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Abstract In the last ten years, knowledge on patho-

physiology of type 2 diabetes (T2DM) has significantly

increased, with multiple failures (decreased incretin effect,

increased lipolysis, increased glucagon secretion, neuro-

transmitters dysfunction) recognized as important contrib-

utors, together with decreased insulin secretion and

reduced peripheral glucose uptake. As a consequence, the

pharmacologic therapy of T2DM has been progressively

enriched by several novel classes of drugs, trying to

overcome these defects. The last, intriguing compounds

come into the market are SGLT2 inhibitors, framing the

kidney in a different scenario, not as site of a harmful

disease complication, but rather as the means to correct

hyperglycemia and fight the disease. This review aims to

offer a short, updated overview of the role of these com-

pounds in the treatment of T2DM, focusing on efficacy,

ancillary albeit relevant clinical effects, safety, potential

cardiovascular protection, positioning in common thera-

peutic algorithms.
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Mechanism of action

In the presenceof normal glucose concentrations, glomeruli of

a healthy individual filter approximately 180 g glucose per

day, almost entirely reabsorbed through the proximal tubule

into the bloodstream. In this condition, therefore, glycosuria is

virtually zero. In face of a normal renal function, approxi-

mately 90 %of the tubular load of glucose is reabsorbed by an

activemechanismmediated by the SGLT2 plasmamembrane

cotransporter [1], characterized by a low affinity, high

capacity for glucose, almost exclusively localized in the early

portion (S1 and S2 segments) of renal tubule, and reabsorbing

glucose/Na in a 2:1 ratio. Glucose skipping this process (about

10 %) is reabsorbed more distally, by the SGLT1 transporter

(Fig. 1), with high affinity and low capacity, much more

represented in the gut, where it is the main responsible for

glucose and galactose absorption [2].

Once into the tubular cell, glucose is passively released

at the level of basolateral membrane with a mechanism of

facilitated transport requiring GLUT2, going back into the

bloodstream. The activity of these two transporters is fully

independent upon insulin action.

When plasma glucose concentration raises and sustained

hyperglycemia occurs, tubular reabsorption increases

accordingly, till its maximum capacity (approximately

350 mg/min/1.73 m2, corresponding to glucose values of

180–200 mg/dl) is reached, and overcome, with the

exceeding glucose passing into urine. In the realty, there is

not a precise point beyond which that happens, and the so-

called splay represents urinary glucose excretion that is

evident before Tmax is reached. This can be explained

considering that a certain number of nephrons may release

glucose even at a lower level, others at a higher level, as

well as by the relatively low affinity of the transporters [3].

This concept is recalled in Fig. 2.
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In several animal models of diabetes, there is a strict

correlation between glucose levels and renal SGLT2

expression that can be down-regulated by an insulin infu-

sion [4, 5]; however, data in humans are scanty. The most

convincing evidence is, perhaps, that reporting an

increased expression and activity of this transporter in

tubular cells collected from urines of a few T2DM patients

vs controls [6].

Theoretically, what would you expect blocking these

transporters? You would expect that, of the filtered glu-

cose, very low or nothing is reabsorbed and a vast majority

is excreted. Therefore, modulation of renal glucose reab-

sorption is a precise therapeutic target: by a SGLT2 inhi-

bition, we may induce a relevant glycosuria, able to reduce

the glucotoxicity that marks T2DM patients and represents

an important determinant of organ damage [7].

The precursor of the modern SGLT2 inhibitors was

phlorizin, derived from the apple tree root [8]; more than

20 years ago, Rossetti et al. [9] brilliantly demonstrated as

partially pancreasectomised rats receiving phlorizin

showed a strong improvement of glucose levels and insulin

resistance. However, the experimental work on this com-

pound was then abandoned due to the scarce bioavailability

after oral administration, the relevant gastrointestinal side

effects and the putative interference with brain transporters.

Clinical research in this field has proceeded, and today we

have the availability of several selective SGLT2 inhibitors.

The full clinical meaning, implications and consequences

of such extreme selectivity, even configuring an undoubted

advantage in terms of efficacy and safety, is far from being

fully understood and requires investigation.

Pharmacokinetic and pharmacodynamic

The three main SGLT2 inhibitors in terms of available

preclinical and clinical studies are, in order of selectivity,

empagliflozin, dapagliflozin and canagliflozin, whose phar-

macokinetic is comparable [10]. The minimal dapagliflozin

dose able to induce urinary glucose excretion in healthy

individuals is 0.3 mg, but the daily amount of glycosuria is

variable, ranging between 18 and 62 g [11]. In T2DM, the

pharmacokinetic does not significantly differ from controls:

fast absorption, tmax of about 1.5–2 h and t1/2 of 16–18 h,

with a steady state reached after 4 days of treatment [12].

However, in T2DM individuals, at therapeutic doses,

SGLT2 inhibitors induce a higher glucose excretion (about

80 g/day), likely due to the increased tubular load of these

patients [13, 14]. It has been calculated that such excretion

approximately corresponds to an inhibition of 36 % in

T2DM and of 20–30 % in healthy volunteers; with repeated

doses, the mean inhibition raises up to 40–45 % in T2DM

and 15–50 % in non-diabetic individuals, again unveiling an

ample individual variability [15]. In simple words, despite

the current hypothesis of an increased presence and activity

of these transporters in T2DM [6], differences between

glycosuria obtained in healthy subjects after a series of

single, increasing SGLT2 inhibitor doses only slightly differ

from those observed in T2DM patients after repeated doses,

and this is confirmed by clinical trials. Several hypotheses

have been formulated to explain this phenomenon: we might

hypothesize that the amount of glucose reaching renal tubule

is too much for the number of transporters, or that other non-

SGLT2 transporters might be present, or that transporters

cannot be adequately reached by the inhibitor for anatomic

reasons. Other possibilities are the presence of a strong

protein link, with only a small free fraction of the inhibitor,

or, in the presence of a SGLT2 inhibition, the occurrence of

an increased expression and activity of SGLT1 transporters.

Again, drug might be secreted in a more distal site, or a

higher SGLT2 expression at the tubular level in humans

(respect to that expected on the basis of animal data) is

conceivable, making not sufficient the doses of the

Fig. 1 Relationship between glucose plasma concentration and renal

glucose reabsorption in normoglycemic individuals. The dotted line

and the gray area represent the hypothetical trend of glucose

excretion when its reabsorption is reduced by SGLT2 inhibitors

Fig. 2 Glucose renal reabsorption through sodium–glucose cotrans-

porters (SGLT1 and SGLT2) in the proximal tubule
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inhibitors. Lastly, the inhibitor might be excessively reab-

sorbed proximally, or many of these mechanisms might

coexist [16]. Alternatively, an easier and more direct

explanation can be drawn comparing the dynamicity of the

nephron, where pre-urine flows through the tubule, and the

phenomenon of trans-capillary filtration of solutes: in an in

silico model of rat nephron challenged with a 95 % inhibi-

tion of SGLT2, the prediction is that, in a normoglycemic

state, only 40 % of filtered glucose will appear in urines

[17].

An intriguing pharmacokinetic characteristic is an effect

of ‘‘desincronization’’ between plasma levels of the drug

and its glycosuric effect; in other words, a remarkable

glucose excretion persists along the time despite reduced

plasma drug levels. If we assume that SGLT2 inhibitors

would be actively secreted (beside filtered) in the proximal

renal tubule, it is clear that high drug concentrations may

reach the segment where SGLT2 transporters are, therefore

contributing to maintain the effect, especially when plasma

levels decline [16].

Race does not seem to significantly affect pharmaco-

logic profile of these compounds, except for a greater oral

absorption rate in Asian patients [18, 19]; interactions with

other drugs commonly used in diabetic patients (statins,

warfarin, digoxin) are not reported [20, 21].

Clinical efficacy

Effect on glucose control

SGLT2 inhibitors are effective when used inmonotherapy or

in initial combination with other agents, or as add-on to

already ongoing therapies. For each one of the three agents,

there is availability of several studies showing their efficacy

in improvingmetabolic control of the patients. Mean HbA1c

reduction was -0.8 % (-9 mmol/mol) [22], even higher

when baseline HbA1c values are above 9 % (75 mmol/mol).

Significantly higher, respect to placebo, is also the percent-

age of patients reaching the therapeutic goal: for example,

24 weeks of monotherapy with dapagliflozin 10 mg led to

51 % of patients achieving HbA1c\7.0 % (53 mmol/mol)

versus 32 % of those in the placebo group [23]. After

26 weeks of treatmentwith canagliflozin, 44.5 and 62.4 %of

subjects receiving 100 mg and 300 mg, respectively,

achieved HbA1c\7.0 % versus 20.6 % of those on placebo

[24]. Similar performances are reported when compared

with active treatments: for example, empagliflozin

monotherapy given for 24 weeks led to HbA1c\7.0 % in

35.3 and 43.6 % of subjects receiving 10 and 25 mg,

respectively, versus 37.5 % for the active comparator group

(sitagliptin 100 mg), and 12.0 % in the placebo group [25].

SGLT2 inhibition is effective in reducing HbA1c even in

combination with insulin, stabilizing insulin dosing and

reducing weight without increasing the number of major

hypoglycemic episodes [26, 27].

T2DM is a chronic disease with an inevitable progres-

sive course; this implies frequent, necessary therapeutic

variations and/or dose adjustments, to maintain the ideal

glycemic target for the patient. In this view, availability of

drugs able to guarantee a certain durability of their clinical

efficacy along the time is of crucial importance. The

SGLT2 inhibitors seem to have this capability: in pre-

registrative studies, a stability of HbA1c until 2 years has

been demonstrated [26, 28, 29]; post-marketing trials are

confirming these results at 4 years [30].

It is interesting to point out as using SGLT2 inhibitors

even before the clinical onset of diabetes has been

hypothesized, given their efficacy in improving b cell

function (largely due to reduced glucose toxicity) and

insulin sensitivity (obtained by preventing a further dete-

rioration of glucose tolerance) [31–33].

Effect on body weight

Treatment of obesity, a frequent comorbidity of T2DM, is a

difficult and demanding task, and different therapeutic

strategies (hypocaloric diets, promotion of physical activity,

behavioral therapy, pharmacologic intervention) have a

limited efficacy. SGLT2 inhibitors, either alone and as add-

on tometformin, induce a relevant and stableweight loss [34,

35]; such effect is maximized in patients treated already with

drugs usually inducing weight gain, like sulphonylureas or

pioglitazone [36, 37]; conversely, weight loss favorably

influences glucose and blood pressure control [38]. As by a

recent metanalysis including ten trials with 6701 participants

[39], canagliflozin led to greater body weight loss (-2.81 kg

vs. placebo). Similarly to glucose control, body weight

seems to remain relatively stable along the time [29].

A smart approach in preventing an undesired weight

gain is combining SGLT2 inhibitors with insulin, espe-

cially when patients are overweight or obese: in such

studies, a sustained weight loss has been obtained, together

with a reduction in daily insulin requirement [40].

Weight loss induced by SGLT2 inhibitors is mainly due

to a reduction in subcutaneous and visceral fat mass [41];

an adjunctive role in determining weight loss and main-

taining it stable can be played by a diuretic effect exerted

by these compounds. However, as recently and elegantly

shown by Ferrannini et al. [42], when accounting for gly-

cosuria but assuming no changes in energy intake, the

model-predicted weight loss would be much larger than

usually reported, with observed and predicted weight loss

diverging approximately at 24 weeks. The authors con-

clude that energy intake must have increased to explain the

attenuation of weight loss.
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Effect on arterial blood pressure

SGLT2 inhibitors constantly induce a reduction in either sys-

tolic (SBP) or diastolic blood pressure (DBP) [43, 44], mar-

ginally due to weight loss and rather to an increased sodium

excretion (even though sodium can be reabsorbed in the distal

nephron by other channels) [45], and to the osmotic diuresis

that followsglucose excretion.Even small, this sodium/volume

loss leads to a stimulationof the renin–angiotensin–aldosterone

system, thus triggering a counter-regulatory compensatory

mechanism to maintain sodium homeostasis [45].

Which is the entity of the antihypertensive effect?

Pooled analyses of data obtained with dapagliflozin show

changes from baseline in SBP and DBP of -3.6 and

-1.2 mm Hg, respectively, in hypertensive patients and

-2.6 and -1.2 mmHg, respectively, in non-hypertensive

patients [44]; similar reductions, confirmed by ambulatory

blood pressure monitoring, were obtained with empagli-

flozin and canagliflozin [46, 47]. An ample metanalysis

(twenty-seven randomized clinical trials, almost 13,000

participants) has shown a mean SBP reduction

-4.0 mmHg vs baseline, and -1.6 mmHg for DBP [48].

Other metabolic effects

SGLT2 inhibitors administration results in a small increase

in both LDL and HDL cholesterol [49, 50]; the mechanism

responsible for this undesired (for LDL cholesterol), albeit

clinically trivial effect, is still unclear. Recently, an oppo-

site effect according to the baseline LDL levels (reduction

when starting LDL cholesterol levels are [120 mg/dl,

increase in those with baseline \120 mg/dl) has been

reported with canagliflozin [51].

Another beneficial outcome of a prolonged treatment

with SGLT2 inhibitors is a reduction in uric acid levels

(mean of -40/50 lmol/l); such effect might assume rele-

vance in light of a recent metanalysis suggesting an

increased risk of CV mortality linked to hyperuricemia

[52], even though the causal relationship between uric acid

levels and CV risk needs further confirmation. The

hypothesized mechanism is a glycosuria-dependent

enhanced uric acid secretion at the proximal tubule and

inhibition of uric acid uptake via GLUT9 isoform 2 at the

level of the collecting duct [53].

Side effects and safety

This class of anti-hyperglycemic compounds is well tol-

erated. A point of strength in their favor is the very low risk

to induce hypoglycemia, with a slightly higher frequency

of hypoglycemic episodes only when they are used as add-

on to SU [54].

The most common side effects occurring during long-

term treatment with SGLT2 inhibitors concern the genito-

urinary apparatus; however, recent meta-analyses deny an

increased risk of urinary tract infections vs placebo or

active comparators, confirming the increased incidence of

genital mycotic infections, mainly in the female sex [55,

56]. The incidence of such infections seems also to vary

with the ethnicity.

Another potential undesired effect is linked to the

osmotic diuresis induced by these compounds, that might

promote a reduction in intravascular volume (-8 to 12 %,

like with thiazide diuretics), and a small rise in hematocrit

value, back to normal (likely through compensatory

mechanisms) during a prolonged SGLT2 inhibition [57].

Orthostatic hypotension rarely occurs; nevertheless, cau-

tion in using these compounds in elderly people at high risk

of dehydration is advisable, and patients particularly sen-

sitive to volume changes should be monitored for signs and

symptoms of dehydration and electrolyte abnormalities

when SGLT2 inhibitors are combined with diuretics.

Recently, cases of euglycemic ketoacidosis have been

reported in patients treated with SGLT2 inhibitors; a

detailed analysis of these cases, mainly occurred in cana-

gliflozin registration studies, has pointed out as many of

these patients were type 1 or insulin-treated T2DM with

high alcohol consumption, in which insulin dosage had

been inadequately reduced, or with a background diuretic

therapy that might have magnified the risk of dehydration;

there were also cases of latent autoimmune diabetes of

adulthood. In this view, physicians and patients should be

aware as such risk may increase in long-standing T2DM

patients with severe b-cell failure, or during prolonged

starvation, or concomitant acute illness, or after surgery

procedures [58].

An increased cotransport of phosphate and sodium is

intrinsically linked to SGLT2 inhibition; this might slightly

increase serum phosphate and PTH levels, thereby favoring

bone resorption [59]. PTH can also increase the secretion

of FGF23 by osteocytes that has been associated with bone

disease [60]. Increased levels of biochemical markers of

bone resorption and formation, and a small reduction in

mineral bone density, together with an increased risk of

bone fractures, have been reported with canagliflozin [59,

61]; further studies are needed to point out whether such a

detrimental effect should be considered a drug class effect

or it is compound specific.

Overall, prolonged treatment with SGLT2 inhibitors is

associated with a high health-related quality of life and a

great treatment satisfaction [62].

The relationship between SGLT2 inhibitors and cancer

risk remains inconclusive but warrants continued surveil-

lance, particularly as the number of treated patients and

duration of exposure increases. Updated data from trials
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performed with SGLT2 inhibitors show no overall imbal-

ance of malignancies; however, some neoplasms were

more common in dapagliflozin-treated individuals, like

bladder and breast cancer [63], even though such imbal-

ance might be the consequence of increased detection of

preexisting cancer for the former, and a better detection

following weight loss for the latter.

Cardiovascular safety

Pre-registrative and post-marketing data support a safe

cardiovascular (CV) risk profile of SGLT2 inhibitors [64];

regarding the relationship between use of SGLT2 inhibi-

tors and occurrence of major CV events, international

regulatory authorities require post-marketing studies

specifically addressing the non-inferiority of these novel

anti-hyperglycemic drugs, respect to those in use since a

longer time, in terms of long-term CV safety and potential

beneficial effects on microvascular and macrovascular

outcomes. Several trials are ongoing, but the EMPA-REG

OUTCOME Study, performed with empagliflozin, has

been concluded already, with the recent publication of its

striking results [65]. Briefly, 7020 T2DM patients with

previous personal history of CV disease (myocardial

infarction, stroke or peripheral arterial disease) were

randomized to either 10 mg empagliflozin, 25 mg empa-

gliflozin, or placebo, assessing the occurrence of the pri-

mary (death from CV causes, non-fatal myocardial

infarction and non-fatal stroke) and secondary endpoint

(hospitalization for unstable angina in addition to the

composite primary endpoint) along a median observation

time of 3.1 years. A significant reduction in the primary

endpoint (10.5 vs. 12.1 %) was observed in the empagli-

flozin group vs the placebo group, with a relative risk

reduction (RRR) of 14 % (P = 0.04). Similarly, a RRR

was noted in death from CV causes (RRR 38 %), hospi-

talization for heart failure (RRR 35 %) and all-cause

death (RRR 32 %). The study has also confirmed the

safety of empagliflozin, with no increase in bone fractures

or cancer risk.

The EMPA-REG OUTCOME is a successful clinical

study able to open novel scenarios but also leaving open

and unsolved several questions, mainly regarding the

mechanism(s) underlying such impressive CV benefit, and

the question whether that is a class effect or should be

regarded as exclusive of empagliflozin. Regarding the first

point, several candidates might play a role: some of them

are reported in Table 1. On the second point, the

DECLARE-TIMI58 trial (ClinicalTrials.gov Identifier:

NCT01730534), with dapagliflozin, more likely focusing

on patients in primary prevention) and the CANVAS trial

(NCT01032629), with canagliflozin, running in high CV

risk individuals, whose results will be available within a

few years, will be hopefully able to confirm the efficacy of

SGLT2 inhibitors as a class of anti-hyperglycemic agents

able to reduce residual risk of T2DM patients irrespective

of glucose-lowering action.

SGLT2 inhibitors and the kidney: an intriguing
relationship

The glycosuric efficacy of SGLT2 inhibitors has two main

determinants: plasma glucose levels and glomerular filtra-

tion rate (GFR); as elegantly shown [66], at baseline,

absorbed glucose linearly depends upon filtered glucose,

and glycosuria occurs when glucose filtration rate is

approximately 225–250 mg/min. After SGLT2 inhibition,

we observe a reduced absorption and an increased excre-

tion and that is true for the whole range of glomerular

filtration. Both absorption and excretion increase in a

parallel and linear fashion according to the increased GFR,

without any clear evidence of a glycosuria threshold.

Indeed, glycosuria increases as a function of GFR and

glucose levels, and its amount can be reasonably predicted

in each individual. As a consequence, the amount of gly-

cosuria and the fractional glucose excretion is significantly

lower in patients with GFR\60 ml/min/1.73 m2, even in

the presence of a remarkable inter-individual variability.

However, this does not seem to be the case for BP lowering

Table 1 Some potential

explanations of the

cardiovascular protection

observed in the EMPA-REG

OUTCOME Study

Mechanism Brief comment

Anti-hyperglycemic

effect

Improbable (small difference in HbA1c between treatment and placebo; too

fast development of the protective effect in empagliflozin arms)

Weight loss Exiguous quantitative difference among the groups

BP reduction This clinical action might have played a role; a trend toward an increased risk

of non-fatal stroke contradicts such hypothesis

Uricosuric effect Interesting potential candidate, likely not the only one

Anti-inflammatory effect The effects of SGLT2 inhibition on systemic inflammation is, so far, unknown

Osmotic diuresis This action improves ventricular function

Anti-arrhythmic effect Glucagon might mediate such kind of protection
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effect, which is maintained and even magnified in people

with CKD [67]; these patients encounter a beneficial effect

on body weight too.

Apparently at odds with these clinical evidences are

multiple recent reports of a nephroprotective effect of

SGLT2 inhibitors [68]. SGLT2 administration seems to

promote a recovery of glomerular hyperfiltration, a deter-

minant of progressive renal disease in T2DM patients [69],

likely through mechanisms of tubular–glomerular feedback

[44]; data on albuminuria are less consistent [70].

Conclusive remarks

Based on the so far available data (clinical trial and post-

marketing experience), SGLT2 inhibitors are effective in

treating T2DM when used as either monotherapy or add-on

to any other anti-hyperglycemic drug. Administered once

daily, they are well tolerated and do not show relevant

pharmacologic interactions. Their uniquely insulin-inde-

pendent mechanism of action promotes a significant weight

loss and a clinically relevant SBP reduction. Risk of hypo-

glycemia is low. For these reasons, such class of drugs is

strongly recommended in treating obese and/or hypertensive

T2DM individuals, pending a good renal function (if not, the

drug would be simply less effective in correcting hyper-

glycemia) (Fig. 3). The more recent algorithm for treating

T2DM, suggested last year by the American Diabetes

Association and by the European Association for the Study

of Diabetes, puts SGLT2 inhibitors after metformin, as any

other therapeutic option, included insulin. Reinforcement of

therapy is recommended anytime, despite 3 months of

treatment with metformin at the maximal tolerated dosage,

the ideal HbA1c target for the patient is not reached. SGLT2

inhibitors can be also considered as first-choice drugs in

individuals who do not tolerate metformin, because, as GLP-

1 analogues and DPP-IV inhibitors, they do not expose to

the risk of hypoglycemia neither induce weight gain. As any

other new drug, an adequate clinical experience on their

long-term use is still lacking, mainly in terms of safety; the

numerous post-marketing ongoing studies, as well as a

growing clinical use, will contribute to enlarge the knowl-

edge in this field.

To conclude, it should be pointed out as to combine a

safe lifestyle with an adequate and constant adherence to

therapy is of crucial importance to assure that the insertion

of a novel drug in a whatever therapeutic scheme would be

successful. The American Association of Diabetes Educa-

tors identifies seven critical behaviors in managing a

T2DM patient: glycemic self- monitoring, physical activ-

ity, healthy diet, a quick facing and solving small daily

problems of disease management, learning to manage

stress and reducing risk factors [71]. Physicians, nurses and

all sanitary personnel of diabetes world, together with

patient’s family entourage, should play their own role to

educate patients, informing them of benefits and risks of

the therapy, sustaining them in difficult phases, encourag-

ing them, all aiming at reaching and maintaining the

expected metabolic control, reducing complications, ensure

to these individuals a long and high-quality life.
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