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Effect of sacubitril/valsartan and ACEI/ARB q

on glycaemia and the development of diabetes:
a systematic review and meta-analysis
of randomised controlled trials
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Abstract

Background: Sacubitril/valsartan and angiotensin-converting enzyme inhibitor (ACEl)/angiotensin-receptor blocker
(ARB) therapies were reported to affect glycaemic control and the development of diabetes mellitus (DM), but the
findings are inconsistent. We examined the evidence for the effects of sacubitril/valsartan and ACEI/ARB in DM by
conducting a meta-analysis.

Methods: The Cochrane Central Register of Controlled Trials (The Cochrane Library), Embase, PubMed, and Clinical-
Trials.gov were searched for data from randomised clinical trials (RCTs) that evaluated the efficacy of sacubitril/valsar-
tan and ACEI/ARB in patients, as of May 25, 2022. Patients were grouped by their disease background at baseline. The
main outcomes were the number of new-onset DM and hypoglycaemia, elevated glycaemia, inadequate DM control,
diabetes treatment, and diabetic complications, from baseline to the end of the trials. The risk of bias was assessed
using the revised Cochrane risk-of-bias tool for randomized trials (ROB 2). The quality of the evidence was evaluated
according to the Recommendations for Assessment, Development, and Evaluation guidelines. The meta-analysis of
the incidence of various outcomes was conducted using fixed or random effects models. The results are expressed as
binary risk, 95% confidence interval (Cl), and relative risk (RR). The Mantel-Haenszel method and Z test were used to
determine the overall results and determine the significance of the RR.

Results: This study included 31 RCTs and 86,809 subjects. Compared with placebo, sacubitril/valsartan treatment
significantly reduced the risk of new-onset DM among all patients (RR = 0.78, 95% Cl: 0.64-0.95), patients with heart
failure (HF) (RR = 0.24, 95% Cl: 0.12-0.48), HF with reduced ejection fraction (HFrEF) (RR = 0.24, 95% Cl: 0.12-0.50), and
HF with preserved ejection fraction (HFpEF) (RR = 0.54, 95% Cl 0.34-0.85). In contrast, sacubitril/valsartan treatment
significantly increased the risk of hypoglycaemia among all patients (RR = 1.91, 95% Cl: 1.05-3.47), patients with not
all-DM (defined as part of the study population having DM at baseline) (RR = 5.71, 95% Cl: 2.02-16.21), and patients
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with HFpEF (RR = 7.06, 95% Cl: 2.10-23.76). Compared with ACEI/ARB, sacubitril/valsartan treatment significantly
increased the risk of hypoglycaemia among patients with HF (RR 1.85, 95% Cl 1.12-3.06, p = 0.02) and HFpEF (RR 3.59,
95% Cl 1.51-8.55, p = 0.004). Compared with placebo, ACEI/ARB treatment did significantly reduce the risk of new-
onset DM among all patients (RR 0.85, 95% Cl 0.77-0.93, p = 0.0007) and patients with not all-HF (defined as part of
the study population having HF at baseline) (RR 0.87, 95% Cl 0.82-0.93, p<0.0001) and HFpEF (RR 0.60, 95% Cl 0.44—
0.83, p = 0.002), diabetes complications among patients with non-HF (/not all-DM) (RR 0.87, 95% Cl 0.76-0.99, p =
0.04), and subsequent diabetes treatment among patients with new-onset DM (RR 0.70, 95% Cl 0.58-0.84, p = 0.0002)
and significantly increased the risk of hypoglycaemia among patients with not all-DM (RR 2.06, 95% Cl 1.172-3.61,p =

0.01).

Conclusions: The results of our study, especially in reducing glycaemia and new-onset DM, revealed that sacubitril/
valsartan had a positive effect on the control of glycaemia and the development of DM. ACEI/ARB also had a benefi-
cial effect but the effect was weaker than that of sacubitril/valsartan. The above effects varied across diseases but the

evidence was strongest in patients with HF.
Trial registration: CRD42022336311.

Keywords: Sacubitril/valsartan, Angiotensin-converting enzyme inhibitors (ACEI), Angiotensin-receptor blocker

(ARB), Diabetes mellitus, Heart failure

Key point

Question

Does sacubitril/valsartan or ACEI/ARB have an effect on
glycaemia and the development of diabetes?

Findings

In this meta-analysis of 31 randomised controlled trials
that included 86,809 patients, compared with placebo,
sacubitril/valsartan treatment significantly reduced the
risk of new-onset diabetes (relative risk [RR] = 0.78, 95%
confidence interval [CI] 0.64-0.95) and increased the
risk of hypoglycaemia (RR = 1.91, 95% CI: 1.05-3.47);
ACEI/ARB treatment significantly reduced the risk of
new-onset diabetes (RR = 0.85, 95% CI: 0.77-0.93) and
diabetes complications among patients with non-HF
(RR = 0.87, 95% CI: 0.76—0.99) and diabetes treatment
among patients with new-onset diabetes (RR = 0.70, 95%
CI: 0.58-0.84) and increased the risk of hypoglycaemia
among patients with not all-diabetes (RR = 2.06, 95% CI:
1.17-3.61).

Meaning
Sacubitril/valsartan and ACEI/ARB had a positive effect
on the control of glycaemia and the development of
diabetes.

Background

Diabetes mellitus (DM) is one of the major public health
problems in the world today [1]. The latest global esti-
mates from the International Diabetes Federation indi-
cate that 537 million adults had DM in 2021, and that
number is expected to increase to 643 million by 2030
[2]. DM often coexists with multiple diseases, espe-
cially in patients with heart failure (HF), in which the

prevalence of diabetes is as high as 35-40% [3], and vice
versa, leading to an adverse interactive effect on progno-
sis. The dual prevalence of DM and HF urgently requires
effective treatments to address the increased burden in
patients [4].

The role of angiotensin-converting enzyme inhibitors
(ACEI)/angiotensin-receptor blockers (ARB) in glycae-
mic control and the development of diabetes has long
been noted, but the mechanisms for improving glucose
tolerance and insulin sensitivity by inhibiting the renin-
angiotensin system are complex and unclear. Relevant
trials [5-8] showed that ACEI/ARB could reduce new-
onset diabetes and lower blood glucose levels compared
with placebo. However, most outcomes other than new-
onset diabetes did not reach statistical significance, the
results were not uniform, and the research indicators of
DM were relatively single.

The results of the PARADIGM-HF trial led to a land-
mark drug, sacubitril/valsartan, for the treatment of HF.
The post hoc analysis of this trial suggested that sacu-
bitril/valsartan treatment improved glycaemic control
and conferred additional metabolic benefit [9]. Related
preclinical studies also showed that dual ACE-neprilysin
inhibitors could improve insulin sensitivity and improve
glucose metabolism in obese rats and patients with insu-
lin resistance [10-12]. The possible mechanisms for the
role of sacubitril/valsartan in DM, in addition to the
related effects of inhibiting the renin-angiotensin system,
include decreasing the degradation of active peptides
that can lower glycaemia by inhibiting neprilysin, and
improving glucolipid metabolism and insulin resistance
by consuming excessive energy by increasing natriuretic
peptides [13-15]. Nevertheless, no specialised study on
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the mechanism and effects of sacubitril/valsartan in DM
has been conducted.

Evaluating the role of sacubitril/valsartan and ACEI/
ARB in DM, especially among patients with DM com-
bined with HF, is a clinically meaningful issue. The pur-
pose of this meta-analysis was to explore the effect of
sacubitril/valsartan on glycaemia and the development
of DM by analysing DM-related outcomes (new-onset
DM, hypoglycaemia, elevated glycaemia, inadequate con-
trol DM, diabetes complications, and diabetes treatment)
in randomised controlled trials (RCTs) and provide an
updated analysis of the role of ACEI/ARB in treating
diabetes. Furthermore, the results of this meta-analysis
will help to provide physicians with information related
to glycaemia and diabetes for use when treating patients
with sacubitril/valsartan or ACEI/ARB.

Ethics statement
All included studies were published without moral and
informed consent disputes.

Methods

All procedures strictly followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA). The application of this systematic review
protocol for registration has been registered in the
PROSPERO database (International Prospective Reg-
ister of Systematic Reviews, https://www.crd.york.ac.
uk/prospero), register number: CRD42022336311. The
review method registered and updated in PROSPERO is
described in Additional file 1 [16]. The evaluation of the
quality of evidence was accorded to the Grading of Rec-
ommendations Assessment, Development, and Evalua-
tion (GRADE) guideline.

Search strategy and identification

We searched the Cochrane Central Register of Controlled
Trials (The Cochrane Library), Embase, PubMed, and
ClinicalTrials.gov, the four major medical databases con-
taining the majority of medical research literature, as of
May 25, 2022. Two reviewers independently performed
literature searches using search strategies designed by
author RXW (the retrieval strategies are described in
Additional file 2: Tables S1-S4). Publication date and lan-
guage restrictions were not applied, and the reference
lists of the related articles were also used to supplement
the search terms. In addition, we use the appropriate fil-
ters (Additional file 2: Tables S1-S4). Duplicate articles
were removed using reference manager software. Three
reviewers independently identified the eligible stud-
ies according to pre-formulated inclusion and exclusion
criteria (Additional file 2: Table S5). We included RCTs
of adults in this meta-analysis if the control group was
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treated with ACEI/ARB/placebo and the experimental
group was treated with sacubitril/valsartan or the control
group was given a placebo and the experimental group
was treated with ACEI/ARB.

Data extraction

Two reviewers independently extracted data from the
RCTs that met the criteria and the guidelines in Cochrane
Reviewer’s Handbook, and all authors discussed the
results in the event of discrepancies. The research data
were retrieved from the original published manuscript or
the results in ClinicalTrials.gov. The following data were
extracted from each trial: (1) name of the trial, author,
and registration number; (2) year of publication; (3)
number of participants enrolled; (4) characteristics of the
participants at baseline, including DM status, age, and
gender; (5) the drug used in the control group; (6) study
duration; (7) main outcomes; and (8) the number of par-
ticipants with new-onset DM, hypoglycaemia, hypergly-
caemia, inadequate DM control, diabetes treatment, and
diabetes complications from baseline to the end of the
study.

Risk of bias assessment

Two researchers separately assessed the risk of bias for
each qualified trial using the revised Cochrane risk-of-
bias tool for randomized trials (ROB 2) and compiled a
risk-of-bias table as described in the Cochrane Handbook
[17].

Quality assessment

We used the GRADE principles to assess the quality of
the evidence in this meta-analysis. The quality of the evi-
dence was graded as very low, low, moderate, or high by
measuring the risk of bias, inconsistency, indirectness,
imprecision, and publication bias.

Outcome measures

A number of adverse reactions related to DM listed in the
results of trials include new-onset DM, hypoglycaemia,
elevated glycaemia, inadequate control DM, diabetes
complications, and diabetes treatment, from baseline to
the end of the trials. Among these, the number of new-
onset DM cases and the remaining indicators reflected
the effect of the drug on the development of diabetes and
glycaemic control, respectively.

Statistical analyses

The data were analysed using Review Manager 5.4 and
Stata 17.0. Direct comparisons of sacubitril/valsartan and
ACEI/ARB groups and between ACEI/ARB and placebo
groups were performed using Review Manager. A net-
work meta-analysis of sacubitril/valsartan and placebo
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groups was performed using the ACEI or ARB group
as an intermediate group and the “Network” program
of Stata. Subgroup analysis was performed according to
whether the patients had DM or HF (the included stud-
ies may have used different criteria for HF, and we did
not use a standardised definition for HF) at baseline.
Sensitivity analysis and publication bias detection were
performed using Stata, and I* was used to assess hetero-
geneity. An I* value of > 50% or a corresponding p-value
of < 0.05 was considered to indicate heterogeneity among
the studies. In that case, we used a random model and
performed meta-regression and subgroup analysis. An
P of < 50% and a corresponding p-value of > 0.05 were
considered to indicate no obvious heterogeneity in the
results, and a fixed model was used [18]. Due to the lack
of direct comparison, there was no need to test for incon-
sistency in the network meta-analysis. The data were
extracted from each trial and expressed as binary risk.
The 95% confidence interval (CI) and relative risk (RR)
were used in the synthesis or presentation of the results.
The Mantel-Haenszel method and the Z test were used
to determine the overall results and the significance of
the RR. A p-value of < 0.05 was considered statistically
significant. All results were consistent with the PRISMA
(Additional file 3) and meta-analysis guidelines [19].

Publication bias and sensitivity analysis
Funnel plots and Egger’s test [20] were used to detect
publication bias using Stata, as was sensitivity analysis.

Results

Description of the selected studies

Initially, 21,836 possible articles or studies were identi-
fied, and 2973 possible articles were left after filtering and
removing duplicates. The remaining articles were judged
by the three researchers according to the inclusion and
exclusion criteria. Finally, 31 RCTs including 86,809
subjects were included in the analysis. The flow chart of
study selection is shown in Additional file 2: Fig. S1.

Study characteristics

The detailed characteristics of the 31 trials [6—8, 21-45]
are shown in Table 1, of which, most were large, multi-
centre clinical studies, with 13 and 5 trials aimed at
patients with HF and DM, respectively. In the patients
with HE, the EF range for HFrEF was defined as an EF
of < 40% or 35%. HFpEF was defined as an EF of > 40%
or 45%. The total number of subjects was 86,809 and
the follow-up period ranged from 8 weeks to 6.5 years.
Randomised assignments were made using computer-
generated random numbers in most of the trials and
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pre-specified outcomes were reported in all trials. Only
one study (TRAFIC) did not use blinding.

Risk of bias assessment

The quality assessment of the included studies is pre-
sented in Additional file 4: Figs. S1-S2. One (0.5%
weighting of all studies) RCT included in this meta-
analysis revealed a high risk of bias when assessed by
ROB 2, whereas twenty-six (81.4% weighting) RCTs
raised some concerns and four (18.1% weighting) RCTs
revealed a low risk of bias. This was mainly due to the
fact that the definition and standard measures of the
outcomes we studied were not elaborated in part of the
studies.

Clinical outcome evaluation

The meta-analysis results and grades of the quality of
the evidence are summarised in Table 2, in which the
results with a statistical difference are shown in Figs. 1,
2, and 3.

Results of sacubitril/valsartan compared with ACEI/ARB

The effect of sacubitril/valsartan compared with ACEI/
ARB on new-onset DM The data in this part of the study
were all derived from patients with non-DM at base-
line. Between the two groups, there was no difference in
reduction in the risk of new-onset DM among all patients
(RR = 0.91, 95% CI: 0.76-1.09, p = 0.32) and patients
with not all-HF (defined as part of the study population
having HF at baseline) (RR = 2.95, 95% CI: 0.31-28.00,
p = 0.35), HE (RR = 0.90, 95% CI: 0.75-1.08, p = 0.27),
HFrEF (RR = 0.90, 95% CI: 0.72-1.13, p = 0.37), and HF
with preserved ejection fraction (HFpEF) (RR = 0.89,
95% CI: 0.64—1.25, p = 0.51). There was also no differ-
ence in the risk of new-onset DM between patients
treated with sacubitril/valsartan and ACEI (RR = 0.91,
95% CI: 0.73-1.14, p = 0.41) or ARB (RR = 0.90, 95% CL:
0.65-1.24, p = 0.51) (Additional file 4: Fig. S3).

The effect of sacubitril/valsartan compared with ACEI/
ARB on hypoglycaemia Compared with ACEI/ARB,
sacubitril/valsartan treatment did significantly increase
the risk of hypoglycaemia among patients with HF (/
not all-DM [defined as part of the study population hav-
ing DM at baseline]) (RR = 1.85, 95% CI: 1.12-3.06, p
= 0.02) and HFpEF (RR = 3.59, 95% CI: 1.51-8.55, p =
0.004), as was the comparison of sacubitril/valsartan and
ARB (RR = 2.72, 95% CI: 1.18-6.27, p = 0.02) treatment,
but the increase in the risk of hypoglycaemia among
patients with HFrEF (RR = 1.18, 95% CI: 0.62-2.26, p =
0.61) was no significant between-group difference, as was
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Patients New-onset DM Effect (95% Cl)  GRADE
Sacubitril/Valsartan vs. Placebo :
All patients (non-DM) —&—— | 0.78(0.64,0.95) ooeo
HF —— : 0.24 (0.12,0.48) ©0®©®
HFrEF —— | 0.24(0.12,0.50) oo
HFpEF —_— : 0.54 (0.34,0.85) ©®
ACEI/ARB vs. Placebo |
All patients (non-DM) —— : 0.85(0.77,0.93) ©o®
Not all-HF 4 | 0.87(0.82,0.93) eooeo
HFpEF —_— : 0.60 (0.44,0.83) ©©®
ACEI —&——| 0.79(0.64,0.99) @
ARB == : 0.89(0.83,0.95) oooe
I
T T !
-1 0 5 1
Fig. 1 The effect of sacubitril/valsartan or ACEI/ARB on new-onset DM
Patients Hypoglycemia Effect (95% Cl) GRADE
Sacubitril/Valsartan vs. ACEI/ARB I
HF (Not all-DM) - 1.85 (1.12, 3.06) 000
HFrEF - 1.18 (0.62, 2.26) 00
HFpEF I — 3.59 (1.51, 8.55) 000
ARB [t— 2.72(1.18,6.27) Y
ACEI/ARB vs. Placebo |
Not all-DM - 2.06 (1.17, 3.61) OOD
Sacubitril/Valsartan vs. Placebo |
All patients == 1.91 (1.05, 3.47) =05
Not all-DM i * 5.71 (2.02, 16.21) OOOD
I
! I I
-20 1 20
Fig. 2 The effect of sacubitril/valsartan or ACEI/ARB on hypoglycaemia

the comparison of sacubitril/valsartan and ACEI (RR =
1.26, 95% CI: 0.65-2.46, p = 0.49) treatment (Additional
file 4: Fig. S4).

The effect of sacubitril/valsartan compared with ACEl/
ARB on elevated glycaemia Between the two groups,

there was no difference in reduction in the risk of ele-
vated glycaemia among all patients (RR = 0.81, 95% CI:
0.52-1.26, p = 0.35) and patients with no all-HF (RR =
0.59, 95% CI: 0.28-1.23, p = 0.16), HF (RR = 0.96, 95%
CI: 0.56-1.66, p = 0.88), HFrEF (RR = 1.84, 95% CI:
0.68-4.97, p = 0.23), and HFpEF (RR = 0.70, 95% CI:
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Patients Diabetes complications Effect (95% ClI) GRADE
I
ACEI/ARB vs. Placebo I
|
Non-HF (Not all-DM) —&—| 0.87(0.76, 0.99) SOOD
|
|
|
T 1
-1 0 1
Patients Diabetes treatment Effect (95% Cl) ~ GRADE
ACEI/ARB vs. Placebo :
Non-DM — | o070 (0.58, 0.84) OODD
|
|
|
I |
-1 0 1
Fig. 3 The effect of sacubitril/valsartan or ACEI/ARB on diabetes complications or diabetes treatment

0.35-1.38, p = 0.30). There was also no difference in the
risk of elevated glycaemia between patients treated with
sacubitril/valsartan and ACEI (RR = 1.81, 95% CI: 0.61—
5.39, p = 0.29) or ARB (RR = 0.70, 95% CI: 0.43-1.14, p
= 0.15) (Additional file 4: Fig. S5).

The effect of sacubitril/valsartan compared with ACEl/
ARB on DM inadequate control  All data of DM inad-
equate control came from patients with HF at baseline.
Compared with ACEI/ARB, sacubitril/valsartan treat-
ment did not significantly reduce the risk of DM inad-
equate control among patients with HF (RR = 0.73, 95%
CI: 0.29-1.82, p = 0.50), HFrEF (RR = 0.79, 95% CIL:
0.31-2.07, p = 0.64), and HFpEF (RR = 0.34, 95% CI:
0.01-8.82, p = 0.51), as were the comparison of sacubi-
tril/valsartan and ACEI (RR = 0.79, 95% CI: 0.31-2.07, p
= 0.64) or ARB (RR = 0.34, 95% CI: 0.01-8.28, p = 0.51)
treatment (Additional file 4: Fig. S6).

The effect of sacubitril/valsartan compared with ACEI/
ARB on diabetic complications All data of diabetic com-
plications came from patients with HF at baseline. Com-
pared with ACEI/ARB, sacubitril/valsartan treatment did
not significantly reduce the risk of diabetic complications
among patients with HF (RR = 0.80, 95% CI: 0.49-1.32, p
= 0.38), HFrEF (RR = 0.91, 95% CI: 0.49-1.69, p = 0.77),

and HFpEF (RR = 0.64, 95% CI: 0.28-1.47, p = 0.29), as
were the comparison of sacubitril/valsartan and ACEI
(RR = 0.95, 95% CI: 0.50-1.81, p = 0.88) or ARB (RR =
0.64, 95% CI: 0.28-1.47, p = 0.29) treatment (Additional
file 4: Fig. S7).

The effect of sacubitril/valsartan compared with ACEl/
ARB on diabetes treatment Compared with ACEI/
ARB, sacubitril/valsartan treatment did not significantly
reduce the subsequent use of oral antihyperglycaemic or
insulin treatment among patients with new-onset DM
(RR = 1.17, 95% CI: 0.82-1.66, p = 0.39) (Additional
file 4: Fig. S8).

Result of ACEI/ARB compared with placebo

The effect of ACEI/ARB compared with placebo on
new-onset DM The data in this part of the study
were all derived from patients without DM at baseline.
Between the two groups, there were significant differ-
ences in reduction in the risk of new-onset DM among
all patients (RR = 0.85, 95% CI: 0.77-0.93, p = 0.0007)
and patients with not all-HF (RR = 0.87, 95% CI: 0.82—
0.93, p < 0.0001) and those with HFpEF (RR = 0.60, 95%
CI: 0.44-0.83, p = 0.002), as were the comparison of
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ACEI (RR = 0.79, 95% CI: 0.64-0.99, p = 0.04) or ARB
(RR = 0.89, 95% CI: 0.83-0.95, p = 0.0003) and placebo
treatment, but the reductions in the risk of new-onset
DM among patients with non-HF (RR = 0.88, 95% CI:
0.75-1.02, p = 0.10), HF (RR = 0.53, 95% CI: 0.26—1.04,
p = 0.07), and HFrEF (RR = 0.53, 95% CI: 0.14-1.97, p
= 0.34) were no significant between-group difference
(Additional file 4: Fig. S9).

The effect of ACEI/ARB compared with placebo on hypo-
glycaemia Compared with placebo, ACEI/ARB treat-
ment did significantly increase in the risk of hypoglycae-
mia among patients with not all-DM (RR = 2.06, 95%
CI: 1.172-3.61, p = 0.01), but the increase in the risk of
hypoglycaemia among all patients (RR = 1.06, 95% CI:
0.94-1.20, p = 0.33), and patients with non-HF (RR =
1.26, 95% CI: 0.85-1.87, p = 0.25), not all-HF (RR = 1.02,
95% CI: 0.90-1.16, p = 0.76), HFpEF (RR = 2.00, 95% CI:
0.86-4.66, p = 0.11), non-DM (RR = 1.10, 95% CI: 0.94—
1.30, p = 0.23), DM (RR = 0.90, 95% CI: 0.73-1.10, p =
0.29), type 1 DM (T1DM) (RR = 0.82, 95% CI: 0.52-1.30,
p = 041), and type 2 DM (T2DM) (RR = 0.89, 95% CI:
0.69-1.14, p = 0.35) were no significant between-group
difference, as were the comparison of ACEI (RR = 1.01,
95% CI: 0.63-1.60, p = 0.98) or ARB (RR = 1.07, 95% CI:
0.94-1.21, p = 0.31) and placebo treatment (Additional
file 4: Fig. S10).

The effect of ACEI/ARB compared with placebo on ele-
vated glycaemia Between the two groups, there was no
significant difference in reduction in the risk of elevated
glycaemia among all patients (RR = 0.89, 95% CI: 0.66—
1.21, p = 0.46) and patients with non-HF (RR = 0.87, 95%
CIL: 0.58-1.31, p = 0.51), not all-HF (RR = 0.91, 95% CI:
0.55-1.50, p = 0.70), HFpEF (RR = 1.00, 95% CI: 0.29—
3.45, p = 1.00), non-DM (RR = 1.01, 95% CI: 0.06—16.21,
p = 0.99), no all-DM (RR = 0.90, 95% CI: 0.62-1.32, p
= 0.60), DM (RR = 0.87, 95% CI: 0.52-1.46, p = 0.60),
T1DM (RR = 0.65, 95% CI: 0.30-1.38, p = 0.26), and
T2DM (RR = 1.16, 95% CI: 0.55-2.42, p = 0.70). There
was also no difference in the risk of elevated glycaemia
between patients treated with ARB (RR = 0.89, 95% CI:
0.66—1.21, p = 0.46) and placebo (Additional file 4: Fig.
S11).

The effect of ACEI/ARB compared with placebo on DM
inadequate control ~ Compared with placebo, ACEI/
ARB treatment did not significantly reduce the risk of
DM inadequate control among all patients (RR = 0.82,
95% CI: 0.58-1.16, p = 0.26), non-HF (RR = 0.34, 95%
CIL: 0.03-3.22, p = 0.34), not all-HF (RR = 0.87, 95%
CIL: 0.60-1.24, p = 0.43), HFpEF (RR = 0.60, 95% CI:
0.14-2.50, p = 0.48), not all-DM (RR = 0.65, 95% CI:
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0.22-1.89, p = 0.43), DM (RR = 0.85, 95% CI: 0.59-1.22,
p = 0.37), TIDM (RR = 0.86, 95% CI: 0.40-1.85, p =
0.69), and T2DM (RR = 0.84, 95% CI: 0.56-1.28, p =
0.42), as was the comparison of ARB (RR = 0.82, 95% CI:
0.58-1.16, p = 0.26) and placebo treatment (Additional
file 4: Fig. S12).

The effect of ACEI/ARB compared with placebo on dia-
betes complications Compared with placebo, ACEI/
ARB treatment did significant reduce the risk of diabetes
complications among patients with non-HF (not all-DM)
(RR = 0.87,95% CI: 0.76—0.99, p = 0.04), as was the com-
parison of ACEI (RR = 0.85, 95% CI: 0.73-0.98, p = 0.03)
and placebo treatment, but there were no significant
difference in reduction in the risk of diabetes complica-
tions among all patients (RR = 0.90, 95% CI: 0.80-1.01,
p = 0.08), patients with not all-HF (RR = 1.03, 95% CI:
0.77-1.37, p = 0.87), HFpEF (RR = 1.00, 95% CI: 0.35—
2.84, p = 1.00), non-DM (RR = 0.34, 95% CI: 0.01-8.30,
p = 0.51), DM (RR = 1.05, 95% CI: 0.78-1.41, p = 0.93),
T1IDM (RR = 1.05, 95% CI: 0.68-1.61, p = 0.82), and
T2DM (RR = 1.05, 95% CIL: 0.70-1.57, p = 0.81), as was
the comparison of ARB (RR = 1.00, 95% CI: 0.82-1.23,
p = 1.00) and placebo treatment (Additional file 4: Fig.
S13).

The effect of ACEI/ARB compared with placebo on dia-
betes treatment Compared with placebo, ACEI/ARB
treatment did significantly reduce the subsequent use
of oral antihyperglycaemic treatment or insulin among
patients with new-onset DM (RR = 0.70, 95% CI: 0.58—
0.84, p = 0.0002) (Additional file 4: Fig. S14).

Result of sacubitril/valsartan compared with placebo

No suitable study on the direct comparison of sacubitril/
valsartan and placebo groups was included. Therefore,
network meta-analysis was performed on the sacubitril/
valsartan and placebo groups using the ACEI or ARB
group as an intermediate group (Additional file 2: Figs.
§2-S7 for network diagram).

The effect of sacubitril/valsartan compared with placebo
on new-onset DM The data in this part of the study
were all derived from patients without DM at baseline.
Between the two groups, there were significant differ-
ences in reduction in the risk of new-onset DM among all
patients (RR = 0.78, 95% CI: 0.64—0.95), patients with HF
(RR = 0.24, 95% CI: 0.12-0.48), HFrEF (RR = 0.24, 95%
CI: 0.12-0.50), and HFpEF (RR = 0.54, 95% CI: 0.34—
0.85), but among patients with not all-HF (RR = 2.57,
95% CI: 0.27-24.42), there was no significant between-
group difference (Additional file 4: Figs. S15-519).
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The effect of sacubitril/valsartan on hypoglycaemia com-
pared with placebo  Compared with placebo, treatment
with sacubitril/valsartan significantly increased the risk
of hypoglycaemia among all patients (RR = 1.91, 95% CI:
1.05-3.47), patients with not all-DM (RR = 5.71, 95% CIL:
2.02-16.21), and those with HFpEF (RR = 7.06, 95% CI:
2.10-23.76) (Additional file 4: Figs. S20-522).

The effect of sacubitril/valsartan compared with placebo
on elevated glycaemia Compared with placebo, sacu-
bitril/valsartan treatment reduced the risk of elevated
glycaemia among all patients (RR = 0.61, 95% CI: 0.34—
1.09), patients with not all-DM (RR = 0.59, 95% CI: 0.31—
1.11), not all-HF (RR = 0.53, 95% CI: 0.22-1.30), and
HFpEF (RR = 0.71, 95% CI: 0.17-2.97), but there was no
significant between-group difference (Additional file 4:
Figs. $23-526).

The effect of sacubitril/valsartan compared with placebo
on DM inadequate control ~ Compared with placebo,
sacubitril/valsartan treatment reduced the risk of DM
inadequate control among all patients (RR = 0.29, 95%
CI: 0.01-7.15) and patients with not all-DM (RR = 0.22,
95% CI: 0.001-6.37) and HFpEF (RR = 0.20, 95% CI:
0.01-6.74), but there was no significant between-group
difference (Additional file 4: Figs. S27-S29).

The effect of sacubitril/valsartan compared with placebo
on diabetes complications Compared with placebo,
sacubitril/valsartan treatment reduced the risk of dia-
betes complications among all patients (RR = 0.74, 95%
CI: 0.44-1.25) and patients with not all-DM (RR = 0.73,
95% CI: 0.43-1.24) and HFpEF (RR = 0.66, 95% CI: 0.17—
2.62), but there was no significant between-group differ-
ence (Additional file 4: Figs. S30-S32).

The effect of sacubitril/valsartan compared with placebo
on diabetes treatment Compared with placebo, sacu-
bitril/valsartan treatment reduced the subsequent use
of oral antihyperglycaemic treatment or insulin among
patients with new-onset DM (RR = 0.68, 95% CI: 0.43—
1.10), but there was no significant between-group differ-
ence (Additional file 4: Fig. S33).

Analysis of heterogeneity, publication bias, and sensitivity
Direct comparison

Only the heterogeneity of the studies on the effect of
ACEI/ARB compared with placebo on new-onset diabe-
tes was high (> = 55%) (Additional file 4: Fig. S9). Thus,
regression analysis was performed on four variables,
including the year of study publication, HF at baseline,
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whether the study was a multi-centre study, and the drug
used in the intervention group. The results showed that
a single-centre study was the reason for the heterogene-
ity of our study. When the variable was used in subgroup
analysis, the study results did not change, and the heter-
ogeneity of the two subgroups was low (Additional file 4:
Fig. S9). Therefore, the results of our study were reliable.

Funnel plots were drawn for the studies that included
more than nine trials. Only studies on the effect of ACEI/
ARB versus placebo on new-onset diabetes or diabetes
complications were used to make funnel plots (Addi-
tional file 2: Figs. S8-S9), which showed that there was no
publication bias. Egger’s test was used to test for publi-
cation bias in studies that included more than four tri-
als. All p-values were > 0.05, so no publication bias was
found in the included studies.

Sensitivity analysis was performed using Stata, and the
results showed that two studies could be highly sensitive
(Additional file 2: Figs. S10-S20). After the one-by-one
exclusion method, the two results were found to be stable
and credible. Therefore, the sensitivity of all studies was
low, and the results of the direct comparison were stable
and credible.

Network meta-analysis

Publication bias detection was performed using the
method described above. The funnel plots (Additional
file 4: Figs. S21-S25) showed possible publication bias
in the results of the effect of sacubitril/valsartan com-
pared with placebo on elevated glycaemia among all
patients or patients with not all-DM. Egger’s test was
used to test for publication bias in the above two stud-
ies as well as in other studies that did not lend them-
selves to funnel plotting. All p-values were > 0.05, so
no publication bias was found in the included studies.
Since no direct comparison studies of sacubitril/vals-
artan and placebo were included in the network meta-
analysis, inconsistency and loop-loop inconsistency
tests were not required.

Quality of the studies

The GRADE assessment indicated that the overall qual-
ity of the evidence was mostly moderate and high. Of
the 22 outcomes that were statistically significant, eight
had high-quality evidence, ten had moderate-quality evi-
dence, and four had low-quality evidence. Especially, in
the sacubitril/valsartan versus placebo comparison, the
number of studies with high, moderate, and low-quality
evidence for the seven outcomes with statistical differ-
ences was 3, 3, and 1, respectively. Indicating that the
estimated meta-analysis effects were likely to be close to
or similar to the actual effects.
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Discussion

The results of the HOPE study showed that ramipril
was associated with a lower rate of newly diagnosed
diabetes in high-risk populations [5, 37], as was vals-
artan in the Navigator study [36]. The CHARM study
reported that candesartan appeared to prevent diabe-
tes in patients with HF [7], while the results of three
network meta-analysis [46-48] showed that ARB/
ACEI were associated with the lowest rate of new-
onset diabetes among patients treated with ACEI/ARB
and placebo. However, in the DREAM study, a large
prospective study specifically addressing the role of
ACEI in diabetes, treatment with ramipril for 3 years
did not significantly reduce the incidence of diabetes
among people with impaired fasting glucose levels or
impaired glucose tolerance [6]. In the DREAM study,
ramipril significantly increased the rate of returning
to normal blood glucose levels [6], and in the HOPE
study [5, 37], ramipril treatment significantly reduced
hemoglobinAlc (HbA1lc) levels in the first and second
years compared with placebo. However, at the study
endpoint, the changes in HbAlc levels relative to base-
line were the same in both groups. Ramipril also sig-
nificantly reduced the rate of oral hypoglycaemic agent
or insulin use in patients with diabetes [5, 37]. These
study findings suggest that ACEI/ARB played a role
in reducing new-onset diabetes as well as controlling
blood glucose levels. However, the effects remain to be
clarified.

A post hoc analysis of the PARADIGM-HF study [9]
showed that sacubitril/valsartan significantly reduced
HbAlc levels compared with enalapril in patients with
combined HF with DM at baseline, with similar but
not statistically significant effects in patients with com-
bined HF with non-DM at baseline. Sacubitril/valsartan
treatment significantly reduced initial insulin use and
the proportion of patients using glucose-lowering drug
treatment in patients with combined HF with DM at
baseline. However, no similar differences were found in
patients with new-onset diabetes. Sacubitril/valsartan
treatment reduced the incidence of new-onset diabe-
tes compared with enalapril, and hypoglycaemia (a lat-
eral response to the glucose-lowering effect) occurred
more often in diabetes patients treated with sacubitril/
valsartan compared with enalapril (a lateral response
to the glucose-lowering effect of sacubitril/valsartan).
However, neither reached statistical significance. These
results suggest that sacubitril/valsartan exerted better
glycaemic control compared with ACEIL but the effect
on new-onset diabetes compared with placebo remains
unclear.

This study was conducted to explore the effect
of sacubitril/valsartan on the development of DM
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according to differences in the incidence of new-onset
DM, and the potential role of sacubitril/valsartan in
glycaemic control reflected by the differences in the
incidence of remaining outcomes (hypoglycaemia, ele-
vated glycaemia, DM inadequate control, diabetic com-
plications, and DM need treatment).

Major results

Sacubitril/valsartan compared with ACEI/ARB or placebo
treatment

Compared with placebo, sacubitril/valsartan treatment
significantly reduced the risks of new-onset DM in
patients without DM and patients with HF, HFrEF, and
HFpEF by 22%, 76%, 76%, and 46%, respectively, and sig-
nificantly increased the risks of hypoglycaemia among all
patients, patients without DM, and patients with HFpEF
by 91%, 471%, and 606%, respectively, but reduced the
risks of hyperglycaemia, inadequate DM control, diabetes
complications, and diabetes treatment by 39%, 71%, 26%,
and 32%, respectively, with no statistical difference. The
results were similar in the subgroups.

Besides, compared with ACEI/ARB, sacubitril/vals-
artan treatment increased the risks of hypoglycaemia
among patients with not all-DM, HF, HFpEF, and the
comparison with ARB treatment by 85%, 85%, and 172%,
respectively, with statistically significant differences, but
reduced the risks of new-onset DM, elevated glycaemia,
DM inadequate control, and diabetes complications by
9%, 19%, 27%, and 20%, respectively, with no significant
difference. The results were similar in the subgroups.

ACEI/ARB compared with placebo treatment

Compared with placebo, ACEI/ARB treatment did signif-
icantly reduce the risks of new-onset DM among patients
without DM and patients with not all-HF, HFpEF, and the
comparison with ACEI or ARB by 15%, 13%, 40%, 21%,
and 11%, respectively, diabetes complications among
patients with not all-DM (/non-HF), and the compari-
son with ACEI by 13% and 15%, respectively, diabetes
treatment among patients without DM by 30%, and sig-
nificantly increased the risk of hypoglycaemia among
patients with not all-DM by 106%, but reduced the risks
of elevated glycaemia, DM inadequate control, and dia-
betes complications by 11%, 18%, and 11%, respectively,
with no statistical difference.

Mechanisms

Previous trials showed that the use of renin-angiotensin-
aldosterone system (RAAS) inhibitor treatment could
induce hypoglycaemia, improve blood glucose levels,
and reduce the incidence of DM [49-51]. The specific
mechanism of these effects is not clear, but the possible
mechanisms include [52] increasing insulin secretion by
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decreasing the hepatic clearance of insulin, attenuating
the pernicious effect of angiotensin II on the pancreas
(such as vasoconstriction, apoptosis, and B-cell death),
improving pancreatic blood flow [53], improving insulin
resistance by enhancing adipocyte differentiation, and
reducing inflammation to improve DM-related metabo-
lism [46, 54] by inhibiting angiotensin II

No direct studies have investigated the mechanism by
which sacubitril/valsartan affects glycaemia. As a com-
bined inhibitor of RAAS and neprilysin, the main mecha-
nism of sacubitril/valsartan’s effect on glycaemia may
be by inhibiting neprilysin. Neprilysin can decompose
a variety of vasoactive peptides, including bradykinin,
glucagon, glucagon-like peptide-1, insulin-B chain, vaso-
active intestinal peptide, and other substances that play
certain roles in glycaemia regulation [13]. Sacubitril/val-
sartan can decrease blood glucose levels by increasing
glucose-lowering active peptides, especially glucagon-
like peptide-1 and active peptides, which improve insu-
lin sensitivity or islet function (such as bradykinin and
plasma dipeptidyl peptidase 4) by inhibiting neprilysin.
In addition, relevant studies showed that lower plasma
natriuretic peptide (NP) concentrations were associ-
ated with insulin resistance and DM [55-60] possibly
because reductions in NP lead to metabolic disturbances
[14], especially in adipose tissue and skeletal muscle [61],
whereas higher NP concentrations appear to have pro-
tective effects by reducing the risk of DM. As the main
mechanism of the effect of sacubitril/valsartan in HF
is by inhibiting NP degradation, this may be one of the
important reasons why it prevents and improves DM. NP
can improve glucose metabolism and insulin resistance
by consuming excessive energy by increasing the oxida-
tion of circulating free fatty acids [15], increasing the
synthesis of adiponectin in adipocytes [62], inhibiting the
secretion of pro-inflammatory cytokines by macrophages
in adipose tissue [63], and promoting the transformation
of white adipocytes into brown adipocytes [64, 65]. In
addition, NP promotes beneficial metabolism by reduc-
ing hunger and ghrelin concentrations in circulating and
increasing satiety in healthy individuals, which are bene-
ficial for glycaemic control [66]. Finally, as sacubitril/val-
sartan can improve cardiac and renal function and thus
affect the organs and tissues related to DM, these effects
may explain why sacubitril/valsartan improves DM.

Findings and thoughts

Sacubitril/valsartan

Our findings are similar to the post hoc analysis of the
PARADIGM-HF study, which found that sacubitril/val-
sartan treatment significantly reduced the incidence of
new-onset DM and increased hypoglycaemic events in
patients with HF, suggesting a role for sacubitril/valsartan
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in controlling the development of diabetes and a possible
role in lowering blood glucose levels. In addition, in the
majority of cases, compared with ACEI/ARB or placebo,
sacubitril/valsartan treatment reduced the incidence of
new-onset DM, hyperglycaemia, inadequate DM con-
trol, diabetes complications, and diabetes treatment and
increased the incidence of hypoglycaemia. These results
also reflect the potential effectiveness of sacubitril/valsar-
tan in treating diabetes in people with different co-mor-
bidities, although statistical significance was not reached.
Some additional findings were made in this study. Some
differences in the effectiveness of treatment according
to the study metrics, especially new-onset DM, hypo-
glycaemia, and hyperglycaemia, were seen in patients
with different types of HF treated with sacubitril/valsar-
tan. The biggest difference was in the risk of new-onset
DM (HFpEE, RR 0.54 vs HErEF, RR 0.24), hypoglycaemia
(RR 3.59 vs RR 1.18), and hyperglycaemia (RR = 0.70 vs
RR = 1.84). Sacubitril/valsartan treatment resulted in a
higher proportion of hypoglycaemia in the HFpEF than
in the HFrEF group (23/3699 vs 19/5040), and the con-
trol group data showed that ACEI/ARB treatment low-
ered the incidence of hypoglycaemia in the HFpEF group
compared with the HFrEF group (6/3686 vs 16/5066),
which suggested that the difference in the incidence of
hypoglycaemia in different types of HF was not directly
caused by the type of HF but by sacubitril/valsartan treat-
ment. Furthermore, the proportion of inadequate DM
control (0% vs 0.02%) and diabetes complications (0.02%
vs 0.04%) was lower, and hypoglycaemia (0.06% vs 0.04%)
was higher in the HFpEF than in HFrEF the group. Over-
all, sacubitril/valsartan treatment may be more effective
in controlling glycaemia in patients with HFpEF than in
patients with HFrEF. However, it should be noted that
there was a lack of data comparing sacubitril/valsartan
and placebo in patients with HFrEF.

ACEI/ARB

The effect of ACEI/ARB in preventing DM was similar
to the results of previous large clinical studies and meta-
analyses [5, 7, 36, 37, 46—48], i.e. ACEI/ARB treatment
significantly reduced the incidence of new-onset diabe-
tes. Furthermore, there were some additional findings in
which ACEI treatment reduced the risk of new-onset DM
among patients with not all-HF or with HFpEF, increased
the risk of hypoglycaemia, and reduced diabetes compli-
cations among patients with not all-DM compared with
placebo, with statistically significant differences. Also,
ACEI/ARB treatment exerted positive effects on other
research indicators. The above results suggested that
ACEI/ARB also have a role in glycaemic control.
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Thoughts on therapeutic effects

The differences in the subgroup results may be due to
the differential effects of sacubitril/valsartan, ACEI/
ARB treatment in patients with various background
diseases, such as with or without HF and different types
of HFE. Currently, no progress has been made in stud-
ies of effective ways to treat HF and thus improve DM
[4]. Therefore, it is difficult to explain our findings by
the indirect therapeutic effect of sacubitril/valsartan on
HF and thus on DM. Considering that the underlying
cardiovascular diseases in patients with HF can lead
to other metabolic and energetic disturbances closely
related to DM [4, 67], we hypothesise that sacubitril/
valsartan may have a relevant beneficial effect on DM
by directly ameliorating these adverse pathophysiologi-
cal alterations and thus have a more pronounced effect
in patients with HF. The pathophysiological heteroge-
neity within the broader clinical spectrum of HFpEF,
which may represent different progression or disease,
may be involved in the different effects of neurohor-
mone antagonists in patients with HFrEF and HFpEF.
In addition, diabetes has different cardiovascular effects
in patients with different types of HF [68, 69], resulting
in the additional effects of sacubitril/valsartan, ACEI/
ARB on DM [70].

Strengths and limitations

We conducted a reasonable search of the literature
and carefully screened the results using strict stand-
ards, which resulted in a large study sample size. This
was the first meta-analysis of the effect of sacubitril/
valsartan and comprehensive, updated analysis of the
role of ACEI/ARB in patients with diabetes, which
included only RCTs. Most of the studies in this analy-
sis were large multi-centre clinical trials and most of
our analyses were derived from the analysis of moder-
ate to high-quality evidence. Hence, the quality of our
meta-analysis was high. Our study confirmed the effect
of sacubitril/valsartan and comprehensively analysed
the role of ACEI/ARB in DM. Sodium-glucose cotrans-
porter 2 inhibitor has become the only anti-diabetes
drug that can reduce HF events, and our study may set
the stage for whether sacubitril/valsartan or angioten-
sin-receptor/enkephalinase inhibitors could be used
as anti-HF agents for the treatment of diabetes. How-
ever, several possible deficiencies should also be noted.
Firstly, the metrics we studied were not the main objec-
tive of most of the trials, and the lack of clarity in the
definitions and measurement of the metrics in most
cases may have resulted in the application of differ-
ent criteria, as well as bias, in our results. Secondly, no
standardised definitions were used for HF, which also
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may have led to some bias in the subgroup analysis.
Thirdly, most trials did not match patients and select
dosages based on diabetes status, while studies using
sacubitril/valsartan were primarily in people with HF,
and studies using placebo were primarily in people with
not all-HF, and the observation period of the individual
studies was short.

Conclusions

The results of our study, especially in reducing glycaemia
and new-onset DM, revealed that sacubitril/valsartan
treatment had a positive effect on the control of glycae-
mia and the development of DM, and ACEI/ARB also
had a beneficial effect but the effect was weaker than that
of sacubitril/valsartan. The above effects varied across
disease settings and the evidence may have been the
strongest in patients with HF. Hence, sacubitril/valsartan
has the potential to become an anti-HF drug for the treat-
ment of diabetes. However, the combined use of sacubi-
tril/valsartan, ACEI, or ARB and conventional doses of
diabetes medication may increase the incidence of hypo-
glycaemia and requires further studies. Dose adjustments
of insulin or other antihyperglycaemic agents may be
needed, especially in patients with HE. In conclusion, the
effect, exact mechanism, and population that may ben-
efit from sacubitril/valsartan treatment in DM need to
be clarified by further studies. However, these results will
bring more information and inspiration to the prevention
and treatment of DM.
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