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Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a novel class of oral hypoglycemic agents which increase
urinary glucose excretion by suppressing glucose reabsorption at the proximal tubule in the kidney. SGLT2
inhibitors lower glycated hemoglobin (HbAlc) by 0.6—0.8% (6—8 mmol/mol) without increasing the risk of
hypoglycemia and induce weight loss and improve various metabolic parameters including blood pressure, lipid

profile and hyperuricemia.

sodium-glucose cotransporter 2 inhibitor type 2 diabetes cardiovascular outcome trial

cardiorenal protection

| 1. Introduction

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a novel class of oral hypoglycemic agents (OHA). They
have been developed based on the discovery of phlorizin, a natural product with SGLT inhibitory activity which was
extracted from the bark of the apple tree in 1835, and advances in understanding of the mechanisms of glucose
transport, resulting in the identification of SGLTs and their functional properties in the 1980-1990s [&. In Japan, the
first SGLT2 inhibitor, ipragliflozin, was marketed in 2014, and currently six SGLT2 inhibitors, ipragliflozin,
dapagliflozin, canagliflozin, empagliflozin, luseogliflozin, and tofogliflozin, are available for the treatment of type 2
diabetes (T2DM) (Table 1). Ipragliflozin and dapagliflozin have also been approved for the treatment of type 1
diabetes (T1DM) in Japan.

Table 1. Sodium-glucose cotransporter 2 (SGLTZ2) inhibitors available in Japan.

Generic Name Dosage SGLT1/2 Selectivity Half-Life (t1/,) Indication
Ipragliflozin 50-100 mg once daily 254:1 15h Type 1 and type 2 diabetes
Dapagliflozin 5-10 mg once daily 1242:1 8-12h Type 1 and type 2 diabetes
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Generic Name Dosage SGLT1/2 Selectivity Half-Life (t1/,) Indication
Canagliflozin 100 mg once daily 155:1 12 h Type 2 diabetes
Empagliflozin 10-25 mg once daily 2680:1 14-18 h Type 2 diabetes
Luseogliflozin 2.5-5.0 mg once daily 1770:1 9h Type 2 diabetes
50 50 2
Tofogliflozin 20 mg once daily 2912:1 5h Type 2 diabetes

| &= WICULVIIAIIIOIIO VI MNUVLIVIIT VI UV kI & 11HTITIIVIWVI O

In the kidney, approximately 180 g of glucose per day is excreted in the primitive urine through glomerular filtration.
Most of the glucose in the primitive urine is however completely reabsorbed by SGLT2 and SGLT1 expressed in

the proximal tubule, and glucose is not normally excreted in the urine.

SGLT activity mediates apical sodium and glucose transport across cell membranes. Cotransport is driven by
active sodium extrusion by the basolateral sodium/potassium-ATPase, thus facilitating glucose uptake against an
intracellular up-hill gradient. Basolaterally, glucose exits the cell through facilitative glucose transporter 2 (GLUT2).
In humans, six SGLT isoforms have been identified 2],

SGLT?2 is responsible for glucose reabsorption in the proximal tubule segment 1 and 2 (S1/2), wherein it reabsorbs
more than 90% of the filtered glucose load, while normally SGLT1 reabsorbs the residual glucose in the proximal
tubule segment 3 (S3). However, in SGLT2 knockout mice, SGLT1 compensated and reabsorbed up to 35% of the
filtered glucose load !, Glucose resorption by SGLT2 is increased by 30% in the setting of hyperglycemia 4,

although it remains unclear whether SGLT2 expression is increased in patients with diabetes [&.

SGLT2 inhibitors suppress reabsorption of glucose by inhibition of SGLT2, and thereby increase urinary glucose
excretion by approximately 60-80 g per day and ameliorate hyperglycemia [8l. Excretion of 60-80 g of excess
glucose corresponds to 240-320 kcal of energy loss from the body, promoting weight loss. Improvement of
obesity/overweight, especially abdominal fat accumulation promotes amelioration of insulin resistance and results

in improvement of metabolic parameters such as blood pressure, lipid profile, and serum uric acid level (Figure 1).
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Figure 1. Mechanisms of action of SGLT2 inhibitors. SGLT2 inhibitors lower plasma glucose level by increasing
urinary glucose excretion. Energy loss by SGLT2 inhibitor treatment promotes weight loss and improves insulin
resistance and various metabolic parameters. Possible adverse effects are shown in red. Increased risk of lower-
extremity amputation and bone fracture has been reported in a clinical trial with canagliflozin. The cardiorenal
benefits shown in CVOTs have revealed additional mechanisms of action of SGLT2 inhibitors that were unknown at
the time of launch (highlighted in blue). Osmotic diuresis and natriuresis are likely to be the major mechanisms of
the cardiorenal benefits of SGLT2 inhibitors. Increases in blood ketone bodies and hematocrit may also contribute
to the cardiorenal benefits. CV; cardiovascular, TG; triacylglycerol, HDL-C; high density lipoprotein cholesterol, UA;

uric acid, Ht; hematocrit, UTI; urinary tract infection, EPO; erythropoietin.

As SGLT1 is responsible for glucose absorption in the small intestine, SGLT2 inhibitors with low SGLT1/SGLT2
selectivity such as canagliflozin have been shown to suppress postprandial glucose excursion and increase

glucagon-like peptide 1 (GLP-1) secretion in addition to increasing urinary glucose excretion [,

On the other hand, given the mechanisms of action of SGLT2 inhibitors, their glucose-lowering effect is attenuated
with reduced renal function. Thus, treatment with SGLT2 inhibitors is not recommended in patients with renal

dysfunction, i.e., estimated glomerular filtration rate (eGFR) <45 mL/min, from the glucose-lowering point of view.
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However, in view of the results of CVOTs showing a renoprotective effect of SGLT2 inhibitors among those with a
wide range of renal function L9 currently treatment with SGLT2 inhibitors is rather also considered for patients

with diabetes and renal dysfunction, i.e., eGFR = 30 mL/min, to improve renal outcomes 111,

| 3. Clinical Efficacy of SGLT2 Inhibitors
3.1. Glucose-Lowering Effect

A meta-analysis of 45 clinical trials showed that treatment with SGLT2 inhibitors results in a HbAlc reduction of
0.79% with monotherapy and 0.61% with add-on therapy to other glucose-lowering agents in patients with T2DM
(121 SGLT2 inhibitors improve both fasting and postprandial hyperglycemia and increase time-in-range (TIR,
proportion of time spent in the target glucose range between 70 and 180 mg/dL) assessed by continuous glucose
monitoring (CGM) [131124]

3.2. Body Weight, Blood Pressure, and Other Metablic Parameters

The above-mentioned meta-analysis showed that treatment with SGLT2 inhibitors in patients with T2DM reduced
body weight by 1.7 kg (2.4%), and systolic and diastolic blood pressure by 4 and 2 mmHg, respectively, without
increasing heart rate. Reduction in serum triacylglycerol level by 1-9% and serum uric acid level by 0.3—0.9 mg/dL,
and increase in serum HDL-cholesterol by 6-9% by treatment with SGLT2 inhibitors have also been reported in
patients with T2DM [22],

On the other hand, increase in LDL-cholesterol by 2-6% by treatment with SGLT2 inhibitors has been reported.
However, Hayashi et al. have reported that small dense LDL-cholesterol, a more atherogenic subspecies of LDL-
cholesterol, is reduced while less atherogenic large buoyant LDL-cholesterol is increased by 12-week treatment
with dapagliflozin (2],

3.3. Hypoglycemia

The risk of hypoglycemia with SGLT2 inhibitors is low, and the risk of hypoglycemia is similar to placebo when
SGLT2 inhibitors are used as monotherapy 1218 However, the risk of hypoglycemia may be increased when
SGLT2 inhibitors are used in combination with insulin and/or insulin secretagogues. Therefore, the dose of insulin
and/or insulin secretagogues may need to be reduced when combined with an SGLT2 inhibitor, to avoid
hypoglycemia. When reducing the dosage of insulin, adjustment by within 10-20% of the total insulin dose is

recommended to avoid development of diabetic ketoacidosis 7.

3.4. Beta Cell Function

Since SGLT2 inhibitors lower plasma glucose level independently of insulin, they do not increase insulin secretion
but rather improve beta cell function 282 through amelioration of glucotoxicity and possibly reduction of beta cell

workload [2021122] On the other hand, glucagon secretion increases after administration of SGLT2 inhibitors,
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possibly because of rapid loss of glucose from the body [23124], Elevated plasma glucagon level also contributes to
promoting lipolysis and reducing liver fat and visceral adiposity 22! A direct effect of SGLT2 inhibitors on alpha cells

has also been proposed 281271 though there are conflicting results 2823 and further research is warranted.

| 4. Adverse Effects

The adverse effects of SGLT2 inhibitors other than hypoglycemia include genitourinary tract infection and
dehydration and related symptoms (€126l Genijtal infection more frequently occurs in female patients. Cases of
Fournier's gangrene associated with the use of SGLT2 inhibitors have also been reported 9. Body weight loss
induced by SGLT2 inhibitors may increase the risk of development of sarcopenia in elderly patients. Cases of
diabetic ketoacidosis after the initiation of SGLT2 inhibitors have been reported [17. Ketoacidosis can develop
without hyperglycemia, i.e., euglycemic diabetic ketoacidosis. Patients should be carefully monitored for the
development of ketoacidosis, especially those with TLDM and those with T2DM and insulin deficiency 4. In the
CANVAS/CANVAS-R trial, increased risk of lower-extremity amputation and bone fracture was observed in the
canagliflozin group B, although there was no significant difference in the rate of amputation or fracture in the
CREDENCE trial 22,

| 5. Positioning of SGLT2 Inhibitors in Treatment of T2DM

Obesity is an established risk factor for the development of T2DM. SGLT2 inhibitors not only improve
hyperglycemia but also induce weight loss, ameliorating the pathogenesis of T2DM. Although lifestyle modification

is important for weight loss in the treatment of T2DM, it is often difficult to maintain long-term weight loss.

It can be assumed that the same effect would be obtained if patients restricted carbohydrate intake by the same
amount as that excreted by SGLT2 inhibitors, i.e., 60-80 g per day (240-320 kcal). However, intensive lifestyle
modification failed to improve CV outcome in the Look AHEAD (Action for Health in Diabetes) trail B3, The
impressive results observed in CVOTs with SGLT2 inhibitors [B[E234I35] gyggest that SGLT2 inhibitors promote

cardiorenal protection through specific effects such as diuretic effects, apart from the effects of caloric restriction.

The ADA/EASD now positions SGLT2 inhibitors as the mainstay in the management of T2DM [l The use of
SGLT2 inhibitors is recommended for patients with a high risk of or established atherosclerotic cardiovascular
disease (ASCVD) and those with CKD or heart failure.

The target population of SGLT2 inhibitors is being expanded also in Japan. At the time of launch of the first SGLT2
inhibitor in Japan, ipragliflozin, in 2014, the target population of SGLT2 inhibitors was thought to be rather restricted
to obese, younger patients with T2DM and metabolic syndrome, while about half of patients with T2DM are not
obese in Japan. However, currently, treatment with SGLT2 inhibitors is also considered for patients with T2DM, and
especially those with established ASCVD, heart failure, or CKD, as recommended by the ADA/EASD. Furthermore,
improvement of CV outcome by treatment with dapagliflozin has been observed in patients with heart failure with

reduced ejection fraction (HFrEF), irrespective of the presence or absence of diabetes [B8l37 suggesting the
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possibility that SGLT2 inhibitors can be used as a drug for heart failure independent of the presence or absence of
diabetes. Trials evaluating the efficacy of SGLT2 inhibitors in patients with heart failure with preserved ejection
fraction (HFpEF) and those with CKD and without diabetes are also under way 2839, Since SGLT2 inhibitors lower
plasma glucose level independently of insulin, they can also be used for patients with TIDM as concomitant
medication with insulin 22,

Meta-analysis suggests that the cardiorenal benefits of SGLT2 inhibitors are a class effect; however, the structure,
dosage, pharmacokinetic/pharmacodynamic (PK/PD) profile, and SGLT2 selectivity are different among SGLT2
inhibitors. Further research is needed to clarify whether there is any difference in the effect on clinical outcomes
among different SGLT2 inhibitors. The first dual SGLT1/2 inhibitor, sotagliflozin, has also been developed, and a
CVOT with sotagliflozin is ongoing 421421,
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