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Abstract: The prevalence of type 2 diabetes mellitus (T2D) and metabolic dysfunction-associated steatotic liver disease (MASLD) is 
rapidly increasing worldwide. MASLD, previously known as non-alcoholic fatty liver disease (NAFLD), is defined as a condition of 
steatotic liver disease (SLD) with one or more cardiometabolic risk factor(s) and the absence of harmful alcohol intake. The variety of 
MASLD includes steatosis, metabolic dysfunction-associated steatohepatitis (MASH, formerly NASH), fibrosis, cirrhosis and MASH- 
related hepatocellular carcinoma (HCC). Subjects with T2D have a doubled risk of developing MASLD, and vice versa. Furthermore, 
the presence of T2D is considered a risk factor for cirrhosis, hepatocellular carcinoma and liver-related mortality in patients with 
MASLD as well as the presence of MASLD is associated with adverse outcomes in T2D population, including cardiovascular and 
chronic kidney diseases. The relationship between MASLD and T2D is bidirectional. Given the fact that a mutually detrimental 
relationship between T2D and MASLD exists, the approach to managing MASLD is undergoing a transformative phase, with 
increasing attention toward the use of anti-hyperglycemic agents. In this review, we explore the emerging role of anti- 
hyperglycemic agents in the context of MASLD treatment, examining the latest scientific evidence and assessing the effectiveness 
of these novel approaches. Understanding the interconnection between diabetes and MASLD could open new therapeutic perspectives 
and guide the formulation of more effective treatment protocols for this growing metabolic epidemic. 
Keywords: non-alcoholic fatty liver disease, MASLD, non-alcoholic steatohepatitis, MASH, type 2 diabetes, anti-hyperglycemic 
agents, metabolic syndrome

Introduction
Type 2 diabetes (T2D) affects about 10% of the adult population worldwide and its prevalence is expected to rise by no 
less than 12% in 2045, according to the 2021 report of International Diabetes Federation.1 The prevalence of MASLD 
worldwide has similarly increased from 25% in 2016 to over 30%, with the incidence continuing to rise.2

MASLD is characterized by the accumulation of triglycerides in the liver, accompanied by at least one cardiometa
bolic risk factor. The term MASLD encompasses various conditions, including isolated liver fat accumulation (metabolic 
dysfunction-associated steatotic liver, MASL), metabolic dysfunction-associated steatohepatitis (MASH), fibrosis and 
cirrhosis. Histologically, MASH is identified by the presence of ballooned hepatocytes and lobular inflammation. The 
previous term non-alcoholic fatty liver disease (NAFLD) has been replaced by MASLD, which is part of the new 
consensus definition for steatotic liver disease (SLD). In addition to MASLD, SLD includes: MASLD with moderate 
alcohol consumption (MetALD); alcohol-related liver disease (ALD), specific causes of SLD (such as drug-induced or 
monogenic disorders); cryptogenic SLD. Specifically, MetALD refers to individuals with MASLD who consume higher 
amounts of alcohol (20–50 g/day for females and 30–60 g/day for males) but do not meet the criteria for ALD (eg, 
alcohol consumption exceeding 50 g/day for females and 60 g/day for males).3 The pathogenesis of MASLD is intricate 
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and involves multiple complex mechanisms that are not yet fully elucidated. However, obesity, insulin resistance (IR) and 
T2D have been recognised as the major drivers of liver disease progression. This is also reflected in the diagnostic 
criteria for MASLD (NAFLD), requiring the presence of T2D or obesity and at least a cardiometabolic risk factor(s) 
(such as hypertension, hypertriglyceridemia, low HDL cholesterol, high waist circumference, pre-diabetes, insulin 
resistance, high levels of C-reactive protein), or persistently elevated liver enzymes, with a different score of FIB-4 
(Fibrosis-4 index).4 As a matter of fact, subjects with MASLD (NAFLD) have a doubled risk of T2D and higher 
incidence of cardiovascular and renal diseases, particularly if MASLD coexists with T2D.5 The interconnection between 
these two diseases should be explored within the pathogenic mechanisms, encompassing IR, disrupted homeostasis of 
both glucose and lipid metabolisms, inflammation, and genetic background.

Although the pathogenesis and natural history of MASLD are well known, no specific agents have been developed 
since March 2024 when Resmetiron, an oral thyroid hormone receptor-beta agonist approved for the treatment of MASH 
with stage F2 or F3 of fibrosis in the USA, was approved.4 Thus, clinical management of MASLD, to date, is limited to 
lifestyle changes, weight loss, control of cardiometabolic risk factors and prevention of local and systemic complications. 
However, the close link between IR, hyperinsulinemia and MASLD has brought to light the potential relevance of 
pharmacological treatments aimed at improving glycemic control. Thus, in the last decades, recent trials investigating 
glucose-lowering agents such as glucagon-like peptide-1 agonists (GLP-1RAs), sodium-glucose cotransporter-2 inhibi
tors (SGLT-2is) and glitazones have shown some potential beneficial effects on MASLD, through both direct and indirect 
mechanisms.

In this review, we will discuss current knowledge about the role of glucose-lowering agents on hepatic disorders and 
their potential impact on MASLD management. Thus, understanding the connection between hyperglycemia and 
MASLD could open new therapeutic perspectives and guide the formulation of more effective treatment protocols for 
this growing metabolic epidemic.

The Pathophysiological Links Between Type 2 Diabetes Mellitus and 
MASLD
MASLD is marked by a concurrent increase in the rate of lipid influx and de novo lipid synthesis, alongside a subsequent 
decrease in lipid export or oxidation.6 In individuals with MASLD, as well as those with T2D, at least in the earlier 
phases of the disease, insulin secretion by pancreatic β-cells is typically increased as a compensatory mechanism for 
peripheral IR. The resulting hyperinsulinemia is involved in the pathogenesis of MASLD by disrupting lipid homeostasis 
and exerting harmful effects on adipose tissue and the liver.7 Within adipose tissue, IR increases adipocyte mass and 
stimulates the activity of hormone-sensitive lipase (HSL), leading to the hydrolysis of triglycerides, the formation of free 
fatty acids (FFA), and subsequent increases in circulating FFA levels.8 This results in an elevated influx of FFA into the 
liver, where it is included into triglycerides,9 accumulating in hepatocytes. Besides enhancing the influx and storage of 
FFA in the liver, chronic hyperinsulinemia also mediates the activation of transcription factors involved in lipogenesis, 
such as the sterol regulatory element-binding protein 1c (SREBP1c).8 Furthermore, hyperglycemia stimulates the over- 
expression of carbohydrate response element-binding protein (ChREBP), a transcription factor that further promotes 
hepatic lipogenesis and triacylglycerol (TAG) synthesis.10 Together, SREBP1c and ChREBP act by stimulating key 
lipogenic genes, thereby promoting de novo lipogenesis (DNL).8,11 Furthermore, SREBP1c directly worsens IR by 
enhancing the formation of harmful metabolites, such as diacylglycerol and ceramides, which can induce IR status.10 

Collectively, this evidence suggests that hepatic DNL stimulates IR, which, in turn, induces hepatic DNL in a detrimental 
cross-relationship (Figure 1). Regarding hepatic lipids oxidation, the utilization of FFA for energy production, ensured by 
mitochondrial β-oxidation, is inhibited by increased malonyl-CoA levels due to insulin-mediated activation of 
SREBP1c.8 Conflicting data on the rate of lipid export from the liver have been published. On one hand, Charlton 
et al reported a decrease in lipid export within very low-density lipoprotein (VLDL) caused by reduced synthesis or 
secretion of apolipoprotein B, the primary carrier protein of VLDL.12 On the other hand, Fabbrini et al showed increased 
VLDL secretion secondary to enhanced FFA influx, mainly from intra-hepatic and intra-abdominal fat lipolysis and 
DNL.13 However, the overflow of FFA from adipose tissue is too high to be compensated, and the normal lipid content 
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within the liver cannot be properly restored, resulting in a detrimental condition known as lipotoxicity.13,14 The combined 
harmful effects of glucotoxicity and lipotoxicity elicit intracellular damage responses in the hepatic microenvironment, 
worsening both MASLD and T2D. In this regard, Tilg et al proposed the “multiple parallel hits hypothesis”, implying 
a synergistic effect of many mechanisms leading to liver inflammation.15

Abnormal fat accumulation predisposes the liver to oxidative and ER stress-related injuries, leading to the further 
spread of IR, lobular inflammation, ballooned hepatocytes and the growth of inclusion bodies, which represents the 
histological sign of MASH (NASH).16,17

Moreover, the production of reactive oxygen species (ROS) triggers the release of chemokines and cytokines from 
hepatocytes, thereby establishing an inflammatory milieu able to induce the shifting of liver macrophages, also known as 
Kupffer Cells (KCs), towards a pro-inflammatory cell subset (M1 polarization).18,19 In turn, M1-KCs secrete chemokines 
(eg, CCL2, CXCL10) and several cytokines long associated with the induction of IR in the adipose tissue, as tumor 
necrosis factor-alpha (TNF-α), IL-1β, and interleukin-6.20

Hepatocytes and M1-KCs also produce monocyte chemotactic protein-1 (MCP-1), a recruiting chemotactic factor of 
neutrophils and natural killer T cells to the liver.21 The blockade or absence of MCP-1 or its receptor causes reduced 
immune cells supply into the liver, efficaciously arresting the spread of inflammation and the subsequent fibrosis.22,23

What is New in the Pathophysiology of MASLD?
Recent evidence has identified novel pathways and actors of immunity involved in liver damage. Neutrophils play 
a pivotal role in the specialized pro-resolving mediator (SPM) network, crucial for resolving inflammatory responses.24 

A disruptive SPM system is recognized as a potential trigger of MASLD pathological progression towards pro-fibrotic 
stages and as a biomarker for staging MASLD.25 Neutrophils promote the polarization of activated macrophages towards 
the anti-inflammatory M2 phenotype, thus resolving liver inflammation and fibrosis.26 Moreover, liver sinusoidal 
endothelial cells (LSECs) might contribute to the pathogenesis of MASLD, acting as guardians of liver homeostasis. 
LSECs counteract inflammatory and fibrotic processes by preventing the activation of hepatic Kupffer cells (KCs) and 
stellate cells and regulating intrahepatic vascular resistance.27 The loss of LSECs fenestrae (capillarisation) occurs early 

Figure 1 Pathophysiological relationship between T2D and MASLD. Insulin resistance causes hyperglycaemia and hyperinsulinemia, resulting in increased de novo lipogenesis 
and lipid accumulation through activation of carbohydrate response element-binding protein (ChREBP) and sterol regulatory element-binding protein 1c (SREBP1c), 
respectively. Hyperinsulinemia acts also on adipose tissue by increasing adipocyte mass, triglycerides (Tg) hydrolysis and formation of free fatty acids (FFA). This leads to 
increased FFA influx into the liver, causing lipotoxicity and inflammation primarily due to increased lipogenesis and reduced lipid export. Excessive hepatic lipogenesis further 
worsens insulin resistance (red line).
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in MASLD, and may lead to the development of steatotic hepatocytes by obstructing the transition to chylomicron 
remnants, and resulting in the compensatory synthesis of triglycerides and cholesterol.28 Therefore, LSECs might 
contribute to the establishment of oxidative stress and the spread of the inflammatory response. Lastly, Zhu et al recently 
found that the pathological progression of MASH is linked to selective Notch-pathway activation in hepatocytes, which 
mediates the induction of osteopontin.29 Osteopontin stimulates fibrosis by activating hepatic stellate cells.29 Intriguingly, 
recent data suggest an association between blood levels of osteopontin and a vascular complication of diabetes.30 This 
evidence might pave the way for uncovering a more intricate role of osteopontin within the fibrotic process, underlying 
the onset of the most severe forms of MASLD, and an even more complex relation between T2D, MASLD, and diabetic 
osteopathy.

In addition to the interaction between IR and lipotoxicity, which plays a crucial role in the pathogenesis of MASLD, it 
is essential to further investigate the contribution of mitochondrial dysfunction and the gut microbiota-liver axis. IR 
promotes hepatic triglyceride accumulation (steatosis), but the progression to inflammation and fibrosis is often triggered 
by additional “hits”. Among these, impaired liver mitochondrial beta-oxidation emerges as a key mechanism.28 

A reduced capacity of mitochondria to oxidize fatty acids leads to further accumulation of toxic lipids, oxidative stress 
and cellular dysfunction.28 In parallel, the gut microbiota-liver axis exerts a profound influence. Intestinal dysbiosis, with 
alterations in the composition and function of the microbiota, can increase intestinal permeability, leading to the release 
of bacterial products (such as lipopolysaccharides) into the portal circulation.31 These mediators activate hepatic 
inflammatory pathways, contributing to inflammation and hepatocyte damage. A full understanding of these complex 
interactions is essential to develop targeted and holistic therapeutic strategies for MASLD.

Taken together, these novel insights provide an opportunity for defining novel therapeutic targets to achieve better 
disease staging, a tailored therapeutic approach, and improved outcomes from drug treatment.

Role of Diabetes and Metabolic Dysfunction in Liver Fibrosis: 
Epidemiological Evidence
Multiple pathways of damage, mainly driven by glucotoxicity and lipotoxicity, are closely linked to the progression of 
MASLD (NAFLD) towards adverse outcomes, including MASH (NASH) and liver fibrosis. MASLD and MASH are 
recognized as hepatic manifestations of metabolic syndrome32 and are commonly associated with obesity, IR and defects 
in glucose and lipid metabolism.33 Diabetes is recognised as an independent risk factor for MASLD and its progression 
to liver fibrosis.34 In a study by Jarvis et al, T2D was associated with two times higher risk of severe hepatic disease 
(random-effects HR 2.25, 95% CI 1.83–2.76, p < 0.001) in a population of almost 23 million subjects followed up for 
a median of ten years.35 An evaluation of 1770 T2D patients using vibration-controlled transient elastography revealed 
that 17% showed a liver stiffness measurement impressive of advanced fibrosis.36 Another study found a 14% prevalence 
of advanced fibrosis, as measured by elastography, in 501 T2D subjects (≥50 years).37 Additionally, a longitudinal study 
determined that 4% of individuals with T2D and a liver stiffness measurement < 10 kPa at baseline had a measurement 
≥10 kPa after a 3-year follow-up.38 Huang et al, in a biopsy-proven MASLD study, showed that subjects with 
concomitant T2D had a significantly higher cumulative incidence of fibrosis progression as early as four years compared 
to subjects without T2D.39 Diabetes has been shown to be a strong predictor of fibrosis progression, even after 
accounting for factors such as age, gender, BMI, race and ethnicity, and baseline fibrosis stage.39 The simultaneous 
presence of MASLD and T2D increases the likelihood of liver-dependent mortality.40 However, obesity, lipid abnorm
alities, and hypertension were associated with only a slightly increased risk of adverse hepatic outcomes.35 The higher 
cumulative incidence of liver fibrosis may be reasonably attributed to the hepatic stellate cells stimulation by hyper
insulinemia and dysglycaemia.41 However, the precise mechanisms linking diabetes and metabolic dysfunction to the 
histologic severity of MASLD are not fully understood. The core of fibrosis lies in hepatic stellate cells, which shift 
towards a fibrogenic, proliferative, and proinflammatory phenotype.42 Trans-differentiation towards a pro-fibrotic 
phenotype is mainly induced by autocrine and paracrine actions of mediators within the pro-inflammatory hepatic 
microenvironment, such as several chemokines, leading to the enhancement of intracellular signalling pathways that 
promote the activated phenotype.43–45 As mentioned earlier, hepatocytes are likely the primary source of soluble signals, 
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being the main target of fat accumulation and cell damage, which can activate stellate cells.28 The lipotoxic response 
activated within hepatocytes results in the release of ROS, long recognized as stellate cell fibrogenic stimuli.46 Moreover, 
macrophages play a crucial role in the fibrogenic process through their alternative polarization between proinflammatory 
and reparative phenotypes.47 Nevertheless, further studies are needed to explore the precise mechanisms and untangle the 
complexity underlying the accelerated progression of fibrosis in the context of T2D.

Effects of Anti-Diabetic Agents on MASLD
Although no specific pharmacological agents are currently approved to treat MASLD, some classes of anti- 
hyperglycaemic agents have been extensively assessed over the years, proving hepatic benefits in view of their significant 
weight-reducing properties or their direct effect on liver tissue. Specifically, pioglitazone and glucagon-like peptide-1 
(GLP1) receptor agonists are effective to treat steatohepatitis and, therefore, they have been recommended by the 
American Diabetes Association (ADA) guidelines for the treatment of hyperglycaemia in adults with T2D with 
MASLD, especially in case of significant fibrosis. Additionally, as MASLD is strictly related to the occurrence of 
cardiovascular and chronic kidney diseases, glucose-lowering agents that have proven to be protective on heart and 
kidney should also be preferable. However, other glucose-lowering classes have been evaluated for the management of 
MASLD. A summary of principal anti-hyperglycaemic agents and their action on MASLD is reported in Table 1.

Table 1 Effects of Anti-Hyperglycemic Agents on MASLD

Molecule [Refs] Glucose Lowering Mechanism Liver Effects

Metformin35,41 ↓ Hepatic gluconeogenesis 

↑ Peripheral glucose uptake 

↓ GI absorption of glucose

↓ Liver fat content 
↓ Inflammation 

↓ Hepatic gluconeogenesis

Pioglitazone47–50 ↓ Circulating fatty acids promoting ability 

to store lipids 
↓ Insulin resistance 

↑ Insulin sensitivity and glucose uptake in 

muscle

↓ Liver fat content 
↓ Inflammation 

↓ Balloon necrosis 
↓ Serum liver enzymes levels

SGLT-2 inhibitorsa 

(Dapagliflozin, Empagliflozin, 
Canagliflozin)51–57

↓ Kidney sodium glucose cotransporters 

↑ Insulin-independent glucose loss 
↑ Urinary loss of sodium and glucose

↑ Hepatic insulin sensitivity 
↓ Liver fat content 

↓ Inflammation 
↓ Markers of fibrosis 

↓ Serum liver enzymes levels 
↓ Body mass index and body fat mass

GLP-1 RAsb 

(mainly Liraglutide, semaglutide, 

dulaglutide)58–63

↑ Insulin secretion in a glucose-dependent 

manner 

↓ Glucagon secretion from α-cells 
in a glucose-dependent manner 

↑ β-cell neogenesis* 

↓ β-cell apoptosis* 
↑ Satiety 

↓ Food intake 

↓ Gastric emptying

↓ Liver fat content 
↓ Serum liver enzymes levels 

↓ Inflammation 
↓ MASH without worsening fibrosis (in ~50% of 

patients over 18 months)

Notes: aSGLT-2is, sodium-glucose cotransporter-2 inhibitors; bGLP-1RAs, glucagon-like peptide-1 agonist. *These mechanisms are widely studied in preclinical models, while 
human evidence is limited. 
Abbreviations: ADA, American Diabetes Association; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ChREBP, carbohydrate response element-binding 
protein; COMBAT_T2_MASH, Combined Active Treatment in Type 2 Diabetes with MASH; DEAN, Dapagliflozin Efficacy and Action in MASH; DNL, de novo lipogenesis; 
FFA, free fatty acids; GCGR, Glucagon receptor; GIP, glucose-dependent insulinotropic polypeptide; GGT, gamma-glutamyl transferase; GLP1, glucagon-like peptide-1; GLP- 
1RAs, glucagon-like peptide-1 agonist; HCC, hepatocellular carcinoma; HSL, hormone-sensitive lipase; IR, insulin resistance; KCs, Kupffer Cells; LSECs, liver sinusoidal 
endothelial cells; MAFLD, metabolic dysfunction-associated fatty liver disease; MCP-1, monocyte chemotactic protein-1; MRI, magnetic resonance imaging; MASLD, 
metabolic dysfunction-associated steatotic liver disease; MASH, non-alcoholic steatohepatitis; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen 
species; SGLT-2is, sodium-glucose cotransporter-2 inhibitors; SPM, specialized pro-resolving mediator; SREBP1c, sterol regulatory element-binding protein 1c; VLDL, very 
low-density lipoprotein; T2D, type 2 diabetes mellitus; TAG, triacylglycerol; TNF-α, tumor necrosis factor-alpha.
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Metformin
Metformin, a widely used biguanide, represents the first-line therapy for T2D, lowering both fast and postprandial 
glycaemia by blocking the hepatic gluconeogenesis, decreasing intestinal absorption of glucose and stimulating muscle 
mass and other insulin-dependent tissues to store glucose.48 Whereas metformin was traditionally thought to be 
protective in nondiabetic subjects with MASLD, various studies have explored its potential benefits in liver diseases, 
finding some improvement in circulating liver enzymes.49,50 In a small open-label RCT involving 55 nondiabetic patients 
with MASLD, metformin was compared to vitamin E or to diet, and a greater improvement in circulating liver enzymes 
levels was found among the metformin-treated group, with 56% of subjects experiencing normalization of alanine 
aminotransferase (ALT). Furthermore, a significant decrease in liver fat, inflammation and fibrosis was demonstrated by 
a control biopsy in a group of 17 patients treated with metformin revealed. This study suggested that metformin treatment 
was superior to diet or vitamin E supplement in patients with MASLD undergoing dietetic consulting.50 Nonetheless, 
histological data were too limited to confirm the association between reduced ALT levels and biopsy findings. Similarly, 
in a pilot study by Loomba et al, metformin treatment improved liver histology and ALT levels in 30% of MASH cases. 
However, a significant association between weight loss and improvements in both MASH activity index and plasma 
levels of ALT was found, failing to prove a direct effect of metformin on MASH.49

In this regard, it is worth noting that not all studies support the efficacy of metformin in improving MASH or fibrosis. 
In several RCTs, including individuals with and without diabetes with biopsy-proven MASLD, metformin showed 
marginal positive effects on liver steatosis and inflammation but no impact on MASH resolution or fibrosis improvement. 
For instance, in the Treatment of MASLD in Children (TONIC) trial, authors showed that metformin does not confer any 
histological improvement to liver in obese children and adolescents.64 Consequently, to date, international guidelines do 
not recommend the use of metformin to treat MASLD.65,66

Nonetheless, possible benefits of metformin in chronic liver disease might be associated to the reduction in the risk of 
hepatocellular carcinoma (HCC). Indeed, different researchers showed an independent association between metformin 
and reduction in HCC among T2D adults.51,52 However, additional RCTs are needed to validate these findings.

Pioglitazone
Pioglitazone is a selective ligand of the peroxisome proliferator-activated receptor (PPAR)-γ,48 a pleiotropic nuclear 
receptor and transcription factor modulating key elements of glucose and fat metabolism, which is highly expressed in 
liver, adipose tissue, macrophages, bone and pancreatic beta cells.67 All isoforms of PPAR (α, β/δ and γ) have shown to 
play a role in the pathogenesis of MASLD and hepatic fibrosis through different interconnected pathways. Thus, fatty 
acid transport and β-oxidation are impacted by PPARα activity, whereas inflammatory activities in the macrophages and 
Kupffer cells, that are involved in the fibrosis processes, are modulated by PPAR β/δ. Interestingly, in the context of 
cirrhosis, pre-clinical studies show that PPAR-γ reduces portal pressure, inflammation, angiogenesis, and portosystemic 
shunts.67 To date, different clinical trials evaluated the effectiveness of pioglitazone in subjects with liver disorders, 
supporting the efficacy of this agent on liver function and liver fat content in patients with biopsy-confirmed MASH, 
though weight gain associated with pioglitazone may require careful consideration.53,54,68,69 However, results on 
improvement in fibrosis scores are mixed. In an RCT of 101 T2D individuals with MASH, Cusi et al showed that 
treatment with pioglitazone for 18 months resulted in circulating liver enzymes and histologic scores of MASH 
improvement, which persisted over 3 years. Specifically, the primary endpoint, defined as a reduction of at least two 
points in the MASLD activity score without any deterioration in fibrosis, was attained in 58% of patients treated with 
pioglitazone, whereas the resolution of MASH was observed in 51% of those cases.67 These results confirmed previous 
studies documenting a significant reduction in histologic features including hepatocellular injury, Mallory-Denk bodies 
and fibrosis in nondiabetic patients with histologically proven MASH who received pioglitazone 30 mg for 12 months.53 

Conversely, other authors failed to prove the efficacy of pioglitazone on liver fibrosis. Thus, Sanyal A. J. documented 
a reduction in hepatic steatosis and lobular inflammation in subjects treated with pioglitazone 30 mg, but not the mean 
fibrosis score.54
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In conclusion, evidence in literature shows that pioglitazone can enhance liver function, reduce levels of circulating 
liver enzymes, and ameliorate histological parameters, including improvements in steatosis, balloon necrosis, inflamma
tion and necroinflammation. However, concerns regarding weight gain, fluid retention, heart failure, osteoporosis and 
bladder cancer should be taken into consideration. Lastly, pioglitazone raises the risk of experiencing congestive heart 
failure and bone fracture and it should be used cautiously, especially in patients with underlying heart disease (a common 
comorbidity in MASLD).

Sodium–Glucose Cotransporter-2 Inhibitors (SGLT2is)
SGLT2is inactivate sodium glucose cotransporters of renal proximal tubules, leading to a net loss of glucose and sodium 
through urine excretion. This mechanism results in improved glucose homeostasis via insulin-independent pathways.55 In 
addition to glucose-lowering effects, SGLT-2i s have been shown to provide cardiorenal protection, induce weight loss, 
and reduce both inflammatory responses and oxidative stress.56,70 Furthermore, SGLT2is seem to benefit the liver by 
promoting glucagon secretion, which in turn reduce de novo hepatic lipogenesis (by shifting energy substrate use toward 
fat oxidation/ketogenesis) and, thus, prompt weight loss through negative energy balance.57 Specifically, experimental 
studies on MASH (NASH) liver tissue showed a beneficial effect of SGLT-2is on histological hepatic outcomes, 
irrespective of changes in body weight, thanks to a combination of urinary caloric loss and increased lipolysis for 
energy purposes.71 On this basis, SGLT-2is have been tested as a therapeutic option for MASH (NASH). Studies 
evaluating the effects of dapagliflozin on MASLD showed encouraging results regarding liver fat content and fibrosis 
as evaluated with magnetic resonance imaging (MRI) or transient elastography (FibroScan).58–63,72 For instance, in 
a randomized, active-comparator controlled, open-label trial Shimizu et al found that dapagliflozin was associated with 
liver fibrosis attenuation estimated by FibroScan in patients with T2D.58 The RCT EFFECT-II displayed similar effects 
showing that dapagliflozin plus omega-3 carboxylic acids significantly reduced liver fat content compared to placebo, 
also showing improvements in biomarkers of hepatocyte injury and in plasma fibroblast growth factor 21, suggesting 
a disease-modifying effect of dapagliflozin in MASLD.62 Also, empagliflozin73–75 and canagliflozin76–78 administration 
showed beneficial results on liver disease. In this respect, a recent meta-analysis of RCTs evaluating the efficacy of 
different SGLT2is agents versus placebo or reference therapy on overweight or obese individuals with MASLD, showed 
that subjects treated with any SGLT-2i experienced significant decrease in serum ALT and gamma-glutamyl transferase 
(GGT) levels as well as reduction in the absolute percentage of liver fat content, as measured by MRI, after 24 weeks of 
treatment. In a post hoc analysis of CANVAS and CANVAS-R, evaluating 10,131 patients with T2D and high 
cardiovascular risk, canagliflozin was found to improve non-invasive tests of fibrosis, liver biochemistry and 
metabolism.79 However, it is worth noting that most of the studies currently available have small sample sizes and do 
not test the effect of SGLT-2is on liver histology. To date, results from additional and larger ongoing RCTs are expected, 
in order to prove better histological outcomes in subjects with T2DM and MASLD. In this respect, two RCTs, 
Dapagliflozin Efficacy and Action in MASH (DEAN) and Combined Active Treatment in T2D with NASH 
(COMBAT_T2_MASH) are currently underway and will be able to provide more insights, clarifying the role of 
SGLT2i in subjects with T2D and MASLD (NAFLD). However, SGLT-2is slightly increase the risk of experiencing 
euglycemic diabetic ketoacidosis and genitourinary infections; in patients with cirrhosis or advanced liver disease, careful 
monitoring would be needed due to volume status and infection risk.

Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists
GLP-1 is an incretin hormone mainly secreted from enteroendocrine cells after food consumption. This hormone binds to 
a specific GLP-1R stimulating insulin secretion and glucagon suppression in a glucose-dependent manner, resulting in 
decreased blood glucose levels.80 In addition, GLP-1 also reduces circulating lipoproteins, delays gastric emptying and 
suppress appetite leading to reduced food intake.80 Interestingly, there is evidence that both mice and human hepatocytes 
have receptors for GLP-1. Thus, it can be assumed that activating liver GLP-1 receptors might decrease de-novo 
lipogenesis, increase fatty acid oxidation and improve mitochondrial function, finally promoting the decrease of 
steatosis.81,82 On that note, both in vivo and in vitro studies documented that liraglutide, a long-acting GLP-1RA, acts 
on AMPK/mTOR pathways up-regulating the expression of autophagy markers, leading to a reduction in lipid over- 
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accumulation and hepatocyte lipotoxicity.83 Therefore, GLP-1RAs have also been shown as a potential medication for 
MASLD, displaying an overall benefit.84 Liraglutide was evaluated in 52 people with and without diabetes with biopsy- 
proven MASH by the Liraglutide Efficacy and Action in MASH (LEAN) Phase II study in 2016.85 In this RCT authors 
documented that treatment with liraglutide 1.8 mg daily for 48 weeks led to histological resolution of MASH and 
hepatocyte ballooning, improved hepatic steatosis and reduced serum liver enzyme levels (AST, ALT) compared with 
placebo, while it failed to improve liver fibrosis. Consistent results have been reported by studies on semaglutide and 
dulaglutide, two once-weekly GLP-1RAs,86,87 although results of SEMA-MASH and D-LIFT trials on MASH/MASLD 
are expected so far (NCT02970942; NCT03590626). Anyhow, in a recent RCT involving 320 participants with biopsy- 
proved MASH (62% with T2D), the daily administration of subcutaneous semaglutide 0.4, 0.2 and 0.1 mg for 18 months 
was associated with highest proportions of resolution of MASH, compared with placebo.88 Conversely, this RCT did not 
show a significant difference in the percentage of subjects with a downstaging of fibrosis. A recent post hoc analysis from 
AWARD trials (AWARD-1, AWARD-5, AWARD-8 and AWARD-9) investigated the effects of dulaglutide vs placebo on 
liver and glycaemic/metabolic outcomes in 1499 participants with T2D, finding significant improvements in the 
accumulation of fat in the liver, in accordance with reductions of ALT, aspartate aminotransferase (AST) and GGT 
levels compared with placebo.89 These findings have been confirmed by Mantovani et al in a 2021 meta-analysis of 
eleven phase II RCTs aimed to test the effect of liraglutide, exenatide, dulaglutide and semaglutide on MASLD/MASH, 
as detected by liver biopsy or diagnostic imaging.90 GLP-1 RAs administration resulted in significant reductions in serum 
liver enzymes and absolute percentage of liver fat content and in a greater histological resolution of MASH without 
worsening of liver fibrosis after 26 weeks of treatment.90

Finally, GLP-1-GIP agonists (eg, tirzepatide), dual GLP-1-glucagon agonists (eg, cotadutide, survodutide, efinopeg
dutide), and triple GLP-1-GIP-glucagon agonists (eg, retatrutide) are drugs with an emerging role in the treatment for 
MASH. Specifically, dual GLP-1-glucagon receptor agonists (cotadutide and efinopegdutide) have also demonstrated 
benefits in improving liver steatosis, liver enzymes, and fibrosis markers in individuals with MASLD. Promising weight- 
loss effects have been observed with survodutide, alongside preliminary histological data from a Phase IIb trial.91 

However, GLP-1 RAs commonly cause gastrointestinal side effects (eg, nausea, vomiting) which can affect patient 
adherence and, while generally very safe, rare risks of suffering from pancreatitis or gallbladder disease have been noted.

Glucagon-Like Peptide-1 (GLP-1) and Glucose-Dependent Insulinotropic Polypeptide 
(GIP) Receptor Agonist
Tirzepatide has attracted significant attention for its promising therapeutic potential in metabolic disorders, especially 
T2D and obesity. It is an innovative dual agonist of the glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP-1) receptors, with unique mechanism of action that improves insulin secretion, reduces 
glucagon levels, and promotes weight loss.91,92

One of the key features of MASLD is insulin resistance, which contributes to hepatic fat accumulation. By improving 
insulin sensitivity and enhancing insulin secretion, tirzepatide helps regulate glucose metabolism and reduces excessive 
fat buildup in the liver.

Preclinical and early clinical studies have shown that tirzepatide can reduce liver fat content in patients with MASLD. 
Weight loss itself is a crucial factor in reducing liver steatosis, and tirzepatide has demonstrated significant weight 
reduction in clinical trials for T2D and obesity. Tirzepatide has shown impressive weight loss results in clinical trials, 
with reductions of up to 15% of body weight observed in patients with obesity. This weight loss, coupled with improved 
insulin sensitivity, may help prevent or reverse the progression of MASLD, including more advanced stages like MASH.

Chronic low-grade inflammation plays a pivotal role in the progression of MASLD, especially as it progresses from 
simple hepatic steatosis to more severe stages like MASH. Tirzepatide’s effects on improving metabolic parameters may 
indirectly reduce liver inflammation by addressing the root causes of metabolic dysfunction. Additionally, GLP-1 and 
GIP receptor activation have been shown to have anti-inflammatory effects, which could further contribute to liver 
protection.
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With specific regards to liver disease, a phase II study comparing tirzepatide with placebo and dulaglutide, found that 
high dose of tirzepatide (15 mg daily) for 26 weeks significantly decreased serum ALT and AST keratin-18, that are 
markers of MASH, as well as the fibrosis marker procollagen III (PRO-C3) in subjects with T2D.93 Furthermore, 
a substudy of the randomised, open-label, parallel-group, Phase 3 SURPASS-3 trial comparing tirzepatide with insulin 
degludec, showed that tirzepatide is associated with a greater reduction in liver, visceral and abdominal subcutaneous fat, 
as evaluated by MRI.94 However, the long-term efficacy and safety of Tirzepatide on liver health need to be verified by 
Phase III clinical trials.

DPP-4 Inhibitors and Insulin
Dipeptidyl peptidase-4 (DPP-4) inhibitors—such as sitagliptin, linagliptin, and vildagliptin—work by increasing levels of 
incretin hormones, particularly GLP-1 and GIP. This action helps regulate blood glucose by stimulating insulin release 
and suppressing glucagon secretion. In terms of liver health, there is some evidence to suggest these medications might 
exert mild anti-inflammatory and lipid-lowering effects, which could potentially benefit patients with MASLD/MASH. 
However, clinical outcomes have been inconsistent. Some studies indicate slight improvements in liver enzyme levels or 
metabolic parameters, while others show no significant change in liver fat or fibrosis. According to systematic reviews 
and meta-analyses, DPP-4 inhibitors generally do not produce meaningful improvements in liver histology in patients 
with MASLD or MASH (NAFLD/NASH). As a result, they are not currently recommended specifically for the treatment 
of these liver conditions.95 In addition, insulin therapy is essential for managing T2D but does not directly address the 
underlying mechanisms of MASLD/MASH. In fact, insulin therapy can promote liver fat accumulation and fibrosis 
progression, potentially worsening MASLD/MASH. Therefore, insulin should be used cautiously in these patients, and 
alternative treatments with dual benefits on both glycemic control and liver health are preferred.

New Potential Therapeutic Targets
Over the last decades, novel potential therapeutic targets have been tested to tackle MASLD.96 On that note, given the 
pathophysiological links between T2D and MASLD, novel molecules able to target both these conditions are under 
investigation. Indeed, therapies for MASLD should ideally also target T2D as well as features of metabolic syndrome, 
considering that cardiovascular disease represents the most frequent cause of death in subjects with MASLD even among 
those with MASH.

Various trials are evaluating agents that accelerate the safe disposal of metabolic substrates including PPARα/δ and 
PPARα/γ dual agonists.67,96 In a phase IIb trial, the dual agonist PPARα/δ elafibrinor was superior in reversing MASH 
without any deterioration in fibrosis compared to placebo (20% vs 11%, p = 0.018).97 However, the predefined end-point 
was not achieved in the intention-to-treat population. Despite initial promise derived from its broad metabolic benefits, 
the clinical insuccess of elafibranor has been primarily attributed to its insufficient drug selectivity. This critical drawback 
led to off-target effects, which, due to promiscuous binding to other nuclear receptors or enzymes, likely contributed to 
an unfavourable risk-benefit profile and, consequently, a limited therapeutic window. Similarly, another recent phase III 
trial (NCT02704403) has been stopped earlier than expected because the ad interim analysis failed to achieve the primary 
histological endpoint of MASH resolution without any deterioration in fibrosis. However, other newer generations of 
PPAR pan-agonist, such as lanifibranor (IVA-337) and the PPARα/γ dual agonist saroglitazar, showed promising results 
in both experimental animal models and some clinical studies,67,98,99 and are currently under investigation 
(NCT04849728; NCT05011305). In this context, Lanifibranor demonstrates improved therapeutic indices due to their 
enhanced selectivity. Lanifibranor, as reported by Francque et al,98 is designed to be a pan-PPAR agonist with a balanced 
activation of all three PPAR isoforms (α, δ, and γ). This balanced activation is hypothesized to mitigate the adverse 
effects associated with highly selective PPAR activation while retaining broad metabolic and anti-inflammatory benefits, 
demonstrating a more refined approach to PPAR modulation.

Glucagon receptor (GCGR) agonists have been considered for the treatment of MASLD thanks to their negative 
effects on food intake and body weight along with the increase of lipid oxidation and thermogenesis. However adverse 
events related to their administration have been reported, such as hyperglucagonemia and pancreatic alpha cell 
hypertrophy. Conversely, studies on GLP-1/GCGR dual agonists have shown promising results. MEDI0382 is 
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a balanced GLP-1/GCGR dual agonist that has proven to be protective in MASH animal models. In a Phase 2a 
randomised, placebo-controlled trial treatment with MEDI0382 was associated with a significant reduction in blood 
glucose and body weight in obese or overweight individuals with T2D, potentially being of some benefit on MASLD.100 

Similarly, oxyntomodulin, another GLP-1/GCGR dual agonist, has been shown to improve steatohepatitis and liver 
regeneration in mice,101 and is currently under investigation in RCTs. With respect to gliflozins, a recent in vivo study in 
mice has documented that the treatment with the SGLT2 inhibitor NGI001 reduces fat accumulation and inflammation, 
while reducing beta-oxidation,102 suggesting a therapeutic potential of NGI001 to reduce or delay the incidence of 
metabolic diseases and MASLD in high fat diet-induced obese mice. Lastly, novel potential pharmacological classes are 
currently under investigation for the treatment of T2D and, potentially, MASLD. Imeglimin is the first oral molecule that 
blocks oxidative phosphorylation to be studied for the treatment of T2D.103 Preclinical studies have shown that it reduces 
serum transaminase levels, protects mitochondrial function from oxidative damage, and enhances lipid oxidation in 
a high-fat, high-sucrose diet-induced mouse liver models.103 To date, clinical studies with Imeglimin are ongoing for the 
treatment of MASLD. Similarly, the protein tyrosine phosphatase 1B (PTP1B) down-regulates insulin and leptin receptor 
signalling pathways, reduces malonyl CoA and fatty-acid synthesis and increases fatty-acid oxidation throughout the 
activation of STAT3. Consequentially, this protein is currently under investigation for its potential use in T2D and 
MASLD.104 Orforglipron is a novel, oral GLP-1 receptor agonist developed by Eli Lilly, aimed at treating T2D and 
obesity. Unlike other GLP-1 receptor agonists such as semaglutide or tirzepatide that require injections, Orforglipron is 
taken once daily in tablet form, offering greater convenience. Phase 2 trials (which have progressed to Phase 3 clinical 
trials) showed up to a 14.7% reduction in body weight after 36 weeks, along with significant improvements in HbA1c 
levels in T2D patients, with mild to moderate gastrointestinal side effects such as nausea and diarrhea.105

Conclusion
To date, there is no formally approved pharmacological treatments for MASLD. Hypothetically, a proper treatment for 
MASLD should act on liver steatosis, inflammation and histological signs of fibrosis. In addition, it should also target the 
metabolic dysfunctions associated with MASLD. Indeed, although the pathophysiology of MASLD is complex, evi
dences in literature suggest that MASLD, IR, obesity and T2D are strictly related and play a key role in the progression 
of liver disease as well as in the occurrence of extra-hepatic complications, such as cardiovascular and renal disease. 
Although anti-hyperglycemic agents GLP-1 RAs and SGLT-2is have demonstrated cardiovascular and renal benefits in 
T2D populations, long-term outcomes such as prevention of cirrhosis, hepatocellular carcinoma, or mortality with these 
agents remain unproven. Progression from initial radiological diagnosis of steatosis to advanced liver diseases, such as 
cirrhosis and HCC, is slow, but it is important to act in the early stages of MASLD. Thus, the close link between IR, 
hyperinsulinemia and MASLD has brought to light the potential relevance of pharmacological treatments aimed at 
ameliorating glycaemic control as an additional therapy in MASLD. Thus, it is timely to place more focus on MASLD as 
an emerging diabetes complication.

Addressing the higher cumulative incidence of fibrosis progression in subjects with T2D poses a future challenge for 
clinicians and should be considered when establishing the therapeutic strategy for these high-risk individuals.

Currently, an increasing body of evidence supports the hypothesis that some anti-hyperglycemic agents may be 
beneficial for MASLD treatment (Figure 2), especially GLP1-Ras and pioglitazone, which have shown the most 
promising results to date. The benefits of GLP1RAs on liver histology may likely be a consequence of both weight 
loss and direct action on hepatocytes, raising the need for further RCTs with histological outcomes. Hence, it is 
reasonable to suppose that these glucose-lowering agents might become an important therapeutic strategy in MASLD 
patients, especially if they are obese or have IR features. Other innovative diabetic agents are under investigation for 
MASLD, including GLP-1/GCGR agonist and Imeglimin. However, while these findings are promising, additional RCTs 
are required to prove better histological outcomes in MASLD. Even though the present review focuses on the effects of 
anti-hyperglycemic treatments on MASLD, it should be taken into account that weight loss through diet and exercise 
(and other approaches such as bariatric surgery in well-selected subset of patients) remains the first-line therapy for the 
management of both MASLD and T2D. Interest in pharmacological treatment is justified since lifestyle interventions are 
often difficult to achieve/maintain over time, but a combination of approaches might lead to more efficacious 
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management of the diseases. In addition, combination therapies targeting different molecular mechanisms might be 
required for the treatment of NASH, as current therapies tend to improve some aspects of the disease (eg, inflammation, 
steatosis) but not uniformly reverse fibrosis. Nevertheless, safety profiles of each molecule must be considered, especially 
if they are used in patients with T2D and concomitant advanced liver fibrosis; for this purpose, tailored pharmacological 
approaches are required to avoid worsening of patients’ conditions. Further studies are needed to fully understand the 
mechanisms involved and to clarify the potential direct influence of antihyperglycemic agents on hepatic tissue and 
MASLD.

In conclusion, despite current guidelines recommending some of the glucose lowering medication (eg, pioglitazone or 
GLP-1 receptor agonists) for MASLD treatment in patients with T2D, their widespread adoption faces significant issues. 
The hesitancy in the routine use comes from the off-label nature of these indications and from the lack of awareness 
among both patients and providers. A truly effective, holistic approach to MASLD, tailored on specific subsets of 
patients, demands a multidisciplinary therapeutic strategy, but this can only become standard practice through increased 
education and broad consensus across the medical community.

Disclosure
Prof. Dr. Ernesto Maddaloni reports personal fees from AstraZeneca, Boehringer Ingelheim, Guidotti, Eli-Lilly, MSD, 
and NovoNordisk, outside the submitted work. The authors report no other conflicts of interest in this work.

References
1. Sun H, Saeedi P, Karuranga S, et al. IDF diabetes atlas: global, regional and country-level diabetes prevalence estimates for 2021 and projections for 

2045. Diabet Res Clin Pract. 2022;183:109119. doi:10.1016/j.diabres.2021.109119
2. Younossi ZM, Golabi P, Paik J, et al. Prevalence of metabolic dysfunction-associated steatotic liver disease in the Middle East and North Africa. 

Liver Int. 2024;44(4):1061–1070. doi:10.1111/LIV.15852
3. Le MH, Le DM, Baez TC, et al. Global incidence of non-alcoholic fatty liver disease: a systematic review and meta-analysis of 63 studies and 

1,201,807 persons. J Hepatol. 2023;79(2):287–295. doi:10.1016/j.jhep.2023.03.040

Figure 2 Anti-hyperglycemic drug classes with potential effects on MASLD.

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S528569                                                                                                                                                                                                                                                                                                                                                                                                   2487

Pieralice et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1111/LIV.15852
https://doi.org/10.1016/j.jhep.2023.03.040


4. Tacke F; European Association for the Study of the Liver (EASL), European Association for the Study of Diabetes (EASD), European 
Association for the Study of Obesity (EASO). EASL-EASD-EASO clinical practice guidelines on the management of metabolic 
dysfunction-associated steatotic liver disease (MASLD). J Hepatol. 2024;81(3):492–542. doi:10.1016/j.jhep.2024.04.031

5. Wild SH, Walker JJ, Morling JR, et al. Cardiovascular disease, cancer, and mortality among people with type 2 diabetes and alcoholic or 
nonalcoholic fatty liver disease hospital admission. Diabetes Care. 2018;41(2):341–347. doi:10.2337/DC17-1590

6. Targher G, Corey KE, Byrne CD, Roden M. The complex link between NAFLD and type 2 diabetes mellitus — mechanisms and treatments. 
Nat Rev Gastroenterol Hepatol. 2021;18(9):599–612. doi:10.1038/S41575-021-00448-Y

7. Day CP, James OFW. Steatohepatitis: a tale of two hits? Gastroenterology. 1998;114(4):842–845. doi:10.1016/S0016-5085(98)70599-2
8. Browning JD, Horton JD. Molecular mediators of hepatic steatosis and liver injury. J Clin Investig. 2004;114(2):147–152. doi:10.1172/ 

JCI200422422
9. Adams LA. Nonalcoholic fatty liver disease. CMAJ. 2005;172(7):899–905. doi:10.1503/CMAJ.045232

10. Kawano Y, Cohen DE. Mechanisms of hepatic triglyceride accumulation in non-alcoholic fatty liver disease. J Gastroenterol. 2013;48 
(4):434–441. doi:10.1007/S00535-013-0758-5

11. Strable MS, Ntambi JM. Genetic control of de novo lipogenesis: role in diet-induced obesity. Crit Rev Biochem Mol Biol. 2010;45(3):199–214. 
doi:10.3109/10409231003667500

12. Charlton M, Sreekumar R, Rasmussen D, Lindor K, Nair SK. Apolipoprotein synthesis in nonalcoholic steatohepatitis. Hepatology. 2002;35 
(4):898–904. doi:10.1053/jhep.2002.32527

13. Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson BW, Klein S. Alterations in adipose tissue and hepatic lipid kinetics in obese 
men and women with nonalcoholic fatty liver disease. Gastroenterology. 2008;134(2):424–431. doi:10.1053/J.GASTRO.2007.11.038

14. Bril F, Cusi K. Nonalcoholic fatty liver disease: the new complication of type 2 diabetes mellitus. Endocrinol Metab Clin North Am. 2016;45 
(4):765–781. doi:10.1016/J.ECL.2016.06.005

15. Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the multiple parallel hits hypothesis. Hepatology. 2010;52 
(5):1836–1846. doi:10.1002/HEP.24001

16. Brown GT, Kleiner DE. Histopathology of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Metabolism. 2016;65 
(8):1080–1086. doi:10.1016/J.METABOL.2015.11.008

17. Khan RS, Newsome PN. NAFLD in 2017: novel insights into mechanisms of disease progression. Nat Rev Gastroenterol Hepatol. 2018;15 
(2):71–72. doi:10.1038/NRGASTRO.2017.181

18. Masarone M, Rosato V, Dallio M, et al. Role of oxidative stress in pathophysiology of nonalcoholic fatty liver disease. Oxid Med Cell Longev. 
2018;2018(1). doi:10.1155/2018/9547613

19. Tan H-Y, Wang N, Li S, Hong M, Wang X, Feng Y. The reactive oxygen species in macrophage polarization: reflecting its dual role in 
progression and treatment of human diseases. Oxid Med Cell Longev. 2016;2016(1). doi:10.1155/2016/2795090

20. Jager J, Aparicio-Vergara M, Aouadi M. Liver innate immune cells and insulin resistance: the multiple facets of Kupffer cells. J Intern Med. 
2016;280(2):209–220. doi:10.1111/JOIM.12483

21. Heymann F, Peusquens J, Ludwig-Portugall I, et al. Liver inflammation abrogates immunological tolerance induced by Kupffer cells. 
Hepatology. 2015;62(1):279–291. doi:10.1002/HEP.27793

22. Krenkel O, Puengel T, Govaere O, et al. Therapeutic inhibition of inflammatory monocyte recruitment reduces steatohepatitis and liver fibrosis. 
Hepatology. 2018;67(4):1270–1283. doi:10.1002/HEP.29544

23. Guillot A, Tacke F. Liver macrophages: old dogmas and new insights. Hepatol Commun. 2019;3(6):730–743. doi:10.1002/HEP4.1356
24. Chiang N, Serha CN, Harwood J, Lloyd-Evans E. Specialized pro-resolving mediator network: an update on production and actions. Essays 

Biochem. 2020;64(3):443–462. doi:10.1042/EBC20200018
25. Musso G, Gambino R, Cassader M, Paschetta E, Sircana A. Specialized proresolving mediators: enhancing nonalcoholic steatohepatitis and 

fibrosis resolution. Trends Pharmacol Sci. 2018;39(4):387–401. doi:10.1016/J.TIPS.2018.01.003
26. Calvente CJ, Tameda M, Johnson CD, et al. Neutrophils contribute to spontaneous resolution of liver inflammation and fibrosis via 

microRNA-223. J Clin Invest. 2019;129(10):4091–4109. doi:10.1172/JCI122258
27. Hammoutene A, Rautou P-E. Role of liver sinusoidal endothelial cells in non-alcoholic fatty liver disease. J Hepatol. 2019;70(6):1278–1291. 

doi:10.1016/J.JHEP.2019.02.012
28. Loomba R, Friedman SL, Shulman GI. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell. 2021;184 

(10):2537–2564. doi:10.1016/J.CELL.2021.04.015
29. Zhu C, Kim K, Wang X, et al. Hepatocyte Notch activation induces liver fibrosis in nonalcoholic steatohepatitis. Sci Transl Med. 2018;10(468). 

doi:10.1126/SCITRANSLMED.AAT0344
30. Maddaloni E, Coraggio L, Amendolara R, et al. Association of osteocalcin, osteoprotegerin, and osteopontin with cardiovascular disease and 

retinopathy in type 2 diabetes. Diabetes Metab Res Rev. 2023;39(5). doi:10.1002/dmrr.3632
31. Tilg H, Adolph TE, Trauner M. Gut-liver axis: pathophysiological concepts and clinical implications. Cell Metab. 2022;34(11):1700–1718. 

doi:10.1016/j.cmet.2022.09.017
32. Marchesini G, Brizi M, Bianchi G, et al. Nonalcoholic fatty liver disease: a feature of the metabolic syndrome. Diabetes. 2001;50 

(8):1844–1850. doi:10.2337/DIABETES.50.8.1844
33. Larter CZ, Chitturi S, Heydet D, Farrell GC. A fresh look at NASH pathogenesis. Part 1: the metabolic movers. J Gastroenterol Hepatol. 

2010;25(4):672–690. doi:10.1111/J.1440-1746.2010.06253.X
34. Hossain N, Afendy A, Stepanova M, et al. Independent predictors of fibrosis in patients with nonalcoholic fatty liver disease. Clin Gastroenterol 

Hepatol. 2009;7(11):1224–1229.e2. doi:10.1016/J.CGH.2009.06.007
35. Jarvis H, Craig D, Barker R, et al. Metabolic risk factors and incident advanced liver disease in non-alcoholic fatty liver disease (NAFLD): 

a systematic review and meta-analysis of population-based observational studies. PLoS Med. 2020;17(4):e1003100. doi:10.1371/JOURNAL. 
PMED.1003100

36. Kwok R, Choi KC, Wong GL-H, et al. Screening diabetic patients for non-alcoholic fatty liver disease with controlled attenuation parameter and 
liver stiffness measurements: a prospective cohort study. Gut. 2016;65(8):1359–1368. doi:10.1136/GUTJNL-2015-309265

https://doi.org/10.2147/DMSO.S528569                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 2488

Pieralice et al                                                                                                                                                                        

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jhep.2024.04.031
https://doi.org/10.2337/DC17-1590
https://doi.org/10.1038/S41575-021-00448-Y
https://doi.org/10.1016/S0016-5085(98)70599-2
https://doi.org/10.1172/JCI200422422
https://doi.org/10.1172/JCI200422422
https://doi.org/10.1503/CMAJ.045232
https://doi.org/10.1007/S00535-013-0758-5
https://doi.org/10.3109/10409231003667500
https://doi.org/10.1053/jhep.2002.32527
https://doi.org/10.1053/J.GASTRO.2007.11.038
https://doi.org/10.1016/J.ECL.2016.06.005
https://doi.org/10.1002/HEP.24001
https://doi.org/10.1016/J.METABOL.2015.11.008
https://doi.org/10.1038/NRGASTRO.2017.181
https://doi.org/10.1155/2018/9547613
https://doi.org/10.1155/2016/2795090
https://doi.org/10.1111/JOIM.12483
https://doi.org/10.1002/HEP.27793
https://doi.org/10.1002/HEP.29544
https://doi.org/10.1002/HEP4.1356
https://doi.org/10.1042/EBC20200018
https://doi.org/10.1016/J.TIPS.2018.01.003
https://doi.org/10.1172/JCI122258
https://doi.org/10.1016/J.JHEP.2019.02.012
https://doi.org/10.1016/J.CELL.2021.04.015
https://doi.org/10.1126/SCITRANSLMED.AAT0344
https://doi.org/10.1002/dmrr.3632
https://doi.org/10.1016/j.cmet.2022.09.017
https://doi.org/10.2337/DIABETES.50.8.1844
https://doi.org/10.1111/J.1440-1746.2010.06253.X
https://doi.org/10.1016/J.CGH.2009.06.007
https://doi.org/10.1371/JOURNAL.PMED.1003100
https://doi.org/10.1371/JOURNAL.PMED.1003100
https://doi.org/10.1136/GUTJNL-2015-309265


37. Ajmera V, Cepin S, Tesfai K, et al. A prospective study on the prevalence of NAFLD, advanced fibrosis, cirrhosis and hepatocellular carcinoma 
in people with type 2 diabetes. J Hepatol. 2023;78(3):471–478. doi:10.1016/J.JHEP.2022.11.010

38. Lee HW, Wong GL-H, Kwok R, et al. Serial transient elastography examinations to monitor patients with type 2 diabetes: a prospective cohort 
study. Hepatology. 2020;72(4):1230–1241. doi:10.1002/HEP.31142

39. Huang DQ, Wilson LA, Behling C, et al. Fibrosis progression rate in biopsy-proven nonalcoholic fatty liver disease among people with diabetes 
versus people without diabetes: a multicenter study. Gastroenterology. 2023;165(2):463–472.e5. doi:10.1053/J.GASTRO.2023.04.025

40. Rafiq N, Bai C, Fang Y, et al. Long-term follow-up of patients with nonalcoholic fatty liver. Clin Gastroenterol Hepatol. 2009;7(2):234–238. 
doi:10.1016/J.CGH.2008.11.005

41. Paradis V, Perlemuter G, Bonvoust F, et al. High glucose and hyperinsulinemia stimulate connective tissue growth factor expression: a potential 
mechanism involved in progression to fibrosis in nonalcoholic steatohepatitis. Hepatology. 2001;34(4):738–744. doi:10.1053/JHEP.2001.28055

42. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev Gastroenterol Hepatol. 2017;14(7):397–411. doi:10.1038/ 
NRGASTRO.2017.38

43. Seki E, De Minicis S, Gwak G-Y, et al. CCR1 and CCR5 promote hepatic fibrosis in mice. J Clin Invest. 2009;119(7):1858–1870. doi:10.1172/ 
JCI37444

44. Seki E, de Minicis S, Inokuchi S, et al. CCR2 promotes hepatic fibrosis in mice #. Hepatology. 2009;50(1):185–197. doi:10.1002/HEP.22952
45. Tomita K, Freeman BL, Bronk SF, et al. CXCL10-mediates macrophage, but not other innate immune cells-associated inflammation in murine 

nonalcoholic steatohepatitis. Sci Rep. 2016;6(1). doi:10.1038/SREP28786
46. Dehnad A, Fan W, Jiang JX, et al. AGER1 downregulation associates with fibrosis in nonalcoholic steatohepatitis and type 2 diabetes. J Clin 

Invest. 2020;130(8):4320–4330. doi:10.1172/JCI133051
47. Kazankov K, Jørgensen SMD, Thomsen KL, et al. The role of macrophages in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. 

Nat Rev Gastroenterol Hepatol. 2019;16(3):145–159. doi:10.1038/S41575-018-0082-X
48. ElSayed NA, Aleppo G, Aroda VR, et al. 9. Pharmacologic approaches to glycemic treatment: standards of care in diabetes—2023. Diabetes 

Care. 2023;46(Supplement_1):S140–S157. doi:10.2337/dc23-S009
49. Loomba R, Lutchman G, Kleiner DE, et al. Clinical trial: pilot study of metformin for the treatment of non-alcoholic steatohepatitis. Aliment 

Pharmacol Ther. 2009;29(2):172–182. doi:10.1111/J.1365-2036.2008.03869.X
50. Bugianesi E, Gentilcore E, Manini R, et al. A randomized controlled trial of metformin versus vitamin E or prescriptive diet in nonalcoholic 

fatty liver disease. Am J Gastroenterol. 2005;100(5):1082–1090. doi:10.1111/J.1572-0241.2005.41583.X
51. Zhou J, Ke Y, Lei X, et al. Meta-analysis: the efficacy of metformin and other anti-hyperglycemic agents in prolonging the survival of 

hepatocellular carcinoma patients with type 2 diabetes. Ann Hepatol. 2020;19(3):320–328. doi:10.1016/J.AOHEP.2019.11.008
52. Vilar-Gomez E, Vuppalanchi R, Desai AP, et al. Long-term metformin use may improve clinical outcomes in diabetic patients with 

non-alcoholic steatohepatitis and bridging fibrosis or compensated cirrhosis. Aliment Pharmacol Ther. 2019;50(3):317–328. doi:10.1111/ 
APT.15331

53. Aithal GP, Thomas JA, Kaye PV, et al. Randomized, placebo-controlled trial of pioglitazone in nondiabetic subjects with nonalcoholic 
steatohepatitis. Gastroenterology. 2008;135(4):1176–1184. doi:10.1053/J.GASTRO.2008.06.047

54. Sanyal AJ, Chalasani N, Kowdley KV, et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl J Med. 2010;362 
(18):1675–1685. doi:10.1056/NEJMOA0907929

55. Cavallari I, Maddaloni E. Cardiovascular effects of SGLT-2 inhibitors: what we have learned from cardiovascular outcome trials and what we 
still need to understand. Diabetes Metab Res Rev. 2019;35(4):e3124. doi:10.1002/dmrr.3124

56. Petrie MC, Verma S, Docherty KF, et al. Effect of dapagliflozin on worsening heart failure and cardiovascular death in patients with heart 
failure with and without diabetes. JAMA. 2020;323(14):1353–1368. doi:10.1001/JAMA.2020.1906

57. Fujita Y, Inagaki N. Renal sodium glucose cotransporter 2 inhibitors as a novel therapeutic approach to treatment of type 2 diabetes: clinical 
data and mechanism of action. J Diabetes Investig. 2014;5(3):265–275. doi:10.1111/JDI.12214

58. Shimizu M, Suzuki K, Kato K, et al. Evaluation of the effects of dapagliflozin, a sodium-glucose co-transporter-2 inhibitor, on hepatic steatosis 
and fibrosis using transient elastography in patients with type 2 diabetes and non-alcoholic fatty liver disease. Diabetes Obes Metab. 2019;21 
(2):285–292. doi:10.1111/DOM.13520

59. Phrueksotsai S, Pinyopornpanish K, Euathrongchit J, et al. The effects of dapagliflozin on hepatic and visceral fat in type 2 diabetes patients 
with non-alcoholic fatty liver disease. J Gastroenterol Hepatol. 2021;36(10):2952–2959. doi:10.1111/JGH.15580

60. Kinoshita T, Shimoda M, Nakashima K, et al. Comparison of the effects of three kinds of glucose-lowering drugs on non-alcoholic fatty liver 
disease in patients with type 2 diabetes: a randomized, open-label, three-arm, active control study. J Diabetes Investig. 2020;11(6):1612–1622. 
doi:10.1111/JDI.13279

61. Johansson L, Hockings PD, Johnsson E, et al. Dapagliflozin plus saxagliptin add-on to metformin reduces liver fat and adipose tissue volume in 
patients with type 2 diabetes. Diabetes Obes Metab. 2020;22(7):1094–1101. doi:10.1111/DOM.14004

62. Eriksson JW, Lundkvist P, Jansson P-A, et al. Effects of dapagliflozin and n-3 carboxylic acids on non-alcoholic fatty liver disease in people 
with type 2 diabetes: a double-blind randomised placebo-controlled study. Diabetologia. 2018;61(9):1923–1934. doi:10.1007/S00125-018- 
4675-2

63. Gastaldelli A, Repetto E, Guja C, et al. Exenatide and dapagliflozin combination improves markers of liver steatosis and fibrosis in patients with 
type 2 diabetes. Diabetes Obes Metab. 2020;22(3):393–403. doi:10.1111/DOM.13907

64. Lavine JE, Schwimmer JB, Van Natta ML, et al. Effect of vitamin E or metformin for treatment of nonalcoholic fatty liver disease in children 
and adolescents: the TONIC randomized controlled trial. JAMA. 2011;305(16):1659–1668. doi:10.1001/JAMA.2011.520

65. Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and management of nonalcoholic fatty liver disease: practice guidance from the 
American association for the study of liver diseases. Hepatology. 2018;67(1):328–357. doi:10.1002/HEP.29367

66. Glen J, Floros L, Day C, Pryke R. Non-alcoholic fatty liver disease (NAFLD): summary of NICE guidance. BMJ. 2016;354. doi:10.1136/BMJ. 
I4428

67. Francque S, Szabo G, Abdelmalek MF, et al. Nonalcoholic steatohepatitis: the role of peroxisome proliferator-activated receptors. Nat Rev 
Gastroenterol Hepatol. 2021;18(1):24–39. doi:10.1038/S41575-020-00366-5

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S528569                                                                                                                                                                                                                                                                                                                                                                                                   2489

Pieralice et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/J.JHEP.2022.11.010
https://doi.org/10.1002/HEP.31142
https://doi.org/10.1053/J.GASTRO.2023.04.025
https://doi.org/10.1016/J.CGH.2008.11.005
https://doi.org/10.1053/JHEP.2001.28055
https://doi.org/10.1038/NRGASTRO.2017.38
https://doi.org/10.1038/NRGASTRO.2017.38
https://doi.org/10.1172/JCI37444
https://doi.org/10.1172/JCI37444
https://doi.org/10.1002/HEP.22952
https://doi.org/10.1038/SREP28786
https://doi.org/10.1172/JCI133051
https://doi.org/10.1038/S41575-018-0082-X
https://doi.org/10.2337/dc23-S009
https://doi.org/10.1111/J.1365-2036.2008.03869.X
https://doi.org/10.1111/J.1572-0241.2005.41583.X
https://doi.org/10.1016/J.AOHEP.2019.11.008
https://doi.org/10.1111/APT.15331
https://doi.org/10.1111/APT.15331
https://doi.org/10.1053/J.GASTRO.2008.06.047
https://doi.org/10.1056/NEJMOA0907929
https://doi.org/10.1002/dmrr.3124
https://doi.org/10.1001/JAMA.2020.1906
https://doi.org/10.1111/JDI.12214
https://doi.org/10.1111/DOM.13520
https://doi.org/10.1111/JGH.15580
https://doi.org/10.1111/JDI.13279
https://doi.org/10.1111/DOM.14004
https://doi.org/10.1007/S00125-018-4675-2
https://doi.org/10.1007/S00125-018-4675-2
https://doi.org/10.1111/DOM.13907
https://doi.org/10.1001/JAMA.2011.520
https://doi.org/10.1002/HEP.29367
https://doi.org/10.1136/BMJ.I4428
https://doi.org/10.1136/BMJ.I4428
https://doi.org/10.1038/S41575-020-00366-5


68. Belfort R, Harrison SA, Brown K, et al. A placebo-controlled trial of pioglitazone in subjects with nonalcoholic steatohepatitis. N Engl J Med. 
2006;355(22):2297–2307. doi:10.1056/NEJMOA060326

69. Cusi K, Orsak B, Bril F, et al. Long-term pioglitazone treatment for patients with nonalcoholic steatohepatitis and prediabetes or type 2 diabetes 
mellitus: a randomized trial. Ann Intern Med. 2016;165(5):305–315. doi:10.7326/M15-1774

70. Mende CW. Chronic kidney disease and SGLT2 inhibitors: a review of the evolving treatment landscape. Adv Ther. 2022;39(1):148–164. 
doi:10.1007/S12325-021-01994-2

71. Goto R, Kamimura K, Shinagawa-Kobayashi Y, et al. Inhibition of sodium glucose cotransporter 2 (SGLT 2) delays liver fibrosis in a medaka 
model of nonalcoholic steatohepatitis (NASH). FEBS Open Bio. 2019;9(4):643–652. doi:10.1002/2211-5463.12598

72. Frías JP, Maaske J, Suchower L, et al. Long-term effects of dapagliflozin plus saxagliptin versus glimepiride on a background of metformin in 
patients with type 2 diabetes: results of a 104-week extension to a 52-week randomized, phase 3 study and liver fat MRI substudy. Diabetes 
Obes Metab. 2022;24(1):61–71. doi:10.1111/DOM.14548

73. Kuchay MS, Krishan S, Mishra SK, et al. Effect of empagliflozin on liver fat in patients with type 2 diabetes and nonalcoholic fatty liver 
disease: a randomized controlled trial (E-LIFT trial). Diabetes Care. 2018;41(8):1801–1808. doi:10.2337/DC18-0165

74. Kahl S, Gancheva S, Straßburger K, et al. Empagliflozin effectively lowers liver fat content in well-controlled type 2 diabetes: a randomized, 
double-blind, phase 4, placebo-controlled trial. Diabetes Care. 2020;43(2):298–305. doi:10.2337/DC19-0641

75. Caturano A, Galiero R, Loffredo G, et al. Effects of a combination of empagliflozin plus metformin vs. metformin monotherapy on NAFLD 
progression in type 2 diabetes: the IMAGIN pilot study. Biomedicines. 2023;11(2):322. doi:10.3390/BIOMEDICINES11020322

76. Cusi K, Bril F, Barb D, et al. Effect of canagliflozin treatment on hepatic triglyceride content and glucose metabolism in patients with type 2 
diabetes. Diabetes Obes Metab. 2019;21(4):812–821. doi:10.1111/DOM.13584

77. Seko Y, Nishikawa T, Umemura A, et al. Efficacy and safety of canagliflozin in type 2 diabetes mellitus patients with biopsy-proven 
nonalcoholic steatohepatitis classified as stage 1–3 fibrosis. Diabetes Metab Syndr Obes. 2018;11:835–843. doi:10.2147/DMSO.S184767

78. Itani T, Ishihara T. Efficacy of canagliflozin against nonalcoholic fatty liver disease: a prospective cohort study. Obes Sci Pract. 2018;4 
(5):477–482. doi:10.1002/OSP4.294

79. Borisov AN, Kutz A, Christ ER, Heim MH, Ebrahimi F. Canagliflozin and metabolic associated fatty liver disease in patients with diabetes 
mellitus: new insights from CANVAS. J Clin Endocrinol Metab. 2023;108(11):2940–2949. doi:10.1210/CLINEM/DGAD249

80. Müller TD, Finan B, Bloom SR, et al. Glucagon-like peptide 1 (GLP-1). Mol Metab. 2019;30:72–130. doi:10.1016/j.molmet.2019.09.010
81. Mantovani A, Byrne CD, Scorletti E, Mantzoros CS, Targher G. Efficacy and safety of anti-hyperglycaemic drugs in patients with non-alcoholic 

fatty liver disease with or without diabetes: an updated systematic review of randomized controlled trials. Diabetes Metab. 2020;46(6):427–441. 
doi:10.1016/J.DIABET.2019.12.007

82. Kalavalapalli S, Bril F, Guingab J, et al. Impact of exenatide on mitochondrial lipid metabolism in mice with nonalcoholic steatohepatitis. 
J Endocrinol. 2019;241(3):293–305. doi:10.1530/JOE-19-0007

83. He Y, Ao N, Yang J, Wang X, Jin S, Du J. The preventive effect of liraglutide on the lipotoxic liver injury via increasing autophagy. Ann 
Hepatol. 2020;19(1):44–52. doi:10.1016/J.AOHEP.2019.06.023

84. Kristensen SL, Rørth R, Jhund PS, et al. Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 
diabetes: a systematic review and meta-analysis of cardiovascular outcome trials. Lancet Diabetes Endocrinol. 2019;7(10):776–785. 
doi:10.1016/S2213-8587(19)30249-9

85. Armstrong MJ, Gaunt P, Aithal GP, et al. Liraglutide safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): a multicentre, 
double-blind, randomised, placebo-controlled phase 2 study. Lancet. 2016;387(10019):679–690. doi:10.1016/S0140-6736(15)00803-X

86. Harrison SA, Calanna S, Cusi K, et al. Semaglutide for the treatment of non-alcoholic steatohepatitis: trial design and comparison of 
non-invasive biomarkers. Contemp Clin Trials. 2020;97:106174. doi:10.1016/J.CCT.2020.106174

87. Kuchay MS, Krishan S, Mishra SK, et al. Effect of dulaglutide on liver fat in patients with type 2 diabetes and NAFLD: randomised controlled 
trial (D-LIFT trial). Diabetologia. 2020;63(11):2434–2445. doi:10.1007/S00125-020-05265-7

88. Newsome PN, Buchholtz K, Cusi K, et al. A placebo-controlled trial of subcutaneous semaglutide in nonalcoholic steatohepatitis. N Engl 
J Med. 2021;384(12):1113–1124. doi:10.1056/NEJMOA2028395

89. Cusi K, Sattar N, García-Pérez L-E, et al. Dulaglutide decreases plasma aminotransferases in people with Type 2 diabetes in a pattern consistent 
with liver fat reduction: a post hoc analysis of the AWARD programme. Diabet Med. 2018;35(10):1434–1439. doi:10.1111/DME.13697

90. Mantovani A, Petracca G, Beatrice G, Csermely A, Lonardo A, Targher G. Glucagon-like peptide-1 receptor agonists for treatment of 
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis: an updated meta-analysis of randomized controlled trials. Metabolites. 
2021;11(2):1–13. doi:10.3390/METABO11020073

91. Thondam SK, Cuthbertson DJ, Wilding JPH. The influence of glucose-dependent insulinotropic polypeptide (GIP) on human adipose tissue and 
fat metabolism: implications for obesity, type 2 diabetes and non-alcoholic fatty liver disease (NAFLD). Peptides. 2020;125:170208. 
doi:10.1016/J.PEPTIDES.2019.170208

92. Frias JP, Nauck MA, Van J, et al. Efficacy and safety of LY3298176, a novel dual GIP and GLP-1 receptor agonist, in patients with type 2 
diabetes: a randomised, placebo-controlled and active comparator-controlled phase 2 trial. Lancet. 2018;392(10160):2180–2193. doi:10.1016/ 
S0140-6736(18)32260-8

93. Hartman ML, Sanyal AJ, Loomba R, et al. Effects of novel dual GIP and GLP-1 receptor agonist tirzepatide on biomarkers of nonalcoholic 
steatohepatitis in patients with type 2 diabetes. Diabetes Care. 2020;43(6):1352–1355. doi:10.2337/DC19-1892

94. Gastaldelli A, Cusi K, Fernández Landó L, Bray R, Brouwers B, Rodríguez Á. Effect of tirzepatide versus insulin degludec on liver fat content 
and abdominal adipose tissue in people with type 2 diabetes (SURPASS-3 MRI): a substudy of the randomised, open-label, parallel-group, 
phase 3 SURPASS-3 trial. Lancet Diabetes Endocrinol. 2022;10(6):393–406. doi:10.1016/S2213-8587(22)00070-5

95. Michalopoulou E, Thymis J, Lampsas S, et al. The triad of risk: linking MASLD, cardiovascular disease and type 2 diabetes; from 
pathophysiology to treatment. J Clin Med. 2025;14(2):428. doi:10.3390/JCM14020428

96. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD development and therapeutic strategies. Nat Med. 
2018;24(7):908–922. doi:10.1038/S41591-018-0104-9

97. Ratziu V, Harrison SA, Francque S, et al. Elafibranor, an agonist of the peroxisome proliferator−activated receptor−α and −δ, induces resolution 
of nonalcoholic steatohepatitis without fibrosis worsening. Gastroenterology. 2016;150(5):1147–1159.e5. doi:10.1053/J.GASTRO.2016.01.038

https://doi.org/10.2147/DMSO.S528569                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 2490

Pieralice et al                                                                                                                                                                        

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1056/NEJMOA060326
https://doi.org/10.7326/M15-1774
https://doi.org/10.1007/S12325-021-01994-2
https://doi.org/10.1002/2211-5463.12598
https://doi.org/10.1111/DOM.14548
https://doi.org/10.2337/DC18-0165
https://doi.org/10.2337/DC19-0641
https://doi.org/10.3390/BIOMEDICINES11020322
https://doi.org/10.1111/DOM.13584
https://doi.org/10.2147/DMSO.S184767
https://doi.org/10.1002/OSP4.294
https://doi.org/10.1210/CLINEM/DGAD249
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1016/J.DIABET.2019.12.007
https://doi.org/10.1530/JOE-19-0007
https://doi.org/10.1016/J.AOHEP.2019.06.023
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S0140-6736(15)00803-X
https://doi.org/10.1016/J.CCT.2020.106174
https://doi.org/10.1007/S00125-020-05265-7
https://doi.org/10.1056/NEJMOA2028395
https://doi.org/10.1111/DME.13697
https://doi.org/10.3390/METABO11020073
https://doi.org/10.1016/J.PEPTIDES.2019.170208
https://doi.org/10.1016/S0140-6736(18)32260-8
https://doi.org/10.1016/S0140-6736(18)32260-8
https://doi.org/10.2337/DC19-1892
https://doi.org/10.1016/S2213-8587(22)00070-5
https://doi.org/10.3390/JCM14020428
https://doi.org/10.1038/S41591-018-0104-9
https://doi.org/10.1053/J.GASTRO.2016.01.038


98. Francque SM, Bedossa P, Ratziu V, et al. A randomized, controlled trial of the pan-PPAR agonist lanifibranor in NASH. N Engl J Med. 
2021;385(17):1547–1558. doi:10.1056/NEJMOA2036205

99. Kaul U, Parmar D, Manjunath K, et al. New dual peroxisome proliferator activated receptor agonist—Saroglitazar in diabetic dyslipidemia and 
non-alcoholic fatty liver disease: integrated analysis of the real world evidence. Cardiovasc Diabetol. 2019;18(1). doi:10.1186/S12933-019- 
0884-3

100. Ambery P, Parker VE, Stumvoll M, et al. MEDI0382, a GLP-1 and glucagon receptor dual agonist, in obese or overweight patients with type 2 
diabetes: a randomised, controlled, double-blind, ascending dose and phase 2a study. Lancet. 2018;391(10140):2607–2618. doi:10.1016/S0140- 
6736(18)30726-8

101. Valdecantos MP, Pardo V, Ruiz L, et al. A novel glucagon-like peptide 1/glucagon receptor dual agonist improves steatohepatitis and liver 
regeneration in mice. Hepatology. 2017;65(3):950–968. doi:10.1002/HEP.28962

102. Chiang H, Lee J-C, Huang H-C, Huang H, Liu H-K, Huang C. Delayed intervention with a novel SGLT2 inhibitor NGI001 suppresses 
diet-induced metabolic dysfunction and non-alcoholic fatty liver disease in mice. Br J Pharmacol. 2020;177(2):239–253. doi:10.1111/ 
BPH.14859

103. Vial G, Chauvin M-A, Bendridi N, et al. Imeglimin normalizes glucose tolerance and insulin sensitivity and improves mitochondrial function in 
liver of a high-fat, high-sucrose diet mice model. Diabetes. 2015;64(6):2254–2264. doi:10.2337/DB14-1220

104. Verma M, Gupta SJ, Chaudhary A, Garg VK. Protein tyrosine phosphatase 1B inhibitors as antidiabetic agents – a brief review. Bioorg Chem. 
2017;70:267–283. doi:10.1016/J.BIOORG.2016.12.004

105. Wharton S, Blevins T, Connery L, et al. Daily oral GLP-1 receptor agonist orforglipron for adults with obesity. N Engl J Med. 2023;389 
(10):877–888. doi:10.1056/NEJMOA2302392

Diabetes, Metabolic Syndrome and Obesity                                                                                 

Publish your work in this journal 
Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the 
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports, 
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely 
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to 
read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                                  2491

Pieralice et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1056/NEJMOA2036205
https://doi.org/10.1186/S12933-019-0884-3
https://doi.org/10.1186/S12933-019-0884-3
https://doi.org/10.1016/S0140-6736(18)30726-8
https://doi.org/10.1016/S0140-6736(18)30726-8
https://doi.org/10.1002/HEP.28962
https://doi.org/10.1111/BPH.14859
https://doi.org/10.1111/BPH.14859
https://doi.org/10.2337/DB14-1220
https://doi.org/10.1016/J.BIOORG.2016.12.004
https://doi.org/10.1056/NEJMOA2302392
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	The Pathophysiological Links Between Type 2 Diabetes Mellitus and MASLD
	What is New in the Pathophysiology of MASLD?

	Role of Diabetes and Metabolic Dysfunction in Liver Fibrosis: Epidemiological Evidence
	Effects of Anti-Diabetic Agents on MASLD
	Metformin
	Pioglitazone
	Sodium–Glucose Cotransporter-2 Inhibitors (SGLT2is)
	Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists
	Glucagon-Like Peptide-1 (GLP-1) and Glucose-Dependent Insulinotropic Polypeptide (GIP) Receptor Agonist
	DPP-4 Inhibitors and Insulin

	New Potential Therapeutic Targets
	Conclusion
	Disclosure

