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A B S T R A C T

Metabolic dysfunction-associated steatotic liver disease (MASLD) is characterized by overweight/obesity, and the pres-

ence of type 2 diabetes mellitus is the most important criterion. We propose an independent disease perspective with-

out exclusion criteria and with less heterogeneity and greater impact because, according to the National Health and

Nutrition Survey (ENSANUT), in Mexico, 25 % of adults over 60 years of age suffer from diabetes, and 96 % of those over

50 years of age have abdominal obesity. Due to the impact of insulin resistance in the pathophysiology of MASLD, which

results in damage to hepatocytes, this work aims to provide an overview of the action pathways of hypoglycemic agents

such as glucagon-like-1 receptor agonist and peroxisome proliferator-activated receptor-gamma agonists, whose

importance lies in the fact that they are currently undergoing phase 2 studies, as well as dipeptidyl peptidase 4 inhibi-

tors and sodium-glucose co-transporter type 2 inhibitors, which are undergoing phase 1 study trials.

© 2023 Fundación Clínica Médica Sur, A.C. Published by Elsevier España, S.L.U. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) was renamed metabolic

dysfunction-associated steatotic liver disease (MASLD) in an attempt

to highlight an independent disease perspective without exclusion

criteria because MASLD can coexist with other chronic liver diseases

[1]. Furthermore, it is a more specific term and provides an affirma-

tive non-stigmatizing description of the condition rather than a diag-

nosis of exclusion [2].

MASLD proposes to define metabolic dysfunction as its basis,

resulting in a greater disease impact and less heterogeneity, where

overweight/obese patients and the presence of type 2 diabetes melli-

tus (T2DM) will be the most important criteria. According to the

National Health and Nutrition Survey (ENSANUT), 25 % of adults over

60 years of age suffer from diabetes, and 96 % of those over 50 years

of age have abdominal obesity; therefore, MASLD represents an

important issue for Mexico [3].

Furthermore, the dynamic interaction between genetics and

environmental factors plays an important role in the prevalence

and natural course of MASLD, for which it is worth analyzing the

different pathways of metabolic dysfunction that lead to hepatic

steatosis [4−6].

For the diagnosis of MASLD, an inclusion of positive criteria was

proposed, including evidence of hepatic steatosis, obesity or T2DM, a

body mass index less than 25 kg/m2 with two metabolic abnormali-

ties, alterations in blood pressure and abdominal circumference,

increased triglyceride levels, decreased HDL cholesterol levels, predi-

abetes data, and an insulin-resistance index (HOMA-IR) greater than

2.5 or protein C levels greater than 2 mg/dL [1,6]. However, the exclu-

sion of other chronic liver diseases or significant alcohol intake is not

required for the diagnosis (Fig 1).

With MASLD being a relatively new term, there is not enough

information about its epidemiology; however, it has been seen that

the prevalence of NAFLD in patients with T2DM was 56.8 % [7,8] and

T2DM was present in 85 % of the patients diagnosed with NAFLD [9],

associated with the fact that most of these patients meet the criteria

for the definition of metabolic syndrome, which is the mainstay of
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the diagnosis of MASLD. The growing epidemic of T2DM and obesity

will fuel an increasing prevalence of MASLD worldwide, which shows

the importance of investigating pharmacological treatment [4]. This

work aims to provide an overview of the main action pathways of

several types of hypoglycemic agents that are currently undergoing

phase study trials.

2. Metabolism pathways of MASLD

The pathophysiology of MASLD is multifactorial and includes

inflammatory processes, lipotoxicity, and fibrosis. For that reason, it

is important to understand that after food intake, the increase in

blood glucose induces the release of insulin from the pancreas, which

travels to the liver through the portal circulation, where it begins its

activity by storing glucose in the form of glycogen through glycogen-

esis. Subsequently, it causes the synthesis of fatty acids through the

conversion of acetyl Co-A. These anabolic functions induced by insu-

lin activate specific intracellular signals.

On the other hand, the mitochondria play an important role in the

regulation of metabolism since they modulate oxidation, ATP synthe-

sis, and the creation of reactive oxygen species [10,11]. The increase in

anabolic reactions caused by hepatic insulin resistance leads to an

increase in the concentration of free fatty acids, the development of

insulin resistance in adipose tissue, and increased lipogenesis [12−14].

This accumulation of fatty acids in the liver is the most implicated

event; thus, its activation is carried out through lipogenesis with the

participation of transcription factors. Beta-oxidation occurs in the liver,

specifically in the mitochondria, where they are transformed into tri-

glycerides and exported to the systemic circulation as constituents of

very-low-density lipoproteins.

When either of the two mechanisms is saturated, triglycerides

begin to accumulate as lipid droplets in hepatocytes, leading to stea-

tosis [15,16].

Excessive beta-oxidation of free fatty acids results in the produc-

tion of reactive oxygen species and cytotoxic species. In turn, this

excessive production of reactive oxygen species results in oxidative

stress that, together with the endoplasmic reticulum, activates the

inflammasome, leading to hepatocellular damage, apoptosis and the

release of inflammatory mediators [17−19]. According to inflamma-

tory cytokines, transforming growth factor-beta, tumor necrosis fac-

tor-alpha (TNFa), interleukin-6 (IL-6), and interleukin-8 have been

most frequently implicated in this mechanism since they promote

the movement of polymorphonuclear and mononuclear leukocytes

towards the inflamed tissue, thus activating liver stellate cells and

generating increased collagen synthesis and fibrosis development

[20−23].

3. Relationship between hypoglycemic agents and MASLD

Due to the relationship of MASLD with metabolic disturbances [9],

both conditions share pathophysiological characteristics, such as

insulin resistance, which results in tissue damage to hepatocytes

through different ways in which the efficacy of hypoglycemic agents

has been evaluated to reduce liver fat and improve liver injury [24].

The hypoglycemic agents that have been studied to achieve the most

favorable results are glucagon-like-1 receptor agonists (GLP-1RAs)

and peroxisome proliferator-activated receptor-gamma agonists

(PPARg), which are currently undergoing phase 2 studies. This phase

2b placebo-controlled randomized clinical trial is the NATIVE trial,

where lanifiranor, a first-in-class pan-PPAR agonist, was tested in

patients with non-alcoholic steatohepatitis (NASH). The study dem-

onstrated that a 1200 mg dose of lanifibranor decreased the histo-

logic steatosis, activity, and fibrosis (SAF) score by at least two points,

so this drug seems to be the most promising treatment option. How-

ever, the findings will be confirmed in phase 3 clinical trials [25]

(Table 1).

The most recommended treatment in MASLD patients with obe-

sity or with T2DM is with GLP-1RA molecules, where, in a phase 2

randomized controlled trial, it was demonstrated that there was a

significant improvement in the absolute percentage of liver fat con-

tent through magnetic resonance-based techniques using different

GLP-1 RAs, especially liraglutide and semaglutide [26]. In the LEAN

Fig. 1. MASLD: new term and shared features with NAFLD. The new definition of metabolic dysfunction-associated steatotic liver disease (MASLD) emphasizes the important role of

metabolic dysregulation with the exclusion of significant alcohol intake and other chronic liver diseases. Fat accumulation caused by insulin resistance is the most important charac-

teristic that they share, which is influenced by genetic factors, a high-fat diet, and glucotoxicity. The new term proposes less heterogeneity and positive criteria to find effective ther-

apies.
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trial, a small phase 2b trial, treatment with 1.8 mg/day liraglutide

resulted in a histologic resolution of NASH and a decreased progres-

sion of fibrosis [27]. Meanwhile, dipeptidyl peptidase 4 (DPP-4)

inhibitors and sodium-glucose co-transporter type 2 (SGLT2) inhibi-

tors are undergoing phase 2 study trials [28] (Table 1).

The European Association for the Study of the Liver (EASL) sug-

gests that drug treatment should be considered for patients with

NASH (stage F2 or higher) or with a high risk for disease progression,

such as patients with T2DM or metabolic syndrome. Pioglitazone

improves liver histology in patients with and without DM2 with

biopsy-proven NASH. Although other drugs have not been with-

drawn from phase 3 trials yet, the EASL suggests that using pioglita-

zone in these patients may improve histologic features in steatosis

and possibly in fibrosis [29]. These findings were proved in the PIV-

ENS trial, which compared low-dose pioglitazone versus a placebo

for 2 years in patients without overt diabetes [30], as well as in

another placebo-controlled trial including subjects with NASH for

whom diet and pioglitazone improved glycemic control and glucose

tolerance, normalized liver aminotransferase levels, decreased

hepatic fat content, and increased hepatic insulin sensitivity [31]

(Table 1). However, the American Association for the Study of Liver

Diseases (AALSD) recommends that pharmacological treatments

should generally be limited to those with biopsy-proven NASH and

fibrosis. Then, the importance of a weight loss between 7 and 10 % is

needed to improve most of the histopathological features of NASH,

including fibrosis. [32].

Similarly, the American Association of Clinical Endocrinology

(AACE) mentions that in addition to pioglitazone, GLP-1RAs are rec-

ommended for patients with T2DM and biopsy-proven NASH. These

drugs offer additional cardiometabolic benefits in patients with

T2DM and NAFLD. Finally, due to the lack of evidence of efficacy,

metformin, acarbose, dipeptidyl peptidase IV inhibitors, and insulin

are not recommended for the treatment of NAFLD [33]. Instead,

biguanides, especially metformin, have become the preferred first-

line oral blood-glucose-lowering agent to manage T2DM, as they

reduce hepatic glucose production by decreasing hepatic gluconeo-

genesis [34].

Metformin’s mechanism of action is based on the interruption of

mitochondrial oxidative processes, resulting in a reduced AMP/ATP

ratio and, subsequently, in the activation of activated protein kinase

(AMP), a major cell regulator of lipid and glucose metabolism [35].

The activation of AMP in the liver stimulates the b-oxidation of fatty

acids and inhibits de novo synthesis, thus potentially leading to

reduced liver steatosis [36]. Also, to protect against lipid accumula-

tion at the cellular level, metformin has an effect on the nuclear

exclusion of Forkhead box protein O1, reducing the expression of

fatty-acid-binding protein 4 [37]. The effect of metformin on liver his-

tology remains unclear, but it has been shown that it contributes to

reducing ALT and AST levels; however, it seems that it does not have

a meaningful impact on liver histology [38].

4. PPARg agonists

Among the receptors and targets of hypoglycemic drugs that

influence pharmacodynamics, PPARg is one of the receptors for

nuclear hormones that regulates the transcription of genes involved

in cell growth, differentiation, and metabolism in response to lipo-

philic hormones, dietary fatty acids, and their metabolites [39−41].

Genes activated by PPARg stimulate the lipid uptake and adipogene-

sis of fat cells [42]. Within this group of drugs, thiazolidinediones

such as pioglitazone significantly improve liver steatosis and lobular

inflammation independently of the presence of T2DM. In fact, thiazo-

lidinediones increase the storage of fatty acids in adipocytes, causing

excess fat in the liver to be deposited in the adipose tissue.

PPAR-g is one of the three isotypes that have been identified in

vertebrates. The gene is encoded by six exons distributed in different

domains with different functions; within these domains, the most

significant is the ligand-binding domain, which facilitates adherence

to a specific DNA consensus region called the peroxisome proliferator

response element. This binding is carried out after the activation of

PPAR-g and its subsequent heterodimer formation with the retinoid

X receptor [43,44].

Moreover, PPARg has two isoforms, 1 and 2, to which it can be

spliced, most of which are found in adipose tissue, the colon, and

macrophages [45]. The PPARy2 isoform has been shown to play an

important role in adipogenesis and in regulating the expression of

adipose genes such as adipocyte protein 2 and phosphoenolpyruvate

carboxykinase [46]. In addition, the pharmacodynamics of PPARg
agonists are extensively metabolized by cytochrome (CYP) P450

enzymes. Specifically, pioglitazone is mainly metabolized by CYP2C8,

while CYP3A4 / 5 and CYP1A1 contribute to its metabolism to a lesser

extent [47,48].

Table 1

Summary of controlled trials and outcomes of glucose-lowering drugs.

Target Drag Metabolic Pucones Current

Clinical Phase

Trial Name Reference

Pan-PPAR agonist (activates three

PPAR isotypes: a, g , d)

Lanifibranor #Insulin resistance

#Lipogenesis

#FFA #FAO

"b-oxidation

Phase 2 NATIVE Sven et al., 2021

PPARg agonists Pioglitazone # Hepatic fat content

" Hepatic insulin sensitivity

Phase 2 PIVENS Sanyal et al., 2010

GLP-1 Liraglutide # Food intake

" Glucose uptake in both skeletal muscle

and adipose tissue

# Hepatic inflammation

Phase 2 LEAN Armstrong et al., 2016

SGLT2 inhibitor Dapagliflozin # Serum liver enzyme levels

Improved the absolute percentage of liver

fat content on magnetic resonance-based

techniques

Phase 3 DEAN NCT03723252

SGLT2 inhibitor Empagliflozin # ALT levels

# Liver fat

Phase 2 E-LIFT Lai et al., 2020

DPP-4 inhibitor Vidagliptin # Triglycerides

# Body weight

# HDL

Phase 2 − Mazhar et al., 2016

PPAR: peroxisome proliferator-activated receptor; FFA: free fatty acid; FAO: fatty acid oxidation; GLP-1: glucagon-like peptide-1; SGLT2: sodium-glucose

cotransporter 2; DPP-4: dipeptidyl peptidase 4 inhibitor; HDL: high-density lipoprotein; ALT: alanine transaminase.
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5. GLP-1 RAs

Gastric inhibitory polypeptide (GIP) and glucagon-like-1 (GLP-1)

are types of incretin receptors that are secreted after food intake and

integrate nutrient-derived signals to control the amount of food

eaten and energy absorption. Their secretion is carried out from the L

cells, which are found in the colon and distal ileum [49]. On the other

hand, gastric inhibitory peptide is secreted through K cells, which are

found mainly in the jejunum and duodenum. Its mechanism of action

relies on binding to its receptor in pancreatic beta cells, generating

an increase in the levels of cyclic adenosine monophosphate, which

results in glucose-dependent insulin secretion and proliferation

[41,45,50].

Both GLP-1 and GIP represent up to 70 % of insulin secretory

responses after nutrient ingestion [51]. These two polypeptides carry

out their action when they are coupled to G protein-coupled recep-

tors. GIP associates with its receptor, which is found mainly in the

beta cells of the islets in addition to being in the central nervous sys-

tem. On the other hand, GLP-1RAs are found in both a cells and b

cells in peripheral tissues such as the heart, lungs, kidneys and gas-

trointestinal tract [52).

It has been seen that in the pathophysiology of MASLD, GLP-1

decreases the response to oxidative stress in the endoplasmic retic-

ulum and improves steatosis data by acting directly on hepatocytes,

modulating lipid metabolism and liver insulin signaling [53,54].

Similarly, in individuals with T2DM, GLP-1 analogs reduce the fre-

quency of inflammatory macrophages and decrease the levels of

the inflammatory cytokines TNFa, IL-6 and interleukin 1-b; this

effect is independent of changes in glycemic and body weight con-

trol [12,22].

Among the molecular signals that explain the role of GLP-1 in

hepatocytes, the protein kinase B (Akt) signaling pathway has been

seen involved in steatotic hepatocytes, since the phosphorylation of

AkT is decreased. This protein is responsible for the regulation of lipid

and glucose metabolism; thus, an increase in the phosphorylation of

AkT improves the up-regulation of key elements of the insulin signal-

ing pathway of hepatocytes [55,56]. A decrease in the anti-apoptotic

protein B-cell lymphoma 2 (Bcl2) was also found, which resulted in

an increase in the Bcl2-like protein 4 (BAX) (proapoptotic) / Bcl2 ratio

in the liver tissue of patients with MASLD [57].

With these data, it has been suggested that insulin resistance in

the hepatocyte may be the cause of cell apoptosis [56]. For example,

in the sub-analysis of the AWARD program, it was shown that dula-

glutide, an incretin analog, significantly reduces the serum activity of

transaminases and decreases the levels of gamma-glutamyl trans-

peptidase compared with a placebo. This study was carried out in

patients with T2DM to study the decrease in liver fat [58].

Recent studies in animals confirmed that GLP-1RAs, weight loss

and hypoglycemic effects can reduce inflammatory lesions of the

liver and even delay the process of change from steatosis to fibrosis

[59]. Furthermore, in vitro studies of Langerhans islets from neonatal

rats have reported a greater inhibition of apoptosis induced by free

fatty acids with Liraglutide, a GLP-1 receptor agonist, thus increasing

the mass of beta cells and their differentiation [60].

6. GLT2 inhibitors

Another group of drugs that has been studied is SGLT-2, which act

by inhibiting the reabsorption of glucose in the proximal tubule of

the nephron, causing glycosuria and a reduction in glucose levels in

the plasma [61]. The changes seen in SGLT-2 inhibitors can be

explained by various mechanisms such as the suppression of adipo-

cyte lipolysis, which aids in the inhibition of the accumulation of

ectopic fat in the liver. Another mechanism involves beta-oxidation

in the liver and the secretion of very-low-density lipoproteins into

the circulation through the up-regulation of carnitine

palmitoyltransferase I, a mitochondrial enzyme that regulates the

membrane transport of free fatty acids, PPARa and microsomal tri-

glyceride transfer protein genes in hepatocytes, which causes a pro-

gression in inflammation and liver fat accumulation [62,63].

These drugs have become therapeutically promising in NAFLD, as

several pilot studies suggested a reduced transaminase activity, body

weight, fatty liver index and liver histology according to steatosis and

fibrosis. Two open-label, randomized trials conducted in Japan com-

pared the efficacy of SGLT-2 inhibitors with other oral anti-glycemic

agents such as pioglitazone and metformin, among others. Within

the results, it was found that the liver fat content decreased signifi-

cantly in the group that received luseogliflozin, an SGLT2 inhibitor,

compared with that in the metformin group [64]. In another study

comparing the efficacy of ipragliflozin against pioglitazone in diabetic

patients with NAFLD, there was a significant reduction in serum ALT

levels, glycated hemoglobin, and plasma glucose in the two groups,

where the group treated with ipragliflozin had a significant reduction

in visceral fat and weight loss [65,66].

Moreover, the E-LIFT study investigated the response of empagli-

flozin, another SGLT2 inhibitor, in patients with T2DM with NAFLD.

The amount of fat in the liver was evaluated after 20 weeks of treat-

ment. The fat in the livers of patients with empagliflozin decreased

significantly from 16.2 % to 11.3 %; in contrast, the control group

decreased in a range from 16.4 % to 15.6 % [14]. SGLT2 inhibitors such

as empagliflozin reduce liver fat, improving ALT levels in patients

with T2DM and NAFLD. Empagliflozin was implicated in a pilot study

concluding that it reduces liver fibrosis in patients with T2DM [67]

(Table 1).

Various studies have been carried out comparing the results of

each of these groups. Interestingly, in a meta-analysis, 26 studies

were included in which the drugs that demonstrated a change in

hepatic steatosis were GLP-1 agonists and pioglitazone. They con-

cluded that among the four antidiabetic drugs, pioglitazone, SGLT2

inhibitors, GLP-1 agonists and �4 inhibitors, pioglitazone produces

significant improvements in liver histology and enzyme levels in

NAFLD patients [68].

7. Dipeptidyl peptidase-4 (DPP-4) inhibitors

DPP-4 inhibitors act primarily by blocking the enzyme DPP-4,

which is an aminopeptidase that is widely expressed in many tissues,

such as the liver, lungs, kidneys, intestinal brush border membranes,

lymphocytes, and endothelial cells [55]. The purpose of this group of

hypoglycemic agents is to increase serum levels of incretin hormones

such as GLP-157 and gastric inhibitory polypeptide, which is accom-

plished by inhibiting the cell surface enzyme serine aminopeptidase

DPP-4, as it normally degrades and rapidly inactivates GLP-1, GIP,

and other in vivo peptides by cleaving the two n-terminal amino

acids [69]. The inactivation of incretins through DPP-4 activity results

in only 10−20 % of the total biologically active plasma GLP-1 [52].

Moreover, increased levels of DPP-4 have been reported in

patients with hepatic steatosis and also with apoptosis of the hepato-

cytes, for which it has been proposed that DPP-4 inhibitors improve

the histopathological findings of hepatic steatosis [53]. Among the

concerns about these medications, they found their association with

an increased risk of suffering cholangiocarcinoma (hazard ratio (HR)

1.77, 95 % CI 1.04−3.01) [70].

8. Discussion and conclusions

The concept of MASLD possesses less heterogeneity and the

advantage of being capable of coexisting with other diseases. Nowa-

days, several successful studies have focused on pharmacological

treatments related to hepatic steatosis in metabolic dysfunction and

their approach through different pathways, either by modulating

fatty acid storage and glucose metabolism, such as with PPARg-
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gamma or GLP-1 agonists, or using DPP-4 inhibitors, which have a

protective effect on hepatocytes by modulating lipid metabolism and

hepatic insulin signaling, then minimizing the response to oxidative

stress in the endoplasmic reticulum (Fig. 2).

According to the current scenario, alterations in pathways such as

phosphatidylinositol-3 kinase (PI3-k)/Akt contribute to liver damage

by generating apoptosis in the hepatocytes and releasing inflamma-

tory cytokines. Moreover, the excessive beta-oxidation of free fatty

acids due to lipogenesis with the involvement of transcription factors

such as PPAR-g agonists achieves the regulation of adipose gene

expression. Several pathways have been investigated in patients with

diagnostic criteria for MASLD regarding their effect at the molecular

level in hepatocytes. However, more studies are still needed to com-

pare the different therapies with different groups of patients accord-

ing to the diagnostic criteria of MASLD, and consider several criteria

such as gender, age, and genetic and epigenetic factors, as well as

studies that involve research on insulin signaling pathways.
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specific G protein-coupled receptors, expressed directly on islet b cells, in the hepatocyte, stimulating cyclic adenosine monophosphate (AMP) formation from the union with G pro-

tein-coupled receptors (GPCR) and increasing the phosphorylation of Phosphoinositide-Dependent Kinase-1 (PDK-1), protein kinase B and Protein kinase C (PKC). The inhibition of

Dipeptidyl Peptidase 4 (DPP-4) activity prevents GLP degradation, thereby enhancing incretin action.

A.d.C. Maldonado-Rojas, J.M. Zuarth-V�azquez, M. Uribe et al. Annals of Hepatology 29 (2024) 101182

5

https://doi.org/10.1016/j.jhep.2020.03.039
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0002
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0002
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0002
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0003
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0003
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0003
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0003
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0004
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0004
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0004
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0005
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0005
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0005
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0005
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0006
https://doi.org/10.1016/j.jhep.2019.06.021
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0008
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0008
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0008
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0009
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0009


dyslipidemia, atherosclerosis and coronary heart disease. Nutrients 2013;5
(5):1544–60.

[10] Stefan N, Kantartzis K, H€aring HU. Causes and metabolic consequences of Fatty
liver. Endocr Rev [Internet] 2008;29(7):939–60 Dec [cited 2022 Mar 13]Available
from https://pubmed.ncbi.nlm.nih.gov/18723451/.

[11] Kotronen A, Sepp€al€a-Lindroos A, Vehkavaara S, Bergholm R, Frayn KN, Fielding
BA, et al. Liver fat and lipid oxidation in humans. Liver Int [Internet] 2009;29
(9):1439–46 [cited 2022 Mar 13]Available from https://pubmed.ncbi.nlm.nih.
gov/19602132/.

[12] Bifari F, Manfrini R, Dei Cas M, Berra C, Siano M, Zuin M, et al. Multiple target tis-
sue effects of GLP-1 analogues on non-alcoholic fatty liver disease (NAFLD) and
non-alcoholic steatohepatitis (NASH). Pharmacol Res [Internet] 2018;137:219–29
Nov 1 [cited 2022 Mar 13]Available from https://pubmed.ncbi.nlm.nih.gov/
30359962/.

[13] Lonardo A, Carani C, Carulli N, Loria P. Endocrine NAFLD” a hormonocentric per-
spective of nonalcoholic fatty liver disease pathogenesis. J Hepatol 2006;44
(6):1196–207.

[14] Kuchay MS, Choudhary NS, Mishra SK. Pathophysiological mechanisms underly-
ing MAFLD. Diabetes Metab Syndr [Internet] 2020;14(6):1875–87 Nov 1 [cited
2022 Mar 13]Available from https://pubmed.ncbi.nlm.nih.gov/32998095/.

[15] Finotti M, Romano M, Auricchio P, Scopelliti M, Brizzolari M, Grossi U, et al. Target
therapies for nash/nafld: from the molecular aspect to the pharmacological and
surgical alternatives. J Pers Med 2021;11(6).

[16] Fabbrini E, Sullivan S, Klein S. Obesity and nonalcoholic fatty liver disease:
biochemical, metabolic, and clinical implications. Hepatology 2010;51(2):
679–89.

[17] Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling RK, et al.
Nonalcoholic steatohepatitis: association of insulin resistance and mitochondrial
abnormalities. Gastroenterology [Internet] 2001;120(5):1183–92 Available from.
https://doi.org/10.1016/S0016-5085(01)00749-1.

[18] Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of
fatty acids stored in liver and secreted via lipoproteins in patients with nonalco-
holic fatty liver disease. J Clin Investigat 2005;115(5):1343–51.

[19] Chalasani N, Christopher Gorski J, Asghar MS, Asghar A, Foresman B, Hall SD, et al.
Hepatic cytochrome P450 2E1 activity in nondiabetic patients with nonalcoholic
steatohepatitis. Hepatology 2003;37(3):544–50.

[20] Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH pathogen-
esis. J Hepatol [Internet] 2018;68(2):280–95 Available from. https://doi.org/
10.1016/j.jhep.2017.11.014.

[21] Dowman JK, Tomlinson JW, Newsome PN. Pathogenesis of non-alcoholic fatty
liver disease. Qjm 2009;103(2):71–83.

[22] Roden M. Mechanisms of Disease: hepatic steatosis in type 2 diabetes - Pathogen-
esis and clinical relevance. Nat Clin Pract Endocrinol Metab 2006;2(6):335–48.

[23] Scott C.L., Guilliams M. Europe PMC Funders Group Hepatology Snapshot : the
role of Kupffer cells in hepatic iron and lipid metabolism.J Hipatol. 2021;69
(5):1197−9.doi: 10.1016/j.jhep.2018.02.013

[24] Fu ZD, Cai XL, Yang WJ, Zhao MM, Li R, Li YF. Novel glucose-lowering drugs for
non-alcoholic fatty liver disease. World J Diabetes 2021;12(1):84–97.

[25] Francque SM, Bedossa P, Ratziu V, Anstee QM, Bugianesi E, Sanyal AJ, et al. A Ran-
domized, Controlled Trial of the Pan-PPAR Agonist Lanifibranor in NASH. New
Engl J Med 2021;385(17):1547–58 Oct 21.

[26] Mantovani A., Petracca G., Beatrice G., Csermely A., Lonardo A., Targher G. Metabo-
lites glucagon-like peptide-1 receptor agonists for treatment of nonalcoholic fatty
liver disease and nonalcoholic steatohepatitis: an updated meta-analysis of ran-
domized controlled trials. 2021; Available from: https://doi.org/10.3390/metabo

[27] Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, et al. Liraglutide
safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): A multi-
centre, double-blind, randomised, placebo-controlled phase 2 study. The Lancet
2016;387(10019):679–90 Feb 13.

[28] Hussain M, Babar MZM, Hussain MS, Akhtar L. Vildagliptin ameliorates biochemi-
cal, metabolic and fatty changes associated with non alcoholic fatty liver disease.
Pak J Med Sci 2016;32(6):1396–401 Nov 1.

[29] Marchesini G, Day CP, Dufour JF, Canbay A, Nobili V, Ratziu V, et al. EASL-EASD-
EASO Clinical Practice Guidelines for the management of non-alcoholic fatty liver
disease. J Hepatol 2016;64(6):1388–402 Jun 1.

[30] Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, et al. Pio-
glitazone, Vitamin E, or Placebo for Nonalcoholic Steatohepatitis. N Engl J Med
[Internet] 2010;362(18):1675. May 5 [cited 2023 Feb 23]Available from: /pmc/
articles/PMC2928471/.

[31] Belfort R, Harrison SA, Brown K, Darland C, Finch J, Hardies J, et al. A placebo-con-
trolled trial of pioglitazone in subjects with nonalcoholic steatohepatitis. N Eng J
Med 2006;355(22):2297–307 [Internet]Nov 30 [cited 2023 Feb 23]Available
from. https://doi.org/10.1056/NEJMoa060326.

[32] Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The diagno-
sis and management of nonalcoholic fatty liver disease: practice guidance from
the american association for the study of liver diseases. Hepatology 2018 Jan 1;67
(1):328–57.

[33] Cusi K, Isaacs S, Barb D, Basu R, Caprio S, Garvey WT, et al. American association of
clinical endocrinology clinical practice guideline for the diagnosis and manage-
ment of nonalcoholic fatty liver disease in primary care and endocrinology clini-
cal settings: co-sponsored by the american association for the study of liver
diseases (AASLD), 28. Endocrine Practice; 2022. p. 528–62.

[34] Madiraju AK, Qiu Y, Perry RJ, Rahimi Y, Zhang XM, Zhang D, et al. Metformin
inhibits gluconeogenesis via a redox-dependent mechanism in vivo. Nat Med
[Internet] 2018;24(9):1384–94 Sep 1 [cited 2022 Feb 23]Available from https://
pubmed.ncbi.nlm.nih.gov/30038219/.

[35] Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its anti-diabetic
effects through inhibition of complex 1 of the mitochondrial respiratory chain.
Biochem J [Internet] 2000;348:607–14 Jun 15 [cited 2022 Mar 13]Pt 3(Pt 3)Avail-
able from https://pubmed.ncbi.nlm.nih.gov/10839993/.

[36] Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-acti-
vated protein kinase in mechanism of metformin action. J Clin Invest [Internet]
2001;108(8):1167–74 [cited 2022 Feb 20]Available from https://pubmed.ncbi.
nlm.nih.gov/11602624/.

[37] Barbero-Becerra V J, Santiago-Hernandez J J, Villegas-Lopez F A, Mendez-Sanchez
N, Uribe M, Chavez-Tapia N C. Mechanisms involved in the protective effects of
metformin against nonalcoholic fatty liver disease. Curr Med Chem [Internet]
2012;19(18):2918–23 May 31 [cited 2022 Mar 13]. Available from https://
pubmed.ncbi.nlm.nih.gov/22519397/.

[38] LI Y, LIU L, WANG B, WANG J, CHEN D. Metformin in non-alcoholic fatty liver dis-
ease: a systematic review and meta-analysis. Biomed Rep [Internet] 2013;1
(1):57. [cited 2022 Feb 20]Available from: /pmc/articles/PMC3956897/.

[39] Desvergne B, Wahli W. Peroxisome proliferator-activated receptors: nuclear con-
trol of metabolism. Endocr Rev 1999;20(5):649–88.

[40] Yan H, Wu W, Chang X, Xia M, Ma S, Wang L, et al. Gender differences in the effi-
cacy of pioglitazone treatment in nonalcoholic fatty liver disease patients with
abnormal glucose metabolism. Biol Sex Differ 2021;12(1):1–9.

[41] Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Sch€utz G, Umesono K, et al. The
nuclear receptor superfamily: the second decade. Cell 1995;83(6):835–9.

[42] Picard F, Auwerx J. PPARg and glucose homeostasis. Annu Rev Nutr 2002;22:167–
97.

[43] Otto C, Lebrke M, G€oke B. Novel insulin sensitizers: pharmacogenomic aspects.
Pharmacogenomics 2002;3(1):99–116.

[44] Berger J, Leibowitz MD, Doebber TW, Elbrecht A, Zhang B, Zhou G, et al. Novel per-
oxisome proliferator-activated receptor (PPAR) g and PPARd ligands produce dis-
tinct biological effects. J Biol Chem 1999;274(10):6718–25.

[45] Mannino GC, Sesti G. Individualized therapy for type 2 diabetes: clinical implica-
tions of pharmacogenetic data. Mol Diagn Ther 2012;16(5):285–302.

[46] Lefebvre AM, Peinado-Onsurbe J, Leitersdorf I, Briggs MR, Paterniti JR, Fruchart JC,
et al. Regulation of lipoprotein metabolism by thiazolidinediones occurs through
a distinct but complementary mechanism relative to fibrates. Arterioscler Thromb
Vasc Biol 1997;17(9):1756–64.

[47] Manolopoulos VG, Ragia G, Tavridou A. Pharmacogenomics of oral antidiabetic
medications: current data and pharmacoepigenomic perspective. Pharmacoge-
nomics 2011;12(8):1161–91.

[48] Baldwin SJ, Clarke SE, Chenery RJ. Characterization of the cytochrome P450
enzymes involved in the in vitro metabolism of rosiglitazone. Br J Clin Pharmacol
1999;48(3):424–32.

[49] Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology
2007;132(6):2131–57.

[50] Knauf C, Cani PD, Perrin C, Iglesias MA, Maury JF, Bernard E, et al. Brain glucagon-
like peptide-1 increases insulin secretion and muscle insulin resistance to favor
hepatic glycogen storage. J Clin Investigat 2005;115(12):3554–63.

[51] Nauck M. Incretin therapies: highlighting common features and differences in the
modes of action of glucagon-like peptide-1 receptor agonists and dipeptidyl pep-
tidase-4 inhibitors. Diabetes Obes Metab 2016;18(3):203–16.

[52] Drucker DJ. The biology of incretin hormones. Cell Metab 2006;3(3):153–65.
[53] Sumida Y, Yoneda M, Tokushige K, Kawanaka M, Fujii H, Yoneda M, et al. Antidia-

betic therapy in the treatment of nonalcoholic steatohepatitis. Int J Mol Sci
2020;21(6).

[54] Ranjbar G., Mikhailidis D.P., Sahebkar A. Effects of newer antidiabetic drugs on
nonalcoholic fatty liver and steatohepatitis: think out of the box! Metabolism
[Internet].Metabolism. 2019;101:154001. Available from: https://doi.org/
10.1016/j.metabol.2019.154001

[55] Gupta NA, Mells J, Dunham RM, Grakoui A, Handy J, Saxena NK, et al. Glucagon-
like peptide-1 receptor is present on human hepatocytes and has a direct role in
decreasing hepatic steatosis in vitro by modulating elements of the insulin signal-
ing pathway. Hepatology 2010;51(5):1584–92.

[56] Piro S, Spadaro L, Russello M, Spampinato D, Oliveri CE, Vasquez E, et al. Molecular
determinants of insulin resistance, cell apoptosis and lipid accumulation in non-
alcoholic steatohepatitis. Nutr, Metab Cardiovascr Diseases. 2008;18(8):545–52.

[57] Badmus OO, Hillhouse SA, Anderson CD, Hinds TD, Stec DE. Molecular mechanisms
of metabolic associated fatty liver disease (MAFLD): functional analysis of lipid
metabolism pathways. Clinical science, 136. Portland Press Ltd; 2022. p. 1347–66.

[58] Cusi K, Sattar N, García-P�erez LE, Pavo I, Yu M, Robertson KE, 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.
Diabetic Med 2018;35(10):1434–9.

[59] Dai Y, He H, Li S, Yang L, Wang X, Liu Z, et al. Comparison of the efficacy of gluca-
gon-like peptide-1 receptor agonists in patients with metabolic associated fatty
liver disease: updated systematic review and meta-analysis. Front Endocrinol
(Lausanne) 2021;11(February):1–11.

[60] Bregenholt S, Møldrup A, Blume N, Karlsen AE, Friedrichsen BN, Tornhave D, et al.
The long-acting glucagon-like peptide-1 analogue, liraglutide, inhibits b-cell apo-
ptosis in vitro. Biochem Biophys Res Commun 2005;330(2):577–84.

[61] Arai T, Atsukawa M, Tsubota A, Mikami S, Ono H, Kawano T, et al. Effect of
sodium-glucose cotransporter 2 inhibitor in patients with non-alcoholic fatty
liver disease and type 2 diabetes mellitus: a propensity score-matched analysis of
real-world data. Ther Adv Endocrinol Metab 2021;12:1–3.

[62] Komiya C, Tsuchiya K, Shiba K, Miyachi Y, Furuke S, Shimazu N, et al. Ipragliflozin
improves hepatic steatosis in obese mice and liver dysfunction in type 2 diabetic
patients irrespective of body weight reduction. PLoS ONE 2016;11(3):1–19.

A.d.C. Maldonado-Rojas, J.M. Zuarth-V�azquez, M. Uribe et al. Annals of Hepatology 29 (2024) 101182

6

http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0009
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0009
https://pubmed.ncbi.nlm.nih.gov/18723451/
https://pubmed.ncbi.nlm.nih.gov/19602132/
https://pubmed.ncbi.nlm.nih.gov/19602132/
https://pubmed.ncbi.nlm.nih.gov/30359962/
https://pubmed.ncbi.nlm.nih.gov/30359962/
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0013
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0013
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0013
https://pubmed.ncbi.nlm.nih.gov/32998095/
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0015
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0015
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0015
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0016
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0016
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0016
https://doi.org/10.1016/S0016-5085(01)00749-1
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0018
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0018
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0018
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0019
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0019
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0019
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1016/j.jhep.2017.11.014
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0021
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0021
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0022
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0022
http://10.1016/j.jhep.2018.02.013
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0024
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0024
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0025
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0025
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0025
http://doi.org/10.3390/metabo
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0027
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0027
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0027
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0027
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0028
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0028
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0028
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0029
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0029
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0029
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0030
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0030
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0030
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0030
https://doi.org/10.1056/NEJMoa060326
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0032
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0032
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0032
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0032
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0033
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0033
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0033
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0033
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0033
https://pubmed.ncbi.nlm.nih.gov/30038219/
https://pubmed.ncbi.nlm.nih.gov/30038219/
https://pubmed.ncbi.nlm.nih.gov/10839993/
https://pubmed.ncbi.nlm.nih.gov/11602624/
https://pubmed.ncbi.nlm.nih.gov/11602624/
https://pubmed.ncbi.nlm.nih.gov/22519397/
https://pubmed.ncbi.nlm.nih.gov/22519397/
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0038
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0038
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0038
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0039
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0039
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0040
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0040
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0040
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0041
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0041
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0041
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0042
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0042
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0042
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0043
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0043
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0043
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0044
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0044
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0044
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0044
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0044
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0045
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0045
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0046
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0046
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0046
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0046
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0047
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0047
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0047
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0048
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0048
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0048
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0049
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0049
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0050
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0050
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0050
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0051
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0051
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0051
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0052
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0053
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0053
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0053
http://doi.org/10.1016/j.metabol.2019.154001
http://doi.org/10.1016/j.metabol.2019.154001
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0055
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0055
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0055
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0055
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0056
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0056
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0056
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0057
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0057
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0057
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0058
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0058
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0058
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0058
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0058
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0059
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0059
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0059
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0059
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0060
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0060
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0060
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0060
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0061
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0061
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0061
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0061
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0062
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0062
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0062


[63] Honda Y, Imajo K, Kato T, Kessoku T, Ogawa Y, Tomeno W, et al. The selective
SGLT2 inhibitor ipragliflozin has a therapeutic effect on nonalcoholic steatohepa-
titis in mice. PLoS ONE 2016;11(1):1–13.

[64] Shibuya T, Fushimi N, Kawai M, Yoshida Y, Hachiya H, Ito S, et al. Luseogliflozin
improves liver fat deposition compared to metformin in type 2 diabetes patients
with non-alcoholic fatty liver disease: a prospective randomized controlled pilot
study. Diabetes Obes Metab 2018;20(2):438–42.

[65] Ito D, Shimizu S, Inoue K, Saito D, Yanagisawa M, Inukai K, et al. Comparison of
Ipragliflozin and Pioglitazone effects on Nonalcoholic fatty liver disease in
patients with type 2 diabetes: a randomized, 24-week, open-label, active-con-
trolled trial. Diabetes Care 2017;40(10):1364–72.

[66] Dougherty JA, Guirguis E, Thornby KA. A systematic review of newer antidiabetic
agents in the treatment of nonalcoholic fatty liver disease. Ann Pharmacother
2021;55(1):65–79.

[67] Lai LL, Vethakkan SR, Nik Mustapha NR, Mahadeva S, Chan WK. Empagliflozin for
the treatment of nonalcoholic steatohepatitis in patients with type 2 diabetes
mellitus. Dig Dis Sci [Internet] 2020;65(2):623–31 Available from. https://doi.org/
10.1007/s10620-019-5477-1.

[68] Kumar J, Memon RS, Shahid I, Rizwan T, Zaman M, Menezes RG, et al. Antidiabetic
drugs and non-alcoholic fatty liver disease: a systematic review, meta-analysis
and evidence map. Digest Liver Disease 2021;53(1):44–51.

[69] Neumiller JJ. Differential chemistry (structure), mechanism of action, and phar-
macology of GLP-1 receptor agonists and DPP-4 inhibitors. J Am Pharm Assoc
(2003) [Internet] 2009;49(Suppl 1(5)):S16–29 Available from. https://doi.org/
10.1331/JAPhA.2009.09078.

[70] Abrahami D, Douros A, Yin H, Yu OHY, Faillie JL, Montastruc F, et al. Incretin based
drugs and risk of cholangiocarcinoma among patients with type 2 diabetes: popu-
lation based cohort study. BMJ (Online) 2018:363.

A.d.C. Maldonado-Rojas, J.M. Zuarth-V�azquez, M. Uribe et al. Annals of Hepatology 29 (2024) 101182

7

http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0063
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0063
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0063
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0064
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0064
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0064
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0064
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0065
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0065
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0065
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0065
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0066
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0066
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0066
https://doi.org/10.1007/s10620-019-5477-1
https://doi.org/10.1007/s10620-019-5477-1
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0068
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0068
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0068
https://doi.org/10.1331/JAPhA.2009.09078
https://doi.org/10.1331/JAPhA.2009.09078
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0070
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0070
http://refhub.elsevier.com/S1665-2681(23)00285-5/sbref0070

	Insulin resistance and Metabolic dysfunction-associated steatotic liver disease (MASLD): Pathways of action of hypoglycemic agents
	1. Introduction
	2. Metabolism pathways of MASLD
	3. Relationship between hypoglycemic agents and MASLD
	4. PPARγ agonists
	5. GLP-1 RAs
	6. GLT2 inhibitors
	7. Dipeptidyl peptidase-4 (DPP-4) inhibitors
	8. Discussion and conclusions
	Author contributions
	Funding
	Declaration of interests
	Acknowledgments
	References


