT activities; downregulating the excessive expression of HSP70 and HSP90;
and modulating both the Keap1-Nrf2-HO-1 and Stub1-HSF1 signaling pathways. These
results provide molecular-level evidence supporting the cardioprotective effects of SMS.
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