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Research Article 

High-intensity interval training and ketone ester supplementation attenuate 

hepatic oxidative stress and inflammation through modulation of the 

Keap1/Nrf2/NF-κB axis in Western diet-fed mice 

Maryam Sarsangi Aliabad1, Mousa Khalafi*1, Aref Habibi Maleki2 

 

Abstract  

 

Introduction 

Western diet (WD) consumption promotes oxidative stress and inflammation 

and plays a central role in the development of fatty liver disease. This study 

investigated the effects of high-intensity interval training (HIIT), ketone ester 

supplementation, and their combination on hepatic Keap1, Nrf2, and NF-κB 

protein levels in WD-fed mice. Thirty male C57BL/6J mice were randomly 

assigned to five groups (n=6): normal diet (ND), WD, WD plus ketone ester 

(WD+KE), WD plus HIIT (WD+HIIT), and WD plus HIIT combined with 

ketone ester supplementation (WD+HIIT+KE). Except for the ND group, all 

animals consumed a WD for eight weeks. HIIT was performed for four weeks 

(three sessions/week), and ketone ester was administered daily by oral 

gavage. Hepatic protein levels of Keap1, Nrf2, and NF-κB were determined 

using Western blotting. WD feeding significantly increased hepatic Keap1 

and NF-κB protein levels and reduced Nrf2 levels compared with the ND 

group. HIIT and ketone ester, both independently and in combination, 

significantly decreased NF-κB and increased Nrf2 protein levels compared 

with the WD group. In addition, HIIT alone and in combination with ketone 

ester supplementation significantly reduced hepatic Keap1 levels (p<0.05). 

Overall, both interventions alleviated WD-induced alterations in hepatic 

oxidative stress and inflammatory signaling. The combined intervention 

elicited the most pronounced molecular responses, suggesting potential 

synergistic effects of HIIT and ketone ester supplementation in attenuating 

Western diet-induced oxidative stress and inflammation. 
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For decades, the global prevalence of overweight, obesity, and 

their associated metabolic complications has escalated 

dramatically, emerging as one of the most critical public health 

challenges of the 21st century (Blüher, 2019; Williams, Mesidor, 

Winters, Dubbert, & Wyatt, 2015). This trend is largely driven by 

maladaptive lifestyle changes, including physical inactivity and 

increased consumption of hypercaloric diets rich in fats and 

refined sugars (Kerr, Anderson, & Lippman, 2017). Central to 

this pattern is the Western Diet (WD), characterized by high 

intakes of saturated fats, simple sugars, and processed foods, 

along with low fiber content. This dietary pattern plays a pivotal 

role in the development of obesity and metabolic syndrome 

(Bettiga et al., 2019; Clemente-Suárez, Beltrán-Velasco, 

Redondo-Flórez, Martín-Rodríguez, & Tornero-Aguilera, 2023). 

Accumulating evidence indicates that chronic consumption of a 

Western diet promotes low-grade systemic inflammation, 

mitochondrial dysfunction, and excessive production of reactive 

oxygen species (ROS), thereby creating a pro-pathogenic 

environment for chronic disease development (Adolph & Tilg, 

2024; Aslan, 2023; Kaliszewska, Allison, Martini, & Arias, 

2021).  

A major metabolic consequence of Western diet consumption 

is non-alcoholic fatty liver disease (NAFLD) (Romualdo et al., 

2022; Salehi-Sahlabadi et al., 2021). NAFLD is the most 

prevalent chronic liver disorder worldwide and encompasses a 

spectrum ranging from simple steatosis to inflammation, 

fibrosis, and advanced non-alcoholic steatohepatitis (NASH) 

(Engin, 2017; Q. Liu, Bengmark, & Qu, 2010). Although its exact 

mechanisms are not fully understood, oxidative stress and 

chronic inflammation are considered central drivers of disease 

progression (Arroyave-Ospina, Wu, Geng, & Moshage, 2021; 

Delli Bovi et al., 2021; Farzanegi, Dana, Ebrahimpoor, Asadi, & 

Azarbayjani, 2019). Excess hepatic lipid accumulation impairs 

mitochondrial function and increases reactive oxygen species 
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production, ultimately leading to cellular injury and activation of 

inflammatory pathways (J. Gong, Tu, Liu, & Tian, 2023; 

Masarone et al., 2018). 

Among the molecular pathways governing the oxidative stress 

response, the Keap1/Nrf2 signaling axis is of paramount 

importance. Nrf2 (Nuclear factor erythroid 2-related factor 2) is a 

master transcription factor that regulates the cellular antioxidant 

defense system; its activation induces the expression of 

cytoprotective genes that mitigate oxidative injury (Jaiswal, 

2004). Under basal conditions, Nrf2 is sequestered in the 

cytoplasm by Keap1 (Kelch-like ECH-associated protein 1) and 

targeted for proteasomal degradation. However, under oxidative 

stress, this interaction is disrupted, allowing Nrf2 to translocate 

into the nucleus and upregulate antioxidant gene expression 

(Kaspar, Niture, & Jaiswal, 2009). Conversely, Nuclear Factor-

kappa B (NF-κB) serves as a primary regulator of inflammatory 

responses; its activation is associated with the upregulation of 

pro-inflammatory cytokines and the exacerbation of hepatic injury 

(Ali, El-Tawil, Al-Mokaddem, & Abd El-Rahman, 2021). 

Given the critical roles of oxidative stress and inflammation in 

NAFLD progression, non-pharmacological interventions—

including exercise training and nutritional strategies—have 

garnered significant research interest. High-Intensity Interval 

Training (HIIT) has emerged as a particularly effective modality 

due to its time-efficiency and superior capacity to enhance 

cardiorespiratory fitness, metabolic health, and antioxidant 

capacity while reducing fat mass (Atakan, Li, Koşar, Turnagöl, & 

Yan, 2021; Khalafi et al., 2025; Reljic, 2025). Evidence indicates 

that HIIT exerts robust hepatoprotective effects by optimizing 

mitochondrial function and modulating inflammation and 

oxidative stress-related signaling pathways (Heiat & Shojaei 

Fard, 2026; Y. Zhang, Wei, Liu, & Guo, 2025). In tandem with 

exercise, ketone ester (KE) supplementation has recently 

surfaced as a novel nutritional intervention designed to induce 

nutritional ketosis without the need for stringent carbohydrate 

restriction (Falkenhain, Islam, & Little, 2023; J.-L. Liu & Xia, 2026; 

Saris & Timmers, 2022). Ketone bodies, particularly beta-

hydroxybutyrate (βHB), serve not only as alternative metabolic 

substrates during periods of low glucose availability but also as 

potent signaling molecules that regulate cellular metabolism 

(Veech, Chance, Kashiwaya, Lardy, & Cahill Jr, 2001). Growing 

evidence suggests that ketone bodies can enhance cellular 

metabolic efficiency and attenuate oxidative stress by 

suppressing mitochondrial ROS production and improving 

bioenergetics (Chu, Zhang, & Xie, 2021; Kesl et al., 2016; Li et 

al., 2025; Shahtaghi, Soni, Bakrey, Bigdelitabar, & Jain, 2024). 
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Furthermore, studies have demonstrated that exogenous ketone 

supplementation can elevate circulating ketone levels and induce 

nutritional ketosis without deleterious effects on lipid profiles, 

making it a more practical and safer alternative to ketogenic diets 

(Clarke, Tchabanenko, Pawlosky, Carter, King, et al., a2012; 

Clarke, Tchabanenko, Pawlosky, Carter, Knight, et al., b2012). 

Collectively, these findings suggest that ketone supplementation 

may offer significant metabolic and cellular protection through the 

modulation of oxidative stress, inflammation, and mitochondrial 

function. 

Despite the documented benefits of HIIT and ketone 

supplementation individually, limited information is available 

regarding the combined effects of these interventions on hepatic 

oxidative stress- and inflammation-related signaling pathways in 

the context of Western diet consumption. Therefore, the present 

study aimed to investigate the effects of high-intensity interval 

training (HIIT), ketone ester supplementation (KE), and their 

combination on hepatic Keap1, Nrf2, and NF-κB protein levels in 

mice fed a Western diet. 

Materials and Methods 

Study design and ethical considerations  

This study employed an experimental design, and all ethical 

considerations related to the use of laboratory animals were 

observed in accordance with the approved institutional ethical 

guidelines throughout the research process. Thirty male 

C57BL/6J mice, 8 weeks of age and weighing approximately 20 

±3 g, were obtained from the Research Center of the Pasteur 

Institute of Iran (Karaj) and transferred to the Exercise Physiology 

Laboratory, Faculty of Humanities, University of Kashan. 

The mice were housed in polycarbonate cages under controlled 

environmental conditions, including a temperature of 22±2°C, 

relative humidity of approximately 55%, and a 12:12-h light/dark 

cycle in the animal facility. During this period, the animals were 

maintained on a standard chow diet. All animal procedures were 

conducted in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were 

approved by the Ethics Committee of the Faculty of Sports 

Sciences, University of Tehran (IR.UT.SPORT.REC.1403.112). 

Animal grouping 

Two weeks after acclimatization to the new laboratory 

environment, the mice were randomly allocated into five groups 

of six animals each: 

1) Standard diet group (ND) 

2) Western diet group (WD) 

3) Western diet plus ketone ester supplementation group 

(WD+KE) 
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4) Western diet plus exercise training group (WD+HIIT) 

5) Western diet plus combined exercise training and ketone ester 

supplementation group (WD+HIIT+KE) 

In the first phase of the intervention, all groups except the ND 

group were fed a Western diet for eight weeks. In the second 

phase, mice in the WD+HIIT and WD+HIIT+KE groups 

underwent a 4-week exercise training program. In addition, mice 

in the WD+KE and WD+HIIT+KE groups received ketone ester 

supplementation for 4 weeks. To ensure uniformity, control mice 

received the same volume of vehicle solution without the active 

compound. 

Standard and Western diets 

The standard diet (ND) consisted of 10% of calories from fat, 67% 

from carbohydrates, and 23% from protein. The Western diet 

(WD) consisted of 45% of calories from fat, 35% from 

carbohydrates, and 20% from protein. In the WD, the primary fat 

sources were lard and soybean oil, whereas carbohydrates were 

mainly provided by maltodextrin and sucrose. In the ND, 

carbohydrates were primarily derived from corn starch, 

maltodextrin, and sucrose, while soybean oil served as the 

principal fat source. To further enhance the metabolic 

characteristics associated with the Western diet, the mice’s 

drinking water was supplemented with 50 g/L carbohydrate, 

composed of 55% fructose and 45% sucrose (Hafstad et al., 

2013). After 8 weeks of feeding with this diet, animals assigned 

to the exercise, supplementation, or combined intervention 

groups entered the second phase, which lasted 4 weeks. 

Exercise training protocol 

Following the initial acclimatization period, mice in the WD+HIIT 

and WD+HIIT+KE groups underwent a 1-week familiarization 

period on the treadmill before beginning the 4-week training 

intervention. Thereafter, a high-intensity interval training (HIIT) 

protocol was implemented for 4 weeks, with three sessions per 

week at a 5-degree incline.  

Each training session consisted of 10 bouts of 2-minute running 

at 85–90% of maximal speed, interspersed with 2-minute active 

recovery periods at 50% of maximal speed. Running speed was 

progressively increased over the course of the training period, 

beginning at 19 m/min in the first week and reaching 22 m/min in 

the fourth week. Likewise, active recovery speed increased from 

8 m/min in week 1 to 11 m/min in week 4. At the beginning of 

each session, a 10-minute warm-up at 6 m/min was performed, 

followed by a 5-minute cool-down at 5 m/min at the end of the 

session.  

To determine maximal running speed, a graded treadmill running 

test was performed. In this test, after a low-speed warm-up, trea- 
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-dmill speed was increased by 2 m/min every 2 minutes. This 

process continued until the mice were no longer able to continue 

running. The highest running speed achieved before exhaustion 

was considered the maximal running speed (Al-Atwan, Khalafi, & 

Habibi Maleki, 2025; Habibi Maleki, Tolouei Azar, Razi, & Tofighi, 

2024). Exhaustion was defined as the inability of the animal to 

resume running despite repeated gentle tactile stimulation. This 

protocol was designed to preserve the principles of HIIT while 

also allowing the laboratory animals to adapt gradually to the 

exercise load (Habibi Maleki et al., 2024). 

Ketone ester supplementation protocol 

To assess the effects of ketone ester supplementation on 

physiological and metabolic parameters, Oxford Ketone Ester 

(ΔG) was used. The supplement was administered daily by 

gavage at a dose of 5 g/kg body weight and the administered 

dose was adjusted according to each mouse’s weekly changes 

in body weight. The selected dose was based on previously 

published rodent studies demonstrating that ketone ester 

administration at this level effectively induces nutritional ketosis 

and produces measurable metabolic effects without reported 

toxicity (Kesl et al., 2016). Animals in the control groups received 

an equivalent volume of the vehicle solution without the active 

ingredient. 

Tissue sampling and laboratory analyses 

Forty-eight hours after the final exercise session, the mice were 

anesthetized via ketamine and xylazine injection, and liver tissue 

was harvested. Liver tissue was collected from all animals. For 

Western blot analyses, samples from five randomly selected mice 

per group were analyzed. The liver samples were washed with 

cold saline solution and weighed. Thereafter, the samples were 

stored at −70°C.  

Western blotting was used to assess the protein levels of Keap1, 

Nrf2, and NF-κB. Briefly, liver tissues were homogenized in RIPA 

lysis buffer containing protease and phosphatase inhibitors. The 

samples were then centrifuged at 12,000 g for 15 min at 4°C, and 

the supernatant containing total protein was collected. Total 

protein concentration was determined using the Bradford assay. 

To examine the expression of Keap1, Nrf2, and NF-κB proteins, 

equal amounts of protein (30–50 μg) were mixed with Laemmli 

sample buffer and denatured for 5 min at 95°C. The samples 

were then separated by SDS-PAGE on polyacrylamide gels, 

including a 4% stacking gel and a 2–12% resolving gel. After 

electrophoresis, proteins were transferred to PVDF membranes 

using a wet transfer system at 100 V for 90 min at 4°C.  

To prevent nonspecific binding, the membranes were blocked for 

1 h at room temperature in TBS-T containing 5% nonfat milk. 

They were then incubated overnight at 4°C with the following 

primary antibodies:  
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• Keap1 (Santa Cruz Biotechnology, sc-74446, 1:500) 

• Nrf2 (Santa Cruz Biotechnology, sc-36524, 1:500) 

• NF-κB p65 (Santa Cruz Biotechnology, sc-37218, 1:500) 

After washing with TBS-T, the membranes were incubated with 

HRP-conjugated secondary antibody (Santa Cruz Biotechnology, 

1: 5,000) for 1 h at room temperature. Protein bands were 

visualized using an enhanced chemiluminescence (ECL) 

detection kit, and images were captured using a gel 

documentation system. Band intensities were quantified using 

ImageJ software, and the resulting values were normalized to β-

actin as the loading control.  

Statistical analysis  

The Shapiro–Wilk test was used to assess the normality of the 

data distribution. An independent t-test was applied to compare 

differences between the ND and WD groups. For comparisons 

among all five experimental groups, one-way analysis of variance 

(ANOVA) was performed, followed by Tukey’s post-hoc test to 

determine pairwise group differences. All data are presented as 

mean ± standard deviation (SD). Statistical analyses were 

performed using SPSS version 26, and p<0.05 was considered 

statistically significant. Figures were prepared using GraphPad 

Prism 10.  

Results  

Exercise training and combined exercise training plus 

ketone ester supplementation reduced hepatic Keap1 

protein levels 

Hepatic Keap1 protein levels were significantly higher in the WD 

group than in the ND group (t=4.85, p=0.001). Compared with the 

WD group, Keap1 protein levels were significantly reduced in 

both the WD+HIIT group (p=0.04) and the WD+HIIT+KE group (p 

=0.001). No significant difference was observed between the 

WD+KE and WD groups (p=0.21). However, Keap1 protein levels 

were significantly lower in the WD+HIIT+KE group than in the 

WD+KE group (p=0.04) (Figure 1). 

Exercise training, ketone ester supplementation, and 

their combination increased hepatic Nrf2 protein levels 

The WD group exhibited significantly lower hepatic Nrf2 protein 

levels than the ND group (t = −7.00, p = 0.001). Nrf2 protein levels 

were significantly increased in the WD+HIIT, WD+KE, and 

WD+HIIT+KE groups compared with the WD group (all p = 

0.001).No significant difference was found between the WD+HIIT 
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Figure 1. Hepatic Keap1 protein levels in response to high-intensity interval 

training and ketone ester supplementation. Keap1 protein expression in liver 

tissue of mice across experimental groups. Individual data points represent 

five randomly selected animals per group used for Western blot analysis (n = 

5), and horizontal bars indicate group means. P-values for multiple 

comparisons are indicated above the brackets. Abbreviations: ND, normal diet; 

WD, Western diet; HIIT, high-intensity interval training; KE, ketone ester. 

 

+KE and WD+HIIT groups (p=0.08). In contrast, Nrf2 protein 

levels were significantly higher in the WD+HIIT+KE group than in 

the WD+KE group (p=0.001). A significant difference was also 

observed between the WD+HIIT and WD+KE groups (p=0.03) 

(Figure 2). 

Exercise training, ketone ester supplementation, and their 

combination reduced hepatic NF-κB protein levels 

Hepatic NF-κB protein levels were significantly higher in the WD 

group than in the ND group (t=8.96, p=0.001). Compared with the 

WD group, NF-κB protein levels were significantly reduced in the 

WD+HIIT, WD+KE, and WD+HIIT+KE groups (all p=0.001). No 

significant differences were observed among the three 

intervention groups (all p>0.05) (Figure 3). 

Discussion 

The present study aimed to investigate the effects of high-

intensity interval training (HIIT), ketone ester (KE) 

supplementation, and their combination (KE+HIIT) on key 

molecular markers of oxidative stress and inflammation (Keap1, 

Nrf2, and NF-κB) in the liver tissue of mice fed a Western diet 

(WD). Our primary findings demonstrate that a Western diet 

significantly increases hepatic Keap1 and NF-κB protein levels 

while concomitantly reducing Nrf2 levels. Conversely, HIIT 

intervention successfully reversed these trends by decreasing 

Keap 
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Figure 2. Hepatic Nrf2 protein levels in response to high-intensity interval 

training and ketone ester supplementation. Nrf2 protein expression in liver 

tissue of mice across experimental groups. Individual data points represent 

five randomly selected animals per group used for Western blot analysis (n = 

5), and horizontal bars indicate group means. P-values for multiple 

comparisons are indicated above the brackets. Abbreviations: ND, normal diet; 

WD, Western diet; HIIT, high-intensity interval training; KE, ketone ester. 

 

Keap1 and NF-κB and upregulating Nrf2. Furthermore, while KE 

supplementation enhanced Nrf2 and suppressed NF-κB, it did 

not significantly alter Keap1 levels. Notably, the combined 

intervention (HIIT+KE) yielded substantial improvements across 

all assessed markers. Collectively, these results suggest that 

exercise training and ketone supplementation exert 

hepatoprotective effects under WD conditions, likely through the 

modulation of redox-sensitive and inflammatory signaling 

pathways. The observed elevation of Keap1 and NF-κB, 

alongside the suppression of Nrf2 in the WD group, aligns with 

extensive evidence indicating that high-fat, high-carbohydrate 

diets disrupt cellular redox homeostasis, fostering chronic 

inflammation and hepatic injury (Liao et al., 2025; Nanizawa et 

al., 2022). The excessive accumulation of fatty acids in 

hepatocytes is a hallmark of NAFLD and can lead to incomplete 

beta-oxidation and mitochondrial dysfunction. This ultimately 

results in increased reactive oxygen species (ROS) production 

(Begriche, Igoudjil, Pessayre, & Fromenty, 2006; Lee, Park, & 

Roh, 2019).  

Elevated ROS levels directly trigger inflammatory cascades 

through activation of NF-κB, a master transcription factor 

regulating pro-inflammatory cytokine expression. Under such 

conditions, increased Keap1 expression may sequester Nrf2 and 

prevent activation of endogenous antioxidant defense systems 

(Cásedas et al., 2026). The resulting decline in Nrf2 activity leads 

to downregulation of key antioxidant enzymes such as 

superoxide dismutase (SOD), catalase (CAT), and heme oxygen- 
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Figure 3. Hepatic NF-κB protein levels in response to high-intensity interval 

training and ketone ester supplementation. NF-κB protein expression in liver 

tissue of mice across experimental groups. Individual data points represent 

five randomly selected animals per group used for Western blot analysis (n = 

5), and horizontal bars indicate group means. P-values for multiple 

comparisons are indicated above the brackets. Abbreviations: ND, normal diet; 

WD, Western diet; HIIT, high-intensity interval training; KE, ketone ester. 

 

-nase-1 (HO-1). This impairs the cellular capacity to counteract 

oxidative stress. Collectively, this imbalance between oxidative 

and antioxidant systems represents a central mechanism in 

NAFLD progression (H.-M. Zhou et al., 2025). This imbalance 

between oxidative and antioxidant systems represents a 

fundamental mechanism in the progression of NAFLD. Our 

findings further demonstrate that HIIT effectively reduces Keap1 

and NF-κB while increasing Nrf2 levels. These results are 

consistent with studies reporting the protective effects of exercise 

on liver tissue and oxidative stress pathways (C.-K. Zhang, 

Wang, & Li, 2025). Exercise modalities, particularly HIIT, 

enhance mitochondrial efficiency, metabolic crosstalk, aerobic 

capacity, and antioxidant defenses (Han, Lu, & Yan, 2022; Skelly, 

Bailleul, & Gillen, 2021; Wei, Ahmad, Chen, Fatima, & Shah, 

2025).  

A key mechanism underlying these adaptations is activation of 

the Nrf2 signaling pathway in response to exercise-induced 

physiological stress. Nrf2 activation upregulates antioxidant gene 

expression and maintains cellular redox balance (Goodfellow et 

al., 2020). Additionally, HIIT reduces metabolic pressure on 

hepatocytes by decreasing hepatic lipid accumulation, improving 

insulin sensitivity, and enhancing fatty acid oxidation (Abassi et 

al., 2025; Khoramipour et al., 2025). Consequently, reduced 

hepatic lipid load limits ROS production and inhibits activation of 

inflammatory pathways such as NF-κB. Furthermore, exercise 

improves electron transport chain function and reduces free 

radical production through increased PGC-1α expression and mi- 
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-tochondrial biogenesis (Nakao, Maeda, & Iemitsu, 2026). 

These adaptations may be partly related to exercise-induced 

systemic signaling between skeletal muscle and the liver. 

Contracting skeletal muscle releases myokines and metabolic 

mediators that have been suggested to influence hepatic lipid 

metabolism, inflammation, and oxidative stress regulation. 

However, these mediators were not directly measured in the 

present study; therefore, any involvement of muscle–liver 

crosstalk in the observed adaptations remains speculative and 

should be interpreted with caution.  

Regarding nutritional intervention, KE supplementation significantly 

increased Nrf2 and decreased NF-κB protein levels. These 

observations are consistent with previous reports on the 

antioxidant and anti-inflammatory properties of ketone bodies (Y. 

Gong, Wei, Liu, & Du, 2026; Pinto, Bonucci, Maggi, Corsi, & 

Businaro, 2018; Rojas-Morales, Pedraza-Chaverri, & Tapia, 

2020). Beta-hydroxybutyrate (βHB), the primary circulating 

ketone body, functions not only as an energy substrate but also 

as a signaling molecule that modulates multiple cellular 

pathways. 

One proposed mechanism for βHB’s protective effects is the 

inhibition of Class I histone deacetylases (HDACs), which 

enhances the expression of antioxidant genes and fortifies 

cellular defenses against oxidative stress (Xiang, Wang, Lan, 

Zhang, & Wei, 2023; T. Zhou et al., 2022). Moreover, ketone 

bodies have been shown to improve mitochondrial metabolic 

efficiency and suppress ROS generation (Frey et al., 2017). βHB 

can also inhibit NF-κB signaling by preventing the activation of 

the NLRP3 inflammasome and reducing the production of pro-

inflammatory cytokines (Kong et al., 2021). Interestingly, the lack 

of significant change in Keap1 levels within the KE group 

suggests that the supplement’s effects may be mediated through 

downstream activation of antioxidant pathways or modulation of 

inflammatory signals rather than direct alterations in Keap1 

protein abundance. 

Furthermore, the combined HIIT and KE intervention (HIIT+KE) 

resulted in improvements in all markers, including reduced NF-

κB and Keap1 and increased Nrf2. These effects likely reflect 

complementary mechanisms of exercise-induced metabolic 

adaptation and ketone-mediated signaling. While exercise 

enhances energy expenditure and mitochondrial function, 

exogenous ketones provide an efficient fuel source and reduce 

ROS production by optimizing electron transport chain efficiency 

(Kesl et al., 2016). However, the absence of a significant 

difference between the HIIT-only and combined (HIIT+KE) 

groups suggests that exercise may be the primary driver of these 

adaptations in this model. 

Strengths and limitations 

J
o

u
rn

a
l 

o
f 

E
x
er

ci
se

 &
 O

rg
a

n
 C

ro
ss

 T
a

lk
 

This study has several notable strengths. First, it simultaneously 

evaluated the effects of HIIT and ketone ester supplementation 

on key hepatic oxidative stress and inflammatory pathways in a 

Western diet model, providing novel mechanistic insights into 

their individual and combined effects. Second, the direct 

quantification of Keap1, Nrf2, and NF-κB protein levels allows for 

a precise assessment of molecular shifts.  

Nonetheless, certain limitations should be acknowledged. We 

focused solely on total protein levels; however, the biological 

activity of Nrf2 and NF-κB is largely dependent on their nuclear 

translocation and subcellular localization. Therefore, future 

studies should incorporate nuclear and cytoplasmic fractionation 

approaches, as well as assessments of transcriptional activity, to 

provide a more comprehensive evaluation of pathway activation. 

In addition, direct measurements of oxidative stress biomarkers 

(e.g., ROS, MDA, GSH, SOD, and catalase), inflammatory 

cytokines (e.g., TNF-α, IL-6, and IL-1β), and systemic metabolic 

parameters were not performed. Therefore, although the 

observed alterations in Keap1/Nrf2/NF-κB protein expression 

suggest modulation of oxidative stress and inflammatory 

signaling, mechanistic interpretations should be made with 

appropriate caution. Furthermore, the absence of a normal diet 

plus ketone ester (ND+KE) group precludes evaluation of the 

independent effects of ketone ester supplementation under 

physiological conditions. Future studies should include such a 

group to determine whether the observed responses are specific 

to Western diet-induced metabolic disturbances. Finally, the use 

of a single dose of ketone ester and the relatively short 

intervention period limit the ability to determine dose-dependent 

responses and the long-term sustainability of the observed 

effects. Future studies employing longer intervention durations 

are needed to evaluate the durability, potential cumulative 

effects, and translational relevance of these findings.  

Conclusion 

In conclusion, Western diet consumption disrupted hepatic redox 

homeostasis and promoted inflammatory signaling, as evidenced 

by increased Keap1 and NF-κB levels and reduced Nrf2 

expression. HIIT and ketone ester supplementation attenuated 

these alterations, with the combined intervention producing the 

most consistent improvements across the evaluated molecular 

markers. These findings support the potential utility of exercise 

training and ketone ester supplementation as complementary 

non-pharmacological strategies for mitigating diet-induced 

hepatic oxidative stress and inflammation.  

What is already known on this subject? 

• Western diet consumption is strongly associated with metabolic 

disorders, including the non-alcoholic fatty liver disease (NAFLD),  
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primarily through the induction of oxidative stress and chronic 

low-grade inflammation. 

• Disruption of hepatic redox homeostasis and activation of 

inflammatory signaling pathways, particularly NF-κB, are key 

mechanisms involved in NAFLD progression. 

• The Keap1/Nrf2 signaling pathway is a central regulator of 

cellular antioxidant defense, and its dysregulation contributes to 

increased susceptibility to oxidative damage in metabolic 

diseases. 

• High-intensity interval training (HIIT) improves metabolic health, 

enhances mitochondrial function, and reduces oxidative stress 

and inflammation in both clinical and preclinical models. 

• Ketone ester supplementation has emerged as a metabolic 

intervention that improves mitochondrial efficiency and 

modulates oxidative and inflammatory signaling pathways. 

• Although exercise-based and nutritional strategies have 

independently shown protective effects against diet-induced 

metabolic disturbances, their combined impact on hepatic redox 

regulation remains insufficiently understood.  

What this study adds? 

• This study provides new evidence that high-intensity interval 

training (HIIT) and ketone ester supplementation modulate 

hepatic redox and inflammatory signaling pathways in a Western 

diet-induced mouse model.  

• HIIT, ketone ester supplementation, and their combination 

significantly improved the Keap1/Nrf2/NF-κB signaling axis, with 

HIIT showing particularly strong effects on Keap1 regulation.  

• Ketone ester supplementation enhanced Nrf2 activation and 

reduced NF-κB protein levels, supporting its antioxidant and anti-

inflammatory potential.  

• The combined intervention did not show clear additive effects 

across all markers, but resulted in more consistent improvements 

in hepatic redox homeostasis. 

Organ Cross-Talk Tips: 

 HIIT may promote hepatic redox adaptation through systemic 

signals released from contracting skeletal muscle, although 

myokines were not directly measured in this study. 

 Chronic WD feeding promotes hepatic lipid accumulation and 

oxidative stress, likely reflecting altered adipocyte–liver 

communication and systemic metabolic dysfunction. 
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