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Sodium glucose co-transporter 2 (SGLT2) inhibitors are effective antihyperglycemic agents by inhibiting glucose

reabsorption in the proximal tubule of the kidney. 

SGLT2 inhibitors

1. Introduction

There are six identified SGLT (sodium glucose co-transporter) proteins in humans, of which the SGLT1 and SGLT2

receptors have been studied more thoroughly in recent years. Despite the outstanding sequence similarity between

SGLT1 and SGLT2, they show different physiological and biochemical properties. While SGLT1 is primarily

expressed in the intestines, SGLT2 is most abundant in the renal cortex, where it plays an essential role in renal

glucose reabsorption. SGLT2 inhibitors, including dapagliflozin, canagliflozin, ipragliflozin, tofogliflozin,

luseogliflozin, sotagliflozin, ertugliflozin and empagliflozin, have been studied in several clinical studies for the

treatment of type 2 diabetes mellitus. Their selectivity for the SGLT2 receptor shows significant variance. While

empagliflozin is 2500×, ertugliflozin is 2000×, dapagliflozin is 1200×, canagliflozin is 250×, sotagliflozin is only 20×

more selective for the SGLT2 receptor over SGLT1, which may cause significant differences in the mechanism of

action . Several studies have proved that SGLT2 inhibitors are associated with reduced cardiovascular morbidity

and mortality, including heart failure, and vascular diseases . The underlying hypothetic mechanisms of

SGLT2 inhibitors beyond their antidiabetic effects are summarized in Figure 1.
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Figure 1. The systematic effects of SGLT2-inhibitors. HDL-C: high-density lipoprotein cholesterol; lb LDL-C: large

buoyant low-density lipoprotein cholesterol; sd LDL-C: small dense low-density lipoprotein cholesterol; TG:

triglycerides; IC Na : intracellular sodium-ion; FFA: free fatty acids; ↑: increased amount; ↓: decreased amount.

Furthermore, SGLT2 inhibitors have renoprotective effects as well . Besides their beneficial effects on the

conventional risk factors for kidney disease (such as blood pressure, hyperglycemia, body weight), it has also been

hypothesized that they reduce the intraglomerular pressure , change the activation of the renin-aldosterone-

angiotensin system  and shift renal fuel consumption towards ketone bodies .

Interestingly, these cardiovascular and renoprotective effects occur despite an increase in low-density lipoprotein

cholesterol (LDL-C) levels which was observed in several clinical studies . Nevertheless, this increase in LDL-

C happens in the setting of other beneficial changes in plasma lipoprotein metabolism. In this review, we aim to

analyze the effects of SGLT2 inhibitors on lipid metabolism to better understand their beneficial effects on

cardiovascular outcomes despite slightly elevating LDL-C level.

2. The SGLT2 Inhibitors’ Effect on Plasma Lipoprotein Levels

Several studies reported lowered serum levels of total cholesterol (TC) and triglycerides (TG)  as a result

of SGLT2 inhibitor therapy, however there is a debate regarding the changes observed in the serum levels of high-

density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C). According to Calapkulu et

al. LDL cholesterol level decreased by 13.4 mg/dL after 6 months in diabetic patients with dapagliflozin (10 mg/die)

, In contrast, Cha et al. reported an increase of 1.3 mg/dL in LDL level after 24 weeks of dapagliflozin add-on

therapy , in concordance with the results of Basu et al. in mice . Furthermore, according to Schernthaner et

al. canagliflozin (300 mg/die) caused 11.7% increase in LDL after 52 weeks of therapy in patients with type 2

diabetes mellitus . According to Basu et al. the cause of this possible increase in the LDL-C levels could be due

to an increased lipoprotein-lipase (LpL) activity and because of a delayed turnover of LDL in the circulation.

Canagliflozin reduced the expression of angiopoetin-like protein 4 (ANGPTL4), which is a known inhibitor of LpL in

white and brown adipose, skeletal muscle, and heart tissues. With greater LpL activity both the TG and the VLDL

levels decreased. They also observed significantly delayed LDL turnover compared to the control group, which can

originate from the lowered hepatic levels of the LDL-receptor, which is the major receptor for the clearance of

plasma LDL . Another important factor is the ratio of the different LDL subclasses. Using gradient gel

electrophoresis (GGE) LDL particles are classified into 4 subclasses, including large (LDL I), intermediate (LDL II),

small (LDL III), and very small (LDL IV) LDLs . LDL I and II, also referred to as large buoyant (lb) LDL, and

LDL III and IV as small dense (sd) LDL particles . Small dense LDL particles are more prone to induce

metabolic disorders , obesity , type 2 diabetes  and coronary artery disease (CAD)  due to their

longer circulation time than that of large LDL particles , enhanced ability to penetrate the arterial wall and higher

susceptibility to oxidation . It is generally known that modified (oxidized and glycated) LDL particles are highly

atherogenic and possess more proinflammatory properties than native LDL molecules . Interestingly SGLT2

inhibitors slightly increase LDL level yet have beneficial effects on CV morbidity and mortality. The contradiction

may be resolved by the results provided by Hayashi et al. showing that dapagliflozin decreased sd LDL, and
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increased lb LDL levels after 12 weeks of dapagliflozin therapy (5 mg/die) in type 2 diabetic patients . This effect

on LDL subclasses ratio may play a significant role in SGLT2 inhibitors’ cardioprotective property , provided it

is a class effect.

Concerning HDL level, according to Kamijo et al. after 12 weeks of canagliflozin administration (100 mg/die) the

very large high-density lipoprotein (VLHDL) and large high-density lipoprotein (LHDL) values showed a significant

increase, of 10.9% and 11.5% respectively. These beneficial changes might also contribute to subsequent

reduction of cardiovascular outcomes, caused by SGLT2 inhibitors .

3. The SGLT2 Inhibitors’ Effect on Lipid Regulation

Several signaling molecules have been measured in mice after a 4-week treatment with canagliflozin by Ji et al.

. Elevated levels of diacylglycerol O-acyltransferase 2 (DGAT2) mRNA were reversed by canagliflozin. They also

observed an increase in peroxisome proliferator-activated receptor-α (PPAR-α), and a decrease in peroxisome

proliferator-activated receptor-γ (PPAR-γ) levels . DGAT2 is an integral membrane protein which promotes the

synthesis and storage of TG in lipid droplets. The peroxisome proliferator-activated receptors (PPAR) are a group

of nuclear receptor proteins that function as transcription factors regulating the expression of several genes. Three

types of PPARs have been identified: alpha (α), gamma (γ), and beta/delta (β/δ). While the PPAR-α is expressed

mostly in the liver, kidneys, heart, muscle and adipose tissue, it mainly regulates the lipid metabolism in the liver. It

is activated under conditions of energy deprivation, and it is necessary for the process of ketogenesis. Activation of

PPAR-α promotes the uptake, utilization and catabolism of fatty acids through upregulating the genes that are

involved in fatty acid binding and activation, peroxisomal and mitochondrial fatty acid β-oxidation. PPAR-γ

regulates the fatty acid storage and glucose metabolism. It activates genes stimulating lipid uptake and

adipogenesis in fat cells, it also plays a crucial role in adipocyte differentiation. PPAR-γ increases insulin sensitivity

through increasing storage of fatty acids in fat cells, enhancing adiponectin release, inducing fibroblast growth

factor 21 (FGF21) and upregulating the cluster of differentiation 36 (CD36) enzyme . This data indicates that

canagliflozin suppressed the synthesis of TG and the accumulation of hepatic lipid droplets through the down

regulation of DGAT2.

Mice treated with canagliflozin had significant increase in both hepatic and serum FGF21 levels . FGF21 is a

fasting-induced hepatokine that stimulates glucose uptake in adipocytes, but not in other cell types. FGF21 acts

through the Ras/MAP kinase pathway. This indicates, that canagliflozin triggered a fasting-like catabolic switch,

increasing the adipose lipolysis, hepatic fatty acid oxidation and ketogenesis, potentially via FGF21-dependent

mechanisms. In addition, FGF21 can induce sympathetic activation in the central nervous system, leading to

energy expenditure and weight loss. According to Osataphan et al. FGF21 was essential for the SGLT2 inhibitor

induced reduction in adipose tissue mass, adipocyte cell size and activation of lipolysis. While canagliflozin

reduced adipocyte size, FGF21-null mice had no weight loss, and adipose tissue and cell size even increased in

response to canagliflozin, suggesting that FGF21-null mice had impaired sympathetic and lipolytic activity. FGF21

is also responsible for increasing oxidative metabolism, browning and lipolysis in white adipose tissue .
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According to the findings of Herrera et al., empagliflozin therapy significantly reduced the gene expression as well

as the protein levels of CD36 in atrial tissues of rats after 6 weeks . CD36, also known as fatty acid translocase

(FAT), is an integral membrane protein found on the surface of cells that import fatty acids inside cells. It is also a

member of the class B scavenger receptor family. CD36 interacts with several ligands, including collagen types I

and IV, oxidized LDL and long-chain fatty acids as well. It is also involved in the macrophages’ phagocytosis. After

CD36 binds to a ligand, they are internalized thus long-chained fatty acids and oxidized LDL particles can enter the

cells. Since autophagy is decreased in metabolic disorders like diabetes and obesity, this dysregulation is an

important factor in the pathophysiology of heart failure. The results show, that empagliflozin may ameliorate the

impaired basal cardiac levels of autophagy that would lead to the aggregation of proteins, at least in part through

CD36, which contributes to the pathogenesis of cardiometabolic diseases.

Xu et al. showed, that empagliflozin elevated AMPK and ACC-CoA phosphorylation in skeletal muscle, and

increased hepatic and plasma FGF-21 levels. Empagliflozin also increased energy expenditure, heat production,

and the expression of uncoupling protein 1 in brown fat and in inguinal and epididymal white adipose tissue. The

M1-polarized macrophage accumulation was reduced, while plasma TNFα levels and obesity-related chronic

inflammation decreased. In summary, empagliflozin did not just suppress weight gain by inducing fat utilization and

browning, but also attenuated obesity-induced inflammation and insulin resistance . Likewise, Osataphan et al.

concluded that canagliflozin therapy activated AMPK through the inhibition of mitochondrial complex I, without an

increase in ACC-CoA. However, this change in AMPK phosphorylation was not present in lean mice, thus AMPK is

not likely to be the major mediator for the increase in fatty acid oxidation and ketogenesis . One of the key

molecules in the transport and oxidation of fatty acids is acetyl-CoA carboxylase (ACC), which converts acetyl-CoA

to malonyl-CoA. Malonyl-CoA is an inhibitor of carnitine palmitoyltransferase 1 (CPT-1), which transports fatty acids

into the mitochondria for oxidation. Thus, inactivation of ACC results in increased fatty acid transport and

subsequent oxidation. On the other hand, AMP-activated protein kinase (AMPK) may decrease malonyl-CoA levels

by regulating malonyl-CoA decarboxylase (MCD). Another important role of AMPK is, that it phosphorylates and

inactivates 3-hydroxy-3-methylglutaryl-CoA reductase (MHGCR), which is a key enzyme in cholesterol synthesis.

AMPK, therefore, regulates fatty acid oxidation and cholesterol synthesis . Mammalian target of rapamycin

(mTOR) is a cellular energetic sensor, which is often regulated inversely with AMPK. Osataphan et al. found that

after canagliflozin therapy there was a 56% decrease in the hepatic phosphorylation of the mTOR downstream

substrate S6 when refeeding in canagliflozin-treated mice. This change was not present in the control groups, thus

the decrease in mTOR signaling might be weight-dependent .

Empagliflozin therapy reduced cardiac content of sphingolipids (sphingomyelins and ceramides) and

glycerophospholipids, which play an important role in connecting insulin resistance to cardiac damage, and even in

the development of cardiovascular diseases. It is suggested that changes in lipid metabolism within the heart and

cardiac lipid accumulation may have an important role in the development of diabetic cardiomyopathy and heart

failure. Ceramides, sphingomyelins and glycerophospholipids are associated with lipotoxicity in the heart, thus they

have a major impact on the organ’s functionality. This suggests, that empagliflozin could regulate the metabolism

and the cardiac accumulation of these cardiotoxic lipid molecules, which means, that it could be potentially useful
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for the prevention and treatment of not only diabetic cardiomyopathy, but also for the management of other

cardiovascular diseases that have lipotoxicity in their pathogenesis .
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