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Abstract

Background: Epilepsy is a frequent neurological comorbidity in type 2 diabetes. Sodium–
glucose cotransporter-2 inhibitors (SGLT2i) exert metabolic, vascular, and anti-inflammatory
actions beyond glucose lowering, suggesting potential neuroprotective properties. We
assessed whether SGLT2i use is associated with a reduced incidence of epilepsy compared
with dipeptidyl peptidase-4 inhibitors (DPP-4i). Methods: We emulated a target trial
using a retrospective observational cohort of adults with type 2 diabetes initiating SGLT2i
or DPP-4i from a large real-world database. Propensity scores were estimated using a
SuperLearner algorithm, and stabilized inverse probability of treatment weights were
applied to balance baseline characteristics. Weighted Kaplan–Meier and Cox regression
models were used to estimate hazard ratios (HRs) for incident epilepsy. Results: Among
176,728 patients (mean age 68 years; 39% women), 43% received SGLT2i. The weighted
incidence of epilepsy was 2.05 versus 2.45 per 1000 person-years for SGLT2i and DPP-4i,
respectively. SGLT2i treatment was associated with a significantly lower risk of epilepsy
(HR 0.72, 95% CI 0.61–0.86; p < 0.001). Conclusions: In this large real-world study, initiation
of SGLT2 inhibitors was associated with a lower incidence of epilepsy compared with
DPP-4 inhibitors. The absolute difference in event rates was small (2.05 vs. 2.45 cases
per 1000 person-years), and residual confounding cannot be excluded. These findings
should therefore be regarded as hypothesis-generating and warrant prospective research to
confirm causality and clarify potential mechanisms.

Keywords: epilepsy; SGLT2 inhibitors; DPP4 inhibitors; type 2 diabetes; target trial emulation

1. Introduction
Epilepsy represents one of the most common chronic neurological disorders world-

wide, affecting tens of millions of individuals across diverse populations [1]. The disease
is highly heterogeneous, not only in terms of seizure phenotypes and underlying etiolo-
gies, but also regarding long-term trajectories and treatment responses [2]. A hallmark
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of epilepsy is the recurrence of seizures driven by pathological hypersynchronization of
neuronal networks [3,4]. Although conventional antiepileptic medications are effective
in controlling seizures for a substantial proportion of patients, therapeutic resistance re-
mains a major clinical challenge. Patients with drug-refractory epilepsy often experience
far-reaching consequences beyond seizure activity itself, including impaired cognitive
function, psychosocial burden, and elevated rates of psychiatric comorbidity [5,6]. Active
prevalence is estimated at approximately 0.5–1%, and lifetime prevalence at approximately
7.6 per 1000 persons, corresponding to more than 50 million affected individuals globally [1].
Patients with type 2 diabetes mellitus carry a substantially higher risk: population-based
cohorts have reported epilepsy incidence rates approximately 1.5- to 2.5-fold higher than in
non-diabetic individuals, with particularly pronounced increases in older adults [7,8].

Over recent decades, the introduction of numerous new antiepileptic drugs with
distinct mechanisms of action has expanded the therapeutic opportunities. Nevertheless,
the overall prognosis for many individuals has improved only modestly, underlining the
need for novel treatment strategies and preventive approaches [9].

Increasingly, research has shifted toward the interplay between epilepsy and systemic
comorbidities [10]. Metabolic disorders such as type 2 diabetes mellitus and obesity are
of particular relevance, as they not only contribute to cerebrovascular risk but may also
influence neuronal excitability and seizure susceptibility via shared mechanisms such
as chronic inflammation, mitochondrial dysfunction, and disturbances in glucose and
insulin signaling [7,11,12]. Several studies reported an elevated risk for epilepsy in diabetic
patients, in populations with both type 1 and type 2 diabetes mellitus [8].

The mechanisms linking type 2 diabetes with an elevated risk of epilepsy are multifac-
torial. Recurrent hypoglycemic episodes can directly provoke seizures and may, over time,
contribute to neuronal injury, whereas chronic hyperglycemia is associated with oxidative
stress, advanced glycation end-product accumulation, blood–brain barrier dysfunction, and
altered neuronal excitability. In addition, diabetes-related cerebrovascular disease, chronic
low-grade inflammation, and mitochondrial dysfunction all favor epileptogenesis [7,11,12].
Large population-based studies in both type 1 and type 2 diabetes have confirmed this associ-
ation, with Lu and colleagues demonstrating a significantly increased incidence of epilepsy in
patients with type 2 diabetes, particularly following episodes of severe hypoglycemia [8].

Antidiabetic therapies thus emerge as an intriguing field of investigation. Beyond their
established metabolic effects, certain agents—such as SGLT2 inhibitors—have been suggested
to exert neuroprotective or anti-inflammatory actions that could modulate epileptogenesis [13].
In contrast, dipeptidyl peptidase-4 inhibitors (DPP-4i), another commonly prescribed class
of antidiabetic drugs, primarily act through glucose-lowering and have not demonstrated
major extra-glycemic benefits in vascular outcomes [14]. A better understanding of how these
two treatment classes compare with respect to epilepsy risk could open new therapeutic
perspectives. To minimize confounding by indication, we selected DPP-4 inhibitors as the
active comparator: both classes are typically prescribed at a comparable stage of the type 2
diabetes treatment algorithm, and DPP-4 inhibitors have not been shown to exert major extra-
glycemic actions [14], allowing any difference in epilepsy incidence to be more confidently
attributed to SGLT2-specific effects rather than to differences in patient profile. GLP-1 receptor
agonists, although also widely prescribed, were not chosen as the comparator because they
exhibit pleiotropic anti-inflammatory and potentially neuroprotective properties that would
obscure a class-specific signal. Despite the biological plausibility of a neuroprotective effect of
SGLT2 inhibitors and the increasing recognition of epilepsy as a relevant comorbidity in type
2 diabetes, large-scale real-world comparisons of SGLT2 inhibitors with an appropriate active
comparator regarding incident epilepsy are scarce. The present study was therefore designed
to address this knowledge gap. Using a target trial emulation framework in a nationwide
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German outpatient database, we tested the prespecified hypothesis that initiation of an SGLT2
inhibitor is associated with a lower incidence of epilepsy than initiation of a DPP-4 inhibitor
in adults with type 2 diabetes.

2. Methods
2.1. Study Design and Data Source

We performed a retrospective observational study emulating a target trial comparing
SGLT2 inhibitors with DPP4 inhibitors among adults with type 2 diabetes. The specification
of the target trial and its operationalization in the IQVIA Disease Analyzer database are
summarized in Supplementary Table S1. The study used the IQVIA Disease Analyzer
database, which contains anonymized longitudinal data on patient demographics, diag-
noses, prescriptions, and clinical outcomes from routine outpatient practices in Germany.

2.2. Patient Selection

Eligible patients aged 18 or above were adults with type 2 diabetes who newly initiated
either an SGLT2 inhibitor or a DPP4 inhibitor during the study period. The date of the
first prescription defined the baseline. Patients with a prior diagnosis of epilepsy before
baseline were excluded. Follow-up started at treatment initiation and continued until
incident epilepsy, death, five years of follow-up, or end of data availability, whichever
occurred first (Figure 1).

Figure 1. Selection of study patients.

2.3. Exposure

The exposure was initiation of an SGLT2 inhibitor, compared with initiation of a DPP4
inhibitor. Drug initiation was defined according to the first filled prescription.

2.4. Outcome

The primary outcome was incident epilepsy, identified using validated diagnostic
codes from inpatient or outpatient encounters. Patients with prevalent epilepsy at baseline
were excluded.

2.5. Covariates

Baseline covariates included demographic factors, comorbidities, concomitant medi-
cations, and other clinical characteristics measured before treatment initiation that could
influence the choice of therapy and risk of epilepsy.
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2.6. Statistical Analysis

To control for confounding, propensity scores were estimated using a SuperLearner
ensemble that combined logistic regression and decision tree classifiers through cross-
validation and convex weight optimization. These scores were then used to generate
stabilized inverse probability of treatment weights (IPTWs), which were trimmed at the
1st and 99th percentiles to mitigate the influence of extreme weights. Balance of baseline
covariates after weighting was evaluated using standardized mean differences (SMDs),
with SMD < 0.1 considered acceptable.

Weighted Kaplan–Meier estimators were used to describe the incidence of epilepsy
in each treatment group. For the primary analysis, weighted Cox proportional hazards
regression with robust variance estimators was applied to estimate hazard ratios (HRs)
and 95% confidence intervals (CIs) comparing SGLT2 inhibitors with DPP4 inhibitors.
Prespecified subgroup analyses were performed by age (<60 vs. ≥60 years) and sex.As a
sensitivity analysis, weighted Cox regression was additionally adjusted for baseline HbA1c
to account for residual confounding. In a second sensitivity analysis, the weighted Cox
regression was repeated while applying a six-month grace period after treatment initiation
to account for potential latency in the effect of exposure on epilepsy risk.

2.7. Ethical Standards

Data reporting followed STROBE guidelines for observational trials. Only aggregated,
anonymized patient data were used in these analyses. This study was performed in
accordance with the Declaration of Helsinki, the guidelines for Good Practice of Secondary
Data Analysis [15], and the ICMJE Recommendations for the Conduct, Reporting, Editing
and Publication of Scholarly Work in Medical Journals. Since only anonymized data were
used, which could not be traced back to individual persons, the research protocol did not
have to be approved by the local ethics committee, and it was not necessary to obtain
informed consent from individual patients to participate in the study. We confirm that we
have read the Journal’s position on issues involved in ethical publication and affirm that
this report is consistent with those guidelines.

3. Results
3.1. Study Population

The emulated trial included 176,728 patients with type 2 diabetes (mean age 68 years,
39% women), of whom 43% initiated an SGLT2 inhibitor and 57% initiated a DPP4 inhibitor.
Before weighting, several baseline covariates differed between groups. After applying
stabilized inverse probability of treatment weights, all covariates were well balanced, with
standardized mean differences below 0.1, indicating successful control of confounding.

3.2. Diagnostic Assessment of Weighting

Propensity scores estimated using the SuperLearner ensemble showed good overlap be-
tween SGLT2 inhibitor and DPP4 inhibitor users (Supplementary Figure S1). The distribution
of stabilized inverse probability of treatment weights was centered around 1 with only moder-
ate dispersion, and trimming at the 1st and 99th percentiles effectively limited extreme values
(Supplementary Figure S2). Covariate balance was substantially improved after weighting:
standardized mean differences, which were as high as 0.35 before weighting, were reduced to
below 0.1 for all baseline covariates after weighting (Supplementary Figure S3).

3.3. Incidence and Risks

During up to five years of follow-up, the weighted incidence of epilepsy was
2.05 cases per 1000 person-years among SGLT2 inhibitor users compared with 2.45 cases
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per 1000 person-years among DPP4 inhibitor users. Weighted Cox regression showed that
SGLT2 inhibitor initiation was associated with a 28% lower hazard of epilepsy compared
with DPP4 inhibitors (HR 0.72, 95% CI 0.61–0.86; p < 0.001).

When stratified by age, SGLT2 inhibitors were associated with a lower risk of epilepsy
in patients aged 60 years or older (HR 0.71, 95% CI 0.58–0.87; p = 0.001), whereas no
significant association was observed among patients younger than 60 years (HR 0.80, 95%
CI 0.56–1.15; p = 0.224). In analyses by sex, SGLT2 inhibitor use was associated with a lower
risk of epilepsy in women (HR 0.65, 95% CI 0.50–0.84; p = 0.001), while the association
among men did not reach conventional statistical significance (HR 0.80, 95% CI 0.62–1.00;
p = 0.054) (Table 1).

Table 1. Association between SGLT2 therapy and the risk of epilepsy (age- and sex-stratified weighted
Cox regression).

Patient Subgroups
Incidence (Cases per

1000 Person-Years) Among
SGLT2 Users

Incidence (Cases per
1000 Person-Years) Among

DPP-4i Users
Hazard Ratio (95% CI) p Value

Total 2.05 2.45 0.72 (0.61–0.86) <0.001

Patients aged < 60 years 1.55 1.90 0.80 (0.56–1.15) 0.224

Patients aged ≥ 60 years 2.26 2.66 0.71 (0.58–0.87) 0.001

Female patients 2.20 2.59 0.65 (0.50–0.84) 0.001

Male patients 1.96 2.36 0.80 (0.62–1.00) 0.054

3.4. Sensitivity Analyses

Results were robust in sensitivity analyses. Weighted Cox regression additionally
adjusted for baseline HbA1c produced similar hazard ratios, and repeating the analysis
with a six-month grace period after treatment initiation yielded consistent findings (Table 2
and Figure 2).

Table 2. Association between SGLT2 therapy and the risk of epilepsy (sensitivity analyses).

Regression Model Hazard Ratio (95% CI) p Value

Weighted Cox regression adjusted
for baseline HbA1c 0.73 (0.54–0.98) 0.035

Weighted Cox regression with a
six-month grace period 0.72 (0.51–0.91) 0.006

Figure 2. Cumulative five-year incidence of epilepsy in type 2 diabetes patients treated with SGLT2
and DPP-4 (Kaplan–Meier curves). (A) Without grace period. (B) With a grace period of six months.
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4. Discussion
In our target trial emulating study, we show a significantly reduced incidence of

epilepsy in diabetic patients after SGLT2i therapy. Initiation of SGLT2i was consistently
associated with a lower risk of epilepsy compared with DPP-4i. This signal stayed robust
across multiple sensitivity analyses, suggesting that SGLT2 inhibitor use may be associated
with a reduced incidence of epilepsy in patients with type 2 diabetes. Given the observa-
tional design, this association should be regarded as hypothesis-generating rather than as
direct evidence of a preventive effect.

Although our study demonstrates only statistical associations and does not provide direct
mechanistic evidence, several biological pathways may plausibly underlie a protective effect
of SGLT2 inhibitors against epilepsy. Patients with type 2 diabetes are typically characterized
by insulin resistance, chronic low-grade inflammation, and metabolic dysfunction. While both
SGLT2 and DPP-4 inhibitors effectively lower glucose levels, SGLT2 inhibitors exert a broader
range of systemic and neural effects that could influence seizure susceptibility.

A modest, physiologically regulated increase in circulating ketone bodies under SGLT2
inhibition [16] may contribute to improved cerebral energy efficiency, partially resembling
the metabolic milieu induced by a ketogenic diet—a well-established therapeutic approach
for drug-resistant epilepsy [17–19]. Nevertheless, this mechanism alone is unlikely to
account for the observed association.

More compelling are the pleiotropic effects of SGLT2 inhibition on mitochondrial
function, oxidative stress [20], and neuroinflammation [21]—three processes intricately
linked to epileptogenesis [22]. SGLT2 inhibitors have been shown to enhance mitochondrial
biogenesis and efficiency, reduce reactive oxygen species, and attenuate systemic and
central inflammatory signaling, including pathways mediated by NF-κB and IL-1β [16,23].
Such effects may preserve neuronal integrity and synaptic stability.

Furthermore, emerging evidence indicates that SGLT transporters are expressed in glial
and neuronal tissues [24,25], implying potential direct actions within the brain. Inhibition
of these transporters could modulate neuronal glucose handling, stabilize intracellular ion
gradients, and influence neurotransmitter balance—particularly by promoting GABAergic
inhibition and reducing glutamatergic excitation [26]. Together, these changes may elevate
the seizure threshold and decrease neuronal hyperexcitability.

Taken collectively, the combination of improved metabolic flexibility, reduced ox-
idative and inflammatory stress, and potential direct modulation of neuronal excitability
provides a biologically coherent framework through which SGLT2 inhibitors might con-
tribute to reduced seizure risk in patients with type 2 diabetes.

The many other possible effects of SGLT2i, which are evident in various other organs
such as the heart [16] and kidneys [27], may also play a role in the prevention of epilepsy.
SGLT2i inhibitors protect the kidney through hemodynamic, metabolic, anti-inflammatory,
and vascular mechanisms. These include improved endothelial function, reduced renal
hypoxia, and suppression of maladaptive inflammatory pathways [28]. Inflammation,
hypoxia, formation of oxidative stress, and vascular dysfunction are all mechanisms that
play a role in the development and maintenance of epilepsy [29]. This could be another
possible reason for the association with reduced epilepsy incidence observed for SGLT2
inhibitors, which DPP4s, for example, may not bring about, as their effect tends to be
limited to lowering blood glucose levels [14].

In this context, the more pronounced association of SGLT2 inhibitor use with reduced
epilepsy incidence in patients >60 years of age could also be interpreted, namely with a
potentially stronger role of vascular/degenerative mechanisms in older cohorts. Another
noteworthy finding is the gender differences we observed, with a significant association
in women and borderline in men. Of course, possible differences in medication adher-
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ence must be taken into account as a reason [30,31]. On the other hand, these data shed
light on a previously unexplored field: possible gender differences in the development
and pathomechanisms of epilepsy and possible comorbidities. Women may experience
stronger effects of certain antiseizure medications because sex hormones modulate key
neuronal pathways. Estrogen can enhance excitatory signaling, while progesterone-derived
neurosteroids potentiate GABA inhibition, shifting seizure susceptibility. In addition, sex-
specific differences in chloride homeostasis (NKCC1/KCC2), neuroinflammation, and glial
responses alter network excitability. These mechanisms may be involved in the antiseizure
effect of drugs like SGLT2i in women [32–34].

What preclinical/experimental evidence is there to support the antiepileptic effect of
SGLT2i? In a rat model (pentylenetetrazol-induced seizures), dapagliflozin reduced seizure
activity and improved EEG parameters; the authors discuss reduced glucose availability
and possible membrane/ion effects as mechanisms [35]. Several animal studies and reviews
show anticonvulsant effects of β-hydroxybutyrate/acetoacetate and exogenous ketones;
postulated mechanisms include GABA/glutamate modulation, mitochondrial/energy
effects, HDAC inhibition, and NLRP3 inflammasome attenuation [36]. In summary, it
can be said that there are preclinical indications that SGLT2i could reduce seizures and
possibly delay epileptogenesis, but the evidence is still limited and inconsistent. The
animal evidence is more robust for ketone bodies. However, clinical prevention data (e.g.,
‘prevention of epilepsy’) are currently lacking.

Our findings are in close agreement with the recent target trial emulation by Zhao
and colleagues, who reported a comparable reduction in incident epilepsy among adults
with type 2 diabetes initiating SGLT2 inhibitors versus DPP-4 inhibitors in a Chinese
regional cohort [37]. The remarkable similarity of effect estimates across two independent
populations, healthcare systems, and analytic teams provides reciprocal external validation
and supports the robustness of the observed association. At the same time, the fact that both
studies share a comparable observational design also implies that they share comparable
methodological limitations, in particular the impossibility of fully excluding residual
confounding. Confirmatory prospective evidence, therefore, remains desirable.

It should be emphasized that the absolute difference in epilepsy incidence between
groups was modest (2.05 vs. 2.45 cases per 1000 person-years), corresponding to a num-
ber needed to treat that is too large to justify SGLT2 inhibitor use for the prevention of
epilepsy alone. The clinical relevance of our finding, therefore, lies primarily in adding a
further potential pleiotropic benefit of SGLT2 inhibitors in patients who already have other
indications for the drug class, rather than in changing prescription patterns on the basis of
epilepsy risk per se.

5. Strengths and Limitations
This study has several strengths. It was designed explicitly as a target trial emulation,

thereby reducing common biases of observational research by prespecifying eligibility
criteria, treatment strategies, follow-up, outcome, and analysis. We used the large and rep-
resentative IQVIA Disease Analyzer database, which provides longitudinal real-world data
from routine outpatient practices in Germany, ensuring broad coverage and high external
validity within this healthcare setting. Confounding was addressed by a SuperLearner-
based propensity score approach with stabilized inverse probability of treatment weighting,
which achieved excellent balance across a wide range of baseline covariates. Furthermore,
results were robust across sensitivity analyses, including additional adjustment for baseline
HbA1c and application of a six-month grace period after treatment initiation.

Nevertheless, several limitations must be acknowledged. First, as with all observa-
tional studies, the possibility of residual confounding remains despite the use of advanced
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weighting methods. Second, misclassification of epilepsy is possible, as diagnoses were
based on routine care coding without independent validation. Third, certain potentially
relevant factors, such as socioeconomic status, lifestyle behaviors, or treatment adherence,
were not available in the database and could not be adjusted for. Fourth, drug exposure
was defined from prescriptions, which may not fully reflect actual medication intake. More-
over, the findings reflect patients captured in German outpatient practices and may not be
directly generalizable to other health systems or populations. In addition, several clinically
relevant variables that may differ between SGLT2 inhibitor and DPP-4 inhibitor users were
not available in our database and could therefore not be incorporated into the weighting
procedure. These include duration of diabetes prior to treatment initiation, estimated
glomerular filtration rate and other measures of renal function, detailed cardiovascular
disease burden beyond ICD-10-coded diagnoses (such as left ventricular ejection fraction
or NT-proBNP levels), treatment adherence, smoking status, body mass index, and socioe-
conomic indicators. Channeling of younger and metabolically healthier patients toward
SGLT2 inhibitors, or, conversely, channeling of patients with chronic kidney disease toward
DPP-4 inhibitors, remains possible. The same caveat applies to the comparable findings
of Zhao and colleagues [37], in whose Chinese regional dataset analogous variables were
similarly unavailable. Confirmation in prospective randomized studies, in which base-
line characteristics are balanced by design, is therefore essential before causal claims can
be made.

6. Future Directions
Several lines of further research follow from our findings. First, a prospective ran-

domized trial would be required to establish causality between SGLT2 inhibitor use and
a reduced incidence of epilepsy; given the relatively low absolute event rate, an event-
driven design enriched for high-risk subgroups (e.g., older adults, patients with diabetic
cerebrovascular disease, or those with heart failure) would be most informative. Second,
head-to-head comparisons of SGLT2 inhibitors with GLP-1 receptor agonists are warranted
to disentangle class-specific pleiotropic effects on epileptogenesis. Third, mechanistic
translational studies should clarify whether the observed signal is mediated primarily by
ketone-body-associated metabolic shifts, by anti-inflammatory and antioxidative pathways,
or by direct neuronal actions of SGLT inhibition at the blood–brain barrier. Finally, replica-
tion of our findings in independent international cohorts and in subgroups stratified by
chronic kidney disease, heart failure phenotype, and antiseizure medication exposure will
be important to define the populations most likely to benefit.

In summary, our findings indicate that initiation of SGLT2 inhibitors is associated with
a lower incidence of epilepsy compared with DPP-4 inhibitors in a large, real-world diabetic
population. The absolute difference in event rates is small, and residual confounding cannot
be entirely excluded. The robustness of this association across multiple analytic approaches
and subgroups, together with the consistent findings of Zhao and colleagues [37], never-
theless supports the hypothesis that SGLT2 inhibition may exert effects beyond glucose
lowering. Prospective studies are required to confirm causality before SGLT2 inhibitors
can be considered as part of a preventive strategy in patients with diabetes at elevated risk
for epilepsy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/diabetology7060104/s1, Table S1: Steps and specifications of the target trial
emulation design; Figure S1: The distribution of propensity scores by treatment group; Figure S2:
The distribution of stabilized inverse probability of treatment weights; Figure S3: Covariate balance
before and after IPTW.
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