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Abstract

Sodium–glucose cotransporters SGLT1 (encoded by SGLT1, also known as SLC5A1) and SGLT2 

(encoded by SGLT2, also known as SLC5A2) are important mediators of epithelial glucose 

transport. While SGLT1 accounts for most of the dietary glucose uptake in the intestine, SGLT2 is 

responsible for the majority of glucose reuptake in the tubular system of the kidney, with SGLT1 

reabsorbing the remainder of the filtered glucose. As a consequence, mutations in the SLC5A1 
gene cause glucose/galactose malabsorption, whereas mutations in SLC5A2 are associated with 

glucosuria. Since the cloning of SGLT1 more than 30 years ago, big strides have been made in our 

understanding of these transporters and their suitability as drug targets. Phlorizin, a naturally 

occurring competitive inhibitor of SGLT1 and SGLT2, provided the first insights into potential 

efficacy, but its use was hampered by intestinal side effects and a short half-life. Nevertheless, it 

was a starting point for the development of specific inhibitors of SGLT1 and SGLT2, as well as 

dual SGLT1/2 inhibitors. Since the approval of the first SGLT2 inhibitor in 2013 by the US Food 

and Drug Administration, SGLT inhibitors have become a new mainstay in the treatment of type 2 

diabetes mellitus. They also have beneficial effects on the cardiovascular system (including heart 

failure) and the kidney. This review focuses on the rationale for the development of individual 

SGLT2 and SGLT1 inhibitors, as well as dual SGLT1/2 inhibition, including, but not limited to, 

aspects of genetics, genetically modified mouse models, mathematical modelling and general 

considerations of drug discovery in the field of metabolism.
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Introduction

The annual economic costs of diabetes mellitus approximate US$825 billion worldwide [1]. 

Diabetes is a leading cause of cardiovascular and end-stage renal disease, with the former 

being the leading cause of death in this patient population [2]. Multiple drug classes are 

available for the treatment of diabetes mellitus (e.g. insulin, metformin, sulfonylureas, 

glitazones); however, significant drawbacks include limited effectiveness with regard to 

improving cardiovascular outcome, and some may even increase the risk of cardiovascular 

mortality. Sodium–glucose cotransporter 2 (SGLT2) inhibitors, including canagliflozin 

(Invokana, Janssen pharmaceuticals), dapagliflozin (Forxiga [known as Farxiga in the USA), 

empagliflozin (Jardiance), and ertugliflozin (Steglatro), have recently been approved by the 

US Food and Drug Administration as a new class of glucose-lowering compounds (known 

as the gliflozins) for the treatment of type 2 diabetes mellitus. This review outlines the 

rationale for the development of individual SGLT2 and SGLT1 inhibitors as well as dual 

SGLT1/2 inhibitors. The basic concept of the therapeutic strategy is to lower the glucose 

burden by inhibiting the uptake of dietary glucose in the intestine or excreting the glucose 

filtered by the kidneys into the urine.

The body’s responses to environments with scarce energy resources have been intensively 

tested and refined over the course of evolution. Given that easy access to exogenous energy 

resources is a much more recent development, it is not surprising that the body’s responses 

to excess exogenous energy resources can be maladaptive. Therefore, targeting metabolism 

in the ‘periphery’ by inhibiting intestinal glucose uptake or spilling glucose into the urine 

and then using counterregulatory mechanisms to readjust the metabolism, may provide 

unique benefits as a glucose-lowering approach [3, 4].

Why target glucose handling in the kidney?

In healthy adults, the renal proximal tubule reabsorbs all the filtered glucose (~180 g/day) 

(Fig. 1). Renal glucose reabsorption requires active basolateral Na+ removal by the Na+/K+-

ATPase to generate the electrochemical driving force for apical glucose entry via Na+-driven 

sodium–glucose cotransport [5]. On the basolateral side, glucose exits the cells following its 

concentration gradient primarily via GLUT2 and re-enters the bloodstream [6]. Renal 

clearance and micropuncture studies in Sglt1 and Sglt2 gene knockout mice (Sglt1−/− and 

Sglt2−/−, also known as Slc5a1−/− and Slc5a2−/−, respectively) demonstrated that SGLT2, 

which is expressed in the early proximal tubule (Fig. 1), accounts for all glucose 

reabsorption in this segment and for ~97% of whole kidney fractional glucose reabsorption 

(FGR) [7–9]. In comparison, SGLT1 is expressed in the later parts of the proximal tubule 

and accounts for the remaining ~3% of FGR under conditions of normoglycaemia and intact 

SGLT2 [7–9] (Fig. 1). Thus, under normal physiological conditions, SGLT2 and SGLT1 are 

together responsible for all renal glucose reabsorption [9].
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As regards genetic mutations in SGLT2 in humans, the first occurrence of inherited renal 

glucosuria was described in 1927 [10] and resulted in urinary glucose losses ranging from 

1–150 g/1.73 m2 per day. This is referred to as familial renal glucosuria (FRG) and almost 

50 mutations have been described that cause this condition [11]. FRG is generally 

considered a benign condition but can be associated with polyuria, polydipsia, nocturnal 

enuresis, polyphagia and recurrent urinary tract infections. Mutations in SGLT2 are rare and 

therefore the consequences are not well studied or fully understood. However, no serious 

complications (e.g. ascending urinary tract infections or impaired kidney function) have 

been consistently observed in individuals with SGLT2 mutations [11, 12]. This information 

provided support that SGLT2 inhibitors could potentially be developed as safe glucose-

lowering drugs.

The renal transport maximum of glucose is reached when blood glucose levels exceed 11.1 

mmol/l, and the surplus glucose ‘spills’ into the urine. This renal safety valve can prevent 

extreme hyperglycaemia. Diabetes may modestly increase the renal transport maximum for 

glucose as a consequence of tubular growth [13] or primary increases in SGLT2 or SGLT1 

expression [14–16]. The enhanced renal glucose reabsorption in diabetes contributes to the 

maintenance of hyperglycaemia and can therefore be considered maladaptive. When SGLT2 

is inhibited (Fig. 1), the renal reabsorptive capacity for glucose declines to the residual 

capacity of SGLT1, which equates to ~80 g/day. In other words, SGLT2 inhibition causes the 

renal safety valve to open at a lower threshold and makes it relevant to glucose homeostasis 

in the normoglycaemic and moderately hyperglycaemic range.

An important clinical aspect of developing a glucose-lowering drug is the risk of 

hypoglycaemia, since episodes of hypoglycaemia can impair cardioprotective effects, in part 

due to activation of the sympathetic nervous system [17]. The risk of hypoglycaemia 

associated with SGLT2 inhibitors is low. This is due to compensation by SGLT1 in the 

downstream late proximal tubule, which eliminates glucose excretion when the filtered 

glucose falls below the transport capacity of SGLT1, together with metabolic 

counterregulatory mechanisms, including the upregulation of hepatic gluconeogenesis [3].

Two SGLT2 inhibitors have been evaluated in major clinical trials in individuals with type 2 

diabetes: empagliflozin in the EMPA-REG OUTCOME trial [18, 19] and canagliflozin in 

the Canagliflozin Cardiovascular Assessment Study (CANVAS) Program [20]. Both trials 

went beyond the requisite safety parameters to show ~35% reductions in the incidence of 

heart failure. Potential protective mechanisms include the diuretic and natriuretic effects of 

SGLT2 inhibition, which reduce volume overload and blood pressure, and body weight 

reduction [21]. Both trials also discovered salutary renal effects, including 40–50% 

reductions in the hazard ratios for albuminuria or decline in eGFR.

Could the protective effect in terms of GFR have been predicted, and what can we learn for 

the development of other drugs? The initial action of SGLT2 inhibition is a reduction in 

GFR. This is due to the increase in fluid and NaCl delivery to the distal nephron, which 

lowers GFR through the physiology of tubuloglomerular feedback and by increasing tubular 

back pressure [3]. This was shown in streptozotocin-induced diabetic rats by micropuncture 

on the single nephron level with application of the SGLT1/2 inhibitor phlorizin into the free-
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flowing early proximal tubule in 1999 [22], and confirmed with dapagliflozin in 2012 [23]. 

Lowering GFR can lower albuminuria and reduces the oxygen-consuming transport activity 

in renal tubules, thereby helping to preserve the function (including GFR) and integrity of 

the remaining nephrons in the long-term [3]. The key point is that the immediate GFR 

reduction following SGLT2 inhibition is a physiologically expected functional response 

rather than the result of structural changes and, as such, is reversible. In accordance with 

this, empagliflozin induced a small decline in eGFR in patients with type 2 diabetes and 

chronic kidney disease (CKD; stages 2 and 3). This effect was maintained at 52 weeks, 

associated with reduced urine albumin/creatinine ratios, and, most importantly, was fully 

reversible after a 3 week washout period [24]. A functional reduction in GFR has the 

potential for kidney protection, as previously proposed for angiotensin II (AngII) blockers 

[25]. Since ~80% of patients were co-treated with a form of AngII blockade, the EMPA-

REG OUTCOME trial and the CANVAS Program provided evidence that the two strategies 

are likely additive when applied to patients with initial GFRs of at least 30 ml min–1 [1.73 

m]–2 [18, 20]. This is consistent with the concept that AngII blockade primarily dilates the 

efferent arteriole, whereas SGLT2 inhibition primarily constricts the afferent arteriole via 

tubuloglomerular feedback and enhances tubular back pressure [3, 26, 27].

The improvement in glycaemic control in response to SGLT2 inhibition is attenuated in 

patients with CKD. This is expected due to the reduced absolute filtered glucose. In contrast, 

the blood pressure-lowering effect of SGLT2 inhibitors and protective effect against heart 

failure are preserved in individuals with CKD and reduced eGFR [28, 29]. Recently 

published modelling studies of CKD and nephron loss predicted that SGLT2 inhibition in 

remaining nephrons with increased single nephron GFR markedly decreases net proximal 

tubule Na+ reabsorption and induces a natriuretic and diuretic effect [30]. This is in large 

part due to the resulting high glucose load on the single nephron level, which osmotically 

binds water, lowers luminal Na+ concentrations, and secondarily increases paracellular Na+ 

secretion in proximal tubules. The preserved increase in fluid and Na+ load to the distal 

tubule also preserves the kaliuretic effect of chronic SGLT2 inhibition. This may reduce K+ 

retention in diabetic individuals with CKD and enhance the tolerability of AngII blockade 

and thus allow their continued use, which is expected to be of therapeutic benefit [30].

Modelling predicted that, in a diabetic normal and CKD kidney, SGLT2 inhibition shifts 

glucose and Na+ transport to segments further downstream in the outer medulla, and that 

SGLT2 inhibition may further reduce the already physiologically low O2 availability in the 

renal outer medulla [31, 32]. Indeed, such a reduction has been shown in vivo in non-

diabetic and streptozotocin-induced diabetic rats in response to acute dual SGLT1/2 

inhibition by phlorizin [33]. The influence on medullary transport and oxygenation would be 

attenuated by the blood glucose- and GFR-lowering effect of SGLT2 inhibition. Moreover, 

the proposed SGLT2 inhibitor-induced reduction in oxygen pressure in deep cortex and outer 

medulla may stimulate hypoxia-inducible factors HIF1 and HIF-2. In Sglt2−/−mice, renal 

Hmox1 mRNA expression (encoding haem oxygenase-1) [14], a HIF-1-α-induced, tissue-

protective gene, was increased. Furthermore, activation of HIF-2 may enhance 

erythropoietin release from renal interstitial cells in response to SGLT2 inhibition [34]. 

Together with the diuretic effect, HIF-2 activation may contribute to the observed modest 

increase in haematocrit and haemoglobin in response to SGLT2 inhibition. This may 
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improve the oxygenation of the kidney outer medulla and cortex, and may also facilitate 

oxygen delivery to the heart and other organs. Notably, changes in haematocrit and 

haemoglobin from baseline explained 51.8% and 48.9%, respectively, of the effect of the 

SGLT2 inhibitor empagliflozin vs placebo on the risk of cardiovascular death [35]. In other 

words, and in addition to its volume effect, SGLT2 inhibition may simulate systemic 

hypoxia to the oxygen sensor in deep cortex and outer medulla of the kidney, and the 

induced response then helps the failing heart and the kidney [30]. Finally, the model 

predicted that hyperglycaemia facilitates the diuretic and natriuretic potential of SGLT2 

inhibition in CKD [30]. This may explain why effects of SGLT2 inhibitors on volume status 

rather than HbA1c levels were the most important mediators reducing the risk of 

cardiovascular death [35]. Thus, the attenuated blood glucose-lowering effect of SGLT2 

inhibitors in CKD may not be completely disadvantageous [30].

Why target glucose handling in the intestine?

Elevations in blood glucose after meals are associated with an increased risk of diabetic 

complications [36]. The small intestine is the major site of dietary glucose uptake into the 

body, and SGLT1 plays a pivotal role in luminal glucose uptake [7, 37] (Fig. 2). Glucose 

subsequently exits via facilitative glucose transport (GLUT2) in the basolateral membrane 

and enters the bloodstream (Fig. 2). Glucose uptake by intestinal SGLT1 also modulates the 

secretion of intestinal hormones that regulate glucose homeostasis, including glucagon-like 

peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) [4, 7, 38] (Fig. 2). In 

accordance with a primary role in intestinal absorption, humans with mutations in the 

SGLT1 gene and mice lacking SGLT1 (Sglt1−/−) suffer from glucose/galactose 

malabsorption, which, especially in newborns, can be associated with massive osmotic 

diarrhoea, dehydration and metabolic acidosis [7, 37]. Removal of lactose, sucrose and 

glucose from the diet can control symptoms in these individuals, and Sglt1−/− mice can be 

rescued by a glucose/galactose-free diet [7].

Rodent studies have indicated that diabetes increases intestinal SGLT1 expression [39, 40] 

and glucose uptake [41, 42]. Consistent with the importance of SGLT1 in intestinal glucose 

uptake and, consequently, postprandial hyperglycaemia, Sglt1–/– mice show a strongly 

reduced blood glucose increase during an OGTT [43, 44]. Consistent with this, pre-meal, in 

contrast to post-meal, dosing of the selective SGLT1 inhibitor GSK-1614235 in healthy 

volunteers delayed intestinal glucose absorption [45]. Furthermore, the SGLT1 inhibitor 

enhanced circulating levels of GLP-1 and GIP for 2 h [45]. These hormones then act on 

pancreatic beta cells and increase insulin secretion in a glucose-dependent manner. GLP-1 

decreased pancreatic glucagon secretion and appetite, and increased beta cell mass in 

preclinical studies [46]. All these effects contribute to the glucose-lowering effect of GLP-1 

receptor agonists, which are approved for the treatment of type 2 diabetes [47]. Of note, lack 

of SGLT1 in mice attenuates the acute secretion of GLP-1 in response to a glucose bolus [7]. 

However, blocking glucose uptake via SGLT1 in the early intestine shifts glucose downward 

towards further distal intestinal segments [45, 48, 49]. At these sites, glucose has been 

proposed to be metabolised by the gut microbiome, and the resulting formation of shortchain 

fatty acids (SCFAs) may induce a sustained release of GLP-1 (Fig. 2). The latter has been 

observed with selective SGLT1 inhibition in healthy volunteers [45], in mice treated with a 
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non-absorbable selective SGLT1 inhibitor (LX2761) [48], and in Sglt1–/– mice [49]. Thus, 

inhibition of intestinal SGLT1 has a dual effect on glucose homeostasis: (1) a direct effect by 

inhibiting glucose uptake, and (2) an indirect effect via promoting a sustained release of 

glucose-lowering incretin hormones (Fig. 2).

Somewhat unexpectedly, the selective SGLT1 inhibitor GSK-1614235 and the dual SGLT1/2 

inhibitor sotagliflozin (LX4211) can be taken orally at doses that measurably inhibit glucose 

transport in the intestine without severe gastrointestinal side effects [45, 50]. While these 

promising findings indicate a potential therapeutic application for partial SGLT1 inhibition, 

long-term studies are needed to better document the intestinal responses and safety.

In multiple species, including humans, SGLT1 protein is also expressed in the parotid and 

submandibular salivary glands, liver, lung, skeletal muscle, heart, pancreatic alpha cells and 

brain [4]. The role of SGLT1 at many of these sites, as well as the consequences of SGLT1 

inhibition, are poorly understood. Based on studies in rodents, SGLT1 inhibition in the 

diabetic heart could be a two-edged sword (for review see [4]): SGLT1 might be involved in 

the progression of diabetic cardiomyopathy by triggering reactive oxygen species and/or 

facilitating the accumulation of glycogen in cardiomyocytes, but could also protect against 

ischaemia reperfusion injury by replenishing ATP stores in ischaemic cardiac tissues by 

enhancing glucose availability. While inhibition of SGLT1 merits evaluation for its 

therapeutic potential in diabetes, there is a clear need for a more comprehensive 

understanding of its function, including in the heart and brain, in health and disease.

Development of SGLT inhibitors

Given the findings discussed in the previous two sections, targeting hyperglycaemia by 

inhibiting intestinal and/or renal glucose reabsorption is an appealing therapeutic strategy. 

Phlorizin, a molecule found in the root bark, leaves, shoots and fruit of the apple tree, was 

discovered over 150 years ago and soon thereafter was found to increase urinary glucose 

excretion in healthy humans [51]. Studies in insulinresistant (due to partial pancreatectomy) 

diabetic rats showed that subcutaneous phlorizin administration normalised plasma glucose 

profiles and insulin sensitivity [52, 53]. However, because of the poor solubility of phlorizin 

in water, poor oral bioavailability and unselective SGLT1 and SGLT2 inhibition, phlorizin 

was not an ideal therapeutic candidate. T-1095 overcame some of these limitations but did 

not continue into clinical development [54]. Subsequent efforts led to the identification of 

the novel C-glucoside-containing selective SGLT2 inhibitor dapagliflozin. SGLT2 inhibitors 

such as canagliflozin, empagliflozin and ertugliflozin are based on the same meta C-
glycosylated diarylmethane pharmacophore. In contrast to the O-glucosides phlorizin and 

T-1095, C-glycosylation makes these molecules resistant to hydrolysis by β-glucosidases, 

increasing their half-life [41, 55, 56]. Differences between the approved SGLT2 inhibitors 

include their respective selectivity profiles for SGLT2 over SGLT1, ranging from ~260:1 for 

canagliflozin to ~2700:1 for empagliflozin [41].

Sotagliflozin (LX4211) shows only a 20 times higher potency for SGLT2 over SGLT1 and is 

considered a dual SGLT1/2 inhibitor [57]; it is currently undergoing Phase 3 clinical trials. 

GSK-1614235 is ~390:1 selective for SGLT1 over SGLT2 and has been tested in Phase 1 

clinical trials [45]. Mizagliflozin is a novel selective SGLT1 inhibitor that has been 
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investigated for its potential to improve chronic constipation [58]. The novel non-absorbable 

SGLT1 inhibitor LX2761 was recently developed by modifying sotagliflozin [48]. Another 

compound, LIK066, is currently in clinical trials for the treatment of obesity 

(NCT03100058) and polycystic ovary syndrome (NCT03152591). Regarding the potential 

use of LIK066 for obesity, further studies are also needed to determine the usefulness of 

intestinal SGLT1 inhibition in hyperleptinaemic obese individuals. Hyperleptinaemia (db/db 
mice), but not hypoleptinaemia (ob/ob mice), reduces intestinal SGLT1 abundance and 

blood glucose elevations in response to oral glucose loading [43]. The reduction in 

abundance in db/db mice is possibly via activation of leptin receptor isoform A (LEPRa).

From a metabolic standpoint, is it worth inhibiting both SGLT2 and SGLT1 in the kidney? 

Under normal conditions, inhibition of renal SGLT1 alone induces only a small glucosuric 

effect (Fig. 1). This effect, however, is increased up to the transport maximum of SGLT1 

when more glucose is delivered to the late proximal tubule, which may occur in 

hyperglycaemia or in response to SGLT2 inhibition. In response to treatment with SGLT2 

inhibitors in humans [59–61] and pharmacological inhibition or in Sglt2−/− mice [7, 9], FGR 

is only reduced to ~40–50%, despite the fact that SGLT2 normally contributes to >95% of 

FGR (Fig. 1). This is the consequence of a compensatory role of SGLT1 in the late proximal 

tubule [9]. Studies in Sglt1−/− and Sglt2−/− mice allowed us to estimate that the basal overall 

glucose reabsorption capacities for SGLT2 vs SGLT1 in a non-diabetic mouse kidney is in 

the range of 3:1 to 5:1 [62]. Based on these observations, simultaneously blocking SGLT1 

and SGLT2 in the kidney could be advantageous compared with SGLT2 inhibition alone 

with regard to blood glucose lowering [63]. The impact of intestinal SGLT1 inhibition on 

blood glucose control discussed above is expected to be additive to the renal effects. On the 

other hand, the risk of hypoglycaemia may increase with dual SGLT1/2 inhibition, and the 

expected stronger diuretic effect could place patients at greater risk of hypotension, prerenal 

failure, complications related to haemoconcentration and diabetic ketoacidosis.

Perspectives

Large clinical outcome trials will be needed for selective SGLT1 and dual SGLT1/2 

inhibitors. Selective SGLT2 and dual SGLT1/2 inhibitors are also currently being tested in 

individuals with type 1 diabetes as an add on to insulin. In general, these compounds 

improve glycaemic control [64–67], and overall are expected to have a similar protective 

effects as those reported in type 2 diabetes [68]. A serious concern is the greater incidence of 

diabetic ketoacidosis in these patients [65, 69]. Since the effects of SGLT2 inhibitors on 

GFR, natriuresis and diuresis can occur in the absence of hyperglycaemia [3], they are also 

being tested in non-diabetic people with heart failure or CKD [70].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Role of renal SGLT2 and SGLT1 in glucose reabsorption under normoglycaemic conditions 

and when SGLT2 is inhibited. SGLT2 and SGLT1 are expressed in the luminal membrane of 

the early (S1 and S2 segment) and late proximal tubule (S3 segment), respectively. They 

reabsorb ~97% (SGLT2) and ~3% (SGLT1) of filtered glucose under normoglycaemic 

conditions. A significant capacity of SGLT1 to reabsorb glucose is unmasked by SGLT2 

inhibition and during hyperglycaemia (~40–50% reabsorption), which both enhance glucose 

delivery to the late proximal tubule. As a consequence, diabetes-induced hyperglycaemia or 

SGLT2 inhibition increase the SGLT1 inhibition-induced rise in glucose excretion, the latter 

providing the renal rationale for dual SGLT1/2 inhibition. Adapted with permission from 

[4]. This figure is available as part of a downloadable slideset

Rieg and Vallon Page 13

Diabetologia. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Role and regulation of intestinal SGLT1 for glucose uptake and potential therapeutic 

applications of SGLT1 inhibitors. In the small intestine, luminal SGLT1 mediates glucose/

galactose absorption. SGLT1 expression is regulated by multiple signalling cascades and is 

upregulated in diabetes and downregulated by leptin [43]. SGLT1 in L cells in the proximal 

intestine sense dietary glucose, which subsequently triggers the ‘acute’ release of GLP-1. 

SGLT1 inhibition in the early intestine reduces glucose absorption and thereby increases 

glucose delivery to the more distal portions of the small intestine, where glucose is used by 

the microbiome to form SCFAs. SCFAs enter the distal L cells by free fatty acid receptors 
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(FFAR2/3) and trigger a ‘sustained’ release in GLP-1. Adapted with permission from [4]. 

This figure is available as part of a downloadable slideset
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