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As a well-recognized double-edged element in health and disease, low concentrations of fluoride 
are beneficial for preventing dental caries, but chronic exposure to excessive fluoride induces multi-
system toxicity, including cardiotoxicity, for which no specific therapeutic agents are currently 
available. This study explored whether sodium butyrate (NaB), a natural derivative of short-chain 
fatty acids, attenuates sodium fluoride (NaF)-induced cardiac injury in rats by regulating oxidative 
stress, inflammation, and apoptosis. Forty-eight Sprague-Dawley rats were randomized into Control, 
NaB, NaF, and NaF + NaB groups. After 17 weeks of NaF exposure (NaB co-administered in the last 4 
weeks), cardiac injury was assessed via histopathology, myocardial biomarkers, and molecular assays 
for oxidative stress, inflammation, and apoptosis. NaF exposure reduced the heart-to-brain weight 
ratio by 17.8%, dysregulated biomarkers (cTnI ↓19.3%, LDH ↑20.5%), induced histopathological 
damage, and disrupted oxidative stress (MDA ↑21.5%, SOD ↓19.2%, CAT ↓26.1%), inflammation 
(TNF-α ↑40.1%, IL-6 ↑27.9%, IL-10 ↓21.9%), and apoptosis (cleaved Caspase-3/pro-Caspase-3 ratio 
↑51.1%, Bcl-2/Bax ratio ↓53.5%). NaB reversed these changes, restoring myocardial structure and 
molecular homeostasis. These findings indicate that NaB alleviates NaF-induced cardiac injury through 
antioxidant, anti-inflammatory, and anti-apoptotic effects, suggesting it may serve as a potential 
natural therapeutic agent for fluoride-associated cardiac injury.
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Fluoride (F) is a common environmental pollutant entering ecosystems through geological leaching, 
industrial emissions, and agricultural runoff1. Chronic exposure to elevated fluoride levels (> 1.5  mg/L) 
affects over 200 million people worldwide, inducing multisystem toxicity including cardiotoxicity2–4. Notably, 
epidemiological studies report a significant correlation between high fluoride intake and increased prevalence 
of cardiovascular diseases in endemic fluorosis areas5, and fluoride exposure can induce cardiotoxicity, leading 
to cardiac injury (structural and functional alterations)6,7. A cross-sectional study in China’s fluorosis endemic 
areas found that adults with high fluoride exposure had a significantly increased risk of hypertension and 
cardiac dysfunction (Xiang et al., 2020). In addition, a study in 2025 found that environmental fluoride exposure 
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(> 2 mg/L in drinking water) was associated with subclinical cardiac structural changes8, including decreased left 
ventricular mass index, in childre—highlighting that fluoride cardiotoxicity spans all age groups and represents 
a long-term global health burden with no approved interventions.

The mechanisms underlying fluoride-induced cardiac injury are complex and involve oxidative stress, 
inflammation, and apoptosis9,10. Oxidative stress, characterized by an imbalance between reactive oxygen 
species (ROS) generation and antioxidant defense, can induce lipid peroxidation, protein modification, and 
DNA damage, ultimately compromising cellular function11,12. The inflammatory response triggered by 
fluoride exposure promotes the release of pro-inflammatory cytokines (e.g., IL-6, TNF-α), exacerbating tissue 
damage13. Furthermore, dysregulation of apoptosis, a programmed cell death process, leads to cardiomyocyte 
loss, consequently contributing to cardiac dysfunction14,15. Despite the established cardiotoxicity of fluoride, 
effective therapeutic strategies are still limited16,17.Notably, chronic fluoride-induced cardiac injury also involves 
electrolytic imbalance (e.g., hyponatremia/hyperkalemia causing bradycardia), calcium dysregulation, and ATP 
depletion, which synergize with the oxidative stress-inflammation-apoptosis axis9,18. For instance, fluoride-
induced ROS overproduction can directly trigger calcium overload, while apoptotic mitochondrial damage 
further reduces ATP synthesis19.

Sodium butyrate (NaB) is a gut microbiota-derived short-chain fatty acid with low toxicity and cost—
advantages for drug development and functional additives. Critically, it has demonstrated therapeutic potential 
in various diseases owing to its antioxidant20, anti-inflammatory21, and anti-apoptotic properties22. For 
instance, in liver injury models, NaB has been shown to enhance antioxidant enzyme activity23, reduce lipid 
peroxidation, exert anti-inflammatory effects by inhibiting NLRP3 inflammasome activation24, and ameliorate 
fluoride-induced apoptosis via the mitophagy pathway25. In neurodegenerative disease models, NaB inhibits 
neuroinflammation by downregulating pro-inflammatory cytokines and reduces fluoride induced neurotoxicity 
by regulating hippocampal glycolysis26,27. Notably, NaB ameliorates cardiac injury in metabolic and ischemic 
models by restoring redox balance and inhibiting cardiomyocyte death28. However, a critical gap remains: 
despite NaB’s broad cytoprotective effects, its efficacy against cardiotoxicity induced by chronic environmental 
pollutants—particularly fluoride—has never been investigated. Previous studies on NaB and cardiac health focus 
on metabolic or ischemic damage, not toxicant-driven pathology; similarly, research on fluoride cardiotoxicity 
lacks exploration of natural therapeutic agents. This gap leaves no evidence-based options for protecting 
populations in fluorosis endemic areas from cardiac injury.

Therefore, this study aimed to investigate the protective effects of NaB against NaF-induced cardiac injury in 
rats and to explore the underlying mechanisms involving oxidative stress, inflammation, and apoptosis.

Based on the above gaps, we hypothesized that NaB alleviates NaF-induced cardiac injury in rats by modulating 
the oxidative stress-inflammation-apoptosis axis. To test this hypothesis, the study had three specific aims: (1) 
Validate the NaF-induced cardiac injury model via serum/urinary fluoride detection, cardiac morphometric 
analysis (heart-to-brain weight ratio), and histopathological assessment; (2) Evaluate NaB’s protective effects on 
NaF-induced cardiac damage by quantifying myocardial biomarkers (cTnI, LDH) and restoring tissue structure; 
(3) Uncover the underlying mechanism by measuring oxidative stress markers (MDA, SOD, CAT), inflammatory 
cytokines (TNF-α, IL-6, IL-10), and apoptosis regulators (Bcl-2, Bax, Caspase-3) in cardiac tissue.

Materials and methods
Chemical reagents
(Sodium fluoride) NaF and Sodium butyrate (NaB) were purchased from MACKLIN Biological Reagent 
(Shanghai, China). BCA, RIPA, and PMSF reagents were obtained from Beijing Dingguo Changsheng 
Biotechnology (Shenyang, China). ELISA kits for myocardial injury biomarkers (cardiac troponin I [cTnI] 
and lactate dehydrogenase [LDH]), oxidative stress marker superoxide dismutase [SOD], and inflammatory 
cytokines (tumor necrosis factor-α [TNF-α], interleukin-6 [IL-6], and interleukin-10 [IL-10]) were sourced 
from Byabscience Biotechnology Co., Ltd (Nanjing, China). Kits for MDA and CAT were provided by Nanjing 
Jiancheng (Nanjing, China). Antibodies for Western blot analysis were procured from HuaBio (Hangzhou, 
China) and Proteintech Group, Inc (Wuhan, China).

Experimental animals
Forty-eight male Sprague-Dawley (SD) rats (4 weeks old, 250–280  g) were obtained from Beijing HFK 
Biotechnology (Beijing, China) and were part of the same cohort used in a previous study25. Rats were housed 
in polypropylene cages (4 rats per cage, 45 × 30 × 20  cm) under standard conditions (12-h light/dark cycle, 
24 ± 1 °C, 45 ± 5% humidity) with ad libitum access to food and water. Environmental enrichment was provided, 
including wooden chew sticks and plastic nesting materials, to minimize stress. All animal experimental 
methods were performed in accordance with the relevant guidelines and regulations, including the ARRIVE 2.0 
guidelines and the ethical standards approved by the Animal Ethics Committee of Shenyang Medical College 
(SYYXY2023051001).

Experimental design
The animal model used in this study was the same as that described in our previously published work by25. 
Rats (n = 48) were stratified by body weight and randomly assigned to four groups (n = 12) using a computer-
generated sequence by an independent statistician, with allocation concealed in opaque envelopes. The groups 
were as follows: (1) Control: distilled water + saline gavage; (2) NaF: 100 mg/L NaF water + saline gavage; (3) 
NaB: distilled water + 1000 mg/kg NaB gavage; (4) NaF + NaB: 100 mg/L NaF water + 1000 mg/kg NaB gavage.

Blinding was maintained for personnel involved in daily administration and all endpoint analyses throughout 
the study. Fluoride exposure and NaB administration protocols were performed according to25, with NaB 
delivered by gavage to ensure precise dosing and bioavailability.
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After 17 weeks, rats were euthanized via sodium pentobarbital injection (200 mg/kg, i.p.). Blood collected 
from the abdominal aorta was centrifuged (3,000  rpm, 10  min) for serum fluoride analysis. Urine was 
obtained via 24-h metabolic cage collection. Three rats per group underwent transcardial perfusion with 4% 
paraformaldehyde for histopathology; remaining hearts were stored at -80 °C for molecular assays.

Assessment of dental fluorosis
Dental fluorosis was evaluated according to a modified Dean’s index. All rats were examined under standardized 
lighting conditions by two independent investigators blinded to the experimental groups. The lower incisors 
were visually inspected for enamel changes such as opacities, discolorations, and surface integrity. Each tooth was 
assigned a score from 0 (normal) to 3 (moderate/severe fluorosis), corresponding to the established categories of 
the index. For statistical analysis, teeth with a Dean’ s score ≥ 1 were considered positive for dental fluorosis. The 
inter-examiner reliability was confirmed by Cohen’s kappa coefficient (> 0.85).

Fluoride ion detection
Fluoride concentrations in serum and urine were measured using a validated fluoride ion-selective electrode 
method25. Briefly, samples were diluted 1:1 with TISAB buffer (Thunder Magnetic Instruments, Shanghai, 
China), and concentrations were read using a fluoride ion meter calibrated with fluoride standards (Thunder 
Magnetic Instruments, Shanghai, China).

Measurement of cardiac injury markers
Cardiac tissue (10  mg) was homogenized in 100 µL PBS. Levels of cardiac troponin I (cTnI) and lactate 
dehydrogenase (LDH) were quantified using ELISA kits (Byabscience Biotechnology Co., Ltd) according to the 
manufacturer’s instructions. Standards (50 µL) were added to standard wells, samples (50 µL) to sample wells, 
and 100 µL HRP-conjugated antibody to all wells except blanks. After incubation (37 °C, 60 min), plates were 
washed five times. Substrate solution (100 µL, 1:1 mixture of substrates A and B) was added, incubated (37 °C, 
15 min), and reactions stopped with 50 µL stop solution. Absorbance was read at 450 nm.

Measurement of antioxidant and oxidative stress parameters
Cardiac tissue was homogenized in deionized water (1:9 w/v). Supernatants were collected after centrifugation 
(12,000 rpm, 15 min). MDA levels and CAT activity were measured using kits (Nanjing Jiancheng). T-SOD levels 
determined by ELISA (Byabscience Biotechnology Co., Ltd). Protein concentrations were assayed using a BCA 
kit (Beijing Dingguo Changsheng Biotechnology).

Measurement of inflammatory cytokines
Cardiac tissue (10 mg) was homogenized in 100 µL PBS. Levels of TNF-α, IL-6, and IL-10 were quantified using 
ELISA kits (Byabscience Biotechnology Co., Ltd, Nanjing) as described in Sect. 2.6.

Western blot analysis
Cardiac tissue total proteins were extracted utilizing RIPA buffer (Beijing Dingguo Changsheng Biotechnology, 
Shenyang) mixed with PMSF at a 100:1 volume ratio. The BCA assay was applied to determine protein 
concentrations. A 27 µg aliquot of each protein sample was loaded onto 12.5% SDS-PAGE gels for separation, 
followed by transfer onto PVDF membranes (Merck Millipore, USA). After blocking with 5% skim milk for 2 h 
at room temperature, membranes were probed overnight at 4 °C with the following primary antibodies: Bcl-2 
(1:2000; HuaBio), Bax (1:8000; Proteintech Group, Inc), Caspase-3 (1:500; Proteintech Group, Inc), and GAPDH 
(1:10,000; Proteintech Group, Inc). Following TBST washes, membranes were incubated with HRP-conjugated 
secondary antibody (1:8000; Beijing Dingguo Changsheng Biotechnology) for 2  h at room temperature. 
Chemiluminescent signals were developed using ECL reagent (Biyuntian, Dalian, China) and captured with a 
ChemiDoc system (Bio-Rad, USA). Band densitometry was analyzed using ImageJ 1.4 software (NIH, USA).

 Gene expression analysis
Total RNA was extracted using a kit (Magen, Guangzhou), and cDNA was synthesized with a reverse transcription 
kit (Takara, Dalian). Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction(RT-qPCR) was 
performed on a Bio-Rad CFX96 system using primers listed in Table 1. RPL13A was used as the housekeeping 
gene for normalization. Relative gene expression was calculated via the 2−ΔΔCt method.

Histopathological analysis
Tissue samples were fixed in 4% paraformaldehyde for 24–48 h, dehydrated through a graded ethanol series 
(70%, 80%, 90%, 95%, and 100%), cleared in xylene, and embedded in paraffin. Sections (4–5 μm thick) were 
cut using a microtome (Leica RM2235, Germany), mounted on glass slides, and dried at 60 °C for 2 h, and then 
stained with hematoxylin and eosin (H&E). Images were acquired using an optical microscope (Motic, Xiamen, 
China).

TUNEL assay for apoptosis
Cardiac apoptosis was evaluated by TUNEL staining (TUNEL Cell Apoptosis Detection Kit, Doctoral 
Bioengineering) following the manufacturer’s protocol. In brief, deparaffinized cardiac tissue sections were 
treated with proteinase K (20  µg/mL, 20  min) and incubated with the TUNEL reaction mix (37  °C, 1  h). 
Apoptotic nuclei were visualized with HRP-conjugated DAB, counterstained with hematoxylin, and imaged 
under a light microscope (Motic) at 40× magnification.
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The apoptotic index, defined as the percentage of TUNEL-positive (brown) nuclear area relative to the total 
tissue area, was quantified using ImageJ 1.4 software. For each group (n = 3 rats), three non-overlapping fields 
from the left ventricular free wall per section were analyzed. The final index per group represents the mean value 
derived from nine fields (3 fields/rat × 3 rats/group).

Organ coefficient
Heart-to-brain weight ratio = [Absolute Heart weight (g) / Absolute Brain weight (g)] × 100%.

Calculation of % change for key biomarkers (vs. control group)
% Change = [(NaF Group Mean - Control Group Mean) / Control Group Mean] × 100%.

Statistical analysis
Sample sizes were determined a priori using G*Power 3.1. For in vivo studies, a sample size of 12 rats per group 
was chosen to detect a 20% difference in the primary endpoint (heart-to-brain weight ratio) with α = 0.05 and 
80% power, accounting for potential attrition (which did not occur). For in vitro assays, 3–6 replicates per group 
were used, as established in standard protocols. Data are presented as mean ± SD. All statistical analyses were 
performed using GraphPad Prism 8. After confirming normality with the Shapiro-Wilk test, multiple comparisons 
were analyzed by one-way ANOVA followed by Tukey’s post-hoc test. Experiments were independently repeated 
at least three times. Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results
Model validation & NaB efficacy
As established in our previous model25, the NaF group exhibited a 100% incidence of dental fluorosis (Dean 
score ≥ 1) alongside significantly elevated systemic fluoride, with serum and urinary levels 41% (0.1565 
vs. 0.1110  mg/L; p < 0.001) and 375% (8.139 vs. 1.715  mg/L; p < 0.0001) higher than Controls, respectively. 
NaF + NaB co-treatment effectively mitigated this burden, reducing fluorosis incidence to 90% and significantly 
lowering both serum and urinary fluoride. Consistent with the clinical severity observed by Dean’s index, this 
gradient of fluoride accumulation (NaF > NaF + NaB > Control/NaB) aligned with cardiac injury biomarker 
levels: LDH followed the same trend, while cTnI showed an inverse pattern. Throughout the 17-week study, 
no mortality occurred. The NaF group displayed marked lethargy, reduced intake, and rough fur, which were 
partially ameliorated by NaB administration after two weeks.

Cardiac morphometric parameters
Compared to controls, NaF exposure reducing both heart weight and brain weight. However, heart to brain 
weight ratio significantly decreased (p < 0.01), indicating that the heart is the main target organ (degree of 
damage > brain) (Table 2).

NaB treatment normalizes the ratio of heart to brain weight ratio, with no significant effect on brain weight 
(p > 0.05). This demonstrates NaB targeted cardioprotection against NaF induced toxicity. (Table 2).

Cardiac injury assessment
NaF exposure induced significant cardiac injury, as evidenced by both biomarker dysregulation and 
histopathological alterations. At the molecular level, NaF exposure caused paradoxical biomarker changes: 
cTnI decreased significantly vs. controls (p < 0.001, indicating myofibrillar degradation/atrophy), while LDH 
increased (p < 0.001, reflecting membrane damage). Sodium butyrate treatment effectively ameliorated both 
alterations (Fig. 1A, B). NaB alone had no adverse effects.

Gene symbol Primer direction Sequence (5’ → 3’) Product size (bp)

Tnf Forward ​A​T​G​T​G​G​A​A​C​T​G​G​C​A​G​A​G​G​A​G 127

Tnf Reverse ​A​G​T​A​G​A​C​A​G​A​A​G​A​G​C​G​T​G​G​T​G 127

Il6 Forward ​T​C​C​T​A​C​C​C​C​A​A​C​T​T​C​C​A​A​T​G​C 139

Il6 Reverse ​G​G​T​T​T​G​C​C​G​A​G​T​A​G​A​C​C​T​C​A​T 139

Il10 Forward ​T​T​G​A​A​C​C​A​C​C​C​G​G​C​A​T​C​T​A​C 116

Il10 Reverse ​T​G​G​A​G​A​G​A​G​G​T​A​C​A​A​A​C​G​A​G​G 116

Bax Forward ​G​C​A​G​A​C​G​G​C​A​A​C​T​T​C​A​A​C​T 259

Bax Reverse ​T​G​G​T​G​A​G​T​G​A​G​G​C​A​G​T​G​A​G 259

Bcl2 Forward ​G​T​G​T​G​G​A​G​A​G​C​G​T​C​A​A​C​A​G 182

Bcl2 Reverse ​C​T​T​C​A​G​A​G​A​C​A​G​C​C​A​G​G​A​G​A 182

Casp3 Forward ​G​G​A​G​C​T​T​G​G​A​A​C​G​C​G​A​A​G​A 169

Casp3 Reverse ​A​C​A​C​A​A​G​C​C​C​A​T​T​T​C​A​G​G​G​T 169

Rpl13a Forward ​C​G​C​C​T​C​A​A​G​G​T​G​T​T​G​G​A​T​G 161

Rpl13a Reverse ​G​C​T​G​T​C​A​C​T​G​C​C​T​G​G​T​A​C​T 161

Table 1.   Primer base sequence of RT-qPCR detection.
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H&E staining revealed severe histopathological alterations in NaF-exposed hearts: marked atrophy of 
cardiomyocytes, disorganized cellular arrangement, widened intercellular spaces, and prominent vacuolar 
degeneration (clear cytoplasmic vacuoles in a substantial subset of cardiomyocytes). These changes were 
consistently observed across all 3 tissue Sect.  (1 section per rat, n = 3 rats per group). (Fig. 1C). In contrast, 

Fig. 1.  NaF and NaB effects on myocardial injury biomarkers and cardiac histopathology. (A) cardiac troponin 
I (cTnI) levels in myocardial tissue homogenates; (B) lactate dehydrogenase (LDH) levels in myocardial tissue 
homogenates. Data are expressed as mean ± SEM (n = 6). ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01 vs. NaF 
(one-way ANOVA, GraphPad Prism 8); (C) Representative hematoxylin and eosin (H&E)-stained sections. 
Scale bar: 50 μm (40× objective lens).

 

Group Absolute heart weight (g) Absolute brain weight(g) Heart-to-brain weight ratio

Control 1.09 ± 0.05 2.07 ± 0.03 0.55 ± 0.01

NaB 1.10 ± 0.06 2.05 ± 0.03 0.55 ± 0.01

NaF 0.85 ± 0.04** 1.89 ± 0.03** 0.45 ± 0.02**

NaF + NaB 1.14 ± 0.02## 1.94 ± 0.04ns 0.54 ± 0.03#

Table 2.  NaF and NaB effects on cardiac morphometric parameters. Note: Data are expressed as mean ± SEM 
(n = 6). **p < 0.01 vs. Control; #p < 0.05, ##p < 0.01, nsp > 0.05 vs. NaF (one-way ANOVA, GraphPad Prism 8).
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NaF + NaB co-treatment attenuated these changes, showing restored cardiomyocyte morphology and reduced 
vacuolization. Control and NaB-alone groups displayed normal histology.

These qualitative observations are corroborated by quantitative myocardial biomarker data (↓cTnI by 19.3%, 
↑LDH by 20.5% in the NaF group, both restored by NaB), confirming NaF-induced structural damage and NaB’s 
protective effect.

Oxidative stress
Detecting the levels of lipid peroxide MDA, antioxidant enzyme SOD, and antioxidant enzyme CAT activity, and 
explore the effect of NaB on NaF induced oxidative stress state. As shown in Fig. 2, NaF exposure increased MDA 
levels and decreased SOD levels and CAT activity. NaB intervention effectively reversed these changes (p < 0.05). 
Indicating that NaB can alleviate NaF induced myocardial injury by inhibiting oxidative stress.

Inflammation
RT-qPCR was used to detect the mRNA levels of inflammatory factors Tnf, Il6, and Il10 (Fig. 3A-C). The protein 
levels and mRNA expression trends of TNF - α, IL-6, and IL-10 detected by the ELISA kit were almost consistent 
(Fig. 3D-F). Exposure to NaF increases the levels of pro-inflammatory cytokines (TNF - α, IL-6) and inhibits 
anti-inflammatory IL-10 at both mRNA and protein levels. NaB treatment normalized these changes, reduced 
TNF - α/IL-6, and increased IL-10. This indicates that NaB intervention can reduce NaF induced inflammatory 
imbalance.

Apoptosis assessment (TUNEL)
To observe the regulatory effect of NaB on NaF induced cell apoptosis, TUNEL staining was performed on rat 
myocardial tissue; The results are shown in (Fig. 4A and B). TUNEL staining showed a significant increase in 
apoptosis of cardiac cells exposed to NaF compared to the control group; Compared with the NaF group, the 
NaF + NaB group reduced the degree of cell apoptosis. These results indicate that NaB improves cell apoptosis 
induced by NaF exposure.

Apoptosis regulators
To further demonstrate the regulatory effect of NaB on NaF induced cardiomyocyte apoptosis, we used RT qPCR 
and Western blot to evaluate the mRNA and protein levels of apoptosis regulatory factors Bax, Bcl2, and Caspase3, 
respectively. At mRNA level, NaF upregulated pro-apoptotic Bax and Casp3 and downregulated anti-apoptotic 
Bcl2 (Fig. 5A–C). Western blot analysis of key apoptosis regulators revealed that, compared to controls, NaF-
exposed hearts exhibited: A significantly increased cleaved Caspase-3/pro-Caspase-3 ratio, indicating caspase 
activation; A markedly diminished Bcl-2/Bax ratio, reflecting pro-apoptotic shift. These protein-level changes 
(Fig. 5D–G) were consistent with the mRNA expression patterns (Fig. 5A–C). Critically, NaB intervention nearly 
normalized both ratios in the NaF + NaB group, collectively demonstrating its anti-apoptotic efficacy.

Discussion
Fluoride is an important toxicological and environmental toxin. A small intake of fluoride (< 0.5  mg/L) is 
beneficial for promoting dental health by reducing tooth decay, while exceeding the WHO limit of 1.5 mg/L may 
lead to fluorosis29. Global groundwater fluoride pollution has been documented in over 100 countries during 
the past decade, affecting > 200 million people worldwide through associated health complications30. Chronic 
fluoride exposure not only causes damage to the skeletal system31, but also poses a significant threat to non-
skeletal systems, such as inducing neurotoxicity32 and cardiac dysfunction33. Therefore, the cardiac injury caused 
by chronic fluorosis is an urgent issue that needs to be addressed for populations in endemic fluorosis areas.

Fluoride’s toxicity extends beyond the heart: it induces hepatic oxidative stress24, renal inflammation13, 
and neurotoxicity27, all via the oxidative stress-inflammation-apoptosis axis mirrored in our cardiac findings. 

Fig. 2.  NaF and NaB effects on oxidative stress biomarkers in cardiac tissue. (A) Measurement of 
malondialdehyde (MDA) levels in myocardial tissue of rats; (B) Measurement of superoxide dismutase (SOD) 
levels in myocardial tissue of rats; (C) Measurement of catalase (CAT) activity in myocardial tissue of rats. Data 
are expressed as mean ± SEM (n = 6). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05 vs. NaF (one-way ANOVA, 
GraphPad Prism 8).
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Notably, NaB exerts systemic protection—mitigating fluoride-induced hepatotoxicity25, neurotoxicity27, and 
renal inflammation—suggesting conserved regulatory effects on redox and inflammation, which strengthens its 
translational value for multi-organ fluorosis damage.

This study provides the first evidence that NaB mitigates NaF-induced cardiac injury in rats. The heart-to-
brain weight ratio (a sensitive systemic toxicity indicator) confirmed cardiac targeting: NaF reduced heart weight 
(0.85 ± 0.04 g vs. Control 1.09 ± 0.05 g, p < 0.01) and the ratio (0.45 ± 0.02 vs. Control 0.55 ± 0.01, p < 0.01), while 

Fig. 4.  TUNEL (Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling) analysis of 
cardiac apoptosis. (A) Quantify TUNEL positive regions in different groups of rat heart tissue samples (n = 9 
samples). Representative images (Brown particle precipitation of cell nuclei: TUNEL+; indicated by red 
arrows). Scale bar: 50 μm (40× objective lens). Quantification of TUNEL-positive area proportion (apoptotic 
index) from 3 random fields per rat (3 rats per group, 9 total fields per group). (B) Statistical analysis of 
apoptosis rate of cardiac cells in 4 groups of rats. ***p < 0.001 vs. Control; #p < 0.05 vs. NaF (one-way ANOVA, 
GraphPad Prism 8).

 

Fig. 3.  NaF and NaB effects on inflammatory cytokines. RT-qPCR (mRNA) and ELISA (protein) were 
used to detect inflammatory cytokine expression. (A–C) mRNA levels of Tnf (tumor necrosis factor-α), Il6 
(interleukin-6), Il10 (interleukin-10); (D–F) Protein levels of TNF - α, IL-6, and IL-10. Data are expressed 
as mean ± SEM (n = 6). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. NaF (one-way 
ANOVA, GraphPad Prism 8).
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NaB restored the ratio (0.54 ± 0.03, p < 0.05 vs. NaF) by normalizing heart weight—highlighting targeted cardio 
protection.

We identified a primary pattern of atrophy and apoptotic in cardiac tissue. NaF exposure significantly depleted 
cTnI (25.94 ± 0.67 ng/g vs. Control 32.15 ± 1.27 ng/g, p < 0.001), indicative of compromised myocardial integrity. 
Concurrently, LDH levels were lower (89.18 ± 2.35 ng/g vs. Control 112.2 ± 4.63 ng/g, p < 0.001), potentially 
reflecting a reduction in viable tissue mass distinct from typical necrotic damage34.This injury phenotype 
was synchronized with oxidative stress (↑MDA), inflammation (↑TNF-α/↓IL-10), and apoptosis (↓Bcl-2/
Bax, ↑caspase-3, TUNEL⁺ cells). NaB administration reversed these changes, affirming its core protective role 
through antioxidant, anti-inflammatory, and anti-apoptotic effects.

Oxidative stress is central to NaF cardiotoxicity (↑MDA, ↓SOD/CAT)35–37. NaB likely alleviates this via 
Nrf2/HO-1 activation38, though upstream signaling was unquantified. For inflammation, NaB (as an HDACi) 
exerts epigenetic control: it inhibits HDACs to enhance anti-inflammatory IL-10 transcription and stabilize 
IκBα (blocking NF-κB translocation)18,19,39–41. For apoptosis, it upregulates Bcl2 via promoter acetylation and 
inactivates p53—directly reversing pathway imbalances. This is consistent with the viewpoint of Xing et al.42, 
and may involve upstream regulation of kinases (e.g., PI3K/Akt)43. Our data confirm NaB alleviates apoptosis 
indirectly: it first restores redox balance (↓MDA, ↑SOD/CAT, Fig. 2), then normalizes inflammation (↓TNF-α/
IL-6, ↑IL-10, Fig. 3), thereby blocking downstream apoptotic activation. This sequence matches fluoride’s “ROS→ 
inflammation→ apoptosis” toxic cascade. Butyrate’s anti-apoptotic role in preserving mitochondrial integrity 
further supports our findings44,45.

Chronic NaB may also modulate systemic inflammation via gut microbiota: it fosters beneficial taxa46,47, 
reverses fluoride-induced dysbiosis21, and strengthens the gut barrier—reducing circulating pro-inflammatory 
cytokines and forming a “gut-heart axis” loop28, aligning with its systemic regulatory role. Notably, NaB’s 
reduction of serum and urinary fluoride levels may be attributed to its regulation of physiological barriers: it 
strengthens the intestinal barrier to reduce fluoride absorption and protects renal tubules to promote fluoride 
excretion, which aligns with its known role in maintaining gut and renal integrity24,48.

Fig. 5.  NaF and NaB effects on apoptosis regulators. (A–C) mRNA levels of apoptosis regulators (Bax, Bcl2, 
Casp3). Data are expressed as mean ± SEM (n = 6); (D–G) Protein levels (Western blot) of Bcl-2/Bax (anti-
apoptotic/pro-apoptotic ratio) and cleaved Caspase-3/pro-Caspase-3 (caspase activation marker). Data are 
expressed as mean ± SEM (n = 3). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. NaF 
(one-way ANOVA, GraphPad Prism 8).
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Collectively, this study confirms that chronic fluorosis induces cardiac injury through oxidative stress, 
inflammation, and apoptosis, and demonstrates that sodium butyrate (NaB) significantly counteracts these 
effects. The protective mechanisms may be involve NRF2-mediated antioxidant enhancement alongside 
suppression of ROS49,50, as well as inhibition of NF-κB nuclear translocation and pro-inflammatory cytokines 
via epigenetic regulation, exerting the therapeutic effects of sodium butyrate on antioxidant, anti-inflammatory, 
and anti-apoptotic properties48,51.

Despite focusing on the oxidative stress-inflammation-apoptosis axis, our findings hold important 
translational value for addressing endemic soft tissue fluorosis. Sodium butyrate is low-cost and low-toxicity, 
making it a practical option for resource-limited fluorosis-endemic areas where populations face long-term 
fluoride exposure. Moreover, the oxidative stress-inflammation-apoptosis axis targeted in this study is also 
involved in fluoride-induced damage to other soft tissues (e.g., liver and brain)25,27, suggesting that NaB may 
have potential as a multi-organ protective agent for soft tissue fluorosis.

However, this study has limitations. Mechanistically, we focused on verifying the regulatory role of NaB 
in the ‘oxidative stress-inflammation-apoptosis axis’ but did not directly evaluate upstream signaling pathways 
that mediate these effects. (e.g., Nrf2 nuclear translocation, NF-κB p65 phosphorylation)38,41. Experimentally, 
single NaB/NaF doses preclude dose-response analysis24; exclusive male rats limit generalization (hormonal 
differences affect fluoride susceptibility33; and absent echocardiography hinders linking structure to function5. 
We also did not assess gut microbiota/metabolites21,47. Additionally, although the 1000 mg/kg dose of NaB used 
in rats translates—based on body surface area normalization—to a human-equivalent dose of approximately 
2100  mg/day for a 70-kg adult, which falls within the well-tolerated range (1500–3000  mg/day) reported in 
human studies, clinical trials remain necessary to confirm its efficacy46.

Future research will target upstream signaling, incorporate dose-response designs, both sexes/species, 
functional assays, and microbiota profiling—enhancing scientific depth and translation.

Conclusion
In summary, this study demonstrates that NaB confers significant protection against NaF-induced cardiac injury 
in rats, primarily through modulating oxidative stress, inflammation, and apoptosis pathways. These findings 
position NaB as a promising therapeutic agent for fluoride-induced cardiotoxicity.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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