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Introduction 
According to current dietary recommendations, 45-60% 

of daily energy intake should be sourced from carbohydrates 
[1]. Diets that restrict carbohydrate consumption have been 
endorsed as a healthier alternative and are a popular strategy 
for weight loss [2]. While they may improve some metabolic 
markers, the support for low–carbohydrate (low-CHO) diets 
is clouded by a recent meta-analysis that suggests that these 
diets do not appear to be protective from  cardiovascular (CV) 
incidence and death [3]. Given that the vascular endothelial 
function can provide early prognostic value of CV events and 
is one of the key regulators of atherosclerotic processes, the 
net impact of dietary carbohydrate manipulation on endothe-
lial function should be further understood.  
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Low-carbohydrate diets have become increasingly popular in both media and clinical research settings. Although they may im-
prove some metabolic markers, their effects on arterial function remain unclear. Endothelial dysfunction is the well-established 
response to cardiovascular risk factors and a pivotal feature that precedes atherosclerotic diseases. It has been demonstrated 
that a high carbohydrate-induced hyperglycemia and subsequent oxidative stress acutely worsen the efficacy of the endotheli-
al vasodilatory system. Thus, in theory, a carbohydrate restricted diet may preserve the integrity of the arterial system. This re-
view attempts to provide insight on whether low-carbohydrate diets have a favorable or detrimental impact on vascular func-
tion, or it is perhaps the quality of carbohydrate that should direct dietary recommendations. Research to date suggests that 
diets low in carbohydrate amount may negatively impact vascular endothelial function. Conversely, it appears that maintaining 
recommended carbohydrate intake with utilization of low glycemic index foods generates a more favorable vascular profile. 
Understanding these relationships will aid in deciphering the diverging role of modulating quantity and quality of carbohydrates 
on cardiovascular risk. 
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Carbohydrate restriction is largely driven by the notion of  
sugar ‘toxicity’, or the deleterious effects of carbohydrate-
induced hyperglycemia. However, the relationship between 
carbohydrate and hyperglycemia is also influenced by carbo-
hydrate quality rather than simply quantity, which has been 
conceptualized as glycemic index (GI). An argument is emerg-
ing on whether improving carbohydrate quality (low-GI diets) 
as opposed to reducing carbohydrate load (low-CHO diets) is 
a more valuable strategy for vascular protection when consid-
ering a comprehensive assessment of cardiovascular disease 
(CVD) risk. The purpose of this review is to examine available 
evidence and define the relationship between quantity or 
quality of carbohydrate intake and the impact on the vascular 
endothelial function. Studies evaluating endothelial function 
in humans by brachial ultrasonography using flow mediated 
vasodilatation were mainly considered.

 
Hyperglycemia and Endothelial Response 

A healthy endothelium is essential for maintaining vascular 
health through regulation of key processes, including blood 
flow via nitric oxide production, coagulation, and smooth 
muscle cell proliferation [4]. When the vasculature is chal-
lenged by proathersclerotic stimuli, including hyperglycemia, 
the endothelium changes to a pathogenic phenotype, ulti-
mately damaging the vessel wall. Accordingly, endothelial 
dysfunction is thought to be an initial step in the setting of 
atherosclerosis and CVD and is an independent predictor of CV 
events in both healthy individuals and those at risk for CVD [5]. 
Dysfunction of the vascular endothelium is typically defined 
as a reduced response to vasodilatory stimuli. It is often evalu-
ated by an ultrasound-based technique of the brachial artery 
and expressed as a percentage of artery dilatation following a 
temporary vessel occlusion (flow-mediated dilation, FMD) [6,7]. 
Each unit decrease in FMD, a marker of endothelial function, 
has been linked to a 13% increased risk of CV events [5].

Hyperglycemia is postulated to induce a cascade of events 
that are detrimental to endothelial function. Studies that have 
utilized exposure to acute glucose elevations have demon-
strated a notable impact on production of reactive oxygen 
species as well as increased adhesion molecule expression, 
vascular permeability and secretion of plasminogen activator 
inhibitor-1 (PAI-1) [8]. Glucose can enter endothelial and vas-
cular smooth muscle cells via glucose transporter 1 (GLUT-1). 
However, hyperglycemic states detrimentally affect the equi-
librium of intracellular proteins, where glucose moieties bind to 

amine groups on proteins, leading to formation of advanced 
glycation end products (AGEs) [9]. AGEs are glycated proteins 
or lipids within the vessel wall that form crosslinks within the 
extracellular proteins and upregulate transcription factors 
which modify the structure and function of the vasculature. 
Via another pathway, high glucose influx has been implied 
in accumulation of diacylglycerol and activation of diacylg-
lycerol-protein kinase C (PKC) cascade, where PKC–mediated 
phosphorylation impairs anti-inflammatory insulin action [10]. 
Increase in PKC leads to elevations in the nuclear factor kB, 
tumor necrosis factor alpha and PAI-1, all strongly implicated 
in promoting vascular pathogenesis.  Moreover, a high flux 
of glucose can be metabolized in certain cells to sorbitol and 
fructose via a sorbitol-aldose reductase pathway [11]. These 
molecules deplete antioxidant protection and elevate circulat-
ing cytokines [12]. Thus, in the endothelium, increases in pro-
inflammatory mediators through these channels set in motion 
a feed forward cycle that further leads to more inflammation, 
foam cell formation, thrombosis, and proliferation to concomi-
tantly affect endothelial integrity [6,13]. More recently, studies 
have also suggested that glucose elevations initiate epigenetic 
changes in gene promoters that may lead to continuous in-
flammation following acute exposure [14]. Hence, postprandial 
acceleration of oxidative stress and inflammation through 
hyperglycemia has a profound effect on vascular function. 

 
Oral Carbohydrate Load and Postprandial Endothelial 
Function: Clinical Evidence

The endothelial impact of oral carbohydrate challenges has 
been investigated in several settings. Ceriello et al. [15] was the 
first to show a reduction in postprandial endogenous antioxi-
dant levels and an increase in a marker of endothelial damage 
following an oral glucose tolerance test (OGTT) in healthy indi-
viduals. A significant decrease in FMD following an OGTT was 
subsequently observed by independent investigators [16-18]. 
Pre-treatment with either vitamin C or a statin during an OGTT 
attenuated postprandial endothelial impairment following an 
OGTT alone [19,20], suggesting a clear oxidative-stress link. 
Similarly, when an effect of a high carbohydrate challenge was 
examined in individuals with diabetes, the results uniformly 
show postprandial elevations in oxidative stress markers and 
impaired endothelium function, often to a greater extent 
than that observed in healthy individuals [20-22]. A causative 
link between hyperglycemia and endothelial function may be 
inferred by these studies which provide consistent evidence 
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that, in an acute setting, a high carbohydrate load will ad-
versely affect postprandial endothelial events. 

With westernization of dietary patterns, individuals are 
spending considerably more time in a postprandial state, 
identified as being a critical period for atherosclerotic plaque 
formation [23]. From this standpoint, it is reasonable that 
dietary approaches to lower postprandial glycemia may have 
a positive effect on endothelial function and atherosclerotic 
progression. Low-CHO or low-GI diets are both venues by 
which a lower postprandial glycemia can be achieved.  

 
Dietary Patterns Targeting Glycemic Load 
Low Carbohydrate Diets  

Low-CHO diets are a class of dietary patterns that source 
less than 45% of energy from carbohydrates. These regimens 
are expected to induce weight loss and improve cardio-meta-
bolic risk factors. Within the literature, low-CHO diets are most 
often higher in total fat and are compared to high-CHO dietary 
concepts compensating for a reduced fat intake. Regardless of 
apparent benefits favoring low-CHO diets within the initial 6 
months of intervention [24], both diets have similar outcomes 
on weight loss, blood pressure, and glycemic marker reductions 
within one year, not encompassing diabetic populations [24-26]. 
However, the most recent meta-analysis pooling outcomes of 
low-CHO intake from randomized clinical trials and observa-
tional studies linked CHO restriction with a 30% increased risk 
of mortality from all-causes, with a modest relative risk of 1.10 
for CV events [3]. The mechanisms or physiological effects that 
underpin the positive correlation between low-CHO diet and 
all-cause death are not fully explained. Therefore, to determine 
if a macronutrient distribution limited in carbohydrates is neu-
tral or harmful to vascular health, we need to comprehensively 
consider the effects of low-CHO diet vascular endothelial func-
tion, an early marker of CVD risk.  

 
Effect of Low Carbohydrate Diets on Vascular Func-
tion: Clinical Evidence 

The implications of low-CHO diets on endothelial function 
have been investigated in a number of trials to date (Table 1). A 
cross-sectional study of a high Framingham risk score popula-
tion illustrated that carbohydrate intake of only 15% below 
recommendations was associated with the poorest endothelial 
function profiles, independent of major CVD risk confounders 
[27]. However, a restriction of this magnitude did not appear to 
affect FMD in overweight and obese populations [28,29]. On the 

other hand, this population had a significantly decreased vascu-
lar reactivity when carbohydrates account for less than 5% of 
energy, as in an Atkins style diet, compared to carbohydrate in-
takes within recommended ranges [30,31]. In these latter trials, 
there was no difference in weight loss between the two dietary 
patterns. Additionally, there was no effect of the interventions 
on endothelium-independent dilatation, implying that the endo-
thelium was a mediator of the diminished response. It appears 
that the effects on vascular endothelium function is impacted 
by the severity of the carbohydrate restriction and may differ in 
the presence of CVD risk factors such as obesity. 

Recently, data from six randomized controlled trials inves-
tigating the effects of low-CHO intake for a minimum of 3 
weeks on endothelial function were pooled in a meta-analysis 
of 210 participants [32]. The collective evidence indicated a 
1.01% decrease in FMD following a low-CHO compared to a 
moderate-CHO intervention in overweight or healthy adults 
free of coronary heart disease. This is a highly noteworthy 
finding given that a reduction of 1% FMD has a marked effect 
on future CVD events [5]. While the collective evidence favors 
reduced FMD in the context of a low–CHO diet, it is necessary 
to appreciate the complexity of evaluating dietary interven-
tions. The effects of these popular diets on vascular health 
may be inherently attributed to the associated decreased 
intake of fiber, fruit or root vegetables, and/or the increased 
consumption of protein dense products such as meat and 
dairy, that are likely relied on for satiation [33]. These factors 
may contribute to the adverse vascular outcomes of low-CHO 
diets in long-term investigations and are in line with the dif-
ferent associations in CVD risks seen from diets with plant-
based compared to animal-based protein sources [34]. Animal 
based protein sources are linked to a higher intake of saturated 
fat which was previously believed to be detrimental to heart 
health, although this is now under debate. One group observed 
a 50% reduction in FMD following 3 weeks of increased satu-
rated fat consumption in the context of two high-CHO diets 
[35]. It is implausible to draw conclusions from this one short-
term trial and limited clinical trials consider saturated fat in 
their dietary interventions.  It is thus worth exploring these 
relationships further with more rigorous trial designs. 

Nonetheless, the macronutrient replacement needed to 
maintain energy intake complicates the study methodolo-
gies and data analysis and often makes the results difficult to 
interpret. With fat and protein inherently substituted for car-
bohydrate, it can be challenging to differentiate the effect of 
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carbohydrate restriction from the effects due to alterations in 
other macronutrients.  

Ultimately, further trials are required to confirm the mecha-
nisms of endothelial function impairment following regimens 
of carbohydrate restriction to varying degrees. Regardless, 
with weight loss from restricted carbohydrate intake likely ir-
relevant within one year, and the possible harmful effects of 
these diets on endothelial function, we are overdue to consid-
er an alternative dietary modification for decreasing glycemic 
load and ultimately improving, or maintaining, vascular health.  

 
Role of Glycemic Index  

While traditional advice has centered on carbohydrate 
counting, it is now recognized that the type of carbohydrate is 
also important in predicting an individual’s glycemic response.  
Glycemic index is the quantification of the blood glucose 
response to a carbohydrate in comparison to a carbohydrate 
reference, generally white bread or glucose [36]. The GI pro-
vides a numeric classification of carbohydrate foods, mea-
sured within person, which is thought to be indicative of the 
quality of the carbohydrate. An increasing number of studies 
are demonstrating that low and high GI foods have consid-
erably different effects on metabolism [37-39]. Low-GI diet 

plans  have proven to increase β-cell insulin production in the 
presence of impaired glucose tolerance [37] and show benefits 
on glycemic control that are carried over to subsequent meals 
[39]. Thus, rather than lowering the carbohydrate portion of 
the diet, sustaining a recommended macronutrient distribution 
of 45-65% carbohydrate with a focus on GI may be an impor-
tant consideration in dietary management which can extend 
to aid in the preservation of vascular function. 

 
Effect of Low Glycemic Index Interventions on En-
dothelial Function 

Albeit limited, data is emerging from observational studies 
that have explored the implications of varying carbohydrate 
sources on endothelial function. Most recently, the latest sub-
analysis of the EVIDENT cohort aimed to define the association 
between GI and vascular function via a measure of arterial 
stiffness, augmentation index (AI), in a population free of CVD 
[40]. AI is a novel surrogate measure of vascular aging that is 
related to endothelial dysfunction. Even with adjustments for 
multiple confounders, every unit increase in GI was significantly 
associated with a 0.11% increase in AI, and hence elevated risk 
of CVD [41,42]. 

While this is still a novel area of investigation, these associa-

Table 1. Studies evaluating the impact of low carbohydrate interventions and low glycemic index interventions on markers of en-
dothelial function

Study Design Participants Duration Intervention* Effect on endothelial function 

Low Carbohydrate Interventions     

Keogh JB, 2007 [29] Parallel 13 overweight/obese 1 year LC (33) or HC (60) LC ↔ FMD vs.  BL; ↔ vs. HC 

Keogh JB, 2008 [26]  Parallel 66 overweight/obese 8 wks LC (4) or HC (46) LC ↔ FMD vs. BL; ↔ vs. HC 

Phillips SA, 2008 [57] Parallel 20 obese  6 wks LC (4) or HC (57) LC ↓ FMD vs. BL; ↓ vs.  HC 

Buscemi S, 2009 [58] Parallel 20 overweight/obese  2 mo LC (20) or HC (55) 
LC ↓ FMD  vs.  BL; ↓ vs. HC at 1 wk 
LC ↔ FMD vs. BL; ↔ vs. HC at 2 mo

Wycherley TP, 2010 [31] Parallel 49 overweight/obese  1 year LC (4) or HC (46) LC ↓ FMD vs. HC 

Varady KA, 2011 [30] Parallel 17 obese  6 wks LC (5) or HC (55) LC ↓ FMD vs. BL; N/A vs. HC 

Mohler ER, 2013 [59] Parallel 121 healthy  2 years LC (-10) or HC (55) LC ↔ FMD  vs.  BL; ↔ vs.  HC 

Ruth MR, 2013 [60] Parallel 55 obese 12 wks LC (10) or HC (56) LC ↔ FMD  vs.  HC 

Low Glycemic Index Interventions     

Lavi T, 2009 [43] Crossover 56 overweight/obese  
4 visits 

(2h) 
LGI, HGI, glucose, water LGI ↑ FMD vs. glucose 

Buscemi S, 2013 [28] Parallel 40 obese 3 mo LGI or HGI LGI ↑ FMD vs. BL and vs. HGI 

Recio-Rodriguez JI, 2015 [40]
Cross-

sectional 
1,553 free of CVD N/A LGI vs. HGI HGI ↑ AI vs. LGI 

AI: augmentation index, CVD: cardiovascular disease, FMD: flow mediated dilation, LC: low carbohydrate, HC: high carbohydrate, HGI: high glycemic index, LGI: 
low glycemic index, BL: baseline, ↑: improved, ↓: impaired, ↔: unchanged. 
*Carbohydrates are expressed as a percentage of daily energy intake as LC(%) or HC(%). 
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tions were corroborated by the two randomized controlled tri-
als undertaken in this field. Lavi et al. [43] was first to examine 
the 2-hour postprandial effects of varying the GI of a meal on 
FMD in overweight/obese individuals. Despite equal carbohy-
drate quantities administered, a low-GI (GI = 40) fiber cereal 
produced a significantly higher vasodilatory response when 
compared to glucose (GI = 100), suggesting a differential ef-
fect on vasodilatory mechanisms. The evaluation of a longer 
low-GI dietary intervention on vasodilation was more recently 
explored, also in an obese population [44]. The impact on 
endothelial function of 3-month consumption of hypocaloric 
diets with similar macronutrient distribution and of either low- 
or high-GI was explored. Although both groups showed similar 
weight loss, FMD was increased by 2.3% following the low-
GI diet, which was significantly higher than the 0.9% decrease 
observed from the high-GI intervention.  

A recent animal study provides support to the clinical obser-
vations, which investigated the postprandial endothelial func-
tion and oxidative stress marker, an AGE precursor, of simple 
versus complex carbohydrates ranging in GI, in six beagle dogs 
[45]. The combined response to the complex carbohydrates 
significantly improved FMD by 1.6% and an oxidative stress 
marker methylglyoxal, in line with clinical findings. Although 
this study was underpowered to detect differences in FMD 
between individual carbohydrate sources, it offers some indi-
cation of the benefit of complex carbohydrates and lower GI 
foods in the context of vascular function. Ultimately, low-GI 
dietary interventions appear, to date, to be more powerful in 
improving endothelial function in short and medium-term set-
tings. However, it is necessary to appreciate the limited clinical 
research exploring this relationship. Epidemiological data do 
offer some insights, demonstrating a pooled relative CVD risk 
of 1.19 for highest versus lowest GI categories as reported in 
a recent meta-analysis [46,47]. A concurrent meta-analysis by 
Dong et al. confirmed this relationship [48]. Nonetheless, fur-
ther randomized clinical trials are needed to draw an impactful 
conclusion on the vascular benefits of GI-manipulated diets. 
A study is currently underway to assess the effect of low-GI 
diets on arterial damage beyond existing cohort evidence sup-
porting the role of low-GI diets in CVD event reduction [49]. 

 

Conclusion
Carbohydrates are a dietary staple that can pose as strong 

modulators of vascular function. With a high carbohydrate 

load apparently detrimental to endothelium dependent pro-
cesses and associations with increased CVD risk, an emphasis 
has been placed on decreasing dietary glycemic load. This can 
be achieved by either reducing the total carbohydrate intake 
or lowering the GI of carbohydrate foods. However, the physi-
ological effects of these changes are likely to be different, 
and this review provides a clear example of diverging vascular 
responses when the two dietary patterns are concerned. 

Available evidence indicates that carbohydrate restriction 
does not appear to be a viable dietary strategy in the context 
of their effects on early stages of atherogenesis. While low-
CHO diets may have short-term weight loss and some meta-
bolic benefits, their utilization has largely demonstrated as del-
eterious on endothelial function in dietary feeding trials. These 
observations may provide insights into recent associations 
of low-CHO diets with increased mortality. It appears that a 
U-shaped relationship is emerging where both high and low 
dietary carbohydrate intakes may be associated with adverse 
outcomes. Thus, it may be time to reconsider a guideline-
recommended macronutrient distribution to remain as a more 
optimal approach for preserving vascular integrity.  

Within current dietary macronutrient recommendations, 
maneuvering the quality of carbohydrate foods may be a more 
promising alternative in associations with vascular health. Low-
GI foods appear to have vaso-protective benefits relative to 
their high-GI counterparts for an equal carbohydrate quantity. 

However, well designed trials with fine distinction of carbo-
hydrate quantity and quality are needed. Within this category 
is only one recent, well conducted study of 5 weeks which 
methodically compared the effects of reducing glycemic load 
by decreasing carbohydrate intake versus improving carbo-
hydrate quality (i.e. decreasing GI) in the context of a DASH 
or OmniHeart diet plan [50]. It demonstrated that both GI and 
carbohydrate load pose similar advantages on certain CVD 
risk factors when established healthful diets are imposed in 
an overweight but otherwise largely healthy population. It also 
supports the need to assess carbohydrate manipulations on 
emerging and early markers of CVD risk through similar rigor-
ous clinical designs.  

While out of the scope of this review, the vascular mecha-
nisms of varying carbohydrate classes is a topic of grow-
ing interest with the increasing popularity of low-FODMAP 
(fermentable oligo-dimonosaccharides and polyols) diets and 
recent investigations of high-fructose corn syrup. The health 
outcomes of fructose, in particular, are being systematically 
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dissected through a series of meta-analyses [51-54], but the 
effects on FMD per se have yet to be reviewed. Limited studies 
with this focus, however, have suggested a neutral influence 
on the vascular endothelial in acute settings [55], particularly in 
isocaloric comparisons with different carbohydrate classes [56].

Ultimately, a focus on macrovascular endothelial function 
markers in assessment of CVD risk should be more widely 
considered, given that the endothelium is a target of multiple 
metabolic processes. Thus, deciphering the mechanisms that 
link the low-CHO diets to endothelial dysfunction and as well 
as longer term validation of low-GI in the context of conven-
tional macronutrient distribution will further our understand-
ing of the role of carbohydrates in vascular health and ulti-
mately enhance dietary therapeutic options. 
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