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Abstract

Purpose of Review Diet and lifestyle patterns are considered major contributory factors for cardiovascular disease (CVD)
and mortality. In particular, consuming a diet higher in carbohydrates (not inclusive of fruits and vegetables, but more pro-
cessed carbohydrates) has been associated with metabolic abnormalities that subsequently may increase the risk of CVD and
related mortality. Glycemic index (GI) and glycemic load (GL) are values given to foods based on how fast the body converts
carbohydrates into glucose also referred to as the glycemic burden of carbohydrates from foods. Conflicting associations
of how high GI and GL influence CVDs have been observed even in high-quality meta-analysis studies. We synthesize and
report the associations of high GI and GL with various CVDs by sex, obesity, and geographical locations using an updated
review of meta-analysis and observational studies.

Recent Findings We identified high GI or high GL is associated with an increased risk of CVD events including diabetes (DM),
metabolic syndrome (MS), coronary heart disease (CHD), stroke, and stroke mortality in the general population, and the risk
of CVD outcomes appears to be stratified by sex, obesity status, and preexisting CVD. Both high GI and GL are associated
with DM and CHD in the general population. However, high GI is strongly associated with DM/MS, while high GL is strongly
associated with an increased risk of CHD in females. In addition, high GL is also associated with incident stroke, and appears
to be associated with CVD mortality in subjects with preexisting CVD or high BMI and all-cause mortality in non-obese DM
subjects. However, high GI appears to be associated with CVD or all-cause mortality only in females without CVD.
Summary High GI/GL is an important risk factor for CVD outcomes in the general population. High GI seems to be mark-
edly associated with DM/MS, and it may enhance the risk of CVD or all-cause mortality in both sexes and predominately
females. Although both high GI and high GL are risk factors for CHD in females, high GL is associated with CVD outcomes
in at-risk populations for CVD. These data suggest that while high GI increases the propensity of CVD risk factors and mor-
tality in healthy individuals, high GL contributes to the risk of severe heart diseases including CVD or all-cause mortality,
particularly in at-risk populations. These data indicate dietary interventions designed for focusing carbohydrate quality by
lowering both GI and GL are recommended for preventing CVD outcomes across all populations.

Keywords Cardiovascular disease - All-cause mortality - Stroke - Diabetes - Obesity - Heart disease - Body mass index -
Glycemic index - Glycemic load

Introduction

Cardiovascular disease (CVD) is the major cause of mor-
bidity and mortality worldwide [1, 2]. Continuous rise in
obesity and metabolic syndrome has led to major growth
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in CVD outcomes globally [3]. The increasing trend in
obesity and metabolic abnormalities associated with CVD
outcomes has been strongly associated with suboptimal diet
quality and lifestyles [4, 5]. Specifically, a diet consisting of
high carbohydrates which are predominantly coming from
processed foods containing fats has been adversely associ-
ated with glucose metabolism and lipid accumulation [6].
Dietary carbohydrates impact postprandial blood glucose
levels by altering the physiological responses of carbohy-
drate digestion. These include differences in their physical
forms, chemical structures, particle sizes, food processing
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and storage, and fiber contents [7ee]. Hence, highly pro-
cessed simple sugars or high carbohydrate diets have been
associated with several CVD risk factors. The global bur-
den of disease study reported diet is a major determinant of
CVD risk factors [8, 9]. Physicians and researchers around
the world have raised concerns related to high carbohydrate
intake associated with increased risk of CVDs. However, the
consensus is that the suboptimal diet quality measured using
the quality of carbohydrate diets (measured by amounts and
types of carbohydrates, fats, proteins, sugars, fibers, and its
impact on blood glucose level) is more important than the
quantity of carbohydrate diets (simply high versus low car-
bohydrate diets) in improving population health [10, 11].
Glycemic index (GI) and glycemic load (GL) are used as
markers for measuring the quality of carbohydrate diets.
The GI characterizes the rate of absorption of a carbohy-
drate food as glucose compared with a reference standard
carbohydrate food, whereas GL measures the overall gly-
cemic burden after food consumption by accounting for the
quantity of carbohydrates in foods [12, 13]. The association
of poor quality diet especially indicated through the high
GI and high GL with CVD incident and mortality has been
studied intensively [14e]. However, the associations have
been inconsistent in studies depending on the study popula-
tion and type of CVD event [15, 16]. Since dietary intake
is a modifiable factor, it becomes critical to understand the
associations of GI and GL with CVD and mortality. Due
to inconsistent associations, the relevance of the topic and
associated public health implications for developing preven-
tion strategies, multiple meta-analyses have been conducted
over the years which have yielded conflicting findings [17,
18]. Although a study recently highlighted the higher quality
of evidence of dietary fibers or quality food sources (whole
grains) over the GI/GL in relation to CVDs [19ee], our pri-
mary focus of this review is to assess the effects of high GI
and high GL diets on CVD outcomes.

We performed a comprehensive, qualitative, and con-
ceptual review by utilizing meta-analysis and observational
studies to update the understanding of GI/GL and CVD asso-
ciation. The primary focus of our review is to summarize
the effects of continuous GI/GL as well as categorized GI/
GL (highest quantile vs. lowest quantile) on CVD outcomes
including coronary heart disease (CHD), heart failure (HF),
myocardial infarction (MI), stroke, and all-cause mortal-
ity in general and at-risk populations. In addition, we also
generated evidence for diabetes, hypertension, and subclini-
cal coronary atherosclerosis in relation to GI/GL. The con-
troversial association was mostly pertaining to obesity or
high body mass index (BMI) [14e, 20], pre-existing CVDs
[14e, 21, 22], and sex [20, 23, 24], and thus, we attempt to
synthesize evidence according to these prominent compo-
nents. Given the data relating GI/GL with CVD is limited
for low- and middle-income countries (LMIC) even with a
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high incidence of CVD deaths in LMIC and heterogeneity
in dietary patterns [14e], we further evaluated the relationship
of GI/GL with CVD outcomes according to different geo-
graphic regions. Table 1 provides the meta-analysis studies
for the association between GI/GL with CVD risk factors,
while Table 2 provides the studies used for summarizing the
evidence for the association between GI/GL with CVD out-
comes. Table 3 displays data from intervention studies. The
magnitude of the effect or association was summarized with
a relative risk (RR) measure either with risk ratio or hazard
ratio (HR) or odds ratio (OR), or mean differences (weight
mean difference (WMD) or standardized mean difference
(SMD)) along with 95% confidence interval (CI).

Associations of Gl and GL with CVD Risk
Factors

A number of studies yielded a positive association between
high GI/GL and risk of diabetes due to increasing post-
prandial glycemia or bodyweight that subsequently leads to
increased hyperglycemia, hyperinsulinemia, and beta-cell
dysfunctions [25]. We found 8 meta-analysis studies con-
firming the significant association between high GI and the
increased risk of diabetes with RR varying between 1.12 and
1.40[18, 19ee, 23, 26-29, 30ee]. These associations remained
statistically significant even with continuous increases in GI
levels. The magnitude of association varies between 1.08 and
1.27 depending on a 5-10-point increase in GI levels [19ee,
23, 27, 28]. Similarly, the majority of meta-analysis stud-
ies except Reynolds et al. [19ee] further confirmed a strong
association between high GL and the increased risk of diabe-
tes with RR varying between 1.13 and 1.27. The association
between increased GL levels and an increased risk of diabe-
tes was consistent with varying effect sizes (RR: 1.03-1.45)
depending on a 20-100 unit increase in GL levels. Reynolds
et al. [19e¢] did not find any association of categorized GL
(RR=1.01;95%CI: 0-92—1.11) or continuous GL (RR =0-99;
9%%ClI: 0-98 to 1-00) with an increased risk of diabetes using
a meta-analysis of 15 datasets. This may be due to the inclu-
sion of European studies as 4 out of 5 European studies did
not show any association between GL and incident diabetes.
This observation was validated by a large meta-analysis study
[30ee] based on 40 studies yielding no significant effect of
increased GI/GL on diabetes in European studies compared
to the USA and Asian studies. However, this study reported
a greater effect of GL on diabetes (RR=1.26; 95%CI: 1.08,
1.47) among high BMI individuals in European studies.
Moreover, the positive association of GI/GL with diabetes
was consistently observed across countries among high BMI
individuals [30ee]. Although limited meta-analysis studies
[23, 28, 30ee] reported the association between GI/GL and
diabetes by sex, it seems both GI and GL strongly associated
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Table 1 Association of high GI/GL with diabetes and metabolic syndrome in meta-analysis studies

Authors N Sample size Population Exposure Exposure definition RR (95%CI)
(total or range)
Diabetes
Barclay et al. [18] 9 2722-124,907 Overall GI Highest vs. lowest 1.40 (1.23, 1.59)
GL 1.27 (1.12, 1.45)
Dong et al. [26] 12 138-8587 Overall GI Highest vs. lowest 1.16 (1.06, 1.26)
GL 1.20 (1.11, 1.30)
Greenwood et al. [27] 21 690-81,827 Overall GI Per 5 units 1.08 (1.02, 1.15)
GL Per 20 units 1.03 (1.00, 1.05)
Livesey et al. [28] 24 1898-124,907 Overall GL Per 100 g 1.45 (1.31, 1.61)
Women GL 1.40 (1.23-1.60)
Men GL 1.16 (0.96, 1.40)
Mixed sexes GL 1.19 (0.99, 1.44)
Bhupathiraju et al. [29] 14 NR GI Highest quintile vs. lowest quintile 1.19 (1.14,1.24)
GL 1.13 (1.08,1.17)
Livesey et al. [24] 15 NR Overall GI Per 10 units 1.27 (1.15, 1.40)
Women GI 1.29 (1.10, 1.50)
Men GI 1.31 (1.06, 1.63)
Overall GL Per 80 g/d 1.26 (1.15, 1.37)
Women GL 1.38 (1.27,1.51)
Men GL 1.30 (1.16, 1.44)
Reynolds et al. [1999] 14 36,908 Overall GI Highest vs. lowest 1.12 (1.03, 1.21)
GI Per 10 units 1.10 (1.00, 1.20)
GL Highest vs. lowest 1.01 (0.92, 1.11)
GL Per 10 units 0.99 (0.98, 1.00)
Hardy et al. [3009] 40 640-130,909 usS
Overall GI Mixed continuous or highest vs. low- 1.14 (1.06, 1.21)
GL est quantile 1.02 (1.01, 1.03)
High BMI GI 1.28 (1.04, 1.59)
GL 1.21 (1.00, 1.48)
Men GI 1.30 (1.15, 1.47)*
GL 1.11 (0.92, 1.34)
Women GI 1.20 (1.01, 1.41)
GL 1.17 (1.05, 1.31)
Europe
Overall GI 1.03 (0.94, 1.13)
GL 1.09 (1.00, 1.19)
High BMI GI
GL 1.26 (1.08, 1.47)*
Men GI 0.87 (0.71, 1.07)*
GL 0.88 (0.66, 1.18)*
Asia
Overall GI 1.25 (1.02, 1.53)
GL 1.37 (1.17, 1.60)
High BMI GI 1.28 (1.05, 1.56)*
GL 1.52 (1.22, 1.89)*
Men GI 1.96 (1.04, 3.68)*
GL 1.24 (0.65, 2.35)*
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Table 1 (continued)

Authors N Sample size Population Exposure Exposure definition RR (95%CI)
(total or range)

Metabolic syndrome

Zhang et al. [31] 8 28,998 Overall GI Highest vs. lowest 1.23 (1.10, 1.38)
USA GI 1.22 (1.00, 1.48)
Asia GI 1.29 (1.08, 1.54)
Men GI 1.16 (0.99, 1.35)
Women GI 1.31 (0.95, 1.81)
Overall GL 1.06 (0.89, 1.25)
Overall GI Per 5 units 1.12 (1.00, 1.26)
Overall GL Per 20 units 0.96 (0.83, 1.26)
USA Highest vs. lowest 1.25(0.89, 1.75)
Asia 0.98 (0.81, 1.19)
Men 1.11 (0.95, 1.30)
Women 1.19 (0.71, 2.00)

Askari et al. [32] 12 616,845 Overall GI Highest vs. lowest 1.05 (1.01, 1.09)
Overall GI Per 5 units 1.02 (1.01, 1.02)
Men GI Highest vs. lowest 1.27 (1.08, 1.50)
Women GI Highest vs. lowest 1.68 (1.04, 2.72)
Both GI Highest vs. lowest 1.03 (1.00, 1.06)
Overall GL Highest vs. lowest 1.00 (1.00, 1.01)
Men GL Highest vs. lowest 0.97 (0.81, 1.16)
Women GL Highest vs. lowest 0.97 (0.81, 1.16)
Both GL Highest vs. lowest 1.15(0.77, 1.72)

N number of studies, NR not reported, RR relative risk, CI confidence interval, GI glycemic index, GL glycemic load, BMI body mass index

“Estimates based on only one study; bold highlighted estimates are statistically significant associations

with diabetes in females, while only GI associated with an
increased risk of diabetes in males. Two meta-analysis stud-
ies [31, 32] were available for determining an association
between GI/GL and metabolic syndrome (MS). Both meta-
analysis studies produced a strong association between high
GI and increased odds of MS. However, the association
between GL and MS was not statistically significant regard-
less of sex. Furthermore, the increased levels of GI were
associated with the increased odds of MS in both sexes.
These findings altogether suggest that high GI and GL are
associated with increased risk of diabetes in the general
population and across countries. Both measures are critical
for preventing diabetes in females and high BMI individuals,
while the GI measure is useful for diabetes in males as well as
for MS in both sexes. In European individuals, GL might be
a more useful measure for diabetes risk stratification than GI.

Associations of Gl and GL with CVD and CHD

High carbohydrate intake, and specifically those carbohy-
drates which increase GI, has been linked with hyperglyce-
mia and hypertriglyceridemia by manipulating lipid profile
which eventually can increase the risk of CHD [33]. Only

@ Springer

two meta-analysis studies [16, 19ee] reported the associa-
tion of GI/GL with CVD events. One of these studies [16]
yielded a strong association of CVD events with high GI
and high GL particularly in females, while the other meta-
analysis study [19ee] based on two studies showed no asso-
ciation between GI and CVD events. However, this meta-
analysis using one study showed a 10-unit increase in GL
levels significantly associated with a 4% increased risk of
CVD events. A total of 9 meta-analysis studies were avail-
able for examining the association between GI/GL and CHD
[6, Tee, 16, 18, 19ee, 24, 26, 30ee, 34]. Of these studies,
seven studies reported the pooled association between GI/
GL and CHD, while one study [30ee] reported the asso-
ciation separately for geographical locations, and another
study [34] reported the combined association of GI or GL
with CHD. Of eight meta-analysis studies, 6 studies [7ee, 16,
18, 24, 26, 34] confirmed a strong positive association (RR:
1.13-1.25) between high GI and the increased risk of CHD.
Although not statistically significant, the other two studies
[6, 19e¢] showed a marginal association (RR=1.11; 95%CI:
0.99-1.24; RR=1.08; 95%CI: 0.96-1.20) between high GI
and CHD. The association between high GI and increased
risk of CHD was further confirmed with a dose—response
meta-analysis study (RR=1.24; 95%CI: 1.12-1.38) by
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Livesey et al. [24] and a larger study by Jenkins et al. [14e]
representing a more diverse population (RR=1.14; 95%CI
1.02-1.27). All meta-analysis studies [6, 7ee, 24, 26, 34]
reporting association separately for each sex showed
no association between high GI and CHD in males (RR
range: 0.87-1.10); however, studies consistently reported a
strong association between high GI and CHD in females
(RR range: 1.24-1.69) and confirmed in the dose-response
analysis as well (RR=1.24; 95%CI: 1.12-1.38). No asso-
ciation between high GI and the risk of CHD in males was
persistently found regardless of obesity status or geographi-
cal status. Jenkins et al. [12] reported that subjects with
high GI had an increased risk of CHD among those with
preexisting CVD (RR=1.49; 95%CI: 1.20-1.85) or high
BMI (RR=1.38; 95%CI: 1.22-1.55). Furthermore, high
GI was associated with the increased risk of CHD among
overweight or obese individuals in a large study particularly
in women and European studies [7ee, 30ee]. High GL was
also associated with an increased risk of CHD (RR range:
1.13-1.36) except for one meta-analysis study that was based
on merely two studies [18] and one cohort study [14e]. The
magnitude of association was higher for GL compared to GI
in relation to CHD outcome, albeit to a greater extent than
Gl in dose-response analysis. Like GI, the majority of meta-
analysis studies reported high GL as a significant risk factor
for CHD in females but not in males. Livesey et al. [24] and
Sieri et al. [20] exceptionally found a strong link between
high GL and CHD in males. The association between high
GL and increased risk of CHD was markedly high in high
BMI individuals particularly in female studies (RR =1.82;
95%CI: 1.44-2.31) [7ee], a US study (RR=1.97; 95%CI:
1.31-2.96) [30ee], European studies (RR=1.63; 95%CI:
1.28-2.07) [30e¢], and an Asian study (RR=1.87; 95%CI:
0.98-3.55) [30ee]. Subjects with CVD had also shown an
increased risk of CHD in relation to high GL (RR=1.31;
95%CI: 1.02-1.69) [14e]. A cross-sectional study [35]
on 28,429 asymptomatic Korean subjects demonstrated a
greater adjusted prevalence of detectable coronary artery
calcium, a major risk factor for coronary atherosclerosis, in
the highest quintile of GI (1.74; 95%CI:1.08-2.81) and GL
(3.04; 95%CI: 1.43—-6.46). Turati et al. [36] estimated that
a high dietary GL intake adhering to the Mediterranean
diet was associated with a high incidence of CHD in males
and subjects with higher BMIs. These findings suggest that
high dietary GI/GL is a risk factor for CHD in normal indi-
viduals. Higher GL levels significantly increase the risk of
CHD albeit to a greater extent than high GI in the general
population. Both measures are significantly associated with
CHD only in females and high BMI females across geo-
graphical locations. However, the combined use of high
GI/GL is more appropriate for evaluating the risk of CHD
particularly in females, while the GL measure is more use-
ful among high BMI or CVD individuals across geographic

All-cause
mortality

CVD mortality
0.47 (0.23, 0.96)

CVD/CAC/MI/ CHD/stroke
mortality

Stroke
HF

0.61 (0.39, 0.95)

CHD

nean diet with
low/moderate

High Mediterra-
GL

GL

Overall
Estimates based on only one study; bold highlighted estimates are statistically significant associations

s

N number of studies, RR relative risk, CI confidence interval, GI glycemic index, GL glycemic load, DM diabetes, BMI body mass index, CHD coronary heart disease, M/ myocardial infraction,

HF heart failure, CVD cardiovascular disease, CAC coronary artery calcium; IS ischemic stroke, HS hemorrhagic stroke

Table 2 (continued)
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locations. In males, a higher increase (50-65 g/day) of GL
may be useful for evaluating the risk of CHD.

Associations of Gl and GL with Stroke, M|,
and HF

High GI and GL diets can induce endothelial and vessel dys-
functions by affecting glycemic mediated oxidative stress,
inflammation, glucose homeostasis, hormonal responses,
and adipose-related pathways [7ee, 33, 37]. These changes
may lead to various CVDs including atherosclerosis,
coronary artery disease, stroke, MI, and HF. A total of 7
meta-analysis studies (5 GI studies, 6 GL studies, 1 GI/
GL study by geographic locations) were included to syn-
thesize findings associated with stroke risk in relation to
high GI/GL [7ee, 16, 18, 19ee, 30ee, 38, 39]. None of the
GI studies showed a significant association with stroke risk
(RR range =1.00-1.10) except for one study [19ee] which
also did not find a significant association with a contin-
uous form of GI measure. However, Jenkins et al. [14e]
showed a high risk of stroke associated with high GI in
subjects with (RR=1.71; 95%CI: 1.21-2.40) or without
(RR=1.24; 95%CI: 1.02-1.50) CVD. High GI appears to
be also associated with an increased risk of stroke in high
BMI individuals in a US study (RR =1.39) and in males
of European studies (RR=1.12) and females of an Asian
study (RR=1.19) [30ee]. In contrast, high GL was consist-
ently associated with increased risk (RR range: 1.19-1.23)
of stroke particularly for ischemic stroke than hemor-
rhagic stroke [39] and the association was confirmed in the
dose-response analysis of GL as well[19ee]. Only one meta-
analysis based on only two studies [18] did not show a sig-
nificantly increased risk of stroke with high GL (RR=1.28;
95%CI: 0.83, 1.98). Although not statistically significant,
a high risk of stroke associated with high GL (RR =1.45;
95%CI: 0.98-2.14) was also observed in Jenkins et al. study
[14e]. In the stratified analysis of geographical location, a
strong association between high GL and incident CHD was
also observed in high BMI individuals (RR=1.60) in the
USA and females (RR=1.26) in Asia [30ee]. Additionally,
two cohort studies [40, 41] yielded no significant association
between GI or GL with MI in middle-aged and older Swed-
ish men or Swedish women. Similarly, a cohort study [42]
did not find a statistically significant increased risk of HF
in relation to high GI (RR=1.12; 95%CI: 0.87-1.45) or GL
(RR=1.30; 95%CI: 0.87-1.93) in middle-aged and elderly
Swedish women. These findings suggest that high GL but
not high Gl is a risk factor for incident stroke in general and
high BMI subjects. Furthermore, it seems high GI/GL is
associated with an increased risk of stroke among at-risk
individuals (with preexisting CVD or high BMI) as well.
However, no clear association has been established between

@ Springer

high GI/GL with the increased risk of HF or MI based on
limited studies.

Associations of Gl and GL with CVD, CHD
or Stroke Mortality and All-Cause Mortality

There were four meta-analysis studies available for evalu-
ating the effect of high GI/GL on all-cause mortality or
cause-specific mortality [7ee, 15, 19ee_30ee]. Most of these
studies reported the effect of high GI/GL on all-cause mor-
tality in the overall population with one exception [15] that
also reported sex-specific effects of GI/GL on all-cause
mortality. None of the studies showed a significant adverse
effect of high GI/GL on all-cause mortality in the overall
population. However, one large meta-analysis based on 18
studies [15] including 251,497 subjects demonstrated a sig-
nificant association between high GI and all-cause mortality
(RR=1.17; 95%CI: 1.02-1.35) in women only. Although
not significant, this study also showed a higher risk of
all-cause mortality associated with high GL (RR=1.31;
95%CI: 0.95-1.80). In addition, Burger et al. [22] found
that high GL was associated with an increased risk of all-
cause mortality only (RR=1.42; 95%CI: 1.07-1.88) in
non-obese diabetic individuals. The meta-analysis studies
indicating a non-significant association between GI/GL and
all-cause mortality could not present data separately for DM
and non-DM populations due to limited studies. Other than
one meta-analysis study [19ee] (RR with high GI=1.23;
95%CI: 1.06-1.41), none of the studies yielded a pooled
significant association between CVD mortality and high
GI/GL or according to sex (RR range: 0.96—1.18). Subjects
with CVD were identified at increased risk of CVD mortal-
ity associated with high GL (RR =1.46; 95%CI: 1.01-2.10),
while high GI (RR=1.32; 95%CI: 1.08-1.61) was associ-
ated with CVD mortality in subjects without CVD [14e].
Compared to low GL, high GL was also associated with
an increased hazard of CVD mortality (RR =2.02; 95%CI.:
1.06-3.82) among high BMI individuals consuming the
Mediterranean diet [36]. In addition, stroke mortality was
also found to be associated with a high GI (RR=1.58;
95%CI: 1.29-1.93) and with per 10 unit increase in GL
levels (RR=1.10; 95%CI: 1.06-1.14) [19ee]. Although
not statistically significant, another meta-analysis study
[7ee] showed a higher risk of stroke mortality associ-
ated with a high GI (RR: 1.43; 95%CI: 0.98-2.09). For
CHD mortality, one study [19ee] reported no association
between GI/GL and CHD mortality. Based on the prelimi-
nary evidence, we can infer that high GI/GL levels seem to
be associated with stroke mortality, while high GI levels
may be associated with all-cause mortality or CVD mor-
tality only in specific population particularly in women or
without CVD populations. Moreover, high GL seems to
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be associated with an increased risk of CVD mortality in
subjects with a history of CVD/obesity and with all-cause
mortality in non-obese DM subjects.

Effect of low GI/GL diets on CVD Risk Factors

Although no meta-analysis study is available to demonstrate
a direct effect of GI/GL on CVD events, most of the interven-
tional studies showed a positive influence of dietary interven-
tion with low GI or GL on CVD risk factors. Reducing the
GI/GL has consistently shown improvements in fasting blood
glucose (FBG), hemoglobin A1C (HbAlc), and body weight
(BW) in diabetes [43—45, 46e, 47, 48ee] but not in general
individuals [19ee, 46e, 49, 50]. However, a large meta-
analysis [51] showed a stronger effect of reduction in GI/
GL diets on glycemic control including FBG, HbAlc, insu-
lin sensitivity, and fasting insulin in the general population.
Fasting triglycerides and BW were also improved with a
greater reduction in GL than GI. A higher reduction in GI
(> 19 units) was also associated with a significant reduction
in HbAlc [46e¢]. Furthermore, significant improvements in
fat mass (FM), BMI or weight loss, total cholesterol (TC),
and low-density lipoprotein (LDL) after low GI diets were
observed in DM and general populations [48ee, 49, 52, 53]
with an exception of a DM study[47]. However, a favorable
effect of low GI/GL on triglycerides and inflammatory mark-
ers (C-reactive protein-CRP or interleukin-6) was noticed in
only two meta-analysis studies [47, 48ee]. A meta-analysis on
DM subjects [45] reporting stratified analysis by geographic
location showed that low GI diet interventions significantly
reduced HbA lc in Australian and American studies but not in
European studies. Short-term improvements in postprandial
blood glucose levels were also noticed by lowering breakfast
GI/GL in metabolically impaired or healthy subjects [54]. In
overweight/obese adult subjects, a significant effect of low
GI/GL intervention was also observed on HbAlc or FBG
[46@] or fasting insulin [55], lipids (TC and LDL) [56], adi-
posity measures, and CRP [55, 56]. However, a reduction
in GI by 20 points showed improvements in BW, body fat,
and TC, and LDL but not in HDL and triglycerides among
overweight and obese individuals [49]. The effect of low GI/
GL on triglycerides and insulin resistance was significant
but not on other parameters in overweight and obese chil-
dren [57]. Women with gestation diabetes also had improve-
ments in glycemic controls and neonatal outcomes after low
GI/GL diets compared to controls [58], particularly in the
Chinese population with more changes associated with low
GL than low GI diet interventions [59] but not in another
meta-analysis study [60]. Furthermore, a reduction in GI
showed improvement in diastolic blood pressure, while a
reduction in GL showed improvements on both systolic and
diastolic blood pressures [61]. These studies indicate that

combined reduction in GI/GL produces favorable benefits
in improving glycemic control, BW and BMI, TC, and LDL
in average-risk/general, obese, or DM populations. A higher
reduction in GI/GL appears to be more associated with lipids
and body weight improvements.

Summary and Conclusions

In this review, we present a framework for the association
between high GI/GL and CVD or mortality in the general
and specific subpopulations (Fig. 1A) and summarize the
effect of low GI/GL diets on different cardiometabolic
parameters (Fig. 1B). Our data indicate that high GI is asso-
ciated with CVD outcomes in average-risk or general sub-
jects, while high GL is associated with CVD outcomes in
at-risk populations. The increased levels of GL are expected
to produce more harmful effects than GI as GL incorpo-
rates both quality and quantity of carbohydrate content of
diets [7ee]. Compared to high GI, individuals with high GL
diets may require higher insulin demand that may accelerate
metabolic imbalances resulting in the increased risk of more
severe heart diseases, particularly in at-risk populations.
Furthermore, reducing GL intake showed improvements on
both systolic and diastolic blood pressures, while low GI
diets only showed improvements in diastolic blood pressure
in addition to fasting blood glucose, HbA1C, and fasting
insulin suggesting managing GL might be more useful for
preventing severe heart diseases. The association between
high GL and stroke has been consistently observed in our
review yet the association between high GI and stroke is
unclear and this may be partly due to combined analysis of
two different subtypes of stroke and non-linear relationship
[62]. Although the association of high GL with CHD and
stroke is more pronounced than high GI, the association of
high GI with DM, MS, and stroke and CVD mortality was
markedly stronger than high GL in the general/average-risk
population. This could be due to differences in GI and GL
measures and related clinical outcomes. By definition, diets
with low GI and high carbohydrates can have the same GL
with diets having high GI and low carbohydrates. However,
while having the same GL with these different combinations
can have different effects on metabolic outcomes [63]. Thus,
there may be a non-linear relationship between GL levels
and CVD risk factors in average-risk populations as a study
[64] identified lower risk of abnormal metabolic profiles
and diabetes associated with moderate levels of GL rather
than lower or higher levels of GL. Moreover, the heterogene-
ous and complex nature of GL further explains differential
clinical outcomes associated with GL compared to GI [15].
Our review clearly implies that a joint evaluation of GI and
GL with an optimum threshold is more useful than a single
measure for the prevention and management of CVDs.

@ Springer



156 Current Cardiology Reports (2022) 24:141-161

A General population Specific population

N

mortality

Female

DM All-cause
MS

m—1

Stroke
mortality

Stroke

Exposure
Exposure

CVvD
mortality

QOutcomes

b Glycemic control

HBAIC Fasting glucose J Fastinginsulin

Insulin Resistance

Intervention

BW/WL
Low GI/GL
7 with or without

ow/0B
Pre-DM/DM

Adiposity BMI

FM/FFM

CRP

Blood pressures

@ Springer



Current Cardiology Reports (2022) 24:141-161

157

«Fig.1 A Summary for the association between GI/GL and CVD out-
comes. B Summary effect of GI/GL on glycemic control, blood lipids,
adiposity, inflammatory markers, and blood pressure. The thick line
indicates a stronger association compared to a thin line. GI glycemic
index, GL glycemic load, DM diabetes mellitus, MS metabolic syn-
drome, CHD coronary heart disease, CVD cardiovascular disease,
BMI body mass index, BW body weight, WL weight loss, WC waist
circumference, FM fat mass, FFM fat free mass, CRP C-reactive pro-
tein, IL-6 interleukin-6, HbAlc hemoglobin A1C, TG triglyceride,
TC total cholesterol, LDL low-density lipoprotein, HDL high-density
lipoprotein, SBP systolic blood pressure, DBP diastolic blood pres-
sure

Although the relationship between high GI/GL with
DM/MS was prominent irrespective of sex, the association
between GI/GL and CHD was only consistent in females
but not in males. There could be multiple reasons for this
finding: (1) high glycemic diet response was associated with
greater increase in serum triglycerides and a greater decrease
in serum HDL concentrations in women than in men [65];
(2) more elevated serum triglyceride concentrations[66]
and dietary GI/GL induced diabetes are strongest risk
factors of CVDs in women [20, 40, 67]; (3) there is an
interplay between dietary intake, obesity, insulin resist-
ance, and androgen status in women [68—70] as low GI/
GL diet intervention has been shown to be associated with
improvements in cardiometabolic and androgen status in
polycystic ovary syndrome women [71]; (4) variations in
GI/GL levels between men and women yielded more vari-
ation in GI levels in men than women producing different
statistical powers for detecting significant associations [6];
(5) genetic and racial/ethnic differences appear to impact
these associations as high GL is associated with CHD in
Asian and European males [30ee]; and lastly (6), there
appears to be a different threshold due to non-linear rela-
tionships between GI/GL and CHD in males when com-
pared to females [62, 64]. There also appears to be a report-
ing bias and measurement errors of GI/GL diets between
sexes [6], and adjustment or stratification based on other
factors such as fat, protein, sugar intake, and comorbidi-
ties may produce different associations between GI/GL and
CHD by sex. Regardless of sex differences, it is difficult to
disassociate the effect of GI/GL on CVDs from high-quality
food sources, fibers, proteins, and fat. However, the effect
sizes of high GI/GL associated with DM/MS, CHD, stroke,
and stroke mortality were either similar or even found to
be greater than the effect sizes reported for high fiber or
whole grains in another study [19ee]. Although not too
strong, the association of high GI/GL with incident DM
and CHD particularly in females that appears to be causal
as confirmed by most criteria of Bradford-Hill including the
strength of association displaying an even lower confidence
limit of RR is greater than 1.10, consistency of association
confirmed in multiple meta-analysis studies, specificity was
met by various sensitivity and adjusted analyses, temporality

was met by the cohort design of studies included in most
meta-analysis studies, dose-response was also met in the
dose-response meta-analysis studies, and plausibility, exper-
imental, analogy, and coherence criteria were met with the
possible underlying mechanisms which were testified with
interventional studies [25]. Meta-analysis of interventional
studies also demonstrated the potential benefits of low GI/
GL diets on glycemic control, weight changes, and lipids
[46e, 48ee, 51].

Some discrepancies in meta-analysis results are expected
in this review, and the quality of the studies may be low
for multifactorial reasons to include (1) the majority of the
meta-analysis studies reported results after combining stud-
ies with different quantile ranges of GI/GL; (2) the results
were not adjusted for different ranges of GI/GL across stud-
ies; (3) limited studies performed the dose-response meta-
analysis; (4) studies included varying dietary instruments,
sometimes inadequately validated instruments for measur-
ing GI/GL, and measurement bias due to non-standardized
protocols for measuring GI/GL from a wide range of diets;
(5) studies did not also account for overall dietary patterns
including macronutrient ratios, micronutrients contents, and
food sources varying within geographic regions; (6) per-
formed analyses based on heterogeneous studies in terms
of follow up, factors adjustment, and effect size measures
and concluded possibly in the presence of heterogeneity,
publication bias, and lack of high-quality studies; and (7)
lastly, not all studies reported subgroup analysis by known
modifiers such as sex, geographical regions, and preexisting
comorbidities. Baseline measures of GI/GL have been used
in most of these studies and longitudinal changes in GI/GL
measures may further provide more insightful information
between GI/GL with CVDs. Despite these limitations in
studies included in this umbrella review, the most convinc-
ing evidence is that high GI/GL or an increased level of GI/
GL is associated with increased incidents of CVDs includ-
ing DM/MS and stroke in the general population and CHD
in females.

In conclusion, high GI and GL are risk factors for CVDs
in average and at-risk populations. However, the association
of GI/GL is modified by sex, obesity or CVD status, and
racial/ethnic populations. Although limited evidence, high
GI/GL may also influence CVD and all-cause mortality in
some specific populations. The association of high GI/GL
is not clear with heart failure, myocardial infarction, atrial
fibrillation, and sudden cardiac death due to limited or no
studies. A lower GI/GL can be more flexibly achieved in dif-
ferent settings by promoting food and dietary patterns with
high-quality food sources of carbohydrates such as whole
grains and fruits, high soluble fiber and plant protein intakes,
and reducing saturated fat and simple sugars, and these may
offer favorable health benefits including a reduction in CVD
risk compared to regional specific foods. Given the feasibility
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of adapting low GI/GL diets, high-quality diets with low GI/
GL carbohydrates should be encouraged for improving CVD
and population health along with other lifestyle changes.
However, high-quality interventional research is needed to
assess the longitudinal changes in GI/GL diets associated
with improvements in CVD conditions with proper risk
stratifications using metabolically unhealthy obesity status
and cardiorespiratory fitness levels by incorporating clini-
cal, genetic, sex, food quality, and racial/ethnic differences
to identify the optimum threshold and target populations
for achieving favorable benefits from dietary interventions
designed for lowing GI/GL levels.
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