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Objective: The associations between intake of anthocyanins and anthocyanin-rich
berries and cardiovascular risks remained to be established. We aimed to quantitatively
summarize the effects of purified anthocyanins and anthocyanin-rich berries on major
surrogate markers of cardiovascular diseases (CVDs) and the longitudinal associations
between dietary anthocyanins and CVD events.

Methods: Meta-analysis of randomized controlled trials (RCTs) and prospective
cohort studies.

Results: We included 44 eligible RCTs and 15 prospective cohort studies in this
study. Pooled analysis of RCTs showed that purified anthocyanin supplementation could
significantly reduce blood LDL cholesterol (weighted mean difference (WMD): —5.43
mg/dL, 95% Cl: —8.96, —1.90 mg/dL; p = 0.003) and triglyceride (WMD: —6.18 mg/dL,
95% Cl: —11.67, —0.69 mg/dL; p = 0.027) while increase HDL cholesterol (WMD: 11.49
mg/dL, 95% ClI: 7.43, 15.55 mg/dL; p < 0.001) concentrations. Purified anthocyanins
also markedly decreased circulating tumor necrosis factor alpha (WMD: —1.62 pg/mL,
95% Cl: —2.76, —0.48 pg/mL; p = 0.005) and C-reactive protein (WMD: —0.028 mg/dL,
95% Cl: —0.050, —0.005 mg/dL; p = 0.014). Besides, administration of anthocyanin-
rich berries could significantly lower blood total cholesterol (WMD: —4.48 mg/dL, 95% Cl:
—8.94, —0.02 mg/dL; p = 0.049) and C-reactive protein (WMD: —0.046 mg/dL, 95% CiI:
—0.070, —0.022 mg/dL; p < 0.001). Neither purified anthocyanins nor anthocyanin-rich
berries could cause any substantial improvements in BMI, blood pressure, or flow-
mediated dilation. In addition, meta-analysis of prospective cohort studies suggested
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WMD, weighted mean difference.

FIGURE 2 | Forest plot for the pooled effects of purified anthocyanins on circulating triglyceride stratified by anthocyanin doses. Between-study heterogeneity was
examined using the Cochrane’s Q test. The diamonds represented the pooled effect sizes which were calculated using the DerSimonian-Laird random-effects model.

= 0.436; I> = 0.0%; 10 comparisons; 460 subjects). In addition,
treatment of either purified anthocyanins (WMD: —0.028 mg/dL,
95% CI: —0.050, —0.005 mg/dL; pgifference = 0.014; I> = 26.0%;
eight comparisons; 579 subjects) or anthocyanin-rich berries
(WMD: —0.046 mg/dL, 95% CI: —0.070, —0.022 mg/dL; pifference
< 0.001; I? = 0.0%; 13 comparisons; 655 subjects) significantly
lowered circulating CRP as shown in Supplementary Table 15.

Pooled Associations Between
Anthocyanins and CHD Incidence and

Mortality
Five eligible cohorts including 2,41,196 subjects and 3,786 cases
evaluated the associations of dietary anthocyanin with CHD

incidence. We found high anthocyanin intake was related to 17%
lower incidence of CHD (RR: 0.83, 95% CI: 0.72, 0.95; Ppdifference
= 0.009; I> = 51.2%; Figure 3 and Supplementary Table 16).
However, habitual consumption of anthocyanin was not related
to reduced deaths from CHD (RR: 0.98, 95% CI: 0.79, 1.22;
Pdifference = 0.844; I> = 80.1%; two cohorts, 78,369 subjects,
3,145 cases).

Pooled Associations Between
Anthocyanins and Stroke Incidence and
Mortality

In the present meta-analysis, we found that dietary anthocyanins
were not associated with incidence of total stroke (RR: 0.84, 95%
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FIGURE 3 | Forest plot for the pooled associations of dietary anthocyanins with incidence of CHD. Between-study heterogeneity was examined using the Cochrane’s
Q test. The diamond represented the pooled risk estimate which was calculated using the DerSimonian-Laird random-effects model. RR, relative risk.

2.04

CI: 0.62, 1.14; pgifference = 0.256; I? = 91.0%; three cohorts, 19,766
subjects, 3,668 cases; Supplementary Table 17), ischemic stroke
(RR: 0.91, 95% CI: 0.78, 1.05; pifference = 0.202; I* = 0.0%; three
cohorts, 1,15,452 subjects, 1,997 cases; Supplementary Table 18),
or hemorrhagic cases) or total stroke mortality (RR: 1.01, 95%
CL 0.83, 1.24; pdifference = 0.923; one cohort, 34,489 subjects,
469 cases).

Pooled Associations Between
Anthocyanins and Total CVD Incidence and
Mortality

In the present meta-analysis, anthocyanin intake was linked to
27% lower risk of total CVDs (RR: 0.73, 95% CI: 0.55, 0.97;
DPdifference = 0.030; I? = 76.7%; four cohorts, 95,868 subjects, 1,518
cases; Figure 4 and Supplementary Table 19). Besides, there was
significant inverse relationship between dietary anthocyanins
and mortality from total CVDs (RR: 0.91, 95% CI: 0.87, 0.96;
Pdifference < 0.001; I> = 0.0%; nine cohorts, 2,36,648 subjects,
9,765 cases; Figure 5 and Supplementary Table 19). Subgroup
analysis revealed that the protective roles of dietary anthocyanins
against total CVD mortality might be more obvious in women
(RR: 0.89, 95% CI: 0.82, 0.96; pifierence = 0.003; I* = 0.0%; three
cohorts, 95,841 subjects, 3,562 cases) than in men (RR: 0.92, 95%
CI: 0.79, 1.07; Paifference = 0.263; I* = 0.0%; two cohorts, 40,130
subjects, 1,419 cases).

Publication Bias

No significant systematic publication bias was found for
each outcome except those reporting the effects of purified
anthocyanins on HDL-C (Begg’s p = 0.016). The trim and
fill method did not satisfactorily correct the theoretically
unpublished or missing studies. Alternatively, after we excluded
the study by Guo et al. (42), significance of the Begg’s test for
publication bias turned into null (Begg’s p = 0.754).

DISCUSSION

In the present meta-analysis of RCTs and prospective cohort
studies, we demonstrated that administration of purified
anthocyanins effectively improved blood lipid profiles and
reduced circulating CRP and TNF-«, biomarkers of chronic
low-grade inflammation, while not affecting adiposity, blood
pressure, or FMD. Supplementation of anthocyanin-rich berries
could also moderately decrease blood concentrations of TC and
CRP, albeit the ameliorative effects were less remarkable than
those of purified anthocyanins. We also found that high dietary
intake of anthocyanins was associated with lower CHD risk and
also total CVD incidence and mortality in the pooled analysis of
prospective cohort studies.

The blood lipid modulatory effects of anthocyanins have been
well documented in humans and experimental animals before
(20, 23, 43, 44). Specifically, anthocyanin supplementation could
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FIGURE 4 | Forest plot for the pooled associations of dietary anthocyanins with incidence of total CVDs. Between-study heterogeneity was examined using the
Cochrane’s Q test. The diamond represented the pooled risk estimate which was calculated using the DerSimonian-Laird random-effects model. RR, relative risk.

inhibit cholesteryl ester transfer protein (CETP) leading to lower
circulating proatherogenic LDL-C but raised antiatherogenic
HDL-C in the dyslipidemia (45). In the present meta-analysis,
we further showed that the reductions in LDL-C were only
statistically significant in subjects consuming >200 mg/day of
anthocyanins, whereas the regulatory effects on HDL-C and
TG were more obvious in those received <200 mg anthocyanin
per day. In contrast to present findings, our previous study
suggested significant linear trends for the dose-related effects
of anthocyanins on HDL-C but not on LDL-C (46). It is
possible that other confounding factors including adherence
to intervention and baseline health status of subjects might
substantially influence the blood lipid modulatory properties of
dietary anthocyanins. Besides, anthocyanins might affect lipid
metabolism via alternative molecular pathways other than CETP.
Therefore, future studies are warranted to disentangle the dose-
related effects of anthocyanin intake on blood lipids.
Notwithstanding decreased circulating proinflammatory
CRP in response to either purified anthocyanins
or anthocyanin-rich berries in the present meta-
analysis ~ of RCTs, the antiinflammatory  benefits
should be interpretated with caution as the cut
points for prognostic usages of CRP are still lacking.

Besides, it remained unclear whether the observed
antiinflammatory properties of anthocyanins and anthocyanin-
rich berries were directly from themselves or just

intermediate effects.

Berries are the most important dietary of
anthocyanins (11). Even though all anthocyanin supplements
that used in the included RCTs were produced from berries,
the cardiovascular benefits of purified anthocyanins seemed
more remarkable compared with those of anthocyanin-rich
berries in this study. However, the incompleteness of data
to estimate the daily anthocyanin intake from berries (35-
41) along with the varying intervention approaches in the
included anthocyanin-rich berry studies made it arbitrary,
at least now, to draw a conclusion about the difference
between anthocyanin-rich berries and purified anthocyanins.
Moreover, in addition to anthocyanins, berries also contain
abundant soluble fibers, manganese, vitamins C and K, and
other polyphenols (47, 48). Administration of berry fruits
could enhance glycemic control, urinary tract health, and
cognitive function beyond their cardioprotective effects
(26, 27). Thus, we suggested that the inferior hypolipidemic
and anti-inflammatory efficacies of anthocyanin-rich berries
to purified anthocyanin supplements observed in the present
meta-analysis should not neglect the health-promoting roles
of berries.

Although the outcomes of interests in the present meta-
analysis of RCTs were surrogate markers of CVDs rather than
CVD events, our results were of clinical relevance for CVD
prevention and treatment. Earlier Mendelian randomization
analyses suggested that per mmol/L (38.7 mg/dL) decrement
in blood LDL-C and HDL-C was associated with 54.5%

sources
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FIGURE 5 | Forest plot for the pooled associations of dietary anthocyanins with mortality from total CVDs. Between-study heterogeneity was examined using the
Cochrane’s Q test. The diamonds represented the pooled risk estimates which were calculated using the DerSimonian-Laird random-effects model. RR, relative risk.

lower and 47.0% higher risks of CHD, respectively (49, 50).
Accordingly, 11.49 mg/dL increment in HDL-C and 5.43
mg/dL reduction in LDL-C due to purified anthocyanin
supplementation might associate with 14.0 and 7.6% lower
incidence of CHD, respectively. Consistently, our pooled
analysis of prospective cohort studies further showed that
regular anthocyanin consumption was related to 17, 27, and 9%
lower risk of CHD risk, total CVD incidence, and total CVD
deaths, respectively.

Compared with two previous meta-analyses (20, 23), one
strength of this study was that we separately evaluated the
effects of purified anthocyanins and anthocyanin-rich berries. As
a result, we observed only minor between-study heterogeneity
in purified anthocyanin studies in most outcomes. However,
the heterogeneity among berry studies remained high for most
outcomes while stratifying by study characteristics did not
convincingly solve the source of heterogeneity. It is possible

that the age of participants, bioavailability and doses of different
anthocyanin species, or other confounding factors lead to the
observed inconsistence among studies. Particularly, in subjects
with obesity, dyslipidemia, diabetes, or past or present CVDs,
the comorbidity might influence the cardioprotective efficacy of
anthocyanins and anthocyanin-rich berries. Recent studies have
highlighted the involvement of gut microbiota in individual-
specific response to phytochemicals (51). Due to their low
bioavailability, the cardioprotective benefits of anthocyanins have
been proven to partly depend on gut microbiota (52, 53).
Therefore, unraveling the person-specific interactions between
dietary anthocyanins and gut microbiota might help to address
the heterogeneous physiological responses due to dietary
anthocyanins and anthocyanin-rich berries among subjects.
Limitations of the present meta-analysis should be put
forward. First, most of the RCTs included in the present
meta-analysis were of relatively small sizes and short durations.
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However, the total sample size of the included RCTs was about
two-fold larger than those in two previous meta-analyses of
RCTs concerning the effects of anthocyanins on cardiometabolic
health (20, 23). Second, we only focused on major anthocyanin-
rich berries that were frequently consumed in this study.
Potential cardiovascular benefits of other berry species that
are less popular need future investigations. Third, about half
of the included RCTs obtained financial supports from berry
industry or industry association which might lead to selective
reporting of positive results (54). Nevertheless, subgrouping
by funding source did not find any more benefits of purified
anthocyanins or anthocyanin-rich berries on each surrogate
marker of CVDs in the present meta-analysis. Besides, we
observed significant between-study heterogeneity even after
subgroup analysis stratified by various study characteristics.
Future well-designed clinical trials are warranted to clarify the
source of heterogeneity.

In conclusion, this study updated and extended current
clinical and epidemiological evidence about the protective
roles of purified anthocyanins and anthocyanin-rich berries
on cardiovascular health. Our results suggested that regular
consumption of either purified anthocyanins or anthocyanin-
rich berries could prevent CVDs through their lipid-lowering
and anti-inflammatory properties. We also propose that
anthocyanins and anthocyanin-rich berries should be taken
into consideration when formulating cardioprotective diets in
the future.
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