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The world is suffering from a rapid increase in the number of people with diabetes due to the increased prevalence of obesity and
lengthened life span. Since the development of insulin thanks to the efforts of Prof. Banting and Dr. Best in 1922, for which they
won the Nobel Prize, remarkable developments in anti-diabetic medications have dramatically lengthened the lifespan of patients
with diabetes. However, the control rate of hyperglycemia in patients with diabetes remains unsatisfactory, since glycemic control
requires both medication and lifestyle modifications to slow the deterioration of pancreatic beta-cell function and prevent diabetic
complications. From the initial “triumvirate” to the “ominous octet,” and now the “egregious eleven,” the number of organs recog-
nized as being involved in hyperglycemia and diabetes has increased with the development of anti-diabetic medications. Recent un-
expected results from outcome trials of anti-diabetic medications have enabled anti-diabetic medications to be indicated for the pre-
vention of chronic kidney disease and heart failure, even in patients without diabetes. In this review, I would like to summarize the
extra-glycemic effects of anti-diabetic medications.
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INTRODUCTION

According to the Diabetes Atlas, 537 million adults (20 to 79
years) are living with diabetes, corresponding to 1 in 10 of the
global population, and this number is predicted to rise to 643
million by 2030 and 783 million by 2045 [1]. A serious problem
is that one-third of the population with diabetes worldwide is
living in the Asia-Pacific area, and the incidence of young-onset
diabetes is increasing in this region [2]. As the gap of years lost
due to disease between individuals with and without diabetes is
becoming smaller and smaller (i.e., patients with diabetes are
living as long as those without diabetes), the disease burden of

young people with diabetes is tremendous and is becoming
larger with time [3]. The selection of proper anti-diabetic medi-
cations earlier in the course of the disease could influence the
rate of deterioration of insulin secretory function and the devel-
opment of diabetic complications.

Since the finding and development of insulin thanks to the ef-
forts of Prof. Banting and Dr. Best in 1922, for which they won
the Nobel Prize, remarkable developments in anti-diabetic medi-
cations have occurred, giving hope to people with diabetes [4].
From the initial “triumvirate” to the “ominous octet” and now
the “egregious eleven,” the number of target organs known to be
involved in the pathogenesis of type 2 diabetes mellitus (T2DM)
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has increased as more anti-diabetic medications have been de-
veloped [5,6]. Since the withdrawal of rosiglitazone from the
market due to a signal regarding an increased risk for myocardi-
al infarction (MI) in 2007, the U.S. Food and Drug Administra-
tion (FDA) has requested that results from a cardiovascular
(CV) safety trial should be submitted for all new anti-diabetic
medications that come to the market [7]. Although this policy
has incurred astronomical expenses for pharmaceutical compa-
nies, it has also enabled the discovery of unexpected effects of
novel anti-diabetic medications, leading to new indications for
anti-diabetic medications in diseases other than diabetes.

In this review, I would like to summarize the extra-glycemic
effects of anti-diabetic medications, mainly focusing on novel
drugs that came out to the market within roughly the last de-
cade.

CARDIOVASCULAR DISEASE

Since data from meta-analyses showed that rosiglitazone had is-
sues related to an increased risk for MI, the FDA issued guid-
ance for industry stating that all glucose-lowering drugs submit-
ted for approval for T2DM should be associated with an accept-
able level of CV risk in post-marketing trials involving CV out-
comes [8]. Since then, numerous cardiovascular outcome trials
(CVOTs) have been conducted for new drugs coming to the
market, such as dipeptidylpeptidase-4 (DPP-4) inhibitors, glu-
cagon-like peptide-1 receptor agonists (GLP-1RAs), and sodi-
um-glucose cotransporter type 2 (SGLT?2) inhibitors.

Although the designs of CVOTs are somewhat similar regard-
ing their primary outcome, which is major adverse cardiovascu-
lar events (MACE), including nonfatal MI, nonfatal stroke, or
death from cardiovascular disease (CVD), with or without hos-
pitalization for unstable angina, and their study populations (i.e.,
patients with or without established CVD), the findings from
these trials have been different, not only in terms of the results
for CV safety but also in the superiority of specific agents with
respect to CV outcomes and in whether or not there are class ef-
fects.

For conventional anti-diabetic drugs, the results of studies on
CV outcomes have been inconsistent [9]. No increased risk of
MI or diabetes-related death was observed among participants
assigned to insulin therapy as compared with conventional treat-
ment in the UK Prospective Diabetes Study (UKPDS) 33 [10].
In later large clinical trials, such as the Outcome Reduction
With Initial Glargine Intervention (ORIGIN) trial, similar neu-
tral effects were observed [9,11,12]. For sulfonylureas, although
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there were some concerns regarding a potential association be-
tween the use of the first-generation sulfonylurea tolbutamide
and an increased risk of CVD, no increased risk of MI or diabe-
tes-related death was reported in UKPDS 33 participants as-
signed to a sulfonylurea as compared with conventional treat-
ment [10,13]. Later studies that included trials of second- and
third-generation sulfonylureas did not suggest an overall in-
creased risk of MI or death from CVD [14]. In the UKPDS 34,
metformin treatment was shown to be beneficial for CVD pro-
tection [15]. However, a meta-analysis that included the results
of this trial and other, smaller trials concluded that owing to
limited data, there was uncertainty as to whether metformin re-
duces the risk of CVD [16].

Although rosiglitazone, a thiazolidinedione (TZD), was re-
ported to result in significantly increased risks of MI and death
from CVD in a large meta-analysis of 42 trials, prompting guid-
ance from the FDA in 2008 regarding trials assessing CV out-
comes, TZDs are conventional drugs that have promising pro-
tective effects on CVD [17,18]. Another TZD, pioglitazone, was
found to reduce the risk of secondary composite endpoint events
in the PROspective pioglitAzone Clinical Trial In macroVascu-
lar Events (PROactive) trial, which included death from any
cause, nonfatal MI, and stroke over 3 years (Fig. 1) [19]. Piogli-
tazone treatment also showed a reduction in CV risk among pa-
tients with insulin resistance (but without diabetes) and a recent
history of ischemic stroke in the Insulin Resistance Intervention
after Stroke (IRIS) trial [20].

DPP-4 inhibitors were shown to be noninferior or safe as
compared with placebo in CVOTs, with the exception of saxa-
gliptin, which was associated with a significantly increased risk
of hospitalization for heart failure (HF) in the Saxagliptin As-
sessment of Vascular Outcomes Recorded in Patients with Dia-
betes Mellitus-Thrombolysis in Myocardial Infarction 53 (SA-
VOR-TIMI 53) trial [21,22]. In the Cardiovascular Outcome
Study of Linagliptin vs Glimepiride in Type 2 Diabetes (CAR-
OLINA) study, linagliptin was found to be noninferior to
glimepiride with respect to the risk of major adverse CV out-
comes over 6 years [23].

GLP-1RAs show diversity regarding their superiority in terms
of reduction of risk for primary composite endpoints as com-
pared with placebo in patients with T2DM and established CVD
or risk factors. In the Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results (LEADER) tri-
al, which included patients with T2DM and established CVD,
significant risk reductions for primary outcomes were reported
for liraglutide (hazard ratio [HR], 0.87; 95% confidence interval
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Fig. 1. Cardiovascular outcome trials of anti-diabetic drugs according to the mean duration of the trial and relative risk reduction of major
adverse cardiovascular events. The numbers in boxes are hazard ratios and 95% confidence intervals of major adverse cardiovascular
events, defined as the composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke. PIONEER-6, Peptide Innova-
tion for Early Diabetes Treatment 6; EXAMINE, Examination of Cardiovascular Outcomes with Alogliptin versus Standard of Care; CAR-
MELINA, Cardiovascular and Renal Microvascular Outcome Study With Linagliptin; ELIXA, Evaluation of Lixisenatide in Acute Coro-
nary Syndrome; SAVOR-TIMI 53, Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thromboly-
sis in Myocardial Infarction 53; EXSCEL, Exenatide Study of Cardiovascular Event Lowering Trial; TECOS, Trial Evaluating Cardiovas-
cular Outcomes with Sitagliptiny DECLARE-TIMI 58, Dapagliflozin Effect on CardiovascuLAR Events-Thrombolysis in Myocardial In-
farction 58; VERTIS-CV, Evaluation of Ertugliflozin Efficacy and Safety Cardiovascular Outcomes Trial; RECORD, Rosiglitazone Evalu-
ated for Cardiac Outcomes and Regulation of Glycaemia in Diabetes; CAROLINA, Cardiovascular Outcome Study of Linagliptin vs.
Glimepiride in Type 2 Diabetes; HARMONY, Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and cardiovascular
disease; SUSTAIN-6, Trial to Evaluate Cardiovascular and Other Long-term Outcomes with Semaglutide in Subjects with Type 2 Diabetes;
EMPA-REG, Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients; PROactive, PROspective piogli-
tAzone Clinical Trial In macroVascular Events; CANVAS, Canagliflozin Cardiovascular Assessment Study; LEADER, Liraglutide Effect
and Action in Diabetes: Evaluation of Cardiovascular Outcome Results; REWIND, Dulaglutide and cardiovascular outcomes in type 2 dia-
betes; DPP-4, dipeptidylpeptidase-4; SGLT2, sodium-glucose cotransporter type 2; GLP-1, glucagon-like peptide-1. *Comparator is another
anti-diabetic medication; *Includes primary prevention population.

[CT], 0.78 to 0.97) versus placebo on top of standard of care
(Fig. 1) [24]. In the Trial to Evaluate Cardiovascular and Other
Long-term Outcomes with Semaglutide in Subjects with Type 2
Diabetes (SUSTAIN-6) trial, 3,297 patients with T2DM were
treated with injectable semaglutide or placebo, and semaglutide
showed a significant reduction for primary three-point MACE
(HR, 0.74; 95% CI, 0.58 to 0.95) [25]. In the Dulaglutide and
cardiovascular outcomes in type 2 diabetes (REWIND) trial,
which included 9,901 T2DM patients who were largely at high
risk for CVD, with only 32% having established CVD, the use
of dulaglutide resulted in a significant reduction in the compos-
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ite CV outcome (HR, 0.88; 95% CI, 0.79 to 0.99) [26]. Howev-
er, the Exenatide Study of Cardiovascular Event Lowering (EX-
SCEL) trial, which tested the effect of extended-release exena-
tide once weekly, did not show superiority for CV outcomes
versus placebo treatment, and the same occurred for lixisenatide
in the the Evaluation of Lixisenatide in Acute Coronary Syn-
drome (ELIXA) trial [27,28]. To summarize, a meta-analysis
summarizing these randomized controlled trials (RCTs) with
GLP-1RAs showed significant reductions of MACE by 12%,
CV death by 11%, stroke by 16%, MI by 9%, and all-cause
death by 12% [29]. Finally, in the Peptide Innovation for Early
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Diabetes Treatment 6 (PIONEER 6) trial, oral semaglutide
treatment showed a non-significant 21% reduction in MACE
compared with a placebo group in 1.3 years of follow-up in
T2DM patients [30].

The robust effect of SGLT?2 inhibitors on CV outcomes seems
to be a class effect. The first trial to show CV efficacy of an
SGLT2 inhibitor was Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG
OUTCOME) trial, which randomized 7,020 patients with
T2DM and high CV risk to empagliflozin or placebo [31]. Over
a median follow-up of 3.1 years, empagliflozin reduced the oc-
currence of the primary three-point MACE outcome by 14%;
these were the first results showing a significant effect of an
SGLT?2 inhibitor on CVD (Fig. 1). The Dapagliflozin Effect on
CardiovascuLAR Events-Thrombolysis in Myocardial Infarc-
tion 58 (DECLARE-TIMI 58) trial randomized 17,160 patients
at high risk for CVD (only 40% with established CVD) to dapa-
gliflozin versus placebo on top of standard T2DM treatment
[32]. Although dapagliflozin showed noninferiority, but not su-
periority, to placebo for the risk of the three-point MACE pri-
mary outcome, dapagliflozin significantly reduced the incidence
of the co-primary outcome of death from CVD or hospitaliza-
tion for HF by 17%, which was mainly driven by a 27% reduc-
tion in the risk of HF hospitalization. In another clinical trial of
an SGLT?2 inhibitor, canagliflozin, the Canagliflozin Cardiovas-
cular Assessment Study (CANVAS) trial, 10,142 T2DM pa-
tients with high CVD risk were randomized to canagliflozin
versus placebo, and canagliflozin reduced the risk of the three-
point MACE primary outcome by 14% [33]. Finally, the Evalu-
ation of Ertugliflozin Efficacy and Safety Cardiovascular Out-
comes Trial (VERTIS-CV) trial randomized 8246 T1DM pa-
tients with CVD to ertugliflozin versus placebo; ertugliflozin
treatment was noninferior, but failed to show superiority, for the
three-point MACE primary outcome [34]. A meta-analysis
pooling data from the EMPA-REG OUTCOME, CANVAS,
DECLARE-TIMI 58, VERTIS-CV, and Canagliflozin and Re-
nal Events in Diabetes with Established Nephropathy Clinical
Evaluation (CREDENCE) trials showed that SGLT2 inhibitors
reduced the risk of the MACE by 10%, CV death by 5% and MI
by 9%, suggesting the class effect of SGLT2 inhibitors on CVD
risk reduction [35].

Based on these evidences, recent guidelines recommend that
SGLT?2 inhibitor or GLP-1RA with proven CV benefit be pref-
erentially prescribed for diabetic patients with atherosclerotic
cardiovascular disease (ASCVD) or high risk for ASCVD
[36,37].
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ISCHEMIC STROKE

Not many clinical trials of anti-diabetic agents have analyzed
ischemic stroke as the primary outcome. In the UKPDS, met-
formin treatment to overweight patients with newly diagnosed
T2DM reduced stroke risk more than sulfonylurea treatment or
insulin [15]. In the UKPDS, the effects of sulfonylurea on isch-
emic stroke showed a negative trend or less favorable outcomes
than other comparators [10]. In addition, insulin treatment had
no effect on the risk of ischemic stroke in the same trial. DPP-4
inhibitors have shown generally neutral effects on ischemic
stroke versus placebo, with the exception that an RCT showed a
lower number of nonfatal strokes in the linagliptin-treated group
compared with glimepiride [38-41].

Pioglitazone, a TZD, has shown favorable effects on protec-
tion against ischemic stroke. In the PROactive study, 5238
T2DM patients with established CVD were assigned to piogli-
tazone or placebo [19]. Pioglitazone did not reduce the risk of
the primary endpoints and did not reduce the risk of ischemic
stroke in the total study population; however, pioglitazone treat-
ment reduced the risk of recurrent stroke by 47% in the sub-
group with a history of ischemic stroke or transient ischemic at-
tack (TIA), suggesting its effect on secondary prevention of
ischemic stroke [42]. Pioglitazone was also recently shown to
reduce the risk of CVD in patients with insulin resistance, but
not diabetes, who had a history of ischemic stroke or TIA in the
IRIS trial [20]. After a median follow-up of 4.8 years, the risk of
the primary outcome, MI or stroke, was reduced in the piogli-
tazone group by 24% compared to the placebo group, consis-
tently showing positive effects of pioglitazone in this study pop-
ulation.

Newer drugs, in the GLP-1RA and SGLT2 inhibitor classes,
seem not to be effective for protection against ischemic stroke
or TIA. However, treatment with semaglutide, a GLP-1RA, in
the SUSTAIN-6 trial reduced the risk of ischemic stroke by
39% versus placebo [25]. This effect does not seem to be a class
effect.

HEART FAILURE

Some diabetes drugs are considered to have a class effect on HF
despite different individual effects within the same class. As
demonstrated by previous studies and meta-analyses, TZD is
not indicated in patients with HF [43]. Metformin used to be
contraindicated in patients with HF, although this restriction
was removed in 2006 by the FDA [44]. A meta-analysis of nine
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cohort studies with 34,000 patients revealed that metformin ad-
ministration reduced the risk of HF by 20%, with a risk ratio
(RR) 0f 0.80 (95% CI, 0.74 to 0.87) [45].

Although no consensus has yet been reached regarding the ef-
fect of sulfonylureas on HF, no significant increase in the risk of
HF has been observed in the insulin supplement therapy group
administered sulfonylureas in the Bypass Angioplasty Revascu-
larization Investigation 2 Diabetes (BARI-2D) trial, which in-
vestigated CV outcomes in T2DM patients who underwent in-
tensive medical therapy and percutaneous coronary intervention
or only medical therapy [46]. In the recently published CARO-
LINA trial, which compared the effects of glimepiride (a sulfo-
nylurea) and linagliptin (a DPP-4 inhibitor) on HF, no signifi-
cant increase in HF-induced hospitalization was observed in the
glimepiride group [23]. However, the data derived by analyzing
the U.S. Veterans Affairs Hospital Database revealed that the
risk of HF-induced hospitalization was 1.3-fold higher in pa-
tients with diabetes exposed to a sulfonylurea than in those ex-
posed to metformin [47]. However, since the CAROLINA trial
compared a sulfonylurea with metformin, it is difficult to deter-
mine the HF risk factors of sulfonylureas themselves.

The effect of DPP-4 inhibitors on HF is difficult to conclu-
sively regard as a class effect. In the SAVOR-TIMI 53 trial, a
saxagliptin CVOT, the risk of HF increased in the saxagliptin
group [22]. However, a meta-analysis of a collection of CVOTs
of DPP-4 inhibitors reported that DPP-4 inhibitors do not in-
crease the risk of HF [48].

SGLT?2 inhibitors have been reported to decrease the risk of
HF in patients in three CVOTs, namely the EMPA-REG OUT-
COME, DECLARE-TIMI 58, and CANVAS trials [49]. In a
meta-analysis of these CVOTs, SGLT2 inhibitors were found to
reduce the risk of HF by 31%. This effect was commonly mani-
fested in patients with and without a history of HF, which leads
to the assumption that the effect of SGLT2 inhibitors on HF is
very strong. What is more, the effect of SGLT2 inhibitors on HF
was found to be stronger in patients with more impaired kidney
function, which suggests that SGLT?2 inhibitors contribute to
breaking the vicious cycle of the so-called “cardio-renal spec-
trum,” in which the heart and kidney mutually affect each other
in patients with T2DM [50].

The significant effect of SGLT2 inhibitors on HF in patients
with T2DM raised the question of whether they would have the
same effect in HF patients without diabetes. In two recently
published CVOTs, the Empagliflozin Outcome Trial in Patients
with Chronic Heart Failure and Reduced Ejection Fraction
(EMPEROR-Reduced) and the Dapagliflozin and Prevention of
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Adverse Outcomes in Heart Failure (DAPA-HF) trials, HF pa-
tients with and without diabetes were equally administered
SGLT2 inhibitors, and both studies reported a significantly re-
duced risk of HF in both groups of patients [51,52]. In addition,
a meta-analysis of these two studies together found that SGLT2
inhibitors reduced the risk of HF by 25%, with no significant
difference between patients with and without diabetes, demon-
strating the potential of SGLT2 inhibitors to change the thera-
peutic landscape in HF patients in the future [53]. A recently
published Empagliflozin Outcome Trial in Patients with Chron-
ic Heart Failure with Preserved Ejection Fraction (EMPEROR-
Preserved) study reported that dapagliflozin significantly re-
duced the risk of CV death and hospitalization for HF even in
HF patients with retained ejection fraction [54]. In addition,
treatment with sotagliflozin, an SGLT1/2 dual inhibitor, in pa-
tients with diabetes and recent worsening HF, resulted in a sig-
nificantly lower total number of CV death and hospitalizations
and urgent visits for HF than placebo, finalizing the class effect
of SGLT2 inhibitor in protection against HF [55].

Regarding the effect of GLP-1RAs on HF, they are consid-
ered to have a positive effect on the myocardium via their anti-
inflammatory effects, increased glucose utilization, improved
left ventricular function, and decreased ischemic damage [56].
The GLP-1RA CVOTs conducted thus far have reported vary-
ing effects on HF. In a meta-analysis that investigated seven dif-
ferent GLP-1RA CVOTs together, the odds ratio for HF was
0.91 (95% CI, 0.83 to 0.99), corresponding to about a 9% risk
reduction [29].

Based on the above mentioned evidences, recent guidelines
recommend that SGLT2 inhibitors with proven benefit be pref-
erentially prescribed for diabetic patients with HF [36,37].

CHRONIC KIDNEY DISEASE

The goal of renoprotection is to slow the loss of functioning
nephrons, thereby preserving glomerular and tubular function to
delay the onset of end-stage kidney disease and renal death. Mi-
croalbuminuria is often the earliest manifestation of diabetic
kidney disease and is predictive of progression. The effects of
anti-diabetic medications on the kidney could be divided into
three categories: drugs that deteriorate renal function, drugs that
have neutral effects on renal function, and drugs with protective
effects on renal function.

Among the traditional anti-diabetic medications, metformin is
a drug with a narrow safety range, so that the drug has to be pre-
scribed with caution in patients with mild to moderate chronic

www.e-enm.org 419




EnM

kidney disease (CKD) [57]. Sulfonylureas also need to be used
with caution in patients with CKD, although some drugs in this
class could be used in CKD patients [36]. TZD is a drug with
neutral or a slightly better profile in patients with reduced renal
function, since TZD is known to decrease microalbuminuria in
patients with diabetes [58,59]. Insulin could be used safely in
patients with CKD, since insulin does not affect renal function.

Most information on the renal effects of DPP-4 inhibitors
comes from secondary analyses from CVOTs [60]. Among the
many DPP-4 inhibitors currently available on the market, only
the trials of linagliptin and saxagliptin included prespecified
secondary kidney disease outcomes. In the Cardiovascular and
Renal Microvascular Outcome Study With Linagliptin (CAR-
MELINA) trial, in which the effects of linagliptin treatment
were evaluated in 6,991 patients with T2DM and high CVD or
CKD risk, a secondary kidney outcome (renal failure, renal
death, or sustained estimated glomerular filtration rate [eGFR]
decline of =40% from baseline) did not differ between lina-
gliptin and placebo [61]. However, linagliptin treatment signifi-
cantly improved albuminuria progression compared to placebo.
Saxagliptin improved albumin-creatinine ratio, even in the nor-
moalbuminuric range, without affecting eGFR in the analysis of
renal outcomes of SAVOR-TIMI 53 trial [62]. Other DPP-4 in-
hibitors did not show any significant improvements in renal
function or protection against progression of CKD in secondary
analyses of their CVOTs. Gemigliptin showed an albuminuria-
reducing effect in the Efficacy and safety of gemigliptin in type
2 diabetes patients with moderate to severe renal impairment
(GUARD) study, which evaluated the efficacy and safety of
gemigliptin in patients with moderate to severe renal impair-
ment, although it did not show any difference compared to lina-
gliptin in a 40-week extension study [63,64].

Secondary analyses from major clinical trials of SGLT2 in-
hibitors have suggested that they display renal benefits, with a
slower decline in the eGFR and less frequent development of
end-stage renal disease [65]. The CREDENCE trial was the first
renal outcome trial of an anti-diabetic medication, in which
4401 patients with diabetes and albuminuric CKD were ran-
domized to canagliflozin (100 mg) or placebo [66]. The relative
risk of the primary outcome (a composite of end-stage kidney
disease, a doubling of the serum creatinine level, or death from
renal or CV causes) was 30% lower in the canagliflozin group
than in the placebo group, and CVD events were also less com-
mon in the canagliflozin group. The Dapagliflozin and Preven-
tion of Adverse Outcomes in Chronic Kidney Disease (DAPA-
CKD) trial, which randomized 4,304 patients with albuminuric
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CKD with or without T2DM to dapagliflozin (10 mg) and pla-
cebo, extended the results of the CREDENCE study, with a
39% reduction in the primary endpoint of a sustained decline in
the eGFR of at least 50%, end-stage kidney disease, or death
from renal or CV causes in the dapagliflozin-treated group com-
pared to the placebo group, suggesting that the renoprotective
effects of SGLT?2 inhibitors may be a class effect regardless of
the presence of diabetes [67]. The Study of Heart and Kidney
Protection With Empagliflozin (EMPA-KIDNEY) trial, which
analyzed the effects of empagliflozin in patients with CKD with
or without diabetes, was stopped early due to the evidence of
significant efficacy, supporting the renoprotective effects of
SGLT2 inhibitors in those with or without diabetes.

Unlike SGLT?2 inhibitors, there are no dedicated large clinical
trials of GLP-1RAs with renal composite primary outcomes.
However, favorable renal effects of GLP-1RAs could be de-
rived from analyses of the results of secondary outcome mea-
sures from exploratory analyses in CVOTs using urinary albu-
min-creatinine ratio (UACR) and eGFR measurements. In the
ELIXA trial, lixisenatide reduced the progression of UACR in
macroalbuminuric patients and was associated with a lower risk
of new-onset macroalbuminuria [68]. In the LEADER and
SUSTAIN-6 trials, treatment with liraglutide and semaglutide
reduced the risk of CKD development and progression; these
benefits mainly derived from the reduction of new-onset macro-
albuminuria [24,25]. In the Dulaglutide versus insulin glargine
in patients with type 2 diabetes and moderate-to-severe chronic
kidney disease (AWARD-7) trial, dulaglutide reduced the
UACR and preserved renal function compared with insulin
glargine in patients with macroalbuminuria and CKD stages 3b
and 4 [69]. A meta-analysis analyzing kidney outcomes in the
seven GLP-1RA CVOTs showed that GLP-1RA treatment re-
duced the incidence of a broad composite renal outcome by
17% [29]. The ongoing A Research Study to See How Semaglu-
tide Works Compared to Placebo in People With Type 2 Diabe-
tes and Chronic Kidney Disease (FLOW) trial (NCT03819153),
the first GLP-1RA trial targeting renal outcomes, which is in-
vestigating the effect of semaglutide on renal outcomes in pa-
tients with T2DM and CKD, will add further information on the
renal benefits of GLP-1RAs.

Based on these evidences, recent guidelines recommend that
SGLT2 inhibitor with proven benefit of reducing CKD progres-
sion or GLP-1RA with proven CVD benefit be preferentially
prescribed for diabetic patients with CKD and albuminuria
[36,37].
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NAFLD/NASH

Nonalcoholic fatty liver disease (NAFLD) and diabetes share
common metabolic abnormalities, such obesity, insulin resis-
tance, and metabolic syndrome, and are comorbid conditions to
each other [70]. The concomitant presence of both diseases pre-
disposes affected individuals to the aggravation of each disease.
The presence of NAFLD in patients with T2DM increase the
risk of the macrovascular and microvascular complications of
diabetes, and the presence of T2DM in patients with NAFLD
exacerbates the progression from NAFLD to nonalcoholic ste-
atohepatitis (NASH) and fibrosis. Therefore, drugs that treat di-
abetes might affect NAFLD status.

Metformin, which is an insulin sensitizer and the first-line
therapy for T2DM, was suggested to offer histologic benefits in
earlier open-label studies, but recent RCTs showed no signifi-
cant effects against NAFLD [71-73]. Recent meta-analyses
failed to show any histologic improvement with metformin
treatment in patients with NAFLD and NASH [74,75]. There-
fore, the guidelines do not recommend metformin as treatment
for NAFLD [76,77]. Not enough data are available to determine
the effects of DPP-4 inhibitors on NAFLD or NASH.

Pioglitazone, a TZD, is an insulin sensitizer that is known to
improve insulin resistance via preventing lipolysis and reducing
circulating free fatty acid levels, protecting the target organs
from lipotoxicity [78]. Pioglitazone has numerous evidence
supporting its ability to improve steatosis and resolve liver stiff-
ness in patients with NAFLD. In the Pioglitazone versus vita-
min E versus placebo for the treatment of non-diabetic patients
with non-alcoholic steatohepatitis (PIVENS) trial, which evalu-
ated the effects of pioglitazone and vitamin E on NAFLD, pio-
glitazone treatment improved steatohepatitis, ballooning necro-
sis, and inflammation in biopsied patients [79]. A meta-analysis
showed that pioglitazone improved cases of advanced fibrosis
in patients with NASH and T2DM [80]. Therefore, many guide-
lines recommend pioglitazone as the first-line therapy for pa-
tients with NAFLD and T2DM [76,77]. Lobeglitazone, a novel
TZD developed by the ChongKunDang pharmaceutical compa-
ny in Seoul, Korea, has been shown to improve hepatic steatosis
in animal studies, and in a multicenter, prospective, open-label
clinical trial, lobeglitazone treatment (0.5 mg daily) for 24
weeks improved liver enzymes and ameliorated hepatic fat con-
tent as assessed by liver elastography in patients with T2DM
and NAFLD [81,82].

GLP-1RAs are expected to improve NAFLD and NASH,
since they reduce body weight and thus help restore insulin re-
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sistance. Liraglutide showed efficacy against NAFLD in the Li-
raglutide safety and efficacy in patients with non-alcoholic ste-
atohepatitis (LEAN) study, which was an RCT that assessed the
effect of liraglutide (1.8 mg daily) for 48 weeks in 52 patients
with biopsy-proven NASH, with greater resolution of steato-
hepatitis and less progression of fibrosis [83]. Semaglutide, a
weekly GLP-1RA, has shown efficacy against NAFLD [84]. In
a 72-week phase 2 trial, semaglutide treatment with subcutane-
ous dose of 0.1, 0.2, or 0.4 mg in patients with biopsy-proven
NASH and liver fibrosis resulted in a significantly higher per-
centage of patients with NASH resolution than placebo. The
guidelines as yet do not recommend GLP1-RAs as treatment for
NAFLD.

SGLT2 inhibitors are another class of promising drugs for
treatment of NAFLD and NASH, since they promote weight
loss and improve insulin resistance. In the A Study to Investi-
gate Effects of Omega-3 Carboxylic Acids and Dapagliflozin on
Liver Fat Content in Diabetic Patients (EFFECT-II) study, dapa-
gliflozin significantly reduced liver fat content as assessed by
magnetic resonance imaging (MRI)-derived proton density fat
fraction (PDFF) [85]. In Effect of Empagliflozin on Liver Fat
Content in Patients With Type 2 Diabetes (E-LIFT) trial, empa-
gliflozin (10 mg) daily significantly reduced liver fat as mea-
sured by MRI-PDFF in patients with T2DM and NAFLD [86].
Pooled data from four clinical trials of canagliflozin showed
significant reductions in liver enzymes compared with placebo
in patients with T2DM, and in a small, prospective study, cana-
gliflozin treatment significantly reduced hepatic fat fraction as
measured by MRI in patients with T2DM and NAFLD [87].
However, the guidelines do not yet recommend SGLT2 inhibi-
tors for the treatment of NAFLD.

CANCER

Cancer incidence appears to be increased in both patients with
type 1 diabetes mellitus (T1DM) and T2DM [88]. A meta-anal-
ysis has shown that the presence of diabetes is associated with a
10% increase in the relative risk of cancer, with elevated risks
for hepatocellular, hepatobiliary, pancreas, breast, ovarian, en-
dometrial, and gastrointestinal cancers [89]. The biological
mechanisms underlying the increased cancer risk in patients
with diabetes cannot be explained by a single mechanism and
are very diverse. Supraphysiological concentrations of insulin
and glycemia expose the body to potent growth factors and en-
ergy sources for cancer [88]. Some researchers have recom-
mended that cancer screening should be included in routine dia-
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betes assessments.

As diabetes itself is associated with an increased risk of can-
cer development, medications that control diabetes could have
diverse effects on cancer. Insulin is the mainstay treatment, both
for TIDM and eventually for T2DM. There have long been
concerns that exogenous insulin could increase cancer risk. The
ORIGIN trial randomized 12,537 subjects with impaired glu-
cose tolerance or T2DM to insulin glargine or standard care to
examine CV outcomes and the incidence of cancer [11]. The re-
sults showed no increased CVD and cancer risk in the insulin
glargine treatment group versus placebo group. At present, it is
not conclusive whether exogenous insulin treatment increases
malignancy risk; however, the results of the ORIGIN trial have
provided more evidence on the safety of insulin in patients with
T2DM regarding cancer risk.

Among other anti-diabetic medications, preclinical studies
have demonstrated antineoplastic effects of metformin, an oral
biguanide, and these findings have been supported by several
epidemiological studies and meta-analyses [90,91]. Metformin
is known to exert anti-cancer effects via anti-angiogenic activi-
ty, antiproliferative activity achieved by LBK-dependent 5’-ad-
enosine monophosphate-activated protein kinase activation, in-
hibition of signal transducer and activator of transcription 3 ac-
tivation, and anti-apoptotic activity [92]. However, no random-
ized clinical trials of metformin have been performed on its pro-
tective effects against cancer. Although pioglitazone, a TZD,
was shown to increase bladder cancer risk in initial studies, sub-
sequent large studies failed to confirm the previous results
[19,93-96].

No definitive evidence exists that anti-diabetic medications
increase or decrease the risk of cancer. Retrospective cohort
studies have shown that incretin-based therapies, such as DPP-4
inhibitors and GLP-1RAs, increased the risk of pancreatic can-
cer [97]. However, meta-analyses of 33 studies did not show
any relationship between incretin-based therapies and pancreat-
ic cancer [98,99]. In the SCALE trial, which assessed the effect
of liraglutide (3 mg daily) for the treatment of obesity, the active
group had a numerically higher but insignificantly increased in-
cidence of breast cancer, suggesting a possible signal for in-
creased risk of breast cancer in a liraglutide treatment group
[100]. However, according to a recent systematic review and
meta-analysis of 52 trials, GLP-1RAs treatment did not show
any increase in breast cancer or benign breast neoplasms com-
pared with comparators [101]. A recently published systematic
review and meta-analysis that analyzed 46 RCTs reporting can-
cer events in T2DM patients treated with SGLT?2 inhibitors with
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a mean trial duration of 61 weeks showed no significantly in-
creased risk of overall cancer among individuals with type dia-
betes using SGLT2 inhibitors [102]. Future long-term prospec-
tive studies and post-marketing surveillance studies are war-
ranted.

OSTEOPOROSIS

In 2006, an unexpected finding of increased risk of bone frac-
tures with a TZD was first reported in the results of A diabetes
outcome progression trial (ADOPT), a large-scaled trial com-
paring rosiglitazone with metformin and glyburide monothera-
py in patients with recently diagnosed T2DM [103]. Women
randomized to rosiglitazone showed a two-fold increase in the
incidence of bone fractures in comparison with other treatment
groups, whereas no difference was found in men. Post hoc anal-
yses published after those initial results reported that piogli-
tazone had similar effects on fractures to those of rosiglitazone,
suggesting a deleterious class effect of TZD on bone [104].

The mechanism of the deleterious effect of TZD on bone me-
tabolism could be derived from the activity of peroxisome pro-
liferator-activated receptor-gamma (PPAR-y) on bone, as TZD
is a PPAR-y agonist [105]. As PPAR-y is a nuclear receptor that
acts on adipogenesis and determines the terminal differentiation
of adipocytes, the activation of PPAR-y leads to differentiation
of mesenchymal stromal cells to adipocytes, but not osteoblasts.
This process leads to a decrease in bone formation and an in-
crease in bone marrow fat, and PPAR-y activation also promotes
osteoclastogenesis and increases bone resorption. The effects of
TZDs on bone metabolism should be carefully monitored, and
patients at high risk for bone fractures should avoid TZD or, if
used, they should be strictly monitored for bone fracture risk.

As insulin is known to have anabolic effects on bone, one
could expect that insulin treatment could benefit bone metabo-
lism. However, observational studies have reported evidence
showing that insulin treatment was associated with an increased
risk of bone fractures [106,107]. However, from a clinical
standpoint, the increased bone fracture risk in insulin-treated
patients could be attributed to increased hypoglycemia in insu-
lin-treated patients, since in the ORIGIN study with insulin
glargine, in which the incidence of hypoglycemia was remark-
ably lower than in most other studies, there was no increase in
the risk of bone fractures [11]. Insufficient data exist to support
conclusions regarding the effects of other older anti-diabetic
drugs on bone.

Among newer anti-diabetic medications, incretin-based
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agents such as GLP-1RAs and DPP-4 inhibitors have been
shown to be promising, since GLP-1RAs were shown to in-
crease bone density in rodent models of osteopenia [108,109].
DPP-4 inhibitors showed a reduction in the incidence of frac-
tures in a meta-analysis of short-term randomized trials [110].
However, two large-scale CVOTs with DPP-4 inhibitors failed
to detect any reduction in the fracture risk [22,38]. Although
GLP-1RAs have shown benefits on bone in animal models, the
results of a meta-analysis of GLP-1RAs did not show any bene-
ficial or harmful effects on bone [111].

SGLT?2 inhibitors show diverse results on bone according to
previous studies. A systematic review suggested that cana-
gliflozin may be linked to an increased fracture rate [ 112]. How-
ever, this effect cannot be considered to be a class effect, and
more studies should be performed to draw any conclusions.

In a very recent systematic review and network meta-analysis,
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Anti-diabetic
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the authors compared the effects of all available anti-diabetic
medications on fracture risk in T2DM patients [113]. In 117 eli-
gible RCTs with 221,364 participants, some drugs (omarigliptin,
sitagliptin, vildagliptin, saxagliptin, empagliflozin, ertugliflozin,
rosiglitazone, pioglitazone, and nateglinide) showed increased
risk of fractures, whereas others (dulaglutide, exenatide, liraglu-
tide, semaglutide, lixisenatide, linagliptin, alogliptin, cana-
gliflozin, dapagliflozin, glipizide, gliclazide, glibenclamide,
glimepiride, metformin, and insulin) showed benefits. However,
to draw clear conclusions, more large-scale studies should be
performed with bone fracture as an outcome.

NEURODEGENERATIVE DISEASES

Some anti-diabetic medications are known to decrease dementia
risk. In a recent meta-analysis of 10 studies that analyzed the
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Fig. 2. Extra-glycemic effects of anti-diabetic medications. GLP-1RA, glucagon-like peptide receptor agonist; DPP-4, dipeptidyl peptidase
4; SGLT2, sodium-glucose cotransporter 2; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; TZD, thiazoli-

dinedione.
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risk of dementia with anti-diabetic agents compared to no treat-
ment or as add-on therapy to prior care, anti-diabetic agents in
general were not associated with incident dementia [114]. A
slightly increased risk was observed with insulin (RR, 1.21;
95% CI, 1.06 to 1.39), and potentially protective effects with
TZD exposure (RR, 0.71; 95% CI, 0.55 to 0.93). The hypothesis
that PPAR-y agonists might be useful for the treatment of Al-
zheimer’s disease is in part linked to their positive influence on
cerebral glucose metabolism, lipid metabolism, and inflamma-
tion [115,116]. However, a recent phase 3 clinical trial that eval-
uated the effect of low-dose pioglitazone on delaying the onset
of mild cognitive impairment in at-risk participants failed to
show significant efficacy [117].

There exists some evidence for the efficacy of old and new
anti-diabetic medications on Parkinson’s disease (PD). Metfor-
min is known to exert protective effects on PD in T2DM pa-
tients via AMPK-mediated autophagy activation, decreased oxi-
dative stress, and facilitation of mitochondrial function [118].
However, a recent meta-analysis failed to show any correlation
between metformin therapy and PD development [119]. Al-
though there have not yet been any clinical trials, incretin thera-
pies, such as GLP-1RAs and DPP-4 inhibitors, have shown pro-
tective effects against PD in animal studies [120-122]. These ef-
fects should be confirmed in human studies.

CONCLUSIONS

The field of diabetes therapy is entering a new era since the de-
velopment of GLP-1RAs and SGLT2 inhibitors. New evidence
of the novel efficacy of these agents is pouring out every day in
the literature. These drugs are providing hope for patients with
renal and heart diseases, not only patients with diabetes. As
mentioned above, as the age of onset of diabetes is becoming
younger, the selection of appropriate anti-diabetic agents in a
personalized manner is becoming extremely important for the
preservation of pancreatic beta-cell function and prevention of
diabetic complications.

To summarize, thanks to the tremendous number of clinical
trials to date, we are fully aware that the anti-diabetic medica-
tions we are prescribing not only have anti-glycemic effects, but
also protective effects against damage to other organs not di-
rectly related to diabetes (Fig. 2). Therefore, we could benefit
from prescribing these drugs to our patients with diabetes with
the expectation of additional benefits for protection of multiple
organs in the body.

I am extremely grateful to researchers and pharmaceutical
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companies for producing these powerful and efficacious anti-di-
abetic drugs that not only lower glucose levels, but also save the
lives of our patients with diabetes, since this disease is not cur-
able—instead, it is a disease of control requiring lifelong strug-
gle and treatment. Every day, I hope to read news describing the
greater efficacy of existing anti-diabetic medications and devel-
opment of novel, safe anti-diabetic medications, which could
provide more hope for a healthier remaining lifetime in our pa-
tients.
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