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Abstract

Objective: The present review aimed to quantify the association of dietary intake

and circulating concentration of major dietary antioxidants with risk of total CVD

mortality.

Design: Systematic review and meta-analysis.

Setting: Systematic search in PubMed and Scopus, up to October 2017.

Participants: Prospective observational studies reporting risk estimates of CVD

mortality across three or more categories of dietary intakes and/or circulating

concentrations of vitamin C, vitamin E and B-carotene were included. A random-

effects meta-analysis was conducted.

Results: A total of fifteen prospective cohort studies and three prospective

evaluations within interventional studies (320 548 participants and 16974 cases)

were analysed. The relative risks of CVD mortality for the highest v. the lowest

category of antioxidant intakes were as follows: vitamin C, 0-79 (95 % CI 0-68, 0-89;

I?=46%, n 10); vitamin E, 0-91 (95% CI 0-79, 1-03; I*=51%, n 8); p-carotene,

089 (95% CI 073, 1.05; I?°=34%, n 4). The relative risks for circulating

concentrations were: vitamin C, 0-60 (95% CI 0-42, 0.78; I*=65%, n 06);

a-tocopherol, 0-82 (95% CI 0-76, 0-88; I°=0%, n 5); p-carotene, 0-68 (95% CI 0-52,

0-83; I =50%, n 6). Dose-response meta-analyses demonstrated that the circulating

biomarkers of antioxidants were more strongly associated with risk of CVD mortality Keywords
than dietary intakes. Antioxidants
Conclusions: The present meta-analysis demonstrates that higher vitamin C intake D
and higher circulating concentrations of vitamin C, vitamin E and p-carotene are Meta-analysis
associated with a lower risk of CVD mortality. Observational studies

)

Antioxidants are of interest in the CVD. Several observa- which in turn are associated with a lower risk of CVD’

tional studies have shown that higher consumption of
different fruits and vegetables, the two main dietary
sources of antioxidants”, was significantly and inversely
associated with risk of CVD including CHD®™ | stroke®™®,
7 and heart failure®®. Higher con-
sumption of fruits and vegetables is accompanied by
lower glycaemic load, higher fibre intake, higher dietary
anti-inflammatory properties and higher electrolyte intake;

myocardial infarction
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However, besides these beneficial features, a potentially
cardioprotective role for dietary antioxidants has been
proposed !,

It was shown in two recent prospective cohort studies in
US and European populations that adherence to a diet
with high antioxidant capacity was associated with a lower
CVD mortality risk*'®.  Oxidative stress, vascular
inflammation and low-grade systemic inflammation are

© The Authors 2019


0000-0003-4231-3147
https://doi.org/10.1017/S1368980018003725
https://doi.org/10.1017/S1368980018003725

Antioxidants and cardiovascular mortality

some of the mediatory pathways through which a possible
link has been proposed between dietary antioxidants and
CVD risk™"17. In accordance with this evidence, several
observational studies have suggested an inverse relation-
ship of higher intakes of vitamin E and vitamin C with the
risk of CHD and stroke*®". A pooled analysis of nine
prospective cohort studies showed a weak inverse asso-
ciation between higher intake of vitamin E and the risk of
CHD, but failed to show such a protective effect for total
and individual carotenoids®?. Another meta-analysis of
prospective cohort studies suggested an inverse associa-
tion of higher intakes of vitamin E and vitamin C with the
risk of CHD, and like the previous review, found a non-
significant association for p-carotene'*>.

Although observational studies have suggested an
association between a higher intake of antioxidants and a
lower risk of CVD, interventional studies have failed to
show that supplementation with vitamin C, vitamin E and
B-carotene can decrease the risk of CVD®*2 By contrast,
a recent meta-regression analysis of fifty-three randomized
controlled trials indicated that high-dose supplementations
with vitamin E and p-carotene might increase the risk of
all-cause mortality®”. High-dose supplementations, short-
term follow-up durations and prior history of CVD or other
chronic diseases are some of the proposed explanations
for the inconsistent findings in interventional studies®®.
Thus, determining the shape of the dose-response rela-
tionships between the abovementioned antioxidants and
the risk of CVD mortality may clarify whether higher
dietary intakes of these antioxidants are associated with a
higher CVD mortality risk. To our knowledge, no sys-
tematic review and meta-analysis has assessed the asso-
ciation of dietary vitamin E, vitamin C and p-carotene with
the risk of CVD mortality. The extent to which these
antioxidants are associated with the risk of CVD mortality
is still unclear. Furthermore, a recent meta-analysis of
prospective cohort studies has suggested that the circu-
lating biomarkers of carotenoids were more strongly
associated with risk of breast cancer than dietary
intakes®”, but this hypothesis has not been examined in
the context of CVD. Therefore, the objective of the present
study was to summarize data about the associations of
dietary intake and circulating concentration of vitamin C,
vitamin E and B-carotene with the risk of total CVD mor-
tality in the general population, with the use of pro-
spective observational studies.

Methods

The present systematic review has been reported accord-
ing to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement®”.

Search strategy
A systematic literature search was done in PubMed and
Scopus, with studies published from 1966 up to October
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2017. The search was performed as part of a larger search
on the association between antioxidants and mortality.
The systematic search included combinations of keywords
relevant to dietary antioxidants intake, circulating anti-
oxidants concentration, mortality and study design (see
online supplementary material, Supplemental Table 1).
The reference lists of all related articles and reviews were
also manually searched. The search was restricted to arti-
cles published in English.

Eligibility and study selection

Two authors (A J., M.S.Z.) independently reviewed the title
and abstract of all studies identified. Prospective cohort,
nested case—control, case—cohort studies or prospective
reports within randomized controlled trials were obtained
and included in the current review if they: (i) were con-
ducted among adults aged 18 years or older; (ii) measured
and reported baseline dietary intake or serum/plasma
concentration of vitamin C, vitamin E or pB-carotene in at
least three categories; (iii) reported the outcome of interest
as total CVD mortality at follow-up; (iv) reported risk
estimates (relative risk (RR) or hazard ratio or odds ratio)
and the corresponding 95 % CI of CVD mortality for each
category of the abovementioned dietary/circulating anti-
oxidants; and (v) reported the number of cases and par-
ticipants/non-cases or person-years in each category of
the abovementioned exposures, or reported sufficient
information to estimate those numbers. Studies that
reported results per unit increment in any of the dietary/
circulating antioxidants or per sp increment were also
included. We excluded studies that were: (i) conducted in
children and adolescents; and (ii) conducted among
patients with specific diseases such as hypertension and
type 2 diabetes, or in institutionalized elders.

Data extraction

Two independent authors (AJ., M.P.) reviewed the full
text of selected eligible studies and extracted the following
information: first author’s name, publication year, location,
follow-up duration, number of participants/cases, mean
age and/or age range, seX, €Xposures, exposure assess-
ment method, covariates adjusted for in the multivariate
analyses, exposure levels, number of cases/participants,
and reported risk estimates and 95% CI of CVD mortality
across different categories of each dietary/circulating
antioxidant. The models with the most comprehensive
covariate adjustments were selected and included in the
meta-analysis.

Quality of meta-evidence

A nine-point Newcastle—Ottawa Scale was used to assess
the quality of included studies and studies with more than
seven stars were considered high quality®”. In the main

analyses, both low- and high-quality studies were
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included. However, we conducted sensitivity analyses by
restricting only to the high-quality studies (>7 stars). Fur-
thermore, to provide more reliable measures for judge-
ment about the quality of meta-evidence, we applied the
new NutriGrade scoring system (a maximum of 10 points)
developed by Schwingshackl et al®*. Based on this
scoring system, we recommended four categories to judge
the meta-evidence: high (=8 points), moderate (6 to 8
points), low (4 to 6 points) and very low (0 to 4 points).

Statistical analysis

The RR and 95 % CI were considered as the effect size of
all studies. The reported odds ratios and hazard ratios
were considered equal to the RR. For the highest v. lowest
category meta-analysis, the reported risk estimates for the
highest compared with the lowest category of dietary/
circulating antioxidants were combined using the Der-
Simonian and Laird random-effects model®®. If studies
reported results by sex or other subgroups separately, we
combined subgroup-specific risk estimates using a fixed-
effects model and used the combined effect size for meta-
analysis. If studies reported risk estimates per sb increment
of dietary/circulating antioxidants, we used the following
method to translate the per sp increment risk estimate to
the high ». low RR: first, we calculated the differences
between the median points of the highest and lowest
categories of that dietary/circulating antioxidant in other
studies included in the relevant analysis. Then, mean dif-
ference between the medians of the highest and lowest
categories was calculated. Finally, per sp increment risk
estimate was translated to per ‘calculated mean difference’
and was included in the relevant analysis. If the exact
amount of sp was not reported in the primary study, we
assumed the difference between the highest and lowest
categories as 2-18 times the sp®*. Potential small-study
effects such as publication bias were explored by funnel
plots and tested by Egger’s test®® and Begg’s test®®
(P<0-10) when there were sufficient studies (12> 10)®”.
To test the potential effect of each study on pooled effect
size, influence analysis was done by stepwise exclusion of
each study at a time. Subgroup analyses were performed
based on sex, geographical location, baseline age, follow-
up duration, number of cases, dietary assessment method
(in the analyses of dietary antioxidants) and adjustment for
main confounders. We included all eligible studies in the
main analyses. However, to provide more reliable results,
we performed additional sensitivity analyses by restricting
only to studies that controlled for main confounders
including BMI, physical activity, smoking status and
energy intake in their multivariate analyses.

We tested the linear dose—response relationship using
generalized least-squares trend estimation, according to
the methods developed by Greenland and Long-
necker®®*?_ The method needs the numbers of cases and
participants/non-cases or person-years and adjusted risk
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estimates and their 95% CI in each category of dietary/
circulating antioxidants. Study-specific results were com-
bined using a random-effects model. The median point in
each category of dietary/circulating antioxidants was
assigned. If medians were not reported, we estimated
approximate medians by using the midpoint of the lower
and upper bounds. If the highest category was open-
ended, we considered it to have the same widths as the
closest category. If the lowest category was open-ended,
we considered the lower bound as equal to zero. If only
the mean of each category was reported, we considered it
the same as the median. If the median point of each
category was reported per specific amount of energy
intake (e.g. per 4184 kJ/1000 kcal) or per specific amount
of another variable (e.g. per serum cholesterol in the
analysis of a-tocopherol), we recalculated the median
point taking the reported mean or median energy intake or
serum cholesterol of that category into account. If the
numbers of participants/cases or person-years had not
been reported in the primary studies, we estimated them
by dividing the total number of participants/cases or
person-years by the number of categories, if the exposures
were defined as quantiles®”. For studies in which the
reference category was not the lowest one, we recalcu-
lated risk estimates assuming the lowest category as
reference, if the numbers of participants and cases across
different categories were reported ™’ A potential non-
linear association was examined by modelling dietary/
circulatory antioxidant levels using restricted cubic splines
with three knots at fixed percentiles (10, 50 and 90 %) of
the distribution®. A P value for non-linearity of the meta-
analysis was calculated by testing the null hypothesis that
the coefficient of the second spline was equal to zero. All
analyses were conducted with the statistical software
package Stata version 13. P<0-05 was considered statis-
tically significant.

Results

As presented in the online supplementary material, Sup-
plemental Fig. 1, the systematic search identified 17296
articles, plus six articles through hand-searching. Of these,
2161 articles were duplicates and another 14 995 were not
relevant, which were eliminated based on screening the
title and abstract. Of the remaining 146 articles, another
129 articles were excluded by assessing their full text and
respective reasons for study exclusion are detailed in
Supplemental Fig. 1. Eventually, seventeen articles were
considered eligible for inclusion in the present
review®”_ One article reported the results of the two
separate cohort studies and was regarded as two separate
studies®. Thus, eighteen studies, comprising a total of
320548 participants and 16974 cases of CVD mortality,
were included in the final analyses. Five studies were
from the USA(/H’/‘()'S/"%), three studies (two articles) were
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from Asia®*” and ten studies were from Eur-
ope!1371650-52555758)  pive  smdies  included  only
men 30523859 one study included only women®”, and

the remainder included both sexes. Seven studies (six
articles) assessed dietary intakes of  anti-
oxidants' 417535759 " three  studies measured plasma
concentrations™>19°Y five studies measured serum con-
centrations *#7%925458 " and three studies reported both
dietary and circulating antioxidants as exposure #3439,
Three studies were prospective evaluations within inter-
ventional studies“*>%>5® with the remainder being pro-
spective cohort studies. Follow-up duration ranged from 4
to 22 years. The general characteristics of the studies are
presented in Table 1.

Vitamin C and CVD mortality

Ten studies (nine articles) with a total of 242677 partici-
pants and 7933 cases were included in the analysis of
dietary vitamin C and CVD mortality
risk(4344:46:47,53,55-57,59) Participants belonging to the
highest category of dietary vitamin C had a 21 % lower risk
of CVD mortality compared with those in the lowest
category (RR=0-79; 95% CI 0-68, 0-89; Table 2), with
moderate evidence of heterogeneity in the data
(I*=457%, Pheterogeneity = 0-00; see online supplementary
material, Supplemental Fig. 2). In the sensitivity analysis
removing each study at a time, none of the excluded
studies altered the summary result materially (RR ranged
between 0-77 and 0-82). In a sensitivity analysis by
restricting only to studies with high quality score (>7
points), the RR altered to 0-82 (0-95% CI 0-76, 0-89;
I’=0%, Nsudies 9). Additionally, we performed a sensi-
tivity analysis by restricting only to studies that controlled
for BMI, physical activity, energy intake and
smoking status in their multivariate analyses; the summary
result remained significant (RR=0-80; 95% CI 0-72, 0-87;
12 =0 %7 Nsrudies 6)

In the subgroup analyses, a significant inverse associa-
tion persisted across most of the subgroups apart from
studies conducted in the USA, studies with older partici-
pants (mean age >60 years v. <60 years), studies without
adjustment for BMI and physical activity, and studies that
used methods other than FFQ to assess dietary intake (see
online supplementary material, Supplemental Table 2).
Stratifying by sources of vitamin C, the relative risk of CVD
mortality was 0-83 (95% CI 0-76, 0-90; I*=0%, Ngudies 7)
when only dietary intake was taken into consideration and
was 0-55 (95% CI 0-26, 0-85; I* = 54-5%, Ngudies 3) When
intake from both food and supplements was taken into
account. The subgroup analyses suggested that number of
cases, geographical region, follow-up duration, mean age,
prior exclusion of participants with a history of CVD and
adjustment for main confounders were potential sources
of the heterogeneity. No evidence of publication bias was
found with Egger’s test (P=0-33) and with Begg’s test
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(P=0-80), but the funnel plot showed some evidence of
asymmetry (Supplemental Fig. 3).

In the linear dose-response meta-analysis, a 50 mg/d
increment in dietary vitamin C intake was associated
with an 8% lower risk (RR=0-92; 95% CI 0-88, 0-96),
with moderate evidence of heterogeneity (I%=49-7 %,
Pheterogeneiry = 0-04; Fig. 1(a)). Sequential exclusion of
each study from the pooled analysis minimally altered
the association (RR changed between 0-91 and 0-93).
A non-linear dose-response meta-analysis demonstrated
a significant dose—dependent association, in which the
risk decreased linearly from a baseline of 40 mg/d up to
an intake of ~200mg/d, and then reached a plateau
(Pnon—linc'zlrity < OOOlv Flg 1(b)).

Six studies with 45 040 participants and 2992 cases were
analysed for the association between circulating vitamin C
concentration and risk of CVD mortality 3048515456
The relative risk of CVD mortality for the highest com-
pared with the lowest category of circulating vitamin C
was 0-60 (0-95% CI 0-42, 0-78), with high heterogeneity
(I* =647 %, Pheterogeneity = 0-01; see online supplementary
material, Supplemental Fig. 4). In the sensitivity analysis
excluding each study sequentially from the pooled ana-
lysis, the association ranged from 0-55 (95 % CI 0-36, 0-74)
with the exclusion of the NHANES III study“® to 0-71
(95 % CI 0-59, 0-82) with the exclusion of the EPIC-Norfolk
study®; and the latter study explained all of the observed
heterogeneity (I°=0%). In the sensitivity analyses, when
the analysis was restricted only to the high-quality studies
and studies that controlled for main confounders, the
relative risk changed to 072 (95% CI 0-60, 0-85; I* =0 %,
Ngudies 4) and 074 (0-95% CI 0-58, 0-90; I°=0%, Ngudies
2), respectively. In the subgroup analyses, a significant
inverse association persisted across all subgroups, and
appeared stronger among European studies compared
with US studies (RR =0-46 v. 0-75), studies with <500 cases
v. >500 cases (RR=0-46 v. 0-78), follow-up durations <10
years v. >10 years (RR=0-37 ». 0-72), studies that con-
trolled for vitamin supplementation v. studies without
adjustment (RR=0-55 v. 0-66), as well as among older
participants with a mean age of >060 years v. <60 years
(RR=0-58 v. 0-62; Supplemental Table 3). The subgroup
analyses suggested that baseline mean age and adjustment
for BMI and vitamin supplementation were potential
sources of the heterogeneity. Publication bias tests were
not performed (72 < 10).

All studies were eligible for inclusion in the dose-
response meta-analysis, with the results showing that a
20 umol/1 increment in circulating vitamin C concentra-
tion was associated with a 13% lower risk (RR=0-87,;
95% CI 0-80, 0-94), with high heterogeneity (I*=70-7 %,
Pheterogeneity = 0-004; Fig. 2(a)). A significant inverse
association persisted when each study was sequentially
excluded from the pooled analysis (RR ranged between
0-84 and 0-90). In the stepwise exclusion of each study,
most of the heterogeneity was explained by the NHANES
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Table 1 General characteristics of studies included in the present meta-analysis of dietary/circulating antioxidants and risk of cardiovascular mortality

Study
Mean  Age quality
Author, year, Follow-up Participants/ age range (max. 9
country Study (years) cases Sex (years) (years) Exposure(s) Exposure assessment points)  Adjustments
Bates et al.*), British National Diet and 13-14 526/189 W/M 77 >66 Plasma vitamin C, Liquid chromatographic 8 Age and sex
2011 Nutrition Survey a-tocopherol and  assay
UK B-carotene
Dietary vitamin 4 d weighed dietary
C and vitamin E record
Buijsse et al.“¥,  The Zutphen Elderly Study 15 559/197 M 72 Dietary vitamin C, Dietary history method 7 Age, energy intake, smoking, BMI, physical activity, alcohol
2008 vitamin E and consumption, socio-economic status, use of multivitamin
Netherlands -carotene supplements, use of vitamin C supplements, use of aspirin,
use of antihypertensive drugs, use of anticoagulants, diet
prescription, intakes of fibre, 3-carotene, vitamin C, vitamin
E, a-tocopherol, folate, SFA, trans-fatty acids and PUFA
Buijsse et al.*®, SENECA 10 1168/148 W/M 73 Plasma a- HPLC 8 Age, sex, BMI, serum TC, serum HDL-C, current smoking, alcohol
2005 tocopherol consumption, physical activity, SENECA centre, and either
Europe plasma o-tocopherol or plasma carotene (both continuous)
Fletcher et al“®, Medical Research Council 4.4 1214/128 W/M 78  75-84 Plasma ascorbate, HPLC 7 Age, sex, total energy intake, BMI, cholesterol, SBP, smoking,
2003 Trial of Assessment and a-tocopherol and alcohol, DM, history of CVD or cancer, supplement use,
UK Management of Older -carotene physical activity and housing tenure
People in the Community Dietary vitamin FFQ
C, vitamin E and
[B-carotene
Genkinger“”, Washington County study 13 6151/378 W/M 56  30-93 Dietary vitamin C, FFQ 7 Age, smoking status, BMI, cholesterol concentration and
2004 vitamin E and energy. Nutrients were energy-adjusted using the residual
USA B-carotene method
Goyal et al.“®, NHANES Il 142 16008/1891 W/M >20 Serum vitamin C  Isocratic HPLC 8 Age, sex, race/ethnicity, level of education, annual family
2013 and B-carotene income, BMI, smoking status, serum cotinine level, alcohol
USA consumption, fruit and vegetable intake, physical activity,
serum TC level, HTN status, DM status, history of heart
attack, congestive heart failure, stroke or cancer, hormone
use in women and supplement use
Greenbarg Skin cancer prevention study 82 1720/127  W/M 63 Plasma B-carotene HPLC 7 Age, sex, centre, BMI and smoking
et al.™, 1996
USA
Karppi et al®,  The Kuopio Ischemic Heart 159 1031/122 M 56 46-65 Serum B-carotene  Reversed-phase HPLC 6 Age, examination year, BMI, SBP, smoking, alcohol consumption,
2012 Disease Risk Factor physical activity, years of education, serum LDL-C,
Finland Study (KIHD) symptomatic CHD or CHD history, use of antihypertensive
drugs, use of any beta-blockers, serum hs-CRP and DM
Khaw et al.®", EPIC-Norfolk 4 19496/170 W/M 59  45-79 Plasma ascorbic Fluorometric assay 6 Age
2001 acid
UK
Kilander et a.®?, Uppsala study 22.7-25-7 2285/301 M 49-51 Serum B-carotene HPLC 8 Age
2001 and a-tocophero
Sweden
Kubota et al.®®,  Japan Collaborative Cohort 165 58730/2690 W/M 56  40-79 Dietary vitamin C  FFQ 8 Age, history of HTN and DM, smoking status, alcohol
2011 (JACC) Study and vitamin E consumption, BMI, mental stress, walking, sports, education
Japan level, dietary intakes of total energy, cholesterol, SFA, n-3
fatty acids and Na
Loria et al.®¥, NHANES Il 12-16 7071/506 W/M 48  30-75 Serum ascorbate  2,4-Dinitrophenyl 8 Age at baseline examination, race, educational level, cigarette
2000 hydrazine method smoking, alcohol consumption, DM, serum TC, SBP
USA and BMI

981

v 12 1paAe( v
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Table 1 Continued

Study
Mean Age quality
Author, year, Follow-up Participants/ age range (max. 9
country Study (years) cases Sex (years) (years) Exposure(s) Exposure assessment points) Adjustments
Martin-Calvo The SUN project 11 13421/48  W/M 43 Dietary vitamin C ~ FFQ 9 Age, sex, BMI, total energy intake, physical activity, television
et al.®®, 2017 watching, smoking, family history of stroke, treatment with
Spain aspirin, number of cardiovascular-related diseases at
baseline, prevalent cancer, prevalent HTN, prevalent DM,
prevalent hypercholesterolaemia, prevalent
hypertriacylglycerolamia, dietary fibre, and MDS without fruit
and vegetable intake-related items
Sahyoun et al%® Massachusetts Nutrition 9-12 725/108 W/M 73 >60 Plasma vitamin C HPLC 6 Age, sex, serum cholesterol, disease status and disabilities
1996 Status Survey Dietary 3 d food record affecting shopping
USA vitamin C
Stepaniak HAPIEE study 8 26993/997 W/M 58 45-69 Dietary vitamin C, FFQ 8 Age, country, education, smoking status, alcohol intake, BMI,
et al®", 2016 vitamin E and HTN, DM, hypercholesterolaemia, history of CVD or cancer,
Three Central -carotene and total energy intake
and Eastern
European
countries
Wright et al.®®,  Alpha-Tocopherol, Beta- 19 29092/5776 M 57 50-69 Serum a- HPLC 8 Age, cigarettes smoked/d, years smoked, intervention
2006 Carotene Cancer tocopherol assignment, serum TC, serum HDL-C and history of CVD
Finland Prevention Study
Zhao et al.®?, Shanghai Women’s Health 142 74619/1819 W 53  40-70 Dietary vitamin C  FFQ 8 Age, energy, birth cohort, education, income, occupation,
2017 Study and vitamin E smoking status, alcohol intake, BMI, WHR, physical activity,
China history of HTN, DM, CHD and stroke, vitamin supplements
use, menopause status, hormone replacement therapy,
dietary total carotenes and vitamin C
Zhao et al.®?, Shanghai Men’s Health 83 59739/1379 M 55 40-74 Dietary vitamin C  FFQ 8 Age, energy, birth cohort, education, income, occupation,

2017
China

Study

and vitamin E

smoking status, alcohol intake, BMI, WHR, physical activity,
history of HTN, DM, CHD and stroke, vitamin supplements
use, dietary total carotenes and vitamin C

SENECA, Survey in Europe on Nutrition and the Elderly; NHANES, National Health and Nutrition Examination Survey; EPIC, European Prospective Investigation into Cancer and Nutrition; SUN, Seguimiento University of
Navarra; HAPIEE, Health, Alcohol and Psychosocial factors In Eastern Europe; W, women; M, men; HDL-C, TC, total cholesterol; HDL-cholesterol; SBP, systolic blood pressure; DM, diabetes mellitus; HTN, hypertension;
LDL-C, LDL-cholesterol; hs-CRP, high-sensitivity C-reactive protein; MDS, Mediterranean diet score; WHR, waist-to-hip ratio.
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Table 2 Meta-analysis of dietary/circulatory antioxidants (highest v. lowest category analysis) and risk of total cardiovascular mortality

Explanation of the results according to

No. of 12 95% Meta-  NutriGrade recommendations of the NutriGrade
Antioxidant studies RR 95%Cl (%) Cl  Phgterogeneity €vidence score scoring system
Dietary 10 079 068,089 46 0,74 0-06 High 84 There is high confidence in the effect
vitamin C estimate, and further research probably
will not change the confidence in the
effect estimate
Circulating 6 0-60 042,078 65 15,85 0-01 Moderate 64 There is moderate confidence in the effect
vitamin C estimate; further research could add
evidence on the confidence and may
change the effect estimate
Dietary 8 091 079,103 51 O, 81 0-04 Low 54 There is low confidence in the effect
vitamin E estimate; further research will provide
important evidence on the confidence
and likely change the effect estimate
Circulating 5 082 076,088 0 0,79 0-55 Low 4.0 There is low confidence in the effect
a-tocopherol estimate; further research will provide
important evidence on the confidence
and likely change the effect estimate
Dietary 4 089 073,105 35 0,77 0-21 Low 5.5 There is low confidence in the effect
B-carotene estimate; further research will provide
important evidence on the confidence
and likely change the effect estimate
Circulating 6 0-68 0-52,0-83 50 0,80 0-07 Low 59 There is low confidence in the effect
[-carotene estimate; further research will provide

important evidence on the confidence
and likely change the effect estimate

RR, relative risk.
11 study®?; when this study was excluded, the hetero-
geneity was reduced and the association changed to 0-84
(95% CI 079, 0:90; I’=36:6%, Pheterogenciry=0-18).
A non-linear dose-response meta-analysis demonstrated
that the risk of CVD mortality decreased linearly with
increasing circulatory vitamin C concentration from
baseline up to about 60 umol/l, without further changes
in effect estimate (Phon-tinearity < 0-001; Fig. 2(b)).

Vitamin E and CVD mortality

Eight studies (seven articles) involving a total of 228531
participants with 7777 cases were included in the analysis
of dietary vitamin E and CVD mortality risk34446:47,53.57.59
All studies were at high quality. We did not include the
Massachusetts Nutrition Status Survey in the analysis of
dietary vitamin E because of the very high vitamin E con-
sumption in comparison with other studies (almost two-
fold)®®. The relative risk of CVD mortality for the highest
compared with the lowest category of dietary vitamin E
intake was 091 (95% CI 0-79, 1-03), with moderate het-
erogeneity ( 2=51-3%, Pheterogencity = 0-04; see online sup-
plementary material, Supplemental Fig. 5). The association
did not reach statistical significance when each study was
sequentially excluded from the pooled analysis. We per-
formed an additional sensitivity analysis by restricting only
to studies that controlled for main confounders, but the risk
did not reach statistical significance (RR = 0-86; 95 % CI 0-69,
1-03). A non-significant association persisted across all
subgroups and between sexes. The subgroup analyses
suggested that number of cases, geographical region,
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follow-up duration, baseline age, dietary assessment
method and adjustment for main confounders were
potential sources of the heterogeneity in the data (Supple-
mental Table 4).

The linear trend estimation indicated that a Smg/d
increment in dietary vitamin E intake was not associated
with the risk of CVD mortality (RR=0-99; 95% CI 0-95,
1-02), with no evidence of heterogeneity ( 2= 0%, Phetero.
geneity = 0-38; Fig. 3(a)). The risk of CVD mortality did not
change materially with the increase in dietary vitamin E
intake (Phon-tinearity = 0-44; Fig. 3(b)).

Five studies with 34285 participants and 6542 cases
were included in the analysis of circulating a-toco-
pherol(43‘45‘46’:’2’58). Four studies reported an inverse
association, which was statistically significant in one
study, and another study showed a non-significant posi-
tive relationship. A significant inverse association was
found for the highest compared with the lowest category
of circulating a-tocopherol concentration (RR =0-82; 95 %
CI 0-76, 0-88; I°=0%, Pheterogencity =055, Ngudies 3; S€€
online supplementary material, Supplemental Fig. 6) and
for a 10umol/l increment in circulating concentration
(RR=0-93; 95% CI 091, 0:95; I*=0-20%, Phercrogencity =
0-39, n 4 studies; Fig. 4). However, the weight of the
Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study®® was much bigger than other studies and when
this study was excluded from the pooled analyses, the
association became non-significant in both high ». low
(RR=0-86; 95% CI 0-69, 1-03) and in the linear dose—
response analyses (RR=0-94; 95% CI 0-80, 1-07). Only

two studies reported sufficient information**®, so we
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(a)

Author Year Country ES (95% Cl)

Sahyoun et al.%® 1996 USA 0-89 (0-82, 0-96)
Genkinger et al.“” 2004 USA 1-03 (0-93, 1-15)
Buijsse et al.*¥ 2008 Netherlands 1-03 (0-81, 1-31)
Bates et al.*® 2011 UK 0-95 (0-85, 1-06)
Kubota et al.%® 2011 Japan 0-90 (0-83, 0-96)
Stepaniak et al.®” 2016 Europe 0-97 (0-94, 1-01)
Zhao et al.®¥ (SMHS) 2017 China 0-85 (076, 0-94)
Zhao et al.®® (SWHS) 2017 China 0-89 (0-80, 0-96)

Martin-Calvo & Martinez-Gonzalez®® 2017

Overall (12=49-7 %, P=0-044)

NOTE: Weights are from random-effects analysis
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Fig. 1 (a) Forest plot showing relative risk of cardiovascular mortality for a 50 mg/d increment in vitamin C intake. The study-specific
effect size (ES) and 95 % CI are represented by the black square and horizontal line, respectively; the area of the black square is
proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open diamond and the vertical dashed
line represent the pooled ES, and the width of the blue open diamond represents the pooled 95 % Cl (SMHS, Shanghai Men’s
Health Study; SWHS, Shanghai Women’s Health Study). (b) Dose—response association of vitamin C intake and risk of total

cardiovascular mortality (

), with 95% Cl (— — —)

were unable to test the potential non-linear dose—
response relationship.

p-Carotene and CVD mortality

Four studies with 34 917 participants and 1700 cases were
included in the analysis of dietary p-carotene with risk of
CVD mortality*>*¢4757 " A non-significant inverse asso-
ciation was found for the highest compared with the
lowest category of dietary p-carotene intake (RR=0-89;
95% CI 0-73, 1:05; I°=34-3%, Pheterogencity=0-21; see
online supplementary material, Supplemental Fig. 7) and
for a 1pg/d increment in dietary P-carotene intake
(RR=0-93; 95% CI 0-84, 1-01; I°=43-4%, Ppeterogencity =
0-17; Ngwaies 3; Fig. 5(2)). A non-linear dose-response
meta-analysis demonstrated that the risk of CVD mortality
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did not change with increasing dietary p-carotene intake
(Pnon—linearity= 078: Flg S(b))

Six studies with 22784 participants and 2758 cases were
included in the analysis of circulating p-carotene@>#-48:4950.52)
A higher circulating B-carotene concentration was
associated with a 32% lower risk of CVD mortality
(RR=0-68; 95% CI 0-52, 0-83), with moderate hetero-
geneity (I1*=50-1%, Pheterogeneity = 0:08;  see online
supplementary material, Supplemental Fig. 8). In the
sensitivity analysis by removing each study in turn,
none of the excluded studies changed the summary result
materially (RR ranged between 0-63 and 0-72). A sig-
nificant inverse association persisted among high-quality
studies (RR=0-73; 95% CI 0-58, 0-87; I* =36-7 %, Hgudies
5), but not among studies that controlled for main con-
founders (RR=0-67; 95% CI 0-33, 1.01; I*=065-0%,
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Overall (12=70-7 %, P=0-004)

0-87 (0-80, 0-94)

1880

(a)

Author Year  Country ES (95% ClI)
Sahyoun etal®® 1996  USA ~.— 0-85 (074, 0-97)
Loria et al®¥ 2000 USA B 0-99 (0-92, 1.06)
Khaw et al.®" 2001 UK l 078 (0-69, 0-86)
Fletcher et al.4®) 2003  Spain { 0-84 (0-72, 0-98)
Bates et al.“® 2011 UK + 0-80 (0-66, 0-96)
Goyal et al.*® 2013 USA . 0-91 (0-85, 0-98)

O

NOTE: Weights are from random-effects analysis

0-80 [

Relative risk

0-70
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Circulating vitamin C (umol/l)

Fig. 2 (a) Forest plot showing relative risk of cardiovascular mortality for a 20 umol/l increment in circulating vitamin C concentration.
The study-specific effect size (ES) and 95 % ClI are represented by the black square and horizontal line, respectively; the area of the
black square is proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open diamond and the
vertical dashed line represent the pooled ES, and the width of the blue open diamond represents the pooled 95 % CI. (b) Dose—

response association of circulating vitamin C concentration and risk of total cardiovascular mortality (

———)

Ngdies 3)- The subgroup analyses suggested follow-up
duration, baseline age and adjustment for main con-
founders as the potential sources of the heterogeneity
(Supplemental Table 5).

A 0-10 umol/I increment in circulating p-carotene con-
centration was associated with a 5% lower risk (RR =0-95;
95% CI 0:91, 0:99; I*=55-4%, Pheterogenciy =0-00; Fig. 6(a)).
In the sensitivity analysis by sequential exclusion of
each study, none of the excluded studies negated the
significance. There was evidence of a non-linear association
between circulatory p-carotene concentration and risk of CVD
mor[ality (Pnon:lineaﬂty:O'OO7§ Flg 6(b))

Quuality of meta-evidence

The NutriGrade meta-evidence rating was ‘high’ for dietary
vitamin C; ‘moderate’ for circulating vitamin C; and ‘low’
for dietary vitamin E, circulating a-tocopherol, and dietary
and circulating p-carotene (Table 2).
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), with 95% CI

Discussion

The present study summarized data about the association
of dietary intake and circulating concentration of major
antioxidants with the risk of total CVD mortality. The
results of the present review indicate that higher dietary/
circulating vitamin C and higher circulating p-carotene and
a-tocopherol concentrations were significantly and inver-
sely associated with the risk of CVD mortality, whereas
higher dietary intake of p-carotene and vitamin E did not
show such protective effects. The study suggests that the
circulating biomarkers of antioxidants may have better
predictive value in relation to the risk of total CVD
mortality.

Vitamin C has powerful antioxidant, anti-inflammatory
and immune-modulatory properties((’O%Z). Also, by
increasing nitric oxide synthesis and release, it is asso-
ciated with arterial dilation, lower blood pressure and
better endothelial function®®?. The non-linear dose—
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(a)
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Author Year Country ES (95% ClI)
Genkinger et al.“” 2004 USA glf 1.06 (0-87, 1-28)
Buijsse et al.*¥ 2008 Netherlands 0-97 (0-89, 1-05)
Bates et al.“% 2011 UK I 1-03 (0-94, 1-12)
Kubota et al.®® 2011 Japan —-4 0:79 (0-56, 1-02)
Stepaniak et al.®” 2016 Europe 0-99 (0-91, 1-06)
Zhao et al.®¥ (SHMS) 2017 China 1.00 (0-94, 1-08)
Zhao et al.®® (SWHS) 2017 China 0-97 (0-90, 1-04)
Overall (12=0-0%, P=0-580) 0-99 (0-95, 1-02)
NOTE: Weights are from random-effects analysis | i |
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Fig. 3 (a) Forest plot showing relative risk of cardiovascular mortality for a 5 mg/d increment in vitamin E intake. The study-specific
effect size (ES) and 95 % CI are represented by the black square and horizontal line, respectively; the area of the black square is
proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open diamond and the vertical dashed
line represent the pooled ES, and the width of the blue open diamond represents the pooled 95 % Cl (SMHS, Shanghai Men’s
Health Study; SWHS, Shanghai Women’s Health Study). (b) Dose-response association of vitamin E intake and risk of total

cardiovascular mortality ( ), with 95% Cl (— — —)
response meta-analysis suggested a possible threshold at
an intake of about 200 mg/d. This finding is in agreement
with some evidence suggesting an intake of about 200 mg/
d as the optimal vitamin C intake; the dose at which the
plasma is relatively saturated and the blood cells are
completely saturated with vitamin C®®. However, only
two studies reported risk estimates of CVD mortality for an
intake of >300 mg/d®>*®. Hence, there was insufficient
data for judgement about the cardiovascular outcomes of
high vitamin C consumption. A previous meta-analysis of
prospective cohort studies suggested a U-shaped asso-
ciation between vitamin C intake and risk of stroke™®.
Thus, our results regarding the cardiovascular outcomes of
vitamin C intake >300mg/d should be interpreted
cautiously.

The analyses of vitamin C, vitamin E and p-carotene
suggested that the circulating biomarkers of
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antioxidants may be more strongly associated with the
risk of CVD mortality compared with dietary intakes.
These findings are similar to those of a recent
meta-analysis of prospective cohort studies on dietary
and circulating carotenoids and the risk of breast can-
er'® . However, it should be noted that the circulating
biomarkers of antioxidants do not necessarily reflect
dietary intakes because several dietary and non-dietary
factors such as age, method of storage and food pre-
paration, alcohol consumption, cigarette smoking,
physical activity, socio-economic status, co-morbidities
and even genetic factors may effectively affect their
circulatory  concentrations®>%4°®_ In fact, higher
circulating concentration of antioxidants may be a
consequence of several dietary and non-dietary factors
such as higher diet quality, healthier lifestyle-related
behaviours, better health status and lower prevalence of
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Author Year  Country

ES (95% ClI)

Fletcher et al.4®) 2003 UK

Buijsse et al.*¥ 2005 Europe
Wright et al.®®) 2006  Finland
Bates et al.*®) 2011 UK

Overall (12=0-2%, P=0-391)

NOTE: Weights are from random-effects analysis

1-0

1-5

ES (95% Cl)

0-87 (0-69, 1-10)

0-85 (0-66, 1-08)

0-93 (0-91, 0-95)

1-06 (0-91, 1-26)

0-93 (0-91, 0-95)

A Jayedi et al.

Fig. 4 Forest plot showing relative risk of cardiovascular mortality for a 10 umol/l increment in circulating a-tocopherol concentration.
The study-specific effect size (ES) and 95 % ClI are represented by the black square and horizontal line, respectively; the area of the
black square is proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open diamond and the
vertical dashed line represent the pooled ES, and the width of the blue open diamond represents the pooled 95 % CI

(i)uthor Year Country ES (95 % Cl)

Genkinger et al.*” 2004 USA i 1-00 (0-90, 1-10)
Buijsse et al.*9 2008 Netherlands l 0-86 (0-75, 0-97)
Stepaniak etal.®”? 2016 Europe | - 0-91 (0-79, 1-04)

Overall (12=43-4%, P=0-171)

NOTE: Weights are from random-effects analysis
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Fig. 5 (a) Forest plot showing relative risk of cardiovascular mortality for a 1 pg/d increment in 3-carotene intake. The study-specific
effect size (ES) and 95 % CI are represented by the black square and horizontal line, respectively; the area of the black square is
proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open diamond and the vertical dashed
line represent the pooled ES, and the width of the blue open diamond represents the pooled 95% CI. (b) Dose-response

association of 3-carotene intake and risk of total cardiovascular mortality (
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ES (95% Cl)

Greenberg etal*® 1996 USA

Fletcher et al.“® 2003 UK
Bates et al.“% 2011 UK
Karppi et al.5% 2012  Finland
Goyal et al.#) 2013 USA

Overall (12=55-4%, P=0-062)

NOTE: Weights are from random-effects analysis

(b)

Relative risk

0-93 (0-88, 0-99)
0-95 (0-86, 1-05)
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0-86 (0-78, 0-95)
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Fig. 6 (a) Forest plot showing relative risk of cardiovascular mortality for a 0-10 umol/l increment in circulating B-carotene
concentration. The study-specific effect size (ES) and 95 % Cl are represented by the black square and horizontal line, respectively;
the area of the black square is proportional to the specific-study weight to the overall meta-analysis. The centre of the blue open
diamond and the vertical dashed line represent the pooled ES, and the width of the blue open diamond represents the pooled 95 %

Cl. (b) Dose-response association of circulating B-carotene concentration and risk of total cardiovascular mortality (

95% Cl (— — —)

co-morbidities; which in turn are associated with better
survival.

The analyses of vitamin E demonstrated that higher
circulating a-tocopherol concentration, but not higher
dietary vitamin E intake, was associated with a lower
risk of CVD mortality. The finding of the current review
regarding the null association in the analysis of dietary
vitamin E is consistent with those of previous investi-
gations which have indicated a non-significant inverse
association between higher dietary vitamin E intake
and the risk of all-cause mortality and CVD
events®®” A pooled analysis of nine relatively large-
scale prospective cohort studies involving 4647 inci-
dent cases of CHD among ~300 000 participants in the
USA and Europe showed similar results, in which only a
weak marginally significant inverse association was
found between higher dietary vitamin E intake and the
risk of incident CHD (RR=0-84; 95% CI 0-71, 1-00;
P=0-17)*%. Vitamin E is a fat-soluble antioxidant and
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), with

anti-inflammatory vitamin, and by inhibition of LDL
oxidation has direct anti-atherogenic properties”%7%
Thus, it is reasonable to expect the observational
studies to show a significant inverse association
between higher vitamin E intake and the risk of heart
disease.

Also, such inconsistent findings were observed in the
analyses of dietary and circulating p-carotene. p-Carotene
has strong antioxidant activity”> and therefore, by
decreasing the oxidation of LDL and subsequent risk of
developing and progression of atherosclerosis”*7® may
be associated with a lower risk of CVD. In addition,
B-carotene and other dietary carotenoids, through their
functions against oxidative stress, are associated with a
lower risk of developing CVD'”. A possible explanation
may be the measurement errors in the self-reported
assessment of dietary intake, which might result in a
weaker effect size. These errors do not exist in the mea-
surement of circulating biomarkers; therefore, studies that
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evaluated the circulating biomarkers generally showed
stronger inverse associations.

In the present meta-analysis of prospective observa-
tional studies, we found significant inverse associations of
dietary vitamin C and circulating vitamin C, a-tocopherol
and P-carotene concentrations with risk of total CVD
mortality. However, our results are inconsistent with those
of interventional studies which have indicated null find-
ings in this regard®2®. Several explanations have been
proposed to explain such inconsistent findings in obser-
vational and interventional studies. In general, interven-
tional studies use high-dose supplementations, which may
be associated with adverse health effects”®. In addition,
the follow-up duration of most interventional studies was
inadequate to show benefits of antioxidants supple-
mentation®. Also, trials generally include participants
with a prior history of CVD or other chronic diseases and
these inconsistent findings may show that antioxidants
may be useful for primary prevention of CVD, not for
secondary prevention.

In the context of public health implications, the results
of the present review support current dietary recommen-
dations that promote an intake of at least five servings of
fruits and vegetables per day”®. Fruits and vegetables are
the two main dietary sources of antioxidants®**". How-
ever, despite all efforts to increase the consumption of
fruits and vegetables, current reports indicate that the
prevalence of low fruit and vegetable consumption is high
in both low- and middle-income and high-income coun-
tries. The World Health Survey (2002-2003) in fifty-two
mainly low- and middle-income countries reported that
the prevalence of low fruit and vegetable consumption,
defined as less than a minimum of five servings of fruits
and/or vegetables daily, was about 78%®%. This pre-
valence is similar to that of high-income countries, in
which the prevalence of low fruit and vegetable con-
sumption was about 75 and 76% in the USA®® and
England®?, respectively. Therefore, increasing the con-
sumption of fruits and vegetables may be good and simple
advice in order to reduce the risk of CVD deaths.

The present study has several strengths. We assessed
the association of both dietary intakes and circulating
concentrations of major antioxidants with the risk of total
CVD mortality. Previous reviews have shown a null or
weak inverse association between higher vitamin E and
B-carotene consumption and the risk of CHD. However,
we showed a significant inverse association between cir-
culating a-tocopherol and p-carotene concentrations and
risk of CVD mortality, which suggests that the null or weak
inverse associations found in the analyses of dietary vita-
min E and B-carotene may in part be due to measurement
e1Tors.

Some important limitations were experienced in the
current study. First, the results were accompanied by some
evidence of heterogeneity in the analyses of dietary and
circulating vitamin C, dietary vitamin E and dietary
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B-carotene. However, the subgroup analyses suggested
that some of the study and participant characteristics were
potential sources of the heterogeneity in the data. Second,
publication bias tests were performed only in the analysis
of dietary vitamin C (72 >10). Therefore, our results may
have been affected by publication bias. Third, higher
antioxidant intakes are related to higher diet quality and
better compliance with dietary guidelines, which leads to
higher intakes of cardioprotective nutrients such as fibres,
K, Mg and flavonoids; as well as lower intakes of
unhealthy foods. Thus, owing to the inadequate adjust-
ments for these dietary variables in the primary studies, we
may have reached a biased conclusion. Finally, we were
unable to test the associations across sexes.

Conclusion

In conclusion, the current meta-analysis suggests that a
higher dietary intake and a higher circulating concentra-
tion of vitamin C are each associated with a lower CVD
mortality risk. The analyses of vitamin E and p-carotene
showed that higher circulating concentrations of these
antioxidants are significantly and inversely associated with
a lower CVD mortality risk, whereas higher dietary intakes
did not show such protective effects. Considering that the
rating of the meta-evidence was low in the analyses of
vitamin E and p-carotene, there is a low confidence in
effect estimates and future well-designed prospective
cohort studies may be required to provide more reliable
data for a more confident judgement about the degree and
the direction of the associations.
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