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 Introduction

The concentration of glucose in plasma is held within narrow 
limits primarily to ensure fuel supply to the brain; the kid-
neys play a key role in glucose homeostasis by ensuring that 
glucose is not lost in the urine [1]. Contrary to common 
belief, the liver is not the only gluconeogenic organ although 
it does produce 80% of the endogenously derived glucose; 
the remaining 20% is produced by the kidney, which also 
contains the necessary gluconeogenic enzymes [2]. In non-
diabetic individuals, the kidney filters approximately 180 mg 
of glucose daily [2]. Ninety percent of this is absorbed via 
the energy-dependent sodium-glucose cotransporter receptor 
moving from the tubular lumen to the arterioles via GLUT 4 
glucose transport back into the circulation; the remaining 
10% is reabsorbed in the distal collecting tubule leaving no 
glucose excreted into the urine [2]. Both at the liver and kid-
ney, insulin is a potent inhibitor of gluconeogenesis; most of 
the filtered glucose is reabsorbed by the cotransporter 
enzyme SGLT2, and the remaining 10–20% is reabsorbed by 
the cotransporter SGLT1 [3]. Although the kidneys freely fil-
ter plasma glucose, none appears in the urine [1]. Glucose 
reabsorption from the glomerular filtrate by SGLT2 and 
SGLT1 occurs at different segments of the apical membrane 
of cells in the proximal tubule and from the passive exit of 
glucose through the basolateral membrane to the plasma via 
GLUT2, and at the expense of the extrusion of three sodium 
ions for every tw potassium ions entering the cell [1–3]. 
Glucose produced by renal gluconeogenesis is completely 
consumed by the kidney, but in patients with type 2 diabetes, 
insulin resistance increases the production of glucose in the 
kidney and liver despite high levels of fasting glucose [3].

One of the most important entries into the diabetes therapy 
armamentarium is the sodium-glucose cotransporter 2 inhibi-
tors (SGLT 2 inhibitors), which first reached the US and 
European markets in early 2013. The idea for this mechanism 
of action is derived from the identification of an older drug, 
phlorizin, originally derived from the bark of an apple tree as a 
treatment for malaria [4]. Phlorizin caused marked increase in 
urinary glucose excretion through competitive inhibition of 
SGLT2, the principal transporter of renal glucose reabsorption 
and of SGLT1, a lesser glucose transporter in the kidney [3]. 
Phlorizin was useful for mechanistic studies in animal models 
but was too toxic for use in patients [5]. Additionally, there is a 
naturally occurring mutation in this co-transporter found in less 
than 1% of the population from the analysis of familial renal 
glucosuria, a rare genetic disorder of renal glucose transport [6, 
7]. These patients have been known for decades since the origi-
nal study of Hjärne of three generations of a single family [8, 
9]. They have glucosuria with normal plasma glucose unless 
they also happen to have diabetes, which occurs rarely in this 
population. They seem to live perfectly normal lives except for 
increased risk of vaginal candidiasis related to glycosuria. 
Work began in the 1990s looking for less-toxic analogs of phlo-
rizin, which led to the currently available marketed drugs with 
the discovery of dapagliflozin and canagliflozin [10, 11].

 The Emergence of Sodium-Glucose 
Cotransporter-2 Inhibitors (SGLT2i)

These drugs have rapidly become extremely valuable tools in 
treating diabetes. Most of the published data has come from 
type 2 diabetes trials although in recent years an increasing 
number of studies about their use in type 1 diabetes have also 
been published. All the currently available SGLTi reduce both 
fasting and postprandial hyperglycemia and HbA1c between 
0.6–1.0% [12–14]. There is also associated weight loss aver-
aging 1–5 kg in most patients, presumably related primarily 
to caloric loss from excreted glucose [12]. The mechanism of 
action is independent of insulin itself and therefore should 
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remain effective at all stages of the disease and work in a 
complementary fashion with other antidiabetics [12]. The 
risk of hypoglycemia with the use of SGLTi as monotherapy 
is similar to the use of other agents unless they are paired with 
sulfonylureas or insulin [15]. Several other interesting meta-
bolic consequences have been identified including somewhat 
elevated plasma glucagon and ketone body production, which 
will be elaborated on further in this chapter, in addition to 
cardiorenal and pleiotropic effects [16–21].

As of December 2021, the FDA and European agencies 
have four agents for clinical use: canagliflozin, dapagliflozin, 
empagliflozin, and ertugliflozin. Six additional compounds 
have undergone clinical trials: tofogliflozin [22], luseogli-
flozin [23], bexagliflozin [24], sotagliflozin [25], remogli-
flozin [26], ipragliflozin [27], and recent basic research that 
has confirmed the SGLT2 inhibitor properties of swertisin, a 

novel islet cell differentiation inducer [28, 29]. Table  36.1 
shows the current list of SGLT2 inhibitors including FDA- 
approved and non-FDA approved.

The efficacy and safety data appear similar for the drugs 
studied to date, and very few head-to-head trials are available 
for direct comparison. The efficacy and side effects appear 
similar in most trials. In general, phase 3 trials have shown a 
HbA1c reduction of 0.7–1.0% as monotherapy or in addition 
to other antidiabetic agents including insulin.

 Mechanism of Action

In diabetes, there is an apparently maladaptive increase in the 
tubular threshold from the normal of 180  mg up to 220–
240 mg making it even harder to eliminate excess serum glu-

Table 36.1 SGLT Inhibitors

Name Dosage
HbA1c 
reduction Additional benefits Comments

Canagliflozin 100, 300 
mg/day

0.77–
1.03%

Reduced risk of cardiovascular death, myocardial infarction 
or stroke (CANVAS)
Blood pressure reduction

Risk of lower limb amputations

Empagliflozin 10, 25 
mg/day

0.66–
0.78%

Reduced risk of heart failure and cardiovascular death 
(EMPA-REG OUTCOME, RECEDE-CHF)
Blood pressure reduction (EMPA-REG BP)
Effective in patients with previous stroke or myocardial 
infarction

Dapagliflozin 5, 10 
mg/day

0.82–
0.89%

Reduced risk of cardiovascular death and hospitalization 
from heart failure
(DECLARE-TIMI) LDL cholesterol reduction

Ertugliflozin 5, 15 
mg/day

0.99–
1.16%

In patients with chronic kidney disease stage 3A, reduce 
HbA1c, body weight, systolic blood pressure, maintaining 
glomerular filtration rate (VERTIS-CV)

Reduce dose in patients with 
glomerular filtration rate <60 mL/
min/1.73 m2

Tofogliflozin 5, 10, 20, 
40 mg/day

0.56–
0.68%

Post-marketing surveillance showed consistent reductions in 
HbA1c and body weight; 12.6% of patients reported adverse 
drug reactions (ADR), including serious ADR in 1.5% of 
patients

By comparison with other SGLT2 
inhibitors, clinical and real-world 
studies remain sparse

Luseogliflozina 2.5, 5 
mg/day

0.37–
0.60%

Significant decreases in HbA1c and body weight, especially 
in patients with higher body mass index

By comparison with other SGLT2 
inhibitors, clinical and real-world 
studies remain sparse

Bexagliflozina 5, 10, 
20 mg/day

0.55–
0.80%

Significant decreases in HbA1c, fasting blood glucose and 
body weight
Similar incidence of adverse events in all active arms

By comparison with other SGLT2 
inhibitors, clinical and real-world 
studies remain sparse

Sotagliflozina 200, 400 
mg/day

0.42% Significant decreases in HbA1c, body weight and systolic 
blood pressure
Reduced incidence of heart failure by 32%, myocardial 
infarction by 28%; neutral effects on all-cause mortality, 
cardiovascular mortality and stroke
Reduced risk of cardiovascular death, emergency visits and 
hospitalization from heart failure (SCORED)

Increased incidence of diarrhea, 
genital mycotic infections, volume 
depletion and diabetic ketoacidosis

Ipragliflozina 50 mg/day 0.24–
1.30%

Significant decreases in HbA1c, fasting blood glucose 
(8.2–46.5 mg/dL), body weight and triglycerides

By comparison with placebo, no 
differences in blood pressure, low 
density lipoproteins or uric acid
By comparison with other SGLT2 
inhibitors, clinical and real-world 
studies remain sparse

Remogliflozina 100, 250 
mg/day

0.72% Significant decrease in fasting and postprandial blood 
glucose: 17.8 mg/dL and 39.2 mg/dL respectively
Overall incidence of adverse events: 8.5%, including genital 
mycotic and urinary tract infections; hypoglycemia 
incidence: 1.3%

By comparison with other SGLT2 
inhibitors, clinical and real-world 
studies remain sparse

aStill not Approved by the FDA
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cose. In the presence of SGLT 2 inhibitors, the threshold for 
glucose elimination is reduced to about 40 mg, allowing much 
more glucose loss. This tends to reduce both fasting and post-
prandial glucose levels [30]. As there is caloric loss from 
increased glucose excretion, weight loss is usually seen as 
well in the range of 2–3 kg in most studies. Approximately 
two thirds of the loss is secondary to fat loss and one third 
from fluid loss. A molecule of sodium is also excreted with 
each molecule of glucose resulting associated with a net loss 
of body sodium and to a small reduction in systolic blood pres-
sure averaging about 5 mmHg. This may be beneficial since 
most patients tend to have some sodium excess. However, in 
patients somewhat sodium or volume depleted, this could 
result in excessive blood pressure reduction and dehydration. 
In the United States, the Food and Drug Administration (FDA) 
has reported approximately 100 cases of acute kidney injury to 
patients placed on these drugs. Many cases are seen in older 
patients with some renal dysfunction who are also taking loop 
diuretics. Therefore, cautious is advised in these patients, 
starting with lower doses and observing the initial response.

 Individual Profiles

Canagliflozin was approved by the FDA in the United States in 
March of 2013 for use in patients with type 2 diabetes mellitus, 
and it was the first of the SGLT2 inhibitors to be released in the 
market. The initial dose is 100 mg daily and can be increased to 
300 mg in those tolerating the medication if GFR is ≥60 mL/
min/1.73 m2. Fixed doses of canagliflozin in combination with 
metformin are available in 50/500, 50/1000, 150/500, and 
150/1000 mg [31]. Glucosuric effects are estimated to be an 
excretion of approximately 100 g of urinary glucose per day. It 
has the most largest glucosuric effect among approved SGLT2 
inhibitors. In addition to its main effect as an SGLT2 inhibitor, 
canagliflozin induces weak inhibition of SGLT1, which is 
located in both the gut and renal tubules. SGLT1 inhibition is 
thought to have effects in lowering postprandial hyperglycemia 
by delaying intestinal glucose absorption, an observation from 
studies published in 2013 [32].

 Comparative Efficacy and Safety 
of Canagliflozin with Oral Antidiabetics

The efficacy of canagliflozin has been studied as add-on ther-
apy to metformin in comparison with other antihyperglycemic 
agents such as DPP4-inhibtors and sulfonylureas according to 
a randomized, double blinded trial was published in 2013 
comparing the efficacy of canagliflozin with sitagliptin in 
patients on monotherapy with metformin ≥1500  mg daily. 
After 52  weeks, both sitagliptin 100  mg and canagliflozin 
100 mg were effective in lowering HbA1C by an average of 
0.73%, while canagliflozin at a dose of 300 mg/day decreased 
HbA1C by 0.88% [33]. Both canagliflozin doses were supe-

rior in weight reduction (3.8% and 4.2%) compared with a 
decrease of 1.3% in the sitagliptin group [33].

In 2015, canagliflozin was compared with glimepiride in 
a phase 3, randomized, double blinded, 104 week-long study 
as add-on therapy for diabetic patients already on therapeutic 
doses (≥1500  mg today daily) of metformin [34]. 
Canagliflozin decreased HbA1C by an average of 0.65% for 
the 100 mg dose and 0.74% for the 300 mg dose in compari-
son to glimepiride, which resulted in an average 0.55% 
reduction. The use of canagliflozin was associated with a 
lower risk of hypoglycemia, with a prevalence of 40% in the 
glimepiride group and only 6 and 8% in the canagliflozin 
100 mg and 300 mg groups, respectively. Weight loss was 
observed with canagliflozin, as opposed to weight gain for 
patients on glimepiride, with an average loss of 4.1% (3.6 kg) 
of pretreatment body weight for the 100  mg and 4.2% 
(3.6 kg) for the 300 mg groups [34].

 Comparative Efficacy of Canagliflozin 
with Insulin

Data about the use of canagliflozin in patients on insulin therapy 
were published in one of the reports of the CANVAS trial com-
paring canagliflozin and placebo to patients on basal or basal-
bolus insulin for 18 weeks with a 52-week follow-up [35]. The 
addition of canagliflozin to insulin improved glycemic control: 
HbA1c was 8.3% in both groups; at 18 weeks, reductions in 
HbA1c of 0.62% and 0.73% for canagliflozin 100  mg and 
300 mg, respectively, were observed in comparison to placebo 
with persisting differences in HbA1c after 52  weeks with a 
reduction of 0.58% in the 100  mg group and 0.73% in the 
300 mg group in comparison to placebo [35]. There were differ-
ences in weight and blood pressure reduction as well. A weight 
loss of 1.9% and 2.4% was seen for each canagliflozin dose. 
Systolic blood pressure decreased by an average of 3.1 and 
6.2 mmHg and diastolic blood pressure by 1.2 and 2.4 mmHg in 
each of the canagliflozin groups [35]. In another randomized 
controlled trial, the efficacy and safety of canagliflozin was 
compared with liraglutide in patients with type 2 diabetes previ-
ously controlled with multiple doses of insulin (MDD) [36]. 
Basal insulin was maintained, and bolus insulin was randomly 
switched to canagliflozin, 100  mg/day or liraglutide, 0.30.3–
0.9 mg/day for 24 weeks [36]. Changes in HbA1c were compa-
rable between treatments, and both treatments maintained 
HbA1c levels as baseline with stable glucose variability and no 
severe hypoglycemia at 24  weeks, with reduced total insulin 
doses and improvements in quality of life [36].

Safety and efficacy of canagliflozin has been evaluated in 
patients with preexisting chronic kidney disease with GFRs 
between ≥30 and ≤50 mL/min/1.73 m2. Placebo-subtracted 
differences in A1c values were seen for the 100  mg and 
300  mg groups from baseline (0.27% and 0.41%). Lower 
body weight and blood pressure for both doses in compari-
son with placebo were also documented [37].
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Dapagliflozin was approved for treatment in patients with 
type 2 diabetes mellitus in the United States in 2014 as an 
adjunct to diet and exercise. It is a highly selective SGLT2 
inhibitor. The initial dose is 5 mg, which can be increased to 
10 mg orally daily. It is available in combination with met-
formin as well [31].

Dapagliflozin has been observed to be non-inferior to sulfo-
nylureas and superior to DPP-4 inhibitors as add-on therapy to 
metformin. Monotherapy comparing metformin and dapa-
gliflozin has been evaluated in treatment naïve patients. Results 
from this study demonstrated non-inferiority between metfor-
min and dapagliflozin. Dapagliflozin as monotherapy decreased 
HbA1C by an average range of 0.55–0.9% in comparison to 
0.73% with metformin [38]. Dapagliflozin is also effective in 
lowering HbA1c when added to metformin. A 52-week dou-
ble-blinded trial with patients having HbA1c values between 
8% and 12% at baseline showed significant improvement [39]. 
Dapagliflozin added to metformin decreased HbA1C an aver-
age of 1.2%, which was significantly lower than the combina-
tion of saxagliptin with metformin (0.9%). This study also 
compared triple therapy with all three agents and found superi-
ority to dual therapy by reducing HbA1c by up to 1.5%. Weight 
loss was superior in the dual therapy dapagliflozin and metfor-
min group with an average loss of 2.8% (2.1 kg) and in the tri-
ple therapy group, which lost an average of 2.4% (2.1  kg) 
compared to the saxagliptin and metformin group (no signifi-
cant change seen) [39]. The efficacy of dapagliflozin has been 
compared to sulfonylureas: glipizide was compared to dapa-
gliflozin and resulted in non-inferiority at 52 weeks [40]. This 
trial was extended for 2 years, and a sustained decrement in 
HbA1C was observed with dapagliflozin compared with glipi-
zide (0.32% vs 0.14%) [40]. An additional 52-week, random-
ized trial compared the efficacy and safety of dapagliflozin as 
monotherapy or combined with saxagliptin versus glimepiride 
in patients with type 2 diabetes previously receiving metformin 
[41]. Mean HbA1c change from baseline was −0.82 with dapa-
gliflozin alone, −1.20% with dapagliflozin plus saxagliptin, 
and −0.99% with glimepiride [49]. Fasting blood glucose 
decreased significantly with dapagliflozin plus saxagliptin 
compared with glimepiride and was similar when not in com-
bination [41]. Both dapagliflozin regimens decreased body 
weight and systolic blood pressure; the combined incidence of 
hypoglycemia was lower with dapagliflozin, and genital infec-
tions were more frequent [41].

Empagliflozin the FDA-approved empagliflozin as an 
antihyperglycemic agent to be used in patients with type 2 
diabetes mellitus in the United States in 2014. It is available 
in a starting dose of 10 mg, which can be increased to 25 mg 
daily in patients with a GFR ≥ 45 mL/min/1.73 m2. Its glu-
cosuric effects are estimated to be 78 g of glucose per day. 
Like canagliflozin and dapagliflozin, it also has weight loss 
and blood pressure-lowering effects.

Empagliflozin has been studied as add-on therapy to met-
formin in comparison to sulfonylureas as well as triple therapy 
with DPP-4 inhibitors and metformin. A double -phase 3, 104-

week long study in patients with poor diabetes control on 
monotherapy with metformin was randomized to either 
glimepiride or empagliflozin therapy [42]. At baseline HbA1c 
levels between 7% and 10%, empagliflozin 25  mg signifi-
cantly decreased HbA1c a mean of 0.11% more than 
glimepiride. Adverse events were similar in both groups, but 
there was a marked difference in the frequency of hypoglyce-
mia between the empagliflozin and glimepiride groups (2% vs 
24%) [42]. A 208-week extension of this trial, the adjusted 
mean difference in change from baseline in HbA1c with 
empagliflozin versus glimepiride, was statistically significant, 
and hypoglycemic episodes occurred in 3% of patients on 
empagliflozin and 28% on patients receiving glimepiride [43]. 
Addition of empagliflozin 10 mg and 25 mg was compared to 
placebo in a 24-week long, double- blinded trial with poorly 
controlled type 2 diabetic patients on linagliptin and metfor-
min combination therapy [44]. By comparison with placebo, 
the empagliflozin 10 mg and 25 mg groups were observed to 
have a −0.79% and −0.7% difference in HbA1c from base-
line. Addition of empagliflozin to linagliptin and metformin 
had no added adverse effects. Weight loss and blood pressure 
benefits were seen in both empagliflozin groups. Hypoglycemia 
occurred more frequently in the empagliflozin 25 mg group 
versus the placebo group in this trial (2.7% vs 0.9%) [44]. 
Positive outcomes and improvement in glycemic control have 
been observed with the use of empagliflozin with other agents 
including sitagliptin, pioglitazone, and insulin therapy (both 
basal and basal/bolus regimens) [45–48]. Recent comparisons 
between 25  mg empagliflozin and one-weekly 1  mg oral 
semaglutide have shown significant differences on HbA1c and 
body weight versus empagliflozin [49, 50].

 Cardiovascular Benefits of SGLT2 Inhibitors

Approvals for most new antidiabetic agents in the United States 
have included a requirement for generally large-scale cardiovas-
cular outcome trials primarily to be certain they do not increase 
cardiovascular risk. The first of these for this new class was pre-
sented at the European Association for the Study of Diabetes 
(EASD) in September 2015. In contrast to previous studies, this 
one for empagliflozin (EMPA-REG Trial) showed striking ben-
efit particularly in cardiovascular mortality (38% relative risk 
reduction), hospitalizations for congestive heart failure (35% 
relative risk reduction), and death from any cause (32% relative 
risk reduction). Death from any cause was reduced by 32% [51]. 
This was much less striking for myocardial infarctions and non-
existent for stroke benefit. The median duration of this trial was 
3.1  years. Remarkably, the survival curves began to diverge 
within about 3 months of beginning the trial. Although there 
was an expected reduction in plasma glucose, it seems unlikely 
that this effect could result in a benefit of this magnitude so 
quickly. A proposed mechanism for such rapid benefits has been 
reduction in arterial stiffness. Sodium and glucose loss reduces 
extracellular fluid volume and blood pressure. This reduces car-
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diac pre and after load and myocardial metabolism, improving 
both systolic and diastolic function. All of this may play a role 
in the observed rapid reduction in hospitalizations for heart fail-
ure and cardiac death. The majority of subjects were treated 
with platelet inhibitors, statins, and adequate blood pressure 
control. Therefore, the benefits appear to be over and above 
these standard therapies [52]. In addition to their established 
efficacy as antidiabetics, clinical trials comparing the use of 
empagliflozin with GLP-1 agonists have shown that the use of 
SGLT2 inhibitors is associated with consistent reductions in 
hospitalization for heart failure among type 2 patients with and 
without cardiovascular disease (CVD), although the absolute 
reduction is greater in patients with CVD (Fig. 36.1) [53].

What could account for these remarkable improve-
ments? The known effects of the drug are unlikely to 
account for the magnitude of this effect. Reduction in arte-
rial stiffness had been observed with these drugs verified 
by arterial ultrasound compression [54]. The onset of heart 
failure sets in motion a cascade of effects, which may lead 
to a vicious cycle of vasoconstriction with activation of the 
adrenergic nervous system and the renin-angiotensin-aldo-
sterone system including the tubular glomerular feedback 
in the kidney, which may alter this adverse sequence of 
events. The sum total of these changes likely reduce car-
diac preload and afterload and improve myocardial oxygen 
supply [55].

Hazard ratio, 0.86 (95.02% CI, 0.74-0.99)
P=0.04 for superiority

Hazard ratio, 0.68 (95% CI, 0.57-0.82)
P<0.01

Hazard ratio, 0.68 (95% CI, 0.50-0.85)
P=0.002
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P<0.001
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Fig. 36.1 Cardiovascular outcomes and death from any cause. Shown 
are the cumulative incidence of the primary outcome (death from car-
diovascular causes, nonfatal myocardial infarction, or nonfatal stroke) 
(Panel a), cumulative incidence of death from cardiovascular causes 
(Panel b), the Kaplan–Meier estimate for death from any cause (Panel 

c), and the cumulative incidence of hospitalization for heart failure 
(Panel d) in the pooled empagliflozin group and the placebo group 
among patients who received at least one dose of a study drug. Hazard 
ratios are based on Cox regression analyses (Zinman NEJM 2015)
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The first report of the results of the cardiovascular and renal 
outcomes CANVAS trial for canagliflozin was published in 
2017 [56]. The rate of the primary outcome, a composite of 
death from cardiovascular causes, nonfatal myocardial infarc-
tion, or nonfatal stroke was lower with canagliflozin than with 
placebo, occurring in 26.9% versus 31.5 participants (P < 0.001) 
[56]. Renal outcomes were not statistically significant, but the 
results showed possible benefits of canagliflozin on the progres-
sion of albuminuria and the composite outcome of a sustained 
reduction in glomerular filtration rate, the need for renal replace-
ment therapy, or death from renal causes. Adverse reactions 
showed and increased risk for amputations at the level of toe or 
metatarsal [56]. The first report of the DECLARE-TIMI 58 
dapagliflozin cardiovascular outcome trial was published in 
2019 [57]. In the primary safety analysis, dapagliflozin met the 
prespecified criterion for noninferiority to placebo with respect 
to major adverse cardiovascular events (MACE) defined by car-
diovascular death, myocardial infarction, or ischemic stroke. 
Patients in the dapagliflozin group had lower rates of cardiovas-
cular death or hospitalization for heart failure, without between-
group difference in cardiovascular death [57]. Diabetic 
ketoacidosis was more common with dapagliflozin than with 
placebo (0.3% vs 0.1%) as was the rate of genital infections 
leading to discontinuation (0.9% vs 0.1%) [57]. The first report 

to assess cardiovascular outcomes with ertugliflozin from the 
VERTIS CV trial showed equal rates of major cardiovascular 
events (11.9%) in the ertugliflozin group and with placebo [58]. 
Death from cardiovascular causes or hospitalization for heart 
failure occurred in 8.1% of patients in the ertugliflozin group 
and 9.1% of patients in the placebo group, and the hazard ratio 
for death from cardiovascular causes was 0.92 [58]. Amputations 
were performed in 2.0% of patients who received the 2 mg dose 
and 2.1% of patients who received the 15 mg dose, as compared 
with 1.6% of patients who received placebo [58].

 Renal Effects

Renoprotective effects of SGLT2 inhibitors were also ana-
lyzed in the EMPA-REG, CANVAS, DECLARE-TIMI 58, 
and VERTIS trials [53, 56–59]. In a subsequent preplanned 
sub-study (EMPA_REG Renal), significant benefits were 
observed in those having renal dysfunction with estimated 
glomerular filtration rates (GFR) of 30–60 mL/min [59]. There 
is a transient small drop in GFR seen on initiating these drugs 
that is possibly related to diuresis and volume contraction. 
However, as can be readily seen from Figs. 36.2 and 36.3, the 
net result was positive for preservation of renal function com-

CIRCULATION

HEART (+ lungs)
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4

KIDNEY: SGLT2 inhibition

Improved renal function

(improved tubular glomerular
feedback)

⇓ Intravascular/ECF volume

⇓ Systolic blood pressure

⇓ Cardiac afterload

⇒ Improvement in systolic and
     diastolic dysfunction

⇒ Lower risk of HFH
⇒ Lower risk of fatal arrhythmias

⇓ Cardiac pre-load

⇓ Likelihood of pulmonary
   congestion

⇑ Haematocrit
   (thus, haemoconcentration)

⇑ Myocardial oxygen supply
± Improved cardiac metabolism?

⇑ Urinary glucose loss

⇑ Glucose and sodium
   reabsorption in proximal
   tubule

⇑ Urinary sodium loss
+ Diuresis
(+energy loss, weight
reduction?)

2 1

Fig. 36.2 Potential pathway linking empagliflozin (and possibly other 
SGLT2 inhibitors) with lower risks for HFH (and, linked to this, death 
due to cardiovascular disease). By increasing fluid losses via urinary 
glucose and sodium losses (1), intravascular volumes and systolic blood 
pressure are reduced and there is a significant rise in hematocrit (2). 
These latter effects may also be, to a small extent, assisted by weight 
loss. These changes in turn lessen cardiac stressors (pre- and afterload) 

and may also help improve myocardial oxygen supply (3). The net 
result is a likely improvement in cardiac systolic and diastolic function, 
lessening chances of pulmonary congestion, thus lowering risks of 
HFH and fatal arrhythmias. These cardiac function benefits will, in 
turn, feed back to improve renal blood flow and function (4). In this 
way, the cardio-renal axis is improved at a number of levels with SGLT2 
inhibitor therapy (Sattar dibetologia 2016)
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Fig. 36.3 Kaplan–Meier 
analysis of two key renal 
outcomes. Shown are 
estimates of the probability of 
a first occurrence of a 
prespecified real composite 
outcome of incident or 
worsening nephropathy (Panel 
a) and of a post hoc renal 
composite outcome (a 
doubling of the serum 
creatinine level, the initiation 
of renal-replacement therapy, 
or death from renal failure 
(Wanner NEJM 2016 panel a 
& b and Panel a)
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pared to the placebo treated arm in which there was small con-
tinuing loss of eGFR. Renal endpoints of newly appearing or 
worsening nephropathy and progression to macroalbuminuria 
were reduced by 29% and 38%, respectively. Hard renal end-
points of doubling of serum creatinine and need for renal 
replacement were reduced by 44% and 55%, respectively, 
although the latter endpoint occurred in relatively few sub-
jects. These subjects were treated with standard of care with 
79–85% receiving angiotensin- converting enzyme inhibitors 
or angiotensin receptor blockers. Therefore, the benefits are 
additive and over and above those seen with treatments known 
to be effective [59]. A recent sub-analysis from the VERTIS 
trial in patients with an estimated glomerular filtration rate 
(GFR) 30 to < 60  mL/min showed that in addition to reduction 
in HbA1c, body weight, and blood pressure, patients receiving 
ertugliflozin maintained baseline GFR levels [60]. The pros-
pect of significantly reducing the decline of GFR in chronic 
diabetic chronic kidney disease is exciting [61].

The Canagliflozin and Renal Events in Diabetes and 
Established Clinical Evaluation (CREDENCE) compared 
canagliflozin versus placebo in patients with type 2 diabetes 
and chronic kidney disease [62]. Canagliflozin significantly 
reduced the risk of the primary composite outcome: end- stage 
renal disease, doubling of serum creatinine, renal, or cardio-
vascular death. The CREDENCE trial was stopped early for 
efficacy after an interim analysis and recommendation from 
the independent Data Monitoring Committee [63]. Overall, 
the results of the CREDENCE trial showed that canagliflozin 

could be safely administered to patients with diabetic 
nephropathy, despite an initial drop in glomerular filtration 
rate. Ongoing kidney disease-focused outcome trials includ-
ing DAPA-CKD and EMPA-KIDNEY will provide further 
information about the use of SGLT2 inhibitors in patients 
with type 2 diabetes and different stages of chronic kidney 
disease [64].

 Other Metabolic Effects: Increased 
Ketogenesis a “Superfuel?”

SGLT2 inhibitors are known to increase glucagon, beta- 
hydroxybutyrate, and ketone body production. In this sense, 
they appear to shift metabolism from glucose to fat oxida-
tion. Ketone bodies are readily taken up by the myocardial 
cells as fuel. Myocardium has the highest myocardial oxy-
gen consumption at 8  mL O2/100  g of tissue followed by 
5 mL O2 for kidney and 3 mL for brain tissue. It is postulated 
that an increased availability and use of ketone bodies could 
be beneficial to metabolically stressed organs [65, 66]. There 
is experimental evidence that this may result in more effi-
cient oxygen sparing and cardiac work for any given level of 
demand. This could provide another mechanism for more 
rapid cardiac benefit in addition to a variety of potential 
pleiotropic effects beyond glucose lowering on a variety of 
diseases, including nonalcoholic fatty liver disease and obe-
sity [14, 21].
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 Safety and Tolerability

SGLT2 are safe and well tolerated [12]. Rates of discontinu-
ation in clinical trials are low, but according to their mecha-
nism of action, they cause osmotic diuresis, volume 
depletion, and dehydration [12, 14]. Patients at risk, includ-
ing those with frailty, the elderly, or taking diuretics, should 
be monitored and advised about these effects.

 Genitourinary Infections

The most common adverse events is a higher risk for lower 
urinary tract infections, vulvovaginitis and vaginitis of bacte-
rial and mycotic origin, which was documented in clinical 
trials and case reports [12, 14, 16]. A study by Lega et al. 
reported a five times higher risk of genital mycotic infections 
in patients treated with SGLT2 inhibitors, increasing in the 
first month of therapy and enduring for the duration of treat-
ment [67]. Glycosuria resulting from diabetes provides a 
favorable substrate for microorganism growth, which is 
enhanced by the pharmacologic glycosuria induced by 
SGLT2 inhibitors [68]. Incidence rates of mycotic genital 
infections in clinical trials are 6.0% and more common in 
women [68]. The incidence of bacterial infections ranges 
from 4.0% to 9.0%, while severe infections occur in 0.4% of 
patients [68]. Severe forms of genitourinary infections 
include pyelonephritis, emphysematous pyelonephritis, and 
Fournier gangrene, a perineal disease of acute onset and 
rapid progression [69].

 Ketoacidosis

There has been concern about increased ketone body produc-
tion particularly in very insulin-deficient patents such as type 
1 diabetics. There are several case series raising this concern 
of ketoacidosis. The rate appears to be low in type 2 diabetes. 
The mechanism of action could be related to decreased insulin 
levels, which leads to unopposed glucagon production and 
lipolysis, which leads to ketogenesis. Risk factors and precipi-
tants for diabetic ketoacidosis related to SGLT-2 inhibitors are 
sepsis, dehydration, surgeries, decrease in insulin dose admin-
istration (for those on insulin), and a low carbohydrate diet 
[69]. The risk of ketoacidosis could be minimized by educat-
ing all patients upon initiation of therapy that nausea, vomit-
ing, and dehydration require checking for ketones, and such 
symptoms should prompt them to seek medical attention [70].

Additional side effects include amputations and bone 
fractures.

 Conclusion

SGLT-2 inhibitors are the newest pharmacologic resource 
for management of type 2 diabetes. Since their approval 
and release into the market in the United States in 2013, 
multiple studies have proven both efficacy and positive car-
diovascular and renal outcomes. Their use has also 
enhanced our knowledge on fuel metabolism and the use of 
ketones as a source of energy. Although generally well tol-
erated, clinicians should be on alert for possible adverse 
effects of dehydration and even normoglycemic diabetic 
ketoacidosis. The use of these agents is expected to rise 
given their marked improvements in HbA1c in addition to 
beneficial effects on weight, blood pressure, and cardiovas-
cular outcomes.

Multiple Choice Questions
 1. In patients with diabetes, the tubular threshold for the 

excretion of glucose:
 (a) Is decreased
 (b) Is adapted and increased
 (c) Is maladapted and increased
 (d) Is not different from people without diabetes
 (e) Is able to eliminate excess serum glucose
 2. In the presence of SGLT 2 inhibitors, the threshold for 

glucose elimination is reduced:
 (a) Approximately 10 mg
 (b) Approximately 20 mg
 (c) Approximately 40 mg
 (d) Approximately 80 mg
 (e) Approximately 100 mg
 3. Weight loss with the use of SGLT 2 inhibitors is esti-

mated in the range of:
 (a) 1–3 kg
 (b) 2–3 kg
 (c) 3–4 kg
 (d) 4–5 kg
 (e) 5–6 kg
 4. Weight loss from the use of SGLT 2 inhibitors is 

secondary:
 (a) To fat loss
 (b) To muscle loss
 (c) To fluid loss
 (d) All of the above
 (e) None of the above
 5. Inhibition of SGLT 1, located in the gut and renal 

tubules, results in:
 (a) Lowering postprandial hyperglycemia
 (b) Lowering fasting blood glucose

36 Sodium-Glucose Cotransporter 2 Inhibitors
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 (c) Lowering blood pressure
 (d) Increasing glucose uptake
 (e) Increasing intestinal glucose absorption
 6. Range doses of canagliflozin:
 (a) 5–10 mg daily
 (b) 10–25 mg daily
 (c) 50–100 mg daily
 (d) 100–300 mg daily
 (e) 150–200 mg daily
 7. Range doses of dapagliflozin:
 (a) 5–10 mg daily
 (b) 10–25 mg daily
 (c) 50–100 mg daily
 (d) 100–300 mg daily
 (e) 150–200 mg daily
 8. Range doses of empagliflozin:
 (a) 5–10 mg daily
 (b) 10–25 mg daily
 (c) 50–100 mg daily
 (d) 100–300 mg daily
 (e) 150–200 mg daily
 9. The results of the EMPA-REG Trial showed that the use 

of empagliflozin was associated:
 (a) With a 38% relative risk reduction in cardiovascular 

mortality
 (b) With a 35% relative risk reduction for congestive 

heart failure
 (c) With a 32% relative risk reduction of death from any 

cause
 (d) All of the above
 (e) None of the above
 10. Cardiovascular benefits from the use of SGLT 2 inhibi-

tors have been attributed to:
 (a) The effect of additional medications standard car-

diovascular therapies
 (b) Reduction in arterial stiffness
 (c) Regression of atherosclerotic plaques
 (d) Their anti-hypertensive effects
 (e) Inhibition synthesis of advanced glycation products 

(AGEs)
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