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ABSTRACT   
 

Worldwide, metabolic dysfunction-associated fatty liver disease (MAFLD) 

is a significant public health concern, especially since more than fifty 

percent of people with type 2 diabetes are affected by it. This pathological 

condition includes all states of fatty liver disease, from non-alcoholic fatty 

liver disease (NAFLD) to steatohepatitis (NASH). Prolonged evolutions 

can lead to cirrhosis and cancer, so treatment must be started early. Hepatic 

steatosis may be improved by sodium glucose co-transporter 2 inhibitors 

(SGLT2 inhibitors), which prevent glucose reabsorption in the proximal 

renal tubule and increase urinary excretion, thus lowering plasma glucose 

levels. Experimental studies in animal models have suggested that SGLT2 

inhibitors may have beneficial modulatory effects on NAFLD and NASH, 

while numerous clinical trials have demonstrated their favorable effects on 

the liver enzymes, body mass index, blood lipids, blood glucose, and 

insulin resistance in NAFLD patients. This review highlights the state of 

knowledge regarding the epidemiology, diagnosis and pathogenetic 

pathways of MAFLD, focusing primarily on the effectiveness of SGLT2 

inhibitors as a promising drug class in the treatment of NAFLD. 
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Introduction  

Metabolic dysfunction-associated fatty liver disease 

(MAFLD) is a metabolic disorder characterized by the 

presence of excessive fat accumulation in the liver. In 

addition to fat accumulation, at least one of the following 

criteria should be present: overweight/obesity, type 2 

diabetes mellitus, or other metabolic disorder [1]. MAFLD 

includes two distinct physiopathological conditions: non-

alcoholic fatty liver disease (NAFLD) and non-alcoholic 

steatohepatitis (NASH). The primary histological feature 

of NAFLD is the accumulation of at least 5% lipids in 

hepatocytes, but without the presence of hepatocellular 

injury and unrelated to alcohol, drug use, or other diseases 

that could lead to hepatic steatosis [2]. In contrast, NASH 

is defined by at least 5% lipid in the liver cells, along with 

inflammatory symptoms and hepatocellular damage 

(regardless of whether there is fibrosis or not) and having the 

potential to lead to liver failure, cirrhosis, or the emergence 

of hepatocellular carcinoma (HCC) [3]. 

NAFLD is considered to have the highest global rate of 

increase among chronic liver diseases due to the recent 

expansion of obesity and the metabolic syndrome (MetS), 

with an estimated global incidence of 25% in the adult 

population [4]. The regions which highest rates of 

prevalence are South America (31%), the Middle East 

(32%), the United States (24%), and Europe (23%), while 

Africa (14%) has the lowest rates [5]. NAFLD is the most 

common liver disease in the Western world, where it affects 

30%–40% of men and 15%–20% of women. It exceeds 70% 

prevalence in patients with type 2 diabetes mellitus (T2DM) 

[6,7]. The frequency and severity of secondary NAFLD 

related liver fibrosis are also likely to increase. The 

incidence of these conditions increases considerably with 
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age, as a result of the prolonged evolution of the disease that 

favors exposure to factors that cause liver damage [8]. 

T2DM and NAFLD are frequently associated in medical 

practice (MAFLD), acting synergistically and leading to 

undesirable outcomes [9]. One in five T2DM patients with 

normal liver function had biopsy-proven NASH [10]. The 

risk of cardiovascular disease, liver cirrhosis, liver cancer, 

and death are significantly increased when T2DM and 

NAFLD (MAFLD) are associated [11-14]. 

NASH occurrence is a difficult and poorly understood 

process. Numerous animal studies have recently been 

performed to better understand the pathophysiology of 

NAFLD and NASH [15,16]. There is evidence that the 

development of NASH usually consists of two stages. 

Accumulation of fat in the liver is the initial stage of this 

process, leading to worsening insulin resistance. 

Modifications in both cells and molecules that result from 

oxidative stress and the oxidation of fatty acids in the liver 

(as a result of numerous factors: cytokine damage, 

hyperinsulinemia, hepatic iron and/or lipid peroxidation, 

extracellular matrix variation, energy homeostasis, and 

altered immune system function) represent the second 

stage of this process [17]. The development insulin 

resistance is generally a complex process. In metabolic 

syndrome, as is the case in most patients with MAFLD, 

increased fat mass and adipocyte differentiation play a 

pivotal role in the development of insulin resistance.  

MAFLD can be divided into two distinct types. The first 

type is NAFLD, where insulin resistance is now considered 

to be the main pathophysiological cause. The second type 

is NASH, being linked to infectious pathologies and the use 

of liver toxic substances (including drugs), which can lead 

to the appearance of hepatic steatosis [18].  

For T2DM patients with NAFLD, it has been shown that 

lifestyle changes related to diet and exercise continue to be 

the cornerstone of contemporary therapy [18]. Sodium-

glucose co-transporter 2 (SGLT2) inhibitors are anti-

diabetic medications that proved to have multiple positive 

effects on patients' weight and liver enzymes (in addition 

to their hypoglycemic activity), which may ameliorate or 

even stop the progression of NAFLD [19,20]. 

The aim of the review is to describe the current knowledge 

about the pathogenetic pathways of MAFLD, and the 

mechanisms by which SGLT2 inhibitors act on NAFLD and 

NASH. Thus, we systematically reviewed several studies to 

highlight the therapeutic benefits of the class of SGLT2 

inhibitors, especially in patients with NAFLD.  

Methodology. The medical literature search was 

conducted in several databases (PubMed, Springer Link, 

ScienceDirect and Scopus), to identify relevant publications 

related to this topic. The search terms and keywords, alone or 

in combination, were: NAFLD, Non-alcoholic fatty liver 

disease, NASH, Non-alcoholic steatohepatitis, Fatty liver, 

Type 2 diabetes, Diabetes mellitus type 2, SGLT-2 inhibitors, 

Sodium glucose-cotransporter-2 inhibitors, Canagliflozin, 

Dapagliflozin, Empagliflozin, Ipragliflozin, Luseogliflozin, 

Tofogliflozin, Sotagliflozin, Ertugliflozin, Remogliflozin, and 

Sergliflozin. The relevant articles were selected using 

predefined algorithms according to the PRISMA criteria, the 

obtained data being carefully examined by two independent 

researchers. The selection procedure, evaluation and final 

inclusion criteria are presented in Figure 1. 

 

Figure 1. Flow chart presenting the literature selection, 

inclusion and exclusion criteria 

Discussions 

SGLT2 inhibitors- general features 

SGLT2 inhibitors seem to be among the most promising 

medications used to treat T2DM and show clear advantages 

in individuals with NAFLD. The limit of glucose filtration 

in the kidneys is equivalent to 180 g/day under normo-

glycemic settings and with intact renal function; when 

plasma glucose levels above this threshold, they are 

removed in the urine with salt. There are two different 

kinds of cotransporters: SGLT1, which is found in the 

intestine and the area of the proximal convoluted tubule 

below the Bowman's capsule, and SGLT2, which is only 

found in the renal tubule. SGLT2 reabsorbs 97% of the 

glucose upstream of the proximal tubule, while SGLT1 

reabsorbs the remaining 3%. To limit renal glucose loss in 

hyperglycemic situations, the kidneys raise their renal 

resorption capacity to a maximum of 600 g/day [2]. 

Therefore, inhibiting this transporter would not only 

improve glycemic control but also salt homeostasis and 

water retention. This activity, which is mediated by the 

SGLT cotransporter, increases the reabsorption of salt and 

liquids in addition to glucose.  



 

 

Mihaela Simona Popoviciu et al. 

64 

A novel family of oral active medications called SGLT2 

inhibitors is used to treat T2DM. Phlorizin, a glucoside 

isolated from apple tree bark, was subsequently shown to have 

the potential to produce glycosuria, its effectiveness to lower 

blood sugar levels to restore insulin sensitivity being 

demonstrated in diabetic rats. However, its application as a 

medicinal agent was limited due to low oral availability, 

intestinal adverse effects and a short half-life time. Following, 

dapagliflozin, other (empagliflozin, canagliflozin, and 

ertugliflozin) SGLT2 inhibitors were authorized for the 

treatment of T2DM (starting with 2012 in Europe). Today, 

SGLT2 inhibitors, also known as gliflozin, include additional 

medications like ipragliflozin, luseogliflozin, and tofogliflozin 

(launched in Japan in 2014), sotagliflozin (approved in Europe 

for specific patients with type 1 diabetes who could not 

achieve adequate glycemic control, but withdrawn at the 

request of marketing authorization holder), and finally 

remogliflozin (launched in India in April 2019). Phlorizin and 

remogliflozin are examples of O-glucoside analogs, in which 

the sugar group is linked to another group via a glycoside 

bond. C-glucoside analogs, such as dapagliflozin and 

numerous others, have higher pharmacokinetic stability and 

SGLT2 selectivity (Figure 2) [21]. Given their distinct mode 

of action, SGLT2 inhibitors may be used in combination with 

other glucose-lowering treatments as an adjuvant therapy for 

greater glucose reduction. 

 

Figure 2. The SGLT2 inhibitors class 

 

Figure 3. Multisystemic effects of SGLT2i 

SGLT2 inhibitors were conceived to treat T2DM by 

preventing the kidneys from reabsorption of glucose and 

lowering blood sugar levels [22]. In addition, they can 

enhance liver function in MAFLD patients, according to 

clinical investigations (Figure 3). They also advocated for 

the treatment of T2DM and cirrhosis-related ascites, due to 

a consistent influence on natriuresis and diuresis [3]. 

The role of SGLT-2 inhibitors in the current treatment of type 

2 diabetes 

T2DM is a complex metabolic disease characterized by 

chronic hyperglycemia due to defective insulin secretion, 

insulin resistance, and increased endogenous glucose or 

glucagon production [23-26]. Cardiovascular disease is two 

to three times more probable to develop in T2DM, and the 

risk is enhanced in the context of chronic kidney disease [25]. 

Type 2 diabetes treatment alternatives have expanded 

with the introduction of SGLT2 inhibitors. These drugs 

improve glycemic control but also have other 

cardiovascular and metabolic benefits. This class reduces 

HbA1c by approximately 0.6–1.0% [25,27]. Additionally, 

SGLT2 inhibitors enhance β-cell performance by 

enhancing glucotoxicity and decreasing -cell burden rather 

than by increasing insulin release [27,28]. By increasing 

endogenous suppression of glucose synthesis after delivery 

and improving beta-cell function and insulin sensitivity, 

SGLT2 inhibitor-induced glycosuria reduced fasting and 

postprandial glycemia. It also decreased tissue glucose 

excretion [29]. Also, studies have shown that the secretion 
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of low glucagon and hepatic gluconeogenesis was 

improved [30]. The end-of-treatment liver fat content 

(MRI-PDFF) for the empagliflozin group significantly 

decreased compared to baseline, whereas the control group 

had no significant change. The main outcomes highlighted 

by the clinical trials using empagliflozin or dapagliflozin 

versus placebo in patients with T2DM associated with 

NAFLD or CVD, are summarized in Table 1. 

 
Table 1. Evaluation of the effects of SGLT2 inhibitors against placebo on liver enzymes and measurements of 

hepatic fat content in people with T2DM included in randomized controlled trials 

Patients 
Duration 

(weeks) 
Treatment N ALT AST GGT 

MRI-PDFF 

(% liver fat) 
Ref. 

NAFLD+ 

T2DM 

(1RCT) 

20 

Empagliflozin 

10 mg 

 

Placebo 

22 

 

 

20 

64.3→ 49.7 

P=0.001 

 

65.3→ 61.6 

P= NA 

44.6 → 36.2 

P=0.040 

 

45.3 → 44.6 

P= NA 

65.8 → 50.9 

P=0.002 

 

63.9 → 60.0 

P= NA 

16.2 → 11.3 

P<0.0001 

 

16.4 → 15.5 

P=0.054 

[31] 

T2DM 

(RCT) 
24 

Empagliflozin 

10 or 25mg 

 

Placebo 

1,652 

 

 

825 

28.2→ 23.6 

P<0.0001 

 

28.4→ 27.0 

P= NA 

23.0 → 21.0 

P<0.0001 

 

23.1 → 22.5 

P= NA 

NA 

 

 

NA 

NA 

 

 

NA 

[32] 

T2DM+CVD 

(EMPAREG 

OUTCOME® 

trial) 

164 

Empagliflozin 

10 

or 25 mg 

 

Placebo 

4,611 

 

 

 

2,313 

25.5→ 22.5 

P=0.004 

 

26.2→ 24.4  

P= NA 

22.5 → 21.3 

P=0.107 

 

22.9 → 22.4 

P= NA 

NA 

 

 

NA 

NA 

 

 

NA 

[33] 

NAFLD 

+T2DM 

(RTCs 

parallel group 

study) 

12 

Dapagliflozin 

10 mg 

 

Placebo 

19 

 

 

19 

67 → 53 

P<0.05 

 

57 → 54 

P= NA 

52 → 45 

P<0.05 

 

49 → 47 

P= NA 

97 → 89 

P<0.05 

 

54 → 50 

P= NA 

17.3 → 15.1 

P<0.05 

 

15.1 → 14.5 

NS 

[34] 

Legend: MRI-PDFF = magnetic resonance imaging-proton density fat fraction; NA = not available; NS = not significant; NAFLD = 

non-alcoholic fatty liver disease; RCTs = randomized controlled trials; ALT =alanine transaminase; AST = aspartate transaminase; 

GGT = gamma-glutamyl transferase 

Current recommendations for the use of SGLT 2 inhibitors 

in type 2 diabetes therapy 

The American Diabetes Association and the European 

Association for the Study of Diabetes are the two recognized 

societies that meet annually to update previous consensus 

statements on the management of hyperglycemia in adult type 

2 diabetes mellitus. In 2022, following the systematic 

examination of previous publications, new recommendations 

were established. Among them are the indications related to 

therapy with SGLT2 inhibitors. Cardiorenal outcomes 

studies have shown their effectiveness in lowering the risk 

of major adverse cardiovascular events (MACE), 

cardiovascular death, myocardial infarction, heart failure 

hospitalization (HF) and all-cause mortality and improving 

renal outcomes. The type 2 diabetic's unique profile, 

including the presence of comorbidities, adverse reactions 

risk, preferences and circumstances, should be taken into 

consideration while choosing a hypoglycemic medication 

[35,36]. Certain medications, particularly SGLT2 

inhibitors, have been demonstrated to protect organs (heart, 

kidney) in part independently of their blood glucose-

lowering effect. Such organ protection is also seen in 

people who do not have T2DM. Based on these criteria, all 

individuals with diabetes and established or subclinical 

CVD should be prescribed a drug with a demonstrated 

cardiovascular benefit from the glucagon-like peptide-1 

receptor agonist (GLP-1 RA) or the SGLT2 inhibitor class, 

independent of HbA1c level or the presence of additional 

glucose-lowering medications [37]. Also, all people with 

diabetes and CKD (eGFR 60 mL/min per 1.73 m2 or 

Urinary Albumin Creatinine Ration >3.0 mg/mmol/ >30 

mg/g) should be given a medication from the SGLT2 

inhibitor class that has a documented renal benefit.  

Those who have heart failure - HF (HF with reduced 

ejection fraction or HF with preserved ejection fraction) 

should also take a medication from the class of SGLT2 

inhibitors with proven benefits for this population. The 

choice to utilize a GLP-1 RA or an SGLT2 inhibitor with 

demonstrated effectiveness in persons with HF, CKD, 

CVD, or multiple risk factors for CVD should be made 

independently of baseline HbA1c. It is recommended to 

prioritize the use of organ protective drugs (GLP-1RA, 

SGLT2i) in those with cardiorenal disease or NASH or at 

increased risk of developing them [38]. 

Effects of SGLT-2 inhibitors on insulin resistance 

Chronic hyperglycemia causes a condition known as 

glucose toxicity, which impairs insulin sensitivity by reducing 

-cell activity and endogenous insulin secretion. This "glucose 

poisoning" is a factor in how hyperglycemia worsens over 

time [39] and to maintain glycemic control as the condition 

worsens, most T2DM patients need greater doses of insulin 

[40]. However, increasing the daily dose of insulin can cause 
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more insulin resistance, which would raise the risk of 

hypoglycemia and lead to an increase in body weight. 

Glycemic lowering effect 

The mechanism underlying the blood glucose-lowering 

effect is represented by SGLT2 blockade, which will result 

in a decrease in the renal threshold for glucose (RTG) [41]. 

Thus, in diabetes patients, SGLT2 inhibitors lower glucose 

absorption by 30–50% [42,43].  

Patients who took SGLT2 inhibitors in conjunction to 

insulin therapy had lower levels of HbA1c than control 

patients, according to a 2017 meta-analysis of nine 

randomized controlled studies with a total of 3,069 

individuals (n = 1,000, MD-1.35%, 95% confidence 

interval/ CI -2.36 to -0.34; p = 0.009). In addition, a 

marginally significant drop in fasting blood sugar was seen 

(n = 905, MD-1.01 mmol/L, 95% CI-1.98 to 0.04; p = 0.04) 

[44]. The Canagliflozin Cardiovascular Assessment Study 

found that canagliflozin doses of 100 and 300 mg combined 

with insulin therapy decreased HbA1c by 0.62% compared 

to placebo (95% CI 0.54 –0.69; p < 0.001) vs. −0.73% (95% 

CI 0.65–0.81; p < 0.001) after 18 weeks and 0.58% (95% CI 

0.48 to −0.68; p < 0.001) vs. 0.73% (95% CI 0.63-0.83; p 

<0.83) after 52 weeks. In addition, a significant decrease in 

fasting glucose was observed after 18 weeks, as well as after 

52 weeks [45]. Other SGLT2 inhibitors, like dapagliflozin 

and empagliflozin, were also shown to lower HbA1c and 

fasting blood glucose levels in clinical trials [46-50]. 

Reduction of the daily dose of insulin 

The potential mechanisms by which SGLT2 inhibitors 

improve β-cell function and reduce insulin resistance in 

T2D patients have been examined in recent research [51]. 

o Insulin resistance and inflammation are reduced by 

SGLT2 inhibitors through polarizing M2 macrophages. 

Obesity, insulin resistance, and T2DM are all linked to 

chronic inflammation [52,53]. In addition to increasing 

immune cell recruitment and innate immune responses, 

obesity and heterotopic fat deposition also alter the 

phenotype of macrophages and enhance the infiltration of 

proinflammatory immune cells into metabolic organs, 

which leads to the development of insulin resistance 

[54,55]. Macrophage recruitment and polarization in 

particular, are key to obesity-induced inflammation and 

insulin resistance. Inhibition of M1 macrophage polarization 

and activation of the alternative M2 macrophage could 

prevent worsening of inflammation and insulin resistance 

[53,55,56]. Empagliflozin has been shown to decrease 

macrophage accumulation and promote the M2-dominant 

phenotypic differentiation of liver and white adipose tissue 

macrophages, hence reducing inflammation caused by 

obesity [57]. Empagliflozin may also attenuate 

inflammation and insulin resistance in obesity by decreasing 

M1 macrophage and T-cell accumulation and increasing the 

number of M2 macrophages [58]. 

o SGLT2 inhibitors impact the hormones produced by 

adipocytes. Serum leptin levels in T2DM patients [59] and 

FGF-21 [60] is increased while the level of serum 

adiponectin is decreased [61]; these alterations are thought 

to be closely connected to the start and progression of 

insulin resistance [62,63]. According to Tahara et al., mice 

and people with T2D have different levels of these 

adipocyte-derived hormones, but these alterations can be 

undone if the diabetic condition is stabilized. These results 

suggest that SGLT2 inhibitors decrease insulin resistance 

in T2DM [64]. The Matsuda-DeFronzo index and mood 

index, which are recognized markers of insulin secretion 

and insulin resistance, respectively, improved after 

administration of long-acting SGLT2 inhibitors, 

demonstrating that SGLT2 inhibitors reduce insulin 

resistance and secretion to insulin [65]. Long-acting 

SGLT2 inhibitors may lower daily blood glucose 

excursion, safeguard pancreatic function, and enhance 

glucose tolerance and insulin resistance as compared to 

intermediate-acting SGLT2 inhibitors [65]. 

o The development of numerous β-cell-related factors is 

encouraged by SGLT2 inhibitors. A larger mass of 

pancreatic beta cells was seen in mice receiving 

luseogliflozin treatment because of increased cell 

proliferation and decreased apoptosis. The levels of β-cell-

related elements, including as insulin, MafA, PDX1, the 

GLP-1 receptor, and the glucose transporter Glut2, were 

elevated in mice receiving empagliflozin treatment. After 

empagliflozin treatment for one week, β-cell growth was 

encouraged and its protective effects against pancreatic β-

cells were noticed [66]. 

Nine randomized controlled studies comparing SGLT2 

inhibitors plus insulin therapy to placebo plus insulin 

therapy were examined in a 2017 meta-analysis. Studies 

that used an insulin pump or numerous daily basal 

treatment injections of bolus insulin were also included. 

According to research, SGLT2 inhibitors may reduce the 

overall daily dose of insulin, (n = 813, MD 4.85 U/24 h, 

95% CI 2.29–7.42, p = 0.002) compared with placebo-

controlled studies [44]. 

A decrease in the total daily insulin dose was found in 

several randomized controlled clinical trials (ie, basal plus 

bolus insulin dose or total daily insulin pump dose) after one 

group received SGLT2 inhibitors plus insulin compared to 

the placebo plus insulin group [44-50]. Harris et al. found 

that SGLT2 inhibitors may result in a more pronounced 

reduction in insulin dose for participants on an increased 

insulin regimen (100 IU/day). At 3 and 6 months, 

canagliflozin caused an insulin dose reduction of 17 IU for 

patients taking 101–200 IU of insulin daily. Additionally, 

between 20 and 70 IU/day less insulin was administered to 

people taking more than 200 IU daily at three and six months 

following canagliflozin and dapagliflozin administration 

[66]. Another cross-sectional study indicates that SGLT2 
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inhibitors may block glucagon-induced insulin secretion in 

β-cells and decrease insulin resistance, evidenced by a 

significant 21% reduction in HOMA2-IR (homeostatic 

model assessment of insulin resistance) [67]. 

Body weight reduction 

Body weight loss is caused by a variety of reasons, in 

addition to the caloric deficit caused by glycosuria and 

energy imbalance [68,69]. First, SGLT2 inhibitors change 

the energy metabolism to rely more on sugar and fat. 

According to studies, the usage of fat as fuel was shifted 

as a result of the increased oxygen use and carbon dioxide 

expiration brought on by SGLT2 inhibitors. By triggering 

the adenosine monophosphate-activated protein kinase 

(AMPK) pathway and modulating the production of 

adiponectin and leptin, SGLT2 inhibitors promote fatty 

acid β-oxidation. Additionally, SGLT2 inhibitors boost the 

expression of adiponectin and leptin in white adipose tissue 

and boost fatty acid oxidation. The regulation of food 

intake and energy homeostasis depends on the adipokines 

leptin and adiponectin, which are known as adipose tissue-

specific adipokines [70]. Empagliflozin decreases leptin 

expression and up-regulates adiponectin mRNA 

expression. Adiponectin increases fatty acid β-oxidation 

and decreases serum triglyceride and free fatty acid levels. 

As a result, increased adiponectin expression and 

decreased leptin expression promote energy expenditure 

and lipolysis, which reduce body weight [71]. Weight gain 

is frequently a side effect of insulin therapy [72,73]. 

Combining other antidiabetic drugs such as sulfonylureas 

and thiazolidinediones with insulin also leads to significant 

weight increase [74-76].  

The use of SGLT2 inhibitors in conjunction with insulin 

as a T2D therapy regimen was found to avoid this weight 

gain and result in a considerable reduction in body weight, 

according to meta-analysis [44] and additional clinical 

investigations [45–50]. SGLT2 inhibitors can dramatically 

speed up weight loss compared to other diabetes 

medications like pioglitazone and DPP-4 inhibitors with 

weight reductions of up to 3.5 kg recorded at 52 weeks after 

canagliflozin [76-78].  

Studies on animals have also shown that using SGLT2 

inhibitors causes weight reduction. Rats' development of 

hepatic steatosis and weight gain brought on by a high-fat 

diet (HFD) were prevented after 8 weeks of tofogliflozin use 

[68]. Body weight was greatly lowered and lipid breakdown 

was enhanced after taking dapagliflozin for 35 days [79]. 

Effects of SGLT-2 inhibitors on plasma lipid values 

Current research suggests that these medications may 

offer extra advantages beyond their glycemic-lowering 

effects by restoring normal lipid metabolism and so 

protecting against diseases caused by dyslipidemia and 

those related to it. At least five cellular pathways—lipid 

biogenesis (lipogenesis and lipolysis), lipid peroxidation, 

lipid transport, cholesterol biosynthesis, and fatty acid -

oxidation—are influenced by SGLT2 inhibitors when it 

comes to regulating lipid metabolism [80]. Other 

supplements or antioxidants for NAFLD improvement 

have been studied [81,82]. 

Lipid biogenesis 

Two crucial factors that govern lipid homeostasis and 

total body fat are lipogenesis and lipolysis, both of which are 

tightly regulated metabolic processes [83,84]. However, this 

balance is disturbed and dyslipidemia occurs in a 

pathological setting like diabetes [85]. Lipolysis and lipo-

genesis are significantly impacted by SGLT2 inhibitors [65]. 

In diabetic mice, de novo lipogenesis was lowered by 

empagliflozin, according to Jojima et al. [86]. Through the 

down regulation of FAS (fatty acid synthesis) and ACC 

(Acetyl-CoA carboxylase) and a reduction in lipogenesis 

in the hepatocytes of diabetic mice, researchers discovered 

that empagliflozin medication for three weeks prevented 

the onset of fatty liver [87]. In hospitalized T2DM patients, 

Lauritsen et al. discovered that 4 weeks of empagliflozin 

medication increased circulating free fatty acids and 

caused lipolysis [87]. They hypothesized that the reason 

empagliflozin had this effect was probably because it 

reduced CIDEC (Cell Death Inducing DFFA like Effector 

C - a regulator of adipocyte lipid metabolism) and PDE3B 

(Phosphodiesterase 3B - a key regulator of lipolysis and 

energy homeostasis) [88].  

Furthermore, according to Osataphan et al., 

canagliflozin's SGLT2 inhibition improved non-diabetic 

mice lipogenesis by lowering the expression levels of 

genes implicated in de novo lipogenesis [88]. They showed 

that canagliflozin caused white adipose tissue to undergo 

lipolysis, most likely through FGF21 (fibroblast growth 

factor 21)-dependent pathways and transcriptional 

reprogramming of lipolysis [89]. ATP-citrate synthase, 

Acetyl-CoA carboxylase, SREBP-1c (sterol response 

element binding protein 1c - a major regulator of FFA 

metabolism), and sterol response were all decreased by 

canagliflozin, according to Day et al [89]. Another study 

discovered that canagliflozin inhibited the mitochondrial 

respiratory chain complex I, which in turn phosphorylated 

and activated ACC and reduced lipogenesis in mouse  

liver tissue. This activation of AMPK (adenosine 

monophosphate-activated protein kinase) was then 

mediated by the inhibition of MRC complex I [90]. 

Together, SGLT2 inhibitors can decrease lipogenesis and 

promote lipolysis via a variety of physiological routes. 

Cholesterol homeostasis 

A crucial lipid molecule, cholesterol plays multiple roles 

in the creation of hormones and steroids as well as in the 

composition of cell membranes [91]. Its circulating amount 

is linked to a major risk of atheroma plaque development and 

atherosclerotic cardiovascular disorders [92]. As a result, it 
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is crucial to maintain its normal homeostasis and normalize 

its level in order to slow down atherogenesis [93]. There are 

a variety of publications on how SGLT2 inhibitor 

medication affects cholesterol metabolism, and while some 

have claimed positive results [94], others have documented 

negative effects [95] or no effects at all [96]. There is proof 

that using canagliflozin or dapagliflozin as an SGLT2 

inhibitor may lower cholesterol levels [97].  

For instance, Osataphan et al. showed that canagliflozin 

decreased circulating levels of cholesterol in mice by 

inhibiting PCSK9 (Hmgcr, Lss, and Hmgcs1) genes, which 

are implicated in cholesterol uptake and synthesis [88]. Six 

months of dapagliflozin medication, according to Gürkanet 

al., reduced serum levels of TG and LDL-cholesterol in 

T2DM patients [96]. In a different clinical trial, T2DM 

patients who received SGLT2i treatment for 6 months had 

a rise in HDL cholesterol and a decrease in LDL 

cholesterol [96]. The levels of LDL-cholesterol and total 

cholesterol may, however, rise as a result of SGLT2 

inhibition, according to some data [94]. 

For instance, Basu et al. showed that canagliflozin 

elevated TG, LDL-cholesterol, and total cholesterol in 

diabetic mice. This was probably because LPL (lipoprotein 

lipase) activity was increased, postprandial lipemia was 

decreased, and VLDL was cleared from the bloodstream 

more quickly [94]. They came to the conclusion that 

increased substrate for cholesterol production and lipolysis 

(LPL activity) were both associated with SGLT2 inhibition 

[94]. In individuals with T2DM, SGLT2 inhibitors increased 

total cholesterol, LDL cholesterol, and HDL cholesterol 

levels while decreasing TG levels [97]. Another clinical trial 

showed that canagliflozin medication enhanced HDL-

cholesterol levels after 12 weeks, resulting in cardiovascular 

benefits for T2D patients [98]. High-dose treatment 

produced this advantage [99]. Higher doses of canagliflozin 

and dapagliflozin, raised HDL cholesterol and lowered TG 

levels in diabetic individuals, according to Shi et al. [99]. 

Moreover, Cha et al. found that SGLT2 inhibitors therapy 

for 24 weeks was associated with a significant increase in 

HDL-C and LDL-C in patients with T2DM [100].  

However, some data suggested that SGLT2 inhibitors 

treatment did not significantly enhance the lipid profile 

[95]. In clinical research involving T2D patients, Fadini et 

al. showed that dapagliflozin medication for 12 weeks had 

no appreciable impact on HDL cholesterol [95]. In a 

clinical trial with T2DM patients, Bosch et al. discovered 

that empagliflozin had no appreciable impact on levels of 

total cholesterol, HDL cholesterol, or LDL cholesterol 

[101]. Although it appears that SGLT2 inhibitors have a 

variety of impacts on cholesterol metabolism and may 

increase, decrease, or have no effect on cholesterol levels, 

the mechanisms by which any of these actions is carried 

out are not yet fully understood. 

Absorption/Transport of lipids 

Body fat mass and the risk of hyperlipidemia are 

affected by the amount of dietary lipids that are absorbed 

and/or transported [102]. The main determinant of hepatic 

lipid production and blood levels of HDL, LDL, and VLDL 

is plasma lipid concentration [103-105]. Lower levels of 

dietary lipid absorption are linked to decreased levels of 

circulating TG and LDL cholesterol, as well as lower risks 

for the development of atherosclerotic plaque, the 

expansion of adipose tissue, and dyslipidemia. The 

possibility that SGLT2 inhibitors might change lipid 

transport is not supported by a lot of data [87]. SGLT2 

inhibition with empagliflozin for 4 weeks boosted lipid 

mobilization and decreased lipid buildup in abdominal 

adipose tissue, according to a recent study by Lauritsen et 

al. [87]. Similar to this, Wallenius et al. showed that 4 

weeks of dapagliflozin-induced SGLT2 inhibition 

increased free fatty acid mobilization and transport from 

adipose tissue in obese rats [106]. This subject needs more 

research because there is currently no data to support the 

impact that these medications play in lipid absorption. 

The effects of SGLT-2 inhibitors on inflammation 

SGLT2 inhibitors have pleiotropic effects that go 

beyond glycemic control [107]. They increase distal tubule 

sodium elimination by blocking SGLT2-dependent 

glucose and sodium reabsorption and decrease 

intraglomerular pressure. The shift in metabolism to 

gluconeogenesis and ketosis is thought to protect the 

kidneys and heart [108]. By reducing inflammation and 

mitochondrial dysfunction, SGLT2 inhibitors can lower 

renal tubular cells' glucotoxicity. They can also lower renal 

hypoxia by lowering the demand for energy and oxygen in 

the tubules [108]. SGLT2 inhibitors can change IL-6, 

adiponectin, and serum leptin levels and enhance adipose 

tissue function, which will increase insulin sensitivity and 

reduce the risk of cardiovascular disease [109,110]. 

SGLT2 inhibitors can significantly lower systolic blood 

pressure (SBP) and induce weight loss (Figure 4) [111]. 

The benefits of using an SGLT2 inhibitor on 

atherosclerosis may be attributable to a number of different 

factors, including decreased inflammatory molecule 

secretion, decreased macrophage infiltration, improved 

autophagy impairment, and reduced endothelial 

dysfunction [112] brought on by the hypoglycemic effects 

[113]. Recent research has demonstrated that SGLT2 

inhibitors, regardless of glycemic management, enhance 

the inflammatory and oxidative state in T2DM patients 

[114]. These findings back up the theory that SGLT2 

inhibitors have anti-inflammatory and cardioprotective 

effects. 

A meta-analysis including 30 animal studies examined 

the effect of SGLT2 inhibitors on inflammatory markers 

(interleukin-6/IL-6, C-reactive protein/CRP, tumor 
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necrosis factor-α/TNF-α and chemoattractant monocyte 

protein-1/MCP-1). Differences in inflammatory marker 

levels between treatment groups were assessed as the 

primary outcome. The results suggested that treatment with 

an SGLT2 inhibitor resulted in decreases in IL-6 (SMD: -

1.56, 95% CI -2.06 to -1.05), CRP (SMD: - 2.17, 95% CI -

2.80 to -1.53), TNF-α (SMD: -1.75, 95% CI -2.14 to -1.37) 

and MCP-1 (SMD: -2.04, 95% CI -2.91 to -1.17). The 

effect on CRP and TNF-α was of lesser magnitude in cases 

of empagliflozin use [115].

 

Figure 4. Pleiotropic effects of SGLT2 inhibitors 

Clinical studies were also performed to monitor the 

changes in the main biomarkers of inflammatory and 

oxidative stress, in order to evaluate the potential role of 

SGLT2 inhibitors in protecting against atherosclerosis. 

CRP, IL-6, and TNF-α are the inflammatory biomarkers 

considered to be implicated in the progression of 

atherosclerosis. In a non-blinded randomized study, 51 

diabetes individuals received empagliflozin (10 mg/day for 

12 months), which significantly reduced plasma 

concentrations of hs-CRP when compared to baseline and 

placebo (-74.4% compared to placebo and -55.6% 

compared to the starting value) [116]. 

Similarly, the CANOSSA study showed that the 

administration of canagliflozin (100 mg/day for 12 

months) caused a significant decrease in hs-CRP after 3, 6, 

and 12 months compared to baseline (3 months: p = 0.002, 

6 months: p = 0.001, and 12 months: p = 0.007). This study 

enrolled 35 patients with diabetes and chronically stable 

hearts [117]. A comparative clinical trials study comparing 

canagliflozin and empagliflozin was conducted in 32 

diabetic patients to evaluate the effect on inflammatory 

cytokines. The results showed that canagliflozin was more 

successful at lowering HbA1c, while empagliflozin was 

more successful at lowering inflammatory cytokines IL-6 (p 

= 0.002 vs. p = 0.27) and TNF-alpha (p = 0.002 vs. p = 0 29). 

SGLT2 inhibitors are therefore novel therapeutics with 

pleiotropic effects on metabolic regulation and the decrease 

of inflammation related to cardiovascular problems. 

Effects of SGLT-2 inhibitors in patients with MAFLD 

(NAFLD or NASH) 

Among all the medications used to treat T2DM, SGLT2 

inhibitors seem to be promising in individuals with NAFLD 

and show definite advantages same as GLP1 RA or 

thiazolidinediones in adults [118]. The use of SGLT2 

inhibitors has been demonstrated to be effective in lowering 

plasma levels of ALT, body weight [119], blood pressure and 

glycated hemoglobin (HbA1c) improvement [120], as well as 

lowering cardiovascular and renal risks, all of which are 

elements that prevent the development of NASH [121]. 

Moreover, SGLT2 inhibitors slow down the growth of NASH 

by reducing fat accumulation and preventing adipocytes from 
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releasing pro-inflammatory cytokines, which is one of the key 

factors contributing to the development of NASH [109].  

Several theories have been proposed to explain the 

pathophysiology of NAFLD improvement following 

SGLT2 therapy. When patients with diabetes are treated 

with SGLT2 inhibitors, their blood sugar and insulin levels 

fall, which further reduces the production of new hepatic 

lipids [122]. Furthermore, because SGLT2 is expressed in 

glucagon-secreting alpha pancreatic cells, the treatment of 

SGLT2 inhibitors enhances glucagon secretion [123,124]. 

 The switch from carbohydrate to fatty acid metabolism 

causes a drop in triglyceride content, which then causes 

hepatic steatosis [123,125,126]. The ensuing rise in plasma 

glucagon levels also stimulates oxidation, which then 

causes the aforementioned fall in triglyceride content. It is 

likely that the primary strategies for preventing and 

slowing the course of NAFLD, including calorie reduction, 

activity, the use of metformin, GLP1 RA, and SGLT2 

inhibitors, act on crucial autophagy targets (Figure 5) [125-

127]. Despite not having received approval to treat 

NAFLD, ezetimibe similarly seems to engage the same 

mechanisms for autophagy activation [127]. 

 

 

Figure 5. Potential actions of SGLT2-i on several 

functions related to NAFLD 

The antioxidant properties of SGLT2 inhibitors are a 

mediator for another putative pathway. In addition to 

lowering the production of free radicals, suppressing pro-

oxidants, and regulating antioxidant systems, they can also 

lessen the oxidative stress brought on by glucose [128-

133]. The effectiveness of SGLT2 inhibitors in the 

management of NAFLD has been examined in a number of 

trials to date [134]. According to a 2018 randomized 

controlled clinical trial (the E-LIFT trial) conducted in 

India on 50 patients with T2DM and NAFLD, liver fat as 

measured by proton density MRI decreased significantly 

(16.2% vs. 11.3%) and serum ALT levels improved when 

empagliflozin 10 mg was added to standard T2DM therapy 

for 20 weeks [135]. A notable reduction in liver fat levels 

(LFC) was seen in individuals with T2DM, 80% of whom 

had NAFLD. They compared a daily dose of 25 mg of 

empagliflozin to placebo [136]. Additionally, individuals 

with T2DM and NAFLD were enrolled in a 24-week open-

label controlled clinical trial in which they were randomly 

assigned to either the dapagliflozin (5 mg/day; n=33) group 

or the control group (n = 24). Transient elastography was 

used to measure the CAP (controlled attenuation 

parameter) and the liver stiffness, respectively, in order to 

evaluate fatty liver and liver fibrosis. According to this 

study's findings, dapagliflozin significantly decreased both 

liver stiffness and CAP in the dapagliflozin group [137]. In 

a prospective study, the liver histology of nine patients with 

NAFLD and T2DM was evaluated at baseline and 24 

weeks after therapy started. The patients received daily 

canagliflozin doses of 100 mg for 24 weeks. The primary 

result was histological improvement, which was defined as 

a decrease of at least one point in the NAFLD activity score 

without a worsening fibrosis stage. The histology 

outcomes for each of the nine patients were improved. A 

reduction in insulin resistance was seen in six individuals, 

and an improvement in insulin secretion was seen in three 

more patients [138].  

Inoue et al. studied the effects of 100 mg canagliflozin 

given once/day for a year on plasma biomarkers, body 

weight as measured by bioimpedance analysis, and liver fat 

as determined by MRI in T2DM patients with NAFLD. At 

6 and 12 months, a considerable decrease in body mass and 

fat was seen, but there was no comparable decline in muscle 

mass. While blood liver enzymes and type IV collagen 

concentrations increased, hepatic fat fraction decreased from 

a baseline value of 17.6% 7.5% to 12.0% 4.6% after 6 months 

and 12.1% 6.1% after 12 months. Canagliflozin significantly 

decreased HbA1c from 8.7% 1.4% to 7.3% 0.6% and 7.7% 

0.7%, respectively, after 6 and 12 months (p= 0.0005 and p= 

0.01) [139]. The effectiveness of canagliflozin at a dose of 100 

mg every day in a group of 10 patients with T2DM and 

NAFLD was examined in a separate trial in addition to the 

patients' current medication. Three imaging techniques were 

used to determine the degree of steatosis: MRI, computed 

tomography and transient elastography. The parameters of 

lipid, hepatic, and glucose metabolism were analyzed. The 

trial demonstrated that canagliflozin is beneficial in 

decreasing inflammation, hepatic steatosis, and insulin 

resistance [140]. 

Additionally, 100 mg/day of canagliflozin was found to 

be effective for lowering body weight, HbA1c and 

enhancing liver function tests by Gautam et al. [141]. In their 

trials, Sumida et al. (LEAD trial) and Miyake et al. showed 

that luseogliflozin 2, 5 mg/day was effective in improving a 

number of metabolic markers related to liver function and 

fat loss in individuals with T2DM and NAFLD [142,143]. 

An evaluation of the effectiveness of SGLT2 inhibitors in a 

group of patients with NAFLD and T2D treated for 24 weeks 

was published by several authors. SGLT2 inhibitors 

(canagliflozin 100 mg/day or ipragliflozin 50 mg/day) were 
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compared with a DPP4 inhibitor (sitagliptin 100 mg/day) in 

a retrospective study which showed a substantial decrease in 

weight and glycosylated hemoglobin in patients with T2DM 

and NAFLD. Across the two groups, transaminase activity 

was similarly decreased [144]. There is only one small study 

in non-DM patients that looked at 12 people taking 

dapagliflozin and 10 people taking the DPP4 inhibitor 

teneligliptin for a total of 12 weeks. It found that plasma 

transaminases were lower in both groups, while in the 

dapagliflozin group, overall body water and fat decreased, 

resulting in a reduction in total body weight [144].  

The use of SGLT2 inhibitors is therefore associated with 

decreased liver enzymes and liver fat in T2D individuals 

with NAFLD, according to the existing data. The evidence 

of improved liver function based on liver biopsies from 

SGLT2 inhibitor clinical studies is still scant. The use of 

SGLT2 inhibitors for T2DM patients with NAFLD is 

potentially a reasonable choice given the impact on weight 

reduction and decreased risk of cardiovascular and renal 

events, as studies have indicated [145,146]. The main 

results summarizing the impact of SGLT2 treatment in 

people with NAFLD are highlighted in Table 2. 

 
Table 2. Summary of the main features and results of clinical trials and observational studies highlighting the SGLT2 

inhibitor effects in NAFLD patients 

Drug Duration Posology Outcomes Ref. 

Ipragliflozin  

vs.  

Pioglitazone 

RCT, OL, single center, 24 

weeks, (n= 66) 

Ipragliflozin 50 mg daily (n= 32),  

vs.  

Pioglitazone 15–30 mg daily (n= 34) 

Change from baseline in 

L/S ratio on CT 
[147] 

Ipragliflozin 
Observational (retrospective) 

45 weeks, median (n= 24) 

Ipragliflozin 50 mg + DPP-4I (n= 13) 

vs.  
Ipragliflozin 50 mg + GLP-1 RA (n=11) 

Changes ALT levels and 

body weight at the end of 

the follow-up 

[148] 

DPP4-I  

vs. 

SGLT2-I 

Observational (retrospective) 

24 weeks (n= 45) 

Sitagliptin 100 mg daily (n= 21) 

vs.  

Canagliflozin 100 mg daily or 

ipragliflozin 50 mg daily (n= 24) 

Correlation between changes 

in amino-transferase, body 

weight, glycemic control, 

and HbA1c 

[149] 

Dapagliflozin 

vs. 

ST T2DM 

RCT, OL, single center, 24 

weeks (n= 57) 

Dapagliflozin 5 mg daily (n= 33) 

vs.  

ST T2DM (n= 24) 

HS and fibrosis were 

assessed using transient 

elastography to measure 

CAP and liver stiffness, 

respectively 

[150] 

Luseogliflozin 

vs. 

Metformin 

RCT, OL, single center, 

rospective 24 weeks (n= 

32) 

Luseogliflozin 2.5 mg daily (n= 16) 

vs. 

Metformin 1500 mg daily (n= 16) 

Change in L/S ratio 

obtained by CT 
[151] 

Canagliflozin 
Prospective, OL, single 

center, 24 weeks (n= 9) 
Canagliflozin 100 mg daily 

Histological improvement, 

defined as a decrease in 

NAFLD activity score 

without worsening in 

fibrosis stage 

[152] 

Empagliflozin 

vs. 

Placebo 

RCT, prospective, multi 

center, 24 weeks (n= 84) 

Empagliflozin 25 mg daily (n= 42) 

vs.  

Placebo (n= 42) 

Change in liver fat content 

measured with MRI 
[153] 

Canagliflozin + 

ST T2DM 

Prospective, single center 

24 weeks (n= 9) 

Canagliflozin 100 mg daily + 

ST T2DM 

Change in HS assessed 

using the hepatic MRI-

PDFF 

[154] 

Legend. ALT: alanine aminotransferase; AST: aspartate aminotransferase; CAP: controlled attenuated pressure; 

CT: computed tomography; DPP4-I: dipeptidyl peptidase-4 inhibitor; FIB-4: Fibrosis-4 score; GGT: gamma-

glutamyl transferase; GLP1-RA: glucagon-like peptide 1 receptor agonist; HS: hepatic steatosis; LFT: liver 

function test; L/S ratio: liver-to-spleen attenuation ratio; MRI-PDFF: magnetic resonance imaging estimated 

proton density fat fraction; NAFLD: non-alcoholic fatty liver disease; OL: open label; RCT: randomized controlled 

trial; SGLT2-I: sodium glucose cotransporter-2 inhibitors; ST: standard treatment; T2DM: type 2 diabetes mellitus. 

Conclusions 

SGLT2 inhibitors can directly reduce body weight and 

blood glucose levels by reversing the effects of insulin 

resistance in T2DM, causing a reduction in liver enzymes 

and liver fat, while improving liver histology in patients with 

T2D and MAFLD. Moreover, SGLT2 inhibitors are able to 

attenuate abnormal oxidative and inflammatory responses 

by their protective roles in inhibiting hepatocyte death. This 

review highlights the main features of SGLT2 inhibitors by 

acting as a beneficial modulator for NAFLD/NASH based 

on numerous clinical trials which demonstrated their 
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favorable effects on the liver enzymes, blood lipids, blood 

glucose, BMI and insulin resistance in NAFLD patients. 

Overall, the presented data offer the perspective that SGLT2 

use could lead to stopping the progression of liver damage. 
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