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Objectives—Conlroversy exists over the effect of acute lyperglycemia on vascular function. In this systematic review, we
compared the eftect of acute hyperglycemia on endothelial and vascular smooth muscle functions across healthy and
cardiometabolic discased subjects.

Approach and Results—A systematic search of MEDLINE, EMBASE, und Web of Science from inception until July
2014 identified articles evaluating endothelial or vascular smooth muscle function during acute hyperglycemia and
normoglycemia. Meta-analyses compared the standardized mean difference (SMD) in endothelial and vascular smooth
muscle functions between acute hyperglycemia and normoglycemia. Subgroup analyses and metaregression identified
sources of heterogeneity. Thirty-nine articles (525 healthy and 540 cardiometabolic subjects) were analyzed. Endothelial
function was decreased (39 studies; n=1065; SMD, -1,25; 95% confidence interval, —~1.52 to —=0.98; P<0.01), whereas
vasculur smooth muscle function was preserved (6 studies; n=t44; SMD, ~0.07; 95% confidence interval, =0.30 to
0.16; P=0.55) during aeute hyperglycemia compared with normoglycemia. Significant heterogeneity was detected
among endothelial function studies (P<0.01). A subgroup analysis revealed that endothelial function was decreased
n the macrocirculation (30 studies; n=834; SMD, ~1.40; 95% confidence interval, —1.68 10 —1.12: P<0.01) but not in
the microcireulation (9 studies; n=181; SMD, ~0.63; 95% confidence interval, —=1.36 to 0.11; P=0,09). Similar results
were observed according to health status. Macrovascular endothelial function was inversely associated with age, blood
pressure, and low-density lipoprotein cholesterol and was positively associated with the postocclusion interval of vascular
ussessment.

Conclusions—To our knowledge, this is the first systemalic review and meta-analysis of its kind. In heallhy and
diseased subjects, we found evidence for macrovascular but not microvascular endothelial dystunction during acute
hyperglycemia. (Arferioscler Thromb Vase Biol, 2015;35:2060-2072. DOI: 10.1161/ATVBAHA.115.305530.)
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he prevalence of type 2 diabetes mellitus represents a

major public health issue, directly affecting an estimated
312 million people worldwide.! This burden is projecied 1o
worsen due, in part. to increasingly sedentary lifestyles and
unhealthy dietary habits predominantly characterized by an
excess consumption of added sugars.®™ Habiwal consump-
tion of added sugars, most commonly in the form of sugar-
sweelened beverages, is sirongly associated with an increased
risk in developing type 2 diabetes mellitus, as well as meta-
bolic syndrome and obesity>* In addition, consumption of
added sugars has been linked to an increased risk of develop-
ing cardiovascular disease {CVD), which is the leading cause
of mortality among those with cardiometabolic disease.'*"?

Consumption of excess added sugars leads lo acute hypergly-
cemnia, which is considered a better predictor of future CVD
events than fasting glycemia in healthy and diabetic popula-
tions.'? Indeed, such acute hyperglycemic stress has also
been proposed to coniribute to vascular dysfunction,” which
represents one of the main precursors 1o CVD.M

In normal vascular function, the endothelivm and vascular
smooth muscle (VSM) cells continuously interact to regulate
vasodilation and vasoconstriction. maintaining optimal organ
perfusion and vascular tone.!™!® During acute hyperglyceinia,
increased oxidative stress has been proposed as a key trigger
of vascular dysfunction by reducing nitric oxide (NO) pro-
duction or NO bioavailability.”®"¥ Furthermore, animal and
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Nonstandard Abbreviations and Acronyms
] confidence interval

cvp cardiovascular disease

NO nitric oxide

SMD standardized mean difference

YSM vascular smooth muscle

in vitro stedies suggest that acute hyperglycemia may also
impair V&M function by disrupting VSM cell apoptosis, caus-
ing subsequent VSM cell proliferation and desensitization to
NO." However, whether endothelial and VSM functions are
transiently impaired during acute hyperglycemia in humans
is unclear because of discrepant results. Given this, we con-~
ducted a systematic review and meta-analysis of available
studies comparing endothelial function alone or in combina-
tion with VSM function during acute hyperglycemia in healthy
and cardiometabolic diseased individuals. To our knowledge,
this represents the first systematic review and meti-gnalysis to
assess the effect of acute hyperglycemia on vascular function.

Materials and Methods

Miterials and methuds are wailuble in the online-only Data
Supplement.

Results

Study Seleetion and Characteristics

A flowchart of study selection is shown in Figure 1. The
systematic search resulted in the inclusion of 39 from 394
potential articles. > Fourteen of these articles reported
vazcular data for multiple subgroups of a given or diverse
health status; thus, they were assessed as individual stud-
ieg MARINIMALSLH The main characteristics and clinical
data for these studies are shown in Tables 1 and 2. respec-
tively. Three potentially relevant studies were not available for
full text reading and thus could not be included.®—* All stud-
ies assessed endothelial or VSM funclion during acute hyper-
glycemia and normoglycemia in a total of 1063 individuals
classified as healthy (n=523), obese (n=72), impaired glucose
tolerance (n=104}, type 2 diabetes mellitus (n=229), hyper-
tensive (n=94), metabolic syndrome {(n=30), or type | diabetic
metlites (n=11).

Quality Asscssment and Potential Bias

The quality of the studies was moderate-to-high. The meun
score was 9.4%1.5 of possible 12 points (Table 1). The quakity
of evidence for outcomes demonstrating the effect of acute
hyperglycemia on vascular function was low-to-moderale
(Table 3). As for the evaluation of potential bias, the funnel
plot (Figure 2), Begg and Mazumdar rark correlation test.
and the Bgger regression test suggested the presence of pub-
lication bias or other biases for the standardized mean differ-
ence (SMD) in endothelial function in the studies included in
the meta-analysis (P<0.0F and P<0.01, respectively). There
was no evidence of publication or other biases when assess-
ing the SMD in VSM function in the studies included in the
meta-analysis,
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Endothelial Function

After data pooling, endothelial function was significantly
decreased during acute hyperglycemia compared with normo-
glycemia (39 studies; n=1065: SMD, —1.25; 95% confidence
interval [CI], —1.52 10 —0.98; P<0.01: Figure 3). There was no
difference between health groups in the SMD in endothelial
function (P=0.13), but significant heterogeneity was detected
(P=87%: P<0.01). Subgroup analysis of the SMD in endo-
thelial function revealed that macrovascular function was sig-
nificantly decressed during acute hyperglycemia compared
with normoglycemia (30 studies; n=884; SMD, -1.40; 93%
CI, —1.08 10 ~1.12; P<0.01), whereas no significant decrease
was found in the studies that assessed microvascular endothe-
lial function {9 studies; n=18§; SMD, =0.63; 95% Cl, ~[.36
to 0.11; P=0.09). Helerogeneity was detected in the SMD in
endothelial function for both macrovascular (F=84%; P<0.01}
and microvasculuar function studies (7=90%; P<0.01). Of note,
the heterogeneity about microvascular endothelal funetion
was primarily explained (=40%) by a single study.* and the
exclusion of such study did not significantly alter the pooled
effect size (8 studies; n=147; SMD, -0.18; 95% CI, -0.53 to
0.17; P=0.30).

VSM Function

After data pooling, VSM lunction wus preserved during acule
hyperglycemia versus normoglycemin (6 studies; n=144:
SMD, -0.07; 93¢ C1. -0.30 10 0.16; P=0.55; Figure 4). There
was no significant differeace between health groups in the
SMD in VSM tunction (=0.49), and no heterogeneity was
observed (F=0%; P={.85), Because of limited data availabil-
ity, it was nol possible 10 analyze macro-VSM and micro-
VSM function separately.

,§ Records identilied from MEDLINE, Additioral recards identilied
B EMBASE and Web of Science through manun search
B tn= 582} tn=3)
5
x
P Records alter dupticales semoved
{n= 304}
wa
o
T
g Records excluded basod on
- abstract/title screening
7= 318)
e
Full-text articles aysessed Full-texL articles excluded
for cligibility {n= 44)
= 83,
g = 83) *No measurement of EF or
2 VSMF available {n= 315}
= +No measurement of EF or
VSMF during AH {n= 10}
=No 4G coniral data available
. [0 1)
- =No baseline measerement of
§ Studies inciuded in £F or VSMF reported (o= 15)
E quantitative syn'fhms «Unihie 1o retrieve Full text {n =3)
= {meta-analysis}
{n= 39)
—

Figure 1. Flow diagram of the study selsction process. AH indi-
cates acute hyperglycemia; EF, endothelial function; NG, normo-
glycemia; and VSMF, vascular smooth muscle function.
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Table 1. Main Characteristics of Studies Included in the Meta-Analysis
Study Health Quality Score  Vascutar tnducing AH Vascular EF VSMF During
Study, Year of Publication Design Status Medication {D~12) Region Method Dose Buring AH AH
Grasser et al,* 2014 RCT Healthy None ] Micro Energy drink Sucrose/ tACh NA
glucose, 39.19
Nakayama et &, 2013 088 Healthy None [ Macro Sugar drink  Maltoge, 75 4 LFMD NA
Mah et al* 2013 RCT Healthy Mone i Macra 0GTT Glucose, 750 }FMD NA
Wang etat A% 2013 RCT Healthy Nene 9 Macra 0GTT Glucose, 75 g L FMD NA
Zhang et al A% 213 ROT Healthy Nong 10 Macro 0GTT Glucose, 76 g }FMD NA
De Marchi et al,» 2012 ACT Healthy None 8 Micro 0GTT Glucose, 75 ¢ LACh « SNP
Grassi et al,® 2012 ACT Healthy None 9 Macro 0GTT Glucose, 75 ¢ LEMD NA
Suzuki et al,® 2012 0BS Healthy None ] Macro 0GTT Glucase, 75 ¢ LEMD NA
Cerlello et al A% 2011 RCT Healthy None 6 Macro 0GIT Glucose, 750 1FMD NA
Mah et al,** 2011 RCT Healthy Nene 11 Macro 06TT Glucese, 75 0 LEMD NA
Watanabe et al,** 2011 0BS Healthy None 11 Macro 06TT Glucose 75 ¢ LEMD NA
Baynard et al A, 2009 0BS Healthy 3 stafin, 1 9 Macro Testmeal  Carbohydrate, 1 FMD NA
hydrochlorathiazide, 1 80g
angiotensin Il receptor
biocker, 1 ACE inhibiter
Ceriglla et al (1) A, 2008 0BS Healthy None 8 Macro WV infusion Glucose, 15 1FMD NA
mmaliL
Ceriello et al (2) A% 2008 RCT Healthy None 8 Macro I¥ infusicn Glucose, 15 1 EMB NA
mmol/l.
Natali et al A,* 2008 0BS Healthy Unknown 11 Micra 0G6TT Glucose, 75g < ACh 1 SNP
Welss et al * 2008 RCT Healthy None 10 Magro Candyfsugar  Carhohydrale, L EMD KA
drink 101 g
Xlang et 2] {1} A% 2008 RCT Healthy None 11 Macro OGTT Glucose, 755  «— FMD NA
Xiang et al (2} A,* 2008 0BS Healthy None 11 Macro 0GTT Glucose, 75g  1FMD «r NMD
Xiang et &l (2} B,* 2008 0BS Healthy None 11 Macro 0GTT Glucose, 75¢  +» EMD « NMD
Dengel et al A3 2007 0BS Healthy None 11 Maero ORTT Glucose, 75 ¢ 1 FMD NA
Zhu et al,® 2007 RCT Healthy None 7 Macro OGTT Glucose, 75 ¢ L FMD NA
Arora et al A% 2006 OBS Healthy None 10 Micro OGTT Glucose 75g¢  { PORH NA
Fujimoto et a1, 2006 0BS Healthy None 10 Magcro 0GTT Glucase, 75 ¢ 1 FMD NA
Tushuizen et ai,** 2006 RCT Healthy None 11 Macro Test meal Carbohydrate, 1 FMD NA
35g
Napoli et al,* 2004 RCT Healthy None § Micro Testmeal  Carbohydrate, «— ACh +« SNP
G0g
Slafarikas et al,¥ 2004 RCT Healthy None Macro 01T Glucose, 75¢ > FMD NA
Ihlemann: et al,* 2003 RCT Healthy None Micro OGTT Glucose, 75 g | Serotonin 1 SNP
Bagg et al,” 2000 RCT Healthy None Macro Winfusion  Dextrose, 10%  « FMD NA
238 mL
Title et a1, 2000 RCT Healthy None 11 Macro OGTT Glucase, 75 ¢ L EMD NA
Kawano et al A® 1999 08S Healthy None 10 Maero OGTT Glucose, 75¢  «— FMD NA
Williams et al,* 1998 0BS Healthy None 10 Micro Winfuston  Glucose, 16.7 - NA
mmalfl. Metacholine
Lavi et al,* 2009 ACT Obese Mone 8 Macro Sugar drink  Glucose, 50 ¢ L FMD NA
Dengel et al B,%' 2007 oBS Obese None 1 Macro 0GTT Glucase, 75 o TEMD NA
Wang et al B,* 2013 RCT IGT None 9 Macro OGTT Glucose, 75 0 LEMD NA
Natali et al B,* 2008 0Bs IGT Unknown 11 Micro QGTT Glucose, 759 <« ACh 1 8NP
Xiang et at (1) B,% 2008 ACT 16T one 1 Magro 0GTT Glucase, 75 9 }FMD NA
Arora et al B, 2006 0BS GT Nong 10 Micro 0GTT Glucose, 75y} PORH NA
Kawano et al 8,% 1999 0BS GT Mone 0 Macro OGTT Glucose, 75 g LEMD NA
Wang et al G52 2013 RCT T2DM None 9 Macro 0GTT Glucose 75 ¢ LEMD NA

{Continued)
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Table 1. Continued
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Study Heaith Cuality Score  Vascular Inducing AH Vascular EF  VSMF During
Study, Year of Publication  Design Status Medlcation 0-12) Region Method Dose During AH AH
Cesiello et al B, 2011 RCT TaDM & metformin 6 Macro 06TT Glucose 75 g JFMD NA
discontinued 4 wk
pefore 5 excluded ACE
inhibitors
Chittari et al,?® 2011 0BS T2bM 17 oral agents 10 Macro 0GTT Giucose, 750 LFMD NA
Kato et al A¥ 2010 RCT T20M None 9 Macro Cookie Carhohydrate, | FMD NA
75¢g
Kato et a1 B, 2010 RCT T20M None 9 Macro Cookie Carbohydrate, L FMD NA
759
Kalo el & C,¥ 2010 RCT T2DM None 9 Macro Cookie Carbohydrate, | FMD NA
759
Ceriello et al {1} B,” 2008 0BS TZ2DM None 8 Macro IV infusion Glucose 15, 1 FMB NA
mmol/L
Carietlo et al {2} B,% 2008 RCT TZ0M Nane 8 Macro IV infusion Glucose 15, | FMD NA
mmol/L
Ceriellc et al {2) C,%6 2008 RCY T20M Nore 8 Macro IV infusion Glucose 10, | FMD NA
mmoliL
Ceriellc et al {2) D, 2008 RCT T2bM None 8 Macra WV infusion Glucose 10, LFMD NA
mmol/L
Natali et al C,* 2008 0Bs T2DM Unknowm A Micro 0GTT Glucose, 759 < ACh 1 SNP
Slirban et al,*® 2006 RCT T2DM 13 insulin, 11 aspiria, 11 Macte Testmeal  Carbohydrate, L FMD NA
9 ACE inhibHors, 480
1 angiotensin
receptar blocker, 6
hydroxymethyiglutaryl-
CoA inhibltors, 5 (3-
blockers, 5 diuretics,
3 calcium channel
Blockers
¥im et al,* 2003 08s T2DM None 9 Micro W infusion Glucose, 12/mg/ | PORH NA
kg per min
Kawano et al G, 1999 Q8BS T20M None 10 Macro 0GTT Glucose, 759 L EMD NA
Shige et al,*® 1998 0BS T2DM None 8 Macro Testmeal  Sucrose, 759 1 EMD « NMD
Zhang et al B,* 2013 RCT  Hyperiensive Nene 10 Macro 0GBTT Giucose, 75 ¢ | FMD NA
Zhang et al A% 2012 RCT  Hyperiensive None 1 Macro 0GTT Glucose, 75 9 } FMD NA
Zhang et al B, 2012 RCT  Hyperiensive None 1" Macro QeTT Glucose, 75 g 1 FMD NA
Ballard et a1, 2013 RCT MetS None 1" Macro Ricemilk  Mixed sugars, L FMD NA
23g
Baynard et al B, 2009 0BS MelS 3 metiormin, 2 11 Macro Testmeal  Carbohydrate, | FMD NA
sulfonylrea, 4 statin 8049
Dye et al,® 2012 0Bs T1DM Insulin monotherapy 9 Micro IV infusion  Dexirose, 200 | PORH NA
mosdl

Some studies presenied multiple heakth groups comparing normaglycemia and acule hyperglycemia vascular function and were therefore evaluated as individual
studies (distinguished by A, B, C, or D). Authors who published multiple studies in a single year were distinguished by (1) or {2}, | Indicates significant decrease of vascular
function during acute hyperglycemia compared with normoglycemia; -, no sigrificant difference in vascular function betwesn acute hyperglycamia and normoglycemia;
+, sinnificant increase of vascular fungtion during acute hyperglycemia compared with normoglycemia; ACE, angictensin-converling enzyme; ACh, acetylcholing; AH,
acuie hyperglycemia; EF, endothelial function; FMD, flow-mediated difation; 16T, impaired glucose tolerance; IV, intravenous; MetS, metabolic syndrome; NA, vascular
data not available; NMD, aitroglycerin-mediated dilation; OBS, observational study; OGTT, oral glucose telerance test; PORH, postocclusive reactive hyperemia; RCT,
randomized controlled trial; SNP, sodium nitroprusside; T1DM, type 1 diabetic mellitus; T2DM, type 2 diabetic meflitus; and VSMF, vascular smeoth muscle function.

Metaregression Analyses

The SMD in macrovascular endothelial function was
inversely associated with age (B=-0.03; P<(.01), sys-
tolic blood presswre (f=-0.04; P<0.01), diastolic blood
pressure (f=—0.05; P<0.01). mean arlerial pressure

(p=-0.05; P<0.01), and low-density lipoprotein choles-
terol {$=-0.93: P<0.01; Figure 5). In turn, the SMD in
macrovascular endothelial function was positively associ-
ated with the postocclusion interval of vascular assessment
{p=0.36; P=0.01).
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Table 2, Clinical Data for Each Study Included in This Meta-Analysis

September 2015

Bloed Pressure, mm Hg

Shalesterol, mmolL

Fasting Fasting

Plasma Plasma
Study, Year of Health n{% Insulin, Glucose, Triglycerides,
Publication Status Women) Age. vy BME, kg/m*  §BP DBP MAP pmaliL mmoll,  HBA_, %  Tofal HDL 1.DL mmolL
Grasser et al,* Healthy 25(48) 22523 23.3%70  114x10 87=5  9B=x7 NA NA NA NA NA NA NA
2014
Nakayama Healthy 23 (0) 44210 23+21 11128 71=6  84+7 NA 5.1=04 NA NA NA NA NA
etal 2013
Mah etal,#? Healtiy 16 {0) 21.823.2 24.8sNA 11724 7924 9224 14252944 53+04 NA  3.7:08 NA NA 335
2013
Wang et al A, Healtiy 33164) 51.36+715  24.76x3.6  NA NA NA A 5.4+0.5 6+0.3 55406 14:04 3.7+06 1.5:05
2013
Zhang el al A Healthy 31{48) 47.87+1095 239s21 12428 79x5 9446 NA 4.8+1.1 NA 47204 14503 28204 1.3:03
2013
De Marchi Healthy 34{50) 32.4+35 19£3  139+4  79x9  92+7 34866 5.1=06 NA  4.3:07 15202 NA 1.520,1
etaL? 2012
Grassi et al,™* Healthy 12 {58) 28227 23.2x4.2 NA N, HA 1A 42404 NA NA  15:04 25404 0.7+03
2012
Suzubi ot g Realthy  14(57) 33.4x119 207223 10629 64z=6 787 NA 4806 5403 5206 17:04 27:05  0.8=04
2012
Ceriello et al A Healthy 12{50) 50.5%8.60  205%10.7 117219 78«8  91x11 7344152 45+14 48207 45221 14207 2.5#1 0.9+0.7
2011
IAah et al, Healthy 1610 21.623.2 287NA 11724 79x4 924 147496 5,3+0.4 NA 36207 NA NA NA
2011
Watanabe etal®®  Healthy 14{43) 3342119 207+2.3 10629 64=6  T7Bx7  20.7+1139 4.7:04 NA 5+0.6 1.7=0.4 27205 0.3=04
2011
Baynard el al Healthy 10 (NA) 531332  327+35 117213 72=3 8726 NA 46+03  52:04 62x1 13203 3220985  1:03
AP 2009
Ceriello et al (1) Heallhy 22445 5051173 2854145 117426 78=16 91«15 NA 45+14  4.8+09 45+28 14+09 25+14 0.9+0.8
AT 2008
Ceriello et al (2} Heallhy 10440}  50.3=8,22 27.5x9.8 115x14 76=11  89+12 NA 4541 4.8+06 48:1.8 14016 24413 0.9:18
A8 2008
ilatali et al A, Healiy 20470} 49894  279+4  129+13 78=9 95210 NA 532NA 56505 4.9:08 12:02 33508 11205
2008
Weiss et al,* Healthy 13462y 48217 24222 11414 667 82+10 NA 56x1.4 NA NA NA NA NA
2008
Xiang st af {1} Healthy 26 {46) 5025 24,2:23 11437 7226 867 A 4,6%0.5 KA 44108 12«03 1807 1.4+1.2
A,7 2008
Xiang &t af {2) Healthy 17 {41 30x12,37 24,1466 115520 6812 8415 NA 51x1.7  51x04 47+27 1.2:0.7 19224 1.4:38
A% 2008
Xiang et at {2) Healthy 15 {47} 40£11.62 237474 171%20 247 53x12 NA 46£1,9  48+08 45218 1.2:07 1.9+18 1423
B 2008
Dengetetal A Healthy 15453} 113155 17.551.8 110£12 59=8 768  41.2x151 4803 NA  3.8:0.8 1.2+0.3 23206 0.8204
2007
Zhu et al,®? 2007 Healthy 11 {0} 226423 225:15 11327  79=6  9Da6 A 5,240,2 NA 4:0.8 14:0.2 21206 09203
Arora et al A2 Healthy 10 {0} 27xNA 22.4+NA  122«NA 6BxNA  B6=NA NA 4.5+NA KA 41xNA  182NA 2.2=NA 1.1xNA
2006
Fujimoto et al,® Healthy 100} 3042 NA 111+12 65=8 809 NA 5,1+06 NA 43207 1.2:0.3 NA 1,.220,7
2006
Tushuizen Healthy 170} 25.413 23.6+1.8 11628 7527 89+7 33+10 48203 51+02 4206 14202 2.2:06 08203
etal,” 2006
Napoli et al,* Healthy 10 {40} 233,16 23,6£1.8 12446  60+3 8114 NA SaNA A NA NA NA NA
2004
Siafarikas elal®  Healthy 3266) 131217 22.9+42  NA NA NA NA NA +0.3 4208 13204 22407 12207
2004
Inlemann et al,™® Heallny 10{40) 53x696  22.7+1.9 144x17 75511 98413 i3 NA 5203 5.2+0.6 17+0.3 3.2+06 0.820.3
2003
Bagg ef al,* Healthy 10{20) 266 22x2  111x10 65=8 8048 34.2x114 52403 NA, 4,71 NA NA NA
2000
Title et al,® Healthy 10{40) 25531 24x3 11848 72=7  87x7 NA 5.3+0.7 MNA 51=10 13201 33209  1.2:05
2009
KawanoetalA®  Healthy 17(35) 5262742 NA NA NA HA 51.6+9.9 5+0.3 A 49204 1.2+01 304 1.520.2
1993

(Continued)
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Table 2. Gontinued
Blood Pressure, mmHg Fasting Fasting Cholesterol, mmoliL
Plasma  Plasma

Study, Year of Health n (% insulin, Glucese, Triglycetides,
Publication Status Women) Age, ¥ BMI, kg/m?*  SBP DBP Map proolt mamolt.  HbA, % Total HOL LDL mmel/L
Wiliams etal  Heally  10430) 33632 NA NA O NA O NA NA 39212 36206 42207 11202 285107 1204
1988
Lavi et al,** 2009 Obese ] 47.925.8 321243 134213 82:6 89+8 NA 5.420.2 NA 5.1% 1102 3.2207 17208
Dengel et al B, Obese 16(56) 10.1=1.6 19.3x6.4 120+12 658 83+8 61.6+33.2 4.8x0.2 NA, 4208 11202 2805 1+0.6
2007
Wang et al B,% IGT 33i64) 52.88x8.2 27.823.1 NA NA NA NA 6.1x0.5 6.5:0  5.5+1 1.2203 3.1+08 1.8208
2013
Natali et al B, 167 1663 52420 78548 122412 79:8  93:8 NA G7xNA 59212 56214 13105 87413 13206
2008
Xiang el al (1} 16T 21 (48) 516 24.8x3.1 1108 72=6 57 NA 5.9+0.9 NA 02211 12«02 23z07 2x11
B, 2008
Arora et al B# IGT 10(0) B5sNA  23.2:NA 134xMA 725MA G3aNA NA 53tNA  NA 43:NA 12:NA 20=NA  2B:NA
2006
Kawano et al B> I6T 24 (38) 5852784 NA NA NA NA B6211.8 5.8x0.8 NA  53x1 112001 34205 1.7x0.2
1999
Wang et al ¥ TEOM  43@42) 5342889 257428  NA NA O NA NA 75512 7400 58517 1.2:03 32:07 2212
2013
Ceriello et al B, T20M 16 (44}  51.3x10.4 20,5+13.2 123226 80=i4 05218 10732152 7.B288 BA4=12 5132 12203 26204 12216
201
Chittari et al,® T20M 21043} 46.4+962 30.1+5 NA 68 NA NA 7.B+1.8 78214 4.5x08 1.2x05 25+09 16205
2041
Kato et al A™ T20M 10 (50} 6B+7.7 26.823.2 144x29 8919 107222 A5x174 6.7:08 58206 55204 14203 3513 152010
2010
Kato et al 8, T20M 1030  67.6x6.2 25,8225 14126 B8=23 106424 57643386 6.ix1 6+0.3 5.2x07 15203 37+18 13202
20610
Kato et af C.¥ T2bM 1030}  67.88.6 26.8+3,3 141+20 88+12 106+17 30.6+246 6.6+1 61+0,6 53+0.7 14x03 39:2 1.4+0.2
2016
Cerieflo el at (1) T2DM 27 (48} 51.3x1351  285x17.2 123+33 BOx1G  95x24 NA 7.8£11.4 T7+16 53242 12203 2.6+04 12186
8.7 2008
Geriello et 2t (2) T2DM M0G0 50.3x6.96 27510 118217 77=12 9lx14 NA 6827  T.3xi 5625 13202 2205 (=18
8,7 2008
Cerielln et af (2) T2DM 10(50) 60221423 2B4=13 12127 7929 9328 NA 7713 79£1.6 5222 12203 27:04  13:085
£ 2008
Ceriglio et at (2) TZDM 10 (60) §1+17.71  28.8+11.7 122:11 80x12  94x12 NA 621 77+19 51=29 12«03 26208 12222
D, 2008
Nataii et al G, T2DM  I7(F1) 582825 20341 139217 81=8  100«11 NA 832MA 72621 4912  1:03 329:13 15204
2008
Stirban et a4 T2OM  13(NA) 669210 303232 136132 78213 9816 NA NA 85118 NA NA NA NA
2006
Hirm et a7 2003 T20M 8(50)  559x37 254432 134%7 8228 997 NA 7.2+26 66208 55£03 1.320.2 NA 21206
Kawano etal G T20M 17(2%)  62.2+4.95 NA NA NA WA B4+22.3 79203 NA 5.6+04 11200 3704 18202
1939
Shige et a1, T20M 7(29) 49328 265 12850 7228 U120 47.4%168 V=13 KA 49213 1202 NA 1.620.6
1989
Zhangetal BS  ypertensive  34(50) 47.44%10.96  24.7x35 15629  06=8  116x8 NA  47+06  NA 47205 13202  3x04 13203
2013
Ziangetal A Hypertensive 26 (50) 47.92+8.05 246£2.6 160x8 97=6 118«7 NA 5,3«0.5 WA 4706 14203 26«04 14202
2012
Zhangetal B  Hypertensive 34(47) 49,2948 24.8x2.5 15929 9826 119+7 NA 5.2+0.6 NA 4905 13203 27«05 13203
2012
Ballard el &, MelS 18{26) 2B.5+3.59 3539 125x11 85=8 68=8 5652257 6D HA 47+0.8  1+0.1  2.8+02 19209
2013
Baynard el al MetS 11 {NA) 52:3.16 34.4x5  123x7  78=3 834 NA B61x13  59%11 5=t =N 3107 24x13
8,% 2009
Dye et al,® 2012 T10M 11(36)  14.5x3.32 21,5206 106x7 Gi=i0 769 NA NA 8.3%1.2 NA NA NA NA

Data are expressed as mean=SD or n, Some studies presented muiliple health groups compating normoglycemla and acute hyperglycemiia vascutar function and were therefore evaluated
as individual studies (dislinguished by A, B, C, or D). Aulhors wha published multiple studies in a single year were distinguished by (1) or {2). BMI indicates body mass index; DBP, diaslolic blood
pressure; HDL, high-density lipoproteln; IGT, impaired glucose tolerance; LI, fow-density lipoprotein; MAP, mean arterial pressure; MetS, metabolic syndrome; NA, data not available; T1IDM,
type 1 diabstic melfitus; T2DM, type 2 diabetic meflitus, and SBF, syslofic bleod pressure,



2066  Arterioscler Thromb Vasc Biol September 2015

Table 3, Effect of Acute Hyperglycemia on Vascular Function in Healthy and Cardiometabcelic Populations: Quality of Evidence

Qutcome Among Design Quality of Evidence
Participants {(No.of Studies)  RiskofBlas  Inconsistency  Indirectness Imprecision Qther Considerations* {GRADE)
Decreased EF RCT{23) Serioust Not serious Not serious ot sericus Publication bias likelyq Low
Decreased EF 0BS (18) Not serious Not serious Not serious Not serious Nona Low
Decreased macro-EF ACT{19) Serioust Not sericus Net serious Not serious Publication bias likelyy Low
Decreased macro-EF 0BS (11) Not serious Not sericus Not serious ot serious None Low
Preserved micro-EF RCT (4} Very serioust Sericusy Not serious Very serious|| Publication bias likeky) Very low
Preserved micro-EF 0BS (5} Serious$ Not serious Nel seripus Serious|| None Very low
Preserved VSMF RCT (3) Serioust Not serious Nol serious Not serious None WModerate
Preserved VSMF 0BS (3) Not serious Not serious ot sericus Not serious None Low

EF indicates endothelial function; GRADE, Grading of Recommendations Assessment, Development and Evaluation; OBS, observational study; RCT, randomized

controlled trial; and VSMF, vascular smaoth muscle function.

*Large magnitude of effect, dose—response, plausible biases decreasing the magnitude of effect, publication bias.

tiviethod for allecation of concealment and participant/assessor blinding is unclear o not performed, Incomplete oulcome data and selestive reparting when assessing
endothelial, macrovascutar endothelial, microvascular endethelial, and vascular smeoth muscle function during acule hyperglycemia.

INo conirol popudation included, failure fo adequately control for confounding, and incomplete follew-up when assessing micravascular endothelial function.

§l.arge /*and point estimates vary widely across studies assessing microvascular endothelial function suggesting benefit, harm, and no effect of acute hyperglycemia,

{{The 85% confidence intervat of the peoled risk ratéo includes both positive and negative effects of acute hyperglycemia.

flPublication bias is strongly suspected because of the presence of asymmetry in funnel plots for randemized control trials assessing endothelial, macrovascular

endothelial, and microvascular endothetiat function during hyperglycemia.

Piscussion
To our knowledge, this is the first systematic review and
meta-analysis to assess the effect of acute hyperglycemia on
vascular function. Data from 39 studics assessing endothelial
function alone or in combination with VSM function during
acute hyperglycemia in healthy and cardiometabolic diseased
individuals were pooled and analyzed. The meta-analysis pro-
vided evidence that the average effect of acute hyperglycemia
on endothelial function is decreased function, whereas VSM
function was preserved in healthy and diseased individuals.
Because of evidence of heterogeneity, the interpretation of
the pooled effects of hyperglycemia on endothelial function
should ke made cautiously. Cousiderable heterogeneity was
identified for most subgroups suggesling that the variability
across studies was because of not only sampling variability
but also differences in treatment effect within each study.®™
Nevertheless, the large effect sizes and 95% Cls consistently

0.0

favored normoglycemia, providing evidence of treatment
effect.™ Exploration of heferogeneity with metaregression
indicated that the variability across studies could be explained
by differences in age, blood pressure, and low-density Hpo-
proteint cholesterol and the postocclusion interval of vascular
assessment.

Currently, there is no consensus on the effect of acute
hyperglycemia on endothelial function and VSM function as
studies assessing vascular function during acute hyperglyce-
mia have presented confounding results, This meta-analysis
demonstrated evidence of macrovascular endothelial dysfunc-
tion during acute hyperglycemia in healthy people, as well as
cardiometabolic diseased subjects, suggesting that the patho-
genesis of CVD may begin, among olhers, with acute hyper-
glycemia-mediated transient decreases in endothelial function
long before the onset of morbidities, such as obesity, hyper-
tension, or type 2 diabetes mellitus, Interestingly, the inverse

0.2
]
u}f 0.4 Figure 2. Funnel plot of the standardized
2 4 mean difference (SMD) in macrovascular
§ endothelial function in studies included in
g 08 the meta-analysis, Funnel plot asymmetry:
@ P=0.0002 and P=0.00005 according to
Begg and Mazumdar rank correlation test
s ° and Egger test, respectively. EF indicates
0.8 endothelial functicn,
t)0
1.0
5 - -3 .2 R 0 1 2 3 4 5

5MD In macrovascular EF
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Figure 3, Forest plot of standardized mean difference (SMD) in endothelial function between acute hyperglycemic and normoglycemic
states for all health groups included. Squares represent the SMD in endothelial function of each study. The diamond represents the
pooled SMD in endothelial function by health group and overall, Some studies presented multiple subgroups according to heaith status;
thus, they were evaluated as individual studies (distinguished by A, B, C, or D), Authors who published multiple studies in a single year
had studies distinguished by numeric values (1 and 2). AH indicates acule hyperglycemia; Cl, confidence interval; IV, inverse variance,

and NG, normaglycemia,
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Figure 4. Forest plot of standardized mean difference (SMD) in vascular smooth muscle (VSM) function between acute hyperglycemic
and normoglycemic states for all health groups included. Squares represent the SMD in VSM function of each study. The diamond repre-
sents the poaled SMD in VSM function by heeith group and overall. Some studies presented multiple subgroups according 1o health sta-
tus; thus, they were evaluated as individual siudies (distinguished by A, B, or C), Authors wha published multiple studies in a single year
had studies distinguished by numeric values (1 and 2). AH indicates acute hyperglycemia; Cl, confidence interval: IV, inverse variance;

and NG, normeglycemia,

relationship between macrovascular endothelial function and
several traditional cardiovasculur risk fuctors demonstrates the
degree to which acute hyperglycemia mediates macrovascular
endothelial dysfunction and correlates with increases in age,
blood pressure, or low-density lipoprolein cholesterol lev-
els. This is consistent with previons research vevealing that
elderly, hypertensive and subjects with dyslipidemia all exhib~
ited significantly decreased endothelium-dependent vasodila-
tion at rest compared with healthy populations,* indicating
that any existing macrovascular endothelial dysfunction may
therefore be compounded by an acute hyperglycemic stress.
The fact that microvascular endothelial dysfunction during
acuie hyperglycemia was not detected contradicts previously
published data that associates decreased microvascular fune-
tion with incident type 2 dizbetes meilitus and suggests a role
for microvascular dysfunction in the pathogenesis of type 2
diabetes mellitus.® Although in this meta-analysis, macro-
vascular endotheliad function was affected across healthy and
cardiometabolic health groups, VSM function remained pre-
served during acute hyperglycemia when compared with nor-
moglycemia. In contradiction to previous findings in animal
and in vitro studies, which found VSM dysfunction mediated
by VSM cell proliferation may oceur in as little as 6 hours, 2032

Macrovascular endothelial dysfunction observed dur-
ing acute hyperglycemia by methods assessing endothe-
lium-dependent vasodilation primarily implicate decreased
NO bioavailability as a central mechanism of endothelial
dysfunction in healihy and cardiometabolic diseased popu-
lations.®® This may be attributed to acute hyperglycemia
increasing oxidative stress and its role in disrupting path-
ways of NO synthesis.”” The fact that even healthy people

exhibited decreased macrovascular endothelial function dur-
ing acute hyperglycemia demonstrates how acutely NO bio-
availability may be affecied by excess sugar consumption.
The nragnitude of macrovascular endothelial dysfunction
induced by acute hypergiycemia may be compounded when
cardiovascular risk factors, such as increased age, blood pres-
sure, or fow-density lipoprotein cholesterol, are present. This
may be partly due to the fact that health groups exhibiting
these clinical markers demonstrate decreased NO bioavaii-
ability and therefore impaired endothelial funciion, even
at rest.®7 Although NO is the predominant vasodilator in
macrocireulation, it has been demonstrated to have signifi-
cantly less influence in the microcirculatory system.™ The
increased influence of other chemical mediators of vasodila-
tion, such as endothelial-derived hyperpolarizing factor and
prostaglandin 1,.” may, however, explain why microvascular
endothelial function remained preserved during acute hyper-
glycemia. Consideration should also be given o the spatial
variability associated with the techniques used in several of
the studies using skin microcirculation as a model of assess-
ing microvascular function.”? The large spatial variability
in single-point laser Doppler flowmetry. for example, may
have limited findings.™ Despite this, final conclusions on
the effect of acute hyperslycemia on microvascular func-
tion should not be made because of the limited availability of
microcircutlation data. Furthermore, it must be acknowledged
that shear stress was nol constdered when performing anal-
yses of flow-mediated dilation data in many studies. Shear
stress. which is responsible for inducing the NO release that
causes flow-mediated dilation, is dependent on variability of
the hyperemic blood fow response in the microcirculation.™
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Figure 5. Metaregression plots of standardized mean difference (SMD) in macrovascular endothelial function (EF} accerding to the dif-
ference in (A) age ([5=-0.03; P=0.005), (B) systolic blood pressure (SBP; [5=—0.04; P=0.0004), (C) diastolic blood pressure (OBP; [5=-0.05;
P<0.00001), (D) mean arterial pressure (MAP; B=-0.05; P=0.00001), {E} low-density lipoprotein chelesterel (LDL; f=-0.93; P=0.005), and
(P postocclusion interval of vascular assessment {3=0,36; P=0.01), The size of each circle is proporticnal to the study's weight.

Therefore, macrovascular endoshelial dysfunction observed
during acute hyperglycemia may partially be mediated by
a decrease in shear siress stimulus reflecting microvascular
dysfunction.™ The fact that VSM function was preserved dur-
ing acute hyperglycemin indicates that endothelial dysfunc-
tion precedes VSM dysfunclion, further supporting its role
as a primary mechanism of CVD pathogenesis. Although
disruptions in NO bioavailability medialed by acute hyper-
glycemia and the resulting endothelial dysfunction may ini-
tially be transient, if repeated often enough, they may lead
to cwmulative adverse outcomes, including proinflammatory
responses and VSM cell proliferation.’”” It has been sug-
gested that acute hyperglycentia may induce VSM cell pro-
liferation by disrupting VSM cell apoplosis, which is a key
mechanism to prevent increased neointimal formartion and
stenosis.'"” Morcover, decreased NO delivery by the endothe-
lium to the VSM may contribute to VSM cell proliferation
through increased periods of higher vasoconstrictive tone.”™
Ultimately, V8M cell proliferation may signal the beginning
of a detectable and significant VSM dysfunction, represent-
ing a critical eveat in vascular remodeling and the develop-
memt of CVD.™

Given that CVD is the single leading cause of death,
accounting for 30% of the annual global mortality rate,” and

that even healthy populations are subject to vascular dys-
function during acute hyperglycemia, there is & clear need to
further investigale the effects of acute hyperglycemia on the
underlying mechanisms of vascular function in vivo. Because
of a surge in added sugar consumption in recent decades.
predominantly in the form of sugar-sweetened beverages.’
humans are more often in a state of acute hyperglycemia and
therefore are more frequently inducing endothelial dysfunc-
tion. Considering this, future research should quantify wha
frequency and dosage of sugar consumption mediate athero-
sclerotic vascular changes in healthy and cardiometabolic
discased populations. Previously, certain ethnicitics have
demonstraled decreased vascular function at rest compared
with white subjects.™ Whether this exacerbates any vascular
dysfunction mediated by acute hyperglycemia is stili unknown
and requires further research. To provide more comprehensive
conclusions on how macrovascular and microvascular func-
tions are affected by acute hyperglycemia, future research
should consider shear stress as a covariate of conduit artery
flow-mediated dilation dala during statistical analyses.”#
Furthermore, noting that vascular fuaction is not entirely
mediated by NO.! future rescarch may also investigate the
effect of sugar-sweetened beverage consumption on numerous
mechanisms of vasodilation (eg, NO, endothelivm-derived
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hyperpolarizing faclor, and prostaglandin I,) and vasocon-
striction (eg. endothelin-1), the inBuence of which varies from
microcirculation to macrocirculation.

There are many inherent limitations fo our analyses that
require comment. As previously discussed, significant het-
erogeneity was observed among studies that assessed endo-
thelial function. Studies published in languages other than
English were not included. and the quality of evidence for
outcomes assessed in Lhis meta-analysis was low-to-moderate.
Subanalyses of microcirculatory and VSM data were limited
because of the low number of studies assessing microvascu-
far and VSM function in normoglycemic and acute hyper-
glycemic stales. Furthermore, some studies used methods of
assessing microcirculation that can be easily influenced by
spatial variability and thus may limit results when assessing
microvascular function. The risk of publication or other biases
was detected when assessing the SMD in endothelial func-
tion. However, the quality of studies was evaluated by specific
tools for the quality assessment of observational research,™*
revealing a predominanily low-bias risk. It must be acknowl-
edged that the ethnicity of the populations was poorly reported
by studies included in this meta-analysis, and thus, conclu-
sions on the effect of ethnicity cannot be drawn from these
data. Finally, many studies using flow-mediated dilation as a
method of assessing macrovascular endothelial function did
not report shear stress. Therefore, it was not possible to com-
prehensively conclude whether macrovaseular endothelial
dysfunction found during acute hyperglycemia is because of
intrinsic abnormalities of macrovascular endothelial function
or if 1t is partiatly atiributable to microvascular dysfunction
and decreased stimulus for conduit artery dilation.™

In conclusion, based on studies included in this meta-
anatysis. current evidence suggests thal acute hyperglyce-
mia decreases macrovascular endothelial function with no
charges in microvascular endothelial function und systemic
VEM function across healthy and cardiometabolic popula-
tions. This further supports endothelial dysfunction mediated
by decreased NO availability as a primary mechanism in the
pathogenesis of CVYD, which may begin long before vascu-
lar remodeling is detectable or the onset of cardiometabolic
diseases. Noting that microvascular data were limited, the
microcirculatory system should therefore not be dismissed
as a possible site of vascular dysfunction. Considering this,
future studies should investigate the effects of sugar-sweet-
ened beverage consumption on the underlying mechanisms of
human vascular function at microvascular and macrovascular
levels. These studies will provide a beter understanding of
how acule hyperglycemia induces vascular dysfunction and
how it contributes 1o the pathogenesis of CVD from heaithy to
cardiemetabolic populations.
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Significance

Acute hypetglycemia has previously been proposed to confribute to vascular dysfunction, which represents one of the main precursors to
CVD. However, ihe effeci of acute hyperglycemia or mechanisms of vascular function in humans is unclear because of discrepant results.
Given this, we conducted the first systematic review and meta-analysis of its kind comparing endothelial function alone or in combination
with VSM function during acute hyperglycemia In healthy and cardiometabolic diseased individuals, We demonstrate that acute hyperglyce-
mia transiently impairs macrovascular endothalial function, which may represent, amang others, a primary mechanism in the pathogenesis
of GVD. This is significant when considering the surge in added sugar consumption in recent decades; humans are more often in a stale
of acute hyperglycemia and therefore are more frequently inducing endothelial dysfunction. This study provides the foundation for future
research that will investigate the effect of acute hyperglycemia on underlying mechanisms of vascular function.




