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Background: Solid organ transplant recipients with diabetes mellitus face unique challenges in glycemic control, compounded by
the metabolic effects of immunosuppressants. Although sodium–glucose cotransporter 2 (SGLT2) inhibitors are effective in
diabetes, evidence for their use in transplant recipients remains limited. We aimed to systematically review the efficacy and
safety of SGLT2 inhibitors in transplant recipients with diabetes.
Methods: A systematic review and meta-analysis was conducted by searching the MEDLINE, Embase, and Cochrane CENTRAL
databases for studies published before July 2025. Seventeen comparative studies involving 12,892 transplant recipients with
diabetes were included. Efficacy and safety data of SGLT2 inhibitors were extracted and analyzed. A random-effects model was
used to pool the results.
Results: SGLT2 inhibitors led to a significantly greater reduction in HbA1c (mean difference [MD]: −0.59% and 95% confidence
interval [CI]: −0.91 to −0.26) and body mass index (MD: −0.82 kg/m2 and 95% CI: −1.54 to −0.10) compared to controls. The
risks of dialysis (odds ratio [OR]: 0.50 and 95% CI: 0.31–0.79), major adverse cardiovascular events (OR: 0.29 and 95% CI: 0.22–
0.38), heart failure (OR: 0.66 and 95% CI: 0.52–0.83), urinary tract infection (OR: 0.45 and 95% CI: 0.22–0.92), graft rejection
(OR: 0.73, 95% and CI: 0.64–0.83), and all-cause mortality (OR: 0.40 and 95% CI: 0.27–0.59) were significantly lower in the
SGLT2 inhibitor group.
Conclusions: SGLT2 inhibitors were associated with improved glycemic control, weight reduction, and favorable trends in
cardiovascular outcomes among solid organ transplant recipients. Most safety outcomes, including urinary tract infection and
graft rejection, were comparable between groups or more favorable in the SGLT2 inhibitor group, particularly among kidney
transplant recipients. These findings support the use of SGLT2 inhibitors in this population. However, further large-scale
studies are warranted to validate these results and assess the long-term effects across different transplant types.

1. Introduction

Solid organ transplantation has been steadily increasing and
is accompanied by significant improvements in clinical out-
comes. The number of transplants performed increased by
approximately 70% from 2001 to 2021 [1]. Additionally,
the median survival rates for most solid organ transplants
have improved [2]. With overall survival increasing, long-
term complication management in solid organ recipients
has become a critical aspect of patient care.

Diabetes mellitus is a complication of the use of immu-
nosuppressive agents in solid organ transplant recipients
[3]. A Danish cohort study reported that the incidence of
posttransplantation diabetes mellitus (PTDM) between Days
46 and 365 after transplantation was 3.80 per 100 person-
years of follow-up [4]. Considering that end-stage renal dis-
ease caused by diabetic complications is a leading indication
for kidney transplantation and that diabetes is highly preva-
lent among patients with liver cirrhosis [5, 6], the overall
prevalence of diabetes is expected to be higher in solid organ
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transplant recipients than in the general population. Glyce-
mic control in solid organ transplant recipients is often chal-
lenging because of the adverse metabolic effects of
immunosuppressive agents [3]. These factors underscore
the significant impact of diabetes and its management in this
population.

Sodium–glucose cotransporter 2 (SGLT2) inhibitors
have emerged as essential agents for diabetes treatment since
2012 [7]. Clinical guidelines primarily recommend them as
first-line antidiabetic agents for patients with cardiovascular
disease, heart failure (HF), and/or chronic kidney disease
(CKD) [8]. Nonetheless, evidence on the efficacy of SGLT2
inhibitors in transplant recipients is limited. PTDM often
arises as a consequence of immunosuppressive therapy, such
as corticosteroids and calcineurin inhibitors, which impair
insulin secretion and increase insulin resistance. This dis-
tinct pathophysiology differentiates PTDM from Type 2 dia-
betes in the general population, highlighting the need for
dedicated studies evaluating the efficacy and safety of SGLT2
inhibitors in transplant recipients. Additionally, the use of
SGLT2 inhibitors has been associated with an increased uro-
genital infection risk; genital infections occurred in 2.24% of
users compared with 0.4% in the placebo group [9], high-
lighting the need for caution. Because infections are a major
complication in transplant recipients due to their immuno-
suppressed state, ensuring the safety of SGLT2 inhibitors
in this population is of particular importance. In this con-
text, the Kidney Disease: Improving Global Outcomes
(KDIGO) guidelines previously did not recommend SGLT2
inhibitors for kidney transplant recipients owing to insuffi-
cient evidence [10]; although recent updates have broadened
the recommendations to adults with CKD [11], robust clin-
ical data in transplant populations remain limited.

Several studies have evaluated the efficacy and safety of
SGLT2 inhibitors in transplant recipients using real-world
data. Nevertheless, most previous systematic reviews or
meta-analyses have focused on kidney transplantation and
on single-arm before-and-after changes, as the available
studies were primarily case series or lacked control groups
[12–15]. To appropriately evaluate the efficacy and safety
of SGLT2 inhibitors in solid organ transplant recipients,
comparative analyses with control groups are necessary;
however, to date, no meta-analysis has incorporated such
comparisons.

Therefore, we aimed to systematically review the efficacy
and safety of SGLT2 inhibitors in transplant recipients with
diabetes, incorporate recent literature, and quantitatively
analyze their efficacy and safety based on comparative stud-
ies. Moreover, given the heterogeneity of immunosuppres-
sive regimens and metabolic profiles among transplant
populations, we aimed to assess the efficacy and safety of
SGLT2 inhibitors across various types of solid organ
transplantation.

2. Materials and Methods

This study followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines (Table S1) [16]. The study protocol is available

on the PROSPERO database (CRD42024627940). Two
investigators (M.J.G. and K.S.O.) independently performed
a literature search, study selection, data extraction, and
quality assessment. Any discrepancies were resolved
through discussions with Y-M.A.

2.1. Search Strategy. The MEDLINE, Embase, and Cochrane
CENTRAL electronic databases were systematically searched
for relevant studies published before July 2025 using a com-
bination of medical subject headings and the keywords
“transplant” and “SGLT2 inhibitors.” The complete search
strategy is presented in Table S2.

2.2. Study Selection. Studies were considered eligible for
inclusion if they met the following criteria: (i) involved solid
organ transplant recipients with preexisting diabetes melli-
tus or PTDM; (ii) evaluated the efficacy and/or safety of
SGLT2 inhibitors, either as a primary research objective or
as part of broader comparative analyses with other antidia-
betic agents, using clinical outcomes; and (iii) were compar-
ative studies. The following studies were excluded: (i)
nonhuman studies; (ii) reviews, meta-analyses, and ongoing
studies; (iii) case series or case reports; (iv) studies available
only in the form of abstracts or posters; (v) studies evaluat-
ing combinations of SGLT2 inhibitors and other antidiabetic
medications; and (vi) studies published in languages other
than English.

2.3. Data Extraction and Outcomes. Eligible studies were
reviewed, and the following data were extracted using a stan-
dardized extraction form: first author, publication year,
country, study design, number of patients, sex, age, body
mass index (BMI), estimated glomerular filtration rate
(eGFR), hemoglobin A1c (HbA1c), type of SGLT2 inhibi-
tors, comparators, transplantation history, diabetes mellitus
history, comorbidities, immunosuppressive therapy includ-
ing drug concentration level, other concomitant medication
used, and follow-up duration. The efficacy outcomes
included HbA1c, BMI, body weight, eGFR, serum creatinine
(SCr), dialysis, proteinuria, systolic blood pressure (SBP),
diastolic blood pressure (DBP), and cardiovascular events,
including major adverse cardiovascular events (MACEs),
HF, and myocardial infarction (MI). Safety outcomes
included the incidence of urinary tract infection (UTI), gen-
ital mycotic infection, acute kidney injury (AKI), diabetic (or
euglycemic) ketoacidosis, graft rejection, hospitalization,
mortality, and discontinuation of SGLT2 inhibitors.

2.4. Analyses. We conducted meta-analyses of the outcomes
by including all studies initially identified. For continuous
outcomes, we reported mean differences (MDs) with 95%
confidence intervals (CIs) calculated using the inverse vari-
ance method. The MDs were obtained as the difference in
the mean changes from baseline to follow-up between the
intervention and control groups. For studies with follow-
up of 12 months or longer that reported multiple time
points, 12-month outcomes were used; otherwise, outcomes
were used according to the follow-up period. When the
mean changes were not reported, they were derived from
the available data. If only the median and interquartile range
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were reported, means and SDs were estimated using the
method proposed by Wan et al. [17, 18]. Graphically
reported values were extracted using WebPlotDigitizer Ver-
sion 5.2 [19]. The missing SDs were imputed using the
method described in the Cochrane Handbook for Systematic
Reviews of Interventions, Version 6.5 [18]. For binary out-
comes, pooled odds ratios (ORs) with 95% CIs were calcu-
lated using the Mantel–Haenszel methods, whereas pooled
adjusted hazard ratios (HRs) were estimated using the
inverse variance method. Studies with zero events in both
groups were excluded from the meta-analysis. In addition,
outcomes were not included in the meta-analysis if they
were reported in noncombinable units (e.g., proteinuria) or
were available from only a single study. Heterogeneity was
assessed using the I2 statistic, with the desired threshold
set at I2 > 50% [20]. A random-effects model was used
because of the expected clinical heterogeneity in the included
populations [18]. Subgroup analyses were conducted sepa-
rately in kidney and heart transplant recipients. Sensitivity
analysis was performed by removing one study per analysis
(leave-one-out), and additional analyses were conducted by
including only randomized controlled trials and observa-
tional studies with moderate or higher methodological qual-
ity, as determined by our risk of bias assessment. In addition
to a meta-analysis comparing the efficacy and safety of
SGLT2 inhibitors with those of a control group, an analysis
was performed to evaluate the efficacy and safety of SGLT2
inhibitors before and after drug administration. In the
single-arm analysis, all studies were included regardless of
the risk of bias.

The quality of each included study was assessed using
the Risk of Bias in Nonrandomized Studies of Interventions
tool for nonrandomized comparative studies [21] and the
Risk of Bias 2 tool for a randomized controlled trial (RCT)
[22]. For outcomes with at least 10 included studies, publica-
tion bias was assessed using Egger's regression test and visual
inspection of funnel plots for asymmetry [23]. When asym-
metry was detected, the trim-and-fill method was applied to
explore the potential impact of missing studies. Statistical
significance was set at p < 0 05. All statistical analyses were
performed using R (Version 4.2.1).

3. Results

3.1. Study Selection. Figure S1 presents the study selection
process according to the PRISMA 2020 guidelines. After
removing duplicates, 722 articles were screened by title and
abstract, and 621 articles were excluded. The remaining
101 articles underwent full-text assessment, resulting in 17
comparative studies involving 12,892 patients.

3.2. Study Characteristics. Table 1 summarizes the character-
istics of the 17 studies. One was a double-blind placebo-
controlled RCT, whereas the others were retrospective
cohort studies [24]. There were ten studies on kidney, six
on heart, and one on liver transplant recipients (Table 1).
The number of participants ranged from 37 to 3,940 per
study. The mean or median age of the participants ranged
from 52.1 to 65.0 years. Most studies had a 12-month

follow-up period, whereas others ranged from 3 months to
over 6.9 years.

Four studies evaluated a single SGLT2 inhibitor: empa-
gliflozin in three [24, 34, 35] and canagliflozin in one [28].
Other studies investigated two or more SGLT2 inhibitors,
whereas six studies did not specify the type of drug used
[29, 31, 33, 38, 39]. Comparators across all studies were
non-SGLT2 inhibitors; one used nonglucagon-like peptide-
1 receptor agonists [28], and another used dipeptidyl
peptidase-4 (DPP-4) inhibitors [33, 40]. All studies allowed
the concomitant use of other hypoglycemic agents, with
insulin and metformin being the most commonly used.

Table S3 summarizes the disease characteristics and
immunosuppressant use. Immunosuppressive regimens
primarily included tacrolimus, mycophenolate, and
corticosteroids, with no significant differences in
corticosteroid usage rates between the intervention and
control group (33.3%–100%). Details of the study design
and outcomes are summarized in Table S4.

3.3. Risk of Bias Assessments. The RCT was assessed as hav-
ing some concerns (Table S5). Four of the 16
nonrandomized studies exhibited a serious risk of bias due
to missing descriptions of the confounding control
methods. The other 12 studies had a moderate risk of bias
due to selection bias and other issues (Figure S2).

3.4. Efficacy and Safety of SGLT2 Inhibitors in
Comparison With the Control Groups

3.4.1. Main Analysis. HbA1c levels were reported in 11 stud-
ies. HbA1c levels significantly decreased more in the SGLT2
inhibitor group compared with the control group (MD:
−0.59% and 95% CI: −0.91 to −0.26) (Figure 1a). Further-
more, the SGLT2 inhibitor group exhibited a significantly
greater reduction in BMI and body weight compared to the
control group (MD: −0.82 kg/m2 and 95% CI: −1.54 to
−0.10 (Figure 1b) MD: −3.0 kg and 95% CI: −4.08 to −1.92
(Table S6), respectively). Kidney function was primarily
assessed using eGFR, and the meta-analysis revealed no
significant difference in eGFR changes between the SGLT2
inhibitor and control groups (MD: 2.67mL/min/
1.73m2and 95% CI: −0.29 to 5.64) (Figure 1c). Despite the
inclusion of only two studies, the risk of dialysis was
significantly lower in the SGLT2 inhibitor group than in
the control group (OR: 0.50 and 95% CI: 0.31–0.79)
(Figure 1d). Additionally, the change in SCr level did not
differ between the two groups (Table S6).

Blood pressure was evaluated in five studies, and there
were no significant differences in blood pressure change
between the two groups (SBP: MD, −1.02mmHg and 95%
CI, −8.06 to 6.01 and DBP: MD, −1.68mmHg and 95% CI,
−3.69 to 0.33) (Figure 1e,f). Cardiovascular events were
reported in four studies. MACE (OR: 0.29 and 95% CI:
0.22–0.38) and HF (OR: 0.66 and 95% CI: 0.52–0.83) risks
were lower in the SGLT2 inhibitor group than in the control
group, whereas no significant difference was observed
between the two groups regarding MI risk (OR: 0.32 and
95% CI: 0.02–5.49) (Figures 1g, 1h, and 1i).
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Among infection-related safety outcomes, UTI incidence
was reported in 10 studies, with a significantly lower inci-
dence in the SGLT2 inhibitor group compared with the con-
trol group (OR: 0.45 and 95% CI: 0.22–0.92) (Figure 2a),
whereas the incidence of genital mycotic infection did not
differ significantly between groups (Figure 2b).

For other safety outcomes, the risks of graft rejection
(OR: 0.73 and 95% CI: 0.64–0.83) (Figure 2e) and all-cause
mortality (OR: 0.40 and 95% CI: 0.27–0.59) (Figure 2g) were
significantly lower in the SGLT2 inhibitor group, whereas
the risk of AKI showed no significant difference between
the two groups.

In the meta-analysis based on aHRs, the evaluated out-
comes showed trends consistent with those observed in the
main analysis, indicating comparable efficacy and safety of
SGLT2 inhibitors relative to those of control groups. Signif-
icant benefits of SGLT2 inhibitor use were observed for
dialysis, MACE, all-cause hospitalization, and all-cause
mortality (Figure S3).

3.4.2. Subgroup and Sensitivity Analyses. In the subgroup
analysis limited to kidney transplantation, most efficacy
and safety outcomes were assessed, excluding dialysis. Over-
all, the trends observed in this subgroup were consistent
with those in the main analysis, and the SGLT2 inhibitor
group showed significant reductions in HbA1c, BMI, body
weight, MACE, UTI, graft rejection, and all-cause mortality
compared with the control group (Table 2). Due to the lim-
ited number of included studies, the subgroup analysis lim-
ited to heart transplantation included only selected efficacy
outcomes (excluding dialysis and cardiovascular outcomes)
and safety outcomes (UTI and all-cause hospitalization).
Among these, only eGFR exhibited a significantly greater
increase in the SGLT2 inhibitor group compared with the
control group (MD: 5.24 and 95% CI: 0.51–9.97), whereas
the other outcomes were not statistically significant
(Table 3).

In the sensitivity analysis, which included only observa-
tional studies of moderate or high quality based on the risk
of bias assessment, along with one RCT, the results showed
a trend similar to that of the main analysis (Table 4). Signif-
icant benefits of SGLT2 inhibitor use were also observed for
BMI, body weight, dialysis, MACE, HF, graft rejection, and
all-cause mortality. Leave-one-out sensitivity analyses
revealed no influential study affecting the overall findings
(Figure S4).

3.4.3. Publication Bias Assessments. HbA1c and UTI were
the outcomes of interest, which included at least 10 studies
and allowed for publication bias assessments. For the HbA1c
outcome, Egger's test suggested potential publication bias
(p = 0 04), supported by funnel plot asymmetry. Trim-and-
fill analysis imputed five missing studies, and the effect size
was no longer statistically significant after adjustment
(MD: −0.10; 95% CI: −0.44 to 0.25; and p = 0 58), compared
with the original estimate (MD: −0.59; 95% CI: −0.91 to
−0.26; and p < 0 01). Notably, the imputed studies included
effect sizes exceeding +2%, which, given the known
glucose-lowering effects of SGLT2 inhibitors, would be

unlikely to occur as they imply a 2% increase in HbA1c com-
pared with the control group. This suggests that the
observed asymmetry may not represent a true publication
bias. No publication bias was observed for the UTI outcome
(Figure S5).

3.5. Efficacy and Safety Outcomes Within the SGLT2
Inhibitor Group. The use of SGLT2 inhibitors in solid organ
transplant recipients led to significant reductions from base-
line in HbA1c, BMI, and body weight, with MD and 95% CI
as follows: −0.47% (−0.71 to −0.22) for HbA1c, −0.73 kg/m2

(−1.13 to −0.33) for BMI, and−2.12 kg (−3.36 to −0.87) for
body weight (Table S7). However, eGFR, SCr, and blood
pressure showed no significant changes from baseline.
Among SGLT2 inhibitor users, the proportions of patients
experiencing dialysis, MACE, HF, and MI were 5% (95%
CI, 3–7%), 4% (3–5%), 5% (0–13%), and 1% (0–2%),
respectively. Among the safety outcomes, the most
frequently reported was all-cause hospitalization (32%, 10–
54%), followed by graft rejection (15%, 1–28%), UTI (11%,
7–14%), and AKI (16%, 3–28%) (Table S7).

4. Discussion

To the best of our knowledge, this is the first meta-analysis
to evaluate the efficacy and safety of SGLT2 inhibitors in
patients who underwent solid organ transplant compared
with a control group. The use of SGLT2 inhibitors was asso-
ciated with reductions in HbA1c, body weight, and BMI.
Although the number of studies was limited, SGLT2 inhibi-
tors also appeared to reduce the risk of MACE and HF. Most
safety outcomes were comparable between the groups; nota-
bly, the risks of UTI, graft rejection, and mortality were
lower in the SGLT2 inhibitor group. These trends were gen-
erally maintained in subgroup analyses stratified by study
quality and transplant type, although statistical significance
varied in some cases. Collectively, these findings support
the efficacy and safety of SGLT2 inhibitors in solid organ
transplant recipients.

In this study, the magnitude of the HbA1c reduction
observed in SGLT2 users (pre-post change in single-arm
analysis, HbA1c: −0.47%) was smaller than that reported
in a previous systematic review, in which combination ther-
apy with metformin was associated with reductions of
approximately 0.74%–0.8%, depending on baseline HbA1c
levels [41]. This reduced effect of SGLT2 inhibitors on blood
glucose levels could be explained by hyperglycemic factors,
including the use of immunosuppressants such as corticoste-
roids and calcineurin inhibitors, in transplant recipients.
However, the potential impact of immunosuppressive ther-
apy, particularly tacrolimus and corticosteroids, on glucose
metabolism could not be quantitatively evaluated because
these data were inconsistently reported across the included
studies. Notably, considering the comparative analysis with
control groups (other antidiabetic agents), the effect of
SGLT2 inhibitors on HbA1c in transplant recipients appears
to be comparable to, or potentially greater than, that in con-
trols. However, given the possibility of publication bias for
this outcome, caution is warranted in interpreting the
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(a) HbA1c (%)
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Figure 1: Continued.
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results. As obesity is a common condition among transplant
recipients, the weight-reducing effect of SGLT2 inhibitors is
particularly beneficial for this population [42] and was dem-
onstrated to be significant in our study. However, the extent
of BMI reduction observed in SGLT2 users was comparable
to that reported in a previous meta-analysis of SGLT2 inhib-

itors, which showed a mean reduction of −0.82 kg/m2 (95%
CI: −1.54 to −0.10) compared with that of the control
group [43].

SGLT2 inhibitors are known to have cardioprotective
effects in patients with diabetes, which can be attributed to
their hemodynamic effects, improvements in vascular
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Figure 1: Forest plot of efficacy outcomes. HbA1c, hemoglobin A1c; SGLT2I, sodium-glucose cotransporter-2 inhibitor; SD, standard
deviation; MD, mean difference; CI, confidence interval; eGFR, estimated glomerular filtration rate; and OR, odds ratio.
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Figure 2: Continued.
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function, and positive effects on cardiac remodeling [44, 45].
Considering that PTDM is associated with increased mortal-
ity and cardiovascular events [46], evidence on the cardio-
vascular outcomes of SGLT2 inhibitors in transplant
recipients with diabetes is clinically important. In this
meta-analysis, the risk of MACE or HF was found to be
lower in the SGLT2 inhibitor group compared with the con-
trol group. Given the limited number of included studies
and the fact that only Lim et al. specifically evaluated cardio-
vascular outcomes as the primary endpoint, the results
should be interpreted with caution. However, the low het-
erogeneity across studies supports the validity of the pooled
estimate. Furthermore, the use of propensity score matching
in the included studies and the consistently observed trend
toward risk reduction further strengthen the clinical rele-
vance of this finding [28, 30, 39].

CKD, a common condition in solid organ transplant
recipients, is often associated with the use of calcineurin
inhibitors [47, 48]. Considering these aspects, the positive
effects of SGLT2 inhibitors in patients with CKD can repre-
sent a highly attractive advantage for solid organ transplant
recipients. Although no benefits in SCr levels or eGFR were
observed in this study, it is important to note that the follow-
up duration in most of the included studies was less than one
year, limiting the ability to evaluate the long-term renal
effects of SGLT2 inhibitors. In a subgroup analysis of heart
transplant recipients, however, SGLT2 inhibitor use was
associated with more favorable changes in eGFR compared
with the control group. Furthermore, the risk of dialysis
was significantly lower with SGLT2 inhibitor use. Although
meta-analysis of proteinuria was not feasible due to the lim-
ited number of studies and inconsistencies in measurement
units, these studies demonstrated a significant reduction in

proteinuria or albuminuria in the SGLT2 inhibitor group
[27, 28]. Because proteinuria is a sensitive and early marker
of kidney damage, these findings may have important clini-
cal implications—even in the absence of clear improvements
in eGFR. Therefore, additional well-designed studies with
longer follow-up periods are warranted to evaluate the full
spectrum of the renal effects associated with SGLT2 inhibi-
tors in this population.

The KDIGO clinical guidelines do not recommend the
use of SGLT2 inhibitors in kidney transplant recipients
because of the potential risk of infection associated with
SGLT2 inhibitor use. This recommendation was maintained
in the revised guideline published in 2024 [10, 11]. Addition-
ally, a systematic review conducted by Lin et al. suggested
that SGLT2 inhibitor use in transplant patients might be
inappropriate, considering their association with UTIs [14].
Whereas their review was limited to case series, case reports,
or single-arm studies (12 of 15), our study exclusively
included comparative studies. Interestingly, the use of
SGLT2 inhibitors in our study was associated with a reduced
risk of UTIs compared to the control group, and this finding
remained consistent in the subgroup analysis limited to kid-
ney transplant recipients. This is notable given that UTI is a
common infectious complication, particularly in kidney
transplant recipients. Furthermore, UTI incidence in the
SGLT2 inhibitor group (11% in kidney transplant recipients)
was lower than that reported in the general diabetic popula-
tion treated with SGLT2 inhibitors (approximately 34%)
[49]. Moreover, the risk of genital mycotic infection did
not differ significantly between the SGLT2 inhibitor and
the control groups. Several clinical factors may help explain
this finding. As noted in diabetes management guidelines,
SGLT2 inhibitors are generally avoided or used with caution
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Figure 2: Forest plot of safety outcomes. OR, odds ratio; CI, confidence interval.
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in high-risk patients (e.g., those with recurrent UTIs or
underlying urologic disorders) [50]; therefore, they tend to
be prescribed to transplant recipients with relatively low
baseline infection risk. In clinical practice, standardized
patient education and monitoring protocols for genitouri-
nary infections are also commonly implemented when initi-
ating SGLT2 inhibitors, which may contribute to a lower
observed infection rate. However, given the limited number

of included studies [24, 28, 29], further research is warranted
to clarify these safety outcomes in transplant populations,
especially considering recent findings in patients with diabe-
tes, which emphasize genital fungal infections over
UTIs [51].

Lastly, this study found that the use of SGLT2 inhibitors
was associated with a reduced risk of graft rejection and
mortality compared with that of the control group. The

TABLE 2: Subgroup analysis in kidney transplantation.

Variables
No. of
studies

No. of participants
Estimates 95% CI

Heterogeneity

SGLT2I
Non-

SGLT2I
I2 p-value

Efficacy

HbA1c (%) 7 2,392 2,397 MD −0.45 (−0.77, −0.13) 90% < 0.01
Body mass index (kg/m2) 3 327 254 MD −1.15 (−1.58, −0.72) 0% 0.77

Body weight (kg) 3 67 128 MD −3.04 (−4.22, −1.85) 0% 0.59

eGFR (mL/min/1.73m2) 4 102 145 MD 1.71 (−2.75, 6.18) 70% 0.02

Serum creatinine (mg/dL) 2 52 66 MD 0.00 (−0.14, 0.13) 15% 0.28

Systolic blood pressure (mmHg) 3 62 126 MD 2.38 (−4.48, 9.25) 47% 0.15

Diastolic blood pressure (mmHg) 3 62 127 MD −1.52 (−4.07, 1.03) 0% 0.96

Major adverse cardiovascular events 2 1,750 1,778 OR 0.29 (0.22, 0.38) 0% 0.91

Heart failure 2 225 197 OR 0.45 (0.08, 2.61) 0% 0.67

Myocardial infarction 2 225 197 OR 0.32 (0.02, 5.49) 69% 0.07

Safety

Urinary tract infection 8 823 2,467 OR 0.42 (0.20, 0.85) 81% < 0.01
Genital mycotic infection 2 166 165 OR 2.17 (0.37, 12.73) 0% 0.95

Acute kidney injury 2 284 310 OR 0.91 (0.62, 1.32) 0% 0.35

Diabetic ketoacidosis 2 284 310 OR 0.46 (0.07, 3.08) 0% 0.48

Discontinuation of SGLT2I 2 153 152 OR 13.19 (0.92, 188.40) 35% 0.21

Graft rejection 5 1,744 3,415 OR 0.72 (0.54, 0.96) 14% 0.33

All-cause hospitalization 2 1,446 1,431 OR 0.66 (0.29, 1.51) 41% 0.19

All-cause mortality 5 3,973 5,604 OR 0.40 (0.22, 0.73) 86% < 0.01
Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; MD, mean difference; OR, odds ratio; and
SGLT2I, sodium–glucose cotransporter 2 inhibitors.

TABLE 3: Subgroup analysis in heart transplantation.

Variables
No. of
Studies

No. of participants
Estimates 95% CI

Heterogeneity
SGLT2I Non-SGLT2I I2 p-value

Efficacy

HbA1c (%) 3 53 171 MD −0.70 (−1.83, 0.42) 95% < 0.01
Body mass index (kg/m2) 3 53 171 MD −0.47 (−2.11, 1.16) 69% 0.04

Body weight (kg) 2 36 151 MD −2.96 (−7.44, 1.52) 0% 0.95

eGFR (mL/min/1.73m2) 4 91 264 MD 5.24 (0.51, 9.97) 21% 0.28

Serum creatinine (mg/dL) 3 53 171 MD −0.06 (−0.18, 0.06) 0% 0.93

Systolic blood pressure (mmHg) 2 36 151 MD −5.73 (−18.46, 7.01) 81% 0.02

Diastolic blood pressure (mmHg) 2 36 151 MD −1.86 (−8.07, 4.34) 72% 0.06

Safety

Urinary tract infection 2 45 160 OR 1.26 (0.02, 82.80) 73% 0.05

All-cause hospitalization 2 1,085 1,143 OR 0.81 (0.30, 2.20) 77% 0.04

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; MD, mean difference; OR, odds ratio; and
SGLT2I, sodium–glucose cotransporter 2 inhibitors.
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reduction in rejection may be attributed to the potential
immunomodulatory effects of SGLT2 inhibitors [52], which
could represent a clinically meaningful benefit for transplant
recipients. In addition, an in vitro study reported that empa-
gliflozin alleviated not only tacrolimus-induced hyperglyce-
mia but also renal artery injury, further supporting the
potential protective effects observed in clinical settings
[53]. However, it should be noted that rejection was not
evaluated as a primary outcome, limiting the strength of this
conclusion [25, 26, 29, 40]. The observed reduction in mor-
tality may be related to the decreased risk of graft rejection,
along with the previously identified benefits of SGLT2 inhib-
itors on MACE, HF, and glycemic control in this study.
Notably, a consistent trend toward lower mortality was
observed across all included studies, and five out of the seven
studies explicitly reported mortality as an outcome of inter-
est, adding weight to the clinical relevance of this finding
[26, 30–33, 39, 40]. This finding is consistent with previous
evidence demonstrating a reduction in mortality risk associ-
ated with SGLT2 inhibitor use [54]. However, considering
that most of the included studies were retrospective observa-
tional in nature and that current clinical guidelines do not
recommend the use of SGLT2 inhibitors in solid organ
transplant recipients [11], there may have been differences
in the baseline clinical status between patients who received
SGLT2 inhibitors and those who did not. Therefore, the pos-

sibility that such differences contributed to the observed
mortality outcomes cannot be excluded, and these findings
should be interpreted with caution.

This study has some limitations. First, the number of
study participants in most studies was relatively small, which
may have led to uncertainty in the effect estimates and lim-
ited the generalizability of the results. However, this limita-
tion is inevitable given the characteristics of solid organ
transplantation. Therefore, it may be necessary to confirm
the findings of this study through larger-scale studies, if fea-
sible. Second, most of the studies included in this analysis
were observational, which are prone to bias owing to the
nature of the study design. To address this issue, we assessed
the risk of bias and conducted subgroup analyses that
included only studies of acceptable quality, and a consistent
trend was observed. Moreover, most included studies
allowed concomitant use of other hypoglycemic agents,
which may have influenced glycemic outcomes. Third, most
of the included studies focused on kidney or heart transplant
recipients, limiting their ability to estimate the effects of
SGLT2 inhibitors in liver transplant recipients. Conse-
quently, further studies are necessary to evaluate the efficacy
of SGLT2 inhibitors in liver transplant recipients. Finally,
considering the patient characteristics of the included stud-
ies, these findings may not apply to transplant recipients
with impaired renal function.

TABLE 4: Sensitivity analysis including one RCT and observational studies with moderate or higher quality.

Variables
No. of
Studies

No. of participants
Estimates 95% CI

Heterogeneity

SGLT2I
Non-

SGLT2I
I2 p-value

Efficacy

HbA1c (%) 7 2,443 2,593 MD −0.21 (−0.42, 0.00) 73% < 0.01
Body mass index (kg/m2) 4 414 471 MD −1.13 (−1.53, −0.73) 0% 0.90

Body weight (kg) 4 154 345 MD −3.00 (−4.11, −1.89) 0% 0.78

eGFR (mL/min/1.73m2) 6 208 454 MD 1.83 (−1.62, 5.28) 62% 0.02

Serum creatinine (mg/dL) 5 105 237 MD −0.03 (−0.12, 0.05) 0% 0.79

Dialysis 2 2,472 2,472 OR 0.50 (0.31, 0.79) 74% 0.05

Systolic blood pressure (mmHg) 3 62 126 MD 2.38 (−4.48, 9.25) 47% 0.15

Diastolic blood pressure (mmHg) 3 62 127 MD −1.52 (−4.07, 1.03) 0% 0.96

Major adverse cardiovascular events 2 1,750 1,778 OR 0.29 (0.22, 0.38) 0% 0.91

Heart failure 3 1,287 1,259 OR 0.66 (0.52, 0.83) 0% 0.83

Myocardial infarction 2 225 197 OR 0.32 (0.02, 5.49) 69% 0.07

Safety

Urinary tract infection 8 810 2527 OR 0.48 (0.22, 1.08) 83% < 0.01
Genital mycotic infection 2 166 165 OR 2.17 (0.37, 12.73) 0% 0.95

Acute kidney injury 2 284 310 OR 0.91 (0.62, 1.32) 0% 0.35

Diabetic ketoacidosis 2 284 310 OR 0.46 (0.07, 3.08) 0% 0.48

Discontinuation of SGLT2I 2 153 152 OR 13.19 (0.92, 188.40) 35% 0.21

Graft rejection 6 2,857 4,673 OR 0.74 (0.65, 0.84) 0% 0.58

All-cause hospitalization 3 2,495 2,553 OR 0.74 (0.49, 1.11) 85% < 0.01
All-cause mortality 7 5,122 6,883 OR 0.40 (0.27, 0.59) 80% < 0.01

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; MD, mean difference; OR, odds ratio; and
SGLT2I, sodium–glucose cotransporter 2 inhibitors.
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5. Conclusion

This is the first meta-analysis to systematically evaluate the
efficacy and safety of SGLT2 inhibitors with control groups
in solid organ transplant recipients. SGLT2 inhibitors were
associated with improvements in glycemic control and
reductions in body weight, as well as favorable trends in car-
diovascular outcomes. Most safety outcomes, including UTI
and graft rejection, were comparable to or even more favor-
able in the SGLT2 inhibitor group, particularly in kidney
transplant recipients. Considering the clinical significance
of infections and graft rejection in transplant recipients,
these findings may provide a compelling rationale for the
use of SGLT2 inhibitors in this patient group. However,
given the limited number of studies available for certain out-
comes such as cardiovascular events, further large-scale
comparative studies are required to confirm these findings
and to evaluate the long-term effects of SGLT2 inhibitors
in diverse transplant populations.
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