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Abstract

SGLT2 inhibitors represent a new class of glucose-lowering drugs that act through the inhibition of
glucose reabsorption at the proximal tubular cells of the kidney. There are 3 drugs of this class currently
available in Europe and United States of America: empagliflozin, dapagliflozin and canagliflozin. These
compounds selectively inhibit the reabsorption of glucose in the kidney by almost 30-50% and the
resulting glucosuria is translated to meaningful reductions is serum glucose. Apart from their effects on
carbohydrate homeostasis these drugs also affect human metabolism in various ways. Thus, they reduce
blood pressure, arterial stiffness and body weight, decrease serum concentrations of insulin and increase
those of glucagon and shift energy metabolism towards the utilization of fatty acids and ketone bodies. In
two recent clinical trials empagliflozin and canagliflozin were found to reduce cardiovascular events and
to preserve renal function in patients with type 2 diabetes and established cardiovascular disease. In this
review, we summarize the knowledge on the metabolic effects of SGLT2 inhibitors, discuss the potential
mechanisms that underlie the cardioprotective and renoprotective effect of these drugs and present their
side effects and the possible contraindications to their use.
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Introduction

Every day approximately 180 gr of glucose are
filtered in the renal glomeruli. However, under
normal circumstances only traces of this metabolite
are found in the urine since the greater proportion of
the filtered load of glucose is actively reabsorbed by
sodium-coupled transport across the brush border
membrane of the proximal tubule and then returned
to the circulation by glucose transporters. This
active transfer is facilitated mainly by a low affinity,
high capacity system controlled by sodium glucose
transporter-2 (SGLT2) in the early convoluted
segment of the proximal tubule [1].

In hyperglycemic conditions the filtered load of
glucose is increased. When the reabsortive capacity
of the proximal tubule is surpassed glycosuria
ensues and considerable amounts of glucose are
lost in the urine. In patients with diabetes the
glucose reabsorption capacity in the proximal
tubule is upregulated. These changes in renal
glucose reabsorption are considered to significantly
contribute to the maintenance of hyperglycaemia in
patients with diabetes and provide a strong rationale
for inhibition of SGLT2 as a mean to better control
glucose levels [1].

The understanding of the renal handling of glucose
in diabetic individuals led to the development of
specific SGLT2 inhibitors that recently reached
the clinical practice. There are 3 drugs of this
class currently available in Europe and United
States of America: Empagliflozin, dapagliflozin
and canagliflozin. These compounds selectively
inhibit the reabsorption of glucose in the kidney
by almost 30-50% and the resulting glucosuria
is translated to meaningful reductions is serum
glucose. Indeed, the administration of these drugs
reduce HbAlc by approximately 0.6-0.9% and
this reduction reflects a decrease in both fasting
and postprandial hyperglycemia. The resulting
decrease in glucotoxicity leads to an improvement
in endogenous insulin production and to an increase
in tissue insulin sensitivity. In addition, the loss of
calories attributable to glucose into the urine results
in a moderate weight loss of about 3-5 Kgr [2].

A study that resulted in a paradigm change in the
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treatment of type 2 diabetes was the EMPA-REG
trial. This study enrolled 7020 patients with type
2 diabetes and established cardiovascular disease
which randomized to receive empagliflozin 10 and
25mg or placebo [3,4]. The median observation time
was 3,1 years. The incidence of the primary outcome
was 10.5% in the empagliflozin group and 12.1% in
the placebo group (relative risk 0.86; 95.02% CI 0.74 to
0.99, p<0,04). No significant difference was observed
in the incidence of myocardial infarctions or stroke.
However, empagliflozin reduced cardiovascular
mortality (3.7%, vs. 5.9%; 38 % relative risk reduction),
heart failure hospitalizations (2.7% vs .4.1%, 35%
relative risk reduction), and total mortality by 32%. In
addition, the subsequent analysis of the EMPA-REG
data reveled a reduction in the incidence or the renal
composite outcome (progression to macroalbuminuria,
doubling of the serum creatinine level, initiation
of renal-replacement therapy, or death from renal
disease) by 39% [5]. In the same line were the results
of the CANVAS program examining the effects of
canagliflozin on vascular events in patients with type
2 diabetes and high cardiovascular risk [6]. The rate of
the primary outcome was lower with canagliflozin than
with placebo (occurring in 26.9 vs. 31.5 participants per
1000 patient-years; hazard ratio, 0.86; 95% confidence
interval [CI], 0.75 to 0.97; P<0.001 for noninferiority;
P=0.02 for superiority). Although on the basis of the
prespecified hypothesis testing sequence the renal
outcomes are not viewed as statistically significant, the
results showed a possible benefit of canagliflozin with
respect to the progression of albuminuria (hazard ratio,
0.73;95% Cl,0.67 to 0.79) and the composite outcome of
asustained 40% reduction in the estimated glomerular
filtration rate, the need for renal-replacement therapy,
or death from renal causes (hazard ratio, 0.60; 95% CI,
0.47 t0 0.77) [6].

These drugs can decrease blood pressure (BP)
by 5-6 mmHg/ 1-2 mmHg. [7] A post- hoc analysis
of a clinical study suggested that this reduction
of BP is greater in diabetic patients treated with
calcium channel blockers and PB-blockers but
not with diuretics, a finding which implies that
natriuresis may play a prominent role in the drugs’
antihypertensive effect. [8]
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Table 1. Mechanisms of the antihypertensive effects of SGLT2 inhibitors

to a dipping non salt sensitive one

Decrease of glucose levels and insulin resistance

Improvement in arterial stiffness

Decrease in body weight

Decrease in sympathetic nervous system activity

Decrease in serum uric acid levels

Local inhibition of the renal renin- angiotensin axis

Natriuresis leading to volume depletion and conversion of a non dipping salt sensitive profile

Table 2. Mechanisms of weight loss observed with SGLT2 inhibitors

Loss of calories due to glucosuria

Natriuresis and osmotic diuresis-induced volume depletion

Increased fatty acid oxidation for energy supply

In table 1 the underlying mechanisms of the
reduction in BP are shown. [7,9] It has been
suggested that this reduction in BP can, at least in
part, contribute to the beneficial cardio-renal effects
observed in the EMPA-REG trial. [10]

A significant weight loss by approximately 2-3
kg is commonly found after SGLT2 inhibitors
administration which is associated with visceral
fat reduction. [11] However, this decrease is lower
than anticipated from the loss of calories due to
glucosuria since an increase in energy intake has been
described. [12] In table 2 the underlying mechanisms
of the drugs’-associated weight loss are shown. Small
decreases in triglyceride (TRG) levels and increases
in HDL cholesterol levels are commonly observed
after SGLT2 inhibitors administration possibly due
to weight loss. [13,14] However, no change in HDL
functionality was recently found. [15] A small increase

in LDL cholesterol is noticed after SGLT2 inhibitors
administration. Even though it was initially thought
to be related to diuresis-induced hemoconcentration,
this small increase is possibly due to a decrease in LDL
receptors activity. (Fig.1) [16]

As shown in table 3, SGLT2 inhibitors despite their
diuretic effects are not associated with electrolytes
depletion. On the contrary, small increases in serum
potassium and magnesium concentrations have
been found in clinical trials, which are more evident
in patients with reduced renal function as well as
in patients consuming drugs affecting potassium
homeostasis. [14, 17, 18] It has been proposed that
the canagliflozin-associated normalization of
serum magnesium in hypomagnesemic patients
may potentially associated with improved
cardiometabolic outcomes. [19] Interestingly a small
increase in serum phosphate levels due to increased
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Table 3. Effects of SGLT 2 inhibitors on serum electrolytes

Small increases in serum potassium levels possibly due to decreased insulin levels, mainly observed in patients with
reduced renal function or those receiving drugs affecting potassium homeostasis, such as ACE inhibitors, sartans, heparin,

spironolactone, non-steroidal anti-inflammatory drugs, etc.

Small increases in serum magnesium levels

Small increase in serum phosphate levels due to an increase of phosphate reabsorption in the proximal tubules leading to
increased PTH secretion and possibly to detrimental effects on bone metabolism (not confirmed)

Table 4. SGLT2 inhibitors and absence of hypoglycaemia: underlying mechanisms

They do not increase insulin secretion

The increase in SGLT-1 activity limits the excess glucosuria

The resulting hyperglucagonemia can increase liver glucose production

The increased lipolysis increases the glucose availability to the cerebral tissue

SGLT2 inhibitors

\

Decreased glucose levels

\/

Increased lipid catabolism
for energy supply

Increased fatty acids in the liver cells

\/

Increased synthesis of acetyl-CoA

\

Increased cholesterol levels
in the liver cells

\/

Decreased LDL receptors activity

\/

Increased LDL cholesterol levels

Figure 1. Mechanism of the SGLT2 inhibitors -mediated increase
of LDL cholesterol levels. Acetyl-coA: acetyl-coenzyme A
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phosphate reabsorption along with sodium in
the renal tubules via the Na*-PO,* cotransporters
is observed leading to increased PTH levels and
subsequently to a detrimental effect on bone
homeostasis. [20-22] Even though some studies
have shown an increase in bone fractures after drugs’
administration, this finding has not been confirmed
in a recently published meta-analysis. [23] Thus,
the increased fracture risk observed in some clinical
trials with canagliflozin may be related to weight
loss, as well as to drug-associated hypotension. [24-
26] However, FDA suggests that canagliflozin should
be used with caution in high risk patients for bone
fractures. [27]

As shown in figure 2 the SGLT2 inhibition-
associated decreased glycemia results in a decreased
glucotoxicity leading to both improvement of
insulin resistance and insulin secretion. [28-30]
Furthermore, increased glucagon secretion by the
pancreatic alpha cells has been repeatedly reported
due to both decreased glycemia but also to a direct
effect of SGLT2 inhibition on these cells. The result
hyperglucagonemia-associated increased hepatic
glucose production limits the hypoglycemic
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Figure 2. Effects of SGLT2 inhibitors on the carbohydrate metabolism

potential of these drugs but also minimises the risk of
hypoglycemia. [28-30] In fact, a significant advantage
of these drugs is the absence of hypoglycemia (Table
4). [30] In table 5, the adaptive metabolic responses to
SGLT2 inhibitors are shown. Thus, these drugs can
increase glucose reabsorption in distal parts of the
proximal renal tubules to avoid excess glucosuria
through an increase in SGLT-1 activity, increase the
carbohydrate intake, increase the hepatic glucose
production as well as fat oxidation. [12,28-31]

As previously mentioned EMPA-REG has
clearly demonstrated the renoprotective effects
of empagliflozin. [5] Initially, the administration
of the drugs of this class is followed by a decrease
in glomerular filtration rate (Fig. 3a) due to both
natriuresis-induced hypovolemia and to the
increased sodium supply to the macula densa-
induced vasoconstriction of the afferent arterioles.
[5, 32] However, chronic administration is
associated with nephroprotection (decrease in
albuminuria and decrease in the rate of the decline
of renal function) due to both glucose dependent

and glucose independent mechanisms. (Fig. 3b)
[24,32-34]

The increased tubuloglomerular balance
associated with SGLT2 inhibitors is considered
the main nephroprotective mechanism. Thus, the
drug- associated increase in the sodium supply to
the macula densa is followed by vasoconstriction
of the afferent arterioles leading to a decrease in the
intraglomerular pressure and subsequently to a long-
term nephroprotection. [24, 32-34] However, a drug-
related decrease in renal hypoxia due to the increased
erythropoietin (EPO) concentrations and mainly
to the increased ketogenesis (see below for details)
are also considered as major nephroprotective
mechanisms. In fact, B-hydroxybutyrate is
considered as an effective renal energy fuel which
may improve the oxygenation of renal tissues. [35,36]

The adverse effects of SGLT2 inhibitors are shown
in table 6. Urinary tract infections and mainly
genital infections are by far the most common
adverse effects of these drugs. [24, 37, 38] Even
though the long-term nephroprotection of these
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Figure 3a. Effect of SGLT2 inhibitrs on renal function (acute administration)

Table 5. SGLT2 inhibitors and metabolic adaptive responses

Increased SGLT-1 mediated glucose reabsorption in the distal parts of the proximal renal tubules

Increased hepatic glucose production (due to the hyperglucagonemia)

Increased dietary intake of carbohydrates

Increased fat oxidation leading to the production of ketones

Table 6. SGLT2 inhibitors: Side effects

Increased incidence of genital infections (mycotic infections due to candida)

Increased incidence of urinary tract infections

Euglycemic diabetic ketoacidosis

Increased incidence of bone fractures (?) associated with small increases in serum phosphate and PTH levels but also with
weight loss

Acute deterioration of renal function, especially in elderly patients with extracellular volume depletion as well as in patients
receiving drugs affecting renal function, including diuretics (mainly furosemide), RAS blockers or NSAIDS

Small increases in LDL cholesterol levels

Increased risk of leg amputations (?)

RAS: renin angiotensin system, NSAIDs: non steroid anti-inflammatory drugs, PTH: parathormone
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Table 7. SGLT?2 inhibitors: contraindications

Decreased GFR ( <45-60ml/min): Decreased efficacy

Conditions predisposing to diabetic ketoacidosis (surgery, trauma, infection, acute diseases, etc.)

Coexistent hypovolemia, especially in patients administered drugs affecting renal function, such as diuretics (mainly
furosemide), renin-angiotensin blockers or nonsteroidal anti-inflammatory agents

Patients with Type 1 diabetes mellitus

Table 8. SGLT 2 inhibitors and cardioprotection: potential mechanisms

Decrease of glucose levels and insulin resistance without associated hypoglycemia

Drug-induced diuresis leading to decreased cardiac preload, decreased myocardial wall tension, and ventricular
arrhythmias, without SNS overactivity as well as without electrolyte abnormalities

Maintenance of euvolemia leading to decreased risk of hospitalization for heart failure

Decrease of body weight and visceral fat as well as of epicardial fat with potential beneficial effects (decrease of fibrosis and
inflammation, improvement of cardiac function, decrease of cardiac arrhythmias)

Decrease of BP and arterial stiffness as well as restoration of the dipping profile of BP resulting in a decrease of cardiac
afterload

Decrease in serum uric acid levels
Nephroprotection leading to cardioprotection
Increased glucagon levels resulting in an improvement of myocardial cells function

Increased ketogenesis leading to an improvement of tissue hypoxia (shift in fuel energetics)

Increased hematocrit (due to hemoconcentration or to a direct drugs’ effect on erythropoietin production) leading to an
improvement in myocardial and renal tissue oxygenation

Increased activity of SGLT-1 in the heart leading to an improvement of myocardial function and to a decrease in cardiac
arrhythmias

Small increase in serum magnesium levels, which can decrease the incidence of cardiac arrhythmias

Decreased NHE activity in myocardial cells leading to increased calcium in mitochondria and increased energy supply

Increased activation of AT2 receptors and angiotensin 1-7 pathway leading to vasodilation (in patients also receiving RAS
blockers)

Antioxidant , anti-inflammatory and anti-apoptotic properties

Decreased intracellular sodium in the myocardium leading to decreased risk of arrhythmias and to an improvement in
myocardial function (effects on mitochondrial function)

NHE: Na+/H+ exchanger, AT2: angiotensin II receptor type II, RAS: renin angiotensin system
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Decreased glucose levels and subsequently reduced
glucotoxicity especially in the proximal renal tubules

Decreased serum
uric acid levels

Decreased renal hypoxia 3
(increased ketogenesis- o
increased erythropoietin)

Decreased BP and
sodium sensitivity

A

Decreased body weight

..............}

Increased sodium supply
to the macula densa

v

Vasoconstriction of
the afferent arterioles

v

Decreased intraglomerular
pressure

v

Renal protection and
decreased albuminuria

Figure 3b. Effects of SGLT2 inhibitors on renal function (chronic administration)

drugs has been confirmed, acute deterioration of
renal function, especially in elderly patients with
underlying nephropathy, in individuals with
coexistent volume depletion as well as in those
receiving drugs affecting renal hemodynamics
has been repeatedly reported and noticed by both
FDA and EMEA. [24, 37-40] A rare but important
side effect of these drugs is the development of
euglycemic diabetic ketoacidosis [DKA] (which is
also reported such as ketoacidosis with less than
anticipated glucose levels) characterized by a high
anion gap metabolic acidosis without profound
hyperglycemia. DKA is mainly due to increased
liver ketogenesis and increased renal ketones
reabsorption (the latter mechanism has not been
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verified). Increased liver ketogenesis is due to
increased glucagon/ insulin ratio in the liver cells as
well as to increased lipolysis in the adipose tissue.
[41-43]. Both EMEA and FDA have recently released
clear recommendations concerning the prevention,
the early diagnosis and the appropriate treatment
of DKA. Thus, these drugs should not be used in
patients predisposed to ketoacids production (such
as patients with acute infections, trauma, surgical
patients as well as patients with acute diseases)
as well as in patients with type I diabetes mellitus.
Furthermore, drug cessation is indicated when
nonspecific symptoms suggestive of DKA are
present. Additionally, these drugs should not be
used in patients with decreased eGFR (<45-60 ml/
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min) due to their limited efficacy but also in patients
with extracellular volume depletion and especially
in those receiving drugs affecting renal function
(Table 7). [44,45]

The EMPA-REG trial also clearly showed
the cardioprotective effects of empagliflozin
(decreased cardiovascular mortality and decreased
hospitalization for heart failure) findings also
replicated to some extent in the CANVAS program
with canagliflozin. [3,4,6] However, no change in
the incidence of non-fatal myocardial infarction
or stroke was noticed in these studies suggesting
that the beneficial cardiovascular effects are not
related to the drugs’ effects on the atherosclerotic
process but to other mechanisms. The proposed
mechanisms are shown in table 8 and include
their diuretic action, which is not associated with
electrolyte abnormalities or increased symphathetic
drive, leading to a decrease in preload, myocardial

Clinical pharmacology of SGLT2 inhibitors

stretch and ventricular arrhythmias, the restoration
of euvolemia along with a decrease of intracellular
sodium levels, the decrease in blood pressure
along with a restoration of a dipping profile in
BP, and the improvement of myocardial cells
oxygenation due to the increased ketogenesis, to
increased erythropoietin concentrations as well as
to decreased Na*-H* exchanger (NHE) activity in
myocardial cells. However, other mechanisms may
be implicated including the decrease of glucose
levels and subsequently the reduced glycotoxicity
as well as the decreased insulin resistance, the
decrease in body weight and visceral fat including
epicardial fat, the decrease in uric acid levels, the
increase in serum magnesium levels, as well as the
hyperglucagonemia. [24,33, 34, 46-48]
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MepiAnwn

KAt pappakoAloyia 1oV avaotodé@v
1@V SGLT2 petapopemv

B. Tolpixodnuog, T. MavayiwTtomoLAov, E. TCapeAra, M. ENlcdp
Touéag MaBoAoyiag, laTpikNg IxoAng MavermoTnuiov lwavvivay, EAAGSa

O t1SGLT2 avaoto)eig aroteAovy pia véd Katnyopia aviidiapnTikav @appdk®y oo dpoovv dtapé-
O® TS AVAOTOAT|G THG ENAVAPPOPN 0TS YALKOCHG OTA KOTTAP TOV €YYDG ECTIEPAPPEVROV ODOAVA-
PleV TV veppmv. Tpelg eKITpOo®ITot avTr)g TG KAt yopiag KUKAOQOPOLY avtr) T ottypr) otV Evpomn
Kat v Apepika): 1) epriayAipAodivr), 1) kavayAipAoGivn kat i viarrayApAodiv). AvTég ot ovoieg avaoTtéN-
AOLV eKAEKTIKA TV eHavVAPPOPn o YALKO(NG otovg veppoog katd 30-50% kat 1) yAvkolovpia oo IIpoko-
ITTEL [1€ AUTO TOV TPOIIO PETAPPACETAL O KAWVIKA ONICAVTLKI) Pel@or) TG YALKOCHG Tov opo. Extog aro v
enidpaot) Tovg OV OpO00TACLA TV DOATAVOPAKOV ALTA TA PAPHAKA ENPEACODLY TOV avOpGOIILVO pe-
TaPoAopo pe moAovg Tpomovs. ETot, petdvouy v aptnplaxr) meor), TV apTpLlaKt) OKANPia Kat To om-
PATIKO BApog, HEVODY Td eImiredd TG tVOODALVIIG TOL 0POD KAt ALEAVOLY ALTA TG YADKAYOVNG KA IIPO-
KAAODLV {1 EKTPOIIT) TOD KOTTAPIKOD PETAPOAIOHOD IIPOG T XP1)01 KETOVIKOV OOPATOV (G EVEPYELAKMDV
vrootpepatev. IIpooparteg peléteg £0e1Sav mmwg oe aobevelig pe Stafr|tn Kot eyKateotpévn) Kapotlayyeta-
K1} VOO0 1] eprraryAtpAodivn) Kat 1) KavayAtpAodivi) PELOVOLY ONIAaVTIKA TA KAPOLary YLK COPBAPATa Kat
oopPAANoLY OTr) SLaTHPNOT) TG VEPPIKEIG AELTOLPYLAG. TV IIAPOBOd AvVAOKOI 01 ITapovotalovyie ) Ot-
abéoyn yvoorn) yua g petapPolikég emodpdoetg 1wv SGLT2 avaotolémv, oolntdpe tovg mbavoog pnxavi-
OpODG IOV BPIOKOVTALITIO® ATIO TG KAPOIOIIPOOTETEDTIKEG KAl VEQPPOIIPOOTATEDTIKES EMOPATELG AVTOV TOV
PAPPAK®OV KAl IAPOLOLACoLY Tig avermbopnteg evépyeteg Kat Tig mbavég avtevoeilelg ot xopr)ynor| Toug.

AEEeIC evpeTnpioL: SGLT2 avaoToAeig, viattayAipAodivn, eptrayAipAodivn, kavayAipAodivn,
KETOVIKG OWUATA, ELYALKAIUIKA KETOEEWTN, YALKOLoLPIC
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