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Abstract 

Background  The low-grade chronic inflammation in diabetes plays an important role in development of cardiovas‑
cular and renal complications. Sodium-glucose co-transporter-2 (SGLT2) inhibitors are recognized as protective agents 
for cardio-renal complications. Interleukin-6 (IL-6) is positively associated with the pathophysiology of metabolic-
related pathologies. The aim of this meta-analysis is to investigate the effect of SGLT2 inhibitors on blood IL-6 concen‑
tration in randomized controlled trials (RCTs).

Methods  Embase, PubMed, and Scopus were systematically searched up to 1st of November 2023. The eligible stud‑
ies were RCTs with adult population that had provided blood IL-6 for both control and intervention groups. Cochrane 
risk-of-bias tool were for study quality assessment. Data were analyzed using random effect model via Stata statistical 
software.

Results  Eighteen studies with a total of 5311 patients were included. Of which 3222 and 2052 patients were in inter‑
vention and control arm, respectively. Of the total population, 49.7% were men. The study durations ranged from 8 
to 52 weeks. The pooled analysis showed a significant association between the use of SGLT2 inhibitors and lower 
IL-6 levels (standardized mean difference (SMD) = -1.04, Confidence Interval (CI): -1.48; -0.60, I2 = 96.93%). Dapagli‑
flozin was observed to have a higher IL-6-lowering effect (SMD = -1.30, CI: -1.89; -0.71, I2 = 92.52) than empagliflozin 
or canagliflozin. Sub-group analysis of control groups (SMD = -0.58 (-1.01, -0.15) and -1.35 (-2.00, -0.70 for the placebo 
and active control sub-groups, respectively) and duration of interventions (SMD = -0.78 (-1.28, -0.28) and -1.20 (-1.86, 
-0.55) for study duration of ≤ 12 and > 12 weeks, respectively) did not change the results. Meta-regression analysis 
showed a significant correlation between the level of HbA1c and IL-6-lowering efficacy of SGLT2 inhibitors.

Conclusion  IL-6 levels are significantly reduced with the use of SGLT2 inhibitors with HbA1c as the only marker influ‑
encing such reductions, and dapagliflozin had the highest potency. The anti-inflammatory effect of SGLT2 inhibitors 
supports their broader use to address diabetic complications related to inflammatory responses.
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Introduction
The prevalence of diabetes, especially type 2 diabetes 
mellitus (T2DM), is increasing universally [1]. Hyper-
glycemia is believed to induce oxidative stress within 
tissues which triggers the formation of reactive oxygen 
species and cell death leading to enhanced cytokine 
infiltrations [2]. Circulatory interleukin-6 (IL-6) is 
commonly elevated in T2DM [3]. A growing body of 
evidence supports the critical role of IL-6 in the patho-
physiology of cardiovascular and renal dysfunctions 
[4]. Genotyping for the IL-6 gene has revealed that 
IL-6 polymorphism is independently associated with 
coronary artery disease [5]. It has been established 
that IL-6 regulates glucose hemostasis, increased IL-6 
levels might serve as an adaptive response to improve 
glycemic control [6]. However, IL-6 manifests a dual 
action against insulin resistance [7], while the cytokine 
enhances glucose uptake [8], serum IL-6 can predict 
the development of T2DM [9]. IL-6 as a downstream 
mediator of angiotensin II signaling can contribute to 
hypertensive disorders as well [10]. It is also one of the 
promoters of the Janus kinase/signal transducers and 
activators of transcription (JAK/STAT) signaling path-
way [11]. Excessive amounts of IL-6 disturb the physi-
ological balance of the cytokine’s signaling and leads 
to activation of JAK and STAT that can result in meta-
bolic- and inflammatory -relate pathologies [12].

IL-6/ Soluble IL-6 receptor α (sIL-6Rα) pathway 
activate the pro-inflammatory trans-signaling in cells. 
More recently, blockade of this pathway in addition to 
neutralizing antibodies against IL-6 aiming at address-
ing the low-grade inflammation in patients with T2DM 
have shown beneficial effect [13, 14]. Sodium-glucose 
co-transporter-2 (SGLT2) inhibitors are glucose-low-
ering medications that have demonstrated protective 
effects against cardiorenal comorbidities [15]. Many 
studies have suggested that SGLT2 inhibitors exert 
promising anti-inflammatory characteristics [16]. 
Moreover, elevated IL-6 levels are strongly associated 
with poorly controlled diabetes. The effect of SGLT2 
inhibitors on IL-6 levels has been assessed in several 
observational studies and in randomized controlled 
trials (RCTs); however, their overall impact on serum 
IL-6 has several discrepancies in the current literature. 
Therefore, in the present study we aimed to conduct a 
systematic review and meta-analysis of published RCTs 
to investigate the change in IL-6 levels with SGLT2 
inhibitors.

Materials and methods
The study was performed in accordance with PRISMA 
statement 2020 for the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses [17]. The proto-
col was prospectively registered in PROSPERO, https://​
www.​crd.​york.​ac.​uk/​PROSP​ERO, ID: CRD42023393268.

Literature search strategy
The authors systematically searched online databases 
including Embase, PubMed, and Scopus for relevant 
studies that were investigated until 1st November 2023. 
The searches were conducted using the following Med-
line keywords: (Sodium-Glucose Transporter 2 Inhibitors 
and its drug names (gliflozins)) AND (Inflammation OR 
Interleukin-6 OR Tumor Necrosis Factors OR Cytokines 
OR Chemokines) AND (Randomized Controlled Trial 
and all the relevant keywords) with all their sub-trees 
in different combinations. The detailed search strategy 
is presented in supplementary file (Section A, Table S1). 
There was no restriction on language. Additionally, a 
manual search of references of related papers was per-
formed to include any possible missed studies.

Inclusion criteria
Two authors (SEP.G and M.M) had the responsibil-
ity of screening all searches to find eligible studies after 
removal of all duplicate reports. Afterwards, the eligi-
ble studies were classified based on their findings and 
data. Further, authors (SEP.G and SA.G) independently 
inspected all the screened papers. The PICO model that 
we used to s defined in supplementary file (Section B, 
Table  S1). Only studies that met the following criteria 
were included in our meta-analysis: 1) Randomized con-
trolled trial studies, 2) Human populations aged 18-year-
old and above, 3) Studies that provided blood IL-6 for 
each group, and 4) Studies that compared SGLT2 inhibi-
tors as the intervention group with a control group that 
used other glycemia-lowering agents, other medications, 
or placebo.

The exclusion criteria comprised of 1) participants 
with specific diseases that potentially carries alterations 
in serum IL-6 (e.g., malignancy, severe renal and liver 
failure), and if 2) the intervention period was less than 4 
weeks.

Data extraction
Data extraction was conducted according to a prepared 
checklist that consists of the following data: name of the 
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first author, country of origin, year of publication, study 
design, study duration, type of intervention, study popu-
lation, demographics, blood IL-6 and the related data for 
further analyses were extracted by two authors (SEP.G, 
M.M). In case the required data for the analyses was not 
reported in the main text, they were extracted from the 
figures by means of he online web application (https://​
apps.​autom​eris.​io/​wpd/). Moreover, if the needed data 
hasn’t been mentioned, a request email was sent to the 
corresponding author obtain the data.

Quality assessment and risk of bias
Cochrane risk-of-bias tool for randomized trials (RoB-
2) [18] was used to methodologically assess the quality 
of evidence in each article by two independent authors 
(SA.G and M.M) with disagreements being determined 
by a third author (A.J, Sh.G). The domains of this scale 
are listed as randomization process, deviation from 
intended intervention, missing outcome data, measure-
ment of the outcome, and the selection of the reported 
result. RoB-2 categorizes studies into low, high, and some 
concerns regarding the risk of bias. Finally, a traffic light 
plot was generated using Rob-2 excel assessment tool.

Statistical analysis
Data was expressed as standardized mean differences 
with 95% confidence intervals (CI) using the generic 
inverse-variance method and random effects restricted 
maximum likelihood model. Whenever standard devi-
ation (SD) change was not reported, we used [(SD 
baseline2 + SD final2)—(2 × R × SD baseline × SD final)]. 
We performed four meta-regression analyses to evalu-
ate age, level of HbA1c and sex effects on outcomes. Fun-
nel plot and Egger’s regression tests were used to assess 
publication bias. Statistical heterogeneity between stud-
ies was investigated using Higgins I2 statistics (> 50%), 
τ2, and the Cochrane Q test (P < 0.1) [19]. A statistical 
significance was considered Two-tailed ρ value < 0.05. 
All analyses were fulfilled by using Stata (Stata Statisti-
cal Software: Release V.15. College Station, Texas, USA: 
StataCorp LLC) [20].

Results
Study selection and characteristics
The systematic search yielded 2264 potentially relevant 
records of which 801 were duplicates. Through screening 
the abstracts, 162 articles were assessed for full-text anal-
ysis. Among which, articles that reported irrelevant out-
comes, urinary IL-6, had study periods less than 4 weeks, 
and had insufficient data were excluded. Following the 
exclusions, 18 articles were identified that met the inclu-
sion criteria (Fig. 1). The eligible studies were published 
from 2018 to end of 2023 and, 3 were post-hoc analyses. 

The web application was used to extract the IL-6 data 
for 5 studies [21–25]. One study was in Chinese and was 
translated into English [26]. The complementary data for 
1 study was obtained by email from the corresponding 
author [27].

The total number of patients included in the analysis 
was 5311. The median age was 49.5 years and 49.7% were 
male. Treatment durations varied from 8 to 52 weeks. 
Three studies had used canagliflozin [22, 24, 25], 9 had 
used dapagliflozin [21, 26, 28–34] and 6 had used empa-
gliflozin [23, 27, 35–38]. With respect to active controls, 
8 studies had compared with placebo and 10 had com-
pared with other anti-glycemic agents (e.g., liraglutide, 
glibenclamide, metformin, sitagliptin, glimepiride) or 
another medication (valsartan and standard anti-heart 
failure drugs). Detailed information about the studies and 
their patients’ characteristics are presented in Table 1.

Meta‑analysis results
The pooled analysis of the 18 studies that were included 
showed a significant effect of SGLT2 inhibitors on blood 
IL-6 concentration, with a standardized mean difference 
(SMD) of (-1.04, CI: -1.48; -0.60). The intra-studies het-
erogeneity was significantly high (I2 = 96.93%) (Fig. 2).

In sub-group analysis of the type of SGLT2 inhibitor 
employed, dapagliflozin was observed to have a relatively 
higher IL-6-lowering effect (SMD = -1.30, CI: -1.89; -0.71, 
I2 = 92.52%) compared to either canagliflozin or empa-
gliflozin (Fig.  3). Sub-group analysis of control groups 
suggested no difference between use of placebo or other 
glycemia-lowering or other medications (SMD = -0.58 
(-1.01, -0.15) and -1.35 (-2.00, -0.70) for the placebo and 
active control sub-groups, respectively) (Fig. 4).

The duration of intervention, either less or more than 
12 weeks, also did not change the results (SMD = -0.78 
(-1.28, -0.28) and -1.20 (-1.86, -0.55) for study duration 
of ≤ 12 and > 12 weeks, respectively) (Supplementary file, 
Section C, Figure S1). Additionally, the subgroup analy-
sis of stratified HbA1c levels indicated no significant dif-
ference (Supplementary file, Section C, Figure S2). The 
meta-regression analysis of age, gender and HbA1C 
showed a significance correlation between IL-6-lower-
ing efficacy of SGLT2 inhibitors with the level of HbA1c 
at baseline (β = -0.403, 95% CI: -0.639, -0.166, P = 0.004) 
(Supplementary file, Section C, Table S1 and Figure S3). 
No correlations were found with the variables of age and 
male sex (Supplementary file, Section C, Figure S4 and 
Figure S5).

Publication bias and sensitivity analyses
The randomization process was adequately generated 
in 5 (27.7%) trials; in the others the allocation was not 
concealed or not mentioned. In 6 (33.3%) studies, both 
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patients and caregivers were blinded to the treatment 
and the judgment of the other trials declared “some 
concerns”. The assessor’s awareness of the intervention 
had disturbed the measurement of outcome as there 
were no information in 8 trials. In one study a pre-
specific analysis plan for IL-6 was not finalized before 
reporting the results. The detailed risk of bias assess-
ment is presented in supplementary file (Section D, Fig-
ure S1). The funnel plot showed no significant evidence 
of asymmetry (Supplementary file, Section D, Figure 
S2). Galbraith plot for heterogeneity analysis showed 
that there was no inconsistency across studies (Supple-
mentary file, Section D, Figure S3). Leave-one-out and 
cumulative sensitivity analysis showed that the effect 
sizes were robust (Supplementary file, Section D, Figure 
S4). A sensitivity analysis was performed to assess the 
different correlation coefficients (r) for the main analy-
sis. Neither different r nor using mean difference (MD) 
instead of SMD changed the result of the main analysis 
(Supplementary file, Section D, Table S1).

Discussion
This meta-analysis showed that use of SGLT2 inhibi-
tors is associated with a reduction in blood IL-6 levels. 
A prior meta-analysis was conducted on the effect of 
SGLT2 inhibitors on the biomarkers of inflammation; 
however, considering their inclusion of limited evidence 
in their assessment on IL-6, the study had failed to gain 
enough power to reach the significance level [39].

IL-6 exacerbates insulin resistance by activating 
STAT-3 in hepatocytes [40]. Current evidence has to 
some degree elucidated the mechanisms by which SGLT2 
inhibitors regulate IL-6 levels [41, 42]. This class of medi-
cations suppress the mitochondrial complex I and inhibit 
intracellular glucose metabolism that leads to increased 
expression of AMPK signaling pathway and promote 
autophagy in immune cells; hence they exhibit anti-
inflammatory effects [41–43]. Moreover, SGLT2 inhibi-
tors hamper polarization of M2 macrophages, and as a 
result with decreased production of M1 macrophages, 
the release of IL-6 is moderated [44, 45]. Finally, it is 

Fig. 1  PRISMA flow-diagram of the included studies
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worth emphasis that the effect of use of SGLT2 inhibitors 
on lowering IL-6 levels is not merely through control of 
glycemia because no reduction in IL-6 levels (compared 
to placebo) was found with use of other glycemia-lower-
ing agents (Fig. 4).

IL-6 is considered to be an important contributor to 
kidney diseases [46]. Podocytes are great source of IL-6 
secretion, and inevitably kidney is the first organ to be 
insulted by IL-6 [47]. This cytokine is involved in wide 
variety of glomerular and tubular pathological abnormal-
ities [48]. In situ expression of IL-6 in diabetic nephropa-
thy was significantly increased compared to a control 
group; hence higher IL-6 production may be associated 
with kidney injury in T2DM [49]. Furthermore, IL-6 in 
patients with T2DM is a robust trigger for the progres-
sion of chronic kidney disease [50], and high serum and 
urine IL-6 values have been proposed to be a prognostic 
marker for development of diabetic nephropathy [51].

Vascular cell aging via IL-6 signaling is hypothesized 
to accelerate atherosclerosis [52]. As IL-6 inhibition had 
markedly reduced biomarkers of thrombosis, IL-6 is 
thought to be a major contributing factor in myocardial 
ischemia and atherothrombotic complications [53, 54]. 
Furthermore, persistence elevated IL-6 concentrations 
can lead to cardiac hypertrophy mainly through IL-6 
trans-signaling [55].

Reductions in circulating IL-6 have been shown to be 
associated with improved glycemic control in T2DM. 

Tocilizumab an anti-IL-6 receptor antibody decreased 
HbA1c after 6 months of treatment [54]. Sarilumab, 
another IL-6 inhibitor, was associated with reduced 
HbA1c level, seemingly independent of its anti-inflam-
matory effect [56]. Although IL-6 is known to be a key 
player in pancreatic beta-cell survival in diabetogenic 
conditions [57], IL-6 can couple autophagy to antioxidant 
response in beta-cells [58]. IL-6 was found to enhance 
insulin secretion in pancreatic islets and the associated 
hyperinsulinemia, suggesting that IL-6 plays a role in the 
pathogenesis insulin resistance [59, 60].

The disease-development properties of IL-6 have long 
been a topic of great interest. More recently, novel strate-
gies are being implicated to target IL-6 for treatment of 
immune-mediated diseases through inhibition of the IL-6 
signal transduction [61]. However, due to the duality of 
IL-6 function, blockade of IL-6 signaling has encountered 
some untoward complexities [62], and as such, interfer-
ing with the physiological homeostatic functions of IL-6 
arguably should be avoided. In general, the therapeutic 
benefits must be weighed against the undesired effects of 
IL-6 blocking in T2DM.

In this meta-analysis, use of dapagliflozin was associ-
ated with a greater decrease in IL-6 levels compared to 
other medications in its own class, although the num-
ber of studies using canagliflozin was limited. The sub-
group analysis of the control groups, use of SGLT2 
inhibitors was more potent in lowering IL-6 than other 

Fig. 2  Forest plot of the effects of SGLT2 inhibitor drugs on blood interleukin-6. SGLT2 inhibitors: Sodium-glucose co-transporter-2 inhibitors
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glycemia-lowering agents. In addition, the duration of 
treatment with SGLT2 inhibitors, whether less or more 
than 12 weeks, did not change the results, however a rela-
tively greater reduction in IL-6 was observed with longer 
duration of treatment. Meta-regression analysis showed 
that age and sex had no contributary effects in IL-6-low-
ering characteristic with SGLT2 inhibitors. Higher HbA1c 
levels at baseline were found to be associated with more 
pronounced reductions in serum IL-6 according to our 
meta-regression analysis. It is noteworthy to mention 
that such lowering effect may not be merely related to 
the reduction of HbA1c because similar reduction in 
IL-6 concentrations was not found in the control arms 
of three included studies that compared empagliflozin 
with other glycemic-lowering agents in which decreased 
HbA1c were observed in both study groups [21, 27, 34]. 
However, the above-mentioned finding has been less 

assessed in the current literature and thus further studies 
are needed.

Koshino et al. observed that the increments of IL-6 with 
canagliflozin after one year had significantly lower slope 
than the controls and the differences was even wider by 
6 years [22]. The limited upward slope of IL-6 levels with 
SGLT2 inhibitors advocates their anti-inflammatory role. 
Such effect of SGLT2 inhibitors on both IL-6 and glyce-
mic level can uphold the use of this class of medications 
in T2DM. The potential mechanisms and clinical role of 
SGLT2 inhibitor on the complications of DM through 
regulating IL-6 is yet to be elucidated. Use of SGLT2 
inhibitors to target inflammatory responses is not only 
focused on T2DM, but also in a wider range of diseases 
may warrant future large-scale studies.

This study has several strengths. First, this is the 
first meta-analysis that has gathered enough evidence 

Fig. 3  Forest plot summarizing the SMD of change scores among interleukin-6 between intervention and control arms for RCTs divided 
by the different types of gliflozins. SMD: Standardized mean difference. RCT: Randomized controlled trial
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regarding the changes in circulatory IL-6 with use of 
SGLT2 inhibitors. Second, our results appear to show 
that dapagliflozin is a more effective agent in this class 
of medications in attenuating IL-6 levels. Third, we have 
performed sensitivity analysis through reevaluating the 
data with three different correlation coefficients and 
all three represented the same results. Moreover, there 
were very narrow differences in between the SMDs and 
MDs with each coefficient. Altogether, such statistics 
have favored the results to achieve high reliability. Fur-
thermore, it should be noted that although 40% of the 
included studies were from China, the rest of the studies 
were from different regions worldwide. Such diversity of 
the origin of the study population can highlight the gen-
eralizability of our results. We also acknowledge impor-
tant limitations of our study. The main limitation was 
the marked heterogeneity across studies. Although, we 
have explored the source of heterogeneity through meta-
regression and subgroup analysis, HbA1c at baseline was 
the only factor identified to explain the heterogeneity.

Conclusion
In this meta-analysis and systematic review, we have pre-
sented robust evidence that the pro-inflammatory bio-
marker, IL-6, is significantly reduced by SGLT2 inhibitors 
with HbA1c as the only marker influencing such reduc-
tion. Use of dapagliflozin was associated with greater 
decrease in IL-6 levels compared to use of either empa-
gliflozin or canagliflozin. The importance of these find-
ings could be attributed to the cardiorenal protective 
properties of SGLT2 inhibitors. These findings arguably 
suggest that use of SGLT2 inhibitors could be considered 
in other inflammatory-related pathologies in patients 
with and without T2DM.
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