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Abstract

Background & Aims: Exercise training is recommended for all patients with metabolic 

dysfunction-associated steatotic liver disease (MASLD) and may reverse liver fibrosis. Whether 

exercise training improves liver fibrosis without body weight loss remains controversial. We 

further investigated this relationship using serum biomarkers of liver fibroinflammation in a post 

hoc analysis of an exercise trial where patients did not lose significant body weight.
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Methods: In the NASHFit Trial, patients with metabolic dysfunction-associated steatohepatitis 

(MASH) were randomized to receive either moderate-intensity aerobic exercise training or 

standard clinical care for 20 weeks. Mediterranean-informed dietary counseling was provided 

to each group. Change in serum biomarkers was measured and compared between the two groups.

Results: Exercise training led to improvement in serum biomarkers of liver fibroinflammation, 

including 1) ≥17 IU/L reduction in ALT in 53% of individuals in the exercise training group 

compared to 13% in the standard clinical care group (p<0.001; mean reduction 24% vs. 10% 

respectively) and 2) improvement in CK18 (−61 vs. +71 ng/mL, p=0.040). ALT improvement 

≥17 IU/L was correlated with ≥30% relative reduction in MRI-measured liver fat and PNPLA3 

genotype.

Conclusion: Exercise training improves multiple serum biomarkers of liver fibroinflammation 

at clinically significant thresholds of response without body weight loss. This study provides 

further evidence that exercise training should be viewed as a weight neutral intervention for which 

response to intervention can be readily monitored with a widely available non-invasive biomarkers 

that can be applied at the population level.

Lay summary

• The NASHFit Trial investigated the effects of exercise training on liver health in 

patients with metabolic dysfunction-associated steatohepatitis (MASH) who did not 

experience significant weight loss.

• Exercise training led to significant improvements in multiple liver fibroinflammation 

biomarkers.

• These findings suggest that exercise can improve liver health even without weight loss 

and can be monitored using widely accessible biomarkers.

Keywords

nonalcoholic fatty liver disease; fatty liver; steatotic liver disease; physical activity; 
cardiorespiratory fitness

Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), formally known as 

nonalcoholic fatty liver disease (NAFLD), is one of the most common causes of 

chronic liver disease affecting approximately 30% of the world’s population.1 MASLD 

rates continue to rise in parallel with the obesity pandemic, as body mass index is 

an independent dose-responsive predictor of hepatic steatosis.2 Furthermore, common 

metabolic comorbidities, including type two diabetes mellitus, are associated with increased 

risk of developing MASLD.3 Previous literature has shown concomitant metabolic 

syndrome to be key in the pathogenesis of hepatic steatosis, prompting the nomenclature 

change to include a metabolic association.4–6 The increasing prevalence of MASLD is 

of particular concern as patients can develop a histologically characterized subtype of 

MASLD known as metabolic dysfunction-associated steatohepatitis (MASH), previously 
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called nonalcoholic steatohepatitis (NASH). MASH is associated with increased risk of 

advanced liver fibrosis, cirrhosis, and hepatocellular carcinoma.7

As a result, the cost of treating MASLD/MASH is an expensive proposition for the global 

healthcare system. In the United States alone, the annual direct cost of MASLD is just 

over $100 billion, with individuals with advanced MASH contributing nearly half this cost.8 

These healthcare costs are due to both greater healthcare resource utilization and higher 

direct medical and non-medical costs. Importantly, this economic burden increases with 

disease severity or complications.9

Despite the well-known high economic impact of MASLD, there remains no regulatory 

agency approved cure or effective drug treatment, although several promising therapeutics 

are on the horizon.10 Accordingly, lifestyle modifications such as dietary changes and 

increasing physical activity are the mainstay of management and will likely remain so 

even when an approved drug therapy is widely available.11–15 Physical activity, particularly 

exercise training, has been shown to reduce liver fat measured by magnetic resonance 

imaging (MRI).16 Moreover, exercise training can reduce liver inflammation and can lead to 

histologic changes.17

Given the increasing rate of MASLD/MASH, it is crucial to have an accurate and widely-

available non-invasive biomarker to gauge histologic changes as it is liver fibrosis stage 

that is known to drive clinical outcomes and remains the target of all interventions, drug or 

lifestyle-based.18,19 Past research has elucidated that a reduction in alanine aminotransferase 

(ALT) by at least 17 U/L is significantly associated with histologic changes,20 providing a 

reliable non-invasive method to assess fibrosis response to intervention in individuals with 

MASLD/MASH. The NASH Fibrotic Index (NFI)21 was also recently published, providing 

the researcher and clinician alike a novel reliable tool to non-invasively determine the risk of 

fibrotic NASH, defined histologically as NASH + NAFLD Activity Score (NAS) ≥4 + liver 

fibrosis (F) stage ≥2.

Debate remains if exercise can improve liver fibrosis in the absence of clinically significant 

weight loss,14 and at this point in time, it is generally accepted that body weight loss is 

required to improve liver histology,22 even with emerging evidence recently suggesting the 

benefit of exercise training on non-invasive MASH biomarkers is independent of clinically 

significant body weight loss.23 Weight-neutral interventions remain of particular interest 

given most patients with MASH are unable to achieve significant weight loss. For these 

reasons, there remains a clear gap in knowledge of high significance. The primary aim of our 

study was to examine the impact of an exercise training program on established biomarkers 

of liver fibroinflammation, in patients who did not experience a significant change in body 

weight.

Patients and Methods

Study design and population

We conducted a post-hoc analysis of the previously published 20-week NASHFit Trial 

(NCT03518294)24 which investigated the efficacy moderate-intensity aerobic exercise 
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training in comparison to standard clinical care. Of the 28 patients enrolled, 24 patients 

completed the exercise trial between May 2018 and February 2021. Paired samples were 

available for 23 patients for this analysis [exercise n=15) and standard of care (n=8)]. All 

patients provided informed consent prior to being included in the study and the study 

was approved by the Penn State Health Institutional Review Board (Study 8507). All 

research was conducted in accordance with the Declaration of Helsinki, Good Clinical 

Practice guidelines and Penn State Health local regulatory requirements. Previous papers 

have detailed the specifics about eligibility criteria, recruitment, randomization, sample size 

and other research methods completed as a part of this study.24,25 Briefly, sedentary adults 

with biopsy-confirmed MASH using the NASH Clinical Research Network histological 

scoring system were included in this study.26 Patients were excluded if they had excessive 

alcohol consumption, other chronic liver disease, uncontrolled diabetes or if there was a 

concern about their ability to complete regular exercise sessions. Once enrolled and baseline 

testing was completed, individuals with MASH were randomized 2:1 to receive either 

exercise training intervention or standard clinical care.20 No stratified randomization was 

performed. Patients in the intervention group completed moderate-intensity aerobic exercise 

sessions five times each week, for 30 minutes each session. Standard of care control patients 

continued their clinical care at the discretion of their treating medical provider, and all 

received standard lifestyle education. Digital therapeutic monitoring and direct supervision 

of exercise training sessions ensured compliance with the study protocol. Both study groups 

received Mediterranean-informed dietary counseling. No clinically significant changes in 

body weight (mean body weight loss was 2.8%, which is well below the 5% accepted 

threshold) were observed with this intervention.

Statistical Analysis

The analysis of the primary endpoint (proportion of patients achieving ≥17 IU/L reduction in 

ALT) was performed with the use of a chi-squared test. Continuous variables were analyzed 

using paired t-tests and other categorical variables were analyzed again by the chi-squared 

test or Fisher’s exact test where appropriate. Statistical significance was determined by 

two-sided p-values of <0.05. Pearson’s correlation coefficients were calculated between ≥17 

IU/L reduction in ALT and clinical variables from the NASHFit Trial. SAS (Cary, NC) 

Version 9.4 was used for all statistical analysis.

Results

Baseline characteristics

Twenty-four patients completed the NASHFit Trial. ALT at study entry and study 

completion was measured for 23 patients (15 exercise, 8 standard). Mean age was 52 +/− 

11 years (range 25 to 69 yrs.). Mean body weight was 101 +/− 18 kg and mean body 

mass index (BMI) was 33.8 +/− 5.0 kg/m2. Thirteen patients were female (57%), 70% 

had hypertension, 61% had hyperlipidemia and 39% had diabetes. Liver fibrosis stage at 

study entry was 56% (n=13) F0/F1 fibrosis, 22% F2 (n=5), 17% F3 (n=4) and 4% F4 

(n=1). Overall study cohort FNI was 49%. Baseline characteristics were similar between 

the exercise and the standard of care groups (Table 1). Specifically, the groups were well 

matched for age, sex, BMI, metabolic disease, MASH stage and FNI.
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Change in MASH biomarkers following exercise training

There was a significant improvement in ALT in individuals who completed the exercise 

training program when compared to those who received standard clinical care. ALT was 

reduced by −24% (−14 +/− 14 IU/L) for the exercise group versus −10% reduction (−6 

+/− 16 IU/L, p=0.060) for standard clinical care. The majority (53%) of exercise patients 

achieved the clinically significant threshold of response of ≥17 IU/L, which is validated 

to surrogate for liver fibrosis improvement,20 compared to 13% in the standard clinical 

care group (p<0.001) (Figure 1). Achieving this threshold of serum ALT improvement 

was positively correlated with ≥30% relative reduction in MRI-PDFF (r=0.44, p=0.109), 

PNPLA3 GG genotype (r=0.45, p=0.108) or one G allele substitution (PNPLA3 GG or 

GC genotype) in PNPLA3 (r=0.57, p=0.033), and negatively correlated with hyperlipidemia 

(r=−0.58, p=0.031). Figure 2 further depicts the relationship between PNPLA3 genotype and 

achieving the desired threshold of ALT response. Additionally, the reduction in ALT was 

seen in parallel with an improvement in cytokeratin (CK) 18 (−61 +/− 45 vs. + 70 +/− 143 

IU/L, p=0.040) (Table 2).

Importantly, 33% of individuals achieved both ALT reduction of at least 17 IU/L and at least 

a 30% relative reduction in MRI-proton density fat fraction (PDFF), another non-invasive 

threshold of clinically meaningful difference which surrogates for histologic improvement 

in MASH and liver fibrosis.27–29 Of the patients who achieved at least 17 IU/L reduction 

in ALT, 53% also achieved at least 30% relative reduction in MRI-PDFF. No patient in 

the standard of group achieved both a reduction in ALT of at least 17 IU/L and a relative 

reduction in MRI-PDFF of 30% or greater. The FNI also was differentially impacted by 

exercise training where an 18% reduction was observed following exercise intervention 

compared to no change with standard clinical care (p=0.10).

As reported previously,17 no clinically significant changes in body weight occurred in 

either group (Table 3). Mean body weight loss was 2.8%. Furthermore, sensitivity analysis 

excluding the three subjects who achieved body weight loss of 5% or more did not change 

the original conclusions; 50% achieved ALT reduction of at least 17 IU/L with exercise 

training vs. 13% with standard clinical care (p<0.001) and 33% achieved both ≥17 IU/L 

and ≥30% relative MRI-PDFF reduction with exercise training vs. 0% with standard clinical 

care.

Exercise training subjects also had better glycemic control than standard of care subjects 

with significant reductions in fasting glucose (p=0.039) and hemoglobin A1c (p=0.006) 

observed. Liver volume was reduced (−286 +/− 228 vs. +52 +/− 163 cc, p=0.039) in 

parallel with improvement in MRI-PDFF (absolute change −4.9 +/− 5.8 vs. +1.2 +/− 2.8%, 

p=0.012).

Discussion

In this post hoc analysis of adults with MASH enrolled in the NASHFit Trial, 20-weeks 

of moderate intensity aerobic exercise training improved serum biomarkers of liver 

fibroinflammation compared to standard clinical care. Notably, 53% of exercise training 

patients achieved a reduction in ALT of ≥17 IU/L, which is a validated biomarker 
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of liver fibrosis response. Exercise training also improved other biomarkers of liver 

fibroinflammation, including 1) at least 30% relative reduction in MRI-PDFF, 2) the 

composite of ALT reduction ≥17 IU/L and ≥30% relative reduction in MRI-PDFF 3) CK-18 

and 4) FNI. Exercise training also improved other key indices of liver and metabolic health, 

including glycemic control, body composition and metabolic disease control. Notably, these 

findings were observed without clinically significant body weight loss. This was observed in 

parallel with improvements in MRI-measured liver fat, body composition and metabolic 

disease control. Collectively, the results of this analysis strongly support that exercise 

training should not only be offered to every individual with MASLD/MASH, but that every 

effort should be made to provide resources and necessary support required for an individual 

to successfully perform the exercise required to improve their chronic liver disease.

Recently published evidence suggests that exercise training can achieve amounts of liver 

fat reduction similar to or even exceeding the effect size seen with early phase MASH 

drug trials,16,30–33 and at thresholds widely considered to be a meaningful treatment effect 

because this surrogates to improvement in liver fibrosis.29 Our study not only further 

validates this important finding, but adds to our understanding of the weight-neutral 

benefits of exercise training because we demonstrated other serum biomarkers of liver 

fibroinflammation to be improved at clinically meaningful thresholds. When considered in 

the bigger picture of how we currently approach clinical management of the individual with 

MASLD/MASH, exercise training should no longer be viewed as a vehicle to achieve body 

weight loss; discussions with our patients should move beyond what they see on the scale 

and instead focus on the many clinical benefits seen without weight loss, including the loss 

of liver fat and improvement in biomarkers of liver fibroinflammation. This is important 

for several reasons. One, most patients with MASLD/MASH fail to meet body-weight loss 

targets with lifestyle intervention alone, making weight-neutral interventions like exercise 

training more meaningful to support. Two, fibrosis remains most closely tied to clinical 

outcomes, including both liver and non-liver related34 and arresting or improving liver 

fibrosis remains the goal of all therapeutic interventions, including those that are lifestyle 

related.

This study also demonstrated the feasibility of using multiple serum biomarkers of liver 

fibroinflammation that are widely clinically available to monitor treatment response to 

exercise training. Given the limitations of liver biopsy including sampling error, cost, 

procedural complications, and significant variability in pathologist interpretation,35 using 

liver biopsy to monitor treatment response is unreasonable. Having an accurate, reliable 

non-invasive method to monitor treatment response remains of much interest not only in 

clinical trials, but also in the routine day-to-day management of the MASLD patient. This is 

the first study to show feasibility in measuring serial ALT values across a validated clinical 

threshold extrapolated from MASH drug trials in patients undergoing exercise intervention. 

The data suggests that ALT response (with a goal of at least 17 IU/L improvement) can be 

widely used by healthcare providers as a low-cost, readily accessible test to employ in the 

routine monitoring of treatment response to lifestyle intervention. Moreover, this study is the 

first to show a differential impact of exercise training on the risk of fibrotic MASH where a 

nearly 20% reduction in risk was observed.
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The relationship between exercise training and genetic risk for MASLD remains one of 

much interest.36 Multiple recent reports suggest that moderate-to-high amounts of total 

physical activity (exercise is a subtype of physical activity that is planned, structured and 

repetitive and performed with a goal in mind37) decrease the risk of incident MASLD.38–41 

In fact, when ≥3000 Metabolic Equivalent of Tasks (MET)-mins/week are completed, the 

risk of incident disease can be reduced by just over 1/3 for individuals at-risk for MASLD 

as defined by polygenic risk scores. While a polygenic risk score was not calculated 

for this post hoc analysis and would have been helpful to further define the individuals 

most likely to respond to exercise training given our knowledge that multiple genes are 

implicated in MASLD/MASH pathogenesis,42 the relationship between PNPLA3 genotype 

and improvement in serum biomarkers of fibroinflammation was investigated. There was a 

strong correlation in individuals who achieved the clinically meaningful threshold of at least 

17 IU/L reduction with PNPLA3 GG or GC genotype. In other words, even in individuals 

at the greatest genetic risk for not MASLD development but also disease progression and 

cardiovascular disease events,43–45 exercise training overcame the increased genetic risk and 

led to clinically meaningful improvement in multiple serum biomarkers. These findings are 

important because as move towards a future of precision medicine where individualized 

treatment plans are created, understanding how response to any therapy, including exercise 

training, which will always be recommended even when a regulatory agency approved drug 

becomes widely available, will be required to develop the most effective individualized 

treatment plans we all envision for our patients with MASLD/MASH. It also remains 

to be determined whether exercise training will enhance the clinical benefit of the drugs 

currently in the development pipeline which are genetically based, including those which 

target PNPLA3.46

This study has many strengths, including the analysis of paired samples from a highly 

rigorous, randomized controlled clinical trial conducted in a well-phenotyped population of 

patients with MASH. Sensitivity analysis based on widely accepted clinically significant 

body weight loss thresholds provide further confidence in our conclusions. Possible 

limitations include the modest sample size, a lack of powering for histologic outcomes 

(optional paired biopsies were performed in four patients to demonstrate feasibility for the 

next phase of study) and the study duration which could not capture long-term clinical 

outcomes. Post hoc analyses are also limited in that they can be exploratory in nature as 

the outcomes of interest in the present study were not pre-specified in the original study 

protocol.

In conclusion, this post hoc analysis of a randomized controlled exercise intervention trial 

in adults with biopsy-confirmed MASH demonstrated that exercise training significantly 

improves serum biomarkers of liver fibroinflammation at clinically significant thresholds of 

response. Importantly, the improvement in multiple biomarkers occurred without clinically 

significant changes in body weight and in concert with improvement in MRI-PDFF at 

amounts validated for histologic improvement. This study provides further evidence that 

exercise training should be viewed as a weight neutral intervention for which response to 

intervention can be readily monitored with a widely available non-invasive biomarkers that 

can be applied at the population level.
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PDFF proton density fat fraction

References

1. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The global epidemiology of 
nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH): a systematic 
review. Hepatology. 2023.

2. Fan R, Wang J, Du J. Association between body mass index and fatty liver risk: A dose-response 
analysis. Scientific reports. 2018;8(1):15273. [PubMed: 30323178] 

3. Mantovani A, Petracca G, Beatrice G, Tilg H, Byrne CD, Targher G. Non-alcoholic fatty 
liver disease and risk of incident diabetes mellitus: an updated meta-analysis of 501 022 adult 
individuals. Gut. 2021;70(5):962–969. [PubMed: 32938692] 

4. Eslam M, Sanyal AJ, George J. MAFLD: A Consensus-Driven Proposed Nomenclature for 
Metabolic Associated Fatty Liver Disease. Gastroenterology. 2020;158(7):1999–2014.e1991. 
[PubMed: 32044314] 

5. Rinella ME, Lazarus JV, Ratziu V, et al. A multi-society Delphi consensus statement on new fatty 
liver disease nomenclature. J Hepatol. 2023.

6. Rinella ME, Lazarus JV, Ratziu V, et al. A multi-society Delphi consensus statement on new fatty 
liver disease nomenclature. Hepatology. 2023.

7. Younossi ZM. Non-alcoholic fatty liver disease - A global public health perspective. J Hepatol. 
2019;70(3):531–544. [PubMed: 30414863] 

8. Younossi ZM, Tampi R, Priyadarshini M, Nader F, Younossi IM, Racila A. Burden of Illness and 
Economic Model for Patients With Nonalcoholic Steatohepatitis in the United States. Hepatology. 
2019;69(2):564–572. [PubMed: 30180285] 

9. Witkowski M, Moreno SI, Fernandes J, Johansen P, Augusto M, Nair S. The Economic Burden 
of Non-Alcoholic Steatohepatitis: A Systematic Review. PharmacoEconomics. 2022;40(8):751–776. 
[PubMed: 35789987] 

10. Harrison SA, Loomba R, Dubourg J, Ratziu V, Noureddin M. Clinical Trial Landscape in NASH. 
Clinical gastroenterology and hepatology : the official clinical practice journal of the American 
Gastroenterological Association. 2023;21(8):2001–2014. [PubMed: 37059159] 

11. Cardoso AC, de Figueiredo-Mendes C, C AV-N. Current management of NAFLD/NASH. Liver 
international : official journal of the International Association for the Study of the Liver. 2021;41 
Suppl 1:89–94. [PubMed: 34155799] 

12. Younossi ZM, Corey KE, Lim JK. AGA Clinical Practice Update on Lifestyle Modification 
Using Diet and Exercise to Achieve Weight Loss in the Management of Nonalcoholic Fatty Liver 
Disease: Expert Review. Gastroenterology. 2021;160(3):912–918. [PubMed: 33307021] 

13. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, et al. AASLD practice guidance on the clinical 
assessment and management of nonalcoholic fatty liver disease. Hepatology. 2023.

14. Stine JG LM, Corey KE, Sallis RE, Allen AM, Armstrong MJ, Conroy DE, Cuthbertson DJ, 
Duarte-Rojo A, Hallsworth K, Hickman IJ, Kappus MR, Keating SK, Pugh CJA, Rotman Y, 
Simon TL, Vilar-Gomez E, Wong VWS, Schmitz KH. American College of Sports Medicine 
(ACSM) International Multidisciplinary Roundtable Report on Physical Activity and Nonalcoholic 
Fatty Liver Disease. Hepatology Communications. Hepatology communications. 2023;In press.

15. Stine JG, Long MT, Corey KE, et al. Physical Activity and Nonalcoholic Fatty Liver Disease: A 
Roundtable Statement from the American College of Sports Medicine. Medicine and science in 
sports and exercise. 2023.

16. Stine JG, DiJoseph K, Pattison Z, et al. Exercise Training Is Associated With Treatment Response 
in Liver Fat Content by Magnetic Resonance Imaging Independent of Clinically Significant Body 
Weight Loss in Patients With Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-
Analysis. Am J Gastroenterol. 2023.

17. Thorp A, Stine JG. Exercise as Medicine: The Impact of Exercise Training on Nonalcoholic Fatty 
Liver Disease. Current hepatology reports. 2020;19(4):402–411. [PubMed: 33767944] 

Harris et al. Page 9

Liver Int. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Dulai PS, Singh S, Patel J, et al. Increased risk of mortality by fibrosis stage in nonalcoholic fatty 
liver disease: Systematic review and meta-analysis. Hepatology. 2017;65(5):1557–1565. [PubMed: 
28130788] 

19. Loomba R, Ratziu V, Harrison SA. Expert Panel Review to Compare FDA and EMA 
Guidance on Drug Development and Endpoints in Nonalcoholic Steatohepatitis. Gastroenterology. 
2022;162(3):680–688. [PubMed: 34822801] 

20. Loomba R, Sanyal AJ, Kowdley KV, et al. Factors Associated With Histologic Response in Adult 
Patients With Nonalcoholic Steatohepatitis. Gastroenterology. 2019;156(1):88–95.e85. [PubMed: 
30222962] 

21. Tavaglione F, Jamialahmadi O, De Vincentis A, et al. Development and Validation of a Score 
for Fibrotic Nonalcoholic Steatohepatitis. Clinical gastroenterology and hepatology : the official 
clinical practice journal of the American Gastroenterological Association. 2023;21(6):1523–
1532.e1521. [PubMed: 35421583] 

22. Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, et al. Weight Loss Through Lifestyle 
Modification Significantly Reduces Features of Nonalcoholic Steatohepatitis. Gastroenterology. 
2015;149(2):367–378.e365; quiz e314–365. [PubMed: 25865049] 

23. Musso G, Cassader M, Rosina F, Gambino R. Impact of current treatments on liver disease, 
glucose metabolism and cardiovascular risk in non-alcoholic fatty liver disease (NAFLD): a 
systematic review and meta-analysis of randomised trials. Diabetologia. 2012;55(4):885–904. 
[PubMed: 22278337] 

24. Stine JG, Schreibman IR, Faust AJ, et al. NASHFit: A randomized controlled trial of an exercise 
training program to reduce clotting risk in patients with NASH. Hepatology. 2021.

25. Stine JG, Schreibman I, Navabi S, et al. Nonalcoholic steatohepatitis Fitness Intervention in 
Thrombosis (NASHFit): Study protocol for a randomized controlled trial of a supervised aerobic 
exercise program to reduce elevated clotting risk in patients with NASH. Contemporary clinical 
trials communications. 2020;18:100560. [PubMed: 32309672] 

26. Kleiner DE, Brunt EM, Van Natta M, et al. Design and validation of a histological scoring system 
for nonalcoholic fatty liver disease. Hepatology. 2005;41(6):1313–1321. [PubMed: 15915461] 

27. Stine JG, Loomba R. Magnetic resonance imaging proton density fat fraction as an imaging-
based biomarker of treatment response in patients with nonalcoholic steatohepatitis. Clinical liver 
disease. 2022;20(6):198–201. [PubMed: 36523866] 

28. Stine JG, Munaganuru N, Barnard A, et al. Change in MRI-PDFF and Histologic Response 
in Patients With Nonalcoholic Steatohepatitis: A Systematic Review and Meta-Analysis. 
Clinical gastroenterology and hepatology : the official clinical practice journal of the American 
Gastroenterological Association. 2021;19(11):2274–2283.e2275. [PubMed: 32882428] 

29. Tamaki N, Munaganuru N, Jung J, et al. Clinical utility of 30% relative decline in MRI-PDFF 
in predicting fibrosis regression in non-alcoholic fatty liver disease. Gut. 2022;71(5):983–990. 
[PubMed: 33883248] 

30. Harrison SA, Rossi SJ, Paredes AH, et al. NGM282 Improves Liver Fibrosis and Histology 
in 12 Weeks in Patients With Nonalcoholic Steatohepatitis. Hepatology. 2020;71(4):1198–1212. 
[PubMed: 30805949] 

31. Sanyal A, Charles ED, Neuschwander-Tetri BA, et al. Pegbelfermin (BMS-986036), a PEGylated 
fibroblast growth factor 21 analogue, in patients with non-alcoholic steatohepatitis: a randomised, 
double-blind, placebo-controlled, phase 2a trial. Lancet. 2019;392(10165):2705–2717. [PubMed: 
30554783] 

32. Sanyal AJ, Lopez P, Lawitz EJ, et al. Tropifexor for nonalcoholic steatohepatitis: an adaptive, 
randomized, placebo-controlled phase 2a/b trial. Nature medicine. 2023;29(2):392–400.

33. Gawrieh S, Noureddin M, Loo N, et al. Saroglitazar, a PPAR-α/γ Agonist, for Treatment of 
NAFLD: A Randomized Controlled Double-Blind Phase 2 Trial. Hepatology. 2021;74(4):1809–
1824. [PubMed: 33811367] 

34. Ng CH, Xiao J, Lim WH, et al. Placebo effect on progression and regression in NASH: Evidence 
from a meta-analysis. Hepatology. 2022;75(6):1647–1661. [PubMed: 34990037] 

Harris et al. Page 10

Liver Int. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Davison BA, Harrison SA, Cotter G, et al. Suboptimal reliability of liver biopsy evaluation 
has implications for randomized clinical trials. J Hepatol. 2020;73(6):1322–1332. [PubMed: 
32610115] 

36. Stine JG, Romeo S. Sweating it out: How physical activity can combat high genetic risk 
for nonalcoholic fatty liver disease. Liver international : official journal of the International 
Association for the Study of the Liver. 2023;43(8):1623–1625. [PubMed: 37452506] 

37. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical fitness: 
definitions and distinctions for health-related research. Public health reports (Washington, DC : 
1974). 1985;100(2):126–131.

38. Ge X, Wang X, Yan Y, et al. Behavioural activity pattern, genetic factors, and the risk of 
nonalcoholic fatty liver disease: A prospective study in the UK Biobank. Liver international : 
official journal of the International Association for the Study of the Liver. 2023.

39. Long MT, Pedley A, Massaro JM, et al. Hepatic steatosis is associated with lower levels of physical 
activity measured via accelerometry. Obesity (Silver Spring). 2015;23(6):1259–1266. [PubMed: 
25959049] 

40. Henry A, Paik JM, Austin P, et al. Vigorous physical activity provides protection against all-cause 
deaths among adults patients with nonalcoholic fatty liver disease (NAFLD). Aliment Pharmacol 
Ther. 2022.

41. Joo JH, Kim HJ, Park EC, Jang SI. Association between sitting time and non-alcoholic fatty 
live disease in South Korean population: a cross-sectional study. Lipids in health and disease. 
2020;19(1):212. [PubMed: 32967678] 

42. De Vincentis A, Tavaglione F, Jamialahmadi O, et al. A Polygenic Risk Score to Refine 
Risk Stratification and Prediction for Severe Liver Disease by Clinical Fibrosis Scores. 
Clinical gastroenterology and hepatology : the official clinical practice journal of the American 
Gastroenterological Association. 2022;20(3):658–673. [PubMed: 34091049] 

43. Rosso C, Caviglia GP, Birolo G, et al. Impact of PNPLA3 rs738409 Polymorphism on 
the Development of Liver-Related Events in Patients With Nonalcoholic Fatty Liver Disease. 
Clinical gastroenterology and hepatology : the official clinical practice journal of the American 
Gastroenterological Association. 2023.

44. Chen VL, Oliveri A, Miller MJ, et al. PNPLA3 Genotype and Diabetes Identify Patients 
With Nonalcoholic Fatty Liver Disease at High Risk of Incident Cirrhosis. Gastroenterology. 
2023;164(6):966–977.e917. [PubMed: 36758837] 

45. Akuta N, Kawamura Y, Arase Y, et al. PNPLA3 genotype and fibrosis-4 index predict 
cardiovascular diseases of Japanese patients with histopathologically-confirmed NAFLD. BMC 
gastroenterology. 2021;21(1):434. [PubMed: 34798835] 

46. Lindén D, Romeo S. Therapeutic opportunities for the treatment of NASH with genetically 
validated targets. J Hepatol.2023;79(4):1056–1064. [PubMed: 37207913] 

Harris et al. Page 11

Liver Int. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Exercise training improves multiple biomarkers of liver fibroinflammation.

(A)53% of exercise training individuals achieved ALT reduction of at least 17 IU/L 

compared to 13% of standard of care individuals.

(B)No standard of care individual achieved improvement in both serum and imaging 

biomarkers as measured by ≥17 IU/L ALT reduction + ≥30% relative reduction in MRI-

PDFF compared to 53% of exercise training individuals.
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Figure 2. 
PNPLA3 genotype impacts exercise response as measured by biomarkers of liver 

fibroinflammation.

Individuals with the G-allelic substitution were more likely to respond to exercise training 

and improve (A) serum biomarkers and (B) both serum and imaging biomarkers.
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Table 1.

Baseline comparisons between Exercise and Standard Clinical Care participants

Standard Clinical Care (n=8) Exercise (n=15)

Demographics

Age, yrs. 46.1 (11.0) 55.2 (10.6)

Female sex, n (%) 3 (38) 10 (67)

BMI, kg/m2 34.6 (5.3) 33.4 (4.9)

Body weight, kg 108.6 (23.0) 97.2 (13.2)

Metabolic risk

Comorbidities, n (%)

 Diabetes 3 (38) 6 (40)

 Hyperlipidemia 5 (63) 9 (60)

 Hypertension 5 (63) 14 (93)

Hemoglobin A1c, % 6.2 (1.1) 6.4 (1.3)

Glucose (fasting), mg/dL 135.6 (54.5) 131.2 (36.6)

HOMA-IR 9.5 (6.2) 14.3 (11.5)

VO2peak, mL/kg/min 24.6 (5.5) 20.6 (5.3)

Body fat, % 40.5 (11.6) 43.7 (7.6)

NASH phenotyping

PNPLA3 genotype, n (%)

 CC 2 (25) 6 (40)

 GC 4 (25) 4 (27)

 GG 2 (25) 5 (33)

Medications

 Vitamin E, n (%) 2 (25) 3 (20)

 GLP-1 agonist, n (%) 0 (0) 1 (7)

Non-invasive tests

 FIB-4 1.73 (2.11) 1.32 (0.48)

 NFS −1.54 (1.88) −1.51 (0.98)

Serum biomarkers

 Adiponectin, ng/mL 3641 (2004) 3726 (1099)

 CK-18, IU/L 126 (118) 425 (345)

Imaging biomarkers

 Liver fat (MRI-PDFF), % 21.7 (11.6) 19.7 (5.8)

NAS 5.0 (0.5) 5.1 (1.0)

 Steatosis 2.4 (0.5) 2.5 (0.7)

 Lobular inflammation 1.4 (0.5) 1.4 (0.6)

 Hepatocyte ballooning 1.3 (0.5) 1.2 (0.4)

Fibrosis stage, n (%)
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Standard Clinical Care (n=8) Exercise (n=15)

 0/1 4 (50) 9 (60)

 2 3 (38) 2 (13)

 3 0 (0) 4 (26)

 4 1 (12) 0 (0)

BMI=body mass index; GLP=glucagon like peptide; HOMA-IR=homeostatic model assessment for insulin resistance; MRI=magnetic resonance 
imaging; NAFLD=nonalcoholic fatty liver disease; NAS=NAFLD Activity Score; PDFF=proton density fat fraction; VO2=oxygen consumption

*
Continuous variables reported as mean +/− SD,

**
No subjects were taking pioglitazone or obeticholic acid

***
all p-values were >0.05 for baseline characteristics between groups
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Table 2-

Outcome measures: Biomarkers

Control (n=8) Exercise (n=15)

Baseline Post Within 
group p-

value

Baseline Post Within 
group p-

value

Between 
group p-value

Serum Biomarkers

Adiponectin, ng/mL 3641 (2004) 3482 (1728) 0.868 3726 (1099) 3802 (1231) 0.866 0.409

CK18, IU/L 126 (118) 168 (198) 0.653 425 (345) 364 (334) 0.741 0.040

≥17 IU/L reduction in ALT, 
n (%)

1 (13) 8 (53) <0.001

Imaging biomarkers

MRI-PDFF liver fat, % 21.7 (11.6) 22.9 (13.3) 0.851 19.7 (5.8) 15.4 (4.9) 0.038 0.012

≥30% relative reduction in 
MRI-PDFF, n (%)

1 (13) 5 (36) 0.016

Combined serum + imaging biomarkers

≥17 IU/L reduction in ALT 
+ ≥30% relative reduction in 
MRI-PDFF, n (%)

0 (0) 5 (36) <0.001

ALT=alanine aminotransferase; CK=cytokeratin; FGF=fibroblast growth factor, FIB-4=Fibrosis-4 index; MRI=magnetic resonance imaging; 
NAFLD=nonalcoholic fatty liver disease; NFS=NAFLD Fibrosis Score; PAI=plasminogen activator inhibitor, PDFF=proton density fat fraction

*
Reported as mean +/− SD
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Table 3-

Outcome measures: Metabolic risk

Control (n=8) Exercise (n=15)

Baseline Post Within group 
p-value

Baseline Post Within group 
p-value

Between group 
p-value

Anthropometry and Body composition

BMI, kg/m2 34.6 (5.3) 35.0 (5.4) 0.880 33.4 (0.6) 32.8 (0.3) 0.729 0.129

Body weight, kg 108.6 (23.0) 110.1 (23.3) 0.896 97.2 (13.2) 94.9 (12.3) 0.625 0.051

Waist circumference, in 45.8 (4.9) 46.3 (4.8) 0.835 43.7 (3.5) 43.0 (0.6) 0.596 0.069

VAT, lbs. 6.9 (2.7) 7.2 (2.8) 0.830 5.4 (1.5) 5.2 (1.1) 0.678 0.032

Body fat, % 40.5 (11.6) 38.4 (11.1) 0.724 43.7 (7.6) 42.3 (8.0) 0.628 0.374

Liver volume, cc 2545 (640) 2597 (570) 0.866 2267 (445) 2131 (418) 0.405 0.039

Cardiorespiratory fitness

VO2peak, mL/kg/min 24.6 (5.5) 22.7 (3.2) 0.429 20.6 (5.3) 23.7 (6.5) 0.167 0.055

Biochemistry

Glucose (fasting), mg/dL 136 (55) 156 (89) 0.059 131 (37) 117 (29) 0.247 0.039

Hemoglobin A1c, % 6.2 (1.1) 6.6 (1.7) 0.555 6.4 (1.3) 6.0 (0.8) 0.348 0.006

HOMA-IR 9.5 (6.2) 12.6 (14.9) 0.618 14.3 (11.5) 9.2 (6.5) 0.160 0.168

Insulin, IU/mL 27.3 (14.5) 31.1 (29.9) 0.763 41.1 (27.9) 33.4 (20.1) 0.400 0.442

Lipids

Total cholesterol, mg/dL 203 (37) 184 (25) 0.278 187 (49) 187 (51) 0.986 0.350

LDL, mg/dL 120 (33) 109 (33) 0.554 109 (40) 109 (41) 0.964 0.476

HDL, mg/dL 43 (12) 40 (12) 0.614 43 (9) 44 (7) 0.712 0.188

Triglyceride, mg/dL 222 (94) 228 (108) 0.921 172 (64) 172 (76) 0.998 0.982

ALT=alanine aminotransferase; AST=aspartate aminotransferase, BMI=body mass index; HDL= high density lipoprotein; HOMA-IR=homeostatic 
model assessment of insulin resistance; LDL=low density lipoprotein; VAT=visceral adipose tissue; VO2=oxygen uptake

*
Reported as mean +/− SD
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