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ABSTRACT

Recent large clinical trials on sodium-glucose
cotransporter 2 (SGLT2) inhibitors and gluca-
gon-like peptide-1 (GLP-1) receptor agonists,
with the aim of verifying cardiovascular safety,
have revealed that these medications have a
preventative advantage on adverse cardiovas-
cular outcomes, including worsening of heart
failure and deterioration of nephropathy, in
patients with type 2 diabetes (T2D). These
observed benefits do not seem to correlate with
the glucose-lowering effect, and the underlying
mechanism is being intensively investigated.
Given the results from recent studies, the
American Diabetes Association (ADA) and the
European Association for the Study of Diabetes
(EASD) recommend that patients with T2D and
clinical cardiovascular disease (CVD) with
inadequate glucose control despite treatment
with metformin should receive an SGLT2 inhi-
bitor or GLP-1 receptor agonist. In this review
we summarize the results of recent cardiovas-
cular outcome trials and discuss the potential
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clinical advantage of SGLT2 inhibitors and GLP-
1 receptor agonists. We also present practical
implications of these glucose-lowering agents
for reducing the risk of adverse cardiovascular
events and progressive renal comorbidity in
patients with T2D and CVD.
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INTRODUCTION

Initial concerns about the cardiovascular safety
of rosiglitazone [1], which were mostly dispelled
following the analysis of data on cardiovascular
outcomes in the Rosiglitazone Evaluated for
Cardiac Outcomes and Regulation of glycemia
in Diabetes (RECORD) trial that assessed oral
rosiglitazone combination therapy for patients
with type 2 diabetes (T2D) [2], compelled the US
Food and Drug Administration (FDA) to man-
date that all new glucose-lowering agents must
undergo post-marketing endpoint trials with
the aim of verifying cardiovascular safety. In
recent years, major clinical trials, including
those on the cardiovascular safety of dipeptidyl
peptidase-4 (DPP-4) inhibitors, glucagon-like
peptide-1 (GLP-1) receptor agonists, and
sodium-glucose co-transporter-2 (SGLT2) inhi-
bitors, have been published.
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Trials assessing the safety of DPP-4 inhibitors
have reported a lack of superiority for major
cardiovascular events compared with placebo
[3-6] as well as an increase in the risk of hos-
pitalization for heart failure, as seen with sax-
agliptin in the Saxagliptin Assessment of
Vascular Outcomes Recorded in Patients with
Diabetes Mellitus (SAVOR)-Thrombolysis in
Myocardial Infarction (TIMI) 53 trial [5]. To the
contrary, three successive trials of SGLT2 inhi-
bitors [7-9] showed a beneficial effect of this
class of medications on cardiovascular events,
accompanied by a lower risk of hospitalization
for heart failure and a reno-protective effect
with respect to mitigating albuminuria and
deterioration of kidney function. In addition,
three trials of GLP-1 receptor agonists, namely,
the Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results
(LEADER) trial, the Semaglutide Unabated Sus-
tainability in Treatment of Type 2 Diabetes 6
(SUSTAIN-6) trial, and the Albiglutide and car-
diovascular outcomes in patients with type 2
diabetes and cardiovascular disease (Harmony
Outcomes) trial, also demonstrated risk reduc-
tion in major adverse cardiovascular events
[10-12], with a consistent result recently
reported on the use of dulaglutide in the
Researching Cardiovascular Events with a
Weekly Incretin in Diabetes (REWIND) trial
[13].

Given the implications of new evidence
derived from these cardiovascular outcomes
trials (CVOTs), the American Diabetes Associa-
tion (ADA) and the Furopean Association for
the Study of Diabetes (EASD) recently recom-
mended that patients with T2D and clinical
cardiovascular disease (CVD) inadequately
controlled with metformin therapy and lifestyle
intervention should be treated with an SGLT2
inhibitor or GLP-1 receptor agonist and that
among those in whom heart failure coexists, an
SGLT2 inhibitor should be preferentially pre-
scribed [14].

In this review we summarize the results of
these CVOTs and discuss the potential clinical
advantage of therapy with SGLT2 inhibitors and
GLP-1 receptor agonists. We also present the
practical implications of these two classes of
glucose-lowering medications with respect to

their potential to reduce the risk of adverse
cardiovascular events and of progressive renal
comorbidity in patients with T2D and CVD.

METHODS

The articles cited in this review were retrieved
from the literature using Google Scholar with
the search terms “SGLT2 inhibitor”, “GLP-1
receptor agonist”, “cardiovascular”, and “out-
come”. Related articles were also collected from
a personal database.

This review article is based on previously
conducted studies and does not contain any
studies with human participants or animals
performed by any of the authors.

ERA BEFORE SGLT2 INHIBITORS
AND GLP-T RECEPTOR AGONISTS

Despite the therapeutic advances in recent years
driven by the emergence of novel anti-diabetic
agents, CVD remains a major cause of morbidity
in individuals with T2D, and CVD is still a
major cause of death among people with dia-
betes. In the past decade, published evidence of
the efficacy of intensive glycemic control on
macrovascular outcome has been challenged. In
the United Kingdom Prospective Diabetes Study
33 (UKPDS33) [15], which involved newly
diagnosed patients with T2D in the UK between
1977 and 1991, the participants were randomly
assigned to receive either intensive therapy with
a sulfonylurea or insulin, or to receive conven-
tional treatment. Although a 25% reduction in
microvascular endpoints was achieved (hazard
ratio [HR] 0.75, 95% confidence interval [CI]
0.60-0.93, p =0.0099), the 11% reduction in
glycated hemoglobin (HbAlc) achieved by
intensive therapy was not sufficient to bring
about a significant reduction in myocardial
infarction (fatal or nonfatal) and sudden death
(HR 0.84, 95% CI 0.71-1.00, p =0.052). In
UKPDS 34 [16], in which 1704 overweight
patients were randomly assigned to conven-
tional treatment or intensive glycemic control
with a sulfonylurea, insulin, or metformin,
participants  allocated metformin had a
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significantly reduced risk of any diabetes-related
endpoint (HR 0.68, 95% CI 0.53-0.87,
p =0.0023), diabetes-related death (HR 0.58,
95% CI0.37-0.91 p = 0.017), all-cause mortality
(HR 0.64, 95% CI 0.45-0.91, p =0.011), and
myocardial infarction (HR 0.61, 95% CI
0.41-0.89, p = 0.01), as opposed to participants
who received intensive glycemic control
achieved with a sulfonylurea or insulin.

However, none of three subsequent major
trials that examined intensive glycemic control,
namely, the Action to Control Cardiovascular
Risk in Diabetes (ACCORD) trial, the Action in
Diabetes and Vascular Disease: Preterax and
Diamicron Modified-Release Controlled Evalu-
ation (ADVANCE) trial, and the Veterans Affairs
Diabetes Trial (VADT) [17-19], exhibited a
beneficial effect of intensive control on cardio-
vascular events, with the exception of the
ACCORD trial in which non-fatal myocardial
infarction decreased in the intensive control
group. The ADVANCE trial demonstrated a sig-
nificant reduction in the risk of microvascular
complications, consistent with the UKPDS33
results, but the favorable results were not repli-
cated in the VADT. Furthermore, in the
ACCORD trial, all-cause mortality and cardio-
vascular mortality were significantly increased
in the intensive control group during the 3.5-
year follow-up period, accompanied by severe
hypoglycemia and body weight gain; this trial
was therefore prematurely terminated. Given
these results, intensive glycemic control is now
regarded as harmful rather than beneficial,
especially in elderly persons.

Since the FDA mandated postmarketing car-
diovascular trials for new anti-diabetes drugs
following the controversy over rosiglitazone, a
number of CVOTs aimed at validating cardio-
vascular safety have been performed. Although
a CVOT with a DPP-4 inhibitor was first repor-
ted in 2013, all four DPP-4 inhibitor trials,
namely, the Examination of Cardiovascular
Outcomes with Alogliptin versus Standard of
Care (EXAMINE) trial, Trial Evaluating Cardio-
vascular Outcomes with Sitagliptin (TECOS),
SAVOR-TIMI53, and the Cardiovascular and
Renal Microvascular Outcome Study With
Linagliptin (CARMELINA), met the noninferi-
ority margin in major adverse cardiac event

(MACE) endpoints, but none of these trials
demonstrated superiority in MACE compared
with placebo [3-6].

SGLT2 INHIBITORS

Mode of Action of SGLT-2 Inhibitors

Sodium-glucose cotransporter 2 is a sodium-
glucose cotransporter that is highly expressed in
the early part of the proximal renal tubule (S1
segment). Approximately 90% of urinary glu-
cose is reabsorbed via SGLT2, whereas residual
glucose is reabsorbed by SGLT1 situated in the
more distal part of the proximal renal tubule (83
segment). In patients with T2D, maximum
reabsorption capacity is amplified, and this
amplification in association with an increased
concentration of systemic glucose results in
persistence of hyperglycemia and glucotoxicity,
leading to B-cell dysfunction [20, 21]. SGLT2
inhibitors reduce the maximum glucose reab-
sorption rate and lower the threshold for gly-
cosuria, two actions which cause increased
glucose excretion according to rising plasma
glucose concentration [22, 23]. SGLT2 inhibi-
tors exert their plasma glucose-lowering effect
by increasing urinary glucose excretion in an
insulin-independent manner, leading to
reduced plasma glucose level and body weight
without the risk of hypoglycemia.

Cardiovascular Outcome Trials

A summary of major CVOTs with SGLT2 inhi-
bitors is shown in Table 1. The Empagliflozin
Cardiovascular Outcome Event Trial in Type 2
Diabetes Mellitus Patients Removing Excess
Glucose (EMPA-REG OUTCOME) trial enrolled
7020 participants with T2D and established
CVD, who were then randomly assigned to
empagliflozin 10 or 25 mg or placebo. During a
median follow-up of 3.1 years, empagliflozin
demonstrated significant risk reduction in
3-point MACE (cardiovascular death, nonfatal
myocardial infarction [MI] and nonfatal stroke)
(HR 0.86, 95% CI 0.74-0.99, p = 0.04) compared
to placebo [9]. The primary outcome was largely
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driven by a 38% reduction in cardiovascular
death (HR 0.62, 95% CI 0.49-0.77, p < 0.001),
whereas there was a non-significant decrease in
nonfatal MI (HR 0.87, 95% CI 0.70-1.09,
p =0.22), while the occurrence of nonfatal
stroke tended to be higher although the differ-
ence did not reach significance (HR 1.24, 95%
CI 0.92-1.67, p = 0.16). Furthermore, there was
a marked reduction in the incidence of hospi-
talization for heart failure in the empagliflozin
arm (HR 0.65, 95% CI 0.50-0.85, p = 0.002).

In terms of renal outcome, an analysis based
on prespecified renal outcomes as the secondary
endpoint revealed that empagliflozin also
reduced the risk for the composite renal end
point (progression to macroalbuminuria, dou-
bling of serum creatinine, initiation of renal
replacement therapy, or death due to renal
disease) (HR 0.61, 95% CI 0.53-0.70, p < 0.001)
[24]. The magnitude of reduction in the com-
posite renal endpoint was greater in those
individuals with an estimated glomerular fil-
tration rate (eGFR) of > 90 ml/min/1.73 m? (HR
0.21, 95% CI 0.09-0.53) compared with those
with an eGFR of < 60 ml/min/1.73 m? (HR 0.66,
95% CI 0.41-1.07) or those with an eGFR of
60-90 ml/min/1.73 m?> (HR 0.61, 95% CI
0.37-1.03) [24].

The beneficial outcome for cardiovascular
risk observed in the EMPA-REG OUTCOME trial
was recapitulated in the Canagliflozin Cardio-
vascular Assessment Study (CANVAS) Program
[7]. The CANVAS Program enrolled 10,142 par-
ticipants, 65.6% of whom had established
atherosclerotic CVD when the CANVAS and
CANVAS-R trials were combined. Canagliflozin
demonstrated a significant reduction in the
relative risk of the primary cardiovascular end-
point by 14% (HR 0.86, 95% CI 0.75-0.97,
p =0.02 for superiority) during a median fol-
low-up period of 2.4 years [7]. This medication
did not demonstrate a significant reduction in
cardiovascular and all-cause mortality, in con-
trast to empagliflozin in the EMPA-REG OUT-
COME trial.

Similar to the EMPA-REG OUTCOME trial, a
significant 33% reduction in the secondary
endpoint of hospitalization for heart failure (HR
0.67, 95% CI 0.52-0.87) was observed in the
CANVAS Program, whereas neither the risk of

MI nor that of stroke was significantly reduced.
Canagliflozin also exerted a 40% reduction in
the risk of the prespecified composite renal
outcome which comprised a sustained 40%
reduction in eGFR, the need for renal replace-
ment therapy, or death from renal causes (HR
0.60, 95% CI 0.47-0.77).

The renal outcome with canagliflozin in
patients with impaired kidney function was
verified in the recently reported Canagliflozin
and Renal Endpoints in Diabetes with Estab-
lished Nephropathy Clinical Evaluation (CRE-
DENCE) trial [25]. Patients with T2D who had
chronic kidney disease (CKD), defined as those
with an eGFR ranging from 30 to 90 ml/min/
1.73 m? and macroalbuminuria (urine albumin
[mg] to creatinine [g] ratio; UACR > 300-5000),
and all 4401 participants who underwent ran-
domization were required to have background
use of an angiotensin-converting enzyme inhi-
bitor or angiotensin-receptor blocker (ARB) for
at least 4 weeks. Canagliflozin significantly
reduced the relative risk of the primary com-
posite outcome comprising end-stage renal dis-
ease (ESRD), doubling of serum creatinine, or
death from renal or CVD by 30%, compared
with the placebo group (HR 0.70, 95% CI
0.59-0.82, p = 0.00001). Canagliflozin reduced
the slope of the change in eGFR from baseline,
accompanied by an initial dip during the first
3 weeks, presumably reflecting correction of
hyperfiltration, underscored by an early decre-
ment of UACR [25].

The Dapagliflozin Effect on Cardiovascular
Events-Thrombolysis in Myocardial Infarction
58 (DECLARE-TIMI 58) trial enrolled 17,160
participants including a cohort receiving pri-
mary prevention (59.4% of participants) [8]. In
the DECLARE trial, dapagliflozin did not
demonstrate risk reduction of MACE or cardio-
vascular death. Consistent with the results of
the prior two trials mentioned above, however,
hospitalization for heart failure was signifi-
cantly reduced (HR 0.73, 95% CI 0.61-0.88),
and improvement of renal outcome (composite
risk of > 40% decrease in eGFR to < 60 ml/min/
1.73 m?, ESRD, or death from renal cause) was
also observed in the DECLARE-TIMI 58 trial (HR
0.53, 95% CI 0.43-0.66) [8].
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The neutral effects on MACE observed in the
DECLARE trial may reflect the proportion of
patients with established CVD at baseline,
indicating that the impact of an SGLT2 inhi-
bitor on primary prevention might be minimal.
In contrast, an apparent beneficial effect on the
reduction of cardiovascular risk in established
CVD was suggested by a recent meta-analysis
[24].

In the Comparative Effectiveness of Cardio-
vascular Outcomes in New Users of Sodium-
Glucose Cotransporter-2 Inhibitors (CVD-REAL
2) study, involving 235,064 propensity-mat-
ched patients across six countries, including
those of the Asia Pacific, Middle East, and North
American regions, eligible patients were treated
with dapagliflozin (75%), empagliflozin (9%),
ipragliflozin (8%), canagliflozin (4%) tofogli-
flozin (3%), or luseogliflozin (1%). Although
only 27% of patients had established CVD,
treatment with SGLT2 inhibitors was also asso-
ciated with significant risk reduction in hospi-
talization for heart failure and all-cause death
(HR 0.64, 95% CI 0.50-0.82, p = 0.001 and HR
0.51 95% CI 0.37-0.70, p < 0.001, respectively),
with a directionally similar trend regardless of
the existence of prior CVD [26].

Possible Mechanisms of Cardiovascular
Outcome

Intriguingly, it has been observed that empa-
gliflozin has an effect on hospitalization for
heart failure and cardiovascular death during
the very early phase of treatment and that
cumulative event curves for cardiovascular
death and for heart failure hospitalization
diverge within 1-2 months of treatment initia-
tion. This early separation suggests that the
beneficial effect of this medication is not due to
amelioration of atherosclerosis or glycemic
control. The putative contributor is in part
osmotic diuresis accompanied by glucose
excretion and subsequent natriuresis and
reduced intravascular volume, ameliorated
arterial elasticity, and reduced cardiac preload
and afterload, leading to a decrease in heart
failure events and cardiovascular mortality
[27, 28].

In the setting of hyperglycemia, SGLT2 is
upregulated in the proximal tubule, resulting in
decreased sodium delivery to the macula densa,
leading to afferent vasodilation and hyperfil-
tration via tubuloglomerular feedback [29]. The
administration of SGLT2 inhibitors restores
sodium delivery to distal tubular compart-
ments, mitigating hyperfiltration and thereby
reducing intraglomerular pressure and exerting
renoprotective effects. SGLT2 inhibitors com-
parably exert this renal hemodynamic change,
as illustrated by a dose-dependent decline in
eGFR during the early period after treatment
initiation, in those with and without CKD [30].
Intriguingly, a previous analysis of UACR data
from the EMPA-REG OUTCOME trial in accor-
dance with the status of albuminuria at baseline
[31] revealed that patients experienced an ini-
tial fall in eGFR with 4 weeks of treatment ini-
tiation with empagliflozin regardless of baseline
albuminuria status, followed by a modest
increase in or stabilization of eGFR. The
majority of these patients had used antihyper-
tensive drugs, including renin-angiotensin-al-
dosterone system (RAAS) inhibitors, and the use
of these medications was mostly sustained over
the course of the study. In contrast, the eGFR in
the placebo arm continuously declined over
time. With regards to UACR, in patients with
microalbuminuria or macroalbuminuria at
baseline, decreased UACR was observed as early
as week 12, and significantly reduced UACR was
maintained up to week 164 [31].

It should be noted that treatment with
empagliflozin still brought about an advantage
in renoprotection despite background RAAS
blocker use in 80% of participants. An earlier
study had demonstrated that initiation of anti-
hypertensive therapy with an ARB caused an
acute decrease in eGFR, which was negatively
correlated with the slope of decline in renal
function during the long-term follow-up period
[32].

Inhibition of the RAAS by an ARB reduces
intraglomerular pressure through efferent arte-
riolar vasodilation, resulting in improvement of
intraglomerular hypertension and hyperfiltra-
tion and leading to slowing of eGFR decline
[32, 33]. On the contrary, the initial dip in eGFR
observed with SGLT2 inhibitors is assumed to
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result from afferent arteriolar vasoconstriction
via the tubuloglomerular feedback system. This
difference in mechanism may contribute to the
additive favorable effects on renal outcome
observed in patients with concomitant use of
ARB.

Although the renoprotective effects of
SGLT?2 inhibitors seem to be a class effect, it has
been suggested that SGLT2 inhibitors differen-
tially affect the risk of acute renal failure [34].
The results of a meta-analysis of 53 trials of
SGLT2 inhibitors indicated that only empagli-
flozin demonstrates a lower risk of acute renal
impairment/failure events relative to placebo
(OR 0.72; 95% CI 0.59-0.87), compared with
canagliflozin (OR 1.82; 95% CI 0.28-11.77) and
dapagliflozin (OR 1.93; 95% CI 0.42-8.83) [35].

SGLT2 inhibitors promote a shift to fatty
substrate utilization in response to decreased
plasma glucose caused by glycosuria, leading to
enhanced fatty oxidation, lipolysis, and keto-
genesis. Lower plasma glucose subsequently
stimulates glucagon secretion, and suppression
of plasma insulin level may partially contribute
to this mechanism [36], while the direct effect
of SGLT2 inhibitors on alpha cells remains to be
elucidated [37, 38]. Ferrannini et al. hypothe-
sized that ketone bodies are preferentially har-
nessed by the heart in patients with T2D, in
which myocardial insulin-mediated glucose
utilization is impaired, resulting in reliance to a
large degree on fatty substrates as the energy
source [39]. In this setting, ketone bodies pro-
duce ATP more efficiently per molecule of oxy-
gen than do free fatty acids [40], enabling an
efficient cardiac workload in the context of
triggering mitochondrial activity. In addition, it
has been postulated that the increased hemat-
ocrit observed in the EMPA-REG OUTCOME
trial as a consequence of stimulation of ery-
thropoiesis, leading to increased delivery of
oxygen to tissues, may contribute to the bene-
ficial effect of SGLT2 inhibitors on cardiovas-
cular outcomes [39]. Interestingly, in a previous
study which recruited 75 participants with T2D
who were assigned to placebo, dapagliflozin
10 mg/day or hydrochlorothiazide 25 mg/day,
increased hematocrit occurred in the dapagli-
flozin group, whereas it was unchanged in the
hydrochlorothiazide and placebo groups at

week 12, underpinned by evidence of erythro-
poiesis [41]. Further investigation is needed to
elucidate the underlying mechanism of the
favorable effects on cardiovascular outcome.
Proposed key mechanisms of SGLT2 inhibitors
on cardiorenal protection are summarized in
Fig. 1.

Safety Concerns

SGLT2 inhibitors have been reported to increase
the occurrence of mycotic genital infections,
predominantly candida vaginitis in women and
balanitis in men. A meta-analysis that included
77 randomized controlled trials (RCTs) involv-
ing 50,820 patients found that SGLT2 inhibitors
were associated with a significantly higher risk
of genital infections, whereas no significant
association was seen with urinary tract infec-
tions [42]. Several case reports suggesting that
SGLT2 inhibitors might predispose toward dia-
betic ketoacidosis (DKA) have evoked concern,
although the incidence of DKA reported was
relatively rare. Meta-analyses of RCTs have not
shown any significant increased incidence of
DKA with SGLT2 inhibitor use [43, 44].

One researcher reported 13 episodes of
SGLT2 inhibitor-related euglycemic DKA,
including 11 episodes in patients with type 1
diabetes (T1D) in whom several episodes were
triggered by infectious disease or exercise
accompanied by dose reduction of insulin prior
to DKA [45]. According to post-marketing
reports of Japanese drug manufacturers, one
case was associated with switching from multi-
ple therapy that included a sulfonylurea to
monotherapy with a SGLT2 inhibitor during
strict carbohydrate restriction [46, 47], and
another case was associated with long-term
starvation. Other reports indicate that increased
risk was observed upon discontinuation of prior
insulin therapy at the initiation of treatment
with SGLT2 inhibitors in patients who had
undergone distal pancreatectomy for mucinous
cystadenoma [48]. Therefore, when SGLT2
inhibitors are administered to patients with
impaired insulin secretion, such as those with
T1D or a long duration of diabetes with insuf-
ficient B-cell function, clinicians should pay
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Fig. 1 Proposed key mechanisms of cardiorenal protection
by sodium-glucose cotransporter 2 (SGL7?2) inhibitors and
glucagon-like peptide-1 receptor agonists (GLP-IRAs) in

attention to the possibility of “euglycemic
ketoacidosis.” The authors of one report rec-
ommended that patients with symptoms of
ketoacidosis, such as dyspnea, nausea, abdomi-
nal pain, ketonuria, and/or ketonemia, should
be investigated for DKA regardless of the current
glucose status [49].

Canagliflozin was associated with an
increased risk of lower limb amputation com-
pared to placebo (6.3 vs. 3.4 amputations per
1000 patient-years; HR 1.97, 95% CI 1.41-2.75)
in the CANVAS Program [7]. Importantly,
overall amputation risk was correlated with a
prior history of amputation at baseline (HR
21.31, 95% CI 15.40-29.49) [50]. In addition,
the incidence of all fractures was higher with
canagliflozin than with placebo (15.4 vs. 11.9
participants with fracture per 1000 patient-
years; HR 1.26, 95% CI 1.04-1.52) [7]. Although
a similar risk has not been observed with
empagliflozin [51, 52], it remains unclear whe-
ther this risk is a class effect.

patients with type 2 diabetes and cardiovascular disease.
¢GFR Estimated glomerular filtration rate, HR heart rate

Clinical Application of SGLT2 Inhibitors

The ADA/EASD currently recommends use of
SGLT-2 inhibitors as adjunct therapy to met-
formin in patients with T2D with established
atherosclerotic CVD (ASCVD) or with heart
failure or CKD, barring the existence of
impaired renal function, on the basis of the
results of recent large clinical trials [14, 53]. The
cardiovascular benefits of SGLT2 inhibitors
seem to be robust; however, beneficial effects on
MACE and cardiovascular death were not
apparent in those individuals without estab-
lished ASCVD [24]. Thus, it would be premature
to prescribe these drugs for such patients in the
expectation of a benefit for primary prevention
of major cardiovascular events. On the other
hand, a previous meta-analysis [24] showed a
comparable reduction of hospitalization for
heart failure across patients regardless of history
of heart failure or established ASCVD, suggest-
ing that the effect on prevention of worsening
of heart failure may be consistent independent
of baseline characteristics in those patients at
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high risk for cardiovascular events. Interest-
ingly, when the results of the three large trials
were combined, it was revealed that the mag-
nitude of risk reduction in hospitalization for
heart failure with SGLT2 inhibitors was greatest
in those with an eGFR of < 60 ml/min/1.73 m?
(40%) compared with those with an eGFR of
between 60 and 90 ml/min/1.73 m? (31%) and
those with an eGFR of > 90 ml/min/1.73 m?
(12%; this change did not reach significance)
(p for interaction across subgroups = 0.0073)
[24]. These results indicate that because a large
proportion of patients with impaired renal
function were included in the high-risk group
for adverse cardiovascular events, the protective
effect against worsening of heart failure may be
more likely in patients with reduced eGFR, even
though the glucose-lowering effect decreases as
eGFR decreases [54]. As monotherapy or as an
adjunct to metformin, SGLT2 inhibitors do not
increase the risk of hypoglycemia. However, in
the setting of concomitant use of insulin or an
insulin secretagogue (a sulfonylurea or glinide),
the physician should consider reducing the
total daily dose of insulin by < 20% with careful
consideration of endogenous insulin secretion
and reducing the sulfonylurea or glinide dose
by 50% or to half the maximum permitted dose,
as well as discontinuing these agents when the
patient is already on a minimal dose, in antici-
pation of the risk of hypoglycemia [S5].

SGLT2 inhibitors increase the risk of mycotic
genital infection and should be administered
with caution in patients with a history of geni-
tal infection or urinary tract infection, espe-
cially in those with poor glycemic control or
concomitant use of immunosuppressive agents.
In patients with depleted insulin secretion,
including those with T1D or with a long dura-
tion of diabetes, the risk of euglycemic
ketoacidosis is raised, and thus clinicians need
to be alert for symptoms associated with dia-
betic ketoacidosis, such as nausea, vomiting,
and generalized weakness [49]. A recent experi-
mental study has shown that dapagliflozin-in-
duced volume depletion and simultaneous
reduced insulin levels were both necessary and
sufficient to generate euglycemic ketoacidosis
in rats [56]. The clinical relevance of these
results could be that since patients with

depleted insulin secretion and with an incapa-
bility to voluntarily drink water or an impaired
thirst center, especially elderly persons, may be
at high risk, avoidance of dehydration and an
appropriate dose of concomitant insulin ther-
apy are important to prevent the occurrence of
euglycemic ketoacidosis if a SGLT2 inhibitor is
administered.

Canagliflozin was found to increase the risk
of lower limb amputation in the CANVAS trial,
which is inconsistent with the effects of other
SGLT2 inhibitors. Moreover, the frequency of
amputation and of fracture were not increased
in the CREDENCE trial [25]. It is unclear whe-
ther the risk of lower limb amputation is a class
effect or not, and administration of this class of
medication may need to be avoided in patients
with a history of prior amputation or with
existing peripheral artery disease.

GLP-1 RECEPTOR AGONISTS

Mode of Action of GLP-1 Receptor
Agonists

Glucagon-like peptide-1 is synthesized in L-cells
situated in the distal ileum, where it is secreted
in response to nutrient intake [S57], and it is
quickly degraded within 2-3 min by DPP-4 [58].
Following administration of a GLP-1 receptor
agonist, postprandial insulin secretion is stim-
ulated and glucagon secretion is reduced in a
glucose-dependent fashion, thereby delaying
gastric emptying, which in turn induces satiety.

Cardiovascular Outcome Trials

A summary of major CVOTs with GLP-1 recep-
tor agonists is shown in Table 2. The LEADER
trial, in which 9340 patients, including 72.4%
with established ASCVD, were randomly
assigned to liraglutide or placebo, demonstrated
a 13% reduction in the 3-point MACE com-
posite (HR 0.87, 95% CI 0.78-0.97, p = 0.01)
with liraglutide versus placebo during a median
follow-up period of 3.8 years. Each component
of the primary composite outcome showed a
directionally similar trend toward a reduction
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in 3-point MACE, in which cardiovascular death
reached statistical significance (HR 0.78, 95% CI
0.66-0.93). Patients receiving liraglutide
showed a significant reduction in all-cause
mortality (HR 0.85, 95% CI 0.74-0.97), pre-
dominantly driven by a reduction in cardio-
vascular death [11].

The Semaglutide Unabated Sustainability in
Treatment of Type 2 Diabetes 6 (SUSTAIN-6)
trial, which enrolled 3297 patients who were
administered semaglutide 0.5 or 1.0 mg per
week or placebo, showed a significant 26%
reduction in 3-point MACE (HR 0.74, 95% CI
0.58-0.95), a significant reduction in nonfatal
stroke (HR 0.61, 95% CI 0.38-0.99), and a
directionally concordant result in nonfatal MI
(HR 0.74, 95% CI 0.51-1.08). These findings are
in contrast to the results of the EMPA-REG
OUTCOME trial, which revealed a 24% increase
(which did not reach statistical significance) in
nonfatal stroke [9, 12]. No reduction in all-cause
mortality (HR 1.05, 95% CI 0.74-1.50) or car-
diovascular death (HR 0.98, 95% CI 0.65-1.48)
was revealed in SUSTAIN-6, unlike the effect of
liraglutide in the LEADER trial. No beneficial
effect on hospitalization for heart failure was
observed in both trials.

The Exenatide Study of Cardiovascular Event
Lowering (EXSCEL) trial recruited 14,752 sub-
jects, including 73% with established ASCVD,
who were randomly assigned to once-weekly
exenatide versus placebo [59]. The 3-point
MACE tended to be lower in the exenatide
group compared with placebo, with borderline
significance (HR 0.91 95% CI 0.83-1.00). Once-
weekly exenatide also lowered the risk of all-
cause mortality (HR 0.86, 95% CI 0.77-0.97)
compared with placebo, accompanied by a
directionally consistent trend in cardiovascular
mortality (HR 0.88, 95% CI 0.76-1.02). The
effect on hospitalization for heart failure was
neutral, similarly to the effect of other GLP-1
receptor agonists. In the Evaluation of Lixisen-
atide in Acute Coronary Syndrome (ELIXA)
trial, in which 6068 patients who had experi-
enced acute coronary syndrome within the
preceding 180 days were enrolled, lixisenatide
failed to demonstrate a significant reduction in
a 4-point MACE composite outcome (CV death,
nonfatal MI, nonfatal stroke, or hospitalization

for unstable angina), any component of MACE,
or hospitalization for heart failure over a med-
ian follow-up period of 2.1 years [60]. The rea-
sons for the conflicting results of CV outcome
with GLP-1 receptor agonists are unclear. How-
ever, a partial explanation could be that the
participants recruited in the ELIXA trial were at
much higher risk of recurrence of adverse car-
diovascular events, as reflected by the incidence
of the primary outcome of 6.4/100 patient-year
in ELIXA versus 3.9/100 in LEADER [61]. In
addition, differences in the duration of the
glucose-lowering effect between lixisenatide
(short-acting GLP-1 receptor agonist) and
semaglutide or liraglutide (long-acting GLP-1
receptor agonists) may have contributed to the
heterogeneity among these trials.

Renal Outcome

In the LEADER trial, liraglutide was associated
with a 22% reduction in nephropathy, defined
as new onset of macroalbuminuria, doubling of
serum creatinine level, an eGFR of <45 ml/
1.73m? the need for continuous renal
replacement therapy, or death from renal dis-
ease (HR 0.78, 95% CI 0.67-0.92, p = 0.003).
Among the components of the composite renal
outcome [62], the risk of new-onset persistent
macroalbuminuria significantly decreased with
liraglutide (HR 0.74, 95% CI 0.60-0.91,
p =0.004), although the risks of persistent
doubling of the serum creatinine level and of
ESRD did not change (HR 0.89, 95% CI
0.67-1.19, p=0.43 and HR 0.87, 95% CI
0.61-1.24, p = 0.44, respectively).

In the SUSTAIN-6 trial, semaglutide caused a
36% reduction in the risk of new or worsening
nephropathy (HR 0.64, 95% CI 0.46-0.88,
p = 0.005). Significant risk reduction in persistent
macroalbuminuria (HR 0.54, 95% CI 0.37-0.77,
p = 0.001) was demonstrated, whereas neither the
risk of persistent doubling of serum creatinine
level and creatinine clearance per modification of
diet in renal disease of < 45 ml/min/1.73 m? nor
that of need for continuous renal replacement
therapy decreased (HR 1.28, 95% CI 0.64-2.58,
p =0.48and HR0.91, 95% CI1 0.40-2.07, p = 0.83,
respectively) [12].
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In AWARD-7, a multicenter, open-label,
randomized study in which 576 patients with
T2D and stage 3—4 CKD were randomly assigned
to once-weekly dulaglutide 0.75 or 1.5 mg or
daily insulin glargine with concomitant use of
insulin, dulaglutide mitigated eGFR decline
[63]. However, in the exploratory analysis of the
REWIND trial [64], significant risk reduction
was observed only in new occurrences of
macroalbuminuria (HR 0.77, 95% CI 0.68-0.87,
p < 0.0001) among the renal component of the
composite microvascular outcome. Thus, it
remains unclear whether GLP-1 receptor ago-
nists are able to improve renal outcomes other
than albuminuria, although a significant
reduction in the incidence of a sustained
decline in eGFR of > 40% and > 50%, but not
> 30%, , was observed in the trial [64].

Possible Mechanisms of CV Outcome

The delayed separation of the Kaplan-Meier
curves seen in the ftrials of liraglutide and
semaglutide, in contrast to the early separation
of curves observed in the EMPA-REG OUT-
COME trial, and the absence of the significant
reduction in hospitalization for heart failure
with GLP-1 receptor agonists that has been
observed with SGLT2 inhibitors suggest an anti-
atherothrombotic effect of GLP-1 receptor ago-
nists rather than the hemodynamic effect rela-
ted to SGLT2 inhibitors. Moreover, the 3-point
MACE reduction reported in the LEADER trial,
which was derived from a concordant reduction
in all cardiovascular endpoints, thereby con-
tributing to a reduction in cardiovascular death,
and that in the SUSTAIN-6 trial were primarily
driven by a significant reduction in nonfatal
stroke, underscoring the anti-atherosclerotic
mechanism of this class of medications. GLP-1
receptor agonists exert a favorable effect on
cardiovascular outcome not only through gly-
cemic control, body weight reduction, and
improved blood pressure and lipid profiles, but
also by amelioration of inflammatory markers,
resulting in the enhanced retardation of
atherosclerosis (Fig. 1) [65]. However, the pre-
cise mechanism is not yet fully elucidated.

Further analyses in LEADER were also unable
to readily explain the demonstrated preventive
role of GLP-1 receptor agonists in new onset of
albuminuria by improvement in glycemic con-
trol, systolic blood pressure, or body weight
[62]. Previous studies suggested that GLP-1
directly induces natriuresis by inhibiting
sodium-hydrogen exchanger isoform-3 (NHE3)
in the proximal tubule, which may contribute
to reducing albuminuria through amelioration
of tubuloglomerular feedback, although the
hemodynamic change derived from the natri-
uretic effect of these drugs remains unclear
[66-68].

In a study using a rodent model with pro-
gressive diabetic nephropathy, liraglutide was
shown to ameliorate oxidative stress by
increasing renal cAMP level and protein kinase
A activation and downregulation of NOX4 and
NAD(P)H oxidase activity, resulting in reduced
albuminuria, mesangial expansion, and
improved glomerular hyperfiltration [69].
Another study [70] showed that GLP-1 sup-
pressed oxidative stress and inflammation and
improved endothelial dysfunction in patients
with T1D. Thus, GLP-1 receptor agonists may
exert a renoprotective effect through these anti-
oxidative and anti-inflammatory effects on the
diabetic kidney. Of note, in clinical trials, GLP-1
receptor agonists did not demonstrate superi-
ority in any hard endpoint compared to pla-
cebo, including doubling of serum creatinine
level and progression to ESRD [12, 62, 64]. It has
been suggested that a GLP-1 receptor-indepen-
dent pathway could be involved in the devel-
opment of renal interstitial fibrosis and kidney
dysfunction in GLP-1 receptor knockout mice
with 5/6 nephrectomy [71, 72], which may at
least partially explain why GLP-1 receptor ago-
nists seemingly do not play a major role in
preventing progression of diabetic
nephropathy.

Safety Concerns

The most common side effects of GLP-1 recep-
tor agonists are nausea and vomiting, which are
more likely with short-acting than with long-
acting GLP-1 receptor agonists. These adverse
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effects are wusually transient and diminish
within a couple of weeks [73].

The LEADER trial showed a significant
increase in acute gallstones (p < 0.001) and
acute cholecystitis (p = 0.046) in patients trea-
ted with liraglutide [11]. The SUSTAIN-6 trial
showed that semaglutide was associated with
increased retinopathy complications (HR 1.76,
95% CI 1.11-2.78, p =0.02), largely among
those with retinopathy at baseline; these com-
plications may be partially mediated by rapid
improvement of glycemic control in patients
with diabetic retinopathy and poorly controlled
glycemic status [12, 74]. In contrast to the post-
marketing case reports, a systematic review and
meta-analysis found that GLP-1 receptor ago-
nists do not represent an increased risk of pan-
creatitis or pancreatic cancer [75].

In the Functional Impact of GLP-1 for Heart
Failure Treatment (FIGHT) trial, which involved
300 patients with advanced heart failure, the
liraglutide group showed a numerically higher
(but not statistically significant) risk of rehos-
pitalization for heart failure (HR 1.30, 95% CI
0.89-1.88, p = 0.17) compared with the placebo
group [76]. Liraglutide was associated with a
significantly increased rate of serious adverse
cardiac events in patients with a reduced left
ventricular ejection fraction of <45% com-
pared with placebo (12 [0%)] vs. 3 [3%)], respec-
tively; p =0.04), accompanied by increased
heart rate [77]. Liraglutide has also been repor-
ted to increase mean 24-h heart rate by
approximately 9 bpm following 8 weeks of
treatment, versus 3 bpm with lixisenatide
[78, 79]. However, the correlation between the
observed negative impact on advanced heart
failure and increased heart rate with liraglutide
needs further investigation.

Clinical Application of GLP-1 Receptor
Agonists

Glucagon-like peptide-1 receptor agonists are
categorized as short-acting (exenatide, lixisen-
atide) or long-acting (liraglutide, exenatide
once weekly, semaglutide, dulaglutide, albiglu-
tide), and by their distinct pharmacokinetic/
pharmacodynamic characteristics. Short-acting

GLP-1 receptor agonists preferentially reduce
postprandial plasma glucose through delayed
gastric emptying and inhibition of glucagon
concentration, whereas long-acting GLP-1
receptor agonists mainly exert their glucose-
lowering effect on fasting plasma glucose (FPG)
by stimulating insulin secretion [58].

With regard to glycemic control, exenatide
10 pg twice daily reduced HbAlc from baseline
to a smaller extent compared with exenatide
2 mg once weekly (DURATION-1 and -5 trials)
[80-82], liraglutide 1.8 mg once daily (LEAD-6
trial) [83], and dulaglutide 1.5 or 0.75 mg once
weekly (AWARD-1 trial) (p < 0.01, respectively)
[84]. Liraglutide 1.8 mg once daily showed a
larger decrease in HbAlc than did lixisenatide
20 ug once daily [79, 85, 86], as did exenatide
10 pg twice daily [83] and exenatide 2 mg once
weekly [87], and its glucose-lowering effect was
non-inferior to that of dulaglutide 1.5 mg once
weekly (AWARD-6 trial) [88], whereas semaglu-
tide 1.6 mg once weekly showed a numerically
larger decrease in HbA1lc from baseline than did
liraglutide 1.8 mg daily, accompanied by a
comparable impact on FPG level [89]. Liraglu-
tide resulted in a larger reduction in body
weight from baseline than did duraglutide
1.5 mg once weekly [88] or exenatide 2 mg once
weekly [87]. Semaglutide 1.0 mg once weekly
achieved greater weight loss as well as HbAlc
reduction than did exenatide 2 mg once weekly
[90], and the mean change in body weight from
baseline to week 12 was larger with semaglutide
0.8 mg once weekly with dose escalation than
with liraglutide 1.2 mg (— 1.7 kg, 95% CI — 2.8
to — 0.7) or 1.8 mg (— 1.0kg, 95% CI — 2.0 to
— 0.0), with a marginal difference in HbAlc
between each group (vs. liraglutide 1.2 mg:
— 0.3%, 95% CI — 0.6 to 0.0; vs. liraglutide
1.8 mg: — 0.1%, 95% CI — 0.4 to 0.2) in accor-
dance with the unadjusted 95% CI [89]. In
previous analyses, including 11 RCTs, exenatide
2mg and dulaglutide 0.75mg once weekly
achieved lower HbAlc compared with insulin
glargine (exenatide: — 0.31%, 95% CI — 0.42 to
— 0.19; dulaglutide: — 0.39%, 95% CI — 0.49 to
— 0.29), whereas neither once-daily liraglutide
nor twice-daily exenatide did [91].

Weight reduction has been found to be a
common characteristic of all GLP-1 receptor
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agonists while weight gain is seen with basal
insulin. In the setting of hyperglycemia despite
treatment with multiple oral agents, clinicians
need injectable medications with greater
potency in order to overcome glucotoxicity,
which is commonly experienced among such
patients. These trial results suggest that a GLP-1
receptor agonist is the preferred option in these
patients, especially in those with difficulty
managing their body weight, given the benefi-
cial effect of GLP-1 receptor agonists on body
weight and the low risk of hypoglycemia, unless
the patient develops nausea or gastroparesis or
depletion of intrinsic insulin secretion.

In patients with multiple daily injections,
the combination of basal insulin and a GLP-1
receptor agonist is worth considering because of
less weight gain and hypoglycemia without
exacerbation of glycemic control [92]. It is rec-
ommended that when a GLP-1 receptor agonist
is initiated in a patient in whom HbAlc is
controlled at < 8.0%, the clinician should
reduce the basal insulin dose by 20% in advance
to limit the risk of anticipated hypoglycemia
[93].

DISCUSSION

The FDA issued diabetes guidance in 2008
mandating that all new anti-diabetic drugs must
undergo post-marketing endpoint trials for
cardiovascular safety in view of the possible
elevated cardiovascular risk with rosiglitazone.
A series of cardiovascular outcome trials
revealed an unexpected benefit on cardiovas-
cular outcome with SGLT2 inhibitors and GLP-1
receptor agonists, highlighting the advantage of
secondary prevention in patients with estab-
lished CVD. A consensus report by the ADA/
EASD recommends SGLT2 inhibitors for
patients with ASCVD with coexistent heart
failure, based on the results of recent large
clinical trials. The report also recommends that
SGLT2 inhibitors should be considered for
patients with T2D and CKD, regardless of CVD,
and if they are contraindicated or not preferred,
a GLP-1 receptor agonist should be selected [14].

Both agents have demonstrated improved renal
outcome, including a protective effect against
albuminuria, and SGLT2 inhibitors mitigate a
decline in kidney function, although the
underlying mechanism needs further investi-
gation. Both drugs are rarely associated with
hypoglycemia; however, concomitant use with
insulin or an insulin secretagogue could
increase the risk of hypoglycemia, and thus
reduction of the existing insulin dose is desir-
able unless there is severe hyperglycemia.

The efficacy of combination therapy with a
GLP-1 receptor agonist and SGLT2 inhibitor has
been elucidated [94, 95], with further improve-
ment of glycemic control compared with
monotherapy also observed, although the
achieved glycemic efficacy was subadditive
partially due to stimulatory effects on glucagon
and hepatic glucose production correlated with
glycosuria derived from SGLT2 inhibitors [96].
Three separately conducted 52-week open-label
studies to evaluate the efficacy and safety of
SGLT2 inhibitors, involving canagliflozin, ipra-
gliflozin, and luseogliflozin, in combination
with a GLP-1 receptor agonist showed a further
decrease in HbAlc and body weight without
any increase in serious adverse events including
severe hypoglycemia [97-99]. This combination
is therefore an attractive therapeutic option for
patients with obesity refractory to treatment
with an SGLT2 inhibitor or GLP-1 receptor
agonist alone or in combination with insulin
therapy in terms of long-term glycemic control
and body weight control.

CONCLUSION

Recent clinical trials have revealed a novel role
of SGLT2 inhibitors and GLP-1 receptor agonists
beyond their glucose-lowering effect, and both
agents have received more attention as a para-
digm shift from “the lower glucose the better”
to “how to optimize glycemic control without
hypoglycemia and overweight” has been gen-
erated by current guidelines. Full advantage of
the pleiotropic benefit of these agents should be
taken to prevent secondary  adverse
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cardiovascular events and to mitigate the
advance of renal complications without
increased risk of hypoglycemia.
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