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This systematic review and meta-analysis aimed to determine the association between the use of sodium-glucose
cotransporter 2 (SGLT-2) inhibitors and dementia onset as well as cognitive function in patients with diabetes
mellitus. We comprehensively searched the MEDLINE, Embase, and CENTRAL databases to select relevant
studies published up to August 2023. The use of SGLT-2 inhibitors significantly lowers dementia risk compared to
SGLT-2i non-users (Hazard ratio: 0.68, 95 % CI: 0.50-0.92). Furthermore, our findings indicated a positive effect
of SGLT-2 inhibitor use on cognitive function score improvement, as demonstrated by the standardized mean
difference of 0.88 (95 % CI: 0.32-1.44), particularly among populations with mild cognitive impairment or

dementia. This systematic review and meta-analysis indicate a potential role of SGLT-2 inhibitors in reducing the
risk of dementia in patients with diabetes mellitus. These findings underscore the need for well-controlled large
clinical trials and future research in this field.

1. Introduction

Diabetes mellitus (DM) is a chronic disease associated with a range of
complications, and its prevalence has increased globally. According to
the International Diabetes Federation (2021), 10.5 % of the adult pop-
ulation (aged 20-79) was affected by DM. This number is projected to
increase to 12.2 % by 2045. The prevalence of individuals with impaired
glucose tolerance or impaired fasting glucose, who are at high risk for
DM, has also been steadily increased (Cho et al., 2022). The number of
older adults with DM was approximately 136 million (19.3 %) in 2019,
and this figure is projected to rise to 276 million by 2045 (Sinclair et al.,
2020).

The complications arising from DM, such as coronary heart disease,
stroke, retinopathy, and nephropathy, impose a significant burden on
both the quality of life of patients and the healthcare system. Therefore,
clinical guidelines advocate considering the positive impact of

pharmacological treatment on cardiorenal complications, alongside
glycemic control (ElSayed et al., 2022b; Scheen and Bonnet, 2023).
Moreover, apart from the well-documented vascular complications
associated with DM, the likelihood of developing dementia is higher in
individuals with DM than in the general population. Studies have re-
ported that the relative risk of all-cause dementia in patients with DM
ranges from 1.43 to 1.69. Furthermore, compared to the population
without DM, the risk of vascular dementia is higher in this group, with a
reported risk factor of 2.38 (Tomic et al., 2022). While the exact
mechanism underlying the onset of dementia in patients with DM re-
mains unclear, potential causes include disruption of the blood-brain
barrier due to hyperglycemia and impaired insulin signaling (Steen
et al., 2005; Rom et al., 2020). Given the significant disease burden
posed by dementia and the lack of effective treatments Guideline
Adaptation Committee (2016), the prevention of dementia in patients
becomes a crucial concern. However, current clinical guidelines do not
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offer strategies for selecting antidiabetic agents aimed at preventing
cognitive dysfunction. Instead, they primarily recommend routine
screening for the early detection of cognitive impairment (ElSayed et al.,
2022a).

Recently, substantial research has been directed towards under-
standing the off-target effects of sodium-glucose cotransporter 2 (SGLT-
2) inhibitors, which extend to various body systems beyond their effects
on kidney glycosuria (Dyck et al., 2022; Chen et al., 2023; Jenkins et al.,
2023). SGLT-2 inhibitors, as pleiotropic drugs, have shown potential to
impair T cell function in autoimmune diseases (Jenkins et al., 2023), and
to mitigate heart failure and myocardial infarction by ameliorating
oxidative stress and mitochondrial dysfunction (Dyck et al., 2022; Chen
et al., 2023). Recent In addition to their diverse clinical and functional
importance, some research has revealed the potential of SGLT-2 in-
hibitors to reduce the risk of dementia compared with that of a placebo
or other antidiabetic agents (Tang et al., 2022; Tang et al., 2023; Tian
et al.,, 2023). A meta-analysis, based on randomized controlled trials,
highlighted a reduced risk of vascular dementia onset among partici-
pants using SGLT-2 inhibitors compared to that in those using a placebo,
with an odds ratio (OR) of 0.11 and a 95 % confidence interval (CI) of
0.02-0.66. However, the primary outcome of the studies included in this
meta-analysis was not dementia onset but rather cardiovascular out-
comes, and the number of studies included was limited (Tang et al.,
2022). Another meta-analysis of observational studies reported a
reduced risk of all-cause dementia onset, with a relative risk of 0.62 and
a 95 % CI of 0.39-0.97. However, this analysis included limited studies,
and the hazard ratio (HR) and OR were treated as analogous (Tang et al.,
2023). Recently, other studies reporting an association between SGLT-2
inhibitor use and dementia onset have been published (Siao et al., 2022;
Proietti et al., 2023; Wu et al., 2023a), but no meta-analysis has spe-
cifically addressed the changes in cognitive function following the
administration of SGLT-2 inhibitors.

Building on previous studies regarding the use of SGLT-2 inhibitors
and cognitive dysfunction, our objective was to assess the impact of
SGLT-2 inhibitor use on both the onset of dementia and changes in
cognitive function. This evaluation encompasses the latest research
findings and was conducted through a comprehensive systematic review
and meta-analysis.

2. Material and methods

This study adhered to the principles outlined in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines, as detailed in Supplementary Table 1 (Page et al.,
2021). The study protocol is available through the PROSPERO database
(CRD42023461758). The literature search, study selection, data
extraction, and bias assessment were performed independently by two
authors (YJY and SYK). In cases of disagreement between the authors, a
third investigator (YMY or YMA) resolved any discrepancies.

2.1. Search strategy and study selection

A systematic search of electronic databases, including MEDLINE,
Embase, and CENTRAL, was conducted. All databases were screened
from their inception to August 22, 2023, using a combination of key-
words and Medical Subject Headings terms. “SGLT-2 inhibitor,” “de-
mentia,” “cognitive function,” and related terms were used in the search.
Supplementary Table 2 shows the complete search strategy.

Eligible studies satisfied the following inclusion criteria: (1) popu-
lation: adults aged >18 years at the time of enrollment; (2) intervention:
administration of SGLT-2 inhibitors; (3) comparison: no use of SGLT-2
inhibitors and/or use of other antidiabetic drugs; (4) outcomes: inci-
dence of dementia as adjusted HRs or ORs and/or cognitive function
score changes; and (5) study design: longitudinal comparative studies.
The following studies were excluded: (1) nonhuman studies, including
animal and in vitro studies; (2) reviews, meta-analyses, and ongoing
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studies; (3) case reports, case series, and single-arm studies; and (4)
studies whose data were available only in the form of abstracts or
posters. All records and additional full texts were reviewed according to
the specified inclusion and exclusion criteria.

2.2. Data extraction

The selected studies were reviewed, and data were extracted using a
standardized form that included the following elements: first author,
publication year, study design, database utilized for the study, sample
size, inclusion criteria, duration of follow-up, number of patients, sex,
age, cognitive function assessment scale and baseline score, body mass
index, comorbidities (such as hypertension, diabetes mellitus, dyslipi-
demia, ischemic heart disease, stroke, and depression), concomitant
medications, types of SGLT-2 inhibitor (such as dapagliflozin, canagli-
flozin, empagliflozin, and ertugliflozin), dosing regimen, controlled
covariates, method of statistical analysis, and study outcomes.

2.3. Study outcomes

The primary outcome was to evaluate the incidence of all-cause
dementia, including Alzheimer’s disease, vascular dementia, and de-
mentia with Lewy bodies. The secondary outcome was to assess the
change in cognitive function scores in the SGLT-2 inhibitor user group
compared to that in the non-user group.

Cognitive function was assessed using the following scales: the Mini-
Mental State Examination (MMSE), where a score of <24 indicates
cognitive impairment (Pezzotti et al., 2008); the Montreal Cognitive
Assessment (MoCA), where a score of <26 indicates increased severity
of cognitive impairment (Mone et al., 2022a); and the Repeatable Bat-
tery for the Assessment of Neuropsychological Status (RBANS), where a
score of <70 indicates cognitive impairment (Dunham et al., 2014).
Although not considered equivalent to the aforementioned scales, tests
of verbal fluency, Babcock story recall, and attentive matrices were
included, as they evaluate cognitive function.

2.4. Quality assessment

The quality assessment of the included randomized controlled trials
(RCTs) was conducted using the ROB 2 (Risk of Bias 2) tool (Sterne et al.,
2019). In contrast, the quality of the included non-RCTs was evaluated
using the Risk of Bias in Non-randomized Studies of Interventions
(ROBINS-I) tool (Sterne et al., 2016). The ROB 2 tool assesses bias across
five domains and assigns one of the following three levels of risk of bias
judgment to each domain: low risk, high risk, or certain concern. Con-
trastingly, the ROBINS-I tool evaluates seven domains and assigns one of
the following five levels of risk of bias judgment to each domain: low,
moderate, serious, critical, or no information.

2.5. Data synthesis and analysis

The statistical computing software package R (version 4.3.1) was
used for all meta-analyses. Pooled HRs and ORs, along with 95 % CI,
were calculated using the generic inverse-variance method to assess the
risk of dementia associated with SGLT-2 inhibitor use (Hahn et al.,
2022).

We computed standardized mean differences (SMD) to pool the mean
score changes from diverse cognitive function scales. The SMD equation
divides the mean difference between the intervention and control
groups using the standard deviation (SD). The following formula was
used to obtain the SD of the pre-post mean changes (Higgins et al.,
2019):

SDchange = \/SDzbaseline + SD*final — (2 x r x SDbaseline x SDfinal)

where SDbaseline corresponds to the SD value before treatment, SDfinal
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represents the SD value after treatment, and the symbol “r” denotes the
correlation between the baseline and final measurements (Yagiz et al.,
2022). None of the studies provided an r-value or SDchange value. Thus,
the SDchange value was determined by substituting a value of 0.7 for “r”
in the equation to provide a conservative estimate (Park et al., 2023).

Interstudy heterogeneity was assessed using the chi-square test (p <
0.1) and inconsistency statistics (1% with a threshold of I > 50 % (Deeks
and Altman, 2011). In the presence of significant heterogeneity, we used
a random effects model with inverse variance weighting; otherwise, we
used a fixed-effects model. Subgroup analyses were conducted to assess
the risk of dementia in the following categories: 1) age >60 years at
enrollment; 2) study locations; 3) temporal dynamics; and 4) compari-
son groups. Sensitivity analysis involved leave-one-out cross-validation,
sample size analysis, and the exclusion of studies rated as low quality in
bias assessment.

3. Results
3.1. Study selection

Fig. 1 illustrates the process of selecting eligible studies according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines (Page et al., 2021). After manu-
ally adding one study and removing duplicates, we assessed the rele-
vance of 189 articles based on their titles and abstracts and exclude 132
articles. We conducted full-text evaluations of the remaining 57 studies.
Finally, we selected 12 studies, including three RCTs (Perna et al., 2018;
Cheng et al., 2022; Zhao and Wang, 2022), three prospective cohort
studies (Low et al., 2022; Mone et al., 2022a; Mone et al., 2022b), and
six retrospective studies (Jens Bohlken and Kostev, 2018; Wium-
Andersen et al., 2019; Mui et al., 2021; Siao et al., 2022; Proietti
et al., 2023; Wu et al., 2023a), of which 11 were included in the quan-
titative synthesis.

3.2. Study characteristics
Table 1 describes the characteristics of the study protocols of the 12

included studies published between 2018 and 2023. All studies included
patients with type 2 DM, and the number of participants per study

276 records identified through database search
+ MEDLINE (n =95)
* Embase (n=134)
« CENTRAL (n=47)
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ranged from 36 to 206,494, totaling 405,089. The mean age at baseline
in the 12 studies varied from 55.1 to 80.7 years. The proportion of fe-
male participants ranged from 28.3 % to 58.0 % and was generally lower
than that of male participants in most studies, except in a study con-
ducted by Mone et al., where female participants constituted 52.2-58.0
%. The number of studies that included SGLT-2 inhibitors was as fol-
lows: dapagliflozin (10 studies) (Jens Bohlken and Kostev, 2018; Perna
et al., 2018; Wium-Andersen et al., 2019; Mui et al., 2021; Cheng et al.,
2022; Low et al., 2022; Siao et al., 2022; Zhao and Wang, 2022; Proietti
et al., 2023; Wu et al., 2023a), empagliflozin (10 studies) (Jens Bohlken
and Kostev, 2018; Perna et al., 2018; Wium-Andersen et al., 2019; Mui
et al., 2021; Low et al., 2022; Mone et al., 2022a; Mone et al., 2022b;
Siao et al., 2022; Proietti et al., 2023; Wu et al., 2023a), and canagli-
flozin (8 studies) (Jens Bohlken and Kostev, 2018; Perna et al., 2018;
Wium-Andersen et al., 2019; Mui et al., 2021; Low et al., 2022; Siao
et al., 2022; Proietti et al., 2023; Wu et al., 2023a). Other SGLT-2 in-
hibitors, such as ertugliflozin, may have been included in the study;
however, due to the lack of information confirmation was not possible.
The follow-up duration ranged from 1 month to 7.2 years.

Among the included studies, four cohort and two case-control studies
reported the risk of dementia, and three RCTs and three prospective
cohort studies showed changes in cognitive function scores associated
with SGLT-2 inhibitors. Among the studies evaluating changes in
cognitive function scores, three studies enrolled participants with de-
mentia or mild cognitive impairment (MCI) (Mone et al., 2022a; Mone
et al., 2022b; Zhao and Wang, 2022). In contrast, the remaining three
studies exclusively recruited participants with normal cognitive function
and similar assessment scores (Perna et al., 2018; Cheng et al., 2022;
Low et al.,, 2022). The baseline cognitive function scores were not
significantly different among the three studies (Perna et al., 2018; Cheng
et al., 2022; Low et al., 2022). Detailed characteristics of the study
protocols and baseline population characteristics of the included studies
are provided in Supplementary Table 3.

3.3. Dementia incidence
The pooled meta-analysis of HRs, comprising four retrospective

studies, indicated a significantly lower risk of dementia incidence in the
SGLT-2 inhibitor user group compared to that in the non-user group (HR

Additional study was included by hand search (n=1)

88 duplicate records removed before screening

189 records screened L,

A

132 irrelevant records excluded upon title and abstract review
* No human study (n=20)
* No use of SGLT?2 inhibitors (n=4)
* No outcome related to dementia (n=39)
* Case studies or single-arm clinical trial (n=12)
* Reviews, comments, or conference abstracts (n=57)

57 full-text articles assessed for eligibility

12 studies included in qualitative synthesis

*| 45 full-text articles excluded

* No outcome related to dementia (n=8)

» Conference abstracts (n=12)

* Reviews, comments, or cross-over study (n=14)
* Ongoing studies or protocols (n=11)

l

11 studies included in quantitative synthesis

Fig. 1. Flow chart of the study selection process.



Table 1

Study protocol characteristics of the included studies.

First author Data resources Follow-up/ Lag Drugs and sample size, n Age, mean + SD, years Women, n (%) Outcomes Inclusion criteria
(year), country look-back time, K K K K - K
. SGLT-2i users SGLT-2i non-users SGLT-2i users SGLT-2i non-users SGLT-2i users SGLT-2i non-users
period years
Randomized controlled trials
Cheng (2022), NA 16 weeks NA D: 12 Liraglutide: 12 57.0 £ 9.5 Liraglutide: 5 (41.7 %) Liraglutide: 6 (50 %) MMSE - Age: 40-75 years
China Acarbose: 12 51.9 +£10.2 Acarbose: 7 (58.3 %) - MMSE > 24 points
Acarbose:
56.4 + 8.9
Zhao (2021), NA 6 months  NA D: 48 NL: 48 61.05 + 8.43 59.41 + 7.96 20 (41.7 %) 22 (45.8 %) MMSE - Older
China - MCI
Perna (2018), NA 12 months NA E, D, C:21 NL: 23 77.36 +7.98 77.00 + 8.73 8(38.1 %) 8 (44.4 %) Verbal - Age > 65 years
Italy fluency, - MMSE >27 points
Babcock story
recall test, and
attentive
matrices test
Prospective cohort studies
Mone (HF) Sant’Angelo dei 1 month NA E: 52 Metformin: 56 80.6 + 6.6 Metformin: 80.0 + 6.3 29 (55.7 %) Metformin: 33 (58.9 MoCA - Age > 65 years
(2022), Italy  Lombardi Hospital, Insulin: 54 Insulin: 81.4 £+ 5.5 %) - MoCA score < 26
Azienda Sanitaria Insulin: 32 (59.2 %) points
Locale Avellino
Mone (HBP) ASL (local health 3 months NA E: 75 NL: 75 78.05 + 7.5 78.62 + 6.2 39 (52 %) 40 (53.3 %) MoCA - Age > 65 years,
(2022), Italy  unit of the Italian - MoCA score < 26
Ministry of Health) points
Low (2022), Diabetes Centre in a 4.6 years NA E,D, C: 138 NL: 338 58.6 + 6.8 61.5+ 7.5 55 (39.9 %) 153 (45.3 %) RBANS - Age >45 years
Singapore public hospital and (4.1-5.0)" - No history of
two primary care dementia in case notes
polyclinics in the
Northern Region of
Singapore
Retrospective cohort studies
Proietti (2023), TriNetX 3 years NA E, D, C: 5,049 NL: 5,049 66.7 + 9.91 66.7 £ 11.3 1,413 (28.0 %) 1,445 (28.6 %) Dementia - Age >18 years
UK incidence
Wu (2023), Ontario Diabetes 2.8 years" 1 E, D, C: 36,513 DPP4i: 36,545 72.4 £ 5.38 72.41 + 3.89 14,164 (38.8 %) 14,237 (39.0 %) Dementia - Age > 66 years
Canada Database, ODB, incidence - No prior history of
OHIP dementia
Siao (2022), Taiwan’s National 2.7 years NA E, D, C: 103,247 NL: 103,247 <40:6176 <40:6210 45,417 (44.0 %) 45,578 (44.1 %) Dementia - Age >20 years
Taiwan Health Insurance 40-49: 16,491 40-49: 16,535 incidence - No prior history of
Research Database 50-59: 32,130 50-59: 32,089 dementia
60-69: 34,039 60-69: 34,094
70-70: 11,881 70-70: 11,876
>80:2,530 >80:2,446
Mui (2021), Clinical Data 472 daysb 1 NL: 13,283 DPP4i: 26,545 61.18 62.08 5,089 (38.31 %) 10,831 (40.80 %) Dementia - No prior diagnosis of
Hong Kong Analysis and (53.9-68.22)" (54.14-69.68)" incidence all-cause dementia, AD

Reporting System

with Lewy bodies/
parkinsonism,
vascular/
frontotemporal
dementia

(continued on next page)
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Table 1 (continued)

Youn et al.

Inclusion criteria

Outcomes

Women, n (%)

Age, mean + SD, years

Drugs and sample size, n

Lag

Data resources Follow-up/
look-back

First author
(year), country

time,
years

SGLT-2i non-users

SGLT-2i non-users SGLT-2i users

SGLT-2i users

SGLT-2i non-users

SGLT-2i users

period

Case-control studies

- Age >35 years

Dementia

26,270 (46.0 %)

359 (39.0 %)

61.4

51.5

NL: 57,183

NA NL: 912

7.2 years

National Diabetes

Register

Wium (2019),

- No prior history of

dementia before

incidence

(3.5-11.5)"

Denmark

registration in DNDR
- Age >60 years

Dementia

9,302 (56.2 %)

NL: 16,237 79.7 + 6.9°

NL: 315

NA

Bohlken (2018), Nationwide Disease 1 year®

- Dementia diagnosis

incidence

Analyzer database

(IQVIA)

Germany

between 2013.01 and

2017.12

Abbreviations: AD, Alzheimer’s disease; C: canagliflozin; D: dapagliflozin; DBP, diastolic blood pressure; DNDR, Danish National Diabetes Register; DPP4i, dipeptidyl peptidase IV inhibitors; E: empagliflozin; eGFR,

estimated glomerular filtration rate; GDS, Geriatric Depression Scale; HbAlc, hemoglobin Alc; HF, heart failure; HBP, high blood pressure; ICD, International Classification of Diseases; MCI, mild cognitive impairment;

MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; NA, not available; NL, not limited; ODB: Ontario Drug Benefit database, OHIP: Ontario Health Insurance Plan; RBANS, Repeatable Battery
for the Assessment of Neuropsychological Status; SBP, systolic blood pressure; SD, standard deviation; SGLT-2i, sodium-glucose cotransporter-2 inhibitor; T2DM, type 2 diabetes mellitus; TriNetX: a global federated health

research network with real-time updates of anonymized electronic medical records (EMRs); uACR, log-transformed urinary albumin-to-creatinine ratio; VaD, vascular dementia.

# Median (interquartile range).

b Mean follow-up period.

¢ Bohlken 2018: The follow-up period ranges from a minimum of one year to a maximum of five years.

4 Bohlken 2018: The mean age and percentage of women were calculated based on the total population.
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= 0.68, 95 % CI: 0.50-0.92) (Mui et al., 2021; Siao et al., 2022; Proietti
etal., 2023; Wu et al., 2023a). The follow-up period (472 days-3 years),
use of lag time (none or 1 year), study population (prevalent DM, new
DM, or DM with atrial fibrillation), and consideration of blood glucose
levels varied among the four studies. Despite these differences, all
studies consistently reported a reduced risk of dementia onset in SGLT-2
inhibitor users. These disparities in study methodologies could
contribute to the substantial heterogeneity observed in the meta-
analysis (1% = 87 %). In addition, the relatively low HR reported by
Siao et al. study (0.89, 95 % CI: 0.82-0.96) might be attributed to the
specific study population, which included newly diagnosed patients
with DM. Consequently, the average age of participants in the Siao et al.
might be lower than that in the other studies, potentially influencing the
study outcomes (Siao et al., 2022).

However, the pooled OR, comprising two retrospective studies, did
not reach statistical significance (OR = 0.74, 95 % CI: 0.47-1.15) (Jens
Bohlken and Kostev, 2018; Wium-Andersen et al., 2019). Substantial
heterogeneity was observed among the studies (Fig. 2). The look-back
period in the study by Bohlken et al., which reported an insignificant
OR for dementia onset (OR = 0.91, 95 % CI 0.72-1.16), was at least one
year prior to the index date. This duration may be shorter than the look-
back period in the study by Wium-Andersen et al. (interquartile range of
follow-up 3.5-11.5 years), potentially contributing to differences in the
reported outcomes (Jens Bohlken and Kostev, 2018; Wium-Andersen
et al., 2019).

The subgroup analysis based on an age of >60 years at enrollment
revealed that SGLT-2 inhibitor users had a lower risk of dementia than
those who did not use SGLT-2 inhibitors (HR = 0.84, 95 % CI
0.75-0.95) (Siao et al., 2022; Wu et al., 2023a). However, subgroup
analyses based on other categories, including continent, use of lag time,
and consideration of antidiabetic drugs used in the comparison groups,
showed no significant differences in dementia risk between SGLT-2 in-
hibitor users and non-users (Table 2). Furthermore, the meta-analysis of
subgroups revealed a high level of heterogeneity among studies (conti-
nents I? 93,77 %,; lag time 12 90,89 %; and comparison 2 90,89 %).

3.4. Change in cognitive function scores

Fig. 3 compares the changes in cognitive function scores between the
users and non-users of SGLT-2 inhibitors, incorporating data from three
RCTs and two prospective studies (Cheng et al., 2022; Low et al., 2022;
Mone et al., 2022a; Mone et al., 2022b; Zhao and Wang, 2022). The SMD
of the score changes did not differ significantly between the two groups.
The study conducted by Perna et al., included in the quality synthesis,
demonstrated no significant difference in score changes in tests of verbal
fluency, Babcock story recall, or attentive matrices (Perna et al., 2018).

However, in the subgroup analysis, which included participants with
dementia or MCI, the changes in cognitive function score significantly
favored SGLT-2 inhibitor users over non-users (SMD = 0.88, 95 % CI:
0.32-1.44) (Mone et al., 2022a; Mone et al., 2022b; Zhao and Wang,
2022). In studies targeting dementia or MCI, the patient cohort pre-
dominantly comprised older individuals. Conversely, in studies focusing
on participants with normal cognition, the age ranges were generally
younger (mean age in SGLT-2 inhibitor users: 61.05-80.6 vs. 57.0-58.6)
Moreover, SMD tended to be larger in the study by Zhao and Wang. (6
months vs. 1-3 months) and Low et al. (4.6 years vs. 16 weeks)
compared to other studies within the same subgroup, likely due to their
extended follow-up durations (Cheng et al., 2022; Low et al., 2022;
Mone et al., 2022a; Mone et al., 2022b; Zhao and Wang, 2022). In
contrast to other studies, Cheng et al. used liraglutide as a control and
reported a non-significant effect of SGLT-2 inhibitors on cognitive
function (Cheng et al., 2022). Moreover, Mone et al. used a multivariable
logistic regression analysis and demonstrated that the use of empagli-
flozin had a significant positive impact on ameliorating cognitive
impairment (OR = 3.61, 95 % CIL: 1.57-8.32) (Mone et al., 2022a). The
study conducted by Low et al., which used a linear regression analysis,
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A. Hazard ratio
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Weight  Weight
Study (fixed) (random) HR (95% Cl) Favours [SGLT2I user] Favours [Non-user]
Mui 2021 26%  19.8% 0.42[0.34; 0.73] —
Proietti 2023 6.3% 24.2% 0.60[0.47;0.77] — B E
Wu 2023 29.8% 27.7% 0.80[0.71; 0.89] —
Siao 2022 61.3% 28.3% 0.89[0.82; 0.96] : .3
Fixed effects model 100.0% -- 0.82[0.78; 0.88] ‘
Random effects model --  100.0% 0.68 [0.50; 0.92] _—
I T T 1
0.3 0.5 1 2 3
Heterogeneity: 2 = 22.23 (P < .001), I” = 87% HR (95% CI)
B. Odds ratio
Weight  Weight
Study (fixed) (random) HR (95% CI) Favours [SGLT2I user] Favours [Non-user]
Wium-Andersen 2019 34.5% 46.7% 0.58[0.42;0.81] —'——'—:
Bohlken 2018 65.5% 53.3% 0.91[0.72; 1.16] —;—'——
Fixed effects model 100.0% == 0.78 [0.64; 0.94] ‘
Random effects model -—  100.0% 0.74[0.47; 1.15] ————
T T T 1
0.3 0.5 1 2 3

Heterogeneity: % = 4.73 (P = .03), I* = 79%

OR (95% Cl)

Fig. 2. Forest plot of dementia incidence risk with sodium-glucose cotransporter 2 inhibitors. (A) Hazard ratio and (B) Odds ratio.

revealed a positive association between SGLT-2 inhibitor use and the
increase in RBANS total score when individuals took SGLT-2 inhibitors
for 3 years (correlation coefficient = 0.54, 95 % CI: 0.13-0.95) (Low
et al., 2022).

3.5. Quality assessment

The risk of bias assessment using ROB 2 revealed that two of the
three RCTs had a low risk of bias. In contrast, the third RCT, conducted
by Zhao and Wang, raised concerns about bias (Supplementary Fig. 1
and Supplementary Table 4). In the ROBINS-I assessment of non-RCTs,
seven of the nine studies included in our analysis received a “moder-
ate” rating for the risk of bias, with only two studies by Mone et al.
demonstrating a low risk of bias. The primary reasons for this were a
lack of clarity regarding deviations from the intended intervention and
the presence of missing data (Supplementary Fig. 2 and Supplementary

Table 5).

3.6. Sensitivity analysis

Sensitivity analysis was performed on four studies related to de-
mentia incidence and three studies exploring the changes in cognitive
function scores. The results indicated that excluding individual studies
(leave-one-out) or considering variations in the sample size (the effects
of a small sample size) had no significant impact on the findings (Sup-
plementary Figs. 3 and 4).

4. Discussion
DM and its complications have come under increasing global scru-

tiny; therefore numerous studies have addressed the ancillary effects of
glucose-lowering drugs beyond primary glycemic control (ElSayed et al.,

Table 2
Subgroup analysis of the risk of dementia incidence based on baseline population characteristics.
Variables Number of studies (sample size) Pooled HR (95 % CI) P (%) P-value
Age >60 years at enrollment” 2 (169,924) 0.84 (0.75-0.95) 43
Continents
Asia 2 (246,322) 0.63 (0.30-1.31) 93 0.76
Europe or North America 2 (83,156) 0.71 (0.54-0.94) 77
Exploring temporal dynamic
1-year lag time 2 (122,886) 0.60 (0.32-1.12) 90 0.55
No lag time 2 (216,592) 0.74 (0.51-1.09) 89
Comparison
SGLT-2i users vs. DPP-4i users 2 (122,886) 0.60 (0.32-1.12) 90 0.55
SGLT-2i users vs. SGLT-2i non-users 2 (216,592) 0.74 (0.51-1.09) 89

Abbreviations: DPP4i, dipeptidyl peptidase IV inhibitor; HR, hazard ratio; NA, not applicable; MCI, mild cognitive impairment; SGLT-2i, sodium-glucose cotransporter-

2 inhibitor.

2 Wu (2023) and Siao (2022) were included. In Siao 2022, we extracted the HR values for individuals aged 60-80 years and pooled them for analysis.
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2022a; Tomic et al., 2022). Considering this growing interest, several
systematic reviews and meta-analyses have been conducted to evaluate
the potential neuroprotective effects of glucose-lowering agents on de-
mentia (Jin et al., 2020; Luan et al., 2022; Tang et al., 2023). Among
these, the role of SGLT-2 inhibitors in cognitive function has emerged as
a focal point. Although several meta-analyses assessing the potential of
SGLT-2 inhibitors to reduce the risk of dementia have been published,
inconsistent results have been reported, exacerbated by the inherent
limitations of the included studies, such as the small number of studies
and small sample sizes (Jin et al., 2020; Tang et al., 2023). In contrast to
previous reviews, our study incorporated data from eight additional
studies and established that SGLT-2 inhibitors are significantly associ-
ated with a reduced risk of dementia. This result remained consistent
across different types of pooled estimations and subgroup analyses.
Given that our systematic review and meta-analysis incorporated
recently published research and restricted the included studies to those
with valid and robust study designs, we assert that our findings enhance
the existing literature and, provide a more comprehensive and rigorous
overview of the current body of knowledge.

Our findings, derived from four retrospective cohort studies,
demonstrated a significantly reduced risk of dementia associated with
the SGLT-2 inhibitors use. This aligns with the result of a previous study
by Tang et al. (2023), which incorporated three observational studies
(one cohort study and two case-control studies); however, we added
three more retrospective cohort studies and stratified the pooled esti-
mates based on study designs, distinguishing between cohort and case-
control studies. The HRs reported in four retrospective cohort studies
consistently indicated a positive effect of SGLT-2 inhibitors on the onset
of dementia, although there were differences in the study methodologies
(Mui et al., 2021; Siao et al., 2022; Wu et al., 2023a). This suggests the
potential of SGLT-2 inhibitors for dementia prevention despite the
limited number of studies. In contrast, the pooled estimates from the two
case-control studies did not show a significant association between
SGLT-2 inhibitor use and the incidence of dementia. Although these
estimates appear inconsistent, the potential neuroprotective effects of
SGLT-2 inhibitors cannot be ignored. Additionally, these inconsistencies
may be largely due to the considerable heterogeneity between the two
cross-sectional studies, specifically regarding the look-back period, and
the inherently lower strength of their study designs. Therefore, the non-
significant results reported by Bohlken et al. may be attributable to the
relatively short look-back period used in their study (Jens Bohlken and
Kostev, 2018). Further analyses incorporating more robust data sources,
such as RCTs, are required to elucidate the role of SGLT-2 inhibitors in
the incidence of dementia.
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The neuroprotective effects of SGLT-2 inhibitors have been proposed
to occur via various mechanisms; however, these specific mechanisms
have not yet been clearly defined. Although it is understood that
cognitive impairment in DM results from a combination of vascular
pathways and neurodegenerative damage, glycemic control by SGLT-2
inhibitors was previously considered a key mechanism for their cogni-
tive effects. Recent studies have suggested plausible mechanisms linked
to endothelial (Guo et al., 2023; Mone et al., 2023; Santulli et al., 2023;
Youssef et al., 2023) and mitochondrial dysfunctions (Koyani et al.,
2020; Moon et al., 2022; Zou et al., 2022; Ziigner et al., 2022; Radlinger
et al., 2023). Mitochondria are involved in endothelial mobilization,
senescence, growth, and proliferation, and mitochondrial dysfunction is
a crucial factor leading to abnormal endothelial function in the vascular
lining (Kluge et al., 2013; Kirkman et al., 2021). Numerous studies have
shown that SGLT-2 inhibitors, including canagliflozin and empagli-
flozin, provide vascular protection by ameliorating mitochondrial
dysfunction (Koyani et al., 2020; Zou et al., 2022; Ziigner et al., 2022).
Moreover, given that SGLT-2 inhibitors are lipid-soluble and capable of
penetrating the blood-brain barrier, they can affect the SGLT-1/SGLT-2
cotransporter widely expressed in the brain, which has been implicated
in learning processes, long-term memory, and movement by reducing
brain inflammation, apoptosis, and oxidative stress (Pawlos et al., 2021;
Youssef et al., 2023). Additionally, SGLT-2 inhibitors have been shown
to inhibit both acetylcholinesterase and SGLT-2 cotransporters and
enhance the levels of brain-derived neurotrophic factors, which play
pivotal roles in the growth, survival, and plasticity of neurons (Shaikh
et al., 2016; Miranda et al., 2019; Pawlos et al., 2021).

In addition to evaluating the incidence of dementia, we assessed
changes in cognitive function attributable to SGLT-2 inhibitors by
integrating the results of RCTs (Cheng et al., 2022; Zhao and Wang,
2022) and a prospective cohort study (Low et al., 2022; Mone et al.,
2022a; Mone et al., 2022b). In patients with MCI and dementia (Mone
et al.,, 2022a; Mone et al., 2022b; Zhao and Wang, 2022), the use of
SGLT-2 inhibitors was significantly associated with improvements in
cognitive function scores. Conversely, in study populations with normal
baseline cognitive function (Cheng et al., 2022; Low et al., 2022), no
significant associations were observed between the use of SGLT-2 in-
hibitors and changes in cognitive function scores, which is in contrast to
our findings on dementia incidence. This inconsistency might be
attributed to the limited number of studies incorporating a population
with normal cognitive function as a subgroup and the comparatively
younger age of participants in these studies (Cheng et al., 2022; Low
et al., 2022) compared to subgroup analyses in patients with dementia
or MCI, which included only older individuals (Mone et al., 2022a; Mone

SGLT2l user Non-user
Study or Subgroup Mean SD Total Mean SD Total Weight SMD (95% ClI) Favours [Non-user] Favours [SGLT2I user]
Including the patients with dementia or MCI
Mone (HBP) 2022 240 38539 75 045 39036 75 20.9% 0.50[0.18;0.83] —
Mone (HF) 2022 245 27653 52 043 2.8437 110 20.8% 0.71[0.37;1.05] ——0—
Zhao 2021 5.33 1.8334 48 261 1.8351 48 19.7% 1.47[1.02;1.92] —
Random effects model 175 233 61.4% 0.88[0.32; 1.44] —‘>
Heterogeneity: x5 = 11.93 (P =.003), I = 83% :
Including only the patients with normal cognitive function
Cheng 2022 0.39 0.5307 12 062 0.5368 24 16.8% -0.43[-1.13;0.27] —_—T
Low 2022 -1.40 58489 138 -230 6.6234 338 21.8% 0.14[-0.06; 0.34] T+
Random effects model 150 362 38.6% -—0.04[-0.56; 0.48] —~—
Heterogeneity: 72 = 2.35 (P =.13), 1> =57% :
Random effects model 325 595 100.0% 0.50[-0.08; 1.08] =
I T T T T 1
-3 -2 -1 0 1 2 3

Heterogeneity: x2 = 37.08 (P <.001), 1> = 89%
Test for subgroup differences: xf =5.53 (P =.02)

SMD (95% CI)

Fig. 3. Forest plot of cognitive function score changes with sodium-glucose cotransporter 2 inhibitors.
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et al., 2022b; Zhao and Wang, 2022). This observation aligns with the
results of the subgroup analysis for dementia onset in our study, which
included patients aged >60 years at enrollment. Recent studies have
demonstrated that the SGLT-2 inhibitor, empagliflozin, has beneficial
effects on cognitive impairment in frail older adults with DM (Mone
et al., 2022b; Santulli et al., 2023). However, the RCT by Perna et al.
(2018), which was not included in our meta-analysis, indicated no sig-
nificant association between SGLT-2 inhibitor use and changes in the
cognitive status in patients with normal cognitive function. In addition,
the SMD was larger in studies with longer follow-up periods (Low et al.,
2022; Zhao and Wang, 2022) and smaller in a study using liraglutide as a
control (Cheng et al., 2022). Considering these previous findings, the
differences between subgroups could be correlated with study charac-
teristics, such as age, follow-up periods, and choice of active control
medication. Consequently, although our results highlight the potential
benefits of SGLT-2 inhibitors in patients with dementia or MCI, further
research is necessary to confirm these findings.

In our subgroup analysis, we could not identify specific factors,
except for age, which contributed to the reduced risk of dementia
attributed to SGLT-2 inhibitor use. In patients aged >60 years, the
incidence of dementia was significantly reduced in SGLT-2 inhibitor
users compared to non-users, although the point estimation was some-
what smaller than that in the entire population. However, caution is
needed when interpreting this result, as it was based on only two studies
with subgroup analysis of older patients. In the analysis of cognitive
function score changes, the age of patients with MCI or dementia was
higher than that of those with normal cognitive function (mean age of
SGLT-2 users: 61.1-80.6 vs. 57.0-58.6 years). This suggests that SGLT-2
inhibitors may positively affect cognitive function in older patients.
However, further research is required to confirm these findings.

Additionally, we differentiated the comparison groups between
those who did not use SGLT-2 inhibitors and those who used another
glucose-lowering agent, dipeptidyl peptidase-4 inhibitors (DPP-4i).
However, no significant conclusions were drawn from subgroup analysis
of the comparison groups. Previous studies demonstrated that DPP-4
inhibitors have significant protective effects on cognitive function
(Bernstein et al., 2018; Kim et al., 2019; Chai et al., 2023), similar to
those of SGLT-2 inhibitors. Incretin-based therapies, including DPP-4
inhibitors, may exert protective effects on the cognitive function in pa-
tients with type 2 DM. Recent meta-analyses have consistently reported
the positive effects of incretins on cognitive function and the onset of
dementia (Luan et al., 2022; Chai et al., 2023). Chai et al. observed an
increase in cognitive scores in the incretin group (weighted mean dif-
ference: 1.20, 95 % CI: 0.39-2.01; based on MMSE scores) compared to
the control group (Chai et al., 2023). However, a meta-analysis focusing
on GLP-1 agonists reported a non-significant effect on the overall
cognitive function. Notably, in subgroup analyses stratified by age and
history of cardio-cerebrovascular disease, GLP-1 use had a positive effect
on cognitive function in patients without cardio-cerebrovascular disease
and in those younger than 65 years (Luan et al., 2022). The mechanisms
underlying the positive effects of incretins on cognitive function are
thought to involve anti-inflammatory and anti-oxidative properties, as
well as reductions in Af levels and tau phosphorylation (Groeneveld
et al., 2016).

Given that diabetes is a risk factor for cognitive impairment, other
antidiabetic medications may also be associated with changes in
cognitive function in patients with type 2 DM. In addition to SGLT-2
inhibitors and incretin-based therapies, thiazolidinediones and metfor-
min may positively influence the risk of dementia (Zhou et al., 2020;
Kuate Defo et al., 2024). However, a few studies have suggested that
sulfonylureas and insulin may be risk factors (McMillan et al., 2018;
Weinstein et al., 2019; Wu et al., 2023b), potentially owing to the
adverse effects of hypoglycemia on cognitive function (Whitmer et al.,
2009). Similarly, meglitinides have been reported to increase the risk of
dementia in patients with diabetes (Kuate Defo et al., 2024). In real-
world DM management, various glucose-lowering agents are often
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used in combination, which complicates the interpretation of observa-
tional study results. An inherent limitation of real-world data is that
analyzing individual drug effects or comparisons between agents is not
possible. Consequently, evidence for the selection of drugs for the
adjunctive purpose of dementia prevention and their primary glucose-
lowering effects in patients with DM remains limited. Further studies
using robust methodologies for direct and indirect drug comparisons are
essential.

Our study has several limitations that should be considered when
interpreting the findings. First, although our systematic review and
meta-analysis incorporated recently published articles, expanding the
pool of studies beyond previous reviews (Tang et al., 2022; Tang et al.,
2023; Tian et al., 2023), a maximum of five studies contributed to our
pooled estimates. In addition, the participant count was notably low,
especially in the RCTs, and the number of studies available for subgroup
analyses remained limited. Moreover, providing integrated results was
further complicated by varied outcome measures across studies,
including dementia incidence and MMSE, MoCA, and RBANS scores.
Nonetheless, we attempted to provide consolidated results for changes
in cognitive function scores by calculating standardized mean differ-
ences. Second, the presence of substantial heterogeneity among the
studies included in our analysis, spanning differences in study design,
follow-up periods, and comparison groups, compromised the general-
izability of our findings. The follow-up periods ranged from a few
months to several years. Given that the changes in cognitive function
and dementia development are chronic processes that occur over
extended periods, a short follow-up period may cause an underestima-
tion of the risk of dementia. To address this concern, we incorporated
HRs, which are measurements that account for the follow-up period
(Spruance et al., 2004), and conducted a sensitivity analysis. After
excluding the study by Zhao and Wang (2022), which exhibited a rela-
tively moderate bias, the pooled estimate remained significant, and the
results from all other sensitivity analyses were consistent with the main
findings. The control groups differed across studies, as non-users were
compared with those using other anti-diabetic medications, such as DPP-
4 inhibitors. The covariates adjusted for each study, including baseline
comorbidities, cognitive function, and demographics, such as age and
country, varied. To address these inconsistencies, we conducted sub-
group analyses based on variables such as baseline cognitive function,
age, country, and type of control group. However, deriving significant
results is challenging owing to the limited number of studies available.
In our meta-analysis, female participation in the included studies was
generally lower than that of males; however, subgroup analysis
considering sex ratio differences could not be performed. Given that
dementia risk is reported to be higher in women than that in men (Gong
et al., 2023; Lee et al., 2023), the influence of sex differences on the
protective activity of SGLT-2 inhibitors remains uncertain. Meta-
regression or funnel plot analyses could not be performed to confirm
publication bias. Finally, although users of SGLT-2 inhibitors generally
exhibited greater improvements in cognitive function scores than non-
users, the non-user group also showed post-treatment improvements
in cognitive function scores. This suggests that further studies are
required to control for factors beyond the use of SGLT-2 inhibitors that
might influence improvements in cognitive function.

5. Conclusions

We conducted a systematic review and meta-analysis of the studies
investigating the effects of SGLT-2 inhibitor use on cognitive function by
incorporating newly published research to provide a more comprehen-
sive and rigorous overview. Our findings indicate that the use of SGLT-2
inhibitors is significantly associated with a reduced risk of dementia and
an improvement in cognitive function. Due to the limited number of
studies incorporated and the heterogeneity of the included studies, we
could not identify specific factors contributing to the reduction in de-
mentia risk attributed to SGLT-2 inhibitor use. Therefore, further large-
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scale studies with stronger validity are needed to clarify the effects of
SGLT-2 inhibitors on the risk of dementia.
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