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Abstract

Introduction—Glycemic control is important in diabetes mellitus to minimize the progression of
the disease and the risk of potentially devastating complications. Inhibition of the sodium—glucose
cotransporter SGLT2 induces glucosuria and has been established as a new anti-hyperglycemic
strategy. SGLT1 plays a distinct and complementing role to SGLT2 in glucose homeostasis and,
therefore, SGLT1 inhibition may also have therapeutic potential.

Areas covered—This review focuses on the physiology of SGLT1 in the small intestine and
kidney and its pathophysiological role in diabetes. The therapeutic potential of SGLT1 inhibition,
alone as well as in combination with SGLT2 inhibition, for anti-hyperglycemic therapy are
discussed. Additionally, this review considers the effects on other SGLT1-expressing organs like
the heart.

Expert opinion—SGLT1 inhibition improves glucose homeostasis by reducing dietary glucose
absorption in the intestine and by increasing the release of gastrointestinal incretins like glucagon-
like peptide-1. SGLT1 inhibition has a small glucosuric effect in the normal kidney and this effect
is increased in diabetes and during inhibition of SGLT2, which deliver more glucose to SGLT1 in
late proximal tubule. In short-term studies, inhibition of SGLT1 and combined SGLT1/SGLT?2
inhibition appeared to be safe. More data is needed on long-term safety and cardiovascular
consequences of SGLT1 inhibition.
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1. Introduction

The cellular uptake and metabolism of D-glucose serves as an important energy source in
many organisms including human [1, 2]. As a consequence, its homeostasis is finely
regulated by various hormones, including insulin and glucagon. These hormones affect
glucose uptake into target cells (e.g. skeletal muscle) and, by regulating glucose storage and
endogenous glucose production, maintain blood glucose in a range of 4-9 mmol/L [1, 2].
The latter is particularly critical for organs that primarily run on glucose and depend on its
continuous uptake like the brain, which alone requires ~125 grams of glucose every day.
Two main classes of glucose transporters have been identified that mediate glucose transport
into and out of cells: the sodium-dependent glucose cotransporters (SGLTs) and the
facilitative glucose transporters (GLUTS).

GLUT proteins are encoded by the SLC2A gene family which codifies 12 GLUT proteins
and the HMIT1 protein in human. Glucose flux through these transporters depends on the
transmembrane glucose gradient. Key examples include GLUT1-mediated glucose transport
across the endothelial cells of the blood—brain barrier, GLUT2-mediated glucose exit into
the interstitium/blood compartment from small intestinal epithelia, renal tubular epithelia,
and hepatocytes, and GLUT4-mediated and insulin-stimulated glucose uptake into skeletal
muscle [3, 4].

The SGLT family is the subgroup SL5 of the solute carriers groups, SLC5, which currently
includes six members containing transporters and a channel that vary in their preferences for
sugar binding [5]. The glucose transporters of the SGLT family use the electrochemical
gradient of sodium to transport sugar molecules against a chemical gradient into cells.
Among them, SGLT1 and SGLT2, encoded by the genes SLC5A1 and SLC5A2,
respectively, are the best studied members. These two transporters are of primary importance
for glucose homeostasis by absorbing glucose from the diet in the small intestine (via
SGLT1) and by reabsorbing the filtered glucose in the tubular system of the kidney
(primarily SGLTZ2; to smaller extent via SGLT1); the latter process returns glucose into the
blood stream and prevents urinary glucose loss [5].

Diabetes mellitus is a growing public health and economic problem worldwide. Good blood
glucose control is vital in diabetic patients to attenuate the progression of the underlying
metabolic dysfunction and to reduce the risk of complications including nephropathy and
cardiovascular disease [6]. In recent years, SGLTs have drawn much attention due to their
therapeutic potential in diabetes mellitus. Most of the attention has focused on the SGLT2
subtype, which is expressed primarily in early renal proximal tubules, where it is responsible
for >90% of renal reabsorption of the filtered 160-180 grams of glucose/day [5, 7, 8].
Diabetes increases the renal SGLT2 expression and the glucose transport maximum (from
~500 g/day to 600 g/day), thereby further enhancing renal glucose reabsorption [5, 7, 8].
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SGLT2 inhibitors improve glycemic control by increasing urinary glucose excretion as
shown in experimental models and patients with hyperglycemia, and multiple compounds
have recently been approved for use in patients with type 2 diabetes mellitus [7-11]. SGLT2
inhibitors work independent of insulin and have little hypoglycemia risk. The compounds
induce a modest diuresis/natriuresis, urinary calorie loss, and activation of lipolysis, which
are associated with a modest reduction in body fat, body weight, and blood pressure [12].
Ongoing long-term clinical trials explore the safety and the clinical efficacy of SGLT2
inhibitors in the prevention of diabetic renal and cardiovascular complications [7-9, 11, 13].
The first study recently reported beneficial effects of SGLT2 inhibition on cardiovascular
mortality in T2DM [14] and preliminary data using the same compound indicated a
nephroprotective potential (ASN meeting 2015, late breaking trials). Thus, SGLT2 inhibitors
are a prime example how inhibition of a glucose transporter can have beneficial therapeutic
effects in hyperglycemia and diabetes mellitus.

Whereas glucose reabsorption in the kidney is predominantly mediated by SGLT2, it is
SGLT1 that is of primary importance for glucose absorption from the lumen into the
epithelial cells of the small intestine [15], an organ that does not express SGLT2. In addition,
SGLT1 is expressed in the late renal proximal tubules, where it reabsorbs the glucose that
has escaped the upstream SGLT2. As a consequence, SGLT1-mediated glucose reabsorption
in the kidney is increased when the tubular glucose load overwhelms the capacity of SGLT2
or when the latter is inhibited, as observed in hyperglycemia and with the use of SGLT2
inhibitors or Sg/t2 gene knockout [16-18], respectively. The role of SGLT1 in intestinal and
renal glucose transport makes the transporter a potential target for anti-hyperglycemic
therapy. Relevant for the safety aspect of such an approach is the question to which extent
such drugs induce unwanted side effects like diarrhea and/or by inhibiting the SGLT1 that is
expressed beyond the intestine and kidney. In this review we summarize recent
developments and our current understanding of the physiology and pathophysiology of
SGLT1 with a focus on the kidney, the small intestine, and the heart. We discuss the
potential of SGLT1 inhibition as a new therapeutic strategy, alone or in combination with
SGLT2 inhibition, to treat hyperglycemia and diabetes mellitus.

2. Molecular nature of SGLT1

Studies on the molecular understanding of SGLTs have been largely pioneered by the
laboratory of Wright and colleagues (for review see [5]). In the early 1980s, Semenza and
Wright described the existence of phlorizin inhibitable sodium glucose cotransporter as a 73
kDa protein through a series of experiments using azido-phlorizin-photoaffinity labeling and
antibodies [19, 20]. In 1987 Wright and coworkers cloned SGLT1 from rabbit [21]. Human
SGLT1, encoded by the SLC5A1 gene on chromosome 22qg13.1, is a 664-amino-acid
protein, which contains 14 transmembrane a-helical domains [5, 22]. The glucose-binding
domain of human SGLT1 is supposed to include amino acid residues 457-460 [23]. SGLT1
has a high-affinity for glucose (K 5 of 0.5-2 mM) and transports sodium and glucose with a
2:1 stoichiometry which enhances its concentrating power [5, 23-25]. The affinity of SGLT1
is similar for glucose and galactose, whereas fructose is not transported [5]. In comparison,
SGLT2 does not transport galactose, the affinity of SGLT2 for glucose is somewhat lower
(Kg 5 of 2-5 mM for glucose), and transport occurs with a 1:1 stoichiometry [5, 24, 25].
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3. Localization of SGLT1 expression

The tissue-specific expression of SGLT1 is important for potential therapeutic effects of
inhibitors but can also induce unwanted side effects by interfering with SGLT1 in these
tissues. SGLT1 mRNA expression has been detected by RT-PCR in various tissues in
humans including the small intestine, kidney, skeletal muscle, liver, lung, heart, trachea,
prostate, cervix of the uterus, stomach, mesenteric adipose tissue, pancreatic alpha cells, and
brain [26-29] (see Table 1). In two publications SGLT1 mRNA could not be detected in
human brain [26, 28].

On the protein level, human SGLT1 expression has been localized to the apical brush border
of the small intestine and the late proximal tubule; SGLT1 protein was also detected in
human parotid and submandibular salivary glands, liver, lung, skeletal muscle, heart and
pancreatic alpha cells [21, 27, 30, 31]. More recently, Vrhovac and colleagues generated and
used a novel affinity-purified antibody against human SGLT1 and confirmed the protein
expression in the brush border membrane and subapical vesicles of the small intestine, in
brush border membrane of late proximal tubule S3 segments, and also localized SGLT1 in
biliary duct cells of the liver, and in alveolar epithelial type 2 cells and bronchiolar Clara
cells of the lung. SGLT1 protein expression was detected in capillaries of the human heart
rather than in myocyte sarcolemma (see below for further discussion) [28].

It is worth noting that brain expression of SGLT1 has been proposed in other species, like
rats, mice, and pigs, using in situ hybridization and immunological and RT-PCR techniques
[29, 32-37]. Expression of SGLT1 in neurons was described consistently [29, 32-37]. SGLT1
expression in blood vessels was described in rat brain following brain ischemia and in
isolated microvessels of pig brain [37]. Using a SGLT-specific molecular imaging probe,
alpha-methyl-4-deoxy-4-[(18)F]fluoro-D-glucopyranoside (Me-4-FDG), together with ex
vivo autoradiography and immunohistochemistry in rats, Yu and colleagues localized SGLT
activity in various brain regions that also expressed SGLT1, and proposed a potential role of
SGLT-mediated cellular glucose uptake in rat brain when extracellular concentrations are
low, such as in ischemia [34].

4. Role of intestinal SGLT1 in glucose homeostasis

4.1 SGLT1 mediates intestinal glucose absorption

According to data from the National Health and Nutrition Examination Survey, 2005-2010,
men consumed a daily average of 83 grams from added sugars compared with 60 grams for
women [38]. In the small intestine, SGLT1 is expressed in the apical cell membrane
constituting the brush border [28, 31, 39-42], and is responsible for the transport of glucose
and galactose from the lumen into the epithelial cells; whereas facilitative glucose
transporters, especially GLUT2, subsequently mediate glucose transport across the
basolateral membrane into the interstitium and thereby into the circulation [15, 43-45](see
Figure 1). SGLT1 is electrogenic and luminal K* secretion serves to stabilize the membrane
potential and thereby the driving force for SGLT1 [46]. Wright and colleagues first
described that genetic defects in SGLT1 were associated with intestinal malabsorption of
glucose and galactose in humans [47, 48]. The phenotype includes neonatal onset of osmotic
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diarrhea caused by the non-absorbed excess of glucose and galactose in the intestinal lumen,
leading to dehydration, metabolic acidosis, and death [47, 48]. Those symptoms have also
been observed in mice lacking Sg/tZ [15], consistent with the primary importance of SGLT1
in the absorption of glucose and galactose in the intestinal tract. Importantly and somewhat
unexpectedly, pharmacological inhibition of SGLT1 appears not to induce severe diarrhea
[49, 501, as discussed below.

4.2 Direct and indirect effects of SGLT1 on intestinal incretin secretion

Intestinal glucose uptake via SGLT1 modulates the secretion of intestinal hormones that
regulate glucose homeostasis. In addition to protein and fat, the ingestion of glucose induces
the secretion of the incretins, glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP), from intestinal L cells and K cells, respectively [51, 52]. These
hormones then act on pancreatic B cells to increase insulin release in a glucose-dependent
manner; GLP-1 also decreases pancreatic glucagon secretion and appetite and was found to
increase B cell mass in preclinical studies; all these effects contribute to the anti-
hyperglycemic effect of GLP-1 receptor agonist, which are used as antidiabetic drugs [53].
Oral administration of glucose to mice induced incretin secretion within 5 min, followed by
the secretion of insulin after 15 min [54]. Studies using the mixed SGLT1/SGLT2 inhibitors,
phlorizin or LX4211 as well as studies in Sg/tZ—/—mice indicated that SGLT1 in the L and
K cells of the “proximal” small intestine serves as the intestinal glucose sensor for the acute
glucose-induced incretin secretion [15, 44, 54, 55]. In addition, alpha-gustducin-coupled
T1R3 taste receptors in the luminal membrane of duodenal L-cells have been implicated in
glucose-induced secretion of GLP-1 [56] (Figure 1).

Notably, GLP-1 secretion after a meal is biphasic and the second more sustained phase
appears to involve the L-cells in the more “distal” gut and colon, where GLP-1 secretion is
insensitive to glucose itself [54]. Studies with knockout or inhibition of SGLT1 or dual
SGLT1/SGLT2 inhibition provided evidence in rodents and healthy humans that inhibition
of SGLT1 in the small intestine increases the delivery of glucose to the more distal gut and
colon where the maneuver induces a sustained increase in circulating GLP-1 for up to 6
hours [49, 50, 55, 57]. It has been proposed that bacterial fermentation of luminal glucose to
short-chain-fatty-acids (SCFAs), which have been shown to trigger GLP-1 secretion by L-
cells through G-protein coupled receptors in mice [58], mediates this indirect effect of
SGLT1 inhibition [55](Figure 1). Thus, intestinal SGLT1 inhibition can improve glucose
homeostasis through inhibiting intestinal glucose uptake as well as inducing a sustained
intestinal release of incretins.

5. Luminal nutrients upregulate intestinal SGLT1 expression

The level of SGLT1 expression in the small intestine determines the capacity for glucose
absorption, shows a circadian periodicity, and undergoes long-term and short-term
regulation in response to luminal nutrients [15, 59-62]. For example, a high glucose diet and
high sodium diet can increase the expression of intestinal SGLT1 on the transcriptional level
[60, 61, 63]. The sweet taste receptor subunit T1R3 and the taste G protein gustducin,
expressed in enteroendocrine L-cells, are involved in intestinal sensing of dietary sugar and
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artificial sweeteners which subsequently up-regulates intestinal SGLT1 mRNA and protein
expression [64, 65]. Short-term upregulation of SGLT1 in the brush-border membrane
within minutes after glucose ingestion includes the activation and release of SGLT1
containing vesicles from the trans-Golgi network (TGN) [66-70]. The release of SGLT1
containing vesicles from the TGN is steered in a glucose-dependent manner by a highly
phosphorylated regulatory domain of the intracellular protein RS1 (gene RSc1AI) [70]. An
increase in luminal glucose concentrations can also induce GLUT2 translocation to the
brush border membrane, however, the quantitative contribution to glucose absorption
remains a matter of debate [15, 44, 71-73].

A better understanding of SGLT1 regulation may provide opportunities for modulation
beyond transporter inhibition and is therefore discussed in the following. Whereas studies in
heterologous expressions systems and rodent models provided insights on the molecular
regulation of SGLT1, the in vivo relevance and the detailed mechanisms in which identified
intracellular signaling cascades are involved remains to be fully defined.

5.1 Factors that are involved in upregulation of SGLT1

Short-term regulation has been elucidated in oocytes in which SGLT1 was expressed by
cRNA injection and in cell culture where the amount of SGLT2 mRNA has been changed.
Long-term regulation has been determined in tissue. Wright and coworkers identified and
characterized the human SGLT1 minimal promoter and showed a critical role of hepatocyte
nuclear factor-1 (HNF-1) and the Sp1-family of transcription factors in enhancing the basal
level of SGLT1 transcription in Caco-2 cells [74]. Studies in Xenopus oocytes and Chinese
hamster ovary cells expressing rabbit or human SGLT1 showed that activation of protein
kinase A (PKA) increased SGLT1 membrane expression, and the authors hypothesized
associated changes in the conformation of the empty carrier and the glucose carrier complex
[75, 76]. Studies in Madin-Darby canine kidney (MDCK) cells confirmed that SGLT1
protein is up-regulated by a cAMP-PKA dependent pathway, a response that required intact
actin filaments, suggesting involvement of vesicle trafficking, probably the exocytotic
pathway [77]. The in vivo relevance of PKA-regulated SGLT1 regulation remains to be
determined. Studies with SGLT1 expression in Xenopus oocytes and in Caco?2 cells revealed
that the plasma membrane protein caveolin-1 can also enhance SGLT1 activity by increasing
carrier protein abundance in the cell membrane [78]. Studies using a similar approach
indicated that activation of AMP-activated protein kinase (AMPK) increases SGLT1
membrane expression and activity [79]. AMPK has been implicated in the upregulation of
intestinal glucose absorption in piglets in response to feeding long-chain n-3 polyunsaturated
fatty acids, which was associated with increased GLUT2 and SGLT1 expression, indicating
long-term regulation involving changes in transcription [80]. In contrast, studies in murine
jejunum indicated that AMPK activation (by AICAR and the anti-diabetic drug metformin)
may up-regulate the luminal membrane expression of non-energy requiring glucose uptake
by GLUT2 and induce a concurrent down-regulation of sodium-dependent SGLT1, which
may reflect the role of AMPK as a key sensor of energy status within the cell [81].

Xenopus oocytes studies showed that SGLT1-mediated glucose transport is up-regulated by
the serum and glucocorticoid-inducible kinase 1 (SGK1), and that this interaction involves
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the ubiquitin ligase Nedd4-2 [82] as well as the phosphatidylinositol-3-phosphate-5-kinase
PIKfyve [83]. Electrogenic glucose transport in the intestine was not significantly different
between SgkI-/- mice and their wild-type littermates under basal conditions but was
significantly stimulated by the glucocorticoid dexamethasone only in the latter [84]. Thus,
SGK1 seems dispensable with regard to basal intestinal glucose absorption but can mediate
a glucocorticoid-induced stimulation. Excessive extracellular glucose concentrations can
stimulate the transcription of SGK1 [85] and mutations in SGK1 have been associated with
obesity, which may relate to long-term regulation of intestinal SGLT1 activity [82]. Notably,
SGLT1 was also found to be upregulated by the SGK3 isoform in Xenopus oocytes [82].
Moreover, studies in Sgk3-/- mice revealed convincing evidence for a physiological, long-
term role of SGK3 in maintaining SGLT1-mediated intestinal glucose absorption, whereas
intestinal electrogenic transport of phenylalanine, cysteine, glutamine and proline were not
affected in Sgk3-/- mice [86] (Figure 1).

5.2 Factors that are involved in downregulation of SGLT1

Studies in heterologous expression systems indicated that protein kinase C (PKC) is
involved in posttranscriptional short term regulation of SGLT1 comprising effects on
membrane trafficking and on transport function [67, 76, 87, 88]. In Xenopus oocytes,
expressed human SGLT1 was upregulated posttranscriptionally, whereas expressed rabbit
and rat SGLT1 were downregulated by stimulation of PKC [67, 76]. The short term effects
of PKC may be influenced by the coexpression of other proteins. For example, whereas
stimulation of PKC induced short term upregulation of human SGLT1-mediated glucose
uptake in oocytes it induced short term downregulation after coexpression of the regulatory
protein RS1 which only occurs in mammals [67]. RS1 which is located at the trans-Golgi
network (TGN) [68] binds to a receptor at the TGN containing a glucose binding site that
blocks the release of SGLT1 containing vesicles from the TGN at low intracellular glucose
concentrations [70]. At high intracellular glucose concentrations the RS1-induced blockade
of vesicle release is blunted and, as a consequence, vesicle translocation to the plasma
membrane is increased leading to a 40-50% increase of SGLT1 expression in the plasma
membrane. In RS1 knockout mice the amount of SGLT1 in the plasma membrane is
increased at low intracellular glucose and no further increase is observed at high intracellular
glucose [70, 89]. Thus, upregulation of SGLT1 expression in small intestine after glucose
ingestion is promoted by glucose dependent disinhibition of the RS1-mediated blockade of
SGLT1 exocytosis (Figure 1).

RS1 is also involved in glucose dependent down-regulation of SGLT1 transcription.
Employing the porcine renal epithelial cell line LLC-PK4 expressing SGLT1 and RS1 it was
observed that transcriptional downregulation of SGLT1 after cultivation with 25 mM glucose
versus 5 mM glucose was dependent on the presence of RS1 [90]. This effect of RS1
requires migration of RS1 into the nucleus which is steered by PKC dependent
phosphorylation of a nuclear shuttling domain in RS1 [91].

Another powerful negative regulator of SGLT1 protein abundance in the cell membrane that
decreased SGLT1-mediated glucose transport in Xenopus oocytes and mouse intestine is
‘with-no-K[Lys] kinases’/STE20/SPS1-related proline/alanine-rich kinase (SPAK)[92].
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Leptin, an adipocyte-derived “satiety hormone”, has also been implicated in the regulation
of intestinal glucose absorption [93], and leptin administration to rats, especially from the
lumen, rapidly reduced luminal SGLT1 expression and glucose uptake [94](Figure 1).

The KATP channel has also been implicated in SGLT1 regulation, inasmuch as SGLT1
MRNA was increased in the duodenum (but not the jejunum) of mice lacking this channel,
which was associated with increased glucose absorption [95]. The KATP channel, however,
was not critical for the increase in duodenal SGLT1 mRNA expression in response to high-
sucrose diet for 5 weeks or streptozotocin (STZ)-induced diabetes mellitus [95](see below).

6. Upregulation of intestinal SGLT1 in diabetes mellitus

Diabetes has been proposed to increase the intestinal SGLT1 expression (Figure 1, Table 2),
which may involve the response to greater dietary sugar intake (see above). Intestinal SGLT1
MRNA expression was increased in mice [95] and rats [43] with STZ-induced diabetes, a
model of hyperphagic type | diabetes (TLDM). Similarly, Otsuka Long-Evans Tokushima
Fatty rats, a model of type Il diabetes (T2DM), presented increased intestinal mMRNA
expression of SGLT1; this was associated with impaired glucose tolerance and occurred
before the development of insulin resistance and hyperinsulinemia [96]. Most importantly,
small intestinal SGLT1 mRNA expression and brush border membrane SGLT1 protein
expression and intestinal glucose uptake were also found to be increased in patients with
noninsulin-dependent diabetes mellitus [97]. Notably, the latter patients were on a
carbohydrate restricted diet compared with the non-diabetic controls indicating that factors
other than increased luminal glucose delivery contributed to increased SGLT1 expression.
The upregulation of SGLT1-mediated intestinal glucose uptake is expected to contribute to
the rapid post-prandial rise in blood glucose levels observed in diabetes [49, 55]. High-
carbohydrate diets (55-60% of energy) had been standard recommendations for
management of T2DM for a long time but this has been questioned more recently, in
particular in relation to protein intake [98]. Along these lines, we observed in preliminary
studies that the application of an equicaloric glucose free/high protein diet significantly
reduced hyperglycemia in Akita mice, a genetic TLDM model (Panai, Onishi, Fu, Vallon,
unpublished observation), consistent with a prominent role of intestinal glucose uptake for
hyperglycemia.

A major defect in T2DM is a reduction of the insulinotropic response to GLP-1 and GIP in
the pancreas, which can be overcome by higher doses of GLP-1 [99]. In addition, the
sustained post-prandial secretion of GLP-1 can be reduced in T2DM which could be
secondary to the increased SGLT1 expression and activity in the proximal intestine thereby
limiting glucose delivery to the more distal intestine (see above). Effects of SGLT1
inhibition on intestinal glucose absorption and secondary effects on incretin release have
therapeutic potential in diabetes mellitus, as discussed below.
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7. Physiology of SGLT1 in the kidney — unmasking its capacity by SGLT2

inhibition

Under euglycemic conditions, the normal kidneys filter about 180 grams of glucose daily,
which reflects about 30% of the daily calorie intake. The filtered glucose is subsequently
reabsorbed by the proximal tubule and mostly returned to the circulation, consistent with the
finding that proximal tubular cells are not utilizing glucose in relevant amounts for energy
production [100]. Glucose is transported across the apical membrane of the proximal tubule
by SGLT2 and SGLT1 and then exits through the basolateral membrane by the facilitative
glucose transporters GLUT2 and GLUT1 [5, 101]. As demonstrated in mice, rats, and
humans, SGLT2 is expressed in the early part of the proximal tubules (S1/S2 segments),
whereas SGLT1 is expressed in the more distal part (S2/S3 segments) of the proximal
tubules [17, 28, 36](Figure 2). SGLT2 is a high-capacity system that reabsorbs 95% or more
of the filtered glucose in euglycemia, while the further downstream expressed SGLT1
transporter reabsorbs practically all of the remaining glucose or about 3% of the filtered
glucose [15-18]. Whereas SGLT2 transports sodium and glucose in a 1:1 ratio, two sodium
ions accompany one glucose molecule when transported through SGLT1, which enhances
the concentrating power to reabsorb the small amounts of glucose delivered to the late
proximal tubule [25]. Both cotransporters are electrogenic and luminal K* secretion serves
to stabilize the membrane potential and thereby the driving force for SGLTs [46, 102].
Importantly, when pharmacological SGLT2 inhibition enhanced the glucose load to the
downstream late proximal tubule in mice, then the glucose transport capacity of renal
SGLT1 was unmasked: this was evident by a doubling in maximal glucosuria in response to
pharmacological SGLT2 inhibition in mice lacking SGLT1 versus wild-type mice, as well as
a reduction in fractional renal glucose reabsorption in response to pharmacological SGLT2
inhibition from 50-60% in wild-type mice to zero net renal glucose reabsorption when
SGLT2 was inhibited in mice lacking SGLT1; the latter phenotype was confirmed in mice
lacking both SGLT2 and SGLT1 [16](Figure 2). This is consistent with observations in
humans which also maintain fractional glucose reabsorption rates of ~40-50% following
maximal effective doses of SGLT2 inhibitors [103-105]. A compensatory effect of SGLT1 is
also supported by micropuncture studies along the late proximal tubule in Sg/t2-/- mice
[17], by data in Sg/t1/ Sg/t2 double knockout mice [16, 18], and by studies using a potent
dual SGLT2/SGLT1 inhibitor [106]. Based on renal glucose reabsorption studies in gene-
targeted mice and considering the levels of renal SGLT2 and SGLT1 protein expression in
these settings (e.g. ~50% down-regulation of SGLT1 expression in response to
pharmacologic or genetic SGLT2 inhibition)[15-17, 107], we estimated that the basal overall
capacities of the kidneys for glucose reabsorption in the non-diabetic setting for SGLT2
versus SGLT1 is in the range of 3:1 to 5:1 [8].

8. Diabetes increases renal SGLT1-mediated glucose reabsorption

Poorly controlled hyperglycemia can overwhelm the transport capacity of early proximal
SGLT2 (despite of its upregulation) thereby enhancing the glucose delivery to the late
proximal tubule and increasing SGLT1-mediated glucose reabsorption (Figure 2). The
cellular susceptibility to glucose-induced toxicity has been proposed to depend on the
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presence of cellular glucose uptake mechanisms and the ability of these cells to down-
regulate glucose uptake in the setting of hyperglycemia [108]. Multiple studies in diabetic
rodents, including genetic models of TLDM and T2DM, reported an increased renal protein
expression of SGLT2, which is expected to contribute to the enhanced renal glucose
reabsorption capacity and hyperglycemia in diabetes [7, 109]. In comparison, the reported
data for SGLT1 appear more variable with evidence for increased, unchanged, or reduced
renal SGLT1 expression in diabetes or under high glucose conditions [109](Table 2). The
renal cortex of STZ-diabetic rats was found to contain increased mRNA expression for
SGLT1 [110] and greater renal SGLT1 protein expression [111]. Likewise, renal SGLT1
MRNA levels in diabetic obese Zucker rats were higher than in age-matched non-diabetic
lean rats [112]. BTBR ob/ob T2DM mice have been reported to have lower SGLT1 mRNA
expression but increased renal membrane SGLT1 protein expression [113]. A dissociation of
the response in SGLT1 mRNA and protein expression indicates a complex translational and
post-translation regulation [107].

Other studies found unchanged renal SGLT1 protein expression [114-116] or reduced renal
expression and activity of SGLT1 [117] in diabetic rodent models. Using Sg/tZ-/- mice as a
critical negative control for the antibody, renal membrane protein expression of SGLT1 was
found to be reduced in Akita mice, a genetic model of TLDM [107]. This response
mimicked the reduced renal SGLT1 protein expression observed in response to Sg/t2 gene
knockout in mice [17] and in response to pharmacological SGLT2 inhibition in non-diabetic
mice [107]. All 3 conditions share an increase in the glucose load to the late proximal tubule
and as a consequence an increase in glucose reabsorption via SGLT1; albeit the increase in
reabsorption is attenuated by the down-regulation of SGLT1 expression. Thus, down-
regulation in renal SGLT1 expression may serve to limit renal glucose uptake and toxicity in
the late proximal tubule, which is localized in the semi-hypoxic and vulnerable outer
medulla, when glucose delivery and uptake are increased [17, 107].

As discussed above, SGLT2 and SGLT1 can account for all renal glucose reabsorption in
normoglycemic mice [16]. It is unknown whether this is also true in the diabetic kidney.
Studies in diabetic rats suggested translocation of GLUT2 to the luminal brush border of the
proximal tubule associated with an increase in facilitative glucose absorption [118, 119].
Further studies are needed to define the relative relevance of GLUT translocation in the
diabetic kidney.

The molecular mechanisms that regulate renal SGLT1 remain poorly understood. In vitro
studies by Ghezzi and Wright reported that insulin markedly increased human SGLT2
activity, but human SGLT1 was relatively insensitive to insulin [120]. SGK1 has been
proposed to be upregulated in the diabetic kidney in rodents and humans [121, 122]. Studies
in TLDM Akita mice lacking SGK1 indicated that the kinase may stimulate electrogenic
glucose transport in the diabetic proximal tubule [122]. On the other hand, in vitro studies in
rabbit renal proximal tubule cells indicated that high glucose-induced oxidative stress can
induce a reduction in SGLT2 and SGLT1 expression and activity [123]. In the porcine renal
epithelial cell line LLC-PKj transcriptional downregulation of SGLT1 occurred after
cultivation with 25 mM glucose versus 5 mM glucose; this was dependent on the presence of
RS1 [90]. Furthermore, diabetes has been shown to upregulate various PKC isoforms in the

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 11

kidney; whether these can mediate an inhibitory influence on SGLT1 (as indicated in
intestine, see above) has not been tested.

Thus, diabetes increases the glucose delivery to the late proximal tubule and thereby the
reabsorption through SGLT1. SGLT2 inhibition will improve blood glucose control in
diabetes but enhance the glucose delivery to SGLT1 and thereby increase its glucose
reabsorption. The quantitative role of renal SGLT1 in diabetes-induced hyperglycemia and
in renal injury has not yet been specifically determined.

9. SGLT1 is expressed in heart but its physiological function remains

unclear

Cardiomyocytes utilize glucose and long-chain fatty acids as the major energy sources. Two
types of glucose transporters, GLUT1 and GLUT4 play primary roles in cardiac glucose
uptake: GLUT1 mediates basal glucose transport, and GLUT4 promotes insulin-induced
glucose uptake and elevated contractile activity [124]. In addition to these GLUTSs, SGLT1
was found to be strongly expressed in the heart, including in cell membranes of
cardiomyocytes in mice and humans [26, 125-127](Figure 3, Table 1). Vrhovac and
colleagues recently used double labeling for SGLT1 and aquaporin 1 in human hearts and
proposed that SGLT1 protein is localized to heart capillaries rather than cardiomyocytes
[28]. The localization of SGLT1 in capillaries of the heart (and skeletal muscle), but not in
capillaries of the small intestine had previously been reported by immunohistochemistry in
rats [128]. More recently, Kashiwagi et al. reported that SGLT1 was highly expressed in
both human autopsied hearts and murine perfused hearts, including in cardiomyocytes, as
assessed by immunostaining and immunoblotting with membrane fractionation [126]. Thus,
cardiac SGLT1 could be involved in glucose transport from the capillaries into the
cardiomyocytes. However, the physiological role of SGLT1 in the heart remains elusive.
Under basal conditions, the perfusion of phlorizin, a dual SGLT1/SGLT2 inhibitor, into the
mouse heart did not change cardiac function as determined in the Langendorff model [126].
Banerjee and colleagues provided first evidence that the increase in cardiac glucose uptake
induced by insulin and leptin in cultured mouse cardiomyocytes is inhibited by phlorizin,
suggesting a potential role of SGLT1 in the hormone regulated glucose uptake in the mouse
heart, but the in vivo relevance was not tested [125].

10. SGLT1 in the diabetic heart — a role for ROS formation and glycogen

accumulation?

Diabetic cardiomyopathy is clinically defined as diastolic or systolic cardiac dysfunction
occurring in a diabetic patient independent of cardiomyopathy due to coronary artery
disease, hypertension, or valvular disease [129]. Diabetic cardiomyopathy contributes to the
higher occurrence of heart failure in diabetic patients compared with the general population
[130]. The involved pathophysiology remains poorly understood.

In the absence of diabetes, cardiac-specific inactivation of GLUT4 abolished insulin-
stimulated glucose uptake, but increased cardiac GLUT1 expression and basal glucose
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transport by 3-fold; this was associated with modest cardiac hypertrophy and compensated
contractile performance [131]. In STZ-induced T1DM rats, GLUT4 mRNA and protein
expression as well as glucose uptake in the heart were decreased, and restored by insulin
administration, whereas GLUT1 mRNA expression was not significantly altered [129, 132].
Contractile dysfunction was evident in the hearts of T2DM db/db mice; this was associated
with a 52% and 84% reduction in the rate of glycolysis and glucose oxidation, respectively,
whereas palmitate oxidation was increased twofold in db/db hearts versus controls [133].
Both glucose metabolism and palmitate metabolism as well as contractile function were
normalized in hearts of db/db mice by overexpressing the insulin-regulated GLUT4 [133].
Thus, whereas the role of GLUT1 in cardiac pathophysiology remains unclear [134-136],
some experimental evidence suggested that diabetes reduced cardiac GLUT4 activity which
may impair cardiac glucose uptake and contribute to the development of diabetic
cardiomyopathy [129].

Reactive oxygen species (ROS) has been considered to play important roles in the
pathogenesis of diabetic cardiomyopathy, through direct damage to proteins and DNA,
induction of apoptosis, activation of matrix metalloproteinases, and modulation of signal
transduction pathways, which lead to cardiac dysfunction and hypertrophy [137]. Balteau
and colleagues reported that the addition of high glucose concentrations (21 mM versus 5
mM in controls) to cultured primary rat cardiomyocytes activated NADPH oxidase 2
(NOX2) through the activation of Rac1GTP and the translocation of p47phox to the plasma
membrane, resulting in the production of ROS and subsequent cell death. Interestingly, the
ROS production was strongly inhibited by the addition of 1 mM phlorizin, indicating that
SGLT1 (SGLT2 is not expressed in heart) might contribute to the development of diabetes-
induced cardiac damage by mediating glucose-induced ROS production (Figure 3), but the
in vivo relevance has not been tested [138]. Notably, cardiac mMRNA expression of SGLT1
has been reported to be increased in patients with T2DM and diabetic cardiomyopathy
(Figure 3), as well as in patients with ischemic cardiomyopathy or after the implantation of
left ventricular assist devices [125].

Exposure of cultured neonatal rat ventricular myocytes for 24 h to high concentrations of
glucose (30 mM) in the presence of insulin (10 nM) resulted in glycogen accumulation
[139]. The glycogen content was also increased by 35-50% in hearts of diabetic db/db mice
compared with non-diabetic mice [140]. Furthermore, STZ-diabetic TLDM rats have
increased cardiac expression of autophagy proteins that are specific for glycogen [139].
Interestingly in this regard, cardiac-specific knockdown of SGLT1 has been reported to
prevent glycogen storage cardiomyopathy in a mouse model carrying a mutation in the gene
for the gamma2 subunit of AMPK [141, 142]. The relevance of this finding for the diabetic
heart has not been tested.

Thus, SGLT1 may be upregulated in the diabetic heart and might be involved in the
progression of diabetic cardiomyopathy through triggering ROS and/or facilitating the
accumulation of glycogen in cardiomyocytes (Figure 3). If reduced glucose uptake via
GLUT4 and increased glucose uptake via SGLT1 activity both mediate deleterious effects in
the diabetic heart, then one may speculate that their subcellular localization and the glucose-

Expert Opin Ther Targets. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 13

induced downstream intracellular signaling cascades differ thereby defining whether glucose
uptake is beneficial or deleterious for cardiomyocytes.

11. Therapeutic potential of SGLT1 inhibition

Whereas the potential of selective SGLT2 inhibition as a new antihyperglycemic strategy has
been well established, the efficacy and safety of selective SGLT1 inhibition or dual SGLT2/
SGLT1 remain less clear. The pharmacological tools that have been used to determine the
potential of SGLT1 inhibition include phlorizin (or phloridzin), canagliflozin, LX4211 (or
sotagliflozin), LP-925219, KGA-2727, and GSK-1614235. Phlorizin, which was first
isolated from the bark of the apple tree by French chemists in 1835 [143] is a non-specific
inhibitor of both SGLT1 and SGLT2 (IC50 ratio of 1.5:1 [144]) and the forerunner of the
development of more selective SGLT2 inhibitors [145]. Canagliflozin is an approved SGLT2
inhibitor that also is a low-potency SGLT1 inhibitor (IC50 ratio of 155:1). LX4211 is an
orally available L-xyloside and dual inhibitor of SGLT1 and SGLT2 (IC50 ratio of 20:1)[49,
146, 147] that is currently in clinical trials. LP-925219 is a novel, orally available dual
SGLT1/SGLT?2 inhibitor with structure and preclinical pharmacokinetics very similar to that
of sotagliflozin (IC50 ratio for mouse SGLT1:SGLT2 of 45:1) [148]. The pyrazole-O-
glucoside KGA-2727 is the first selective SGLT1 inhibitor and has inhibition constant values
(Ki) of 97 and 13,600 nM for human SGLT1 and SGLT2, respectively (~1:140)[57].
GSK-1614235 is an analog of KGA-2727 with Ki values of 27 and 8,170 nM for human
SGLT1 and SGLT2, respectively (~1:300)[50]. The use of these compounds provided first
insights on the potential efficacy of SGLT1 inhibition on glucose homeostasis as well as the
safety of such an approach, as discussed in the following. Other studies also indicated the
feasibility to develop molecules that inhibit SGLT1 but not SGLT2 [144, 149, 150]. The
development of selective SGLT1 inhibitors needs to consider the potential metabolism to
aglycone-derivatives and their potential effects on different epithelial transport mechanisms
(e.g., see the below discussed conversion of phlorizin to its aglycone, phloretin).

11.1 Inhibition of SGLT1 in the intestine can lower hyperglycemia by inhibiting glucose
absorption and increasing GLP-1 release

Postprandial hyperglycemia is a cardiovascular risk factor [151, 152]. As discussed above,
glucose absorption from the small intestine is largely mediated via SGLT1. In accordance,
oral application of phlorizin and other polyphenols from apple extracts inhibited intestinal
glucose absorption and lowered blood glucose levels in rodents and humans [145, 153].
Notably, orally consumed phlorizin is nearly entirely converted into phloretin by hydrolytic
enzymes in the small intestine; the absorbed phloretin does not inhibit SGLT1 or SGLT2 but
can produce glycosuria by inhibiting GLUT?2 in the kidney [145]. Oral application of
canagliflozin likewise delayed the appearance of oral glucose in plasma thereby reducing
postprandial plasma glucose and insulin levels in healthy subjects [154]. The inhibition of
intestinal glucose uptake has also been shown by selective SGLT1 inhibition using
KGA-2727 in rats and GSK-1614235 in healthy human subjects [50, 57]. Moreover,
KGA-2727 improved postprandial hyperglycemia in STZ-induced diabetic rats, and chronic
administration reduced glucose concentrations and glycated hemoglobin in Zucker diabetic
fatty rats [57].
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While the effect on intestinal glucose absorption was not directly tested, LX4211 stimulated
intestinal GLP-1 release in T2DM patients, which would be consistent with partial inhibition
of intestinal glucose absorption thereby enhancing the glucose delivery to the more distal gut
(see discussion above) [49]. The promotion of GLP-1 secretion by transient inhibition of
intestinal SGLT1 was also observed using phlorizin or canagliflozin in rodents [54, 155] as
well as more recently with GSK-1614235 in healthy human subjects [50]. Chronic treatment
of Zucker diabetic fatty rats with KGA-2727 also increased the level of GLP-1 in the portal
vein [57]. In contrast, GSK-1614235 reduced postprandial GIP secretion in healthy human
subjects [50]. With regard to the GLP-1 pathway, studies in normal and diabetic rodents
indicated that inhibition of intestinal SGLT1 may have additive effects with GLP-1 receptor
agonists as well as DPP4 inhibitors, which inhibit the endogenous GLP-1 degradation [155].

11.2 Inhibition of SGLT1 in the kidney enhances the effects of SGLT2 inhibition and can
lower blood glucose levels

It has been known for decades that parenteral application of phlorizin (thereby preventing its
intestinal effects and degradation) inhibits renal SGLT2 and SGLT1 and thereby renal
glucose reabsorption and improves glucose homeostasis [156]. Recent studies using
selective SGLT2 inhibition and mice lacking SGLT1 defined more precisely the renal
transport capacity of SGLT1, and showed that the increase in SGLT1-mediated glucose
absorption explains the finding that renal glucose reabsorption is maintained at ~50% when
SGLT2 is inhibited under normal glucose conditions [16]. During modest hyperglycemia,
selective renal SGLT1 inhibition alone would be expected to induce only a small increase in
urinary glucose excretion because the glucose transport capacity of upstream SGLT?2
becomes increasingly engaged under these conditions, such that small amounts of glucose
are delivered to SGLT1. However, inhibition of SGLT2 under these conditions as well as
more severe hyperglycemia that overwhelms the upstream SGLT? activates the full renal
transport capacity of renal SGLT1. As a consequence, dual renal SGLT2/SGLT1 inhibition is
expected to induce a significantly greater glucosuria than inhibition of either SGLT2 or
SGLT1 alone [16, 18, 148], and thus a stronger effect on blood glucose levels is observed in
mice with dual inhibition not only during euglycemia but also during modest hyperglycemia
[16, 18]. Thus, dual SGLT1/2 inhibition induces synergistic effects via combined effects on
the early and late proximal tubule as well as the intestine. Whereas selective SGLT2
inhibitors as well as LX4211 alone have very little risk for hypoglycemia [7, 146], more
complete dual SGLT2/SGLT1 inhibition may increase the risk of hypoglycemia as indicated
by murine studies [16, 18]. This could be relevant, especially when other factors facilitating
hypoglycemia are prevalent (e.g. low food intake), and potentially also applies to the
combination of SGLT1 inhibition with other anti-hyperglycemic agents (intestinal SGLT1
inhibition may in addition delay the hypoglycemic rescue with oral glucose). Whether renal
SGLT1 inhibition has renal protective effects, e.g. by lowering glucose uptake and
glucotoxicity in the vulnerable late proximal tubule, remains to be determined.

11.3 Does pharmacological SGLT1 inhibition induce gastrointestinal side effects?

As discussed above, genetic mutations in the SGLT1 gene as well as SGLT1 knockout mice
develop glucose-galactose malabsorption syndrome characterized by neonatal onset of
severe diarrhea, which is fatal within a few weeks unless lactose (glucose and galactose) is
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removed from the diet [4, 15, 157]. To prevent these side effects, SGLT2 inhibitors were
developed that are highly selective for SGLT2 over SGLT1 [10]. However and remarkably,
the dual SGLT2/SGLT1 inhibitor LX4211 was reported to be well tolerated without
evidence of increased gastrointestinal side effects when 36 patients with T2DM were given a
once-daily oral dose of placebo or 150 or 300 mg of the compound for 28 days [49]. The
findings indicate that LX4211 can be applied at a dose that induces therapeutic effects on the
intestine and kidney without clinical relevant gastrointestinal side effects, most likely due to
incomplete inhibition of intestinal SGLT1. Drug-related adverse events that occurred after a
single dose of the SGLT1-selective inhibitor GSK-1614235 had been applied before
breakfast to 12 healthy subjects included diarrhea (n=4), abdominal pain (n=1), and
flatulence (n=1)[50]. All were reported as mild or moderate in intensity, and there were no
serious adverse events. Plasma concentrations of GSK-1614235 indicated very low systemic
exposure of the active parent molecule with rapid clearance and formation of two
metabolites that lack inhibitory activity on SGLT1. No apparent drug-related trends and no
clinically relevant changes in clinical laboratory results, ECG measures, heart rate, or blood
pressure were observed [50]. In these studies, GSK-1614235 had reduced intestinal glucose
uptake (measured by 3-OMG) by 50% relative to placebo. Our preliminary data show that a
50% downregulation of SGLT1 in small intestine of mice receiving standard diet does not
lead to diarrhea (A. Friedrich, C. Otto and H. Koepsell, unpublished data). Whereas SGLT1
contributes to intestinal sodium absorption, in quantitative terms the latter is mainly
mediated by sodium hydrogen exchangers [158]. As a consequence, ho major intestinal
sodium loss is expected.

A long-established approach to target postprandial hyperglycemia in patients with type 2
diabetes mellitus is the use of alpha-glucosidase inhibitors (AGls), which prevent the
absorption of most polysaccharides in the intestine. Their application, either alone or in
combination with other oral anti-hyperglycemic agents and insulin, can provide overall
glycemic control with transient mild gastrointestinal disorders due to the delivery of
unabsorbed polysaccharides to the colon [159]. Notably, treatment with AGls, acarbose in
particular, was reported to have beneficial effects on lipid levels, blood pressure, carotid
intima-media thickness and endothelial dysfunction as well as incretin hormones and the
gut-microbiota [159]. In contrast to SGLT1 inhibition, AGIs do not alter the intestinal
absorption of ingested monosaccharides. While oral monosaccharides can be used to rescue
hypoglycemic episodes in AGl-treated patients, it has not been established to which extent
oral hypoglycemic rescue is affected by pharmacological SGLT1 inhibition.

11.4 Potential effects of SGLT1 inhibition on the heart — a two-edged sword?

The pathophysiology of the diabetic heart outlined above indicated that cardiac inhibition of
SGLT1 could have beneficial effects on cardiac ROS formation and glycogen accumulation.
Intragastrical administration of phlorizin was reported to prevent the phenotype of diabetic
cardiomyopathy, including hypertrophy and disarray of cardiomyocytes in T2DM db/db
mice, through modulating cardiac lipid and energy metabolism and altering the expression
of a set of proteins involved in cardiac damage; this was associated with a decrease in blood
glucose, body weight, triglyceride, total cholesterol, and advanced glycation end products
[160]. These findings suggest that phlorizin may be an effective therapeutic approach for the
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treatment of diabetic cardiomyopathy. The latter study did not discriminate, however,
between effects of phlorizin on blood glucose versus direct inhibition of cardiac SGLT1,
which considering the low oral bioavailability of phlorizin may have been minimal.

Diabetes is often associated with ischemic cardiac disease. In this regard, very recent studies
using phlorizin in the murine Langendorff preparation indicated that cardiac SGLTS,
possibly SGLT1, may provide an important protective mechanism against schemia
reperfusion injury by replenishing ATP stores in ischemic cardiac tissues via enhancing the
availability of glucose [126]. Thus, SGLT1 inhibition could be a two-edged sword when
used to treat the diabetic heart. Clearly, further studies are needed to define the
pathophysiology of the diabetic heart and the mechanism and relevance of glucose transport
and glycogen accumulation [139, 140] as well as the in vivo physiological and
pathophysiological role of cardiac glucose transporters including SGLT1.

11.5 Potential additional effects of SGLT1 inhibition in diabetes

Electrogenic sugar entry via SGLTs may regulate the activity of glucose-sensing neurons
through depolarizing the neurons, i.e., in a metabolism-independent way [161]. A recent
study in rats used bilateral microinjections into the ventromedial hypothalamus (VMH) of an
adenoassociated viral vector containing the SGLT1 short hairpin RNA (shRNA) [33]. The
results indicated that SGLT1 in the VMH plays a significant role in the detection and
activation of counterregulatory responses to hypoglycemia, including improved glucagon
and epinephrine responses in response to hypoglycemia as well as restoration of the
impaired epinephrine response to hypoglycemia in STZ-diabetic rats. As a consequence, the
authors proposed that inhibition of SGLT1 may offer a potential therapeutic target to
diminish the risk of hypoglycemia in diabetes [33]. Whether this translates to humans and to
the potential combination of SGLT1 inhibitors with other antihyperglycemic and, thus,
potentially hypoglycemic drugs remains to be determined.

12. Conclusions and perspectives

Effective glycemic control in diabetes is important to minimize the progression of the
disease and the risk of potentially devastating complications. Intestinal SGLT1 is of primary
importance for glucose absorption. As a consequence, inhibition of SGLT1 delays and
attenuates intestinal glucose absorption and the rapid postprandial increase in blood glucose
levels. In addition, inhibition of glucose absorption via SGLT1 in the early small intestine
can enhance the sustained release of the antihyperglycemic integrin, GLP-1, in more distal
aspects of the intestine, which is expected to further improve glucose metabolism. While
SGLT1 mediates ~3% of fractional glucose reabsorption in the kidney in euglycemic
conditions, its quantitative contribution increases whenever glucose delivery is increased to
the late proximal tubule, which occurs with increasing hyperglycemia and, in particular,
when the upstream SGLT2 is inhibited. As a consequence, inhibition of renal SGLT1 can
enhance urinary glucose excretion in diabetes and when combined with SGLT2 inhibition.
The distinct roles of SGLT1 and SGLT2 in intestine and kidney provide the rationale for
dual SGLT1/SGLT2 inhibitors. Certainly, the potential for intestinal malabsorption, strong
blood-glucose lowering effects, and effects in other SGLT1-expressing organs, including the
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heart, lung and brain, need to be carefully addressed and understood. Long-term clinical
studies are needed to determine whether SGLT1 and/or dual SGLT1/SGLT?2 inhibitors have
a safety profile and exert cardiovascular benefits that are superior to SGLT2 inhibitors and
more traditional agents, and will help to further define their role in antidiabetic therapy.

13. Expert opinion

Diabetes mellitus affects more than 380 million individuals worldwide and is the leading
cause of end-stage kidney disease. Despite reductions in blood glucose to almost normal
levels, using traditional therapies such as metformin, sulphonylureas and insulin, it is
difficult to avoid the potential for hypoglycemia and weight gain, and existing therapies may
not always reduce cardiovascular complications. Thus, there is a need for new anti-
hyperglycemic strategies. In recent years, much attention has focused on SGLT2, which is
responsible for the majority of glucose reabsorption in the kidney. SGLT2 inhibitors improve
glycemic control by increasing urinary glucose excretion with little risk for hypoglycemia.
Beneficial effects also include lowering of blood pressure, body weight, and blood levels of
uric acid, and a recent study showed that SGLT2 inhibition can lower the risk of death from
cardiovascular disease, hospitalization for heart failure, and death from any cause (relative
risk reductions of 38, 35, and 32%, respectively) in patients with T2DM and high
cardiovascular risk [14]. Thus, SGLT2 inhibition illustrates how blockade of a glucose
transporter can have beneficial therapeutic effects in hyperglycemia and diabetes mellitus.
Whereas glucose reabsorption in the kidney is predominantly mediated by SGLT2, it is
SGLT1 that is of primary importance for glucose absorption from the lumen into the
epithelial cells of the small intestine [15], an organ that does not express SGLT2. Inhibition
of intestinal SGLT1 also induces a sustained release of GLP-1, which facilitates glucose-
dependent insulin release from the pancreas. In addition, SGLT1 is expressed in the late
renal proximal tubules, where it reabsorbs the glucose that has escaped the upstream SGLT2
[16]. As a consequence, SGLT1-mediated glucose reabsorption in the kidney is strongly
increased when the tubular glucose load overwhelms the capacity of SGLT2 or when the
latter is inhibited, as observed in hyperglycemia and with the use of SGLT2 inhibitors,
respectively. All this makes SGLT1 a very attractive target for anti-hyperglycemic therapy,
alone or in combination with SGLT2 inhibition. In combination therapy, SGLT1 inhibition
has the potential to further lower blood glucose levels and thereby enhance many of the
beneficial effects induced by lowering blood glucose by SGLT2 inhibition, including lower
glucose toxicity (e.g., preservation of pancreatic beta cells) and lower body weight and
blood pressure, although this remains to be specifically tested. In the kidney, SGLT1 is
expressed in the vulnerable late proximal tubule of the outer medulla. Whether SGLT1-
mediated glucose uptake in the kidney contributes to the renal toxicity of hyperglycemia and
diabetic nephropathy has not been specifically tested. Currently, most evidence from clinical
trials is based on the dual inhibitor LX4211 but a first study with the SGLT1-selective
inhibitor GSK-1614235 has just recently been published [50]. The concern has been that an
oral SGLT1 inhibitor would induce diarrhea, as observed in patients with mutations in
SGLT1 and in SGLT1 knockout mice. Somewhat unexpected, LX4211 and GSK-1614235
can be applied at doses that inhibit glucose transport in the intestine without severe
gastrointestinal side effects. While these promising findings indicated the presence of a
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therapeutic window (partial SGLT1 inhibition), long-term studies are needed to better
document the intestinal responses and safety. Specific caution also requires the potential for
ketoacidosis as documented for SGLT2 inhibitors in diabetic patients (http://www.fda.gov/
Drugs/DrugSafety/ucm446845.htm), and which likely applies at least to the same extent to
dual SGLT2/SGLT1 inhibition. Moreover, studies in rodents indicate that SGLT1 inhibition
could be a two-edged sword with regard to consequences on heart function and integrity.
Similarly, SGLT1 expression has been consistently documented in the brain of many species
and one study reported SGLT1 expression in human brain, which in part may be localized to
the cerebral vasculature. It is clear that we need a much more comprehensive understanding
of the function of SGLT1 including the heart and brain. Nevertheless, SGLT1 inhibitors and
dual SGLT1/SGLT?2 inhibitors merit further evaluation for their potential in patients with
diabetes to achieve better glycemic control and cardiovascular outcome than is currently
achieved.
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AMPK AMP-activated protein kinase

a-gustducin a-transducin-like Gprotein a-subunit

DPP4 dipeptidyl peptidase-4

FFAR2 G-protein-coupled free fatty acid receptor 2
FFAR3 G-protein-coupled free fatty acid receptor 3
GLUT1 glucose transporter 1

GLUT2 glucose transporter 2

GLUT4 glucose transporter 4

GLP-1 glucagon- like peptide 1

GIP glucose-dependent insulinotropic peptide
MDCK Madin-Darby canine kidney cells
Me-4-FDG alpha-methyl-4-deoxy-4-[(18)F]fluoro-D-glucopyranoside
NOX2 NADPH oxidase 2

PKA protein kinase A

PKC protein kinase C
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RS1 regulator of SGLT1, gene product of RSC1A1
ROS reactive oxygen species

Ti1DM type | diabetes

T2DM type Il diabetes

T1R3 Sweet taste receptor subunit 3

TGN trans-Golgi network

SLC5A1 solute carrier family 5, member 1

SLC5A2 solute carrier family 5, member 2

SGLT1 sodium-dependent glucose cotransporter 1
SGLT2 sodium-dependent glucose cotransporter 2
SCFAs short-chain fatty acids

SGK1 serum and glucocorticoid inducible kinase 1
SGK3 serum and glucocorticoid inducible kinase 3
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Article highlights box

The sodium glucose cotransporter SGLT1 is strongly expressed in the
apical brush border of the small intestine and the late proximal tubule
of the kidney, where it is critical for absorption/reabsorption of glucose
into the blood stream.

Inhibition of SGLT1 and combined inhibition of SGLT1/SGLT2 is an
interesting new anti-hyperglycemic concept.

SGLT1 inhibition improves glucose homeostasis in diabetic patients by
reducing dietary glucose absorption in the intestine and by increasing
the release of gastrointestinal incretins like glucagon-like peptide-1.

SGLT1 inhibition has a small glucosuric effect in the normal kidney
and this effect is increased when more glucose is delivered to SGLT1 in
the late proximal tubule, as shown in mice during inhibition of SGLT2
and as can occur in diabetes.

In short-term studies, inhibition of SGLT1 and combined SGLT1/
SGLT2 inhibition appeared to be safe and not associated with increased
rates of hypoglycemia or clinical relevant gastrointestinal side effects.

More data is needed on long-term clinical efficacy and outcome, and to
determine whether SGLT1 and/or dual SGLT1/SGLT?2 inhibitors are
safe, with particular focus on intestine, brain, lung, and heart.
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Figure 1. SGLT1 inhibition reduces intestinal glucose absorption and enhances the sustained
GLP-1 release from the distal intestine

In the small intestine, SGLT1 mediates glucose and galactose absorption across the apical
cell membrane. Membrane SGLT1 expression is upregulated i) by intracellular glucose
which blocks the inhibitory effect of RS1 and ii) by luminal nutrients/glucose that activate
luminal taste sensors. This adapts glucose absorption to dietary glucose intake. SGLT1
expression is regulated by multiple signaling cascades and is upregulated in diabetes. SGLT1
in L cells in proximal intestine sense dietary glucose, which subsequently triggers the
“acute” release of GLP-1. SGLT1 inhibition in early intestine reduces glucose absorption
and thereby increases the glucose delivery to the more distal gut, where glucose is used by
the microbiome to form short-chain fatty acids (SCFAs) which enter the distal L-cells
through FFAR2 and FFAR3 and trigger a “sustained” release in GLP-1. SGLT1: sodium
glucose cotransporter 1; GLP-1: glucagon- like peptide 1; SCFAs: short-chain fatty acids;
FFAR2: G-protein-coupled free fatty acid receptor 2; FFAR3: G-protein-coupled free fatty
acid receptor 3; GLUT2: glucose transporter 2. T1R3: sweet taste receptor subunit 3;a-
gustducin: a-transducin-like Gprotein a-subunit; PKA: protein kinase A; AMPK: AMP-
activated protein kinase; SGK1: serum and glucocorticoid inducible kinase 1; SGK3: serum
and glucocorticoid inducible kinase 3;PKC: protein kinase C; RS1: gene product of
RSC1A1 that blocks release of SGLT1 containing vesicles from the Golgi at low
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intracellular glucose concentrations; SPAK: ‘with-no-K[Lys] kinases’/STE20/SPS1-related
proline/alanine-rich kinase.
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Figure 2. SGLT1 inhibition enhances glucosuria, particularly when upstream SGLT2 is
overwhelmed by hyperglycemia or when SGLT?2 is inhibited

SGLT2 and SGLT1 are expressed in the luminal membrane of the early and late proximal
tubule, respectively. They reabsorb ~97% and ~3% of filtered glucose in normoglycemia,
respectively. Both cotransporters are electrogenic and luminal K* secretion serves to
stabilize the membrane potential and thereby the driving force for SGLTs. A significant
capacity of SGLT1 to reabsorb glucose is unmasked by SGLT2 inhibition and during
hyperglycemia, which both enhance glucose delivery to late proximal tubule. As a
consequence, diabetes-induced hyperglycemia or SGLT2 inhibition increase the SGLT1-
inhibition induced rise in glucose excretion, the latter providing the renal rationale for dual
SGLT1/SGLT2 inhibition. Serum and glucocorticoid inducible kinase SGK1 enhance
glucose reabsorption in the kidney, whereas the induction of oxidative stress (ROS) can
reduce glucose reabsorption. SGLT1: sodium glucose cotransporter 1; SGLT2: sodium
glucose cotransporter 2; SGK1: Serum and glucocorticoid inducible kinase 1; ROS: reactive
oxygen species; GLUT2: glucose transporter 2.

SGLT1 inhibition-induced
glucosuria in euglycemia
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Figure 3. Potential effects of SGLT1 inhibition on the heart — a two-edged sword?
In addition to fatty acids, cardiomyocytes use glucose as an energy source for glycolysis and

oxidative phosphorylation. GLUTL is responsible for basal glucose uptake and GLUT4
mediates insulin-induced glucose uptake. GLUT4 expression may be reduced in diabetes,
which could impair energy supply and facilitate cardiac damage. Diabetes may upregulate
SGLT1, which has been linked to NOX2 activation and ROS production and could facilitate
cardiac damage. SGLT1 has been proposed to contribute to cardiac glycogen accumulation.
Thus, SGLT1 inhibition may be cardioprotective in diabetes by inhibiting diabetes-induced
ROS formation and glycogen accumulation. However, SGLT1-mediated glucose uptake may
be important for cell function and viability in response to ischemia, making SGLT1
inhibition a two-edged sword. SGLT1: sodium glucose cotransporter 1; NOX2: NADPH
oxidase 2; ROS: reactive oxygen species; GLUT2: glucose transporter 2; GLUTL1: glucose
transporter 1.
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Table 1

SGLT1 expression in human and animal tissue

Species | Localization Method
Human | Small intestine RT-PCR [26, 28, 162]; Western Blotting [28, 163]; Immunostaining [28, 126]; Northern
blot [164]
Kidney RT-PCR [26, 28, 127]; Western Blotting [28]; Immunostaining [28, 126]
Heart RT-PCR [26, 125, 127]; Western Blotting [28, 125, 126]; Immunostaining [28, 126]
Pancreatic alpha cells RT-PCR [27], Western Blotting [27], Immunostaining [27]
Liver RT-PCR [28]; Western Blotting [28]; Immunostaining [28]
Lung RT-PCR [28]; Western Blotting [28]; Immunostaining [28]
Skeletal muscle RT-PCR [26]
Trachea RT-PCR [26]
Prostate RT-PCR [26]
Cervix RT-PCR [26]
Mesenteric adipose tissue RT-PCR [26]
Brain RT-PCR [29]
Mouse | Small intestine RT-PCR [162, 165]; Immunostaining [15]
Kidney RT-PCR [15, 107, 113, 166]; Western Blotting [107, 113]; Immunostaining [15]
Heart Western Blotting [125, 126]; RT-PCR [125]; Immunostaining [125]
Rat Small intestine RT-PCR [162]; High stringency Northern analysis [31]; Northern blot [164],
Immunostaining [36, 41, 167]; Western Blotting [36]
Kidney RT-PCR [36, 168]; High stringency Northern analysis [31]; Western Blotting [36, 168,
169]; Immunostaining [36, 42, 167, 168, 170]
Liver RT-PCR [171]; High stringency Northern analysis [31, 36]; Western Blotting [171]
Lung RT-PCR [172]; High stringency Northern analysis [31]; Western Blotting [173];
Immunostaining [173]
Brain RT-PCR [33]; Immunostaining [32-34, 36, 37]
Salivary glands Immunostaining [30, 36]
Capillaries of heart and skeletal Immunostaining [128]
muscle
Rabbit | Small intestine Situ hybridization [39]; Northern blot [21, 164]; Western Blotting [40, 163];
Immunostaining [39]
Kidney Northern blot[163, 164]; Western blot [163]
Brain RT-PCR [29], Situ hybridization [29, 40]
Heart Northern blot [21]
Pleura Western Blotting [174]
Pig Brain RT-PCR[29]; Situ hybridization [29]; Western Blotting [29]; Immunostaining [29, 37]
Kidney Western Blotting [169]
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Table 2

Diabetes-induced changes of SGLT1 expression in human and rodents

Species | Localization Method/change in diabetes
Human | Small intestine RT-PCR [97]/ up
Western Blotting [97] / up
Heart RT-PCR [125] / up
Mouse | Duodenum RT-PCR [95] / up
Kidney RT-PCR [113] / down
Western Blotting [113] / up; [107] / down
Rat Small intestine RT-PCR [43] / up

Kidney

RT-PCR [110, 112] / up

Western Blotting [111] / up; [114-116] / unchanged

Brain (ventromedial hypothalamus)

RT-PCR [33] / unchanged
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