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Abstract: This comprehensive review covers the historical background, physiology, applica-

tion in type 2 diabetes, novel uses, cardiovascular benefits, side effects and contraindications of

sodium-glucose cotransporter-2 (SGLT2) inhibitors. SGLT2 inhibitors are an insulin-indepen-

dent class of oral antihyperglycemic medication that clinicians use in the treatment of type 2

diabetes. Multiple landmark clinical trials support the effectiveness of SGLT2 inhibitors in

reducing blood glucose levels, but it is important to understand when to properly utilize them.

SGLT2 inhibitors are the most beneficial as an adjunct medication in addition to metformin in

patients with a history of cardiovascular or renal disease who need further hemoglobin A1c

reduction. The novel mechanism of action also demands clinicians be aware of the side effects

not typically experienced with other oral antihyperglycemic drugs, such as genital tract

infections, lower leg amputations, electrolyte disturbances and bone fractures. On top of

their benefits in type 2 diabetes, novel uses for SGLT2 inhibitors are being uncovered.

Diabetic patients with non-alcoholic fatty liver disease, who are at an increased risk of cirrhosis

and hepatocellular carcinoma, experience a clinically significant reduction in serum alanine

aminotransferase levels. SGLT2 inhibitors are also effective at lowering body weight in obese

individuals and decreasing systolic blood pressure. Dual SGLT1/SGLT2 inhibitors are cur-

rently being investigated as possibly the first oral medication for type 1 diabetes.
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Background And Physiology
The kidney’s role in glucose homeostasis has been observed by researchers as early as the

1930’s. This research documented that almost all of the glucose filtered by the glomerulus

was then reabsorbed by the proximal tubule of the kidney. They also found that glucose

reabsorption could be inhibited with the use of phlorizin, a naturally occurring phenolic

glycoside found in the bark of apple trees.1,2 A healthy kidney can reabsorb up to 180 g of

glucose from the glomerular filtrate each day.3 However, the exact mechanism of this

glucose reabsorption has not been completely understood until recently.

Scientists studying cells in the lining of the intestine found two distinct cate-

gories of glucose transporters: Glucose transporters (GLUTs) and Sodium-glucose

cotransporters (SGLTs). GLUTs are passive transporters where the substrate follows

its concentration gradient without the use of energy. In contrast, SGLTs are sec-

ondary-active transporters that utilize the energy of one substrate going down the

concentration gradient to drive the transport of the second substrate uphill, hence

coupling glucose transport to the inwardly-directed sodium gradient.4,5 In humans,

there are six SGLTs and 14 GLUTs in total.5,6
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Three of these glucose transporters have been found to

be responsible for the reabsorption of glucose at the prox-

imal tubule: SGLT1, SGLT2 and GLUT2.7,8 With respect

to location, SGLT1 is found mostly in the small intestine

and kidney while SGLT2 is found almost exclusively in

the kidney.9 SGLT2 is a low-capacity, high-affinity glu-

cose transporter while SGLT1 is high-capacity, low-

affinity.10,11 Familial Renal Glycosuria (FRG) is a genetic

condition where glycosuria is present in the absence of

hypoglycemia and renal tubular dysfunction. A molecular

analysis of these patients found mutations in the SGLT2

gene, also known as SLC5A2.12

Early research suggested that SGLT2 accounts for 90% of

the glucose reabsorption while SGLT1 plays a clean-up role

for the remaining 10%.13 However, further research has sup-

ported a more complimentary model where SGLT1 plays a

substantial role reabsorbing glucose in the S3 segment of the

proximal tubule.14 SGLT2 inhibitor drugs are only capable of

50% inhibition of glucose reabsorption despite possessing

high affinity for SGLT2.15,16 This suggests future drugs block-

ing both SGLT1 and SGLT2 have the potential to be more

effective in the treatment of type 2 diabetes.

Phlorizin ultimately could not be used as an antihyper-

glycemic drug because of its poor oral bioavailability, short

half-life and lack of SGLT1/SGLT2 selectivity.17 Drug

researchers were able to overcome this by developing phlor-

izin derivatives that prevent the hydrolysis of molecules

through chemical C-glycosylation.18 These phlorizin C-glu-

coside analogs are the current SGLT2 inhibitors used today

by clinicians in the treatment of type 2 diabetes.

Mechanism Of Action
The flux-coupling of sodium and glucose transport in

epithelia was proposed about 60 years ago by Robert

Crane and eventually the identity of the first SGLT protein

was determined by expression cloning in the late

1980’s.19,20 Since then 12 members of this larger SLC5

gene family (including the six SGLT members) have been

cloned from humans and their physiological functions are

still being determined.7,21 Although SGLT2 was cloned

over 25 years ago, the pharmacology and functioning of

the transporter at a molecular level has only become

apparent in the last few years.7,22 SGLT2 inhibitors differ

from other antihyperglycemic oral agents by offering an

insulin-independent mechanism of action. They reduce

blood glucose though glycosuria and natriuresis initiated

by the inhibition of glucose reabsorption at the proximal

tubule of the kidney.15 Pharmacodynamic studies have

revealed that SGLT2 inhibitors are filtered from the

blood through the glomerulus and exhibit their inhibitory

effects exclusively on the extracellular side of the plasma

membrane.23 Recent work determining the differences

between SGLT2 and SGLT1 has identified an additional

Na+ binding site in SGLT1 that is not present in SGLT2.

Using a molecular modeling approach, it was proposed

that the second Na+ binding site in SGLT1 prevents the

current therapeutic phlorizin derivative drugs from binding

to SGLT1, explaining the lower inhibitory effect on trans-

port function.22

Current SGLT2 Inhibitors
There are four SGLT2 inhibitors approved by the Food and

Drug Administration since 2013: canagliflozin, dapagliflo-

zin, empagliflozin and ertugliflozin. (Table 1) There are

also combination drugs available for patients with type 2

diabetes. They include either metformin or a dipeptidyl

peptidase-4 (DPP-4) inhibitor as the second active drug.

The SGLT2 inhibitors differ mostly in their binding, affi-

nity and selectivity for SGLT transporters.24,25

In most situations, cost and insurance will dictate

which SGLT2 inhibitor is selected. However, there is

evidence that empagliflozin should be used in patients

with previous stroke or myocardial infarction. The

EMPA-REG (EMPAgliflozin Removal of Excess of

Glucose) OUTCOME study found those using empagli-

flozin experienced a 38% relative risk reduction in cardi-

ovascular related deaths vs placebo.26 Studies have shown

that Canagliflozin has a slightly more pronounced reduc-

tion in HbA1c, but showed a higher risk of lower limb

amputations.27,28

Recently, results from the largest SGLT2 inhibitor trial

to date, DECLARE-TIMI 58 (Dapagliflozin Effect on

CardiovascuLAR Events), have been analyzed and

published.29 This was a study of 10 mg once daily dapa-

gliflozin assessing cardiovascular outcomes and safety in

patients with type 2 diabetes. This study investigated pri-

mary prevention (diabetes and multiple risk factors such as

dyslipidemia, hypertension and current tobacco use) and

secondary prevention (diabetes and established cardiovas-

cular disease). Importantly this study also included a group

of more than 10,000 diabetic patients without atherosclero-

tic cardiovascular disease. Dapagliflozin reduced the rate

of cardiovascular death and hospitalization for heart fail-

ure irrespectively of underlying presence of atherosclerotic

vascular disease.29 This trial also showed no evidence of

an increased risk of stroke, limb amputations or fractures
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when compared to placebo. This study did show an

increased rate of diabetic ketoacidosis and genital infec-

tion, similar to previously published studies with other

SGLT2 inhibitors.26,30,31

The disease burden from diabetes extends to the heart,

blood vessels and the kidney, with increased complications of

heart failure, atherosclerosis and renal disease.32 Three clinical

trials have published their outcomes on SGLT2 inhibitors, the

EMPA-REG OUTCOME trial,26 the CANVAS Program

(CANagliflozin cardioVascular Assessment Study)30 and

DECLARE-TIMI 58.29 The results from a meta-analysis of

these three trials indicate that SGLT2 inhibitor’s benefits

include, reduced hospitalization for heart failure, renal disease

and major adverse cardiovascular events.33 An important

observation was that the reduction in hospitalization for heart

failure and renal disease was seen in the groups with and

without vascular disease. This rather importantly implies that

it may be beneficial to broaden SGLT2 inhibitor use to indivi-

duals with type 2 diabetes for first line therapy, together with

metformin in type 2 diabetics without a history of vascular

disease, kidney disease or heart failure.32

Use In The Treatment Of Type 2
Diabetes
The American Diabetes Association (ADA) recently pub-

lished their 2019 guidelines for using glucose lowering

medications in the treatment of type 2 diabetes.34

Comprehensive lifestyle modifications and the use of met-

formin remain the first line therapy to achieve a target

HbA1c of less than 7.0. If this fails, the clinician should

then decide the next therapy based on if there is estab-

lished atherosclerotic cardiovascular disease (ASCVD),

congestive heart failure (CHF) or chronic kidney disease

(CKD) present. SGLT2 inhibitors are a preferred adjunct

medication in patients with these conditions, assuming

there is an acceptable eGFR. The ADA guidelines also

recommend SGLT2 inhibitors when there is a compelling

need to promote weight loss.34

Monotherapy Vs Combination Therapy
SGLT2 inhibitors are typically reserved as a second or

third-line drug in the treatment of type 2 diabetes, but

they can also be used as monotherapy when metformin is

contraindicated. A study assessing the efficacy of ertugli-

flozin as a monotherapy in type 2 diabetes reported a

placebo-adjusted HbA1c mean reduction of −0.99% to

−1.16% for ertugliflozin 5 mg and 15 mg respectively.35

The EMPA-REG MONO trial found empagliflozin 10 and

25 mg as a monotherapy reduced HbA1c −0.74% to

−0.85% respectively on average at 24 weeks.36 A subse-

quent extension study found the antihyperglycemic effect

was sustained past 72 weeks and empagliflozin was well

tolerated by the trial participants.37

Table 1 FDA Approved SGLT2 Inhibitors

Drug Name Dosagea

(mg)

Reduction

In HbA1cb
SGLT2

IC50
c

(nmol/L)

Considerations For

Patients

Cardiovascular Outcomes Future Potential

Uses In Non-DM

Canagliflozin

(Invokana)

100, 300 −0.77, −1.03 2.7 Strongest effect on

reducing BP; Increased

risk of lower limb

amputations

CANVAS program30

Reduced risk of i) death from

cardiovascular events, ii) nonfatal

myocardial infarction, and iii)

nonfatal stroke

NAFLD

SIADH

Heart failure

Weight loss

High cholesterol

Alzheimer’s disease

Coronary artery

disease

Ischemic heart disease

Empagliflozin

(Jardiance)

10, 25 −0.66, −0.78 3.1 Use in patients with

previous stroke or MI

EMPA-REG OUTCOME26

Reduced HHF and death from

cardiovascular causes

Dapagliflozin

(Farxiga)

5, 10 −0.82, −0.89 1.2 Positive effects on

LDL-C and HDL-C

DECLARE-TIMI 5829

Reduced HHF and CVD

Ertugliflozin

(Steglatro)

5, 15 −0.99, −1.16 0.9 Stricter eGFR

restriction

(<60 mL/min/1.73m2)

VERTIS-CV

Estimated Completion Date:

December 2019

Notes: aAll dosages are once per day (qd). bPercentage reduction from baseline 24–26 weeks. cTaken from reference.128

Abbreviations: FDA, Food and Drug Administration; SGLT2, Sodium-Glucose Cotransporter-2; HbA1c, Hemoglobin A1c; BP, blood pressure; MI, myocardial infarction;

LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol.
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A meta-analysis of 15 randomized controlled trials

compared metformin monotherapy vs the initiation of

combination therapy with an SGLT2 inhibitor. This analy-

sis reported adding an SGLT2 inhibitor resulted in an

additional HbA1C reduction of −0.43%, an increase in

achieving an HbA1C goal of less than 7.0 and reduction

in fasting plasma glucose levels.38

A meta-analysis of 804 diabetic patients found the

combination of an SGLT2 inhibitor with DPP4 inhibitors

demonstrated the strongest antihyperglycemic effect.39

Another study comparing the addition of an SGLT2 inhi-

bitor as a third drug or initiating isophane insulin in treat-

ment resistant diabetic patients found that the long-term

benefits of SGLT2 inhibitors likely offset the startup cost

difference.40

Cardiovascular Effects
Congestive Heart Failure

The EMPA-REG OUTCOME trial reported that empagli-

flozin use resulted in a 35% risk reduction in hospitaliza-

tions for congestive heart failure and a 38% risk reduction

in death from cardiovascular causes.26 This study did not

differentiate between systolic and diastolic heart failure

outcomes.26 It is hypothesized that the diuretic and natriure-

tic effects of empagliflozin are responsible for the cardio-

vascular risk reduction effects.41 A recent animal study

found empagliflozin reduced blood pressure, increased left

atrial dilatation and improved left ventricular contractility.

There was also a statistically significant improvement in

cardiac fibrosis and modulation of the genes involved in

fatty acid metabolism.42 The RECEDE-CHF (REnal and

Cardiovascular Effects of SGLT2 inhibition in combination

with loop Diuretics in diabetic patients with Chronic Heart

Failure) trial is currently investigating the diuretic and

natriuretic effect of Empagliflozin 25mg when combined

with furosemide.43

In a large observational analysis of cardiovascular out-

comes in over 300,000 patients (CVD-REAL) newly trea-

ted with SGLT2 inhibitors, a significant cardiovascular

benefit was observed in glucose lowering drugs in diabetic

patients.44 This benefit in lowering the risk of cardiovas-

cular death and heart failure was also observed in patients

without previous cardiovascular disease. In the EMPA-

REG trial, treatment with empagliflozin in a population

of diabetic patients with cardiovascular disease showed

reductions in major adverse cardiovascular events, includ-

ing death and hospitalization for heart failure.26 In the

DECLARE-TIME 58 trial,45 dapagliflozin treatment

showed large reductions in cardiovascular deaths and hos-

pitalization for heart failure, irrespectively of the presence

of baseline atherosclerotic cardiovascular disease.

However, the reductions in cardiovascular death were not

explained by decreases in myocardial infarctions, interest-

ingly the SGLT2 inhibitor appeared to prevent cardiovas-

cular death primarily by reducing death from heart failure.

Dapagliflozin also led to a greater reduction in cardiovas-

cular deaths in heart failure patients with a reduced left

ejection fraction compared to heart failure patients without

a reduced ejection fraction.45

The mechanisms by which SGLT2 inhibitors could be

beneficial in heart failure with reduced ejection fraction

include a reduction in the strain and stress on the heart

walls and by protective metabolic and anti-inflammatory

effects.46–48 The most logical mechanism is that SGLT2

inhibitors increase glycosuria, natriuresis and osmotic

diuresis, which will reduce effective circulating volume

and reduce preload. The decrease in blood pressure will

in parallel reduce cardiac afterload.45,47,48

Blood Pressure

When compared to placebo, multiple studies have shown

that SGLT2 inhibitors are associated with both a systolic

and diastolic blood pressure reduction. In the EMPA-REG

BP trial, researchers investigated the effect of empagliflo-

zin on patients with type 2 diabetes and hypertension.

Participants in the study received one of the three possible

interventions: empagliflozin 10 mg, 25 mg, or placebo. At

the end of the 12 weeks, those who received 10 mg of

empagliflozin saw a −3.44 and −1.36 mm Hg reduction in

systolic and diastolic blood pressure respectively com-

pared to placebo. For 25 mg of empagliflozin vs placebo,

the reduction was −4.16 and −1.72 mm Hg, respectively.49

A meta-analysis done by Vasilakou et al found a mean

reduction of −3.77 mm Hg and −1.75 mm Hg in systolic

and diastolic blood pressure respectively compared to pla-

cebo. Canagliflozin was found to have the strongest over-

all effect on blood pressure out of the SGLT2 inhibitors.50

Cardiovascular Fitness

Increasing physical activity is one of the primary lifestyle

changes recommended for the treatment of type 2 diabetes.

Patients with diabetes show decreased cardiovascular fit-

ness, skeletal muscle mass and overall physical activity

levels.51,52 Multiple studies have demonstrated that glita-

zones and glucagon-like peptide-1 (GLP-1) agonists have

positive effects on cardiovascular fitness.53–55 Two pilot
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studies have been implemented to investigate if empagli-

flozin improved cardiovascular fitness levels in patients

with type 2 diabetes with congestive heart failure. In

patients who were taking loop diuretics, both studies

found a significant improvement in VO2peak. However,

those not on loop diuretics did not experience the same

benefit. It is hypothesized that the synergistic effect of the

two medications is due to increased sodium delivery to the

distal tubules, which amplifies the natriuretic effect of

diuretics.56,57

Novel Uses
Non-Alcoholic Fatty Liver Disease
Non-alcoholic fatty liver disease (NAFLD) is defined as

fat accumulation in the liver associated with insulin resis-

tance and the presence of steatosis in >5% of hepatocytes

on histological analysis. This includes hepatic steatosis

caused by non-alcoholic steatohepatitis (NASH), cirrhosis

or simple steatosis. NAFLD does not include disease due

to excessive alcohol consumption, hepatitis, drugs or other

rare conditions.58 Type 2 diabetes and insulin resistance

are strongly associated with NAFLD. It is estimated that

the prevalence of NAFLD in type 2 diabetes is 69–87%

depending on the imaging modality used vs 30% in the

general population.59 Patients with NAFLD experience an

increased risk of cirrhosis and hepatocellular carcinoma.60

A reduction in serum alanine aminotransferase (ALT)

of 30% or greater from baseline was found to be predictive

for improvement in liver fibrosis progression in NASH

patients.61 A pilot study by Seko et al investigated the

use of 100 mg canagliflozin over 12 weeks in type 2

diabetic patients with NASH of varying stages. They

found that canagliflozin reduced ALT by 23.9 U/L on

average and the greatest benefit was for those in early

stage NASH compared to later stage fibrosis. The authors

also encouraged a larger, more robust study to confirm

their results as they had a small sample size.62 Animal

studies have revealed insight into the mechanism behind

the protective effects SGLT2 inhibitors have on NASH.

Canagliflozin was shown to upregulate zinc-α2-glycopro-
tein (ZAG) levels, reduce hepatic inflammatory cytokines

and enhance Bcl-2 expression. It also reduced oxidative

stress in the liver and boost antioxidant capacity.63

Weight Loss/Obesity
SGLT2 inhibitors cause weight loss in a dose dependent

manner. Meta analyses estimate the weight loss effect to

be approximately 1.5–2.5 kg.28 However, these weight

loss effects are curbed by an increase in energy intake.64

Another study reported 150 mg of licogliflozin, a Japanese

dual SGLT1/SGLT2 inhibitor, significantly reduced the

body weight of obese individuals without diabetes by

5.7% vs placebo. A positive effect on incretin hormones

was also observed.65 There are multiple clinical trials

currently investigating the utility of SGLT2 inhibitors on

obese individuals without diabetes. While likely not effec-

tive enough as a monotherapy for obesity, SGLT2 inhibi-

tors could potentially be effective in weight loss when

combined with other drugs that reduce the consumption

of food.

Early Stage Lung Adenocarcinoma
A recent study has implicated SGLT2 expression in early

lung tumor development in both premalignant lung lesions

and early stage adenocarcinoma. Scafoglio et al found that

selectively targeting SGLT2 with canagliflozin signifi-

cantly prolonged survival rates in mice.66 However, the

effect was not permanent as tumor growth eventually

escaped SGLT2 inhibition, likely due to upregulation of

SGLT2. The researchers were also able to modify proton

emission tomography (PET) scans to track activity of

SGLT2, which has potential to be useful in the evaluation

of response of early stage lung lesions to SGLT2 inhibitor

treatment. Further studies testing the use of SGLT2 inhi-

bitors in early stage lung adenocarcinoma need to be done

before the clinical significance can be determined.66

Contraindications
Clinicians should assess renal function before the initiation

of SGLT2 inhibitors and periodically after prescribing

them. Empagliflozin, dapagliflozin and canagliflozin

should not be initiated in patients with an eGFR persis-

tently less than 45 mL/min/1.73m2, and those on treatment

should be discontinued if eGFR drops below this thresh-

old. Ertugliflozin should not be initiated or continued in

patients with an eGFR consistently less than 60 mL/min/

1.73m2. The entire class of SGLT2 inhibitors are abso-

lutely contraindicated in patients with an eGFR less than

30 mL/min/1.73m2.67–70

Side Effects
Genital Tract Infections
There is an increased risk of genital tract infections of myco-

tic origin in those with type 2 diabetes. Glycosuria, impaired
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immunity, and the hyperglycemia combined with a warm,

moist environment all are contributing factors.71,72 Besides

genital tract infections, patients with type 2 diabetes are at a

two-fold or worse risk of osteomyelitis, skin and soft tissue

infections, sepsis and post-operative infections.73,74

The negative effect SGLT2 inhibitors have on genital

tract infection incidence has been studied extensively.

The FDA also recently issued a safety announcement

regarding the use of SGLT2 inhibitors after 12 cases of

Fournier’s gangrene were reported.75 One meta-analysis

of 12 randomized, placebo-controlled Phase 2b/3 trials

found dapagliflozin significantly increased the risk of

vulvovaginitis and balanitis infections.76 Another dou-

ble-blind, placebo-controlled study reported a higher

incidence of genital infections among those using

dapagliflozin.77 The infections in these studies were

mostly mild to moderate, responsive to standard treat-

ments and generally did not require discontinuation of the

SGLT2 inhibitor. Compiled data on the use of canagli-

flozin and genital tract infections indicate a high inci-

dence of infection at the initiation of a SGLT2 inhibitor

(first 24–26 weeks), but the frequency of infection sig-

nificantly decreased over time.78

Amputations
The CANVAS trial reported canagliflozin use increased

the risk of lower limb amputation by 97% compared to

placebo.30 The mechanism is not well understood, but it is

hypothesized that volume depletion induced by SGLT2

inhibitors contribute to circulatory failure in the distal

arterial beds.79 The amputations were primarily located

at the level of the toe or metatarsal and the risk vs placebo

remained consistent among those with peripheral vascular

disease and a history of previous amputations.30 The

increased risk of amputation with canagliflozin was similar

when calculated using both the difference in restricted

mean survival time (RMST) and hazard risk (HR).80

Empagliflozin has not been associated with a risk of

lower limb amputation.81

A retrospective cohort study of 953,906 diabetic

patients found an association between the initiation of

SGLT2 inhibitors with an increased risk of amputation

when compared to metformin, sulfonylureas and thiazoli-

dinediones. However, this difference was not significant

when new use of SGLT2 inhibitors were compared to

DPP-4 inhibitors or GLP-1 agonists.82

Bone Fractures
Type 2 diabetic patients experience paradoxical bone

effects as a result of their disease. Multiple studies and

meta-analyses support the conclusion that patients with

type 2 diabetes have an increased bone mineral density

on DEXA scans. However, they are much more suscepti-

ble to hip fractures.83–85

The consequences SGLT2 inhibitors have on this para-

doxical effect of diabetes is unclear and controversial.

There are animal studies that demonstrate canagliflozin

adversely affects bone microarchitecture, bone strength

and bone mineral density.86,87 Likewise, one clinical trial

with canagliflozin observed a reduction in hip bone

mineral density, but not at other bone locations on

DEXA scan. There is evidence that the reduction in bone

mineral density may be related to weight loss and decrease

in estradiol.88 Kohan et al described fractures with the

administration of dapagliflozin, but the location of the

fractures was more indicative of falls rather than bone

density problems.89 In the Canagliflozin Cardiovascular

Assessment Study (CANVAS), the incidence of fracture

vs placebo was statistically significantly higher (4.0% vs

2.6%). However, further analysis of the data in CANVAS

found the statistical significance no longer existed after

excluding the fractures not associated with osteoporosis or

skeletal fragility.90 In contrast, there are multiple meta

analyses that conclude SGLT2 inhibitors are not associated

with an increased risk of fractures. These analyses include

58 peer-reviewed studies and 38,670 patients in total.91

Electrolyte Imbalance
Multiple meta-analyses have found that SGLT2 inhibitors

cause a small percentage change in serum electrolyte

levels. Canagliflozin was associated with a statistically

significant increase in serum magnesium levels, which

operated in a dose-dependent manner. Empagliflozin and

dapagliflozin were also found to have a statistically sig-

nificant increase in magnesium levels. However, dapagli-

flozin only increased serum magnesium levels at the 10

mg dose. With respect to sodium levels, there was a

difference noted between empagliflozin and canagliflozin.

Empagliflozin 25 mg increased serum sodium and canagli-

flozin 300 mg decreased sodium levels. Serum phosphate

levels are slightly increased using SGLT2 inhibitors. The

analyses found that potassium and calcium levels were

unaffected by SGLT2 inhibitors.92–94
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It is possible that the increase in magnesium and phos-

phate levels is partially responsible for the cardiovascular

event reduction found in the EMPA-REG OUTCOME trial

through the prevention of arrythmias.26 However, the

increase in phosphate might also be responsible for the

negative bone density and fracture side effects noted with

SGLT2 inhibitors in the CANVAS trial. The increased

phosphate causes an increase in parathyroid hormone

levels, which accelerates bone resorption. Rising fibroblast

growth factor 23 (FGF-23) levels also are associated with

the increased phosphate levels, leading to a decrease in

serum vitamin D concentration.95

Diabetic Ketoacidosis
Diabetic ketoacidosis (DKA) is strongly associated with

type 1 diabetes but euglycemic DKA is also seen in type

2 diabetics with critical illness or who are ketosis-prone.

There are three potential mechanisms for DKA in type 2

diabetics: insulinopenia, creation of counterregulatory stress

hormones and free fatty acid elevations. Insulinopenia is the

mechanism with the most support in the literature.96 SGLT2

inhibitors lower the insulin to glucagon ratio and enhance

lipolysis, which stimulates the production of ketones in the

liver.97 A recent study of diabetic rats treated with SGLT2

inhibitors suggested insulinopenia and dehydration are the

key factors in the development of DKA.98 Euglycemic

DKA has been reported in the literature in patients with

type 2 diabetes on SGLT2 inhibitors.99,100 However, multi-

ple meta-analyses have found no increased risk of DKA for

patients taking SGLT2 inhibitors vs placebo.101,102

Lipids
SGLT2 inhibitors may cause a slight increase in both HDL

and LDL cholesterols levels in a dose dependent manner.

Many studies, including the EMPA-REG OUTCOME trial,

have associated empagliflozin with an increase in both

HDL-C and LDL-C when compared to placebo.26,36,103,104

A meta-analysis of SGLT2 inhibitor trials reported an

increase in both HDL-C and LDL-C and a decrease in

triglycerides versus placebo.105 Studies investigating cana-

gliflozin, including the CANVAS trial, have also reported

similar increases in HDL and LDL cholesterol.30,78 Another

study found dapagliflozin increased LDL and HDL choles-

terol. However, there was a decrease in atherogenic small

density LDL-C and increase in the less atherogenic large

buoyant LDL-C.106

The mechanism by which SGLT2 inhibitors alter lipids

is not entirely understood, but it is likely a combination of

hemoconcentration and a decrease in LDL receptor activ-

ity in the liver. The reduction in hepatic LDL receptor

expression is likely due to the increase in HMG-CoA

reductase activity.107,108

Uric Acid/Chronic Kidney Disease
Chronically high serum uric acid levels are associated with

the progression of chronic kidney disease (CKD). Zoppini

et al observed that the incidence of CKD more than doubled

in the presence of elevated serum uric acid.109 Another

study found a similar associated risk between serum uric

acid level and CKD, but also found that higher levels

encouraged more rapid CKD progression.110 It is thought

that elevated serum uric acid levels negatively affect the

kidney by increasing inflammation-mediated damage to the

glomerular and tubule-interstitial structure.111,112

SGLT2 inhibitors are associated with a substantial reduc-

tion of serum uric acid levels. As an adjunct antihyperglyce-

mic medication, they lower serum uric acid levels by

approximately 0.60 to 0.75 mg/dL. They could also be effec-

tive as a second medication to use in addition to xanthine

oxidase inhibitors in the treatment of gout.113,114 A meta-

analysis investigating the effect of SGLT2 inhibitors on uric

acid found the entire class of drugs significantly lowered

serum uric acid levels. Empagliflozin had the strongest

effect, and dapagliflozin was found to decrease serum uric

acid in a dose-dependent manner. The reduction was most

pronounced in patients with early diabetes, and the effect was

diminished in those with chronic kidney disease.115 The use

of insulin also abates the drugs’ effect, likely due to the

hyperuricemic effects of increased insulin levels.116 Chino

et al found that the SGLT2 induced glycosuria was accom-

panied by an increase in the urinary excretion rate of uric

acid, which is responsible for the serum uric acid lowering

effect.117

Renal Effects
Evidence from large trials primarily investigating cardio-

vascular outcomes of SGLT2 inhibitors but with renal

outcomes as secondary aims are amassing and suggesting

that SGLT2 inhibitors are offering renal protective effects,

not directly associated with their plasma glucose lowering

properties attributed to the inhibition of the SGLT2

transporter.26,29,30 The EMPA-REG OUTCOME trial

included subjects with modestly reduced kidney function.

In this trial a reduction in albuminuria progression and a

decrease in the percentage of patients with acute kidney

injury were observed in the empagliflozin treatment
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groups.26 After an initial decline of 3ml/min, the empagli-

flozin group showed a marked slower decline in eGFR

compared to the placebo group, implying a protective

effect on the kidney and preventing the decline of kidney

function.118 In the CANVAS Program, in addition to a

decrease in the progression of albuminuria, the composite

outcome of a 40% reduction in eGFR, need for renal

replacement therapy or death from renal causes was also

reduced in the canagliflozin group.29 The DECLARE-

TIMI 58 trial showed a 46% reduction in a sustained

decline of eGFR in the dapagliflozin group. The popula-

tion in the DECLARE-TIMI 58 trial had better initial renal

function than the EMPA-REG and CANVAS trials and it

took longer (year 3 and 4 of trial) for protective benefits in

eGFR to be observed in the active dapagliflozin treatment

group compared to the placebo group.119

The CREDENCE (Canagliflozin and Renal Events in

Diabetes with Established Nephropathy Clinical

Evaluation) trial was specifically designed to assess the

effects of the SGLT2 inhibitor canagliflozin on renal out-

comes in patients with type 2 diabetes and albuminuric

chronic kidney disease120 The subjects in the CREDENCE

study had a eGFR of 30 to <90 mL/min and albuminuria.

The relative risk of the renal-specific composite of end-

stage kidney disease (dialysis, transplantation, or a sus-

tained eGFR or < 15 mL/min), doubling of creatinine

levels or death from renal causes was lowered by 34% in

the canagliflozin group. Taken together, the evidence is

clear that SGLT2 inhibitors offer renal protection and

prevent the decline in renal function seen over time in

type 2 diabetic patients.121

The current school of thought is that the inhibition of

SGLT2 corrects the increased intraglomerular pressure

observed in type II diabetics. The SGLT2 mediated inhibi-

tion of sodium transport in the proximal tubule results in

increased delivery of sodium to the distal nephron. This is

sensed as increased tubular perfusion and triggers tubulo-

glomerular feedback which will cause an increase in vaso-

constriction of the afferent arteriole and a decrease in

glomerular perfusion. This lowering of the intraglomerular

pressure will preserve renal function in renal hypertension

caused by type II diabetes.121

Risk Of Cancer
The association between SGLT2 inhibitors and cancer has

been extensively studied and remains controversial today.

When Dapagliflozin originally applied for FDA approval,

it was denied in 2011 due to concerns about the increased

risk of bladder and breast cancer. Pooled studies on dapa-

gliflozin showed 9 out of 5478 patients on dapagliflozin vs

1 out of 3156 control patients developed both bladder and

breast cancer.122 An early meta-analysis assessing the

safety of SGLT2 inhibitors also found an imbalance in

bladder and breast cancer incidence when compared to

control subjects.50 In order to receive FDA approval, the

recently released DECLARE-TIMI 58 trial, which evalu-

ated over 17,000 patients, was created to assess the long-

term effects of dapagliflozin. They found that dapagliflozin

was associated with a lower rate of bladder cancer than

placebo and no difference in breast cancer vs placebo.29

A recent meta-analysis by Tang et al found a statisti-

cally significant increased risk of bladder cancer, specifi-

cally in empagliflozin (OR 3.87 [95% CI 1.48, 10.09]).

Canagliflozin was associated with a statistically significant

reduction in the incidence of gastrointestinal cancer.123

However, there have been challenges to the data involved

in this analysis. Four events of bladder cancer were not

included in the analysis, and a patient-level assessment for

causality was also not performed. With the corrected data,

the association between bladder cancer and SGLT2 inhi-

bitors became non-statistically significant.124 Another

recent meta-analysis of 27 clinical trials found no statisti-

cally significant increased risk of any type of cancer with

SGLT2 inhibitors.125

Future SGLT2 Inhibitors
Sotagliflozin (LX4211) is unique in that it is a dual inhi-

bitor of SGLT1/SGLT2. Compared to canagliflozin and

dapagliflozin, sotagliflozin has similar inhibitory effect

on SGLT2, but is about 20 and 40 fold more effective at

inhibiting SGLT1 than canagliflozin and dapagliflozin

respectively.126–128 In patients with type 2 diabetes treated

with metformin, adding sotagliflozin had positive effects

on HbA1c, systolic blood pressure, weight loss and post-

prandial glucose measurements. The SGLT1 inhibitory

effects were determined to be from the intestine as those

with renal impairment still saw a significant post-prandial

glucose decrease.129,130 The drug is also being investigated

as the first oral medication for the treatment of type 1

diabetes. The inTandem trial found that type 1 diabetes

patients receiving sotagliflozin were almost twice as likely

to have an HbA1c of less than 7.0 without an increased

risk of severe hypoglycemia. However, those who received

the sotagliflozin were significantly more likely to experi-

ence diabetic ketoacidosis (3% vs 0.6%).131
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Conclusion
SGLT2 inhibitors are a very useful tool at the disposal of

clinicians treating patients with type 2 diabetes, especially

in those with underlying cardiovascular or fatty liver dis-

ease. Their antihyperglycemic effect is not typically strong

enough to be used as monotherapy, but their insulin-inde-

pendent mechanism of action makes them a powerful

adjunct therapy when metformin alone is insufficient.

However, the unique mechanism adds further side effects

and eGFR monitoring clinicians must be aware of if they

prescribe this class of medication. Educating patients on

the possibility of genital tract infections is important as

cases are very responsive to treatment. Results from recent

large studies and meta-analyses indicate that previous

associations of SGLT2 inhibitors with some adverse

effects such as lower limb amputation are now being

called into question. Larger studies and meta-analyses

will need to provide additional clarity on the potential

risk of adverse effects including lower limb amputation,

fracture, cancer and DKA.
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