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DM = Diabetes mellitus 
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eGFR = Estimated glomerular filtration rate 

EMA = European Medicines Agency 

FDA = Food and Drug Administration, United States 

FTO = Fat mass and obesity-associated gene 

GI = Gastrointestinal tract 

GIP = Gastric inhibitory hormone 

GLP-1 = Glucagon-like peptide 1 

HbA1c = Glycated hemoglobin 

IGF2BP = Insulin growth factor 2 mRNA-binding protein 

IRS-1 = Insulin receptor substrate 1 

PCT     = Proximal convoluted tubules 

PPAR-γ 2 = Peroxisome proliferator-activated receptor gamma 2 

q.d. = Daily 

SGLT1 = Sodium glucose co-transporter 1  

SGLT2 = Sodium glucose co-transporter 2  

T1DM = Type 1 diabetes mellitus 

T2DM = Type 2 diabetes mellitus 

TCF7L2 = Transcription factor-7–like 2  

USA = United States of America 
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Abstract 

 

Introduction: More than 424 million adults have diabetes mellitus (DM). This number is 

expected to increase to 626 million by 2045. The majority (90-95%) of people with DM has type 

2-diabetes (T2DM). The continued prevalence of DM and associated complications has 

prompted investigators to find new therapies. One of the most recent additions to the anti-

diabetic armamentarium are inhibitors of sodium-glucose co-transporters 1 and 2 (SGLT1, 

SGLT2).  

Areas covered: The authors review the status of SGLT2 inhibitors for the treatment of T2DM 

and place an emphasis on those agents in early phase clinical trials. Data and information were 

retrieved from American Diabetes Association, Diabetes UK, ClinicalTrials.gov, PubMed, and 

Scopus websites. The keywords used in the search were T2DM, SGLT1, SGLT2 and clinical 

trials. 

Expert opinion: The benefits of SGLT inhibitors include reductions in serum glycated 

haemoglobin (HbA1c), body weight, blood pressure and cardiovascular and renal events. 

However, SGLT inhibitors increase the risk of genitourinary tract infections, diabetic 

ketoacidosis and bone fractures. The development of SGLT inhibitors with fewer side effects and 

as combination therapies are the key to maximizing the therapeutic effects of this important class 

of anti-diabetic drug.  

 

Keywords: SGLT1, SGLT2 inhibitors, Type 2 Diabetes mellitus, Clinical trials  
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Article Highlights 

 Diabetes mellitus currently affects 424 million people globally 

 Short and long-term complications of diabetes mellitus (DM) are still common in spite of 

the large pool of medications available to treat the disease  

 SGLT1 and 2 inhibitors block the reabsorption of glucose from the intestinal mucosa and 

proximal convoluted tubules, respectively  

 SGLT1 and 2 inhibitors cause significant reductions in body weight, blood pressure and 

HbA1c level 

 SGLT2-induced reduction in cardiovascular and renal events in T2DM patients with 

well-established CVD and kidney disease, is an added advantage for this class of 

hypoglycemic agents 

 Dual SGLT inhibitors with fewer side effects have great potential to succeed as a major 

addition to the anti-diabetic drugs armamentarium. 
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1. Introduction 

 

1.1. Diabetes mellitus 

 

Diabetes mellitus (DM) is a chronic metabolic disease that affects more than 424 million adults 

worldwide [1]. This number is projected to increase to almost 627 million in the next 25 years 

[1]. Type 2 DM is the most common variety and accounts for 90-95% of all cases of DM [2]. 

T2DM is more prevalent in adults and older age groups. T2DM may be caused by a variety of 

factors including but not limited to defective insulin secretion, resistance to insulin, structural 

changes in insulin molecule, or anomaly in the configuration of GLUT4 receptor [3]. These 

anomalies may lead to chronic hyperglycemia. The severity of T2DM within and between ethnic 

groups may be due to mutations in or abnormal genes regulating glucose metabolism. These 

genes include: FTO, PPAR-γ 2, IGF-2 binding protein, IRS-1, TCF7L2, and several others [4].  

The multifactorial nature of the etiology and pathogenesis of T2DM makes it difficult to treat 

with monotherapy, posing a strong challenge to researchers and clinicians alike. The continued 

increase in the prevalence and complications associated with T2DM has arouses the urge to find 

new and more effective drugs to treat and prevent T2DM and its complications. Sodium-glucose 

co-transporters 1 and 2 inhibitors were discovered in the light of these efforts to find a more 

potent drug for the effective treatment of T2DM. 

 

1.2. History and discovery of SGLT1 and SGLT2  

 

The human SGLT1 is a 664-amino acid (aa) protein that is located on chromosome 22 at “q13.1” 

[5]. SGLT2 protein on the other hand is composed of 672 aa and is located on chromosome 16 at 

“p11.2” [6]. The discovery of SGLT went as far back as 1930s when Chasis et al [7] examined 

the role of phlorizin on human renal excretion of glucose. They observed that the glucose filtered 
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by the glomerulus is reabsorbed by the proximal convoluted tubules (PCT), a phenomenon that 

prevents the release of glucose into urine in a normal, functioning kidney. Chasis et al [7] 

showed that phlorizin itself was capable of preventing the reabsorption of glucose from the PCT. 

The period was followed by several years of investigations on the cellular and molecular 

regulation of glucose reabsorption from the PCT and the small intestine using a variety of 

models including but not limited to preparations of intestinal microvilli membrane vesicles [8].  

Additional studies reported that mutations of SGLT2 genes resulted in severe glycosuria [6]. 

Moreover, it was also observed that animals lacking the SGLT genes were unable to reabsorb 

glucose from the PCT [9]. All of these observations support the role of SGLT in the regulation of 

glucose reabsorption from the PCT (SGLT2) and the intestinal mucosa (SGLT1) to blood 

circulation. In the late 1980s, Ernest Wright and his co-workers cloned SGLT genes and 

concluded that SGLT1 is more predominant in the small intestine while SGLT2 is responsible 

for the reabsorption of glucose through the brush border of the renal PCT [10]. 

 

The cloning of the genes responsible for the reabsorption of glucose, especially from the renal 

PCT marked a turning point in SGLT biology and paved the way for intensive investigations as 

to what will happen to DM patients if these proteins (SGLTs) were inhibited. The rational behind 

this approach is that reduction of hyperglycemia, a major inducer of oxidative stress, will reduce 

some of the symptoms and complications associated with DM [11]. The first known inhibitor of 

SGLTs is phlorizin, a chalcone, first extracted from the bark of the roots of apple trees by De 

Koninck in 1835 [12]. The name of this bitter-tasting phlorizin is derived from the Greek word 

for “root” [13].  

 

The early 1940s marked an important milestone in the history of SGLT inhibitors, when the 

molecular structure of phlorizin was determined after synthesis by Zempplen and Bognar [14].  
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They showed that phlorizin is a 2′-glucoside of phloretin, a flavonoid with antipyretic properties 

[13].  Although, von Mering has noted as far back as 1886, that phlorizin causes glycosuria [15], 

it was not until the 1980s that the mechanism by which SGLT reabsorbs glucose through brush 

borders epithelial cells was identified and characterized [16]. All of these efforts on the biology 

of SGLTs to find a role for it in the treatment of DM have led to the discovery of the first SGLT 

inhibitor in 2000 [17] and eventually the first specific SGLT2 inhibitor in 2008 [18]. 

Danagliflozin, the first gliflozin to be discovered, was approved for the treatment of T2DM in 

2012 and 2014, respectively in Europe and the USA [19]. 

 

 

 

2. Mechanisms of actions, benefits and adverse effects SGLT1 and 2 inhibitors 

 

2.1. SGLT1 inhibitors 

 

SGLT1 inhibitors prevent the absorption of glucose from the microvilli of the enterocytes of the 

small intestine, and to a lesser extent from the brush border of the epithelial cells of renal PCT 

[6]. In contrast to SGLT2, SGLT1 is located in the apical plasma membrane of cells in many 

organs, including the S3 segment of the PCT, gastrointestinal tract, heart (capillary endothelium), 

and red blood cells, lung (alveolar and Clara or club cells), liver (biliary epithelium) [20, 21]. 

 

 

2.2. SGLT2 inhibitors 
 

SGLT2 inhibitors block the reabsorption of glucose from the first segment (S1) of PCT. Since 

SGLT2 are also found on cells of the liver and the brain [22], they are able to potentially prevent 

the influx of glucose into these tissues. In contrast to SGLT1, SGLT2 prevents the reabsorption 

of more than 90% of glucose filtered through the glomerular basement membrane compared to 

about 10% for SGLT1.  
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SGLT inhibitors, therefore, competitively block SGLT protein located on the apical surfaces of 

the cells of the renal PCT and intestinal mucosa, capillary endothelium of the myocardium, 

alveolar and club cells of the lung, and the biliary epithelium.  

 

2.3. Dual SGLT1-SGLT2 inhibitors 

Dual SGLT1-SGLT2 inhibitors, such as sotagliflozin and licogliflozin, are capable of preventing 

glucose uptake from the brush border of the columnar cells of the small intestine in addition to 

their ability to impede the absorption of glucose from the first, initial, segment (S1) of the PCT. 

This property of dual SGLT1-SGLT2 inhibitors adds another agonistic effect in the amelioration 

of hyperglycemia. The use of dual SGLT1-SGLT2 inhibitors comes with advantages and 

disadvantages. By also inhibiting SGLT1 (in addition to SGLT2), sotagliflozin, lowers the 

glucose upsurge seen immediately after a meal [23]. Sotagliflozin [23] and licogliflozin [24] also 

facilitates GLP-1 release from the L-cells of the GIT [23]. Advantages and disadvantages of dual 

SGLT1-SGLT2 inhibitors versus selective SGLT2 inhibitors include the following [23, 24, 25]: 

Advantages  

 Reduces postprandial glucose surge 

 Increases GLP-1 release from the cecum 

 Inhibits DPP-4, thereby prolonging the lifespan of GLP-1 

 Could serve as adjuvant therapy in the treatment of Type 1 DM 

 

Disadvantages [26] 

 Causes adverse GIT effects like diarrhea   

 Induces a higher rate of diabetic ketoacidosis 

 Increases the risk of hypoglycemia 
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2.4. Advantages of SGLT1 and 2 inhibitors 

 

SGLT cause significant reductions in: 

o blood glucose level 

o HbA1c 

o body weight  

o blood pressure  

o reduced triglycerides 

Since these parameters are common co-morbidities in T2DM, reductions in all of them would 

reduce complications associated with DM [11]. Hyperglycemia is a major inducer of oxidative 

stress. It is well known that oxidative stress induces glycation of proteins, which in turn leads to 

malfunction of important enzymes in the body [11]. 

 

2.5. Side effects of SGLT1 and 2 inhibitors 

 

o Polyuria - due to the osmotic nature of glucose retained in urine 

o Infections of the urinary and genital tracts – because large quantity of glucose acts as a 

media for the growth of fungi in the urinary tract. 

o Hypotension – This is not a major adverse effect of SGLT2 but hypotension may occur 

when combined with loop diuretics [27]. 

o Hypoglycemia –This may occur if SGLT2 inhibitors is combined with insulin or 

sulfonylureas  

o Lower limb amputation – hypovolemia leading to blood viscosity, venous 

thromboembolism. This is probably not a class effect because a meta-analysis of 27 

random controlled trials showed that although the risk of peripheral artery disease 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

Information Classification: General 

increased with SGLT2 inhibitors, it was only significant for patients taking canagliflozin 

[28, 29] 

o Increased risk of bone fracture – calcium and phosphate ion imbalance? [30]   

o Acute kidney injury – Probably due to SGLT-induced disturbance in the regular and 

physiological function of the kidney and hypovolemia [30] 

Other side effects reported for SGLT2 inhibitors include nausea, polydipsia, arthralgia, 

angioedema, perineal necrotizing fasciitis, Fournier gangrene, diabetic ketoacidosis and 

hyperkalemia [30, 31].  

 

3. SGLT1 and 2 inhibitors approved by the FDA and EMA 

3. 1. Dapagliflozin 

Dapagliflozin is a selective, FDA-approved, SGLT2 inhibitor for the treatment of T2DM in 

combination with regimens of diet, exercise and anti-diabetic drugs. Dapagliflozin, produced 

through a joint venture by Bristol-Myers Squibb and AstraZeneca, can be given per os at a dose 

of 5-10 mg per day [32]. Reports from DECLARE-TIMI 58, a randomized controlled study 

involving 17,160 T2DM patients with established cardiovascular disease (CVD) or risks of 

CVD, showed that danagliflozin treatment for four years resulted in significantly lower 

cardiovascular death rate. It also resulted in a reduced rate of heart failure related hospitalization 

[33]. Additional data from the DECLARE-TIMI 58 randomized trial also showed that 

danagliflozin can prevent and lower the progression of renal disease in T2DM patients with and 

without established kidney condition [34]. Fig 1, Table 1. 
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3. 2. Canagliflozin 

Canagliflozin, developed by Johnson & Johnson, USA, was approved in 2013 by the FDA 

(USA) for the treatment of T2DM. The CANVAS (Canagliflozin Cardiovascular Assessment 

Study), a large study spearheaded in Australia involving more than 10,000 patients who were 

given canagliflozin randomly versus placebo, showed a significantly lower risk of cardiovascular 

illness coupled with a marked reduction in the rate of hospitalization for heart and kidney failure 

[35, 36]. This study lasted over four years, indicating that some of the long-term effects of 

canagliflozin were also in display. In a similar trend, CREDENCE, a recent randomized 

controlled study examining the effect of canagliflozin on cardiovascular and renal outcome in 

patients with T2DM, showed that this SGLT2 inhibitor improves cardiovascular (e.g. rate of 

heart failure hospitalization, non-fatal myocardial infarction etc.) and renal outcomes (e.g. 

kidney failure [37]. In a recently published double blind, randomized CREDENCE Trial, 

canagliflozin was reported to reduce the risk of cardiovascular and renal failure in T2DM 

subjects with renal disease [37, 38]. Canagliflozin can be prescribed for oral administration (100-

300 mg tablets). Fig 1, Table 1. 

 

3.3. Empagliflozin 

Empagliflozin, another strong inhibitor of SGLT2, is a product of a joint venture between 

Boehringer Ingelheim and Eli Lilly Pharmaceutical companies. In the EMPA-REG OUTCOME 

randomized controlled trial involving a large number (>7,000) of patients, empagliflozin was 

reported to significantly reduce cardiovascular disease risks, three years after treatment [39]. 

Empagliflozin was approved for the treatment of T2DM and for the reduction of death from 

cardiovascular disease in 2014 and 2016, respectively [40]. Improvement in cardiovascular 
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profile may be due to the fact that empagliflozin increased HDL level and reduced blood 

triglyceride concentration as reported in a more recent EMPA-REG OUTCOME Study [41]. 

Indeed, another recent study shows that empagliflozin can reduce cardiovascular death risks by 

as much as 38% [42] and delay the progression of chronic kidney disease in T2DM patients with 

or without cardiac failure [43]. This shows that empagliflozin has cardio-renoprotective effect 

similar to that of dapagliflozin and canagliflozin, indication that this is most likely a class effect. 

Empagliflozin is given per os at 10 or 25 mg q.d. Fig 1, Table 1. 

 

3.4. Ertugliflozin 

In a clinical trial involving more than 400 patients, ertugliflozin was reported to significantly 

reduce fasting plasma glucose, blood pressure and total body weight, 26 weeks after the 

administration of ertugliflozin when compared placebo. It was of particularly interesting to note 

that ertugliflozin was safe in patients with chronic renal disease. Moreover, hypoglycemia and 

infections of the urinary and genital tracts were not markedly different between treated and 

placebo groups [44]. However, the volume deficit that was observed in ertugliflozin-treated 

group [44] was higher relative to placebo. The recommended daily dose of ertugliflozin is 5-15 

mg. VERTIS MONO Trial, however, showed that the rate of fungal infection of the genitalia was 

significantly higher in patients taking ertugliflozin when compared to placebo [45]. A 

randomized, double blind, placebo-controlled interventional clinical trial (VERTIS-CV) 

conducted to examine the effectiveness and safety of ertugliflozin on cardiovascular outcomes in 

a pool of T2DM 8,000 patients is currently ongoing and will be completed in December 2019, 

after six years of intensive study [46, 47]. Ertugliflozin, approved by the FDA on December 22, 

2017, can be taken orally at a daily dosage of 5-15 mg. Fig 1, Table 1. 
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4. SGLT 1 and 2 inhibitors under investigation (not approved by the FDA and EMA) 
 

4.1. Ipragliflozin 

Ipragliflozin was the first SGLT2 inhibitor approved for the treatment of T2DM in Japan in 

2014. It was produced by a joint venture between Astellas Pharma and Kotobuki Pharmaceutical 

in Japan. In a large Japanese, post-marketing open study, examining the effect of ipragliflozin in 

more than 8,000 patients, it was reported that this drug has similar efficacy when compared to 

currently available SGLT2 inhibitors. The investigators showed that ipragliflozin could 

significantly reduce blood glucose level, body weight, HbA1c, blood pressure, and even LDL-

cholesterol. The side effects recorded for this drug are similar to those of SGLT2 inhibitors in the 

market and include renal and urinary tract infections [48]. Ipragloflozin has not received the 

approval of the FDA in the USA [49, 50]. Ipragliflozin is given orally as 50 mg once daily. Fig 

2A, Table 2. 

4.2. Tofogliflozin 

Tofogliflozin is a product of Chugai Pharmaceutical Company, Japan. It was developed in 

conjunction with Sanofi-Aventis and Kowa Pharmaceuticals and approved for the treatment of 

T2DM in 2014 in Japan. In a large post-marketing open study involving more than 6,897 

patients, tofogliflozin was reported to markedly reduce HbA1c and bodyweight. In addition to 

the beneficial effects of tofogliflozin, polyuria, increased risk infections of the urinary and 

genital tracts was also observed [51]. The FDA has not yet approved tofogliflozin, and it is 

therefore still considered an investigational drug in the USA.  The recommended dose of 

tofogliflozin is 20 mg per os, once in a day. Fig 2A, Table 2. 
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4.3. Sotagliflozin  

Sotagliflozin is product of Sanofi and Lexicon Pharmaceuticals and it is currently under 

consideration for the treatment of T1DM by the European Medicines Agency [52]. Sotagliflozin 

inhibits both SGLT1 and SGLT2 in the kidney and the intestine leading to a marked reduction in 

HbA1c, body weight, blood pressure, and post-prandial blood glucose. The role of sotagliflozin 

is currently being explored in several clinical trials [53, 54, 55]. A recent meta-analysis of 

randomized control trials showed that sotagliflozin increased the rate of diabetic ketoacidosis 

when compared to placebo but the rate of UTI did not significantly differ when compared to 

control [56]. This indicates that dual SGLT inhibitors may cause fewer infections associated with 

the urinary tract. The recommended daily dose of sotagliflozin is 200 mg q.d., but could be 

increased to 400 mg if a more stringent glycemic control is required [53]. Fig 2A, Table 2. 

 

 

 

4.4. Luseogliflozin 

Luseogliflozin, when administered at 2.5 mg q.d. for a year to a cohort of 37 T2DM patients in 

Japan (LIGHT Study), caused large reductions in fasting blood glucose level, HbA1c, body 

weight, triglycerides and blood pressure (systolic and diastolic). However, the blood 

concentration of ketone bodies was increased over the same period [57]. Reports from LEAD 

Trial showed that luseogliflozin, administered for 8 months, caused a marked reduction in the 

lipid content of liver of patients suffering from non-alcoholic fatty liver disease [58]. Although 

luseogliflozin has been marketed since 2014 in Japan for the treatment of T2DM, it has not 
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received the approval by the FDA [59]. The recommended dosage for luseogliflozin is 5 mg q.d. 

but it effect may be less effective in severe renal failure [60]. Fig 2A, Table 2. 

 

4.5. Remogliflozin 

Remogliflozin etaborate is a pro-drug of remogliflozin, a selective inhibitor of SGLT2 protein. It 

prevents the reabsorption of glucose from the epithelium of the PCT. It is a drug developed by 

Avolynt Inc (Research Triangle Park, North Carolina, USA). Remogliflozin is currently 

undergoing clinical trials for the treatment of T2DM and non-alcoholic steatohepatitis. 

Remogliflozin has been reported to reduce blood glucose and HbA1c levels [61]. The phase 2b 

trial was completed in 2018 [62]. It is well tolerated but with a relatively short half-life of just 2-

4 h [63, 64]. In contrast to the advantages of remogliflozin, it also causes side effects (e.g. 

urinary and genital tract fungal infections, syncope) [65] that are similar to those seen with other 

SGLT2 inhibitors. Although remogliflozin was approved for the treatment of T2DM in India in 

July 2019, it is not yet licensed for use in the USA. The daily dosage of remogliflozin 200 mg is 

two doses [64].  Fig 2A, Table 2 

4.6. Velagliflozin 

 

This SGLT2 inhibitor was developed by Boeringer Ingelheim (Germany) and currently used on 

veterinary subjects. It was concluded that 0.3 mg/kg body weight of velagliflozin per os for 16 

weeks to ponies was safe to use [66]. It is unknown whether velagliflozin could eventually be of 

use in humans. Fig 2B, Table 2. 

 

4.7. Henagliflozin 
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In a study that examined the effect of henagliflozin on T2DM, it was reported that this SGLT2 

inhibitor reduced plasma glucose level in a dose-dependent manner. No severe side effects were 

reported for this small group of T2DM patients with doses ranging from 5 - 20 mg per day [67]. 

The authors suggested that henagliflozin is suitable for, once daily, regimen [67]. Due to the 

small number of patients in this study it is likely premature to rule out adverse effects that are 

related to SGLT2 inhibitors in general. Two phase III clinical trials conducted by Hengrui 

Medicine Co (Jiangsu, China) that examine the impact of henagliflozin on T2DM is currently 

ongoing in China [68]. Fig 2B, Table 2. 

 

4.8. Bexagliflozin 

 

Bexagliflozin, like most of the SGLT2 inhibitors, is a phenolic glycoside. More than 10 clinical 

trials have been completed on the effect of bexagliflozin on the treatment of T2DM. One of the 

few published results includes a small study presented at the Meeting of the American Society 

for Nephrology, Kidney Week in San Diego in October 2018. In a study that examined 312 

patients suffering from T2DM and end stage kidney disease, bexagliflozin, was reported to 

significantly reduce HbA1c level, body weight, and blood pressure in addition to its glucose 

lowering effects. In a more recent report, 20 mg/day of bexagliflozin, administered over a 96-

week period, was well tolerated and induced significant reduction in blood pressure, weight loss 

and HbA1c level [69]. Fig 2B, Table 2. 

 

TABLE 2 HERE 

4.10. Licogliflozin 

Licogliflozin is a dual SGLT (1 and 2) inhibitor, currently under development by Norvatis 

Institute of Medical Research (Basel, Switzerland). In a recent report of open clinical study, it 

was shown that 150 mg q.d. licogliflozin, when administered to 88 patients in 6 divided doses for 
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12 weeks, lowers postprandial glucose spike, and weight. In addition, licogliflozin is safe, well 

tolerated and was able to improve metabolic parameters and incretin (GLP-1, GIP) levels. 

However, adverse effects (diarrhea, loose stools) associated with SGLT1 inhibitors were 

significantly more profound compared to placebo [24]. He et al [24] concluded that licogliflozin 

appears to be more effective than sotogliflozin, another dual SGLT inhibitor in the maintenance 

of glycemic control because licogliflozin can completely block SGLT1 when given in high doses 

(300 mg q.d). Fig 2B, Table 2. 

 
 

5. Conclusion 

 

Despite advanced technology, current knowledge and the many medications available to the 

population, the number of people with diabetes mellitus (DM) continues to rise. In addition to 

the increased prevalence, the associated complications of DM continue to take its toll on the 

quality of life of the patients and place an even a greater burden on the healthcare system. The 

introduction of SGLT2 inhibitors into the arsenal of anti-diabetic drugs available is a response to 

these challenges. The major advantage of SGLT2 inhibitors includes their ability to significantly 

reduce hyperglycaemia, body weight and blood pressure. These reductions, including SGLT2-

induced volume depletion, contribute to the lowering of cardiovascular and renal risks.  

 

 

6. Expert Opinion 

 

The ability of SGLT1 and 2 inhibitors to significantly reduce hyperglycemia, HbA1c, body 

weight, and blood pressure is a major advantage over many other classes of anti-diabetic drugs. 

This is because these parameters are known to cause a myriad of diseases including 
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cardiovascular events, cancer and many others. SGLT2 inhibitors specifically prevent the 

reabsorption of glucose from PCT, thereby reducing hyperglycemia. Hyperglycemia is known to 

induce oxidative stress [11]. Oxidative stress in turn results in a cascade of events leading to the 

production of reactive oxygen species and formation of advanced glycated end products and 

several other molecular mechanisms that will cause long-term complications [11].  

 

In contrast to the benefits of SGLT2 inhibitors, there are many adverse effects associated with 

this group of anti-diabetic drugs. SGLT2 inhibitors have been reported to cause polyuria, 

increase the risk of urinary and genital tract infections, hypotension, hypoglycemia, increased 

level of LDL-cholesterol [41], lower limb amputation (with canagliflozin), increase 

predisposition to developing bone fractures [29].  Other adverse effects associated with the use 

of SGLT2 inhibitors include nausea, polydipsia, arthralgia, angioedema, perineal necrotizing 

fasciitis, and diabetic ketoacidosis [41]. 

These adverse effects attributed to the intake of SGLT2 inhibitors are too many to ignore and 

attempts should made to generate an ideal SGLT2 inhibitor devoid of these severe side effects. In 

spite of these shortcomings, however, the major advantage of SGLT2 inhibitors is that they are 

relatively safe to use [70]. Moreover, several randomized control trials, such as, DECLARE-

TIMI 58 [33], CANVAS [36], EMPA-REG OUTCOME [41-43], VERITAS [47] have all shown 

that SGLT2 inhibitors have cardio-reno-protective properties. In fact, it has been shown that 

SGLT2 inhibitors are more effective than GLP-1 receptor antagonists, in the prevention of 

hospitalization for cardiac failure and progression of renal disease [71].  
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The beneficial effects of SGLT2 inhibitors, which are indeed remarkable regarding the overall 

well being of the patients, can therefore be maximized. 

 

Possible ways of mitigating the severity of these adverse effects could include the following: 

 

(a) Development of newer, more potent and more specific generations of SGLT1 and 2 

inhibitors.   

o Several attempts have been made to develop new SGLT 1 and 2 inhibitors with lower 

rate of adverse effect that the current ones. A combined inhibition of SGLT1 and 2, with 

dual SGLT inhibitors may help in the reduction of SGLT2-induced adverse effects, such 

as urinary tract infection [41], hypotension (in patients taking loop diuretics) [27], 

increased risk of bone fracture [30]. Unfortunately, dual SGLT2 inhibitors cause 

significant increases in the number of diarrhea, diabetic acidosis and hypoglycemic 

events [26]. A reduction in the dosage could probably reduce these side effects, since 

dual SGLT inhibitors have been shown to also inhibit DPP-4 and stimulate incretins, such 

as GIP and GLP-1 [24-25]. Inhibition of DPP-4 increases the lifespan of GLP-1, which in 

turn reduces hyperglycemia by stimulating insulin release [72, 73]. 

 

(b) Combination with existing drugs 

The combination of SGLT1 and 2 inhibitors with existing anti-diabetic medications, such 

as metformin, GLP-1 agonists, sulfonylureas and many others, has been generated by 

several pharmaceutical companies. The combination of SGLT2 inhibitors and other anti-

diabetic drugs will facilitate agonistic mechanisms and can help in the reduction of the 

effective therapeutic dose. In fact, a side effect could be completely eliminated if the dose 
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could be reduced to the bare minimum needed to elicit the required beneficial effect. Li et 

al [74], in their review of six randomized clinical trials, showed that a combination of 

metformin and SGLT2 inhibitor is significantly more effective than other, non-SGLT2 

inhibitor combinations. SGLT2 inhibitors when combined with GLP-1 receptor agonists 

have been reported to be more potent in the reduction of HbA1c, glucose level, body 

weight and blood pressure than when each of the drugs were given alone [55]. 
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Table 1: List of SGLT 1 and 2 inhibitors that are currently approved by the FDA and 

EMA 

 

Generic name Pharmacodynamics Primary 

metabolite (s) 

Half life Dosage 

(mg) 

Main  

Target 

Ref 

Dapagliflozin  10 mg/day results in 

excretion of 70g 

glucose  

Dapagliflozin 3-

O-glucuronide 

13.8 h at 50 

mg dose 

5, 10,  

per os 

SGLT2 32-

34 

Canagliflozin  100 mg caused 

excretion of 120 g 

glucose 

Canagliflozin 3-

O-glucuronide 

13 h at 300 

mg dose 

100- 

300 per 

os 

SGLT2 35-

38 

Empagliflozin  25 mg/day induced 

93 g of glucose 

excretion 

Empagliflozin-

2-O, 3-O-, and 

6-O-

glucuronide. 

12 h at 25 mg 

dose 

10, 25, 

per os 

SGLT2 39-

43 

Ertugliflozin 15 mg/day induced 

34 g of glucose 

excretion 

Ertugliflozin- 

O-

glucuronidation  

16 h at 15 mg 

dose 

5, 15 

per os 

SGLT2 44-

47 

 

 

 

 

Table 2: SGLT 1 and 2 drugs in the early phase of clinical trials for the treatment of DM 

 

Generic name Pharmacodynamics Primary 

metabolite (s) 

Half life 

(h) 

Dosage 

(mg) 

Clinical Trial 

Phase 

Ref 

Ipragliflozin  300 mg/day induced 

90 g of glucose 

excretion 

By 

conjugation in 

hepatocytes 

12   25, 50 

 

Phase III 35-37 

Tofogliflozin  Dose-dependent 

increase in glucose 

excretion 

Carboxylic 5- 6  30 Phase III 38 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

Information Classification: General 

Sotagliflozin  400 mg/day induced 

70.7 g of glucose 

excretion 

Sotagliflozin-

3-O-

glucuronide  

29  300  Phase III 39-42 

Ertugliflozin 15 mg/day induced 

34 g of glucose 

excretion 

UGT1A9 and 

UGT2B7-

mediated O-

glucuronidatio

n  

16   5, 15 Phase III 43 

Luseogliflozin  25 mg/day induced 

70.9 g of glucose 

excretion 

Metabolized 

by CYP3A4/5 

UGT1A1  

9 - 13  2.5, 5 Phase III 44 

Remogliflozin 1000 mg/day 

induced 130 mg of 

glucose excretion 

GSK279782 2-4  250 Phase III 45-48 

Velagliflozin Unknown  Velagliflozin 

-glucuronide 
Unknown  Phase II 49 

Henagliflozin 20 mg day induced 

82 mg of glucose 

excretion 

Henagliflozin-

glucuronide 

9 -14 5, 10, 20 Phase I 50 

Bexagliflozin Unknown Unknown Unknown 5, 10, 20 Phase III 51 

Sergliflozin    1-1.5   Discontinued  
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Figure 1. Chemical structure of SGLT2 inhibitors that have been approved by the United States Food and 
Drug Administration and the European Medicines Agency 
 
Figure 2A. Chemical structure of SGLT inhibitors that have not been approved by the United States Food 
and Drug Administration and the European Medicines Agency 
 
Figure 2B. Chemical structure of SGLT inhibitors that have not been approved by the United States Food 
and Drug Administration and the European Medicines Agency



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

Information Classification: General 

 
 
Figure 1 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

Information Classification: General 

 
 
Figure 2A 
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Figure 2B 




