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Abstract

Background Hyperglycemia is an important pathogenic component in the devel-
opment of microvascular and macrovascular complications in type 2 diabetes mel-
Correspondence

Monika Misra, Department of Pharmacology,
Jawaharlal Nehru Medical College, Aligarh
Muslim University, Aligarh — 202002, Uttar
Pradesh, India.

E-mail: drmonikamisra@gmail.com

litus. Inhibition of renal tubular glucose reabsorption that leads to glycosuria has
been proposed as a new mechanism to attain normoglycemia and thus prevent and
diminish these complications. Sodium glucose cotransporter 2 (SGLT2) has a key
role in reabsorption of glucose in kidney. Competitive inhibitors of SGLT2 have been
discovered and a few of them have also been advanced in clinical trials for the treat-
ment of diabetes.

Objective To discuss the therapeutic potential of SGLT2 inhibitors currently in
clinical development.

Key findings A number of preclinical and clinical studies of SGLT2 inhibitors have
demonstrated a good safety profile and beneficial effects in lowering plasma glucose
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levels, diminishing glucotoxicity, improving glycemic control and reducing weight
in diabetes. Of all the SGLT2 inhibitors, dapagliflozin is a relatively advanced com-
pound with regards to clinical development.

Summary SGLT2 inhibitors are emerging as a promising therapeutic option for the
treatment of diabetes. Their unique mechanism of action offers them the potential
to be used in combination with other oral anti-diabetic drugs as well as with insulin.

Introduction

Type 2 diabetes mellitus (T2DM) is characterized by the
failure of body tissues to respond to insulin (insulin resistance)
and by p-cell dysfunction that results in hyperglycemia.
Untreated hyperglycemia leads to tissue damage that results
in micro- and macrovascular pathologies (coronary heart
disease, retinopathy, nephropathy, neuropathy and stroke).!"
It also inhibits wounds healing, thereby promoting lower
limb infections and gangrene. High glucose levels exacerbate
insulin resistance and promote f-cell damage, leading to
their apoptosis.>”! Even with the availability of multiple
antidiabetic drugs, including metformin, sulfonylureas,
thiazolidinediones, a-glucosidase inhibitors, glucagon like
peptide-1 agonists and dipeptidyl-peptidase-IV inhibitors,
many patients do not achieve glycemic targets. These drugs
also have numerous side effects, such as weight gain, hypogly-
cemia, fluid retention and gastrointestinal side effects (nausea,
abdominal discomfort and diarrhoea).*! Hence, the search
for novel efficacious and safer treatment strategies is ongoing.

Sodium glucose co-transporters 2 (SGLT2) inhibitors
represent a new strategy in the treatment of diabetes. These
drugs inhibit glucose reabsorption from renal tubules,
thereby promoting urinary glucose excretion and decreasing
plasma glucose levels. These drugs have a unique mechanism
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of action that is independent of pancreatic B-cell function or
modulation of tissue insulin sensitivity. Thus, they have the
potential to be used as combination therapy with other oral
antidiabetic drugs as well as insulin. A number of SGLT2
inhibitors are in various phases of preclinical and clinical
development, and dapagliflozin is the furthest advanced
compound. This article reviews the role of SGLT2 in glucose
homeostasis, SGLT2 inhibitors currently under clinical devel-
opment, their therapeutic potential and safety concerns in
the treatment of diabetes.

Glucose transport across
biological membranes

Glucose absorption at the enterocytes, reabsorption at the
renal tubules, transport across the blood—brain barrier and
uptake and release by all cells in the body is mediated by two
groups of transporters. These include glucose transporters
(GLUTs) and sodium-glucose co-transporters (SGLTs)."!
GLUTs are facilitative or passive transporters that trans-
port glucose along the concentration gradient. They belong
to the solute carrier family 2 (SLC2) gene family, which
has 13 members: GLUT1-12 and the H+-myoinositol
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Figure 1 Diagram of proximal renal tubular cell showing secondary active transport of glucose by SGLT2. The Na+/K + ATPase pump present at baso-
lateral memebrane produces the electrochemical gradient that is used for sodium and glucose cotransport. Glucose is transported passively by GLUT2
into the interstitium. SGLT2, sodium glucose co transporter; GLUT2, glucose transporter 2.

Table 1  Comparison of SGLT1 and SGLT2 (7-16)

SGLT1 SGLT2
Site Mainly intestine, other sites include brain, skeletal and Kidney
heart muscle, liver, lungs, kidneys
Gene encoding SLC5A1 SLC5A2
Substrate Glucose or galactose Glucose
Affinity for glucose High Low
Capacity for glucose transport Low High

Main function Dietary glucose absorption
Renal location Late proximal straight tubule (S3)
Percentage of renal glucose 10%
reabsorption
Mutation of encoding gene

Inhibitors of transporter Selective SGLT1 inhibitors:

KGA2727 (Kessei Pharmaceutical Co. Ltd)

Glucose/galactose malabsorption, leading to fatal diarrhoea*

Renal glucose reabsorption
Early proximal convoluted tubule (S1 and S2)
90%

Familial renal glucosuria, a benign condition
Dapagliflozin, canagliflozin, empagliflozin etc.
advanced in clinical trials

GSK1614235/ KGA3235 (Kissei Pharmaceuticals Co. Ltd,

GlaxoSmithKline plc)

*The gastrointestinal side effects have not been reported in clinical studies. SGLT1, sodium glucose co-transporter 1; SGLT2, sodium glucose

co-transporter 2; SLC, solute carrier family.

co-transporters. GLUTs are expressed in every cell of the
body.l*"!

SGLTs transport sodium and glucose into cells using the
sodium gradient produced by sodium/potassium ATPase
pump at the basolateral cell membrane (Figure 1). These
transporters belong to the solute carrier family 5 (SLC5) gene
family, which has nine members with known functions.”*! Of
these, SGLT1 and SGLT2 are primarily responsible for renal
glucose reabsorption. These transporters are compared in
Table 1.7-¢]

SGLT1 is chiefly responsible for the absorption of dietary
glucose from enterocytes and accounts for only 10% of renal

glucose reabsorption. SGLT1 gene mutations lead to glucose—
galactose malabsorption, which results in potentially fatal
diarrhoea,!""'? but such adverse effects were not observed
with the SGLT1 inhibitors currently in clinical testing."”!
SGLT?2 plays a major role in renal glucose reabsorption and
accounts for approximately 90% of renal glucose reabsorp-
tion. The evidence for SGLT2 being a major pathway for renal
glucose reabsorption has been derived from the genetic
studies of individuals with familial renal glycosuria. Muta-
tions in the SLC5A2 gene encoding SGLT?2 lead to familial
renal glycosuria."”'® This benign disorder is inherited as an
autosomal recessive trait and is characterized by isolated
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persistent glycosuria with normal blood glucose levels and
normal oral glucose tolerance test results.”'”'*! Analyses of
23 families with index cases of renal glycosuria demonstrated
that each family had a unique mutation in the SGLT2 gene."®!
Individuals who were found to be carriers of two mutated
alleles showed severe glycosuria.!"®??! Apart from isolated per-
sistent glycosuria, these patients were asymptomatic and did
not develop hypoglycemia, hypovolemia or electrolyte imbal-
ance. They had normal renal function tests and normal life
expectancies.!">'*?! This benign genetic disorder is a potential
demonstration of the safety of SGLT2 inhibitors.

Renal glucose transport in health
and disease

The renal system plays a very important role in glucose
homeostasis. Blood glucose is freely filtered by the glomeruli
and is completely reabsorbed from the proximal tubules via
SGLTs in the brush border membrane. Glomeruli filter about
144 gm of glucose per 24 hours, nearly 100% of which is reab-
sorbed in the renal tubules. Glycosuria develops when the
blood glucose level reaches the renal threshold for reabsorp-
tion, which is about 8~10 mmol/l (180 mg/dl).”!

Renal tubular reabsorption is known to undergo adapta-
tions in uncontrolled diabetes. There is an up-regulation
of both GLUT2 and SGLT2 in diabetes to maintain renal
tubular glucose reabsorption.**! SGLT2 mRNA expression
is up-regulated in the kidneys of diabetic rats, and reversed by
lowering blood glucose levels.”*! In comparison to the cells
of healthy individuals, the exfoliated proximal tubular epi-
thelial cells from the fresh urine of diabetic patients express
significantly higher levels of SGLT2 and GLUT2.” The
increased expression of SGLT2 in uncontrolled diabetes
has practical significance, as SGLT2 inhibitors are likely to
produce a greater degree of glycosuria in the presence of
higher prevailing plasma glucose levels."”

Therapeutic potential of
SGLT2 inhibitors

A number of SGLT?2 inhibitors are in various stages of clinical
development for the treatment of diabetes. SGLT2 inhibitors
interfere with the function of SGLT2 in proximal convoluted
tubules of kidney and induce glycosuria. Animal studies and
clinical trials have revealed that SGLT2 inhibition benefits the
diabetic state by lowering plasma glucose levels, decreasing
glucotoxicity and reducing plasma insulin and glycosylated
hemoglobin levels.”*?* Reduction in the plasma glucose level
improves liver sensitivity to insulin. This suppresses hepatic
glucose production, leading to an improvement in the dia-
betic state.” By causing glycosuria, SGLT2 inhibitors not
only reduce plasma glucose levels, but also cause a net loss of
calories from the body and maintain overall negative energy
balance. This results in a reduction in adiposity and weight
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130351 Tn addition, these inhibitors also have a blood pres-

loss.
sure lowering effect, which might be related to their mild
diuretic and weight-reducing action.**?*>*! As compared to
currently used antidiabetic drugs, SGLT2 inhibitors do not
stimulate insulin secretion or pose the risk of hypoglycemia
or cause gastrointestinal side effects.”*"! The convenience of
oral administration is another advantage of this new class of
antidiabetic drugs. The novel mechanism of action suggests
their potential use in combination with other antidiabetic
agents to exert additive or synergistic effects in lowering
glucose levels in T2DM.

The efficacy of SGLT2 inhibitors is dependent on the
amount of glucose filtered through the glomeruli. As the
glomerular filtration rate (GFR) declines in renal impair-
ment, the efficacy of the SGLT2 inhibitors decreases.**! Renal
dysfunction isa common complication of T2DM, with 35.2%
of patients having evidence of moderate to end-stage renal
impairment.””! This implies that the therapeutic efficacy of
SGLT?2 inhibitors would be limited to diabetic patients with
normal renal function or with mild renal impairment at best.
There would be a need to monitor the renal function prior
to giving this drug and during the course of therapy.*® The
drug might even undergo a therapeutic failure with progres-
sive deterioration of renal function during the course of
treatment."!

Early drugs

Phlorizin, a naturally occurring 3-glucoside isolated from the
bark of apple trees in 1835, was the first known SGLT inhibi-
tor.”?! It acts as a potent non-selective competitive inhibitor
of both SGLT1 and SGLT2. The principal pharmacological
action of phlorizin is to produce renal glycosuria and block
intestinal glucose absorption through the inhibition of
SGLT located in the proximal renal tubule and mucosa of the
small intestine. It has been used as a pharmaceutical tool for
physiology research for over 150 years."*”! Using euglycaemic
hyperinsulinaemic clamp studies, phlorizin was found to
normalize insulin sensitivity in pancreatectomized diabetic
rats. Administration of phlorizin caused glycosuria in these
rats, which normalized both the fasting and fed plasma
glucose levels and completely reversed insulin resistance.
When phlorizin was discontinued, hyperglycemia and insulin
resistance recurred. This was the first study which demon-
strated that hyperglycemia alone can lead to the development
of insulin resistance via glucotoxicity.*”! Phlorizin was used
in multiple studies that helped to establish that hyperglyce-
mia contributes to the development of insulin resistance and
T2DM.[* However, it was not developed further because of
its non-selective SGLT inhibition and low oral bioavailability,
resulting from rapid in-vivo -glucosidase-mediated intesti-
nal degradation.” Subsequently developed SGLT2 inhibi-
tors were more SGLT2 selective and resistant to intestinal
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degradation. All of these are phlorizin derivatives that are
structurally modified to increase SGLI2 selectivity and
improve oral bioavailability.

The first orally available phlorizin derivative reported was
T-1095. This drug was not progressed further because of its
non-selective SGLT inhibition.!"**! Sergiflozin and remigli-
flozin, the potent SGLT?2 inhibitors subsequently synthesized,
were tested in preclinical and clinical studies. Both these drugs
were progressed to phase 1 clinical testing, but their further
development was not pursued because of their unfavou-
rable pharmacokinetic profile.*?! These drugs contained
O-glucoside linkages that made them susceptible to hydrolysis
by intestinal -glucosidase, thus reducing their plasma half-
life.*”! Oral administration of a single dose of sergiflozin
etabonate to healthy volunteers and T2DM patients produced
a dose-related glycosuria under fasting conditions as well as
following glucose loading, without affecting urinary electro-
lyte excretion or fluid balance.! This single dose of sergli-
flozin did not significantly affect fasting plasma glucose
levels but produced transient attenuation of the plasma
glucose area under the curve (AUC) following glucose
challenge."! Sergiflozin treatment for 14 days also produced a
significant weight reduction as compared to placebo (sergli-
flozin 500 mg three times a day = —1.55 kgand 1000 mg three
times a day = —1.74 kg) in healthy obese or overweight indi-
viduals."*! Remogliflozin etabonate administration for 12
days in patients with T2DM produced a significant reduction
in fasting plasma glucose levels (remigliflozin 1000 mg twice
aday = —2.3 mmol/l) and weight (remogliflozin 1000 mg four
times a day = —2.6 kg) as compared to placebo.*"**!

Drugs currently in clinical trials
Dapagliflozin

Dapagliflozin (developed by Bristol — Myers Squibb and
AstraZeneca) is the furthest advanced compound in clinical
development belonging to the SGLT2 inhibitor class. It has
favourable pharmacokinetic profile as compared to earlier
agents. The C-aryl glycosidic linkage present in dapagliflozin
confers resistance to degradation by intestinal 3-glucosidase
enzymes."*! Consequently, it is orally effective and has a long
duration of action that suppresses both postprandial and
fasting hyperglycemia for 24 h on once-daily dosing.!***!
It also has approximately 1200 times more selectivity for
SGLI2 than SGLT1."

Dapagliflozin has shown promising results in various pre-
clinical and clinical studies of T2DM. Administration of a
single dose of dapagliflozin induced renal glucose excretion
in normal and diabetic rats without causing hypoglycemia.®”!
It also improved glucose tolerance in normal rats, and
reduced hyperglycemia in Zucker diabetic fatty (ZDF) rats.”!
Chronic treatment with dapagliflozin for 2 weeks signifi-
cantly lowered fasting and fed glucose levels in ZDF rats and
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resulted in a significant increase in glucose utilization rate,
accompanied by a significant reduction in hepatic glucose
production.”” This promising evidence of efficacy in animal
models led to further clinical investigations in humans.

In clinical studies, treatment with oral dapagliflozin (either
as monotherapy or in combination with other antidiabetic
drugs) significantly reduced fasting plasma glucose levels,
improved glycemic control and decreased weight in T2DM
patients (Table 28°°*>#=%) " There was also a reduction
in mean systolic and diastolic blood pressure due to its
diuretic action.”*?>*! This reduction in blood pressure
was seen without an increased incidence of orthostatic
hypotension.”**>*! In a few studies, dapagliflozin treatment
also increased plasma high density lipoprotein (HDL) choles-
terol levels and decreased plasma triglyceride levels.**

Dapagliflozin was well tolerated in clinical trials. The most
common side effect of dapagliflozin was an increased inci-
dence of genital infections and urinary tract infections
(UTTI).B03547%%] Genital infections were dose dependent. The
incidence rates of genital infections with dapagliflozin dose
2.5, 5 and 10 mg were 5.8%, 7% and 7%, respectively, as
compared to only 2.3% with placebo.”"! These were more
common in females in the form of vulvovaginal mycotic
infection.”® Genital infections responded satisfactorily to
standard treatment and led to discontinuation of study medi-
cation only in a few patients. More patients in the dapagli-
flozin group reported events suggestive of UTI as compared
to those treated with placebo. The risk of UTI was not related
to dose and duration of the treatment. The incidence rates of
UTI with dapagliflozin dose 2.5, 5 and 10 mg were 4.2%,
7.3% and 6.5%, respectively, as compared to 4.5% with pla-
cebo."" Like genital infections, UTIs were also more common
in females. Most cases were mild to moderate in intensity and
resolved with standard medication. Pyelonephritis was an
uncommon event and occurred at equal rates in both placebo
and dapagliflozin-treated groups (0.1% in both groups).®!
Although these common side effects of dapagliflozin were
not serious in nature, their long-term effect on renal function
and reproduction remains to be investigated.

Serious but rare side effects of dapagliflozin include cancer
development and hepatotoxicity.® The safety data pooled
from T2DM patients enrolled in phase 2b and 3 clinical trials
revealed an increased incidence of bladder and breast can-
cer.’ A total of 9 cases of bladder cancer were reported out
of 5478 patients in the study group, as compared to 1 case out
of 3156 patients in the control group (0.3% of patients in
dapagliflozin group as compared to 0.05% of patients in the
control group). Also, there were 9 cases of breast cancer out of
2223 women in the study group as compared to 1 case in 1053
women in the control group (0.4% of women on dapagliflozin
as compared to 0.1% of women in the control group). Given
the lack of statistical significance of the breast and bladder
cancer observation (P = 0.15and P = 0.27, respectively) at this

© 2012 The Author. JPP © 2012

320 Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327

20z IMdy 01 uo 1senb Aq 996Z¢ 19/ L £/€/G9/810n1e/dd/woo dno-olwspeoe//:sdiy woly pspeojumoq



SGLT2 inhibitors in diabetes

Monika Misra

Downloaded from https://academic.oup.com/jpp/article/65/3/317/6132966 by guest on 10 April 2024

'SNSISA ‘SA {UOID4UI 1oB1} AlBuLIn ‘| 1N ‘SapL@dA|BLI ‘SO | ‘sniljjaw sa1aqelp z adAl ‘|Ndz.L ‘duowoy ploJAyieled
‘HLd ‘0gade|d “1d ‘3591 @dUEI8|0} 3502N|6 [BI0 ‘| | DO ‘SBNIp dhageIpiue [elo 'SQVQ ‘ulwiopfaw ‘| JIA ‘joiaisajoyd uleloidodil Ausuap-ybiy ‘D-1gH ‘uizol|bedep 4q ‘Apnis jo uoieinp ‘soq ‘uaboiiiu eain poojq ‘NNg ‘SIUSAD 3sIaApe ‘ST ‘suondeas brnup
9SI9APE. ‘sYQYy ‘2inssaid poojq d1j01sAs Ul abueyd 4gsy ‘Apnis Jo pus 1e auljaseq wouy uigojbowaey palejAsodA|b ul abueyd ‘9,2 YgHV ‘Apnis JO pus 1e suljaseq Wwouj [9A9] 9502n|6 poojq bunsey ul abueyd ‘Dg4v ‘ainssaid poojq dijolselp ul abueyd 4gav

dnoib [N + spizidi|b
Ul %67 'SA %871 = dnoib 3N + dq :Suoddjul [eludD
dnoib
13N +8pizidiib ul 9% L6 "SA %G €L = dnoib [N +da LN
d@ ul aJow suondajul [eyusb R [1n Jo Aouanbaiy
dnoib
13N + apizidi|b ul 98 Gy 03 pasedwod se dnoib [N + dd
Ul 9% 7't 919m saposida diwadA|bodAy Jo sduspidu| e

%L'T RN

+3pizidi|b "SA %E°Z1 : 1IN + dd :SUOIIBUI [EHUID) e
%19 1IN +3pizidi|D 'SA %8°0L : 1IN +dd = 11N
Je[lWIS STV e

(L0000 >d) %8'0F

O+ 13N 'SA %SE : 1IN + dd SIUAS J1wadA|60dAH e

Id %C SN %76 0} %¥'S = dQ SUoOaUL [BHUSD) e
Td U %C SN %L LOYE'S=dA LN o

4@ Ul 2Jow suondAUl [eNub R 1N e

sdnoJb |je ul SUoHeNURUOISIP | Iy Jejill

Td YUM % /70 'SA %979 03 6°€ dd YHM SUOIISJUI [BHUSD) e
sdnoub |je ui sy Jejwis e

4@ ui ppesun
WINJ3S Ul 85e3103p PUe 111001eWaY ‘NNg Ul 85ealdul [[ewS e
sdnolb |[e ul LN JO s3I JBjIWIS e

0qgae|d Ul %G "SA dd Ul %€ | -8 SUOdajul [HUSb Jo 31ey o
JUA3 DIWadA|BbodAy Jofew oN e

sdnoub |je ul Jejiwis sa1ed JIwdA|bodAH e

pre
1IN WNJSS Ul Sasealdap pue 11id0)ewsy Ul Seseald! WS e
4@ Yum suondajul [eHUsb 1R |1 N JO 92USPIDUI PaseaIdU| e
sdnoub yjoq ul eiwadA|bodAy Jo seposids Jofew oN e

%EY

%807 :%0 =1d : bW 07 4 B 01 dq :suondaul [EUUD e
sdnoub ||e ssoide s3y JO Saled Je|iwl

PI2E 1IN WINJSS Ul 35821239 3 ‘H1d ‘winisaubew wnias
‘ajeydsoyd wn.as ‘NNg ‘}D01eWSY Ul S9SeaIdUl [[PwS

da 40 3sop ybiy yum suondajul [eHusb o aduspipul JaybiH
wadA|6odAy % 1N Jo a1el Jg|
sdnoub ||e ssoude Jejiwis d1es STy

$3¥ 01 8NP SUOIIBNUIIUODSIP IO SYQY SNOLISS ON e

BH ww ' 0—/ww 8’0+

=opizidi|b + 13N SA

BH ww 9" —/ww €'p—
=13\ + 4 = d9av/dasv

Kep/ni 80'g
JO 950p ulnsul
ur aseanul 14 sa kep/n|
8'L— 0} 19'0— = 350p
Ajiep uinsui ur uondnpal :dd
Bui o1/bw §
daAq L1950 ursuljaseq
woly suondanpal uedubIs
uoisuajodAy dneisoyrio
ON "BbH ww g'z—
0} |'L—/BH ww G-
O} - :dd = 49av/dasv
%C9
0} %'z Aq SO asealdap
puB %'t 01 %8°L
Aq D-1QH U1 aseanul : 4a
uoisuaj0dAy d11eISoy1Io ON
BbH ww g'7—
0181 —/bH ww |G-
0} | '¢—:dd = d9av/dasv
D-1dH Ul aseaidul
1ybIjs pasned Juswiealy dd
bH ww z'e—
0} | ~/BH ww 7'~
0} £°7- :dd = d9aV/dasvV

BH Ww 6 -
01 Z'L—/bH ww 7'/~
0} |'9- :dd = dgav/dasv

bH ww '9—
019°Z-dasv

6% 9g" 1+
=opizidi|b + 1IN SA
6% £'e-=13N +da

=AM 701 IV

(1000°0>d)
B v L+ =
6+ [N SA
B zz'e-= 13N +da

(1d $A 1L000°0=d
$350P |/ d)
6% £9'1- 01860~

(1d SA L0000 > d

‘bw 0L 4
/100> d 'bw 5 4Q)
6% 9z 7-03181'L—

(ogaseyd sa
10000>d
dQ 40 $3s0p j[e)

6% e-o1z'z-

by g€e-01zz-

64 §'p— 01 -

%P €~

0} %S5 '7-=da

UM uononpai
W61em Apoq %

(1d sA
1000°0>d Bw 0l 4a
/8000°0=d Bw 57 4a)

Ip/Bw £ 17-01 571

(1d SA 10000 > d
Bw 01/bW g 4a)
Ip/bw §'87— 01891~

(ogadeyd sa 10000 > d
‘bw 01/6w § 4a)

0€'L-0166'0—
=dQd :|/|joww ur anjep

(7d sn

1000°0>d 6w 01 4a
1d $A 1000 > d Bw G d4a)
|p/Bw 9'67- 01 Z'5L-=da
1%0L=L =21 VqH duljaseg

|p/Bw g /L =1d
SAp/Bw 9°6— = bw 07 4@
Ip/bw 'z =bw 01 da

(L000>d

‘bw 0g/6w 0zda
/100> d ‘bw o1 /6w G 4a)
|p/Bw Lg=01 91—

(1d $A 1000 > d

Bw 001 da ‘1d A
500> d ‘bw sz/bw G 4a)
%8'L7= 01 %L LL-

:d@ ‘auljeseq woly
uononpal wmﬂcwu‘_wn_

%t10~
=13 + 9pizidiib
SN %€ 0~ = 1IN
+dd = SH9OM $01 IV

%¢S 0—=21VaIH
Ul SuoidNPaJ [BIRUSP]

(1d A 1000°0= d
S950p 1 Q)
%06°0— 0} %GL 0~

(1d A 10000 > d
5950p Jje )
%780~ 01 %850~

(1d sn

1000°0>d bw o1/bw g
da’100'0>d bw 57 d4a)
%180~ 01 %/9°0- =dd

(7d sA

1000°0>d bw 01 4a
1d $A 1000 > d Bw § da)
%68'0~ 0} %850~ =dd
1%01L=L =21 VqH auljaseg

1d A9 %600+ SA
%690~ 0} % 19'0~ =dd

(1d $A L00°0 > d

‘bw 0g/6w 0|
/buw 5/bw §° 4)
%06'0~ 0} %55 0~

(bw Q| = asop
uelpaw dd

‘bw oz = asop
uelpaw apizidib

‘Aep/Buwi 0051 = L3N)

apizidiib + 13N
SA L3N +dd

(bw | = asop

uelpaw

dq@ ‘bw gz = asop

uelpaw apizidi|b)

apizidij6 + 13N
SA L3N +da

1dJobw oL
/bw 5/bw 57 =da

apuidawi|b + 14
J0bw Q|
/bur 5/6w 5z da

1dJobw oL
/Bw /6w §'Z =da

d 1o bw Q|
/b 5/6w 5z =4da

%01~
=D|VqH duljaseq

SgvO pue asop
ulnsul 40 %05 +1d
10 6w oz/bw 01 =4a

1d 40 6w 0051-05£
13N Jo bui 0§
/b 0z/Bw oL

/b /6w 57 =4q

1d 40 bur 001
/bwi sz/bw g =4a

INEENY
701 0} $3¥99M 2§ = S0d

(vz9=u)

1IN+

apizidi|6 1o 1IN + 4 uo

syusned |N@zL Ul eseyd
ApnJs UOISURIXD ¥98M-7G
SA9dM 76 =50d

auole 13N Aep/bui 005 |

U0 (%01-5'9 =21LVIH)

|ouU0d

21wa2A|6 1enbapeur yum
(718 = u) syuaned NQZL
SPdIM 77 = S0d

SQVO0 INOY1IM Jo

YUIM SY23M 8 15e3| 1B U0}

NI O <dSOP UIINSUIl Ueaw

YUM (%01=G"L =21VaH)

se13gelp Jo

|0J1U0 91enbapeul Yim
(008 = u) sluaned NQZL
SAPdIM 7 =50d

apuidawib jo ssop

PapUSWIWOIRI [BUIXBW

1ley 1ses)| 1e buiney

(%01~ =21VgH) [0J1u0d

1WDA|6 a1enbapeur yum
(£65 = u) s\uaned N@ZL

SPIM 7 =50d
(%0L=£=21VqH))
|013U0D JIWA|6
a1enbapeul buiney pue
Aep/bw QG | <UILLIOJIBW
Buinizdal
(9% = u) syuaned NQZL
SHPIM 17¢ = SOd
9SIDI9XD PUB 13Ip U0
(%01—£ =21VqH) [o1u0d
21WaA|6 a1enbapeur yum
(58 = u) syuaned NQZL
SPdIM Z1L =s0d
%01=5"£ =21BqH Yum
Adeiayy buiznisuas-ulnsul
0 3s0p 3|qels
pue ulnsut Jo asop ybiy
uo (1 £ = u)syuaned NQZL
SPdIM Z1 =50d
(%01—£ =21VqH) [o1u0d
21wa2A|6 s1enbapeur
UM (68€ = U)
syuaned anleu-bnip NQZL

SA9IM 7 =50d

(Ly=u) 13N Jo

950p 3|gels uo sjualied Jo
syuaned anleu-bnip NQZL

10g)(L 100
/818 ypneN

wel(L102)
‘e 13 ypneN

10102
saudry

1z(L L02)
‘e 12 yalons

10e0102)

‘e 32 A3|ieg

1510102
/e 13 uluueLIa4

181](6002)
‘[e 13 BuIp|iAm

11)(6002)
‘1e323s

161](6002)
/2 13 ISOIOWOoY

uoI12e31 bnIp 9SISAPY

sigyaweled Jsy10

(6%) 1ybram
ur abueyd

(es1muBYI0 paulRp
$S3|UN |p/Bul) DELV

%31VIHV

sbnup Apnis

uoneinpyuonendod Apnis

S9dUBIRRY

uizojyl|bedep Jo sjeuy [ediuld  z aqeL

© 2012 The Author. JPP © 2012

321

Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327



SGLT2 inhibitors in diabetes

time, it is still unclear whether this is due to the carcinogenic
potential of the drug or an imbalance of some baseline risk
factor between the study and control groups.® These findings
require further investigation as neither bladder nor breast
tissue express SGLT2 transporters.!"® Moreover, rigorous 2-year
carcinogenic studies in animals failed to demonstrate any
neoplastic activity."®! Breast and especially bladder cancers
take many years to develop, whereas the exposure to dapagli-
flozin was short (generally <1 year).!"" In addition, there could
have been a detection bias for bladder cancer, as frequent urine
analyses in the treatment group (due to increased incidence
of UTI) may have led to the discovery of microscopic hema-
turia.”? Similarly, weight loss in the treatment group may
have lead to a relatively easier location of breast lump, thus
increasing the rate of diagnosis of carcinoma breast.™

Five cases in the Phase 2b and 3 clinical trial data pool were
found to have elevated values of liver enzymes suggesting liver
injury (laboratory values of aspartate aminotransferase or
alanine aminotransferase more than three times the upper
limit of normal in addition to elevation of total bilirubin
greater than twice the upper limit of normal).*®! An adequate
explanation for these biochemical abnormalities could be
identified in only one case. This was classified as a ‘probable
diagnosis of mild to moderately severe dapagliflozin-induced
liver injury’.l**

In clinical trials of dapagliflozin, alow risk of hypoglycemic
episodes has been reported since this group of drugs acts
selectively targeting the renal glucose transporters without
affecting the counter regulatory hormones.®**>*" In a meta-
analysis of randomized controlled trials of dapagliflozin, it was
found that the overall incidence of major hypoglycemic events
did notexceed 1% and was not significantly increased by dapa-
gliflozin treatment.”** However, the risk of mild hypoglycemic
events, generally not leading to the discontinuation of the
drug, was reported more frequently with dapagliflozin com-
pared to placebo. Further analysis of data revealed that this
increased riskwas not doserelated and could only be explained
by co-administration of insulin.!*®*! These results imply that
although the risk of hypoglycemia with use of these drugs is
low, itis important to investigate this risk when these drugs are
administered in combination with other antidiabetic agents.

Dapagliflozin treatment was associated with a dose-
dependent increase in hematocrit and blood urea nitrogen
levels, suggesting volume depletion.”****! Dehydration and
hypovolemia might put the patients at increased risk of thro-
moembolic events."** The clinical relevance of this side effect
is yet to be established, especially in elderly patients and
patients on antihypertensive therapy and diuretics.* There
was also a dose-dependent decrease in serum uric acid levels
with dapagliflozin treatment reported in few clinical tri-
als.?**41 The clinical relevance of this finding is unknown,
although an association between glucosuria and increased
renal uric acid clearance has been reported in some studies.®!

Monika Misra

The finding of increased trabecular bone mass by dapagli-
flozin in animal studies led to a more critical assessment of
the risk of fractures in clinical trials.”® The data gathered
from phase 2b and 3 clinical trials demonstrated no signifi-
cant effect on bone loss or increased risk of fracture.***® In
a few studies, an increase in levels of serum magnesium,
phosphate and parathyroid hormone was found.****!
These electrolyte changes were statistically insignificant. The
long-term effect of dapagliflozin on bone health remains to
be investigated.

Dapagliflozin has completed phase 3 clinical trials as a
once-daily oral treatment for T2DM. Its New Drug Applica-
tion (NDA) has recently been reviewed by the US Food and
Drug Administration (FDA). Citing fears of cancer develop-
ment, the Endocrinologic and Metabolic Drugs Advisory
Committee of FDA has voted against the approval of the
drug.®*! The FDA panel stated that ‘based on evaluation of the
Surveillance Epidemiology and End Results (SEER) database
and review of the literature on the incidence of these cancers
in T2DM, it was determined that the number of observed
breast and bladder cancers in the dapagliflozin-treated group
exceeded the expected number of cases in the general T2DM
population’”® Other safety issues reviewed by the FDA panel
included a possible hepatotoxicity risk and increased inci-
dence of genitourinary infections by the drug.”**

The FDA advisory panel also questioned the efficacy of the
druginrenalimpairment.”® Patients with severe renal impair-
ment (GFR<30 ml/min/1.73 m?) were excluded from large
controlled clinical trials. Hence, the efficacy and safety data
could not be extracted from these patients. Clinical trials con-
ducted to assess the efficacy of dapagliflozin in patients with
moderate renal impairment (GFR =30 ml/min/1.73 m* to
59 1/min/1.73 m*) demonstrated no statistical significant dif-
ference in attaining glycemic control by either placebo or
dapagliflozin at the end of the treatment period.”** These
observations restrict the use of dapagliflozin to diabetic
patients with normal renal function or patients with mild
renal impairment. The FDA panel discussed the need for
monitoring the renal function prior to or during the course of
therapy. They also argued that as T2DM patients are at risk of
worsening renal function over the course of their disease, the
secondary failure of glycemic control might reflect a failure of
dapagliflozin efficacy and require discontinuation of drug.
This would be in contrast to the common practice of adding
drugswith complementary effects in uncontrolled diabetes.”!

Based on these safety and efficacy concerns, the FDA
advisory panel has delayed the approval of the drug, asking
the manufacturers to submit the additional clinical data of
dapagliflozin to allow a better assessment of its benefit—risk
profile.®!

Despite a setback from the FDA, dapagliflozin has received
a positive opinion from the Committee for Medicinal Pro-
ducts (CHMP) of the European Medicine Agency (EMEA),
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which will now be reviewed by the European commission.””!

Dapagliflozin (Forxiga 5 mg/10 mg once daily) is intended
to be approved for adult patients with type 2 diabetes to
improve glycaemic control, as a monotherapy in metformin-
intolerant patients as an adjunct to diet and exercise, and in
combination with other glucose-lowering drugs, including
insulin, when these, together with diet and exercise, do not
provide adequate glycaemic control.””!

Other SGLT 2 inhibitors in clinical trials

A number of SGLT2 inhibitors are currently in phase 2/3
clinical trials, including canagliflozin, empagliflozin (BI
10773), ipragliflozin (ASP 1941), luseogliflozin (TS 071),
LX4211, tofogliflozin (CSG 452), ertugliflozin (PF04971729)
and EGT 1474 (Tables 3 and 4).'>*7! 1X4211 is a dual
SGLT2/ SGLT1 inhibitor (lesser extent of SGLT1 inhibition as
compared to SGLT2)."! It inhibits both glucose reabsorption
by the kidney and glucose absorption by the small intestine. It
thus produces rapid and robust decreases in fasting plasma
glucose, improvements in postprandial glycemic control
and reductions in haemoglobin Alc (HbAlc).'"”! The HbAlc
reductions achieved with LX4211 after 4 weeks of treatment
were comparable to those achieved by other SGLT2 inhibitors
at 12 weeks of treatment.!">*? In this short-term clinical trial
there were no reports of severe gastrointestinal adverse effects
due to SGLTI'1 inhibition. ™!

SGLT 2 antisense oligonucleotide

ISIS — 388626 (developed by Isis Pharmaceuticals) represents
anovel approach to SGLT?2 inhibition. It is an antisense oligo-
nucleotide (ASO) designed to block the expression of the
SGLT2 gene in vivo. Administration of ISIS — 388626 once
weekly yielded an approximately 80% reduction of renal
SGLT2 mRNA expression without affecting SGLT1 expres-
sion.” It was safe and effective during 6-week studies in
dogs, 3-month studies in Sprague—Dawley (SD) rats and
6-month studies in ZDF rats. In ZDF rats a marked decrease
in plasma glucose was attained after once-a-week injection

Table 3 SGLT2 inhibitors currently in clinical development (58-66)

SGLT2 inhibitors in diabetes

for 4 weeks and this effect was maintained throughout
the 6-month study (saline: 695 = 46 mg/dl; ASO-treated:
382 * 48 mg/dl), with a significant reduction in HbAlc
(saline: 10.9 = 0.3%; ASO-treated: 6.3 = 0.8%). ISIS 388626
also slowed progression of ocular cataract formation, glom-
erular kidney and pancreatic islet cell deterioration."*”* This
drug is in the early phase of clinical testing.” The current
clinical development of ISIS 388626 is not known.

Conclusion

Inhibition of SGLT2 glucose transporter is a new therapeutic
approach for the treatment of T2DM. Administration of
SGLT?2 inhibitors reduces both preprandial and postprandial
blood glucose levels, decreases glucotoxicity, reduces glycosy-
lated hemoglobin and causes weight reduction. The clinical
trials of the most advanced SGLT2 inhibitor, dapagliflozin,
have shown therapeutic benefits in attaining glycemic
control, lowering plasma glucose levels and reducing weight
in T2DM patients. Apart from these effects, there is also a
positive beneficial effect on blood pressure and lipid profile.
A unique mechanism of action of SGLT2 inhibitors offers
them a potential to be used in combination with other oral
antidiabetic drugs and with insulin. However, as the efficacy
of these drugs is dependent on glomerular filtration, these
therapeutic benefits are limited to a subset of diabetic patients
with normal renal function or patients with mild renal dys-
function. Increased incidence of breast and bladder cancer
and its hepatotoxic potential are safety concerns overshadow-
ing the potential therapeutic benefits of the drug. However,
further investigations are required to confirm these safety
issues. Notwithstanding these issues, a number of SGLT2
inhibitors currently in clinical trials are showing promising
efficacy and safety profile.
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Drug candidate

Manufacturing company

Clinical development phase

Canagliflozin Johnson & Johnson NDA submitted to US-FDA
Empagliflozin (Bl 10773) Boehringer Ingelheim Phase 3

Ipragliflozin (ASP 1941) Astella Pharma. Inc. Phase 2/3

LX4211* Lexicon Pharmaceuticals Phase 2

Luseogliflozin (TSO71) Taisho Pharmaceuticals Co. Ltd Phase 3

Tofogliflozin (CSG452) Chugai Pharmaceuticals Phase 3

Ertugliflozin (PF 04971729) Pfizer Phase 2

EGT1474 Theracos Inc. Phase 1

ISIS 388626 Isis Pharmaceuticals Phase 1

*x4211 is a dual sodium- glucose co-transporter 1 and SGLT2 inhibitor. FDA, Food and Drug Administration; NDA, New Drug Application.

© 2012 The Author. JPP © 2012

Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327 323

20z IMdy 01 uo 1senb Aq 996Z¢ 19/ L £/€/G9/810n1e/dd/woo dno-olwspeoe//:sdiy woly pspeojumoq



Monika Misra

SGLT2 inhibitors in diabetes

Downloaded from https://academic.oup.com/jpp/article/65/3/317/6132966 by guest on 10 April 2024

*SNSIDA 'SA {UONRUI JORIY AlBUlN ‘|1 ‘SNH|aW Sa1aqeIp 7 9dA) ‘NazL ‘undijBiels ‘v1iS ‘ogadeid “1d ¢

qe|ieAe JOU B1ep ‘v ‘UIWIoaW ‘| JIA ‘uizop|beid “yd| ‘uizoppbedws diN3 ‘Apnis Jo uoieinp ‘soq ‘uizoj}

-116euRd YN [SIUSAS 3SIBAPE ‘ST 'SUONDEaI Brup asiaape/uondeal Bnip asianpe ‘syay/ydy ‘Apnis Jo pua 1e aulaseq woly uiqojbouwaey pale|AsodA|6 ul abueyd ‘92| YqHY ‘Apnis Jo pus 1e auljaseq wolj [9A3] 9s0on|6 ewse|d bunsey ut abueyd ‘Dd4v

1d YUM %8 L
SA 67/ L6704d YIM %9°€ :suondajul [ebuny [e}usb o Aousnbaiy e
1d Yum
%L '€ SNETLLLEYOAd YUM %€ 1L dnewolduwis jo ASuanbaiy e
pauodal spuydauojaAd Jo ased oN
sdnoib JuawW1eal) ||e SS010e PAINGLISIP A|USAS PUB P|IW 3I9M SYAY e

1X0} BUIILI-9SOP O SYUSAS SSIBAPE SNOLIAS ON e
sdnoub JuBWIIRaI] [|e SSOI0e PAINGLISIP AJUIAS PUB P|IU BI9M SYAY e

AJLI9ASS Ul p|iW U9M
SJUaA3 |[e Inq ‘sdnob Bw g pue Gz ul paiodal sased euniye|jod xis
dnoub 1ayms ul panIssgo sem eiwedAibodAy oN e
dnoub 14 ur suou
1nq dnoub Yd| Y1 Ul PaAISSCO BI3M $35ED UOIIBJUI [e1IUS6 OM|
dnoub yd| ur suou Ing dnoib ¢ Y} Ul PAAIBSFO 3D |1 N BUQ
dnoib yd| ay1 ul eiwadA6odAy direwordwAs Jo ased pjiw suQ e
sdnoub ogade|d
PUB Yd| US3MI3 JuIaIp Apuedijiubis Jou pue A)IsAss ul piw
2I3M S1UAS ||e — P3140dal 818M SUOIIBJUI [e1IUSE Al pUB |LN Al o
dnoib bw 0o | 8y} ul elwadA|bodAy
JnewoldwAs pjiw uo 1dadxe panIasqo sem elwadA|bodAy oN e

Vd3 JO 1|nsal e Se Ul SUsAS 3sIaApe paliodal
Apuanbauy 1sow 3y asem siibukieydoseu pue 1siiy) ‘elnie|od
sdnoub |je ur elwsdA|bodAy Jo sarel JejiwIS e

sdno.b usamiaq Jejiwis a1am elwadA|bodAy Jo aouspidu| e

(%0 SA %5°7)

SUONDBUI [HUBD ‘(%' L SA %G'7) eLnelod ‘(%87 SA % L °€)
1LN :249M Td SA sAdnoub diA3 Y3 ul 3y pariodal Ajpusnbaly 1SO e

1d SA VLIS YHM PanIasqo
2ouedIUBIS [eD1ISIIelS ON
(sasop ||e

67/1/6¥04d 104 1d SA S0°0 > d)

6% 0€'0~ = VLIS

6% 6'7-016'L—=62L1L6V04d

VN

(sasop bwi g

pue g'z 1e uediyubis) 6% g | —

(1d sA 100°0) B% 21" L~

(1d sn

100°0>) b 001 yrm 6% z 01
dn uononpal wnwixew ‘sasop
||e 18 UondNpaJ Juspuadap-asoq

(1d s

S0°0>d) By Z€'1—= 13N
(1d SA 1000 > d)

b £€77-01 18" L-=dIA3
1d SA VLIS YHM P3AISSqO

Qdue; cm_m |eo1siels oN
(B 05 dINg 10}
1000°0 > d ‘bw Gz/bw 01
dIN3 104 1000 > d

Buw G dN3 104 1d SA LO'0 > d)

(VLIS pue sasop
IIe 6241 £6%04d
10} 7d SA50°0 > d)
|p/BW 67°£1—= VLIS
‘|p/Bw Ly LE~
0} £'8L—=67LLL6V04d

(1d sA
50°0 > d) (Aep/Bui 00€)
|p/bw 829~

{(Aep/Bw 0§ 1) |p/OW €726—

(1d'sn
S3SOP |[e 1B JuedIHIUDIS)
Ip/BW 6£2- 019t L—

(1d sA
100°0 > d) IP/BW 8 G-

VN

(1d A LO0'0 > d)
Ip/bw 267 = 1IN

(1d sA

1000 >d) Ip/Bw "L~
01 €°€7-=dIA3

(VLIS
104 7d SA 1000 > d ‘bw
05/6w 5z/bw o1/Bw §
dIN3 104 1d SA L0000 > d)

(VLIS pue sasop
Ile 6241 L6¥04d
1047 SAG0°0 > d)
%.8 0~ = VLIS
1%€8'0~
0} 950~ = 6L LL6¥04d

(14SAS0°0 > d)
(Rep/bui 00€) %ST L~
‘(Rep/buw 051) %G1 1~

(1d SA S950P
|[e 3e Juedyiubis)
%280 0} %EY 0~

(1d sn
100°0 >d) %ET L— = Ydl
(1d SA L0O0'0>)
%9°0  8'0—=bw 0g
UlM uondnpai
wnuwixew umwmo_o ele
uondnpal Juspuadap-asoq

(1d sn

1000 >d) %280~ = 13N
(1d SA 1000 > d)

%7, 0~ 0} %250 = dIN3

(VLIS pue 4N Bw 0G

/bu Gz/bw 0| 40} 1d
SA 10000 >d 'dINT Bw §
104 7d SA 1000 > d ‘B |

dIAI3 1041 SAG0°0 > d)

1d
Jo Ajiep @uo bw 0oL = VLIS

.

Ajiep ouo bw gz/bw Q|
/Bu G/bw | =62/1/6¥04d
1d
10
Ajiep souo bw o€
10

Ajrep a>uo 6w 051 = |LLZyX1

1d
i
Ajiep @uo

Bui 5/6w G'z/bw G0 = L£0SL

d
10
Ajtep 93uo Bw 0g = Ydl

1d
10
1ep auo buw 001/
Bus 0g/BwW Gz/6w G°Z1L = ¥dl
1d
10
Ajrep ad1my b 0001
10
6w 00S = 13N
10
Bw Gz/bw 01/6w G = dIAg

Ajrep @uo bw 001 = VLIS
1o

d
10

(o]

S§am z| =50a

(82€ = u) uiuopswW

uo paj|ouod Aj1enbape
jou spuaned NQZL

skep 8z = s0Q
(9¢ = u) syusned NQZL

s¥eIM Z1 =s0d
(9gz =)
siuaied asaueder NQZL

SpeamM 9L =s0d
(6ZL =)
syuaned asaueder NQZL

syeaMm Z1L =s0d
(L9g =u)

(%8 =21 VqH aul|3seq)
syuaned asaueder NQZL

S49IM 71 =5S0d
(801 =u)

%01 0} %/ =>LVaH
yum syuaned NQZL

S¥99M 71 =504
(S617 =u)

15(L102)
/e 39 PINN

15110102
‘le Jo uewialq

1w)(L1020)
/e 12 ouIRs

1e2)(L102)
‘[e 33 1bemiysey

1z2(0102)
‘[e 19 1bemiysey

1120102)
‘/e ]9 uluuells4

(%T'SE VLIS 63 ¥8'0~ = VLIS |p/Bw 81°Z1L—= VLIS %Sy'0— = VLIS Ajrep @>uo bw po1/bu 0§ UlwopaW uo paj|oljuod 1021 102)
'%9'9€ 11d ‘%S '8€ :dIN13) SAN0IB |[e Ul Jejiwis sem s3y Jo Aouanbaly e 0% 68'7-01G5'L—=dNT [P/BW 6 LZ-01 L Ll==dINT %L, 0-0} %¥Z0-=dN3 /Bw Gz/bw oL/bw 56w | =dA3 jou spuaned NQZL /e 13 X20ISuds0oy
Bbuw 0og/bw 0O 1/Bw 0G YNV Yoea ul juslied auo = eUNe||od e
VYNVYD Ul mﬂcw_wma 9[eWwsj OM] iSUOID8UIl [BlIURD) e
siibukieydoseu = yqy pariodal Ajuanbaiy 1o e (sesop [P 1B 1d SA (sasop [[e 18 1d S3¥PaM 71 =S0d
AYsua1ul Ul 31eJ9pOW O P|IW UM SYAY ||V e 638/ 0-=1d uononpai Juediubis) SA UoIdNPal JuedIubIS) 1d Jo Ajiep sduo bwi 0og (ege =u) t60l(1 10T)
sdnoub |je sso1de S3y JO SIUBPIDUL JE[IWIS 0% 61°€-0186'L—=VYNVD |p/Bw 8'8€— 0} £ ¥~ %880~ 0} %190~ /6w 00z/6W 00L/BW 07 = VNVD syuaned asauedef NQZL ‘[e 38 pebeuy
Td SA VLIS Yum p/6w 001 = VLIS
%G = VLIS ubis [ea1sIeISs ON (1dSA 1000 = d) 10
1%T =1d 1%9-0 = YNV :s1uans eiuadA|bodAy jo Lousnbaiy e (1d SA YNV Bw 00g/bW 002 |p/Bw 0°8L—= VLIS (1d SA LO0'0 = d) d
%T = VLIS '%9 =Td {%6~€ = YNV :ILN J0 Aousnbaiy e 104 100°0 = d “1d SA YNV 4O (suawiBal %950~ = VLIS 10 syam z| =50a
% = VLIS %Z=1d bw 00 L/Bw 0§ 104 100 = d) 350 |[e 10} d SA (suswiba1 3sop |[e 104 Ajiep 21m3 bw 00g (LGP = u) ulwIopawW
1%8~€ = YNV D: uoidajul [e3uab dnewoldwis jo Aouanbaiy o %ET 0L %E L—=VYNVD 1000 =d) IP/OW 26~ 1dSALO0'0 = d) %EL O~ 10 Ajiep auo bw 00 uo pajjo3uo>d Aj@renbape 1891(0L02)
sdnoub ||e ssoude Sy JO SOUSPIDUI JBIWIS o =g WOI) UOIINPaI 3be1USIR 017'91—=VNVD 01 %SGt 0—=VYNVD /Bw 00z/bw 00L/bw 05 = VYNV jou syusied NQZL /e 19 J20ISussoy
shep 87 = s0Q
€0°0t="1d Ip/Bbw £g+=1d %61°0-=1d (6T =u)
By61L = (Aep Ip/BW ¥ 27— = (Alrep 26'0— = (Ailep bnip d1wedA|biadAynue
921M1 Bw 00€) YNV 201M} Bu 00€) YNV 22Im} Bw 00€) YNV |eJo U0 0} dn pue ulnsul
sdnoib ||e SSOIDe SIUBAS ISISAPE JB|IWIS e 6% €/0 Ip/Obw | 'ge— = (Ajlep %€, 0— = (Allep 1d 10 Ajlep a21my bw 0og uo paj|0J1u0d Ajjlewndo ozLog)re s
s9posida J1WaedAIBOdAY 219A3S 1O SJUIAS ISISAPE SNOLISS ‘SUY1eSP ON e = (Ajilep @2uo buwi 001) YNVD 2ouo bw 001) YNV 22u0 bw 00 1) VNV 10 Ajiep @xuo buwi 001 YNV jou syuaned NQZL 1uauIneQg
uonoeal bnup asianpy (63) 3ybram ur sbueyd (3SIMIBYI0 paulap %21 YqHV sbnup Apn1s  uoneinpuonendod Apnis [ERIEIEIEN]

ss|un p/bw) Dd4v

INQzL Jo stuaned uybiam Apog pue asodn6 ewseld bunse} ‘2L yqH UO (s|elii [eaIUIP £/ seyd uf ARuaLInd) SIoNqIYUI ZI19S 3U3 JO Say3 b 3qeL

© 2012 The Author. JPP © 2012

Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327

324



Monika Misra

References

10.

11.

12.

13.

14.

. L’Abbate A. Large and micro coronary

vascular involvement in diabetes. Phar-
macol Rep 2005; 57(Suppl.): 3-9.

. Kaiser N et al. Glucotoxicity and beta-

cell failure in type 2 diabetes mellitus.
J Pediatr Endocrinol Metab 2003; 16:
5-22.

. Prentki M, Nolan CJ. Islet beta cell

failure in type 2 diabetes. J Clin Invest
2006; 116: 1802-1812.

. Inzucchi SE. Oral antihyperglycemic

therapy for type 2 diabetes: scientific
review. JAMA 2002; 287: 360-372.

. Wood IS, Trayhurn P. Glucose trans-

porters (GLUT and SGLT): expanded
families of sugar transport proteins. Br
J Nutr2003; 89: 3-9.

. Uldry M, Thorens B. The SLC2 family

of facilitated hexose and polyol trans-
porters. Pflugers Arch 2004; 447: 480—
489.

. Nair S, Wilding JP. Sodium glucose

cotransporter 2 inhibitors as a new
treatment for diabetes mellitus. J Clin
Endocrinol Metab 2010; 95: 34—42.

. Wright EM, Turk E. The sodium/

glucose cotransport family SLC5.
Pflugers Arch 2004; 447: 510-518.

. Kanai Y etal. The human kidney

low affinity Na+/glucose cotransporter
SGLT?2. Delineation of the major renal
reabsorptive mechanism for p-glucose.
J Clin Invest 1994; 93: 397—404.

Chao EC, Henry RR. SGLT?2 inhibition
— a novel strategy for diabetes treat-
ment. Nat Rev Drug Discov 2010; 9:
551-559.

Martin MG etal. Defects in Na+/
glucose cotransporter (SGLT1) traf-
ficking and function cause glucose-
galactosemalabsorption. Nat Genet
1996; 12: 216-220.

Turk E et al. Structure of the human
Na+/glucose  cotransporter  gene
SGLT1. ] Biol Chem 1994; 269: 15204—
15209.

Shibazaki T et al. KGA-2727, a novel
inhibitor of high-affinity
sodium glucose cotransporter
(SGLT1), exhibits antidiabetic efficacy
in rodent models. ] Pharmacol Exp Ther
2012; 342: 288-296.

ClinicalTrails.gov. A 2-Part trial in sub-

selective

© 2012 The Author. JPP © 2012
Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

jects with type 2 diabetes and in healthy
subjects to evaluate GSK1614235, a
new glucose lowering drug to treat type
2 diabetes (SGA112534). 2011. Avail-
able from: http://clinicaltrials.gov/ct2/
show/NCT00976261.

Freiman J et al. LX4211, a dual SGLT2/
SGIT1 inhibitor, shows rapid and
significant improvement in glycemic
control over 28 days in patients
with type 2 diabetes. Diabetes 2010;
59(Suppl. 1A): LB5. (Abstract 17LB).
Abdul-Ghani MA et al. Efficacy and
safety of SGLT2 inhibitors in the treat-
ment of type 2 diabetes mellitus. Curr
Diab Rep 2012; 12: 230-238.

van den Heuvel LP et al. Autosomal
recessive renal glycosuria attributable
to a mutation in the sodium glucose
cotransporter (SGLT2). Hum Genet
2002; 111: 544-547.

Santer R et al. Molecular analysis of
the SGLT2 gene in patients with renal
glycosuria. ] Am Soc Nephrol 2003; 14:
2873-2882.

Elsas L] etal. Autosomal recessive
inheritance of renal glycosuria.
Metabolism 1971; 20: 968—975.

Elsas L], Rosenberg LE. Familial renal
glycosuria: a genetic reappraisal of
hexose transport by kidney and intes-
tine. J Clin Invest 1969; 48: 1845—1845.
Calado | etal
heterozygous mutations in SLC5A2
are responsible for autosomal recessive
renal glycosuria. Hum Genet 2004; 114:
314-316.

Oemar BS et al. Complete absence of

Novel compound

tubular glucose reabsorption: a new
type of renal glycosuria (type 0). Clin
Nephrol 1987; 27: 156-160.
Dominguez JH et al. Molecular adapta-
tions of GLUT1 and GLUT?2 in renal
proximal tubules of diabetic rats.
Am ] Physiol 1994; 266: (2 Pt 2) F283—
F290.

Freitas HS etal. Na (+) -glucose
transporter-2 messenger ribonucleic
acid expression in kidney of diabetic
rats correlates with glycemic levels:
involvement of hepatocyte nuclear
factor-lalpha expression and activity.
Endocrinology 2008; 149: 717-724.
Rahmoune H et al. Glucose transport-
ers in human renal proximal tubular

26.

27.

28.

29.

30.

31.

32.

33.

34.

SGLT2 inhibitors in diabetes

cells isolated from the urine of patients
with non-insulin-dependent diabetes.
Diabetes 2005; 54: 3427-3434.

Jabbour SA, Goldstein BJ. Sodium
glucose co-transporter 2 inhibitors:
blocking renal tubular reabsorption of
glucose to improve glycaemic control
in patients with diabetes. Int J Clin
Pract 2008; 62: 1279-1284.

Han S et al. Dapagliflozin, a selective
SGLT2 inhibitor, improves glucose
homeostasis in normal and diabetic
rats. Diabetes 2008; 57: 1723—1729.
Boldys A, Okopien B. Inhibitors of type
2 sodium glucose co-transporters — a
new strategy for diabetes treatment.
Pharmacol Rep 2009; 61: 778-784.
Kahn BB et al. Normalization of blood
glucose in diabetic rats with phlorizin
treatment reverses insulin-resistant
glucose transport in adipose cells
without restoring glucose transporter
gene expression. ] Clin Invest 1991; 87:
561-570.

Bailey CJ et al. Effect of dapagliflozin
in patients with type 2 diabetes who
have inadequate glycaemic control
randomised,
double-blind, placebo-controlled trial.
Lancet 20105 375: 2223-2233.

Kipnes MS. Sodium-glucose cotrans-
porter 2 inhibitors in the treatment of
type 2 diabetes: a review of phase Il and
111 trials. Clin. Invest 2010; 1: 145—156.
Strojek K et al. Effect of dapagliflozin
in patients with type 2 diabetes who

with  metformin: a

have inadequate glycaemic control
with glimepiride: a randomised,
24-week,  double-blind,  placebo-
controlled trial. Diabetes Obes Metab
2011;13:928-938.

Wilding JPH etal. Dapagliflozin in
patients with type 2 diabetes poorly
controlled on insulin therapy — efficacy
of a novel insulin-independent treat-
ment. Diabetes 2010; 59(Suppl. 1):
A21-A22. (Abstract 78-OR).

Nauck MA et al. Dapagliflozin versus
glipizide as add-on therapy in patients
with type 2 diabetes who have inad-
equate glycemic control with met-
52-week,
double-blind, active-controlled non-
inferiority trial. Diabetes Care 2011; 34:
2015-2022.

formin: a randomized,

325

20z IMdy 01 uo 1senb Aq 996Z¢ 19/ L £/€/G9/810n1e/dd/woo dno-olwspeoe//:sdiy woly pspeojumoq



SGLT2 inhibitors in diabetes

35.

36.

37.

38.

39.

40.

41.

42.

43.

326

Ferrannini E et al. Dapagliflozinmono-
therapy in type 2 diabetic patients with
inadequate glycemic control by diet
and exercise: a randomized, double-
blind, placebo-controlled, phase 3 trial.
Diabetes Care 2010; 33: 2217-2224.
Bristol Squibb
(research development).
Dapagliflozin-Background document.
BMS 512148. NDA 202292 (cited
on: July 19, 2011). Available from:
http://www.fda.gov/downloads/

Myers company

and

AdvisoryCommittees/Committees
MeetingMaterials/Drugs/
EndocrinologicandMetabolicDrugs
AdvisoryCommittee/UCM262996.pdf
(last accessed on: February 7, 2012).
MeyersJL et al. Type 2 diabetes mellitus
and renal impairment in a large out-
patient electronic medical records
database: rates of diagnosis and antihy-
perglycemic medication dose adjust-
ment. Postgrad Med 2011; 123: 133—
143.

FDAAdvisory Committee Meeting.
FDA briefing document. NDA 202293.
(Dapagliflozin tablets 5 mg and 10 mg.
Sponsor:  Bristol Myers Squibb)
(cited on: July 19, 2011). Available
from: http://www.fda.gov/downloads/
AdvisoryCommittees/ Committees
MeetingMaterials/Drugs/
EndocrinologicandMetabolicDrugs
AdvisoryCommittee/UCM262994.pdf
(last accessed on: February 7,2012).
Ehrenkranz JR etal. Phlorizin: a
review. Diabetes Metab Res Rev 2005;
21:31-38.

Rossetti L et al. Correction of hypergly-
cemia with phlorizin normalizes tissue
sensitivity to insulin in diabetic rats.
J Clin Invest 1987;79: 1510-1515.

Oku A etal. T-1095, an inhibitor of
renal Na+-glucose cotransporters, may
provide a novel approach to treating
diabetes. Diabetes 1999; 48: 1794—-1800.
Isaji M. SGLT2 inhibitors: molecular
design and potential differences in
effect. Kidney Int Suppl 2011; 79(Suppl.
120): S14-S19.

Hussey EK et al. Single-dose pharma-
cokinetics and pharmacodynamics of
sergliflozin etabonate, a novel inhibitor
of glucose reabsorption, in healthy vol-
unteers and patients with type 2 diabe-

44,

45.

46.

47.

48.

49.

50.

51.

tes mellitus. J Clin Pharmacol 2010; 50:
623-635.

Hussey EK et al. Multiple-dose phar-
macokinetics and pharmacodynamics
of sergliflozinetabonate, a novel inhibi-
tor of glucose reabsorption, in healthy
overweight and obese subjects: a ran-
domized double-blind study. J Clin
Pharmacol 2010; 50: 636—646.

Dobbins R et al. Remogliflozin eta-
bonate, a selective inhibitor of the
sodium—glucose transporter 2 (SGLT2)
reduces serum glucose in type 2 diabe-
tes mellitus (T2DM) patients. Paper
presented at: 69" Scientific Session of
American Diabetes Association 2009
June 5-9; New Orleans, LA. (Abstract
573-P).  Available http://
professional.diabetes.org/Abstracts_
Display.aspx?TYP=1&CID=73295

(last accessed on: July 29, 2012).

Meng W et al. Discovery of dapagli-

from:

flozin: a potent, selective renal sodium-
dependent glucose cotransporter2
(SGLT?2) inhibitor for the treatment of
type 2 diabetes. ] Med Chem 2008; 51:
1145-1149.

List JF et al. Sodium-glucose cotrans-
port inhibition with dapagliflozin in
type 2 diabetes. Diabetes Care 2009; 32:
650-657.

Wilding JP etal. A study of dapagli-
flozin in patients with type 2 diabetes
receiving high doses of insulin plus
insulin sensitizers: applicability of a
novel insulin-independent treatment.
Diabetes Care 2009; 32: 1656—1662.
Komoroski B Dapagliflozin,
a novel, selective SGLI2 inhibitor,
improved glycemic control over 2
weeks in patients with type 2 diabetes
mellitus. Clin Pharmacol Ther 2009; 85:
513-519.

Nauck M efal. Long-term efficacy
and safety of add-on dapagliflozin
vs add-on glipizide in patients with
T2DM inadequately controlled with
metformin: 2-year results. Diabetes
2011; 60(Suppl. 1A): LB12. (Abstract-
40LB).

Irony I. FDA advisory committee

etal.

meeting (cited on: 19 July, 2011).
Available http://www.fda.
gov/downloads/AdvisoryCommittees/
CommitteesMeetingMaterials/Drugs/

from:

52.

53.

54.

55.

56.

57.

58.

59.

Monika Misra

EndocrinologicandMetabolicDrugs
AdvisoryCommittee/UCM264312.pdf
(last accessed on: February 7,2012).
Jones D. Diabetes field cautiously
upbeat despite possible setback for
leading SGLT2 inhibitor. Nat Rev Drug
Discov2011; 10: 645—646.

Musso G etal. A novel approach
to control hyperglycemia in type 2
diabetes: sodium glucose co-transport
(SGLT) inhibitors. Systematic review
and meta-analysis of randomized
trials. Ann Med 2012; 44: 375-393.
Golembiewska E et al. Renal handling
of uric acid in patients with type 1 dia-
betes in relation to glycemic control.
Arch Med Res 2005; 36: 32—-35.

Pollack A. Diabetes Drug Dapagliflozin
Rejected by FDA. The New York Times
(published on: July 19, 2011). Avail-
able from: http://www.nytimes.com/
2011/07/20/business/diabetes-drug-
dapagliflozin-rejected-by-fda-panel.
html (last accessed on: February 7,
2012).

Pollack A. FDA Delays Approval of New
Diabetes Drug. The New York Times
prescription blog (cited on: January
19, 2012). Available from: http://
prescriptions.blogs.nytimes.com/ (last
accessed on: February 7,2012).

Forxiga. European Medicines Agency
(cited on: April 19, 2012). Available
from: http://www.ema.europa.eu/
docs/en_GB/document_library/
Summary_of_opinion_-_Initial
authorisation/human/002322/
WC500125684.pdf (last accessed on:
July 29,2012).

Johnson & Johnson. Janssen Research
& Development Submits New Drug
Application to U.S. FDA for Canagli-
flozin to Treat Patients with Type 2
Diabetes (cited on: May 31, 2012).
Available from: http://www.jnj.com/
connect/news/all/janssen-research-
development-submits-new-drug-
application-to-us-fda-for-
canagliflozin-to-treat-patients-with-
type-2-diabetes (last accessed on: June
9,2012).

Boehringer Ingelheim. R & D Pipeline
(cited on: June 4,2012). Available from:
http://www.boehringer-ingelheim.
com/research_development/drug_

© 2012 The Author. JPP © 2012

Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327

20z IMdy 01 uo 1senb Aq 996Z¢ 19/ L £/€/G9/810n1e/dd/woo dno-olwspeoe//:sdiy woly pspeojumoq



Monika Misra

60.

61.

62.

63.

64.

65.

66.

discovery/pipeline.html (last accessed
on: June 9,2012).

Astella Pharma Inc. R& D pipeline
(cited in May 2012). Available from:
http://www.astellas.com/en/ir/library/
pdf/library20120511_en.ZIP (last
accessed on: June 9,2012).

Lexicon  Pharmaceuticals.  Drug
pipeline. Available from: http://www.
lexgen.com/pipeline/index.html  (last
accessed on June 9,2012).

Taisho Pharmaceuticals Co. Ltd. New
drug pipeline. Available from: http://
www.taisho-holdings.co.jp/en/ir/
development/ (last accessed on: June 9,
2012).
Chugai pharmaceuticals Co. Ltd.
Development pipeline. Available from:
http://www.chugai-pharm.co.jp/hc/
ss/english/ir/reports_downloads/
pipeline.html#table04 (last accessed
on: July 29,2012).

Pfizer. Pipeline (cited on: May 10,
2012). Available from: http://www.
pfizer.com/files/research/pipeline/
2012_0510/pipeline_2012_0510.pdf
(last accessed on: July 29,2012).
ClinicalTrial.gov (last updated on July
21,2011). Safety, Tolerability and Phar-
macokinetics Study of EGT0001474
in Subjects With Type 2 Diabetes.
Available from: http://clinicaltrials.
gov/ct2/show/NCT00924053%term=
EGT0001474&rank=2 (last accessed
on: July 29,2012).

ClinicalTrials.gov. Safety, Tolerability
and Activity Study of Multiple Doses of
ISIS-SGLT2Rx in Healthy Volunteers.
NCT00836225 (Sponsor: Isis Pharma-
ceuticals) (cited on: February 2, 2009).
Available from: http://clinicaltrials.
gov/ct2/show/NCT00836225 (last
accessed on: February 7,2012).

© 2012 The Author. JPP © 2012
Royal Pharmaceutical Society 2013 Journal of Pharmacy and Pharmacology, 65, pp. 317-327

67.

68.

69.

70.

71.

72.

Devineni D etal. Canagliflozin
improves glycaemic control over 28
days in subjects with type 2 diabetes
not optimally controlled on insulin.
Diabetes Obes Metab 2012; 14: 539—
545.

Rosenstock ]

an inhibitor of

etal. Canagliflozin,
sodium glucose
co-transporter 2 (SGLT2), improves
glycemic control and lowers body
weight in subjects with type 2 diabetes
(T2D) on metformin. Paper presented
at: 70" Scientific Session of American
Diabetes Association 2010 June 25-29;
Orlando, FL. (Abstract 77-OR).
Available from: http://professional.
diabetes.org/Abstracts_Display.aspx?
TYP=1&CID=79023 (last accessed on:
July 29,2012).

Inagaki N Canagliflozin, a
novel inhibitor of sodium glucose

etal.

co-transporter 2 (SGLT2) improves
glycemic control and reduces body
weight in Japanese type 2 diabetes
mellitus  (T2DM). Diabetes 2011;
60(Suppl. 1): A274. (Abstract 999-P).
Rosenstock J et al. Efficacy and safety
of BI 10773, a new sodium glucose
cotransporter-2 (SGLT-2) inhibitor,
in type 2 diabetes inadequately con-
trolled on metformin. Diabetes 2011;
60(Suppl. 1): A271. (Abstract 989-P).
Ferrannini E etal. The potent and
highly selective sodium glucose co
transporter-2 (SGLT2) inhibitor BI
10773 is safe and efficacious mono-
therapy in patients with type 2
diabetes mellitus. Diabetologia 2010;
53(Suppl. 1): S351. (Abstract 877).
Kashiwagi A et al. ASP1941, a novel,
selective SGLT2 Inhibitor, was effective
and safe in Japanese healthy volunteers

73.

74.

75.

76.

SGLT2 inhibitors in diabetes

and patients with type 2 diabetes melli-
tus. Paper presented at: 70" Scientific
Session of American Diabetes Asso-
ciation 2010 June 25-29; Orlando, FL.
(Abstract: 75-OR). Available from:
http://professional.diabetes.org/Adv_
SearchResult.aspx?congress=116&
tit=75%200R&spk=&ses=&kwd=
ASP1941&cgr=116&typ=10 (last
accessed on: July 29,2012).

Kashiwagi A etal. Ipragliflozin
improved glycaemic control with addi-
tional benefits of reductions of body
weight and blood pressure in Japanese
patients with type 2 diabetes mellitus:
BRIGHTEN Study. Diabetologia 2011;
54(Suppl. 1): S68. (Abstract 149).
Seino Y et al. TS-071, a novel and selec-
tive SGLT2 inhibitor, improved glyce-
mic control and decreased body weight
in 12-week study of Japanese patients
with type 2 diabetes mellitus. Diabetes
2011; 60(Suppl. 1): A274. (Abstract
998-P).

Nucci G etal. The sodium glucose
co-transported PF04971729 provides
multifaced improvement in diabetic
patients controlled
on metformin. Diabetologia 2011;
54(Suppl. 1): S347. (Abstract 850).
Wancewicz EV et al. Long term safety
and efficacy of ISIS 388626, an opti-
mized SGLT2 inhibitor,
in multiple diabetic and euglycemic
species. Paper presented at: 68" Scien-
tific Session of American Diabetes

inadequately

antisense

Association 2008 June 6-8; San Fran-
cisco, CA. (Abstract 334-OR). Available
from: http://professional.diabetes.org/
Abstracts_Display.aspx?TYP=1&CID=
68615 (last accessed on: February 7,
2012).

327

20z IMdy 01 uo 1senb Aq 996Z¢ 19/ L £/€/G9/810n1e/dd/woo dno-olwspeoe//:sdiy woly pspeojumoq



