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Objective: This systematic review and meta-analysis aimed to evaluate the effects of
SGLT-2 inhibitors (SGLT-2i) on endothelial function and arteriosclerosis in diabetic patients.

Methods: Randomized controlled trials (RCTs) were retrieved from PubMed, Embase,
Cochrane Library, and Web of Science databases to evaluate the effects of SGLT-2i on
endothelial function and atherosclerosis in type 2 diabetic patients.

Results: We selected 9 RCTs and 2 cohort studys involving 868 patients. Of these, six
studies provided flow-mediated dilation (FMD) levels before and after the intervention. The
pooled analysis showed that SGLT-2i could significantly improve the FMD compared to
the control group (SMD: 0.18, 95% CI: 0.02 ~ 0.34, P = 0.03). Three studies provided the
change in FMD before and after the intervention. Pooled analysis showed no significant
differences in FMD change between the SGLT-2i group and the control group. (MD: 2.1,
95%-CI: -0.11~4.31, P = 0.06). Five studies showed pulse wave velocity (PWV) results.
Pooled analysis showed no significant differences in the change in PWV between the
SGLT-2i group and the control group (SMD: 0.11, 95%-CI: − 0.15 ~ 0.37, P = 0.4).

Conclusions: The ability of SGLT-2 inhibitors to improve FMD was significant, but there
was no significant effect on PWV levels. SGLT-2i was superior to other antidiabetic agents
in improving arterial endothelial function.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic disease. According
to the International Diabetes Federation (IDF)’s latest global
diabetes map (9th edition), the global diabetes prevalence in 20-
79 year olds in 2021 was estimated to be 10.5% (536.6 million
people), rising to 12.2% (783.2 million) in 2045 (1). The rising
prevalence of diabetes poses a global economic burden, especially
in developing countries (2). Despite the alarming prevalence of
T2DM, approximately 193 million people worldwide still lack
diagnosis (3). Diabetic patients are at high risk of developing
cardiovascular diseases, constituting the leading cause of death
and disability (4, 5). Around the world, approximately 32.2% of
T2DM patients are affected by cardiovascular disease. At the
same time, T2DM exacerbates the progression of atherosclerosis
and heart failure (6).

Diabetic patients at risk for cardiovascular disease generally have
endothelial dysfunction and hemodynamic changes in the
microcirculation (7). Endothelial dysfunction characterized by
reduced bioavailability of nitrous oxide (NO) and oxidative stress
is the basis of atherosclerosis. Hence, endothelial dysfunction is a
risk factor for atherosclerosis and could predict cardiovascular
disease (8). Brachial artery flow-mediated dilatation (FMD) can
indirectly measure endothelial function and predict cardiovascular
disease in high-risk populations (9). In addition to FMD, pulse wave
velocity (PWV) is also used as an evaluation index for the clinical
improvement of atherosclerosis in patients with diabetes (10). PWV
was included in the new index of hypertension risk classification by
the European Society of Cardiology in 2013, and it is the gold
standard test for non-invasive evaluation of atherosclerosis (11).

Sodium-glucose cotransporter-2 inhibitors (SGLT-2 inhibitors;
SGLT-2i) are a new oral antidiabetic drug developed in recent years.
Studies have shown that SGLT-2 inhibitors, such as dapagliflozin,
empagliflozin, and canagliflozin, can alleviate arterial stiffness to
varying degrees. Results of the Declare-TIMI 58 trial (12) showed
that dapagliflozin contributed to lower cardiovascular death rates
and heart failure hospitalization compared with placebo. The
EMPA-REG trial (13) found a significant reduction in
cardiovascular mortality, hospitalization for heart failure, and
death from any cause in the empagliflozin group compared with
the placebo group. The CANVAS trial (14) confirmed that the
composite endpoint of death from cardiovascular causes, non-fatal
myocardial infarction, or non-fatal stroke was significantly reduced
in the canagliflozin group compared with the control group. Thus,
different types of SGLT-2 inhibitors have beneficial effects on
cardiovascular disease. However, large-scale clinical studies
investigating the effects of SGLT-2 inhibitors on arterial
endothelial function and arterial stiffness are lacking. Therefore,
the purpose of this meta-analysis was to examine the effects of
SGLT-2 inhibitors on endothelial function and arteriosclerosis in
patients with T2DM.
METHODS

The Cochrane Handbook for Systematic Reviews of
Interventions (15) and Preferred Reporting Items for
Frontiers in Endocrinology | www.frontiersin.org 2
Systematic Reviews and Meta-Analyses statement (16) were
referenced and used as guidelines for reporting the results of
our meta-analyses.

Data Sources, Search Strategy, and
Selection Criteria
Based on Population, Intervention, Comparator, Outcomes, and
Study (PICOS) design framework, we searched PubMed,
Embase, the Cochrane Library, and the Web of Science for
SGLT-2i clinical trials that improved endothelial function and
atherosclerosis. Keywords, truncation symbols, medical subject
heading (MeSH) terms, and Boolean operators (AND/OR) were
used in the search strategy. The MeSH table retrieval formula was
as follows: “Pulse Wave Analysis” [MeSH] OR “Vascular
Stiffness” [MeSH], “Antidiabetic Agents” [MeSH]. The
keyword search included the following terms: arterial stiffness
index [Title/Abstract] OR pulse pressure index [Title/Abstract]
OR ambulatory pulse pressure index [Title/Abstract] OR arterial
stiffness [Title/Abstract] OR artery stiffness [Title/Abstract] OR
Flow-mediated dilatation [Title/Abstract] OR endothelial
function [Title/Abstract] OR pulse wave velocity [Title/
Abstract] combined with antidiabetic treatment [Title/
Abstract] OR dapagliflozin [Title/Abstract] OR tofogliflozin
[Title/Abstract] OR luseogliflozin [Title/Abstract] OR
ipragliflozin [Title/Abstract] OR canagliflozin [Title/Abstract]
OR empagliflozin [Title/Abstract]. The last search was done on
August 24, 2021. The study was included in our meta-analysis if
1) the subjects were clinically diagnosed with T2DM, 2) the study
design was a randomized controlled trial, 3) the intervention
drug was an SGLT-2 inhibitor, and 4) the endpoints included
FMD and PWV values. On the contrary, the study was excluded
if it was a cross-sectional study or if data for comparison were
incomplete or unavailable.

Data Collection and Quality Assessment
Potential eligible articles were collected based on the inclusive
and exclusive criteria above. The following data was acquired
from the selected articles: study characteristics and patient
characteristics, including the number of patients, sex, age, BMI,
HbA1c, fasting plasma glucose (FBG), medication status,
duration, and results, especially FMD (the primary outcome of
this analysis) and PWV (the secondary outcome of this analysis).

Based on the above inclusion/exclusion criteria, two
independent researchers (Ran Wei and Weihao Wang)
reviewed the titles and abstracts of each retrieved paper. If
there were any uncertainties regarding qualifications, a third
researcher would read the full text. A consensus was reached for
all the studies.

Statistical Analysis
As for some studies only provided the mean and standard deviation
of the indicators in the two groups, the data were processed based
on the recommendations of the Cochrane Handbook:

(I) For studies that provided only the mean and standard
deviation of the indicators, the baseline characteristics were
assumed to be equivalent. We combined the mean and
February 2022 | Volume 13 | Article 826604
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standard deviation of each index after treatment using the
standardized mean difference method (SMD).

(II) For studies that provided mean and standard deviation of
changes in indicators, we combined mean and standard
deviation of treatment effects using the weighted mean
difference method (WMD). We used 95% confidence
intervals (CIs) to represent the size of the difference. We
monitored heterogeneity across the studies by the I2 statistic,
a quantitative measure of inconsistency across studies. A P-
value < 0.05 was considered statistically significant regardless
of the heterogeneity when using a random effects model. All
statistical analyses were processed using Review Manager
Software (Rev Man version 5.4; Nordic Cochrane Centre,
Cochrane Collaboration).
Assessment of Bias
The levels of bias of the included articles were evaluated with the
Cochrane Collaboration´s tool. We assessed the following
factors: random sequence generation (selection bias), blinding
of participants and personnel (performance bias), allocation
concealment (selection bias), blinding of outcome assessment
(detection bias), incomplete outcome data (attrition bias),
selective reporting (reporting bias) and other biases. Two
independent investigators assessed the bias levels for all the
included articles.
RESULTS

Selection Process
Two hundred and fifty-five (255) articles were retrieved (159
from Pubmed, 37 from the Cochrane Library, 24 from Web of
Science, and 35 from Embase). A total of 24 articles met the
inclusive criteria. Of these, 13 were excluded. We excluded three
Frontiers in Endocrinology | www.frontiersin.org 3
of them because the trials were ongoing, and the results were not
published (n = 3) (17–19). Four articles had incomplete data,
including PWV and FMD (n = 4) (20–23)and two of them were
not randomized or controlled (n = 2) (24, 25). Four trial was
excluded because they focused on diseases other than diabetes
(n = 4) (26–29). Therefore, 9 RCTs and 2 cohort studys (30–40)
were included in our meta-analysis, involving 868 patients and
comparing the effects on FMD and PWV with four antidiabetic
agents or a placebo. The four antidiabetic drugs were metformin,
sulfonylureas, glucagon-like peptide-1 (GLP-1), an incretin. The
literature retrieval process is shown in Figure 1.

Characteristics of the Selected Studies
The study characteristics are listed in Table 1. This includes first
author, year of publication, blood glucose control (including
mean HbA1c and FBG), number of patients in the trial, gender of
the patients, disease, age, Body Mass Index (BMI), drug name,
duration of treatment. The evaluation of the quality of the
included studies is presented in Figure 2.

There are Appendix Table 1 (Supplementary Material) to
interpret the situations of combinative therapy (Angiotensin-
converting, Angiotensin II receptor blockers,b-Adrenergic
receptor, antiplatelet drugs) of the trials. As shown in
Appendix Table 1 (Supplementary Material), four studies
(31, 35, 36, 39) did not interpret their concomitant medication,
although these drugs may have an impact on the outcomes of
FMD and PWV. In five studies (30, 32–34, 37), baseline
characteristics of concomitant medication were similar between
interventions and control group. Katakami et al. (40) showed
that, in the conventional treatment group, more people received
angiotensin receptor blockers (P < 0.05). However, mean
baPWV was significantly reduced in the tofogliflozin group
compared with the conventional treatment group (-104.7 [−
177.0, − 32.4], P = 0.005). Regarding to antiplatelet agents, seven
studies (30, 31, 34–36, 38, 39) did not mention the applications of
FIGURE 1 | The selection process for the articles included in the meta-analysis.
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TABLE 1 | Baseline characteristics of the trials included in the network meta-analysis.

Author Year mean HbA1c FBG(mmol/L) Number Male (%) Age (year) BMI(kg/m2) Experimental group Control group Duration

Sposito (30) 2021 7.9 ± 0.9 9.67 ± 2.4 48,49 29,30 57.0 ± 7.0 31.0 ± 4.0 dapagliflozin glibenclamide 12 weeks
Zainordin (31) 2019 9.7 ± 1.9 10.69 ± 4.6 36,36 28,27 57.3 ± 8.5 27.5 ± 4.1 dapagliflozin placebo 12 weeks
Shigiyama (32) 2017 6.8 ± 0.5 7.42 ± 1.5 37,37 25,22 57.9 ± 8.3 26.8 ± 4.6 dapagliflozin Metformin 16 weeks
Sakai-A (33) 2019 6.8 ± 1.2 8.47 ± 1.7 59,63 36,27 62.0 ± 9.4 27.5 ± 7.9 empagliflozin luseogliflozin 12 weeks
Sakai-B (33) 2019 6.8 ± 1.2 8.47 ± 1.7 59,62 36,49 62.0 ± 9.4 27.5 ± 7.9 empagliflozin tofogliflozin 12 weeks
Sakai-C (33) 2019 6.8 ± 1.2 8.47 ± 1.7 63,62 27,49 62.0 ± 9.4 27.5 ± 7.9 luseogliflozin tofogliflozin 12 weeks
Irace (34) 2020 8.4 ± 0.7 10.30 ± 3.1 20,15 15,12 58.0 ± 9.0 30.0 ± 4.0 empagliflozin Incretin 3months
Solini (35) 2017 NA 7.96 ± 2.5 16,10 11,7 57.0 ± 9.0 30.5 ± 6.7 dapagliflozin hydrochlorothiazide 2 days
Solini (36) 2019 7.5 ± 0.5 8.16 ± 2.0 20,20 12,14 60.0 ± 8.0 32.4 ± 6.7 dapagliflozin hydrochlorothiazide 4 weeks
Ikonomidis (37) 2020 7.8 ± 0.9 8.06 ± 1.8 40,40 30,27 58.0 ± 10.0 29.8 ± 3.0 SGLT‐2 GLP‐1 12 months
Ramirez (38) 2019 8.1 ± 0.5 8.67 ± 0.6 15,15 8,8 63.0 ± 8.0 NA Canagliflozin Perindopril 6 months
Striepe (39) 2017 6.8 ± 0.8 NA 38,38 21,21 62.0 ± 7.0 NA empagliflozin placebo 6 weeks
Katakami (40) 2021 7.5 ± 0.7 8.00 ± 1.8 80,74 48,48 61.5 ± 9.2 26.4 ± 5.4 tofogliflozin conventional 104 weeks

FBG, fasting blood-glucose; NA: not available.
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them. In four studies (32, 33, 37, 40), baseline characteristics of
antiplatelet agents were similar between interventions and
control group.
The Change in FMD Values After
the Treatment
Three studies (30–32) provided changes in FMD before and after
drug intervention. We used a random effects model to combine
the results. Compared with the control group (glyburide,
metformin, and placebo), the ability of the experimental group
(SGLT-2i class) to reduce FMD was not significant (MD: 2.1,
950% CI: -0.11-4.31), and we found no statistical significance
after combination (P = 0.06), as shown in Figure 3A.

Six studies (31–36) provided pre-treatment and post-
treatment FMD levels and combined post-treatment PWV
values using the SMD method, using a fixed effects model.
Compared to the control group (metformin, placebo), the
ability of the experimental group (SGLT-2i class) to improve
FMD was significant (SMD: 0.18, 95%-CI: 0.02 to 0.34, P=0.03),
as shown in Figure 3B.
FIGURE 2 | Quality of the studies included in this meta-analysis.
A

B

FIGURE 3 | Meta-analysis of articles evaluating the effects of SGLT-2i on FMD levels (A) based on the random effects model or (B) based on the fixed effects model.
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The Range of PWV Variation Before and
After the Treatment
Five studies (35–39) provided PWV levels before and after
treatment. We combined PWV values after treatment using the
SMD method. Due to the small heterogeneity among the studies,
we used the fixed effects model. Compared with the control
group (GLP-1, perindopril, placebo), the ability of the
experimental group (SGLT-2i class) to reduce PWV was not
significant (SMD: 0.11, 95%-CI: − 0.15-0.37, P = 0.4), as shown in
Figure 4A. As shown in Figure 4B, the sensitivity analysis results
indicated change in the heterogeneity after excluding the study
conducted by Ramirez et al. (38), which specifically included
patients with diabetes mellitus and hypertension.
DISCUSSION

The development of atherosclerosis depends mainly on the
structure of the tunica media, which contains the elastic
components of the aortic wall, namely elastin fibers, and
collagen. Arteriosclerosis should be distinguished from
atherosclerosis, as the latter is mainly caused by changes in the
intima caused by intra-vascular inflammation, lipid oxidation,
and plaque formation. Diabetes, hypertension, aging, obesity,
inflammation, dyslipidemia, smoking, and hypercholesterolemia
are common causes of atherosclerosis. T2DM is a common
clinical disease. SGLT-2i is a new oral antidiabetic drug in
recent years. Large-scale clinical studies have shown that
SGLT-2i has beneficial effects on cardiovascular disease.

The study is a meta-analysis that includes 9 RCTs and 2
cohort studys studies to assess the changes in arterial stiffness in
patients with T2DM after treatment with the SGLT-2i class or
other types of antidiabetic agents. Two indicators, including
FMD and PWV, were used to assess arterial stiffness in the
present study. The published literature suggests that research in
the area is limited. It gave credit to some studies conducted but
Frontiers in Endocrinology | www.frontiersin.org 5
not published (17–19). There were few small randomized clinical
trials with moderate heterogeneity.

As a consequence, we need to be cautious about their findings.
Our results showed that the experimental group (SGLT-2
inhibitor) improved FMD significantly compared with the
control group (metformin, placebo) (SMD: 0.18, 95%-CI: 0.02
to 0.34, P = 0.03). Compared with the control group (GLP-1,
perindopril, placebo), the ability of the experimental group
(SGLT-2 inhibitor) to reduce PWV was not significant (SMD:
0.11, 95%-CI: − 0.15-0.37, P = 0.4). However, many clinical
studies have reported that compared to other types of
antidiabetic agents, SGLT-2 inhibitors may improve arterial
stiffness levels in patients with T2DM. To the best of our
knowledge, this is the first meta-analysis to compare the effect
of the SGLT-2 inhibitor class of drugs and other types of
antidiabetic agents on the improvement of endothelial function
and arterial stiffness in patients with T2DM.

The following is an interpretation of our study. First, the
ability of the SGLT-2 inhibitor to improve the PWV level was not
superior to other types of antidiabetic agents. On the contrary,
the ability of the SGLT-2 inhibitor to improve the FMD level was
superior to other types of antidiabetic agents. FMD is an
indicator of endothelial function, and PWV is an indicator of
arterial stiffness. The two factors are entirely different, and
endothelial function damage is one of the causes of
arteriosclerosis. Therefore, we can further evaluate the effect of
SGLT-2 inhibitor drugs on arterial stiffness by investigating the
improvement of FMD. Second, from a statistical point of view, as
shown in Figure 4, the improvement of SGLT-2i in PWV was
still more significant than that of other antidiabetic drugs.
However, the difference was not statistically significant, mainly
due to the small sample size and poor statistical ability, and
further investigation is required. Third, the number of studies
included is small, and more data is needed to unveil the effects of
SGLT-2 inhibitors on arterial stiffness and endothelial function.
Whether their impact on vascular function FMD and PWV
determine their impact on cardiovascular disease remains to be
A

B

FIGURE 4 | Meta-analysis of articles evaluating the effects of SGLT-2i on PWV levels. (A) based on the fixed effects model. (B) sensitivity analysis.
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seen. Fourth, Angiotensin-converting, Angiotensin II receptor
blockers,b-Adrenergic receptor, antiplatelet drugs played a vital
role in ameliorating vascular endothelial function and arterial
stiffness in subjects with type 2 diabetes. As shown in Appendix
Table 1 (Supplementary Material), some studies did not
interpret their concomitant medication, while other studies’
baseline characteristics of concomitant medication were similar
between interventions and control group. Therefore, PWV
improvement due to the application of ARB and antiplatelet
agents can be excluded. Last but not least, compared with other
antidiabetic drugs, SGLT-2i was superior in improving FMD, but
not PWV. In general, SGLT-2i was superior to other antidiabetic
agents in improving endothelial function.

It is important to note that regardless of the use of hypoglycemic
drugs, glycemic variability is a fundamental cause of endothelial
dysfunction. This mechanism was confirmed by improved
cardiovascular outcomes in acute coronary syndrome patients
with strict glycemic control (41, 42). A recent meta-analysis that
included 16 studies showed that SGLT-2 inhibitors could effectively
reduce the mean amplitude of glucose excursion and glycemic
variability (43). Since AT1R/NADPH oxidase/SGLT1 and 2
pathways promote endothelial dysfunction, SGLT-2i provide a
promising strategy to ameliorate endothelial function. Other
studies of experimental atherosclerosis models have shown that
compared to plaques from patients without diabetes, plaques from
patients with diabetes had higher SGLT2 expression, inflammation,
and oxidative stress, along with lower SIRT6 expression and
collagen content. SGLT2/SIRT6 pathway played a critical
involvement in the inflammatory process of diabetic
atherosclerotic lesions. Therefore, SGLT-2i improves the
progression of atherosclerosis by inhibiting vascular inflammation,
reducing oxidative stress, reversing endothelial dysfunction,
reducing foam cell formation, and preventing platelet activation
(44–47). Empagliflozin and dapagliflozin restore the bioavailability
of NO by inhibiting reactive oxygen species (ROS) generation,
consequently improving endothelial function (48–50). Notably,
differences exist between different SGLT2i. Tahara et al. compared
the effects of six types of SGLT2i (luseogliflozin, ipragliflozin,
tofogliflozin, empagliflozin, canagliflozin, and dapagliflozin) on
diabetes-related complications in mice with T2DM. The study
determined that all SGLT2i prevented the development of
endothelial dysfunction. Two long-acting drugs (dapagliflozin and
ipragliflozin) more effectively improved these diabetes-related
diseases and complications than four intermediate-acting four
drugs (tofogliflozin, canagliflozin, empagliflozin, and
luseogliflozin), though without statistically significance (51).
Meanwhile, there were too few articles to do a subgroup analysis.
Therefore, animal and other basic studies are consistent with the
conclusion of our study.

However, our study still has the following limitations: (1) We
only retrieved articles published in English, with the possibility of
selection bias. (2) We poorly controlled heterogeneity in the
experiment. Heterogeneity is substantial in Figure 4, due to
study conducted by Ramirez et al. (38), which specifically
included patients with diabetes mellitus and hypertension.
Meanwhile, the PWV data types (ba-PWV or cf-PWV) are
different. Meanwhile, in Table 1, some data referred to the
Frontiers in Endocrinology | www.frontiersin.org 6
change of FMD within 1 minute (FMD 1 min), and some data
to the maximum change of FMD (peak FMD). Some literature
did not explain how the PWV and FMD values were obtained.
(3) Some literature was not included in this article due to the lack
of PWV and FMD values and incomplete data, resulting in
selection bias. (4) The follow-up period for different studies was
also different. Previous studies have shown that short-term and
long-term drug therapy mechanisms on arterial stiffness differ.
Therefore, different follow-up times can affect the study results.
Generally speaking, there are still many shortcomings in the
study. We urgently need new evidence on the improvement of
endothelial function and atherosclerosis in diabetic patients with
SGLT-2i.

It is imperative to verify the effect of arterial stiffness by SGLT-2i
from the following aspects. Firstly, the changes of endothelial
function and arterial stiffness by SGLT-2i with different treatment
durations and further analyze whether short-term and long-term
antidiabetic drug therapy mechanisms are different. Secondly, it
should be further evaluated whether SGLT-2i could affect
endothelial function and arterial stiffness independently of
changes in blood glucose. Finally, there is a thought-provoking
problem of whether SGLT-2i class of drugs may also improve
endothelial function and arterial stiffness in T2DM patients with
complex clinical conditions such as dialysis, hypertension, and
coronary heart disease. Further evaluations of the change of
endothelial function and arterial stiffness by SGLT-2i in T2DM
patients complicated with other risk factors are essential, especially
high-risk patients with cardiovascular disease.
CONCLUSIONS

In conclusion, the present meta-analysis suggests that the quality
of the published literature on new antidiabetic drugs and
vascular function is moderate, with moderate heterogeneity
between studies. Our results showed that the ability of SGLT-2i
to improve FMD was significant, and the ability to reduce PWV
was not significant compared with the control group due to the
poor number of studies included. More data should be acquired
on the effects of SGLT-2i on arterial stiffness and endothelial
function. SGLT-2i was superior to other antidiabetic agents in
improving arterial endothelial function.
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26. Kolijn D, Pabel S, Tian Y, Lódi M, Herwig M, Carrizzo A, et al. Empagliflozin
Improves Endothelial and Cardiomyocyte Function in Human Heart Failure
With Preserved Ejection Fraction via Reduced Pro-Inflammatory-Oxidative
Pathways and Protein Kinase Ga Oxidation. Cardiovasc Res (2021) 117
(2):495–507. doi: 10.1093/cvr/cvaa123

27. Santos-Gallego CG, Requena-Ibanez JA, San Antonio R, Garcia-Ropero A,
Ishikawa K, Watanabe S, et al. Empagliflozin Ameliorates Diastolic
Dysfunction and Left Ventricular Fibrosis/Stiffness in Nondiabetic Heart
Failure: A Multimodality Study. JACC Cardiovasc Imaging (2021) 14
(2):393–407. doi: 10.1016/j.jcmg.2020.07.042

28. Juni RP, Al-Shama R, Kuster DWD, van der Velden J, Hamer HM, Vervloet MG,
et al. Empagliflozin Restores Chronic Kidney Disease-Induced Impairment of
Endothelial Regulation of Cardiomyocyte Relaxation and Contraction. Kidney Int
(2021) 99(5):1088–101. doi: 10.1016/j.kint.2020.12.013

29. Javed Z, Papageorgiou M, Madden LA, Rigby AS, Kilpatrick ES, Atkin SL,
et al. The Effects of Empagliflozin vs Metformin on Endothelial Microparticles
in Overweight/Obese Women With Polycystic Ovary Syndrome. Endocrine
Connections (2020) 9(6):563–9. doi: 10.1530/EC-20-0173

30. Sposito AC, Breder I, Soares AAS, Kimura-Medorima ST, Munhoz DB, Cintra
RMR, et al. Dapagliflozin Effect on Endothelial Dysfunction in Diabetic
Patients With Atherosclerotic Disease: A Randomized Active-Controlled
Trial. Cardiovasc Diabetol (2021) 20(1):74. doi: 10.1186/s12933-021-01264-z
February 2022 | Volume 13 | Article 826604

https://www.frontiersin.org/articles/10.3389/fendo.2022.826604/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.826604/full#supplementary-material
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/S0140-6736(16)00618-8
https://doi.org/10.1007/s11886-019-1107-y
https://doi.org/10.1007/s11886-019-1107-y
https://doi.org/10.1001/jamacardio.2017.0159
https://doi.org/10.1186/s12933-018-0728-6
https://doi.org/10.1161/CIRCULATIONAHA.116.022194
https://doi.org/10.1111/j.1463-1326.2010.01224.x
https://doi.org/10.1161/CIRCULATIONAHA.106.678276
https://doi.org/10.1161/CIRCULATIONAHA.107.697045
https://doi.org/10.1161/CIRCULATIONAHA.107.697045
https://doi.org/10.2174/1570161118666200317150359
https://doi.org/10.1097/01.hjh.0000431740.32696.cc
https://doi.org/10.1056/NEJMoa1812389
https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1080/00325481.2018.1423852
https://doi.org/10.1080/00325481.2018.1423852
https://doi.org/10.1002/14651858.ED000142
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1177/2040622320959248
https://doi.org/10.1186/s13098-019-0457-3
https://doi.org/10.1186/s12933-020-01065-w
https://doi.org/10.1186/s12933-018-0797-6
https://doi.org/10.1186/s12933-018-0797-6
https://doi.org/10.1097/HJH.0000000000002690
https://doi.org/10.2337/dc19-1177
https://doi.org/10.2169/internalmedicine.0701-17
https://doi.org/10.5551/jat.50807
https://doi.org/10.1186/s12933-019-0877-2
https://doi.org/10.1093/cvr/cvaa123
https://doi.org/10.1016/j.jcmg.2020.07.042
https://doi.org/10.1016/j.kint.2020.12.013
https://doi.org/10.1530/EC-20-0173
https://doi.org/10.1186/s12933-021-01264-z
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wei et al. SGLT-2i With Arterial Stiffness
31. Zainordin NA, Hatta S, Mohamed Shah FZ, Rahman TA, Ismail N, Ismail Z,
et al. Effects of Dapagliflozin on Endothelial Dysfunction in Type 2 Diabetes
With Established Ischemic Heart Disease (EDIFIED). J Endocrine Soc (2020) 4
(1):bvz017. doi: 10.1210/jendso/bvz017

32. Shigiyama F, Kumashiro N, Miyagi M, Ikehara K, Kanda E, Uchino H,
et al. Effectiveness of Dapagliflozin on Vascular Endothelial Function and
Glycemic Control in Patients With Early-Stage Type 2 Diabetes Mellitus:
DEFENCE Study. Cardiovasc Diabetol (2017) 16(1):84. doi: 10.1186/s12933-
017-0564-0

33. Sakai T, Miura S. Effects of Sodium-Glucose Cotransporter 2 Inhibitor on
Vascular Endothelial and Diastolic Function in Heart Failure With Preserved
Ejection Fraction - Novel Prospective Cohort Study. Circ Rep (2019) 1(7):286–
95. doi: 10.1253/circrep.CR-19-0018

34. Irace C, Cutruzzolà A, Parise M, Fiorentino R, Frazzetto M, Gnasso C, et al.
Effect of Empagliflozin on Brachial Artery Shear Stress and Endothelial
Function in Subjects With Type 2 Diabetes: Results From an Exploratory
Study. Diabetes Vasc Dis Res (2020) 17(1):1479164119883540. doi: 10.1177/
1479164119883540

35. Solini A, Giannini L, Seghieri M, Vitolo E, Taddei S, Ghiadoni L, et al.
Dapagliflozin Acutely Improves Endothelial Dysfunction, Reduces Aortic
Stiffness and Renal Resistive Index in Type 2 Diabetic Patients: A Pilot
Study. Cardiovasc Diabetol (2017) 16(1):138. doi: 10.1186/s12933-017-0621-8

36. Solini A, Seghieri M, Giannini L, Biancalana E, Parolini F, Rossi C, et al. The
Effects of Dapagliflozin on Systemic and Renal Vascular Function Display an
Epigenetic Signature. J Clin Endocrinol Metab (2019) 104(10):4253–63. doi:
10.1210/jc.2019-00706

37. Ikonomidis I, Pavlidis G, Thymis J, Birba D, Kalogeris A, Kousathana F, et al.
Effects of Glucagon-Like Peptide-1 Receptor Agonists, Sodium-Glucose
Cotransporter-2 Inhibitors, and Their Combination on Endothelial
Glycocalyx, Arterial Function, and Myocardial Work Index in Patients
With Type 2 Diabetes Mellitus After 12-Month Treatment. J Am Heart
Assoc (2020) 9(9):e015716. doi: 10.1161/JAHA.119.015716

38. Ramirez AJ, Sanchez MJ, Sanchez RA. Diabetic Patients With Essential
Hypertension Treated With Amlodipine: Blood Pressure and Arterial
Stiffness Effects of Canagliflozin or Perindopril. J Hypertension (2019) 37
(3):636–42. doi: 10.1097/HJH.0000000000001907

39. Striepe K, Jumar A, Ott C, Karg MV, Schneider MP, Kannenkeril D, et al.
Effects of the Selective Sodium-Glucose Cotransporter 2 Inhibitor
Empagliflozin on Vascular Function and Central Hemodynamics in
Patients With Type 2 Diabetes Mellitus. Circulation (2017) 136(12):1167–9.
doi: 10.1161/CIRCULATIONAHA.117.029529

40. Katakami N, Mita T, Yoshii H, Shiraiwa T, Yasuda T, Okada Y, et al. Effect of
Tofogliflozin on Arterial Stiffness in Patients With Type 2 Diabetes:
Prespecified Sub-Analysis of the Prospective, Randomized, Open-Label,
Parallel-Group Comparative UTOPIA Trial. Cardiovasc Diabetol (2021) 20
(1):4. doi: 10.1186/s12933-020-01206-1

41. Marfella R, Sasso FC, Cacciapuoti F, Portoghese M, Rizzo MR, Siniscalchi M,
et al. Tight Glycemic Control may Increase Regenerative Potential of
Myocardium During Acute Infarction. J Clin Endocrinol Metab (2012) 97
(3):933–42. doi: 10.1210/jc.2011-2037

42. Sasso FC, Rinaldi L, Lascar N, Marrone A, Pafundi PC, Adinolfi LE, et al. Role
of Tight Glycemic Control During Acute Coronary Syndrome on CV
Outcome in Type 2 Diabetes. J Diabetes Res (2018) 2018:3106056. doi:
10.1155/2018/3106056
Frontiers in Endocrinology | www.frontiersin.org 8
43. Lee H, Park SE, Kim EY. Glycemic Variability Impacted by SGLT2 Inhibitors
and GLP 1 Agonists in Patients With Diabetes Mellitus: A Systematic Review
and Meta-Analysis. J Clin Med (2021) 10(18):4078. doi: 10.3390/jcm10184078

44. Park SH, Belcastro E, Hasan H, Matsushita K, Marchandot B, Abbas M, et al.
Angiotensin II-Induced Upregulation of SGLT1 and 2 Contributes to Human
Microparticle-Stimulated Endothelial Senescence and Dysfunction: Protective
Effect of Gliflozins. Cardiovasc Diabetol (2021) 20(1):65. doi: 10.1186/s12933-
021-01252-3

45. Liu Z, Ma X, Ilyas I, Zheng X, Luo S, Little PJ, et al. Impact of Sodium Glucose
Cotransporter 2 (SGLT2) Inhibitors on Atherosclerosis: From Pharmacology
to Pre-Clinical and Clinical Therapeutics. Theranostics (2021) 11(9):4502–15.
doi: 10.7150/thno.54498

46. Alshnbari AS, Millar SA, O'Sullivan SE, Idris I. Effect of Sodium-Glucose
Cotransporter-2 Inhibitors on Endothelial Function: A Systematic Review of
Preclinical Studies. Diabetes Ther Research Treat Educ Diabetes Related Disord
(2020) 11(9):1947–63. doi: 10.1007/s13300-020-00885-z

47. D'Onofrio N, Sardu C, Trotta MC, Scisciola L, Turriziani F, Ferraraccio F,
et al. Sodium-Glucose Co-Transporter2 Expression and Inflammatory
Activity in Diabetic Atherosclerotic Plaques: Effects of Sodium-Glucose Co-
Transporter2 Inhibitor Treatment.Mol Metab (2021) 54:101337. doi: 10.1016/
j.molmet.2021.101337

48. Uthman L, Homayr A, Juni RP, Spin EL, Kerindongo R, Boomsma M, et al.
Empagliflozin and Dapagliflozin Reduce ROS Generation and Restore NO
Bioavailability in Tumor Necrosis Factor a-Stimulated Human Coronary
Arterial Endothelial Cells. Cell Physiol Biochem Int J Exp Cell Physiology
Biochemistry Pharmacol (2019) 53(5):865–86. doi: 10.33594/000000178

49. Park SH, Farooq MA, Gaertner S, Bruckert C, Qureshi AW, Lee HH, et al.
Empagliflozin Improved Systolic Blood Pressure, Endothelial Dysfunction
and Heart Remodeling in the Metabolic Syndrome ZSF1 Rat. Cardiovasc
Diabetol (2020) 19(1):19. doi: 10.1186/s12933-020-00997-7

50. Hogan MF, Hackney DJ, Aplin AC, Mundinger TO, Larmore MJ, Castillo JJ,
et al. SGLT2-I Improves Markers of Islet Endothelial Cell Function in Db/Db
Diabetic Mice. J Endocrinol (2021) 248(2):95–106. doi: 10.1530/JOE-20-0354

51. Tahara A, Takasu T, Yokono M, Imamura M, Kurosaki E. Characterization
and Comparison of SGLT2 Inhibitors: Part 3. Effects on Diabetic
Complications in Type 2 Diabetic Mice. Eur J Pharmacol (2017) 809:163–
71. doi: 10.1016/j.ejphar.2017.05.019

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wei, Wang, Pan and Guo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2022 | Volume 13 | Article 826604

https://doi.org/10.1210/jendso/bvz017
https://doi.org/10.1186/s12933-017-0564-0
https://doi.org/10.1186/s12933-017-0564-0
https://doi.org/10.1253/circrep.CR-19-0018
https://doi.org/10.1177/1479164119883540
https://doi.org/10.1177/1479164119883540
https://doi.org/10.1186/s12933-017-0621-8
https://doi.org/10.1210/jc.2019-00706
https://doi.org/10.1161/JAHA.119.015716
https://doi.org/10.1097/HJH.0000000000001907
https://doi.org/10.1161/CIRCULATIONAHA.117.029529
https://doi.org/10.1186/s12933-020-01206-1
https://doi.org/10.1210/jc.2011-2037
https://doi.org/10.1155/2018/3106056
https://doi.org/10.3390/jcm10184078
https://doi.org/10.1186/s12933-021-01252-3
https://doi.org/10.1186/s12933-021-01252-3
https://doi.org/10.7150/thno.54498
https://doi.org/10.1007/s13300-020-00885-z
https://doi.org/10.1016/j.molmet.2021.101337
https://doi.org/10.1016/j.molmet.2021.101337
https://doi.org/10.33594/000000178
https://doi.org/10.1186/s12933-020-00997-7
https://doi.org/10.1530/JOE-20-0354
https://doi.org/10.1016/j.ejphar.2017.05.019
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Effects of SGLT-2 Inhibitors on Vascular Endothelial Function and Arterial Stiffness in Subjects With Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomized Controlled Trials
	Introduction
	Methods
	Data Sources, Search Strategy, and Selection Criteria
	Data Collection and Quality Assessment
	Statistical Analysis
	Assessment of Bias

	RESULTS
	Selection Process
	Characteristics of the Selected Studies
	The Change in FMD Values After the Treatment
	The Range of PWV Variation Before and After the Treatment

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


