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Abstract

Background/Objective

Hypertension is an important risk factor for cardiovascular disease, and diet has been iden-
tified as a modifiable factor for preventing and controlling hypertension. Besides, epidemio-
logical studies have suggested an inverse association between polyphenol intake and
cardiovascular diseases. The aim of this study was to evaluate the association between the
intake of polyphenols and hypertension in a general population of Sao Paulo.

Methods

Data came from the ‘Health Survey of Sao Paulo (ISA-Capital)’ among 550 adults and older
adults in Sao Paulo, Brazil. Diet was assessed by two 24-hour dietary recalls (24HR).

Usual intakes were calculated using the Multiple Source Method. Polyphenol intake was
calculated by matching food consumption data from the 24HR with the Phenol-Explorer
database. The associations between the hypertension and tertiles of the total and classes
of polyphenols intake were tested by multivariate logistic regression analysis.

Results

After multivariate adjustment for potential confounding factors the findings showed an
inverse and linearly association between the hypertension and highest tertiles of tyrosols
(OR =0.33; 95%CI 0.18, 0.64), alkylphenols (OR = 0.45; 95%CI 0.23, 0.87), lignans (OR =
0.49; 95%CI 0.25, 0.98), as well as stilbenes (OR = 0.60; 95%CI 0.36, 0.98), and other
polyphenols (OR = 0.33; 95%CI 0.14, 0.74). However, total polyphenol intake, and phenolic
acids were significantly associated only in the middle tertile with hypertension and flavo-
noids were not significant associated.

Conclusion

There is an inverse and linearly association between the highest tertile of some classes of
polyphenols, such as, tyrosols, alkylphenols, lignans, stilbenes, other polyphenols and
hypertension.
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Introduction

Polyphenols are considered to have beneficial effects on human health and provide protection
against several chronic diseases, such as cardiovascular diseases (CVD) [1, 2]. They are com-
mon constituents of the human diet, present in plant-derived foods and beverages, e.g., fruits,
vegetables, nuts, seeds, herbs, spices, cocoa, tea, coffee, wine, and they represent more than
8000 phenolic structures [3, 4]. Dietary polyphenols are divided into four main classes: flavo-
noids, phenolic acids, stilbenes, and lignans, that are largely present in a glycosidic form (glyco-
sides of flavonoids, lignans, and stilbenes) or as esters (phenolic acids esterified to polyols such
as quinic acid) [5].

Dietary phenolic compounds have a protective role against cardiovascular risk due to the
numerous chemical and structural properties, and biological effects including high antioxidant
capacity in vitro and in vivo, anti-inflammatory and anti-hypertensive effects, and improved
endothelial function [6, 7], produced by different mechanisms and, in some cases, different
compounds [2]. Thus, a plausible hypothesis is that the polyphenols can stimulate the formation
of vasoprotective factors, such as nitric oxide (NO) and endothelium-derived hyperpolarizing
factor (EDHF) to promote vasodilatation, inhibit platelet aggregation in humans, and they can
also improve vascular smooth muscle function, by reducing the excessive vascular oxidative
stress of pathological blood vessels associated with many cardiovascular risk factors [2, 6].

Hypertension is a highly prevalent cardiovascular risk factor in Brazil (above 30%) [8], and
it is the major global health problem, affecting approximately 1 billion individuals and causing
7.6 million premature deaths, as well as 6% of all causes of disability worldwide [9]. This dis-
ease is defined as systolic blood pressure (SBP) greater than 140 mmHg or diastolic blood pres-
sure (DBP) greater than 90 mmHg and/or the use of antihypertensive medication [8, 10].

Despite the therapeutic advances, the number of people with uncontrolled blood pressure is
also increasing, mainly as a result of the adoption of unhealthy lifestyle habits [11]. In this con-
text, current evidence strongly supports that diet is a determinant factor for preventing and
controlling hypertension [11, 12]. In addition, it is agreed that the diet rich in fruits, vegetables,
and low-fat dairy foods and reduced in saturated fat and salt intake, moderated in alcohol
intake, and increased potassium intake is inversely associated with high blood pressure (BP)
[12,13].

Furthermore, observational studies have demonstrated an inverse association between con-
sumption of polyphenol-rich foods (e.g. fruits, vegetables, cocoa) or beverages (e.g. wine, espe-
cially red wine, grape juice, tea) and the incidence of CVD [14], CVD-related mortality [15]
and the risk of overall mortality [16]. However, even now, only one epidemiological study
shows the relationship between BP and intake of polyphenols [17].

In this context, the aim of this study was to assess the association of the total polyphenol
intake and polyphenol classes (i.e., phenolic acids, flavonoids, alkylphenols, stilbenes, tyrosols,
lignans, and other polyphenols) with the prevalence of hypertension.

Materials and Methods

Study population and data collection

The study population was selected from the ‘Health Survey of Sao Paulo (ISA-Capital); a
cross-sectional study of health and living conditions among a representative sample of individ-
uals living in Sao Paulo, south-eastern Brazil, in 2008 and 2009.

A two-stage cluster sampling was used: census tracts and household. In the first stage, the
census tracts were drawn using probability of the number of households in the ‘National
Household Sample Survey’ (NHSS) conducted in 2005 [18]. In the second stage, the
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households were drawn using inverse probability of the number of households in each NHSS.
The drawing was systematic, and six study domains were defined by age groups and sex:
females and males aged 13 to 19 years old (adolescents), 20 to 59 years old (adults) and 60
years old or over (older adults).

A total of 2,691 individuals, aged 12 years old or over, were selected to answer questions
about diet, life conditions (e.g. physical activity, and smoking) and socio-demographic infor-
mation (e.g. age, sex, race, educational level, and family income). Of all the selected partici-
pants, 38% (n = 1,029) refused to participate or changed their address/telephone and could not
be located or found at home, even after three visits made at different times (during weekdays
and weekends). Despite the loss was not differential among census tracts and socio demo-
graphic features, sampling weights were recalculated for each individual considering the sam-
ple design, the adjustment for non-response, and post stratification adjustment for gender and
age group, in order to equalize the socio demographic features of the sample. Of those 1,662
(62%) individuals who participated, 750 subjects (adolescents, adults, and older adults)
donated a blood sample, completed two 24-hour dietary recalls (24HR), and anthropometric
data as well as arterial BP were measured. For the present study, only adults and older adults
were included totalizing a final sample of 550 individuals ‘S1 Fig’

The study protocol was reviewed and approved by the Ethics Committee at the School of
Public Health, University of Sao Paulo (Approval Number: 003.0.162.000-08). A written
informed consent form was obtained from all participants included in the current study. We
would like to inform that the sample of the present study doesn’t include minors/children and
adolescents. However, just to clarify, the main study, ‘Health Survey of Sao Paulo (ISA-Capi-
tal)” also obtained the written informed consent on behalf of the minors/children, according to
ethical requirements.

Assessment of dietary intake

The dietary intake was measured by two multiple-pass 24HR. The first 24HR was administered
at households using the Multiple Pass Method [19] and the second 24HR was administered by
telephone using the Automated Multiple Pass Method [20]. The telephone calls were made to
the participants’ home or their mobile phone. These methods are structured in five steps: 1) a
quick list, where participants list all the foods and beverages consumed uninterruptedly; 2) a for-
gotten list; participants are asked about commonly forgotten foods consumed, such as candies,
coffees, and sodas; 3) time and location of food and beverage intake; 4) detailing cycle, that is, a
description of the way of preparation and amounts consumed, and 5) final review, that verifies
whether a certain food consumed during the day was not previously recorded [19, 20].

The sampling days covered all the days of the week and seasons. Foods reported in each
24HR were critically reviewed to identify any failures in reporting related to the descriptions of
the food consumed or to food preparation techniques, including their apportioning and quan-
tification. The dietetic data were entered in the Nutrition Data System for Research software
version 2007 (Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN,
USA) [21].

The Multiple Source Method (MSM), a statistical modeling technique, was used to estimate
the usual dietary intake of polyphenols and nutrients (sodium, saturated fat, fiber and alcohol)
and to remove within-person variation. This technique uses two 24HR. First, the MSM calcu-
lates the dietary intake of individuals and then builds the population distribution based on
individual data [22]. All participants were considered polyphenol consumers in MSM, because
the technique could modify the first percentiles of distribution and it does not modify mean of
usual intake of polyphenols.
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The reporting of implausible dietary energy intake (EI) was estimated using the predicted
total energy expenditure (TEE) method [23] and, the standard deviations were calculated using
estimates of variation in energy balance components published [24]. In present study, the mis-
reporting of intake was categorized as under-reporting, plausible-reporting or over-reporting.

Estimation of polyphenol intake and dietary contributors of polyphenols

Data on the polyphenol content in foods were obtained from the Phenol-Explorer database
(www.phenol-explorer.eu) that contains data on the content of 502 polyphenols in 452 foods [5].

Polyphenol intake was calculated by matching usual food intake data from the 24HR (using
MSM) and the polyphenol content in foods from the Phenol-Explorer database. The individual
polyphenol intake from each food was calculated by multiplying the content of each polyphe-
nol by the daily consumption of each food. The total polyphenol intake was calculated as the
sum of all individual polyphenol intakes from all food sources reported by the 24HR. Other
details on estimation of polyphenol intake are available elsewhere in previous publication [25].
Besides, the total polyphenol intake was categorized according to polyphenol classes, such as
phenolic acids, flavonoids, alkylphenols, stilbenes, tyrosols, lignans, and other polyphenols, a
wide class which includes alkylmethoxyphenols, furanocoumarins, hydroxybenzaldehydes,
hydroxybenzoketones, hydroxycinamaldehydes, hydroxycoumarines, and naphthoquinones,
accounted for very low intake (each one <0.1 mg/day).

For dietary contributors of polyphenols, a ratio of the daily total polyphenols provided by the
specific food or food group over the total intake of polyphenols from all foods was used to calcu-
late the contribution of each food or food group to the daily total intake of polyphenols [25].

Anthropometric measures and lifestyle characteristics

A trained research nurse measured body weight and height, using a standardized protocol.
Body mass index (BMI) was calculated by dividing weight (kilograms) by the square of height
(meters) and then classified as underweight and normal weight (<25 kg/m?) or overweight
(>25 kg/m?) according to the World Health Organization [26]. The physical activity level was
categorized as daily low active or active, according to the international physical activity ques-
tionnaire (IPAQ) [27], validated in Brazil [28]. The smoking status was categorized as non-
smoker and former smoker or current smoker.

Ascertainment of the outcome

The individuals were instructed, by telephone in the day before the visit, to refrain from prac-
ticing physical activity 60 to 90 minutes before BP measurement, and do not to eat, drink or
smoke within 30 minutes prior to the measurement. During the home visit, BP was measured
using an automatic blood pressure monitor (Omron HEM-712C, USA), handled by a nursing
technician, who also collected data on medication use, including antihypertensive drugs. BP
was measured on the right and left arm, both free of clothes, with the subject in the sitting posi-
tion and in silence, observing a one-minute interval between measurements, according to the
recommendations of the V Brazilian Guidelines on Hypertension for adults [8]. Two other
measurements were taken, with the same interval, on the arm that showed the highest BP level.
The final BP value was obtained by calculating the simple arithmetic mean of the last two
measurements.

Hypertension was defined by using cutoffs according to the national and international rec-
ommendations, which classifies hypertension as a SBP>140 mmHg or a DBP >90 mmHg, use
of antihypertensive medication, or both [8, 10].
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Statistical Analyses

The baseline characteristics of the participants were presented as medians and interquartile
range (IQR) for continuous variables, and frequencies and percentages for categorical variables
across tertiles of total polyphenol intake. Differences between tertiles were tested by Kruskall-
Wallis test for continuous variables and by the chi-square test for categorical variables. Major
food contributors (% contribution to polyphenol class) were also determined.

The associations between the dependent variable (hypertension) and the following indepen-
dent variables: tertiles of total polyphenol intake, total phenolic acids, flavonoids, lignans, stil-
benes, tyrosols, alkylphenols, and others, were tested by multivariate logistic regression
analysis to adjust for potential confounders, described below. All covariates with P-value <0.20
in univariate analysis were selected for multiple regression analyses and included in regression
model by stepwise forward procedure. Three models were fitted with each independent vari-
able. The first model was adjusted for age (years) and sex (male or female); the second model
was further adjusted for race (white or others), educational level (medium-until high school or
high-university), BMI (under/normal weight or overweight), smoking (no or yes), and physical
activity (low active or active); the third model was additionally adjusted for intake of sodium
(milligrams/day), fiber (grams/day), saturated fat (grams/day), alcohol consumption (grams/
day), total energy intake (kcal/day), and misreporting of intake (under-reporting, plausible-
reporting or over-reporting). The adjusted odds ratio and 95% confidence interval (95% CI)
were estimated.

Furthermore, we conducted statistical analysis with the additional adjustment for potassium
and calcium intake in the third model, however there was no modifications in measures of
association (OR and 95% CI) (unpublished data). Thus, we decided to keep the most parsimo-
nious models, with better adjustment for the Hosmer-Lemeshow goodness-of-fit test.

All analyses were conducted using the appropriate sample weights to account for the com-
plex survey design. Tests for linear trend were calculated by assigning the median value for
each exposure category and modeling the values as continuous variables. For all analyses,
Stata™ statistical software package version 12 was used and a P-value<0.05 was considered sta-
tistically significant.

Results

A total of 550 individuals were available for the final analyses. The sample was comprised of
80.2% adults and 19.8% older adults, 54% women, mostly self-declared white (61.0%), with a
university level (69.9%), overweight (56.3%) and non-smokers (58.3%). The mean and median
polyphenol intake for the whole population was 392.6 and 360.6 mg/day.

The distributions of potential risk factors for hypertension in this population according to
tertiles of total polyphenol intake are shown in Table 1. The highest tertile of total polyphenol
intake was significantly associated with age, intakes of saturated fat, dietary fiber and arterial
BP. The other characteristics (sex, race, physical activity, educational level, smoking status,
BMI, misreporting, sodium and alcohol intake) did not differ significantly across tertiles of
total polyphenol intake.

Classes of polyphenols and its main food contributors

The main polyphenols’classes were: phenolic acids 290.3 (133.0, 400.3) mg/day, representing
79.9% of total intake of polyphenols, and flavonoids 34.5 (17.4, 61.6) mg/day, representing
11.6% of total intake of polyphenols, whereas other polyphenols, such as, alkylphenols, stilbenes,
tyrosols, lignans accounted for lower proportions. The remaining polyphenols were grouped
into a wide class of other polyphenols, representing 1.4% of the total polyphenol intake.
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Table 1. Sociodemographic, lifestyle and dietary characteristics of participants according to tertiles of total polyphenol intake. ISA-Capital study.

Sao Paulo.

Characteristics

Number of subjects
(N =550)

Sociodemographic
Age (years)
Age group
Adults
Older adults
Sex
Male
Female
Race
White
Others
Educational level
Medium
High
Body mass index (Kg/m?)
Under and normal weight
Overweight
Physical activity
Low active
Active
Smoking status
No smoker
Current smoker
Hypertension
No
Yes
Misreporting
Under-reporting
Plausible-reporting
Over-reporting
Dietary
Polyphenol intake (mg/d)
Alcohol intake (g/d)
Sodium (mg/d)

Dietary fiber (g/d)
Saturated fat (g/d)
Total energy intake (kcal/d)

Total polyphenol intake, median (IQR) or

n (%)

43 (31, 56)

261 (80.2)
289 (19.8)

204 (46.0)
346 (54.0)

340 (61.0)
210 (39.0)

287 (30.1)
263 (69.9)

194 (43.7)
356 (56.3)

277 (41.5)
272 (58.5)

303 (58.3)
247 (41.7)

283 (67.9)
267 (32.1)

94 (17.0)
349 (66.3)
80 (16.7)

360.6 (233.0, 478.6)
0.1(0.0,3.7)
3103.3 (2563.4, 3846.2)

16.5 (12.9,19.7)
17.7 (13.3, 23.5)
1693.2 (1361.1, 2017.5)

Tertile of total polyphenol intake, median (IQR) or n (%)

T1 (Lowest)
167

41 (29, 53)

88 (84.0)
79 (16.0)

61(43.2)
106 (56.8)

95 (62.8)
72(37.2)

87 (28.8)
80 (71.2)

62 (46.4)
105 (53.6)

77 (37.2)
90 (62.8)

89 (61.3)
78 (38.7)

82 (62.6)
85(37.4)

39 (24.2)
103 (62.7)
15 (13.1)

192.2 (122.4, 233.0)

0.1(0.0,3.7)

2937.2 (2509.9,

3820.7)

14.4 (1.8, 18.9)
18.5 (14.9, 24.8)
1623.1 (1310.9,

2054.5)

T2 (Middle)
179

40 (32, 57)

85 (81.3)
94 (18.7)

66 (49.5)
113 (50.5)

111 (56.7)
68 (43.3)

91 (28.9)
88 (71.1)

68 (48.2)
111 (51.8)

102 (50.4)
76 (49.6)

103 (60.0)
76 (40.0)

102 (77.3)
77 (22.7)

29 (12.9)
112 (66.7)
30 (20.4)

360.7 (329.6, 401.9)
0.2 (0.0, 2.8)
3241.8 (2528.2,

3890.1)

16.8 (13.8, 19.2)
17.5 (13.5, 23.5)
1743.4 (1423.9,

2088.6)

T3 (Highest) P-value ?

204
47 (33, 59) 0.019'
88 (75.1) 0.0352
116 (24.9)
77 (45.2) 0.593?
127 (54.8)
134 (63.4) 0.5492
70 (36.6)
109 (32.6) 0.7892
95 (67.4)
64 (36.6) 0.2082
140 (63.4)
98 (36.9) 0.0892
106 (63.1)
111 (53.6) 0.4582
93 (46.4)
99 (63.9) 0.0402
105 (36.1)
26 (13.8) 0.2022
134 (69.6)
35 (16.6)

566.9 (478.6,659.7) | <0.001"

0.3(0.0, 3.7) 0.190"
3046.4 (2611.0, 0.503"
3450.9)

17.2 (14.2, 20.8) 0.012"
17.3(12.2,21.7) 0.045'

1715.3 (1375.4, 0.442"
2017.5)

Abbreviation: IQR: Interquartile Range. Comparisons across categories were performed by using ' Kruskall-Wallis test; 2 chi-squared. The sample weight
was considered for statistical analysis. For this reason, the values of proportion of each category of variable aren’t compatible with the frequency of

individuals.

2 p-value<0.05 was considered statistically significant.

doi:10.1371/journal.pone.0165791.t1001
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Table 2. The main food contributors of the polyphenols intake according to classes of polyphenols. ISA-Capital study. Sao Paulo.

Median (IQR),

mg/d
Total 360.6
polyphenols (233.0,478.6)
Phenolic acids 290.3 (133.0,

400.3)
Flavonoids 34.5(17.4,61.6)
Tyrosols 1.8(1.0,3.2)
Alkylphenols 1.0(0.5,1.7)
Lignans 0.1(0.1,0.2)
Stilbenes <0.1 (<0.1)
Others 1.7(0.9,2.3)

---:no food contributor

Main food contributors (%) '

Rank
1st 2nd 3rd 4th sth 6th
coffee (70.5) orange (2.2) tangerine (2.1) | orange juice (2.1) | potatoes (2.0) beans (1.9)
coffee (92.3) potato (2.6) beer (0.9) apple (0.6) tomato (0.4) refined flour (0.3)
orange (15.4) orange juice beans (13.2) onion (8.2) grapes (6.6) apple (6.4)
(13.9)
olives (56.0) olive oil (30.2) beer (9.9) red wine (2.4) vinegar (1.3) white wine (0.1)
whole grain bread | whole grain flour refined flour breakfast cereals beer (0.4) ---(0.0)
(66.8) (22.1) (6.0) (4.7)
sesame seed oil nuts (19.7) sesame seeds olive oil (2.0) flaxseed (1.7) bread refined
(71.3) (3.9) flour (0.7)
red wine (75.8) grape (11.1) strawberry (7.3) | white wine (4.6) | dark chocolate lentils (0.3)
(0.5)
coffee (75.0) orange juice lemon juice (2.3) olives (0.4) beer (0.3) olive oil (0.2)
(21.5)

" In the rank, the number between parentheses refers to the percentage of total intake within each polyphenol class.

doi:10.1371/journal.pone.0165791.t002

The main food contributors according to the different classes of polyphenols are shown in
Table 2. The main dietary sources for the total polyphenols were coffee (70.5%) and fruits,
especially orange. Also, coffee was the primary food item contributing to phenolic acids intake
(92.3%). Major contributors of intake of flavonoids were orange (15.4%), orange juice and
beans. Tyrosols were derived from olives (56.0%) and olive oil; lignans were derived from ses-
ame seed oil (71.3%) and nuts; alkylphenols were present in whole grain bread (66.8%) and
whole grain flour; stilbenes in red wine (75.8%) and grapes; whereas other polyphenols came
mostly from coffee (75.0%), orange and lemon juices.

Total polyphenols intake, polyphenol classes and hypertension

Table 3 presents the associations between hypertension and the tertile of intake of total poly-
phenols and their main classes.

Logistic regression analyses showed an inverse and significant association, only in the mid-
dle tertile, between the total polyphenol intake and phenolic acids with hypertension in all
models, such as after multivariate adjustment (OR = 0.36; 95%CI 0.19, 0.69 and OR = 0.41;
95%CI 0.18, 0.94; respectively).

When the analysis was adjusted for potential confounding factors (model 3), an inverse,
significant and linearly association between higher intakes of tertiles of tyrosols, as well as
alkylphenols, lignans, stilbenes, other polyphenols and hypertension (P-value <0.05), were
observed.

Participants in the highest tertile of tyrosols intake had a 67% reduced odds of hypertension
(OR =0.33;95%CI 0.18, 0.64; P-trend = 0.001). We also found a 55% decrease of hypertension
among subjects in the third tertile of alkylphenols (OR = 0.45; 95%CI 0.23, 0.87; P-
trend = 0.017) compared to those who were in the first tertile. Furthermore, we observed a
reduction in odds of hypertension in patients who consumed more lignans (OR = 0.49; 95%CI
0.25, 0.98; P-trend = 0.048), stilbenes (OR = 0.60; 95%CI 0.36, 0.98; P-trend = 0.043), and other
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Table 3. Association between tertiles of polyphenol intake (total and main classes) and hypertension. ISA-Capital study. Sao Paulo.

Tertile of polyphenol intake by classes, OR (95% Cl)

T1 (Lowest) T2 (Middle) T3 (Highest) P-trend ?
Total polyphenols (mg/d)
No. of persons, n 167 179 204
No. of hypertension cases, n (%) 85 (39.0) 77 (23.5) 105 (37.5)
Dietary intake (mg/d), median (IQR) 190.83 (122.35, 233.01) 360.58 (329.55, 402.15) 566.87 (478.58, 659.72)
Model 1 1.00 0.42(0.21, 0.84) 0.77 (0.39, 1.53) 0.470
Model 2 1.00 0.38(0.19, 0.76) 0.69 (0.34, 1.40) 0.322
Model 3 1.00 0.36 (0.19, 0.69) 0.63(0.30, 1.31) 0.266
Phenolic acids (mg/d)
No. of persons, n 162 193 195
No. of hypertension cases, n (%) 96 (34.9) 73(28.2) 98 (36.9)
Dietary intake (mg/d), median (IQR) 98.81 (48.07, 167.99) 301.97 (230.39, 344.96) 458.21 (396.59, 632.71)
Model 1 1.00 0.57 (0.27, 1.20) 0.75(0.36, 1.54) 0.457
Model 2 1.00 0.47 (0.20, 1.08) 0.65 (0.31, 1.37) 0.284
Model 3 1.00 0.41(0.18, 0.94) 0.59 (0.28, 1.29) 0.226
Flavonoids (mg/d)
No. of persons, n 178 196 176
No. of hypertension cases, n (%) 85 (28.3) 100 (39.8) 82 (31.9)
Dietary intake (mg/d), median (IQR) 31.11 (19.03, 58.06) 34.55 (15.40, 64.78) 41.50 (19.04, 75.07)
Model 1 1.00 0.86 (0.45, 1.63) 0.90 (0.52, 1.55) 0.702
Model 2 1.00 0.96 (0.52, 1.80) 1.01(0.53, 1.81) 0.943
Model 3 1.00 0.83(0.46, 1.51) 0.97 (0.51, 1.84) 0.933
Tyrosols (mg/d)
No. of persons, n 195 200 155
No. of hypertension cases, n (%) 107 (42.8) 103 (37.2) 57 (20.0)
Dietary Intake (mg/d), median (IQR) 1.80 (0.93, 3.22) 1.85(0.97, 2.88) 1.93(0.98, 3.72)
Model 1 1.00 0.79 (0.48, 1.28) 0.35(0.20, 0.61) <0.001
Model 2 1.00 0.89 (0.52, 1.51) 0.38(0.21, 0.70) 0.002
Model 3 1.00 0.88(0.48, 1.59) 0.33(0.18, 0.64) 0.001
Alkylphenols (mg/d)
No. of persons, n 193 190 167
No. of hypertension cases, n (%) 102 (41.3) 95 (33.6) 70 (25.1)
Dietary intake (mg/d), median (IQR) 0.91(0.41, 1.44) 0.96 (0.49, 1.65) 1.00 (0.50, 1.91)
Model 1 1.00 0.75 (0.44, 1.29) 0.46 (0.28, 0.76) 0.003
Model 2 1.00 0.77 (0.41, 1.43) 0.46 (0.27,0.77) 0.005
Model 3 1.00 0.71(0.39, 1.29) 0.45 (0.23, 0.87) 0.017
Lignans (mg/d)
No. of persons, n 190 199 161
No. of hypertension cases, n (%) 99 (42.6) 100 (32.6) 68 (24.8)
Dietary intake (mg/d), median (IQR) 0.09 (0.08,0.14) 0.10(0.08,0.16) 0.11(0.08,0.17)
Model 1 1.00 0.61 (0.35, 1.06) 0.55 (0.30, 1.03) 0.063
Model 2 1.00 0.67 (0.37, 1.21) 0.45 (0.25, 0.83) 0.011
Model 3 1.00 0.63 (0.33, 1.22) 0.49 (0.25, 0.98) 0.048
Stilbenes (mg/d)
No. of persons, n 203 169 178
No. of hypertension cases, n (%) 111 (41.8) 81 (29.9) 75 (28.3)
Dietary intake (mg/d), median (IQR) 0.01 (0.00, 0.02) 0.01 (0.00, 0.03) 0.02 (0.01, 0.03)

(Continued)
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Table 3. (Continued)

Tertile of polyphenol intake by classes, OR (95% Cl)

T1 (Lowest) T2 (Middle) T3 (Highest) P-trend ?
Model 1 1.00 0.64 (0.39, 1.07) 0.55 (0.35, 0.86) 0.009
Model 2 1.00 0.72(0.43,1.21) 0.67 (0.42, 1.07) 0.093
Model 3 1.00 0.64 (0.35, 1.15) 0.60 (0.36, 0.98) 0.043
Others (mg/d)
No. of persons, n 195 194 161
No. of hypertension cases, n (%) 108 (41.0) 95 (35.7) 64 (23.3)
Dietary intake (mg/d), median (IQR) 0.72 (0.37,1.09) 1.69 (1.43, 1.93) 2.76 (2.22, 3.49)
Model 1 1.00 0.84 (0.43, 1.64) 0.44 (0.25, 0.75) 0.004
Model 2 1.00 0.89 (0.47, 1.68) 0.46 (0.26, 0.81) 0.009
Model 3 1.00 0.80 (0.41, 1.58) 0.33(0.14,0.74) 0.010

Abbreviation: IQR: Interquartile Range, OR: odds ratio. OR and 95% CI were calculated by using multivariate logistic regression. Model 1: Age and sex
adjusted. Model 2: Additionally adjusted for race, educational level, body mass index, smoking and physical activity. Model 3: Additionally adjusted for
intake of sodium, fiber, saturated fat, alcohol, total energy intake, misreporting, and other polyphenol components. The sample weight was considered for
statistical analysis. For this reason, the values of proportion of hypertension cases aren’t compatible with the frequency of the same.

@ p-value for trend <0.05 was considered statistically significant.

doi:10.1371/journal.pone.0165791.t003

polyphenols (OR = 0.33; 95%CI 0.14, 0.74; P-trend = 0.010). However, total flavonoid intake
was not significantly associated with hypertension (P-trend = 0.933).

Discussion

The present study reports significant and inverse associations between higher polyphenol
intakes, such as lignans, stilbenes, tyrosols, alkylphenols, and other polyphenols and hyperten-
sion in a population based-study.

Experimental and observational studies support the argument that a polyphenol-rich diet
may have a beneficial effect on BP, helping to lower high BP and prevent it from increasing, by
different mechanisms and, in some cases, different polyphenolic structures [2, 9, 29]. Thereby, it
has been demonstrated, in vivo, that polyphenols and their metabolites have anti-atherosclerotic
effects, improve endothelial function and exert antioxidant activities by inhibit enzimes generat-
ing reactive oxygen species (ROS) as xanthine oxidase and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. Indirectly, polyphenols can interfere with the cellular detoxifica-
tion systems, such as superoxide dismutase, catalase or glutathione peroxidases. What's more,
they present anti-inflammatory effects, increase nitric oxide release, and modulate inflammation
and lipid metabolism, leading to lower low-density lipoprotein (LDL) oxidation and platelet
aggregation [2, 3, 30]. However, in the present study, the total polyphenol intake in the highest
tertile was not significantly associated with lower odds of hypertension. It can be explained due
to lower intake of total polyphenols comparing with the findings reported by Tresserra-Rimbau
et al. in the Spanish population [30]. This difference can be explained by the individual food
preferences and the difference in dietary habits among both populations that are often dictated
by culture. Thus, the food pattern can affect the intake of classes and the amount of polyphenols.
Besides, coffee is the first contributor of polyphenol intake in the diet of our population. In addi-
tion, despite the presence of antioxidants and other bioactive compounds in coffee, it is the
main source of caffeine, a stimulant and psychoactive substance [31]. According to a recent
review, caffeine intake is associated with an increase in BP, systemic vascular resistance, arterial
stiffness and it has unfavorable effects on endothelial function in healthy subjects [31].
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Similarly, phenolic acids were not significantly associated with the decrease of hypertension
in the highest tertile. This can be explained because the main polyphenol class was phenolic
acids and coffee was also the primary food item contributing to phenolic acids intake.

By contrast, within the other polyphenol classes, our results indicate a potential role of lig-
nans in reducing hypertension. Although sesame seed oil is the main source of this polyphenol
group in our population, lignans may be consumed in higher amounts through flax, sesame
seeds and olive oil. This finding can be corroborated by another study among the Spanish pop-
ulation [30]. A double-blind, cross-over, placebo-controlled trial study has revealed that
4-weeks administration of sesamin, one of the major lignans derived from sesame seeds, has
antihypertensive properties in humans [32].

The reported inverse association, specifically for red wine and olive oil [33, 34], is consistent
with the inverse and significant association we found for stilbenes and tyrosols, respectively,
with hypertension. In our population, stilbenes intake came mostly from red wine and berries,
mainly grapes and strawberries. The most known compound of this family of molecules is res-
veratrol. As it is abundantly available in grape skins (predominantly as resveratrol-3-Obeta-
gluco-side) and conserved after wine elaboration, red wine represents its main source in the
human diet [29]. Thereby, it is apparent that polyphenols from red wine reduce BP elevations
and improve structural and functional cardiovascular alterations caused by chronic inhibition
of nitric oxide synthase, consequently, they attenuate end-organ damage such as myocardial
fibrosis and aortic thickening, and decrease protein synthesis in the heart and aorta [2, 33].

In this study, olives and olive oil were the main food contributors to tyrosol intake. It was
described that olive oil can exert beneficial effects on cardiovascular risk factors by diminishing
BP, regulating plasma lipid levels, reducing systemic inflammation and repairing oxidative
damage [34, 35]. This is probably due to the high amount of monounsaturated fatty acids, but
it is likely to be also the result of the presence of biophenols, which have a strong antioxidant
power [35]. A recent study claimed that polyphenols from olives enhance NO concentrations
and may help dilate arteries, stimulate ROS synthase system, and increase plasma nitrites/
nitrates, which reduces BP [36]. In our study, the highest tertile of tyrosols was associated with
a 66% reduced odds of hypertension. De la Torre (2010) [34] stated that a low concentration of
tyrosols might be enough to exert their antioxidant activities and the study of Di Benedetto
et al. [35] suggest that tyrosol is effective in preserving cellular antioxidant defense, protecting
Caco-2 cells against the cytotoxic/ apoptotic effects of oxidized-LDL and inhibiting the activity
of the leukocyte 5-lipoxygenase.

We also found an inverse association between the alkylphenols intake and hypertension.
However, the cardioprotective effect of this class of polyphenols was not previously reported in
another study. Alkylphenols are mostly present in whole grain bread and whole grain flour.
Jacobs et al. [37] have suggested that an increased intake of whole grains may protect against
coronary heart diseases and may have beneficial effects on lowering the risk of cardiovascular
disease.

We also observed a trend toward a reduction of hypertension with the increasing intake of
other polyphenols; a heterogeneous group. Despite the largest contributor being the coffee, this
presents smaller amounts when compared to the total polyphenols and phenolic acids. Also, in
this group there are different food contributors, such as, olives and olive oil, well known for
decrease BP, as mentioned previously.

Epidemiological data of dietary flavonoids and beneficial cardiovascular effects in human
populations have been inconsistent. Some prospective studies have reported statistically signifi-
cant inverse association between the total flavonoid intake and cardiovascular disease incidence
or mortality [38, 39]. But other prospective study has not found similar results [40]. In the
present study, we found no association between flavonoids intake and hypertension. That can

PLOS ONE | DOI:10.1371/journal.pone.0165791 October 28, 2016 10/14



@° PLOS | ONE

Polyphenol Intake and Hypertension

be explained because in our research the flavonoids intake of 45.6 (SE = 2.8) mg/day was lower
than what was reported in other studies [30, 39].

Furthermore, the results of this study should be interpreted based on some limitations.
First, our study is its cross-sectional nature, which does not allow definitive establishment of
causal inference. Additionally, there are clinical conditions that affect hypertension and dietary
intake, such as diabetes, CVD, kidney disease, sleep apnea, stoke and cancer. However, the
prevalence of these diseases could not be considered in the statistical models because we do not
have the diagnostic information of these diseases by the participants, but only the referred
information, which was not validated. Although the Phenol-Explorer is the most complete
database available currently, the information about some regional foods consumed in Brazil is
still scarce because they have not been characterized or only poorly characterized (e.g. cassava
flour, tapioca, sweet potato, coconut, and coconut milk). However, despite the database does
not contemplate information of these foods, their consumption were low or non-existent.
Moreover, similarly to other studies [16, 30], we can demonstrate that though the median die-
tary intakes of these polyphenol classes (e.g. tyrosols, alkylphenols, lignans, stilbenes, other
polyphenols) were lower compared with other groups (e.g. phenolic acids and flavonoids) it is
possible to observe a beneficial effect of their actions in human health so, their effects can not
be disregarded despite the low amounts. Nevertheless, additional epidemiological studies are
needed to definitively clarify the benefits deriving from long-term consumption of these classes
of polyphenols in cardiovascular health. Also, further investigation in large prospective studies
of potential cardioprotective effects of the intake of polyphenols and in intervention studies
designed to test optimal doses of polyphenol-rich foods to establish future daily polyphenol
intake recommendations for the prevention of hypertension.

Conclusions

Data from the present study allowed us to conclude that there is an inverse and significant
association between some classes of polyphenols, such as, tyrosols, alkylphenols, lignans, stil-
benes, other polyphenols and hypertension, showing the importance of the consumption of
polyphenol-rich foods. Thus, these results may be useful to identify specific food sources of
polyphenols that may reduce the odds of hypertension. However, further clinical trials are
needed to confirm the promising protective effects of polyphenols on hypertension and estab-
lish desired minimum levels of intake.
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