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Abstract

Objective—Prospective data are scarce on the relation of red meat, seafood, and poultry
consumption with hypertension risk. Although red and processed meats are generally considered
to have adverse cardiovascular consequences, seafood is believed to be protective and poultry's
effect is controversial.

Methods—We prospectively examined the independent association of long-term intake of
animal flesh with incident hypertension in three longitudinal cohort studies of non-hypertensive
individuals: Nurses' Health Study | (NHS I, n=62,273 women), Nurses' Health Study Il (NHS II,
n=88,831 women), and Health Professionals Follow-up Study (HPFS, n=37,414 men). We used
multivariable Cox proportional hazards regression to study the associations of different types of
animal flesh with the risk of developing hypertension while controlling for other hypertension risk
factors. We then used fixed effects meta-analysis to derive pooled estimates of effect.

Results—Compared with participants whose consumption was <1 serving/month, the pooled
hazard ratios (HR) among those whose intake was =1 serving/day were 1.30 (95% CI: 1.23-1.39)
for total meat (a combination of processed and unprocessed red meat), 1.22 (1.12-1.34) for
poultry, and 1.05 (0.98-1.13) for seafood. Seafood was associated with an increased risk of
hypertension in HPFS and NHS II, but not NHS I. Consumption of any animal flesh =1
serving/day was associated with an increased hypertension risk (pooled HR=1.30 [1.16-1.47]).

Conclusions—Long-term intake of meat and poultry were associated with increased risk of
hypertension. In contrast to our hypothesis, we found a weak but significant trend towards an
increased risk of hypertension with increasing seafood consumption.
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Introduction

Methods

Vegetarian diets are linked to a lower prevalence of hypertension in cross-sectional
studies3. It is not known whether these relations result from avoidance of animal flesh
intake, an increased consumption of fruits, vegetables, and whole grains, or both. In
addition, few prospective studies have examined the associations of specific types of animal
flesh with incident hypertension®>.

Several studies suggest that unprocessed red meat is associated with an increased risk of
hypertension*, but conflicting data exist regarding the relations of poultry and seafood with
blood pressure. Poultry intake was associated with an increased risk of hypertension in some
studies, but not in others*:>. Consumption of seafood was not associated with hypertension
risk in several studies*®, despite a blood pressure lowering effect of omega-3 fatty acid
supplementation in various trials’. Thus, we prospectively examined the associations of
individual types of animal flesh consumption with the risk of developing hypertension in
three large prospective cohorts including 188,518 individuals and more than 20 years of
follow-up.

Study Population

The source population includes three large ongoing prospective cohorts, specifically the
Nurses' Health Study I (NHS I, N=121,700 women, aged 30-55 at cohort inception in 1976),
the Nurses' Health Study Il (NHS 11, N=116,430 women, aged 25-42 in 1989), and the
Health Professionals Follow-up Study (HPFS, N =51,529 men, aged 40-75 in 1986). These
cohort studies are discussed in details in previously published articles® . Information was
available for >90% of the eligible person-time. Participants return a detailed questionnaire
every two years documenting numerous health-related factors and medical events. Semi-
quantitative food frequency questionnaires (FFQs) were answered every four years; previous
work has documented the reproducibility and validity of these FFQs19-11, Participants were
excluded from the current analysis if they had a diagnosis of hypertension at baseline (1984
in NHS 1, 1991 in NHS 11, and 1986 in HPFS), or if they did not provide dietary
information, leaving study populations of 62,273 women from NHS I, 88,831 women from
NHS 11, and 37,414 men from HPFS available for analysis. The Brigham and Women's
Institutional Review Board approved this study, including that participants provided implied
consent by virtue of voluntarily returning their questionnaires.

Assessment of Hypertension

On the baseline and biennial questionnaires, participants reported if they were diagnosed
with hypertension by a health professional during the preceding 2 years. Self-reported
hypertension by these health professionals has been shown to be valid'2-14, In 51 cases of
self-reported hypertension in NHS I, for example, 77% had a pressure >160/95mmHg and
100% had a pressure >140/90mmHg!2. In NHS Il and HPFS, a medical record review of
randomly chosen participants confirmed the diagnosis of hypertension in 94% and 100%,
respectivelyl3.14,
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As this analysis is prospective, participants with prevalent hypertension were excluded.
Incident cases of hypertension only included individuals who first reported this diagnosis on
subsequent questionnaires, and whose year of diagnosis was after the date of the baseline
questionnaire.

Assessment of Animal Flesh Intake

Starting in 1984, 1991 and 1986, an extensive FFQ was sent out to participants of NHS I,
NHS 11 and HPFS, respectively, to assess intake of >130 foods and beverages, and similar
FFQs were then administered every four years in order to update information about dietary
intake. Participants reported how often, on average, they consumed each of the queried
foods; nine different response categories could be selected, ranging from “never or less than
once a month” to “6 or more a day”. Numerous questions on the FFQ ascertained animal
flesh intake encompassing meats (processed meats, bacon, hot dogs, hamburgers, beef, pork,
lamb), poultry (chicken and turkey, with or without skin), and seafood (dark meat fish, other
fish, shrimp, lobster, and canned tuna).

Previous validation studies examined the correlations of animal flesh intake by the FFQ with
intake determined by multiple one-week diet records. As an example, 173 women from NHS
I completed two FFQs over a 12 month period and also recorded their food consumption in
four, seven-day dietary records during this interval; deattenuated correlation coefficients
between FFQs and diet records ranged from 0.38 for hamburger to 0.70 for bacon?®.
Another validation study was conducted in 127 participants of the HPFS; deattenuated
Pearson correlation coefficients were 0.74, 0.48 and 0.59 for seafood, poultry and red meat,
respectivelyl6. In addition to validity, the reproducibility of the FFQ data has been show in
both women and men[10,11,16]. Overall correlations between two FFQs administered one
year apart ranged between 0.28 and 0.88. Reproducibility was generally higher for animal
flesh, especially for red meats with a Pearson correlation coefficient of 0.88[16], as opposed
to vegetables such as beans (Pearson correlation coefficient of 0.28)[15].

Assessment of Covariates

Every two years, we collected updated information about weight, smoking status, and
physical activity. Body mass index (BMI) was calculated as the weight (in kg) divided by
the height squared (in m). Physical activity, as assessed by a validated questionnaire, was
estimated as metabolic equivalent tasks (METS).

Every four years, with the FFQ, we collected information about intake of alcohol and other
dietary factors, such as fruits, vegetables and whole grains. The FFQ was also used to
compute nutrient intake (eg, intakes of sodium, potassium, magnesium, calcium, and fiber).
Questionnaire-derived information about these covariates has been validated, with
correlation coefficients of 0.97 for weight, 0.74 for apples and 0.49 for broccoli 1718,

We also ascertained the use of non-narcotic analgesics (aspirin, acetaminophen, and
nonsteroidal antiinflammatory drugs) in each cohort, post-menopausal status in both female
cohorts, and oral contraceptive use in NHS 11. Smoking status and quantity of smoking were
inquired every two years. Race was self-reported.
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Statistical Methods

Each participant's person-time of follow-up was calculated from the date of return of the
baseline questionnaire to the date of hypertension diagnosis, the date of death, or the end of
follow-up (2010 for NHS I and HPFS, and 2011 for NHS I1), whichever came first, and
allocated according to exposure status. To decrease within-person variation, we used a
cumulative average of an individual's flesh intake beginning with the baseline FFQ and
including subsequent FFQs through the censoring event.

We analyzed the following types of flesh intake: processed meat; unprocessed red meat;
meat (a combination of processed and unprocessed red meat); poultry; seafood; and all flesh
(a combination of all of the types of flesh). We grouped consumption of these types of flesh
intake into 5 categories: “never or less than 1 serving/month”, “1-3 servings/month”, “1-3
servings/week”, “4-6 servings/week” and “=1 serving/day”. We then used Cox proportional
hazards regression to calculate the hazard ratios (HR) and 95% confidence intervals for
incident hypertension, using “never or less than 1 serving/month” as the reference group. In
the primary analysis, HRs were adjusted for all of the following potential confounders
including smoking status (current/missing); age; BMI; change in weight; race/ethnicity
(white, African-American, Asian, Hispanic); family history of hypertension; physical
activity; post-menopausal; oral contraceptive use (in NHS I1); use of non-narcotic analgesic
use; total energy intake (kcal/day); and intakes of alcohol (g/day), fruits and vegetables
(servings/day), whole grains (servings/day), sugar-sweetened beverages and artificially-
sweetened beverage (drinks/day).”

Adjusted multivariable HRs for the three cohorts were pooled using fixed effect meta-
analysis, and we used the Cochrane Q statistic and the 12 statistic to examine the
heterogeneity of the association among the cohorts.

A variety of secondary analyses were also performed. First, we included all types of animal
flesh simultaneously in the multivariable models. Second, we analyzed types of flesh intake
as continuous variables (ie, per serving) rather than in five categories. Third, we removed
fruits, vegetables, and whole grains from the model and instead introduced the intakes of
micronutrients, including potassium, calcium, magnesium, sodium, and fiber. Fourth, we
analyzed consumption of canned tuna separately from other contributors to total seafood
intake because canned tuna typically undergoes pre-package processing. Fifth, we
investigated whether the associations varied significantly according to age and BMI by
creating stratified models and introducing multiplicative interaction terms to our unstratified
multivariable models. Sixth, after removing fruits, vegetables, whole grains and sugar-
sweetened beverages from our model, we instead adjusted for the DASH diet score (a
DASH score was constructed in these cohorts based on high intake of fruits, vegetables, nuts
and legumes, low-fat dairy products, and whole grains, and low intake of sodium, sweetened
beverages, and red and processed meats).

Finally, we performed substitution analyses to determine whether or not eating one
additional serving of seafood in place of (or subtracting) one serving of total meat (or one
serving of poultry) was associated with an increased or decreased risk of developing
hypertension. To accomplish this from a statistical standpoint, we created the following two
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multivariable models: one that contained seafood, total meat, and total animal flesh as well
as other covariates; and one that contained seafood, poultry, and total animal flesh as well as
other covariates. In the first of these models, because both total meat and total animal flesh
are held constant, the HR for seafood is in essence the “effect” of replacing a serving of
poultry with a serving of seafood. Similarly, in the second model the HR for seafood is in
essence the “effect” of replacing a serving to total meat with a serving of seafood.

All analyses were performed with SAS software (version 9.3; SAS Institute Inc, Cary, NC).
All P values are two-sided.

During 2,936,359 person-years of follow-up, 78,208 participants reported a new diagnosis of
hypertension (35,777 cases/1,043,941 person-years in NHS |, 25,843 cases/1,396,062
person-years in NHS 11, and 16,855 cases/564,247 person-years in HPFS). Baseline
characteristics of each cohort according to the lowest and highest intake categories of meat
(processed and red meat), poultry, and seafood are presented in Table 1. In all three cohorts,
participants consuming =1 serving/day of any type of animal flesh had a higher BMI and, in
general, consumed more alcohol than participants consuming animal flesh less than once per
month. In each cohort, participants who ate more meat and poultry were younger, whereas
participants who ate more seafood were older.

In pooled analyses, higher consumption of any individual type of animal flesh was
significantly and independently associated with an increased risk of incident hypertension
(Table 2). The multivariable pooled HRs for intake >1/day as compared with <1/month were
1.04 (95% Cl, 0.98-1.10; p-trend<0.001) for processed meat, 1.24 (1.17-1.31; p-
trend<0.001) for unprocessed red meat, 1.30 (1.23-1.39; p-trend<0.001) for all meat
(unprocessed and processed red), 1.22 (1.12-1.34; p-trend<0.001) for poultry, and 1.05
(0.98-1.13; p-trend<0.001) for seafood. Eating any animal flesh once per day or more was
associated with a 30% higher risk of hypertension when compared with eating animal flesh
less than once a month (HR=1.30, 1.16-1.47; p-trend<0.001).

However, there were some inconsistencies among the three individual cohorts. Specifically,
in young women (NHS II), higher intake of any type of animal flesh was independently
related to an increased risk of hypertension. However, in NHS 1, higher intakes of
unprocessed red meat and total meat were associated with an increased risk of hypertension,
but processed meat, poultry and seafood were not associated with hypertension. In men
(HPFS), greater poultry consumption and greater seafood consumption were independently
related with increased hypertension risk, and there was no association with higher
consumption of processed meat (Table 2).

The associations of animal flesh intake with hypertension were overall similar when all
types of flesh intake were included simultaneously in the same multivariable model.
Specifically, comparing the highest (=1 serving/day) with the lowest (<1 serving/month)
categories of intake, the pooled HRs were 1.03 (0.97-1.09) for processed meat, 1.21
(1.14-1.29) for unprocessed red meat, 1.12 (1.02-1.23) for poultry, and 1.05 (0.98-1.14) for
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seafood. When the intake of various types of flesh were analyzed as continuous variables,
the pooled HRs for hypertension associated with one additional serving per day were 1.04
(1.01-1.07) for processed meat, 1.09 (1.06-1.11) for unprocessed red meat, 1.07 (1.03-1.10)
for poultry, and 1.09 (1.06-1.13) for seafood.

A test of heterogeneity among the three cohorts was significant for the associations of
poultry (P for heterogeneity of 0.03), total meat (P<0.001) and animal flesh (P<0.001).

Adjusting for sodium intake revealed similar results, so did the inclusion of other
micronutrients into our model, such as potassium, calcium, magnesium and fiber. There
were no consistent interactions between any type of flesh intake and either age or BMI as
pertains to hypertension risk. Adjusting for the DASH diet score did not materially alter our
findings (data not shown).

To further investigate the association of seafood with hypertension, a secondary analyses
reported an increased risk of hypertension with canned tuna and dark meat fish (which could
include canned salmon and sardines), but not other types of seafood (Supplementary Table
1). As examples, the pooled multivariable HRs comparing intake 4-6 times per week with
<1/month were 1.13 (1.06-1.20; p-trend<0.001) for canned tuna and 1.24 (1.06-1.46; p-
trend=0.01) for dark meat fish. In contrast, other contributors to total seafood intake were
not associated with hypertension. As an example, a similar comparison for shrimp, lobster or
scallops intake yielded a pooled multivariable HR of 0.92 (0.67-1.26, p-trend=0.15) for 4-6
servings/week as compared to <1/month.

The results of our substitution analyses are summarized in Figure 1. Replacing one serving
of total (processed and unprocessed) meat or poultry with one serving seafood was
associated with an increased risk of developing hypertension in HPFS (HR=1.12 [1.05-1.18]
and HR= 1.09 [1.00-.1.20], respectively). Replacing one serving of total (processed and
unprocessed) meat with one serving of seafood was not associated with hypertension in the
female cohorts, and no other substitution analyses yielded significant findings.

Discussion

In three prospective cohorts of US men and women, we found that animal flesh intake was
significantly associated with an increased risk of hypertension, independent of other factors,
including intake of fruits, vegetables, and whole grains. The relation was consistent for total
meat (processed and red meat) in all three cohorts and, in two of the three cohorts, higher
consumption of poultry and fish were associated with a higher risk of hypertension. To our
knowledge, this study is the largest prospective examination of animal flesh intake and
incident hypertension, and has the longest duration of follow-up.

Our finding that more meat intake was associated with increased hypertension risk is
broadly consistent with prior studies. As an example, in a prospective cohort of 28,766
females aged =45 years, red meat intake =1.5 servings/day was associated with a 35%
higher risk of hypertension as compared with women who consumed meat less than once a
month?. Similar results were reported in a smaller prospective cohort of 1,709 men; men
who consumed more than 20 servings of a 120gram portion of red meat per month had a
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6mmHg greater increase in systolic blood pressure (SBP) after 7 years of follow-up when
compared with men who consumed <8 servings of red meat per month®. In a more recent
French prospective study, women who consumed =5 servings of processed meat per week
had a 17% higher risk of hypertension than women whose consumption was <1 serving/
week!®. Thus, our study, in conjunction with past research, suggests that long-term
avoidance of meat may reduce the risk of developing hypertension.

We also found that a greater consumption of poultry was independently associated with
increased hypertension risk. Few comparative data are available. In the Chicago Western
Electric Study, for example, men who consumed >20 servings of poultry (120gram portion)
per month had a 3.9mmHg higher SBP than those whose consumption was less than 4
servings per month (p= 0.003). In contrast, there was no association between poultry risk
and blood pressure among older women in the Women's Health Initiative (multivariable
relative risk of 1.03 for the highest quintile of poultry intake)?.

Like with poultry, long-term prospective information about the association of fish or seafood
intake with the risk of hypertension is limited to two studies. Longitudinal follow-up of
white individuals aged 21-74 years enrolled into the First National Health and Nutrition
Survey (NHANES I) found that fish consumption was not related to hypertension®.
Similarly, fish intake and hypertension were not associated in the Chicago Western Electric
Study®. On the other hand, short-term trials of omega-3 fatty acid supplementation (which is
present in large amounts in oily fish) have suggested a blood pressure lowering effect,
although trials of fish intake (rather than supplementation) are scarce?:21, We observed a
weak increased risk of hypertension with increasing fish consumption overall, an association
found principally in younger women and men, but not in older women. Furthermore, the
increased risk of hypertension with greater seafood consumption might be limited to certain
types of seafood, specifically canned tuna and dark meat fish (eg, salmon [including canned
salmon], swordfish, and bluefish).

The mechanisms by which meat, poultry, and seafood may influence the risk of
hypertension remain hypothetical and controversial. One hypothesis relates to the formation
of Maillard Reaction Products (MRPs) in cooked food, particularly cooked flesh?2. Through
a complex network of chemical reactions, MRPs such as heterocyclic amines (HAAS),
acrylamides, and advanced glycoxidation end-products (AGEs) are produced, especially at
higher cooking temperatures23. As examples, 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP), a HAA, is produced in high concentrations in barbecued chicken, fried
chicken, and fried salmon2425, In addition, eN-carboxymethyl-lysine (CML), an AGE, is
generated in fried and roasted chicken at levels of 9,000 kU and 4,300 kU per 90 gram
serving, respectively?8. In contrast, AGEs are found in substantially smaller quantities in
fruits, vegetables, and carbohydrates28. Both HAAs and AGEs increase oxidative stress and
inflammation, both potential factors in the development of hypertension?’28 | AGEs act on
receptors found in vascular tissue (called RAGEs). RAGEs modulate vascular function and
blood pressure homeostasis by increasing pro-inflammatory cytokines and oxidative
stress28-30HYPERLINK \I *_ENREF_24" \o "Baumann, 2012 #149".
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Another recently proposed mechanism relates to the conversion of L-carnitine, principally
found in red meat, to trimethylamine (TMA) by gut microflora31-32, TMA is then absorbed
and transported to the liver where it is converted to trimethylamine-N-oxide (TMAO).
TMAO, which is also present at large quantities in salt-water fish, is pro-atherogenic in
animals and humans31:33, TMAO increases two pro-atherogenic scavenger receptors,
specifically CD36 and scavenger receptor A (SRA)34-36, CD36 pathways have been
associated with endothelial dysfunction, inflammation and oxidative stress, which are all
potentially important mechanisms in the development of hypertension37-49,

In our study, a secondary analysis showed that moderate intakes of canned tuna and dark
meat fish (4-6 servings a week) were independently associated with a higher risk of
hypertension. To our knowledge, no other study has analyzed the different types of seafood
and the risk of hypertension. Although speculative, these findings could be related to
processing methods of canned tuna and salmon (information not obtained in the FFQ), and
potentially high levels of MRPs in cooked salmon24-26.41,

There are limitations to this study. First, the diagnosis of hypertension was self-reported and
we did not directly measure the participants' blood pressures. However, the participants in
the three cohorts are health professionals and this method of hypertension diagnosis was
previously found to be valid12-14, Second, categorization of food intake could have been
misclassified due imperfect ascertainment of dietary intake using the FFQ, as well as to
seasonal changes in diet that may not be captured by the FFQ. However, this type of error
would likely be random and therefore result in an underestimate of the true association.
Third, as in any observational study, we cannot rule out the presence of residual
confounding. However, we carefully controlled for numerous hypertension risk factors.
Fourth, our findings did suggest some degree of heterogeneity between the three different
cohorts; including fish poultry and processed red meat. This heterogeneity could be partly
explained by the differences among the cohorts such years of follow-up (26, 20 and 24 years
for NHS I, NHS Il and HPFS, respectively), age, sex and food choices made by the
participants. Finally, participants were mostly non-Hispanic white men and women, and
these associations should be examined in other populations.

One of the strengths of our study lies in the age composition of our three different cohorts;
despite some overlap, ages varied from 25 to 75 years, increasing the generalizability of the
study.

In conclusion, we found an independent and significant association between higher intake of
animal flesh and a greater risk of developing hypertension. Given the increasing prevalence
of hypertension in the United States and around the world, these data have important public
health implications. Future studies are needed to further assess the potential mechanisms
underlying these associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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