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Abstract 
Non-alcoholic fatty liver disease (NAFLD) has become the commonest chronic liver 

disease worldwide. Although NAFLD is tightly linked to obesity and type 2 diabetes 

mellitus, this liver disease also affects lean subjects. NAFLD increases the risk of 

developing cardiovascular disease, chronic kidney disease and certain extrahepatic 

cancers. There is currently no licensed pharmacotherapy for NAFLD, despite 

numerous clinical trials in the last two decades. Currently, we do not understand why 

so many drugs have failed and it is debatable whether all targeted mechanisms were 

appropriate or defined trial endpoints were too ambitious. Since cardiovascular 

disease is the predominant cause of mortality in people with NAFLD, future 

pharmacotherapies for NAFLD must take into account associated cardiometabolic 

risk factors. The successful use of glucose-lowering drugs used in the treatment of 

type 2 diabetes mellitus in patients with NAFLD indicates that this strategy is 

important and is worth developing further. Public awareness of NAFLD needs to 

increase since collaboration between all stakeholders is vital to enable a holistic 

approach to the successful treatment for NAFLD. (172 words) 

 

 

 

Search strategy and selection criteria 
References for this clinical narrative Review were identified by the authors through 

searches of PubMed with the search terms “NAFLD” OR “non-alcoholic fatty liver 

disease” OR “non-alcoholic steatohepatitis” OR “NASH” OR “fatty liver” AND 

“treatment” OR “pharmacotherapy” OR “clinical trials”. We have searched up to 

March 31, 2023. We have considered the relevant literature cited in these papers. 

Only articles published in English were considered. The final reference list was 

generated on the basis of originality and relevance to the broad scope of this 

Review.  
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I) Introduction 

 

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of progressive disease 

ranging from isolated hepatic steatosis to non-alcoholic steatohepatitis (NASH), 

cirrhosis and hepatocellular carcinoma that has rapidly become the most common 

chronic liver disease worldwide.1 NAFLD affects up to nearly 30% of the world´s 

adults, but it is much more frequent in individuals with metabolic disorders, affecting  

more than 90% of patients with severe obesity and up to ~70% of those with type 2 

diabetes (T2D). 2,3 Rates of NASH, which is the key driver of liver fibrosis and 

cirrhosis, are also the highest in individuals with metabolic disorders (affecting up to 

~40%).4,5 The healthcare and socioeconomic costs of NAFLD and NASH are 

increasing globally 6. It is known that cardiovascular disease is the predominant 

cause of mortality in people with NAFLD (up to nearly 40%), followed by extrahepatic 

cancers and liver-related complications.7 NASH-related cirrhosis will become the 

major cause for liver transplantation in the next decade.8,9 NAFLD reflects a 

prototypic multidisciplinary and multisystem disease 10, which cannot be managed by 

a single speciality group.11,12 Public awareness of NAFLD and involvement of all 

stakeholders will facilitate managing NAFLD in the future.9 In this review article, we 

discuss some  of changes in pathophysiological concepts underpinning NASH over 

time, and how that has influenced NASH drug treatment development. We also 

highlight some of challenges and lessons that have been learnt from treating 

NAFLD, and we emphasise multidisciplinary treatment strategies for the future. 

 

 

II) Timeline of the major targets in NAFLD: how pathophysiological 
concepts have changed over time and affected drug therapy 

 

A causal link between liver fat and fibrosis development was proposed by the 

Austrian pathologist Rokitansky in the 19th century 13. In 1938, the American 

pathologist Connor described the presence of fatty liver disease in patients with 

T2D.14 In 1980, Dr. Ludwig and colleagues from the Mayo Clinic introduced the term 

“NASH” quoting “a hitherto unnamed liver disease that histologically mimics alcoholic 

hepatitis and that also may progress to cirrhosis”.15 The link between liver fat and 

liver inflammation remained unclear and in 1998 Chris Day and Oliver James 
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proposed the “two hits hypothesis to NASH” suggesting that gut-derived signals 

(such as endotoxin) might drive liver inflammation mainly via induction of oxidative 

stress and proinflammatory cytokines.16 Careful studies lead by Marchesini and 

colleagues demonstrated in 1999 that NAFLD is linked with greater insulin resistance 

and metabolic disorders.17 One of us suggested in 2000 that proinflammatory 

cytokines might play a crucial role in the evolution of NASH18 and in the following 

years, the pathophysiological complexity of the development and progression of 

NAFLD became more apparent. Various gut-derived signals along with dietary 

components or adipose-tissue derived signals were suggested to promote liver 

inflammation in NAFLD, allowing us to propose a “multiple hits hypothesis” for the 

disease.19 Liver fibrosis is now recognised as the strongest risk factor for predicting 

prognosis of NAFLD.20,21 NAFLD has been shown also to develop in lean subjects 

(although the pathophysiology of patients with so-called lean NAFLD is not well 

characterized22), and we now know that lean subjects with NAFLD have similar 

clinical outcomes compared to their overweight or obese counterparts with NAFLD.22  

 

Current pathophysiological concepts 

A key component of NAFLD pathophysiology is metabolic dysfunction. Whereas it 

was thought that the development of hepatic steatosis was a passive process 

caused by mal-/over-nutrition, it is now accepted that different factors, such as low-

grade inflammation driven by cytokines, endoplasmic reticulum stress, autophagy or 

gut dysbiosis, may contribute to NAFLD development.23,24 Further key mechanisms 

include an increased influx of lipids or free fatty acids (FFA) into the liver, increased 

de novo lipogenesis (DNL), and a decrease in fatty oxidation and lipid export from 

the liver.25 Expanded visceral adipose tissue and its delivery of FFA from both 

visceral and subcutaneous adipose tissue is also pathophysiologically important. 26 

Fructose overconsumption might cause not only hepatic steatosis, but also ER 

stress, NASH and hepatocellular carcinoma, at least in preclinical models.27 Despite 

these facts, hepatic steatosis may occur without accompanying liver inflammation in 

~80-90% of affected individuals and it is unclear why only 10-20% of individuals with 

isolated hepatic steatosis may progress towards NASH. Certain specific lipid species 

might cause liver inflammation (i.e., lipotoxicity), independent from additional 

microbial signals derived from the gut. Both free cholesterol and sphingolipids such 

as ceramides have been shown to promote liver inflammation.28,29 Systemic and 
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hepatic insulin resistance, which is a key feature of NAFLD, is also driven by liver 

inflammation as inflammatory components, such as certain cytokines, may promote 

or exacerbate systemic/hepatic insulin resistance.30 In this context, endotoxin may 

play a role as it has been detected within the liver in NAFLD.31,32 In recent years, it 

has become evident that gut dysbiosis also occurs with NAFLD (especially with 

advanced fibrosis) and some animal and human evidence is now also accumulating 

to suggest that the gut-microbiome-liver axis might play a role in NAFLD 

development and especially in disease progression towards fibrosis and cirrhosis.33-

35 Many other ligands and receptors, such as bile acid species and related farnesoid 

X receptor (FXR) signalling, have also been demonstrated to reflect crucial pathways 

in NAFLD development.36 It is beyond the scope of this article to describe and 

discuss the importance of genetic factors in NAFLD (including the genetic variants in 

PNPLA3 rs738409 and TM6SF2 rs58542926 or other NAFLD risk variants), and 

potential effects on disease progression and treatment.32 A complex and pleiotropic 

array of pathophysiological components are contributing to NAFLD development, 

including genetic, dietary, metabolic, microbiome and immune-driven aspects.25 

Current potential treatment targets based on pathophysiological aspects are 

illustrated in Figure 1. 

 

 

III) Past and current concepts in drug therapy 

 

Soon after discovery of the importance of insulin resistance researchers tested 

metformin as a potential therapy for NAFLD. Initial studies showed no convincing 

benefit37, and did not improve NAFLD histological features38. Various weight-loss 

inducing agents such as orlistat also showed no efficacy.39 In 2010 the PIVENS 

(Pioglitazone vs. Vitamin E vs. Placebo for the Treatment of Nondiabetic Patients 

With NASH) trial compared the peroxisome proliferator activated receptor (PPAR)-

gamma ligand pioglitazone (30 mg daily) with vitamin E (800 IU daily) or placebo in 

adults with NASH and without T2D.40 The results of this randomized clinical trial 

formed the basis for treatment recommendations in the USA for specific non-cirrhotic 

NASH populations either using vitamin E or pioglitazone.41 Whereas pioglitazone 

reflects a key drug interfering with insulin resistance, vitamin E-exerted mechanisms 

might be more diverse, including anti-inflammatory activities. Weight loss through 
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lifestyle modification was recognised as a highly successful strategy to improve liver 

histology in NAFLD.42 The importance of weight loss was especially proven by large 

bariatric surgery studies where marked weight loss resulted in resolution of NASH in 

>80% of subjects and a progressive and substantial reduction of liver fibrosis in 

>70% of patients five years after bariatric surgery43 establishing the important 

concept of NAFLD disease reversibility. Among patients with NASH and obesity, 

bariatric surgery procedures (compared with nonsurgical management) were also 

associated with a lower risk of incident major adverse liver outcomes and 

fatal/nonfatal cardiovascular events 44. We showed that bariatric surgery-induced 

weight loss almost eliminated expression of proinflammatory cytokines both in the 

adipose tissue and liver.45  

 

Mass spectrometry analyses in the European NAFLD registry revealed that certain 

mainly lipid-specific signatures exist across the whole NAFLD spectrum, and 

transition from F2 to F3 fibrosis stages reflects a turning point where oxidative stress 

and inflammatory responses become more dominant.46 Metabolic targets in NAFLD 

include FXR with bile acids as major ligands, DNL or acetyl-CoA carboxylase (NB: 

drugs with a focus on insulin resistance/T2D pathways, including PPAR-alpha/delta 

and glucagon-like peptide 1 [GLP-1] receptor agonists are discussed later).  

 

The most advanced phase 3 placebo-controlled trial in non-cirrhotic NASH used 

obeticholic acid (25 mg daily) as a modified bile acid ligand and selective FXR 

agonist.47 Whereas this drug met its histologic endpoints with respect to 

improvement in liver fibrosis, this was not the case with resolution of NASH (although 

some individual features of NASH improved with the drug), and furthermore the 

limiting side effects of this drug that are likely affect future use of obeticholic acid 

may be pruritus and increased plasma low-density lipoprotein (LDL)-cholesterol 

concentrations.  

 

Thyroid hormone receptor-beta (THR-β) mediates important metabolic and lipid 

pathways and phase 3 trials with resmetirom are currently ongoing. In a phase 2b 

placebo-controlled trial, treatment with resmetirom resulted in significant reduction in 

liver fat content (on magnetic resonance imaging) after 12 weeks and 36 weeks of 
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treatment in patients with biopsy-confirmed non-cirrhotic NASH 48. The results of 

phase 3 placebo-controlled randomized trials with resmetirom (MAESTRO-NAFLD-1 

and MAESTRO-NASH) have been announced and presented in abstract form, 

although full publication of the data are still awaited. Aramchol is a conjugate of a 

bile acid with a fatty acid suppressing hepatic steatosis by inhibiting stearoyl-CoA-

desaturase 1 (SCD1), which reflects a rate-limiting step in fatty acid synthase. Phase 

2b trial results were promising with higher rates of NASH resolution and also fibrosis 

improvement (but not significant in intention-to-treat analysis) 49 and this drug is now 

being tested in an ongoing phase 3 trial. The pleiotropic fibroblast growth factors 

FGF-19 and FGF-21 profoundly regulate energy homeostasis and lipid/glucose 

biology and affect sugar intake. To date, phase 2 clinical trials have so far been 

completed with this new class of drugs in NAFLD. Aldafermin, a FGF-19 analogue, 

failed to improve liver fibrosis in a phase 2b trial of patients with non-cirrhotic NASH 

and fibrosis, but positively affected various secondary endpoints50, whereas 

pegozafermin, a glycoPEGylated FGF-21 analogue, beneficially affected liver fat 

content and circulating lipids51 whereas efruxifermin, a long-acting Fc-FGF21 fusion 

protein, significantly reduced liver fat content (assessed by magnetic resonance 

imaging) in non-cirrhotic NASH.52 

 

The dual chemokine receptor CCR2/CCR5 inhibition by cenicriviroc demonstrated 

anti-inflammatory and anti-fibrotic activities in various preclinical mouse models of 

liver diseases.53 In the phase 2b CENTAUR trial involving patients with non-cirrhotic 

NASH and fibrosis, the initial improvement in liver fibrosis after one year of treatment 

was not sustained after two years of therapy.54 In the AURORA phase-3 randomized 

placebo-controlled trial, treatment with cenicriviroc for 12 months lacked efficacy to 

treat liver fibrosis in patients with biopsy-confirmed non-cirrhotic NASH and liver 

fibrosis 55. Consequently, further development of cenicriviroc has been stopped. 

Other anti-fibrotic drugs such the galectin-3 receptor agonist belapectin might reflect 

a drug for patients with advanced fibrosis and/or NASH-related cirrhosis but further 

confirmatory evidence of benefit in other studies is needed.56 Anti-inflammatory 

strategies have so far not been followed (besides cenicriviroc) but might be 

considered in the future as: (i) systemic/liver inflammation, as assessed by C-

reactive protein (CRP) or interleukin (IL)-1 receptor antagonist serum levels, may be 

relevant in NAFLD; and (ii) cardiovascular disease is the leading cause of death in 
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NAFLD. Furthermore, a recent collaborative analysis of three large randomized trials 

has suggested that among patients receiving statin therapy, low-grade inflammation 

assessed by plasma high-sensitivity CRP is a stronger predictor of future 

cardiovascular events than plasma LDL-cholesterol levels.57 Lastly, several inhibitors 

are being investigated that target various enzymes (such as acetyl-CoA carboxylase 

[ACC], fatty acid synthase [FAS], stearoyl-CoA desaturase 1 [SCD1] or 

diacylglycerol acyltransferase 2 [DGAT2]) involved in the synthesis of triglycerides 58. 

 

 

IV) Have trials designs and endpoints changed? Why and whether 
current efficacy/safety endpoints are suitable or not?  

 

Starting from the first description of “NASH” by Ludwig and colleagues, liver 

histology has evolved as the cornerstone in diagnosing and staging this liver 

disease.15 Kleiner and colleagues established in 2005 the histologic NAFLD activity 

score (NAS), including fibrosis staging which has been used in many clinical trials 

starting with the PIVENS trial.59,40 Over the past 20 years, major advances have 

been made in our understanding of the biology of NAFLD, such as the recognition 

that the histological severity of liver fibrosis (fibrosis stage F≥2) is strongly 

associated with an increased risk of liver-related complications and all-cause 

mortality.20,21 One of the most critical decisions in the NAFLD community has been 

the decision by the US Food and Drug Administration (FDA) in 2011 to define 

histological endpoints by either achieving resolution of NASH (defined as an 

inflammation score of zero or one and ballooning score of zero) without worsening of 

liver fibrosis or improvement in liver fibrosis by one stage or more, and without 

worsening of NASH, for conditional approval of new drugs for NASH.40 This 

approach has several disadvantages and might be challenged in the future. First, 

liver biopsy reflects an invasive procedure with a very small but important risk of 

acute complications, e.g., major bleeding and moderate/severe pain 61. Second, liver 

biopsy may introduce a possible sampling error as disease manifestation might differ 

within the liver. Third, we do not know currently whether liver inflammation is a stable 

process over days/weeks or might take place intermittently as observed in other 

extrahepatic inflammatory disorders. Fourth, there exist major issues regarding intra- 
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and inter-reader reliability in liver histology assessment, e.g., significant inter-reader 

variability does exist in assessing the presence and severity of hepatocyte 

ballooning, which is a key histological feature for the diagnosis of NASH 62,63. It is 

likely that the use of machine learning and artificial intelligence approaches in the 

detection and interpretation of hepatocyte ballooning might provide new possibilities 

for a more accurate liver histology assessment 63. Proposing as endpoints of clinical 

studies “NASH resolution and fibrosis improvement” places the bar very high, not 

least because stabilising (and not improving liver disease) may be sufficient to 

prevent liver endpoints. That said, whether stabilising and not improving liver disease 

would be sufficient to decrease risk of extrahepatic complications of NAFLD as a 

multisystem disease remains uncertain. 

 

Safety issues have always been a major concern in drug approval to protect patients 

from severe and often rare adverse reactions, which are rarely recognised in phase 

3 clinical trials. Here, drug-induced liver injury (DILI) is of special relevance as it is 

associated with acute liver failure and mortality. Identification of DILI might be 

challenging as it has to be separated from NAFLD and might therefore require a liver 

biopsy as part of investigating the differential diagnosis. For these reasons and 

especially also considering the “systemic nature” of NAFLD with mainly extrahepatic 

(cardiometabolic) clinical outcomes, biomarkers and non-invasive tests (NIT) as 

discussed below are urgently needed to improve treatment monitoring. The duration 

of clinical trials is also an important factor as liver fibrosis regression may take years 

to occur, especially when fibrosis is advanced in more severe  disease.64 This is 

particularly important for pharmacological trials that include patients with NASH-

related cirrhosis. Furthermore, patient phenotypes can vary considerably, and we do 

not have “a one size fits all drug”. We are not faced with a lack of treatment options, 

but liver efficacy endpoints are not the only necessity when we are faced with 

NAFLD as a multisystem disease affecting extrahepatic organs and diseases.10,65 
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V) New outcome parameters awaited: non-invasive assessment of 
disease and consideration of NAFLD as a multisystem disease  

 

In recent years, there have been many advances in the development of biomarkers 

and NITs for the diagnosis of NAFLD or NASH,66 as well as in the consideration of 

NAFLD as a multisystem disease with important cardiometabolic implications.10 For 

that reason, we believe that the effect of any new drug for NASH should also target 

cardiometabolic risk factors and risk of long term cardiovascular and metabolic 

events. Thus, in our opinion measurement of cardiometabolic risk factors should 

always be monitored in future clinical trials and included as end points. Emerging 

data suggest that a reduction in intra-abdominal fat depots, assessed by magnetic 

resonance imaging [MRI], is associated with histologic improvement in NASH.67 

Additionally, the presence of cardiometabolic comorbidities in clinical trials may also 

affect the therapeutic response rate of a NASH drug candidate, as some drugs may 

be more or less effective for specific NASH phenotypes. For that reason, 

stratification for major cardiometabolic comorbidities, such as T2D or obesity, is 

essential to further improve the reliability and reproducibility of NASH clinical trials.68 

 

Biomarkers and NITs are emerging as reliable tools for assessing the likelihood of 

significant hepatic fibrosis, predicting risk of disease progression and adverse liver-

related events, making management decisions, and to some degree, for assessing 

treatment response (although this last issue is poorly validated to date).69-71 The 

results from the phase 3 REGENERATE trial (testing obeticholic acid) suggested 

that NITs may be useful alternatives to liver biopsy in assessing NASH patients' 

response to treatment 72. However, we believe that further validation of biomarkers 

and NITs is certainly needed. The further validation of biomarkers and NITs will also 

facilitate the identification of patients with fibrotic NASH (i.e., patients with NASH with 

fibrosis stage F≥2, who are at greater risk of developing adverse liver-related 

outcomes) and their response to NASH drug candidates without the need for liver 

biopsies, as currently requested by the FDA in phase 3 clinical trials for conditional 

approval of new drugs for NASH.73 In the next section, we briefly discuss the 

imaging-based methodologies that could be used to assess disease severity and 

longitudinal changes non-invasively in clinical practice. We do not discuss the use of 
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omics technologies because none of these biomarkers are validated for monitoring 

treatment responses in NASH.74  

 

Imaging-based methodologies  

Conventional liver ultrasonography and the controlled attenuation parameter (CAP), 

which is measured in conjunction with vibration-controlled transient elastography 

(using the Fibroscan® device), lack sufficient sensitivity for accurately quantifying or 

monitoring changes in hepatic fat content.75  

 

MRI–proton density fat fraction (MRI-PDFF) has emerged as one of the most 

accurate and reproducible methods for hepatic fat quantification that is used in 

clinical research and tertiary care centers.75 MRI-PDFF offers also promise as a non-

invasive biomarker of treatment response in early-phase NASH clinical trials. In a 

meta-analysis of seven clinical trials that incorporated MRI-PDFF and examined 

histologic response following drug intervention in individuals with NASH, a ≥30% 

relative reduction in MRI-PDFF was found to be associated with a significant 

improvement in histologic NAS score and greater resolution of NASH.76 Specifically, 

the MRI-PDFF responders were more likely to achieve NASH improvement than 

non-responders (by a factor of seven when treatment response was assessed by 

NAS reduction and by a factor of about five when assessed by NASH resolution).76 

Although further validation studies are required, these findings suggest the use of 

MRI-PDFF for non-invasive monitoring of treatment response in early-phase NASH 

trials, especially with drugs targeting metabolic pathways.68   

 

Fibroscan® is the most widely used method to measure liver stiffness in clinical 

practice and can be used to accurately exclude significant fibrosis and cirrhosis. 

However, its accuracy for non-invasive monitoring of treatment responses in NASH 

remains to be further validated.66,70,76 Magnetic resonance elastography (MRE) is 

now considered the best method for non-invasively quantifying hepatic fibrosis in 

NAFLD.77-80 A recent head-to-head comparison between various imaging-based 

elastography methods with liver histology found that MRE was superior to other 

imaging-based elastography methods for detection of any degree of fibrosis.75 Liver 

stiffness, measured by MRE, also predicts the future risk of adverse liver-related and 

cardiovascular events.81,82 However, further validation studies are needed to clarify 
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whether MRE-assessed liver stiffness could replace liver biopsy for the longitudinal 

assessment of treatment response in NASH clinical trials.75,83  An additional issue 

that needs to be addressed is that few centres currently have access to the 

hardware that is needed to make the necessary measurements.  

 

Techniques combining simple clinical parameters with imaging-based elastography 

methodologies that may be predictive of liver-related clinical outcomes are now 

emerging. The Fibroscan-AST (FAST) score (combining liver stiffness and CAP 

measured by Fibroscan® with serum aspartate aminotransferase levels), the MAST 

score (combining MRI-PDFF with serum aspartate aminotransferase levels) and the 

MEFIB index (combining MRE with fibrosis-4 [FIB-4] index) can be efficiently used 

for the non-invasive identification of fibrotic NASH.84-86 A recent head-to-head 

comparison between these three combined scores reported that the MEFIB index 

was better than MAST and FAST scores for the non-invasive diagnosis of fibrotic 

NASH.87 In addition, the MEFIB index and the MAST score accurately predicted 

liver-related mortality and events in this patient group.88,89  

 

Other emerging imaging-based modalities of interest include multiparametric liver 

MRI that could be a good diagnostic option for evaluating disease severity in NAFLD. 

This imaging methodology (that uses a LiverMultiScan® software with sequences for 

corrected T1 mapping [cT1], MRI-PDFF and T2* mapping) accurately identified 

moderate-to-severe steatosis, NASH and advanced fibrosis.90-94 Emerging data 

showed that multiparametric liver MRI data were correlated with histological features 

of NASH and also accurately detected longitudinal changes in hepatic inflammation 

and fibrosis.95 Studies conducted in UK found that multiparametric liver MRI was cost 

effective for NAFLD risk stratification, and combined with Fibroscan® had the lowest 

cost per correct diagnosis.96,97  

 

Liver biopsies are not feasible for monitoring responses to pharmacological 

treatments in clinical practice. One of the highest priorities is the validation of 

imaging-based methodologies (alone or in combination with simple clinical 

parameters or with more sophisticated biomarkers) to assess disease severity and 

monitor treatment responses. It is crucial to define the exact decrease in liver 

stiffness by MRE or other imaging-based methodologies that is associated with a 
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histologic improvement in liver fibrosis of at least one stage or resolution of NASH or 

lower risk of liver-related and cardiometabolic events. These data are needed to 

ensure endorsement by the FDA and other regulatory authorities of these imaging-

based methodologies as alternatives to histological endpoints in future phase 3 

NASH therapeutic trials.68 Validation of existing NITs as outcome parameters of 

treatment response will accelerate the development and approval of new drugs for 

NASH and allow monitoring of the treatment response in clinical practice. Since 

there has been a substantial increase in the number of studies applying artificial 

intelligence (AI) in medical image analysis for the diagnosis of liver diseases over the 

past decade,98 it is also reasonable to hypothesize that AI approaches using 

imaging-based methodologies will become soon available to develop highly accurate 

models for predicting disease severity and for non-invasive monitoring of treatment 

responses in NASH.98,99 Figure 2 summarizes the beneficial liver-related and 

cardiometabolic effects of an “ideal” drug candidate for NASH. 

 

 

VI) Potential lessons from selected drug development stories: why some 
specific glucose-lowering medications could form the basis of future 
drug development  

 

In the last 15 years, promising results in the treatment of NASH with two specific 

treatment options for T2D have led to further evolution and targeting of these 

therapeutic modalities in the treatment of NASH. This is an evolving area and within 

the limits of this review, we have chosen to focus on peroxisome proliferator-

activated receptors (PPARs) and incretin receptor and glucagon receptor agonists, 

which we consider could have a marked effect on the treatment of NAFLD as a 

multisystem disease over the next decade.  

 

Peroxisome proliferator-activated receptors   

PPARs are ligand-activated nuclear transcription factors known to regulate glucose 

and lipid metabolism, inflammation, endothelial function and fibrosis 100.101 PPARs 

are a nuclear hormone receptor superfamily comprising: PPAR-alpha, PPAR-gamma 

and PPAR-beta/delta (thereby referred to as delta). Activated PPARs are capable of 

transcriptional repression through DNA-independent protein-protein interactions with 
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other transcription factors, such as nuclear factor kappa B signal activators and 

transducers of transcription.102 PPAR-alpha activation reduces plasma triglyceride 

concentrations and is involved in regulation of energy homeostasis. PPAR-gamma 

activation improves insulin sensitivity and enhances glucose metabolism, whereas 

PPAR-delta activation enhances fatty acids metabolism.101 

 

PPARs were identified in 1990101 and the first of the PPAR-gamma agonist 

thiazolidinedione class of drugs that had powerful glucose-lowering effects was 

troglitazone, which was launched in the USA in 1997.103 Subsequently, rosiglitazone 

and pioglitazone were licensed in the USA in 1999. Pioglitazone has many potential 

benefits that extend beyond its glucose-lowering effects to the vasculature and the 

liver, and in 2019 De Fronzo and colleagues summarised the beneficial effects of 

pioglitazone on the vasculature in T2D concluding that pioglitazone has become the 

“forgotten, clinically effective, cost effective treatment for patients with T2D“.104 New 

data in the last decade showed that pioglitazone is also an effective treatment for 

non-cirrhotic NASH in patients both with, and without T2D (mainly in terms of 

histological resolution of NASH).105-107   

 

Recent data extend the key role of PPARs to liver diseases occurring with vascular 

dysfunction, including NAFLD.108 PPAR-gamma is expressed in many tissues but its 

splicing isoform (PPAR-gamma2) is expressed solely in adipocytes and PPAR-

gamma activation increases the production of adiponectin from adipocytes109 that is 

an adipokine protein with insulin-sensitizing and anti-inflammatory effects.  

 

As mentioned earlier, NAFLD is a multisystem disease that not only affects the liver 

but also increases risk of developing cardiovascular disease and other extrahepatic 

diseases.10,65 PPAR-gamma activation has beneficial effects on lipid metabolism, 

insulin sensitivity, oxidative stress, endothelial function, inflammatory pathways and 

coagulation and effects on all these processes could have favourable consequences 

for the vasculature in patients with NAFLD. Although the benefit of agonism of other 

PPARs (beyond PPAR-gamma) on liver disease is unproven, the recent results from 

a phase 2b randomized, placebo-controlled trial testing the effect of lanifibranor 

suggested that this pan-PPAR agonist benefits liver disease.110 In this clinical trial, 

involving 247 patients with non-cirrhotic NASH, the authors found that the 
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percentage of patients who had a decrease of at least 2 points in the SAF-A score 

(i.e. the activity part of the Steatosis, Activity, Fibrosis [SAF] scoring system that 

incorporates scores for hepatocyte ballooning and inflammation) without worsening 

of fibrosis was higher with the 1200-mg dose of lanifibranor than with placebo. 

Another small phase 2 randomized, placebo-controlled trial testing the effect of 

saroglitazar suggested that this dual PPAR-alpha/gamma agonist improved liver fat 

content (on MRI-PDFF), insulin resistance, and atherogenic dyslipidaemia in patients 

with NAFLD 111. 

 

PPAR-alpha agonism modulates fatty acid oxidation in the liver112 and effectively 

reduces plasma triglyceride concentrations associated with the metabolic 

syndrome113 and the altherogenic lipoprotein phenotype114, which are very common 

conditions in NAFLD. However, the failure of elafibranor (a PPAR-alpha and delta 

agonist) to show benefit in patients with non-cirrhotic NASH in a phase 3 randomized 

trial, and the current uncertainties surrounding a possible benefit from elafibranor,115 

may provide insight into the fact that the benefit of lanifibranor might derive mainly 

from its PPAR-gamma agonist effects. However, further research is needed to better 

clarify this issue. 

 

GLP-1, glucose-dependent insulinotropic peptide (GIP) and glucagon receptor 

agonists 

We have recently discussed in detail in this Journal, the potential benefits of GLP-1 

and GIP receptor agonism in NAFLD.116 In particular, a number of recent phase 2 

randomized controlled trials showed that GLP-1 receptor agonists (especially 

subcutaneous liraglutide and semaglutide, which have demostrated also to have 

beneficial effects on histological NASH resolution without worsening of liver fibrosis) 

or tirzepatide, a dual GLP-1/GIP co-agonist, are two promising treatment options for 

patients with NAFLD or non-cirrhotic NASH that warrant further investigation 107,116. 

In a phase-2 placebo-controlled trial of patients with NASH-related cirrhosis, 

treatment with semaglutide 2·4 mg once weekly for 48 weeks did not improve 

fibrosis or achievement of NASH resolution 117. In this section, we extend the 

discussion to include combination incretin receptor effects with glucagon receptor 

agonism in the treatment of NAFLD as a multisystem disease. Specifically, dual or 

even triple receptor agonism with GLP-1/GIP receptor agonism combined with 
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glucagon receptor agonism may provide extra therapeutic benefits, and the effects of 

glucagon receptor agonism combined with GLP-1 and GIP receptor agonisms in 

NAFLD are schematically illustrated in Figure 3. This figure illustrates the utility of 

these agents in the treatment of NAFLD as a multisystem disease. In particular, the 

figure highlights the potential benefits of incretin receptor agonists and combination 

therapy with glucagon receptor agonists on processes relevant to both liver disease 

and the extrahepatic consequences of liver disease.    
  

Dual GLP-1/glucagon receptor co-agonists are currently being studied, such as 

BI456906 in a phase 2b placebo-controlled trial (NCT04771273), and efinopegdutide 

in a phase 2a active-comparator-controlled trial (NCT04944992). Triple receptor 

agonists that also include GIP receptor signalling agonists are also showing promise 

and need further testing. HM15211 is a triple GLP-1/GIP/glucagon receptor agonist 

that showed promising results in a phase 1b/2a trial in obese individuals with 

NAFLD, with a maximal ∼90% reduction of liver fat content at 12 weeks with the 

highest dose of drug.118 A phase 2b placebo-controlled trial is now ongoing to 

evaluate the efficacy of HM15211 in NASH (NCT04505436). Another potential 

therapeutic effect that needs testing is to enhance GLP-1 receptor agonism and 

increase GLP-1 signalling to both increase insulin secretion and weight loss effects.  

   

In contrast to incretins, glucagon acts predominantly and directly on the liver, via the 

glucagon receptor. The glucagon receptor is a 62kDa protein that is a member of the 

G-protein coupled family of receptors. Stimulation of the glucagon receptor results in 

activation of a common signal transduction pathway that includes adenylate cyclase 

and phospholipase C, thereby resulting in increased concentrations of intracellular 

calcium and cAMP as second messenger signalling molecules. Importantly, and 

relevant to NAFLD as a multisystem disease, glucagon receptors are expressed not 

only in the liver, but also in the kidney, adipose tissue, heart, gastrointestinal tract 

and also adrenal glands, cerebral cortex and pancreas. 119  

 

Over 25 years ago, it was shown that a missense mutation in the glucagon receptor 

was associated with the presence of T2D,120 suggesting that normal functioning of 

this catabolic hormone was important for maintaining normoglycaemia. Recently, a 
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better awareness of other effects of glucagon receptor agonism has been promoted 

by newer drug classes, such as dipeptidyl peptidase-4 inhibitors and GLP-1 receptor 

agonists that lower blood glucose levels and yet decrease glucagon secretion. This 

action and the role of glucagon as a catabolic hormone that promotes ketogenesis121 

has been responsible for increasing interest in the role of glucagon receptor agonism 

in NAFLD. Unlike GIP and GLP-1 that do not act directly on the liver, glucagon 

receptors are highly expressed in the liver and glucagon agonism has marked effects 

on metabolism in the liver and extra-hepatic tissues. The biological actions of 

glucagon are very relevant both to liver disease in NAFLD and to the effects of 

NAFLD as a multisystem disease.10,65 The effects of glucagon extend to regulation of 

energy intake, stimulation of brown fat thermogenesis, inhibition of gastric motility, 

modulation of lipid metabolism through activation of lipolysis and inhibition of lipid 

synthesis, improvement of cardiac output, and increased heart rate and renal 

glomerular filtration (summarised in 119). Besides promoting hepatic 

gluconeogenesis, glucagon also increases bile acid production, lipid oxidation and 

ketone body production, and decreases lipid synthesis. Glucagon’s positive 

chronotropic and ionotropic effects on the heart have been known about since the 

1960s and in humans with heart disease glucagon increases heart rate, cardiac 

output, cardiac index, stroke power index and left ventricular pressure.122  

 

Pemvidutide (ALT-801) is a drug that targets both the glucagon receptor and the 

GLP-1 receptor and is now being tested in NAFLD. Pemvidutide may also prove 

useful for the treatment of obesity and T2D. This synthetic peptide is administered 

subcutaneously and is an analogue of oxyntomodulin. The peptide targets both the 

GLP-1 and glucagon receptors. In September 2022, Altimmune announced 

significant reductions in liver fat content and body weight in a 12-week phase 1b trial 

of pemvidutide in patients with NAFLD.123 Mean weight loss (placebo-adjusted) was 

only 4.7% in NAFLD patients without diabetes who received 1.8 mg dose at 12 

weeks of treatment.123 Data presented in abstract form at the American Heart 

Association meeting in November 2022, reported some beneficial effects of 

pemvidutide on plasma lipids.124 These data showed that pemvidutide achieved 

significant dose-dependent reductions from baseline across multiple bioactive lipid 

classes, including pro-atherogenic lysophosphatidylcholines (a major oxidized LDL 

component), and lipotoxic sphingolipids, including sphingomyelins and ceramides. 
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Thus, in summary it is plausible that combination therapy with a peptide that targets 

the glucagon receptor and the GLP-1 and GIP receptors could prove very effective in 

not only treating liver disease, but also targeting the extrahepatic complications of 

NAFLD as multisystem disease. 

 

 

VII) Conclusions 
 

Despite the high global prevalence and the detrimental effects of NAFLD on life-

expectancy and risk of hepatic and extrahepatic complications, there is currently no 

licensed pharmacotherapy available for this burdensome metabolic liver disease. We 

are not faced with a lack of treatment options, but efficacy end points might not 

always be suitable for treatment of this multisystem disease affecting multiple 

extrahepatic organs and diseases. Liver biopsy is not feasible for monitoring 

treatment responses in clinical practice. Validation of existing NITs and imaging 

modalities as outcome parameters of treatment response will accelerate the 

development and approval of new drugs for NASH and allow monitoring of treatment 

responses in clinical practice. To date, it remains to be shown in phase 3 trials 

whether the anticipated benefit attributable to lanifibranor (a pan-PPAR agonist) in 

patients with non-cirrhotic NASH, extends beyond the benefit expected from PPAR-

gamma agonism alone. In addition, larger clinical trials with a long treatment duration 

are needed to investigate whether these and other drugs for NASH can improve 

adverse liver-related outcomes in patients with NASH and compensated cirrhosis. 

The challenge for the future is also to know for certain whether combination effects 

of GLP-1, GIP and glucagon receptor agonism benefits NAFLD as a multisystem 

disease that has important consequences beyond the liver.  
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Figure Legends 

Figure 1: Current treatment targets based on pathophysiological concepts in 
NASH. 

The underlying pathophysiology is complex and involves various pathways including 

metabolic, inflammatory, fibrosis, microbiome and immune concepts. 1: Lipid-specific 

signatures exist across the whole NAFLD spectrum and lipotoxicity plays a role also 

in inducing “sterile” liver inflammation. Several drugs are currently tested in phase 2 

and 3 studies targeting metabolic/lipid pathways, e.g. FXR agonists, 

PPARα/δ agonists, aramchol, THR-β agonists, ACC inhibitors or FGF19/21 

analogues. 2: Insulin resistance (especially hepatic insulin resistance) is a key 

feature of NAFLD and drugs used for the treatment of type 2 diabetes are currently 

intensively studied in NAFLD, e.g. GLP-1 receptor agonists, dual GLP-1/GIP receptor 

co-agonists, glucagon receptor agonists, SGLT-2 inhibitors. 3: Inflammation is a key 

driving force of NASH, either driven by sterile processes or potentially microbial 

products and mainly responsible for fibrosis development. Although cenicriviroc (a 

CCR2/5 inhibitor) has failed in a phase 3 trial improving fibrosis, targeting 

inflammation by specific drugs remains a key strategy in targeting NASH. NLRP3 

inflammasome inhibitors have so far been tested in preclinical NAFLD models. A 

side-chain shorted derivate of ursodeoxycholic acid i.e. norursodeoxycholic acid also 

acts anti-inflammatory and has been tested in phase 2 studies. 4: Liver fibrosis is the 

key prognostic factor for NAFLD and therefore targeting fibrosis and its potential 

reversibility remains a key aspect in drug development. Galectin-3 receptor agonists 

are another group of drugs being currently tested. 5: Extrahepatic tissues are of 

crucial importance in this multisystem disease and both extrahepatic tissues and the 

liver are critically affected by NASH treatment (e.g., the adipose tissue for PPAR-

gamma agonists; weight loss from GLP-1 RA and probably GIP agonists; the brain 

for GLP-1 RA, and the kidneys for SGLT-2 inhibitors). 6: Gut microbiome is altered 

especially in more advanced NAFLD and targeting the microbiome might evolve in 

the future as an attractive treatment strategy. Many drugs mentioned in this Figure 

are pleiotropic and exert in addition anti-inflammatory and anti-fibrotic effects. 

Abbreviations: ACC, acetyl-CoA carboxylase; DNL, de novo lipogenesis; GIP, 

glucose-dependent insulinotropic polypeptide; GLP-1RA, glucagon-like peptide 1 

receptor agonists; JNK, c-jun N-terminal kinase; NLRP3, NLR family pyrin domain 
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containing 3; PPAR, peroxisome proliferator-activated receptor; ROS, reactive 

oxidative stress; SGLT-2, sodium-glucose linked transporter 2. 

 
Figure 2: Effects of an ideal new drug for NASH therapy.  

Since NASH is just one facet of a multisystem disease that confers increased 

morbidity and mortality on patients affected and where the leading cause of mortality 

is cardiovascular disease, an “ideal” drug candidate for the treatment of NASH should 

exert not only hepatoprotective effects (with improvement in histological features of 

NASH) but also beneficial effects on cardiovascular system (with reduction of 

cardiometabolic risk factors). These beneficial effects on the liver, heart and 

vasculature should translate into a long-term risk reduction of major liver-related and 

cardiovascular events in patients with NASH. Liver biopsy assessment is not easy to 

perform especially for the evaluation of response treatment in clinical practice. 

Validation of existing imaging-based methods (alone or in combination with other 

non-invasive biomarkers) as outcome measures of treatment response will 

accelerate the development and approval of new drugs for NASH and allow 

monitoring of the treatment response also in clinical practice. 

Abbreviations: NASH, non-alcoholic steatohepatitis; MR, magnetic resonance; MRI-

PDFF, magnetic resonance imaging–proton density fat fraction. 

 

Figure 3: Treatment of NAFLD as a multisystem disease: Potential benefits of 
incretin receptor agonists and combination therapy with glucagon receptor 
agonists on processes relevant to both liver disease and the extrahepatic 
consequences of liver disease. 
The effects of glucagon receptor agonism extend to regulation of energy intake, 

stimulation of brown fat thermogenesis, modulation of lipid metabolism through 

activation of lipolysis and inhibition of lipid synthesis. Additionally, glucagon receptor 

agonism improves cardiac output and renal glomerular filtration but causes increased 

heart rate. Besides promoting hepatic gluconeogenesis, glucagon also increases bile 

acid production, lipid oxidation and ketone body production, and decreases lipid 

synthesis. Glucagon’s positive chronotropic and ionotropic effects on the heart have 

been known for many years and notably in humans with heart disease glucagon 

increases heart rate, cardiac output, cardiac index, stroke power index and left 

ventricular pressure. GLP-1 receptor agonists have proven efficacy to benefit T2D, 
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CVD and CKD. GLP-1 receptor agonists are effective in the brain and decrease 

appetite and induce satiety decreasing dietary calorie intake. These effects can 

facilitate weight loss and weight loss also benefits NAFLD as well as type 2 diabetes 

and CVD risk factors. Dual GLP-1 and GIP receptor co-agonists maybe more 

effective at promoting weight loss than GLP-1 receptor agonists alone. Thus, dual 

GLP-1 and GIP receptor co-agonists may prove to be very effective treatments for 

NAFLD or NASH as well as the extrahepatic complications of NAFLD as a 

multisystem disease.  

Abbreviations: T2D, type 2 diabetes; GIP, glucose-dependent insulinotropic 

polypeptide; GLP-1, glucagon-like peptide-1; CVD, cardiovascular disease; CKD, 

chronic kidney disease. 
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