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Abstract 

Background: Sodium‑glucose cotransporter 2 inhibitors (SGLT2i) improve endothelial dysfunction and reduce 
cardiovascular events in individuals with type 2 diabetes (T2D). Proprotein convertase subtilisin/kexin 9 (PCSK9i) 
inhibitors reduce cardiovascular events in high‑risk patients. Whether the addition of PCSK9i to SGLT2i treatment adds 
benefits is not known.

Objectives: To assess the PCSK9‑i effect on the endothelial function of T2D individuals under treatment with SGLT2‑i.

Methods: Individuals with T2D were randomized in a 1:1 ratio to a 16‑week treatment with either empagliflozin (E) 
or empagliflozin plus evolocumab (EE). The primary endpoint was post‑treatment change from baseline in flow‑
mediated dilation (FMD) at 1‑min. Secondary outcomes included changes in plasma levels of nitric oxide metabolites 
and isoprostane.

Results: A total of 110 patients were enrolled, the mean age was 58 years, and 71% were men. The median post‑
treatment change in FMD at 1‑min was 2.7% (interquartile range [IQR]: 0.9%) and 0.4% (IQR: 0.9%) in the EE and 
E groups, respectively (p < 0.001). There was a greater increase in plasma levels of nitrate [5.9 (16.5) vs. 2.6 (11.8); 
p = 0.001] and nitrite [0.14 (0.72) vs. 0.02 (0.74); p = 0.025] in the EE group than in the E group, respectively. Isopros‑
tane reduction was more pronounced in the EE group when compared to the E group [−1.7 (5.9) vs. −1.1 (5.3); 
p < 0.001).

Conclusions: In individuals with T2D, the addition of evolocumab on top of empagliflozin improves endothelial 
function.
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Introduction
Newer pharmacological agents for type 2 diabetes mel-
litus (T2D), such as glucagon-like peptide 1 agonists 
(GLP-1a) and sodium-glucose transporter-2 inhibitors 
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(SGLT2i), have demonstrated considerable benefit 
against atherosclerotic cardiovascular events [1]. Never-
theless, despite its effect, individuals with T2D remain at 
a high risk of developing cardiovascular outcomes. Pro-
protein convertase subtilisin/kexin 9 (PCSK9-i) inhibi-
tors have demonstrated similar efficacy in reducing 
cardiovascular events [2, 3]. The trials that tested SGLT2i 
and PCSK9-i have essentially occurred in parallel and 
FDA approval dates are within relative proximity for each 
of the drugs. Although the combined use of both drug 
classes is likely additive in mitigating cardiovascular risk, 
there are no data available to support this hypothesis.

Endothelial dysfunction is an early manifestation of 
both atherosclerotic disease and T2D, and its attenuation 
may occur early after the initiation of therapies bearing 
an anti-atherosclerotic effect [4–6]. Flow-mediated dila-
tion (FMD) of the brachial artery one minute after cuff 
deflation has become the standard parameter to quantify 
endothelial function and is a useful surrogate endpoint 
because of its noninvasiveness, its close correlation with 
coronary endothelial function, and its association with 
long-term incidence of coronary events [7, 8]. A posi-
tive effect of SGLT2i on endothelial function, as assessed 
by FMD, has been demonstrated by us and others in 
patients with T2D [9, 10]. In patients with HIV, dyslipi-
demia, or recent myocardial infarction, treatment with 
evolocumab has improved endothelial function [11, 12]. 
In this context, our goal was to evaluate the effect of the 
combination of both therapies on the endothelial func-
tion of patients with T2D.

Methods
Study design
The EXpanded Combination of Evolocumab plus Empa-
gliflozin on Diabetes Trial (EXCEED- BHS3 Trial) was a 
randomized, prospective, single-center, open-label clini-
cal trial. Blinding of the study for the primary endpoint 
was implemented by performing offline assessments of 
the video recordings generated during the FMD exami-
nation, as described below. The study protocol has been 
previously described in detail elsewhere [13]. Briefly, 
individuals with T2D, aged 40–70  years, with a body 
mass index (BMI) < 40 kg/m2, were summoned by social 
media and newspaper campaigns to participate in the 
screening visit for medical evaluation, biochemical analy-
sis, and screening for FMD. Exclusion criteria included 
renal dysfunction (glomerular filtration rate < 60 ml/min/
m2), heart failure with reduced ejection fraction (< 50%), 
any major cardiovascular event (such as myocardial 
infarction or stroke) occurring less than 6 months before 
enrolment, alcohol abuse, and use of SGLT2i, thiazolidin-
ediones, or GLP-1a within 4 months before randomiza-
tion. The study was conducted according to the principles 

of Good Clinical Practice, to the Declaration of Helsinki 
and it was approved by the institutional ethical commit-
tee (CAAE: 88800718.0.0000.5404). The study was regis-
tered at clinicaltrials.gov (NCT03932721) and the report 
of the study was oriented by the CONSORT guidelines.

Eligible participants were enrolled in a 16-week run-
in phase aimed at targeting the following requirements: 
(i) HbA1c between 7 and 9%; (ii) low-density lipoprotein 
cholesterol (LDL-C) 70–100 mg/dL using the maximally 
tolerated dose of rosuvastatin or simvastatin; (iii) blood 
pressure (BP) < 140/90 mmHg; and (iv) screening FMD at 
1-min between 1 and 12%. Adjustment of therapies was 
performed in the first 4 weeks of the run-in and in the fol-
lowing 12 weeks, the first 110 patients who achieved reg-
ular control of blood pressure, LDL-C, and HbA1c were 
selected. After the initial adjustment of medications, no 
changes in therapeutic regimens were made until the end 
of the trial. Participants fulfilling these criteria were ran-
domly assigned (1:1) to a 16-week treatment with either 
empagliflozin (25  mg/day) or empagliflozin (25  mg/
day) plus evolocumab (140  mg every 2  weeks). During 
treatment, blood samples were collected for biochemi-
cal assessments, FMD, and BP measurements were per-
formed before dose administration at the randomization 
visit and again in the eighth and 16th week of treatment. 
Additional file 1: Figure S1 depicts the study design.

Flow‑mediated dilation
Briefly, trained examiners assessed FMD with a 
5–13  MHz linear array transducer (Epiq CVX, Philips, 
Eindhoven, the Netherlands) sustained in an upright 
position with a probe holder (Quipu, Pisa, Italy). The 
probe was positioned to obtain a regular longitudinal 
brachial artery image with clear vascular boundaries. 
Real-time 2D images and simultaneous pulsed-wave 
Doppler flow of the brachial artery were continuously 
recorded using a validated video capture device (Epi-
phan’s DVI2USB 3.0, Epiphan Video, Ottawa, Canada) 
connected to a dedicated computer. Exam preparation 
included a 48-h withdrawal of medicines with significant 
direct vascular effects, 24-h caffeine abstinence, and 12-h 
fasting, according to FMD guidelines [14]. Diameter and 
flow changes were provoked by inflation of an appropri-
ately sized BP cuff placed in the forearm up to 50 mmHg 
above the systolic BP for 5  min and then deflated. Bra-
chial artery diameter was continuously recorded for 
1  min at baseline (before inflation), 5  min of ischemia 
(during inflation), hyperemia (1st minute after cuff defla-
tion), and 5  min in the dilation period. Fifteen minutes 
after the first (baseline) FMD, reperfusion injury of the 
brachial artery was induced by cuff-induced ischemia 
(50 mmHg above the systolic BP for 15 min followed by 
15  min of reperfusion. The second FMD was obtained 
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post-ischemia and reperfusion (post-I/R) and the afore-
mentioned parameters were reassessed. Additional file 1: 
Figure S2 shows the FMD procedure. The video was pro-
cessed by blinded observers using an offline automatic 
edge-detecting software (LabVIEW 6.02, National Instru-
ments). The main result of the FMD is presented as the 
mean change (%) in diameter, calculated as [(median 
dilation diameter—median basal diameter)/median basal 
diameter]. The intersession coefficient of variability of the 
software for FMD measurement in the same video record 
analyzed by 10 different observers was 0.26%.

Blood pressure
Office BP measurements were performed using the 
HEM-7113 Omron Healthcare (São Paulo, Brazil) device, 
according to the latest guidelines [15]. After 3  min of 
rest, three consecutive measurements were obtained 
with the patient sitting and then standing, and the mean 
value of the last two measurements for each position was 
considered. A 24-h ambulatory BP monitoring (ABPM) 
was obtained within one week before randomization 
and up to one week after the 16-week treatment period 
(SpaceLabs, model 90207-8Q, USA).

Biochemical analysis
At the baseline and the 16th week of therapy, after 12-h 
fasting, peripheral blood samples were collected accord-
ing to the guidelines [16], centrifuged at 3500  rpm, and 
analyzed for the following measurements: HbA1c, fasting 
blood glucose, aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), urea and creatinine, high-sen-
sitive C-reactive protein (CRP) (Cobas c702 Roche, Ger-
many). Plasma-EDTA samples were also employed in the 
continuous density gradient ultracentrifugation tech-
nique to isolate very-low-density lipoprotein (VLDL), 
LDL, and high-density lipoprotein (HDL) fractions for 
total cholesterol measurement using enzymatic meth-
ods. The glomerular filtration rate was calculated using 
the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation. Plasma aliquots were stored 
to measure inflammatory markers such as soluble vas-
cular cell adhesion molecule 1 (sVCAM-1) (Invitrogen™ 
eBioscience™ ProcartaPlex Human VCAM-1 Simplex 
kit, USA) and isoprostane (Free 8-Isoprostane ELISA 
Kit, Cayman Chemical Company, USA). Plasma levels 
of nitrate and nitrite were measured using nitric oxide 
(NO) chemiluminescence analyzer (Model NOA, Sievers 
Instruments, Boulder, CO, USA).

COVID19
On March 20, 2020, the Brazilian government declared a 
state of public calamity owing to the Covid19 outbreak. 
In line with this, between March 2020 and the study 

termination in October 2020, all participants were tested 
for Covid19 using both an RT-PCR nasopharyngeal sam-
pling qualitative assay and a serological test within 48 h 
before FMD exams. Moreover, all randomized individu-
als were contacted weekly by the study investigators for 
symptom assessment.

Endpoints
The primary endpoint was the change in FMD at 1-min 
after 16  weeks of therapy. FMD at 1-min after 8  weeks 
of therapy and the change in post-I/R FMD at 1-min 
after 8 and 16 weeks of therapy were the secondary end-
points. Other secondary endpoints were the change at 8 
and 16  weeks of treatment in the area under the curve 
(AUC) of FMD during the 5-min period after cuff defla-
tion, peak systolic velocity (PSV), end-diastolic velocity 
(EDV), and plasma levels of nitrate, nitrite, isoprostane, 
and sVCAM1.

Statistical analysis
Data are presented as mean ± standard deviation (SD) 
when normally distributed or median and interquartile 
range (IQR) when nonparametric. Kolmogorov–Smirnov 
test was used to check normality. Continuous variables 
were compared between groups using the Student’s t-test 
or Wilcoxon-Mann–Whitney U test. Due to the non-nor-
mal distribution, changes in all endpoints were ranked to 
suit normal distribution and compared between groups 
by RANCOVA using baseline values as the covariate. Sta-
tistical significance was set at P < 0.05. SPSS 25. for Mac 
was used in all the analyses.

Results
Study population
Of the 1041 individuals assessed for eligibility, 246 
entered the run-in phase, and the first 110 participants 
who met the inclusion criteria were randomized 1:1 to 
either empagliflozin alone (E) or evolocumab plus empa-
gliflozin (EE). There was no dropout and all participants 
performed all study assessments. The study flow diagram 
is shown in Supplemental Material (Additional file 1: Fig 
S3). The study individuals had a mean age of 58  years, 
71% were male, and T2D duration averaged 10  years. 
Except for lower pretreatment HDL-C values in the E 
group, baseline characteristics were comparable between 
the treatment arms and are summarized in Table 1. The 
absolute values of each clinical and laboratory parameter 
are listed in Additional file 1: Table S1. At randomization, 
all patients were taking the maximally tolerated dose of 
statins. As commented above, no changes were made to 
any of the drug therapies, including the dose of statins, 
during the study. The therapies at the moment of rand-
omization are presented in Additional file 1: Table S2.
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Table 1 Characteristics of the study population at randomization

Variable EE E p-value

n 55 55

Age, years 58 ± 6 58 ± 8 0.580

Gender male, % 73 69 0.821

T2D duration, years 10 (10) 9 (10) 0.181

CVD, % 6 (11) 3 (5.8) 0.841

Hypertension, % 67 76 0.538

Prior smoking habit, % 45 38 0.556

Sedentarism, % 38 36 0.876

Statin use, % 100 100 1.000

Heart rate, bpm 72 ± 10 72 ± 10 0.860

Office SBP, mmHg 135 ± 15 134 ± 14 0.783

Office DBP, mmHg 82 ± 8.4 81 ± 10 0.884

24 h SBP, mmHg 124 ± 16 127 ± 6.1 0.937

24 h DBP, mmHg 74 ± 8.7 72 ± 0.9 0.650

Body weight, Kg 87 ± 17 87 ± 15 0.902

Height, m 1.7 ± 0.1 1.7 ± 0.1 0.423

Body Mass Index, Kg/m2 31 ± 5.1 31 ± 4.2 0.800

Waist circumference, cm 105 ± 14 106 ± 15 0.343

Biochemical analysis

Hemoglobin, g/dL 14 ± 1.2 14 ± 1.2 0.301

Fasting Blood Glucose, mg/dL 172 (60) 167 (58) 0.917

HbA1c, % 7.8 (1.2) 8.1 (0.9) 0.583

LDL‑C, mg/dL 84 ± 13 83 ± 13 0.915

HDL‑C, mg/dL 41 (12) 36 (12) 0.037

VLDL‑C, mg/dL 33 (22) 32 (20) 0.592

Triglycerides, mg/dL 166 (110) 163 (108) 0.507

Creatinine, mg/dL 0.9 (0.3) 0.8 (0.2) 0.205

Urea 32 (14) 32 (14) 0.822

C‑Reactive Protein, mg/dL 0.2 (0.3) 0.2 (0.4) 0.706

AST, U/L 18 (7) 19 (9) 0.480

ALT, U/L 23 (11) 25 (18) 0.254

FMD, mm

1‑min 2.50 (1.64) 2.70 (2.16) 0.156

2‑min 1.75 (1.65) 1.83 (2.22) 0.797

3‑min 1.12 (2.38) 1.07 (2.08) 0.988

4‑min 0.37 (1.21) 0.26 (1.10) 0.720

5‑min 0.00 (0.25) 0.00 (0.14) 0.468

AUC 3.87 (5.620 5.08 (5.87) 0.862

Blood velocity parameters

PSV

0‑min 73.35 (27.70) 78.43 (30.80) 0.879

1‑min 79.44 (28.90) 81.98 (31.20) 0.988

5‑min 72.75 (27.50) 73.57 (24.20) 0.940

EDV

0‑min 4.75 (3.20) 4.34 (5.40) 0.556

1‑min 6.39 (4.90) 5.36 (4.90) 0.593

5‑min 3.36 (3.50) 3.97 (4.00) 0.517

Plasma biomarkers of endothelial function

Nitrate
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At 8 weeks after randomization, systolic BP was equally 
reduced by approximately 6  mmHg in both EE and E 
groups, respectively (p = 0.781). The median reduction in 
diastolic BP was 5  mmHg in the EE arm, and 2  mmHg 
in the E group (p = 0.726). Study arms had similar reduc-
tions in the body mass index and HbA1c levels, but fast-
ing blood glucose had a greater median reduction in E 
than in the EE arm (38 mg/dL vs. 40 mg/dL; p = 0.011). 
As expected, compared with the E arm, the EE group 
showed larger reductions in LDL-C levels (Table 2).

After 16 weeks, changes in office systolic BP, diastolic 
BP, and 24-h systolic and diastolic BP were equivalent 
between groups (Table  2). There was a similar decrease 
in BMI in both groups. The median reduction in HbA1c 
and fasting blood glucose were equivalent between 
groups (Table 2). 

FMD change
Figure 1 shows the time course of FMD from the 1st to 
the 5th minute after cuff deflation. At randomization, 
FMD values were comparable between the groups across 
different time points (Table  1; Fig.  1A). Accordingly, at 
randomization, the AUC for FMD was similar across 
treatment groups.

At 8 weeks’ evaluation, the increase in FMD at 1-min 
was greater in the EE group than in the E group (Table 2). 
The EE arm also showed a greater increase in FMD at all 
time points except at 5  min (Table  2). In line with this, 
there was a higher FMD AUC at 8 weeks in individuals 
from the EE group when compared to their counterparts.

At 16  weeks, there was a greater increase of FMD 
at 1 min in the EE group than in the E group (Table 2). 
The median increase in FMD was consistently higher in 
the EE group than that in the E group at all time points 
(Table 2). While in the EE group 100% of the participants 

had an increase in both 1-min FMD and AUC for the 
FMD AUC, in the E group an improvement occurred 
in 74.5% and 83.6% of the participants, respectively 
(p < 0.0001). The AUC for FMD at 16 weeks was greater 
in the EE group than that in the E group (Table 2). There 
was no interaction between sex or age and the change in 
FMD at 8 or 16 weeks. Figure 2 shows the individual time 
response curves for the AUC of the 5-min course of the 
FMD between randomization, 8 weeks, and 16 weeks.

Figure  1B shows exploratory intragroup analyzes in 
the empagliflozin group. There were significant changes 
in the FMD at 1 and 2  min at the 8-week assessment 
and at all FMD time points at the 16-week assessment 
(p < 0.05). Figure 1C shows the intragroup analyzes in the 
evolocumab plus empagliflozin group. There were signifi-
cant changes at all time points at both the 8- and 16-week 
assessments (p < 0.01).

Blood velocity parameters
At randomization, baseline PSV and EDV values at 1-min 
and 5-min were equivalent in both study arms (Table 1). 
At 8 weeks, the EE group had a greater increase in EDV 
at all time points than the E group (Table 2). At the same 
time point, the EE group had a greater increase in PSV at 
baseline, but not at 1-min nor 5-min, compared with the 
E arm (Table 2). At 16 weeks, EDV change from baseline 
was higher in the EE group than in the E group (Table 2). 
Similarly, there was a greater increase in PSV at all time 
points in individuals in the EE group when compared to 
those in the E group (Table 2).

NO metabolites
The pretreatment plasma levels of nitrate and nitrite 
were comparable between the groups at randomization 
(Table 1). At 8 weeks, post-treatment changes in nitrate 

Table 1 (continued)

Variable EE E p-value

0‑min 26.70 (13.20) 27.60 (13.40) 0.085

1‑min 27.30 (12.60) 27.00 (11.10) 0.505

5‑min 26.40 (12.00) 25.70 (11.10) 0.393

Nitrite

0‑min 0.65 (1.84) 0.65 (1.64) 0.722

1‑min 0.84 (1.60) 0.78 (1.74) 0.820

5‑min 0.81 (1.43) 0.91 (1.47) 0.582

Plasma biomarkers of vascular inflammation

Isoprostane, pg/mL 15.65 (6.13) 15.22 (5.41) 0.176

sVCAM1, ng/mL 411.65 (0.60) 411.80 (0.90) 0.709

T2D, type 2 diabetes mellitus; CVD, cardiovascular disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; LDL-C, low-
density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; VLDL, very low-density lipoprotein cholesterol; AST, aspartate transaminase; ALT, alanine 
transaminase; FMD, flow-mediated dilation; PSV, peak systolic velocity; EDV, end-diastolic velocity; sVCAM1, soluble vascular cell adhesion molecule 1
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Table 2 Posttreatment changes

Time‑point

8 weeks 16 weeks

Variable EE E p‑value EE E p value

 Heart rate, bpm 6.0 (15) 10 (17) 0.075 1.0 (14) 0.0 (7) 0.002

 Office SBP, mmHg −6 (15) −6 (17) 0.781 −10 (18) −4 (20) 0.284

 Office DBP, mmHg −5 (11) −2 (9) 0.726 −4 (11) −2 (13) 0.197

 Body weight, Kg −1.8 (2.1) −1.5 (2.2) 0.935 −2.3 (3.1) −2.2 (3.1) 0.788

 Body Mass Index, Kg/m2 −0.7 (0.7) −0. 6 (1.0) 0.905 −0. 8 (1.0) −0.7 (1.3) 0.391

 Waist circumference, cm −0.7 (0.7) −0. 6 (1.0) 0.989 −1.3 ± 3.1 −1.6 ± 3.5 0.983

Biochemical analysis

 Hemoglobin, g/dL 0.7 (1.1) 0.5 (1.3) 0.026 0.8 (0.9) 0.75 (1.4) 0.233

 Fasting Blood Glucose, mg/dL −38 (43) −44 (40) 0.011 −38 (48) −41 (44.5) 0.089

 HbA1c, % −0.8 (0.8) −1.0 (0.8) 0.609 −0.7 (1.0) −0.9 (0.9) 0.824

 LDL‑C, mg/dL −41 ± 19 −5 ± 20  < 0.001 −44 ± 18 −1.1 ± 16  < 0.001

 HDL‑C, mg/dL 0.0 (7) 0.9 (10) 0.806 −2.0 (9) 2.14 (9) 0.515

 VLDL‑C, mg/dL −7 (12) −3 (12) 0.184 −8 (12) −3 (15) 0.038

 Triglycerides, mg/dL −31 (54) −19 (67) 0.315 −39 ± 52 −28 ± 69 0.132

 Creatinine, mg/dL 0.00 (0.14) 0.03 (0.13) 0.105 −0.03 (0.13) 0.03 (0.12) 0.222

 C‑Reactive Protein, mg/dL 0.02 (0.11) 0.00 (0.15) 0.172 0.01 (0.17) 0.01 (0.20) 0.957

 AST, U/L 0.00 (5.00) 0.00 (5.50) 0.014 1.0 (5.25) 1.00 (5.00) 0.003

 ALT, U/L 0.50 (6.25) 1.00 (11.00) 0.001 3.00 (6.00) 4.00 (9.00) 0.001

 Urea, mg/dL 4.00 (11.00) 4.00 (8.00) 0.010 3.00 (12.00) 3.00 (10.00) 0.010

FMD, mm

 1‑min 1.97 (0.54) 0.33 (0.25)  < 0.001 2.72 (0.93) 0.41 (0.88)  < 0.001

 2‑min 1.64 (0.45) 0.34 (0.61)  < 0.001 2.24 (0.96) 0.32 (0.77)  < 0.001

 3‑min 1.06 (0.93) 0.10 (0.78)  < 0.001 1.73 (1.37) 0.31 (1.06)  < 0.001

 4‑min 0.81 (1.15) 0.39 (1.17)  < 0.001 1.18 (1.41) 0.56 (1.10)  < 0.001

 5‑min 0.29 (1.26) 0.19 (0.73)  < 0.001 0.98 (1.37) 0.44 (0.92)  < 0.001

 AUC 10.04 (4.60) 6.18 (4.92)  < 0.001 12.12 (3.98) 7.28 (4.39)  < 0.001

Blood velocity parameters

 PVS, cm/sec

  0‑min 4.4 (5.6) 1.9 (4.1)  < 0.001 15.2 (17.6) 4.1 (13.4) 0.002

  1‑min 0.7 (9.9) 0.1 (5.0) 0.524 23.3 (18.4) 11.2 (12.7) 0.001

  5‑min 5.6 (11.1) 4.6 (9.4) 0.484 22.1 (19.3) 11.2 (14.9) 0.019

 EDV, cm/sec

  0‑min 0.05 (0.03) ‑0.45 (0.06)  < 0.001 0.19 (0.13) 0.87 (0.11)  < 0.001

  1‑min 0.38 (0.34) 0.05 (0.05)  < 0.001 0.60 (0.56) 0.16 (0.17)  < 0.001

  5‑min 0.36 (0.35) 0.12 (0.13)  < 0.001 0.06 (1.59) 0.00 (1.65)  < 0.001

Plasma biomarkers of endothelial function

 Nitrate, nmol/L

  0‑min 1.40 (10.90) 1.30 (10.52) 0.056 5.90 (16.50) 2.60 (11.80) 0.001

  1‑min 4.13 (16.60) 2.45 (12.50) 0.030 9.20 (19.30) 3.90 (12.30) 0.007

  5‑min 3.20 (15.98) 1.53 (11.41) 0.006 6.40 (17.80) 1.50 (12.15) 0.007

 Nitrite, nmol/L

  0‑min 0.18 (0.53) 0.06 (0.63) 0.012 0.14 (0.72) 0.02 (0.74) 0.025

  1‑min 0.14 (0.85) 0.03 (0.71) 0.009 0.22 (1.12) 0.02 (0.81) 0.058

  5‑min 0.02 (0.57) 0.00 (0.61) 0.082 0.12 (0.76) 0.07 (0.47) 0.010
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levels were similar at baseline, the time point just before 
the FMD, although a higher increase was reported for the 
EE group, compared to the E arm, at 1-min and 5-min 
(Table  2). At 16  weeks, the post-treatment increase in 
nitrate levels was greater in the EE group than in the E 
group at all time points (Table 2).

At 8  weeks, the EE group showed a higher median 
increase in nitrite levels at baseline and at 1-min, but 
not at 5-min (Table 2). At 16 weeks, the post-treatment 
increase in nitrite levels was greater in the EE group than 
in the E group at baseline and 5-min time points. There 
was a trend toward a greater increase at the 1-min time 
points, but the difference was not statistically significant 
(p = 0.058).

Plasma biomarkers of vascular inflammation and oxidative 
stress
At randomization, isoprostane, sVCAM-1, and CRP 
levels were comparable between the groups (Table  1). 
At 16  weeks, the post-treatment reduction in isopros-
tane levels was greater in the EE group than in the E. 
sVCAM1, and CRP levels similarly varied across treat-
ment groups at the 16-week assessment as was for CRP 
levels at 8 weeks (Table 2).

Adherence and safety
No serious adverse events were reported in either treat-
ment arm. The adherence to empagliflozin, estimated 
by the number of pills returned at each visit, was 99.2% 
and 98.4% in the E and EE groups, respectively. Individu-
als assigned to the EE group received all anticipated evo-
locumab doses during the trial. All the COVID-19 exams 
were negative. During this trial, none of the randomized 
individuals manifested clinical symptoms suggestive of 
COVID-19.

Discussion
Abundant data have shown that evolocumab intensely 
reduces LDL-C, non-HDL-C, ApoB, Lp(a), and remnant 
cholesterol in subjects with T2D with and without ath-
erogenic dyslipidemia [17]. In fact, real-life studies, as 
well as randomized controlled trials, have shown that 
PCSK9i therapy increases the achievement of goals in 
individuals with or without T2DM [2, 18–20]. Treatment 
with evolocumab also reduces the plasma concentration 
of the most atherogenic form of LDL, the small dense 
particle, and this reduction is associated with attenuation 
of carotid stiffness in patients with familial hypercholes-
terolemia [21]. In clinical trials, evolocumab reduces the 
risk of cardiovascular events in individuals with athero-
sclerotic cardiovascular disease or previous manifesta-
tion of ischemic stroke [19, 22].

The present study added to this body of evidence that, 
when compared to the control group, the addition of 
evolocumab (i) progressively improved FMD at 8 and 
16  weeks, (ii) increased the duration of FMD estimated 
by the AUC of brachial artery diameters at five minutes 
following cuff deflation at both 8 and 16  weeks of ther-
apy, (iii) increased arterial flow velocity both at peak 
systole and at end-diastole after 16  weeks of treatment, 
(iv) increased bioavailability of NO metabolites at 8 and 
16  weeks, and (v) reduced oxidative stress estimated by 
blood isoprostane levels. Furthermore, the study showed 
that FMD measured after an arterial challenge with a 
15-min period of ischemia and reperfusion improved 
after evolocumab therapy.

Evolocumab effect on FMD
In recent years, the ability to assess FMD accurately 
has significantly improved with technological advances 
and additional biomarker assessments that include NO 

Table 2 (continued)

SBP systolic blood pressure, DBP diastolic blood pressure, HbA1c glycosylated hemoglobin, LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density 
lipoprotein cholesterol; VLDL, very-low-density lipoprotein cholesterol; AST, aspartate transaminase; ALT, alanine transaminase; FMD, flow-mediated dilation; PSV, 
peak systolic velocity; EDV, end-diastolic velocity; sVCAM1, soluble vascular cell adhesion molecule 1; na, not available

Time‑point

8 weeks 16 weeks

Variable EE E p‑value EE E p value

Plasma biomarkers of vascular inflammation

 Isoprostane, pg/mL na na na −1.68 (5.87) −1.12 (5.34)  < 0.001

 sVCAM1, ng/mL na na na −0.20 (0.85) −0.32 (1.16) 0.524

24 h BP Monitoring

 SBP, mmHg na na na −8.0 (13) −4 (16) 0.363

 DBP, mmHg na na na −3.0 (7.5) −3.5 (11.25) 0.419
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A

B

C

Fig. 1 Time course of FMD in patients administered evolocumab plus empagliflozin (circle) or empagliflozin (square). Graph A plots resting FMD 
curves in both study arms during the pre‑randomization phase. Graphs B and C show resting FMD curves for the empagliflozin and evolocumab 
plus empagliflozin arms, respectively, at baseline, 8 weeks, and after 16 weeks of treatment
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metabolites. In this scenario, as mentioned above, our 
laboratory and others have reported improvements in 
FMD after treatment with SGLT2i [9, 10]. In the pre-
sent study, we consistently observed improvement 
in FMD in patients who were randomized to receive 
empagliflozin without evolocumab in an exploratory 
intragroup analysis at both 8 and 16  weeks (Fig.  1B). 
The primary endpoint was set at 16  weeks conserva-
tively; however, at 8  weeks of therapy, the add-on 
treatment with evolocumab had already demonstrated 
superiority over the comparative group. These find-
ings were consistent with the observed increase in 
NO metabolite bioavailability, indicating a contribu-
tion from improved endothelial function in increas-
ing FMD. In parallel, the increase in NO bioavailability 
may have been influenced by a reduction in oxida-
tive stress, as estimated by blood isoprostane levels. 
In previous trials with statins, these effects on FMD, 
NO, and oxidative stress markers have been reported 
in patients with recent acute coronary artery disease, 
chronic coronary artery disease with and without ven-
tricular dysfunction, chronic inflammatory disease, 
and T2D [23–27]. In addition, there have been previ-
ous reports on the association between the intensity 
of LDL-C reduction and improvement in FMD in tri-
als of ezetimibe addition or comparison of different 
statin doses [24, 28–30]. The present study took this 

body of evidence one step further by showing that the 
improvement in FMD also occurs after the addition of 
PCSK9i in T2D patients in use of SGLT2i and on the 
maximally tolerated dose of statins.

The duration of arterial dilation after stimulation 
by the flow
The present study also adds to the current evidence 
that PCSK9i therapy increases the duration of brachial 
artery dilation after cuff deflation, evaluated both by 
the comparison of each time point and by the overall 
dilation effect estimated by the AUC in the 5 min of the 
arterial image capture. This effect resulted in the accel-
eration of arterial flow velocity at both peak systole and 
end-diastole, effectively showing a reduction in periph-
eral arterial resistance. This effect was consistent with 
the increase in NO metabolites 1 and 5  min after cuff 
deflation. Although there is evidence of direct interac-
tion between PCSK9 and oxidative stress in endothe-
lial cells, the increase in the availability of NO and the 
consequent increase in FMD is likely to result from 
the increase in the expression and activity of nitric 
oxide synthase and the reduction in the production of 
superoxide anions as a consequence of the decrease in 
plasma cholesterol-rich lipoprotein concentration [31, 
32].

Fig. 2 Individual time response curves for the AUC of the 5‑min course of the FMD between randomization, 8 weeks, and 16 weeks
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Endothelial‑mediated dilation after ischemia 
and reperfusion injury
Although endothelial function in baseline conditions is 
a predictor of cardiovascular events in the long term, in 
the setting of acute coronary heart disease, ischemia and 
reperfusion injury can impair endothelial function such 
that reperfusion is inadequately performed [33]. Thus, 
the analysis of FMD after a period of ischemia and rep-
erfusion aimed to test the effect of PCSK9i therapy on 
endothelial functional reserve after I/R injury. The same 
approach was previously tested in a study that dem-
onstrated the beneficial effects of statin therapy [34]. 
Consistent with the statin study, we observed progres-
sive improvement in post-I/R injury FMD after 8 and 
16 weeks of evolocumab treatment.

Inflammatory markers’ response to the therapy
We did not find any effect of evolocumab therapy on 
the markers of vascular and systemic inflammatory 
activity, namely CRP or sVCAM. It is possible that the 
patients who were included had low levels of these sys-
temic inflammatory markers at baseline, which may have 
influenced our results. However, despite the existence 
of molecular mechanisms indicating the direct partici-
pation of PCSK9 in endothelial dysfunction and arterial 
inflammation, a large set of previous clinical trials have 
found no change in systemic inflammatory markers after 
PCSK9i therapy [35, 36]. Although there is no doubt 
about the early involvement of inflammation in endothe-
lial dysfunction and atherogenesis, only 14% of patients 
with undisputed vascular inflammation, for example 
on admission for myocardial infarction, have elevated 
CRP [37]. This apparent paradox indicates the existence 
of aspects of vascular inflammation not captured by 
elevations in CRP [38]. Thus, the lack of change in both 
inflammatory markers doesn’t prove the absence of an 
anti-inflammatory effect of this therapy.

Study limitations
The present study has some limitations. The most rele-
vant of these is the fact that we used surrogate endpoints 
instead of hard endpoints; therefore, the study should not 
guide clinical decisions. What was intended and demon-
strated was that there is plausibility for a beneficial addi-
tive effect with treatment with PCSK9i in patients with 
T2D, even if they are on statins and with optimized med-
ical treatment. Another limitation of the study is its short 
duration concerning the expected time for the effects of 
lipid-lowering therapies to take place. However, using 
FMD as an endpoint allows for shorter trial durations 

because of the quick changes in the vasomotor aspect of 
endothelial function and serves as a platform for long-
term clinical trials that can be more robustly designed.

Clinical perspectives
The use of PCSk9i in patients with T2D is effective in 
reducing the incidence of cardiovascular events [2, 3]. In 
these studies, new therapies for T2D were not system-
atically used. Clinical trials have shown that SGLT2i and 
GLP-1a are effective in reducing cardiovascular events 
and total mortality in T2D patients [1]. Therefore, the 
additive value of adding PCSK9i for T2D patients on 
optimal and current therapy is unknown. In this con-
text, the present study demonstrated that the addition of 
evolocumab improves baseline endothelial function and 
even residual endothelial function after I/R injury in the 
short term (up to eight weeks). Although this study pro-
vides a solid basis for plausibility consideration, the clini-
cal implications of these findings will rely on long-term 
clinical trials designed with clinical endpoints.

Conclusion
In T2D individuals under treatment with SGLT2i, the 
addition of evolocumab improves endothelium-mediated 
arterial dilation and NO production under both resting 
conditions and after stimulation with I/R. Our results 
indicate that there is a benefit in the association of these 
two therapies and provide full plausibility for conducting 
clinical trials with hard endpoints.
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