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PHYSIOLOGY OF THE SGLT FAMILY
SGLT1 and SGLT2

Twelve members of the SLC5A gene family have been
identiﬁed. Sodium–glucose cotransporter 1 (SGLT1) (encoded
by the SLC5A1 gene), ﬁrst identiﬁed in epithelial cells of
the intestine, illustrates how these cotransporters function
(4). SGLT1 in the apical membrane mediates cotransport
of glucose and Na+ into epithelial cells (Fig. 1). Because Na+
is actively extruded by Na/K-ATPase, the extracellular Na+
concentration substantially exceeds the intracellular concentration. Movement of Na+ down its electrochemical gradient provides the energy required for active transport of
glucose. Subsequently, members of the SLC2A gene family
(e.g., GLUT2) facilitate exit of glucose from the cell by
diffusion (4).
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The kidney makes use of similar mechanisms to mediate
glucose reabsorption. SGLT2 is located in the S1 segment
of the proximal tubule where it mediates reabsorption of
;90% of glucose ﬁltered at the glomerulus (5) (Fig. 1).
SGLT1 is located downstream in the S3 segment where it
mediates reabsorption of glucose that escapes SGLT2 (5).
SGLT1 and SGLT2 have differentiated functional characteristics matched with their distinct physiological roles.
SGLT2 is expressed at high levels, providing sufﬁcient
capacity to reabsorb most of the ﬁltered glucose. SGLT1
is expressed at lower levels but has higher afﬁnity for glucose
(Km ;0.5 mmol/L for SGLT1 vs. ;5 mmol/L for SGLT2),
enabling SGLT1 to function efﬁciently at low glucose concentrations (4). Furthermore, the two transporters have
different stoichiometries. While SGLT2 transports one ion
of Na+ per molecule of glucose, SGLT1 transports two Na+
ions per molecule of glucose (4). The larger number of Na+
ions provides more energy, thereby enabling SGLT1 to
transport glucose up a steeper chemical gradient. This
combination of a low Km plus two–Na+ ion stoichiometry
enables SGLT1 to drive glucose concentrations to near-zero
levels in the urine. Although SGLT2 is located primarily in
the renal proximal tubule, SGLT1 is located in a number of
epithelial membranes, including small intestine, bile duct,
pancreatic duct, and salivary glands (4).
Other SLC5A Family Members

SGLT4 and SGLT5 (encoded by SLC5A9 and SLC5A10,
respectively) cotransport Na+ together with either glucose
or other hexoses (e.g., mannose, fructose) (4). Both SGLT4
and SGLT5 are expressed in the proximal tubule and may
also contribute to renal tubular glucose reabsorption.
During evolution, SGLT3 lost the ability to transport
glucose as a result of substitution of glutamate for glutamine 457 (6). Nevertheless, SGLT3 retains capabilities
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PERSPECTIVES IN DIABETES

Sodium–glucose cotransporter 2 (SGLT2) inhibitors are
the most recently approved class of diabetes drugs.
Unlike other agents, SGLT2 inhibitors act on the kidney
to promote urinary glucose excretion. SGLT2 inhibitors
provide multiple beneﬁts, including decreased HbA1c,
body weight, and blood pressure. These drugs have
received special attention because they decrease the
risk of major adverse cardiovascular events and slow
progression of diabetic kidney disease (1–3). Balanced
against these impressive beneﬁts, the U.S. Food and
Drug Administration–approved prescribing information
describes a long list of side effects: genitourinary infections, ketoacidosis, bone fractures, amputations, acute
kidney injury, perineal necrotizing fasciitis, and hyperkalemia. This review provides a physiological perspective to understanding the multiple actions of these drugs
complemented by a clinical perspective toward balancing beneﬁts and risks.
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to bind glucose and transport Na+. Because glucose concentrations regulate the rate at which SGLT3 transports Na+,
SGLT3 is hypothesized to function as a glucose sensor rather
than as an SGLT. Indeed, SGLT3 may function physiologically
as a portal glucose sensor (7). While phlorizin has been
reported to inhibit many SGLT family members, marketed
selective SGLT2 inhibitors are less well characterized with
respect to inhibition of SGLT3, SGLT4, or SGLT5.
DRUG DISCOVERY
Target Identiﬁcation and Target Validation
Pharmacologic Validation

Phlorizin is a natural product derived from the root bark of
apple trees as ﬁrst reported in 1835 (8,9). It induces
glucosuria by inhibiting renal tubular glucose reabsorption.
Parenteral phlorizin was reported to decrease plasma
glucose levels in animal models of diabetes, thereby alleviating glucose toxicity, increasing insulin sensitivity, and
enhancing insulin secretion (10–12). These observations
ﬁrst suggested that an SGLT inhibitor might be an effective, glucose-lowering treatment for diabetes. Phlorizin is
degraded by intestinal lactase-phlorizin hydrolase, and the
glucosuric effect of a single enteral dose wanes over several
hours, necessitating multiple large oral doses to sustain
maximal glucosuria (13). Phlorizin thus seemed impractical for pharmaceutical use.
Human Genetic Validation

Figure 1—Role of selected solute transporters related to tubular
reabsorption of glucose. SGLT2 (encoded by the SLC5A2 gene) is
a high-capacity, low-afﬁnity SGLT located in the S1 segment of the
renal proximal tubule. Under physiological conditions, SGLT2 mediates reabsorption of .90% of the ﬁltered glucose load. SGLT1
(encoded by the SLC5A1 gene) is a low-capacity, high-afﬁnity
SGLT located in the S3 segment of the renal proximal tubule, which
mediates near-complete reabsorption of the glucose that escapes
reabsorption by SGLT2. SGLT family transporters are located on the
apical membrane of renal tubular epithelial cells and mediate active
transport of glucose into epithelial cells. GLUT2 and/or GLUT1
(encoded by SLC2A2 and SLC2A1, respectively) are located on
the basolateral membrane and mediate passive diffusion of glucose
out of renal tubular epithelial cells. We have indicated stoichiometries
for SGLT family transporters: one Na+ ion for SGLT2 and two Na+ ions
per glucose molecule for SGLT1. However, the ﬁgure does not
indicate stoichiometries for other transporters. Na/K-ATPases are
also located on the basolateral membrane and mediate active transport of Na+ out of cells, thereby establishing an electrochemical
gradient for Na+ that provides the energy required to drive active
transport of glucose. SGLT2 inhibitors block cotransport of glucose
and Na+ in the S1 segment of the proximal tubule. Two sodium
phosphate cotransporters (NaPi-IIa and NaPi-IIc encoded by
SLC34A1 and SLC34A3, respectively) compete with SGLT2 and
SGLT1 for energy stored in the Na+ gradient to drive active transport.

Biallelic loss-of-function mutations in the SGLT2 gene
(SLC5A2) were identiﬁed as the cause of familial renal
glucosuria (14,15). These patients excreted ;30–200
g/1.73 m2/day of glucose in their urine (corresponding to
;120–800 kcal/1.73 m2/day) (4). Although patients with
familial renal glucosuria are normoglycemic, this degree of
glucosuria was hypothesized to be sufﬁcient to decrease
HbA1c in patients with diabetes. Furthermore, patients with
familial renal glucosuria appeared to be healthy, suggesting
that a selective SGLT2 inhibitor might be safe. In contrast,
patients with biallelic loss-of-function mutations in the
SGLT1 gene (SLC5A1) exhibit a syndrome characterized
by glucose-galactose malabsorption (4). Taken together,
these observations inspired pharmaceutical companies to
initiate programs to discover selective SGLT2 inhibitors to
treat diabetes.
Thus, when SGLT2 is inhibited, this indirectly promotes reabsorption
of phosphate. Furthermore, GLUT9 (encoded by SLC2A9) is an
antiporter that catalyzes the exchange of glucose for uric acid. A
short isoform located on the apical membrane in the collecting duct
may mediate uric acid secretion in exchange for glucose reabsorption driven by SGLT2 inhibitor–induced glucosuria (23). A long isoform located on basolateral membranes in the proximal tubule S2
segment may mediate uric acid reabsorption. Inhibition of SGLT2mediated glucose reabsorption might decrease extracellular glucose
concentrations near the basolateral membrane, thereby partially
inhibiting uric acid reabsorption. Illustration by T. Phelps, used
with permission from the Department of Art as Applied to Medicine,
Johns Hopkins University.
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Medicinal Chemistry

Phlorizin provided the chemical starting point for medicinal chemistry programs. The phlorizin scaffold was modiﬁed to achieve desired selectivity for inhibition of SGLT2,
oral bioavailability, and sufﬁciently long half-lives to drive
clinical efﬁcacy and to generate intellectual property to
protect marketing exclusivity. Washburn and colleagues
(16) extended the half-life by removing oxygen from the
glycosidic linkage connecting the sugar and aglycone moieties, a modiﬁcation that is incorporated in all currently
approved SGLT2 inhibitors. Although all approved SGLT2
inhibitors are relatively selective for SGLT2 versus SGLT1,
the degree of selectivity varies among members of the
class. Sotagliﬂozin is described as a dual SGLT1-SGLT2
inhibitor, but even sotagliﬂozin is ;20-fold more potent
as an inhibitor of SGLT2 (IC50 1.8 nmol/L) than of SGLT1
(IC50 36 nmol/L) (17).
PHARMACOLOGY
Renal Effects
Direct Effects: Glucosuria and Natriuresis

These drugs inhibit proximal tubular reabsorption of both
glucose and Na+. For healthy volunteers with normal renal
function and weighing ;70 kg, canagliﬂozin (300 mg)
induces excretion of ;50 g/day of glucose (18). However,
there is considerable interindividual variation, ranging from
;30 to ;90 g/day (;25–65% of the ﬁltered glucose load).
SGLT2 inhibition triggers compensatory mechanisms that
increase glucose ﬂux through SGLT1 (and possibly other
glucose transporters located downstream in the renal tubule). Consequently, net glucose excretion is less than would
be predicted from complete SGLT2 inhibition. Because
patients with diabetes have higher levels of plasma glucose,
they experience quantitatively greater degrees of glucosuria
when treated with SGLT2 inhibitors. Conversely, smaller
quantities of glucose are excreted in patients with impaired
renal function because of lower ﬁltered glucose load.
SGLT2 inhibitors induce natriuresis by inhibiting transport of one Na+ ion for every molecule of glucose that is
not absorbed. As with other diuretics, SGLT2 inhibitor–
induced natriuresis is transient, owing to compensatory
mechanisms that increase Na reabsorption at other nephron sites. Increased activity of the renin-angiotensinaldosterone system contributes to this process (19,20).
Thus, negative Na+ balance is eventually terminated, and
a new steady state is established at a reduced level of total
body Na+. It is uncertain whether SGLT2 inhibitors create
sustained reductions in plasma volume in patients with
diabetes. Two studies directly measured changes in plasma
volume in response to SGLT2 inhibitors. One demonstrated
a decrease in plasma volume 1 week after initiation of
canagliﬂozin, which was not sustained at 12 weeks (21).
The other reported a decreased plasma volume after
12 weeks of dapagliﬂozin (22). In the dapagliﬂozin study,
the median reduction in plasma volume was offset by
a comparable increase in red blood cell mass (22).
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Indirect Effects: Increased Serum Phosphorus and
Decreased Serum Uric Acid

SGLT2 inhibitors also alter renal tubular function indirectly. Inhibition of SGLT2-mediated glucose reabsorption
in the proximal tubule increases delivery of glucose to
downstream segments of the nephron. GLUT9 functions
as a glucose-uric acid antiporter (Fig. 1). The short isoform
of GLUT9 is expressed on the apical side of collecting duct
epithelial cells (23) where it mediates both 1) reabsorption
of glucose from the tubular lumen and 2) secretion of uric
acid into tubular ﬂuid. Consequently, delivery of glucose to
the collecting duct drives increased secretion of uric acid
into the lumen, which mediates the observed decrease in
serum uric acid (24).
In 1944, Pitts and Alexander (25) reported that phlorizin
promotes tubular phosphate reabsorption. They postulated
that glucose transporters and phosphate transporters compete for “an element common to the two mechanisms.” We
now know that both glucose and phosphate are reabsorbed
by Na+-dependent cotransporters: SGLT1 and SGLT2 for
glucose and NaPi-IIa and NaPi-IIc for phosphate (Fig. 1). The
electrochemical gradient for Na+ represents the common
element for which these Na+-dependent cotransporters
compete. When SGLT2 is inhibited, this crosstalk mechanism may indirectly increase proximal tubular phosphate
reabsorption. The increase in tubular reabsorption of phosphate mediates the SGLT2 inhibitor–induced increase in
serum phosphorus (18).
Two other electrolyte abnormalities have been reported
in association with SGLT2 inhibitors: 1) small increases in
serum magnesium concentration, possibly mediated by
augmented Mg2+ reabsorption (26), and 2) increases in
serum potassium, which are exacerbated by chronic kidney
disease, potassium-sparing diuretics, or renin-angiotensinaldosterone inhibitors (27). The mechanisms of these
drug-induced changes in electrolytes have not been fully
elucidated. However, the combination of increased glucagon and decreased insulin levels has been suggested to
increase plasma potassium levels possibly by redistribution
of potassium from intracellular to extracellular ﬂuid (28).
Extrarenal Effects
Pancreatic a-Cells

SGLT2 inhibitors have been reported to increase plasma
glucagon levels in clinical studies (29,30). Two publications
suggested that dapagliﬂozin acts directly on pancreatic islets
to promote glucagon secretion (31,32), but a-cells may also
use other mechanisms to sense the loss of glucose in the urine.
Biliary Ducts and Sweat Glands

SGLT1 is reported to be expressed in cholangiocytes (33)
where it mediates reabsorption of glucose from bile. When
biliary glucose reabsorption was inhibited with phlorizin,
bile volume increased. Although a truly selective SGLT2
inhibitor would not be predicted to affect bile ducts, less
selective compounds (e.g., sotagliﬂozin) might inhibit
SGLT1-mediated biliary glucose reabsorption. Similarly,
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evidence has been presented in the patent literature that
phlorizin inhibits glucose reabsorption in the sweat gland,
thereby increasing the volume of sweat (34). Although
neither SGLT1 nor SGLT2 was detected (35), both SGLT3
and SGLT4 were reported to be expressed in sweat glands.
Pharmacokinetics

All SGLT2 inhibitors share similar chemical structures and
exhibit similar pharmacokinetics (Table 1). Although it is
outside the scope of this review to discuss the pharmacokinetics of individual drugs in depth, we will summarize
several key points. SGLT2 inhibitors achieve maximal
concentrations 1–1.5 h after a single oral dose, and terminal half-lives are in the range of 8–16 h (Table 1).
Canagliﬂozin is extensively metabolized in the liver to
two inactive metabolites, M5 and M7 (36). Less than
1% of the dose is excreted unchanged in the urine. Two
uridine 59-diphospho-glucuronosyltransferases (UGTs),
UGT2B4 and UGT1A9, catalyze the formation of M5 and
M7, respectively. Genetic variants in UGT1A9 and UGT2B4
have modest effects on canagliﬂozin pharmacokinetics
(37).
CLINICAL EFFICACY
Metabolic Effects
Decreased HbA1c

Drug-induced glucosuria provides the primary mechanism
whereby SGLT2 inhibitors decrease HbA1c. Four SGLT2
inhibitors are approved for use in the U.S. (Table 2). When
added to background therapy with metformin, these drugs
decreased HbA1c by 0.4–0.8% (4–9 mmol/mol), starting
from a baseline HbA1c of 7.90–8.2% (63–66 mmol/mol)
(38–41). In a head-to-head study comparing pharmacodynamic responses to canagliﬂozin (300 mg) versus dapagliﬂozin (10 mg) (42), responses to both drugs were similar
during the ﬁrst 4 h. Nevertheless, although the dose of
canagliﬂozin provides maximal inhibition of SGLT2 during
the entire 24 h after administration of the drug, dapagliﬂozin provides only submaximal SGLT2 inhibition during
hours 12–24. This interpretation is consistent with observations that canagliﬂozin (300 mg) decreases mean
HbA1c by ;0.77% (;9 mmol/mol), whereas dapagliﬂozin
(10 mg) decreases mean HbA1c by ;0.5% (;6 mmol/mol)
(Table 2).
Although the primary pharmacology is mediated by the
drug-induced increase in urinary glucose excretion, other
mechanisms may also contribute to decreasing HbA1c. For
example, SGLT2 inhibitors increase insulin sensitivity and
enhance glucose-stimulated insulin secretion (29,30,43),
probably mediated by alleviating glucotoxicity. In addition,
SGLT2 inhibitors promote weight loss, which likely contributes to metabolic improvement.
Weight Loss

Glucosuria is associated with urinary loss of calories, which
mediates a 2–3% weight loss over 6 months (Table 2).
Ferrannini et al. (44) published a thorough study of the
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energetics of weight loss in patients with type 2 diabetes
treated with empagliﬂozin (25 mg) for 90 weeks. During
the course of the study, urinary energy loss averaged
206 kcal/day. If energy intake were kept constant, this
magnitude of calorie loss would be predicted to induce
a mean weight loss of 11.1 kg in women and 11.4 kg in
men. However, the observed weight loss was considerably
less: 3.2 kg in women and 3.1 kg in men. These data
strongly suggest that homeostatic mechanisms triggered
a compensatory increase in food intake. The discrepancy
between observed and expected weight loss became increasingly apparent after 18 weeks of empagliﬂozin therapy when mean body weight reached a plateau presumably
caused by increased food intake.
Compensatory Homeostatic Mechanisms

SGLT2 inhibitors do not cause fasting hypoglycemia in
healthy volunteers probably because these drugs trigger
increases in hepatic glucose production (29,30), which
replaces some glucose excreted in the urine, thereby preventing hypoglycemia. SGLT2 inhibitors also trigger
increases in plasma glucagon levels. It has been suggested
that increased glucagon secretion is mediated by a direct
effect of SGLT2 inhibitors on the pancreatic a-cell (31). In
addition, SGLT2 inhibitors have been reported to decrease
circulating insulin levels (29,30). This drug-induced decrease in insulin secretion would be predicted to decrease
the paracrine effect of insulin to inhibit glucagon secretion.
In terms of energy balance, glucosuria is the metabolic
equivalent of removing ;50 g of carbohydrate from the
diet, which triggers a shift to fatty substrate utilization
(45) similar to what is observed with a ketogenic diet (46).
Indeed, 4 weeks of empagliﬂozin (25 mg/day) has been
shown to increase mean fasting b-hydroxybutyrate levels
from 246 to 561 mmol/L in patients with type 2 diabetes
(45). Furthermore, empagliﬂozin promoted lipid oxidation
while inhibiting glucose oxidation and nonoxidative glucose disposal. Other SGLT2 inhibitors have also been
demonstrated to increase circulating levels of ketone bodies (e.g., tofogliﬂozin) (47).
Cardiovascular Effects
Natriuresis and Decreased Blood Pressure

When canagliﬂozin (300 mg) was administered to healthy
volunteers, 24-h urinary Na+ excretion increased by 1.25 g,
a mean increase of 32% (18). As discussed above, natriuresis was transient, with a return to baseline within
5 days. As shown in a study in subjects with type 2 diabetes,
levels of atrial natriuretic peptide and N-terminal proB-type natriuretic peptide decreased, and plasma renin
activity increased (20). Drug-induced natriuresis likely
contributes to a long-term reduction in blood pressure
(3–5 mmHg systolic blood pressure) (Table 2). Other
mechanisms have also been suggested. Despite a druginduced decrease in blood pressure, it has been reported
that SGLT2 inhibitors do not increase heart rate.
For example, among patients with baseline heart rates
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12.4
8–12.9

Dapagliﬂozin

16.6

Ertugliﬂozin

eGFR ,60 mL/min/1.73 m2, do
not initiate; contraindicated
eGFR ,30 mL/min/1.73 m2

UGT1A9, UGT2B7

Empagliﬂozin

eGFR ,60 mL/min/1.73 m2, do
not initiate; contraindicated
eGFR ,30 mL/min/1.73 m2

UGT1A9

10.6–13.1

eGFR ,45 mL/min/1.73 m2, do not
initiate; contraindicated in severe
renal impairment/dialysis

UGT2B7, UGT1A3, UGT1A8,
UGT1A9
Pgp substrate

Canagliﬂozin

eGFR 45–60 mL/min/1.73 m2, use 100 mg;
eGFR ,45 mL/min/1.73 m2, do not initiate;
contraindicated eGFR ,30 mL/min/1.73 m2

UGT1A9, UGT2B4

CYP3A4 (;7%)

Table 1—Selected aspects of pharmacokinetics and drug metabolism

Half-life (hours)

Dosing adjustment in
patients with
impaired renal
function

Metabolism: UGT
isoforms

Metabolism: other
pathways

eGFR, estimated glomerular ﬁltration rate; Pgp, permeability glycoprotein.

.80 beats/min (bpm), luseogliﬂozin was associated with
a 7.5-bpm decrease in heart rate compared with a 3.9-bpm
decrease in placebo-treated patients (48). Similarly, dapagliﬂozin did not increase heart rates compared with placebo
(49). Cherney et al. (50) reported that empagliﬂozin did not
change circulating catecholamine levels in patients with type
1 diabetes. Furthermore, they observed that empagliﬂozin
decreased arterial stiffness (50). In any case, Kubota et al. (51)
published a description of the rationale and study design for
a clinical trial to study the effect of empagliﬂozin on cardiac
sympathetic activity in patients with acute myocardial infarction, and Tanaka et al. (52) published the rationale and
study design for a clinical trial to study the effect of empagliﬂozin on endothelial function.
Cardioprotection

As required by the U.S. Food and Drug Administration
(FDA), cardiovascular outcome trials have been initiated
for all SGLT2 inhibitors approved in the U.S. The primary
outcomes were related to cardiovascular safety, but prespeciﬁed hierarchical statistical analyses were conducted to
test the hypothesis that there might be cardiovascular
beneﬁt. Tests for superiority were conducted only if the
noninferiority analysis conﬁrmed cardiovascular safety.
Both the BI 10773 (Empagliﬂozin) Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients
(EMPA-REG OUTCOME) and the Canagliﬂozin Cardiovascular Assessment Study (CANVAS) demonstrated reductions of the risk of major adverse cardiovascular events
(MACE), with hazard ratios of 0.86 for both empagliﬂozin
(1) and canagliﬂozin (3). Data on secondary outcomes
differed in some respects (e.g., differences in the risks of
individual components of the primary composite MACE
outcome cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke). These differences in secondary
outcomes may reﬂect statistical variation rather than true
differences. The Dapagliﬂozin Effect on Cardiovascular
Events trial (DECLARE-TIMI 58) demonstrated that dapagliﬂozin achieved a statistically signiﬁcant decrease in a composite end point of cardiovascular death or hospitalization
for heart failure but a statistically insigniﬁcant trend toward
fewer MACE (53). In the cardiovascular outcome trials for
empagliﬂozin, canagliﬂozin, and dapagliﬂozin, SGLT2 inhibitor–treated patients experienced decreased risks of
hospitalization for heart failure (Table 2). It is likely that
the natriuretic action of these drugs contributes importantly to the heart failure beneﬁt. All three studies exhibited
a trend toward a 10–15% decrease in the risk of nonfatal
myocardial infarction but did not achieve statistical significance in any of the individual studies. None of the studies
demonstrated beneﬁt with respect to the risk of nonfatal
stroke (Table 2), with point estimates of hazard ratios
ranging from 1.24 (empagliﬂozin) to 0.90 (canagliﬂozin).
Whereas empagliﬂozin demonstrated a statistically signiﬁcant decrease in the risk of cardiovascular death
(hazard ratio 0.62), neither canagliﬂozin nor dapagliﬂozin
was associated with a statistically signiﬁcant decrease in
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Table 2—SGLT2 inhibitors: clinical efﬁcacy and safety
Baseline HbA1c
Baseline HbA1c (mmol/mol)
D HbA1c (low dose)
D HbA1c (low dose) (mmol/mol)
D HbA1c (high dose)
D HbA1c (high dose) (mmol/mol)

Canagliﬂozin

Dapagliﬂozin

Empagliﬂozin

Ertugliﬂozin

7.94–7.96%

7.9–8.2%

7.9%

8.1–8.2%

63

63–66

63

65–66

20.62% (100 mg)

20.4% (5 mg)

20.6% (10 mg)

20.5% (5 mg)

27 (100 mg)

24 (5 mg)

27 (10 mg)

26 (5 mg)

20.77% (300 mg)

20.5% (10 mg)

20.6% (25 mg)

20.7% (15 mg)

29 (300 mg)

26 (10 mg)

27 (25 mg)

28 (15 mg)

D Weight (low dose)

22.5% (100 mg)

22.2 kg (5 mg)

22.0% (10 mg)

21.8 kg (5 mg)

D Weight (high dose)

22.9% (300 mg)

22.0 kg (10 mg)

22.5% (25 mg)

21.7 kg (15 mg)

D Systolic BP (low dose)

23.7 mmHg (100 mg)

24.5 mmHg (5 mg)

24.1 mmHg (10 mg)

23.3 mmHg (5 mg)

D Systolic BP (high dose)

25.4 mmHg (300 mg)

25.3 mmHg (10 mg)

24.8 mmHg (25 mg)

23.8 mmHg (15 mg)

CANVAS
0.86 (0.75–0.97)
0.67 (0.52–0.87)
0.87 (0.72–1.06)
0.87 (0.74–1.01)
0.85 (0.69–1.05)
0.90 (0.71–1.15)
0.73 (0.67–0.79)

DECLARE-TIMI 58
0.93 (0.84–1.03)
0.73 (0.61–0.88)
0.98 (0.82–1.17)
0.93(0.82–1.03)
0.89(0.77–1.01)
1.01 (0.84–1.21)
0.53 (0.43–0.66)

EMPA-REG OUTCOME
0.86 (0.74–0.99)
0.65 (0.50–0.85)
0.62 (0.49–0.77)
0.68 (0.57–0.82)
0.87 (0.70–1.09)
1.24 (0.92–1.67)
0.61 (0.53–0.70)

CV outcome trial*
MACE risk reduction
Heart failure (hospitalization)
Death (CV)
Death (any cause)
Nonfatal MI (except silent MI)
Nonfatal stroke
Progression of kidney disease

Four SGLT2 inhibitors have been approved by the U.S. FDA for the treatment of type 2 diabetes. Data have been taken from the FDAapproved prescribing information for each drug and/or from the cardiovascular (CV) outcome trials (1–3,53). The prescribing information
expresses HbA1c as a percent (NGSP units). HbA1c levels in International Federation of Clinical Chemistry (IFFC) units (mmol/mol) were
generated using the conversion tool at http://www.ngsp.org/convert1.asp, which uses the following equation for the conversion: NGSP =
(0.09148 3 IFCC) + 2.152. Accordingly, it is not straightforward to accomplish the conversion for mean D HbA1c. For purposes of the
article, we have estimated D HbA1c (mmol/mol) by assuming that the baseline HbA1c was ;8.0% (64 mmol/mol) and calculating the
change in HbA1c if that baseline HbA1c were decreased by reported change in HbA1c. For example, if the prescribing information reports
that D HbA1c = 20.6%, this would correspond to an HbA1c of 7.4% (relative to a baseline HbA1c of 8.0%). The website converts an HbA1c
of 7.4% to 57 mmol/mol. Thus, we have subtracted 64 mmol/mol from 57 mmol/mol, thereby converting a value of D HbA1c = 20.6% to D
HbA1c = 27 mmol/mol. This should be viewed as an approximation. It would be necessary to convert data on individual patients before
averaging to accomplish an exact unit conversion. BP, blood pressure; MI, myocardial infarction. *For the CV outcome trials, data are
hazard ratio (95% CI). Because the CV outcome study for ertugliﬂozin is still in progress, data are not yet available.

the risk of cardiovascular death (Table 2). It is unknown
whether the three drugs are truly differentiated with respect
to cardiovascular beneﬁt. It remains possible that random
variation or differences in study design or patient population may contribute to the observed differences. For example, whereas .99% of patients in EMPA-REG OUTCOME
had established cardiovascular disease, this was true for
only 65.6% in CANVAS and only 40.6% of patients in
DECLARE-TIMI 58.
EMPA-REG OUTCOME, CANVAS, and DECLARE-TIMI
58 were all designed as randomized placebo-controlled
trials. Compared with placebo-treated patients, drugtreated patients had lower HbA1c and lower blood pressure.
HbA1c was ;0.6% lower at 3–6 months, but the difference
decreased to ;0.2% by the end of the trials. Mean systolic
blood pressure was ;4 mmHg lower, which may have
contributed to the decrease in cardiovascular risk. It would
be of interest to conduct a treat-to-target study design in
which patients were randomized to an SGLT2 inhibitor–
based regimen or a non-SGLT2 inhibitor–based regimen
(e.g., a dipeptidyl peptidase 4 [DPP-4] inhibitor) plus
a generic antihypertensive and treated to equivalent blood
pressure and glycemic control to evaluate differences in
cardiovascular risk. When DPP-4 inhibitors become

generic, a combination of a generic DPP-4 inhibitor
plus a generic antihypertensive would likely be substantially less expensive than a proprietary SGLT2 inhibitor.
Accordingly, this type of head-to-head comparison has
the potential to provide great value by decreasing the cost
of pharmacotherapy. The long-term randomized clinical
trials of SGLT2 inhibitors have been sponsored by pharmaceutical companies and have been designed as placebocontrolled trials (1,3). There would be great value in
conducting randomized controlled comparative effectiveness studies. Unfortunately, the National Institutes of
Health–sponsored Glycemia Reduction Approaches in
Diabetes: A Comparative Effectiveness Study (GRADE)
(54) does not include an SGLT2 inhibitor among the four
drugs being evaluated as second-line therapy for combination with metformin.
It is instructive to compare these data with the Action
to Control Cardiovascular Risk in Diabetes Blood Pressure
(ACCORD-BP) clinical trial and Systolic Blood Pressure
Intervention Trial (SPRINT) (55). In the SPRINT study of
patients without diabetes, intensive blood pressure control
was associated with a hazard ratio of 0.75 (95% CI 0.64–
0.89) for MACE. This represents a greater risk reduction
than the hazard ratio of 0.86 observed in EMPA-REG
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OUTCOME (1) and CANVAS (3), but the magnitude of
blood pressure reduction was also greater in SPRINT.
Similarly, intensive blood pressure control was associated
with a hazard ratio of 0.77 (95% CI 0.63–0.95) for MACE
in the standard glycemia arm of the ACCORD-BP study.
The standard glycemia arm of ACCORD-BP had a similar
mean HbA1c (;7.5% [58 mmol/mL]) as the SGLT2 inhibitor arms of EMPA-REG OUTCOME and CANVAS. In
contrast, the placebo-treated arm of EMPA-REG OUTCOME
and CANVAS had substantially higher mean levels of HbA1c
(8.0–8.2% [64–66 mmol/mol]).
Exploratory analyses have evaluated correlations of various parameters with the observed decrease in the risk of
cardiovascular death in empagliﬂozin-treated patients (56).
Although the authors acknowledged that EMPA-REG
OUTCOME was not designed to determine mechanisms, they
applied statistical mediation analysis to generate hypotheses about possible causality. This approach identiﬁed several
possible mediators (with percent mediation in parentheses):
hematocrit (51.8%), albumin (25.5%), uric acid (24.6%), and
fasting plasma glucose (16.1%). Although these hypotheses
are thought provoking, a number of questions arise. For
example, it is not clear whether exploratory statistical
analysis can dissect the relative contributions of closely
related physiological mechanisms, such as decreased blood
pressure and increased hematocrit and albumin (all of which
are triggered at least in part by drug-induced natriuresis).
Furthermore, their mediation analysis placed great weight
on how each parameter evolved over time. In the case of
HbA1c and fasting plasma glucose, different conclusions
were reached depending on how data were analyzed. Glycemic parameters seemed more important in an analysis
that assessed chronic effects, whereas glycemia seemed less
important in an analysis that focused on levels of HbA1c and
fasting plasma glucose closer to the time of death. In the
Epidemiology of Diabetes Interventions and Complications
(EDIC) study, patients from the Diabetes Control and
Complications Trial (DCCT) were followed up 11 years after
the end of DCCT. While mean HbA1c levels were essentially identical in both arms (intensive vs. conventional
treatment) at the time of the analysis, patients receiving
intensive treatment a decade earlier experienced a 57%
decrease in the risk of MACE (57). A subsequent analysis
published on the 30th anniversary of the DCCT conﬁrmed
the cardiovascular beneﬁt with longer follow-up (58). These
data strongly suggest that prior glycemic control may be
more important than the level of glycemic control at the
time an adverse cardiovascular event actually occurs.
Whether the metabolic memory effect is mediated directly
by glycemic control or indirectly (e.g., by postponement of
renal disease), these observations suggest that chronic
glycemic control (rather than glycemic control at the time
of the adverse event) may have been an important predictor
of cardiovascular death in EMPA-REG OUTCOME (56).
SGLT2 inhibitor–induced natriuresis with plasma volume contraction could contribute to an acute increase in
hematocrit as a result of hemoconcentration. In response
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to an SGLT2 inhibitor, however, hematocrit continues to
increase gradually and attains maximum values only after
16 weeks of treatment (22). This gradual increase in
hematocrit is unlikely due to plasma volume contraction
because SGLT2 inhibitor–induced natriuresis is transient,
with a new steady state being established within a few
days. Rather, the increased hematocrit may be attributed
to stimulation of renal erythropoietin secretion by SGLT2
inhibitors, leading to new red blood cell formation. Dapagliﬂozin has induced an early rise in serum erythropoietin
accompanied by reticulocytosis and an increase in measured red cell mass (22,59). Empagliﬂozin has triggered
a similar increase in serum erythropoietin (59).
Renoprotection

Empagliﬂozin, canagliﬂozin, and dapagliﬂozin have been
reported to slow the progression of diabetic kidney disease
(hazard ratio ;0.70) (2,3,53). As discussed above for
cardiovascular outcome trials, renal outcome data were
obtained from placebo-controlled trials in which SGLT2
inhibitor–treated patients had a signiﬁcantly lower mean
HbA1c and blood pressure. While these two risk factors
probably contributed to the observed renoprotection, it is
not clear that the magnitude of decreases in HbA1c and
blood pressure were sufﬁcient to account for the magnitude of renoprotection. Other SGLT2 inhibitor–speciﬁc
mechanisms have also been proposed to contribute to
renal beneﬁt. For example, hyperglycemia increases the
quantity of glucose ﬁltered at the glomerulus, which in
turn drives upregulation of proximal tubular SGLTs, increasing renal proximal tubular reabsorption of both Na+
and glucose. This would decrease delivery of Na+ to the
macula densa, thereby promoting hyperﬁltration through
the mechanism of tubuloglomerular feedback (19,60).
Hyperﬁltration is believed to be an important causal
element in the pathogenesis of diabetic kidney disease.
When empagliﬂozin was administered to patients with
type 1 diabetes, the drug restored normal glomerular
ﬁltration rates in patients with hyperﬁltration (19). Several other mechanisms have also been proposed to contribute to renoprotection, including decreased levels of
serum uric acid, increased hematocrit, and elevated ketone
body levels (2,3,61,62).
SAFETY AND SIDE EFFECTS

SGLT2 inhibitors are characterized by an attractive efﬁcacy
proﬁle and a long list of adverse drug reactions. Although
the net clinical beneﬁt is positive for most patients, some
side effects are serious, even potentially life threatening.
Most of these effects were not recognized when the drugs
were ﬁrst approved but became apparent after approval.
Most of these reactions are mechanism based and likely to
be class effects. Nevertheless, individual SGLT2 inhibitors
may vary with respect to the magnitude of the safety
concern. For example, the approved dose of canagliﬂozin is
at the top of the dose-response curve, whereas the approved dose of dapagliﬂozin has submaximal efﬁcacy.
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Table 3—SGLT2 inhibitors: safety issues
Canagliﬂozin

Dapagliﬂozin

Empagliﬂozin

Ertugliﬂozin

Urinary tract infections (low dose)*

2.1 (100 mg)

2.0 (5 mg)

1.7 (10 mg)

0.1 (5 mg)

Urinary tract infections (high dose)*

0.6 (300 mg)

0.6 (10 mg)

0 (25 mg)

0.2 (15 mg)

Genital infections (female) (low dose)*

7.8 (100 mg)

6.9 (5 mg)

3.9 (10 mg)

6.1 (5 mg)

Genital infections (female) (high dose)*

8.8 (300 mg)

5.4 (10 mg)

4.9 (25 mg)

9.2 (15 mg)

Genital infections (male) (low dose)*

3.5 (100 mg)

2.5 (5 mg)

2.7 (10 mg)

3.3 (5 mg)

Genital infections (male) (high dose)*

3.1 (300 mg)

2.4 (10 mg)

D LDL cholesterol (mg/dL) (low dose)

+4.5 (100 mg)

D LDL cholesterol (mg/dL) (high dose)

+8.0 (300 mg)

Amputations (placebo)

1.5 (placebo)

0.1 (placebo)

Amputations (low dose)

3.5 (100 mg)

0.2 (5 mg)

Amputations (high dose)

3.1 (300 mg)

0.5 (15 mg)

Bone fractures (canagliﬂozin)

4.0 (CANVAS)

Bone fractures (placebo)

2.6 (CANVAS)

+3.9 (10 mg)

1.2 (25 mg)

3.8 (15 mg)

+2.3 (10 mg)

+2.6 (5 mg)

+4.2 (25 mg)

+5.4 (15 mg)

Data are %, unless otherwise indicated. Selected data on various adverse effects are summarized for the four FDA-approved SGLT2
inhibitors and have been taken from the FDA-approved prescribing information for each drug. In some cases, the prescribing information
provides data separately for placebo- and drug-treated patients. In those cases, we have calculated placebo-subtracted data by
subtracting the data on placebo-treated patients from data on drug-treated patients. Puckrin et al. (84) conducted a meta-analysis of
86 randomized clinical trials. They reported a 3.37-fold (95% CI 2.89–3.93) increase in the risk of genital infections relative to placebo and
a 3.89-fold (95% CI 3.14–4.82) increase relative to active comparators. They did not observe an increased risk of urinary tract infections:
risk relative to placebo 1.03 (95% CI 0.96–1.11) and risk relative to active comparator 1.08 (0.93–1.25). *Calculated by subtracting
incidence in placebo-treated patients from incidence in drug-treated patients.

Selection of a lower dose may represent a trade-off in
which submaximal efﬁcacy is the price for enhanced safety.
Genitourinary and Perineal Infections

SGLT2 inhibitors increase glucose concentrations in urine,
which creates a rich culture medium for bacteria, thereby
increasing the risk of urinary tract infections (Table 3).
Glucosuria indirectly increases glucose concentrations on
genital skin, which increases the risk of external genital
infections, especially in women (Table 3). While many
SGLT2 inhibitor–induced genitourinary infections are minor and readily treated, infections can be recurrent and
may exert a substantial adverse effect on quality of life.
Indeed, mycotic genital infections are reported to affect as
many as 5–10% of women with type 2 diabetes receiving
SGLT2 inhibitors. Furthermore, the FDA has warned that
some patients experience serious urosepsis or potentially
life-threatening necrotizing fasciitis of the perineum (Fournier gangrene). Fortunately, these serious infections are rare.
Exaggerated Pharmacology
Glucose Lowering

SGLT2 inhibitors do not ordinarily cause hypoglycemia in
healthy volunteers and are unlikely to induce hypoglycemia when administered as monotherapy or in combination
with non–hypoglycemia-inducing drugs such as metformin, DPP-4 inhibitors, thiazolidinediones, or glucagonlike peptide 1 receptor agonists. Nevertheless, there are
pharmacodynamic interactions with hypoglycemia-inducing
drugs. By decreasing baseline glucose levels, SGLT2 inhibitors increase the risk of hypoglycemia as a result of either

insulin or sulfonylureas. The prescribing information recommends that physicians should consider a lower dose of
insulin or insulin secretagogue to reduce the risk of hypoglycemia when combined with an SGLT2 inhibitor.
Ketoacidosis

SGLT2 inhibitors increase ketone body levels in healthy
volunteers and patients with type 2 diabetes (45,47). In
a small subpopulation of patients with type 2 diabetes,
ketone body levels increase to the point where they cause
ketoacidosis (63,64). Several factors have been suggested
to increase the risk of SGLT2 inhibitor–induced ketoacidosis: anti-GAD65 autoantibodies, recent surgery, recent
alcohol intake, and markedly decreased food intake
(63,64). Some cases of SGLT2 inhibitor–associated
ketoacidosis occur in the absence of marked hyperglycemia
(e.g., ,250 mg/dL) (63). This form of euglycemic ketoacidosis
sometimes presents diagnostic challenges, leading to delay
in initiation of appropriate therapy.
The risk of ketoacidosis is markedly increased in
patients with type 1 diabetes receiving off-label treatment
with an SGLT2 inhibitor, especially those whose insulin
dose was decreased to mitigate the risk of hypoglycemia. At
least eight clinical trials have been published evaluating the
efﬁcacy and safety of SGLT2 inhibitors in combination
with insulin to treat patients with type 1 diabetes (65–72).
Among the 4,076 SGLT2 inhibitor–treated patients in
these eight clinical trials, 3.5% developed ketoacidosis,
corresponding to a 5.8-fold increase in risk relative to
the 0.6% risk among the 2,362 placebo-treated patients.
The U.S. FDA estimated that there would be one additional

diabetes.diabetesjournals.org

Beitelshees, Leslie, and Taylor

1117

Figure 2—Impact of canagliﬂozin on bone health: pharmacodynamic effects on hormones regulating bone and mineral metabolism. SGLT2
inhibitors promote tubular reabsorption of phosphate, thereby increasing serum phosphorus levels. In pharmacodynamic studies of canagliﬂozin
in healthy volunteers (18), the increase in serum phosphorus was followed promptly by an increase in plasma FGF23, which in turn triggered
a decrease in plasma levels of 1,25-dihydroxyvitamin D [1,25-(OH)2VitD]. The decrease in 1,25-(OH)2VitD levels was followed by an increase in
plasma levels of parathyroid hormone (PTH) presumably triggered by decreased gastrointestinal absorption of calcium. The increased levels of
serum phosphorus and FGF23 returned toward baseline levels in this 5-day study conducted in healthy volunteers. However, in studies of
canagliﬂozin in patients with type 2 diabetes, the increase in serum phosphorus (Pi) was sustained for at least 26 weeks (80). On the lower left side
of the diagram, similar to the pathophysiology of bone disease associated with chronic kidney disease, the decrease in 1,25-(OH)2VitD and
increase in PTH (18,81,82) may contribute to mediating the adverse effect of canagliﬂozin on bone health (78,83). Illustration by T. Phelps, used
with permission from the Department of Art as Applied to Medicine, Johns Hopkins University.

case of ketoacidosis for every 26 patients receiving sotagliﬂozin. For every 100,000 patients with type 1 diabetes
receiving SGLT2 inhibitors as adjunctive therapy, these
data suggest there might be ;4,000 additional cases of
ketoacidosis. If one assumes a case fatality rate of 0.4% for
diabetic ketoacidosis, this suggests that SGLT2 inhibitors
might cause ;16 additional deaths. Risks would likely be
even greater if these drugs become commonly used in a realworld setting compared with clinical trials with highly
selected patients and highly experienced clinicians. This
dramatic increase in ketoacidosis is associated with relatively
modest glycemic efﬁcacy. For example, in the inTandem1
and inTandem2 (Efﬁcacy, Safety, and Tolerability of Sotagliﬂozin as Adjunct Therapy in Adult Patients With Type
1 Diabetes Mellitus Who Have Inadequate Glycemic Control
With Insulin Therapy) trials, the maximal decrease in HbA1c
occurred after ;8 weeks of sotagliﬂozin therapy. At
24 weeks, the placebo-subtracted decrease in HbA1c was in
the range of 0.35–0.41% (3–4 mmol/mol); by 52 weeks,
glycemic efﬁcacy had waned to a placebo-subtracted decrease in HbA1c in the range of 0.21–0.32% (2–3 mmol/mol)

(66,71). None of the eight clinical trials presented data to
conﬁrm whether glycemic efﬁcacy is sustained beyond
52 weeks. When health authorities considered SGLT2
inhibitors to treat type 1 diabetes, they considered whether
incremental improvement in glycemic control outweighs the
increased risk of these potentially life-threatening side
effects. In any case, in February 2019, the European Committee for Medicinal Products for Human Use recommended
indications for the use of both dapagliﬂozin and sotagliﬂozin
as adjunctive therapies for type 1 diabetes. On 22 March
2019, the U.S. FDA announced its decision not to approve
sotagliﬂozin as adjunctive therapy for type 1 diabetes.
Natriuretic Effects

SGLT2 inhibitors promote natriuresis and plasma volume
contraction, which are associated with decreased blood
pressure. This mechanism likely contributes to several side
effects listed in the prescribing information: hypotension,
acute kidney injury, and impairment in renal function.
These risks are greater in patients with preexisting renal
impairment and the elderly as well as in patients receiving
diuretics, ACE inhibitors, or angiotensin receptor blockers.
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Amputations

The prescribing information for canagliﬂozin and ertugliﬂozin warns of an increased risk of lower-limb amputations, especially toes and the forefoot (3). While the
mechanism of this risk has not been established, it is noteworthy that thiazide diuretics were associated with a sixfold
increase in the risk of lower-limb amputations in patients with
diabetes compared with ACE inhibitor–treated patients (73).
This suggests that the increased risk of amputations may be
mediated by volume contraction, which might decrease
perfusion pressure to a foot in which blood ﬂow is already
compromised by atherosclerotic peripheral artery disease.
This pathophysiology may be exacerbated by increased
whole-blood viscosity as a result of increased concentration
of erythrocytes in the case of SGLT2 inhibitors. Similarly, thiazide diuretics have been reported to increase
blood viscosity (74,75). Increases in whole-blood viscosity
may reduce blood ﬂow in the dermal microvasculature,
particularly where cutaneous blood ﬂow may already be
reduced by peripheral neuropathy (76,77). The prescribing
information for canagliﬂozin recommends that the drug be
discontinued if a patient develops a foot ulcer or a foot
infection.
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Subsequently, mutations in SLC5A2 (the gene encoding
SGLT2) were identiﬁed as the cause of familial renal
glucosuria (14). Over the past two decades, pharmaceutical
industry research translated these scientiﬁc insights into
selective SGLT2 inhibitors, drugs that are used by .1
million patients with type 2 diabetes. These drugs provide
many beneﬁts: improved glycemic control, weight loss, and
decreased blood pressure. Compared with placebo, SGLT2
inhibitors have been demonstrated to decrease the risk of
MACE and slow the progression of diabetic kidney disease.
While most patients derive net clinical beneﬁt, health
authorities have identiﬁed a number of serious adverse
drug reactions, some of them potentially life threatening.
Challenges remain to place this class of drugs into the
context of precision medicine to deﬁne criteria enabling
physicians to prescribe SGLT2 inhibitors to patients likely
to derive the greatest beneﬁt and least likely to experience
serious harm. This class of drugs represents a triumph for
the biomedical research enterprise, incorporating important contributions from both academia and industry to
translate scientiﬁc insights into innovative therapies to
beneﬁt people struggling with diabetes.

Bone Fracture

Funding. The authors acknowledge grant support from the National Institute of

Canagliﬂozin has been reported to accelerate loss of bone
mineral density and increase the risk of fracture (78).
While dapagliﬂozin increased the risk of fracture in
patients with impaired renal function (79), adverse effects
on bone health have not been reported for dapagliﬂozin in
patients with normal renal function or with either empagliﬂozin or ertugliﬂozin. The prescribing information for
canagliﬂozin warns of increased fracture risk, but this is
not presently treated as a class effect for all SGLT2
inhibitors. Several factors have been proposed as possible
mediators of the increased fracture risk (78): increased risk
of falls as a result of postural hypotension, drug-induced
weight loss, and decreased estradiol levels in women. We
have proposed an alternative hypothesis (18) (Fig. 2). As
discussed above, canagliﬂozin triggers an increase in serum
phosphorus by promoting renal tubular reabsorption of
phosphate (18). This in turn triggers an increase in plasma
ﬁbroblast growth factor 23 (FGF23), a decrease in 1,25dihydroxyvitamin D, and an increase in parathyroid hormone (PTH) levels. These endocrine changes would be
predicted to impair bone formation and increase bone
resorption (Fig. 2). Because there is considerable interindividual variation in the magnitude of these effects, we
proposed that patients with the most marked changes in
1,25-dihydroxyvitamin D and PTH levels might be at
greatest risk for bone loss and fracture (18).
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CONCLUDING REMARKS

Research on SGLT2 inhibitors began almost 200 years ago
with the discovery of phlorizin. DeFronzo and colleagues
(10–12) suggested that drug-induced glycosuria offers an
innovative therapeutic approach to the treatment of diabetes.
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