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Figure 1: Graphical abstract. Type 2 diabetes decreased both ET-dependent (~40 %) and ET-inde-
pendent (~25 %) vascular smooth muscle (VSM) relaxation that was more pronounced for MTH (~55 %)
compared to ACh (~30 %) and for GTN (~63 %) compared to SNP (~17 %). ACh, acetylcholine; GTN,
glyceryl trinitrate; MTH, methacholine; NO, nitric oxide; ROS, reactive oxygen species; SNP, sodium
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ABSTRACT

Type 2 diabetes (T2D) significantly increases the risk of vascular complications (12-32 %), which are a major
cause of death (over 50 %) in T2D patients. In T2D, both endothelial (ET) and vascular smooth muscle (VSM)
cells are impaired, which act as independent risk factors for cardiovascular disease. Thus, the question of this
systematic review and meta-analysis is: Do ET-dependent and -independent VSM relaxation impair in T2D? We
systematically searched PubMed and Scopus databases until March 2024; 44 eligible clinical trial studies (68, 16,
30, and 50 study arms for acetylcholine (ACh), methacholine (MTH), sodium nitroprusside (SNP), and glyceryl
trinitrate (GTN)) published were included. ET-dependent VSM relaxation in response to ACh (overall ES =
-28.9 %, 95 % CI: -35.2, -22.7; p<0.001) and MTH (overall ES = -55.3 %, 95 % CI: -63.6, -47.1; p<0.001) de-
creased in T2D patients compared to controls. ET-independent VSM relaxation in response to SNP (overall ES =
-17.2 %, 95 % CI: -35.2, -22.7; p<0.001) and GTN (overall ES = -63.2 %, 95 % CI: -81.0, -45.5; p<0.001) de-
creased in T2D patients compared to controls. Our meta-analysis showed reductions in both ET-dependent (~40 %)
and ET-independent (~25 %) VSM relaxation. The decrease was more pronounced for MTH (~55 %) compared
to ACh (~30 %) and for GTN (~63 %) compared to SNP (~17 %). These findings suggest that dysfunction of both
ET and VSM contributes to impaired VSM relaxation in T2D patients.

Keywords: Type 2 diabetes, vascular complications, vascular smooth muscle, acetylcholine, methacholine, so-

dium nitroprusside, glyceryl trinitrate

INTRODUCTION

Globally, over 536 million adults (10 %)
had type 2 diabetes (T2D) in 2021, and it is
estimated that this number will rise to 783.2
million (12 %) by 2045 (Sun et al., 2022). Pa-
tients with T2D have a 12-32 % risk of vascu-
lar complications (Einarson et al., 2018;
Aikaeli et al., 2022), which increase cardio-
vascular morbidity and mortality by 2-4 times
compared to those without T2D (Creager et
al.,2003; Liischer et al., 2003) and are respon-
sible for over 50 % of deaths in T2D patients
(Einarson et al., 2018). In T2D, both endothe-
lial and vascular smooth muscle (VSM) cells
are impaired, which act as independent risk
factors for cardiovascular diseases (CVD) in
T2D (Ganz and Vita, 2003; Lerman and
Zeiher, 2005; Kawano et al., 2012).

Endothelium (ET) produces several vaso-
active substances to maintain vascular home-
ostasis (Park and Park, 2015), of which nitric
oxide (NO) is the most important (Kelm,
1999). ET produces about 40-60 % of the
whole-body NO (i.e., 1100 pmol/day)
(Ghasemi and Jeddi, 2022), with over 60 % of
this NO transferred to neighboring VSMs in
the blood vessel wall (Malinski et al., 1993).
Vascular NO resistance in T2D 1is character-
ized by decreased NO production by ET, in-
creased NO inactivation, and impaired re-
sponsiveness of VSMs to vasodilatory effects

of NO (Bahadoran et al., 2023). Vascular NO
resistance, independent of other well-known
risk factors (Schéchinger et al., 2000; Halcox
et al., 2002), is associated with future cardio-
vascular events such as heart attack and CVD
mortality (Bahadoran et al., 2023). Under-
standing the link between VSM dysfunction
and NO is important for developing strategies
to reduce the risk of life-threatening events.
We recently reviewed the evidence for
and the underlying mechanisms of impaired
vascular relaxation in animals and humans
with T2D (Bahadoran et al., 2023). Acetyl-
choline (ACh) and methacholine (MTH)-re-
lated VSM relaxation decreased in T2D
(Caballero et al., 1999; Brooks et al., 2008) by
~13-94 % (Bahadoran et al., 2023). However,
VSM relaxation in responses to sodium nitro-
prusside (SNP) and glyceryl trinitrate (GTN)
in T2D is controversial; some studies report
decreases of 6-42 % (Natali et al., 2006; Beer
et al., 2008), and others show preserved
(Steinberg et al., 1996, 2000) or even in-
creased relaxation (Goodfellow et al., 1996;
Steinberg et al., 1996). A meta-analysis con-
ducted in 2013 reported that ET-independent
VSM relaxation significantly decreased in
T2D patients compared with controls [stand-
ardized mean difference (SMD) = —0.68;
95 % confidence interval (CI) —0.84, —0.52)]
(Montero et al., 2013). However, this analysis
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did not consider several factors: ET-depend-
ent vasodilation (ACh and MTH-related VSM
relaxation), separate main effects and dose-re-
sponse analyses of each vasodilator (ACh,
MTH, SNP, and GTN), and the duration of
T2D. ET-dependent (in response to ACh and
MTH) and ET-independent (in response to
SNP and GTN) VSM relaxation in T2D are
influenced by the type of vasodilators used
and the duration or severity of the disease
(Bahadoran et al., 2023). Thus, the question
of this systematic review and meta-analysis
is: Do  endothelium-dependent  and
-independent VSM relaxation impair in pa-
tients with T2D? We also assess the associa-
tion between vasodilation and duration of di-
abetes.

MATERIALS AND METHODS

Search strategy and study selection

We followed the Preferred Reporting
Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 updated guideline
(Page et al., 2021) to design and perform this
study and analyze and report the results. Da-
tabases (PubMed and Scopus) were searched
until March 2024 using the combination of
the following search terms in Title/Abstract:
(Diabetes) AND [(acetylcholine) OR (meth-
acholine) OR (nitroglycerin) OR (sodium ni-
troprusside) OR (glyceryl trinitrate) OR (tri-
nitroglycerin) OR (endothelium-dependent
vascular relaxation OR (endothelium-inde-
pendent vascular relaxation OR (forearm
blood flow OR (brachial artery)].

The records were extracted from each da-
tabase to Endnote version 18 software, and
the duplicate reports were removed. The first
screening step evaluated titles and abstracts to
exclude irrelevant articles. Excluded articles
were studies on non-human subjects, studies
not in English, review articles (including sys-
tematic reviews and meta-analyses), and other
report types besides journal articles (e.g., con-
ference abstracts, comments, letters to the ed-
itor, and books). Full texts of the relevant
studies were then sought and screened cau-
tiously and thoroughly for their eligibility,
and studies on type 1 diabetes were excluded.

All publications assessed the effect of ET-de-
pendent and -independent VSM relaxation in
T2D patients were included. Eventually, eli-
gible studies (44 studies with 68, 16, 30, and
50 study arms for ACh, MTH, SNP, and
GTN, respectively) were considered for final
inclusion (Figure 2). The references of the fi-
nal included studies were also screened to re-
duce the risk of missing relevant studies.

'S A

Identification of studies via databases

Records identified from
PubMed and Scopus

Identification

(Overall n = 91692) Records removed before screening:
— Duplicate records
l """"" > (n = 19320)
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Figure 2: PRISMA flow diagram of the included
studies. Created with BioRender.com

Data extraction

Information extracted included the first
author’s name, year of publication, age, sex
(% of men), sample size, duration of T2D,
vascular region assessed, and dose of vasodi-
lators used. The mean and standard deviation
(SD) of response to vasodilators were also ex-
tracted. If a study had measured response to
vasodilators following several doses and/or
durations of T2D, each measurement was
considered a separate experimental study.
These data were extracted from the article
texts or tables; if a study had represented the
results only as a graph, the data was extracted
by the Adobe Photoshop software using a pre-
viously described method (Gheibi et al.,
2019).

Statistical analysis
The Weighted Mean Difference (WMD)
was used as the primary outcome for measur-
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ing the difference in VSM relaxation in re-
sponse to ET-dependent (ACh and MTH) and
ET-independent (SNP and GTN) vasodila-
tors. WMD was used as the effect size (ES)
instead of SMD because all included studies
reported the vasodilatory effect of ACh,
MTH, SNP, and GTN as a percentage change.
For studies lacking the percentage change
data, it was calculated from the reported raw
data.

The meta-analysis was performed after
separating ACh, MTH, SNP, and GTN data.
STATA version 17 was used for statistical
analysis and making illustrations. The ran-
dom-effect model was chosen instead of the
fixed-effect model due to its suitability when
significant heterogeneity (variation) exists
between studies. The WMD was analyzed and
reported separately with a 95 % CI for each
vasodilator (ACh, MTH, SNP, and GTN).
Two-sided P-values<0.05 and between 0.05
and 0.10 were considered statistically and
marginally significant, respectively.

Heterogeneity was assessed using I* (I-
squared), which quantifies the proportion of
variation in effect sizes attributable to factors
beyond sampling error (percentage of hetero-
geneity indicates the extent of the studies that
the CI of their outcome does not overlap with
the overall ES), and Cochran's Q test (test of
homogeneity), which statistically evaluates
the likelihood that the observed differences in
study outcomes are due to chance and repre-
senting the probability that the outcomes of
the studies are homogenous (Higgins et al.,
2003). The results of I? are reported and inter-
preted according to the established categories:
0-25 % = no significant heterogeneity, 25-
50 % = low heterogeneity, 50-75 % = moder-
ate heterogeneity, and >75 % = high hetero-
geneity (Higgins et al., 2003). The P-value is
reported for Cochran's Q test, and a value less
than 0.1 typically suggests significant hetero-
geneity. Publication bias was evaluated using
Egger's regression test and funnel plots
(Egger et al., 1997). A funnel plot is a scatter
plot of the intervention effect estimates from
individual studies (X-axis) against the stand-

ard error of the estimated effect (Y-axis). Eg-
ger's test examines potential publication bias
in a meta-analysis by examining funnel plot
asymmetry. Specifically, Egger’s test in-
volves a linear regression of the intervention
effect estimates on their standard errors,
weighted by their inverse variance (Egger et
al., 1997).

Random effects meta-regression was per-
formed to explore potential sources of hetero-
geneity among the included studies. This
analysis examined the dose of each vasodila-
tor (ACh, MTH, SNP, and GTN) and the du-
ration of T2D as possible influencing factors.
For meta-regression, the R? was reported, in-
dicating the amount of heterogeneity ex-
plained by the moderator; if the dose of vaso-
dilators and duration of T2D were not availa-
ble for a study, the study was excluded from
the meta-regression analysis. Additionally,
subgroup analysis was conducted based on
the type of vessels studied to determine if the
impairment varied depending on the specific
vessel type (Yugar-Toledo, 2004).

Variability in vasodilator responses across
studies was observed due to differences in the
administered doses and the duration of the
study. To address this variation and provide a
more precise evaluation of the studied vasodi-
lators' effects, separate dose-response anal-
yses were conducted for each vasodilator, in-
cluding ACh, MTH, SNP, and GTN.

RESULTS

Characteristic of studies:
ET-dependent VSM relaxation

Twenty-two studies assessed the effect of
ACh on VSM relaxation in T2D patients
(McVeigh et al., 1992; Watts et al., 1996;
Avogaro et al., 1997; Hogikyan et al., 1998;
Caballero et al., 1999; Gazis et al., 1999;
Vavuranakis et al., 1999; Butler et al., 2000;
Heitzer et al., 2000; Preik et al., 2000;
Kingwell et al., 2003; Pistrosch et al., 2004;
Vehkavaara and Yki-Jarvinen, 2004; Natali et
al., 2006; Woodman et al., 2006; Schmiedel
et al., 2007; Sivitz et al., 2007; Beer et al.,
2008; Brooks et al., 2008; Yeh et al., 2009;
Chousos et al., 2010; Bock et al., 2021).
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These studies involved 664 patients with T2D
and 415 control subjects. The mean age of
T2D patients in these studies was 56.2+4.9
years with arange of 42 (Avogaro et al., 1997)
to 65 (Butler et al., 2000) years, and the mean
age of control subjects was 53.8+5.8 years
with a range of 38 (Avogaro et al., 1997) to
58 (Schmiedel et al., 2007) years. Nineteen
studies included both sexes (McVeigh et al.,
1992; Hogikyan et al., 1998; Caballero et al.,
1999; Gazis et al., 1999; Vavuranakis et al.,
1999; Butler et al., 2000; Heitzer et al., 2000;
Preik et al., 2000; Pistrosch et al., 2004;
Vehkavaara and Yki-Jarvinen, 2004; Natali et
al., 2006; Woodman et al., 2006; Schmiedel
et al., 2007; Sivitz et al., 2007; Beer et al.,
2008; Brooks et al., 2008; Yeh et al., 2009;
Chousos et al., 2010; Bock et al., 2021), and
three studies were conducted in men (Watts et
al., 1996; Avogaro et al., 1997; Kingwell et
al., 2003). The mean duration of T2D was
6.5+2.4 years, with a range of 3.6 (Watts et
al., 1996) to 10.8 (Beer et al., 2008) years. The
ACh was administered in the brachial artery
(McVeigh et al., 1992; Watts et al., 1996;
Avogaro et al., 1997; Hogikyan et al., 1998;
Gazis et al., 1999; Vavuranakis et al., 1999;
Butler et al., 2000; Heitzer et al., 2000; Preik
et al., 2000; Pistrosch et al., 2004;
Vehkavaara and Yki-Jarvinen, 2004; Natali et
al., 2006; Woodman et al., 2006; Schmiedel
et al., 2007; Sivitz et al., 2007; Yeh et al.,
2009; Bock et al., 2021), femoral artery
(Kingwell et al., 2003), and forearm skin mi-
crocirculation (FMS) (Caballero et al., 1999;
Beeret al., 2008; Brooks et al., 2008; Chousos
et al., 2010). The ACh dose range used was
0.45 (Natali et al., 2006) and 35 (McVeigh et
al., 1992) pg/min. Characteristics of studies
with more details are provided in Table 1.
The effect of MTH on VSM relaxation in
T2D patients has been reported in five studies
(Steinberg et al., 1996; Ting et al., 1996;
Williams et al., 1996; Steinberg et al., 2000;
Beckman et al., 2010). These studies involved
60 patients with T2D and 105 control sub-
jects. The mean age of T2D patients in these
studies was 42.1+5.5 years with a range of 36
(Steinberg et al., 2000) to 53 (Beckman et al.,

2010) years, and the mean age of control sub-
jects was 38.5+4.9 years with a range of 34
(Schichinger et al., 2000) to 44 (Beckman et
al., 2010) years. Three studies included both
sexes (Ting et al., 1996; Williams et al., 1996;
Beckman et al., 2010), one study was con-
ducted in men (Steinberg et al., 2000), and
one study did not specify sex (Steinberg et al.,
1996). The duration of T2D was reported only
in 2 studies (3.7 (Ting et al., 1996) and 4
(Williams et al., 1996) years). The MTH was
administered in brachial artery (Ting et al.,
1996; Williams et al., 1996; Beckman et al.,
2010), femoral artery (Steinberg et al., 2000),
and FMS (Steinberg et al., 1996). The MTH
dose range used was 0.3 (Beckman et al.,
2010) and 15 (Steinberg et al., 2000) pg/min.

Meta-analyses:
ET-dependent VSM relaxation

As shown in Figures 3 and 4, ET-depend-
ent VSM relaxation in response to ACh (over-
all ES = -28.9%, 95% CIL: -35.2, -22.7;
p<0.001) (Figure 3) and MTH (overall ES =
-553%, 95% CI: -63.6, -47.1; p<0.001)
(Figure 4) decreased in T2D patients com-
pared to controls. In addition, high heteroge-
neity was observed in this analysis, indicated
by I? values of 93.8 % (p<0.001) and 99.9 %
(p<0.001) for ACh and MTH, respectively.
Overall, ET-dependent VSM relaxation in re-
sponse to ACh/MTH in T2D patients de-
creased by 39.2 % (95 % CI: -46.0, -33.5;
p<0.001).

Meta-regression, subgroup analysis, and
publication bias: ET-dependent VSM
relaxation

ET-dependent VSM relaxation in re-
sponse to ACh has not been affected by the
dose of ACh (p=0.875, B = -0.064; Supple-
mentary Figure 1A) and the duration of T2D
(p=0.198, B = 1.96; Supplementary Figure
1B). In contrast, ET-dependent VSM relaxa-
tion in response to MTH affected by dose of
MTH (p=0.007, B = 2.25; Supplementary
Figure 1C) and duration of T2D (p=0.058, B
= 29.84; Supplementary Figure 1D); higher
doses of MTH and longer duration of T2D
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Table 1: Characteristic of studies that reported endothelium-dependent vascular smooth muscle (VSM)
relaxation in patients with type 2 diabetes (T2D) in response to acetylcholine (ACh) and methacholine

(MTH)

Author | Year| 730 ents |of T2D patients, patients | of 720  lgion assessed R
ACh
Bock 2021 57 Both (69) 13 5 Brachial artery | Bock et al., 2021
Chousos 2010 59.9 Both (50) 20 7.7 FSM Chousos et al., 2010
Yeh 2009 56 Both (61) 213 NR Brachial artery Yeh et al., 2009
Beer 2008 54.4 Both (59) 27 10.8 FSM Beer et al., 2008
Brooks 2008 57 Both (52) 29 9.9 FSM Brooks et al., 2008
Schmiedel 2007 63.5 Both (NR) 12 10.45 | Brachial artery Schmlze;ioe; etal,
Sivitz 2007 56.7 Both (NR) 14 NR Brachial artery | Sivitz et al., 2007
Woodman |2°°° 55 Both (83) 47 NR |Brachialartery | ' codmanetal,
2006
Natali 2006 58 Both (65) 20 7 Brachial artery | Natali et al., 2006
Pistrosch  |2004 60.4 Both (58) 12 NR Brachial artery | Pistrosch et al., 2004
Vehka- 2004 . Vehkavaara and Yki-
59 Both (82) 11 >3 Brachial artery .
vaara Jarvinen, 2004
Kingwell 2003 48 Male (100) 9 NR Femoral artery | Kingwell et al., 2003
Preik 2000 60 Both (50) 10 10 Brachial artery | Preik et al., 2000
Heitzer 2000 52 Both (70) 23 5.3 Brachial artery | Heitzer et al., 2000
Vehka- 1999 . Vavuranakis et al.,
58 Both (78) 18 5 Brachial artery
vaara 1999
Butler 2000 65 Both (91) 11 4 Brachial artery | Butler et al., 2000
Caballero {1999 53 Both (100) 42 4.3 FSM Caballero et al., 1999
Gazis 1999 571 Both (54) 48 4.6 Brachial artery | Gazis et al., 1999
Hogikyan 1998 57 Both (71) 17 5.2 Brachial artery | Hogikyan et al., 1998
Avogaro 1997 42 Male (100) 10 7.2 Brachial artery | Avogaro et al., 1997
Watts 1996 54.6 Male (100) 29 3.6 Brachial artery | Watts et al., 1996
McVeigh 1992 53 Both (83) 29 5.2 Brachial artery | McVeigh et al., 1992
MTH
Beckman 2010 53 Both (NR) 13 NR Brachial artery | Beckman et al., 2010
Steinberg  [2000 391 Male (100) 8 NR Femoral artery | Steinberg et al., 2000
Williams 1996 41 Both (67) 21 4 Brachial artery | Williams et al., 1996
Ting 1996 47 Both (60) 10 3.7 Brachial artery Ting et al., 1996
Steinberg | 1996 40.4 NR 8 NR FSM Steinberg et al., 1996

FSM, forearm skin microcirculation; N, number; NR, Not reported; R, references

942




EXCLI Journal 2024;23:937-959 — ISSN 1611-2156
Received: May 01, 2024, accepted: July 01, 2024, published: July 09, 2024

Mean diff. Weight
Study with 95% CI (%)
McVeigh, 1992 L (2] -76[ -145, -0.7] 2.39
McVeigh, 1992 -29.3[ -38.4, -20.3] 2.34

McVeigh, 1992 KX -39.2[ -53.1, -25.2] 2.19
McVeigh, 1992 ® -47.7[ -64.2,-831.1] 2.10
-
——

Watts, 1996 -60.7[ -73.6, -47.9] 2.23
Watts, 1996 -66.7[ -81.9,-51.4] 2.14
Avogaro, 1997 - 40[ -78.4, 86.4] 0.47
Avogaro, 1997 e -3.3[ -61.7, 55.1] 0.78
Avogaro, 1997 T 10.2[ -37.4, 57.8] 1.01
Hogikyan, 1998 — 1.8[ -23.1, 26.6] 1.77
Hogikyan, 1998 —@— -76.0[ -91.5, -60.5] 2.14
Hogikyan, 1998 —@ -42.3[ -57.8, -26.8] 2.14
Hogikyan, 1998 @ -49.0[ -59.6, -38.4] 2.30
Vehkavaara, 1999 -28.6 [ -34.4, -22.9] 2.41
Vehkavaara, 1999 -35.3[ -40.8, -29.8] 2.41
Butler, 2000 @ -13.1 [ -22.6, -3.6] 2.33
Butler, 2000 -25.0[ -34.1,-15.9] 2.34
Butler, 2000 -33.5[ -38.9, -28.0] 2.41
Caballero, 1999 — @ -41.3[ -68.3, -14.2] 1.68
Gazis, 1999 — -91.3[-127.7, -54.9] 1.34
Gazis, 1999 —te—— -19.3[ -75.7, 37.1] 0.82
Preik, 2000 -241[ -52.1, 3.9] 1.65
Preik, 2000 — 0.8[ -15.7, 17.4] 2.10
Preik, 2000 -229[ -31.5,-14.3] 2.35
Heitzer, 2000 @ -47.6 [ -56.7, -38.5] 2.34
Heitzer, 2000 : 2 1.5[ -7.5, 10.4] 2.34
Heitzer, 2000 @ -20[ -83, 4.3] 240
Kingwell, 2003 —&— -51.8[ -70.0, -33.5] 2.03
Pistrosch, 2004 —@— -489 [ -66.7,-31.0] 2.05
Vehkavaara, 2004 @ 121 [ 0.9, 23.3] 2.28
Vehkavaara, 2004 @ 11.1 [ 1.1, 21.2] 2.31
Woodman, 2006 —@ -43.6[ -63.2, -24.0] 1.98
Natali, 2006 —@— -66.7 [ -74.2,-39.2] 2.06
Natali, 2006 -322[ -42.2,-22.1] 2.31
Natali, 2006 -36.9[ -45.2, -28.7] 2.36
Natali, 2006 [ ] -11.8[ -17.4, -6.2] 2.41
Schmiedel, 2007 -27.8[ -45.1, -10.5] 2.07
Sivitz, 2007 @ -46.2[ -57.1,-35.3] 2.29
Sivitz, 2007 @ -46.8 [ -53.2, -40.4] 2.40
Sivitz, 2007 @ -42.7 [ -46.7, -38.7] 2.43
Beer, 2008 — & -7.2[ -29.5, 15.1] 1.87
Beer, 2008 @ -12.4[ -23.9, -1.0] 2.27
Beer, 2008 @ -12.7[ -23.8, -1.5] 2.28
Brooks, 2008 —— -21.0[ -46.9, 4.8] 1.73
Yeh, 2009 — @ -42.3[ -64.0, -20.6] 1.90
Chousos, 2010 -27.2[ -35.0, -19.3] 2.37
Bock, 2021 -3.4[ -33.8, 27.1] 1.55
Bock, 2021 -26.7[ -61.4, 8.0] 1.40
Bock, 2021 4.2[ -32.7, 41.1] 1.33
Bock, 2021 i -29.7[ -63.6, 4.2] 1.43
Overall ES: -28.9[ -35.2, -22.7]

Heterogeneity: I = 93.78%

Testof 8=0:z=-9.07, p =0.00 . | .
-200 -100 [0} 100

Figure 3: Overall effect size (ES) of endothelium (ET)-dependent vascular smooth muscle (VSM) re-
laxation in response to acetylcholine (ACh) in patients with type 2 diabetes (T2D) compared to controls.
Cl, confidence interval
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Mean diff. Weight
Study with 95% Cl (%)
Williams, 1996 & -64.9[ -65.1, -64.7] 3.82
Williams, 1996 & -69.5[ -69.6, -69.3] 3.82
Williams, 1996 ] -63.3[ -63.4, -63.1] 3.82
Williams, 1996 [ ] -63.4[ -63.6, -63.2] 3.82
Ting, 1996 ] -86.0[ -86.1, -85.9] 3.82
Ting, 1996 [ ] -76.0[ -76.1, -75.9] 3.82
Ting, 1996 @ -78.0[ -78.2, -77.8] 3.82
Ting, 1996 & -68.0[ -68.2, -67.8] 3.82
Ting, 1996 i -63.0[ -63.3, -62.7] 3.82
Steinberg, 1996 @ 921[ -95.7, -88.5] 3.79
Steinberg, 1996 —— -40.7[ -65.5, -15.9] 2.85
Steinberg, 1996 _ -461[ -93.4, 11] 1.70
Steinberg, 1996 ® -428[-107.7, 221] 1.14
Steinberg, 1996 -51.1[-113.4, 11.2] 121
Steinberg, 2000 -56.0[ -63.9, -48.2] 3.70
Steinberg, 2000 -57.5[ -61.4, -53.6] 3.79
Steinberg, 2000 —— -88.8[-116.4, -61.1] 2.68
Steinberg, 2000 -56.5[ -77.1, -36.0] 3.09
Steinberg, 2000 I -55.7[ -81.9, -29.5] 2.77
Steinberg, 2000 o -43.9[-104.0, 16.2] 1.27
Steinberg, 2000 [ ] -70.3[ -71.7, -69.0] 3.82
Steinberg, 2000 ® -30.4[ -31.5, -29.3] 3.82
Steinberg, 2000 [ -336[ -35.0, -32.1] 3.82
Steinberg, 2000 @& -33.3[ -35.7, -30.9] 3.81
Steinberg, 2000 & -36.4[ -40.1, -32.7] 3.79
Steinberg, 2000 [ ] -250[ -27.7, -22.3] 3.81
Beckman, 2010 s -78.0[ -85.8, -70.2] 3.70
Beckman, 2010 s 3 -39.0[ -46.8, -31.2] 3.70
Beckman, 2010 & 0.0[ -85 85] 367
Beckman, 2010 e 3 -30.0[ -38.8, -21.2] 3.66
Overall ES: & 553[ -63.6, -47.1)
Heterogeneity: I* = 99.99%
Test of 8 = 6;: Q(29) = 86613.85, p = 0.00

-100 -50 0 50

Figure 4: Overall effect size (ES) of endothelium (ET)-dependent vascular smooth muscle (VSM) re-
laxation in response to methacholine (MTH) in patients with type 2 diabetes (T2D) compared to con-

trols. Cl, confidence interval

were associated with a lower WMD (lower
impairment in response to MTH) of VSM re-
laxation between T2D patients and controls.

The test of group differences was statisti-
cally significant between the subgroups for
the type of vessels in studies that used ACh
(p=0.004) but not for MTH (p=0.266) (Table
2).

The funnel plot for the mean difference in
the VSM function of studies included in the
meta-analysis was asymmetrical (Supplemen-
tary Figure 2A for ACh and 2B for MTH).
However, Egger's test detected that the ob-
served asymmetry was not due to publication
bias (p=0.529, p=0.504 for ACh and MTH,
respectively).
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Table 2: Subgroup analysis of endothelium (ET)-dependent vascular smooth muscle (VSM) relaxa-
tion in response to acetylcholine (ACh) and methacholine (MTH) in patients with type 2 diabetes (T2D)

compared to controls

Type of Overall effect size p-value for group
: 2(0 =
vessel WMD p-value* Heterogeneity I* ( %) difference
(95 % Cl)
ACh
Brachial artery -29.7
(367 226 | P<0.001 94.63
Femoral artery (_70'31;23 5) P<0.001 95.73 0=0.004
-19.1 _
FMS (-27.4, -10.8) p=0.007 47.84
MTH
Brachial artery -60.2
(-72.8,-47.5) | P<0-001 100
Femoral artery (-87_20;:232 8) p<0.001 73.8 p=0.266
-47.2 p<0.001
FMS (577, -36.8) 99.44

Cl, confidence interval; FSM, forearm skin microcirculation; n, number of studies; WMD, weighted mean difference

Characteristic of studies: ET-independent
VSM relaxation

Twenty-eight studies assessed the effect
of SNP on VSM relaxation in T2D patients
(Steinberg et al., 1996; Ting et al., 1996;
Watts et al., 1996; Williams et al., 1996;
Avogaro et al., 1997; O'Brien et al., 1997;
Hogikyan et al., 1998; Caballero et al., 1999;
Gazis et al., 1999; Vavuranakis et al., 1999;
Butler et al., 2000; Preik et al., 2000;
Steinberg et al., 2000; Van de Ree et al., 2001;
Van Etten et al., 2002; Kingwell et al., 2003;
Vehkavaara and Yki-Jarvinen, 2004; Natali et
al., 2006; Woodman et al., 2006; Schmiedel
et al., 2007; Sivitz et al., 2007; Sokolnicki et
al., 2007; Beer et al., 2008; Brooks et al.,
2008; Yeh et al., 2009; Chousos et al., 2010;
Shemyakin et al., 2012; Mahdi et al., 2018).
These studies involved 724 patients with T2D
and 519 control subjects. The mean age of
T2D patients in these studies was 54.6+7.4
years with a range of 36 (Steinberg et al.,
2000) to 53 (Beckman et al., 2010) years, and
the mean age of control subjects was 51.7+8.2
years with a range of 28 (Steinberg et al.,
2000) to 66 (Schmiedel et al., 2007) years.
Nineteen studies included both sexes (Ting et
al., 1996; Williams et al., 1996; Hogikyan et

al., 1998; Caballero et al., 1999; Gazis et al.,
1999; Vavuranakis et al., 1999; Butler et al.,
2000; Preik et al., 2000; Van Etten et al.,
2002; Vehkavaara and Yki-Jarvinen, 2004;
Natali et al., 2006; Woodman et al., 2006;
Schmiedel et al., 2007; Sokolnicki et al.,
2007; Beer et al., 2008; Brooks et al., 2008;
Yeh et al., 2009; Chousos et al., 2010; Mahdi
et al., 2018); seven studies were conducted
only in men (Watts et al., 1996; Avogaro et
al., 1997; O'Brien et al., 1997; Steinberg et al.,
2000; Van de Ree et al., 2001; Kingwell et al.,
2003; Shemyakin et al., 2012); one study was
conducted only in women (Sivitz et al., 2007),
and one study did not specify sex (Steinberg
et al., 1996). The mean duration of T2D was
6.6+2.5 years with arange of 3.6 (Watts et al.,
1996) to 11 (Mahdi et al., 2018) years. The
SNP were administered in brachial artery
(Ting et al., 1996; Watts et al., 1996; Williams
et al., 1996; Avogaro et al., 1997; O'Brien et
al., 1997; Hogikyan et al., 1998; Gazis et al.,
1999; Vavuranakis et al., 1999; Butler et al.,
2000; Preik et al., 2000; Van de Ree et al.,
2001; Van Etten et al., 2002; Vehkavaara and
Yki-Jarvinen, 2004; Natali et al., 2006;
Woodman et al., 2006; Schmiedel et al., 2007,
Sivitz et al.,, 2007; Yeh et al, 2009;
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Shemyakin et al., 2012; Mahdi et al., 2018),
femoral artery (Steinberg et al., 2000), femo-
ral vein (Kingwell et al., 2003), and FMS
(Steinberg et al., 1996; Caballero et al., 1999;
Sokolnicki et al., 2007; Beer et al., 2008;

Brooks et al., 2008; Chousos et al., 2010). The
SNP dose range was 0.01 (Caballero et al.,
1999) and 10 (Avogaro et al., 1997) pg/min.
Characteristics of studies with more details
are provided in Table 3.

Table 3: Characteristic of studies that reported endothelium (ET)-independent vascular smooth mus-
cle (VSM) relaxation in patients with type 2 diabetes (T2D) to sodium nitroprusside (SNP) and glyceryl
trinitrate (GTN)

0,
( :a?';eof S;);r(‘)bocf)f N of Dura- Vascular
Author Year 1¥2D T2D pa- | tion of | region as- R
pa- T2D pa- .
- . tients T2D sessed
tients tients
SNP
. Brachial Mahdi et al.,
Mahdi 2018 64 Both (81) 16 11 artery 2018
. Brachial Shemyakin et
Shemyakin | 2012 64 Male (100) 16 NR artery al., 2012
Chousos | 2010 | 59.9 | Both(50) | 20 77 | Fsm Soousos etal,
Yeh 2009 | 56 Both (61) | 213 NR S:tae‘;c'a' Yeh et al., 2009
Forearm Brooks et al.,
Brooks 2008 58 Both (73) 1 10.2 skin 2008
Beer 2008 56 Both (81) 27 6.4 ;fi;earm Beer et al., 2008
. Brachial Schmiedel et al.,
Schmiedel | 2007 63.5 Both (NR) 12 10.45 artery 2007
Sokolnicki | 2007 | 55 Both (60) | 15 71 | Fsm Sopoinicki etal.
. Brachial Sivitz et al.,
Sivitz 2007 56.7 Female (0) 14 NR artery 2007
Brachial Woodman et al.,
Woodman | 2006 55 Both (83) 47 NR artery 2006
. Brachial Natali et al.,
Natali 2006 58 Both (65) 20 7 artery 2006
. Vehkavaara and
venka- 2004 | 59 Both (82) | 11 >3 | oraohalar | viyarvinen,
y 2004
. Femoral Kingwell et al.,
Kingwell 2003 48 Male (100) 9 NR vein 2003
Brachial Van Etten et al,,
Van Etten | 2002 58 Both (35) 23 8 artery 2002
Van de Brachial Van de Ree et
Ree 2001 51 Male (100) 17 NR artery al., 2001
Preik 2000 | 60 Both (50) | 10 10 | Brachial b et al, 2000
artery
. Femoral Steinberg et al.,
Steinberg 2000 42 Male (100) 3 NR artery 2000
Vehka- Brachial Vavuranakis et
vaara 1999 58 Both (78) 18 ; artery al., 1999
Brachial Butler et al.,
Butler 2000 65 Both (91) 11 4 artery 2000
Caballero | 1999 53 Both (100) | 42 43 | FsMm fggg"em etal.,
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0,
( :,‘ﬂ_;aof S;:I(‘)A’O?f N of Dura- Vascular
Author Year 1¥2D T2D pa- | tion of | region as- R
pa- T2D pa- -
. . tients T2D sessed
tients tients
SNP
Gazis 1999 | 571 | Both(54) | 48 46 S:taecrc'a' Cazisetal,
Hogikyan | 1998 | 57 Both (71) | 17 5.2 S:gg'a' ngékya” etal,
OBrien | 1997 | 546 | Male (100) | 29 S{gg'a' ?ggge” etal,
Avogaro | 1997 | 42 | Male (100) | 10 7.2 S:gg'a' %’ggam etal,
Willams | 1996 | 41 Both (67) | 21 4 S:gg'a' X\ggg"ms etal,
Ting 1006 | 47 Both (60) | 10 3.7 S:taefc'a' Ting et al., 1996
Watts 1996 | 546 | Male (100) | 29 3.6 S:tae‘;c'a' fansetal.
Steinberg | 1996 |  36.2 NR 5 NR | FSM fg;'gberg etal.,
GTN

Liu 2018 | 58 | Female(0) | 20 NR S:tae‘;c'a' Liu et al., 2018
Tan 2004 | 58 Both (49) | 73 8.4 S:tae‘;c'a' Tan et al., 2004
Huvers 1997 | 51 Both (72) | 18 4.4 gftre"r‘;ra' ers etal.
Furuta 2013 | 51 Both (56) | 111 19.7 S:tae‘;c'a' ;g;“;a etal,
Woodman | 2006 60 Both (70) | 29 NR S:tae‘ﬁ;'a' g‘é%%dma” etal,
Yeh 2009 | 60 Both (61) | 213 NR S:t"’;‘ﬁ;'a' Yeh et al., 2009
Henry 2004 60 Both (48) | 269 NR S:tae‘;;'a' gg&y etal,
Yugar-To- Brachial Yugar-Toledo,
ledo 2004 60 NR 25 NR artery 2004
Vavu- Coronary Vavuranakis et
ranakis 1999 42 Both (75) 20 42 artery al., 1999
Enderle | 1998 | 42 Both (56) | 25 9.1 S:tz‘r";'a' e etal,
McVeigh | 1992 | 42 Both (83) | 29 5.2 S:tz‘r";'a' s o etal,
Kimura | 2001 | 356 | Both(47) | 15 7 S:tae‘r";'a' opuraetal,
Goodfel- Brachial Goodfellow et
oo 1996 | 356 | Both(50) | 12 38 | ariaey o006

FSM, forearm skin microcirculation; N, number; NR, Not reported; R, references

The effect of GTN on VSM relaxation has
been reported in thirteen studies (McVeigh et
al., 1992; Goodfellow et al., 1996; Huvers et
al., 1997; Enderle et al., 1998; Vavuranakis et
al., 1999; Kimura et al., 2001; Henry et al.,

2004; Tan et al., 2004; Woodman et al., 2006;
Yeh et al., 2009; Furuta et al., 2013; Yugar-
Toledo, 2004; Liu et al., 2018). These studies
involved 859 patients with T2D and 583 con-
trol subjects. The mean age of T2D patients in
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these studies was 56.4+7.4 years with a range
of 42.7 (Liu et al., 2018) to 70 (Kimura et al.,
2001) years, and the mean age of control sub-
jects was 52.8+8.6 years with a range of 42
(Furuta et al., 2013) to 68 (Henry et al., 2004)
years. Eleven studies included both sexes
(McVeigh et al., 1992; Goodfellow et al.,
1996; Huvers et al., 1997; Enderle et al.,
1998; Vavuranakis et al., 1999; Kimura et al.,
2001; Henry et al., 2004; Tan et al., 2004,
Woodman et al., 2006; Yeh et al., 2009;
Furuta et al., 2013); one study was conducted
only in women (Liu et al., 2018), and one
study did not specify sex ( Yugar-Toledo,
2004). The mean duration of T2D was
7.7+£5.2 years with a range of 3.8 (Goodfellow
etal., 1996) to 19.7 (Furuta et al., 2013) years.
The GTN was administered in the brachial ar-
tery (McVeigh et al., 1992; Goodfellow et al.,
1996; Huvers et al., 1997; Enderle et al.,
1998; Kimura et al., 2001; Henry et al., 2004;
Tan et al., 2004; Woodman et al., 2006; Yeh
et al.,, 2009; Furuta et al., 2013; Yugar-
Toledo, 2004; Liu et al., 2018) and coronary
artery (Vavuranakis et al., 1999). The range
of doses of GTN used were 68 (McVeigh et
al., 1992) and 400 (Goodfellow et al., 1996)
png/min. Characteristics of studies with more
details are provided in Table 3.

Meta-analyses:
ET-independent VSM relaxation
ET-independent VSM relaxation in re-
sponse to SNP (overall ES = -17.2 %, 95 %
CL: -35.2, -22.7; p<0.001) (Figure 5) and
GTN (overall ES = -63.2 %, 95 % CI: -81.0,
-45.5; p<0.001) (Figure 6) decreased in T2D
patients compared to controls. In addition,
high heterogeneity was observed in these
analyses, indicated by I* values of 97.7 %

(p<0.001) and 98.6 % (p<0.001) for SNP and
GTN, respectively. Overall, ET-independent
VSM relaxation in response to SNP/GTN in
T2D patients decreased by 25.8 % (95 % CI:
-32.7, -18.8; p<0.001).

Meta-regressions, subgroup analysis, and
publication bias: ET-independent VSM
relaxation

ET-independent VSM relaxation in re-
sponse to SNP was affected by the doses of
SNP (p=0.084, B=-1.36; Supplementary Fig-
ure 1E) and the duration of T2D (p= 0.047,
B=-3.36; Supplementary Figure 1F); higher
doses of SNP and longer duration of T2D
were associated with a higher WMD (higher
impairment in response to SNP) of VSM re-
laxation between T2D patients and controls.
ET-independent VSM relaxation in response
to GTN has not been affected by GTN doses
(p=0.942, B = -0.006; Supplementary Figure
1G) but affected by the duration of T2D
(p=0.071, B = -0.2631.96; Supplementary
Figure 1H); longer durations of T2D were as-
sociated with a higher WMD (higher impair-
ment in response to GTN) of VSM relaxation
between T2D patients and controls.

The test of group differences was statisti-
cally significant between the subgroups for
the type of vessels in studies that used SNP
(p=0.045) but not for GTN (p=0.809) (Table
4).

The funnel plot for the mean difference in
the VSM function of studies included in the
meta-analysis was asymmetrical (Supplemen-
tary Figure 2C for SNP and 2D for GTN).
However, Egger's test detected that the ob-
served asymmetry was not due to publication
bias (p=0.315, p=0.879 for SNP and GTN, re-
spectively).
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Mean diff. Weight

Study with 95% CI (26)
Williams, 1996 B = -45.2[-52.6, -37.9] 1.68
Ting , 1996 — T -2.9[-36.8, 31.0] 1.08
Ting , 1996 S T A 1.2[-34.2, 36.6] 1.04
Ting , 1996 — -0.5[-14.6, 13.6] 1.56
Ting , 1996 L -1.6 [-27.3, 24.1] 1.28
Watts, 1996 E_& -204[-27.2, -13.7] 1.68
Watts, 1996 @ -33.9[-41.0, -26.7] 1.68
Steinberg, 1996 ° 0.0[-34.7, 34.7] 1.06
Steinberg, 1996 T - 35.8[-25.4, 97.1] 0.58
Steinberg, 1996 — - 12.5[-16.5, 41.5] 1.20
O’Brien, 1997 —» -25.3[-33.7, -16.9] 1.66
Avogaro, 1997 -»- 1.9 -4.5, 8.2] 1.69
Avogaro, 1997 —»— 2.7 -9.5, 14.9] 1.60
Avogaro, 1997 ] gy -4.0[-25.5, 17.6] 1.39
Hogikyan, 1998 @ 0.0[-24.6, 24.6] 1.31
Hogikyan, 1998 - -15.5[-24.3, -6.7] 1.66
Hogikyan, 1998 - -21.0[-30.9, -11.2] 1.64
Vehkavaara, 1999 - -14.5[-17.6, -11.4] 1.71
Vehkavaara, 1999 -15.3[-19.3, -11.2] 1.71
Butler, 2000 B = -2.6[ -9.4, 4.2] 1.68
Butler, 2000 E 3 -15.8[-21.3, -10.4] 1.70
Butler, 2000 - -9.5[-14.1, -49] 1.70
Caballero, 1999 — -47.2[-63.3, -31.0] 1.52
Caballero, 1999 L2 -32.5[-48.5, -16.6] 1.52
Gazis, 1999 L = -8.6 [ -26.2, 9.0] 1.48
Gazis, 1999 — T -8.3[-30.3, 13.7] 1.38
Preik, 2000 - 1 -19.6 [-55.3, 16.1] 1.04
Preik, 2000 T 11.5[ -2.0, 24.9] 1.57
Preik, 2000 — -13.7[-27.0, -0.4] 1.58
Preik, 2000 - -10.3[-20.5, -0.0] 1.63
Steinberg, 2000 ! 0.0[-62.4, 62.4] 0.57
Steinberg, 2000 o 544 16.6, 92.2] 0.99
Steinberg, 2000 — -17.5[-42.3, 7.3] 1.30
Steinberg, 2000 - 0.0[-67.6, 67.6] 0.51
Steinberg, 2000 L2 -30.8[-76.5, 14.9] 0.82
Steinberg, 2000 e — 20.8[-19.2, 60.8] 0.94
Van de Ree, 2001 L2 -18.3[-27.8, -8.9] 1.65
Van de Ree, 2001 4;'7 -16.1 [-26.5, -5.6] 1.63
Van Etten, 2002 — -5.4[-30.6, 19.8] 1.29
Van Etten, 2002 — - 150 0.7, 29.4] 1.56
Van Etten, 2002 —®— -31.7[-49.5, -13.9] 1.48
Van Etten, 2002 L -32.7[-58.6, -6.9] 1.28
Kingwell, 2003 —»— 60.8[ 52.3, 69.3] 1.66
Vehkavaara, 2004 L2 24.0[ 16.7, 31.3] 1.68
Vehkavaara, 2004 @ -88.3[-90.1, -86.5] 1.72
Woodman, 2006 —& -33.6 [-51.2, -16.0] 1.48
Natali, 2006 - -14.8[-27.5, -2.1] 1.59
Natali, 2006 - -18.7 [-26.5, -10.9] 1.67
Natali, 2006 o -31.9 [ -39.6, -24.2] 1.67
Schmiedel, 2007 — -45.0 [-73.2, -16.8] 1.22
Sokolnicki, 2007 .I -19.7 [ -23.0, -16.5] 1.71
Sivitz, 2007 .I -21.2[-27.0, -15.3] 1.69
Sivitz, 2007 'I -21.2[-27.8, -14.5] 1.68
Sivitz, 2007 ® -17.2[-22.7,-11.7] 1.70
Sivitz, 2007 - -17.2[-23.4, -11.0] 1.69
Sivitz, 2007 L _J -41.3[-44.6, -38.0] 1.71
Sivitz, 2007 & -41.3[-45.1, -37.5] 1.71
Brooks, 2008 ——— -46.6 [ -63.9, -29.3] 1.49
Brooks, 2008 - 1 -31.5[-78.8, 15.7] 0.80
Beer, 2008 — -16.0[-29.6, -2.3] 1.57
Yeh, 2009 @ -42.3[-51.7, -32.9] 1.65
Chousos, 2010 L2 -38.1 [ -44.3, -31.9] 1.69
Shemyakin, 2012 o -60.8 [ -66.4, -565.2] 1.70
Shemyakin, 2012 L -47.7 [-53.7, -41.8] 1.69
Shemyakin, 2012 > -44.7 [ -49.5, -40.0] 1.70
Mahdi, 2018 - -7.4[-12.8, -2.0] 1.70
Mahdi, 2018 - -13.4[-16.8, -10.0] 1.71
Mahdi, 2018 I -9.8[-14.1, -5.5] 1.71
Overall ES: -17.2[-22.9, -11.4]
Heterogeneity: I = 97.66%

Testof 8 =0: z=-5.86, p = 0.00
100 2o

Figure 5: Overall effect size (ES) of endothelium (ET)-independent vascular relaxation in response to
sodium nitroprusside (SNP) in type 2 diabetic patients compared to controls. Cl, confidence interval.
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Mean diff. Weight
Study with 95% CI (%)
McVeigh, 1992 ‘ -68.0[ -76.8, -59.3] 6.42
McVeigh, 1992 () 737 -79.8, -67.5] 6.47
McVeigh, 1992 -66.0[ -73.0, -59.0] 6.45
Huvers, 1997 : -65.3[ -73.0, -57.6] 6.44
Goodfellow, 1996 @ 400[ 298 502 6.38
Enderle, 1998 —— -96.0[-118.4, -73.6] 591
Vavuranakis, 1999 —— -69.6[ -94.2, -45.0) 5.79
Woaodman, 2001 —_ -74.0[ -92.9, -55.2] 6.07
Kimura, 2001 6 0.0 -41, 41] 649
Tan, 2004 S > -80.6[ -90.3, -70.9] 6.39
Henry, 2004 i -96.0[-102.4, -B9.6] 6.46
Yugar-Toledo, 2004 —— -454[ -82.6, -8.2] 5.07
Yeh, 2009 - -87.5[ -96.8, -78.3] 6.40
Furuta, 2013 & -656[ -74.2, -57.1] 6.42
Liu, 2018 - -84.7[ -92.6, -76.8] 6.43
Liu, 2018 s 2 -79.1[ -88.6, -69.6] 6.40
Overall ES: - -63.2[ -81.0, -45.5]
Heterogeneity: I = 98.56%

TestofB8=0:z=-6.97, p=0.00
100 -50 0 50

Figure 6: Overall effect size (ES) of endothelium (ET)-independent vascular relaxation in response to
glyceryl trinitrate (GTN) in type 2 diabetic patients compared to controls. Cl, confidence interval

Table 4: Subgroup analysis of endothelium (ET)-independent vascular smooth muscle (VSM) relax-
ation in response to sodium nitroprusside (SNP) and glyceryl trinitrate (GTN) in patients with type 2

diabetes (T2D) compared to controls

Overall effect size .
Type of Heterogeneity I’ | p-value for group
vessel (9\5/,\/!;{,I I2;|) p-value* (%) difference
SNP
Brachial -19.4
artery (-25.0, -13.7) p<0.001 97.44
Femoral -15.8 )
artery (-33.1,-13.4) p<0.001 82.79 p=0.045
FMS (-36-52)4;?1 9) p<0.001 89.28
GTN
Brachial -62.6
artery (-82.9, -42.4) p<0.001 98.8 )
p=0.809
Femoral -62.83 <0.001 o7 63
artery (-27.4,-10.8) p=b. :

Cl, confidence interval; FSM, forearm skin microcirculation; n, number of studies; WMD, weighted mean difference
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DISCUSSION

In this study, following our previous nar-
rative review study (Bahadoran et al., 2023),
we systematically reviewed and meta-ana-
lyzed data from 44 non-randomized clinical
trials (with 68, 16, 30, and 50 study arms for
ACh, MTH, SNP, and GTN, respectively).
These trials compared ET-dependent and -in-
dependent VSM relaxation in T2D patients
and controls. Our analysis revealed a decrease
in ET-dependent VSM relaxation in T2D pa-
tients by ~40 %, with a greater decrease for
MTH (~55 %) compared to ACh (~30 %).
Similarly, ET-independent VSM relaxation in
T2D patients decreased by ~25 %. We ob-
served a greater decrease for GTN (~63 %)
compared to SNP (~17). Therefore, the cur-
rent, up-to-date meta-analysis confirmed the
results of Montero et al. (2013) and, for the
first time, showed that impairment of ET-de-
pendent and -independent VSM relaxation in
T2D depends on the type and dose of vasodi-
lators used. In addition, ET-dependent (MTH)
and ET-independent (SNP/GTN) VSM relax-
ation in T2D patients are affected by the du-
ration of T2D and the type of vessels studied.

Our results showed that ET-dependent
(ACh/MTH) VSM relaxation in T2D patients
decreased by ~40 %, and the decrease was
higher in response to MTH (~55 %) com-
pared to ACh (~30 %), a difference of about
two-fold. Although both ACh and MTH are
non-selective cholinergic agonists with simi-
lar affinity for muscarinic receptors, ACh ex-
hibits significantly lower potency in inducing
vasodilatation (-log ECso = 6.43 vs. 7.24
mol/L) (Bruning et al., 1995, 1996). This dif-
ference can be attributed to the rapid degrada-
tion of ACh by cholinesterases. Conse-
quently, MTH has a longer-lasting effect,
leading to a more pronounced (10-fold) vaso-
dilator response (Bruning et al., 1995, 1996).

Our results showed that ET-independent
(SNP/GTN) VSM relaxation in T2D patients
decreased by ~25 %, and this decrease was
higher in response to GTN (~63 %) compared
to SNP (~17 %) in T2D patients. It has been
reported that GTN can be more potent than
SNP under specific conditions, exhibiting

~1,000-fold higher vasodilatory activity in
certain conditions in rat chest vessels (Badejo
et al., 2010) and in human coronary arter-
ies (He and Yang, 1997). Unlike the con-
sistent findings on impaired ET-dependent
VSM relaxation, studies investigating ET-in-
dependent VSM relaxation in T2D patients in
response to GTN and SNP have yielded con-
flicting results. Some studies reported a de-
crease of 6-42 % in SNP (Morris et al., 1995;
Watts et al., 1996; Preik et al., 2000) and GTN
(McVeigh et al., 1992; Vavuranakis et al.,
1999) induced VSM relaxation, while others
show preserved VSM relaxation (Karasu et
al., 1995; Steinberg et al., 1996; Heitzer et al.,
2000) in T2D patients. These discrepancies
likely arise from several factors, including the
presence of diabetes complications (Avogaro
et al., 1997), disease severity and duration
(Natali et al., 2006), and T2D management
(Bock et al., 2021). These factors are esti-
mated to explain 32-37 % of the variation ob-
served in ET-independent VSM relaxation
(Caballero et al., 1999; Bahadoran et al.,
2023). Interestingly, ET-independent VSM
relaxation remains preserved in the brachial
artery of T2D patients without complications
(Avogaro et al., 1997). Additionally, reduced
SNP-induced vasodilation was only observed
in neuropathic T2D patients (Pitei et al.,
1997). Studies also report a progressive de-
crease in ET-independent VSM relaxation
from 3 % in insulin-sensitive patients to 27 %
in insulin-resistant patients (Natali et al.,
2006). Furthermore, insulin therapy for 6
months and a 3.5-year follow-up can improve
SNP-induced vasodilation in T2D patients
(Vehkavaara and Yki-Jarvinen, 2004).
Results of meta-regression analysis
showed that the duration of T2D affects MTH
and SNP/GTN-induced VSM relaxation in
T2D patients. For MTH (with a maximum
T2D duration of 4 years), longer T2D was as-
sociated with a smaller difference in VSM re-
laxation in T2D patients compared to con-
trols. In contrast, SNP/GTN studies (with a
maximum T2D duration of 20 years) showed
a greater difference in VSM relaxation in T2D
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patients than in controls. Importantly, this dif-
ference in study duration between MTH and
SNP/GTN studies may explain the opposing
findings.

Decreased NO production by the ET and
impaired responsiveness of VSMs to NO have
been reported in the late stages of T2D
(Bahadoran et al., 2023). Early T2D stages,
however, may exhibit increased NO produc-
tion (Adela et al., 2015), potentially as a com-
pensatory mechanism. Over time, this ability
diminishes, leading to a state of vascular NO
deficiency in established T2D (Pieper, 1998;
Salvatore et al., 2022). In support, ACh-in-
duced NO release in the thoracic aorta of rats
enhanced at 12 weeks but decreased at 36
weeks (Kobayashi et al., 2004). A progressive
decreased endothelial NO synthase sensitivity
to ACh was also shown to be worsened with
the diabetes duration in rats; ECso for ACh in
diabetic arteries was increased from 13.5 nM
after 6 weeks to 100 nM after 24 weeks of di-
abetes (Diederich et al., 1994).

Our subgroup analysis showed that ET-
dependent (ACh-induced) VSM relaxation in
T2D patients was significantly lower (higher
impairment) than controls when using bra-
chial and femoral arteries (macrocirculation)
compared to FMS. Conversely, ET-independ-
ent (SNP-induced) VSM relaxation was sig-
nificantly lower in FMS compared to macro-
circulation. This finding aligns with a meta-
analysis reporting higher impairment of ET-
independent VSM relaxation in microcircula-
tion versus macrocirculation in T2D patients
compared to controls (Montero et al., 2013).
Evidence suggests that small coronary arter-
ies might be more susceptible to T2D-induced
vascular NO resistance compared to large ar-
teries (Oltman et al., 2006). This could be due
to variations in NO production capacity and
responsiveness to NO's vasodilatory effects
between different blood vessel types
(Bahadoran et al., 2023). These observations
may imply that different vessels probably ex-
hibit diverse phenotypes of NO resistance in
T2D.

In summary, both ET-dependent and ET-
independent VSM relaxation are impaired in
T2D. Various studies, including a recent re-
view by our group, have investigated the
mechanisms underlying this impairment
(Bahadoran et al., 2023). Although, the exact
mechanisms remain unclear; hyperglycemia
is thought to play a significant role. Hypergly-
cemia increases the production of reactive ox-
ygen species (ROS) in the vessel wall, trigger-
ing a series of events: activation of the polyol
and hexosamine pathways, formation of ad-
vanced glycation end products (AGEs), acti-
vation of protein kinase C (PKC) pathways,
and increased nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase activity.
These events collectively impair NO-induced
VSM relaxation, resulting in vascular hypo-
responsiveness to NO (Figure 7). In ET cells,
T2D primary blocks nitric oxide synthase
(NOS) activity and expression, leading to
lower NO bioavailability in VSM cells. In
VSM cells, one key mechanism is the impair-
ment of the NO-cyclic guanosine monophos-
phate (cGMP)-protein kinase G (PKG) path-
way at both the receptor and post-receptor
levels. This may occur through quenching of
NO and desensitization of soluble guanylate
cyclase (sGC) at the receptor level (Witte et
al., 2002; Goulopoulou et al., 2015), and
through decreased cGMP degradation and al-
tered activity and expression of PKG at the
post-receptor level (Chirkov and Horowitz,
2007; Russo et al., 2008). More details on the
mechanisms of vascular relaxation impair-
ment in T2D can be found elsewhere
(Bahadoran et al., 2023).

Our study has some limitations; first, we
identified significant heterogeneity, meaning
that the results of the included studies varied
considerably. Egger's test detected that the
observed heterogeneity was not due to publi-
cation bias. While subgroup analyses sug-
gested vessel type as the potential source of
heterogeneity, the uneven distribution of stud-
ies across subgroups limits definitive conclu-
sions. Additionally, the studies themselves
varied in design, patient numbers, doses of
vasodilators, and T2D duration. These design
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Figure 7: Type 2 diabetes (T2D) impairs both ET-dependent and -independent vascular smooth muscle
(VSM) relaxation by affecting nitric oxide (NO) action on VSM relaxation. The vascular hypo-respon-
siveness to NO is evident at the receptor and post-receptor level. AEGs, advanced glycation end prod-
ucts; cGMP, cyclic guanosine monophosphate; L-Arg, |-arginine; NADPH, nicotinamide adenine dinu-
cleotide phosphate; NOS, Nitric oxide synthase; PDE, phosphodiesterase; PKG, protein kinase G; PKC,
protein kinase C; ROS, reactive oxygen species; sGC, soluble guanylate cyclase

variations might contribute to the observed
heterogeneity. Second, another limitation is
that our study did not account for the potential
confounding effects of diabetic complications
or medications taken by diabetic patients. One
strength of our study is that we considered
baseline values of VSM in brachial and fem-
oral arteries, as well as FMS of diabetic pa-
tients. This analysis revealed a 13 % lower
baseline VSM (indicating lower baseline
blood flow) in T2D patients compared to con-
trols within the studies included in our meta-
analysis. This finding highlights a potentially
important factor that was not considered by
Montero et al. (2013). This allows for a
clearer interpretation of results as we assess
the change in relaxation due to T2D rather
than simply comparing the values of diabetic
and control groups. In addition, the weight of
the included studies was balanced across dif-
ferent analyses. This suggests the overall ES
is not driven by specific studies and is un-
likely to be a false-positive result.

CONCLUSION

Our meta-analysis of clinical trials inves-
tigated the effects of T2D on VSM relaxation.
The results showed significant reductions in

both ET-dependent (~40 %) and ET-inde-
pendent (~25 %) VSM relaxation. The de-
crease was more pronounced for MTH
(~55 %) compared to ACh (~30 %) and for
GTN (~63 %) compared to SNP (~17 %).
These findings suggest that dysfunction of
both ET and VSM contributes to impaired
VSM relaxation in T2D patients.

Results obtained from ET-dependent
(MTH) and ET-independent (SNP/GTN)
VSM relaxation in T2D patients may be af-
fected by both the type of studied vessels and
the duration of T2D. This knowledge may be
relevant for developing treatments specifi-
cally targeting different blood vessels in T2D.
Considering the diverse phenotypes of NO re-
sistance in different vessels may help develop
specific vessel-targeted drug delivery plat-
forms to overcome vascular NO resistance in
T2D. Pharmacological approaches such as an-
giotensin-converting enzyme inhibitors, the
anti-anginal agent perhexiline, insulin,
statins, nitrite, and sGC activators have been
proposed to attenuate vascular NO resistance
by decreasing ROS production and increasing
eNOS expression and activity (Chirkov and
Horowitz, 2007; Velagic et al., 2020). NO-
releasing drugs may not affect microcircula-
tion, which has a higher impairment of ET-
independent VSM relaxation and is relatively
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nonresponsive to NO compared to macrocir-
culation. In these cases, the use of nitroxyl do-
nors, such as Angeli’s salt, has been sug-
gested as an effective treatment for overcom-
ing NO resistance in T2D, where NO-releas-
ing drugs do not act effectively (Velagic et al.,
2020). Angeli’s salt can effectively bypass
NO resistance in vessels that become rela-
tively nonresponsive to NO in T2D by affect-
ing on distinct molecules (e.g., thiol residues)
and pathways [cyclic AMP (cAMP)-protein
kinase A (PKA)]. Moreover, the duration of
T2D should be considered when designing
treatment strategies for vascular complica-
tions. Because various vessels have different
capacities of NO production (Bohlen, 2015)
and respond heterogeneously to the
vasodilatory action of NO, likely due to their
different morphologies, functions, and
diverse receptor and ion channel populations
(Clark and Fuchs, 1997; Gao et al., 1998;
Houghton et al., 1998). Vascular NO re-
sistance seems to progress over time, with NO
production increasing in the initial stages of
T2D (within 5 years of onset) and decreasing
in established T2D (Pieper, 1998; Salvatore et
al., 2022). Upregulated NOS expression/ac-
tivity may explain the elevated NO produc-
tion in the initial stages of T2D (Kazuyama et
al., 2009). Although it needs to be proved,
small coronary arteries appear to be affected
by T2D-induced vascular NO resistance ear-
lier and to a greater extent compared to mes-
enteric resistance arteries and large elastic
vessels like the aorta (Oltman et al., 2006).
These observations suggest that some treat-
ments, such as NO-releasing drugs and acti-
vators of NOS expression, may not affect im-
pairment in VSM relaxation in the early stage
T2D. Management of hyperglycemia, insulin
resistance and oxidative stress are essential
treatments during this stage (Bahadoran et al.,
2023).
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