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Abstract

Patients with type 2 diabetes who have cardiovascular disease and are receiving empagliflo-
zin have a lower rate of primary composite cardiovascular outcomes. In contrast, glimepiride
increases cardiovascular hospitalization when combined with metformin. Here, we
assessed the effects of empagliflozin and glimepiride on endothelial function using flow-
mediated dilation (FMD). In this prospective, open-label, randomized, parallel-group study,
63 patients with type 2 diabetes received metformin and insulin glargine U100 for 12 weeks.
This was followed by additional treatment with empagliflozin or glimepiride for 12 weeks.
The primary outcome was the change in the FMD measurement (AFMDs) at 24 weeks of
additional treatment. Secondary outcomes comprised changes in metabolic markers and
body composition. The empagliflozin group (n = 33) and glimepiride group (n= 30) showed
no significant differences in AFMDs (empagliflozin, —0.11 [95%CI: -1.02, 0.80]%; glimepir-
ide, —0.34 [95%Cl: -1.28, 0.60]%; P = 0.73). Additionally, changes in glycated hemoglobin
were similar between the two groups. However, a significant difference in body weight
change was observed (empagliflozin, —0.58 [95%CI: -1.60, 0.43] kg; glimepiride, 1.20 [95%
Cl: 0.15, 2.26] kg; P=0.02). Moreover, a body composition analysis revealed that body fluid
volume significantly decreased after empagliflozin treatment (baseline, 35.8 £ 6.8 L; after 12
weeks, —0.33+ 0.72 L; P=0.03). Hence, although empagliflozin did not improve endothelial
function compared with glimepiride for patients with type 2 diabetes, it did decrease body
fluid volumes. Thus, the coronary-protective effect of empaglifiozin is not derived from endo-
thelial function protection, but rather from heart failure risk reduction.

Trial registration: This trial was registered on September 13, 2016; UMIN0O00024001.
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Introduction

Diabetes patients present a particularly high cardiovascular risk, making early detection of vas-
cular failure essential. Hence, assessment of coronary endothelial vasoreactivity has important
diagnostic and prognostic implications for patients with diabetes. An estimate of arteriosclero-
sis and the risk of cardiovascular events can be obtained by measuring endothelial dysfunction
[1]. The flow-mediated dilation (FMD) method evaluates endothelial function in a noninva-
sive manner, based on the intrinsic ability of blood vessels to respond to blood flow [2]. FMD
uses high frequency ultrasonographic imaging of the brachial artery to report on nitric oxide-
induced vasodilation within the artery. Since FMD can predict cardiovascular events, it has
been utilized in numerous investigations of arteriosclerosis [3-5]. However, variables such as
age, systolic blood pressure, body mass index (BMI), sex, presence of diabetes mellitus, lipid-
lowering medications, smoking, and a decrease in visceral adipose tissue mass can all impact
FMD measurements [6-8].

Blood glucose levels in diabetes can be decreased by preventing proximal tubular glucose
reabsorption and increasing urinary glucose excretion using an inhibitor of sodium glucose
cotransporter 2 (SGLT2). Notably, such inhibitors can also reduce blood pressure [9] and
body weight [9, 10]. The EMPA-REG OUTCOME trial revealed that treatment with empagli-
flozin, an SGLT?2 inhibitor, reduced the risk of cardiovascular outcomes and death from all
causes in patients with pre-existing atherosclerotic cardiovascular disease. However, the inci-
dence of myocardial infarction or stroke did not differ significantly between the empagliflozin
and placebo groups [11].

Furthermore, a meta-analysis showed that SGLT2 inhibitors improve the composite out-
come of myocardial infarction, stroke, and cardiovascular death [12]. However, the effects var-
ied according to the presence or absence of atherosclerotic cardiovascular disease. Indeed,
these inhibitors could only reduce composite major adverse cardiovascular events in patients
with existing atherosclerotic cardiovascular disease. Nonetheless, hospitalization following
heart failure was reduced with SGLT2 inhibitor treatment regardless of atherosclerotic cardio-
vascular disease or heart failure status at baseline. However, the anti-atherosclerotic mecha-
nism of SGLT2 inhibitors remains unclear [12].

In the UK Prospective Diabetes Study (UKPDS) 33 Group, microvascular complications
were reduced with sulfonylurea therapy, however, no effect was observed on macrovascular
disease. The risk of microvascular complications decreased following sulfonylurea treatment
due to improved blood glucose control [13]. However, the observation that combined sulfonyl-
urea and metformin therapy increased cardiovascular hospitalization or mortality was con-
cerning [14]. The lack of an effect elicited by sulfonylurea on macrovascular disease may result
from its inability to affect endothelial function. Considering that the reduction in microvascu-
lar complications associated with sulfonylurea treatment was derived from control of blood
glucose and decreased glycated hemoglobin (HbA1c), we hypothesized that sulfonylureas
might not improve endothelial function. Consequently, in this study we used FMD to compare
endothelial function in patients with type 2 diabetes treated with either an SGLT2 inhibitor
(empagliflozin) or a sulfonylurea (glimepiride).

Materials and methods

Study design

This study was registered with the University Hospital Medical Information Network Clinical
Trial Registry (UMIN000024001) as a prospective, open-label, randomized, parallel-group
comparison study. Approval for this study was obtained from the ethics committee of
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Chigasaki Municipal Hospital (approval No. 2017-08). The study protocol conforms to the
provisions of the revised Declaration of Helsinki guidelines. Written, informed consent was
obtained from all participating patients.

Inclusion and exclusion criteria

Patients with type 2 diabetes (20-80 years of age) who were hospitalized for 1-2 weeks at the
Chigasaki Municipal Hospital for diabetes education and blood glucose control were included
in this study. Patients were placed on a controlled diet and treated with insulin following hos-
pitalization. In patients already being treated for diabetes, prior treatments were discontinued
and changed to insulin therapy upon patients being hospitalized for diabetes education and
blood glucose control. Treatments were then changed to metformin and insulin glargine U100
at discharge. To attenuate glucotoxicity, patients received metformin and basal insulin therapy
prior to discharge. All patients had a BMI < 45 kg/m”.

Patients were excluded if they showed severe renal dysfunction (estimated glomerular filtra-
tion rate [eGFR] < 45 mL min~' 1.73 m ™), liver dysfunction, were on steroid therapy, experi-
enced cardiovascular disease and a cerebral infarction within 24 weeks of the study, had
cancer, had severe infection, were traumatized, were or could become pregnant, were allergic
to empagliflozin, insulin glargine U100, glimepiride, or metformin, or if the supervising doctor
decided that the patient did not qualify for this study.

Treatment and interventions

Patients were treated with metformin and insulin glargine U100 for only 12 weeks after dis-
charge and were then randomized to receive additional treatment for another 12 weeks with
either daily 10 mg empagliflozin or 0.5 mg glimepiride. HT enrolled participants and YK
assigned participants to interventions. Patients were assigned enrollment numbers. The ran-
dom allocation of patients was performed by YK at Chigasaki Municipal Hospital, and the
assignment was blinded. According to Japanese guidelines, a 10 mg dose of empagliflozin is
recommended as the initial starting dose. We selected a dose of 0.5 mg glimepiride, because
this dosage exhibited an efficacy of lowering blood glucose that was similar to that of 10 mg
empagliflozin [15-17]. Patients were randomly assigned in a one to one ratio. Randomization
was stratified based on age, HbAlc, and FMD using the computed minimization method
(MinimPy 0.3, Python Software Foundation). Blood samples were obtained in a fasting state.
Each observation point involved two separate measurements.

Initial FMD measurements were made prior to randomization and additional treatment
with empagliflozin or glimepiride. Subsequent measurements were made following additional
treatment for 12 weeks. If fasting plasma glucose was maintained under 90 mg/dL after ran-
domization, the insulin glargine U100 dose was decreased by one unit, once weekly. Other-
wise, treatment was generally not changed following randomization. Patients were instructed
to self-monitor blood glucose with a blood glucose system (ONE TOUCH Verio IQ, Johnson
and Johnson Co., New Brunswick, NJ, USA) twice daily, as well as hypoglycemia symptoms.
Hypoglycemia (i.e. blood glucose < 70 mg/dL) was ascertained using the values recorded by
the patients.

Flow-mediated dilation

FMD was measured using a UNEX EF38G (UNEXCorporation, Nagoya, Japan) by clinical
technologists at the Chigasaki Municipal Hospital according to pre-published guidelines [2].
This automated edge detection system was used to measure the brachial artery diameter using
high-resolution ultrasound. The pre- and post-artery diameters pressed by the cuff were
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measured. FMD was calculated using the following formula: FMD (%) = ([maximum diameter
—diameter at rest]/diameter at rest) x 100.

Endpoints and assessments

The primary outcome was the change in FMD, which was measured prior to, and following,
12 weeks of additional treatment (S1 Fig). Secondary outcomes included changes in the plasma
levels of metabolic markers during the fasting state, which were measured prior to, and follow-
ing, 12 weeks of treatment. Body composition components, such as skeletal muscle and total
fat mass, as well as body fluid volume, were assessed using a multifrequency bioelectrical
impedance analyzer (BIA; InBody720; InBody Co., Ltd., Seoul, South Korea) and they were
included as the secondary outcomes. InBody 720 measures impedance of parts of arms, trunk,
and legs with eight-polarities (two palm, thumb, anterior and posterior aspects of the sole) and
six frequencies (1, 5, 60, 250, 500, and 1,000 kHz). Intracellular water (ICW), extracellular
water (ECW), and total body water (TBW) were estimated. This accurately estimates total and
appendicular body composition, independent of age and sex [18].

Sample size and statistical analyses

The effect of SGLT?2 inhibitors on endothelial function, as measured by FMD, was unknown at
the time this protocol was developed. We estimated that the change in FMD measurement
(AFMD) with empagliflozin treatment for 12 weeks would be 1.5 + 2.0% based on the results
from a previous study [19]. Considering a two-sided P-value of 5% and a power of 80%, we cal-
culated that a sample size of 58 patients was required to detect a significant difference between
the two treatment groups. We estimated that 10% of the enrolled patients were lost or did not
meet the inclusion criteria. All data were analyzed based on the intention-to-treatment princi-
ple. The primary analysis was performed in the full analysis set (FAS), and robustness of the
results was explored through sensitivity analysis in the per-protocol set (PPS). The repeated-
measure endpoints were analyzed with linear mixed models that included intervention (empa-
gliflozin or glimepiride), dummy variables for time (baseline or week 12), intervention-by-
time interactions as covariates, and the subjects as a random effect. The covariance structure
was a completely general (i.e., unstructured) covariance matrix. The results were reported as
the least squares means with 95% confidence interval (CI) at each time-point. The analyses
were performed using JMPPro12 (SAS Institute, Cary, NC, USA).

Results
Patients

Between June 2016 and 2018, 69 patients with type 2 diabetes were recruited for this study.
The final date of recruitment was December 18, 2018, which was the date on which we
achieved the target number of patients. The final follow-up date was June 14, 2019. A total of
63 patients were randomized at a one-to-one ratio to either the empagliflozin or glimepiride
group. After study completion, 33 patients in the empagliflozin group and 30 patients in the
glimepiride group were analyzed (Fig 1). The baseline clinical and biochemical characteristics
in the two treatment groups were statistically similar (Table 1). Patients received the following
drugs in the empagliflozin and glimepiride groups prior to enrollment in the study: metformin
(21.2% vs. 13.3%, respectively); DPP-4 inhibitor (27.3% vs. 26.7%, respectively); SGLT2-inhibi-
tor (6.1% vs. 3.3%, respectively); sulfonylurea (12.1% vs. 13.3%, respectively); o-glucosidase
inhibitor (3.0% vs. 6.7%, respectively); glinide (0% vs 3.3%, respectively); insulin (15.2% vs.
6.7%, respectively); and a GLP-1 analog (0% vs 3.3%, respectively).
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Assessed for eligibility (n=69) |

Excluded (n=6)
+ Did not meet inclusion criteria (n=6)
+ Declined to participate (n=0)

| Empagliflozin group

| Randomized (n=63) ‘

Glimepiride group

Allocated to intervention (n=33)
+ Received allocated intervention (n=32)
+ Did not receive allocated intervention (n=1) (cerebral infarction)

Lost to follow-up (n=2) (dropped out)
Discontinued intervention (n=0)

4
Analyzed

+ FAS (n=33)
+ PPS (n=30)

location

=

Follow-up

Analysis

;

Allocated to intervention (n=30)
+ Received allocated intervention (n=30)
+ Did not receive allocated intervention (n=0)

A

Lost to follow-up (n=2) (dropped out, moved)
Discontinued intervention (n=0)

Analyzed
+ FAS (n=30)
+ PPS (n=28)

Fig 1. Consort 2010 flow diagram for patient selection. Ultimately, 33 patients in the empagliflozin group and 30

patients in the glimepiride group were analyzed.

https://doi.org/10.1371/journal.pone.0262831.9001

Table 1. Patient baseline characteristics.

Empagliflozin group Glimepiride group

(£SD)n=33 (£SD)n=30
Age [years] 58.7+8.8 53.8 +£12.0
Sex (male/female) 21/12 20/10
Estimated duration of diabetes [years] 7.1+8.1 4.6 £4.9
Recently diagnosed diabetes [%] 33.3 433
Current smoker [%] 24.2 40.0
FMD [%] 54+2.0 54+21
HbAlc [%] 70+12 6.6+0.7
FPG [mg/dL] 143.5 + 66.6 125.6 + 52.1
GA [%] 17.2+£3.7 16.3 £3.3
Body weight [kg] 69.9 +12.0 69.2 £ 16.6
BMI [kg/mz] 259+3.9 25.7+5.3
Cr [mg/dL] 0.76 £ 0.16 0.74 £0.17
eGFR [mL min™' 1.73 m™’] 75.6 % 12.7 81.5%19.2
UA [mg/dL] 54+1.1 54+14
LDL-C [mg/dL] 95.7 £26.1 89.5+27.8
HDL-C [mg/dL] 57.0£17.7 58.1+16.0
TG [mg/dL] 186.9 + 102.4 171.4 +128.2
sBP [mmHg] 130.0 £ 15.9 130.9 £ 20.2
dBP [mmHg] 80.8 + 10.2 78.6 £ 9.6
Metformin [mg] 916.7 + 388.6 1000.0 + 468.9
Insulin glargine U100 [U/kg] 0.09 +0.05 0.12 +0.09

Values are presented as mean * standard deviation (SD). FMD, flow-mediated dilation; HbAlc, glycated

hemoglobin; FPG, fasting plasma glucose; GA, glycated albumin; BMI, body mass index; Cr, serum creatinine; eGFR,

estimated glomerular filtration rate; UA, uric acid; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density

lipoprotein cholesterol; TG, triglycerides; sBP, systolic blood pressure; dBP, diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0262831.t001
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Endothelial function

The average baseline FMD values before and after 12-weeks of treatment with empagliflozin or
glimepiride are presented in Table 2. No significant difference was observed in FMD changes
between the empagliflozin and glimepiride groups. Results were similar for both FAS and PPS
(S1 Table).

In both subgroups that exhibited a lower than median baseline FMD, theAFMD did not sig-
nificantly differ between the two groups (P = 0.84; Table 3).

Metabolic markers

The fasting plasma glucose (FPG) levels remained unchanged in both groups, with no signifi-
cant difference evident between the two groups following treatment (P = 0.52; Table 4).
HbAlc and glycated albumin (GA) levels significantly decreased in both groups (P < 0.05).
However, the changes in these metabolic markers were not significantly different between the
two groups (AHbAlc, P = 0.82 and AGA, P = 0.4). Uric acid (UA) was significantly decreased
in the empagliflozin group (P < 0.001). A significant difference between the two groups was
also noted in the AUA (P < 0.001). Systolic blood pressure (P = 0.61) and diastolic blood pres-
sure (P = 0.71) did not change significantly between the two groups. Empagliflozin treatment
significantly increased low-density lipoprotein-C (LDL-C; P = 0.002). In contrast, triglycerides
(TG; P =0.46) and high-density lipoprotein-C (HDL-C; P = 0.65) did not change significantly
between the two groups. These results were similar for both FAS and PPS (S2 Table).

A significant increase in body weight (P < 0.05) was observed after glimepiride treatment.
In addition, a significant difference was observed in the change in body weight between the
two groups (P = 0.02). However, in the subgroup of patients for whom a decrease in body
weight was observed, AFMD was not significantly different between the two groups (P = 0.62;
Table 5). Glimepiride treatment also induced a significant increase in waist circumference
(P =0.02). Moreover, a significant difference was observed in the change in waist circumfer-
ence between the two groups (P = 0.008). With regard to body composition, glimepiride treat-
ment led to a significant increase in total fat mass (P = 0.008). In comparison, empagliflozin
significantly decreased body fluid volume (P = 0.03) only in PPS (S2 Table).

The fasting C-peptide immunoreactivity levels (CPR; P = 0.57), homeostasis model assess-
ment 2 steady state beta cell (%B) function (P = 0.29), homeostasis model assessment 2 insulin
sensitivity (%S) (P = 0.42), and homeostasis model assessment 2 insulin resistance (P = 0.51)
were not significantly different between the two groups (S3 Table). These results were similar
for both FAS and PPS (54 Table). In addition, empagliflozin and glimepiride did not affect
insulin secretion, insulin sensitivity, pancreatic -cell function, or insulin resistance. Few

Table 2. FMD (%) with treatment for full analysis set by mixed model analysis.

Empagliflozin group (n = 33) Glimepiride group (n = 30) Difference (Empagliflozin-
Glimepiride)
mean 95%CI P-value vs. baseline mean 95%CI P-value vs. baseline mean 95%CI P-value
FMD(0) 5.38 4.67,6.10 - 5.42 4.67,6.17 - -0.04 -1.08, 1.00 0.937
FMD(12) 5.27 4.52,6.02 0.810 5.08 4.31, 5.86 0.474 0.19 -0.89, 1.27 0.729
AFMD -0.11 -1.02, 0.80 - -0.34 -1.28, 0.60 - 0.23 -1.08, 1.54 0.726

Values are presented as least square means (LS mean) and 95% confidence interval (95%CI). P-values represent the results of linear mixed model analysis with outcome
as the dependent variable in FAS. In the model, subjects were the random factors, and time (Baseline or Week 12) and group (Empagliflozin or Glimepiride) and their
interaction terms were fixed factors. FAS analysis. FMD, flow-mediated dilation; FMD (0) means the baseline FMD value at 0 week. FMD (12) means the FMD value at

12 weeks after additional treatment; A indicates the change in the FMD value between 0 and 12 weeks.

https://doi.org/10.1371/journal.pone.0262831.t1002
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Table 3. Change in FMD (% + SD) after additional treatment in subgroups with lower than median baseline FMD.

Empagliflozin group (n =17) Glimepiride group (n =17) Difference (Empagliflozin-Glimepiride)
LS mean 95%CI P-value vs. baseline LS mean 95%CI P-value vs. baseline LS mean 95%CI P-value
FMD(0) 3.93 3.14,4.72 - 4.16 3.38,4.95 - -0.24 -1.35,0.88 0.673
FMD(12) 4.54 3.68, 5.40 0.223 4.92 4.09,5.75 0.126 -0.38 -1.57,0.82 0.529
AFMD 0.61 -0.39, 1.61 - 0.75 -0.22,1.73 - -0.14 -1.54,1.25 0.836

Values are presented as least square means (LS mean) and 95% confidence interval (95%CI). P-values represent the results of linear mixed model analysis with outcome
as the dependent variable in FAS. In the model, subjects were the random factors, and time (Baseline or Week 12) and group (Empagliflozin or Glimepiride) and their
interaction terms were fixed factors. FMD, flow-mediated dilation; FMD (0) means the baseline FMD value at 0 week. FMD (12) means the FMD value at 12 weeks after

additional treatment; A indicates the change in the FMD value between 0 and 12 weeks.

https://doi.org/10.1371/journal.pone.0262831.t003

arteriosclerosis markers were correlated with AFMD; these markers included body weight
changes, AHbA1lc, AHDL-C, and ATG. Note, AFMD would have been greater if the baseline
FMD was lower (S5 Table).

Discussion

In the present study, we assessed the effects of empagliflozin and glimepiride, a commonly pre-
scribed sulfonylurea, on endothelial function in patients with type 2 diabetes using FMD. Fast-
ing plasma glucose (FPG), HbAlc, and GA were equally improved in both the empagliflozin
and glimepiride groups; however, there was no significant change in FMD in either of the
groups. The average difference between the two groups of FMD was small and 95% confidence
interval was similar to the reproducibility of FMD [20]. The glimepiride result is in line with a
previous report where glimepiride treatment did not result in improved endothelial function
[19]. In addition, empagliflozin had no effect on endothelial function, irrespective of the
improvement in glucose levels.

This study was conducted in patients in a glucose-controlled state to observe changes in
endothelial function induced by drugs that lack the ability to improve glucose levels, and to
exclude the effects of glucotoxicity and temporary endothelial dysfunction associated with
high blood glucose. The baseline HbA1c was targeted in this study; however, severe hypoglyce-
mia did not occur after reducing the insulin glargine U100 dose, and the fasting plasma glu-
cose was maintained under 90 mg/dL. The insulin dose was also decreased significantly in
both groups, which may have caused the observed decrease in body weight. This significant
change was confirmed only in PPS. HbA ¢ was significantly reduced in the empagliflozin
group; however, this change did not affect FMD. In contrast, a correlation between decreased
visceral adipose tissue mass, waist circumference, and AFMD has been reported in previous
studies [8, 21]. Our findings suggest that empagliflozin had no effect on FMD, although empa-
gliflozin did improve HbAlc.

Long-term administration of empagliflozin maintains a stable eGFR [22]; however, we
observed a deterioration in renal function in the empagliflozin group during our relatively
short observation period. Empagliflozin decreases hyperfiltration induced by diuresis in the
early stages of treatment [23]. This may account for the observed changes in renal dynamics
induced by empagliflozin. Canagliflozin reduces the risk of kidney failure at a median follow-
up time of 2.62 years [24]. In addition, while losartan treatment results in a rapid initial decline
in renal function, the decrease in long-term renal function is slowed [25]. Therefore, empagli-
flozin could prevent the progression of kidney disease over an extended period. However, an
initial rapid decline in renal function could result in kidney failure [26].
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Table 4. Metabolic markers with treatment for full analysis set by mixed model analysis.

Empagliflozin group (n = 33)

Glimepiride group (n = 30)

Difference

(Empagliflozin-Glimepiride)
LS mean 95%CI P-value vs. baseline | LS mean 95%CI P-value vs. baseline | LS mean 95%CI P-value
FPG (mg/dL)
Baseline 143.52 124.13, 162.90 - 125.60 105.27, 145.93 - 17.92 -10.18, 46.01 0.208
Week 12 128.68 108.73, 148.62 0.096 118.91 98.16, 139.67 0.465 9.76 -19.02, 38.55 0.502
AFPG -14.84 -32.39,2.71 - -6.69 -24.90,11.53 - -8.15 -33.45,17.14 0.521
HbAlc (%)
Baseline 7.04 6.69, 7.38 - 6.64 6.28,7.00 - 0.40 -0.10, 0.90 0.116
Week 12 6.81 6.46,7.16 0.005 6.38 6.02,6.75 0.003 0.43 -0.08, 0.93 0.097
AHbAlc -0.23 -0.39, -0.07 - -0.26 -0.42,-0.09 - 0.03 -0.20, 0.25 0.819
GA (%)
Baseline 17.16 15.99, 18.34 - 16.33 15.12,17.54 - 0.83 -0.85,2.52 0.328
Week 12 16.18 15.00, 17.36 <0.001 15.68 14.46, 16.90 0.024 0.50 -1.20, 2.20 0.560
AGA -0.99 -1.53,-0.44 - -0.65 -1.22,-0.09 - -0.33 -1.12,0.45 0.396
Cr (mg/dL)
Baseline 0.76 0.71, 0.82 - 0.74 0.68, 0.80 - 0.02 -0.06, 0.10 0.614
Week 12 0.79 0.73,0.84 0.050 0.75 0.69, 0.80 0.831 0.04 -0.04, 0.12 0.322
ACr 0.02 0.00, 0.04 - 0.00 -0.02, 0.03 - 0.02 -0.01, 0.05 0.222
eGFR (mL min™" 1.73 m™)
Baseline 75.62 70.02, 81.23 - 81.52 75.64, 87.40 - -5.90 -14.02,2.22 0.152
Week 12 72.67 67.02,78.33 0.038 81.13 75.21, 87.05 0.787 -8.46 -16.65, -0.27 0.043
AeGFR -2.95 -5.72,-0.17 - -0.39 -3.27,2.49 - -2.56 -6.56, 1.45 0.206
UA (mg/dL)
Baseline 5.44 4.99, 5.88 - 5.42 4.95,5.89 - 0.02 -0.63, 0.67 0.947
Week 12 4.81 4.35,5.26 <0.001 5.68 5.20, 6.15 0.065 -0.87 -1.53,-0.22 0.010
AUA -0.63 -0.90, -0.36 - 0.26 -0.02, 0.54 - -0.89 -1.28, -0.51 <0.001
Body weight(kg)
Baseline 69.86 64.71,75.02 - 69.19 63.78, 74.59 - 0.68 -6.79, 8.14 0.857
Week 12 69.28 64.12,74.44 0.255 70.39 64.98, 75.80 0.026 -1.11 -8.59, 6.37 0.767
ABW -0.58 -1.60, 0.43 - 1.20 0.15,2.26 - -1.79 -3.25,-0.32 0.018
Waist circumference(cm)
Baseline 91.82 87.31,96.33 - 90.59 86.01, 95.17 - 1.22 -5.20, 7.65 0.705
Week 12 91.20 86.69, 95.70 0.183 91.75 87.17,96.33 0.015 -0.56 -6.98, 5.87 0.863
Awaist -0.62 -1.54,0.30 - 1.16 0.24,2.08 - -1.78 -3.09, -0.48 0.008
Blood pressure (mmHg)
sBP
Baseline 129.59 123.44,135.74 - 130.90 124.50, 137.30 - -1.31 -10.19, 7.56 0.769
Week 12 129.93 123.68,136.18 0.891 129.39 122.87,135.90 0.558 0.55 -8.48,9.57 0.905
AsBP 0.35 -4.68, 5.38 - -1.51 -6.66, 3.63 - 1.86 -5.34,9.06 0.607
dBP
Baseline 80.35 76.76, 83.94 - 78.63 74.91, 82.36 - 1.71 -3.46, 6.89 0.512
Week 12 79.67 75.99, 83.35 0.717 78.94 75.12, 82.76 0.873 0.72 -4.58, 6.03 0.787
AdBP -0.68 -4.43,3.07 - 0.31 -3.54,4.16 - -0.99 -6.37,4.39 0.713
LDL-C (mg/dL)
Baseline 95.73 85.69, 105.77 - 89.47 78.93, 100.00 - 6.26 -8.29,20.81 0.394
Week 12 108.72 98.44, 119.00 0.002 94.10 83.38,104.81 0.273 14.62 -0.22,29.47 0.053
ALDL-C 12.99 4.92,21.07 - 4.63 -3.74,13.00 - 8.36 -3.27,19.99 0.156
(Continued)
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Table 4. (Continued)

HDL-C (mg/dL)
Baseline

Week 12

AHDL-C

TG (mg/dL)
Baseline

Week 12

ATG

Body fluid volume (L)
Baseline

Week 12

ABody fluid

Total fat mass (kg)
Baseline

Week 12

Atotal fat mass

LS mean

56.97
57.82
0.85

186.88
171.85
-15.03

35.80
35.48
-0.32

21.40
20.83
-0.57

Insulin glargine U100 (U)

Baseline
Week 12

Ainsulin glargine

9.03
8.03
-1.00

Empagliflozin group (n = 33)

Glimepiride group (n = 30) Difference

(Empagliflozin-Glimepiride)

95%CI P-value vs. baseline | LS mean 95%CI P-value vs. baseline | LS mean 95%CI P-value
51.65,62.29 - 58.07 52.48, 63.65 - -1.10 -8.81, 6.62 0.778
52.40, 63.25 0.648 56.85 51.20, 62.51 0.531 0.97 -6.86, 8.81 0.806
-2.87,4.58 - -1.21 -5.07, 2.65 - 2.07 -3.30, 7.43 0.443
148.53,225.23 - 171.37 131.14, 211.59 - 15.51 -40.06, 71.09 0.581
132.08, 211.61 0.462 183.40 142.12, 224.69 0.570 -11.56 -68.88,45.76 0.690
-55.62, 25.56 - 12.04 -30.12, 54.20 - -27.07 -85.59, 31.45 0.358
33.06, 38.53 - 36.63 33.81, 39.45 - -0.83 -4.77,3.10 0.673
32.74, 38.21 0.238 36.27 33.45, 39.09 0.185 -0.79 -4.72,3.14 0.688
-0.85, 0.22 - -0.36 -0.89, 0.18 - 0.04 -0.72, 0.80 0.916
18.04, 24.76 - 19.93 16.47, 23.40 - 1.47 -3.36, 6.30 0.545
17.48, 24.19 0.192 21.12 17.66, 24.59 0.008 -0.29 -5.11,4.54 0.906
-1.43,0.29 - 1.19 0.33,2.05 - -1.76 -2.97,-0.54 0.006
6.58,11.48 - 11.70 9.13, 14.27 - -2.67 -6.22,0.89 0.139
5.56,10.51 0.071 9.59 7.01,12.18 <0.001 -1.56 -5.14, 2.02 0.387
-2.08, 0.09 - -2.11 -3.23,-0.98 - 1.11 -0.46, 2.67 0.162

Values are presented as least square means (LS mean) and 95% confidence interval (95%CI). P-values represent the results of linear mixed model analysis with outcome

as the dependent variable in FAS. In the model, subjects were the random factors, and time (Baseline or Week 12) and group (Empagliflozin or Glimepiride) and their

interaction terms were fixed factors. A indicates the changes in the metabolic markers between 0 and 12 weeks. HbAlc, glycated hemoglobin; GA, glycated albumin; Cr,

serum creatinine; eGFR, estimated glomerular filtration rate; UA, uric acid; sBP, systolic blood pressure; dBP, diastolic blood pressure; LDL-C, low-density lipoprotein

cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides.

https://doi.org/10.1371/journal.pone.0262831.1004

The clinical effects of empagliflozin on the lipid composition is unclear; however, empagli-
flozin marginally increased LDL-C levels [27]. This is in contradiction with the coronary-pro-
tective effect of empagliflozin. We observed that empagliflozin significantly increased the
levels of LDL-C. It is possible that the reduction in volume of body fluids [28] and the loss of
calories [29] contributed to this change. However, the underlying mechanism is unclear and
therefore, further research is needed.

InBody720, an eight-polar BIA, accurately estimates the total and appendicular body
composition, independent of age and sex [18]. In our study, body fluid volume was signifi-
cantly decreased following 12 weeks of empagliflozin treatment. This change was confirmed
only in PPS and it was unclear whether the effect of empagliflozin on the volume of body
fluids was greater than that of glimepiride; however, there is a tendency of a greater
decreases in the fluid volume in response to empagliflozin, compared to that against glime-
piride, with less individual variations. The empagliflozin group may have a clear reduction
effect on the fluid volume. Empagliflozin improves hospitalization rates after heart failure
[30] and it possibly attenuates the effects of this disease by decreasing body fluid volume.
During the observational period of our study, heart failure was not observed in either of the
treatment groups. Thus, empagliflozin might have a coronary-protective effect independent
of its impact on endothelial function.
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Table 5. Changes in FMD (% + SD) in patient subgroup with decreased body weight during observation period.

Empagliflozin group (n = 20) Glimepiride group (n = 10) Difference (Empagliflozin-Glimepiride)
LS mean 95%CI P-value vs. baseline LS mean 95%CI P-value vs. baseline LS mean 95%CI P-value
FMD(0) 5.29 4.34,6.23 - 4.22 2.89, 5.55 - 1.06 -0.57,2.70 0.196
FMD(12) 5.80 4.79, 6.81 0.366 5.05 3.58,6.52 0.318 0.75 -1.03,2.54 0.399
AFMD 0.52 -0.64, 1.67 - 0.83 -0.84, 2.50 - 0.31 -1.72,2.34 0.756

Values are presented as least square means (LS mean) and 95% confidence interval (95%CI). P-values represent the results of linear mixed model analysis with outcome
as the dependent variable in FAS. In the model, subjects were the random factors, and time (Baseline or Week 12) and group (Empagliflozin or Glimepiride) and their
interaction terms were fixed factors.

FMD, flow-mediated dilation; A indicates the change in FMD value between 0 and 12 weeks.

https://doi.org/10.1371/journal.pone.0262831.t005

Empagliflozin decreases congestive heart failure through its diuretic activities; however, its
effect on reducing cardiovascular event risk is unclear. Compared with loop diuretics, SGLT2
inhibitors produce a greater reduction in interstitial fluid volume relative to blood volume
[31]. It is hypothesized that improvements in systemic congestion and renal function, derived
from decreased hyperfiltration, result in the prevention of cardiovascular events without
reducing arterial filling and perfusion.

An increase in FMD may be achieved in circumstances where the baseline FMD is low [32].
In addition, baseline FMD is related to HbAlc [6]. If baseline HbA1c levels were higher, base-
line FMD would be lower and endpoint FMD would improve. However, in both subgroups
that showed a lower than median baseline FMD, the AFMD did not significantly differ
between the two groups (P = 0.83; Table 3).

SGLT?2 inhibitors have a secondary preventive effect on adverse cardiovascular events; how-
ever, they lack a primary preventive effect [12]. The results from the DECLARE-TIMI 58 study
demonstrated that dapagliflozin has both primary, as well as secondary, effects on preventing
adverse cardiovascular events. Dapagliflozin decreases cardiovascular death and hospitaliza-
tion due to heart failure in patients with no history of cardiovascular disease [33]. However, in
our study, patients did not present similar backgrounds, and hence, it was necessary to under-
take a secondary intervention.

The effects of other hyperglycemic agents, such as pioglitazone and glucagon-like peptide 1
(GLP-1) analogs, on improving endothelial function have been reported previously [19, 34,
35]. A dipeptidyl peptidase 4 (DPP-4) inhibitor either improves [32, 36], has no effect [37], or
worsens [38] endothelial function, but does not affect cardiovascular events [39, 40]. GLP-1
analog treatment enhances [35, 41], or has no effect on [42], endothelial function. In patients
with type 2 diabetes, liraglutide, a GLP-1 analog, successfully prevents nonfatal myocardial
infarction or stroke, and death from cardiovascular causes [43]. In line with these diverse find-
ings, results from a meta-analysis showed that significant heterogeneity existed between DPP-
4 inhibitors and GLP-1 [44]. Factors such as the size of the study, duration of intervention,
and age or sex of the participants did not affect the mean difference in FMD [44]. However,
FMD change was dependent on baseline FMD values. Therefore, the low baseline FMD in our
study compared to that in other studies [32, 36] could have affected our results.

Several limitations were evident in this study. First, as the study participants were outpa-
tients, we were unable to exclude the possibility that they had smoked or eaten before the
FMD examination. Moreover, non-compliance of dietary requirements in some patients
might have affected the observed change in body weight. Additionally, we had included wash-
out periods of anti-diabetic therapy for 12 weeks before the study; there were no significant
differences between the drugs (S6 Table); however, long-term effects of anti-diabetic therapy
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before admission cannot be completely ruled out. The fasting blood glucose did not improve
significantly in both the groups, because the baseline HbA1lc was controlled. The effects of
higher doses of glimepiride and empagliflozin in improving the fasting blood glucose should
be considered. Finally, although the number of patients included was greater than that
required to detect a significant difference in a comparison of the two groups, the observation
period was relatively short. The monitoring period required for FMD changes to be detectable
has not been established; however, a longer observation period is nonetheless required for
future studies to monitor any adverse events.

Conclusions

We found that empagliflozin did not improve endothelial function compared to glimepiride in
patients with type 2 diabetes without previous cardiovascular disease over a 12-week treatment
period. However, empagliflozin may have a clear effect on the reduction of fluid volume. Thus,
the coronary-protective effect of empagliflozin might not be derived from its ability to prevent
endothelial dysfunction, but rather from a reduced risk of heart failure.

Supporting information

S1 Fig. Study flow chart. Patients who took metformin and insulin glargine U100 were ran-
domized to the empagliflozin or glimepiride groups. Flow-mediated dilation (FMD), blood
examination, body weight, and blood pressure were assessed at study baseline and endpoints.
(TIF)

S1 Table. FMD (% + SD) with treatment for per protocol set.
(DOCX)

$2 Table. Changes in metabolic markers for per protocol set.
(DOCX)

§3 Table. Changes in metabolic markers for full analysis set.
(DOCX)

$4 Table. Changes in metabolic markers for per protocol set.
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S5 Table. Associations between arterial sclerosis markers and AFMD for per protocol set
(n=58).
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S6 Table. Association between anti-diabetic therapy and AFMD in the empagliflozin and
glimepiride groups for per protocol set.
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(DOC)
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(DOC)

S1 Checklist. CONSORT 2010 checklist.
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