
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  
v e c  o m m  o n s .  o r  g / l  i c e  n s e s  / b  y - n c - n d / 4 . 0 /.

Agur et al. Cardiovascular Diabetology           (2025) 24:97 
https://doi.org/10.1186/s12933-025-02643-6

Cardiovascular Diabetology

*Correspondence:
Timna Agur
Timna.Agur@clalit.org.il

Full list of author information is available at the end of the article

Abstract
Background Selecting the optimal first-line therapy for type 2 diabetes is essential for achieving glycemic control 
and providing cardio-renal protection, though the combined benefits of metformin with SGLT2 inhibitors, remain 
uncertain.

Methods This retrospective cohort study analyzed data from Clalit Health Services (2016–2021), to compare 
outcome in adults with type 2 diabetes treated with SGLT2 inhibitors alone versus in combination with metformin. 
Propensity score matching was applied to balance baseline characteristics between groups. Primary outcomes were 
a composite kidney outcome (40% decline in eGFR, or progression to ESRD), and all-cause mortality. Safety outcomes 
included hospitalizations, acute kidney injury and metabolic acidosis.

Results The study included 45,545 patients, with 6774 patients in each group following propensity score matching. 
The median follow-up time was 1166 days. Combination therapy with metformin and SGLT2 inhibitors was associated 
with significantly reduced risk of all-cause mortality (aHR 0.74, 95% CI 0.64–0.84), and composite kidney outcomes 
(aHR 0.65 95% CI 0.48–0.87) even after accounting for mortality as a competing risk (aHR 0.67; 95% CI 0.5–0.9). 
Furthermore, combination therapy was associated with reduced risks of hospitalization (aHR 0.93 95% CI 0.87–0.99), 
severe acute kidney injury events (aHR 0.72 95% CI 0.54–0.96) and metabolic acidosis events (aHR 0.58 95% CI 
0.4–0.83), compared with SGLT2 inhibitors alone.

Conclusions Patients receiving combination therapy with metformin and SGLT2 inhibitors showed significantly 
reduced risks of kidney disease progression and mortality compared to those treated with SGLT2 inhibitors alone. 
These findings support the use of metformin with SGLT2 inhibitors as a first-line treatment strategy for type 2 diabetes 
irrespective of glycemic control or cardio-renal risk factors.
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Introduction
Cardiovascular disease (CVD) and chronic kidney dis-
ease (CKD) are the leading causes of mortality in patients 
with type 2 diabetes (T2D) and significantly contribute 
to ongoing morbidity [1, 2]. For the past two decades, 
the American Diabetes Association (ADA) has recom-
mended metformin as the first-line therapy for T2D, 
owing to its efficacy, affordability, weight neutrality, and 
benefits in cardiovascular outcomes as well as its poten-
tial role in slowing kidney disease progression [3]. How-
ever, the latest 2022 consensus on Diabetes Management 
in Chronic Kidney Disease, joint issued by ADA and Kid-
ney Disease: Improving Global Outcomes (KDIGO), also 
advocates for the inclusion of sodium-glucose -cotrans-
porter-2 inhibitors (SGLT2i) in all diabetes patients as 
part of the comprehensive approach to managing glucose 
levels and reducing cardiovascular and renovascular risk 
[4]. Specifically, the use of SGLT2 inhibitors is recom-
mended for all T2D patients with diabetic kidney dis-
ease and an estimated Glomerular Filtration Rate (eGFR) 
above 20 ml/min/1.73 m2, to mitigate CKD progression 
and reduce cardiovascular events, regardless of baseline 
HbA1c, or metformin use. These recommendations are 
particularly crucial for patients with multiple atheroscle-
rotic cardiovascular disease (ASCVD) risk factors, estab-
lished ASCVD, or diabetic kidney disease [5].

Substantial evidence indicates that inadequate glyce-
mic control within the initial years following T2D diag-
nosis is strongly correlated with a higher risk of future 
microvascular and macrovascular complications, as well 
as increased mortality. This “glycemic legacy” effect, 

consistently observed in both randomized controlled tri-
als and real-world observational studies, underscores the 
critical importance of selecting first-line medications or 
combination therapies for T2D that not only optimize 
glycemic control but also provide significant cardiovas-
cular and renal protective benefits [6].

In recent years, accumulating data has reinforced the 
benefits of metformin in improving cardiovascular and 
renal outcomes, even in patients with progressive CKD 
and eGFR levels below 60 ml/min/1.73 m2 [2, 7–9]. Nev-
ertheless the 2022 joint ADA and KDIGO guidelines, 
while recognizing metformin’s superior efficacy in gly-
cemia control, highlight a reduced efficacy in cardiovas-
cular and renal protection when compared with SGLT2 
inhibitors [5]. Whether metformin offers additional renal 
protection and survival benefits when combined with 
SGLT2 inhibitors remains uncertain.

Therefore, this study aims to evaluate the real-world 
impact of a combined metformin and SGLT2 inhibitors 
regimen, compared to treatment with SGLT2 inhibitors 
alone, on renal progression outcomes and all-cause mor-
tality in T2D patients.

Research design and methods
Study participants and design
We conducted a retrospective observational cohort study 
involving patients with T2D, utilizing data from the 
repositories of Clalit Health Services (CHS), the largest 
healthcare provider in Israel, serving approximately 4.7 
million individuals. A detailed description of the datasets 
used in this study is available in previous publication [10].
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Patients were categorized based on their treatment 
regimen at the time of their first SGLT2 inhibitors pre-
scription (study inclusion time) into two groups: those 
receiving SGLT2 inhibitors monotherapy or SGLT2 
inhibitors in combination with other anti-diabetic 
medications excluding metformin, and those receiving 
SGLT2 inhibitors in combination with metformin, with 
or without additional anti-diabetic medications. Eligible 
participants included adults (age ≥ 18 years) diagnosed 
with T2D who were treated with SGLT2 inhibitors with 
or without metformin between 2016 and 2021. Exclu-
sion criteria included individuals who lacked essential 
data required for propensity scoring matching (PSM) 
at time of the study enrolment, those with a history of 
organ transplantation, and patients with advanced CKD 
at baseline, defined as an eGFR < 15 ml/min/1.73m2 or 
undergoing dialysis.

Given the retrospective study design, the inherent 
unreliability of some reports and our aim to provide real-
world data, we employed an ‘intension to treat’ approach, 
defining treatment composition at a specific time point. 
Since current guidelines recommend a sequential medi-
cation strategy with SGLT2 inhibitors added to metfor-
min, we assumed that during the study period—when 
SGLT2 inhibitors were relatively new, patients were pri-
marily treated with either combination therapy or SGLT2 
inhibitors monotherapy, without a subsequent, late addi-
tion of older medications such as metformin.

De-identified patient data were extracted from elec-
tronic medical records, encompassing demographic 
information, clinical data, laboratory results, and pre-
scriptions records. Notably, patients prescribed dipep-
tidyl peptidase 4 (DPP-4) inhibitors were excluded from 
this study, as the same database was being utilized for a 
concurrent study involving these patients.

Patients treated with a combination of metformin and 
SGLT2 inhibitors were matched, in a 1:1 ratio with con-
trols receiving SGLT2 inhibitors alone, using PSM. The 
matching process accounted for variables associated with 
mortality risk and the risk of kidney disease progres-
sion. These variables included age, sex, socioeconomic 
scale based on place of residence [11], eGFR as calculated 
using CKD- EPI 2021 equation, urine albumin/creatinine 
ratio (uACR) categorized as no proteinuria (< 30 mg/gr), 
30–300 mg/gr, or > 300 mg/gr, baseline hemoglobin (Hb), 
hemoglobin A1c (HbA1c) grouped in 1% increments 
(including a category for missing data in cases where 
baseline HbA1c was unavailable), smoking status, comor-
bidities, blood pressure, and medications for diabetes 
and CKD. The propensity score was derived from logistic 
regression analysis with metformin use as the dependent 
variable. Patients were matched according to the propen-
sity score with a caliper of 0.05.

Outcomes
The primary endpoints of the study were a composite kid-
ney outcome and all-cause mortality. The composite kid-
ney outcome was defined as a 40% decline in eGFR from 
baseline value, or progression to end-stage renal disease 
(ESRD), which was defined as an eGFR less than 15 mL/
min/1.73m2 or the need for renal replacement therapy.

Secondary endpoints included the combined outcome of 
the kidney composite and all-cause mortality. Safety out-
comes were also assessed, and included hospitalizations 
within one-year, events of all-cause metabolic acidosis, 
ketoacidosis, non-ketotic metabolic acidosis, urinary tract 
infections (UTIs) and acute kidney injury (AKI) events, 
AKI events were defined based on the severity of serum 
creatinine level increase between two laboratory measure-
ments, taken within a one-year interval. Specifically, AKI 
was defined as a serum creatinine increase exceeding 50%, 
while severe AKI was defined as an increase exceeding 
100%. Additionally, anemia events were evaluated as a fal-
sification outcome, with anemia defined as a hemoglobin 
level below 12 g/dl in women and 13 g/dl in men for more 
than three months.

Outcomes were assessed over a five-year period starting 
from the date of the first SGLT2 inhibitors prescription, 
except for hospitalizations, which were evaluated over a 
one-year period.

Statistical analysis
Between-group comparisons of normally distributed con-
tinuous variables were performed using a T-test, while 
non-normally distributed variables were analyzed using 
the Mann–Whitney U-test. Discrete variables were com-
pared using the χ2 test. To compare eGFR slopes between 
groups, a multivariate mixed linear model with random 
slope and intercept was employed. This model was strati-
fied by baseline eGFR and proteinuria, and incorporated 
the same variables used in the survival model, as detailed 
below.

A propensity score was calculated using logistic regres-
sion to predict baseline metformin use. The variables 
included in the propensity score were age, sex, socio-
economic scale (SES), BMI, initial eGFR, albumin-to-
creatinine ratio, initial HbA1c level, baseline hemoglobin, 
co-morbidities (e.g., dyslipidemia, ischemic heart disease 
[IHD], hypertension), and the use of other antidiabetic 
medications as well as ACE inhibitors (ACEI) or angio-
tensin receptor blockers (ARBs). Matching was performed 
using a caliper distance of 0.05, chosen after testing vari-
ous caliper distances (ranging from 0.08 to 0.02) for opti-
mal sample size and similarity between matched groups. 
The same propensity score was utilized to conduct inverse 
probability-weighted (IPW) analyses using the crude 
cohort.
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Kaplan–Meier survival curves were generated to 
illustrate difference between the groups, with log-rank 
tests used for between-group comparisons. Crude and 
adjusted hazard ratios (HRs) for the matched pairs were 
estimated using Cox proportional hazards or compet-
ing risk models, as detailed below. To mitigate indica-
tion bias, all analyses were stratified by CKD stage and 
proteinuria. The proportional hazards assumption was 
assessed using Schoenfeld residuals. To further mini-
mize confounding, multivariate analyses were conducted, 
adjusting for all variables considered to potentially influ-
ence both exposure and outcome events. A comprehen-
sive list of variables included in the model is provided in 
Supplementary Table S1. Interactions between subgroups 
and metformin use were evaluated using Cox regres-
sion models, incorporating metformin use, subgroup 
variables, and interaction terms to determine the signif-
icance of subgroup effects. To further validate the match-
ing within each subgroup stratum, an additional inverse 
probability weighting (IPW) analysis was performed 
within each subgroup.

Sensitivity analyses were conducted to address poten-
tial residual confounding. These analyses were restricted 
to patients with complete datasets used in the propensity 
score calculation, including baseline HbA1c values. Addi-
tionally, sensitivity analyses were conducted for matched 
patients with BMI differences of less than 7 kg/m2 and on 
patients receiving only SGLT2 inhibitors and metformin, 
without other glucose-lowering treatments.

Competing-risk models using the Fine and Gray 
method were applied to account for the risk of death 
prior to the occurrence of the composite kidney out-
come. These models estimated cause-specific sub-hazard 
ratios (sub-HRs), including death as a competing risk and 
were adjusted for the same covariates as the primary Cox 
analyses.

Ethics
The study protocol received approval from the Rabin 
Medical Center (RMC) Institutional Review Board and 
was conducted according to the Declaration of Hel-
sinki (approval number RMC-0133-22). Patient consent 
exemptions were granted owing to the observational 
and non-interventional design of the study. Reporting 
adheres to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines [18].

Results
Baseline characteristics
During the follow-up period from January 1st, 2016, to 
December 31st, 2021, a total of 45,545 were included in 
the study. Among them, 36,264 (79.4%) received a com-
bined therapy with SGLT2 inhibitors and metformin 
(combination group), while 9,281 patients (20.4%) were 

treated with SGLT2 inhibitors alone (non-metformin 
group) at the time of study inclusion. Before match-
ing, the two unmatched groups had substantially differ-
ent characteristics. Compared with the non-metformin 
group, patients who managed with a combination of 
SGLT2 inhibitors plus metformin were younger, had a 
higher baseline eGFR, and were less likely to have a diag-
nosis of progressive CKD with eGFR < 60 ml/min/ 1.73 
m2. Additionally, they had a higher mean BMI and ele-
vated mean HbA1c levels. This group was also more fre-
quently treated with GLP-1 receptor agonists, MRA and 
furosemide (Table 1).

After PSM for multiple variables, baseline differences 
between groups were eliminated, except for BMI, which 
retained a standardized mean difference (SMD) of 0.15 
(Table  1 and Supplementary Fig. S1). The number of 
patients was reduced to 6774 patients in each group. 
The median follow-up period was 1216 days in the crude 
cohort, and 1166 in the matched cohort. Figure  1 sum-
marizes patient breakdown.

Correlation between metformin use and incidence of 
kidney disease progression and all-cause mortality before 
PSM
During the follow-up period, 494 patients (1.08%) expe-
rienced a composite kidney outcome, and 2644 patients 
(5.8%) died in the crude cohort.

Multivariate Cox analyses, stratified by CKD stage and 
proteinuria, revealed a significantly lower all-cause mor-
tality rate in the combination treatment group compared 
to the non-metformin group ([HR]: 0.73; 95% confidence 
interval [CI]: 0.67–0.8; P < 0.001). Similarly, the incidence 
of the composite kidney outcome was significantly lower 
in patients receiving the combination therapy than in 
those not treated with metformin (HR 0.79; 95% CI 0.64–
0.97; P = 0.025). However, the association was no longer 
statistically significant when mortality was included as a 
competing risk (HR 0.83; 95% CI 0.67–1.03; P = 0.094). 
The risk of the combined outcome encompassing both 
the composite kidney event and all-cause mortality, 
remained significantly reduced in the group receiving the 
combination therapy that included metformin (HR 0.73; 
95% CI 0.67–0.8; P < 0.001). Sensitivity analysis using 
inverse probability weighting in the crude cohort demon-
strated results consistent with the primary analysis (Sup-
plementary Table S2).

Correlation between metformin use and Incidence of 
kidney disease progression and all-cause mortality after 
PSM
Patients receiving combination therapy with metformin 
and SGLT2 inhibitors demonstrated a significantly lower 
risk of all-cause mortality compared to non-metformin 
users (aHR 0.74 95% CI 0.64–0.84; P < 0.001). Similarly, 
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Before matching After matching
All Combina-

tion therapy of 
SGLT2i + metformin

Metformin 
non-users

SMD All Combina-
tion therapy of 
SGLT2i + metformin

Metformin 
non-users

SMD

N 45,545 36,264 9281 13,548 6774 6774
Demographics
Age 65.6 ± 10.82 65.02 ± 10.68 67.87 ± 11.03 0.26 66.72 ± 10.68 66.51 ± 10.46 66.94 ± 10.90 0.04
Male sex 27,622 

(60.6%)
21,639 (59.7%) 5983 (64.5%) 0.10 8468 (62.5%) 4182 (61.7%) 4286 (63.2%) 0.03

SES 3.18 ± 1.13 3.15 ± 1.13 3.29 ± 1.11 0.12 3.27 ± 1.1 3.24 ± 1.11 3.3 ± 1.09 0.05
Physical exam
Systolic BP 130.76 ± 14.87 131 ± 14.63 129.81 ± 15.73 0.08 130.59 ± 15.05 130.93 ± 14.72 130.25 ± 15.36 0.05
Diastolic BP 74.51 ± 9.84 74.86 ± 9.75 73.15 ± 10.07 0.17 74.04 ± 9.83 74.29 ± 9.71 73.79 ± 9.94 0.05
BMI 30.48 ± 5.48 30.81 ± 5.51 29.21 ± 5.15 0.30 29.5 ± 4.95 29.87 ± 4.99 29.13 ± 4.87 0.15
Kidney function
Mean eGFR 88.26 ± 20.55 90.07 ± 19.41 81.2 ± 23.18 0.41 85.9 ± 19.32 85.45 ± 19.72 86.36 ± 18.91 0.05
eGFR < 60 ml/
min/1.73 m2 (%)

4952 (10.9%) 3029 (8.4%) 1923 (20.7%) 0.36 1583 (11.7%) 873 (12.9%) 710 (10.5%) 0.07

Albumin-
uria < 300 mg/
dL

14,614 
(32.1%)

11,712 (32.3%) 2902 (31.3%) 0.02 4216 (31.1%) 2138 (31.6%) 2078 (30.7%) 0.02

Albumin-
uria > 300 mg/
dL

4937 (10.8%) 3801 (10.5%) 1136 (12.2%) 0.06 1387 (10.2%) 766 (11.3%) 621 (9.2%) 0.07

Laboratory exams
Baseline Hb 13.8 ± 1.65 13.81 ± 1.64 13.75 ± 1.69 0.04 13.83 ± 1.65 13.81 ± 1.68 13.85 ± 1.63 0.03
HbA1c 8.17 ± 1.54 8.23 ± 1.54 7.91 ± 1.48 0.21 8.01 ± 1.49 8.04 ± 1.52 7.98 ± 1.47 0.04
Medical history
IHD 12,830 

(28.2%)
9823 (27.1%) 3007 (32.4%) 0.12 4125 (30.4%) 2005 (29.6%) 2120 (31.3%) 0.04

PVD 2800 (6.1%) 2093 (5.8%) 707 (7.6%) 0.07 853 (6.3%) 426 (6.3%) 427 (6.3%) 0.00
CVA 2527 (5.5%) 1930 (5.3%) 597 (6.4%) 0.05 768 (5.7%) 391 (5.8%) 377 (5.6%) 0.01
Heart failure 1259 (2.8%) 856 (2.4%) 403 (4.3%) 0.11 421 (3.1%) 192 (2.8%) 229 (3.4%) 0.03
Atrial fibrillation 4853 (10.7%) 3410 (9.4%) 1443 (15.5%) 0.19 1581 (11.7%) 766 (11.3%) 815 (12%) 0.02
Dyslipidemia 40,838 

(89.7%)
32,407 (89.4%) 8431 (90.8%) 0.05 12,208 

(90.1%)
6056 (89.4%) 6152 (90.8%) 0.05

Hypertension 34,629 (76%) 27,436 (75.7%) 7193 (77.5%) 0.04 10,254 
(75.7%)

5148 (76%) 5106 (75.4%) 0.01

Former smokers 13,019 
(28.6%)

10,245 (28.3%) 2774 (29.9%) 0.04 3911 (28.9%) 1947 (28.7%) 1964 (29%) 0.01

Current smokers 6929 (15.2%) 5614 (15.5%) 1315 (14.2%) 0.04 2042 (15.1%) 1024 (15.1%) 1018 (15%) 0.00
COPD 6131 (13.5%) 4798 (13.2%) 1333 (14.4%) 0.03 1808 (13.3%) 929 (13.7%) 879 (13%) 0.02
Pulmonary HTN 1403 (3.1%) 949 (2.6%) 454 (4.9%) 0.12 464 (3.4%) 225 (3.3%) 239 (3.5%) 0.01
Gout 3309 (7.3%) 2494 (6.9%) 815 (8.8%) 0.07 974 (7.2%) 508 (7.5%) 466 (6.9%) 0.02
Hypothyroidism 5557 (12.2%) 4344 (12%) 1213 (13.1%) 0.03 1670 (12.3%) 855 (12.6%) 815 (12%) 0.02
Medications
Insulin 12,418 

(27.3%)
10,179 (28.1%) 2239 (24.1%) 0.09 3045 (22.5%) 1564 (23.1%) 1481 (21.9%) 0.03

GLP1 agonists 6909 (15.2%) 6294 (17.4%) 615 (6.6%) 0.33 635 (4.7%) 318 (4.7%) 317 (4.7%) 0.00
Sulfonylurea 5894 (12.9%) 4628 (12.8%) 1266 (13.6%) 0.03 1291 (9.5%) 585 (8.6%) 706 (10.4%) 0.06
Repaglinide 4182 (9.2%) 3124 (8.6%) 1058 (11.4%) 0.09 1385 (10.2%) 696 (10.3%) 689 (10.2%) 0.00
ACE inhibitors 16,250 

(35.7%)
13,092 (36.1%) 3158 (34%) 0.04 4689 (34.6%) 2313 (34.1%) 2376 (35.1%) 0.02

ARBs 13,405 
(29.4%)

10,656 (29.4%) 2749 (29.6%) 0.01 3983 (29.4%) 2058 (30.4%) 1925 (28.4%) 0.04

MRAs 2867 (6.3%) 1889 (5.2%) 978 (10.5%) 0.20 978 (7.2%) 427 (6.3%) 551 (8.1%) 0.07

Table 1 Demographics before and after PSM
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the incidence of the composite kidney outcome was sig-
nificantly lower in the combination therapy group (aHR 
0.65 95% CI 0.48–0.87; P = 0.004). This risk reduction of 
composite kidney outcome remained significant even 
after accounting for mortality as a competing risk (and 
aHR 0.67; 95% CI 0.5–0.9; P = 0.007). Moreover, the com-
bined outcome of composite kidney and all-cause mor-
tality, was significantly reduced in the patients receiving 
metformin-inclusive combination therapy (aHR 0.71; 
95% CI 0.63–0.81; P < 0.001) (Fig. 2A and Supplementary 
Table S3).

Kaplan Meier analysis revealed a significantly reduced 
risk of all-cause mortality, while the reduction in compos-
ite kidney outcome showed only a trend and did not reach 
statistical significance (P = 0.00095, P = 0.065, respectively). 
Additionally, Kaplan Meier analysis revealed a significant 
risk reduction for the combined outcome of composite kid-
ney and mortality (P = 0.00016). (Supplementary Fig. S2).

An assessment of eGFR decline over the study period 
demonstrated that combination therapy with metformin 
and SGLT2 inhibitors was associated with a significantly 
slower decline in eGFR, with a reduction of 0.21 (95% CI 

Fig. 1 Flow chart of study

 

Before matching After matching
All Combina-

tion therapy of 
SGLT2i + metformin

Metformin 
non-users

SMD All Combina-
tion therapy of 
SGLT2i + metformin

Metformin 
non-users

SMD

Fusid 4243 (9.3%) 2820 (7.8%) 1423 (15.3%) 0.24 1309 (9.7%) 647 (9.6%) 662 (9.8%) 0.01
Thiazide 8171 (17.9%) 6691 (18.5%) 1480 (15.9%) 0.07 2277 (16.8%) 1188 (17.5%) 1089 (16.1%) 0.04
CCBs 13,005 

(28.6%)
10,350 (28.5%) 2655 (28.6%) 0.00 3848 (28.4%) 1981 (29.2%) 1867 (27.6%) 0.04

Beta blockers 19,885 
(43.7%)

15,331 (42.3%) 4554 (49.1%) 0.14 6137 (45.3%) 3039 (44.9%) 3098 (45.7%) 0.02

Alpha blockers 1921 (4.2%) 1474 (4.1%) 447 (4.8%) 0.04 529 (3.9%) 288 (4.3%) 241 (3.6%) 0.04
Data are mean (SD) or n (%). SMD, standardized mean difference; SES, socioeconomic status; eGFR, estimated glomerular filtration rate; BP, blood pressure; BMI, body 
mass index; IHD, ischemic heart disease; CVA, cerebrovascular disease; PVD, peripheral vascular disease; HTN, hypertension; COPD, chronic obstructive pulmonary 
disease; ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blocker; MRA, mineralocorticoid receptor antagonist; CCB, calcium channel 
blocker

Table 1 (continued) 
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0.13–0.29) ml/min/1.73 m2 per year compared to SGLT2 
inhibitors monotherapy (Supplementary Fig. S3).

Sensitivity analyses for matched cohort
A sensitivity analysis limited to patients from the 
matched cohort with complete datasets included a total 
of 12,249 patients. This analysis confirmed that patients 
receiving combination therapy with metformin and 
SGLT2 inhibitors had a significantly lower risk of all-
cause mortality compared to non-metformin users (aHR 
0.74 95% CI 0.64–0.85; P < 0.001). Similarly, the incidence 
of the composite kidney outcome remained significantly 
lower in the combination therapy group, (aHR 0.71 95% 
CI 0.52–0.96; P = 0.028). However, after accounting for 
mortality as a competing risk, only a strong trend toward 
risk reduction was observed, which did not reach statisti-
cal significance (aHR 0.74 95% CI 0.55–1; P −0.053) (Sup-
plementary Table S3).

A separate sensitivity analysis excluding patients from 
the matched cohort with a substantial BMI difference (> 7 
kg/mr2) included 9742 patients. This analysis corrobo-
rated the lower risk of all-cause mortality associated with 
the combination therapy compared to non-metformin 
users (aHR 0.8, 95% CI 0.68–0.94; P = 0.007). Further-
more, the incidence of the composite kidney outcome 
remained significantly lower in the combination therapy 
group, even after accounting for mortality as a competing 
risk (aHR 0.58 95% CI 0.49–0.69; P < 0.001) (Supplemen-
tary Table S3).

An additional sensitivity analysis included only patients 
receiving either metformin and SGLT2 inhibitors com-
bination therapy or SGLT2 inhibitors monotherapy, 
without any other anti-glycemic treatment. This analy-
sis confirmed the significant benefits of combination 
therapy in reducing all-cause mortality (aHR 0.69 95% 

CI 0.56–0.86; P < 0.001). While a strong trend toward 
a reduced risk of the composite kidney outcome was 
observed after accounting for competing risk, statistical 
significance was not achieved (aHR 0.625 95% CI 0.39–1; 
P = 0.051) (Supplementary Table S3).

Association between metformin use and safety outcomes 
risk
In the matched cohort, 3492 (25.8%) patients were hospi-
talized for any reason within one year, and 528 (4%) hospi-
talized due to metabolic acidosis events within five years, 
including 125 cases of ketoacidosis (0.9%). Overall, there 
were 788 AKI events (5.8%), including 197 severe AKI 
events (1.46%), along with 4066 UTI events (30.1%) and 
2446 anemia events (18.3%).

The risk of hospitalization was significantly lower in 
patients treated with combination of metformin and 
SGLT2 inhibitors compared to non-metformin users (aHR 
0.93 95% CI 0.87–0.99; P = 0.032). Furthermore, combina-
tion therapy was associated with a significant reduction 
in the risk of all-cause metabolic acidosis and ketoacido-
sis events, while no difference was observed in the risk of 
non-ketotic metabolic acidosis events compared to non-
metformin users (aHR 0.58 95% CI 0.4–0.83; P = 0.003, 
aHR 0.28 95% CI 0.14–0.57; P < 0.001, aHR 0.83 95% CI 
0.54–1.28; P = 0.404, respectively) (Fig. 2B and Supplemen-
tary Table S3).

Similarly, Kaplan Meier analysis revealed a significant 
risk reduction in incidence of all-cause metabolic acidosis 
(P = 0.0049, respectively. (Supplementary Fig. S2).

A trend toward a reduced risk of AKI was observed 
in the combination therapy group, though it did not 
reach statistical significance. However, the reduction 
in severe AKI events was significant (aHR 0.87 95% CI 

Fig. 2 Correlation between metformin use and Incidence of A CKD progression and all-cause mortality and B safety outcomes after PSM. The composite 
kidney outcome was defined as a 40% decline in eGFR from baseline value, or progression to ESRD, which was defined as an eGFR < 15 mL/min/1.73m2 
or the need for RRT; Competing-risk model were used to account for the risk of death prior to occurrence of the composite kidney outcome; The X axis in 
linear scale; HR, hazard ratio; CI, confidence interval
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0.75–1; P = 0.05, aHR 0.72 95% CI 0.54–0.96; P − 0.027, 
respectively).

No significant difference was observed in the risk of 
UTI or anemia events in the combination therapy group 
compared to non-metformin users (aHR 1.015 95% CI 
0.94–1.1; P = 0.72, aHR 0.97 95% CI 0.91–1.03; P − 0.308, 
respectively) (Fig. 2B and Supplementary Table S3). (S3D)

Subgroup analysis of the correlation between metformin 
use and Incidence of kidney disease progression and all-
cause mortality
The observed reduction in all-cause mortality, kidney 
progression and the composite outcome, was consistent 
across all examined patient subgroups, including those 
stratified by age, sex, CKD stage, albuminuria, BMI, pre-
existing IHD and glycemic control (Fig. 3).

Discussion
This study found that combination therapy with met-
formin and SGLT2 inhibitors in patients with T2D was 
associated with significantly improved survival rates and 
kidney disease outcomes, compared to treatment with 
SGLT2 inhibitors alone. We investigated the associations 
between metformin use and both kidney disease progres-
sion and mortality within a large cohort of 45,545 T2D 
patients over an extended follow-up period. After com-
prehensive propensity-score matching that included mul-
tiple covariates, we retained two well-matched groups 

of 6774 patients each. Compared to the regimen exclud-
ing metformin, the combined therapy of SGLT2 inhibi-
tors plus metformin was associated with a significantly 
reduced risk of composite kidney disease outcome as 
well as all-cause mortality. The renal and survival ben-
efits of metformin use remained robust after adjusting 
for established clinical and demographic risk factors. 
Furthermore, the therapy was associated with lower rates 
of adverse events, including hospitalizations, severe AKI 
episodes, and metabolic acidosis.

CKD is highly prevalent among patients with T2D, 
affecting up to 61% of U.S. diabetic patients aged 65 
years and older [12]. Since its approval by the United 
States Food and Drug Administration (UAS-FDA) in 
1994, metformin has been the recommended first-line 
therapy for T2D [13]. Metformin is a biguanide diabetic 
drug that reduce hepatic glucose production and intes-
tinal glucose absorption while enhancing insulin sensi-
tivity, making it a preferred treatment for T2D owing to 
its efficacy, affordability, and favorable safety profile [14]. 
Research indicates that beyond glycemic control, met-
formin is associated with improved cardiovascular, and 
survival outcomes in patients with T2D [2, 7, 15–18]. 
The FDA initially recommended against the use of met-
formin in patients with serum creatinine levels above 1.5 
mg/dL due to concerns regarding drug accumulation and 
potential risk of lactic acidosis [1]. Nevertheless, recent 
data suggests a low risk of lactic acidosis in patients 

Fig. 3 Subgroup analysis of the correlation between metformin use and Incidence of A CKD progression, B all-cause mortality and C combined outcome 
of CKD progression and mortality. HR, hazard ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; BMI, body mass index; IHD, ischemic 
heart disease; The X axis in logarithmic scale
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with moderate CKD (eGFR 30–60 ml/min per 1.73 m2) 
and indicates potential reno-protective benefits of met-
formin, leading to more flexible guideline recommenda-
tions. The 2022 consensus on Diabetes Management in 
Chronic Kidney Disease, from the ADA and KDIGO rec-
ommends metformin for all T2D patients with an eGFR 
above 30 ml/min per 1.73 m2, with a dose adjustments 
suggested for eGFR below 45 ml/min per 1.73 m2 [3, 5, 9].

Beyond its anti-glycemic effects and role in achieving 
tight glucose control in the early stages following diabetes 
diagnosis, experimental studies indicate that metformin 
may exert antifibrotic effects, offering potential benefits 
for kidney and cardiovascular health independently of its 
direct glycemic impact [19]. CKD is now assumed to be 
a process involving glomerulosclerosis and tubulointer-
stitial fibrosis, driven by the epithelial-to-mesenchymal 
transition, regardless of the underlying cause [20]. Met-
formin may mitigate this process by activating AMP-
activated protein kinase (AMPK) and downregulating 
transforming growth factor beta 1 (TGF-β1), as well as by 
AMP-independent mechanisms including the suppres-
sion of pro-inflammatory cytokines, reduction of oxida-
tive stress, and inhibition of apoptosis [21–24]. Various 
animal models have highlighted metformin’s potential in 
improving both diabetic and non-diabetic CKD through 
these pleotropic mechanisms [25–30].

While metformin has been associated with cardiopro-
tective and nephroprotective effects, recent large-scale, 
high quality randomized controlled trials (RCTs) have 
highlighted the superior cardiovascular and renal ben-
efits of SGLT2 inhibitors compared with all other treat-
ments for T2D [31–35]. Collectively, these landmark 
trials have influenced recent guidelines updates, reposi-
tioning SGLT2 inhibitors as a recommended second-line 
therapy after metformin or as first-line option in patients 
with ASCVD, CKD, heart failure or high/very high car-
diovascular risk [5]. Given that significant proportion of 
patients with newly diagnosed T2D are likely to develop 
ASCVD and renal complications in the future, there is 
pressing question whether a combined first-line therapy 
of metformin and SGLT2i might be beneficial to maxi-
mize the therapeutic advantages of both medications.

In the current study, we demonstrated that patients 
treated with a combination of metformin and SGLT2 
inhibitors have significantly lower risk of mortality and 
kidney disease progression compared to those treated 
with SGLT2 inhibitors alone. Notably, we defined kidney 
disease progression based on stringent criteria including 
a decline in eGFR by at least 40% or the development of 
ESRD. Even after a thorough PSM with adjustment for 
multiple covariates and validation through several sen-
sitivity analyses, the addition of metformin to SGLT2 
inhibitors therapy was associated with a nearly 33% 
reduction in the risk of kidney disease progression and 

almost 30% reduction in all-cause mortality. This risk 
reduction remained consistent across all patient sub-
groups, regardless of age, sex, CKD stage, glycemic con-
trol or other risk factors and comorbidities.

Several experimental studies have suggested poten-
tial anti-senescence benefits of metformin and SGLT-2 
beyond their glycemic effects, contributing to their car-
dioprotective and reno-protective actions [19]. Cor-
remans et al. demonstrated that both metformin and 
SGLT2 inhibitors (canagliflozin), provided similar renal 
protection in a rat model of diabetic kidney disease 
(DKD). Notably, canagliflozin’s renoprotection correlated 
with reduced hyperglycemia, whereas metformin benefits 
even without strict glycemic control [26]. Intriguingly, 
in a non-diabetic CKD model only metformin, but not 
canagliflozin, successfully halted kidney function decline 
and further CKD progression [27].

Additional preclinical studies suggest the benefits of 
combination therapy of metformin and SGLT2 inhibitors 
over monotherapy. Harada et al. demonstrated in a leptin 
receptor-deficient (db/db) mice model that SGLT2 inhib-
itors prompts a significant metabolic shift, enhancing 
fatty acid oxidation and increasing levels of 3-hydroxy-
butyric acid (3HBA) which may suppress GSK3 activity 
and improve diabetic kidney outcomes. However, this 
metabolic activation could also result in excessive pro-
tein catabolism and muscle loss, especially in non-obese 
individuals. The combination of SGLT2 inhibitors with 
metformin mitigates these effects and raises antioxidant 
pipecolate levels, offering anti-inflammatory benefits and 
enhancing cell survival through mTOR1 modulation [36]. 
Additional studies in DKD rat model also support the 
potential benefit of low-dose combination therapy with 
SGLT2 inhibitors and metformin, particularly in manag-
ing renal dysfunction and improving energy homeostasis 
by modulating the key pathways such as AMPK, mTOR, 
and SIRT1. This synergistic approach not only attenuates 
renal dysfunction but also reduces oxidative stress and 
activates renal autophagy, emphasizing its broader thera-
peutic benefits [37, 38].

Despite nearly 10% of our large cohort comprised 
patients with eGFR below 60 ml/min/1.73 m2, the addi-
tion of metformin did not increase hospitalization rate. 
Additionally, contrary to concerns regarding a height-
ened risk of metabolic acidosis in CKD patients, com-
bination therapy with SGLT2 inhibitors and metformin 
was associated with a significantly lower risk of both all-
cause metabolic acidosis and ketoacidosis events. No sig-
nificant difference was observed in the risk of non-ketotic 
metabolic acidosis compared to the regimen without 
metformin.

Indeed, although initial concerns were raised regard-
ing potential exacerbation of metabolic acidosis with the 
combination of metformin and SGLT2 inhibitors due to 



Page 10 of 12Agur et al. Cardiovascular Diabetology           (2025) 24:97 

the distinct mechanisms of lactic acidosis (metformin) 
and ketoacidosis (SGLT2 inhibitors), emerging evidence 
suggests that this combination may mitigate these risks. 
SGLT2 inhibitors promote euglycemic diabetic ketoaci-
dosis (EDKA) by increasing glucosuria, stimulating glu-
cagon, and shifting metabolism from glucose to lipid and 
protein utilization, mimicking starvation state [4]. Con-
versely, metformin enhances insulin sensitivity and sup-
presses glucagon activity, potentially mitigating SGLT2 
inhibitors-induced ketosis [39]. Harada et al. furthermore 
demonstrated that combination therapy with SGLT2 
inhibitors and metformin counterbalance the risks of 
SGLT2 inhibitors-induced EDKA as well as metformin 
associated lactic acidosis. Their study revealed that com-
bination therapy attenuates SGLT2 inhibitors-induced 
metabolic shifts, including ketogenesis and protein 
catabolism, particularly in renal tissue. Plasma lactate 
levels were also significantly lower with combination 
therapy compared to metformin monotherapy, accompa-
nied by reductions in glucose and pyruvate levels, lactate 
precursors, further supporting a decreased risk of lactic 
acidosis [36]. Additionally, since lactic acidosis is dose-
dependent, combination therapy allows for lower doses 
of both drugs, improving glycemic control while reducing 
the risk of adverse effects [37, 40]. Likewise, combination 
therapy enables the use of reduced doses of metformin to 
achieve effective glucose control, potentially lowering the 
incidence of other dose-dependent adverse effects, such 
as gastrointestinal disturbance [41].

Consistent with this, we observed a trend toward a 
lower risk of AKI in the combination therapy group 
although this reduction did not reach statistical sig-
nificance, whereas the reduction in severe AKI events 
was significant. Furthermore, no significant difference 
was observed in the risk of other falsification outcomes, 
such UTIs or anemia, between the combination ther-
apy group and non-metformin users. Collectively, these 
findings suggest that dual therapy not only optimizes 
glycemic control and clinical outcomes but may also pro-
vide synergistic benefits in reducing the risk of adverse 
complications.

A limited number of studies have focused on the ben-
efits of first-line combination therapy in newly diagnosed 
patients with T2D compared to the traditional sequential 
additive treatment strategy [4, 42]. Real-world evidence 
underscores that delay in treatment intensification fol-
lowing monotherapy failure leads to prolonged periods 
of glycemic variability, which can impede optimal dis-
ease management [4, 43]. Early initiation of a combina-
tion therapy with DPP4 inhibitors plus metformin has 
demonstrated greater and more durable long-term ben-
efits compared to the current standard-of-care approach 
of initial monotherapy in patients with newly diagnosed 
T2D [44]. Furthermore, a real-world cohort study by 

Anson et al., with a three year follow-up period, showed 
that Initiating combination therapy with metformin and 
SGLT2 inhibitors in newly diagnosed patients, without 
prior ASCVD, significantly improved cardiometabolic, 
renal and survival outcomes, compared to standard met-
formin monotherapy [45]. The authors suggested that 
the potent anti-glycemic effects of this combination 
therapy may mitigate vascular damage and reduce long-
term risks of cardiovascular and kidney complications, 
even though these outcomes often take longer than three 
years to fully manifest [6]. Our findings further highlight, 
through consistent data supported by robust multivariate 
and sensitivity analyses, along with biologically plausible 
mechanisms of action, the additive reno-protective and 
survival benefits of combining metformin and SGLT2 
inhibitors as first-line therapy, beyond its glucose-lower-
ing impact.

Our study provides valuable insights, but also contains 
several limitations. Firstly, while retrospective cohort 
studies like ours provide valuable insights, they carry the 
potential for residual confounding, and causality can-
not be definitively established. Although RCTs are con-
sidered the gold standard for determining causality, they 
often lack the statistical power to assess long-term and 
specific outcomes individually, rather than composite 
outcomes. Furthermore, for well-established medications 
such as metformin, the evidence of cardio-reno protec-
tive effects remains uncertain in the absence of large-
scale RCTs. Nevertheless, extensive cohort studies that 
leverage general population databases and real-world 
clinical data, enhanced by robust statistical methods, can 
offer valuable predictions regarding the risks associated 
with long-term and distinct outcomes [4]. Selection bias 
is an inherent limitation of retrospective design and is 
even more significant in the current study, as the reason 
for not prescribing metformin-potentially due to serious 
clinical event– remain unknown. However, consider-
ing the significant risk of EDKA associated with SGLT-2 
inhibitors, these medications are often prescribed under 
a “sick day protocol” similar to metformin, which may 
help reduce the selection bias.

Second, while we have no specific reason to believe that 
our findings would differ based on race, most of the Clalit 
Health System population is Caucasian. This may limit 
the generalizability of our results to more diverse popu-
lations. Nevertheless, both metformin and sGLT2 inhibi-
tors have been demonstrated to be safe and effective in 
improving outcomes across non-Caucasian and suscep-
tible populations [45, 46].

Third, as a real-world study, this research primarily 
included patients with an eGFR > 60  ml/min/1.73 m2, 
with only a small subgroup (10% of the cohort) having 
moderate CKD (eGFR < 60 ml/min/1.73 m2). Due to the 
limited sample size of this subgroup, we are unable to 
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draw definitive conclusions regarding the impact of eGFR 
stage on the association between combination therapy 
and kidney outcomes. Nevertheless, previous studies, 
along with biologically plausible mechanisms, suggest 
that the benefits of metformin are more pronounced in 
the early stages of kidney disease, as opposed to advanced 
stages where fibrosis is more extensive and less respon-
sive to anti-fibrotic treatments [2, 4].

Finally, our study relied on the recorded use of specific 
anti-diabetic medications at particular time points. As 
a result, we were unable to assess the cumulative dose 
of metformin for each individual, limiting our ability to 
evaluate potential dose-dependent effects of metformin 
on risk reduction and safety outcomes. Nevertheless, 
our findings were consistent across propensity-matched 
analyses, several sensitivity analyses and multivariable 
adjustment within multiple subgroups, strengthening the 
validity of our conclusions and their important clinical 
implications.

To our knowledge, this is the first study to demon-
strate the additive renal protective and survival benefits 
of combining metformin with SGLT2 inhibitors. In a 
large, well-matched cohort, we observed that patients 
treated with the combination of metformin and SGLT2 
inhibitors had a significantly lower risk of mortality and 
kidney disease progression compared to those treated 
with SGLT2 inhibitors alone. This substantial reduc-
tion in both mortality and kidney disease progression 
risk was consistent across nearly all patient subgroups 
and was associated with reduced risk of adverse events. 
These findings support the use of metformin in combina-
tion with SGLT2 inhibitors as a first-line therapy in T2D 
patients, regardless of glycemic control level and cardio-
renal risk factors.
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