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Abstract
Introduction  The risk of new onset depression associated with sodium-glucose co-transporter 2 inhibitor (SGLT2I) use in 
patients with type 2 diabetes mellitus (T2DM) remains unclear. This study investigated the risk of new onset depression 
between SGLT2I and dipeptidyl peptidase 4 inhibitor (DPP4I) users.
Methods  This was a population-based cohort study of T2DM patients in Hong Kong between January 1st, 2015, and Decem-
ber 31st, 2019. T2DM patients over 18 with either SGLT2I or DPP4I use were included. 1:1 propensity-score matching using 
the nearest-neighbour method was conducted based on demographics, past comorbidities and non-DPP4I/SGLT2I medication 
use. Cox regression analysis models were used to identify significant predictors for new onset depression.
Results  The study cohort included a total of 18,309 SGLT2I users and 37,269 DPP4I users (55.57% male, mean age: 
63.5 ± 12.9 years) with a median follow-up duration of 5.56 (IQR: 5.23–5.8) years. After propensity score matching, SGLT2I 
use was associated with a lower risk of new onset depression compared to DPP4I use (HR: 0.52, 95% CI: [0.35, 0.77], 
P = 0.0011). These findings were confirmed by Cox multivariable analysis and sensitive analyses.
Conclusion  SGLT2I use is associated with significantly lower risk of depression compared to DPP4 use in T2DM patients 
using propensity score matching and Cox regression analyses.

Keywords  Type 2 diabetes · Depression · Anti-diabetic medication · SGLT2 inhibitor · DPP4 inhibitor

Introduction

Type 2 diabetes mellitus (T2DM) has been described as 
an emerging pandemic, currently affecting over 462 mil-
lion people worldwide [1]. Equally alarming is the recent 
increase in prevalence of depression especially during 

Jonathan V. Mui and Lifang Li are joint first authors.

“This article belongs to the topical collection “Health Education 
and Psycho-Social Aspects, managed by Massimo Porta and Marina 
Trento”.

 *	 Gary Tse 
	 gary.tse@kmms.ac.uk

 *	 Jiandong Zhou 
	 jiandong.zhou@ndm.ox.ac.uk

1	 Diabetes Research Unit, Cardiovascular Analytics Group, 
Hong Kong, China

2	 Department of Biostatistics and Health Informatics, Institute 
of Psychiatry, Psychology and Neuroscience, King’s College 
London, London, UK

3	 Department of Medicine, The University of Hong Kong, 
Hong Kong, China

4	 Department of Medicine & Therapeutics, The Chinese 
University of Hong Kong, Hong Kong, China

5	 Department of Cardiology, Second Hospital of Tianjin 
Medical University, Tianjin, China

6	 Kent and Medway Medical School, Canterbury, UK
7	 Nuffield Department of Medicine, University of Oxford, 

Oxford, UK
8	 School of Nursing and Health Studies, Hong Kong 

Metropolitan University, Hong Kong, China
9	 Tianjin Institute of Cardiology, The Second Hospital 

of Tianjin Medical University, Tianjin 300211, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00592-023-02063-6&domain=pdf
http://orcid.org/0000-0001-7058-4708


	 Acta Diabetologica

1 3

the COVID pandemic, a common mental health disorder 
which affects approximately 280 million people worldwide 
[2, 3]. A close link between the two conditions has long 
been recognised since the seventeenth century, with the 
famous British physician Thomas Phyllis describing diabe-
tes as “a consequence of prolonged sorrow” [4]. This link 
has been confirmed by various studies demonstrating that 
there is an increased prevalence and diagnosis of depres-
sion in T2DM patients [5, 6] with one study reporting that 
T2DM doubles the risk of depression [5]. Conversely, it 
has also been shown that depression increases the risk of 
developing diabetes [7, 8] and diabetic complications [9, 
10], indicating a bi-directional relationship between the 
two.

Given the close relationship between diabetes and depres-
sion, there has been growing interest to study the modulatory 
effects of anti-diabetic medications on depression, includ-
ing novel agents such as dipeptidyl peptidase 4 inhibitor 
(DPP4I) and sodium-glucose co-transporter 2 inhibitor 
(SGLT2I). While early case reports suggested a potential 
association between incretin-based therapies and depression 
[11, 12], recent cohort studies have found that DPP4I use 
is generally associated with a reduced risk of depression 
[13–16]. This is confirmed by clinical findings that DPP4 
enzymatic activity is increased in patients with depressive 
symptoms [17] as well as pre-clinical findings in rodent 
model that DPP4I use produces antidepressant effects [18, 
19]. By contrast, there is limited data available to assess the 
anti-depressant effects of SGLT2I. A cohort study in 2019 
found that both DPP4I and SGLT2I were associated with 
significantly lower risk of depression, but was only based 
on 1 SGLT2I user [13]. A case report in 2020 described a 
patient whose depressive symptoms and suicidal ideations 
resolved after 1 year of SGLT2I initiation [20]. While both 
showed promising results, it has not been possible to draw 
any definitive conclusions due to the small sample size of 
SGLT2I users in the respective studies.

To our knowledge, there has been no large-scale study 
so far exploring SGLT2I and its association with depres-
sion, either in isolation or in a head-to-head comparison with 
DPP4I. Hence, the aim of this study is to explore the largely 
unknown association with depression of SGLT2I use as 
compared against DPP4I, using a large database of Chinese 
T2DM patients in Hong Kong.

Methods

Ethics approval

This study was approved by the Joint Chinese University of 
Hong Kong–New Territories East Cluster Clinical Research 

Ethics Committee (Ethics Committee Approval Number 
NTEC-2018-0563).

Data sources and study population

This was a retrospective, territory-wide cohort study of 
T2DM patients in Hong Kong with SGLT2I/DPP4I use 
between January 1st, 2015, and December 31st, 2019 
(Fig. 1). Patients during the aforementioned study period 
were enrolled and followed up until December 31st, 2019 
or until death. Our team has previously used this large 
dataset for investigating outcomes including atrial fibril-
lation, stroke, myocardial infarction, heart failure and 
dementia [21–23].

The patients were identified from the Clinical Data 
Analysis and Reporting System (CDARS), a territory-
wide database that centralizes patient information from 
individual local hospitals to establish a comprehensive set 
of medical data, including clinical characteristics, disease 
diagnosis, laboratory results, and drug treatment details. 
The system has previously been used by both our team 
and other teams in Hong Kong to conduct epidemiological 
studies [24–26].

As SGLT2I and DPP4I were only licensed for use in 
Hong Kong from 2015 onwards, the study is effectively 
a new user design with all users starting use of the medi-
cation during the study period. Patients were followed 
up from their first use of the medication either until the 
diagnosis of new-onset depression or until death. Certain 
patients were excluded from the study cohort, including 
patients with both DPP4I and SGLT2I use or discontinu-
ation during the study period, without complete demo-
graphics data, without mortality data, with pregnancy or 
gestational diabetes and with prior diagnosis of psychiatric 
disease of antidepressant exposure. Users of both DPP4I 
and SGLT2I were excluded to ascertain the effects were 
due to one of the drugs, as it would be difficult to attrib-
ute whether the risk of new-onset depression was due to 
DPP4I use, SGLT2I use, or a combination of both with 
or without switching drugs. As drug compliance is not 
routinely collected within CDARs, users’ compliance to 
medication is only assessed indirectly through prescrip-
tion refills.

Clinical and biochemical data were extracted for the 
present study. Patients' demographics included gender 
and age of initial drug use (baseline). Prior comorbidities 
before initial drug use were extracted based on standard 
International Classification of Diseases Ninth Edition 
(ICD-9) codes as shown in Supplementary Table 1 and 
the Charlson comorbidity index was also calculated. Base-
line anti-5diabetic medication use, including metformin, 
sulphonylurea, insulin, acarbose, thiazolidinedione and 
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glucagon-like peptide-1 agonist, was extracted. Baseline 
laboratory data were also extracted, including complete 
blood count, biochemical tests, glucose and lipid profiles.

Statistical analysis

Descriptive statistics were used to summarize baseline 
characteristics of patients with SGLT2I and DPP4I use. 
For baseline clinical characteristics, the continuous vari-
ables were presented as mean (standard deviation [SD]) or 
median (95% confidence interval [CI]/ interquartile range 
[IQR]), and the categorical variables were presented as 
total number (percentage). Continuous variables were 
compared using the two-tailed Mann-Whitney U test, 
whilst the two-tailed Chi-square test with Yates’ correc-
tion was used to test 2 × 2 contingency data. 1:1 propen-
sity score matching between SGLT2I and DPP4I users 

was performed based on demographics, prior comorbidi-
ties and non-SGLT2I/DPP4I medication using the nearest 
neighbour search strategy with calliper of 0.1. Propensity 
score matching results between treatment-group (SGLT2I) 
versus control-group (DPP4I) before and after matching 
are shown in Supplementary Fig. 1.

Univariate and multivariable Cox regression models were 
used to identify significant risk predictors for the study out-
comes. Regression analysis with one-year lag time, competing 
risk analysis (cause-specific and sub-distribution models) and 
different propensity score approaches (propensity score strati-
fication [27], propensity score matching with inverse probabil-
ity weighting [28] and propensity score matching with stable 
inverse probability weighting [29]) were also considered. The 
hazard ratio (HR), 95% CI and P-value were reported. Statisti-
cal significance was defined as P-value < 0.05. All statistical 

Fig. 1   Procedures of data 
processing for the study cohort. 
IR: Incidence rate; SGLT2I: 
Sodium-glucose cotransporter-2 
inhibitors; DPP4I: Dipeptidyl 
peptidase-4 inhibitors



	 Acta Diabetologica

1 3

analyses were performed with RStudio software (Version: 
1.1.456), Python (Version: 3.6), and Stata (Version: SE 16.0).

Results

Baseline characteristics before and after propensity 
score matching

From the 76,147 patients identified on CDARS within 
the study period, we excluded 17,641 patients including 
patients with both DPP4I and SGLT2I use or discontinu-
ation during the study period (N = 13,251), without com-
plete demographics data (N = 17), without mortality data 
(N = 13), with pregnancy or gestational diabetes (N = 28), 
with prior diagnosis of psychiatric disease of antide-
pressant exposure (N = 4101) and with mortality within 
30 days of initial drug exposure (N = 231).

After exclusion, the study cohort included 58,506 
patients comprising of 19,381 SGLT2I users and 39,125 
DPP4I users. The median age was 63.4 years old and 
56.10% were male. After a median follow-up duration of 
5.56 years [IQR: 5.23–5.8], 1113 (1.90%) patients devel-
oped new onset depression including 200(0.34%) SGLT2I 
users and 913(1.56%) DPP4I users. After 1:1 propensity 
score matching, the study cohort included 38,762 patients 
comprising of 19,381 SGLT2I users and 19,381 DPP4I 
users. 753 (1.94%) patients developed new onset depres-
sion including 200 (0.52%) SGLT2I users and 553 (1.43%) 
DPP4I users. The baseline and clinical characteristics of 
DPP4I and SGLT2I users before and after propensity 
score matching are summarized in Table 1. After propen-
sity score matching, most variables showed standardised 
mean difference (SMD) < 0.2, indicating successful match-
ing. The basic and clinical characteristics of patients with/
without new onset depression before and after propensity 
score matching are summarised in Supplementary Table 2.

Univariate and multivariable cox regression 
analyses

Univariate Cox regression models were conducted to iden-
tify significant predictors of new-onset depression after 
1:1 propensity score matching, as presented in Supple-
mentary Table 3. Compared to DPP4I, SGLT2I use was 
associated with significantly lower incidence of new onset 
depression both before (HR: 0.42, 95% CI: [0.36, 0.49], 
P < 0.0001) and after matching (HR: 0.35, 95% CI: [0.30, 
0.41], P < 0.0001). Different multivariable Cox regres-
sion models adjusting for significant demographics, past 
co-morbidities, non-SGLT2I/DPP4I medications, HbA1c, 
fasting glucose and duration of diabetes were performed 

as presented in Table 2. SGLT2I continued to demonstrate 
significantly lower association with new onset depression 
compared to DPP4I after adjusting for the above (HR: 
0.33, 95% CI: [0.27, 0.77], P < 0.0001). The cumulative 
incidence curves for new onset depression in DPP4I and 
SGLT2I users before and after propensity score matching 
are presented in Fig. 2.

Sensitivity analysis

Finally, sensitivity analyses for the effects of SGLT2I versus 
DPP4I use on new onset depression were conducted as pre-
sented in Table 3. These included regression analysis with 
one-year lag time, competing risk analyses using cause-
specific and sub-distribution hazard models on the matched 
cohorts and different propensity score-based approaches on 
the cohort. These analyses confirmed the same findings from 
the Cox regression models that SGLT2I use is associated 
with significantly lower incidence of new-onset depression 
compared to DPP4I use.

Discussion

This key finding of the present study is that SGLT2I users 
are associated with a lower risk of depression compared to 
DPP4I users after 1:1 propensity score matching for demo-
graphics, prior comorbidities, non-SGLT2I/DPP4I medica-
tion use, glycaemic indices and duration of diabetes. This 
was demonstrated by Cox regression models and further 
confirmed by competing risk analysis and different propen-
sity score approaches.

Several studies have previously shown that the risk of 
depression is significantly lowered by DPP4I use in T2DM 
patients. A prospective study in 2016 of 1735 T2DM 
patients found that one year of incretin-based therapy use, 
defined as glucagon-like peptide-1 receptor agonist (GLP1-
RA) or DPP4I, was correlated with significant improve-
ment in depressive symptoms as measured by the Patient 
Health Questionnaire-9 [15]. A UK cohort study in 2018 
found that DPP4I use is associated with a lower risk of 
new-onset depression and self-harm compared to sulpho-
nylurea (HR: 0.80, 95% CI: [0.57, 1.13]) but did not reach 
statistical threshold [14]. A Japanese cohort study in 2019 
of 40,214 patients investigated all classes of anti-diabetic 
medications and found that only DPP4I use was associated 
with significantly lower risk for development of depression 
(HR: 0.31, 95% CI: [0.24, 0.42], P < 0.0001) [13]. This has 
also been confirmed in animal models, such as a study in 
2016 demonstrating that sitagliptin has anti-nociceptive 
and antidepressant effects using a rodent model of depres-
sion [18]. Compared to DPP4I, research on the association 
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between SGLT2I and depression has been very limited. The 
aforementioned 2019 Japanese study is the only study to-
date to investigate the association between SGLT2I use and 
depression [13]. The study suggested that SGLT2I use sig-
nificantly reduces the risk of depression (HR: 0.09, 95% CI: 
[0.01–0.63], P = 0.0153), but was only based on 1 SGLT2I 
patient and therefore inconclusive.

Multiple studies have demonstrated the neuroprotective 
effects of SGLT2I, highlighting their potential to improve 
brain mitochondrial function, hippocampal synaptic plastic-
ity and inhibit acetylcholinesterase [30–33]. It is therefore 
very possible that SGLT2I exerts its anti-depressant effects 
via direct effects on the brain. One such mechanism was sug-
gested in a recent study by Muhammad et al. using a rodent 
model of depression [34]. The neuroimmune hypothesis of 
depression suggests that mood disorders are mediated by a 

Table 2   Multivariable Cox analysis for new onset depression in the matched cohort

* p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; HR: hazard ratio; CI: confidence interval; SGLT2I: sodium glucose cotransporter-2 inhibitor; DPP4I: dipep-
tidyl peptidase-4 inhibitor
Model 1 adjusted for significant demographics
Model 2 adjusted for significant demographics, and past comorbidities
Model 3 adjusted for significant demographics, past comorbidities, non-SGLT2I/DPP4I medications, HbA1c, fasting glucose, and duration from 
diabetes diagnosis to drug exposure

Characteristics N or count (%) Model 1 Model 2 Model 3
Depression
HR [95% CI];P value

Depression
HR [95% CI];P value

Depression
HR [95% CI];P value

SGLT2I.v.s. DPP4I 19,381(50.00%) 0.35[0.30–0.41]; < 0.0001*** 0.35[0.29–0.41]; < 0.0001*** 0.33[0.27–0.77]; < 0.0001***
Dapagliflozin v.s. DPP4I 11,169(28.81%) 0.47[0.39–0.58]; < 0.0001*** 0.44[0.32–0.67]; < 0.0001*** 0.44[0.33–0.86]; < 0.0001***
Empagliflozin v.s. DPP4I 4286(11.05%) 0.44[0.32–0.61]; < 0.0001*** 0.51[0.26–0.81]; < 0.0001*** 0.45[0.30–0.90]; < 0.0001***
Canagliflozin v.s. DPP4I 4667(12.04%) 0.34[0.24–0.49]; < 0.0001*** 0.36[0.21–0.59]; < 0.0001*** 0.39[0.20–0.83]; < 0.0001***
Ertugliflozin v.s. DPP4I 2367(6.10%) 0.34[0.21–0.57]; < 0.0001*** 0.39[0.31–0.77]; < 0.0001*** 0.36[0.19–0.82]; < 0.0001***

Fig. 2   Cumulative incidence curves for new onset depression by SGLT2I vs DPP4I use before and after propensity score matching (1:1)

Table 3   Sensitivity analyses for SGLT2I v.s. DPP4I exposure effects 
on new onset depression in the matched cohort

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; SGLT2I: Sodium-glucose 
cotransporter-2 inhibitors; DPP4I: Dipeptidyl peptidase-4 inhibi-
tors; HR: hazard ratio; CI: confidence interval; PS: propensity score; 
IPTW: inverse probability of treatment weighting, SIPTW: stable 
inverse probability of treatment weighting

Model New onset depression

Regression analysis with one-year 
lag time

0.34[0.21–0.65];0.0004***

Cause-specific hazard model 0.43[0.32–0.85]; < 0.0001***
Sub-distribution hazard model 0.62[0.33–0.77]; < 0.0001***
PS stratification 0.38[0.24–0.73]; < 0.0001***
PS with IPTW 0.49[0.34–0.88];0.0015**
PS with SIPTW 0.58[0.44–0.91];0.0033**
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state of systemic inflammation, defined by activated inflam-
matory pathways and elevated cytokine levels [35–37]. One 
such pathway is the nod-like receptor pyrin containing 3 
(NLRP3) inflammasome which, when activated in chronic 
stress, leads to release of pro-inflammatory cytokines such 
as IL-1β and IL-18 [38]. Muhammad et al. demonstrated 
that dapagliflozin suppresses NLRP3 inflammasome activa-
tion and downstream inflammatory mediators, thus inhib-
iting neuro-inflammation and blood-brain barrier distur-
bances. The study also demonstrated that the mechanism 
of action and efficacy shown by dapagliflozin was analo-
gous, and sometimes superior, to the commonly prescribed 
anti-depressant Escitalopram [34]. While further studies 
are required to confirm whether such effects are observed 
in humans, it gives credence to the exciting anti-depressant 
potentials of SGLT2I in addition to its main anti-diabetic 
effects among T2DM patients.

Limitations

Several limitations should be noted for the present study. 
First, given its observational nature, there is inherent infor-
mation bias due to under-coding, coding errors and missing 
data. Secondly, as drug compliance is not routinely collected 
within CDARS, patient compliance to SGLT2I and DPP4I 
was only assessed indirectly through prescription refills and 
was not accounted for in Cox regression analyses. Thirdly, 
residual and unmeasured confounding may be present despite 
robust propensity-matching, particularly with the unavailabil-
ity of information such as patient-level socioeconomic sta-
tus. Patients’ drug exposure duration has not been controlled, 
which may affect their risk against the study outcomes.

Conclusion

SGLT2I use is associated with significantly lower risk of 
depression compared to DPP4 use in patients with type-2 
diabetes mellitus using propensity score matching and Cox 
regression analyses.
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