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Canagliflozin for the treatment of adults
with Type 2 diabetes

Gary Meininger*!, William Canovatchel', David Polidori? & Norm Rosenthal’

Practice points

o Type 2 diabetes mellitus (T2DM) is a chronic and progressive metabolic disease, with growing prevalence worldwide.

t e e e s e e e

e Canagliflozin is an SGLT2 inhibitor approved in the USA, EU and other countries as adjunct to diet and exercise for the
treatment of adults with hyperglycemia.

° CanagI|ﬂ02| be@n eva ated in ~10,000 patientsfwith Ty in placeber and active controlled Phase Ill studies

of up to 10 d@ s-p dV @% b {Eﬁs.ﬁ &nal impairment and
patients Wlth eIevate cardiovascula @ Eﬁ} H

e In placebo- controlledgﬁm@ﬁj a@fﬁﬂ@&ﬁ@@ lowered bodyweight and blood
pressure in a broad ra erglycemic agents, including
older patients, patients with moderate rena |mpa|rment and patients with elevated cardiovascular risk.

e In active-controlled, Phase Ill studies, canagliflozin 300 mg demonstrated superiority to glimepiride and sitagliptin
100 mg in HbA1c lowering as add-on to metformin at 52 weeks; canagliflozin 300 mg also demonstrated superiority
to sitagliptin 100 mg in HbA1c lowering as add-on to metformin and sulfonylurea over 52 weeks.

e Canagliflozin was generally well tolerated, with increased incidences of adverse effects related to the mechanism
of action (e.g., genital mycotic infections, urinary tract infections, osmotic diuresis-related adverse events, volume
depletion-related adverse events); the incidence of hypoglycemia was low with canagliflozin in patients not on
background sulfonylurea or insulin.

e (Canagliflozin is being investigated for other possible therapeutic uses, such as treatment for diabetic nephropathy,
obesity and Type 1 diabetes mellitus.

SUMMARY Canagliflozin is an SGLT2 inhibitor approved for the treatment of adults with
Type 2 diabetes mellitus (T2DM). A comprehensive Phase lll program evaluated canagliflozin
in a broad range of patients with T2DM on various background therapies; studies were also
conducted in special populations, including older patients and those with moderate renal
impairment. Canagliflozin provided clinically meaningful reductions in HbAlc, bodyweight
and blood pressure versus placebo and active comparators in studies up to 104 weeks.
Canagliflozin was generally well tolerated, with increased incidences of adverse events
related to the mechanism of action, including genital mycotic infections and osmotic diuresis-
related adverse events. Overall, canagliflozin appears to be a useful treatment option for
patients with inadequately controlled T2DM.
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Introduction

¢ Unmet therapeutic needs in Type 2
diabetes

Diabetes is a global health concern, affecting
more than 382 million individuals worldwide in
2013 [1]. The worldwide prevalence of diabetes is
expected to increase by ~55% by 2035 [1]. Recent
estimates suggest that ~40% of individuals in the
USA will develop diabetes in their lifetime, with
Hispanic men and women and non-Hispanic
black women at the greatest risk (>50%) [2]
Approximately 90% of individuals with dia-
betes have Type 2 diabetes mellitus (T2DM),
which is characterized by hyperglycemia, insu-
lin resistance and decreased B-cell function [1].
Comorbidities, including obesity and hyperten-
sion, together with other risk factors (e.g., age,

increase in T2DM prevalence [13].
As reducing hyperglycemia can lower the
risk of microvascular and macrovascular com-

o

(sulfonylureas, insulin) and poor gastrointes-
tinal tolerability (metformin, GLP-1 receptor
agonists) [4]. Perceived ease of use may also
affect some patients’ willingness to initiate and
adhere to treatments such as insulin or GLP-1
receptor agonists [4,12]. Therefore, there remains
an unmet therapeutic need in T2DM manage-
ment for oral AHAs that are effective at reduc-
ing hyperglycemia without increasing the risk of
hypoglycemia or promoting weight gain.

¢ Role of the kidneys in T2DM
Under normoglycemic conditions, the kid-
neys are responsible for filtering ~180 g of glu-
cose per day, of which nearly all is reabsorbed
into the circulation by sodium glucose co-
transporters (SGLTs) and glucose transporters
A i e
Suale Ethe kld-
ney, is responsible for the majority of renal glu-
cose reabsorption; SGLT1, a glucose transporter
found in the distal proximal tubule, also contrib-
s¢ reabsorption [15]. SGLT1 is

l mucosa where it

plications, one of the key goals of man- utes ._o enal glu
ey e ddcons s il i e i '
loweri oy ht an o pressure is mvo ve i intestinal glucose reabsorption [16].
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@ mp ementeﬁis 'ptreatment regi-
men; however, many patlents will require thera-
peutic intervention to control the disease [4.6-8].
A variety of antihyperglycemic agents (AHAs)
are available to lower plasma glucose in patients
with T2DM [4]. Metformin is often the first-
line therapy recommended to patients who have
inadequate glycemic control after implementing
lifestyle modifications, but poor gastrointestinal
tolerability with immediate-release formulations
has been associated with more frequent discon-
. When patients

are no longer able to maintain glycemic control

tinuations in some patients [9]

using metformin monotherapy, combination
therapy with other AHAs (e.g., sulfonylureas,
GLP-1 receptor agonists, dipeptidyl peptidase-4
inhibitors [DPP-4], insulin) may be required [4]
Many patients, particularly those with signifi-
cant hyperglycemia, begin fixed-dose combina-
tions with metformin. With advances in T2DM
management strategies in recent years, patient
health outcomes appear to be improving [10];
however, achieving diabetes-related treatment
goals remains a challenge for many patients [11].
In part, this may be related to the negative
side effects of some AHAs, including weight
gain (sulfonylureas, insulin), hypoglycemia
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tered glucose load exceeds the
al glucose resorptive capacity

en the
% :tHJG ucosuna occurs [14,15,1718]. The plasma

glucose concentration at which glucosuria occurs
is the renal threshold for glucose (RT ; ~10-11
mmol/l [180-200 mg/dl] in healthy individu-
als; Figure 1). Patients with T2DM have been
reported to have enhanced renal glucose reab-
sorption capacity [19] and enhanced expression of
SGLT2 compared with healthy individuals [20].
While the mechanisms underlying changes in
SGLT?2 expression in T2DM are not well under-
stood, changes in HNF-1ot and HNF-3 activity
have been reported to contribute to alterations
in SGLT?2 expression [21]. Consistent with these
reports, patients with T2DM in Phase I stud-
ies of canagliflozin had mean pretreatment RT
values that were typically between 12.4 and 13.5
mmol/l (224-245 mg/dl) [22-24]. The increase in
RT in T2DM compared with healthy individu-
als leads to enhanced glucose reabsorption into
the bloodstream, and thereby contributes to the
sustained hyperglycemia in T2DM.

¢ SGLT2 inhibition for treatment of T2DM

In patients with T2DM, SGLT?2 inhibition low-
ers RT, which increases urinary glucose excre-
tion (UGE) and decreases plasma glucose levels.
Increased UGE is also associated with a mild

future science group



Canagliflozin for the treatment of adults with Type 2 diabetes

150
Approximate threshold
125 for hypoglycemia
~3.9 mmol/l
S 100 (70 mg/dl)
=]
3 75 |[|T2DM +CANART, Healthy RT, T2DM RT,
w ~ 4-5 mmol/| ~ 10—11 mmol/l ~12.6 mmol/l
= w0 (70-90 mg/dl) (180-200 mg/dl) (240 mg/di)
0 I | | T T T 1
4 6 8 10 12 14 16 18

Plasma glucose (mmol/l)

Figure 1. Comparison of RT_ in healthy individuals and in patients with T”2DM with and without
CANA. Note that the figure depicts idealized threshold relationships between UGE and plasma

mes s e (e disine Lid.

glucose excretion.

Figure adapted from [13,25], with permission from [13] copyright © 2014 Elsevier.

osmotic diuresis a et caloric | thlch can
lead to reductlon{% l’
Because the rate o pen s on thecglb-
merular filtration rate (GFR) and plasmagluco.
concentration [2728], the effecﬁ % EE

tion on increasing UGE is expected to be attenu-
ated in patients with impaired renal function
(lower estimated GFR [eGFR]). Canagliflozin
(INVOKANA®, Janssen Pharmaceuticals, Inc.,
NJ, USA; Janssen-Cilag International NV,
Beerse, Belgium) is an SGLT?2 inhibitor devel-
oped for the treatment of hyperglycemia in adults
with T2DM [29-42]. It is currently approved in
the USA, EU and numerous other countries for
once-daily administration [43.44]. A fixed-dose
combination of canagliflozin and metformin
(INVOKAMET®, Janssen Pharmaceuticals,
Inc, NJ, USA; VOKANAMET®, Janssen-Cilag
International NV, Beerse, Belgium) for twice-
daily administration is also approved in the USA
and EU [45.46]. In clinical studies, canagliflozin
improved glycemic control, reduced bodyweight
and BP, and was generally well tolerated in a
broad range of patients with T2DM on a variety
of background AHAs [29-42].

¢ Pharmacokinetics & pharmacodynamics of
canagliflozin

Canagliflozin 100 and 300 mg administered
once daily are rapidly absorbed, with peak
plasma canagliflozin concentrations achieved
1-2 h after dosing and half-lives of 10.6 and
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bound to plasma proteins [47]. In healthy 1nd1-
viduals, ~33% of an orally administered dose
is excreted in the urine and ~60% is excreted
in the feces [47]. The pharmacokinetic profile
of canagliflozin is similar in healthy individu-
als and patients with T2DM, and supports
once-daily dosing [22-2427.48-50]. No clinically
meaningful interactions were observed between
canagliflozin and glyburide, metformin, simv-
astatin, probenecid, cyclosporine A, oral con-
traceptives and warfarin in healthy individu-
als [s1-53]. There was an increase in the area
under the curve (AUC) and mean peak drug
concentration (C__ ) of digoxin (20 and 36%,
respectively) when co-administered with cana-
gliflozin 300 mg; therefore, patients taking
canagliflozin with concomitant digoxin should
be monitored appropriately [43]. In addition,
canagliflozin concentrations were modestly
lower with co-administration of rifampin,
which may necessitate additional monitoring
of plasma glucose levels [53].

In patients with T2DM, canagliflozin lowers
mean RT_ from ~12.6 mmol/l (240 mg/dl) to
~4-5 mmol/l (70-90 mg/dl) over 24 h, resulting in
increased UGE (~-80-120 g/day; Figure 1) [22-24.49],
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with an associated caloric loss of 320-480
kcal/day. The increase in UGE leads to reductions
in both fasting and postprandial plasma glucose
in patients with T2DM [22.24,54,55). Canagliflozin
300 mg maintains near-maximal suppression of
RT_ over 24 h, whereas canagliflozin 100 mg
provides near-maximal RT . suppression for ~13
h, with a modest attenuation of the effect in the
overnight period [22555]. In a Phase I study, cana-
gliflozin was associated with an initial reduction in
plasma volume that attenuated over 12 weeks [s6].
Canagliflozin treatment led to small increases in
24-h urine volume that were also attenuated with
sustained treatment; these were not associated
with meaningful increases in excretion of sodium
or potassium compared with placebo.

Although canagliflozin is a selective SGLT2

enrolled in placebo- and active-controlled
Phase III studies of up to 104 weeks in dura-
tion (Figure 2). Approximately 36% of patients
were recruited from North America, 26% from
Europe, 8% from South and Central America,
and 30% from the rest of the world [61]. Baseline
characteristics of participants are shown in
Table 1. Of note, most black/African—American
participants were from the USA, with the pro-
portion of these participants in the canagliflozin
program consistent with the prevalence of T2DM
in this patient population in the USA. The clini-
cal program included placebo-controlled studies
of canagliflozin as monotherapy and in combina-
tion with other AHAs (e.g., dual therapy with
metformin or sulfonylurea, triple therapy with
metformin and sulfonylurea or metformin and

Copyrigh i e e i e

SGLT?2) [2857]. Single doses of canagliflozin
>200 mg reduced postprandial glucose (PPG)
and insulin excursions for the first meal fol-

owing desing to a greater extent than could be
PriEtametide

study con t canagliriozin

00 mg give

beforea mixed m elayed, but did not prez
Sl O
individuals, leading to reduced PPG and insulin
concentrations [58]; no effects on intestinal glu-
cose absorption were observed with empagliflo-
zin, another SGLT?2 inhibitor, in patients with
T2DM [59]. Similarly, in a crossover study, cana-
gliflozin 300 mg reduced PPG excursion at the
meal following dosing, whereas a similar effect
was not observed with dapagliflozin 10 mg [60].
These effects with canagliflozin are believed to
result from local and transient intestinal SGLT'1
inhibition, as the free plasma drug concentra-
tions are not high enough to provide meaning-
ful renal SGLT1 inhibition. Consistent with the
Phase I study showing intestinal glucose absorp-
tion is delayed but not prevented, no increase in
symptoms of carbohydrate malabsorption were
reported in canagliflozin-treated patients in
the Phase III program. Because of the reduced
PPG and delayed intestinal glucose absorption
with canagliflozin 300 mg, it is recommended
that, for once-daily treatment, canagliflozin be
administered prior to the first meal of the day [43].

Overview of the canagliflozin clinical
program

The efficacy and safety of canagliflozin have
been evaluated in ~10,000 patients with T2DM

186 Diabetes Manag. (2015) 5(3)

canagliflozin 100 and 300 mg versus sitagliptin
or glimepiride added to background metformin,
and canagliflozin 300 mg versus sitagliptin added
to background metformin and sulfonylurea, were
ﬁaﬁ @%ﬁi@@plac.ebo-controﬂed
studies were conducted to determine the efficacy
andisafety of ¢anagliflozin 100 and 300 mg in
i% ons of patients with T2DM on
O - .
various background therapies, including stud-
ies in older patients (aged 55—80 years), patients
with moderate renal impairment (¢GFR 230 and

<50 ml/min/1.73 m?) and patients with elevated
cardiovascular risk (CANVAS study).

Efficacy of canagliflozin in clinical studies

¢ Glycemic efficacy

Change from baseline in HbAlc with canagli-
flozin was the primary efficacy end point in each
study and substudy across the clinical program;
other glycemic efficacy end points included the
proportion of patients who achieved HbAlc
<7.0% and change from baseline in fasting
plasma glucose. In a broad range of patients,
canagliflozin 100 and 300 mg provided dose-
dependent reductions from baseline in HbAlc
as monotherapy and combination therapy for up
to 104 weeks [29-42]. The incremental contribu-
tion of the 300 mg dose versus the 100 mg dose
to glycemic efficacy was consistent across stud-
ies. In general, a higher proportion of patients
achieved HbAlc <7.0% with canagliflozin
100 and 300 mg versus placebo during treat-
ment [29-34,37-40.42]. Larger reductions in HbAlc
and better HbAlc goal attainment with canagli-
flozin 300 mg versus sitagliptin and glimepiride
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were also seen for up to 52 or ﬁwe&s, respec-
tively [35.36.41]. Canagliflozin also provided dose-
dependent reductions from baseline in fasting
plasma glucose compared with placebo and
active comparators [29-42].

In the placebo-controlled studies of canagli-
flozin as monotherapy, add-on to metformin,
add-on to metformin plus sulfonylurea, and add-
on to metformin plus pioglitazone, statistically
significant reductions from baseline in HbAlc
were seen with canagliflozin 100 and 300 mg
compared with placebo during the 26-week core
treatment period (Figure 3A) [29-32]; these HbAlc
reductions were sustained over 52 weeks [30-32,40].
Glycemic improvements were also seen with
canagliflozin versus placebo in the substudies
of CANVAS, which were used to generalize the
broad use of combination therapy with insulin or
sulfonylurea (Figure 3A) [33.34]. Canagliflozin pro-
vided improvements in HbAlc compared with
placebo at 18 weeks in patients on background
insulin 220 IU/day or 230 IU/day (i.e., add-
on to insulin substudy) that were sustained over
52 weeks [33]. Significant reductions in HbAlc
were also seen in patients on background sulfo-
nylurea (i.e., add-on to sulfonylurea substudy)
at 18 weeks [34].

2 /Pooléd data from the four 26-vweek, placebo-

controlled studies were used to evaluate the effi-
cacy of canagliflozin in subgroups based on base-
line HbAlc, known duration of T2DM, renal
function status and age. Consistent with other
AHAs [63), HbA Ic reductions with canagliflozin
were larger in subgroups of patients with higher
baseline HbAlc [64]. Among patients in the
high glycemic cohort of the monotherapy study
(baseline HbA1c >10.0 and <12.0%), which was
not placebo-controlled, canagliflozin 100 and
300 mg also provided substantial reductions
in HbAlc (-2.13 and -2.56%, respectively;
Figure 3B) [29]. Furthermore, given that the mech-
anism of action of canagliflozin requires the
filtration of glucose at the glomerulus, patients
with greater degrees of renal impairment had
smaller reductions in HbAlc with canagliflozin,
as described below. Duration of T2DM did not
notably impact the efficacy of canagliflozin [64].

Glycemic efficacy was also evaluated in a
pooled population of patients with stage 3
chronic kidney disease (CKD; eGFR 230 and
<60 ml/min/1.73 m?) and in subgroups of
patients with stage 3A CKD (eGFR 245 and
<60 ml/min/1.73 m?) and stage 3B CKD (eGFR
>30 and <45 ml/min/1.73 m?) [62]. Because the

[}
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Table 1. Baseline characteristics of patients enrolled in the canagliflozin clinical program.

USA (n =2634)
58.8 (9.9)

1523 (58)
1111 (42)

2158 (82)
359 (14)
50(2)

67 (3)

444 (17)
2177 (83)
13 (<1)

Characteristic Worldwide (n=10,301)
Mean (SD) age, years 59.5(9.5)
Sex, n (%):

- Male 5965 (58)
- Female 4336 (42)
Race, n (%)*":

- White 7411 (72)
- Black or African-American 452 (4)

- Asian 1643 (16)
- Other? 795 (8)
Ethnicity, n (%)":

- Hispanic or Latino 1699 (16)
- Not Hispanic or Latino 8563 (83)
- Not provided 39 (<1)
'Percentages may not total 100% due to rounding.
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glycemic efficacy of canagliflozin depends on
renal function, HbAlc reductions observed

cwith canagliflozin in patients syith stage 3
CRD sl comeed i o i
normal or mi mpdired renal tunction [62].

Canagliflozin is npt indicated for patientswith
s 38 CKD: o, sy sl
sented here focus onrpatients with stage

CKD. Canagliflozin 100 and 300 mg provided
reductions from baseline in HbAlc compared
with placebo in the overall stage 3 CKD popu-
lation (-0.52, -0.62 and -0.14%, respectively;
mean baseline HbAlc was 8.1% and eGFR was
48.2 ml/min/1.73 m?). Reductions in HbAlcin
the stage 3A CKD subgroup were similar to the
overall stage 3 CKD population (Figure 3C). As
expected, HbAlc reductions were smaller with
canagliflozin 100 and 300 mg and placebo in
patients with stage 3B CKD (-0.18, -0.34 and
0.05%, respectively). In a dedicated study of
patients with moderate renal impairment (eGFR
>30 and <50 ml/min/1.73 m?), canagliflozin
100 and 300 mg provided reductions in HbAlc
compared with placebo over 52 weeks [38.39].
HbAlc reductions were slightly greater in
patients aged <65 versus 265 years, which is
likely related to reduced renal function in older
patients (Table 2) [65]. When adjusting for dif-
ferences in baseline eGFR, changes in HbAlc
were similar in younger versus older patients [66].
In head-to-head, active-controlled studies,
canagliflozin 100 mg demonstrated noninferior-
ity and canagliflozin 300 mg demonstrated supe-
riority to sitagliptin 100 mg [31] and glimepiride

Diabetes Manag. (2015) 5(3)

(mean dose of 5.6 mg; Figure 3D) [35] as add-on
to metformin over 52 weeks. Glycemic improve-

mengswith canagliflozin 100 and 300 mg ver-
@fﬂ@%@@e over 104 weeks
-0.65,7-0.74 and -0:55%, respectively) [41].
Canagliflozin 300 mg also demonstrated supe-
B%@tﬂin as add-on to metformin plus

sulfonylurea over 52 weeks (Figure 3E) [36].

Overall, the insulin-independent mechanism
of canagliflozin provides consistent glycemic
efficacy in a broad range of patients with vary-
ing disease severity and baseline characteristics
versus placebo and active comparators.

¢ Reductions in bodyweight
Across studies, canagliflozin 100 and 300 mg
provided consistent, dose-dependent reductions
in bodyweight compared with placebo and active
comparators (~2-5%). Body composition analy-
ses demonstrated that approximately two-thirds
of the weight loss associated with canagliflozin is
attributable to loss of fat mass and one-third is
attributable to loss of lean mass [35,67], consistent
with the pattern seen with weight loss associ-
ated with diet and exercise [68]. In the placebo-
controlled studies, canagliflozin 100 and 300
mg provided significant reductions from base-
line in bodyweight compared with placebo dur-
ing the core 18- or 26-week treatment periods
(Figure 4A) [29-31,33,34,40]; weight loss was generally
sustained over 52 weeks [30-33,40].

Weight changes with canagliflozin 100 and
300 mg and placebo in the stage 3A CKD sub-

group (Figure 4B) were similar to those seen in the
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overall stage 3 CKD population (-2.0, -2.4 and
-0.5%, respectively) [62]. In the pooled, placebo-
controlled population, bodyweight reductions
were seen with both canagliflozin doses com-
pared with placebo in patients aged <65 and
2065 years (Table 2) [65].

Canagliflozin 100 and 300 mg provided sig-
nificant reductions in bodyweight compared
with sitagliptin [31] and glimepiride (Figure 4C) [35]
as add-on to metformin over 52 weeks. Weight
loss with canagliflozin 100 and 300 mg versus
glimepiride was sustained over 104 weeks (-4.1,
-4.2 and 0.9%, respectively) [41]. Canagliflozin
300 mg significantly lowered bodyweight com-
pared with sitagliptin, which was weight neutral,
as add-on to metformin plus sulfonylurea over

.Redu@n@@y ight of

Canagliflozin 100 and 300 mg provided clini-
cally meaningful reductions in systolic BP (SBP)
versus placebo and active comparators in the core

52 weeks (Figure 5C) [36]. Reductions in SBP were
seen with canagliflozin 100 and 300 mg com-
pared with glimepiride as add-on to metformin
at week 52 (Figure 5C) and week 104 (-2.0, -3.1
and 1.7 mmHg, respectively) [35.41].

o Effects on B-cell function

Canagliflozin improved indices of B-cell function
over 26-52 weeks in the three clinical studies in
which these measures were assessed [29,30,36.70].
Canagliflozin improved measures of B-cell
function based on fasting blood samples
(i.e., homeostatic model assessment of P-cell
function [HOMA2-%B], proinsulin/C-pep-
tide ratio) [29303¢). In patients who underwent
a mixed-meal tolerance test, increases in the

C-peptide AUC (AUC) to glucose AUC (AUC )

DRUG EVALUATION
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also generally improved model-based indices of
B-cell function, including B-cell glucose sensitivity
and the insulin secretion rate at specified plasma

treatment periods s studies [29 3@5 -3840-42].  glucose coneentrat gs [70]. hesg rove
In the placebo—con@ Eﬁ% @i@ éz ﬂ @ m
observed at week ere general y sustained’at feading to 1mproved unctlon an nsulin

week 52 (Figure 5A) [30,32,40]. Bo carmghﬂ
zin doses lowered SBP in the %
substudy at 18 weeks, Whlle nly cana ozm
300 mg provided a notable reductlon in SBP
compared with placebo at 18 weeks in the add-
on to sulfonylurea substudy (Figure 5A) [33.34]. In
general, no notable changes in pulse rate were
seen with canagliflozin across studies [29-42].
Change in SBP was also assessed in subgroups
based on baseline SBP and baseline use of anti-
hypertensive agents; larger reductions from
baseline in SBP were observed in patients with
elevated baseline SBP (2140 mmHg), and use
of antihypertensive agents did not notably affect
BP lowering with canagliflozin [69]. SBP reduc-
tions in the stage 3A CKD (Figure 5B) subgroup
were similar to those seen in the overall stage 3
CKD population (-4.4, -6.0 and -1.6 mmHg
with canagliflozin 100 and 300 mg and pla-
cebo, respectively) [62]. Both canagliflozin doses
provided larger reductions from baseline in
SBP compared with placebo in patients aged
2065 years versus <65 years (Table 2) [65].
Canagliflozin 100 and 300 mg were associated
with statistically significant reductions in SBP
compared with sitagliptin as add-on to metformin
over 52 weeks [31], and canagliflozin 300 mg sig-
nificantly lowered SBP compared with sitagliptin
as add-on to metformin plus sulfonylurea over

future science group
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d1r tly target B-cells, was associated w1t Sim-
ilar improvements in measures of -cell function
compared with sitagliptin, which increases the
active levels of incretin hormones that act directly
on B-cells [36,70]. In addition to the likely indirect
effects of SGLT2 inhibition on B-cell function,
recent data suggest that SGLT2 inhibition leads
to modest increases in plasma glucagon concentra-
tions [54,59.73], and that increases in glucagon may
be due, at least in part, to direct effects of SGLT2
inhibitors on o-cells [74].

Safety of canagliflozin in clinical studies

¢ Overall safety and tolerability

Safety and tolerability of canagliflozin were
assessed in each study and have been reported pre-
viously [29-42,75). Safety data presented below were
pooled from Phase I1I studies. Across the clinical
program, canagliflozin 100 and 300 mg were gen-
erally well tolerated, with similar overall incidence
of adverse events (AEs) compared with placebo
and active comparators and a low incidence of
serious AEs across groups [29-42,75]. A slightly
higher incidence of AEs led to discontinuation
with canagliflozin compared with placebo or
active comparators. Canagliflozin was associated
with a higher incidence of AEs associated with its

www.futuremedicine.com

189



DRUG EVALUATION Meininger, Canovatchel, Polidori & Rosenthal

® n 191 194 365 360 40 39 155 152 113 112 661 660 n 46 43
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Figure 3. Changes in HbA1c in: (A) the PBO-controlled studies at week 18 or 26 [29-34]; (B) high glycemic subset of the monotherapy
study at week 26 [29]; (C) stage 3A CKD subgroup at week 26 [62]; (D) add-on to MET versus GLIM study over 52 weeks [35]; and (E) add-on
to MET + SU versus SITA study over 52 weeks [31]. Data in (A) and (C) are PBO-subtracted LS mean change (95% Cl) from baseline; data in
(B) are LS mean change (95% Cl) from baseline; and data in (D) and (E) are LS mean change (+SE) from baseline.

p < 0.001 vs PBO.
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Figure 3. Changes in HbA1c (cont.).

CANA: Canagliflozin; CI: Confidence interval; CKD: Chronic kidney disease; eGFR: Estimated glomerular filtration rate; GLIM: Glimepiride;
LS: Least squares; MET: Metformin; PBO: Placebo; PIO: Pioglitazone; SE: Standard error; SITA: Sitagliptin; SU: Sulfonylurea.

(C) Adapted with permission from [62], copyright © 2014 Karger Publishers, Basel, Switzerland; (D) reproduced with permission from [35]
Copyright © 2013 Elsevier; (E) reproduced with permission from the American Diabetes Association, Diabetes Care, 2013. Copyright and all
rights reserved. Material from this publication has been used with the permission of the American Diabetes Association.

mechanism of action (e.g., genital mycotic infec-
tions, urinary tract infections [UTIs], osmotic
diuresis-related AEs, volume depletion-related
AEs), consistent with findings from other SGLT2
inhibitors [43,76,77]; most were mild or moderate in
intensity and few led to discontinuations.
Genital mycotic infections were more com-
mon with canagliflozin compared with placebo
or active comparators [29-42.75,78]. In the pooled,
placebo-controlled population, the incidence of

o]

in women (10.4, 11.4 and 3.2%, respectively) and
men (4.2, 3.7 and 0.6%, respectively), with no
dose relationship observed (75,78]. Most events
in 1I@en51ty nd generall

mycotic in ﬂj@

were mild or mode
did not lead to st
with a history of genita

difference in UTTs with canagliflozin compared
with glimepiride [35.41]. UTIs were generally
mild or moderate in intensity and few were seri-
ous or led to study discontinuation. No mean-
ingful increases in upper UTIs were observed
with canagliflozin treatment versus control.
Osmotic diuresis-related AEs (e.g., pol-
lakiuria [increased urine frequency], polyuria
[increased urine volume]) were more common

with canagliflozin 100 and 300 mg compared

i iERIsine Lid.

the incidence of osmotic diuresis-related AEs was
generally higher with canagliflozin versus sitag-
liptin and glimepiride 31,35,36,41]. The incidence

of Volume ep etionyrelat %

@E@as generally lovg

uncircumcised males were more li (JDCX er, canaghﬂozm 100 rand 30 0 nd pla bo,
ence an infection [73]. Infectl E&H ec 1@: “@{E lled
well managed with standard anti unga an /ot 1on and few e to study iscontinua-

antibacterial treatments, and few patients experi-
enced a recurrence (females, 2.3%; males, 0.9%).

A modest increase in the incidence of UTTIs
was seen with canagliflozin 100 and 300 mg
compared with placebo (5.9, 4.3 and 4.0%,
respectively, in the pooled, placebo-controlled
population) (75.79]. The incidence of UTIs was
similar with canagliflozin 100 and 300 mg and
sitagliptin over 52 weeks as add-on to met-
formin and add-on to metformin plus sulfo-
nylurea [3136]. Similarly, there was no notable

tlon (75]. Based on findings from a broad popula-
tion including pooled data from all placebo- and
active-controlled studies up to 52 weeks, patients
aged =75 years, patients with renal impair-
ment, or patients taking loop diuretics were at
increased risk of volume depletion-related AEs
with canagliflozin [43].

¢ Hypoglycemia
Across studies, documented hypoglycemia
included biochemically confirmed episodes

Table 2. Efficacy of canagliflozin in patients aged <65 and =65 years.

Parameter Patients <65 years Patients 265 years
PBO CANA 100 mg CANA 300 mg PBO CANA 100 mg CANA 300 mg
(n=509) (n=674) n=685) (n=137) (n=159) (n=149)

Baseline eGFR (ml/min/1.73 m?)  90.0 90.9 91.3 75.9 773 774

Baseline HbA1c (%): 8.1 8.0 8.0 7.8 79 79

- LS mean change -0.2 -0.9 -1 -0.1 -0.7 -0.9

Baseline bodyweight (kg): 90.0 90.9 89.4 86.3 84.6 84.4

- LS mean change -0.6 -2.5 -3.1 -0.5 2.4 -3.2

- LS mean change (%) -0.6 -2.8 -34 -0.6 29 -3.8

Baseline SBP (mmHg): 127.3 126.9 127.6 132.7 132.5 134.2

- LS mean change -0.3 -4.2 -4.8 -0.8 -4.6 -5.9

CANA: Canagliflozin; eGFR: Estimated glomerular filtration rate; LS: Least squares; PBO: Placebo; SBP: Systolic blood pressure.

Data taken from [65].
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week 26 [62]; (C) add-on to MET versus GLIM study over 52

and (D) add-on to MET + SU versus SITA study over 52 weeks [31].

Data in (A) and (B) are PBO-subtracted LS mean change (95% Cl) from baseline, and data in (C) and (D) are LS mean change (£SE) from
baseline.

*p < 0.001 vs PBO.
*p < 0.025 vs PBO.
BW: Bodyweight; CANA: Canagliflozin; CKD: Chronic kidney disease; GLIM: Glimepiride; LS: Least squares; MET: Metformin; PBO: Placebo;
PIO: Pioglitazone; SE: Standard error; SITA: Sitagliptin; SU: Sulfonylurea.
(D) Reproduced with permission from the American Diabetes Association, Diabetes Care, 2013. Copyright and all rights reserved.
Material from this publication has been used with the permission of the American Diabetes Association.
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(concurrent fingerstick or plasma glucose
<3.9 mmol/l [70 mg/dl], with or without symp-
toms) and severe episodes (i.e., those requiring
the assistance of another individual or resulting
in seizure or loss of consciousness); the incidence
of hypoglycemia in the canagliflozin clinical pro-
gram is summarized in Table 3. Among patients in
the pooled, placebo-controlled population who
were not on background AHAs associated with
hypoglycemia (i.e., sulfonylurea), the incidence
of documented hypoglycemia over 26 weeks
was low across groups, but slightly higher with
canagliflozin 100 and 300 mg compared with
placebo (3.8, 4.3 and 2.2%, respectively) [75]; the
incidence of biochemically documented hypogly-
cemia with glucose levels <3.1 mmol/l (56 mg/dl)
was low and similar across groups (0.7, 0.6 and

Diabetes Manag. (2015) 5(3)

0.4%, respectively) [64]. Consistent with other
AHAs with a low intrinsic risk of hypoglycemia,
patients who were on background AHAs asso-
ciated with hypoglycemia reported more docu-
mented hypoglycemia episodes across groups,
with a moderate, dose-dependent increase
observed with canagliflozin 100 and 300 mg
compared with placebo (27.4, 30.1 and 15.4%),
respectively) [75]. Severe hypoglycemia episodes
were reported infrequently (<1 [0.6%)] per group)
regardless of background AHAs [75].

The incidence of documented hypoglycemia
was low and similar with canagliflozin and sit-
agliptin as add-on to metformin [31]. As add-on
to metformin plus sulfonylurea, the incidence of
hypoglycemia with canagliflozin 300 mg was sim-
ilar to sitagliptin (43.2 and 40.7%, respectively),

future science group
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despite a nearly 0.4% larger reduction in HbAlc
with canagliflozin 36]. The incidence of hypogly-
cemia was significantly lower with canagliflozin
100 and 300 mg relative to glimepiride as add-on
to metformin over 52 weeks (5.6, 4.9 and 34.2%,
respectively) [35]; over 104 weeks, hypoglycemia
episodes were reported in 6.8, 8.2 and 40.9% of
patients, respectively [41].

®
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¢ Fasting plasma lipids

Changes in fasting plasma lipids with cana-
gliflozin were assessed across studies [29-42,75].
In general, canagliflozin was associated with
mean percentage decreases in triglycerides and
increases in high-density lipoprotein choles-
terol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) versus comparators. The
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Figure 5. Changes in SBP in: (A) the PBO-controlled studies at week 18 or 26 [29-34]; (B) stage 3A CKD subgroup at week 26 [62]; and
(C) add-on to MET versus GLIM [35] and add-on to MET + SU versus SITA studies over 52 weeks [31]. Data in (A) and (B) are PBO-subtracted
LS mean change (95% Cl) from baseline, and data in (C) and (D) are LS mean change (+SE) from baseline.

fp < 0.001 vs PBO or SITA.
*p < 0.01 vs PBO.
p < 0.025 vs PBO.

Statistical comparison vs GLIM not performed (not prespecified).
CANA: Canagliflozin; Cl: Confidence interval; CKD: Chronic kidney disease; GLIM: Glimepiride; LS: Least squares; MET: Metformin;
PBO: Placebo; PIO: Pioglitazone; SBP: Systolic blood pressure; SE: Standard error; SITA: Sitagliptin; SU: Sulfonylurea.
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Table 3. Summary of documented hypoglycemia episodes.

194

Copyr

Parameter
Comparator
Pooled, PBO-controlled studies (week 26)

Patients not on background SU (n)*: 490

- Any documented hypoglycemia 11 (2.2

- Severe hypoglycemia 0
Patients on background SU (n): 156

- Any documented hypoglycemia 24 (15.4)
- Severe hypoglycemia 1(0.6)

Active-controlled studies (week 52)

Patients not on background SU:

- Add-on to MET vs GLIM (n) 482
- Any documented hypoglycemia 165 (34.2)
» Severe hypoglycemia 15 (3.1)

154 (40.7)
13 (3.4)

documented hypoglycemia
- Severe hypoglycemia

Aot M@@]u@m@ L,

Patients, n (%)

CANA 100 mg CANA 300 mg
676 678

26 (3.8) 29 (4.3)

1(0.1) 1(0.1)

157 156

43 (27.4) 47 (30.1)
1(0.6) 0

483 485

27 (5 6) 24 (4 9)

163 (43.2)
- 15 (4.0)

Data taken from

This table is a summary of documented hypoglycemia episodes including biochemically documented episodes (fingerstick or
plasma glucose <3.9 mmol/I [70 mg/dl]) with or without symptoms and severe episodes (i.e., those requiring the assistance of

another m&wwdua\ or resulting in seizure or lgss of con |%aness) Il events are reported piior to initiation of rescue medication.
o ME
2rim @@n@ T T AT

but may e related t Hi\l_:?

ated with increased UGE and 1ntravascular vol-

hanges assoCi-

ume reduction with canagliflozin [s0]. LDL-C
increases have also been reported with other
SGLT?2 inhibitors [43,76,77]. In patlents with
eGFR >30 and <50 ml/min/1.73 m? who have
decreased UGE, LDL-C was decreased with
canagliflozin 300 mg (-1.0%) compared with
increases with canagliflozin 100 mg (6.4%) and
placebo (6.3%) [38]. Minimal changes in the
LDL-C/HDL-C ratio and small dose-depend-
ent increases in non—HDL-C that were smaller
than increases in LDL-C were observed with
canagliflozin across studies. Relative to placebo,
small, dose-related increases in total cholesterol
were seen with canagliflozin 100 and 300 mg in
the pooled, placebo-controlled population [75).
Lipid changes in the pooled, placebo-controlled

population are summarized in Figure 6.

¢ Cardiovascular safety

The cardiovascular safety of canagliflozin is being
evaluated in ~10,000 patients in the ongoing
CANVAS and CANVAS-R (renal end points)
studies. An interim meta-analysis of data from
Phase II/I1I studies in a broad patient population
to support health authority filings suggests that

Diabetes Manag. (2015) 5(3)

Eﬁ“@’h‘ﬁ f@igﬁ@ catment is not associated with

an incieased risk of cardiovascular harm. The
hazard ratio (95% CI) for risk of major adverse
cardiovascular events was 0.91 (0.68, 1.22) [47].

¢ Renal safety

Across studies, treatment with canagliflozin was
associated with reductions in eGFR (approxi-
mately -1 to -6%) and commensurate increases
in serum creatinine (-2-8%) that generally
occurred early after initiation of treatment (up
to week 6) and stabilized or attenuated over the
study duration [29-32,35-41,75]. This trend was also
observed in patients with stage 3 CKD [39.62] and
in older patients [42]. Figure 7 shows representative
data for mean eGFR over time from the 104-
week study of canagliflozin versus glimepiride
as add-on to metformin [41]. The incidence of
renal-related AEs (e.g., renal impairment, blood
creatinine increased) was 0.6, 1.7 and 0.6%
with canagliflozin 100 and 300 mg and pla-
cebo, respectively, among patients with normal
renal function in the pooled, placebo-controlled
population over 26 weeks [75]. The incidence of
renal-related AEs was higher with canagliflozin
100 and 300 mg compared with placebo in the
stage 3 CKD population (8.9, 9.3 and 3.7%,
respectively) [62].
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In patients with moderate renal impairment
(eGFR 230 and <50 ml/min/1.73 m?), canagli-
flozin 100 and 300 mg provided reductions in the
median urine albumin/creatinine ratio compared
with placebo (-16.4, -28.0 and 19.7%, respectively)
over 52 weeks [39]. In addition, both canagliflozin
doses reduced albuminuria over 52 weeks, with
fewer patients progressing and more patients
regressing in stages of albuminuria versus placebo.

e Electrolytes

Canagliflozin was associated with small changes
in serum electrolytes (e.g., sodium, potassium,
bicarbonate, calcium, magnesium, phosphate)
across studies [29-32,35-41,75,81]. In the pooled,
placebo-controlled population, the incidence of
AE:s related to changes in electrolytes was low

md e e

with canagliflozin; mean percent increases in
potassium were 0.6, 1.0 and 0.5%, respectively,
in patients with eGFR >60 ml/min/1.73 m? at
week 26 [81]. Potassjum.elevations l%egmg outlier

AR m
Trigly erldgs
Baseline (mmol/l)r: ﬁig

LS mean change (mmol/)t 0.00 -0.11 0.22 -0.06 0.06 O 15

12

7.6

2.4

A Lipids (%)

criteria (i.e., >5.4 mmol/l and >15% increase from
baseline) at any time postbaseline were more fre-
quent with canagliflozin 300 mg compared with
canagliflozin 100 mgand placebo in patients with
eGFR 260 ml/min/1.73 m? (6.8, 4.5 and 4.7%,
respectively). In patients with eGFR 245 and
<60 ml/min/1.73 m?, the incidence of potassium
elevations was 9.1, 5.2 and 5.5%, respectively;
potassium elevations were similar for placebo and
canagliflozin 100 mg, the indicated dose in this
population. Potassium elevations were typically
<6.5 mmol/l; elevations >6.5 mmol/l were rare, but
more frequent in patients taking antihypertensive
agents that affect potassium excretion.

¢ Bone mineral density & fractures
Over 104 weeks, canagliflozin did not adversely

DRUG EVALUATION

f Endrre-iekiehhe Lid.

not enrolled in CANVAS, no difference in the
incidence of fractures was seen with canagli-
flozin compared with control; in the pooled,
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Figure 6. Changes in fasting plasma lipids over 26 weeks (pooled, PBO-controlled population) [75]. Data are LS mean percent change

(+SE) from baseline.

fUnits of mol/mol for LDL-C/HDL-C. To convert from mmol/l to mg/dl, multiply by 88.5 for triglycerides and 38.6 for LDL-C, HDL-C and

total cholesterol.

CANA: Canagliflozin; HDL-C: High-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; LS: Least squares;

PBO: Placebo; SE: Standard error.
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fractures was 0.7, 0.6 and 0.3% with canagliflo-
zin 100 and 300 mg and placebo, respectively,
over 26 weeks [44]. The incidence rates of bone
fractures were 1.6, 1.6 and 1.1 per 100 patient-
years of exposure with canagliflozin 100 and
300 mg and placebo, respectively, in patients
enrolled in CANVAS (i.e., high cardiovascular
risk), with most fractures occurring within the
first 26 weeks of treatment [44].

Clinical applications of canagliflozin

Canagliflozin provided consistent improve-
ments in glycemic control, bodyweight and
BP, and was generally well tolerated, with a low
risk of hypoglycemia, as monotherapy and in
combination with other AHAs across Phase I11
studies [29-42]. Because of its insulin-independ-
ent mechanism, canagliflozin is complementary
to other AHAs, including insulin. The 2015
update to the American Diabetes Association
recommendations for T2DM management

Diabetes Manag. (2015) 5(3)

included SGLT2 inhibitors, such as canagli-
flozin, for use in dual therapy with metformin
or triple therapy with metformin and sulfony-
lureas, thiazolidinediones, DPP-4 inhibitors,
or insulin, given their similar efficacy to other
oral AHAs and potential advantages including
weight loss and BP lowering with a low risk
of hypoglycemia [4]. Canagliflozin 100 mg is
approved for initiation in patients with T2DM
and eGFR >45 ml/min/1.73 m? in the USA and
in patients with eGFR 260 ml/min/1.73 m? in
the EU (patients in the EU can remain on cana-
gliflozin 100 mg unless eGFR falls persistently
below 45 ml/min/1.73 m?) [43,44]; patients with
eGFR 260 ml/min/1.73 m? who require addi-
tional glycemic control can increase the dosage
to 300 mg. Canagliflozin is not indicated for
use in patients with eGFR <45 ml/min/1.73 m?.

While canagliflozin is well tolerated in most
patients, patients and their health care pro-
viders should be familiar with the symptoms

future science group
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of AEs related to the mechanism of action of
SGLT2 inhibition (e.g., genital mycotic infec-
tions, hypotension and dehydration). Some
patients may be at increased risk for specific AEs
depending on their medical history. For exam-
ple, patients with a history of genital mycotic
infection or uncircumcised males are at greater
risk of experiencing a genital mycotic infection
with canagliflozin [78]. In addition, patients who
are aged 275 years, who have moderate renal
impairment, and who are taking loop diuretics
may be at increased risk of volume depletion-
related AEs [43]. Clinicians should monitor
LDL-C and treat per standard of care [43].

Conclusion
Canagliflozin was among the first SGLT?2 inhibi-

gk il

through a novel, insulin-independent mechanism

of lowering RT, thereby increasing UGE and
leading to a mild osmotic diuresis and net caloric

loss. Canagliflozin improved-glycemiceontrol and
reduced bodyweigi@d%%%@s@ @;
ies in a broad range of patients with X

safety and tolerability profile of canagliflozin w.
generally favorable, with incre@@?%ﬂ

AEs related to the mechanism of action o
inhibition (i.e., genital mycotic infections, UTTs,
osmotic diuresis-related AEs, volume depletion-
related AEs), consistent with other agents in this
class. As expected, canagliflozin was associated
with a low risk of hypoglycemia when used in
combination with AHAs not associated with
hypoglycemia. Early eGFR reductions were seen
with canagliflozin treatment that generally stabi-
lized or attenuated over time. Overall, canagli-
flozin may be an attractive therapeutic option for
patients who require improved glycemic control
and would benefit from reductions in bodyweight
and BP, along with a low risk of hypoglycemia.
Clinical studies have demonstrated multiple
benefits of canagliflozin, which may be viewed
favorably by patients and health care providers;
furthermore, these studies have provided evi-
dence that canagliflozin may have applications
in related therapeutic areas.

Future perspective

Diabetic nephropathy is a microvascular com-
plication affecting ~20-40% of patients with
diabetes [82], who are also at an increased risk of
macrovascular disease [83]. Hyperglycemia and
hyperfiltration at the level of the glomerulus have

future science group

been proposed to contribute to the onset and
progression of diabetic nephropathy in patients
with T2DM, resulting in persistent albuminuria
and progressive declines in renal function [84].
Preclinical models of diabetes and clinical stud-
ies have shown that SGLT?2 inhibitors decrease
hyperfiltration by directly acting on the kid-
ney to increase tubuloglomerular feedback via
increased sodium delivery to the distal tubule
that results from inhibition of SGLT2-dependent
glucose reabsorption [ss]. Because SGLT2 inhibi-
tors have been shown to reduce albuminuria and
hyperfiltration, it is possible that canagliflozin
may provide renoprotection in patients with
T2DM [86]. Canagliflozin is not currently indi-
cated for the treatment of diabetic nephropathy;
the CREDENCE trial was designed to deter-

LitEmnestsine [Lid.

macroalbuminuria who are receiving standard
care, including treatment with an angiotensin-
converting enzyme inhibitor or angiotensin
receptor blocker {NCT0206579%, (87]). is

il o i
end-stage renal disease; doubling of serutn cre-
atinine, and renalror cardiovascular death in

T

Many patients wit DM are overweight
or obese, and weight loss can lead to improve-
ments in glycemic control, as well as lower
risk of diabetes-related complications [4-5.8].
Meaningful weight loss was seen with canagli-
flozin 100 and 300 mg across Phase III studies
in patients with T2DM [29-3235-41]; in a Phase
IT study, canagliflozin provided modest weight
loss in overweight and obese patients without
T2DM over 12 weeks [88]. However, weight loss
with canagliflozin is less than would be predicted
based on UGE alone; recent studies suggest
that this may be attributable to a compensatory
increase in food intake [59.89.90]. Canagliflozin
is not currently indicated for the treatment of
obesity; a clinical study is ongoing to evaluate
canagliflozin in combination with phentermine,
an appetite suppressant, for weight management
in individuals who are overweight and obese
(NCT02243202 37]).

Canagliflozin treatment may also be beneficial
in Type 1 diabetes mellitus (T1DM). Patients
with T1DM are unable to produce insulin, so
T1DM management requires frequent blood
glucose monitoring and insulin replacement
therapy [91]. Canagliflozin may be attractive for
patients with TIDM because it may provide
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insulin-independent glycemic control with a low
risk of hypoglycemia. Some patients with TIDM
may also benefit from the weight loss associated
with canagliflozin to offset the weight gain asso-
ciated with insulin. While canagliflozin is not
currently indicated for the treatment of T1IDM,
a clinical trial is ongoing to evaluate the efficacy
and safety of canagliflozin in patients with TIDM
who are taking insulin (NCT02139943 [s7)).
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