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The health benefits of anthocyanins: an umbrella review
of systematic reviews and meta-analyses of observational
studies and controlled clinical trials

Berner-Andrée Sandoval-Ramirez, Ursula Catalan @, Elisabet Llauradé @), Rosa-Maria Valls,
Patricia Salamanca, Laura Rubid, Silvia Yuste, and Rosa Sola

Anthocyanins (ACNs) are phenolic compounds present in foods and have undefined
health benefits. The present umbrella review aimed to analyze the effects of ACNs
on multiple aspects of human health (from systematic reviews and meta-analyses
[SRMs] of randomized controlled trials [RCTs]), and the associations of ACNs with
the risk of various diseases (from SRMs of observational studies [0Ss]). Following
the PRISMA methodology, the PubMed, SCOPUS, and Cochrane databases were
searched up to November 1, 2020 for OS-SRMs and RCT-SRMs that examined the
effects of ACNs on health. The risk of bias of RCT-SRMs was assessed using the
AMSTAR 2, and that of OS-SRMs was assessed using the Joanna Briggs Institute
methodology. Based on 5 OS-SRMs (57 studies and 2 134 336 participants), ACNs of
various sources were significantly associated with a reduction in the risks of hyper-
tension and type 2 diabetes mellitus. According to 8 RCT-SRMs (139 interventions
and >4984 participants), ACNs improved plasmatic lipids, glucose metabolism, and
endothelial function, without affecting blood pressure. No associations between
ACNs and breast or gastric cancer risks were found. ACN intake opens new path-
ways for the management of glucose metabolism, the plasmatic lipid profile, and
the improvement of endothelial function in humans.

INTRODUCTION
undergo significant chemical structure modifications as
Anthocyanins (ACNs) are phenolic compounds that be- they pass through the gastrointestinal tract and encoun-
long to the flavonoid subclass." ACNs are natural plant ter a variety of pH values.”® These changes result in
pigments that are responsible for the red, pink, blue, varied ACN profiles and bioavailability in diverse body
and purple colors present in the seeds, flowers, fruits, fluids and tissues, suggesting the possibility of a number
and leaves of a large number of plants,” and they of potential health benefits.>~®
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In other research, ACNs have demonstrated poten-
tial for the prevention and treatment of various cardio-
metabolic diseases. For instance, observational data have
demonstrated that dietary ACN intake is inversely associ-
ated with the risk of cardiovascular diseases (CVDs) in
populations from FEurope and the United States.”
Additionally, ACNs have been shown to significantly de-
crease serum low-density lipoprotein cholesterol
(LDLc),® to modify low-grade systemic inflammation,”
and to reduce the damage caused by reactive oxygen spe-
cies concentrations compared with placebo in humans.”
Moreover, dietary ACN consumption seems to be bene-
ficial for the prevention of type 2 diabetes mellitus
(T2DM), some types of cancer, and hypertension."*'*"">

Interpretation of the results obtained from both
randomized clinical trials (RCTs) and observational
studies (OSs) can help determine the effectiveness,
safety, and health properties of whole foods containing
ACNs and bioactive compounds.14 Moreover, the com-
bination of both RCTs and OS may help researchers un-
derstand and solve questions that could not be
answered through the analysis of either type of study
alone."* Accordingly, to provide a full summary of the
available data regarding the health properties of ACNs,
our work integrates the information on both the associ-
ations between ACNs and diverse health outcomes
(from OSs), as well as the ACN effects on diverse car-
diovascular and metabolic disease risk factors (from
RCTs). Moreover, the available information on ACNs
from multiple systematic reviews and meta-analyses
(SRMs) can be compiled into an umbrella review'’ to
provide the reader with one accessible and usable docu-
ment on the proven health benefits of ACNs. The pre-
sent umbrella review aimed to appraise and summarize
the current knowledge (from RCT-SRMs) of the effects
of ACNs on, and (from OS-SRM:s) of the associations of
ACNs with, multiple aspects of human health.

METHODS

Search strategy and selection criteria

An umbrella review is a summary of the existing SRMs
on a specific subject, such as health benefits due to
ACN consumption among humans. Thus, an umbrella
review is a way to provide decision-makers with all of
the known information obtained from systematically
performed research, therefore organizing and assessing
the evidence from various health outcomes associated,
in this case, with ACN consumption.'®

For the present umbrella review, our group fol-
lowed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) methodology
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(http://www.prisma-statement.org/),'® and followed the
principles published by the Joanna Briggs Institute, an
international research organization based in the Faculty
of Health and Medical Sciences at the University of
Adelaide, South Australia."”

A web-based search in 3 of the most important ref-
erence scientific libraries - PubMed (http://www.ncbi.
nlm.nih.gov/pubmed), the Scopus library (www.scopus.
com), and the Cochrane Library (http://www.cochrane-
library.com/) - was performed. The following search
terms were used, first, to retrieve SRMs regarding the
effects of ACN supplementation on various disease risk
factors from RCT-SRMs in which supplementary ACNs
were added to the diet of human subjects to determine
their known effects, and second, to retrieve OS-SRMs
regarding the associations between ACN dietary intake
and the risk of death or disease in humans:
(“Anthocyanin” OR “ACN” OR “anthocyanins”) AND
(“systematic  review” OR  “meta-analysis” OR
“metaanalysis” OR “meta analysis”) AND (“health”
OR “cardiovascular” OR “cancer” OR “disease” OR
“metabolic” OR “chronic” OR “diabetes” OR “illness”
OR “mortality” OR “risk”). The populations, interven-
tions, comparisons and outcomes (PICOS) are shown
in Table 1.

The results were screened based on their titles and
abstracts, according to the previously established inclu-
sion criteria as follows: (1) SRMs of RCTs reporting the
effects of the consumption or supplementation of ACNs
on any health outcome; (2) SRMs of OS regarding the
epidemiological associations between ACN consump-
tion/supplementation and any health outcome; (3) stud-
ies published from inception up to December 1, 2019;
(4) articles reporting the effect size (relative risk, odds
ratio, etc.) after the confounding variables were taken
into consideration; (5) articles reporting both the ACN
dietary intake/dose (mg) and ACN source. The exclu-
sion criteria were as follows: (1) non-English articles;
(2) articles presenting the results from nonclinical out-
comes; (3) articles not fulfilling the inclusion criteria;
(4) articles reporting incomplete methodology; and
(5) low-quality SRMs after risk-of-bias analysis.

Data extraction and analysis

After independent analysis of the titles and abstracts, 2
authors independently extracted the published data
from the main text and tables (U.C. and B.-A.S.-R.),
and all differences were resolved by a third author
(R.S.) as recommended by the PRISMA criteria.'® The
following information was extracted from the included
articles: (1) general information, including title, author,
year published, and health outcome assessed; (2) type of
review performed; (3) assessed population; (4) databases
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Table 1 Population, Intervention, Comparison and Outcomes (PICOS) for the present umbrella review

Parameter Inclusion criterion

Exclusion criterion

Population

outcome
Intervention

(1) SRMs of RCTs reporting the effects from the con-
sumption of or supplementation with ACNs on
any health outcome; (2) SRMs of OSs regarding
the epidemiological associations between ACN
consumption/supplementation and any health

(1) RCT-SRMs assessing the effects of ACN supple-
mentation on various disease risk factors; (2) OS-
SRMs assessing the associations between ACN die-
tary intake and various health outcomes

(1) Non-English articles; (2) articles presenting
the results from nonclinical
outcomes; (3) articles not fulfilling the inclu-
sion criteria; (4) articles reporting incomplete
methodology; (5) low-quality SRMs after risk-
of-bias analysis

(1) RCT-SRMs assessing the effects of the spe-
cific ACN or ACN metabolite supplementation
on various health outcomes. (2) OS-SRMs
assessing the associations between the die-
tary intake of specific ACNs or ACN metabo-
lites on various health outcomes

Comparison RCT-SRMs assessing the effects of ACN supplemen-
tation on various disease risk factors

Outcomes (1) Cardiovascular disease; (2) cancer; (3) metabolic None
disease; (4) chronic disease; (5) diabetes; (6) hy-
pertension; (7) inflammation

Study design (1) RCT-SRMs; (2) OS-SRMs

Not a systematic review

Abbreviations: ACN, anthocyanin; OS, observational study; RCT, randomized controlled trial; SRM, systematic review and meta-analysis.

searched; (5) date range of the database search; (6) in-
tervention type of the reviewed articles; (7) publication
date range of the included articles; (8) quality appraisal
tool used for bias assessment; and (9) main conclusions.
However, the extraction of the findings and results for
an umbrella review ought to be limited to those results
obtained directly from the results of SRMs; thus, pri-
mary study level data was not reported as a part of the
present umbrella review. "

Since the results from the OS-SRMs are estimates
obtained from food frequency questionnaires, the ACN
intake of the included OS-SRMs was transcribed from
the original OS-SRMs in round numbers, with the esti-
mated quantities expressed in milligrams and using
“approximately” or (in tables and in parentheses) the
symbol “~” to better reflect the imprecise nature of ob-
servational data. Moreover, in RCT-SRMs, the results
are reported in milligrams (mg) of ACN from the pure
ACN doses administered or from the doses of ACNs
measured in extracts of ACN-rich fruits administered.

Finally, for heterogeneity (I*) assessment, the cut-
off values for low, moderate, and high heterogeneity
were 25%, 50%, and 75%, respectively.'”

SRM risk-of-bias assessment

The potential risk of bias was independently assessed by
2 authors (B.-A.S.-R. and U.C.) for the SRMs that met
our inclusion criteria, using the critical appraisal tool
for systematic reviews including randomized or non-
randomized studies (AMSTAR 2).'® AMSTAR 2 was
based on the evaluation of 16 items for which simple re-
sponse categories must be fulfilled. The results were
used to rate the assessed SRMs as high, moderate, low,
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or critically low quality.'"® Moreover, the risk of bias of
the meta-analysis of OSs was assessed using the Joanna
Briggs Institute risk-of-bias assessment."” Following the
PRISMA criteria, 2 authors (B.-A.S.-R. and U.C.)
reached a consensus for the risk-of-bias evaluation
scores, and all discrepancies were resolved by a third in-
dependent author (R.S.).

RESULTS
Literature search, study selection, and characteristics

From our initial screening, 68 SRMs published from in-
ception up to November 1, 2020 were retrieved. After
assessing all titles and abstracts, 54 SRMs were excluded
for not meeting the inclusion criteria, while no studies
were excluded as repeated entries.

The resultant 14 SRMs were further examined. One
out of the 14 eligible publications was excluded due to
low-quality risk-of-bias assessment (n=1)"" (Figure 1),
leading to the final inclusion of 13 SRMs.***!

From the 13 SRMs included in the present umbrella
review, 5 OS-SRMs comprising the information from 57
OSs (2134336 participants) were included.”®*>*>*7>!
Moreover, as a part of the present umbrella review,
8 RCT-SRMs were included, summarizing the informa-
tion from 139 RCTs (>4984 volunteers).®?1:24-26:28-30

Regarding the ACN-related outcomes assessed on
the included SRMs:

a. T2DM risk associations with ACNs and the effects
of ACNs on diverse glycemic control biomarkers
were assessed in 3 SRMs. The first OS-SRM in-
cluded 3 prospective cohort studies®® assessing the
risk of T2DM, 1 RCT-SRM including 32 RCTs to
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Figure 1 PRISMA flowchart for the included studies.

assess the effects of ACNs on diverse glycemic con- d. The effects of ACNs on vascular function were

trol biomarkers,”’ and 1 RCT-SRM including 19
interventions to evaluate the effects of ACNs on di-
verse CVD markers.*

. The effects of ACNs on hypertension and blood pressure
levels were assessed in 4 SRMs: 1 OS-SRM including 20
OSs (15 cross-sectional trials and 7 prospective OSs)”’; 1
RCT-SRM including 6 RCTs (1 of them a crossover),28
1 RCT-SRM including 6 RCTs,” and 1 RCT-SRM in-
cluding 19 interventions to evaluate the effects of ACNs
on hypertension and blood pressure levels.?

. The effects of ACNs on diverse CVD biomarkers,
such as lipids, were evaluated from 3 RCT-SRMs: 1
RCT-SRM including 12 RCTs,* 1 RCT-SRM includ-
ing 6 RCTs,” and 1 RCT-SRM including 19 inter-
ventions to evaluate the effects of ACNs on diverse
CVD markers.”®

1518

assessed from 1 RCT-SRM including 29 RCTs (8
acute and 21 chronic interventions).>*

. The effects of ACNs on vascular and systemic in-

flammation biomarkers were assessed in 1 RCT-
SRM including 32 intervention studies.*

. Finally, the associations between ACN dietary intake

and cancer were assessed:

i. Breast cancer risk and its associations with ACN
dietary intake were evaluated from 1 OS-SRM
including 12 OSs (6 prospective cohorts, 1 nested
case—control, 2 population-based case—controls,
and 3 hospital-based case—controls).>!

ii. The gastric cancer risk and its association with
dietary ACN consumption were assessed from 1
OS-SRM including 6 articles (2 cohorts and 4
case—control studies).?

Nutrition Reviews® Vol. 80(6):1515-1530
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Complete information on the general characteris-
tics of the included OS-SRMs and RCT-SRMs is pre-
sented in Table 2%~

In relation to the ACN sources, due to the diverse
ACN sources (purified ACNs, n=237; fruit extracts,
n=42; freeze-dried fruits, n=11; fruit juices, n=13)
reported in the original RCT's assessed in the SRMs in-
cluded as a part of our umbrella review, the specific
source for attaining the benefits of ACNs could not be
identified. Accordingly, the ACN results should be
interpreted as the effects or associations of a given ACN
dose/dietary intake (ie, extracts or fruits), since the
studies only detailed the effects or associations between
ACNs and human health that have been reported spe-
cifically for ACN consumption and not for fruit intake
without a report of ACN equivalence.

Methodological quality and funding of the included
studies

AMSTAR 2 was used to assess the methodological qual-
ity of the included RCT-SRMs, all of which were se-
lected from inception.'® As a result, 6 of the RCT-SRMs
included were scored as high quality,>*"****7* and 1
systematic review was excluded from this analysis due
to a critically low score."’

None of the RCT-SRMs included reported any rele-
vant conflict of interest concerning their funding.
Complete analysis of the AMSTAR 2 risk-of-bias assess-
ment from the included RCT-SRMs is shown in
Table S1 in the Supporting Information online. Moreover,
the risk of bias of the compiled OS-SRMs*****"! was
assessed with the “Joanna Briggs Institute’s Risk of Bias
Assessment Checklist for Systematic Reviews”'® (see
Table S2 in the Supporting Information online).

The effects and associations of ACNs on human health

Glucose metabolism and type 2 diabetes mellitus. The
associations between dietary ACN consumption and
the risk of T2DM were assessed in 1 high-quality OS-
SRM of 3 prospective cohort studies published in 2012
from a total sample of 200 894 participants (12 611 diag-
nosed with T2DM).?° As a result, the individuals con-
suming the highest dietary ACN intake (~22mg/d),
estimated through food frequency questionnaires,
showed a significant reduction of 15% in the risk of
T2DM (relative risk [RR] = 0.85; 95% CI: 0.80, 0.91; I:
14.5%).2° Moreover, it was noted that the risk of T2DM
was decreased by 5% per 7.5 mg/day increase in dietary
ACN intake (RR = 0.95; 95% CI: 0.93, 0.98; I*: 0.00%).”
Additionally, significant curvilinear associations were
described for the dietary intake of ACNs (P for
nonlinearity = 0.006).>

Nutrition Reviews® Vol. 80(6):1515-1530

The effects of ACNs on various glucose metabolism
biomarkers were appraised in the high-quality RCT-
SRM, including 1491 volunteers (759 cardiometabolic
patients/732 controls) from 32 RCT's published between
2004 and 2016.”'

As a result, when compared against control sub-
jects, the volunteers supplemented with 200-400 mg/
day of ACNs significantly reduced their fasting glucose
levels by 0.31 mmol/L, equal to 5.58 mg/dL (standard
mean deviation [SMD]: -0.31; 95% CI: -0.59, —0.04;
I* = 80.7%), and the glycated hemoglobin (HbAlc) val-
ues decreased by 0.65 units (SMD: -0.65; 95% CI: -1.00,
-0.29; I =72.7%) in cardiometabolic patients receiving
ACNs.?!

Furthermore, ACN consumption in overweight-
obese subjects significantly reduced the Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR)
by 0.65 units (SMD: -0.65; 95% CI: -1.23, -0.06;
I’ =45.2%),”" and the 2-h postprandial glucose value by
0.82mg/dL (SMD: -0.82; 95% CI: -1.49, -0.15;
I =77.7%) in patients supplemented with ACNs. Due
to the scarce data described in the Yang et al RCT-
SRM,?! the precise ACN dose needed for reduction of
the 2-h postprandial glucose response was not
defined.”!

Finally, the effects of ACN supplementation on var-
ious CVD biomarkers were assessed, with the cohort in-
cluding a total of 572 volunteers from 19 RCTs that
were conducted in Poland, the United Kingdom, Italy,
Korea, China, Japan, Norway, Austria, Mexico, the
United States, Australia, and Iran.*® It was reported that
supplementation with ACN doses between 31.45 and
1050 mg/day had no significant effects on HbAlc or se-
rum insulin levels*®; however, ACN supplementation
with similar doses (31.45-1050 mg/d) was able to signif-
icantly reduce the HOMA-IR in treated patients (-0.21,
95% CI -0.36, ~0.07; P=0.004, I = 37.9%).%°

In short, from OSs, the ACN chronic dietary intake
(mainly from fruits) was associated with a reduced risk
of T2DM. This association can be explained by the
effects of extracts or purified ACNs in RCTs, which
cause a significant decrease in fasting glucose levels, and
in HbAlc, and HOMA-IR T2DM biomarkers.

Vascular and systemic inflammation. The impact of die-
tary ACNs on various systemic- and vascular-
inflammation biomarkers was assessed from an RCT-
SRM assessing the results from 32 RCTs, including
1744 participants, with a moderate risk-of-bias assess-
ment, published between 2007 and 2019, and conducted
in Norway, Poland, the United Kingdom, the United
States, Iran, Italy, the Czech Republic, China, Korea,
Japan, Colombia, Sweden, Australia, and Finland.”> In
the original article, not all outcome results were
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obtained after the analysis of all 32 included studies.
The RCTs included in the analysis presented high het-
erogeneity regarding the ACN doses used for the inter-
ventions, which ranged between 1.60 and 1323 mg/
day.25 However, after the meta-analysis, the authors
reported that doses of ACNs of >300 mg/day can signif-
icantly reduce the pooled risk of high serum concentra-
tions of CRP (-0.33mg/L, 95% CI: -0.55 to —0.11,
P=0.003), IL-6 (-0.41 pg/mL, 95% CI: -0.70 to -0.13,
P=0.004), TNF-o (-0.64 pg/mL, 95% CIL: -1.18 to
-0.09, P=0.023), ICAM-1 (-52.4 ng/mL, 95% CI: -85.7
to -19.1, P=0.002), and VCAM-1 (-49.6 ng/mL, 95%
CL: -72.7 to -26.5, P < 0.001).>* Finally, ACNs doses of
>300 mg/day also increased plasmatic adiponectin lev-
els (0.75 ug/mL, 95% CI: 0.23 to 1.26, P=0.004) as a
biomarker of adipocyte saturation in the assessed
populations.*

Endothelial function assessment by arterial flowmediated
dilation. The effects of ACNs on endothelial function
were assessed in 1 high-quality RCT-SRM of 29 RCTs
[acute (n =8), chronic (n = 21)].>* Endothelial function
and arterial flow-mediated dilation (FMD) outcomes
were assessed from the SRM of 4/29 included RCTs,
while pulse wave velocity results were obtained from
the SRM of 2/29 included RCTs.** The 29 included
RCTs were published between 2006 and 2016 and con-
ducted in adult male, adult female, and postmenopausal
female populations aged over 18 years from the United
Kingdom, North America, China, Korea, Italy,
Australia, Greece, and Israel.** As a result, from the
SRM of 4/29 included RCTs, the authors concluded that
acute ACN intake with doses of between 1 and 724 mg/
day from various sources caused a significant 3.92% im-
provement in arterial FMD (SMD: 3.92%, 95% CI:
1.47-6.38, P=0.002, I* = 91.8%).>* In the same way, af-
ter the SRM of the results of 4/29 included RCTs,
chronic ACN consumption from diverse sources signif-
icantly improved arterial FMD (SMD: 0.84%, 95% CI:
0.55-1.12, P < 0.001; I* = 62.5%).**

Finally, after the evaluation of the results of 2/29 in-
cluded studies in the SRM, acute ACN supplementation
significantly enhanced the pulse wave velocity by -
1.27m/s (SMD: -1.27, 95% CI: -1.96, -0.58, P < 0.001;
P =17.8%) and increased the vascular reactivity (SMD:
2.41, 95% CI: -0.91, -3.91, P=0.002; I*=92.6%).**
These benefits were noted for healthy individuals and
nonhealthy populations that included obese, over-
weight, and hypertensive subjects.”* No significant dif-
ferences were noted for the arterial augmentation
index, a measure of systemic arterial stiffness.”* Hence,
ACNSs (mostly extracts or purified ACNs) significantly
improve endothelial function in healthy subjects but

1524

also in people suffering from obesity, overweight, or
hypertension.

Blood pressure and hypertension. In the OS-SRM of 20
OSs (cross sectional [n=15], prospective cohort
[n=7]), published between 2002 and 2018, the associa-
tion between dietary ACN intake and the occurrence of
hypertension was assessed from 200256 participants
(45732 cases of hypertension).”” Dietary ACN intake
was found to be significantly associated with an 8% re-
duction in the risk of hypertension, when comparing
the highest against the lowest dietary exposure to ACNs
(RR: 0.92, 95% CI: 0.88, 0.97; I’ = 74%),”” although the
specific values for the “highest” and “lowest” dietary
exposures were not defined by the original authors of
the SRM.”

However, the effects of ACNs on blood pressure
and other CVD biomarkers were assessed in the RCT-
SRM based on 12 RCTs published between 2005 and
2014,% and no significant effects of the ACN interven-
tions on the participants’ blood pressure values were
noted for doses between 19.2 and 640.0 mg/day.®
Interestingly, no adverse effects of ACNs were reported
across the studies at levels of up to 640 mg/day.®
Nonetheless, in one of the RCTs included in the RCT-
SRM, an 85 mg/day dose of a flavonoid-rich chokeberry
extract (Aronia melanocarpa; 25% ACNs) or a placebo
was added to the statin therapy of postmyocardial in-
farction patients for 6 weeks, resulting in significant
decreases in both the systolic and diastolic blood pres-
sure values.>*?

Accordingly, in an RCT-SRM including 6 clinical
studies (RCTs [n = 5], crossover [n = 1]), including 472
postmenopausal light smokers or healthy participants
(in China, England, Norway, and Italy), no effects of
ACN doses of between 162 and 640 mg/day on either
systolic blood pressure (weighted mean difference:
1.15mmHg, 95% CI: -3.17, 5.47; I = 56%) or diastolic
blood pressure were identified (weighted mean differ-
ence: 1.06 mmHg, 95% CI: -0.71, 2.83; I* = 0.00%).>®

Additionally, in another RCT-SRM, the effects of
the administration of any type of flavonoid-rich fruit or
equivalent supplement, including ACNs, were com-
pared against placebo or other interventions in 119
adult subjects with hypertension from 3 RCTs pub-
lished between 2007 and 2016.>’ The subgroup analysis
showed no significant effects of ACN intake on systolic
or diastolic blood pressure values (mean difference
[MD]: 0.96, 95% CI: -3.22, 1.30; P=0.41, I*=0.00%)
when compared against a placebo.”” In accordance, no
significant effects were observed on systolic or diastolic
blood pressure (P > 0.05).%!

Therefore, despite the reduced risk of hypertension
found in OSs after ACN dietary intake, no effects of
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ACN supplementation (mostly as extracts or purified
ACNs) on hypertension were determined from the
included RCTs.

Plasmatic lipid profile. The effects of ACNs on the lipid
profiles of humans were assessed in 3 RCT-SRMs.*?"*°
In the systematic review of 12 RCT articles, 10 studies
describing the effects of ACNs on diverse CVD bio-
markers were assessed in European (n=35), Chinese
(n=2), Iranian (n=2), and Mexican (n=1) popula-
tions.® As a result, the consumption of ACN doses of
between 19.2 and 640.0 mg/day significantly decreased
the values of plasmatic LDLc by approximately 14.08%.°
Notably, all 4 RCT's reporting positive results were con-
ducted on hyperlipidemic (n=3) and dyslipidemic
populations (n = 1); healthy populations did not report
significant changes in LDLc.® Moreover, ACN supple-
mentation with doses of 19-140 mg/day also increased
the high-density lipoprotein cholesterol (HDLc) plas-
matic levels by approximately 11.79% in hyperlipi-
demic, dyslipidemic, healthy, metabolic syndrome, and
prehypertensive individuals,® and significantly reduced
the total cholesterol (TC) values by between 5.86% and
25.53% (P < 0.01) in patients with metabolic syndrome
or hyperlipidemia.®

In addition, the cholesterol-lowering properties of
ACNs were assessed in the RCT-SRM of 586 dyslipi-
demic subjects from 6 RCTs.>® As a result, when com-
pared against the placebo group, the consumption of
ACN doses of 90-320 mg/day for 4-24 weeks signifi-
cantly reduced the plasmatic levels of TC by 24 mg/dL
(MD: -24.06, 95% CI: -45.58, -2.64 mg/dL; I* = 93%),
of triglycerides (TGs) by 26.14mg/dL (MD =-26.14,
95% CI: -40.20, -3.08 mg/dL; I =66%), and of LDLc
by 22.10mg/dL (MD: -22.10, 95% CI: -34.36, -9.85;
mg/dL; IP=61%), while increasing the HDLc by
5.58 mg/dL (MD: 5.58, 95% CI: 1.02, 10.14 mg/dL;
P =90%).”

These ACN effects were particularly true for
Iranian (MD: -50.58, 95% CI: -86.52, -14.64 mg/dL,
I’ =89%) and Chinese (MD: -6.59, 95% CI: -12.44,
-0.73 mg/dL, I* = 1%) populations.*

Moreover, in a high-quality RCT-SRM of 27 trials,
the effects of ACNs on glycemic control and plasmatic
lipids were assessed in 1491 volunteers (732 cardiome-
tabolic patients).”’ It was found that the intake of 200-
400 mg/day of ACNs from diverse sources was associ-
ated with a decrease in TC of 0.33 mmol/L ([12.76 mg/
dL] SMD: -0.33; 95% CI: -0.62, —0.03; I* = 86.9%) and
a decrease in LDLc of -0.35mmol/L ([13.53 mg/dL]
SMD: -0.35; 95% CI: -0.66, —0.05; I = 85.2%) and mar-
ginally increased HDLc values of +40.24 mmol/L
((928mg/dL] SMD: 024; 95% CIL 0.0, 0.49;
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I*=81.1%).>" Moreover, the TG, ApoAl, and ApoB
plasmatic values were not significantly modified.*!

The information available on the effects of ACN in-
take (mostly as extracts or purified ACNs) on plasmatic
lipids showed reduction in TGs, TC, and LDLc, while
increasing HDLc plasmatic values.

Cancer. The associations between dietary ACN intake
and cancer were assessed in 1 moderate-quality’' and 1
high-quality OS-SRM.>* In the first OS-SRM, the asso-
ciations between ACN dietary intake and breast cancer
risk were assessed from 9513 breast cancer patients and
181 906 controls involved in 12 OSs (prospective cohort
[n=6], nested case-control [n=1], population-based
case—control (n=2), hospital-based case—control
[n=3]), published between 1997 and 2010.3! As a re-
sult, there were no significant associations between
ACN dietary intake and breast cancer risk (RR=0.97,
95% CI: 0.87, 1.08).”"

Additionally, the associations between ACN dietary
intake and gastric cancer risk were assessed in 949 226
patients and controls from 6 OSs (cohort [n =2], case-
control [n =4]) published between 2004 and 2017.% As
a result, no significant associations between the dose-
response relationship were found in this OS-SRM
(RR=0.92, 95% CI: 0.81, 1.04).”> Furthermore, no sig-
nificant associations were found for the linear or non-
linear dose response of ACNs in the subgroup analysis
by gender (men: RR =1.02, 95% CI: 0.73, 1.40; women:
RR =0.80, 95% CI: 0.52, 1.23) or for tumor location
(cardia: RR=0.90, 95% CI: 0.62, 1.31; noncardia:
RR =0.86, 95% CI: 0.69, 1.07).>?

Thus, ACN dietary intake showed no significant
associations with breast cancer or with gastric cancer
risks.

DISCUSSION

This umbrella review has been compiled following the
principles published by the Joanna Briggs Institute.'’
The main goal of the review was to summarize, con-
trast, and compare the currently available information
on the effects of ACN consumption on human health
from RCT-SRMs, and on the association between ACN
consumption and various health outcomes from OS-
SRMs. The review was performed following the princi-
ples published by Aromataris et al.'> Consequently, the
objectives, search strategy, presentation of results, and
summary of evidence were extracted from the literature,
providing a comprehensive analysis of the available evi-
dence regarding the effects of ACN intake and supple-
mentation on human health. In an attempt to provide a
descriptive analysis of the available information, the
present umbrella review included as many health
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outcomes related to noncommunicable chronic diseases
as possible.

Based on the information obtained from 5 OS-
SRMs that included 57 OSs (32 prospective, 15 cross-
sectional, and 10 case-control studies, containing
2134336 participants), ACN intake from various sour-
ces, such as berries, was significantly associated with an
8% reduction in the risk of hypertension, as reported by
the authors.”’”

Based on the information obtained from 8 RCT-
SRMs that included 139 RCTs and >4984 participants
(surprisingly, 2 SRMs®** did not report the original
RCT participant numbers), ACN extracts improved the
plasmatic lipid profile and endothelial function without
having significant effects on blood pressure.

Thus, the information obtained from the included
OS-SRMs and RCT-SRMs provides new perspectives
for the management of cardiometabolic diseases in
humans, with the exception of blood pressure, for
which a reduction in hypertension risk was observed,”’
but intervention studies did not support blood pressure
reduction ®2!2%2%29

ACNs, glucose metabolism, and T2DM

T2DM is characterized by insulin resistance and high
blood sugar in association with multiple long-term
complications, including coronary heart disease, stroke,
kidney failure and a reduction in blood flow to the ex-
tremities, causing significant morbidity and mortality.
In recent years, T2DM has considerably increased in
prevalence among the general population, particularly
for younger individuals, which contributes to longer ex-
posure to the disease and increased risk of complica-
tions and numerous adverse effects.”* Accordingly, the
prevention and treatment of T2DM has attracted signif-
icant interest from the scientific and medical communi-
ties. In accordance, an analysis of the effects of ACN
consumption on glycemic control,”"*® as well as of the
association between ACN intake and the risk of T2DM,
was conducted.*’

From epidemiological studies including over
200894 participants, dietary ACN intake of approxi-
mately 22 mg/day coming from various sources reduced
an individual’s risk of T2DM by 15%.”" The benefits of
ACNs on the reduction of T2DM risk are dose depen-
dent, since additional 5% reductions are reported per
7.5 mg/day increase in dietary ACN intake, mostly from
berry consumption,”® demonstrating the benefits of
chronic ACN intake.

Moreover, the information retrieved from the
RCT-SRMs regarding the effects of ACNs (mostly as
ACN extracts or purified ACNs) on diverse glucose me-
tabolism  biomarkers demonstrates that ACN
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supplementation with doses of between 200 and
400 mg/day significantly reduces fasting glucose levels
by 5.58 mg/dL and Hb1Ac values by 0.65 units.”’ In ad-
dition, ACN consumption of between 31.45 and
1050 mg/day significantly decreased the HOMA-IR by
between 0.21°° and 0.65 units in overweight-obese
subjects.”!

These results suggest that some of the effects of
ACN consumption on glycemic control as observed in
RCTs might explain the reduction in the risk of T2DM
observed in healthy individuals consuming the highest
dietary amounts of ACNs in general.”

Furthermore, one possible mechanism of action of
the effects of ACN intake on glucose metabolism can be
supported by some in vitro studies showing that ACNs
promote the synthesis of glycogen and reduce gluco-
neogenesis in HepG2 cells.”” The reduction in gluco-
neogenesis is caused by a decrease in the activity of 2
important enzymes, phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphatase, in response to the acti-
vation of PPARy caused by incubation of HepG2
cells** and adipocytes®”*® in a 1000 ug/mL concentra-
tion of ACN. Thus, the in vitro cell results demonstrate
that 1000 ug/mL ACN extracts from mulberry increase
cellular glucose uptake and reduce insulin resistance in
adipocytes®”*® and hepatic cells.”>*°

Moreover, in a meta-analysis of 18 studies in which
the associations between dietary flavonoid intake and
T2DM risk were evaluated, a nonlinear association be-
tween ACN intake and T2DM risk was found, suggest-
ing that the intake of recommended ACN doses should
minimize the risk of T2DM.””

Finally, in vitro, ACNs downregulate the expres-
sion of the GLUT2 transporter in human intestinal
Caco-2 cells,”®** possibly explaining why patients show
diminished intestinal glucose absorption, reflected as
better postprandial glycemia in healthy populations."*

Consequently, ACN intake significantly reduces
the risk of T2DM in humans and aids in its
management.

ACNs and arterial FMD functional assessment and
vascular inflammation

To date, the ACN effects on endothelial function have
been assessed only in 1 high-quality RCT-SRM, in which
it was determined that acute ACN supplementation with
ACN-rich foods, ACN-rich extracts or purified ACNs
significantly increases arterial FMD values by 3.92%,
reduces pulse wave velocity values by 1.27m/s, and
increases vascular reactivity in adults >18 years old.**
Additionally, chronic supplementation for between
1 and 12 weeks with 12-625 mg/day ACNs from ACN-
rich foods, ACN-rich extracts, or purified ACNs to
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healthy and nonhealthy populations, such as smokers,
hypertensive patients, and patients with metabolic syn-
drome, significantly increases arterial FMD by 0.84%,>*
demonstrating beneficial effects on vascular function
from both acute and chronic supplementation.

Acute ACN consumption, using doses of between 7
and 724mg/day from various berry extracts, signifi-
cantly improves vascular function, and increased arte-
rial FMD possibly arises from the effects of various
phenolic compounds, for instance, during the first 2 h,
caused by the presence of vanillic and benzoic acids in
plasma, while the ACN effects observed after 6 h appear
to be caused by hippuric and homovanillic acid concen-
trations in the plasma of healthy males.*"**

Moreover, the acute benefits on vascular function,
FMD, associated with ACN supplementation are pro-
voked by the regulation of proteins involved in nitrous
oxide (NO) metabolism, consequently enhancing the
endothelial function observed in healthy humans.*"*’
The regulation of proteins involved in NO metabolism
by ACNs reduces the expression of various adhesion
molecules in endothelial cells in humans***' and pre-
vents peroxynitrite-mediated endothelial dysfunction,
as demonstrated by incubating human umbilical vein
endothelial cells in a 0.085 uM cyanidin-3-glucoside (an
ACN metabolite) concentration in vitro.*>** The bene-
ficial effects on FMD are not accompanied, however, by
an ACN-mediated blood pressure reduction.

Finally, chronic ACN supplementation using doses
of >300 mg/day from various berry extracts significantly
decreases various markers of vascular and systemic in-
flammation, such as CRP, IL-6, TNF-a, ICAM-1, and
VCAM-1, while increasing adiponectin levels in the
plasma of healthy, hypertensive, and cardiometabolic
patients,” thus demonstrating a beneficial influence of
ACNSs on vascular and systemic inflammation.

ACNs and blood pressure

There is contradictory information from RCTs regard-
ing the effects of ACN intake on blood pressure values
in human populations, and from OSs on the associa-
tions between ACN intake and blood pressure. Our
analysis of OS-SRMs indicated that a chronic dietary
ACN intake of approximately 500 mg/day is associated
with an 8% reduction in the risk of hypertension in the
general population.”’

However, the effects of ACN supplementation us-
ing doses of between 162 and 640 mg/day for 4-
12 weeks showed no effects on blood pressure values in
postmenopausal women, light smokers, or healthy
humans.”® Thus, the association between ACN intake
and a reduced risk of hypertension could be caused by
other bioactive components present in ACN-rich fruits,
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such as soluble fiber.* Moreover, in OSs, the presence
of inadvertent and unanalyzed confounding variables,
such as recall bias or some unintended recollection
errors,*®* could explain the reduction in the risk of hy-
pertension observed in healthy individuals consuming
larger amounts of ACN-rich fruits, providing >500 mg/
day ACNs.”’

Interestingly, ACNs could be of some aid in the
treatment of acute myocardial infarction patients un-
dergoing a secondary cardiovascular prevention regi-
men, since ACN supplementation with doses of
between 162 and 640 mg/day for 6 weeks significantly
reduced the severity of inflammation assessed through
highly sensitive C reactive protein serum concentrations
and oxidized LDLc concentrations, and lowered the sys-
tolic and diastolic blood pressure values by mean aver-
age values of 11 and 7.2mmHg, respectively, when
compared against a control group treated only with
statins.>

ACNs and the plasmatic lipid profile

Evidence regarding the effects of ACN supplementation
on plasma lipids in human RCTs consistently reports
various clinically relevant beneficial effects.

It has been demonstrated that supplementation
with 300 mg/day doses of ACNs can significantly de-
crease plasmatic TC concentrations to between
12.76 mg/dL and 24.06 mg/dL,*"***° and LDLc concen-
trations to between 10.67 mg/dL and 22.10 mg/dL in hy-
percholesterolemic subjects.*">**

On the other hand, ACN doses of between 90 and
320 mg/day for between 4 and 24 weeks significantly re-
duced the plasmatic concentration of TGs by 26.14 mg/
dL in dyslipidemic subjects in only one of the included
studies.™

Finally, the 300 mg/day ACN dose demonstrated a
significant increase in HDLc plasmatic concentrations
of between 5.58 mg/dL* and 9.28 mg/dL*' in patients
suffering from hyperlipidemia, metabolic syndrome,
and prehypertension.

The improvement in plasma lipids secondary to
ACN supplementation might be related to the improve-
ment in reverse cholesterol transport and HDL particle
functionality that has been described in humans, acting
beyond a simple increase in ¢ concentrations.*® In dysli-
pidemic subjects, ACN doses of between 200 and
400 mg/day for at least 4 weeks can enhance the choles-
terol efflux capacity of HDL particles in healthy humans
by inhibiting cholesteryl ester transfer protein
(CETP).*

In addition, ACNs exert an antioxidant effect on
HDLs by improving paraoxonase-1 activity in HDL
particles, leading to increased HDL functionality in
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hypercholesterolemic subjects,”” and they have also
shown interesting potential for the reduction of aortic
cholesterol levels, as demonstrated in hyperlipidemic
mice.”®

The proposed ACN mechanism of action was
found in vitro, demonstrating that various ACN metab-
olites, predominantly cyanidin-3-glucoside and
peonidin-3-glucoside, can increase the luminal precipi-
tation of cholesterol in human Caco-2 cells, which
could be explained by the suppression of cholesterol up-
take via competitive inhibition.”"

In parallel, the luminal precipitation of cholesterol
from a diet containing 1% ACNs for 6 weeks can ex-
plain the high ACN fecal excretion and lower plasmatic
cholesterol values observed after ACN administration
in hamsters.”>

As a result, it has been demonstrated that ACN
supplementation induces several beneficial changes in
plasma lipids and can improve HDL functionality in
humans 8212630

ACNs and cancer

Analysis of the association between an ACN dietary in-
take of at least 1 mg/day and cancer risk in humans
assessed according to 2 high-quality OS-SRMs of cohort
studies®>”' showed no association with decreased risk
of breast cancer’' or gastric cancer.*”

Potential associations between ACNs and the risk
of other types of cancer, such as prostate, colon, or pan-
creatic cancer, have not been addressed thus far in
high-quality SRMs, which indicates an ongoing oppor-
tunity for future research in the field.

Limitations

The fact that umbrella reviews are a type of systematic
review that summarizes what is known regarding a par-
ticular subject and focuses only on the evidence avail-
able from the included SRMs results in various
limitations related to the original studies included in
the original SRMs, such as the amount of evidence
available, the quality of the original studies, and the
richness of their analyses.”

One of the most important limitations of the pre-
sent umbrella review is that restricting the information
from other reviews that differ from SRMs, such as nar-
rative reviews, reduces the final amount of data avail-
able for analysis from other publications."™” To
address this and to amplify the number of SRMs, a
broader search term and less stringent inclusion and ex-
clusion criteria would need to be applied to find all pos-
sible relevant articles.
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Additionally, special considerations must be taken
when analysing the positive health effects of ACNs (ob-
served in RCTs) or associations between ACNs and
health benefits (observed in OSs) resulting from whole-
food consumption, as the attribution of any result to
one single bioactive compound is hindered because of
the presence of other bioactive molecules that might ac-
count for a portion of the results, or because of the in-
teraction between different bioactive compounds within
a food, such as may occur with soluble fiber.”* >

Moreover, a summary of the outcomes of SRMs
might result in “an optimistic picture” of evidence,
mostly caused by positive publication bias™’; therefore,
restraint should be applied when interpreting the results
of some of the outcomes assessed here.

Similarly, parallel considerations should be taken
regarding the possible interactions between ACNs and
cancer, since the effects of ACNs in cancer patients
have not been assessed in RCT-SRMs thus far; thus, the
results are not presented as a part of the present review.

In addition, OS-SRMs evaluate and describe the
associations between the estimated ACN dietary intake
and various health outcomes for very different popula-
tions with important differences in each population
baseline diet: consumption of distinct amounts and
types of foods with ACN contents hinders the interpre-
tation of the results.

Finally, some consideration should be taken when
interpreting the results from the present umbrella re-
view, as the high heterogeneity (I°) of the results
reduces the strength of the conclusions.

CONCLUSIONS

From 5 OS-SRMs, including 57 studies and more than
2.1 million participants, ACN dietary intake might be
significantly associated with a clinically relevant reduc-
tion in the risks of T2DM and hypertension, while no
beneficial associations between ACN dietary intake and
the risk of breast or gastric cancer were reported.

From 8 RCT-SRMs, including 139 RCTs and
>4984 volunteers, it was suggested that purified ACN
supplementation significantly reduce the HOMA-IR,
fasting glucose, HblAc, TC, TGs, and LDLc values,
while also increasing the HDLc concentrations in the
plasma of healthy volunteers and dyslipidemic patients.

Additionally, ACNs might improve arterial FMD,
pulse wave velocity, and vascular reactivity, indicating
some beneficial effects of ACNs over various markers of
cardiometabolic disease.

The current evidence does not support any effects
of ACN supplementation on systolic or diastolic blood
pressure values.
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The effects of ACN doses of between 200 mg/day
and 400 mg/day for at least 4 weeks seem to provide signifi-
cant health benefits, particularly for cardiometabolic health.

As a result, based on OS-SRMs, chronic ACN die-
tary intake might be associated with the prevention of
T2DM and hypertension. According to RCT-SRMs, it
has been suggested that supplementation using ACN-
rich extracts or purified ACNs could be considered in
the management of glucose metabolism, hypercholes-
terolemia, and the improvement of endothelial function
in humans.
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