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ABSTRACT 

Non-alcoholic Fatty Liver Disease (NAFLD) – whose terminology was recently replaced by metabolic liver dis-

ease (MAFLD) - is an accumulation of triglycerides in the liver of >5 % of its weight. Epidemiological studies 

indicated an association between NAFLD and reduced physical activity. In addition, exercise has been shown to 

improve NAFLD independently of weight loss. In this paper, we aim to systematically review molecular changes 

in sedentary experimental NAFLD models vs. those subjected to exercise. We utilized the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist and standard review techniques. Studies 

were considered for inclusion if they addressed the primary question: the mechanisms by which exercise influ-

enced NAFLD. This review summarized experimental evidence of improvements in NAFLD with exercise in the 

absence of weight loss. The pathways involved appeared to have AMPK as a common denominator.  
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Figure 1: Graphical abstract: This graphical abstract illustrates how exercise impacts cellular and mo-
lecular mechanisms in non-alcoholic fatty liver disease (NAFLD) via AMPK activation. Exercise stimu-
lates adiponectin release, influencing macrophages and intracellular pathways, which converge on 
AMPK. Activated AMPK enhances mitochondrial fatty acid β-oxidation, reduces lipogenesis, oxidative 
stress, apoptosis, and inflammation, and promotes autophagy while inhibiting SREBP1c, collectively 
mitigating NAFLD progression. 
 
 

INTRODUCTION 

NAFLD definition, epidemiology, and  

pathogenesis 

Non-alcoholic Fatty Liver Disease 

(NAFLD) – whose terminology was recently 

replaced by metabolic dysfunction–associ-

ated fatty liver disease (MAFLD) (El-Kassas 

and Alswat, 2025) -  is an accumulation of tri-

glycerides in the liver of >5 % of its weight 

(Browning et al., 2004; EASL et al., 2016); 

NAFLD is frequently associated with meta-

bolic syndrome (Chalasani et al., 2012). The 

association with one of five metabolic fea-

tures is a requirement for the diagnosis, other-

wise, steatotic liver disease (SLD) is identi-

fied (El-Kassas and Alswat, 2025).  

Epidemiological studies indicated an as-

sociation between NAFLD and a sedentary 

lifestyle. Reduced physical activity to a day 

per week or less is associated with an in-

creased probability of NAFLD (Perseghin et 

al., 2007; Rector and Thyfault 2011) and de-

ranged liver enzymes (Lawlor et al., 2005). 

Data from the Nonalcoholic Steatohepatitis 

Clinical Research Network (NASH-CRN) in-

dicated that individuals with NAFLD (bi-

opsy-proven) not achieving ≥75 min/week 

of vigorous exercise had higher odds of devel-

oping Non-Alcoholic Steatohepatitis 

(NASH), and if not exceeding 150 min/week 

their likelihood of developing advanced fibro-

sis increases (Kistler et al., 2011). Similar 

findings were observed in adolescents (Nader 

et al., 2008). 

NAFLD is viewed as a silent pandemic in 

the West and the East (Farrell et al., 2013; 

Lazarus et al., 2020). The prevalence of 

NAFLD is estimated at 25 % of the global 

population with an overall mortality of 11.77 

per 1000 person-years (Younossi et al., 2016, 

2018). With an estimated prevalence of over 

a billion subjects affected, even among lean 

children, approximately 10 % (Nobili and 

Pinzani 2010; Schwimmer et al., 2006), the 

disease is labeled a pandemic (Loomba and 

Sanyal, 2013). 
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The spectrum of NAFLD encompasses 

simple accumulation of fat to associated stea-

tohepatitis and cirrhosis (Tiniakos et al., 

2010). NAFLD is associated with extensive 

health-related complications (Tomeno et al., 

2020). Among those complications is hepato-

cellular carcinoma (HCC) (Huang et al., 

2021; Nwosu et al., 2017), which is the third 

leading cause of cancer-related deaths world-

wide (Bertuccio et al., 2017) with poor sur-

vival (Jemal et al., 2017). The incidence of 

NAFLD-related HCC is likely to rise by 

122 % in the USA in the next decade (Huang 

et al., 2021) and the prevalence of NASH is 

projected to rise to 56 % by 2030 (Estes et al., 

2018).  

Previously the two-hit theory was preva-

lent and central to the progression of the dis-

ease, however, this theory is considered out-

dated (Alonso et al., 2017; Friedman et al., 

2018). The inability of the liver to handle the 

primary metabolic substrates leading to the 

accumulation of toxic lipids is believed to be 

the central mechanism of the pathogenesis 

(Neuschwander-Tetri, 2010) as described in 

different etiology-based diseases i.e. choles-

tasis (Dropmann et al., 2020; Hammad et al., 

2018). 

 

Role of diet  

Dietary contents are believed to influence 

the development of NAFLD. Saturated fatty 

acids (SFA), simple sugars, and animal pro-

teins modulate the triglyceride and antioxi-

dant accumulation in the liver resulting in its 

damage (Berna and Romero-Gomez 2020). 

SFA impairs glutathione-mediated balance in 

the oxidative stress mechanisms leading to the 

progression of NAFLD (Franko et al., 2018). 

Monosaturated fatty acids and plant-based 

proteins are thought to protect the liver 

against harmful fatty deposition (Perdomo et 

al., 2019). The consumption of unsaturated 

fatty acids appears to reduce denovo hepatic 

lipogenesis (Rosqvist et al., 2019). Dietary 

approaches including Mediterranean, low fat 

and low carbohydrate could be beneficial in 

reversing hepatic steatosis (Parry and Hodson 

2020). Several guidelines integrate dietary 

measures against NALFD (Chalasani et al., 

2018; EASL et al., 2016).  

 

Role of exercise and lifestyle 

Lack of physical exercise was observed to 

be associated with NAFLD (Perseghin et al., 

2007). The threshold was assessed in obser-

vational studies that indicated exercise fre-

quency less than once a week is associated 

with NALFD as opposed to >3 times/week 

(Hsieh et al., 1998). A variety of exercise 

thresholds and types were assessed (Zelber-

Sagi et al., 2008). Individuals with biopsy-

proven NAFLD not performing vigorous 

physical activity ≥75 min/week were more 

prone to NASH or advanced fibrosis if not ex-

ceeding 150 min/week (Kistler et al., 2011). 

Short-term physical inactivity increases body 

fat mass (Kump and Booth, 2005b) and re-

duces insulin sensitivity (Kump and Booth 

2005a) and net lipogenesis (Blanc et al., 

2000). The lack of physical exercise is linked 

to increased intra-abdominal and hepatic adi-

posity (Hannukainen et al., 2007), which is 

contrary to what is observed in individuals 

with habitual exercise (Iozzo et al., 2004). 

Cessation of routine exercise affects fat-re-

lated multi-mechanisms implicated in the de-

velopment of NAFLD (Rector et al., 2008). 

 

NAFLD is reversible 

Reversal of NAFLD has demonstratable 

health benefits (Perry et al., 2013). However, 

current NAFLD treatments have a range of ef-

fectiveness of which, each potential treatment 

is associated with a different risk-benefit pro-

file. Physical exercise, aerobic or resistance, 

also improves hepatic steatosis (Vilar-Gomez 

et al., 2015). In the absence of weight loss, ex-

ercise reduced hepatic fat content by 40 % 

(van der Heijden et al., 2010). 

 

The available strategies in practice 

These lifestyle interventions, although ef-

ficacious in treating NAFLD, require high 

and sustained patient engagement. Therefore, 

in the real world, 239 of 261 patients failed to 

achieve the 7 % weight loss required for sig-

nificant impacts on NAFLD progression (St 
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George et al., 2009). Even with face-to-face 

individually tailored educational and counsel-

ling sessions, patients still found it difficult to 

implement and sustain behavior changes to 

achieve a modest 2 % weight loss (Lazo et al., 

2010). The Look Ahead multicenter clinical 

trial observed an 8 % weight loss and 50 % 

reduction in hepatic steatosis in patients re-

ceiving weekly intensive support and group 

counseling sessions, whilst 26 % in the group 

that only had 3 sessions in 12 months, had 

new onset NAFLD compared to baseline 

(Takahashi et al., 2015). Because of the very 

high failure rates of the above approaches, 

Bariatric surgery proved to improve the met-

abolic profile in the liver even before the 

weight change happens (Laursen et al., 2019; 

Madsbad et al., 2014). This indicates that 

mechanisms may not be directly linked to 

weight changes (Yang et al., 2016). However, 

although effective, it is not risk-free (Campos 

et al., 2020). 

Potential pharmacotherapies, none of 

which is licensed for this specific clinical use, 

including antioxidants (Vitamin E, herbal and 

natural medicines), insulin sensitizers (Thia-

zolidinediones, Angiotensin Converting En-

zyme (ACE)), lipid-lowering drugs, probiot-

ics and symbiotics were tried (Alkhouri, 

2020; Attia et al., 2021; Dibba et al., 2018). 

Novel molecular targets including intestinal 

(Farnesoid X receptor) FXR, (Peroxisome 

proliferator-activated receptor), PPAR alpha 

agonists, anti-apoptosis agents, and thyroid 

hormone receptors are being assessed in clin-

ical trials (Attia et al., 2021). Exercise is par-

ticularly interesting as it improves NAFLD 

independently of weight loss (Attia et al., 

2021) and improves mental (Sharma et al., 

2006), cardiovascular health and multiple 

other health benefits (Pinckard et al., 2019).  

With poor compliance, a pharmaceutical 

substitute may be appealing. However, the 

potential therapeutic targets are not well sum-

marized in the literature. To shed light on the 

mechanism(s) behind these desirable effects 

of exercise in the context of NAFLD, we aim 

to systematically review molecular changes in 

sedentary experimental NAFLD models vs. 

those subjected to exercise. This review aims 

to summarize the critical molecular mecha-

nisms underpinning the role of exercise in 

NAFLD.  

Towards that end, this review utilized the 

PRISMA checklist and standard review tech-

niques (Dibba et al., 2018) providing a sys-

tematic approach to the literature search en-

suring the comprehensiveness and reproduci-

bility of the results. Studies were considered 

for inclusion if they addressed the primary 

question: the mechanisms by which exercise 

influenced NAFLD. The review question was 

formulated according to the PICO structure. 

The population included experimental ani-

mals. The intervention focused on exercise, of 

any type. There was no specific comparison 

required for studies to be included in this re-

view. Therefore, statistical summaries were 

not planned for this review. The primary out-

come of interest was the reversal of NAFLD 

by exercise with qualitative assessment of the 

relevant molecules. An electronic search us-

ing the major electronic (EMBASE, Medline, 

The Cochrane Library, Ovid, Pubmed, and 

Web of Science) databases, was conducted 

(Figure 2).  

Two independent reviewers extracted 26 

variables accounting for the type of animal 

model used to obtain NAFLD, find histologi-

cal confirmation of features of NAFLD and 

reversal, and details of the exercise interven-

tion used including duration and intensity 

were extracted. The study’s primary endpoint 

was underpinning mechanisms by which ex-

ercise influenced NAFLD. 
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Figure 2: PRISMA chart outlining literature 
search strategy. The PRISMA chart shows the 
selection process followed to obtain the studies in-
corporated into the review. Titles and abstracts of 
177 records were screened and 69 abstracts were 
selected for full-text review, of which 7 were only 
available as abstracts. Two papers were only 
available in Japanese and German. Sixteen full-
text papers were excluded not meeting the inclu-
sion criteria for one or more reasons, leaving 43 
as the sources used for data analysis.  

 

 

Induction of NAFLD/NASH  

All studies had histological confirmation 

of NAFLD or NASH. NAFLD was achieved 

using either a calorie-concentrated diet or ge-

netic manipulation causing hyperphagia. A 

variety of high-energy diets employing either 

fat (60-71 % fat) including D12492 (90 % 

lard, 10 % Soybean oil), Lieber Carli diet, 

D12451 diet or fructose as the calorie medium 

was employed. For moderate NAFLD, one 

study used a lower fat proportion (22 % fat) 

over 6 weeks (Hajighasem et al., 2018; 

Homeyer et al., 2018). A handful of studies 

used animals with mutated satiety genes lead-

ing to hyperphagia and obesity while feeding 

the animals’ standard chow (Evangelista et 

al., 2015; Haczeyni et al., 2015; Linden et al., 

2014, 2015, 2016; Martinez et al., 2018; 

Rector et al., 2008, 2011). Manipulated genes 

include those coding for Phosphatase and 

Tensin Homolog (PTEN), Cholecystokinin 

(CCK) receptor, Alms gene (foz/foz model) 

and the leptin receptor in the Zucker rats. Sev-

eral studies combined genetic manipulation 

and obesogenic diets (Batatinha et al., 2017; 

Haczeyni et al., 2015). Most of the included 

studies used the NAFLD activity score to de-

scribe the induced liver disease. One study 

observed the development of NAFLD after 

cessation of exercise rather than starting with 

NAFLD (Rector et al., 2008). Forty-three 

studies formed the core findings of this re-

view on the mechanisms underpinning the ex-

ercise-mediated NAFLD reversal/improve-

ment. 

 

Animal characteristics 

All studies employed rats or mice as the 

model of choice. The mouse model most fre-

quently used was the male C57BL/6J used in 

14 studies (Alex et al., 2015; Batatinha et al., 

2017; Carbajo-Pescador et al., 2019; 

Evangelista et al., 2015; Ghareghani et al., 

2018; Goncalves et al., 2014a, 2016; 

Homeyer et al., 2018; Kawanishi et al., 2012; 

la Fuente et al., 2019; Manta et al., 2022; 

Marques et al., 2010; Munoz et al., 2018; 

Rector et al., 2011). The Sprague Dawley and 

Wistar rats were also used (Goncalves et al., 

2014b, 2015; Guo et al., 2020; Martinez et al., 

2018; Passos et al., 2015). One study used 

male Swiss mouse models instead (Piguet et 

al., 2015). 

To study the molecular mechanism of the 

exercise effect, some studies employed strate-

gic mutations. Tang et al., used Macrophage 

Migration Inhibitory Factor knockout (MIF 

KO) mice (Tang et al., 2019) while Batatinha 

et al., used PPAR alpha KO models (peroxi-

some-proliferator-activated receptor alpha) 

(Batatinha et al., 2017). Winn and co-workers 

were employing estrogen alpha (ER alpha) 

knockouts to study the role of MIF, PPAR al-

pha and estrogen alpha receptors (Winn et al., 

2019). All but two studies used male animals 

(Batatinha et al., 2017; Rector et al., 2008) 

ranging in age from 3 weeks to 50 weeks.  

The animal protocols were similar in most 

studies, with the environment kept between 

20 and 25 °C, 12 hr light/dark cycles and hu-

midity at 35-60 %. All the studies provided ad 

libitum access to food and water. 
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A few studies varied their design from the 

usual control vs. intervention setup. Two ex-

amples are Tan et al. (2018) and Younan et al. 

(2019), who utilized female animals but also 

subjected one group to ovariectomy in addi-

tion to the exercise intervention to simulate 

NAFLD post-menopause. In another study, 

the animals with NAFLD induced by a high-

fat diet were switched back to a normal diet 

after 16 weeks to simulate dietary interven-

tion (Cho et al., 2016). 

 

Exercise interventions 

The exercise interventions are summa-

rized in Table 1 and were mostly motorized 

treadmill running but also included wheel 

running, swimming, and strength training uti-

lizing both weights and aerobic exercise. 

 

 
Table 1: The studies including the exercise interventions are summarized 

Study Model induction 
(mutation vs. diet 
vs. ovariectomy) 

Exercise  
intervention 

Exercise regimen Distance 
(intensity) 

Khoo et al., 
2020 

Diet (HFD) + green 
tea extract 

Voluntary run-
ning wheel 

Free access to wheel for 16 weeks - 

Lima et al., 
2016 

Diet (HFD) Motor-driven 
treadmill run-

ning 

25 m/min for 60 min at 5 % incline/ 
5 days /week for 5 weeks 

- 

Kapravelou 
et al., 2015 

Diet (HFD) Interval aero-
bic + strength 

training 

5 days/week, 60 min total workout - 

Gehrke et 
al., 2019 

Diet (HFD) Voluntary 
wheel running 

Voluntary running for 4 weeks 9.3 km-454.4 km 

Munoz et 
al., 2018  

Diet (HFD) Treadmill run-
ning 

60 min/day 
5 days/week 

gradual increase in training volume 
for 8 weeks 

- (60 % max effort) 

Tang et al., 
2019 

Diet (HFD) Lane Swim-
ming, 90 cm 

lane 30-32 °C 

60 min/day 5 days/week for 10 
weeks 

- 

Henkel et 
al., 2019 

Diet (HFD) Treadmill run-
ning 

19 m/min for 60min 
5 days/week for 7 weeks 

- 

Pereira et 
al., 2019 

Diet (HFD) Strength train-
ing 

5 days/ week, 20x up the ladder 
carrying 70 % MVCC for 15 ses-

sions 

-(70 % MVCC) 

Wu et al., 
2015 

Diet (HFD) Swimming 
(30-32 °C) 

60 min/day 
5 days/week for 10 weeks 

-(40-60 % 
VO2max) 

Goncalves 
et al., 
2014a  

Diet (HFD) Voluntary run-
ning on wheel 
vs. endurance 
treadmill run-

ning 

25 m/min 60 min/day 
5 days/week for 17 weeks and 8 

weeks 

- 

Goncalves 
et al., 
2014b  

Diet (HFD) Voluntary run-
ning on wheel 
vs. endurance 
treadmill run-

ning 

25 m/min 60 min/day 
5 days/week for 17 weeks and 8 

weeks 

- 

Khalegh-
zadeh et 
al., 2020 

Diet (HFD) HIIT on motor-
ized treadmill 

8 min-warm up at 10 m/min, 
then 4 min speed intervals, 

then 4 min slow 
40 mins/day 

5 days for 8 weeks 

-(80-95 % VO2 
max + 50-60 % 

VO2max) 

Passos et 
al., 2015  

Diet (HFD) Voluntary 
wheel running 

for 17 weeks - 

Cho et al., 
2016  

Diet (HFD) Treadmill run-
ning 

Warm-up 8 meters a min for 8 
mins, 40 min at 12 m/min and  
5 min cool-down for 8 weeks 

- 
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Study Model induction 
(mutation vs. diet 
vs. ovariectomy) 

Exercise  
intervention 

Exercise regimen Distance 
(intensity) 

Ghare-
ghani et 
al., 2018  

Diet (HFD) Endurance 
treadmill run-

ning 

5 min at 30-40 % VO2 max, 30 min 
at 60-65 % VO2 max, 5 min cool-

down 30-40 % for 10 weeks 

-(30-40 % VO2 
max for warm-

up/cool-down, 60-
65 % VO2max for 

main exercise) 

Carbajo-
Pescador 

et al., 2019  

Diet (HFD) Combined 
aerobic+re-

sistance train-
ing protocol 

60 mins of effective work:10 min 
running warm-up, followed by re-

sistance training (eight 2 mins run-
ning bouts), separated by 1 min 

rest. Incline was progressively in-
creased from 10° to 25° at a con-

stant slow speed (20-25 cm/s). This 
exercise was followed by 30 

minutes of continuous aerobic ex-
ercise on the treadmill for 5 weeks 

- 

Marques et 
al., 2010 

Diet (HFD) Treadmill run-
ning 

60 min a day at moderate-to-low in-
tensity (max 1 km/h) for 8 weeks 

- 

Guo et al., 
2020 

Diet (HFD) Treadmill run-
ning 

5 m/min for 3 min, 10 m/min for  
3 min, and 20 m/min for 24 mins for 

4 weeks 

- 

Borges 
Canha et 
al., 2017 

Diet (HFD) Low-intensity 
treadmill run-

ning 

60 min a day at 20 m/min for 5 
weeks 

- 

Yu et al., 
2019 

Diet (HFD) Wheel running 30 min a day: 5 m/min for 3 min, 10 
m/min 

for 3 min, and 20 m/min for 24 min 
for 4 weeks 

- 

Frantz et 
al., 2017 

Diet (HSD) Motor tread-
mill running 

50-75 % MaxT, 0-7 % incline, 60 
min/day,-1&4 days/week for 8 

weeks 

- 

Hu et al., 
2013 

 Motor tread-
mill running 

25 m/min for 60 min, 5 days/week, 
Incline 5 degrees for 8 weeks 

-(75 % VO2 max 
uptake) 

Alex et al., 
2015 

Diet (sucrose-en-
riched choline-defi-

cient) 

Motor tread-
mill running 

16 m/min for 60 min for 5 
days/week-2° incline for 3 weeks 

- 

Schultz et 
al., 2012 

Diet (HSD) Lane swim-
ming 

60 min daily for 8 weeks -(40-60 % VO2 
max) 

Silva et al., 
2014 

Diet (HSD) Swimming + 
tail weights 
5 % body 

weight 

90 min/day 
5 days/week for 4 weeks 

- 

Hajig-
hasem et 
al., 2018 

Diet (HSD) Treadmill run-
ning 

3 days/week (increased by 2 m/min 
(up to 28 m/min) and 2 min/week) 
vs. 5 days/week up to 21 min at 28 

m/min 
for 8 weeks each 

- 

Ok et al., 
2018 

Diet (HSD) Treadmill run-
ning 

5 times/week 
week 1-4 12 m/min vs. week 5-8  
14 m/min 0 % slope for 8 weeks 

- 

Botezelli et 
al., 2010 

Diet (HSD) Tank swim-
ming at 31 ± 
1 °C+ lead 

weight 

60 min/day 
5 days/week 

-(workload equiva-
lent to the individ-
ual aerobic/anaer-

obic metabolic 
transition identified 
by the MLSS test-
re-evaluated at 90 

days) 
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Study Model induction 
(mutation vs. diet 
vs. ovariectomy) 

Exercise  
intervention 

Exercise regimen Distance 
(intensity) 

Kawanishi 
et al., 2012 

Diet (HFD + HSD) Motorized 
treadmill run-

ning 

20 m/min for 60 min for 16 weeks - 

la Fuente 
et al., 2019 

Diet (HFD) Treadmill run-
ning 

5 times /week -(60-65 % maximal 
speed on exhaus-

tion test) 

Cameron 
et al., 2012 

Diet (HFD + HSD) Treadmill run-
ning 

20 min per day at a speed of 1 
km/h with a 0 % incline, 5 

days/week for 2 weeks. The exer-
cise time was increased to 25 

min/day in the following 2 weeks 
and then increased to 30 min/day 
for the last 4 weeks for 8 weeks 

- 

Huber et 
al., 2017 

Diet (N-galactosa-
mine (GalN) and 

lipopolysaccharide 
(LPS) 

Voluntary 
wheel running 

Voluntary 3.75-15.73 km/day 

Haczeyni 
et al., 2015 

Mutation (Alms 
foz/foz) + Diet 

(HFD) 

Voluntary run-
ning wheel 

Voluntary for 8 weeks 4.67-9.24 km/day 

Batatinha 
et al., 2017 

Diet (HFD) + Muta-
tion (PPAR-a KO) 

Endurance 
treadmill run-

ning 

60 min at 60 % of maximal speed 
(derived from a maximal speed test 
at the end of for 8 weeks 4th, 8th, 

and 12th week) 

- 

Piguet et 
al., 2015 

Diet (HFD) +  Mu-
tation (Fxr*/ KO) 

Motorized 
treadmill 

12.5 m/min for 60 min 5 days/week 
for 32 weeks 

- 

Tan et al., 
2018 

Diet (HFD) + Ovar-
iectomy 

Knee loading Loads of 1 N at 10 Hz for 6 
min/day, 5 days/week for 6 weeks 

- 

Younan et 
al., 2019 

Ovariectomy Swimming 60 min a day for 6 weeks - 

Linden et 
al., 2016 

Mutation (CCK re-
ceptor-KO) 

Motor tread-
mill running 

(Moderate ex-
ercise vs. 

HIIT) 

60 min/day 
20 m/min 15 % incline vs. 6 bouts 
of 40 m/min 2.5 min each for 12 

weeks 

-(≥90 % of 
VO2max for HIIT) 

Linden et 
al., 2014 

Mutation (CCK re-
ceptor-KO) 

Treadmill run-
ning 

20 m/min, 60 min/day, 5 days/week 
for 12 weeks 

 

Linden et 
al., 2015 

Mutation (CCK re-
ceptor-KO) 

Treadmill run-
ning 

(Moderate vs. 
endurance ex-

ercise) 

20 m/min 
15 % incline 
60 min/day 

5 days/week for 12 weeks 

- 

Rector et 
al., 2008 

Mutation (CCK re-
ceptor KO) 

Cessation of 
exercise, 

which was vol-
untary wheel 
running for 16 

weeks 

- - 

Scott et al., 
2004 

Mutation (CCK re-
ceptor KO) 

Voluntary 
wheel running 

Voluntary for 36 weeks - 

Martinez et 
al., 2018 

Mutation (fa/fa KO) HIIT (Tread-
mill running, 

Strength train-
ing 

60mins effective work 
10mins warm-up 

then strength training 
then 30mins aerobic interval exer-

cise for 8 weeks 

275.1 vs 535 m 
(33-45 VO2max) 

Winn et al., 
2019 

Mutation (ER/al-
pha KO) 

Voluntary 
wheel running 

Voluntary for 10 weeks - 

Evange-
lista et al., 

2015 

Mutation (Leptin 
deficient) 

Treadmill run-
ning 

60 mins/day 
5 days/week for 8 weeks 

-(60 % max speed) 

HFD: High fat Diet; HSD: High Sugar Diet; MVCC: maximal voluntary carrying capacity  
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Treadmill and voluntary wheel running 

were used in 23 (53.5 %) (Alex et al., 2015; 

Batatinha et al., 2017; Borges Canha et al., 

2017; Cameron et al., 2012; Carbajo-

Pescador et al., 2019; Evangelista et al., 2015; 

Frantz et al., 2017; Ghareghani et al., 2018; 

Goncalves et al., 2016; Guo et al., 2020; 

Henkel et al., 2019; Hu et al., 2013; 

Kawanishi et al., 2012; Khaleghzadeh et al., 

2020; la Fuente et al., 2019; Lima et al., 2016; 

Linden et al., 2014, 2015; Marques et al., 

2010; Martinez et al., 2018; Munoz et al., 

2018; Passos et al., 2015; Winn et al., 2019) 

and 10 (23.3 %) (Gehrke et al., 2019; 

Goncalves et al., 2015, 2016; Haczeyni et al., 

2015; Huber et al., 2017; Khoo et al., 2020; 

Passos et al., 2015; Rector et al., 2011; Winn 

et al., 2019; Yu et al., 2019) of the studies; re-

spectively. Only 3 of the voluntary wheel run-

ning (VWR) reported the range of distances 

run (Dibba et al., 2018; Hu et al., 2013; 

Munoz et al., 2018). Some of the treadmill 

running studies set the training at 50-75 % of 

the predetermined maximum speed 

(Batatinha et al., 2017; Linden et al., 2014; 

Martinez et al., 2018; Rodrigues Prestes et al., 

2017; Schultz et al., 2012; Tang et al., 2019). 

Five studies used lane swimming while one 

used a barrel as their chosen mode of exercise 

(Rodrigues Prestes et al., 2017; Schultz et al., 

2012; Tang et al., 2019; Wu et al., 2015; 

Younan et al., 2019). Two studies added a 

weight attached to the animals as they swam 

to increase the work of training (Botezelli et 

al., 2010; Silva et al., 2014). One study loaded 

the knee with 1 N at 10 Hz for 6 min per day, 

5 days per week for 6 weeks (Tan et al., 2018). 

Also bucking the trend were Pereira et al. who 

utilized a form of strength training (carrying 

weights up a ladder) (Pereira et al., 2019). 

Rector and co-workers employed a different 

strategy by forcing sedentariness on one 

group of animals vs. those at liberty to exer-

cise (Rector et al., 2008). Some studies also 

reflected the growing trend in high-intensity 

interval training (HIIT) and employed short 

but vigorous aerobic exercise (Khaleghzadeh 

et al., 2020; Linden et al., 2015; Martinez et 

al., 2018). Two of these studies were treadmill 

running at 80-95 % of the predetermined 

maximum capacity (Khaleghzadeh et al., 

2020; Linden et al., 2015). Martinez et al. 

combined moderate running and aerobic 

strength training to provide 60 mins of HIIT 

(Martinez et al., 2018). Importantly, some 

studies compared the effectiveness of differ-

ent forms of exercise in attenuating NAFLD. 

Moderate treadmill running was compared 

with HIIT and endurance running (Goncalves 

et al., 2016). Voluntary wheel running vs. en-

durance training was reported by Goncalves 

and co-workers (Goncalves et al., 2014a, b, 

2016). Finally, some studies acknowledged 

an improvement in peak performance by re-

evaluating maximum performance part way 

through the experiment and re-pegged the 

level of exercise intensity. 

 

MOLECULAR CHANGES IN 

NAFLD/EXERCISE VS. NAFLD/ 

SEDENTARY  

Lipid metabolism 

The 1st stage of NAFLD, simple steatosis, 

results from an impairment in the four main 

processes that affect lipid metabolism home-

ostasis: de novo lipogenesis, fatty acid uptake 

from circulation, fatty acid oxidation and lipid 

secretion from the liver as very high-density 

lipoproteins (Hammad et al., 2017, 2023; 

Mungamuri et al., 2021). Several studies 

found no difference in the transcription fac-

tors and enzymes involved in de novo lipo-

genesis when comparing NAFLD/sedentary 

vs. NAFLD/exercise groups (Gehrke et al., 

2019; Khoo et al., 2020; Ok et al., 2018; 

Piguet et al., 2015). Others found an increase 

in sterol regulatory element binding transcrip-

tion factor (Srebp1c, a NAD dependent 

deacetylase), the main transcription factor for 

proteins involved in synthesizing fatty acids, 

fatty acid synthase (FAS), and Acetyl Co-A 

carboxylase in the NAFLD/sedentary group 

(Carbajo-Pescador et al., 2019; Ghareghani et 

al., 2018; Guo et al., 2020; Linden et al., 2014, 

2015; Martinez et al., 2018; Munoz et al., 

2018; Pereira et al., 2019; Piguet et al., 2015; 

Rector et al., 2011). However, one study at-

tenuated FAS in the NAFLD/exercise group 
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by 60 % (Schultz et al., 2012). Carnitine pal-

mitoyl-transferase 1 (CPT1a) – rate-limiting 

enzyme for fatty acid oxidation – increased in 

the NAFLD/exercise more than in the 

NAFLD/sedentary groups (Almeida et al., 

2013; Peng et al., 2011; Wu et al., 2015). 

Other studies found a conflicting trend i.e. at-

tenuated CPT1a levels in the NAFLD/seden-

tary but increased in the NAFLD/exercise 

groups (Evangelista et al., 2015; Ok et al., 

2018; Pereira et al., 2019). Two studies ob-

served a decrease in the translation and pro-

tein expression of the main lipid uptake trans-

porter Cluster-of-differentiation-36 (CD36)/ 

Fatty-Acid-translocase (FAT) following exer-

cise of the NAFLD models (Carbajo-

Pescador et al., 2019; Linden et al., 2016). 

The other lipid uptake transporter, Fatty Acid 

Binding Protein (FABP1) was increased in 

NAFLD and attenuated by exercise, while its 

over-expression reversed all exercise effects 

(Pi et al., 2019). 

 

Mitochondrial bioenergetics 

Hepatocyte mitochondria play a pivotal 

role in the homeostasis of lipid metabolism by 

facilitating fatty acid (FA) oxidation 

(Middleton and Vergis, 2021). Increased FA 

oxidation causes increased production of re-

active oxygen species (ROS), which increases 

oxidative stress, damages DNA and orga-

nelles, and impairs mitochondrial function; 

this manifests as dysfunction of the electron 

transport chain with uncoupling of proton 

movements from ATP production. Reduced 

mitophagy leading to increased hepatocyte 

apoptosis is also associated with mitochon-

drial dysfunction. 

The genes coding for molecules involved 

in mitochondrial bioenergetics, namely mito-

chondrial transcription factor A (Tfam), pe-

roxisome proliferator-activated receptor al-

pha (PGC1-alpha), nuclear respiratory factor 

1 (NRF1), mitochondrial transcription factors 

Tfb1m and Tfb2m, had different expression 

between the NAFLD/exercise vs NAFLD/ 

sedentary (Khoo et al., 2020). Meanwhile, 

others found an increase in translation of 

Tfam and PGC-alpha in the NAFLD model, 

which was increased by exercise (Ghareghani 

et al., 2018; Wang et al., 2017a). In another 

study, only Tfam was reduced in the 

NAFLD/sedentary models while both PGC 

1alpha and Tfam were increased by exercise 

(Goncalves et al., 2016). Two studies found 

an increased number of abnormal mitochon-

dria, loss of cristae, increased susceptibility to 

calcium-induced mitochondrial swelling, and 

reduced intramitochondrial granules in the 

NAFLD/sedentary animals, but this was re-

duced by exercise (Goncalves et al., 2014a, 

2016). The electron transport chain was im-

paired in the NAFLD/ sedentary models in-

cluding phospholipid composition of the mi-

tochondrial membrane, favoring a less fluid 

combination with less integrity, less mem-

brane potential, more susceptibility to respir-

atory uncoupling, and reduced oxidative 

phosphorylation capacity (Goncalves et al., 

2014b, 2016). At least, the increase in ATP 

production was more pronounced in NAFLD/ 

exercise compared to NAFLD/sedentary 

(Peng et al., 2011).  
 

Autophagy markers - changes with exercise 

and the development and progression to 

NAFLD 

The role of autophagy in NAFLD is con-

textual, promoting lipolysis in the fed state 

and lipogenesis in the nutrient-deficient state 

(Niture et al., 2021). In diet-related NAFLD, 

autophagy promotes mitochondrial beta-oxi-

dation and degradation of lipids and regulates 

their storage in hepatocytes (Wang et al., 

2019a). Downregulation/knockout of the au-

tophagy apparatus such as Atg5, Atg3 (au-

tophagy-related-5 and 3), Beclin 1 and LC3 

(Microtubule-associated protein 1A/1B-light-

chain-3) lead to impaired autophagy, and in-

complete mitochondrial beta-oxidation result-

ing in the accumulation of hepatic triglycer-

ides and toxic lipid intermediates, causing mi-

tochondria-induced apoptosis (Hammad et 

al., 2023; Pi et al., 2019; Wang et al., 2019a). 

Steatotic hepatocytes have attenuated levels 

of autosomal acidification, Cathepsin-B, L-

protease, and accumulation of autophago-
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somes, demonstrating impaired enzymatic au-

tolysis (Niture et al., 2021). We observed 

Atg5, Atg7, LC3, and Beclin 1 to be attenu-

ated in the NAFLD model but increased in the 

NAFLD/exercise group (Ghareghani et al., 

2018; Tan et al., 2018; Wang et al., 2017a; 

Wang et al., 2019a). In some studies, mixed 

results were obtained (Pi et al., 2019; Wang et 

al., 2017a). The mammalian target of Ra-

pamycin-1 (mTOR1) is a serine/threonine ki-

nase which negatively regulates autophagy. It 

phosphorylates and inactivates three key ele-

ments of phagosome formation, ULK1 (Unc-

51-like autophagy-activating-kinase-1), 

Atg14 (autophagy-related-protein), and AM-

BRA1 (activating molecule in Beclin1-regu-

lated-autophagy-protein-1) and modifies the 

transcription of genes related to lysosome 

function (Wang et al., 2019a). In this review, 

exercise attenuated mTOR1 expression, 

which improved autophagy (Ghareghani et 

al., 2018; Piguet et al., 2015; Wang et al., 

2017a). This was associated with a rise in 

AMPK (AMP-activated protein-kinase) lev-

els (Ghareghani et al., 2018). MicroRNA 33 

(miR33) was studied by Ghareghani et al., 

who observed an attenuated miR33 expres-

sion in the NAFLD/sedentary mice, nearly 

doubled by exercise training p<0.05 

(Ghareghani et al., 2018; Kim et al., 2021). 

Using a miR33 mimic, mRNA expression of 

Beclin-1 was induced by 184 %, while Atg5, 

Atg7, and LC3 were increased by 56 %, 62 %, 

and 48 % respectively, showing that miR33 

positively regulates autophagy (Ghareghani 

et al., 2018). 

 

MECHANISTIC THEORIES FOR  

EXERCISE-INDUCED REVERSAL  

OF NAFLD 

Among the studies selected, the pathways 

that were most often found to have a role in 

NAFLD/NASH and were affected by exercise 

were those related to mitochondrial biosyn-

thesis and energy homeostasis, apoptosis, in-

flammation, lipogenesis, and insulin release. 

The following list highlights the most com-

monly affected molecules and the pathways in 

which they work. 

AMP-activated protein kinase (AMPK) 

Exercise is a potent activator of AMPK 

through phosphorylation, which decreases in-

trahepatic de novo lipogenesis and intrahe-

patic triacylglycerol accumulation (Bae-Gartz 

et al., 2020; Batatinha et al., 2017; Ghare-

ghani et al., 2018; Ok et al., 2018). AMPK, a 

key regulator of cellular homeostasis, has a 

strong role in fatty acid oxidation and intrahe-

patic lipogenesis. AMPK was also found to be 

more abundant in its phosphorylated state in 

the livers of lean compared to obese mice 

(Bae-Gartz et al., 2020). Increased AMPK-al-

pha activity following exercise inhibited lipo-

genesis and reduced hepatic fatty acid B-oxi-

dation (Gehrke et al., 2019; Ok et al., 2018). 

AMPK is essential in upregulating genes re-

lated to mitochondrial biosynthesis and oxi-

dative enzymes and is associated with lipid 

oxidation, especially with Macrophage mi-

gratory inhibitory factor, which is an activator 

of AMPK (Moon et al., 2013). 

 

Akt strain transforming (AKT) 

Akt is involved in the protein-kinase-B 

(Akt)/phosphatidylinositol-3-kinase (PI3K)/ 

insulin receptor substrate (IRS-1) insulin sig-

naling pathway, which improves hepatic insu-

lin resistance and therefore causes the 

ACE2/Ang(1–7)/Mas axis to increase glucose 

uptake, enhance glucose tolerance and insulin 

sensitivity, decrease glycogen synthesis and 

reduce stress in hepatic cells (Wang et al., 

2024). Exercise was crucial in restoring this 

axis to normal levels compared to untrained 

rats (Frantz et al., 2017; Munoz et al., 2018; 

Pereira et al., 2019). Exercise also enhanced 

phosphorylation of the serine kinase Akt 

(Gehrke et al., 2019). Akt is upstream of 

mTOR – linked to induction of autophagy, 

found to have diminished levels during exer-

cise (Ghareghani et al., 2018). Autophagy is 

implicated in the amelioration of NASH when 

stimulated through chronic exercise, and p-

AKT (phosphorylated Akt) may participate in 

other signaling pathways such as apoptosis, 

interacting with other pro-apoptotic mole-

cules (Guo et al., 2020). 
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Sirtuin 1 (SIRT1) 

SIRT1 increases with exercise and is an 

NAD-dependant deacetylase that protects 

against NAFLD by inhibiting NF-κB and 

CD36 thus decreasing hepatic inflammation 

and steatosis (Niu et al., 2018). 

 

Macrophage inhibitory factor (MIF) 

MIF is hepatoprotective in a CD74/ 

AMPK mediated pathway and is a cytokine 

expressed by immune cells, hepatocytes and 

Kupffer cells resulting in a reduction of tri-

glyceride content and hepatic inflammation. 

MIF is involved in regulating the Akt path-

way, is downregulated in patients with 

NAFLD and high-fat diets, and is induced by 

exercise (Tang et al., 2019). 

 

MicroRNA33 (MiR33) 

MiR33, a non-coding RNA found in the 

intron of SREBP1c was reduced in the 

NAFLD while the lipogenic transcription fac-

tor SREBP1c and its target gene increased. 

The reverse was seen in the NAFLD/exercise 

animals where miR33 was restored while 

mRNA and protein levels of SREBP1, FAS 

and ACC were reduced (Ghareghani et al., 

2018). 

 

Adiponectin 

Adiponectin activates hepatic AMPK and 

ACC (Acetyl-CoA-carboxylase). ACC catal-

yses the carboxylation of Acetyl-coA to pro-

duce malonyl-CoA which then feeds into the 

lipogenesis pathway. AMPK phosphorylates 

ACC to inactivate it. In this study, serum and 

adipocyte adiponectin levels were reduced in 

the NAFLD model (Gehrke et al., 2019). He-

patic AdipoR1 and R2 receptors were down-

regulated at both mRNA and protein levels, 

with effects reversed by exercise. 

 

Liver-X receptor (LXR) and  

Farnesoid-X Receptor (FXR) 

LXR is an oxysterol-activated nuclear re-

ceptor responsible for the regulation of major 

metabolic pathways for cholesterol homeo-

stasis, bile acid metabolism and lipogenesis 

(Ahn et al., 2014). FXR is a ligand-activated 

transcription factor abundantly expressed in 

the liver. Its hepatoprotective role is essential 

for normal liver function, it is critical in regu-

lating lipid metabolism and suppressing he-

patic inflammation (Zhu et al., 2016). LXR 

and FXR gene expression of Elderly Wistar 

rats on an HFD (Hajighasem et al., 2018) was 

measured and normalized to show a signifi-

cant increase in LXR and FXR in exercised 

vs. sedentary animals (p<0.01), associated 

with a decrease in liver enzymes, triglycerides 

(p<0.0000) and hepatocyte apoptosis 

(p<0.0001) (Hajighasem et al., 2018).  

 

Estrogen alpha receptors  

(ER-α) 

ER-α receptor’s binding with AMPK is 

critical in the pathogenesis of NAFLD 

(Lipovka et al., 2015). In ER-α knockout 

mice, HFD induced NAFLD and in wildtype 

animals, there was an increase in muscle but 

not liver ER-α protein expression (Winn et al., 

2019). The absent ER-α in the KO model was 

associated with 30 % greater hepatic triglyc-

erides vs. the wildtype, not improved by exer-

cise. Exercise in the wild-type animals halved 

hepatic triglycerides. Similarly, inflammatory 

markers F4/80 and CD68 were elevated in the 

KO animals vs the wildtype attenuated by ex-

ercise (Winn et al., 2019). Loss of ER-α sig-

naling leads to hepatic inflammation, in-

creased insulin resistance and glucose intoler-

ance leading to NAFLD (Winn et al., 2019). 

 

Renin-angiotensin system 

The renin-angiotensin pathway plays a 

role in the development of inflammation and 

fibrosis in the liver (Velloso et al., 2006). It is 

the ACE2-Ang(1-7)-MAS axis of the path-

way, via the MAS receptor, which demon-

strated in experimental studies to reduce in-

flammation, proliferation, and fibrosis via at-

tenuated release of cytokines (Rodrigues 

Prestes et al., 2017). Inhibition of ACE in ex-

perimental NAFLD models led to improve-

ment in NAFLD (Frantz et al., 2017). Ca et al. 

observed that Ang(1-7) reduces the produc-

tion of reactive oxygen species (ROS) in 
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hepatocytes (Cao et al., 2016). One study ob-

served the highest ACE protein expression in 

the NAFLD/Sedentary animals > NAFLD/ex-

ercise > Control/sedentary > control/exercise 

(p<0.05). In addition, liver ACE activity and 

liver angiotensin 2 increased in the seden-

tary/NAFLD model vs the control/exercise 

animals to 199.6 % and 164 %, respectively 

(p<0.05). There was no significant difference 

in the Angiotensin-1 receptor protein levels 

between sedentary and exercised NAFLD an-

imals. Liver angiotensin1-7 showed an oppo-

site trend, increasing threefold in the 

NAFLD/exercise group vs the NAFLD/sed-

entary, P<0.05. Liver ACE2 was not signifi-

cantly different between the groups. Expres-

sion of MAS receptor which binds angioten-

sin (1-7) was lower in the NAFLD/sedentary 

group than in the exercise groups (p< 0.05) 

(Frantz et al., 2017). 

 

Hydrogen sulphide (H2S) 

H2S is a gastrotransmitter, increasingly 

recognized as having an important role in the 

pathogenesis of liver diseases and cirrhosis. 

H2S metabolism has important effects on glu-

cose metabolism, insulin sensitivity, lipopro-

tein synthesis and mitochondrial processes 

(Mani et al., 2014). In the NAFLD model vs 

control, H2S levels in plasma and liver, rela-

tive mRNA expression of cystathionine β-

synthase (CBS), cystathionine γ-lyase (CES), 

and 3-mercaptopyruvate sulfotransferase (3-

MST) in the liver showed a significant reduc-

tion. Chronic exercise caused significant en-

hancement in H2S levels in plasma and liver, 

and relative mRNA expression of CBS, CES, 

and 3-MST in livers of the NAFLD model 

(Henkel et al., 2019). 

 

Activin/follistatin 

The role of activin and follistatin in 

NAFLD is not well understood. Activin A is 

part of the transforming-growth-factor-B su-

perfamily (TGF-B). Activins primarily signal 

through transmembrane serine/threonine ki-

nase receptors to regulate the transcription of 

target genes involved in cell proliferation, dif-

ferentiation, wound healing, apoptosis, and 

metabolism (Colucci et al., 2021; McDowell 

et al., 1997; Mohamed et al., 2024). In hepato-

cytes, activin A and follistatin were beneficial 

against lipid accumulation but may promote 

hepatic inflammation and fibrosis (Yndestad 

et al., 2009). Activin can inhibit hepatocyte 

replication, induce hepatocyte apoptosis and 

inhibit insulin sensitivity, attenuating glucose 

and lipid metabolism (Silva et al., 2014). Con-

versely, follistatin is a glycoprotein that binds 

activin and can promote liver regeneration 

(Silva et al., 2014). Silva et al. found that 

mRNA expression of activin A was highest in 

the NAFLD/exercise vs NAFLD/sedentary 

animals while the reverse was true for fol-

listatin. Based on the posited downstream ef-

fects of activin A, one would expect post-tran-

scriptional regulation (Silva et al., 2014). 

 

Gut microbiota 

Disruption of the gut microbiota plays a 

significant role in the pathogenesis of 

NAFLD. Two studies observed normal livers 

in germ-free animals on HFD which then de-

veloped NAFLD following fecal transplanta-

tion from NASH patients (Burz et al., 2021; 

Chiu et al., 2017). While no specific dysbiosis 

is consistently linked with NAFLD, there is a 

decrease in bacterial diversity with attenuated 

levels of Firmicutes and Clostridia and in-

creased Bacteroidetes (Tokuhara, 2021). The 

pattern of dysbiosis will vary with age, BMI 

and stage of progression in NAFLD. The 

mechanism by which the dysbiosis results in 

NAFLD is multifactorial and includes in-

creased gut permeability, increased lipopoly-

saccharide influx and abnormal production of 

short fatty acids chains (Tokuhara, 2021). 

One study made similar observations: exer-

cise attenuated the gut barrier disruption in-

duced by HFD, decreased the migration of 

LPS and reduced oxidative stress (Carbajo-

Pescador et al., 2019). Exercise caused the op-

posite gut microbiota profile to that induced 

by HFD with a higher Firmicutes: Bacteroide-

tes ratio similar to that of the control subjects, 

associated with an improvement in NAFLD 

(Carbajo-Pescador et al., 2019). 
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Hepatic CLK2 (CDC-like kinase-2) 

CLK2 was identified as an insulin-respon-

sive repressor of hepatic gluconeogenesis in 

the fed state via interactions with Akt and 

PGC1-alpha (Tabata et al., 2014). In the 

fasted state, CLK2 levels were suppressed, 

while in the fed state they increased and atten-

uated hepatic triglyceride accumulation by 

phosphorylating PGC1-alpha, resulting in re-

duced gene transcription of proteins involved 

in fatty acid oxidation and ketogenesis. In this 

review, one study posited the theory that 

CLK2 modulation could be how exercise at-

tenuates NAFLD. They found that the 

NAFLD/exercise animals showed a signifi-

cant reduction in the hepatic CLK2 content 

compared to NAFLD/sedentary ones (Munoz 

et al., 2018). An increased association be-

tween Akt and CLK2 in the NAFLD/seden-

tary group was attenuated in the NAFLD/ex-

ercise group. Exercise did not affect CLK2 

and PGC1alpha interaction.  

 

Fatty acid-binding protein 

The role of fatty acid binding protein 

(FABP) in NAFLD is unclear. Transcription 

activators of FABP, PPAR alpha and FOXA1 

(Fox-head Box protein A1) were reduced in 

NAFLD while its repressor CCAAT/en-

hancer-binding protein-alpha (C/EBPα) was 

induced or unchanged (Guzman et al., 2013). 

Mukai and co-workers used FABP knock-out 

high-fat diet NAFLD mice models to show an 

attenuation of de novo lipogenesis, hepatic in-

flammation and oxidative stress (Mukai et al., 

2017). However, it has been observed a 1.8-

fold increase in FABP in the HFD-induced 

C57BL/6J male mice model vs. control which 

was attenuated to 1.2-fold by exercise (Pi et 

al., 2019; Song et al., 2020). 

 

EXERCISE AND NAFLD 

Exercise is part of the proposed treatment 

for NALFD (Aller et al., 2018). However, de-

spite its effectiveness, the processes by which 

the exercise improves the NALFD are not 

clear (recently reviewed by Xue and co-work-

ers, 2024. Exercise appears to reverse many 

of the processes contributing to the develop-

ment of NAFLD. In this review, pivotal mol-

ecules in de novo lipogenesis were shown to 

increase in the NAFLD model and consist-

ently decrease with exercise. The transcrip-

tion and translation of SREBP1c and PPAR 

alpha, both master transcription factors in the 

regulation of enzymes involved in lipogenesis 

including FAS, ACC, Elov6, SCD1, CD36/ 

FAT decreased and increased with exercise 

respectively (Carbajo-Pescador et al., 2019; 

Evangelista et al., 2015; Ghareghani et al., 

2018; Guo et al., 2020; Linden et al., 2014, 

2015; Pereira et al., 2019; Piguet et al., 2015; 

Rector et al., 2011; Schultz et al., 2012). 

Post-translation effects of exercise were 

also noted, such as increased phosphorylation 

of acetyl-co-A-carboxylase, deactivating it 

and reducing de novo lipogenesis. Inhibition 

of ACC decreased hepatic lipids by 36 % 

while ACC KO models were protected from 

NAFLD (Pereira et al., 2019). The inaction of 

ACC leads to less inhibitory regulation of 

Cpt1a and more AcetylCoA shunting towards 

beta-oxidation which increased with exercise. 

Key players in beta-oxidation improved with 

exercise including citrate synthase and beta-

HAD (Rector et al., 2011). Exercise increased 

Cpt1a in NAFLD, the rate-limiting enzyme 

for beta-oxidation, from normal (Almeida et 

al., 2013; Wang et al., 2017a) and reduced its 

baseline levels (Evangelista et al., 2015; Ok et 

al., 2018; Pereira et al., 2019; Yan et al., 

2018).  

Cpt1a acts in the mitochondria, the struc-

ture and function of which were also affected 

by NAFLD and exercise. The many NAFLD-

related impaired functions of mitochondria 

were protected or enhanced by exercise. Ex-

ercise increased the number of mitochondria 

and reduced loss of cristae, susceptibility to 

Ca2+-induced swelling and loss of intramito-

chondrial granules (Goncalves et al., 2014a; 

Goncalves et al., 2014b; Goncalves et al., 

2015). Both mitochondrial biogenesis and mi-

tophagy increased with exercise, giving 

hepatocytes resilience to different stressors 

induced by NAFLD with increases in 
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PGC1alpha, Tfam, Mfn1 and Mfn2 (Ghare-

ghani et al., 2018; Goncalves et al., 2014a, b, 

2015; Khoo et al., 2020; Wang et al., 2017a). 

Exercise influenced the composition of the 

mitochondrial membrane, favoring less un-

couplers as well as increased membrane flu-

idity and integrity, preserving the RCR  

(Goncalves et al., 2014b).  

Exercise decreased oxidative stress, and 

ATP synthase, glutamate dehydrogenase and 

ACADL (long-chain-specific acyl-coen-

zyme-A) were protected from oxidation-in-

duced damage seen in sedentary animals but 

absent in those exercising (Hu et al., 2013). 

Markers of oxidative stress, like MDA, were 

reduced by exercise (Hu et al., 2013; Wang et 

al., 2017a; Yu et al., 2019), possibly due to 

upregulation of both transcription factors of 

the antioxidant system, such as Nrf2, and their 

downstream targets including superoxide dis-

mutase (SOD), the glutathione system, thiols 

and catalase (Batatinha et al., 2017; Guo et al., 

2020; Wang et al., 2017a; Yu et al., 2019). A 

few results contradicted the above with a de-

crease in SOD, glutathione system compo-

nents, catalase and thiols while MDA levels 

were unaffected following exercise (Hu et al., 

2013; Kapravelou et al., 2015; Yu et al., 

2019). This could be explained partly by the 

difference in the applied model and exercise 

regimens.  

Enhanced hepatocyte apoptosis; one fea-

ture of NAFLD shown by high levels of the 

pro-apoptosis pathway such as a high BAX: 

BeCl2 and cleaved Caspase 3 which were re-

duced by exercise (Guo et al., 2020). Caspa-

ses are activated in NAFLD by the release of 

Cytochrome C from the mitochondria into the 

cytosol, with the same outcome of apoptosis, 

however, exercise confined this process to the 

mitochondria causing controlled mitophagy 

(Guo et al., 2020). 

Hepatocyte autophagy, useful for recy-

cling damaged or defective cell organelles, 

decreased in NAFLD. Exercise improved mi-

tochondrial autophagy flux and reduced 

NAFLD that was caused by the damaged mi-

tochondria leading to incomplete beta-oxida-

tion, increased oxidative stress, accumulation 

of toxic lipid intermediates and increased mi-

tochondria-mediated apoptosis (Wang et al., 

2017a). Downregulation of markers and inter-

mediates such as p62, LCIII, LAMP2 and Be-

clin 1 at both mRNA and protein levels was 

observed in the NAFLD model and reversed 

by exercise (Ghareghani et al., 2018; Pi et al., 

2019; Tan et al., 2018). Pi et al. demonstrated 

a reversal of the dysfunction of the lysosomal 

proteases affected by the NAFLD diet by ex-

ercise (Pi et al., 2019). 

 

TRANSLATION TO HUMAN 

Only a few studies examined the influence 

of exercise on NAFLD independently from 

the dietary modifications due to the lack of an 

optimal experimental model mimicking 

NAFLD in patients (Othman et al., 2020; 

Teufel et al., 2016). Devries and colleagues 

(2008) and Shojaee-Moradie et al. (2007) de-

scribed no significant change in hepatic lipid 

content measured non-invasively CT-scan 

complemented with surrogate markers fol-

lowing 6 to 12 weeks of endurance exercise. 

On the other hand, Johnson and co-workers 

(2009) and van der Heijden et al. (2010) 

demonstrated a meaningful reduction in he-

patic fat content measured by MRI spectros-

copy following endurance exercise. This may 

also shed light on the relative sensitivity of the 

tools utilized for assessment (Starekova et al., 

2021).  

 

DEDUCING THE MECHANISM  

LINKING EXERCISE TO ITS EFFECT 

ON NAFLD 

Several pathways were considered by the 

studies included in the review as the link be-

tween exercise and its effects on NAFLD. 

Song et al. deduced that the ACE2–(Ang1-7)-

Mas axis, via Akt and AMPK, was a key path-

way (Song et al., 2020). MIF increased signif-

icantly after 4 weeks of exercise and was ac-

companied by an increase in AMPK phos-

phorylation along with its downstream effects 

(Moon et al., 2013). In vitro addition of MIF 

to hepatocytes confirmed the increase in 

pAMPK while AMPK inhibitors cancelled 
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the effects of MIF (Tang et al., 2019). This 

suggests that MIF is protected against 

NAFLD via the AMPK pathway. The link be-

tween exercise and MIF could be due to its 

role as an energy sensor and induction by con-

ditions that reduce ATP or hypoxia (Moon et 

al., 2013).  

Independent of the circulating estrogen 

levels, the downregulation of ER-α increases 

steatosis and proinflammatory gene expres-

sion (Winn et al., 2019). Ovariectomized 

mice showed more severe NAFLD compared 

to the controls (Tan et al., 2018; Younan et al., 

2019). The metabolomics of these studies 

showed estrogen binding to ER as having a 

significant role in autophagy, fatty acid oxi-

dation and TG export out of the liver, all of 

which were improved by exercise (Younan et 

al., 2019). Lipovka et al. suggested direct 

binding of ER-α to the alpha subunit of 

AMPK may be the mechanism by which the 

ERs mediate their effect (Lipovka et al., 

2015). 

Adiponectin was considered protective 

against NAFLD. It stimulates the activation 

of hepatic AMPK and ACC. Exercise boosted 

serum, adipocyte adiponectin, hepatic Adi-

poR1 and R2 receptors at mRNA and protein 

levels, which were downregulated in NAFLD 

(Gehrke et al., 2019). One systematic review 

concluded that while the evidence for the in-

crease in Adiponectin with exercise was in-

consistent, it could be as high as 38 % 

(Simpson and Singh, 2008). 

A CDC2-like kinase (CLK2) binds to 

PGC1alpha and inhibits its effects on fatty 

acid oxidation and ketogenesis. Therefore, 

exercise-induced reduction of CLK2 leads to 

less suppression of PGC1alpha and reduced 

NAFLD (Munoz et al., 2018). MicroRNA33 

regulates the expression of genes by degrad-

ing the transcribed mRNA or by binding to 

them and preventing ribosomal translation. 

HFD is linked to overexpression of SREBP1, 

which was reduced in the NAFLD model but 

restored by exercise (Ghareghani et al., 2018), 

as a direct result of reduced miR33 regulation 

(Horie et al., 2013). Exercise increases Ac-

tivin-A, a TGF-beta cytokine, levels (Silva et 

al., 2014), which appear to reduce hepatic ste-

atosis and promote hepatic fibrosis by in-

creasing the activity of MMP, the laying 

down of collagen3 (Yndestad et al., 2009). 

Activation of the AMPK inhibits the SERBP1 

leading to amelioration of hepato-steatosis (Li 

et al., 2011). 

SIRT1 increased with exercise with asso-

ciated improvement in NAFLD and its mark-

ers (Ghareghani et al., 2018) via inhibition of 

NF-κB and CD36 (Niu et al., 2018). One re-

view concluded that SIRT1 is involved in 

CD36 and NFκB pathways regulating de novo 

lipogenesis, oxidative stress and stimulating 

fatty acid beta-oxidation (Ding et al., 2017). 

Moreover, SIRT1 is required for AMPK acti-

vation (Price et al., 2012). 

Hydrogen sulphide (H2S) was decreased 

in the NAFLD but reversed by exercise 

(Wang et al., 2017a). Although the mecha-

nism implicating exercise in this reversal is 

not clear, Exogenous H2S donors protected 

hepatocytes from fatty acid-mediated inflam-

mation, as well as suppressed liver oxidative 

stress by activating the P13K/Akt/HO-1 sig-

naling pathway (Wu et al., 2020). There 

seems to be an interaction between the AMPK 

activation and the cytoprotective effect of the 

H2S (Wang et al., 2017b), albeit this interac-

tion is not fully elucidated. 

 

AMPK:  

THE COMMON DENOMINATOR 

The AMPK appears to traffic several 

pathways/molecules linking exercise to its ef-

fects on NAFLD. The complex structure and 

function of AMPK lend itself to being a major 

link between exercise and most of the mecha-

nisms by which it reverses NAFLD (Figure 

3). 
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Figure 3: The suggested pathway from exercise to attenuated NAFLD appears to hinge on the kinase 
AMPK as a major pathway. The diagram illustrates the regulatory effects of exercise on adipose tissue, 
macrophages, and hepatocytes via the activation of AMPK (AMP-activated protein kinase) signaling 
pathways. Exercise stimulates adiponectin secretion from fat cells, which interacts with macrophages 
and receptors such as CD74 to influence SIRT1 and ER2 pathways. Activated AMPK orchestrates 
downstream signaling cascades, including nuclear transcription factors (NRF2, miR33, LXR, FXR, 
PGCα, PPARα), promoting beneficial metabolic effects. These effects include reduced oxidative stress, 
enhanced fatty acid β-oxidation, inhibited de novo lipogenesis, and improved autophagy. Collectively, 
these changes mitigate apoptosis and inflammation, contributing to the prevention or attenuation of 
NAFLD. Altered gut microbiota further modulates the AMPK pathway, highlighting the systemic interplay 
between different organs. 
 
 

In 1989 the 3 subunits of AMPK were de-

termined, with the alpha having the catalytic 

activity (Carling et al., 1989; Hardie et al., 

2016). There are at least 2 isoforms of each 

subunit, giving 12 possible permutations 

whose effect on AMPK activity is unknown 
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(Hardie et al., 2016; Ross et al., 2016). Acti-

vation of AMPK is by phosphorylation by up-

stream kinases of a threonine residue within 

the activation loop of the alpha-subunit kinase 

domain (Hardie et al., 2016).  

Its gamma subunit contains 4 regulatory 

binding sites which bind adenosine-contain-

ing ligands with varying affinity and effect: 

ATP, ADP and AMP (Scott et al., 2004). 

AMP binding to the γ-subunit leads the auto-

inhibitory part of the AMPK scaffold to de-

tach from the KD and to bind to the γ-subunit 

instead, increasing the chances of phosphory-

lation of AMPK (Hardie et al., 2016; Yan et 

al., 2018).  

Using crystal molecule structures, it has 

been established that the 4th CBS binding site 

is almost always bound to AMP, the 1st and 

3rd binding sites competitively bind AMP, 

ATP and ADP while the 2nd is always vacant 

(Hardie et al., 2016; Oakhill et al., 2010; Yan 

et al., 2018). The differential adenine nucleo-

tide binding modulates AMPK activity (Yan 

et al., 2018). 

ATP inhibits all the effects of AMP, while 

ADP mimics some. This means that the bind-

ing status of the three AMPK subunits acts as 

a censor of cellular AMP: ATP and ADP: 

ATP. Both these levels increase during peri-

ods of cellular stress such as exercise. Even in 

the presence of many-fold ATP over AMP, 

AMPK can sense changes in the AMP levels 

thanks to the complex cooperative binding of 

AMP in the γ-subunit. This review found that 

in the studies that measured AMPK levels pre 

and post-exercise, AMPK levels were in-

creased (Bae-Gartz et al., 2020; Ghareghani et 

al., 2018; Moon et al., 2013; Ok et al., 2018). 

Of note, AMPK has an Akt phosphorylation 

site on the C terminal domain of the alpha 

subunit, which, when bound by Akt, modu-

lates the AMPK/LKB1 complex increasing 

chances of AMPK phosphorylation (Yan et 

al., 2018), making it a potential therapeutic 

target.  

Pharmacological activation of AMPK has 

been successful in alleviating mitochondrial 

dysfunction and ER stress conditions (Li et 

al., 2015). This activation also modulates the 

glucose uptake in skeletal muscles and ame-

liorates the ATP and energy substrate han-

dling, even in patients with neurological dis-

orders (Browning et al., 2004).  

Overall, there is indirect activation, which 

mainly targets the alteration of the AMP/ 

ADP: ATP ratio (Zhou et al., 2001) or inhibi-

tion of complex I or Na/Glucose cotransporter 

(Hawley et al., 2016). These molecules gen-

erally induce mitochondrial uncoupling re-

sulting in a reduction of the available ATP 

therefore activating the AMPK. Drugs; such 

as metformin; activate AMPK dependent on 

the organic cation transporters, which are 

ubiquitous in the liver (Shu et al., 2007). 

Other molecules have more affinity to the ac-

tivation of AMPK in areas outside the liver 

(Jenkins et al., 2013; Shaw et al., 2005), 

which results in an improved metabolic pro-

file commonly associated with NAFLD.  

Direct activators of the AMPK were also 

investigated. The 5-aminoimidazole-4-car-

boxamide ribonucleotide (AICAR), the 

monophosphate derivative of the cell-perme-

able precursor, is capable of stimulating the 

AMPK (Sullivan et al., 1994). Nonetheless, 

this has resulted in cross inhibition of other 

AMP-sensitive enzymes (Guigas et al., 2007). 

On the other hand, some promising findings 

were produced by selective activation of α 

complexes by 5-(5-hydroxyl-isoxazol-3-yl)-

furan-2-phosphonic acid (compound 2) 

(Hunter et al., 2014). This approach may shed 

the light on the scope of selective activation 

of such key pathway elements for NALFD re-

versal. 

 

THERAPEUTIC TARGETING OF 

AMPK PATHWAY IN NAFLD 

The experimental study revealed that 

liver-specific AMPK knockout worsens liver 

lipid accumulation, steatosis, fibrosis, and in-

flammation, with a notable increase in apop-

totic hepatocytes in AMPK knockout mice. 

These findings highlight AMPK's potential as 

a target for preventing and treating NAFLD. 

Recently, Zhu and colleagues revisited clini-

cal trials targeting NAFLD (Zhu et al., 2024), 

where AMPK activator (Metformin) was in 
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clinical trial phase III. Lee and co-workers 

identified the AMPK-ULK1 axis as crucial 

for protecting against lipotoxicity through an 

atypical KEAP1-NFe2L2 pathway dependent 

on SQSTM1. By enhancing the interaction 

between AMPK and ULK1, SQSTM1 pro-

motes ULK1 phosphorylation, induces au-

tophagy in response to fatty liver toxicity, and 

activates the Keap1-Nrf2 signaling pathway, 

offering protection from lipotoxicity (Lee et 

al., 2020). The pathophysiology of NAFLD is 

complex, with insulin resistance (IR) being 

the most significant factor involved through-

out the entire process. Consequently, revers-

ing IR is critical for the treatment of NAFLD. 

AMPK agonists have been shown to enhance 

IR by promoting liver lipid synthesis, increas-

ing fatty acid oxidation, and repairing mito-

chondrial function. Additionally, numerous 

studies suggest that regulating adipocytokine 

production or the expression of adipocyte-

specific genes is one of the most effective 

strategies to improve IR. For instance, adi-

ponectin, a cytokine secreted by adipocytes, 

is particularly associated with IR and plays a 

role in regulating liver lipid metabolism. Ad-

iponectin enhances insulin sensitivity by 

binding to its receptors, AdipoR1 and Adi-

poR2. Moreover, it can activate AMPK activ-

ity, further improving insulin signal transduc-

tion in adipose tissues, reversing IR, and pre-

venting the onset and progression of NAFLD 

(Wang et al., 2019b). Epigenetic changes con-

tribute to the complex transcriptional re-

sponses associated with WAT lipolysis, he-

patic de novo lipogenesis, and hepatic gluco-

neogenesis. While these metabolic responses 

may hypothetically be altered with acute and 

chronic exercise. However, direct testing is 

lacking (Axsom et al., 2021). Thus, targeting 

AMPK may represent a promising approach 

for the prevention and treatment of NAFLD. 

Wu et al., describe a “phospho-switch” in 

which AMPK, when it is active due to phar-

macological interference or general energy 

stress, phosphorylates and stabilizes TET2, 

the enzyme that converts 5-methylcytosine 

(5mC) to 5-hydroxymethylcytosine (5hmC). 

Under conditions that inhibit AMPK signal-

ing, such as high glucose, AMPK is no longer 

phosphorylated and thus inactive, resulting in 

a loss of TET2 phosphorylation and stability, 

decreased TET2 levels, and re-

duced 5hmC levels. This novel signaling 

pathway defines a mechanism by which the 

metabolic state of a cell can affect its epige-

nome, and thus gene expression in a poten-

tially stable and heritable manner, in response 

to the cellular environment (Wu et al., 2018) 

(Figure 4). 

 

Figure 4: Pharmacological interference or gen-
eral energy stress of AMPK pathway on epige-
netic levels as described by (Wu et al., 2018). 
 

 

CONCLUSION AND LIMITATIONS  

This review summarized experimental ev-

idence of improvements in NAFLD with ex-

ercise in the absence of weight loss. Exercise 

ameliorated all processes known to contribute 

to NAFLD including, but not limited to, de-

creasing de novo lipogenesis, inflammation, 

apoptosis, and oxidative stress, whilst in-

creasing fatty acid oxidation and autophagy. 

Several compounds were shown as potential 

pharmacological targets for inducing the ob-

served exercise effect on NAFLD. The path-

ways involved appeared to have a common 

denominator: AMPK. Due to limitations in 

animal models featuring NAFLD/NASH 

(Hammad 2013; Teufel et al., 2016), there is 

a need to explore the potential of AMPK-tar-

geted treatment for NAFLD to counter the 

pandemic of NAFLD and its complications.  

 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amp-activated-protein-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/5-hydroxymethylcytosine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
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OUTLOOK 

While the existing body of evidence high-

lights the significant role of exercise in miti-

gating the progression of NAFLD, there re-

main critical gaps in knowledge that future re-

search must be addressed. One key area is the 

need for optimized and standardized exercise 

regimens tailored to specific patient popula-

tions, such as individuals with varying stages 

of NAFLD, age groups, or comorbid condi-

tions. Longitudinal studies incorporating a 

combination of aerobic, resistance, and high-

intensity interval training (HIIT) are essential 

to determine the most effective and sustaina-

ble exercise interventions for clinical out-

comes. The interplay between exercise and 

other lifestyle modifications, including die-

tary interventions, requires deeper explora-

tion. Unraveling the synergistic mechanisms 

of these combined approaches will aid in for-

mulating comprehensive therapeutic strate-

gies. Additionally, personalized exercise pre-

scriptions based on genetic, metabolic, and 

microbiome profiles hold promise but neces-

sitate further investigation through precision 

medicine frameworks. On the molecular 

front, emerging biomarkers of exercise-in-

duced hepatic improvement should be vali-

dated in large-scale human cohorts. This 

would facilitate early identification of re-

sponders to exercise-based therapies and ena-

ble real-time monitoring of treatment effi-

cacy. Moreover, leveraging advanced imag-

ing techniques and multi-omics technologies 

could enhance our understanding of the intri-

cate pathways linking exercise to NAFLD 

amelioration. Finally, translating research 

findings into public health initiatives is imper-

ative. Developing accessible exercise pro-

grams, integrating behavioral counseling, and 

employing digital health technologies such as 

wearables and mobile applications could in-

crease adherence and engagement. Policy-

makers must also prioritize funding and infra-

structure to support community-level inter-

ventions targeting NAFLD prevention and 

management through physical activity. By 

bridging these gaps, we can advance the role 

of exercise from an ancillary to a cornerstone 

therapy in the fight against NAFLD and its as-

sociated metabolic disorders. 
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