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Efficacy of antihyperglycemic therapies G

on cardiovascular and heart failure outcomes:
an updated meta-analysis and meta-regression
analysis of 35 randomized cardiovascular
outcome trials
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Daisuke Tanaka?, Yoshihito Fujita?, Norio Harada?, Akihiro Hamasaki' and Nobuya Inagaki'?*

Abstract

Background Effects of antihyperglycemic therapies on cardiovascular and heart failure (HF) risks have varied widely
across cardiovascular outcome trials (CVOTs), and underlying factors remain incompletely understood. We aimed to
determine the relationships of glycated hemoglobin (HbA1c) or bodyweight changes with these outcomes in all
CVQOTs of antihyperglycemic therapies.

Methods We searched PubMed and EMBASE up to 25 January 2023 for all randomized controlled CVOTs of antihy-
perglycemic therapies reporting both major adverse cardiovascular events (MACE) and HF outcomes in patients with
type 2 diabetes or prediabetes. We performed meta-regression analyses following random-effects meta-analyses to
evaluate the effects of HbA1c or bodyweight reductions on each outcome.

Results Thirty-five trials comprising 256,524 patients were included. Overall, antihyperglycemic therapies reduced
MACE by 9% [risk ratio (RR): 0.91; 95% confidence interval (Cl) 0.88-0.94; P<0.001; = 36.5%). In meta-regression,
every 1% greater reduction in HbA1c was associated with a 14% reduction in the RR of MACE (95% Cl 4-24; P=0.010),
whereas bodyweight change was not associated with the RR of MACE. The magnitude of the reduction in MACE risk
associated with HbA1c reduction was greater in trials with a higher baseline prevalence of atherosclerotic cardiovas-
cular disease. On the other hand, antihyperglycemic therapies showed no overall significant effect on HF (RR: 0.95;
95% Cl 0.87-1.04; P=0.28;  =75.9%). In a subgroup analysis based on intervention type, sodium-glucose cotrans-
porter-2 inhibitors (SGLT2i) conferred the greatest HF risk reduction (RR: 0.68; 95% Cl 0.62-0.75; P<0.001; ¥ = 0.0%). In
meta-regression, every 1 kg bodyweight reduction, but not HbA1c reduction, was found to reduce the RR of HF by
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7% (95% Cl 4-10; P<0.001); however, significant residual heterogeneity (P <0.001) was observed, and SGLT2i reduced
HF more than could be explained by HbA1c or bodyweight reductions.

Conclusions Antihyperglycemic therapies reduce MACE in an HbA1c-dependent manner. These findings indicate
that HbA1c can be a useful marker of MACE risk reduction across a wide range of antihyperglycemic therapies,
including drugs with pleiotropic effects. In contrast, HF is reduced not in an HbA1c-dependent but in a bodyweight-
dependent manner. Notably, SGLT2i have shown class-specific benefits for HF beyond HbA1c or bodyweight

reductions.

Keywords Type 2 diabetes, Cardiovascular outcome trials, Cardiovascular events, Heart failure, Glycemic control,

Bodyweight control, Meta-analysis

Introduction

People with type 2 diabetes are at high risk of developing
cardiovascular events, including cardiovascular death, cor-
onary heart disease, stroke, and heart failure (HF) [1]. To
date, various clinical trials have investigated the efficacy of
antihyperglycemic therapies on cardiovascular outcomes,
and some have provided evidence of a significant reduc-
tion in the risk of major adverse cardiovascular events
(MACE) and/or hospitalization for HF in patients with
type 2 diabetes or prediabetes [2]. Although it is presumed
that the cardiovascular protection conferred by antihyper-
glycemic therapies is attributable to various variables, it is
unclear which variables affect the development of cardio-
vascular diseases in chronic glycemia management.

Antihyperglycemic therapies lower blood glucose levels
through various mechanisms to mitigate hyperglycemia
symptoms and diabetes-related complication risk. Many
cardiovascular outcome trials have shown a significant
difference in glycemic control between the intervention
(medication or intensive care) and control (placebo or
standard care) groups during the observation period, even
when they were designed to achieve “glycemic equipoise”
between trial arms. Moreover, the effects of antihypergly-
cemic therapies on total bodyweight have varied substan-
tially across previous clinical trials.

Thus far, various pooled analyses of cardiovascular out-
come trials have been reported that have examined the
risk modulation of cardiovascular and HF outcomes con-
ferred by alterations in blood glucose levels and body-
weight. For instance, in a previous meta-analysis of 30
large-scale cardiovascular outcome trials that was pub-
lished in 2020, various glucose-lowering drugs or strate-
gies that significantly reduced the glycated hemoglobin
(HbA1c) level (>0.01%) also reduced MACE risk, but they
did not ameliorate HF risk compared with standard care
or placebo [3]. In that study, the meta-regression analysis
showed that bodyweight reduction was associated with HF
risk reduction. In other meta-analyses of cardiovascular
outcome trials involving newer antihyperglycemic medi-
cations (such as dipeptidyl-peptidase-4 inhibitors [DPP-
4i], glucagon-like peptide-1 receptor agonists [GLP-1RA],

and sodium-glucose cotransporter-2 inhibitors [SGLT2i]),
significant associations were observed between improve-
ments in glycemic control and the reduction of MACE risk
[4-7], whereas no association was identified between gly-
cemic improvement and the risk of HF [5-7]. Additionally,
despite the acknowledged association between obesity and
an increased risk of atherosclerotic cardiovascular disease
(ASCVD) [8], the meta-analysis of cardiovascular outcome
trials involving GLP-1RA revealed no correlation between
bodyweight reduction and the risk of MACE [4]. However,
whether and to what extent blood glucose lowering and
bodyweight reduction are associated with cardiovascular
and HF benefits has not been comprehensively studied
and updated to include all trials of antihyperglycemic ther-
apies completed before and after the establishment of the
Food and Drug Administration (FDA) guidelines in 2008
[9]. The trials completed before the establishment of the
FDA guidelines include the United Kingdom Prospective
Diabetes Study (UKPDS), and those completed after the
establishment of the FDA guidelines include newer studies
of DPP-4i, GLP-1RA, and SGLT?2i.

Recently, the results of more cardiovascular outcome
trials with newer antihyperglycemic medications have
become available. Therefore, we performed a comprehen-
sive, updated meta-analysis and meta-regression analysis of
35 large-scale cardiovascular outcome trials of antihyper-
glycemic drugs reporting MACE and HF outcomes pub-
lished both before and after the establishment of the FDA
guidelines in 2008. We aimed to explore the relationships
between blood glucose lowering or bodyweight reduction
and MACE and HF risks, thereby delineating the poten-
tial contribution of blood glucose lowering or bodyweight
reduction per se to cardiovascular and HF benefits.

Method

Search strategies and selection criteria

The protocol of this study has been registered at the
International Prospective Register of Systematic Reviews
(PROSPERO) (registration number: CRD42022299075).
This study was performed in accordance with the
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Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) guidelines [10]. We followed
the eligibility criteria previously established [3]: (i) ran-
domized controlled trials with an enrollment of a mini-
mum of 1000 adults with type 2 diabetes or prediabetes,
(if) compared an antihyperglycemic drug, an intensive
glycemic control strategy, or a lifestyle intervention strat-
egy with controls (placebo, standard care, or an active
control agent), (iii) reported MACE and HF as outcomes
of interest, (iv) a follow-up period of at least one year,
and (v) achieved an HbAlc difference greater than 0.01%
between trial arms. Trials were excluded if they reported
an achieved HbAlc difference of <0.01%, or if they did
not report the difference in achieved HbAlc between
the trial arms. We also excluded trials if a multifactorial
intervention or non-glycemic medication were examined.

We conducted a literature search on PubMed and
EMBASE databases from their inception until 25 January
2023 without language restriction to find relevant stud-
ies using the search strategies as follows: (type 2 diabe-
tes OR prediabetes) AND (randomized OR randomly)
AND (cardiovascular OR macrovascular OR MACE OR
heart failure) AND (antihyperglycemic OR antidiabetic
OR intensive glucose control OR intensive blood glucose
control OR intensive blood-glucose control OR intensive
glucose lowering OR lifestyle intervention OR biguanide*
OR sulfonylurea* OR glinide* OR meglitinide* OR perox-
isome proliferator-activated receptor* OR thiazolidinedi-
one OR a-glucosidase inhibitor* OR dipeptidyl peptidase
4 OR glucagon-like peptide 1 OR glucagon-like peptide-1
OR sodium-glucose cotransporter 2). We also manually

Records identified from
PubMed (n =981)
EMBASE (n = 1,326)
References lists of previous meta-analyses (n = 5)

] [ Identification ]
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searched the reference lists of previous meta-analyses
of cardiovascular outcome trials to identify potentially
relevant studies. The PRISMA flow diagram is shown in
Fig. 1.

Data extraction and quality assessment

From the eligible trials, we extracted data on study char-
acteristics, baseline characteristics of participants, anti-
hyperglycemic regimens used, control regimens used,
mean differences in the achieved HbA1lc and bodyweight
levels between trial arms, and outcomes of interest that
included risk ratios (RRs) with 95% confidence intervals
(CIs). We extracted data from primary trial results and
their accompanying supplementary materials as the pri-
mary data source. To determine the achieved differences
in HbAlc or bodyweight levels between the trial arms,
we used the time-weighted least squares mean differ-
ence over the course of follow-up, at the end of follow-
up, or at one year of follow-up. We used the first available
follow-up data if none of these values were reported. We
used version 2 of the Cochrane Risk of Bias Tool to evalu-
ate the risk of bias in the eligible studies [11]. MH and YK
independently conducted the literature search and data
extraction. The results were compared, and any discrep-
ancies were resolved by consensus or with input from a
third independent reviewer (SY).

Data analysis

The primary outcome was the efficacy of antihypergly-
cemic therapies on HF and MACE risks (defined as a
composite of cardiovascular death, non-fatal myocardial

I Duplicate records removed (n = 651)

E Reports excluded:
g Records screened for eligibility - Conference abstracts (1 = 388)
32 with titles and abstracts (n = 1,661) - Sample size <1000 (n = 337)
- Substudy of main trials (n = 282)
- Inappropriate trial design (n = 204)
— - Reporting a trial protocol and/or participant caracteristics (n = 136)
) - Assesing an irrelevant intervention or outcome (n =112)
- Full-text articles assessed for eligibility - Editorial, letle'r, errat}]m, or I}arrative review (1= 105)
= - Pooled analysis of clinical trials (n =53)
E (n=44)
;%n Articles excluded:
- Not reporting an outcome of interest (n =4)
J - Short duration of follow-up (n =2)
) - HbAlc difference between trial arms <0.01% (n=1)
g Randomized controlled trials - Nf” rep()‘rjting HbAlc di_fference between trial arms (n =1)
2 included in meta-analysis (1 = 35) - Sample size <1,000 (n = 1)

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram for study selection
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infarction [MI], or non-fatal stroke). We determined the
relationships between HbAlc reduction or bodyweight
change and HF or MACE risk using meta-regression. If
the trials did not report MACE according to our afore-
mentioned definition, we used one of the following
alternative definitions: death from cardiovascular or
undetermined causes, non-fatal MI, or non-fatal stroke;
cardiovascular death, non-fatal MI, or non-fatal ischemic
stroke; all-cause death, non-fatal MI, or non-fatal stroke;
cardiovascular death, non-fatal MI, non-fatal stroke, or
other atherothrombotic events; all-cause death, non-fatal
MI, non-fatal stroke, or other atherothrombotic events;
fatal and non-fatal MI or stroke; or fatal and non-fatal
ML Detailed definitions of HF and MACE outcomes in
each trial are displayed in Additional file 1: Table S1.

For the meta-analysis, pooled RRs with 95% ClIs for
MACE and HF outcomes were calculated using a ran-
dom-effects model with the inverse variance method
[12]. The between-trial variance was estimated using
the DerSimonian-Laird estimator [13]. Heterogene-
ity among trials was evaluated using Cochran’s Q test
and Higgins’s I? statistics [14]. Thresholds defining the
magnitude of heterogeneity based on the I index were
low (<25%), moderate (26—-50%), and high (>50%) [15].
Subgroup random-effects meta-analysis was performed
based on a type of intervention (an intensive glycemic
control strategy or each drug class). Additionally, we
evaluated publication bias by funnel plots and Egger’s test
[16].

For the meta-regression analysis with a mixed-effects
model, we analyzed the association between the dif-
ferences in the achieved HbAlc or bodyweight differ-
ence and the corresponding estimated log RR [Ln(RR)]
of MACE and HF outcomes. To obtain the relative RR
reduction of each outcome for every 1% HbAlc reduc-
tion or every 1 kg bodyweight reduction, we used the fol-
lowing formula with the regression coefficient (slope) in
the meta-regression (Additional file 1: Fig. S1):
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as the number of participants multiplied by the median
follow-up duration in years, divided by 1000) to assess
the consistency of the significant association found in the
primary analysis.

Results with two-sided P-values less than 0.05 were
considered significant for the pooled RR meta-analysis
and meta-regression analysis. P-values less than 0.05 in
Cochran’s Q test were also considered significant. All
analyses were performed using R statistical software
(version 4.1.2; the R Foundation for Statistical Comput-
ing, Vienna, Austria) with the ‘meta’ (version 4.18.2) and
‘metafor’ (version 3.02) packages.

Results

Search results and baseline study characteristics

The initial search identified 1661 trials after remov-
ing duplicates. Screening for eligibility using titles and
abstracts yielded 44 trials for detailed assessment, of
which nine trials did not meet the inclusion criteria and
were excluded (Fig. 1, Additional file 1: Table S2). Tri-
als excluded through the full-text assessment included
the CAROLINA trial, which compared linagliptin with
glimepiride and showed no significant difference in
both the achieved HbAlc and the MACE/ HF outcomes
[18]. Therefore, 35 trials comprising 256,524 patients
were included in the meta-analysis [19-53]. Among the
35 included trials, four assessed an intensive glycemic
control strategy, one assessed intensive lifestyle inter-
vention focusing on weight loss, one assessed insulin
glargine (long-acting insulin analog), one assessed acar-
bose (a-glucosidase inhibitor), eight assessed peroxi-
some proliferation-activated receptor (PPAR) agonists,
five assessed DPP-4i, nine assessed GLP-1RA, and six
assessed SGLT2i. The main characteristics of the included
trials are shown in Table 1. The mean follow-up duration
was 1.3-10.0 years, and the average age of the patients
was 53.3-69.0 years. A total of 164,276 of 248,306 (66.2%)
assessable patients had established atherosclerotic cardi-

Relative RR reduction (% ) for every 1% HbA1c reduction or 1 kg bodyweight reduction = (1 —e%1°P¢) % 100

We used the restricted maximum likelihood as an esti-
mator [17]. If a significant association was identified in
the primary meta-regression analyses, we conducted
trial-level subgroup meta-regression, stratified by (1) type
of intervention (an intensive glycemic control strategy or
each drug class) and (2) baseline prevalence of ASCVD
(>70% vs.<70%). Trials without reported baseline pro-
portions of patients with ASCVD were excluded from
the latter subgroup analysis. Sensitivity meta-regression
was performed to adjust for trial-level mean age, propor-
tion of female participants, and person-years (calculated

ovascular disease, and 30,708 of 229,343 (13.4%) assess-
able patients had a history of HF at baseline. Although
the trials designed as open-label had a high risk of bias
in the domain of deviations from intended interventions
because of the inability to blind the intervention, the
evaluation of eligible trials showed no obvious risk of bias
in most other domains. The risk of bias of each eligible
trial is summarized in Additional file 1: Table S3. A visual
inspection of funnel plots and the results of Egger’s test
for outcomes of interest both indicated no evidence of
publication bias (P Egger’s test=0.42 and 0.79 for MACE
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and HF outcome, respectively); however, the ADOPT and
DREAM trials, both of which investigated the efficacy of
rosiglitazone, were observed as outliers in the funnel plot
for MACE (Additional file 1: Fig. S2) [21, 22]. DREAM
was also identified as an outlier in the funnel plot for HF
(Additional file 1: Fig. S2) [22].

Major adverse cardiovascular events

Overall, 25,475 patients (9.9%) experienced MACE out-
comes during the follow-up period. In the pooled analy-
sis of 35 trials, antihyperglycemic therapies decreased
MACE risk by 9%, with moderate heterogeneity between
trials (RR: 0.91; 95% CI 0.88-0.94; P<0.001; F*=36.5%)
(Fig. 2). In a subgroup random-effects meta-analysis
based on the type of intervention, intensive glycemic
control strategies (RR: 0.90; 95% CI 0.83-0.97; P=0.008;
F=0.0%), PPAR agonists (RR: 0.91; 95% CI 0.84-0.97;
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P=0.006; >=25.2%), GLP-1RA (RR: 0.87; 95% CI 0.81—
0.94; P=0.001; 2 =53.3%), and SGLT2i (RR: 0.88; 95% ClI
0.82-0.94; P<0.001; *=28.1%) conferred a significantly
lower risk of MACE to a similar extent, whereas the oth-
ers showed null effects on MACE risk (Additional file 1:
Fig. S3).

The univariate meta-regression analysis revealed a sig-
nificant association between the HbAlc reduction from
baseline and the Ln(RR) of MACE (slope: — 0.15; 95%
CI — 0.27 to — 0.04; P=0.010; variance explained: 52%)
(Fig. 3A). Accordingly, every 1% greater reduction in
HbAlc was associated with a 14% (95% CI 4—24) relative
reduction in the RR of MACE. In contrast, bodyweight
change from baseline was not significantly associ-
ated with the Ln(RR) of MACE (slope: — 0.006; 95% CI
— 0.020 to 0.008; P=0.41) (Fig. 3B).

Intervention type Trial Intervention (n/N) Control (n/N) ‘Weight Risk ratio (95% CI)

UKPDS 33 387/2,729 (14%) 186/1,138 (16%) : 2.6% 0.84 (0.71-1.00)

. ACCORD 352/5,128 (7%) 371/5,123 (7%) :‘ 33% 0.90 (0.78-1.04)

Intensive control g\ NcE 557/5,571 (10%) 590/5,569 (11%) ; 0.94 (0.84-1.06)

64/892 (1%) 78/899 (9%)

,,,,,,,,,,,,,,,,,,,,,,,,,,,, c (USRS -4 1 VRPN +., )
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 299/3.250 (9%) o T T 29% 09508111

PROactive 301/2.605 (12%) 358/2.633 (14%) = 30% 0.84 (0.72-0.98)

ADOPT 27/1,456 (2%) 41/2,895 (1%) —_—— 0.4% 131 (0.81-2.12)

DREAM 32/2.635 (1%) 23/2,634 (1%) —_— 0.3% 1.39 (0.81-2.37)

PPAR agonists BARIZD 261/1,183 (22%) 288/1,185 (24%) e 3.1% 0.91 (0.78-1.05)

RECORD 154/2,220 (7%) 165/2,227 (1%) — 1.7% 0.93 (0.75-1.16)

AleCardio 344/3.616 (9%) 360/3.610 (10%) - 32% 0.96 (0.83-1.11)

IRIS 175/1,939 (9%) 228/1,937 (15%) —— 20% 0.76 (0.62-0.93)
,,,,,,,,,,,,,,,,,, TOSCAIT _________MOS/LS3S(7%) 1081493 (T%) Tl M2% 0 096(0.747126)

EXAMINE 305/2.701 (11%) 316/2.679 (12%) —— 2.1% 0.96 (0.79-1.16)

SAVOR-TIMI 53 613/8,280 (7%) 609/8,212 (7%) = 43% 1.00 (0.89-1.12)

DPP-4i TECOS 745/7,332 (10%) 746/7,339 (10%) — 47% 0.99 (0.89-1.10)

OMNEON 114/2.092 (5%) 114/2,100 (5%) + 13% 1.00 (0.77-1.29)
,,,,,,,,,,,,,,,,,, CARMELINA ____ ___ 434/3494(12%) ______42083485(12%) S . .35% 102089117

ELIXA 406/3,034 (13%) 392/3.034 (13%) e 3.5% 102 (0.89-1.17)

LEADER 608/4.668 (13%) 694/4.672 (15%) = 4.6% 0.87 (0.78-0.97)

SUSTAIN-6 108/1.648 (7%) 146/1,649 (9%) — 14% 0.74 (0.58-0.95)

EXSCEL 839/7,356 (11%) 905/7,396 (12%) — 54% 0.91 (0.83-1.00)

GLP-1IRA Harmony Outcomes 338/4,731 (7%) 428/4,732 (9%) —_— 34% 0.78 (0.68-0.90)

REWIND 594/4.949 (12%) 663/4.952 (13%) = 4.4% 0.88 (0.79-0.99)

PIONEER 6 61/1,591 (4%) 76/1,592 (5%) — 0.8% 0.79 (0.57-1.11)

AMPLITUDE-O 189/2,717 (7%) 125/1,359 (9%) — 1.6% 0.73 (0.58-0.92)
,,,,,,,,,,,,,,,,,, FREEDOM-CVO ___________ _852075(4%) _____ ___ 692081 (%) ___ e 99% 124(090-170)

EMPA-REG OUTCOME 490/4.687 (10%) 282/2.333 (12%) = 32% 0.86 (0.74-0.99)

CANVAS Program 585/5,795 (10%) 426/4 347 (10%) - 3.8% 0.86 (0.75-9.97)

) DECLARE-TIMI 58 756/8.,582 (9%) 803/8.,578 (9%) - 4.9% 0.93 (0.84-1.03)

SGLT2i CREDENCE 217/2.202 (10%) 269/2,199 (12%) —— ' 25% 0.80 (0.67-0.95)

VERTIS CV 653/5.493 (12%) 327/2,745 (12%) - 3.6% 0.97 (0.85-1.11)
,,,,,,,,,,,,,,,,,, SCORED _________________ 343/5292(6%) _______ 44252928%) TSl ... 26%______ 077(0:65091) ____

Total 12,825/132,334 (10%)  12,650/124,217 (10%) & 100.0% 0.91 (0.88-0.94)

Heterogeneity: I = 36.5% (P=0.017) T I T ! P <0.001
025 05 1 2 4

Favours intervention Favours control

Fig. 2 Efficacy of antihyperglycemic drugs on the risk of major adverse cardiovascular events (MACE). UKPDS 33, ACCORD, ADVANCE, VADT: trials
comparing an intensive glycemic control strategy with standard care; Look AHEAD: a trial comparing intensive lifestyle intervention for weight
loss with standard care; ORIGIN: a trial comparing insulin glargine with standard care; ACE: a trial comparing acarbose (a-glucosidase inhibitor
[a-Gl]) with placebo; PROactive, ADOPT, DREAM, BARI 2D, RECORD, AleCardio, IRIS, TOSCA.IT: trials comparing peroxisome proliferation-activated
receptor (PPAR) agonists with placebo or active control drug; EXAMINE, SAVOR-TIMI 53, TECOS, OMNEON, CARMELINA: trials comparing
dipeptidyl-peptidase-4 inhibitors (DPP-4i) with placebo; ELIXA, LEADER, SUSTAIN-6, EXSCEL, Harmony Outcomes, REWIND, PIONEER 6,
AMPLITUDE-O, FREEDOM-CVO: trials comparing glucagon-like peptide-1 receptor agonists (GLP-1RA) with placebo; EMPAREG-OUTCOME,
CANVAS-Program, DECLARE-TIMI 58, CREDENCE, VERTIS CV, SCORED: trials comparing sodium-glucose cotransporter-2 inhibitors (SGLT2i) with

placebo
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(B) MACE and bodyweight
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Fig. 3 Association between the risk of major adverse cardiovascular events (MACE) and A HbA1c reduction or B bodyweight change. The thicker
line shows meta-regression with 95% Cl as shading. The circle size of each trial reflects the study weight. HbATc glycated hemoglobin, C/ confidence

interval, Ln(RR) estimated log risk ratio

We further evaluated the robustness of the relationship
between HbA1c reduction and the risk of MACE through
subgroup and sensitivity meta-regression analyses. In the
stratified meta-regression by type of intervention, trials
involving intensive glycemic control strategies, DPP-4i,
and GLP-1RA showed a trend of reducing the Ln(RR) of
MACE in association with a decrease in HbAlc; however,
the relationship between HbAlc reduction and MACE
risk was not statistically significant for all intervention
types (Additional file 1: Table S4). In the stratified meta-
regression based on the baseline prevalence of ASCVD
(>70% vs.<70%), HbAlc reduction was associated with
a decrease in the Ln(RR) of MACE for both subgroups.
Notably, the decrease in MACE risk associated with
HbAlc reduction was significant and greater in trials
with >70% of patients with ASCVD at baseline (Addi-
tional file 1 Fig. S4). On the sensitivity meta-regression
analysis with adjustment for multiple confounders (trial-
level age, sex, and person-years), HbAlc reduction was
significantly associated with the risk reduction of MACE,
in agreement with the results of the main univariate anal-
ysis (slope: — 0.15; 95% CI — 0.26 to — 0.04; P=0.008;
variance explained: 89%).

Heart failure

Overall, 9163 patients (3.6%) experienced HF outcomes
during the follow-up period. In the pooled analysis of 35
trials, antihyperglycemic therapies conferred no over-
all significant effect on HF risk with high heterogene-
ity across studies (RR: 0.95; 95% CI 0.87-1.04; P=0.28;
I’=75.9%) (Fig. 4). In a subgroup analysis based on the

type of intervention, GLP-1RA (RR: 0.90; 95% CI 0.83—
0.98; P=0.019; P=0.0%) and SGLT2i (RR: 0.68; 95% CI
0.62—0.75; P<0.001; P=0.0%) significantly reduced HF
risk with a greater reduction of risk with SGLT2i. PPAR
agonists significantly increased HF risk by 38% (RR:
1.38; 95% CI 1.19-1.60; P<0.001; =53.0%). The oth-
ers showed neutral effects on HF risk (Additional file 1:
Fig. S5). Notably, SGLT2i lowered HF risk more than any
other type of intervention, as indicated by the non-over-
lapping CI.

In meta-regression analyses, the Ln(RR) of HF
was not significantly associated with HbAlc reduc-
tion (slope: — 0.12; 95% CI — 0.42 to 0.19; P=0.46)
(Fig. 5A), in contrast to the results from the meta-
regression analysis of MACE outcomes. Instead, body-
weight reduction was significantly associated with the
Ln(RR) of HF (slope: — 0.07; 95% CI — 0.10 to — 0.04;
P<0.001) (Fig. 5B). Accordingly, every 1 kg greater
reduction in bodyweight was associated with a 7% (95%
CI: 4-10) relative RR reduction of HF. However, sig-
nificant residual heterogeneity (P <0.001) was observed
despite the variance explained (52%) was compara-
ble with the variance explained by HbAlc for MACE
(52%). Notably, all trials involving SGLT2i did not align
well with the regression slope.

We assessed the consistency of the relationship
between bodyweight loss and the risk of HF through
subgroup and sensitivity meta-regression analyses. In
the stratified meta-regression by type of intervention,
trials involving intensive glycemic control strategies,
PPAR agonists, DPP-4i, and GLP-1RA showed a trend
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Intervention type Trial Intervention (n/N) Control (n/N) Weight Risk ratio (95% CI)

UKPDS 33 80/2,729 (3%) 36/1,138 (3%) 2.5% 0.91 (0.54-1.12)

5 ACCORD 152/5,128 (3%) 124/5,123 (2%) i 3.3% 1.18 (0.93-1.49)

Intensive control iy ANCE 220/5,571 (4%) 231/5,569 (4%) 3.6% 0.95 (0.79-1.14)

VADT 76/892 (9%) 0.91 (0.66-1.25)

99/2,570 (4%)

PROactive 281/2,605 (11%) 198/2,633 (8%) — 1.43 (1.21-1.71)

ADOPT 22/1,456 (2%) 22/2,895 (1%) o E— 1.56 (0.90-2.72)

DREAM 14/2,635 (0.5%) 2/2,634 (0.1%) B —— 0.4% 7.03 (1.60-30.90)

PPAR agonists BARI 2D 248/1,183 (21%) 218/1,185 (18%) 4)—0— 3.7% 1.14 (0.97-1.34)

RECORD 61/2,220 (3%) 29/2,227 (1%) 2.0% 2.10 (1.35-3.27)

AleCardio 122/3,616 (3%) 100/3,610 (3%) 3.1% 1.22 (0.94-1.59)

IRIS 51/1,939 (3%) 42/1,937 (2%) 2.3% 1.21 (0.81-1.82)
,,,,,,,,,,,,,,,,,, TOSCAIT . .. 19AS3S(%)  12A930%) e 2% 157076324

EXAMINE 106/2,701 (4%) 89/2,679 (3%) 3.0% 1.19 (0.90-1.58)

SAVOR-TIMI 53 289/8,280 (3%) 228/8,212 (3%) 3.7% 1.27 (1.07-1.51)

DPP-4i TECOS 228/7,332 (3%) 229/7,339 (3%) 3.6% 1.00 (0.83-1.20)

OMNEON 20/2,092 (1%) 33/2,100 (2%) 1.3% 0.60 (0.30-1.15)

CARMELINA 209/3,494 (6%) 226/3,485 (6%) 3.6% 0.90 (0.74-1.08)
””””””””” ELIXA T TTTTTTTTTTB034@%) 1213034 4%y T I T80 T T 096 (075123)

LEADER 218/4,668 (5%) 248/4,672 (5%) 3.6% 0.87 (0.73-1.05)

SUSTAIN-6 59/1,648 (4%) 54/1,649 (3%) 2.5% 1.11 (0.77-1.61)

EXSCEL 219/7,356 (3%) 231/7,396 (3%) 3.6% 0.94 (0.78-1.13)

GLP-1RA Harmony Outcomes 79/4,731 (2%) 88/4,732 (2%) 2.8% 0.75 (0.55-1.03)

REWIND 213/4,949 (4%) 226/4,952 (5%) 3.6% 0.93 (0.73-1.12)

PIONEER 6 21/1,591 (1%) 24/1,592 (2%) 1.6% 0.86 (0.48-1.55)

AMPLITUDE-O 40/2,717 (1%) 31/1,359 (2%) 2.0% 0.61 (0.38-0.98)
,,,,,,,,,,,,,,,,,, FREEDOM-CVO ________ 162075(1%) _______ 1120810%) _ _ —————s——— 3% 095048188

EMPA-REG OUTCOME 126/4,687 (3%) 95/2,333 (4%) 3.1% 0.65 (0.50-0.85)

CANVAS Program 123/5,795 (2%) 120/4,347 (3%) 3.2% 0.67 (0.52-0.87)

L DECLARE-TIMI 58 212/8,582 (2%) 286/8,578 (3%) 3.6% 0.73 (0.61-0.88)

SGLT2i CREDENCE 89/2,202 (4%) 141/2,199 (6%) 3.1% 0.61 (0.47-0.80)

VERTIS CV 139/5.499 (3%) 99/2,747 (4%) 3.2% 0.70 (0.54-0.90)
,,,,,,,,,,,,,,,,,, SCORED . .. 245/5292(5%) _____  _ 360S2200%) . =se— | 35% _____ 06105508)

Total 4,580/132,340 (3%) 4,583/124,219 (4%) < 100.0% 0.95 (0.87-1.04)

f T T ! P=028

Heterogeneity: 12 = 75.9% (P<0.001)

0.25 0.5 1 2 4

Favours intervention Favours control

Fig.4 Efficacy of antihyperglycemic drugs on the risk of heart failure (HF). UKPDS 33, ACCORD, ADVANCE, VADT: trials comparing an intensive glycemic control
strategy with standard care; Look AHEAD: a trial comparing intensive lifestyle intervention for weight loss with standard care; ORIGIN: a trial comparing insulin
glargine with standard care; ACE: a trial comparing acarbose (a-glucosidase inhibitor [a-Gl]) with placebo; PROactive, ADOPT, DREAM, BARI 2D, RECORD, AleCardio,
IRIS, TOSCA.IT: trials comparing peroxisome proliferation-activated receptor (PPAR) agonists with placebo or active control drug; EXAMINE, SAVOR-TIMI 53, TECOS,
OMNEON, CARMELINA: trials comparing dipeptidyl-peptidase-4 inhibitors (DPP-4i) with placebo; ELIXA, LEADER, SUSTAIN-6, EXSCEL, Harmony Outcomes,
REWIND, PIONEER 6, AMPLITUDE-O, FREEDOM-CVO: trials comparing glucagon-like peptide-1 receptor agonists (GLP-1RA) with placebo; EMPAREG-OUTCOME,
CANVAS-Program, DECLARE-TIMI 58, CREDENCE, VERTIS CV, SCORED: trials comparing sodium-glucose cotransporter-2 inhibitors (SGLT2i) with placebo

towards reducing the Ln(RR) of HF in association with
a decrease in bodyweight; however, the association
between bodyweight reduction and HF risk was not sta-
tistically significant for all intervention types (Additional
file 1: Table S5). In the stratified meta-regression based
on the baseline prevalence of ASCVD (>70% vs.<70%),
bodyweight reduction was significantly associated with a
decrease in the Ln(RR) of HF for both subgroups, in line
with the overall results (Additional file 1: Fig. S6). In the
sensitivity meta-regression analysis with adjustment for
multiple confounders (trial-level age, sex, and person-
years), bodyweight reduction was significantly associated
with the risk reduction of HF consistent with the results
of the main univariate analysis (slope: — 0.07; 95% CI
— 0.10 to — 0.03; P<0.001; variance explained: 48%).

Discussion

The current meta-analysis with meta-regression enrolled
256,524 patients with type 2 diabetes or prediabetes
from 35 large-scale cardiovascular outcome trials and
explored the associations between glycemic improve-
ment or bodyweight change and MACE and HF risks.
To our knowledge, this is the largest meta-analysis and
meta-regression analysis of randomized controlled trials
of antihyperglycemic therapies reporting MACE and HF
outcomes. With respect to MACE outcomes, antihyper-
glycemic therapies significantly reduced MACE risk in
the random-effects model meta-analysis, and the HbAlc
reduction, not bodyweight reduction, was significantly
correlated with a decline in the Ln(RR) of MACE in the
univariate and multivariate meta-regression analyses;
every 1% additional reduction in HbAlc was associated
with a 14% relative reduction in MACE risk. The sub-
group analysis further demonstrated that the relationship
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Fig. 5 Association between heart failure (HF) risk and A HbA1c reduction or B bodyweight change. The thicker line shows meta-regression
with 95% Cl as shading. The circle size of each trial inversely reflects the study weight. HbATc glycated hemoglobin, C/ confidence interval, Ln(RR)

estimated log risk ratio

between HbAlc reduction and MACE risk reduction was
more pronounced in patients with advanced atheroscle-
rosis. These findings indicated potential effect modifica-
tions of MACE outcomes through glycemic control and
reiterated the utility of HbAlc reduction as a marker of
MACE risk reduction.

Regarding HF, antihyperglycemic therapies demon-
strated a trend towards reducing HF risk compared
with controls, with a RR of 0.95 (95% CI 0.87-1.04) in
the meta-analysis, whereas the results showed high het-
erogeneity across trials. Contrary to MACE, bodyweight
change, not HbAlc reduction, was associated with the
Ln(RR) of HF in the univariate and multivariate meta-
regression analyses. However, residual heterogeneity
was high, and all trials involving SGLT2i did not align
well with the regression slope; these findings indicated
that while bodyweight reduction can partially contrib-
ute to HF risk reduction, other factors still influence HF
risk modulation. In particular, the data on SGLT2i sug-
gest a greater influence of residual contributors beyond
the reduction in bodyweight and HbAlc on HF risk
amelioration.

Glycemic control, bodyweight reduction, and major
adverse cardiovascular events

In our study, antihyperglycemic therapies reduced MACE
risk by 9%, which is almost identical to the MACE risk
reduction reported by the previous meta-analyses of car-
diovascular outcome trials with intensive glycemic control
[54] and those with newer antihyperglycemic medications

conducted after the establishment of the FDA guidelines
in 2008 [5]. The significant association between HbAlc
decline and attenuation of the MACE risk indicates that
blood glucose lowering would proportionally decrease
the risk of MACE, in agreement with the observations of
the post hoc studies of the LEADER and REWIND trials,
which suggested that HbAlc was a major and significant
mediator of the cardiovascular benefits [55, 56]. Moreover,
the findings in those mediation analyses that bodyweight
was not a significant mediator of cardiovascular benefits
for GLP-1RA are consistent with the non-significant asso-
ciation between bodyweight change and MACE risk in our
meta-regression analysis [54, 55]. Additionally, most of the
cardiovascular benefits associated with SGLT2i were pre-
sumed to be attributed to HbAlc reduction in three large
cardiovascular outcome trials (EMPA-REG OUTCOME,
CANVAS Program, and DECLARE-TIMI 58 trials) [57].
The previous meta-analysis results also corroborate the
significant association between glycemic improvement
and reduced risk of MACE [4-7]. Our finding supports
the hypothesis that HbA1lc reduction can be a useful clini-
cal marker of MACE risk reduction across a wide range of
antihyperglycemic therapies. Although high hypoglyce-
mia risk associated with antihyperglycemic therapies may
dilute the cardiovascular benefit conferred by glycemic
reduction [58], blood glucose lowering remains a crucial
aspect of cardiovascular risk management and is likely to
contribute significantly to reducing MACE risk, as sup-
ported by a recent causal directed acyclic graphs study [7].
However, we note that the observed HbA1c reduction can
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be a marker representing multiple factors, including pleio-
tropic effects, rather than a single marker of improvement
in glycemic control. Pleiotropic effects may include miti-
gation of endothelial dysfunction and oxidative stress, as
observed with GLP-1RA and SGLT2i administration [59,
60]. Further studies are required to disentangle the contri-
bution of glycemic and non-glycemic effects.

Glycemic control, bodyweight reduction, and heart failure
Regarding HF, antihyperglycemic therapies numerically
but not significantly reduced HF risk by 5%, and both pri-
mary analysis and subgroup analysis showed high hetero-
geneity across studies. Contrary to MACE risk, HbAlc
reduction was not associated with HF risk. Subgroup
analyses show differing effects on HF based on the type
of intervention, with SGLT2i and GLP-1RA reducing risk
and PPAR agonists increasing it. This suggests glycemic
control may not be critical for short-term (<10 years)
prevention or treatment of HF in dysglycemia.

In agreement with our meta-regression analysis results,
the previous meta-regression analysis results showed that
bodyweight reduction was significantly associated with
a reduced HF risk [3]. This is theoretically reasonable
because the two drugs that reduced HF risk (SGLT2i and
GLP-1RA) decrease bodyweight through specific mecha-
nisms [61], and PPAR agonists, which increased HF risk,
increase bodyweight via fluid retention [62]. Given the
favorable hemodynamic effects, such as ameliorated high
blood pressure and fluid congestion, associated with body-
weight loss [63], the significant association we discovered
between bodyweight loss and decreased risk of HF is bio-
logically plausible. However, high residual heterogeneity
(P<0.001) and disproportionate reduction of HF risk by
SGLT2i (Fig. 5B) suggest the involvement of other impor-
tant factors in reducing HF risk. Considering that multiple
post hoc analyses of the trials involving SGLT2i revealed
that changes in markers of volume status and hemocon-
centration (e.g., hematocrit), but not in bodyweight, are
the most important mediators of cardiovascular death and
HE, the clinical markers of the plasma volume status might
be the more reliable markers of HF benefits [64—67]. This
hypothesis is supported by an observational study report-
ing that lower hematocrit levels are associated with an
increased risk of hospitalization for patients with HF [68].

Strengths and weaknesses

The main strength of our study is the inclusion of the
largest number of cardiovascular outcome trials inves-
tigating various antihyperglycemic therapies conducted
both before and after the establishment of the FDA
guidelines in 2008, thereby allowing the most compre-
hensive evaluation of the contribution of blood glucose
and bodyweight control to MACE and HF risks. Our
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study has important clinical implications—we highlight
the utility of HbAlc and bodyweight changes as useful
surrogates for cardiovascular and HF benefits, respec-
tively, and also show class-specific benefits of SGLT2i
beyond HbA1c or bodyweight reduction.

However, this study has several limitations. First, we
did not use individual participant data, thus preclud-
ing our ability to adjust for some potential confounders.
A meta-analysis performed with individual participant
data could illustrate the independent effect of potential
mediators of HF risk reduction, such as plasma volume,
vascular resistance, and ketone bodies [59, 60, 64, 69].
Second, we did not evaluate the relationship of MACE or
HF with conventional cardiovascular risks such as hyper-
tension [70] and dyslipidemia [71] due to the limited
availability of these data. Third, the included trials var-
ied in their design, population, controls, and definitions
of MACE and HF outcomes (Table 1, Additional file 1:
Table S1); therefore, the pooled effects have to be inter-
preted with caution. However, the inclusion of a wider
variety of trials, many of which represent the basis for
the international clinical practice guidelines, allowed
for more robust insights into the relationship between
HbAlc or bodyweight change and cardiovascular out-
comes. Fourth, it is essential to exercise caution in inter-
preting the results of the stratified meta-regression by
type of intervention (Additional file 1: Tables S4 and S5),
as a limited number of trials in each subgroup analysis
increases the risk of overfitting and magnifies the vari-
ability of individual trial results, including any random
error.

Conclusions

The updated meta-analysis and meta-regression analysis
of 35 cardiovascular outcome trials show that glycemic
control conferred by a wide range of antihyperglycemic
drugs decreases MACE risk in an HbAlc-dependent
manner, and the degree of HbAlc reduction is a useful
surrogate of cardiovascular benefits. Contrary to MACE
risk reduction, HF risk modulation was not associated
with HbAlc reduction but was associated with body-
weight reduction. However, high residual heterogeneity
suggests the contributions of other factors. Importantly,
SGLT2 inhibitors reduced the risk of HF more than could
be explained by HbAlc or bodyweight reduction, high-
lighting the drug class-specific benefits for HF.
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