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The Effect of Diet on Cardiovascular Disease, Heart Disease, and Blood Vessels

Cardiovascular disease (CVD), including coronary artery disease, heart disease, ar-
rhythmias, and other types of vascular diseases, are one of the leading causes of death
across the world [1]. It is estimated that approximately half of the variabilities of CVD
appear to be attributed to genetics [2,3]. In other words, the other half of them have been
attributed to acquired factors, including diet. It is of note that even a genetic predisposition
to CVD can be canceled out by a healthy lifestyle [4]. In this regard, it is important to
acknowledge that acquired factors, including diet, are causally associated with CVD. Based
on these facts, important papers are presented in this Special Issue entitled “The Effect of
Diet on Cardiovascular Disease, Heart Disease, and Blood Vessels”.

Omega-3 Polyunsaturated Fatty Acids (n-3 PUFA) and CVD

It has been suggested that our diet has a great impact on our physical function and
body metabolism. Among numerous nutrients, a lot of attention has been paid to omega-3
polyunsaturated fatty acids (n-3 PUFA) that can be found in fish oil. They play important
roles in various cellular functions, including signaling, cell membrane fluidity, and struc-
tural maintenance. They also regulate inflammatory processes that lead to the development
of CVD. Epidemiological studies have suggested that the intake of n-3 PUFA appears
to have cardioprotective effects [5,6]. Furthermore, several randomized controlled trials
have suggested that supplementation on top of statins can further reduce cardiovascular
risk [7,8]. The beneficial effect of n-3 PUFA has been attributed to the lowering of serum
triglyceride levels; however, there appear to be other “pleiotropic” effects beyond triglyc-
erides. Gonçalinho et al. identified one of the potential cardioprotective properties of
n-3 PUFA [9]. They investigated the association between n-3 PUFA within erythrocyte
membranes and established cardiovascular risk factors and found that n-3 PUFA in erythro-
cyte membranes are independent predictors of cardiovascular risk, comprised of multiple
elements that are associated with CVD. This study suggests that n-3 PUFA contributes
not only to the reduction of serum triglyceride levels but also to the modification of clas-
sical cardiovascular risk factors, such as hypertension and hyperglycemia. On the other
hand, Jiang et al. nicely summarized a meta-analysis of prospective cohort studies that
investigated if fish and n-3 PUFA intake are associated with reduced CVD risk [10]. It is
important to note that they performed independent meta-analyses on fish intake and n-3
PUFA intake and found that both were significantly associated with reduced CVD risk.
Finally, they concluded that 20 g of fish intake or 80 mg of n-3 PUFA intake per day was
associated with a 4% reduction in CVD-related mortality. This study clearly suggests that
the cardioprotective effect of fish intake appears to be mostly attributed to n-3 PUFA. In
addition, their dose-dependent association supports the notion that the amount of intake
and their serum levels are important contributors to the cardioprotective effects of n-3
PUFA supplementation. Accordingly, it may be reasonable to think about the baseline
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dietary pattern and serum n-3 PUFA levels of patients when considering endorsing the
intake of fish or n-3 PUFA and the quantity to be taken.

On the other hand, the intake of trans fatty acids (TFA) has been associated with dyslipi-
demia, type 2 diabetes, CVD, and all-cause mortality [11]. As such, dietary guidelines are now
recommending the non-consumption of TFAs. There are studies suggesting that TFAs are
associated with dyslipidemia, type 2 diabetes, and other cardiometabolic disorders; however,
Iino et al. carried out a unique study focusing on the HDL cholesterol uptake capacity. Despite
the fact that statins (which can reduce LDL cholesterol) are associated with reduced CVD
risk, we are still facing the reality of the so-called “residual risk” of statins [12]. There are
a number of biomarkers that have been identified as such residual risk factors, including
triglycerides, lipoprotein (a) (Lp(a)), and inflammation [13–15]. However, recent studies have
suggested that the function of HDL, rather than HDL cholesterol, appears to be one of the
most important residual risks for CVD [16]. Among the many functions of HDL, reverse
cholesterol transport, also known as HDL cholesterol uptake, is the most important function
in the field of preventive cardiology. In this Special Issue, they used s unique strategy for
the measurement of HDL cholesterol uptake capacity in humans and found that elaidic acid,
which is one of the TFAs, was associated with the inhibition of HDL cholesterol uptake and
the maturation of HDL. This is strong evidence of the fact that fatty acids are involved in
an important process of the development of atherosclerosis; therefore, it should be quite
reasonable to accept it as a biomarker or even a source of cardioprotection.

Salt Intake and CVD

There is no doubt that hypertension is one of the leading causes of CVD. There is
much evidence to support this assertion, including epidemiological studies, animal models,
and randomized controlled trials [1]. Among several important factors that contribute
to hypertension, the intake of salt is evidently an important one. We know that a higher
intake of salt is associated with a higher risk of hypertension, and reducing one’s salt
intake can protect against the development of hypertension. However, there are also
several important sensitivity factors associated with salt intake and the development of
hypertension, including genetic factors and acquired factors, such as dietary habits other
than salt intake. In this Special Issue, Levanovich et al. performed an interesting experiment
using rats, showing that the consumption of 20% fructose during adolescence predisposes
to salt-sensitive hypertension [17]. Importantly, they also suggested that dietary fructose
intake plus a high-salt diet during this early phase leads to vascular stiffening and left
ventricular diastolic dysfunction, which are both highly associated with heart failure. The
underlying mechanisms are still unclear; however, it is now clear that our diet affects
hypertension as well as the risk of heart failure.

Gut Microbiota and CVD

Recent studies have suggested that the gut microbiota is associated with a variety
of diseases, including CVD. Although they are also affected by some genetic factors, the
main factor contributing to our microbiota should be our diet. In this Special Issue, Bin-
Jumah et al. nicely summarized recent findings on this matter [18]. Investigations have
indicated that the gut microbiota is involved in the pathogenesis of CVD and can be
considered as one of its causative factors. The gut microbiota appears to have multiple
functions in humans, including energy production, maintaining intestinal homeostasis,
enhancing the absorption of drugs, immune responses, defense from pathogens, and the
production of microbial products, such as vitamin K, nitric oxide, trimethylamine-N-oxide
(TMAO), and lipopolysaccharides. Among these properties, Bin-Jumah et al. summarized
the association between TMAO and heart failure and showed that TMAO, a metabolite
of the gut microbiota, may have interesting perspectives regarding how this particular
metabolite contributes to the development of heart failure. They also suggested that the
excessive intake of the choline of L-carnitine, which contains an intermediate precursor
(TMA) of TMAO, may be harmful, especially among elderly people who have dysbiosis
and muscle disorders.
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Obesity and CVD

We know very well that obesity, which is greatly affected by our dietary habits, is
also a major risk factor for CVD [1]. However, there is a huge gap between Asians and
Caucasians in terms of the definition of “obesity”. In addition, there is a paucity of data on
this subject in the Asian population, where the average body mass index is much lower
than that of the Caucasian population. In this Special Issue, Shiozawa et al. conducted
analyses investigating an association between body mass index and stroke in the Japanese
population using large health insurance databases comprising more than two million
individuals. They found that overweight and obesity were associated with a greater risk of
stroke and ischemic stroke in both men and women [19]. They also found that underweight,
overweight, and obesity were associated with a higher risk of hemorrhagic stroke only in
men. Thus, it seems that there are some gender gaps in terms of the effects of weight on
CVD risk.

Lifestyle Risk Score and CVD

Finally, there is a growing trend to comprise the “risk score” in risk assessments for
any conditions, such as polygenic risk scores comprising a number of common genetic
variations [20]. Given that any type of CVD is associated with multiple factors, it is rea-
sonable that such scores perform better than any single variable or parameter. Currently,
the American Heart Association is advocating for the Life’s Simple 7 (LS7), which consists
of 7 modifiable lifestyle behaviors and medical factors, including diet, obesity, physical
activity, smoking status, blood pressure, cholesterol, and glucose level) in order to reduce
the prevalence of CVD and stroke [21]. This score is quite useful because it consists of sim-
ple variables that can be obtained anywhere in the world; therefore, it can be applicable to
people of all ethnicities. In this Special Issue, Nishikawa et al. investigated the association
between Life’s Simple 7 scores among Japanese citizens and the incidence of atrial fibrilla-
tion (AF). They found that healthy lifestyle scores were associated with lower incidence
rates of AF [22]. Interestingly, this trend is more remarkable among younger generations
than among older generations, clearly suggesting that interventions for lifestyle factors may
be better recommended for younger individuals in whom we can expect more benefits.
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Abstract: This study explores the association between lifestyle behavior and incident atrial fibrillation
(AF) in the general Japanese population. Japanese residents aged ≥40 years undergoing a national
health checkup in Kanazawa City were included. We hypothesized that better lifestyle behavior is
associated with lower incidence of AF. Lifestyle behavior was evaluated by the total cardiovascular
health (CVH) score (0 = poor to 14 = ideal), calculated as the sum of the individual scores on seven
modifiable risk factors: smoking status, physical activity, obesity, patterns of eating schedule, blood
pressure, total cholesterol, and blood glucose. The association between CVH and incident AF was
assessed, adjusting for other factors. A total of 37,523 participants (mean age 72.3 ± 9.6 years, 36.8%
men, and mean total CVH score 9 ± 1) were analyzed. During the median follow-up period of
5 years, 703 cases of incident AF were observed. Using a low CVH score as a reference, the upper
group (ideal CVH group) had a significantly lower risk of incident AF (hazard ratio [HR] = 0.79,
95% confidence interval 0.65–0.96, p = 0.02), especially among those aged <75 years (HR = 0.68, 95%
confidence interval 0.49–0.94, p = 0.02). Thus, ideal CVH is independently associated with a lower
risk for incident AF, particularly in younger Japanese individuals (<75 years).

Keywords: cardiovascular health; atrial fibrillation; Japanese

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia in the world, with an incidence
that increases annually, and it is associated with a rising risk of stroke, cardiovascular mor-
bidity, physical disability, dementia, and mortality [1–3]. In Japan, the number of patients
who will develop AF by 2030 is estimated to be greater than 1 million [4]. Therefore, more
studies focusing on preventative approaches to AF are warranted. Established risk factors
of AF include aging, hypertension, obesity, smoking, cardiac disease (valvular disease,
cardiomyopathy, coronary artery disease, and heart failure), hyperthyroidism, and diabetes
mellitus. It is noteworthy that these factors are also known to lead to other cardiovascular
diseases [5,6]. Among them, lifestyle behaviors are attracting more attention as modifiable
risk factors of AF and other cardiovascular diseases. The American Heart Association
already advocates the Life’s Simple 7 (LS7), which consists of seven modifiable lifestyle be-
haviors and medical factors (diet, obesity, physical activity, smoking status, blood pressure,
total cholesterol, and blood glucose) to improve cardiovascular health (CVH) and reduce

Nutrients 2021, 13, 3201. https://doi.org/10.3390/nu13093201 https://www.mdpi.com/journal/nutrients5
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cardiovascular disease and stroke [7]. Using the LS7 metrics, previous studies revealed that
ideal CVH is associated with a reduced risk of AF in Western populations [5,8,9]. Moreover,
a cohort study revealed that an intervention for CVH such as reduction in body weight
improved arrhythmia-free survival after ablation of AF in the Australian population [10].
However, insufficient data exist regarding this issue in the Asian population, especially
among Japanese individuals. Only one study showed abdominal obesity and habitual
behaviors, such as smoking status, alcohol intake, and physical activity, to be associated
with an increased incidence of AF [11]. Thus, we conducted this study to explore the
association between CVH and incident AF in the general Japanese population under the
hypothesis that better lifestyle behavior is associated with lower incidence of AF, using
large samples (>30,000) of the Japanese-specific health checkups in Kanazawa City.

2. Materials and Methods

We included patients who had undergone Japanese-specific health checkups in Kanazawa
City, which is a strategy of the Japanese government to provide an early screen for, diagnose,
and treat the metabolic syndrome that started in 2008. All general residents in Kanazawa
City aged 40 years or older were eligible. The participants completed questionnaires about
medical history, medications, and lifestyles. Examinations included anthropometric mea-
surements, physical examinations, blood tests, urine dipstick tests, and resting 12-lead
electrocardiogram (ECG).

2.1. Study Participants

Eligible participants were Japanese residents aged ≥40 years who had undergone
12-lead ECG at the Japanese-specific health checkups in Kanazawa City in 2013 (n = 47,551;
Figure 1). We excluded participants with missing baseline characteristics, those who did
not complete a follow-up examination at least once during a 5-year follow-up period, those
with AF detected at the baseline ECG, and those without adequate follow-up (n = 10,028).
An event was defined as a new onset of AF diagnosed by automatic analysis of ECG based
on the Minnesota code (8-3) during the follow-up period. Results of all automatically coded
ECGs were confirmed by experienced physicians for health checkups.

Figure 1. Study flow chart. Eligible participants were Japanese residents aged ≥40 years who had undergone 12-lead
electrocardiogram (ECG) during a Japanese-specific health checkup in Kanazawa City in 2013 (n = 47,551). We excluded
participants with missing baseline characteristics, those who did not complete a follow-up examination at least once during
the 5-year follow-up period, those with AF detected at the baseline ECG, and those without adequate follow-up (n = 10,028).
An event was defined as a new onset of AF diagnosed by automatic analysis of ECG based on the Minnesota code (8-3)
during the follow-up period.
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2.2. CVH Score

We defined the CVH score to evaluate seven modifiable risk factors following LS7
(Figure 2). The total CVH score ranged from 0 (poor) to 14 (ideal) and was calculated as the
sum of the individual scores on seven modifiable risk factors (patterns of eating schedule,
obesity, physical activity, smoking status, blood pressure, total cholesterol, and blood
glucose). Patterns of eating schedule was scored by three answers from the questionnaire
(eating faster than ordinary, eating dinner within 2 h before sleep at least three times per
week, and eating snacks after dinner at least three times per week). We scored 2 points
(ideal) if answers applied to none of the three questions, 0 points (poor) if the answers
applied to all three questions, and 1 point if the answers applied to one or two questions.
Obesity was scored by body mass index (BMI). We scored 2 points if BMI was less than
25 kg/m2, 0 points if BMI was 30 kg/m2 or greater, and 1point if BMI was between 25
and 29.9 kg/m2. Physical activity was scored by three answers from the questionnaire
(exercising for 30 min per day at least two times per week over 1 year, walking or exercising
1 h per day on a daily basis, walking faster than people of the same sex and age). We
scored 2 points (ideal) if the answers applied to all three questions, 0 points (poor) if the
answers applied to none of the questions, and 1 point if the answers applied to one or two
questions. Smoking status was scored as 2 points for noncurrent smoker and 0 points for
current smoker. Blood pressure was scored as 2 points if systolic blood pressure (SBP) was
<120 mmHg and diastolic blood pressure (DBP) was <80 mmHg without antihypertensive
drugs. It was scored as 0 points if SBP was greater than or equal to 140 mmHg or DBP was
greater than or equal to 90 mmHg, and 1 point if it was not applied to either condition. Total
cholesterol (TC) was scored as 2 points if the TC was <200 mg/dL without lipid-lowering
drugs, 0 points if the TC was greater than or equal to 240 mg/dL, and 1 point if it was
not applied to either condition. Blood glucose was scored as 2 points if the fasting blood
glucose (FBG) was less than 100 mg/dL without oral hyperglycemic drugs or insulin,
0 points if the FBG was greater than or equal to 126 mg/dL, and 1 point if it was not
applied to either condition.

Figure 2. Cardiovascular health (CVH) scoring. The CVH score included seven modifiable components (patterns of eating
schedule, obesity, physical activity, smoking status, blood pressure, total cholesterol, and blood glucose). We referred to the
data of health checkups from questionnaires, anthropometric measurements, and blood tests. BMI, body mass index.
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2.3. Statistical Analysis

Continuous variables were expressed as mean ± standard deviation, and categorical
variables were expressed as number and percentage. Differences in the baseline character-
istics were compared using Student’s t-test for parametric data and the Mann–Whitney U
test for nonparametric data. Categorical variables were compared using the chi-square or
Fisher’s exact tests. Cox proportional hazard models were used to identify independent
associations with the outcomes.

A p-value of <0.05 was considered statistically significant. We used R statistical
software for all analyses.

2.4. Ethical Considerations

The Ethics Committee of Kanazawa Medical Association (16000003) and Kanazawa
University (2019-223) approved this study. The research was conducted in accordance
with the Declaration of Helsinki (2008) by the World Medical Association. All procedures
were performed in accordance with the ethical standards of the responsible committee on
human experimentation (institutional and national) and with the Helsinki Declaration of
1975 (as revised in 2008).

3. Results

3.1. Study Characteristics

Table 1 shows the basic characteristics of this study population. A total of 37,523 par-
ticipants (mean age 72.3 ± 9.6 years, 36.8% men, and mean total CVH score 9 ± 1) were
finally analyzed. During the median follow-up period of 5 years (interquartile range
3.99–5.02), 703 cases of incident AF were observed. There were significant differences in
age, sex, SBP, BMI, history of coronary artery disease, stroke, alcohol intake, and estimated
glomerular filtration rate (eGFR) between the AF group and the non-AF group. The AF
group was significantly older, had a significantly higher proportion of men, and had a
significantly greater BMI than the non-AF group. The AF group had a more frequent
history of heart disease and stroke. The AF group had a more frequent regular alcohol
intake and lower eGFR.

Table 1. Basic characteristics of the study population. Regular alcohol intake meant drinking every day. SBP, systolic blood
pressure; DBP, diastolic blood pressure; BMI, body mass index; eGFR, estimated glomerular filtration rate.

Variables
Total AF (–) AF (+)

p-Value
N = 37,523 n = 36,820 n = 703

Age, years 72.3 (9.6) 72.2 (9.6) 77.3 (8.0) <0.01
Male, n (%) 13,799 (37%) 13,401 (36%) 398 (57%) <0.01
SBP, mmHg 128 (15) 128 (15) 130 (15) <0.01
DBP, mmHg 73 (10) 73 (10) 74 (10) 0.37
BMI, kg/m2 22.9 (3.3) 22.8 (3.3) 23.6 (3.4) <0.01

Smoking, n (%) 3528 (9.4%) 3458 (9.4%) 70 (10%) 0.66
Total cholesterol, mg/dL 196 (33) 196 (33) 185 (31) <0.01

Fasting blood glucose, mg/dL 104 (29) 104 (29) 108 (31) <0.01
eGFR, mL/min/1.73 m2 71.7 (17.3) 71.8 (17.3) 66.0 (17.2) <0.01

Coronary artery disease, n (%) 4323 (12%) 4013 (11%) 220 (31%) <0.01
Stroke, n (%) 2583 (7%) 2494 (7%) 89 (13%) <0.01

Regular alcohol intake, n (%) 8457 (23%) 8285 (22%) 212 (30%) <0.01
Total cardiovascular health score 9 (8–10) 9 (8–10) 9 (8–10) <0.01

Smoking 2 (2–2) 2 (2–2) 2 (1–2) <0.01
Physical activity 1 (1–1) 1 (1–1) 1 (0–1) <0.01

Obesity 2 (1–2) 2 (1–2) 2 (1–2) <0.01
Patterns of eating schedule 1 (1–2) 1 (1–2) 1 (1–2) <0.01

Blood pressure 1 (1–1) 1 (1–1) 1 (1–1) 0.13
Total cholesterol 1 (1–1) 1 (1–1) 1 (1–2) 0.25

Blood glucose 2 (2–2) 2 (2–2) 2 (2–2) 0.64
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3.2. Total CVH Score

Total CVH scores were normally distributed and ranged from 1 to 14, with a mean
value of 9.25 ± 1.66. We classified a total CVH score of 1–9 as the poor CVH group
(N = 20,177), a total CVH score of 10 as the intermediate CVH group (N = 8819), and a
total CVH score of 11–14 as the ideal CVH group (N = 8527), based on the number of
individuals according to the distribution. (Figure 3A). We observed 420, 126, and 157 AF
incidents among the poor (85,230 person-years), intermediate (37,534 person-years), and
ideal (38,349 person-years) groups, respectively (Figure 3B). The incident rate of AF per 1000
was 4.9, 4.1, and 3.6 in the poor, intermediate, and ideal groups, respectively. Compared
with the poor CVH group, the ideal CVH group had a significantly lower risk for incident
AF (chi-squared test, p = 0.0002).

Figure 3. (A) Histogram of total cardiovascular health (CVH) score. The horizontal axis shows the
total CVH score, and the vertical axis shows the number of participants. We classified a total CVH
score of 1–9 as the poor CVH group (red), a total CVH score of 10 as the intermediate CVH group
(yellow), and a total CVH score of 11–14 as the ideal CVH group (blue). (B) Incident rate of atrial
fibrillation by three groups of total CVH scores.

3.3. Association between CVH and Incident AF

Using the poor CVH group as a reference, the ideal CVH group had a significantly
lower risk of incident AF (hazard ratio (HR) = 0.75, 95% confidence interval 0.61–0.92,
p = 0.005), in model 1, adjusting for age gender, and regular alcohol intake (Table 2).
Likewise, the ideal CVH group had a significantly lower risk of incident AF compared
with the poor CVH group (HR = 0.79, 95% confidence interval 0.65–0.96, p = 0.02) in model
2, adjusting for age, gender, history of heart disease, history of stroke, alcohol intake, eGFR.
In model 2, we also observed other factors that were significantly associated with increased
or decreased risk for AF, including age (HR = 1.07, 95% confidence interval 1.06–1.08,
p = 2.0 × 10−16), female sex (HR = 0.48, 95% confidence interval 0.41–0.57, p = 2.0 × 10−16),
no history of heart disease (HR = 0.38, 95% confidence interval 0.32–0.45, p = 2.0 × 10−16),
no history of stroke (HR = 0.78, 95% confidence interval 0.62–0.97, p = 0.029), not drinking
alcohol (HR = 0.76, 95% confidence interval 0.63–0.92, p = 0.005), and eGFR (HR = 0.99, 95%
confidence interval 0.989–0.998, p = 0.007).
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Table 2. Association between cardiovascular health (CVH) score and incident atrial fibrillation in all participants. Model 1
was adjusted for age, gender, and regular alcohol intake. Model 2 was adjusted for age, gender, history of heart disease,
history of stroke, regular alcohol intake, and estimated glomerular filtration rate (eGFR). The hazard ratio of the intermediate
and ideal CVH groups was calculated using the poor CVH group as a reference.

Model 1 Hazard Ratio Lower 95% CI Upper 95% CI p-Value

Age 1.08 1.07 1.09 <2 × 10−16

Female 0.44 0.37 0.52 <2 × 10−16

No alcohol intake 0.82 0.67 0.99 0.04
Intermediate CVH 0.89 0.74 1.07 0.21

Ideal CVH 0.75 0.61 0.92 0.005

Model 2 Hazard ratio Lower 95% CI Upper 95% CI p-Value

Age 1.07 1.06 1.08 <2 × 10−16

Female 0.48 0.41 0.57 <2 × 10−16

No history of heart disease 0.38 0.32 0.45 <2 × 10−16

No history of stroke 0.78 0.62 0.97 0.03
No alcohol intake 0.76 0.63 0.92 0.005

eGFR 0.994 0.989 0.998 0.006
Intermediate CVH 0.92 0.76 1.1 0.36

Ideal CVH 0.79 0.65 0.96 0.02

3.4. Subanalysis Focusing on the Younger Group (Aged <75 Years)

We also investigated whether the influence of CVH on incident AF was more profound
in the younger group as compared with the older group (Table 3). We divided the younger
group and elder group by age 75 years based on the following two reasons: (1) age
75 years was close to the median age in this study (Supplemental Figure S1) and (2) age
75 years or older was defined as advanced elderly in Japan. In participants aged <75 years,
using the poor CVH group as a reference, the ideal CVH group had a significantly lower
risk of incident AF (HR = 0.64, 95% confidence interval 0.46–0.88, p = 0.006) in model
1, adjusting for age, gender, and regular alcohol intake. Likewise, the ideal CVH group
had a significantly lower risk of incident AF as compared with the poor CVH group
(HR = 0.68, 95% confidence interval 0.49–0.94, p = 0.02) in model 2, adjusting for age, sex,
history of heart disease, history of stroke, alcohol intake, and eGFR in the younger group.
In model 2 in the younger group, we also observed other factors that had a significant
difference: age (HR = 1.07, 95% confidence interval 1.04–1.10, p = 3.7 × 10−6), female
sex (HR = 0.42, 95% confidence interval 0.32–0.57, p = 5.2 × 10−9), no history of heart
disease (HR = 0.27, 95% confidence interval 0.20–0.35, p = 2.0 × 10−16), no history of
stroke (HR = 0.54, 95% confidence interval 0.37–0.78, p = 0.025), and not drinking alcohol
(HR = 0.71, 95% confidence interval 0.53–0.96, p = 0.02).

3.5. Subanalysis Focusing on the Older Group (Aged ≥75 Years)

In participants aged ≥75 years, there was no significant difference between the poor
CVH group and the ideal CVH group (HR = 0.85, 95% confidence interval 0.66–1.10,
p = 0.21) in model 1, adjusting for age, gender, and regular alcohol intake (Table 4). Similarly,
there was no significant difference between the poor CVH group and the ideal CVH group
(HR = 0.88, 95% confidence interval 0.69–1.14, p = 0.34) in model 2, adjusting for age, sex,
history of heart disease, history of stroke, alcohol intake, and eGFR in the older group. In
model 2, in the older group, we also observed other factors that were significantly different:
age (HR = 1.08, 95% confidence interval 1.06–1.10, p = 3.1 × 10−13), female sex (HR = 0.52,
95% confidence interval 0.42–0.65, p = 2.7 × 10−9), no history of heart disease (HR = 0.46,
95% confidence interval 0.38–0.57, p = 1.4 × 10−13).
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Table 3. Association between cardiovascular health (CVH) score and incident atrial fibrillation in younger participants
(<75 years). Model 1 was adjusted for age, gender, and regular alcohol intake. Model 2 was adjusted for age, gender, history
of heart disease, history of stroke, regular alcohol intake, and estimated glomerular filtration rate. The hazard ratio of the
intermediate and ideal CVH groups was calculated using the poor CVH group as a reference.

Model 1 Hazard Ratio Lower 95% CI Upper 95% CI p-Value

Age 1.09 1.06 1.11 1.9 × 10−9

Female 0.36 0.27 0.48 1.5 × 10−12

No alcohol intake 0.76 0.57 1.03 0.08
Intermediate CVH 0.79 0.58 1.07 0.12

Ideal CVH 0.64 0.46 0.88 0.006

Model 2 Hazard ratio Lower 95% CI Upper 95% CI p-Value

Age 1.07 1.04 1.10 3.7 × 10−6

Female 0.43 0.32 0.57 5.2 × 10−9

No history of heart
disease 0.27 0.2 0.35 <2 × 10−16

No history of stroke 0.54 0.37 0.78 0.001
No alcohol intake 0.71 0.53 0.96 0.03

eGFR 0.99 0.98 1.00 0.056
Intermediate CVH 0.83 0.61 1.12 0.22

Ideal CVH 0.68 0.49 0.94 0.02

Table 4. Association between cardiovascular health (CVH) score and incident atrial fibrillation in younger participants
(≥75 years). Model 1 was adjusted for age, gender, and regular alcohol intake. Model 2 was adjusted for age, gender, history
of heart disease, history of stroke, regular alcohol intake, and estimated glomerular filtration rate. The hazard ratio of the
intermediate and ideal CVH groups was calculated using the poor CVH group as a reference.

Model 1 Hazard Ratio Lower 95% CI Upper 95% CI p-Value

Age 1.09 1.07 1.11 <2.0 × 10−16

Female 0.49 0.4 0.61 4.0 × 10−11

No alcohol intake 0.84 0.66 1.08 0.19
Intermediate CVH 0.97 0.77 1.22 0.79

Ideal CVH 0.85 0.66 1.10 0.21

Model 2 Hazard ratio Lower 95% CI Upper 95% CI p-Value

Age 1.08 1.06 1.10 3.1 × 10−13

Female 0.52 0.42 0.65 2.7 × 10−9

No history of heart
disease 0.46 0.38 0.57 1.4 × 10−13

No history of stroke 0.91 0.68 1.21 0.52
No alcohol intake 0.8 0.62 1.02 0.06

eGFR 0.99 0.99 1.00 0.06
Intermediate CVH 0.99 0.79 1.25 0.95

Ideal CVH 0.88 0.69 1.14 0.34

4. Discussion

Analyzing a large dataset from the Japanese-specific health checkups in Kanazawa
City, we observed the following: (1) the ideal CVH was associated with lower incident AF
independently of conventional risk factors of AF, (2) an ideal CVH had a larger impact on
lowering incident AF in the younger generation (aged <75 years). Our CVH score could be
automatically and easily calculated from the questionnaire and measurements obtained
from the health checkups. It might be helpful to enlighten participants on their risk of
incident AF and encourage the modification of CVH. In observational studies, optimal
CVH was associated with a lower risk of incident AF [5,8,9]. In secondary prevention, we
observed less frequent AF in the group that had aggressive risk modification, such as with
body weight reduction [10]. On the other hand, there were only a few studies regarding
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this issue in the primary prevention settings [12,13]. Moreover, all of the above studies
were from Western countries.

Indeed, ideal CVH is associated with a great reduction in coronary artery disease
(79% in men and 72.7% in women), for which the risk factors overlap those of AF [14,15].
Thus, according to these results, as with coronary artery disease, CVH should have a
great contribution to incident AF. From the results of our study, a CVH intervention in
the younger population might be effective. Therefore, further trials of CVH intervention
focused on the younger population are needed. Moreover, we also found that alcohol intake
was significantly associated with incident AF as previously described [16]. Accordingly,
drinking restrictions should also be considered together with CVH intervention among
Japanese as well.

Limitations

This study has several limitations. First, this was a retrospective study. Second, there
were more female participants in the Japanese-specific health checkups in Kanazawa City,
which could potentially have affected the results. This is because these health checkups
were for housewives or unemployed persons instead of health checkups in their workplace.
In Japan, a “regular” worker must undergo health checkups offered by their workplaces,
instead of these specific health checkups. Actually, more males work regularly than females
in Japan. Third, a diagnosis of AF in the health checkups depended on an ECG that was
performed only once per year. Thus, we might have missed paroxysmal AF. Fourth, our
definitions of eating habits and exercise were different from those of the American Heart
Association’s LS7. For eating habits, our definition focused on eating time and speed of
eating. On the other hand, the American Heart Association’s definition focused on the
content of the diet. Fifth, this study assessed the participants’ lifestyle at the inclusion
cross-sectionally and thus did not address the effect of changes in CVH on incident AF
during the follow-up period. Prospective studies with lifestyle interventions are needed
to fully address this important issue in the future. Finally, this study did not assess the
food composite in these health checkups. However, patterns of eating schedule have
been shown to be associated with cardiovascular disease and stroke among the Japanese
population [17]; thus, this element is employed in most of the health checkups in Japan.
We believe that this factor can serve as a substitute for the food composite, at least among
the Japanese population.

5. Conclusions

Ideal CVH is independently associated with a lower risk for incident AF, especially in
the younger Japanese population (<75 years).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13093201/s1. Figure S1: Histogram of age in this study. The horizontal axis shows the
participants’ ages, and the vertical axis shows the number of participants. The dashed line is drawn
at age 75 years. The median age of this study was 72.0 years.
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Abstract: Fructose and salt intake remain high, particularly in adolescents and young adults.
The present studies were designed to evaluate the impact of high fructose and/or salt during
pre- and early adolescence on salt sensitivity, blood pressure, arterial compliance, and left ventricular
(LV) function in maturity. Male 5-week-old Sprague Dawley rats were studied over three 3-week
phases (Phases I, II, and III). Two reference groups received either 20% glucose + 0.4% NaCl (GCS-
GCS) or 20% fructose + 4% NaCl (FHS-FHS) throughout this study. The two test groups ingested
fructose + 0.4% NaCl (FCS) or FHS during Phase I, then GCS in Phase II, and were then challenged
with 20% glucose + 4% NaCl (GHS) in Phase III: FCS-GHS and FHS-GHS, respectively. Compared
with GCS-GCS, systolic and mean pressures were significantly higher at the end of Phase III in all
groups fed fructose during Phase I. Aortic pulse wave velocity (PWV) was elevated at the end of
Phase I in FHS-GHS and FHS-FHS (vs. GCS-GCS). At the end of Phase III, PWV and renal resistive
index were higher in FHS-GHS and FHS-FHS vs. GCS-GCS. Diastolic, but not systolic, LV function
was impaired in the FHS-GHS and FHS-FHS but not FCS-FHS rats. Consumption of 20% fructose by
male rats during adolescence results in salt-sensitive hypertension in maturity. When ingested with
a high-salt diet during this early plastic phase, dietary fructose also predisposes to vascular stiffening
and LV diastolic dysfunction in later life.

Keywords: aortic stiffness; fructose; glucose; hypertension; left ventricular diastolic dysfunction;
pulse wave velocity; renal resistive index

1. Introduction

The prevalence of hypertension has been increasing in recent decades in the United
States both independently and concurrently with diabetes [1]. Elevated fructose consump-
tion has been implicated in metabolic disorders and subsequent cardiovascular morbid-
ity [2–4]. In pre-clinical models, high levels of fructose consumption—often exceeding 60%
of daily caloric intake—elicit hypertension and cardiovascular dysfunction, and implicate
insulin signaling as the pathogenic mechanism [4,5]. Ingestion of 20% fructose in drinking
water together with high-salt chow, which is more representative of the diet ingested by
the upper quintile in humans in the United States, results in sodium and fluid retention
in rats, enhanced sympathetic activation, and inadequate suppression of plasma renin
activity, leading to a hypertensive state prior to development of frank metabolic syndrome
or diabetes mellitus [6,7].

Adolescence is marked by the continuous development and growth of physiologic
systems. In early stages of life, various systems undergo substantial ontogenetic changes,
some of which are susceptible to modulation by external stimuli. Several studies have
demonstrated the effect of excess fructose consumption on cardiovascular systems in
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adults [8–10]. However, little is understood regarding the impact of fructose-rich diets
during adolescence on cardiovascular parameters later in life [11–15]. The major consumers
of fructose are adolescents and young adults, with sugar-sweetened beverages representing
the main source. Fructose intake in adolescents accounts for nearly 20% of daily energy
consumption [16,17].

Western diets use high-fructose corn syrup extensively as a sweetener but are also high
in sodium content [3]. Since pre-clinical studies indicate that a diet high in both fructose and
salt results in hypertension [5,6,10,11], aortic stiffness, and early diastolic dysfunction [12],
the question arises whether ingestion of high fructose and salt during a critical period early
in life predisposes to salt-sensitive hypertension and cardiovascular dysfunction in later
life. This window of plasticity during adolescence has been well recognized in behavioral
science [18,19]. Likewise, with cardiovascular development, rat models have shown that
interventions during critical time periods of ontogeny may modulate susceptibility to
hypertension later in life. Insights into post-gestational influences on arterial pressure
have been garnered predominantly from studies using genetically hypertensive-strain rats
such as Dahl salt-sensitive and spontaneously hypertensive rats to investigate the impact
on disease progression [20]. For example, four-week treatment of young spontaneously
hypertensive rats with angiotensin-converting enzyme inhibition attenuated development
of elevated blood pressure in later life [21]. The converse has not been given much attention,
namely, whether factors such as diet or environment during this critical developmental
period may adversely alter cardiovascular parameters in maturity, even in a rat strain that
is not genetically prone to hypertension.

One in five adolescents in the United States are now considered pre-diabetic [22]. This
increasing incidence of pre-diabetes raises the potential of cardiovascular dysfunction later
in life that can be further impacted by poor dietary habits at this stage. Thus, the purpose
of the present study was to investigate whether exposure to high fructose with or without
high salt during the critical adolescent period will lead to hypertension and cardiovascular
dysfunction in response to high-salt diet later in life. We hypothesized that rats consuming
20% fructose plus with 4% sodium diet during five to eight weeks of age (comparable to
human pre- and early adolescence) [19,23] will develop elevated salt-sensitive blood pres-
sure, reduced arterial compliance, and left ventricular diastolic dysfunction in adulthood
when challenged with high dietary sodium in the absence of fructose.

2. Materials and Methods

All animal procedures and protocols were approved by the Wayne State University
Institutional Animal Care and Use Committee (Protocol #19-03-1001). Animal care and ex-
perimentation was conducted in accordance with the guidelines and principles articulated
in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Male Sprague Dawley rats (Envigo Sprague Dawley, Shelby, MI, USA) were housed under
controlled conditions (21–23 ◦C; 12 h light and 12 h dark cycles, lighting period beginning
at 6 a.m.).

2.1. Dietary Regimen

Upon arrival, rats were permitted to acclimate for at least 48 h and provided standard
lab chow and water, ad libitum. As depicted in Figure 1, when rats reached ~4.5 weeks
of age, a hemodynamic transmitter was implanted (as described in surgical procedures)
and the animal was permitted to recover in individual standard polyurethane caging. One
week later, rats were placed into metabolic housing units (Tecniplast USA, West Chester,
PA, USA) and provided milled chow containing either 20% glucose and 0.4% Na+ (glucose
control salt, GCS; ModTest Diet® 5755-5WZZ; St. Louis, MO, USA) or 20% fructose and
0.4% Na+ (fructose control salt, FCS; ModTest Diet® 5755-5W3Y; St. Louis, MO, USA). Rats
were permitted a 3 day acclimation period followed by a 3 day baseline period where food
and water were provided ad libitum and baseline hemodynamic data were recorded by
telemetry. Then, the rats entered Phase I (Figure 1; study weeks 2 to 4, inclusive): GCS rats
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(n = 9) continued on the same diet. Rats receiving FCS chow were then randomly assigned
to continue FCS (n = 9) or placed on 20% fructose and 4.0% Na+ (fructose high salt, FHS;
ModTest Diet® 5755-5WZ8; n = 18; St. Louis, MO, USA) for three weeks. At this time,
a pair feeding paradigm was initiated to achieve equal caloric intake among the groups on
a day-to-day basis. Water continued to be provided ad libitum. Food and water intake and
urine output were assessed daily. In Phase II (Figure 1, study weeks 5 to 7, inclusive), all
rats were returned to standard individual shoebox housing units. Rats on GCS feed were
maintained on this diet for the remainder of this study, including Phase III. Rats on FCS
feed were then placed on GCS chow. The rats on FHS chow were then further randomly
assigned to receive either GCS feed (n = 9) or to continue the FHS diet (n = 9). The rats on
FHS chow during Phase II remained on FHS through to the end of this study.

Figure 1. Schematic of the Timeline of Experimental Protocols and Study Phases. Rat age and study week are depicted
across the timeline. R, recovery period; A, acclimation to metabolic cages; B, baseline. Surgery for telemetry transmitter
placement and ultrasound studies are as indicated. Groups are subsequently depicted by their sugar-salt intake in Phases I
and III.

After 3 weeks, the rats were again placed into metabolic cages and permitted to
acclimate to the change in caging for three days prior to initiating Phase III (Figure 1; study
weeks 9 to 11, inclusive). FCS- and FHS-fed rats that had been shifted to a GCS feed in
Phase II were then subjected to a high-salt challenge without fructose for the remainder of
the protocol using a 20% glucose and 4.0% Na+ chow (glucose high salt, GHS; ModTest
Diet® 5755-5WOW). This produced four groups characterized by their dietary regimens in
the early and late phases—Phase 1 and Phase III, respectively (Figure 1). The groups are
named based on their diets during Phases I and III: (a) GCS-GCS, (b) FCS-GHS, (c) FHS-
GHS, and (d) FHS-FHS. Rats were maintained on these diets for an additional three weeks;
thereafter, terminal studies were performed.

2.2. Ultrasonography

At the end of Phases I and III, rats were anesthetized in an induction chamber using 3%
isoflurane and transferred to a pre-heated electronic ECG platform where 1–1.5% isoflurane
was delivered via nosecone to maintain a sufficient plane of anesthesia. Fur from the chest
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and abdominal area was removed using an electric shaver followed by application of
depilatory cream (Church & Dwight Co., Inc., Erwing, NJ, USA). Electrode gel was placed
on each of the ECG strips where the rat’s limbs were held in place using tape. Body
temperature was measured via a rectal probe and contact gel preheated to 37 ◦C was
applied before performing echocardiography according to standard methods [24,25].

Image acquisition was conducted using the Vevo3100 Imaging system and MX250S
transducer (Fujifilm Visualsonics, Inc., Toronto, ON, Canada). Assessment of left ven-
tricular (LV) dimensions and systolic function was performed using a short axis view in
M-mode at the level of the papillary muscle. Left ventricular (LV) diastolic filling and
function were assessed using pulsed wave Doppler of transmitral blood flow velocities.
These were located using color imaging superimposed over an apical four-chamber view.
Further assessment of LV diastolic function was conducted using tissue Doppler imaging
(TDI) near the mitral annulus measured along the apical axis. Pulse wave velocity (PWV)
determination within the aortic arch was made via the determination of pulse transit time
from the aortic root to a point within the aortic arch. Distance between these points was
measured using a B-mode image of this anatomical segment. Aortic PWV was calculated
as the difference in pulse transit time (calculated using the ECG tracing as a reference)
measured at these two points divided by the distance between them.

Renal resistive index (RRI) was determined using pulsed Doppler measurements
along the left main renal artery. RRI was calculated by taking the difference between
systolic and diastolic velocity divided by the diastolic velocity during each respective
cardiac cycle [26]. Data analysis was performed offline using VevoLab and VevoVasc
software (Fujifilm Visualsonics, Inc., Toronto, ON, Cananda) in blinded fashion.

2.3. Surgical Procedures

All surgical procedures were conducted under intraperitoneal ketamine (80 mg/kg;
Mylan Institutional, LLC Rockford, IL, USA) and xylazine (10 mg/kg; Akorn Animal
Health, Inc., Lake Forest, IL, USA) anesthesia and subcutaneous administration of buprenor-
phine SR (0.3 mg/kg) for analgesia.

Hemodynamic Transmitter Placement: Following right femoral artery isolation, a small
arterial incision was made and the gel-filled catheter of the hemodynamic transmitter (HDS-
10, Data Sciences International, New Brighton, MN, USA) was inserted into the vessel and
advanced into the abdominal aorta. The catheter was then anchored in place to the femoral
artery using 3-0 silk suture (Ethicon, Johnson & Johnson, New Brunswick, NJ, USA) and
the transmitter body was subcutaneously tunneled to the right flank. Subcutaneous adi-
pose tissue was reapproximated around the surgical sight and the incision was closed using
surgical staples.

Vascular Catheter Placement: At the end of Phase III and after the second ultrasonog-
raphy study, catheters were placed into the left carotid artery and external jugular vein
using ketamine and xylazine as above, and previously performed in our laboratory [7,27].
Catheters were secured with 3-0 silk suture and tunneled subcutaneously to the base of
the neck and exteriorized. All incisions were closed using 4-0 prolene suture (Ethicon, John-
son & Johnson, New Brunswick, NJ, USA). The catheters were then filled with heparinized
saline (1000 units/mL). The rats were then permitted to recover in individually housed
polyurethane cages.

2.4. Analytical Measurements and Calculations

Hemodynamic Telemetry: Acquisition of hemodynamic data was conducted using
Ponemah software (Data Sciences International, New Brighton, MN, USA). Systolic blood
pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), and heart
rate (HR) were sampled for 10 s every 4 min at a sampling rate of 500 samples/second.
Pulse pressure (PP) was calculated separately using these values. Baseline measurements
were averaged over three days after cage acclimation. Sampling was performed at this rate
continuously throughout Phases I and III within the metabolic cages.
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Metabolic and Hormonal Assessment: During Phases I and III, daily chow consump-
tion was measured gravimetrically and caloric and sodium (Na+) intake values were
determined based on dietary profiles for each feed.

At the end of Phase III and prior to terminal harvest, food was removed from caging
at the beginning of the morning light cycles and terminal procedures were conducted at
a minimum of 6 h later to promote a semi-fasting state (as permitted by our Animal Use
Committee). Glucose levels were determined using a One-Touch Ultra glucose monitor
(LifeScan, Inc., Malpitas, CA, USA) on 50 μL blood from the arterial catheter. Arterial
blood was collected into pre-chilled tubes containing sodium ethylenediaminetetraacetic
acid (EDTA) for plasma renin activity (PRA) and into separate pre-chilled tubes containing
120 μL of 500 mM sodium EDTA, 125 mM phenanthroline, 1 mM phenylmethanesulfonyl
fluoride, 20 mM pepstatin, 1 mM enalapril and 10× phosphatase inhibitor cocktail for
insulin determinations. Once collected, blood was immediately centrifuged at 3000 rpm
for 4 min at 4 ◦C. Plasma was stored at −70 ◦C until assay. PRA and insulin levels
were measured using a standard Elisa kits (IBL International, Hamburg, Germany and
Bertin Pharma SAS, Montingny-le-Bretonneux, France, respectively) Insulin sensitivity was
calculated using the ratio of plasma glucose to insulin levels.

Rats were euthanized using sodium pentobarbital (120 mg/kg, IV) and hearts were
excised and preserved in formalin solution for 24–48 h before embedding for histological
assessment. Samples were stained with Mason’s Trichrome dye and images were acquired
at 40× magnification (Leica CTR5000, Leica Microsystems Inc., Buffalo Grove, IL, USA).

Statistics: All values are presented as mean ± standard error (SE). One-way analysis
of variance (ANOVA) was used to determine differences among groups with a Sidak’s
multiple comparisons test for post hoc analysis. Two-way ANOVAs with repeated measures
were performed to compare differences over time using a Sidak’s multiple comparisons test
for post hoc analysis. A p-value less than 0.05 was considered statistically significant. Due
to the technical nature of many of these experimental techniques and acquisition of data
over an extended period, some data were not able to be acquired at each time point for each
animal. When n-values deviate from the original assignment, the reason for missingness is
provided and values imputed as the mean. Consistent with the use of a repeated measures
design, animals with missing data in any phase were omitted from two-way ANOVA tests
for the analysis of change over time.

3. Results

3.1. Metabolic and Humoral Profiles

Metabolic parameters are shown in Table 1. Initial and final rat weights did not differ
among the groups on different dietary regimens. Plasma glucose and insulin levels did not
vary among the groups and were comparable to either vendor specifications for standard
Sprague Dawley rats on standard diets and rats fed control diets with no added sugar in
similar studies [28–30]. The glucose:insulin ratio was significantly lower in the FHS-GHS
and FHS-FHS groups.

Compared with the FCS-GHS group. Although the glucose:insulin ratio was nearly
two-fold higher in the GCS-GCS rats compared with FHS-GHS and FHS-FHS rats, statisti-
cal significance was achieved only for the FHS-GHS (p < 0.01) but not for FHS-FHS groups
(p = 0.0512). PRA was significantly reduced in FCS-GHS groups following high-salt chal-
lenge at the end of Phase III. FHS-GHS and FHS-FHS rats displayed a blunted inhibition of
renin secretion.

Statistical differences among caloric intakes were observed following dietary changes
from control salt to high-salt chow in Phase I, week 1 and in Phase III weeks 1 and 2 Caloric
intakes were no different among the groups by of week 2 of Phase I and III except of
the FCS-GHS group in Phase III that continued to ingest fewer calories (Table 2). Despite
rigorous efforts to match intake among the groups, rats in the FHS-GHS and FHS-FHS
diets had lower caloric intake only in week 1 of Phase I (and consequently lower calorie
and sodium intakes compared with weeks 2 and 3 of Phase I, p < 0.05 vs. either calorie
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or sodium, respectively) after which their caloric intake was no different than that of
the GCS-GCS group. High salt-fed rats consumed approximately 10-fold greater amount
of sodium than that consumed by the control salt-fed rats, consistent with their respective
dietary sodium diets.

Table 1. Initial and Final Body Weights, Heart Weights, Glycemic Parameters and Plasma Renin Activity among the Four
Groups of Rats.

Dietary
Regimen

n Initial Weight
(g)

Final
Weight (g)

Heart Weight
(g/kg)

Fasting Glucose
(mg/dL)

Fasting
Insulin (ng/mL)

G:I Ratio
(×106)

PRA
(ngAngI/mL/hr)

GCS-GCS 9 125 ± 4 381 ± 9 3.3 ± 0.1 128 ± 13 1.14 ± 0.23 64.7 ± 6.4 1.82 ± 0.20
FCS-GHS 9 132 ± 4 347 ± 10 3.4 ± 0.1 129 ± 24 0.74 ± 0.12 74.6 ± 12.6 0.66 ± 0.12 *
FHS-GHS 8 128 ± 3 362 ± 12 3.2 ± 0.1 126 ± 14 1.33 ± 0.12 31.6 ± 1.9 *,† 1.35 ± 0.28
FHS-FHS 9 127 ± 5 366 ± 12 3.4 ± 0.1 118 ± 11 1.03 ± 0.17 39.1 ± 7.1 † 1.09 ± 0.29

GCS-GCS, 20% glucose + 0.4% NaCl in Phases I–III; FCS-GHS, 20% fructose + 0.4% NaCl in Phase 1 and 20% glucose +4% NaCl in Phase III;
FHS-GHS, 20% fructose + 4% NaCl in Phase 1 and 20% glucose + 4% NaCl in Phase III; FHS-FHS, 20% fructose + 4% NaCl in Phases I–III.
PRA, plasma renin activity; G:I Ratio, glucose:insulin ratio. All groups except FHS-FHS were on 20% glucose + 0.4% NaCl in Phase II.
Due to lack of sufficient plasma for insulin, n values for insulin and G:I Ratio are as follows: 5, 6, 7 and 7. Values are the mean ± SE; n as
indicated per group. * p < 0.05 vs. GCS-GCS. † p < 0.05 vs. FCS-GHS.

Table 2. Daily Caloric and Sodium Consumption.

PHASE I
WEEK 1 WEEK 2 WEEK 3

Dietary
Regimen

n
Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

GCS-GCS 9 61.5 ± 1.7 3.0 ± 0.3 68.4 ± 1.3 3.0 ± 0.1 66.0 ± 2.1 2.9 ± 0.1
FCS-GHS 9 60.7 ± 2.6 2.7 ± 0.1 67.2 ± 1.4 3.0 ± 0.1 65.7 ± 2.0 3.2 ± 0.3
FHS-GHS 8 48.7 ± 1.6 *,† 23.5 ± 0.8 *,† 60.6 ± 2.2 * 29.2 ± 1.1 *,† 61.8 ± 2.1 29.3 ± 0.9 *,†

FHS-FHS 9 51.9 ± 2.1 *,† 24.9 ± 1.0 *,† 63.9 ± 1.2 30.9 ± 0.6 *,† 63.5 ± 1.5 31.0 ± 0.8 *,†

PHASE III
WEEK 1 WEEK 2 WEEK 3

Dietary
Regimen

n
Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

Caloric
Intake

(kcal/day)

Sodium
Intake

(mmol/day)

GCS-GCS 9 62.6 ± 1.9 2.8 ± 0.1 63.5 ± 2.1 2.9 ± 0.1 64.3 ± 1.8 2.8 ± 0.1
FCS-GHS 9 45.9 ± 1.7 * 22.1 ± 0.8 * 54.4 ± 1.4 * 26.2 ± 0.7 * 57.1 ± 1.3 27.5 ± 0.6 *
FHS-GHS 8 50.1 ± 2.5 * 23.3 ± 1.2 * 56.1 ± 2.2 26.0 ± 0.8 * 59.9 ± 2.0 27.7 ± 0.6 *
FHS-FHS 9 60.5 ± 1.6 †,§ 27.5 ± 0.8 * 63.9 ± 1.9 †,§ 29.0 ± 0.3 * 66.4 ± 2.6 † 29.9 ± 1.0 *

Values are the mean ± SE, n as indicated per group. Group names as in Table 1. Caloric intake calculated using caloric profiles of 3.98
kcal/g and 3.61 kcal/g for 0.4% and 4% NaCl chow, respectively. * p < 0.05 vs. GCS-GCS; † p < 0.05 vs. FCS-GHS; § p < 0.05 vs. FHS-GHS.

3.2. Hemodynamic Effects

In Phase I, the addition of high salt in the diet of fructose-fed rats led to a progressive
increase in mean arterial pressure that was significantly elevated after four days (data not
shown). This increase was sustained for the subsequent two weeks. By the end of Phase
I, the MAP increased in all groups consistent with expected changes in blood pressure
with maturation; however, MAP was significantly higher in the rats receiving FHS diet
during this phase (Table 3A). The FCS-GHS and FHS-GHS groups received GCS chow
during Phase II and MAP at the beginning of Phase III did not differ from the MAP of
the GCS-GCS group (data not shown). When FCS-GHS and FHS-GHS groups were placed
on the GHS diet in Phase III, significant increases in MAP occurred within 1 week and
these were sustained throughout the remainder of the phase. Final MAP pressure levels
were comparable to those of FHS-FHS rats that had been on high-salt diet throughout all
three phases (Table 3B). Systolic blood pressures at increased significantly in all groups
on high-salt diet during Phase III compared with the GCS-GCS group that had ingested
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glucose and 0.4% salt chow throughout this study (p < 0.05). Diastolic blood pressures
at the end of Phase I did not differ across any of the groups; therefore, the increases in
MAP were driven predominately by systolic mechanisms. Pulse pressure, however, did
not increase significantly. Additionally, no differences existed among groups when heart
rate was assessed.

Table 3. Hemodynamic Parameters in the Four Groups of Rats at Baseline and End of Phase 1 and Phase 3.

(A)

Dietary
Regimen

MAP (mmHg) HEART RATE (BPM)

n Baseline End Phase I Baseline End Phase I
GCS-GCS 9 100.0 ± 1.0 108.4 ± 1.6 465 ± 8 391 ± 16
FCS-GHS 9 100.7 ± 0.9 108.0 ± 0.9 458 ± 9 395 ± 15
FHS-GHS 8 100.6 ± 1.3 111.1 ± 1.3 456 ± 11 381 ± 8
FHS-FHS 9 99.4 ± 1.0 110.2 ± 1.4 451 ± 11 391 ± 11

(B)

Dietary
Regimen

n Δ MAP
(mmHg)

Δ SBP
(mmHg)

Δ DBP
(mmHg)

Δ HR
(BPM)

Δ PP
(MMHG)

GCS-GCS 7 10 ± 1.0 11 ± 2.2 11 ± 1.2 −92 ± 11 2.4 ± 1.5
FCS-GHS 8 15 ± 0.9 * 18 ± 0.9 * 14 ± 1.3 −103 ± 18 4.2 ± 1.6
FHS-GHS 8 15 ± 1.4 * 18 ± 1.7 * 13 ± 1.7 −105 ± 6 4.2 ± 2.0
FHS-FHS 8 16 ± 2.0 ** 19 ± 2.3 ** 14 ± 1.9 −89 ± 14 4.6 ± 1.4

Group names as in Table 1. Values are the mean ± SE, n as indicated per group. (A) Mean arterial pressure (MAP) and heart rate (HR) at
baseline and at the end of Phase I. (B) Study-wide changes in hemodynamics calculated as the difference between measurements taken
at the end of Phase III and baseline values at the beginning of Phase I. Values are the mean ± SE, n as indicated per group. * p < 0.05 vs.
GCS-GCS; ** p < 0.01 vs. GCS-GCS.

3.3. Measurements of Vascular Compliance

Echocardiography and ultrasonography studies were performed upon completion of
Phases I and III. At the end of Phase I, FHS diet significantly increased PWV of the ascending
thoracic aorta, thereby indicating decreased aortic compliance compared to the GCS-GCS
group (Figure 2). By the end of Phase III, maintenance of the FHS diet throughout all
three phases of the protocol led to a significantly greater PWV in the in FHS-FHS group
compared with the GCS-GCS group that had glucose and control salt diet for the same
duration. Notably, PWV was significantly higher in the FHS-FHS group at the end of Phase
III compared with the same animals at the end of Phase I.

Figure 2. Pulse Wave Velocity at the end of Phases I and III. Pulse wave velocity (PWV) of the as-
cending aorta assessed (A) at the end of Phase I and (B) at the end of Phase III. Group labels are as
described in the legend for Table 1. Values are the mean ± SE; n as depicted on the graphs. * p < 0.05
vs. GCS-GCS (by one-way ANOVA); † p < 0.05 vs. FHS-FHS in Phase I (by two-way ANOVA with
repeated measures).
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No differences were observed in the RRI among any of the groups at the end of Phase
I (Figure 3). Similar to PWV values, FHS-GHS and FHS-FHS groups in Phase III displayed
a statistically higher RRI than GCS-GCS rats. These trends were only elevated in Phase
III and demonstrated no intra-group variability when compared to Phase I by two-way
ANOVA. Note that due to anatomic and/or technical reasons, PWV and RRI were not able
to be reliably assessed in each animal.

Figure 3. Renal Resistive Index at the end of Phases I and III. Renal resistive index (RRI) of the left
main renal artery using doppler imaging (A) at the end of Phase I and (B) at the end of Phase III.
Values are the mean ± SE; n as depicted on the graphs. * p < 0.05 vs. GCS-GCS in Phase III.

3.4. Echocardiographic Assessments

Physical assessment of the LV was performed using a short axis view and M-mode
imaging. Table 4 depicts the results of echocardiography of the LV performed at the end of
Phase III. No significant differences of standard systolic function, such as ejection fraction
and fractional shortening, were observed among the groups. LV mass was significantly
greater in the FHS-GHS and FHS-FHS groups vs. the GCS-GCS group. Further assessment
of structural morphology revealed significant increases in anterior and posterior wall
thickness in the FHS-GHS group. These changes were only apparent during diastole. In
the FHS-FHS group, LV thickness only reached significance in the anterior wall. When
assessed as a ratio of total wall thickness (sum of anterior and posterior walls) to inner
diameter of the LV during diastole, there was a significant reduction in the ratio in FHS-
GHS rats when compared with that of the GCS-GCS group (Figure 4A–D). Figure 4E
shows histological views typical of the LV myocardium from the four groups. Notably,
collagen staining was observed in the tissues taken from the FHS-GHS and FHS-FHS
rats. Taken together, these measurements are consistent with ventricular hypertrophy and
concentric remodeling.

Figure 5A shows representative Doppler images of transmitral flow from GCS-GCS
and FHS-FHS rats at the end of Phase III. Table 5 shows values of diastolic function
conducted by way of pulsed and tissue Doppler imaging at the end of Phase III. The ratio
of early to late phase filling (E/A) demonstrated a significant reduction in the FHS-FHS
group compared with the GCS-GCS group. The E/A ratios for each of the groups at
the end of both Phase I and Phase III indicate that this parameter of diastolic dysfunction
is significantly suppressed only after 12 weeks of the diet high in both fructose and salt
(Figure 5B). Reductions in the E/A ratio in the FCS-GHS and FHS-GHS test groups were
also observed, although these values did not achieve significance (p = 0.064 vs. GCS-GCS).
Likewise, decreases in mitral valve deceleration time were also observed across all groups
when compared to the GCS-GCS group. However, these were also only significant in
the FHS-FHS group.
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Table 4. Echocardiographic Parameters at the End of Phase III.

Groups

GCS-GCS FCS-GHS FHS-GHS FHS-FHS

n 9 8 8 9
LVEF (%) 74.9 ± 3.4 77.3 ± 4.4 80.3 ± 3.7 78.2 ± 2.3
LVFS (%) 46.0 ± 3.4 49.1 ± 4.4 51.9 ± 4.4 48.8 ± 2.4

LVIDs (mm) 3.7 ± 0.3 3.4 ± 0.4 3.0 ± 0.4 3.5 ± 0.3
LVIDD (mm) 6.7 ± 0.3 6.5 ± 0.3 6.1 ± 0.4 6.9 ± 0.4
LVAWS (mm) 3.2 ± 0.1 3.3 ± 0.2 3.5 ± 0.2 3.6 ± 0.1
LVAWD (mm) 1.9 ± 0.03 2.0 ± 0.1 2.5 ± 0.1 * 2.2 ± 0.1 *
LVPWS (mm) 3.5 ± 0.1 3.5 ± 0.2 4.0 ± 0.3 4.0 ± 0.2
LVPWD (mm) 2.3 ± 0.1 2.4 ± 0.1 3.0 ± 0.3 * 2.7 ± 0.2
LVTWS (mm) 6.8 ± 0.2 6.8 ± 0.4 7.4 ± 0.3 7.6 ± 0.4
LVTWD (mm) 4.3 ± 0.1 4.4 ± 0.2 5.6 ± 0.4 * 4.9 ± 0.3
LV Mass (mg) 1190 ± 73 1060 ± 59 1401 ± 56 * 1373.0 ± 75 *

Group names as in Table 1: LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening;
LVIDs, left ventricular systolic internal diameter; LVIDD, left ventricular diastolic internal diameter; LVAW, left
ventricular anterior wall width; LVPW, left ventricular posterior wall width; LVTW, left ventricular total wall
width; LV Mass, left ventricular mass. Values are the mean ± SE. * p < 0.05 vs. GCS-GCS.

Figure 4. Assessment of Left Ventricular Parameters in Phase III. Images were acquired using
a short axis view of the left ventricle (LV) via M-Mode. (A) Cardiac mass was the total wet weight
of the heart after harvesting. (B) Total wall thickness was the sum of anterior and posterior LV
wall widths. (C) LV diastolic diameter was the diameter of the LV at end diastole. (D) LV dias-
tolic wall/diameter was calculated as the ratio of total wall thickness to the diameter of the LV at
end-diastole. Values are the mean ± SE, n as indicated per group; * p < 0.05 vs. GCS-GCS. (E) Rep-
resentative histological sections of LV tissue from each group. Group labels are as described in
the legend for Table 1. Mason’s trichrome; 40× magnification.
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Figure 5. Assessment of Diastolic Function. (A) Representative Doppler images of transmitral flow
patterns from GCS-GCS and FHS-FHS rats at the end of Phase III. (B) Ratio of early (E-wave) to late
(A-wave) left ventricular filling (E-wave) left ventricular filling as index of diastolic function. Group
labels are as described in the legend for Table 1. Values are the mean ± SE; n as indicated per group,
* p < 0.05 vs. GCS-GCS.

Table 5. Echocardiographic Parameters Associated with Diastolic Function at the End of Phase III.

Group

GCS-GCS FCS-GHS FHS-GHS FHS-FHS

n 9 8 8 9
Peak E (mm/s) 706 ± 22 630 ± 45 652 ± 41 641 ± 39
Peak A (mm/s) 555 ± 27 550 ± 44 576 ± 34 621 ± 32
E/A 1.31 ± 0.06 1.16 ± 0.06 1.14 ± 0.06 1.03 ± 0.04 **
DT (ms) 39.5 ± 4.0 28.0 ± 2.2 * 31.8 ± 3.0 25.4 ± 2.3 **
IVRT (ms) 25.5 ± 1.0 27.7 ± 1.5 27.6 ± 1.1 29.0 ± 0.9
E’ (mm/s) 34.1 ± 2.6 32.3 ± 4.6 34.2 ± 4.0 27.4 ± 1.8
A’ (mm/s) 45.3 ± 3.7 45.8 ± 4.7 48.0 ± 4.9 47.1 ± 4.7
E/E’ 22.5 ± 1.9 25.2 ± 6.2 21.1 ± 3.3 24.3 ± 2.3
E’/A’ 0.81 ± 0.01 0.71 ± 0.09 0.81 ± 0.15 0.64 ± 0.01

Group names as in Table 1: E, early phase ventricular filling; A, late phase ventricular filling; DT, mitral valve
deceleration time; IVRT, isovolumetric relaxation time; E’, mitral annulus early phase filling; A’, mitral annulus
late phase filling. Values are the mean ± SE. * p < 0.05 vs. GCS-GCS, ** p < 0.01 vs. GCS-GCS.

4. Discussion

The major findings of this study support the hypothesis that consumption of fructose
plus high-salt diet during pre- and early adolescence results in measurable deleterious
cardiovascular effects in adulthood when ingesting high dietary sodium without fructose.
Specifically, ingestion of high fructose either alone or with high salt during this early critical
period of life resulted in salt-sensitive hypertension in maturity, despite the rats resuming
a diet that was free of fructose and had normal salt content during young adulthood.
The elevation in mean and systolic blood pressures in FCS-GHS and FHS-GHS rats was
comparable to rats that had ingested high-fructose and high-salt diet throughout the entire
protocol. The cardiovascular parameters such as aortic and renal artery compliance, LV
mass and wall thickness, and LV diastolic function were impaired only in the rats that
had ingested high fructose and high salt during adolescence. Notably, the magnitude
of salt-sensitive blood pressure elevation was similar in all groups fed fructose in early
life. Taken together, these findings suggest that the reduced vascular compliance and LV
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diastolic dysfunction are not simply due to the elevated blood pressure or fructose alone in
early life but to the combination of fructose with high salt in adolescence.

An extensive body of work has accrued to show that maternal exposure to environ-
mental and dietary conditions can profoundly influence not only fetal development but
also subsequent cardiac and renal function in offspring [31]. Importantly, moderately high
maternal salt with [32] or without [33,34] concurrent fructose intake leads to hypertension
in male rats. In contrast, the impact of factors on cardiovascular function in the adolescent
period of plasticity has received scant attention.

The comparable increases in MAP in each of the four groups during Phase I was
consistent with the ~10 mmHg increase typically observed as rats grow and mature [35].
Except for the FHS-FHS group that entered Phase III with elevated blood pressure, rats
in the other groups, all of which were on GCS during Phase II, entered Phase III with
normal MAPs similar to the GCS-GCS control group. The hypertension that developed in
response to high-salt intake in rats that ingested fructose during the critical developmental
period was driven by elevation in systolic pressure to levels equivalent to the rats that had
consumed fructose and high salt throughout. Slight increases in diastolic blood pressure
occurred which prevented any statistically significant increases in pulse pressure which
were, nonetheless, nearly two-fold higher than in the GCS-GCS group. Importantly, systolic
blood pressure and pulse pressure are strongly correlated with subsequent major adverse
cardiac events [36,37]. Thus, fructose alone or combined with high salt during the critical
adolescent period predisposes to salt sensitivity and hypertension in maturity.

The mechanisms underlying later salt-sensitive hypertension in rats that consumed
fructose in youth remain to be defined. Failure to suppress PRA in the FHS-GHS and
FHS-FHS suggests involvement of the renin-angiotensin system. Angiotensin II serves as
a pressor inducing hormone that can act systemically on the vasculature to increase vaso-
constriction or on target organs such as the kidney to increase extracellular fluid volume
by facilitating fluid reabsorption [38]. Notably, adult rats fed similar fructose and high-salt
diets exhibit increased proximal tubular sodium-hydrogen exchange [39–42] and stimula-
tion of thick ascending limb sodium-potassium-2-chloride cotransporter expression [43]
as well as enhanced renal sympathetic nerve activity [7]. Increased extracellular volume
due to positive net sodium balance together with neurohumorally mediated vasoconstric-
tion over the course of Phase III in rats fed a high-fructose diet in Phase I likely plays
a role in producing the increases in MAP [6]. However, increased extracellular volume
is unlikely to be the only governing factor. Prolonged fructose feeding has been associ-
ated with hyperinsulinemia which can cause increased levels of other vasoactive factors
such as endothelin-1 [28], reactive oxygen species and uric acid [4,27,44–47]. Although
no differences in basal plasma glucose or insulin levels were observed among all four
groups, the significantly lower glucose:insulin ratio in the groups that consumed fructose
and high salt in adolescence indicates a possible role for insulin resistance, a hallmark of
pre-diabetes. Whether these or other mechanisms remain “primed” by high-fructose intake
during the plastic adolescent period and are then brought into play to induce hypertension
upon ingestion of high-salt diet in the absence of fructose later in life will need further
investigation.

Increased arterial pressure over time can induce cellular and molecular alterations that
deform the vascular wall and increase afterload to the left ventricle [48]. It is noteworthy
that the FCS-GHS group displayed hypertension equivalent to that of the other fructose-
fed groups by the end of Phase III, but vascular stiffening and LV diastolic dysfunction
occurred only in the groups exposed to both fructose and high salt in early life. In fact,
evidence of vascular dysfunction became evident in FHS groups by the end of Phase I as
demonstrated by increased PWV despite similar arterial pressures across all groups. In
Phase III, PWV is augmented in both FHS-GCS and FHS-FHS groups when compared
to Phase III GCS-GCS controls. Notably, in rats fed fructose and high salt for the entire
protocol, the decline in aortic compliance progressed further in Phase III when compared to
initial Phase I measurements. These findings suggest that the combination of fructose and
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high-salt diet has a direct effect on vascular function that is independent of the elevated
arterial pressure. Failure of optimal suppression of PRA in the FHS-GHS and FHS-FHS
groups supports an angiotensin-associated mechanism underlying the reduced arterial
compliance in these groups, but does not exclude additional potential mechanisms such
as increased sympathetic activity [7] or increased sodium reabsorption that could lead to
an expanded extracellular volume [39–41]. Notably, these mechanisms are not necessarily
independent of each other as increased renal sympathetic activity enhances renin secretion
and Ang II increases proximal tubule sodium reabsorption by the kidney. Importantly,
the present data indicate that fructose alone during the early adolescent phase does not
impair the normal suppression of PRA with ingestion of high salt later in life. Rather
the combined ingestion of fructose and high salt in this early plastic phase does predispose
to salt-sensitive hypertension later in life.

Several studies have demonstrated the prognostic ability of the renal resistive index
(RRI) to predict the decline in renal function associated with the progression of hyperten-
sion, chronic nephropathy, and diabetes mellitus in humans [49–52] and adverse cardiac
and renal outcomes in hypertension [53,54]. While some controversy remains over the re-
liability of RRI as a measurement across all diseases [55], there is a general consensus
that elevated RRI is linked closely with systemic vascular stiffness. Additional studies
have found functional correlation between elevated RRI and intrarenal perfusion as well
as histopathological findings such as tubulointerstitial damage and renal atherosclero-
sis [56–58].

Consistent with PWV, we observed significant increases in RRI in each of the groups
fed fructose in early adolescence only in Phase III. Importantly, as a measure of pulsatility,
RRI reflects intrinsic renal artery compliance but is also influenced substantially by changes
in upstream systemic and downstream intrarenal vascular properties [26]. The elevated
RRI is thus consistent with the increased aortic PWV observed in this present study but
suggests that the decline in renal artery compliance is delayed compared with changes
in the ascending aorta and aortic arch where hydrostatic and shear forces are greater [59].
Oxidative stress [27,47], impaired nitric oxide generation [6], and inflammatory mecha-
nisms [60] have been implicated in vascular changes during fructose and high-salt exposure.
Again, whether these same factors contribute to the impaired compliance of the aorta and
renal artery observed after exposure to fructose and high salt in youth is likely but remains
to be proven.

Total peripheral resistance is a function of MAP and heart rate—an increase in either
factor without a corresponding decrease in the other elevates total peripheral resistance [61].
In the present study, this physiologic dysfunction was observed as both an increase in
systemic resistance and lack of vascular compliance. The net effect of these factors was
an increase in ventricular afterload leading to left ventricular remodeling and subsequent
hypertrophy evidenced by increased LV mass and total wall thickness. Together with
the augmented ratio of ventricular wall thickness to end-diastolic cavity radius, these
findings are consistent with concentric remodeling with preserved ejection fraction [62,63].
The decrease in the ratio of early to late diastolic filling was accompanied by an increase in
isovolumetric relaxation time and decrease in mitral valve deceleration time. Shortening
of the mitral valve deceleration time implies restrictive filling and has been positively
correlated to severe adverse cardiac events [64]. Each of these measurements are indicative
of diastolic dysfunction and are phenotypes associated with either the development of
cardiomyopathy in rats that had consumed fructose and high salt in the critical adolescent
period [65–68]. Despite the lack of rigorous morphometric studies, collagen deposition was
apparent only in the two groups of rats fed FHS in early life. The present finding is consis-
tent with the findings of Abdelhaffez et al. [69] who reported increased cardiac interstitial
fibrosis after rats ingested 12 weeks of 20% fructose in their drinking water. Unfortunately,
that study did not provide functional data. Intriguingly, long-chain non-coding mRNAs
that are co-expressed with mRNAs involved the fructose metabolic pathways have been
implicated in myocardial fibrosis after myocardial infarction in humans [70]. Whether
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similar cellular and biochemical pathways are implicated in fructose-high salt-induced
cardiovascular dysfunction will be crucial avenues of investigation.

4.1. Limitations

The present study used 20% glucose with 0.4% NaCl as the reference group to control
for caloric intake rather than a standard rat chow which is typically ~7% simple sugars.
Previous studies have found no significant changes in arterial pressure or bodily sodium
balance in rats fed 20% glucose with either low- or high-salt diet for short (1 week) or more
prolonged periods of time (3 weeks) [6,7]. It should be noted that in these other studies,
the sugars (glucose and fructose) were in the drinking water rather than in the chow.
Incorporating the carbohydrate in the chow permitted more accurate assessment of intake
and equalization across groups. Nonetheless, it is important to note that, while the timeline
of the study at present exceeds that of these prior studies, the values for hemodynamic,
vascular, and cardiac parameters are comparable in our GCS-GCS rats that we used as
reference group to parameters observed after three weeks of 20% glucose in drinking
water with either 0.4% or 4% NaCl [27]. The 9- to 10-week exposure to dietary fructose in
the FHS-FHS group was certainly longer than that in previous studies that evaluated these
cardiovascular parameters. PRA was not suppressed in the FCS-FHS and the FHS-FHS
groups. Ideally, concurrent plasma Ang II measurements would have been confirmatory
as in our previous studies [7,27]. The volume of plasma required for plasma Ang II
measurements by validated assay in our laboratory is 0.8–1.0 mL. Obtaining blood from
conscious rats via indwelling catheter while avoiding hypotension that could potentially
induce an increase in PRA and Ang II independent of the dietary condition was a primary
goal. Due to the need to assess other plasma factors, we were only able to obtain sufficient
plasma to reliably assess PRA, which only required 50 μL of plasma. Sex hormones
play an important role in the development of hypertension following a high-fructose
diet [71,72]. We only studied male rats in the present cohort in part due to restrictions in
the number of animals permitted during the pandemic restrictions. We acknowledge that
female rats have been shown to be particularly resistant to the development of insulin
resistance and, therefore, may prove to be less prone to the consequences of fructose
and high-salt diet [73–75]. Studies in female rats will be needed in the future. Finally,
the nature of the ultrasonographic imaging precluded obtaining all parameters in each of
the rats due to anatomical variations or issues with technique. Blood samples obtained
at the end of this study via the indwelling arterial catheter were performed in conscious
animals to avoid confounders such as hypotension and anesthesia; however, in some
cases, this limited the volume of plasma that could be obtained due clotting or kinking of
the catheter. Although statistical analyses for missing data were performed by imputation
using the mean, the limitation still exists.

4.2. Perspectives

Pre-clinical and clinical studies have clearly shown the relationship between frank
diabetes mellitus and cardiovascular complications [65,76–80]. Insulin resistance in the pre-
diabetic state even without frank hyperglycemia may play an important role in developing
cardiovascular abnormalities [81]. Alternatively, the exposure to both fructose and high salt
early in life in Phase I is an important factor for later development of the vasculopathy and
cardiomyopathy.

On the other hand, fructose feeding alone, without the addition of high dietary
sodium during the critical developmental period is sufficient to induce as state of salt
sensitivity later in life which renders the body susceptible to hypertension. Chronically
this can lead to various cardiac and renal co-morbidities such as heart failure and chronic
kidney disease [82,83]. Even FCS-GHS groups that became hypertensive only later in
life had a reduction in diastolic function, indicated by the E/A ratio, but this was not
significant. Contrastingly, the addition of high salt to a moderate fructose diet during
pubescent, developmental years had lasting effects on cardiac and renal function evidenced
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by diastolic dysfunction, ventricular hypertrophy, and failed renin suppression. This
detriment occurred in rats that were fed this fructose and high-salt diet chronically and
those that were allowed a period of reprise from poor dietary conditions (FHS-GHS)
groups. Indeed, diets with fructose fed early in life-with or without the presence of
elevated sodium—promote adaptations that render the body increasingly vulnerable to
complications caused by even modest dietary insults; these insults are long lasting and
with severe consequence.

5. Conclusions

In summary, consumption of 20% fructose but not glucose by male rats during pre-
and early adolescence, a proportion of caloric intake comparable to the upper quintile of
humans, results in salt-sensitive hypertension in mature animals. When ingested together
with a high-salt diet during this critical plastic phase, dietary fructose also predisposes to
vascular stiffening and left ventricular diastolic dysfunction in later life.
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Abstract: Recently we established a cell-free assay to evaluate “cholesterol uptake capacity (CUC)”
as a novel concept for high-density lipoprotein (HDL) functionality and demonstrated the feasibility
of CUC for coronary risk stratification, although its regulatory mechanism remains unclear. HDL
fluidity affects cholesterol efflux, and trans fatty acids (TFA) reduce lipid membrane fluidity when
incorporated into phospholipids (PL). This study aimed to clarify the effect of TFA in HDL-PL on
CUC. Serum was collected from 264 patients after coronary angiography or percutaneous coronary
intervention to measure CUC and elaidic acid levels in HDL-PL, and in vitro analysis using recon-
stituted HDL (rHDL) was used to determine the HDL-PL mechanism affecting CUC. CUC was
positively associated with HDL-PL levels but negatively associated with the proportion of elaidic
acid in HDL-PL (elaidic acid in HDL-PL/HDL-PL ratio). Increased elaidic acid-phosphatidylcholine
(PC) content in rHDL exhibited no change in particle size or CUC compared to rHDL containing
oleic acid in PC. Recombinant human lecithin-cholesterol acyltransferase (LCAT) enhanced CUC,
and LCAT-dependent enhancement of CUC and LCAT-dependent cholesterol esterification were
suppressed in rHDL containing elaidic acid in PC. Therefore, CUC is affected by HDL-PL concentra-
tion, HDL-PL acyl group composition, and LCAT-dependent cholesterol esterification. Elaidic acid
precipitated an inhibition of cholesterol uptake and maturation of HDL; therefore, modulation of
HDL-PL acyl groups could improve CUC.

Keywords: high-density lipoprotein (HDL); cholesterol uptake capacity (CUC); phospholipids (PL);
trans-fatty acids (TFA); elaidic acid; lecithin-cholesterol acyltransferase (LCAT)

1. Introduction

High-density lipoprotein (HDL) is a multifunctional lipoprotein that protects against
atherosclerosis. Although the detailed mechanisms are yet to be elucidated, a key func-
tion of HDL to protect cardiovascular events is suggested to be the efflux of cholesterol
from macrophages in the arterial wall, which could be measured as cholesterol efflux
capacity (CEC).

Previous studies have demonstrated a negative correlation between CEC and the
probability of coronary artery disease (CAD) independent of HDL cholesterol (HDL-C)
concentration [1–3]. However, since CEC assays require radiolabeled cholesterol and
cultured cells and time consuming procedures [4,5], application of CEC in clinical settings

Nutrients 2021, 13, 3112. https://doi.org/10.3390/nu13093112 https://www.mdpi.com/journal/nutrients33



Nutrients 2021, 13, 3112

is challenging. To overcome the technical limitations related to CEC, we recently established
a simple, high-throughput, cell-free assay system to evaluate cholesterol uptake capacity
(CUC) as a novel concept for HDL functionality. We have reported an inverse association
between CUC and the recurrence rate of coronary lesions after revascularization in patients
with optimal control of low-density lipoprotein cholesterol (LDL-C) concentrations [6,7].
However, the regulatory mechanism of CUC remains unclear.

Several studies have shown that the ability of HDL to accept cellular free cholesterol
is related to the amount of phospholipids (PL) present in the particle [8,9], and that PL
containing unsaturated fatty acids in their acyl groups increase the fluidity of the HDL
surface and improve cholesterol efflux when incorporated into HDL [10]. In addition, we
recently reported that oral administration of purified eicosapentaenoic acid (EPA) generates
EPA-rich HDL particles, which exhibit cardioprotective properties via the production of
anti-inflammatory lipid metabolites and an increase in cholesterol efflux [11,12]. These
results indicate the importance of acyl groups of PL in HDL functionality.

Trans-fatty acids (TFA) are unsaturated fatty acids with at least one unsaturated double
bond in the trans structure, whose excess intake is considered to be associated with an
increased risk of cardiovascular disease (CVD) [13–17]. Previous studies have shown that
TFA taken orally are incorporated into PL in plasma [18], where they reduce the fluidity
of lipid membranes [19]. Considering that PL are the major lipid component of HDL [20],
these results indicate the possibility that TFA are incorporated into the PL of HDL and
affect its functionality. However, the relationship between CUC and TFA incorporated into
HDL phospholipids (HDL-PL) has not yet been investigated. Therefore, the present study
aimed to clarify the effect of TFA in HDL-PL on CUC.

2. Materials and Methods

2.1. Subjects

The Kobe Cardiovascular Marker Investigation (CMI) registry is a single-center reg-
istry of patients referred to Kobe University Hospital with cardiovascular disease, which
is used to identify blood-based biomarkers that are useful in predicting cardiovascular
disease. The study protocol was in accordance with the ethical guidelines of the 1975
Declaration of Helsinki. The study was approved by the Ethics Review Committee at Kobe
University (Japan) and was registered in the UMIN Clinical Trials Registry (identification
number 000030297). Written informed consent was obtained from all patients prior to
enrollment in the study.

Serum samples were collected from patients who underwent coronary angiography
(CAG) or percutaneous coronary intervention (PCI) and stored at 80 ◦C until measurement.
The inclusion criteria for this study were patients with a history of PCI and follow-up CAG
with or without revascularization between July 2015 and February 2019. Exclusion criteria
were patients who did not have frozen serum samples for any reason.

2.2. Preparation of the apoB-Depleted Serum

Serum samples were thawed on ice and incubated with the same volume of 22%
polyethylene glycol (PEG) 4000 to remove apolipoprotein B (apoB)-containing lipoproteins.
Briefly, each serum sample was mixed with a PEG solution and kept at room temperature
for 20 min. The samples were then centrifuged at 860× g for 15 min to precipitate all
apoB-containing lipoproteins, and the supernatant was collected as apoB-depleted serum.
A previous study that used gel filtration chromatography showed that cholesterol and PL
colocalized in the same fraction as HDL in apoB-depleted serum [21]. Therefore, we used
apoB-depleted serum for the HDL-PL analysis.

2.3. Clinical Variables

Serum levels of hemoglobin A1c (HbA1c), triglyceride (TG), total cholesterol (TC),
LDL-C, HDL-C, and high-density lipoprotein triglyceride (HDL-TG) were measured us-
ing a standard assay at the Clinical Laboratory of Kobe University Hospital. HDL-PL
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levels were assessed by measuring apoB-depleted serum diluted eight times in phosphate-
buffered saline (PBS) at SRL, Inc. (Hachioji, Tokyo, Japan) and calibrated using three-fold
serially diluted pooled serum.

2.4. CUC Assay

The development of the CUC assay has been described previously [6,7]. In this study,
the assay principle was applied to the HI-1000TM system (Sysmex, Kobe, Japan), which
is a fully automated immunoassay system for research applications. In brief, 5 μL of
apoB-depleted serum was diluted in a buffer containing PBS and 0.2% R1 reagent of the
HDL-C Reagent KL “kokusai” (Sysmex, Kobe, Japan) 200 times, and 10 μL of the diluted
apoB-depleted serum was incubated with 90 μL of 1 μM biotin-PEG-labeled cholesterol (the
preparation method is described in Appendix A) in reaction buffer (PBS containing 11%
glycerol, 1.1% Pluronic F-68 (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.11 mM
methyl-β-cyclodextrin (Merck KGaA, Darmstadt, Germany), 0.055% liposome (Nippon
fine chemical, Tokyo, Japan), 0.0047% nonion-K230 (NOF, Tokyo, Japan), 0.37% SF08 (NOF,
Tokyo, Japan), and 0.009% oleamide (Kao, Tokyo, Japan)) at 37 ◦C for 1 min. Serum
HDL was captured by an anti-apolipoprotein A1 (apoA1) mouse monoclonal antibody
clone 8E10 (the preparation method is described in Appendix A) coated on magnetic
particles at 37 ◦C for 6 min. After washing the particles with wash buffer (HISCLTM line
washing solution containing 0.1% Pluronic F-68 and 138 mM sodium chloride), 100 μL of
alkaline phosphatase-conjugated streptavidin (Vector Laboratories, Burlingame, CA, USA)
in dilution buffer (0.1 M TEA (pH 7.5) containing 10 mg/mL BSA, 5 mg/mL Casein Na,
1 mM MgCl2, and 0.1 mM ZnCl2) was added and incubated at 37 ◦C for 10 min. After
washing the particles with wash buffer, the chemiluminescent substrate was added and
incubated at 42 ◦C for 5 min, and chemiluminescence was measured as a count. The CUC
assay was standardized using the pooled serum.

2.5. Measurement of Elaidic Acid Incorporated into HDL Phospholipids

One hundred microliters of 50 μM 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine
(19:0 PC; Merck KGaA, Darmstadt, Germany) were added to 200 μL of apoB-depleted
serum as an internal standard, and total lipids were extracted using the Bligh and Dyer
method as described previously [22] and applied to InertSep SI columns (GL Sciences
Inc., Tokyo, Japan). The columns were then washed with 3 mL of chloroform and 3 mL of
acetone. PL were eluted from the columns using 6 mL of methanol, dried under N2, and
methylated with a commercially available kit (Nacalai Tesque, Kyoto, Japan) according to
the manufacturer’s protocol. The concentrations of methylated elaidic acid were measured
using gas chromatography-mass spectrometry (GC-MS). The GC-MS conditions used
for the measurements in this study were described in a previous study [13], except that
the split-less injection mode was adopted to increase the sensitivity, and each value was
standardized using pooled serum.

2.6. Preparation of rHDL

The rHDL particles were prepared using a previously described sodium cholate
dialysis method [12,23]. In brief, the required amounts of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) (Merck KGaA, Darmstadt, Germany), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (Merck KGaA, Darmstadt, Germany), or 1,2-dielaidoyl-sn-glycero-
3-phosphocholine (elaidic acid PC) (Merck KGaA, Darmstadt, Germany), and cholesterol
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were mixed and dried under
an N2 gas stream. The dried mixture was dissolved in tris(hydroxymethyl)aminomethane
(Tris)-buffered saline (TBS; 8.2 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 8.0) and supple-
mented with 19 mmol/L sodium deoxycholate until the solution was clear. ApoA1 from
human plasma (Merck KGaA, Darmstadt, Germany) was added to the solution to make a
final phosphatidylcholine (PC)–cholesterol–apoA1 molar ratio of 30:2:1. The mixture was
incubated at 37 ◦C for 1 h and dialyzed against TBS for three days to remove sodium de-

35



Nutrients 2021, 13, 3112

oxycholate. The protein concentration was measured using the Bradford protein assay. The
samples were subjected to non-denaturing 4–20% gradient polyacrylamide gel (Bio-Rad,
Hercules, CA, USA) electrophoresis and stained with Coomassie Brilliant Blue to visualize
the rHDL particles. Particle size was assigned by comparison with protein standards using
a high molecular weight calibration kit (GE Healthcare, Madison, WI, USA).

2.7. CUC Assay for rHDL

rHDL was diluted in buffer to obtain a final apoA1 concentration of 1 μg/mL, and
the CUC assay was performed with the HI-1000TM system as described above. To evaluate
the effects of lecithin-cholesterol acyltransferase (LCAT) on the CUC assay, recombinant
human LCAT (rhLCAT) (Sino Biological Inc., Beijing, China) or rhLCAT preincubated with
2 mM N-ethylmaleimide (NEM) (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) at 30 ◦C for 30 min were mixed with rHDL to make a final rhLCAT–apoA1 molar
ratio of 1.5:1 or 4.2:1, respectively, and incubated at 37 ◦C for 5 min. The samples were then
diluted in buffer to obtain a final apoA1 concentration of 1 μg/mL, and the CUC assay
was performed. The quantification of apoA1 was conducted using the HI-1000TM system
and standardized using pooled serum. Briefly, an alkaline phosphatase-conjugated anti-
apoA1 mouse monoclonal antibody clone P1A5 (the preparation method is described in
Appendix A) was added to rHDL captured by an anti-apoA1 mouse monoclonal antibody
(8E10)-coated on magnetic particles and incubated at 37 ◦C for 10 min. After washing the
particles with wash buffer, the chemiluminescent substrate was added and incubated at
42 ◦C for 5 min, and chemiluminescence was measured as a count. To improve inter- and
intra-assay precision, the CUC per apoA1 value was used for CUC analysis of rHDL.

2.8. Fluorescence-Based Assay for LCAT Activity

A fluorescence-based assay for LCAT activity was developed according to a previous
study [24]. The rHDL particles containing POPC or elaidic acid-PC, BODIPY-cholesterol
(Avanti Polar Lipids, Alabaster, AL, USA), and apoA1 in a ratio of 30:2:1 were prepared and
used as proteoliposome substrates. The samples were subjected to non-denaturing 4–20%
gradient polyacrylamide gel (Bio-Rad, Hercules, CA, USA) electrophoresis and analyzed
with a ChemiDoc Touch MP (Bio-Rad, Hercules, CA, USA) set at 488 nm for excitation
and 520 nm for emission to detect BODIPY-cholesterol. The same gel was stained with
Coomassie Brilliant Blue to visualize the rHDL particles.

The rhLCAT or rhLCAT preincubated with 2 mM NEM at 30 ◦C for 30 min was mixed
with the proteoliposome substrates to make a final rhLCAT:apoA1 molar ratio of 0.5:1, and
incubated at 37 ◦C for 10–90 min. The lipids were extracted from the samples, dissolved in
30μL of chloroform, and applied to a thin-layer chromatography (TLC) silica gel 60 plate
(Merck KGaA, Darmstadt, Germany), which was then placed into a closed glass tank and
saturated with a developing solvent (petroleum ether, diethyl ether, and acetic acid in
mole portions of 230:60:3). After 25 min, the TLC plate was removed from the tank and
cholesterol spots and esterified cholesterol spots were detected using a ChemiDoc Touch
MP set at 488 nm for excitation and 520 nm for emission. For quantitative analysis of
cholesterol esterification rate, the TLC plate was exposed for 0.2 s and the fluorescence
intensities of both cholesterol spots and esterified cholesterol spots were quantified by
densitometry analysis using ImageJ® software (NIH, Bethesda, MD, USA). The cholesterol
esterification rate was calculated using the following formula:

% Cholesterol esterification rate = (Fluorescence intensities of esterified BODIPY-cholesterol spots derived from each
rHDL/Fluorescence intensities of BODIPY-cholesterol spots derived from rHDL without addition of rhLCAT) × 100.

For visual inspection, exposure time for detecting BODIPY-cholesterol and esterified
BODIPY-cholesterol spots were set to 0.2 and 3.0 s, respectively.
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2.9. Statistics

Statistical analyses of clinical subjects were performed using Stata 16.1 (StataCorp
LLC, College Station, TX, USA), and for rHDL, the GraphPad Prism software version 8.4.3
(GraphPad Software, Inc., San Diego, CA, USA). Categorical variables were expressed
as numbers and percentages, and the p value for differences between two groups was
determined using the Chi-square test. Continuous variables were expressed as mean ±
standard deviation (SD), unless otherwise specified. The p value for differences between
two groups was determined by an unpaired Student’s t-test or the Mann–Whitney test
according to the data distribution and normality. Differences between multiple groups were
determined by one-way ANOVA with Tukey’s or Dunnett’s multiple comparisons test, as
applicable. The relationships between the two numerical variables were investigated using
a simple linear regression analysis. We report Spearman’s rho with corresponding p values.
Statistical significance was set at p < 0.05.

3. Results

3.1. Baseline Patient Characteristics

From the Kobe CMI registry between July 2015 and February 2019, we enrolled 264
patients based on the inclusion and exclusion criteria. The baseline patient characteristics
and laboratory data are shown in Table 1.

Table 1. Baseline patient characteristics and laboratory data.

Variables n = 264

Age 70.8 ± 9.3
Male, n (%) 210 (79.5)

Hypertension, n (%) 204 (77.3)
Dyslipidemia, n (%) 221 (83.7)

Diabetes, n (%) 119 (45.1)
Smoking history, n (%) 180 (68.4)

Statin, n (%) 233 (88.2)
Laboratory data

HbA1c (%) 6.4 ± 1.0
TG (mg/dL) 128.8 ± 71.2
TC (mg/dL) 146.8 ± 31.2

LDL-C (mg/dL) 82.1 ± 26.3
HDL-C (mg/dL) 46.1 ± 12.6

CUC (A.U.) 94.8 ± 20.5
ApoA1 (mg/dL) 118.0 ± 19.3

HDL-PL (mg/dL) 78.0 ± 26.6
HDL-TG (mg/dL) 13.6 ± 6.6

Elaidic acid in HDL-PL (μM) 1.1 ± 0.50
Values are presented as mean ± SD. HbA1c, hemoglobin A1c; TG, triglyceride; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; CUC, cholesterol uptake capacity;
ApoA1, apolipoprotein A1; HDL-PL, high-density lipoprotein phospholipid; HDL-TG, high-density lipoprotein
triglyceride; A.U., arbitrary units.

More than 80% of the patients were receiving statin therapy, and achieved a mean
LDL-C level of less than 100 mg/dL, which is the goal for secondary prevention of coronary
artery disease (CAD) in Japan [25]. The patients in the revascularization (Rev.(+) group had
a significantly higher incidence of diabetes than patients without revascularization (Rev.(–)).
Conversely, CUC and HDL-PL levels were significantly higher in the Rev.(–) patients than
those in the Rev.(+) group. Elaidic acid levels in HDL-PL also tended to be higher in the
Rev.(–) group than in the Rev.(+) group, although this trend was not statistically significant
(Supplemental Tables S1 and S2).
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3.2. The Proportion of Elaidic Acid in HDL-PL Inversely Correlates with CUC

As a first step towards understanding the effect of TFA in HDL-PL on CUC, we as-
sessed the relationship between CUC and HDL-PL and confirmed that CUC was positively
associated with HDL-PL levels (rS = 0.906, p < 0.001) (Figure 1A). Though CUC was also
positively associated with apoA1 levels (rS = 0.683, p < 0.001) (Figure S1A), the value of
correlation coefficient was smaller than that of HDL-PL levels, suggesting that the HDL-PL
level is an important factor in determining CUC.

Figure 1. Correlations between CUC and the following: (A) HDL-PL levels (rS = 0.906, p < 0.001), (B) elaidic acid in HDL
PL/HDL-PL ratio (rS = −0.275, p < 0.001). CUC, cholesterol uptake capacity; A.U., arbitrary units; HDL-PL, high-density
lipoprotein phospholipid.

To analyze the effect of TFA incorporated into HDL-PL on CUC, we evaluated the
relationship between CUC and elaidic acid in HDL-PL and found that although there was
a positive correlation (Figure S1B); CUC was negatively associated with the proportion of
elaidic acid in the HDL-PL/HDL-PL ratio (rS = −0.275, p < 0.001) (Figure 1B). By contrast,
though oleic acid, a cis analogue of elaidic acid, in HDL-PL also correlated positively with
CUC (Figure S1C), no significant relationship was noted between CUC and the proportion
of oleic acid in HDL-PL (Figure S1D). These results indicate the possibility that elaidic acid
has a negative effect on CUC when incorporated into HDL-PL.

3.3. LCAT-Dependent Enhancement of CUC Is Suppressed in rHDL Containing Elaidic Acid-PC

To investigate the effects of elaidic acid in HDL-PL on HDL size and functionality,
discoidal rHDL containing various molar percentages of POPC and elaidic acid-PC (0–100%
of total PC) were prepared and particle size and CUC were assessed. Native PAGE analysis
showed that particle sizes did not differ significantly between rHDLs (Figure 2A).

Similarly, contrary to our expectation, the elaidic acid-PC content in rHDL did not
affect CUC (Figure 2B), although these results might have been due to the limitations of
CUC analysis using only rHDL.

Under physiological conditions, LCAT is known to bind discoidal small HDLs (pre-
β-HDL) [26,27] and is important for HDL maturation [28]. In peripheral tissues, free
cholesterol effluxes from cells by the ATP-binding cassette transporter A1 (ABCA1) to pre-
β-HDL and is esterified by LCAT. Due to their hydrophobic chemical properties, cholesterol
esters (CE) move to the core of the HDL [29], making it larger and more spherical mature.
Recently, it has been reported that rhLCAT increased CE and enhanced cholesterol efflux
and the maturation of HDL in vivo [30]. Therefore, we hypothesized that the addition of
rhLCAT to rHDL would enable CUC analysis under near-physiological conditions.
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Figure 2. Elaidic acid-PC contents in rHDL do not affect particle size and CUC. (A) rHDL containing different POPC
and elaidic acid-PC molar percentages was prepared and native polyacrylamide gel electrophoresis (PAGE) analysis was
performed in a 4–20% polyacrylamide gel to assess the particle size. Standard proteins of known hydrodynamic diameters
were used for this analysis. Samples (1.0 μg proteins) were separated by non-denaturing gel electrophoresis and stained
with Coomassie Brilliant Blue. (B) rHDL containing different POPC and elaidic acid-PC molar percentages was prepared
and CUC assay was performed. Values are expressed as the mean ± SD (n = 6). CUC, cholesterol uptake capacity; A.U.,
arbitrary units; NS, not significant. Data analyzed by one-way ANOVA with Dunnett’s multiple comparisons test.

To investigate the effects of LCAT on CUC, rHDL containing POPC was prepared and
the CUC assay was performed in the presence of rhLCAT or rhLCAT pre-incubated with
NEM, which inhibits LCAT activity [31–34]. The addition of rhLCAT to rHDL significantly
enhanced CUC, and LCAT-dependent enhancement of CUC was suppressed by NEM
(Figure 3A).

Figure 3. LCAT-dependent enhancement of CUC is suppressed in rHDL containing elaidic acid-PC. (A) rHDL containing
POPC was prepared and a CUC assay was performed in the presence of rhLCAT or rhLCAT pre-incubated with NEM.
Values are expressed as the mean ± SD (n = 6). LCAT, lecithin cholesterol acyltransferase; apoA1, apolipoprotein A1; NEM,
N-ethylmaleimide; CUC, cholesterol uptake capacity; A.U., arbitrary units. *** p < 0.001. NS, not significant. Data analyzed
by one-way ANOVA with Tukey’s multiple comparisons test. (B) rHDL containing POPC, DOPC, and elaidic acid-PC
was prepared and a CUC assay was performed in the presence of rhLCAT. Values are expressed as the mean ± SD (n = 6).
* p < 0.05, ** p < 0.01. NS, not significant. Data analyzed by one-way ANOVA with Dunnett’s multiple comparisons test.
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Next, to investigate the effects of elaidic acid in HDL-PL on CUC in the presence of
LCAT, rHDL containing POPC, DOPC, and elaidic acid-PC were prepared and the CUC
assay was performed in the presence of rhLCAT. Although PL contain saturated fatty
acids mainly in the sn1 position [35–37], we used a PC containing elaidic acid in both
the sn1 and sn2 positions as elaidic acid-PC. To confirm the effect of sn1 substitution by
monounsaturated fatty acids, DOPC, which contains oleic acid in both the sn1 and sn2
positions, and POPC, which contains palmitic acid in the sn1 position and oleic acid in the
sn2 position, were used as controls. Although rhLCAT-dependent enhancement of CUC
was observed in all rHDLs, the CUC of rHDL containing elaidic acid-PC was significantly
lower than that of rHDL containing POPC or DOPC (Figure 3B). These findings indicate
that LCAT plays a crucial role in the enhancement of CUC, and elaidic acid has a negative
effect on CUC in the presence of LCAT.

3.4. LCAT-Dependent Cholesterol Esterification Is Suppressed in rHDL Containing Elaidic
Acid-PC

Previous studies have shown that conversion of free cholesterol on HDL to CE by
LCAT increases the capacity of HDL to remove additional cholesterol and maintains the
gradient for cholesterol efflux from cells [29,30]. Therefore, we speculated that elaidic
acid in HDL-PL inhibited LCAT-dependent cholesterol esterification on HDL and affected
CUC. To evaluate LCAT-dependent cholesterol esterification, a fluorescence-based assay
for LCAT activity was developed according to a previous study [24]. First, we prepared
rHDL containing both BODIPY-cholesterol and POPC as a proteoliposome substrate and
confirmed that the fluorescent signal was detected in the same size as rHDL by native
PAGE analysis (Figure 4A).

Figure 4. Development of a fluorescence-based assay for LCAT activity. (A) rHDL containing both BODIPY-cholesterol and
POPC was prepared and native PAGE analysis was performed in a 4–20% polyacrylamide gel. Standard proteins of known
hydrodynamic diameters were used for the analysis. Samples (1.0 μg proteins) were separated by non-denaturing gel
electrophoresis and stained with Coomassie Brilliant Blue (left). The same Native PAGE gel was analyzed with a ChemiDoc
Touch MP (Bio-Rad) set at 488 nm for excitation and 520 nm for emission (right). (B) rhLCAT or rhLCAT pre-incubated with
NEM was incubated with rHDL containing BODIPY-cholesterol and POPC for 10–90 min at 37 ◦C. The extracted lipids were
dissolved in 30μL of chloroform and applied to the TLC plate. The TLC plate was placed into a closed glass tank, saturated
by a developing solvent (petroleum ether, diethyl ether, and acetic acid in mole portions of 230:60:3). After 25 min, the
plate was removed and the cholesterol spots (Position A) and esterified cholesterol spots (Position B) were detected using a
ChemiDoc Touch MP set at 488 nm for excitation and 520 nm for emission. In order to visualize spots clearly, cholesterol
spots were exposed for 0.2 s and esterified cholesterol spots were exposed for 3.0 s. (C) The TLC plate was exposed for 0.2 s
and cholesterol spots and esterified cholesterol spots were quantified by densitometry analysis using ImageJ® software.
Cholesterol esterification rate was calculated as the percentage of cholesterol esterified during HDL incubation at 37 ◦C in
10 min. Values are expressed as the mean ± SD (n = 5). ** p < 0.01. Data analyzed by unpaired Mann–Whitney test.
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Second, rhLCAT or rhLCAT pre-incubated with NEM was incubated with rHDL for
10–90 min, both BODIPY-cholesterol and esterified BODIPY-cholesterol were separated by
TLC, and fluorescent signals were detected. Fluorescent intensities of esterified BODIPY-
cholesterol increased depending on the incubation time in the presence of rhLCAT, and
this trend was suppressed by pre-incubation of rhLCAT with NEM (Figure 4B). Quanti-
tative analysis also showed that the LCAT-dependent cholesterol esterification rate was
suppressed by NEM (Figure 4C). We concluded from these results that the fluorescence
activity assay for LCAT developed properly.

Finally, to evaluate the effect of elaidic acid in HDL-PL on LCAT-dependent cholesterol
esterification, rHDL containing both BODIPY-cholesterol and POPC or elaidic acid-PC
were prepared as proteoliposome substrates and a fluorescence activity assay for LCAT was
performed. Although the fluorescent intensities of esterified BODIPY-cholesterol increased
depending on the incubation time in the presence of LCAT in both rHDLs (Figure 5A), the
cholesterol esterification rate of rHDL containing elaidic acid-PC was significantly lower
than that of rHDL containing POPC (Figure 5B), demonstrating that elaidic acid suppresses
esterification of cholesterol on HDL when incorporated into HDL-PL.

Figure 5. LCAT-dependent cholesterol esterification is suppressed in rHDL containing elaidic acid-PC. (A) rHDL containing
both BODIPY-cholesterol and POPC or elaidic acid-PC were prepared and incubated with rhLCAT for 10–90 min at 37 ◦C.
The extracted lipids were dissolved in 30μL of chloroform and applied to the TLC plate. The TLC plate was placed into a
closed glass tank, saturated by a developing solvent (petroleum ether, diethyl ether, and acetic acid in mole portions of
230:60:3). After 25 min, the plate was removed and the cholesterol spots (Position A) and esterified cholesterol spots (Position
B) were detected using a ChemiDoc Touch MP. In order to visualize the spots clearly, cholesterol spots were exposed for 0.2
sec and esterified cholesterol spots were exposed for 3.0 sec. (B) The TLC plate was exposed for 0.2 sec and cholesterol spots
and esterified cholesterol spots were quantified by densitometry analysis using ImageJ® software. Cholesterol esterification
rate was calculated as the percentage of cholesterol esterified during HDL incubation at 37 ◦C for, 10–90 min. Values are
expressed as the mean ± SD (n = 5). * p < 0.05 ** p < 0.01. Data analyzed by unpaired Mann–Whitney test.

4. Discussion

In this study, we demonstrated that CUC, a novel indicator of HDL functionality, was
inversely associated with the proportion of elaidic acid in HDL-PL. In vitro analysis using
rHDL showed that rhLCAT enhanced CUC, and LCAT-dependent enhancement of CUC
was suppressed in rHDL containing elaidic acid in PC compared to rHDL containing oleic
acid, a cis analogue of elaidic acid. Moreover, we found that LCAT-dependent cholesterol
esterification was also suppressed by elaidic acid.

PL are major components of the HDL lipidome, accounting for 40–60% of total HDL
lipids, followed by cholesteryl esters (30–40%), triglycerides (5–12%), and free cholesterol
(5–10%) [20]. In the present study, we found that HDL-PL levels were strongly significantly
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correlated with CUC, which agrees with previous studies that showed a significantly posi-
tive correlation between CEC and HDL-PL levels [38]. In vitro analysis using rHDL also
showed that CEC at a fixed rHDL protein concentration increased in parallel with increas-
ingly enriched PL [39]. Since cholesterol interacts with PL [40], the latter are indispensable
components for maintaining cholesterol in lipid membranes. We believe that our results
reflect the intrinsic mechanism of the affinity between PL and cholesterol.

Previously, we showed that serum elaidic acid levels were elevated in middle-aged
patients with CAD and/or metabolic syndrome in Japan [13]. We also showed that elevated
serum elaidic acid levels were associated with the incidence of target vessel revasculariza-
tion (TLR) in the same-age Japanese generation with CAD [14]. Dietary TFA are reported
to be associated with increased LDL-C and TG, as well as reduced HDL-C [41], suggesting
that the adverse effects of TFA on lipoprotein quantity and function may contribute to the
increase in CVD events. Nevertheless, the effects of TFA on HDL functionality have not
been completely elucidated.

In this study, both CUC and HDL-PL levels were significantly higher in the Rev.(–)
group than in the Rev.(+) group. Accompanied by the increase in HDL-PL levels, the elaidic
acid levels in HDL-PL also tended to be higher in the Rev.(–) group than in the Rev.(+)
group. However, this trend was not statistically significant. To investigate the effect of the
elaidic acid composition of HDL-PL on CUC, we examined the relationship between the
proportion of elaidic acid in HDL-PL (elaidic acid in HDL-PL/HDL-PL ratio) and CUC,
and found a negative correlation. By contrast, oleic acid, a cis analogue of elaidic acid,
showed no such relationship. These results suggest that not only the amount of PL but also
the composition of PL is a factor in determining CUC, and that the increased proportion of
elaidic acid in HDL-PL has a negative effect on CUC.

In the present study, we found that the addition of rhLCAT to rHDL enhanced CUC,
and LCAT-dependent enhancement of CUC was suppressed in rHDL containing elaidic
acid in PC when compared to rHDL containing oleic acid, a cis analogue of elaidic acid.
A previous study showed that the incorporation of structurally linear elaidic acid into
PL reduces the fluidity of lipid membranes [19]. Therefore, elaidic acid could reduce the
surface fluidity of HDL and attenuate CUC in the presence of LCAT. Additionally, the
present study showed that LCAT was less reactive to PC containing elaidic acid than PC
containing oleic acid, and affected the efficiency of cholesterol esterification in rHDL. A
previous study showed that cholesterol esterification contributed to HDL maturation and
increased the capacity of HDL to remove cholesterol [29,30]. Therefore, elaidic acid may
affect the esterification of cholesterol in addition to membrane fluidity, thereby inhibiting
cholesterol uptake and maturation of HDL. Although the mechanism by which elaidic acid
affects LCAT reactivity has not been fully elucidated, considering that substrates of PL
need to move into the active site of LCAT from HDL through the path that is made by the
interaction between LCAT and apoA1 [42], elaidic acid may decrease the surface fluidity of
HDL and reduce the efficiency of providing substrates of PL to LCAT through the path.

In this study, we did not perform a detailed structural analysis to elucidate how rHDL,
which contains elaidic acid-PC, undergoes structural changes upon reaction with rhLCAT.
Recently, the binding mode of LCAT and HDL was analyzed using negative stain electron
microscopy (EM), validated with hydrogen–deuterium exchange mass spectrometry (HDX-
MS) and crosslinking coupled with mass spectrometry (XL-MS) [42]. Adaptation of these
techniques for rHDL analysis may reveal more detailed effects of elaidic acid-PC on LCAT-
dependent HDL maturation in the future.

Recently, much attention has been focused on restoring or regulating HDL function
to prevent atherosclerosis. Previously, we found that EPA enhanced CEC when it was
incorporated into HDL [11,12]. In the present study, we found that elaidic acid incorporated
in HDL-PL negatively affected CUC. In view of these results, modulation of the PL acyl
groups may be an effective strategy to improve HDL function. CUC was significantly
enhanced in the presence of rhLCAT. Recently, therapeutic concepts for coronary heart dis-
ease and atherosclerosis using recombinant LCAT protein or an LCAT activator have been
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proposed, and dose-dependent increases in HDL-C along with the enhancement of choles-
terol efflux or in vivo reverse cholesterol transport (RCT) have been demonstrated [30,43].
Considering the enhancement of CUC in the presence of rhLCAT, as shown in this study,
CUC may change in response to these molecules, in a manner similar to cholesterol efflux.

Study Limitations

This study has several limitations. First, because CUC is determined by a cell-free
assay, CUC does not reflect the ABCA1 mediated cellular binding of apoA1 and the unidi-
rectional export of cholesterol and PL to lipid-free/-poor apoA1 [7], which is considered as
the first step of reverse cholesterol transport. Hence, the effect of elaidic acid in HDL-PL
on cholesterol efflux remains to be elucidated. Second, we assessed rHDL containing only
elaidic acid in PC for in vitro analysis. Since the concentrations of elaidic acid in vivo
are much lower than those of other fatty acids, HDL containing such a highly enriched
elaidic acid does not exist in vivo. However, considering the inverse association between
CUC and the proportion of elaidic acid in HDL-PL observed in the correlation study using
serum samples, we believe that our results reflect the intrinsic effect of elaidic acid on HDL.
Further elucidation is required to address this issue. Third, although we used PC, which
contains elaidic acid in both the sn1 and sn2 positions, as elaidic acid-PC, it is not consistent
with a previous study that showed that PL contains saturated FA at position sn1 and unsat-
urated FA at position sn2 [35–37]. However, a previous study that assessed the membrane
fluidity by steady-state fluorescence polarization of the probe diphenylhexatriene (DPH)
showed that lipid membranes made from trans-containing PC (trans-PC) were less fluid
than lipid membranes made from cis-containing PC (cis-PC), regardless of the position
of incorporation (sn1 only, or both sn1 and sn2 of the glycerol backbone) [19]. Hence, we
believe that the type of elaidic acid-PC used in our rHDL analysis did not affect the conclu-
sions of this study. Fourth, we assessed rHDL containing the same amount of apoA1 for
in vitro analysis. Since the interaction of LCAT to apoA1 enhances the enzymatic activity
of LCAT [42], the amount of apoA1 per HDL particle and post-translational modifications
of apoA1 such as nitration [44] may affect the LCAT-dependent cholesterol esterification
and CUC. To address this issue, a comprehensive analysis using rHDL containing different
amounts and qualities of apoA1 is needed.

Lastly, we did not assess the effects of polyunsaturated fatty acids, which may enhance
lipid membrane fluidity. Further studies, such as comprehensive lipid profile assessment
of HDL and analysis of rHDL composed of other types of phospholipids are needed to
generalize the present findings.

5. Conclusions

The present study revealed that CUC is affected by the HDL-PL level. Moreover, CUC
was negatively associated with the proportion of elaidic acid in HDL-PL, suggesting that the
composition of HDL-PL is also a determinant factor of CUC. In vitro analysis using rHDL
showed that CUC was positively affected by LCAT-dependent cholesterol esterification,
whereas the incorporation of elaidic acid in HDL-PL attenuated the cholesterol esterification
efficiency by LCAT in addition to decreasing the fluidity of the HDL surface as reported
previously, thereby inhibiting the process of cholesterol uptake and maturation of HDL.
Further analysis to elucidate the regulatory mechanisms of CUC will lead to new diagnostic
and therapeutic strategies for atherosclerosis and cardiovascular disease.
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Appendix A. Supplemental Methods

Appendix A.1. Generation of Mouse Monoclonal Antibody 8E10 and P1A5

Hybridoma cell lines were generated by immunizing C57BL/6 mice with recombinant
human apoA1 protein (Merck KGaA, Darmstadt, Germany). Mouse immunization and
generation of hybridoma cell lines were outsourced to the Cell Engineering Corporation
(Osaka, Japan). Hybridoma culture supernatants containing antibodies with the desired
binding specificity for equal recognition of non-oxidized and oxidized HDL were screened
by ELISA. In brief, 1μg/mL of recombinant human apoA1 protein or apoB-depleted serum
with an apoA1 concentration of 1μg/mL, diluted in PBS, were immobilized on 96-well
plates at 37 ◦C for 1 h. After washing the wells with PBS, PBS with or without hydrogen
peroxide (H2O2), sodium nitrite, and diethylenetriaminepentaacetic acid (DTPA) solution
(final concentrations of 1 mol/L, 200 μmol/L, and 100 μmol/L, respectively) were added
to the wells and incubated at 37 ◦C for 1 h. The wells were washed with PBS and blocked
with 2% BSA in PBS at 25 ◦C for 1 h. The plates were then incubated with hybridoma
culture supernatant at 25 ◦C for 1 h, followed by the addition of horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (Dako, Glostrup, Denmark) at 25 ◦C for 30 min.
The wells were washed with PBS five times, SuperSignal ELISA pico chemiluminescent
substrate (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was added to the wells, and
the chemiluminescence signal was measured using an Infinite F200 Pro microplate reader
(Tecan, Mannedorf, Switzerland). The mAb 8E10 and P1A5 were selected by screening for
equal recognition of lipid-free (recombinant protein) and lipidated (apoB-depleted serum)
apoA1 under native conditions, as well as after oxidation by exposure to H2O2/NO2

−. In
order to obtain sufficient antibodies for this study, mAb 8E10 was purified from the ascites
fluid of ICR nude mice by Protein A-Sepharose chromatography. Preparation of mouse
ascites fluid and purification of mAb 8E10 and P1A5 were outsourced to Kitayama Labes
(Nagano, Japan).

Appendix A.2. Synthesis of Biotin-PEG7-Cholesterol

Fifteen milligrams of 3β-Hydroxy-Δ5-cholenic Acid (Wako) were dissolved in 500 μL
of N,N-dimethylformamide. Then, 7.7 mg of 1-Ethyl-3-(3-dimethylaminopropyl) carbodi-
imide, hydrochloride (Dojindo), 4.6 mg of N-hydroxysuccinimide (Merck KGaA, Darm-
stadt, Germany), 23.8 mg of Biotin-PEG7-amine (BroadPharm), and 8.4 μL of triethylamine
(Wako) were added, and the resulting solution was stirred at room temperature for 2 h.
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Silica gel column chromatography (10% methanol in chloroform) yielded Biotin-PEG7-
cholesterol as a clear solid (4% yield). LC-MS (m/z): 951.4 [M + H]+.
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Abstract: Data on the association between body mass index (BMI) and stroke are scarce. We aimed
to examine the association between BMI and incident stroke (ischemic or hemorrhagic) and to
clarify the relationship between underweight, overweight, and obesity and stroke risk stratified
by sex. We analyzed the JMDC Claims Database between January 2005 and April 2020 including
2,740,778 healthy individuals (Median (interquartile) age, 45 (38–53) years; 56.2% men; median
(interquartile) BMI, 22.3 (20.2–24.8) kg/m2). None of the participants had a history of cardiovascular
disease. Each participant was categorized as underweight (BMI <18.5 kg/m2), normal weight (BMI
18.5–24.9 kg/m2), overweight (BMI 25.0–29.9 kg/m2), or obese (BMI ≥ 30 kg/m2). We investigated
the association of BMI with incidence stroke in men and women using the Cox regression model.
We used restricted cubic spline (RCS) functions to identify the association of BMI as a continuous
parameter with incident stroke. The incidence (95% confidence interval) of total stroke, ischemic
stroke, and hemorrhagic stroke was 32.5 (32.0–32.9), 28.1 (27.6–28.5), and 5.5 (5.3–5.7) per 10,000
person-years in men, whereas 25.7 (25.1–26.2), 22.5 (22.0–23.0), and 4.0 (3.8–4.2) per 10,000 person-
years in women, respectively. Multivariable Cox regression analysis showed that overweight and
obesity were associated with a higher incidence of total and ischemic stroke in both men and women.
Underweight, overweight, and obesity were associated with a higher hemorrhagic stroke incidence
in men, but not in women. Restricted cubic spline showed that the risk of ischemic stroke increased in
a BMI dose-dependent manner in both men and women, whereas there was a U-shaped relationship
between BMI and the hemorrhagic stroke risk in men. In conclusion, overweight and obesity
were associated with a greater incidence of stroke and ischemic stroke in both men and women.
Furthermore, underweight, overweight, and obesity were associated with a higher hemorrhagic
stroke risk in men. Our results would help in the risk stratification of future stroke based on BMI.

Keywords: body mass index; obesity; underweight; ischemic stroke; hemorrhagic stroke
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1. Introduction

Stroke is a major cause of death and disability [1–3]. In the United States, the annual
incidence of stroke is approximately 795,000, of which approximately 610,000 are first-
ever stroke events, and 185,000 are recurrent stroke events [1]. In the European countries,
there were 2.3 million new cases diagnosed with stroke and 20.4 million people living
with stroke in 2017 [4]. Obesity is an important risk factor for cardiovascular disease
(CVD) [5–9] and is reported to be associated with a greater incidence of stroke [10–12].
Conversely, underweight is also associated with a higher risk of several CVDs and adverse
clinical outcomes [13–15]. However, the data on the risk of underweight with incident
stroke are scarce. Moreover, stroke can be categorized into two types, ischemic stroke, and
hemorrhagic stroke; additionally, the pathology of these two subtypes should be separately
discussed. For example, several studies have shown that body mass index (BMI) could
influence the risk of ischemic or hemorrhagic stroke differently [16,17]. However, the
association of wide-range BMI (including both obesity and underweight) with incident
ischemic or hemorrhagic stroke has not been fully elucidated [10–12,16,17]. Furthermore,
the distribution of BMI is different between men and women; therefore, the relationship
between BMI and the risk of stroke could differ by sex [10,12]. In this study, we sought
to examine the relationship between BMI and incident ischemic or hemorrhagic stroke
stratified by sex using a nationwide epidemiological database.

2. Methods

The data from the JMDC Claims Database are available for anyone who would pur-
chase it from JMDC Inc. (JMDC Inc.; Tokyo, Japan), which is a healthcare venture company
in Tokyo, Japan.

2.1. Study Population

We conducted this retrospective observational study using the JMDC Claims Database
between January 2005 and April 2020 [18–23]. The JMDC Claims Database includes the
health insurance claims data from more than 60 insurers. The majority of insured individuals
enrolled in the JMDC Claims Database are employees of relatively large companies. The
JMDC Claims Database includes the individuals’ health check-up data, including demo-
graphics, prior medical history, medication status, and hospital claims recorded using the
International Classification of Diseases, 10th Revision (ICD-10) coding. JMDC which is a
healthcare venture company, collected the data on health check-up and clinical outcome such
as diagnosis of stroke using ICD-10 code from insurer or medical institutes regularly, and
assembled a database. We extracted 3,621,942 individuals with available health check-up data
on BMI (12.5–60 kg/m2), blood pressure, and blood test results at health check-up from the
JMDC Claims Database between January 2005 and April 2020. Subsequently, we excluded
the individuals with a history of myocardial infarction, angina pectoris, stroke, heart failure,
and atrial fibrillation or hemodialysis (n = 166,144), and those with missing data on medica-
tions for hypertension, diabetes mellitus, or dyslipidemia (n = 222,496), cigarette smoking
(n = 15,404), alcohol consumption (n = 370,041), and physical inactivity (n = 107,079). Finally,
2,740,778 participants were included in this study (Figure 1).
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Figure 1. Flowchart. We extracted 3,621,942 individuals with available health check-up data including physical examination
and blood test from the JMDC Claims Database between January 2005 and April 2020. We excluded individuals with CVD
history of myocardial infarction, angina pectoris, stroke, heart failure, and atrial fibrillation or hemodialysis (n = 166,144),
and those having missing data on medications for hypertension, diabetes mellitus, or dyslipidemia (n = 222,496), cigarette
smoking (n = 15,404), alcohol consumption (n = 370,041), and physical inactivity (n = 107,079). Finally, we included 2,740,778
participants in this study.

2.2. Ethics

This study was conducted according to the ethical guidelines of our institution (ap-
proval by the Ethical Committee of The University of Tokyo: 2018–10862) and in accordance
with the principles of the Declaration of Helsinki. The requirement for informed consent
was waived because all the data from the JMDC Claims Database were de-identified.

2.3. Category of Body Mass Index

We categorized the study participants into four groups: underweight, normal weight,
overweight, and obesity defined as BMI <18.5 kg/m2, 18.5–24.9 kg/m2, 25.0–29.9 kg/m2

and ≥30 kg/m2, respectively [14].

2.4. Measurements and Definitions

The data, including BMI, history of hypertension, diabetes mellitus, dyslipidemia,
CVD, blood pressure, and fasting laboratory values were collected using standardized pro-
tocols at the health check-up. The information on cigarette smoking (current or non-current)
and alcohol consumption (every day or not every day) were self-reported. Hypertension
was defined as systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg,
or the use of blood pressure-lowering medications. Diabetes mellitus was defined as fasting
glucose level ≥ 126 mg/dL or the use of glucose-lowering medications. Dyslipidemia was
defined as low-density lipoprotein cholesterol level ≥ 140 mg/dL, high-density lipoprotein
cholesterol level <40 mg/dL, triglyceride level ≥ 150 mg/dL, or the use of lipid-lowering
medications. Physical inactivity was defined as not engaging in at least 30 min of exercise
two or more times a week or not walking ≥ 1 h per day, as previously described [24].

2.5. Outcomes

The outcomes were collected between January 2005 and April 2020. The primary
outcome was stroke (ICD-10: I630, I631, I632, I633, I634, I635, I636, I638, I639, I600, I601,
I602, I603, I604, I605, I606, I607, I608, I609, I610, I611, I613, I614, I615, I616, I619, I629, and
G459). We defined ischemic stroke as I630, I631, I632, I633, I634, I635, I636, I638, I639, and
G459, and hemorrhagic stroke as I600, I601, I602, I603, I604, I605. I606, I607, I608, I609, I610,
I611, I613, I614, I615, I616, I619, and I629.

49



Nutrients 2021, 13, 2343

2.6. Statistical Analysis

We analyzed the study population stratified by sex. The data are expressed as me-
dian (interquartile range) for continuous variables or number (percentage) for categorical
variables. The summary statistics for the characteristics of participants between the four
categories based on BMI were calculated. The statistical significance of differences among
the four categories was determined using analysis of variance for continuous variables
and chi-squared tests for categorical variables. We conducted Cox regression analyses to
identify the association between BMI categories and incident stroke. The hazard ratios
(HRs) were calculated in an unadjusted model (Model 1), an age-adjusted model (Model
2), and after adjustment for age, hypertension, diabetes mellitus, dyslipidemia, cigarette
smoking, alcohol consumption, and physical inactivity (Model 3). We performed three
sensitivity analyses. First, we analyzed the relationship between BMI as a continuous
variable and incident stroke. To detect any possible linear or non-linear dependency in
regression models and to allow for a flexible interpretation of the relationship between BMI
as continuous data and stroke events, continuous changes in BMI were assessed through
shape-restricted cubic spline (RCS) regression models. We put three cut-off points for
BMI (18.5, 25.0, and 30.0 kg/m2) as the knots. HRs and 95% confidence interval (CI) for
incident stroke were calculated for each value of BMI with respect to the reference BMI
value of 23.0 kg/m2. Second, we used multiple imputation for missing data, as previously
described. [18,25] On the assumption of data missing at random, we imputed the missing
data for covariates using the chained equation method with 20 iterations as described by
Aloisio [26]. The HRs and standard errors were obtained using Rubin’s rules [27]. Third,
we analyzed the population after excluding hypertensive participants. The statistical sig-
nificance was set at p < 0.05. The statistical analyses were performed using SPSS software
(version 25, SPSS Inc., Chicago, IL, USA) and STATA (version 17; StataCorp LLC, College
Station, TX, USA).

3. Results

3.1. Baseline Clinical Characteristics

The baseline clinical characteristics are shown in Table 1. Overall, the median (in-
terquartile range) age was 45 (38–53) years, and 1,538,982 participants (56.2%) were
men. The median (interquartile range) BMI was 23.2 (21.3–25.5) kg/m2 in men and
21.0 (19.2–23.4) kg/m2 in women. The prevalence of hypertension, diabetes mellitus,
and dyslipidemia increased with BMI in both men and women.

Table 1. Clinical Characteristics of Study Population.

Men Women

Body Mass Index Category Body Mass Index Category

Normal
-Weight

(n =
1,013,302

Under
-Weight

(n =
61,704)

Over
-Weight

(n =
382,425)

Obesity
(n =

81,551)
p-Value

Normal
-Weight

(n =
832,491)

Under
-Weight

(n =
180,421)

Over
-Weight

(n =
146,243)

Obesity
(n =

42,641)
p-Value

Body Mass
Index, kg/m2

22.2
(20.9–23.5)

17.7
(17.1–18.1)

26.5
(25.7–27.8)

31.9
(30.8–33.9) <0.001 21.0

(19.7–22.5)
17.7

(17.0–18.1)
26.6

(25.7–27.9)
32.2

(30.9–34.4) <0.001

Age 45
(38–53)

40
(28–49)

46
(40–54)

44
(38–50) <0.001 44

(38–52)
42

(35–50)
47

(41–55)
45

(40–52) <0.001

Hypertension 168,808
(16.7)

4403
(7.1)

125,180
(32.7)

40,933
(50.2) <0.001 78,824

(9.5)
8078
(4.5)

36,944
(25.3)

17,570
(41.2) <0.001

Diabetes
Mellitus

38,041
(3.8)

1321
(2.1)

34,687
(9.1)

15,508
(19.0) <0.001 10,050

(1.2)
984
(0.5)

8101
(5.5)

5345
(12.5) <0.001

Dyslipidemia 402,085
(39.7)

8569
(13.9)

249,118
(65.1)

59,961
(73.5) <0.001 218,254

(26.2)
24,740
(13.7)

73,805
(50.5)

25,321
(59.4) <0.001

Cigarette
Smoking

358,087
(35.3)

26,057
(42.2)

138,997
(36.3)

30,566
(37.5) <0.001 89,573

(10.8)
21,531
(11.9)

18,698
(12.8)

6501
(15.2) <0.001

Alcohol
Drinking

334,709
(33.0)

15,635
(25.3)

111,393
(29.1)

13,905
(17.1) <0.001 106,545

(12.8)
21,594
(12.0)

14,257
(9.7)

2680
(6.3) <0.001

Physical
Inactivity

511,731
(50.5)

31,675
(51.3)

208,506
(54.5)

47,022
(57.7) <0.001 438,299

(52.6)
96,282
(53.4)

82,529
(56.4)

25,767
(60.4) <0.001
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Table 1. Cont.

Men Women

Body Mass Index Category Body Mass Index Category

Normal
-Weight

(n =
1,013,302

Under
-Weight

(n =
61,704)

Over
-Weight

(n =
382,425)

Obesity
(n =

81,551)
p-Value

Normal
-Weight

(n =
832,491)

Under
-Weight

(n =
180,421)

Over
-Weight

(n =
146,243)

Obesity
(n =

42,641)
p-Value

SBP, mmHg 119
(110–128)

112
(104–122)

126
(117–135)

131
(123–141) <0.001 111

(102–122)
106

(98–116)
122

(112–133)
129

(120–140) <0.001

DBP, mmHg 74
(67–81)

69
(62–76)

80
(72–86)

83
(76–90) <0.001 68

(61–76)
65

(59–72)
75

(68–83)
80

(72–88) <0.001

Glucose,
mg/dL

92
(87–99)

89
(84–95)

96
(89–105)

99
(91–113) <0.001 89

(84–94)
86

(82–92)
93

(87–100)
97

(90–107) <0.001

LDL-C/
mg/dL

119
(99–140)

98
(82–117)

130
(110–151)

132
(112–153) <0.001 113

(94–135)
102

(86–122)
129

(108–151)
132

(113–154) <0.001

HDL-C,
mg/dL

59
(50–69)

66
(57–77)

51
(44–59)

47
(41–54) <0.001 71

(61–81)
76

(67–87)
61

(52–71)
55

(48–64) <0.001

Triglycerides,
mg/dL

88
(63–127)

64
(48–85)

125
(88–181)

141
(101–202) <0.001 63

(48–87)
55

(43–71)
91

(66–128)
107

(79–149) <0.001

Data are reported as medians (interquartile range) and proportions (percentage). p values were calculated using chi-square tests for
categorical variables and the analysis of variance for continuous variables. Participants were categorized into four groups based on body
mass index (BMI); normal weight (BMI 18.5–24.9 kg/m2), underweight (BMI < 18.5 kg/m2), overweight (BMI 25.0–29.9 kg/m2), and
obesity (BMI ≥ 30.0 kg/m2). SBP; systolic blood pressure, DBP; diastolic blood pressure, LDL-C; low-density lipoprotein cholesterol,
HDL-C; high-density lipoprotein cholesterol.

3.2. Body Mass Index Category and Stroke

In men, during a mean follow-up of 1269 ± 928 days, 17,221 total strokes, 14,901
ischemic strokes, and 2,943 hemorrhagic strokes occurred. The incidence (95% confidence
interval) of total stroke, ischemic stroke, and hemorrhagic stroke was 32.5 (32.0–32.9),
28.1 (27.6–28.5), and 5.5 (5.3–5.7) per 10,000 person-years in men. In women, during a
mean follow-up of 1091 ± 893 days, 9159 total strokes, 8041 ischemic strokes, and 1443
hemorrhagic strokes occurred. The incidence (95% confidence interval) of total stroke,
ischemic stroke, and hemorrhagic stroke was 25.7 (25.1–26.2), 22.5 (22.0–23.0), and 4.0
(3.8–4.2) per 10,000 person-years. Compared with the normal weight group, the incidence
of total stroke and ischemic stroke was lower in the underweight group, whereas it was
higher in the overweight and obese groups in both men and women. Compared with the
normal weight group, the incidence of hemorrhagic stroke was lower in the underweight
group, and higher in the overweight and obese groups in women. However, the incidence
of the hemorrhagic group was higher in not only the overweight and obese groups, but also
in the underweight group compared with the normal weight group in men. Multivariable
Cox regression analyses showed that, compared with the normal weight group, overweight
(HR 1.07, 95% CI 1.03–1.10) and obesity (HR 1.18, 95% CI 1.10–1.26) were associated with a
higher incidence of total stroke in men. In women, compared with the normal weight group,
overweight (HR 1.07, 95% CI 1.01–1.13) and obesity (HR 1.15, 95% CI 1.03–1.27) were also
associated with a higher incidence of total stroke. In terms of ischemic stroke, overweight
(HR 1.06, 95% CI 1.03–1.11) and obesity (HR 1.14, 95% CI 1.06–1.23) were associated with
a higher risk than normal weight in men. Obesity was associated with a higher risk than
normal weight in women (HR 1.13, 95% CI, 1.01–1.27). Notably, overweight, obesity, and
underweight were not associated with the risk of hemorrhagic stroke in women. In men,
overweight (HR 1.10, 95% CI 1.01–1.19) and obesity (HR 1.37, 95% CI 1.19–1.58) were
associated with a greater risk of hemorrhagic stroke than normal weight. Furthermore,
underweight was also associated with a higher risk (HR 1.58, 95% CI 1.30–1.91) (Table 2).
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Table 2. Association between Body Mass Index Category and Stroke Events Stratified by Sex.

Men Women

Normal
Weight

(n =
1,013,302

Underweight
(n =

61,704)

Overweight
(n =

382,425)

Obesity
(n =

81,551)

Normal
Weight

(n =
832,491)

Underweight
(n =

180,421)

Overweight
(n =

146,243)

Obesity
(n =

42,641)

Total Stroke

No. of events 10,608 455 5089 1069 6197 1108 1443 411

Incidence 29.9
(29.4–30.5)

24.2
(22.1–26.5)

38.7
(37.6–39.8)

41.5
(39.0–44.0)

24.8
(24.2–25.5)

20.3
(19.2–21.6)

34.7
(32.9–36.5)

35.8
(32.5–39.4)

Model 1 1
(Reference)

0.81
(0.74–0.89)

1.30
(1.25–1.34)

1.39
(1.31–1.48)

1
(Reference)

0.82
(0.77–0.87)

1.40
(1.32–1.48)

1.44
(1.31–1.59)

Model 2 1
(Reference)

0.97
(0.89–1.07)

1.25
(1.21–1.29)

1.67
(1.57–1.78)

1
(Reference)

0.97
(0.91–1.04)

1.20
(1.13–1.27)

1.45
(1.31–1.60)

Model 3 1
(Reference)

1.05
(0.95–1.15)

1.07
(1.03–1.10)

1.18
(1.10–1.26)

1
(Reference)

1.02
(0.95–1.08)

1.07
(1.01–1.13)

1.15
(1.03–1.27)

Ischemic Stroke

No. of events 9274 359 4395 873 5457 978 1257 349

Incidence 26.1
(25.6–26.7)

19.1
(17.2–21.1)

33.4
(32.4–34.4)

33.8
(31.6–36.1)

21.9
(21.3–22.4)

18.0
(16.9–19.1)

30.2
(28.6–31.9)

30.4
(27.4–33.7)

Model 1 1
(Reference)

0.73
(0.66–0.81)

1.28
(1.23–1.33)

1.30
(1.21–1.40)

1
(Reference)

0.82
(0.77–0.88)

1.38
(1.30–1.47)

1.39
(1.25–1.55)

Model 2 1
(Reference)

0.88
(0.79–0.98)

1.24
(1.19–1.28)

1.58
(1.47–1.69)

1
(Reference)

0.98
(0.91–1.05)

1.18
(1.11–1.26)

1.40
(1.25–1.55)

Model 3 1
(Reference)

0.95
(0.85–1.05)

1.06
(1.03–1.11)

1.14
(1.06–1.23)

1
(Reference)

1.02
(0.96–1.10)

1.06
(1.00–1.13)

1.13
(1.01–1.27)

Hemorrhagic Stroke

No. of events 1699 111 891 242 953 175 239 76

Incidence 4.8
(4.5–5.0)

5.9
(4.9–7.1)

6.7
(6.3–7.2)

9.3
(8.2–10.6)

3.8
(3.6–4.1)

3.2
(2.8–3.7)

5.7
(5.0–6.5)

6.6
(5.3–8.2)

Model 1 1
(Reference)

1.24
(1.02–1.50)

1.42
(1.30–1.53)

1.97
(1.72–2.26)

1
(Reference)

0.84
(0.72–0.99)

1.51
(1.31–1.74)

1.74
(1.38–2.20)

Model 2 1
(Reference)

1.45
(1.20–1.76)

1.36
(1.26–1.48)

2.21
(1.93–2.53)

1
(Reference)

0.96
(0.82–1.13)

1.33
(1.16–1.54)

1.72
(1.37–2.18)

Model 3 1
(Reference)

1.58
(1.30–1.91)

1.10
(1.01–1.19)

1.37
(1.19–1.58)

1
(Reference)

1.02
(0.87–1.20)

1.09
(0.94–1.26)

1.14
(0.89–1.45)

The incidence rate was per 10,000 person-years. Model 1 = Unadjusted, Model 2 = Adjusted for age, Model 3 = Adjusted for age,
hypertension, diabetes mellitus, dyslipidemia, cigarette smoking, alcohol consumption, and physical inactivity.

3.3. Restricted Cubic Spline

Figure 2 shows the dose–response relationship between BMI and the risk of incident
stroke. The association between BMI and the incidence of stroke was modeled using
multivariable-adjusted spline regression models with a reference point set at BMI of
23 kg/m2. A linear dose–response relationship was observed between BMI and the risk
of total stroke in men (Figure 2A). In women, RCS showed that the risk of total stroke
was lowest at around 20 kg/m2 and increased in a dose-dependent manner after the BMI
exceeded 20 kg/m2 (Figure 2A). There was a linear dose–response relationship between
BMI and the risk of ischemic stroke in men (Figure 2B). In women, RCS showed that the
incidence of ischemic stroke was lowest at around 20 kg/m2 and increased linearly after
BMI exceeded approximately 20 kg/m2 (Figure 2B). There was a U-shaped relationship
between BMI and the risk of hemorrhagic stroke with the bottoms of splines around
23–24 kg/m2 in men (Figure 2C). A dose-dependent association between BMI and the risk
of hemorrhagic stroke was not evident in women (Figure 2C).
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Figure 2. Restricted Cubic Spline. Restricted cubic spline of body mass index for total stroke (A), ischemic stroke (B), and
hemorrhagic stroke (C).
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3.4. Multiple Imputation for Missing Data

We analyzed 3,455,798 participants (1,996,118 men and 1,459,680 women) after multi-
ple imputations for missing data. Among these participants, 22,444 and 11,273 total stroke
events occurred in men and women, respectively. In this model, overweight and obesity
were associated with a higher incidence of total stroke and ischemic stroke in both men and
women. Both obesity and underweight were associated with a greater risk of hemorrhagic
stroke in men, but not in women (Table 3).

Table 3. Association between Body Mass Index Category and Stroke Events Stratified by Sex after Multiple Imputation for
Missing Data.

Men Women

Normal
Weight

(n = 1,321,093)

Underweight
(n = 83,425)

Overweight
(n = 487,325)

Obesity
(n = 104,275)

Normal
Weight

(n = 1,012,062)

Underweight
(n = 220,072)

Overweight
(n = 175,854)

Obesity
(n = 51,692)

Total Stroke

No. of events 13,772 612 6672 1388 7602 1375 1786 510

Incidence 28.4
(27.9–28.8)

22.4
(20.7–24.3)

37.9
(37.0–38.9)

40.0
(37.9–42.2)

24.5
(24.0–25.1)

20.2
(19.2–21.3)

34.8
(33.2–36.5)

35.6
(32.7–38.9)

Model 1 1
(Reference)

0.79
(0.73–0.86)

1.34
(1.30–1.38)

1.42
(1.34–1.50)

1
(Reference)

0.83
(0.78–0.87)

1.42
(1.35–1.50)

1.46
(1.33–1.59)

Model 2 1
(Reference)

0.99
(0.91–1.07)

1.26
(1.23–1.30)

1.66
(1.58–1.76)

1
(Reference)

0.98
(0.93–1.04)

1.21
(1.15–1.28)

1.44
(1.32–1.58)

Model 3 1
(Reference)

1.06
(0.98–1.15)

1.08
(1.05–1.11)

1.18
(1.12–1.25)

1
(Reference)

1.03
(0.97–1.09)

1.07
(1.02–1.13)

1.13
(1.03–1.24)

Ischemic Stroke

No. of events 12,015 494 5787 1131 6690 1209 1554 437

Incidence 24.7
(24.3–25.2)

18.1
(16.6–19.8)

32.9
(32.0–33.7)

32.5
(30.7–34.5)

21.6
(21.1–22.1)

17.8
(16.8–18.8)

30.3
(28.8–31.8)

30.5
(27.8–33.5)

Model 1 1
(Reference)

0.73
(0.67–0.80)

1.33
(1.29–1.37)

1.32
(1.24–1.41)

1
(Reference)

0.82
(0.78–0.88)

1.40
(1.33–1.48)

1.42
(1.29–1.56)

Model 2 1
(Reference)

0.92
(0.84–1.00)

1.25
(1.22–1.29)

1.57
(1.48–1.67)

1
(Reference)

0.98
(0.93–1.05)

1.20
(1.13–1.26)

1.41
(1.28–1.55)

Model 3 1
(Reference)

0.98
(0.90–1.07)

1.08
(1.05–1.12)

1.14
(1.07–1.21)

1
(Reference)

1.03
(0.97–1.10)

1.07
(1.01–1.13)

1.13
(1.02–1.25)

Hemorrhagic Stroke

No. of events 2253 139 1132 312 1189 220 301 91

Incidence 4.6
(4.4–4.8)

5.1
(4.3–6.0)

6.4
(6.0–6.8)

8.9
(8.0–10.0)

3.8
(3.6–4.0)

3.2
(2.8–3.7)

5.8
(5.2–6.5)

6.3
(5.1–7.8)

Model 1 1
(Reference)

1.10
(0.93–1.31)

1.39
(1.29–1.49)

1.95
(1.73–2.19)

1
(Reference)

0.84
(0.73–0.98)

1.53
(1.35–1.74)

1.66
(1.34–2.06)

Model 2 1
(Reference)

1.33
(1.12–1.58)

1.31
(1.22–1.41)

2.17
(1.92–2.44)

1
(Reference)

0.97
(0.84–1.12)

1.35
(1.19–1.53)

1.64
(1.32–2.02)

Model 3 1
(Reference)

1.44
(1.21–1.71)

1.06
(0.98–1.14)

1.37
(1.21–1.55)

1
(Reference)

1.02
(0.89–1.18)

1.09
(0.96–1.25)

1.06
(0.85–1.33)

The incidence rate was per 10,000 person-years. Model 1 = Unadjusted, Model 2 = Adjusted for age, Model 3 = Adjusted for age,
hypertension, diabetes mellitus, dyslipidemia, cigarette smoking, alcohol consumption, and physical inactivity.

3.5. Non-Hypertensive Participants

After excluding hypertensive participants, we analyzed 1,199,658 men and 1,060,380
women in this model. Among them, 9310 and 6619 total stroke events occurred in men
and women, respectively. Overweight and obesity were associated with a higher risk of
total stroke or ischemic stroke in both men and women. Overweight and underweight were
associated with a greater risk of hemorrhagic stroke in men. Notably, overweight, obesity, and
underweight were not associated with a risk of hemorrhagic stroke in women (Table 4).
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Table 4. Association between Body Mass Index Category and Stroke Events Stratified by Sex in Non-Hypertensive
Participants.

Men Women

Normal
Weight

(n = 844,494)

Underweight
(n = 57,301)

Overweight
(n = 257,245)

Obesity
(n = 40,618)

Normal
Weight

(n = 753,667)

Underweight
(n = 172,343)

Overweight
(n = 109,299)

Obesity
(n = 25,071)

Total Stroke

No. of events 6508 320 2203 279 4730 943 793 153

Incidence 22.0
(21.5–22.6)

18.3
(16.4–20.5)

24.9
(23.8–25.9)

22.1
(19.7–24.9)

20.8
(20.2–21.4)

18.1
(16.9–19.2)

25.3
(23.6–27.1)

22.9
(19.5–26.8)

Model 1 1
(Reference)

0.84
(0.75–0.94)

1.13
(1.08–1.19)

1.02
(0.90–1.15)

1
(Reference)

0.87
(0.81–0.93)

1.22
(1.13–1.31)

1.10
(0.94–1.30)

Model 2 1
(Reference)

0.97
(0.87–1.09)

1.14
(1.09–1.20)

1.32
(1.17–1.49)

1
(Reference)

0.99
(0.92–1.06)

1.13
(1.05–1.22)

1.26
(1.07–1.48)

Model 3 1
(Reference)

0.99
(0.88–1.10)

1.09
(1.04–1.15)

1.20
(1.06–1.35)

1
(Reference)

1.00
(0.93–1.08)

1.09
(1.01–1.18)

1.20
(1.02–1.41)

Ischemic Stroke

No. of events 5785 253 1958 249 4222 840 709 142

Incidence 19.6
(19.1–20.1)

14.5
(12.8–16.4)

22.1
(21.1–23.1)

19.8
(17.5–22.4)

18.6
(18.0–19.2)

16.1
(15.0–17.2)

22.6
(21.0–24.4)

21.2
(18.0–25.0)

Model 1 1
(Reference)

0.75
(0.66–0.85)

1.13
(1.08–1.19)

1.02
(0.90–1.16)

1
(Reference)

0.87
(0.80–0.93)

1.22
(1.13–1.32)

1.15
(0.97–1.36)

Model 2 1
(Reference)

0.87
(0.76–0.98)

1.15
(1.09–1.21)

1.34
(1.18–1.52)

1
(Reference)

0.99
(0.92–1.07)

1.13
(1.04–1.22)

1.31
(1.11–1.55)

Model 3 1
(Reference)

0.88
(0.77–1.00)

1.09
(1.04–1.15)

1.21
(1.07–1.38)

1
(Reference)

1.01
(0.94–1.09)

1.09
(1.00–1.18)

1.24
(1.05–1.47)

Hemorrhagic Stroke

No. of events 902 78 316 37 643 135 110 12

Incidence 3.0
(2.8–3.2)

4.5
(3.6–5.6)

3.6
(3.2–4.0)

2.9
(2.1–4.0)

2.8
(2.6–3.0)

2.6
(2.2–3.1)

3.5
(2.9–4.2)

1.8
(1.0–3.1)

Model 1 1
(Reference)

1.48
(1.18–1.87)

1.17
(1.03–1.33)

0.98
(0.71–1.37)

1
(Reference)

0.91
(0.76–1.10)

1.25
(1.02–1.53)

0.64
(0.36–1.13)

Model 2 1
(Reference)

1.68
(1.34–2.12)

1.17
(1.03–1.33)

1.16
(0.84–1.61)

1
(Reference)

1.01
(0.84–1.21)

1.17
(0.96–1.43)

0.70
(0.39–1.23)

Model 3 1
(Reference)

1.66
(1.32–2.10)

1.15
(1.01–1.31)

1.12
(0.81–1.57)

1
(Reference)

0.99
(0.83–1.20)

1.18
(0.97–1.45)

0.71
(0.40–1.27)

The incidence rate was per 10,000 person-years. Model 1 = Unadjusted, Model 2 = Adjusted for age, Model 3 = Adjusted for age, diabetes
mellitus, dyslipidemia, cigarette smoking, alcohol consumption, and physical inactivity.

4. Discussion

The current analyses using a nationwide epidemiological database including approxi-
mately 2,700,000 people without a prevalent history of CVD, demonstrated that overweight
and obesity were associated with a greater risk of total stroke and ischemic stroke in both
men and women. Furthermore, underweight was associated with a greater incidence of
hemorrhagic stroke in men, but not in women. These results did not change after multiple
imputations for missing data or excluding hypertensive participants.

Various studies have been conducted to explore the relationship between BMI and
future stroke events [10–12]. Prospective studies including approximately 900,000 people
showed that the mortality due to stroke increased in a dose-dependent manner with
baseline BMI after it exceeded 25 kg/m2 [28]. A population-based case–control study
including 1,201 patients with ischemic stroke and 1154 controls aged 15–49 years showed
that obesity defined as BMI > 30 kg/m2 was associated with an increased risk (odds ratio,
1.57; 95% CI, 1.28–1.94) [29]. Additionally, a higher BMI in adolescents was associated with a
greater risk of ischemic stroke [30]. The analysis of the Atherosclerosis Risk in Communities
(ARIC) Study including approximately 13,000 black and white people showed that obesity
was associated with a greater risk of ischemic stroke irrespective of race [31]. Ischemic
stroke was a major subtype of total stroke [1,32], and the majority of the studies focused
on the relationship between BMI and ischemic stroke. However, there have been several
studies on the association between BMI and hemorrhagic stroke. A recent analysis of
the China National Stroke Screening and Intervention Program showed that obesity was
associated with a higher risk of total and ischemic stroke, whereas underweight was
associated with an elevated risk of hemorrhagic stroke [16]. An analysis of 234,863 Korean
men aged 40–64 years reported a positive association between BMI and incident ischemic
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stroke, whereas a J-shaped association was observed between BMI and hemorrhagic
stroke [17].

Our results were generally in line with previous studies, as described above. The
present study had several strengths. First, this study included a large number of partici-
pants without a prior history of CVD. Additionally, the JMDC Claims Database included
the medical claims records from employees’ insurance programs. Therefore, as long as each
individual remained under coverage of the same insurance, the JMDC Claims Database
could track the individuals’ clinical information, including the diagnosis of stroke events,
even if the individual visits different medical institutions. Second, sex differences are
important in the risk stratification and prevention of CVD, including stroke. Furthermore,
the value of BMI is different between sexes; therefore, we separately analyzed men and
women. The positive association of overweight/obesity with the incidence of total stroke
and ischemic stroke was consistent in both men and women. However, underweight
was associated with a higher incidence of hemorrhagic stroke only in men. Therefore,
there could be a gender difference in the relationship between BMI and incident stroke,
particularly hemorrhagic stroke. Although similar findings were reported in a previous
study including Korean men [17], data including men in the United States did not show an
increase in the risk of hemorrhagic stroke in individuals having lower BMI [10]. A previous
study including 39,053 women in the United States examined the relationship between
BMI and incident stroke and showed that BMI was a risk factor for total or ischemic stroke
but not for hemorrhagic stroke, and this relationship was attenuated after adjustment
for hypertension, diabetes mellitus, and hypercholesterolemia [12]. Compared with this
study including women in the United States, the relationship between BMI and incident
stroke (particularly ischemic stroke) was seemingly more obvious even after adjustment
for covariates in women of this study. Therefore, further investigations are required to
verify our results. However, these associations in men and women did not change after
multiple imputations for missing data. Furthermore, because hypertension is known to be
a strong risk factor for both ischemic and hemorrhagic stroke, we conducted a sensitivity
analysis after excluding hypertensive participants. Even in this model, the main results
did not change. Third, because the association between BMI and incident stroke could
change depending on the cut-off value of BMI for underweight, overweight, and obesity,
we conducted the RCS of BMI for incident stroke to deal with BMI as a continuous value.
Similar to the association of overweight, obesity, and underweight with the risk of stroke,
RCS demonstrated a dose-dependent increase in the risk of total stroke and ischemic stroke
with BMI in men and women, and a U-shaped relationship between BMI and future hem-
orrhagic stroke risk in men. These results suggest a potential difference in the association
of BMI with risk of future events between ischemic and hemorrhagic stroke, particularly in
men.

This study has several limitations. Due to the nature of retrospective observational
studies, our study could not conclude a causal relationship between baseline BMI and inci-
dent stroke. For example, our study showed that overweight and obesity were associated
with an elevated risk of ischemic stroke. However, whether body weight loss could reduce
the future risk of ischemic stroke in overweight or obese participants could not be discussed
in this study. Similarly, although underweight was associated with a greater incidence of
hemorrhagic stroke in men, the underlying mechanism for this association and the optimal
management strategy for this population should be elucidated in future studies. For exam-
ple, malnutrition and specific comorbidities may contribute to the elevated incidence of
hemorrhagic stroke in underweight participants. However, the JMDC Claims Database
does not include sufficient data to consider this point. Although the incidence of CVD in
this database is acceptable compared with other epidemiological data in Japan, the recorded
diagnoses of administrative databases are generally considered less well-validated. Since
the JMDC Claims Database primarily included an employed population of working age,
a selection bias (e.g., healthy worker bias) might exist. Therefore, further investigations
are needed to determine whether our findings can be expanded to other populations of
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different races, ethnicities, and socioeconomic status. The main results did not change after
multiple imputations for missing data. However, the substantial proportion of missing
data should be considered a major study limitation. Although we used BMI in this study,
dual energy X-ray absorptiometry is a standard method to evaluate a body composition
including fat. This discrepancy might have contributed to the wide confidence intervals
at high and low BMI levels on the RCS curve in women. Data on medication status were
limited in this study. For example, use of antithrombotic medication or statin could influ-
ence the results. However, we were unable to analyze these data. Although the change in
mediation status could also influence the results, data on the change in medication status
were not available in this study.

In conclusion, we analyzed a nationwide epidemiological database including a general
population of 2,740,778 individuals with no prevalent history of CVD and found that
overweight and obesity were associated with a higher incidence of total stroke and ischemic
stroke in both sexes. Underweight was associated with a greater risk of future hemorrhagic
stroke events in men, but not in women. Similarly, RCS showed that the risk of ischemic
stroke dose-dependently increased with BMI in men and women, whereas there was a
U-shaped relationship between BMI and future hemorrhagic stroke risk in men. Our results
suggest that the association of BMI with subsequent risk differs between ischemic and
hemorrhagic stroke, particularly in men.
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Abstract: Background: This study investigated the association of omega-3 polyunsaturated fatty
acids (n-3 PUFA) within erythrocyte membranes and cardiovascular risk assessed by three different
estimates. Methods: Inclusion criteria were individuals of both sexes, 30 to 74 years, with at least one
cardiovascular risk factor, and no previous cardiovascular events (n = 356). Exclusion criteria were
individuals with acute or chronic severe diseases, infectious diseases, pregnant, and/or lactating
women. Plasma biomarkers (lipids, glucose, and C-reactive protein) were analyzed, and nineteen
erythrocyte membrane fatty acids (FA) were identified. The cardiovascular risk was estimated by
Framingham (FRS), Reynolds (RRS), and ACC/AHA-2013 Risk Scores. Three patterns of FA were
identified (Factor 1, poor in n-3 PUFA), (Factor 2, poor in PUFA), and (Factor 3, rich in n-3 PUFA).
Results: Total cholesterol was inversely correlated with erythrocyte membranes C18:3 n-3 (r = −0.155;
p = 0.004), C22:6 n-3 (r = −0.112; p = 0.041), and total n-3 (r = −0.211; p < 0.001). Total n-3 PUFA
was associated with lower cardiovascular risk by FRS (OR = 0.811; 95% CI= 0.675–0.976). Regarding
RRS, Factor 3 was associated with 25.3% lower odds to have moderate and high cardiovascular risk
(OR = 0.747; 95% CI = 0.589–0.948). The ACC/AHA-2013 risk score was not associated with isolated
and pooled FA. Conclusions: n-3 PUFA in erythrocyte membranes are independent predictors of
low-risk classification estimated by FRS and RRS, which could be explained by cholesterol-lowering
effects of n-3 PUFA.

Keywords: n-3 polyunsaturated fatty acids; cardiovascular risk estimates; cardiovascular diseases;
biomarkers; cardiovascular risk factors

1. Introduction

Cardiovascular diseases (CVD) remain the major cause of death worldwide. Therefore,
the assessment and monitoring of cardiovascular (CV) risk through algorithms has shown
to be an accurate tool to predict outcomes, as well as to improve treatment indication when
compared with the isolated use of risk factors [1–3]. The estimates use risk factors that are
the major contributors to cardiovascular events (i.e., age, sex, glycemia, blood pressure,
and blood lipids) [3–5]. The ten-years CV risk estimation is relevant especially in moderate-
risk patients because the intuitive ten-year period is important in making practical and
usually therapeutic, decisions. Cardiovascular risk assessment models have been built
to guide the treatment of modified cardiovascular risk factors and, in the last decade to
help therapeutic goals based on statins. Moreover, the estimates provide insight into the
individual contribution of variables to the patient’s risk, guiding the preventive care [1].
However, the application of these estimates requires previous validation for the target
population. Many CV risk estimates were developed based on American or European white
populations, and the estimation of multi-ethnic populations is often overestimated [6–9].
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Nevertheless, the Framingham Risk Score (FRS) is the most popular estimating tool and its
use is currently recommended by many guidelines, including in Brazil [10].

Omega-3 polyunsaturated fatty acids (n-3 PUFA) are often highlighted due to sev-
eral mechanisms that modify CV risk factors, slow down the atherosclerotic process and,
possibly change cardiovascular events. The eicosapentaenoic (EPA; C20:5 n-3) and do-
cosahexaenoic acids (DHA; C22:6 n-3) are the main components of this family, is often
linked to antiarrhythmic effects, autonomic function improvement, decreased platelet
aggregation, vasodilatory effects, blood pressure reduction, endothelial function improve-
ment, atherosclerotic plaque stabilization, increased adiponectin synthesis, reduction of
collagen deposition in the arteries, anti-inflammatory effects, and reduction of plasma
triglycerides and cholesterol, consequently reducing CVD risk [11]. Despite that, reports
of randomized trials have shown small or even null effects on cardiovascular risk factors
and outcomes [12].

Most of the studies show methodological differences and do not assess n-3 PUFA
biomarkers. Circulating or tissue n-3 PUFA have proven their superiority in estimating
habitual intake compared to dietary assessment [13]. Based on that, previous studies have
associated n-3 PUFA in erythrocyte membranes with reduced CV risk and mortality [13–16].
Because n-3 PUFA alter some components included in CV risk estimates, it is possible
to state that n-3 PUFA influence the overall CV risk which is frequently used to guide
preventive care. Thus, the nutritional status of n-3 PUFA may be useful in CVD prevention.
However, as far as it is known, no previous study investigated the association of isolated
and clustered FA biomarkers with different cardiovascular risk estimates.

Therefore, the main goal of this study was to investigate the association of erythrocyte
membranes n-3 PUFA with different cardiovascular risk estimate classifications in Brazilian
individuals. In addition, we also evaluated the association of modified CV risk factors used
in estimates with isolated and clusters n-3 PUFA.

2. Materials and Methods

2.1. Study Design and Participants

This was a cross-sectional study, using the baseline data from the CARDIONUTRI
clinical trial (ReBEC: RBR-2vfhfv), which included individuals from the outpatient clinic
at the University Hospital of the University of São Paulo. The study selection was made
public by poster, newspaper, and digital media (sites, electronic mailing, and social net-
works). Inclusion criteria were individuals of both sexes, 30 to 74 years, with at least one
cardiovascular risk factor, and no previous cardiovascular events. Exclusion criteria were
individuals with acute or chronic severe diseases, infectious diseases, pregnant, and/or
lactating women. Individuals interested in participating in the study were submitted to a
short phone interview to assess inclusion and exclusion criteria. Additionally, individuals
were submitted to electrocardiogram assessment by a trained physician, and those with
alterations suggesting previous cardiovascular events were excluded. Three hundred and
seventy-four individuals were recruited for the study from 2011–2012. Two individuals
declined after clarification of the study design. Fourteen were excluded due to altered
electrocardiogram and one due to recent HIV diagnosis. At the end of the recruitment,
356 individuals were included in the study.

2.2. Clinical, Physical Activity, and Diet Assessment

Sociodemographic status, lifestyle, family history of chronic diseases, self-report
of non-communicable chronic diseases, and current medication use were investigated
through questionnaires. Physical examination included body mass index (BMI) assessment
and blood pressure levels. Dietary intake was obtained through three 24 h-recalls and
assessed in the Food Processor software (ESHA Research, 2012), with subsequent energy
adjustment [17]. A physical activity questionnaire validated for the Brazilian population
was applied [18–20]. This questionnaire investigates the habitual physical activity (divided
into physical exercise in leisure, leisure, and locomotion activities and total physical activity
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score) performed in the last 12 months, associated with frequency, duration, intensity.
Baecke’s physical activity scores do not allow to classify physical activity, however, for each
one of its sixteen questions, the points vary from 0 (zero) to 5. The final score is directly
proportional to physical activity and is useful to associate with health outcomes [18–20].

2.3. Biochemical Measurements

Blood was drawn after a 12-h fast, placed in EDTA tubes (1.0 mg/mL), and erythro-
cytes were separated from plasma by centrifugation, and both were frozen at −80 ◦C
immediately after collection. Protease inhibitors (10 μg/mL of aprotinin, 10 μg/mL of
benzamidine and 5 μg/mL of phenylmethylsulfonyl fluoride) and BHT (100 μg/mL) were
added to preserve samples. All samples were divided into aliquots to avoid repeated
defrost cycles and storage at −80 ◦C until analyses. Plasma total cholesterol, HDL-c, TG,
glucose (Labtest Diagnostica SA, MG, Brazil), Apo A-I and Apo B (Wako Chemicals USA
Inc., Richmond, VA, USA), and high sensitivity C-reactive protein (hs-CRP) (Diagnostic
System Laboratories, Inc., Webster, TX, USA) were measured by commercial kits. LDL-c
was calculated according to the Friedewald equation.

2.4. Erythrocyte Fatty Acids Analysis

The analysis of FA from erythrocyte membranes was performed based on a previous
method [21]. After plasma separation (3000× g, 10 min, 4 ◦C), 300 μL of erythrocytes were
washed with 5 mL of phosphate-buffered saline (PBS) solution (pH 7.4) four times. The
precipitate was transferred to threaded tubes, to which 1.75 mL of methanol, 50 μL of an
internal standard solution containing 1 mg tridecanoic acid (C13:0)/1 mL hexane, and
100 μL of acetyl chloride were added. Thereafter, the solution was vortexed and heated
in a water bath at 90 ◦C for 1 h. After that, 1.5 mL of hexane was added, and the solution
was homogenized for 1 min. The samples were centrifuged at 1500× g, 4 ◦C for 2 min,
and 800 μL of the supernatant was transferred to a different tube. This step was repeated
with the addition of 750 μL of hexane. The tubes containing the collected supernatants
were placed on a centrifugal concentrator at 40 ◦C for 20 min. Then the FA methyl esters
were dissolved in 150 μL of hexane and transferred to a glass insert in a vial. Analyses
were conducted considering the fatty acids individually, as well as the total n-3 (C18:3
n-3 + C20:3 n-3 + 20:5 n-3 + C22:5 n-3 + 22:6 n-3), total n-6 (C18:2 n-6 + C20:4 n-6) and
Omega-3 Index (C20:5 n-3 + C22:6 n-3), the latter having been named by Harris and von
Schacky [13]. To assess biological effects of fatty acids, the following ratios were calculated:
C20:4 n-6/C20:5 n-3, C18:3 n-3/C20:5 n-3, C18:3 n-3/C22:6 n-3 and C18:2 n-6/C18:3 n-3.

2.5. Cardiovascular Risk Assessment

The CV risk was assessed by FRS [1,22], Reynolds Risk Score (RRS) [23,24], and the
American College of Cardiology/American Heart Association 2013 Risk Score (ACC/AHA-
2013) [25]. The CV risk was stratified into three categories for each score: low, moderate,
and high risk. Diabetes (i.e., glucose ≥ 126 mg/dL or current hypoglycemic medication
use) was considered a coronary artery disease (CAD) equivalent [26].

2.6. Statistical Analysis

Distribution of variables was assessed through the Kolmogorov-Smirnov test. Sample
characteristics are presented as mean and standard deviation (SD) or median and interquartile
range (IQR) depending on the variable’s distribution. For categorical variables, results are
shown in absolute value (n) and its percentage (%). Spearman’s and Pearson’s correlations
were applied to evaluate associations between cardiovascular risk factors and FA.

Kappa (k) agreement analysis was performed between ACC/AHA 2013, FRS, and RRS
to verify the agreement between the cardiovascular risk stratifications, and the strength of
agreement was classified according to Landis and Koch (1977) [27].

A factor analysis was performed to establish the patterns of erythrocyte membranes
FA composition to subsequently associate them with CV risk. It is a multivariate statistical
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analysis for the identification of factors in a set of measurements [28]. Sample adequacy
was checked using the Kaiser-Meyer-Olklin (KMO) index and Barlett’s test of sphericity.
KMO values > 0.50 and p < 0.05 were considered acceptable. The choice of the number
of factors was based on eigenvalues > 1.0 and scree plot analysis. Factor loadings were
analyzed after orthogonal rotation using the varimax method. The considered threshold
of factor loadings was 0.2. Negative loadings indicated that FA were inversely associated
with the corresponding factor, just as positive loadings indicated a direct association [28].
Three factors were generated.

To further evaluate potential confounders of the associations between erythrocyte
membranes FA and CV risk estimates, multiple linear and logistic regressions were applied
using baseline sample characteristics as covariates (age, sex, race, schooling, smoking,
systolic blood pressure, BMI, glucose, triglycerides, total cholesterol, HDL-c, C-reactive pro-
tein, physical activity, drinking habits, treatments with statins, antihypertensives, fibrates,
and hypoglycemic drugs, family history of myocardial infarction, obesity, hypertension,
and stroke) and total n-3 and n-6 PUFA, Factor 1, Factor 2 and Factor 3 as dependent
variables. Assumptions for linear regression such as lack of multicollinearity of predictors,
residuals’ homoscedasticity and normality, linearity, and independence were evaluated.
n-6 PUFA, Factor 1, and Factor 3 covered all assumptions, while total n-3 and Factor
2 presented nonparametric residuals. Thus, linear regressions were not applied to these
latter variables. The multiple linear regressions were applied using the backwards method,
and final models were presented. Multiple logistic regressions were applied to total n-3
PUFA and Factor 2 (categorized by median) using the backwards-likelihood ratio method
and models with the best correct classification were chosen.

Logistic regressions were used with CV risk scores as dependent variables (0 = low
CV risk and 1 = moderate and high CV risk) and FA or Factors as independent variables.
Because age, race, sex, total cholesterol, HDL-c, SBP, glucose, and C-reactive protein are
covariates already entered into the equations of the CV risk estimates, these were not used
as adjustments of the regressions. All regressions were adjusted by physical activity, BMI,
and education level. Since there is no data on socioeconomic status, a known predictor of
CV risk, education level was used as an adjustment in the models [29].

The missing data was handled by pairwise methods [30]. All tests were two-sided,
considered significant when p < 0.05, and performed using the software Stata version
14 and SPSS version 20.

3. Results

The characteristics of the individuals (n = 356) are summarized in Table 1. The
mean age was 52.5 (10.4) years old (men = 49.4 years and women = 54.4 years; p < 0.001)
and 62.6% were women. It was observed a high frequency of hypertension (57%) and
a family history of the disease (65.2%). In addition, 51.7% of the individuals were on
antihypertensive treatment. Most individuals were classified as a high cardiovascular risk
by FRS (52.2%) and ACC/AHA 2013 score (50.4%), while only 29.1% classified by RRS
show similar risk levels. The mean BMI was 30.9 (5.8) Kg/m2. Current smoking (26.3%
vs. 15.7%; p = 0.003) and alcohol intake (64.7% vs. 35%; p < 0.001) were more frequent
in men. As expected, for all cardiovascular risk estimates men and women showed
significant differences (Table S1). Table 2 describes the biochemical and clinical profile of
individuals. The mean total cholesterol level was 205.0 (42.6) mg/dL. The mean CRP was
2.8 (1.2–6.0 mg/L). Dyslipidemia (53.9%) and hypertension (57.0%) were highly prevalent.
When individuals were compared by sex, women showed higher total cholesterol, LDL-c,
and CRP than men, while HDL-c and Apo A-I were higher (Table S2).

Although women had a higher intake of total lipids, eicosatrienoic (C20:3 n-3) and
docosapentaenoic (C22:5 n-3) than men, the 19 FA in erythrocyte membranes presented
in Table 3 did not show differences between sexes (Table S3). Fourteen from nineteen
FA identified met the criteria for factorial analysis model (KMO = 0.632; Barlett’s Test of
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Sphericity < 0.001). Factor 1 was rich in n-6 PUFA and poor in n-3 PUFA, Factor 2 was poor
in PUFA, and Factor 3 was rich in n-3 PUFA and poor in n-6 PUFA (Table S4).

Table 1. Demographic and clinical characterization of individuals.

Variables n Total

Age (years) 356 52.5 (10.4)
Ethnicity (n, %) 356

White 238 (66.9)
Non-white 118 (33.1)

Smoking (n, %) 356
Current smoker 70 (19.7)

Non-smoker 286 (80.3)
Alcohol consumption (n, %) 356

Yes 164 (46.1)
No 192 (53.9)

Education (n, %)
High school or less 208 (58.4)

College 148 (41.6)
Chronic non-communicable diseases (n, %) 356

Diabetes Mellitus 72 (20.2)
Hypertension 203 (57.0)

Hypothyroidism 43 (12.1)
Dyslipidemia 192 (53.9)

Medication (n, %) 356
Statins 98 (27.5)

Antihypertensives 184 (51.7)
Hypoglycemic 74 (20.8)

Fibrates 9 (2.5)
Family history of diseases (n, %) 356

Obesity 64 (18.0)
Hypertension 232 (65.2)

Myocardial infarction 100 (28.1)
Stroke 68 (19.1)

Diabetes Mellitus 134 (37.6)
Physical activity (points) 7.18 (1.39)

Framingham Risk Score (n,%) 356
Low risk 43 (12.1)

Moderate risk 127 (35.7)
High risk 186 (52.2)

Reynolds Risk Score (n,%) 351
Low risk 154 (43.9)

Moderate risk 95 (27.1)
High risk 102 (29.1)

ACC/AHA-2013 Risk Score (n,%) 355
Low risk 130 (36.6)

Moderate risk 46 (13.0)
High risk 179 (50.4)

Continuous variables are shown as mean (standard deviation) or median (interquartile range), and categorical
data as n (%). BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglycerides;
LDL-c: low density lipoprotein-cholesterol, HDL-c: high density lipoprotein-cholesterol.

Total cholesterol was inversely correlated with erythrocyte membranes C18:3 n-3
(r = −0.155; p = 0.004), C22:6 n-3 (r = −0.112; p = 0.041), Omega-3 Index (r = −0.124;
p = 0.023) and total n-3 (r = −0.211; p < 0.001), and positively correlated with total n-6
(r = 0.178; p = 0.001) and Factor 1 (r = 0.170; p = 0.002), which is rich in n-6 PUFA and poor in
n-3 PUFA (Table S5). Multivariate linear and logistic regressions were applied to evaluate
the associations between the covariates entered in CV risk estimates, baseline characteristics
and erythrocyte membranes n-3 and n-6 PUFA to verify potential confounding factors
(Tables S6 and S7). Total cholesterol, BMI, triglycerides, family history of obesity, and age
were independently associated with erythrocyte membranes FA (Tables S6 and S7).
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Figure 1 shows the CV risk classification and its concordance. The most frequent strati-
fication of CV risk assessment by RRS was low CV risk (n = 154; 43.9%), whilst ACC/AHA
2013 and FRS were the scores that classified most individuals as high risk (n = 179; 50.4% and
n = 186; 52.2%, respectively). The agreement of cardiovascular risk stratifications obtained
through estimates was modest. The agreement between FRS and RRS was 51% (k = 0.30,
p < 0.001), and there was a moderate agreement between FRS and ACC/AHA 2013, of 64%
(k = 0.43, p < 0.001) and between ACC/AHA 2013 and RRS, with 67% (k = 0.50, p < 0.001).
Based on that, all CV risk estimates were maintained in the next analyses.

Table 2. Biochemical and clinical characterization of individuals.

Variables n Total

SBP (mmHg) 356 133 (18.0)
DBP (mmHg)

Hypertension (≥140 mmHg) (n, %) 356 81 (10.0)
111 (31.2)

BMI (kg/m2)
Obesity (BMI ≥ 30.0 kg/m2) (n, %)

356 30.9 (5.8)
182 (51.1)

Total cholesterol (mg/dL)
Hypercholesterolemia (≥200mg/dL) (n, %) 354 205.0 (42.6)

193 (54.2)
LDL-c (mg/dL)

High LDL-c (≥130 mg/dL) (n, %) 340 137.3 (38.7)
196 (55.1)

HDL-c (mg/dL)
Low-HDL-c (<40 mg/dL) (n, %) 354 36.0 (30.0–42.3)

125 (35.1)
Triglycerides (mg/dL)

Hypertriglyceridemia (≥150 mg/dL) (n, %) 354 130.5 (98.0–191.3)
145 (40.7)

Glucose (mg/dL)
Hyperglycemia (≥100 mg/dL) (n, %) 354 98.0 (91.0–108.0)

164 (46.1)
Apo A-I (mg/dL)

Low-Apo A-I (<120 mg/dL) (n, %) 355 132.2 (25.7)
230 (64.6)

Apo B (mg/dL)
High-Apo B (≥120 mg/dL) (n, %) 355 104.7 (24.8)

88 (24.7)
C-reactive protein (mg/L)

High-CRP (>1.0 mg/L) (n, %) 347 2.84 (1.2–6.0)
275 (77.2)

Categorical variables are shown as absolute value (n) and frequency (%). Continuous variables are shown as
mean (standard deviation) or median (interquartile range). BMI: body mass index; SBP: systolic blood pressure;
DBP: diastolic blood pressure; TG: triglycerides; LDL-c: low density lipoprotein-cholesterol, HDL-c: high density
lipoprotein-cholesterol.

The Table 4 describes the association of CV scores estimates and erythrocytes mem-
branes FA. The regression analyses showed that each unit increase of C18:3 n-3 was
associated with 20.8% odds reduction of being classified as intermediate or high risk
(OR = 0.792; 95% CI = 0.635–0.988). Each unit increase of total n-3 PUFA (C18:3 n-3 + C20:5
n-3 + C22:6 n-3) had 20.2% odds increase of low CV risk classification by FRS (OR = 0.798;
95% CI = 0.672–0.946). There were also 2.8% odds increase of low CV risk classification
regarding the C18:3 n-3/C20:5 n-3 ratio (OR = 0.972; 95% CI = 0.945–1.000). Each unit
increase of n-6/n-3 and C18:2 n-6/C18:3 n-3 ratios were associated with 47.3% (OR = 1.473;
95% CI = 1.021–2.126) and 27.6% (OR = 1.276; 95% CI = 1.043–1.561) odds increase of
intermediate or high CV risk classification, respectively. After adjustment, only total n-3
PUFA remained statistically significant (OR = 0.811; 95% CI = 0.675–0.976).
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Factor 1 (rich in n-6 PUFA) was associated with odds increase of intermediate or
high CV risk classification by 40.8% by FRS (OR = 1.408; 95% CI = 1.036–1.913). Af-
ter adjustment, the odds increased to 46.9% (OR = 1.469; 95% CI = 1.056–2.043) by
FRS and 27.6% by RRS (OR = 1.276; 95% CI: 1.010–1.612). Factor 3 (rich in n-3 PUFA)
was associated with odds increase of low CV risk classification by 26.6% according to
RRS (OR = 0.734; 95% CI = 0.585–0.921). After adjustment, the odds increased by 25.3%
(OR = 0.747; 95% CI = 0.589–0.948). Erythrocyte membranes FA and membranes patterns
were not statistically significant associated with the ACC/AHA 2013 risk score (Table S8).

Table 3. Erythrocyte membranes fatty acids profile (n = 335).

Variables Total

SFA (%)
C16:0 43.6 (41.1–47.5)
C18:0 24.8 (22.9–27.3)
C20:0 0.7 (0.6–0.8)
C22:0 1.1 (0.9–1.4)
C24:0 0.3 (0.1–0.7)

MUFA (%)
C16:1 n-7 0.3 (0.2–0.6)
C18:1 n-9 10.0 (3.5)
C20:1 n-9 0.0 (0.1–0.1)
C22:1 n-9 0.1 (0.1–0.2)
C24:1 n-9 1.3 (0.5)

PUFA n-6 (%)
C18:2 n-6 4.7 (1.8)
C18:3 n-6 0.2 (0.1–0.2)
C20:2 n-6 0.1 (0.1–0.2)
C20:3 n-6 0.6 (0.3)
C20:4 n-6 2.5 (1.4–5.1)
C22:2 n-6 0.4 (0.3–0.6)
Total n-6 9.4 (3.8)

PUFA n-3 (%)
C18:3 n-3 0.2 (0.1–0.2)
C20:5 n-3 0.2 (0.1–0.3)
C22:6 n-3 3.4 (2.7–4.2)

Omega-3 Index 3.6 (3.0–4.5)
Total n-3 5.7 (4.8–6.7)

Fatty acids ratios
C16:0/C16:1 n-7 130.7 (67.9–232.6)
C18:0/C18:1 n-9 2.5 (2.0–3.4)

n-6/n-3 1.7 (1.0–2.4)
C20:4 n-6/C20:5 n-3 12.9 (5.6–27.6)
C18:3 n-3/C20:5 n-3 9,1 (5.7–14.0)
C18:2 n-6/C20:4 n-6 1.8 (1.0–2.8)
C18:2 n-6/C18:3 n-3 2.4 (1.4–4.2)

SFA: saturated fatty acids; PUFA: polyunsaturated fatty acids; MUFA: monounsaturated fatty acids. Omega-3
Index: C20:5 n-3 + C22:6 n-3. Total n-3: C18:3 n-3 + 20:5 n-3+ 22:6. n-6: C18:2 n-6 + C18:3 n-6 + C20:2 n-6 +
C20:3 n-6 + C20:4 n-6 + C22:2 n-6. Data are shown as mean (standard deviation) or median (interquartile range)
depending on the distribution.

67



Nutrients 2021, 13, 1919

Figure 1. Distribution and agreement of global cardiovascular risk stratifications be-
tween different predictive equations. Data are shown in % agreement and kappa values.
*: p-value < 0.001.

Table 4. Logistic regression models of isolated and pooled erythrocyte membranes fatty acids and FRS and RRS.

Fatty Acids

Framingham Risk Score Reynolds Risk Score

Unadjusted Model Adjusted Model * Unadjusted Model Adjusted Model *

OR CI (95%) OR CI (95%) OR CI (95%) OR CI (95%)

C18:3 n-3 0.792 0.635–0.988 0.819 0.642–1.046 0.911 0.766–1.082 0.925 0.772–1.108
C20:5 n-3 5.016 0.409–61.557 6.176 0.374–102.027 0.417 0.095–1.835 0.378 0.078–1.823
C22:6 n-3 0.830 0.655–1.052 0.833 0.654–1.062 1.033 0.867–1.232 1.033 0.861–1.239
Total n-3 0.798 0.672–0.946 0.811 0.675–0.976 0.959 0.842–1.091 0.968 0.845–1.108
Total n-6 1.077 0.986–1.176 1.079 0.984–1.183 1.033 0.975–1.094 1.049 0.987–1.115
Omega-3

index 0.840 0.660–1.069 0.844 0.660–1.079 1.021 0.855–1.220 1.020 0.849–1.226

n-6/n-3 1.473 1.021–2.126 1.421 0.972–2.078 1.099 0.886–1.363 1.117 0.890–1.403
C20:4

n-6/C20:5
n-3

1.002 0.986–1.020 1.002 0.985–1.020 1.005 0.994–1.016 1.008 0.996–1.019

C18:3
n-3/C20:5

n-3
0.972 0.945–1.000 0.973 0.945–1.003 0.989 0.966–1.012 0.990 0.966–1.014

C18:3
n-3/C22:6

n-3
0.764 0.455–1.285 0.856 0.482–1.521 0.888 0.599–1.317 0.923 0.613–1.391

C18:2
n-6/C18:3

n-3
1.276 1.043–1.561 1.229 0.995–1.518 0.995 0.980–1.009 0.988 0.970–1.006

Factor 1 1.408 1.036–1.913 1.469 1.056–2.043 1.208 0.969–1.507 1.276 1.010–1.612
Factor 2 1.577 0.878–2.831 1.516 0.812–2.832 1.099 0.876–1.378 1.087 0.860–1.375
Factor 3 0.923 0.671–1.271 0.992 0.697–1.411 0.734 0.585–0.921 0.747 0.589–0.948

*: model adjusted by body mass index (BMI), physical activity and education level. Omega-3 Index: C20:5 n-3 + C22:6 n-3. Total n-3: C18:3
n-3 + 20:5 n-3 + 22:6 n-3; total n-6: C18:2 n-6 + C18:3 n-6 + C20:2 n-6 + C20:3 n-6 + C20:4 n-6 + C22:2 n-6. Odds ratio (OR) per unit change of
FA. The bold highlights statistically significant associations.
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4. Discussion

The findings of the study show that a higher content of n-3 PUFA in erythrocyte
membranes was associated with higher odds of CV risk being classified as low. Unlike
prior studies, the patterns of erythrocyte membranes FA composition were investigated,
and the results corroborate the cardioprotective associations of n-3 PUFA.

CV risk estimates do not allow to establish a causal relationship with cardiovascu-
lar events and mortality but are useful for healthcare professionals to monitor interven-
tions focused on modifying classic risk factors and to further assess individual patient
risk. Regarding the effects of n-3 PUFA on CV risk factors by multiple direct and indi-
rect mechanisms, it is plausible to assume it influences the estimated CV risk as proposed
by previous studies. In 50 cases with acute non-fatal MI and 50 age- and sex-matched
controls without MI the Omega-3 Index was significantly lower in cases than in controls
(9.57% (SEM = 0.28) vs. 11.81% (SEM = 0.35); p < 0.001) in addition to the decreased risk
of non-fatal MI (OR = 0.08; 95% CI = 0.02–0.38). Also, a CV risk estimate based on the
FA profile (sum of C20:5 n-3, C18:3 n-3, trans-oleic acid, and C20:4 n-6) showed a higher
contribution to the discrimination of MI cases compared to controls when compared to
FRS, being a potential predictor of outcomes [31]. The similar way, a study evaluating
MI 2-year mortality showed that the red blood cells (RBC) FA C20:5 n-3 and C22:5 n-6
of 1144 patients changed the c-statistic of the GRACE score from 0.747 (p < 0.001) to 0.768
(p < 0.05 vs. GRACE alone), improved the net reclassification index by 31% (95% CI = 15–48%)
and the relative incremental discrimination index by 19.8% (95% CI = 7.5–35.7%). Those re-
sults show that RBC FA improved the prediction of 2-year mortality over the GRACE score
in MI patients [32]. In the present study, two patterns of erythrocyte membranes FA com-
position were associated with CV risk classification. The pattern rich in n-3 PUFA (Factor
3) increased the odds of low-risk classification by 25.3% by RRS, whilst the pattern rich in
n-6 PUFA (Factor 1) increased the odds of moderate or high-risk classification by 46.9% and
27.6% by FRS and RRS, respectively.

Studies have shown inverse associations between n-3 PUFA biomarkers and CVD. Two
meta-analyses have shown associations of n-3 PUFA biomarkers from different compartments
with coronary risk reduction [14,15]. In a cohort, C20:5 n-3, C22:6 n-3, and Omega-3 Index in
erythrocyte membranes were inversely associated with CV mortality, with stronger results
when C20:5 n-3 was higher than 1% [33]. In several populations, the Omega-3 Index is
associated with reduced coronary risk [13,34,35]. Recently, in the Framingham Offspring
Cohort, individuals with Omega-3 Index higher than 6.8% had 39% fewer cardiovascular
events compared to those in which the index was lower than 4.2%. Another finding of this
study was 59% and 32% lower risks of stroke and all-cause mortality in individuals with C22:6
n-3 higher than 5.96% when compared to those lower than 3.69% [16]. The present study did
not identify a significant association of the Omega-3 Index and CV risk classifications; however,
robust associations were observed for C18:3 n-3 and total n-3 with lower CV risk estimated by
FRS and pooled FA rich in n-3 (Factor 3) and RRS. Conversely, Factor 1 (rich in n-6), and total
n-6/n-3 and C18:2 n-6/C18:3 n-3 ratios modified the previous association, reducing the benefits
attributed to FA n-3. This profile can be explained by the reduced content of the Omega-3
Index (<4%) in 62.7% of the participants, whereas 36.4% had a sub-optimal content (4% to 8%),
with only 0.9% showing an optimal level, according to Omega-3 Index classification proposed
by Harris & von Schacky [13].

The complex relationship of FA and CV risk estimates may be partially explained
by associations between C18:3 n-3, C22:6 n-3, and total n-3 PUFA and total cholesterol,
suggesting that the associations with CV risk classification are related to the cholesterol-
lowering effect of n-3 PUFA. Zibaeenezhad et al. evaluated the impact of fresh fish intake
(250 g/week) and fish oil supplementation (2 g/day) during 8 weeks on lipid profile. The
consumption of dietary fish has shown better effect on the reduction of total cholesterol
and LDL-c compared with fish oil [36]. Although the positive effect of n-3 on hypertriglyc-
eridemia (from 25% to 30% triglycerides reduction) is a consensus in literature [37], the
isolated effect on total cholesterol and LDL-c remains controversial. Two systematic reviews
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based on fish intake, EPA-containing capsules, and algae DHA oil confirm the positive
effect of n-3 PUFA on the reduction of triglycerides without changes in LDL-c [38,39].
Contrary, Wei et al. (2011) observed a 5% LDL-c increase after DHA intake, while EPA
decreased by 1% [40]. Together, these results indicate that n-3 PUFA modulates lipid profile
by multiple mechanisms, which contributes to association with better CV risk classification
observed in the present study.

The three CV risk estimates tested in this study were validated in American Cau-
casians, and the application on different populations without validation may overestimate
the risk. Although the Brazilian population is multi-ethnic, the Brazilian Society of Cardiol-
ogy guidelines recommends using FRS for CV risk estimation [10]. The ACC/AHA 2013
risk score is currently recommended by America Heart Association guidelines [25], and the
RRS had a better prediction compared to FRS in the American population, in addition to
considering family history and inflammation in the equation [23,24]. The ACC/AHA 2013
risk score has shown good calibration and discrimination in an American cohort [9], but
its application in and European population indicated 96.4% of men and 65.8% of women
classified as high risk [6]. In the multi-centric cohort Multi-Ethnic Study of Atherosclerosis
(MESA), containing 6814 individuals self-referred as Caucasians, Blacks, Hispanics, or
Chinese, the ACC/AHA 2013 risk score had the worst calibration and discrimination
compared to FRS, RRS, and ATP-III Risk Score, overestimating risk for both men (154%)
and women (67%), with an overall disagreement of 115% [7]. In turn, FRS overestimated
men’s risk in 37% and women’s risk in 8%, with an overall disagreement of 25%, whilst
RRS overestimated men’s risk in only 9%, and underestimated women’s risk in 21%, in
addition to showing the slightest overall disagreement (−3%) [7]. In Women’s Health
Initiative Observational Cohort, FRS overestimated the risk and had worse calibration and
discrimination compared to RRS [8]. In the MESA cohort, RRS also outperformed FRS in
predicting subclinical atherosclerosis assessed by coronary artery calcification (CAC), an
important predictor of CV risk, through computerized tomography [41]. Those studies sug-
gest that ACC/AHA 2013 risk score and FRS overestimate risk in multi-ethnic populations,
and the frequency of high-risk stratifications in this study corroborates with them. The
agreement analyses performed in this study confirm the differences between these CV risk
estimates. Although FRS and ACC/AHA 2013 consider the same parameters to estimate
the CV risk, the subtle differences in both algorithms may explain the modest agreement
between them and subsequently, the absence of association of n-3 PUFA and ACC/AHA
2013 observed in this study.

Furthermore, it important to highlight that despite the highest agreement between
ACC/AHA 2013 and RRS (67%; k = 0.50), due to the high frequency of low-risk classifica-
tions, the first estimate does not consider the inflammation in CV risk. We hypothesized
that because the CRP is a component of RRS and is modulated by n-3 PUFA, it would
strengthen the association between both variables. However, no associations between
CRP and n-3 PUFA were found in the study. Previous studies show a strong relationship
between n-3 PUFA and CRP. In 2019, the study of Omar et al. showed that high intake
of n-3 (2.0 g/day) reduced blood lipids (total cholesterol, LDL-c, and triglycerides) and
inflammatory markers such as interleukin-6 and CRP [42]. Similar results were observed
when purified eicosapentaenoic acid ethyl ester (4.0 g/day) was used in ANCHOR study,
in which a significant reduction in triglycerides and CRP, without changing LDL-c [43].

Certainly, the most relevant limitation of our results is the lack of information about CV
outcomes. Another limitation was the lack of socioeconomic status data in the study, which
is an important predictor of CV risk. Despite of that, education level, which was used as
the adjustment, may reflect socioeconomic status as predictor of health [29]. Furthermore,
the modifiable and non-modifiable risk factors considered in the CV risk estimates are not
able to explain all cardiovascular events, so the CV outcome prediction may not reflect
the real risk. Therefore, the effects of n-3 PUFA on CV risk may be underestimated due to
mechanisms that act independently of traditional risk factors, such as platelet inhibition
and arrhythmia reduction [11,44]. It is important to note that an important portion of the
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individuals in the study use medications that can affect the associations and mask the
effects of PUFA on CV health, such as lipid-lowering drugs. For future studies regarding
CV risk scores, a prescreening of individuals based on n-3 PUFA level could show more
clearly the effects of n-3 PUFA on CV risk classification, although higher levels (>4%) of n-3
PUFA may not be frequent in Western countries due to low intake [35].

The strengths of this investigation include the application of FA biomarkers, being
more objective than the traditional dietetic assessment. This study investigated not only
single FA associations but the FA patterns through factor analysis. These patterns might
depict the manifold biological interactions with FA, which the isolated analysis would not
do. As far as it is known, this study is the first to assess erythrocyte membranes FA patterns
through factor analysis. Moreover, the application of multiple CV risk estimates uses major
CV risk factors and indirectly reflects the clinical outcomes, being useful in short-term or
cross-sectional investigations.

5. Conclusions

In conclusion, the results of this study have shown that n-3 PUFA in erythrocyte mem-
branes are associated with better CV risk classification estimated by FRS and RRS in Brazilian
individuals, which could be explained by the cholesterol-lowering effects of n-3 PUFA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13061919/s1, Table S1: Demographic and clinical characterization of individuals, accord-
ing to sex. Table S2: Biochemical profile of individuals, according to sex. Table S3: Erythrocyte
membranes fatty acids, according to sex. Table S4: Factor loadings of fatty acids in erythrocyte
membranes. Table S5: Correlations between erythrocyte membranes PUFA and variables used in
cardiovascular risk estimates. Table S6: Multiple linear regressions associating baseline characteristics
and erythrocyte membrane fatty acids. Table S7: Multiple logistic regressions associating baseline
characteristics and erythrocyte membrane fatty acids. Table S8: Logistic regression models of isolated
and pooled erythrocyte membranes fatty acids and ACC/AHA 2013 risk score.

Author Contributions: G.H.F.G. contributed to the biochemical and statistical analysis, critical review
and writing; G.R.S. and R.A.M.S.-F. were responsible for biochemical analyses and draw of the tables
and figure, and N.R.T.D. contributed to the study design, critical review and writing. All authors
have read and agreed to the published version of the manuscript.

Funding: Grants received from Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES nº88882.330835/2019-01), and grants received from State of Sao Paulo Research Foundation
(FAPESP 2016/24531-3, 2011/12523-2).

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the local Research Ethics Committee as register under
number 0063.0.207.198-11.

Informed Consent Statement: All procedures were obtained only after all subjects to sign the
informed consent.

Data Availability Statement: Full data can be asked to the corresponding author.

Acknowledgments: The authors cordially thank Elizabeth Torres for making the GC equipment available
for analysis, João Valentini Neto and Adélia Pereira Neta for their support in the statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

Ethics Committee: All procedures followed the rules established by the University of São Paulo Uni-
versity Hospital Research Ethics Committee as register under number 0063.0.207.198-11. All procedures
were in accordance with the ethical standards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

71



Nutrients 2021, 13, 1919

References

1. D’Agostino, R.B.; Vasan, R.S.; Pencina, M.J.; Wolf, P.A.; Cobain, M.; Massaro, J.M.; Kannel, W.B. General cardiovascular risk
profile for use in primary care: The Framingham heart study. Circulation 2008, 117, 743–753. [CrossRef]

2. DeGoma, E.M.; Dunbar, R.L.; Jacoby, D.; French, B. Differences in absolute risk of cardiovascular events using risk-refinement
tests: A systematic analysis of four cardiovascular risk equations. Atherosclerosis 2013, 227, 172–177. [CrossRef] [PubMed]

3. Hardoon, S.L.; Whincup, P.H.; Lennon, L.T.; Wannamethee, S.G.; Capewell, S.; Morris, R.W. How much of the recent decline in
the incidence of myocardial infarction in British men can be explained by changes in cardiovascular risk factors? Evidence from a
prospective population-based study. Circulation 2008, 117, 598–604. [CrossRef]

4. Stamler, J.; Wentworth, D.; Neaton, J.D. Is Relationship Between Serum Cholesterol and Risk of Premature Death From Coronary
Heart Disease Continuous and Graded?: Findings in 356 222 Primary Screenees of the Multiple Risk Factor Intervention Trial
(MRFIT). JAMA 1986, 256, 2823–2828. [CrossRef] [PubMed]

5. Unal, B.; Critchley, J.A.; Capewell, S. Explaining the decline in coronary heart disease mortality in England and Wales between
1981 and 2000. Circulation 2004, 109, 1101–1107. [CrossRef]

6. Kavousi, M.; Leening, M.J.G.; Nanchen, D.; Greenland, P.; Graham, I.M.; Steyerberg, E.W.; Ikram, M.A.; Stricker, B.H.; Hofman, A.;
Franco, O.H. Comparison of application of the ACC/AHA guidelines, Adult Treatment Panel III guidelines, and European Society
of Cardiology guidelines for cardiovascular disease prevention in a European cohort. JAMA 2014, 311, 1416–1423. [CrossRef]

7. DeFilippis, A.P.; Young, R.; Carrubba, C.J.; McEvoy, J.W.; Budoff, M.J.; Blumenthal, R.S.; Kronmal, R.A.; McClelland, R.L.;
Nasir, K.; Blaha, M.J. An analysis of calibration and discrimination among multiple cardiovascular risk scores in a modern
multiethnic cohort. Ann. Intern. Med. 2015, 162, 266–275. [CrossRef]

8. Cook, N.R.; Paynter, N.P.; Eaton, C.B.; Manson, J.E.; Martin, L.W.; Robinson, J.G.; Rossouw, J.E.; Wassertheil-Smoller, S.;
Ridker, P.M. Comparison of the framingham and reynolds risk scores for global cardiovascular risk prediction in the multiethnic
women’s health initiative. Circulation 2012, 125, 1748–1756. [CrossRef] [PubMed]

9. Muntner, P.; Colantonio, L.D.; Cushman, M.; Goff, D.C.; Howard, G.; Howard, V.J.; Kissela, B.; Levitan, E.B.; Lloyd-Jones, D.M.;
Safford, M.M. Validation of the atherosclerotic cardiovascular disease Pooled Cohort risk equations. JAMA 2014, 311, 1406–1415.
[CrossRef] [PubMed]

10. Faludi, A.A.; Izar, M.C.; Saraiva, J.F.; Chacra, A.P.; Bianco, H.T.; Afiune Neto, A.; Bertolami, A.; Pereira, A.C.; Lottenberg, A.M.;
Sposito, A.C.; et al. Atualização da diretriz brasileira de dislipidemias e prevenção da aterosclerose—2017. Arq. Bras. Cardiol.
2017, 109, 76. [CrossRef]

11. Manson, J.E.; Cook, N.R.; Lee, I.-M.; Christen, W.; Bassuk, S.S.; Mora, S.; Gibson, H.; Albert, C.M.; Gordon, D.; Copeland, T.; et al.
Marine n−3 Fatty Acids and Prevention of Cardiovascular Disease and Cancer. N. Engl. J. Med. 2019, 380, 23–32.
[CrossRef] [PubMed]

12. Aung, T.; Halsey, J.; Kromhout, D.; Gerstein, H.C.; Marchioli, R.; Tavazzi, L.; Geleijnse, J.M.; Rauch, B.; Ness, A.; Galan, P.; et al.
Associations of omega-3 fatty acid supplement use with cardiovascular disease risks meta-analysis of 10 trials involving 77 917
individuals. JAMA Cardiol. 2018, 3, 225–234. [CrossRef]

13. Harris, W.S.; Von Schacky, C. The Omega-3 Index: A new risk factor for death from coronary heart disease? Prev. Med. 2004,
39, 212–220. [CrossRef]

14. Chowdhury, R.; Warnakula, S.; Kunutsor, S.; Crowe, F.; Ward, H.A.; Johnson, L.; Franco, O.H.; Butterworth, A.; Forouhi, N.G.;
Thompson, S.G.; et al. Association of dietary, circulating, and supplement fatty acids with coronary risk. Ann. Intern. Med. 2014,
160, 398–406. [CrossRef]

15. Del Gobbo, L.C.; Imamura, F.; Aslibekyan, S.; Marklund, M.; Virtanen, J.K.; Wennberg, M.; Yakoob, M.Y.; Chiuve, S.E.;
Dela Cruz, L.; Frazier-Wood, A.C.; et al. ω-3 Polyunsaturated fatty acid biomarkers and coronary heart disease: Pooling
project of 19 cohort studies. JAMA Intern. Med. 2016, 176, 1155–1166. [CrossRef]

16. Harris, W.S.; Tintle, N.L.; Etherton, M.R.; Vasan, R.S. Erythrocyte long-chain omega-3 fatty acid levels are inversely associated
with mortality and with incident cardiovascular disease: The Framingham Heart Study. J. Clin. Lipidol. 2018, 12, 718–727.
[CrossRef] [PubMed]

17. Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997, 65,
1220S–1228S. [CrossRef]

18. Baecke, J.A.; Burema, J.; Frijters, J.E. A short questionnaire for the measurement habitual physical activity in epidemiological
studies. Am. J. Clin. Nutr. 1982, 36, 936–942. [CrossRef] [PubMed]

19. Florindo, A.A.; Latorre, M.; do, R.D.; de, O. Validation and reliability of the Baecke questionnaire for the evaluation of habitual
physical activity in adult men. Rev. Bras. Med. Esporte 2003, 9, 129–135. [CrossRef]

20. Garcia, L.; Osti, R.; Ribeiro, E.; Florindo, A. Validação de dois questionários para a avaliação da atividade física em adultos.
Rev. Bras. Ativ. Física Saúde 2013, 18. [CrossRef]

21. Masood, A.; Stark, K.D.; Salem, N. A simplified and efficient method for the analysis of fatty acid methyl esters suitable for large
clinical studies. J. Lipid Res. 2005, 46, 2299. [CrossRef]

22. Mosca, L.; Benjamin, E.J.; Berra, K.; Bezanson, J.L.; Dolor, R.J.; Lloyd-Jones, D.M.; Newby, L.K.; Piña, I.L.; Roger, V.L.;
Shaw, L.J.; et al. Effectiveness-based guidelines for the prevention of cardiovascular disease in women—2011 Update: A guideline
from the American Heart Association. J. Am. Coll. Cardiol. 2011, 57, 1404–1423. [CrossRef]

72



Nutrients 2021, 13, 1919

23. Ridker, P.M.; Buring, J.E.; Rifai, N.; Cook, N.R. Development and validation of improved algorithms for the assessment of global
cardiovascular risk in women: The Reynolds Risk Score. J. Am. Med. Assoc. 2007, 297, 611–619. [CrossRef]

24. Ridker, P.M.; Paynter, N.P.; Rifai, N.; Gaziano, J.M.; Cook, N.R. C-reactive protein and parental history improve global cardiovas-
cular risk prediction: The Reynolds risk score for men. Circulation 2008, 118, 2243–2251. [CrossRef] [PubMed]

25. Goff, D.C.; Lloyd-Jones, D.M.; Bennett, G.; Coady, S.; D’Agostino, R.B.; Gibbons, R.; Greenland, P.; Lackland, D.T.; Levy, D.;
O’Donnell, C.J.; et al. 2013 ACC/AHA guideline on the assessment of cardiovascular risk: A report of the American col-
lege of cardiology/American heart association task force on practice guidelines. J. Am. Coll. Cardiol. 2014, 63, 2935–2959.
[CrossRef] [PubMed]

26. Catapano, A.L.; Reiner, Ž.; De Backer, G.; Graham, I.; Taskinen, M.R.; Wiklund, O.; Agewall, S.; Alegria, E.; Chapman, M.J.;
Durrington, P.; et al. ESC/EAS Guidelines for the management of dyslipidaemias. The Task Force for the management of
dyslipidaemias of the European Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS). Atherosclerosis 2011,
217, 3–46. [CrossRef] [PubMed]

27. Landis, J.R.; Koch, G.G. The Measurement of Observer Agreement for Categorical Data. Biometrics 1977, 33, 159.
[CrossRef] [PubMed]

28. Marchioni, D.M.L.; Latorre, M.; do, R.D.; de, O.; Eluf-Neto, J.; Wünsch-Filho, V.; Fisberg, R.M. Identification of dietary patterns
using factor analysis in and epidemiological study in São Paulo. São Paulo Med. J. 2005, 123, 124–127. [CrossRef]

29. Winkleby, M.A.; Jatulis, D.E.; Frank, E.; Fortmann, S.P. Socioeconomic status and health: How education, income, and occupation
contribute to risk factors for cardiovascular disease. Am. J. Public Health 1992, 82, 816–820. [CrossRef]

30. Kang, H. The prevention and handling of the missing data. Korean J. Anesthesiol. 2013, 64, 402–406. [CrossRef]
31. Park, Y.; Lim, J.; Lee, J.; Kim, S.G. Erythrocyte fatty acid profiles can predict acute non-fatal myocardial infarction. Br. J. Nutr.

2009, 102, 1355–1361. [CrossRef]
32. Harris, W.S.; Kennedy, K.F.; O’Keefe, J.H.; Spertus, J.A. Red blood cell fatty acid levels improve GRACE score prediction of 2-yr

mortality in patients with myocardial infarction. Int. J. Cardiol. 2013, 168, 53–59. [CrossRef] [PubMed]
33. Kleber, M.E.; Delgado, G.E.; Lorkowski, S.; März, W.; von Schacky, C. Omega-3 fatty acids and mortality in patients referred for

coronary angiography. The Ludwigshafen Risk and Cardiovascular Health Study. Atherosclerosis 2016, 252, 175–181. [CrossRef]
34. Block, R.C.; Harris, W.S.; Reid, K.J.; Sands, S.A.; Spertus, J.A. EPA and DHA in blood cell membranes from acute coronary

syndrome patients and controls. Atherosclerosis 2008, 197, 821–828. [CrossRef]
35. Harris, W.S.; Del Gobbo, L.; Tintle, N.L. The Omega-3 Index and relative risk for coronary heart disease mortality: Estimation

from 10 cohort studies. Atherosclerosis 2017, 262, 51–54. [CrossRef] [PubMed]
36. Zibaeenezhad, M.J.; Ghavipisheh, M.; Attar, A.; Aslani, A. Comparison of the effect of omega-3 supplements and fresh fish on

lipid profile: A randomized, open-labeled trial. Nutr. Diabetes 2017, 7, 1. [CrossRef] [PubMed]
37. Din, J.N.; Harding, S.A.; Valerio, C.J.; Sarma, J.; Lyall, K.; Riemersma, R.A.; Newby, D.E.; Flapan, A.D. Dietary intervention with

oil rich fish reduces platelet-monocyte aggregation in man. Atherosclerosis 2008, 197, 290–296. [CrossRef] [PubMed]
38. Balk, E.M.; Lichtenstein, A.H.; Chung, M.; Kupelnick, B.; Chew, P.; Lau, J. Effects of omega-3 fatty acids on serum markers of

cardiovascular disease risk: A systematic review. Atherosclerosis 2006, 189, 19–30. [CrossRef]
39. Eslick, G.D.; Howe, P.R.C.; Smith, C.; Priest, R.; Bensoussan, A. Benefits of fish oil supplementation in hyperlipidemia: A

systematic review and meta-analysis. Int. J. Cardiol. 2009, 136, 4–16. [CrossRef]
40. Wei, M.Y.; Jacobson, T.A. Effects of eicosapentaenoic acid versus docosahexaenoic acid on serum lipids: A systematic review and

meta-analysis. Curr. Atheroscler. Rep. 2011, 13, 474–483. [CrossRef]
41. DeFilippis, A.P.; Blaha, M.J.; Ndumele, C.E.; Budoff, M.J.; Lloyd-Jones, D.M.; McClelland, R.L.; Lakoski, S.G.; Cushman, M.;

Wong, N.D.; Blumenthal, R.S.; et al. The association of Framingham and reynolds risk scores with incidence and progression of
coronary artery calcification in MESA (multi-ethnic study of atherosclerosis). J. Am. Coll. Cardiol. 2011, 58, 2076–2083. [CrossRef]

42. Omar, Z.A.; Montser, B.A.; Farahat, M.A.R. Effect of high-dose Omega 3 on lipid profile and inflammatory markers in chronic
hemodialysis children. Saudi J. Kidney Dis. Transpl. 2019, 30, 634–639. [CrossRef] [PubMed]

43. Miller, M.; Ballantyne, C.M.; Bays, H.E.; Granowitz, C.; Doyle, R.T.; Juliano, R.A.; Philip, S. Effects of Icosapent Ethyl (Eicosapen-
taenoic Acid Ethyl Ester) on Atherogenic Lipid/Lipoprotein, Apolipoprotein, and Inflammatory Parameters in Patients With
Elevated High-Sensitivity C-Reactive Protein (from the ANCHOR Study). Am. J. Cardiol. 2019, 124, 696–701. [CrossRef] [PubMed]

44. Liew, S.M.; Doust, J.; Glasziou, P. Cardiovascular risk scores do not account for the effect of treatment: A review. Heart 2011, 97,
689–697. [CrossRef] [PubMed]

73





nutrients

Review

Pathobiological Relationship of Excessive Dietary Intake of
Choline/L-Carnitine: A TMAO Precursor-Associated
Aggravation in Heart Failure in Sarcopenic Patients

May Nasser Bin-Jumah 1,2, Sadaf Jamal Gilani 3, Salman Hosawi 4, Fahad A. Al-Abbasi 4, Mustafa Zeyadi 4,

Syed Sarim Imam 5, Sultan Alshehri 5, Mohammed M Ghoneim 6, Muhammad Shahid Nadeem 4 and

Imran Kazmi 4,*

Citation: Bin-Jumah, M.N.; Gilani,

S.J.; Hosawi, S.; Al-Abbasi, F.A.;

Zeyadi, M.; Imam, S.S.; Alshehri, S.;

Ghoneim, M.M.; Nadeem, M.S.;

Kazmi, I. Pathobiological

Relationship of Excessive Dietary

Intake of Choline/L-Carnitine: A

TMAO Precursor-Associated

Aggravation in Heart Failure in

Sarcopenic Patients. Nutrients 2021,

13, 3453. https://doi.org/10.3390/

nu13103453

Academic Editor: Hayato Tada

Received: 30 July 2021

Accepted: 27 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Biology Department, College of Science, Princess Nourah Bint Abdulrahman University,
Riyadh 11671, Saudi Arabia; mnbinjumah@pnu.edu.sa

2 Environment and Biomaterial Unit, Health Sciences Research Center, Princess Nourah bint Abdulrahman
University, Riyadh 11671, Saudi Arabia

3 Department of Basic Health Sciences, Preparatory Year, Princess Nourah Bint Abdulrahman University,
Riyadh 11671, Saudi Arabia; SJGlani@pnu.edu.sa

4 Department of Biochemistry, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia;
shosawi@kau.edu.sa (S.H.); fabbasi@kau.edu.sa (F.A.A.-A.); mzyadi@kau.edu.sa (M.Z.);
mhalim@kau.edu.sa (M.S.N.)

5 Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia;
simam@ksu.edu.sa (S.S.I.); salshehri1@ksu.edu.sa (S.A.)

6 Department of Pharmacy Practice, College of Pharmacy, AlMaarefa University,
Ad Diriyah 13713, Saudi Arabia; mghoneim@mcst.edu.sa

* Correspondence: ikazmi@kau.edu.sa

Abstract: The microecological environment of the gastrointestinal tract is altered if there is an imbal-
ance between the gut microbiota phylases, resulting in a variety of diseases. Moreover, progressive
age not only slows down physical activity but also reduces the fat metabolism pathway, which may
lead to a reduction in the variety of bacterial strains and bacteroidetes’ abundance, promoting firmi-
cutes and proteobacteria growth. As a result, dysbiosis reduces physiological adaptability, boosts
inflammatory markers, generates ROS, and induces the destruction of free radical macromolecules,
leading to sarcopenia in older patients. Research conducted at various levels indicates that the
microbiota of the gut is involved in pathogenesis and can be considered as the causative agent of
several cardiovascular diseases. Local and systematic inflammatory reactions are caused in patients
with heart failure, as ischemia and edema are caused by splanchnic hypoperfusion and enable both
bacterial metabolites and bacteria translocation to enter from an intestinal barrier, which is already
weakened, to the blood circulation. Multiple diseases, such as HF, include healthy microbe-derived
metabolites. These key findings demonstrate that the gut microbiota modulates the host’s metabolism,
either specifically or indirectly, by generating multiple metabolites. Currently, the real procedures
that are an analogy to the symptoms in cardiac pathologies, such as cardiac mass dysfunctions and
modifications, are investigated at a minimum level in older patients. Thus, the purpose of this review
is to summarize the existing knowledge about a particular diet, including trimethylamine, which
usually seems to be effective for the improvement of cardiac and skeletal muscle, such as choline and
L-carnitine, which may aggravate the HF process in sarcopenic patients.

Keywords: sarcopenia; heart failure; trimethylamine-N-oxide; inflammatory mediators; choline;
L-carnitine

1. Introduction

The human intestine microbiota is primarily comprised of four phyla: proteobacteria,
firmicutes, actinobacteria, and bacteroidetes [1]. An imbalance between the gut microbiota
phylases alters the microecological environment of a gastrointestinal tract, resulting in
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numerous diseases. The gut microbiota has many important functions in sustaining
host fitness, including host feeding and energy harvesting, intestinal homeostasis, drug
absorption and toxicity, immune system responsiveness, and pathogen defense. They
can also produce microbial products such as bile acids, trimethylamine-N-oxide (TMAO),
lipopolysaccharides (LPS), vitamin B complexes, vitamin K, uremic toxins, nitric oxide,
fatty acids in the short-chain (SCFA), gut neurotransmitters, and hormones, which can
modify host metabolism and influence both the health and diseases working in the body [2].
Moreover, progressive age not only slows down physical activity but also reduces the fat
metabolism pathway, which may lead to a reduction in the variety of bacterial strains
and bacteroidetes’ abundance, promoting firmicutes and proteobacteria growth. As a result,
dysbiosis reduces physiological adaptability, boosts inflammatory markers, creates ROS,
and induces the destruction of free radical macromolecules, leading to sarcopenia in older
patients [3,4]. As aging became a global epidemic, decreased muscle mass in octogenarians
(or older persons) impaired 5–13% of elderly people between 60 and 70 years old and has
an incidence rate of up to 50% [5]. In a multi-continent sample, sarcopenia prevalence in
the general population was between 12.6% and 17.5% [6].

Sarcopenia may be induced by heart failure via common pathogenetic pathways
and mechanisms influenced by each other, such as physical activities, malnutrition, and
hormonal changes. Prevalence levels are significantly greater in individuals with heart
failure (HF), ranging between 19.5 and 47.3% [7].

Conversely, the development of heart failure may be favored by Sarcopenia via various
mechanisms such as pathological ergoreflexes. It can be considered as a paradox that
the association of sarcopenia is not visible with a sarcopenic cardiac muscle, while non-
functional hypertrophy is displayed by cardiac muscles. In addition, cardiac hypertrophy
can be considered as the normal mechanism of cardiac adaptation to the conditions of a
rise in systemic demand. Cardiac dysfunctions can be caused by a hypertensive state in
pregnancy and even in athletes via the heart’s physiological hypertrophy or via pathological
hypertrophy, which can be triggered by various factors such as hemodynamic stress of
irregular and prolonged nature, i.e., a hypertensive condition [4]. Cardiac cachexia has
long been shown to be associated with decreased survival and this result can be considered
independent of other prognostic variables such as low peak oxygen consumption, age,
NYHA (New York Heritage Association) class, or LVEF (left ventricular ejection fraction) [8].
Additionally, research demonstrates a strong link between micronutrients such as Mg2+ and
cardiovascular health, and highlights the potential pathophysiological pathways through
which Mg2+ depletion may increase the development, progression, and maintenance of
CVD. Indeed, hypomagnesemia has a detrimental effect on cardiovascular health, as it
is linked with an increased prevalence of hypertension, type 2 diabetes, dyslipidemia,
atherosclerosis, arrhythmias, and coronary artery disease [9], all of which are common in
sarcopenia [10].

Enhanced muscle reflex has a significant link with peripheral muscle wastage and,
additionally, the overactivity of muscle reflex can be considered consistent with the idea
that the development of a syndrome is linked to the muscle’s peripheral maladaptive
changes. There are some important factors, such as progressive age, associated with
sarcopenia and the change in gut microbiota diversity. Dysbiosis can also be considered as
an independent cardiovascular risk factor and as responsible for heart failure in elderly
people. Minimal investigations have been conducted in elderly patients regarding the
actual mechanisms, such as concerning cardiac mass alteration and dysfunction, which
are considered equivalent with cardiovascular diseases. They can be concluded as the
downward spiral of dysregulation regarding exercise of the skeletal muscle, which is
suggested by the hypothesis of muscle and can be correlated with certain vicious cycles
in heart failure in which, initially, there are adaptive physiological responses that are
gradually converted into maladaptive responses [11]. Thus, the purpose of this review is to
summarize the existing knowledge about a particular diet including trimethylamine, which
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usually seems to be effective for the improvement of cardiac and skeletal muscle, such as
choline and L-carnitine, which may aggravate the HF process in sarcopenic patients.

2. Consideration of the Sources for the Review of Literature

Certain databases such as Medline, Mendeley, Google Scholar, Public Library of Sci-
ence, PubMed, ScienceDirect, and Springer Link were considered and searched through
for the literature review, searching for studies that were potentially relevant and in which
certain keywords were used both alone and in conjunction. Certain keywords that were
significant and were used for the search of literature were ‘Sarcopenia’, ‘Epidemiology
of sarcopenia’, ‘Mechanism of sarcopenia mediated heart failure’, ‘Involvement of dys-
biosis in sarcopenia’, ‘Pathogenesis of heart failure’, ‘Reactive oxygen species-mediated
mitochondrial dysfunction, ‘Relationship of choline and L-carnitine for muscle function
improvement’ or ‘Role of TMA and TMAO in heart failure, in combination with ‘heart
failure and dysbiosis’, ‘Immunogenic profile in sarcopenia and heart failure’, and ‘ergoreflx
mechanism in sarcopenia associated heart failure’. In this review, only papers in English
were considered. The reference list of the papers found were also screened for related
articles not detected by the initial search strategy.

3. Clinical Characteristics of Sarcopenia in Association with Gut Microbiota Diversity

Sarcopenia can be referred to as the gradual loss in mass of skeletal muscle, the loss of
its strength, and the loss of functions performed, and it is now considered as the major factor
of negative effects of health in the later period of life [12]. In fact, the high pervasiveness of
chronic health conditions can be correlated with old age (e.g., inflammatory irritable bowel
syndrome, celiac disease, autoimmune disease, colitis, diabetes, cancer, cardiovascular
disease, neurodegeneration, and so on), which lead in turn to many negative health events
(e.g., illness, loss of freedom, institutionalization, underprivileged quality of life, and
mortality) [13–15].

The authors established a link between health status, diet, and microbiota. To be more
precise, the composition of the microbial population was predominantly influenced by
fruit, meat, and vegetable intake. Additionally, a higher proportion of two dominant phyla,
namely Firmicutes (64%) and Bacteroidetes (23%), comprise up to 90% of the overall gut
microbiota in older people who are living in long-term care facilities [16–18]). It has been
identified that the level of Staphylococcus spp. and Lactobacillus Reuters, both of which are
from phylum firmicutes, is high in obese people. A positive correlation has been established
between plasma > C-reactive protein (CRP) and plasma [19,20]. Moreover, older people
are primarily affected by a rise in Escherichia (phylum of proteobacteria) abundance [16].
However, it is understood that an increase in gram-negative bacteria such as proteobacteria
in their relative abundance is one of the most significant harmful age-changes for the
human intestinal microbiota composition, as lipopolysaccharides are secreted by these
gram-negative bacteria, through which inflammation can be induced in the intestines [21].
Advancing age can also be characterized by a gastrointestinal microbiota’s dysbiosis, which
promotes the circulation passage of endotoxin and other microbial products or metabolites
via the increased permeability of the intestine [22], thereby highlighting the influential role
of gut dysbiosis for deficits in muscle functions associated with age. Sarcopenic patients
have increased serum c-reactive protein (CRP) levels, while trials with other inflammatory
mediators such as interleukin 6 have not shown consistent results [23].

In addition, the maintenance of sarcopenia is supported by the insufficient nutritional
system and aged immune system, which play key roles in stimulating the activation of
chronic inflammation [24,25]. In cachexia and sarcopenia, however, mitochondrial and
systemic inflammation plays a central role. The proinflammatory role of cytokines (e.g.,
IL6, IL1β, TNF-α, and TNF-style weak apoptosis inducer (TWEAK)) has previously been
reported in inducting muscle catabolism [26] (Figure 1).
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Figure 1. Representation of the relationship of gut microbiota dysbiosis-mediated sarcopenia in elderly people.

4. Dietary Intake Choline and L-Carnitine-Mediated Aggravation of CVD

Choline/L-carnitine was investigated as an ergogenic aid for improving the training
ability of a stable athletic population due to its pivotal role in the oxidation of fatty acids and
energy metabolism. Beneficial impacts on acute physical performance, such as increased
power production and increased intake of maximum oxygen, were observed in earlier
research studies and further studies show the beneficial influence of L-carnitine as a
dietary supplementation in the post-exercise recovery process. L-carnitine has been shown
to alleviate the injury of muscles and condenses’ cellular damage markers, and muscle
soreness attenuation is accompanied by free radical formation [27].

In 2013, researchers first demonstrated that a molecular metabolite, namely trimethyla-
mine-N-oxide (TMAO) isolated from the microbiota of the gut, predicted that 4007 healthy
cardiac patients will be enduring elective coronary angiography with an excepted in-
creased risk of cardiovascular accidents [28]. TMAO is produced by microbiota via the
ingestion of meat products containing nutritional precursors of trimethylamine, such as
phosphatidylcholine, glycerophosphocholine, trimethylglycine, betaine, γ-butyrobetaine,
crotonobetaine, choline, and L-carnitine [28–31]. Specific intestinal microbial enzymes con-
vert these precursors into trimethylamine and to date, they have identified four different
types of microbial enzyme systems including choline-TMA lyase (cutC/D) [32], carnitine
monooxygenase (cntA/B) [33], betaine reductase [34], and TMAO reductase [35]. Recently,
it has also been demonstrated that elevated L-carnitine, choline, and phosphatidylcholine
amounts reflect multiple cardiovascular hazards such as myocardial infarction, hyperten-
sion, atherosclerosis, and diabetes [36–43].

Change in the microbiota composition of the gut caused by sarcopenia and heart failure
can alter the circulating levels of TMAO. Moreover, it has been identified that hypertension
patients experience an alteration in intestinal microbiota diversity. Experiments conducted
on rats who were treated with angiotensin II revealed that intestinal biota species were less
diverse and when compared to regulated rats, the Firmicutes to Bacteroidetes ratio was
increased [44,45]. Moreover, heart failure was considered a chronic systemic inflammatory
disorder, which indicates a substantial rise in pro-inflammatory cytokines of plasma;
although its origin is still unclear, this unresolved inflammation can be considered as one of
the key components of cardiovascular diseases [46,47]. Several occurring signs indicate that
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the microbiota of the gut produces bioactive metabolites including bile acids, short chains
of fatty acids, and TMAO, and might have systemic effects on the host [48]. Microbiotas and
their metabolites affect intestinal health and other physiological processes, especially within
the circulatory system. Under normal circumstances, most can be considered as healthy and
safe bacterial metabolites, but due to the involvement of heart-failure-related cardiovascular
pathologic processes, there is a risk of disruption in the balance of the microbiota of the
gut as well as a risk of a rise in the level of harmful metabolites; generally, it was shown
in studies that TMAO was found to be related with the prognosis of at-risk heart-failure
patients. Moreover, Firmicutes, including Enterococcus, Proteobacteria, Anaerococcus,
Streptococcus, and Desulfitobacterium including Actinobacteria, Clostridium, Citrobacter,
Dseulfovibrio Enterobacter, Escherichia, Proteus, Pseudomonas, and Klebsiella, have been
linked with the production of the primary component of TMAO, i.e., TMA [49].

One research study found that eight Firmicute and Proteobacteria species have ab-
sorbed more than 60% of the production of choline of TMA, including Escherichia fer-
gusonii, Clostridium asparagiforme, C. hathawayi, C. sporogenes, Edwardsiella tarda
Anaerococcus hydrogenalis, Proteus penneri, and Providencia rettgeri [50]. Akkermansia,
Prevotella, and Sporobacter are some other gut microbiota that are associated with the
higher production of TMAO [51], and atherosclerotic CAD is associated with Ruminococ-
cus gnavus [52]. The growth of CAD may be predicted via different metabolites such as
betaine, choline, and TMA. It can be explained, for instance, by considering that TMAO-
producing microbes can be reduced by blocking or inhibiting specific microbial metabolic
pathways via utilizing pharmacological intervention and probiotics [53]. Furthermore,
the increased level of Ruminococcus is due to the high fat and high protein diet [54], and
additionally, downregulation of Treg cells is led by TLR4 activation, which is associated
with inflammatory responses such as CD4, Pro-inflammatory cytokines, and Th1 and T
cells [55,56]. Thus, we explore, from top to bottom, all of the contributing factors associated
with CVD.

5. Pathobiological Interactions in Heart Failure Involving TMAO

Mechanisms of heart failure pathophysiological pathways are quite intricate and
include inflammatory reaction, hemodynamics irregularity, cardiac remodeling, neuroen-
docrine system stimulation, etc. Traditionally, the key causes of heart failure are supposed
to be the activation of the pathways of the neuroendocrine system, which include the
natriuretic peptide system, renin-angiotensin-aldosterone cascade, and sympathetic ner-
vous system, which lead to a pathologic myocardial remodeling process series including
apoptosis, extracellular matrix deposition, myocardial hypertrophy, and resultant fibro-
sis [57,58]. Hence, neuroendocrine inhibition is the main basis of the strategies of current
treatments [59]. Mechanisms driving the development and progression of heart failure
are, however, still under consideration. In the conversion of dietary choline into the in-
termediate trimethylamine (TMA), a requisite role is played by microbiota of the gut and
TMAO is formed by the subsequent oxidization of TMA after it enters into the circulatory
system by the flavin-containing monooxygenase (FMO) enzyme, which is encoded by
the FMO gene present in the kidney, liver, and in many other tissues [60,61]. There is
an increase in the permeability of the intestinal barrier via two mechanisms in the con-
dition of heart failure, in which during the initial stage, a decreased inflow of blood to
the intestinal endothelium is observed, and via the ischemia of the wall of the intestine,
there is an increase in the permeability of the intestinal epithelial barrier [62]. Due to the
intestinal wall’s congestion and swelling in the advanced stages of heart failure, there is
an increase in the permeability of the intestine. Additionally, in the patients identified
with chronic heart failure, higher levels of enteropathogenic candida, such as Campy-
lobacter, Shigella, and Salmonella, were observed [63]. This process is directly linked
with microbial and microbial metabolite translocation [64,65]. Recent research evidence
indicates that chronic inflammation can be caused by both an increase in the permeability
and an increase in the disordered microbiota of the intestine, further leading to impaired
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cardiac function [62,66]. In addition, studies have shown that there are severe clinical
symptoms and worse survival rates associated with patients with heart failure, which
are due to the elevated serum levels of multiple cytokines, such as IL-1, IL-6, and the
TNF [67–69]. This is consistent with findings that both heart failure and sarcopenic patients
have an elevated proportion of these bacterial strains of the intestine, indicating shifts in
intestinal microbiota, which may influence levels of TMAO by controlling intestinal TMA
synthesis. TMAO has recently become a major mediator showing that the microbiota of
the gut has a close relationship with several CVDs. Subsequent preclinical experiments
explored the evidence concerning that the heart is directly affected by the TMAO, inducing
endothelial cell and vascular inflammation, fibrosis and myocardial hypertrophy, and heart
mitochondrial dysfunction, thus aggravating the heart-failure process [70–72]. In addition,
the association of TMAO is established with both the C-reactive protein (CRP) and with
endothelial dysfunction in evaluating the increased permeability of the gut, and is closely
related to increased LPS endotoxin serum levels [49], leading to the release of calcium and
the hyperreactivity of the platelets [73], contributing to the aggravation of heart failure. The
several key pathophysiological pathways of TMAO include the following: explicitly and
implicitly contributing in heart failure, including through the pathological LV dilation of
the mouse-fed TMAO or choline-demonstrated decreased LVEF, and enhanced circulatory
BNP volumes, myocardial fibrosis, and lung oedema [31]; TMAO-encouraged myocar-
dial hypertrophy and fibrosis through Smad3 signals [71]; cardiac remodeling attenuated
through 3,3-dimethyl-1-butanol via the reduction in the volume of plasma TMAO, which
modifies the signals of TGF-β1/Smad3 and p65 NF-kB [74]; TMAO-promoted activated
leukocyte recruitment into endothelial cells and induced inflammatory gene expression via
the activation of NF-kB signaling [75]; TMAO significantly affected the contractile nature of
cardiomyocyte and intracellular calcium-handling in the negative direction [76]; Pyruvates
and fatty acid oxidation in cardiac mitochondria is influenced by TMAO [70]; and, last
but not least, TMAO stimulated vascular inflammation by triggering the inflammatory
NLRP3 induced by inhibiting SIRT3-SOD2–mitochondrial ROS signaling pathway [77].
Moreover, the function of TMAO, as first assessed by Suzuki et al. [78] in acute HF (AHF),
was found to be a predicting marker for mortality and mortality/heart failure within a year
(Table 1) [79].

Table 1. TMA metabolism-targeting therapeutic methods.

Therapy Alteration in Biotransformation TMA Implications

Inhibition of the
FMO3 enzyme Prevents oxidation of TMA to TMAO

Trimethylaminuria is caused by an accumulation
of TMA and is characterized by a fishy odor. It

may also cause inflammation. Additionally, FMO3
metabolizes a wide variety of other compounds.

Resveratrol Modifies the makeup of the gut microbiota.
Reduces the formation of TMA and TMAO

Increases Lactobacillus and Bifidobacterium. When
antibiotics are taken, no adverse effects occur.

Observed in mice studies.

Enalapril Increases TMAO excretion in the urine
Mechanism unknown. Rat studies were conducted.
It does not affect TMA synthesis or the makeup of

the gut flora.

Prebiotics
Induces a beneficial effect on the makeup of the

gut bacteria to reduce TMA production
in the intestine

In humans, the consequences are unknown.
Numerous variables affect the makeup of

the gut microbiota.

Probiotics (I):
Methanogenic bacteria Reduces TMA and TMAO levels Human safety and engraftment are unknown.

Probiotics (II): Bacteria
incapable of converting

precursors to TMA
Reduces the production of TMA in the gut Mice show beneficial benefits. However, the

consequences on people remain unknown.
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Table 1. Cont.

Therapy Alteration in Biotransformation TMA Implications

Meldonium
Reduces the production of TMAO from

L-carnitine (GBB conversion to L-carnitine
is inhibited)

TMAO production from choline cannot be reduced.
It may result in a rise in the urine excretion of

TMAO in people.

Oral non-absorbent
binders

Eliminates TMAO or any of its precursors from
the gut

A speculative approach. There has not yet been
found a chemical capable of removing

TMAO specifically.

Additionally, an independent cohort of ambulatory individuals with persistent sys-
tolic HF supports our results and provides new insights on the link between the three
phosphatidylcholine metabolic isomers, namely TMAO, choline, and betaine, considering
echocardiographic determinants and the associations between both renal and inflammatory
biomarkers. Numerous noteworthy discoveries have been made. To begin, we found that
TMAO had a superior predictive value to choline and betaine in patients with chronic
systolic heart failure, regardless of the cardio-renal parameters. Second, rather than LV
systolic dysfunction, we found associations between all three metabolites and LV diastolic
dysfunction. Thirdly, the very low correlations between TMAO, choline, and betaine
in many well-characterized inflammatory biomarkers and in their distinct associations
with endothelial dysfunction indicators indicated the existence of a separate pathophysi-
ological mechanism. Notably, the increased TMAO levels seen in individuals with renal
insufficiency or diabetes mellitus suggest an underlying metabolic deficiency associated
with those disease states rather than a systemic inflammatory response. Nonetheless,
the relationship between increased TMAO and both HF severity and adverse outcomes,
irrespective of other cardio-renal indices, argues for a possible harmful molecular link
between the gut microbiota pathway that generates TMAO and the development and/or
progression of HF. Notably, this is a cohort of ambulatory stable heart failure patients with
left ventricular systolic dysfunction and with an annualized mortality of 7.1% (considering
transplantation as the equivalent of death), which is not dissimilar to that seen in published
clinical trials. Taken together, our results validate the clinical relevance of TMAO levels
in heart failure and indicate that further research is needed to elucidate the association’s
molecular underpinnings. However, after tuning for the parameters of renal function,
the capacity of the TMAO to independently forecast is lost, likely due to the substantial
correlations between the parameters of renal function (approximate glomerular filtration
rate and urea) and TMAO. These findings indicate that a higher degree of “backward
failure” (congestion associated with scarring or ischemia) rather than “forward failure”
(or reduced perfusion) may be linked with the main metabolic deficiency underlying the
observed correlations. Consistent with this, correlations between choline and renal func-
tion indices were seen for both choline and TMAO, although the link between TMAO
and adverse outcomes in individuals persisted even after adjusting for renal function.
The purpose of this study was to investigate the connection between (1) the intestinal
microbiota-dependent analyte TMAO and its dietary precursors, namely and choline and
betaine, and (2) echocardiographic indicators in sarcopenic patients with chronic systolic
heart failure [80,81] (Figure 2).
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Figure 2. Representation demonstrating the pathobiological relationship of the excessive intake of choline/L-carnitine-
containing diet-associated TMAO accumulation, resulting in the heart failure of sarcopenic patients.

6. Conclusions

Sarcopenia is common in cases of heart failure, leading to inadequate disease prog-
nosis. While the pathophysiology of muscle wastage is quite complicated in heart failure,
multiple pathogenetic mechanisms tend to be shared by sarcopenia and heart failure, and
they can benefit from strategies of standard treatment focused on a nutritional, physical,
and pharmacological approach. In recent years, several studies have identified a clear
correlation between CVDs and the microbiota of the gut. We already know that TMAO,
a gut microbiota metabolite, may have fresh perspectives and insights regarding how heart
failure is supported by the microbiota of the gut. These findings provide a good opportu-
nity for controlling heart failure via addressing the microbiota of the gut, including through
the use of updated probiotics, prebiotics, dietary therapy, and FMT. Moreover, emerging
research from different groups and clinical findings reveal the association between the
dysfunction of the microbiota of the gut, the TMAO circulation, and the susceptibility of
heart failure, indicating a fresh and desirable therapeutic target for HF treatment. Further-
more, excessive intake of a diet such as choline or L-carnitine, which contain intermediate
precursor TMA for TMAO, should be carefully used in elderly people who have dysbiosis
with muscle disorders. Future research studies are warranted.
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Abstract: Previous epidemiological studies have investigated the association of fish and marine n-3
polyunsaturated fatty acids (n-3 PUFA) consumption with cardiovascular disease (CVD) mortality
risk. However, the results were inconsistent. The purpose of this meta-analysis is to quantitatively
evaluate the association between marine n-3 PUFA, fish and CVD mortality risk with prospective
cohort studies. A systematic search was performed on PubMed, Web of Science, Embase and
MEDLINE databases from the establishment of the database to May 2021. A total of 25 cohort studies
were included with 2,027,512 participants and 103,734 CVD deaths. The results indicated that the fish
consumption was inversely associated with the CVD mortality risk [relevant risk (RR) = 0.91; 95%
confidence intervals (CI) 0.85−0.98]. The higher marine n-3 PUFA intake was associated with the
reduced risk of CVD mortality (RR = 0.87; 95% CI: 0.85–0.89). Dose-response analysis suggested that
the risk of CVD mortality was decreased by 4% with an increase of 20 g of fish intake (RR = 0.96; 95%
CI: 0.94–0.99) or 80 milligrams of marine n-3 PUFA intake (RR = 0.96; 95% CI: 0.94–0.98) per day. The
current work provides evidence that the intake of fish and marine n-3 PUFA are inversely associated
with the risk of CVD mortality.

Keywords: fish; n-3 polyunsaturated fatty acid; cardiovascular disease mortality; meta-analysis;
prospective cohort studies

1. Introduction

Cardiovascular diseases (CVD) are a group of disorders of the heart and blood vessels,
including coronary heart disease, cerebrovascular disease, rheumatic heart disease and
other conditions. The global CVD mortality increased 12.5% from 2005 to 2015. 17.9 million
people died of CVD in 2015 [1]. In addition to drug treatment, the potential role of
dietary components hasreceived increased attention. Previous studies have shown the
effectiveness of healthy dietary patterns and components for the prevention of CVD
and other diseases [2–4]. Fish is rich in various nutrients (e.g., protein, vitamin D and
polyunsaturated fatty acids) and may have a beneficial role in preventing CVD events [5,6].

Marine n-3 polyunsaturated fatty acids (n-3 PUFA)—including eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA)—mainly exist in
fatty fish. A high consumption of n-3 PUFA from fatty fish led to an increase in high-
density lipoprotein and a decrease in inflammation factors [7,8]. Besides, n-3 PUFA may
improve heart rate and blood pressure through improving left ventricular diastolic filling
or augmenting vagal tone [9].

Previous epidemiological studies have investigated the association of fish consump-
tion with CVD mortality risk [10,11]. A recent meta-analysis of prospective observational
studies revealed a negative association between fish intake and CVD mortality risk [12]. In
recent years, another 11 prospective cohort studies investigated the association between
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fish intake and CVD mortality risk, but the findings were inconsistent [13–16]. The EPIC-
Netherlands cohort study suggested that fish was not associated with the risk of CVD
mortality [17]. In contrast, the NIH-AARP Diet and Health Study found that fish had a
protective effect on CVD mortality risk [18]. To our knowledge, there has been no meta-
analysis of prospective observational studies for investigating the association of marine n-3
PUFA consumption with CVD mortality risk. Therefore, we conducted this meta-analysis
to comprehensively investigate the associations between fish, marine n-3 PUFA intake and
CVD mortality risk. Furthermore, dose-response analyses were conducted to quantify the
associations.

2. Materials and Methods

2.1. Data Sources and Search Strategy

Systematic search was performed on PubMed, Web of Science, Embase and MEDLINE
from the establishment to May 2021. The search was limited to English literature, and the
search keywords were “fish”, “seafood”, “fish products”, “fish oil”, “EPA”, “eicosapen-
taenoic acid”, “DHA”, “docosahexaenoic acid”, “DPA”, “docosapentaenoic acid”, “n-3
polyunsaturated fatty acid”, “ω-3 polyunsaturated fatty acid”, “n-3 PUFA”, “ω-3 PUFA”,
“cardiovascular diseases”, “CVD”, “cardiovascular”, “cohort”, “follow-up”, “prospective”
and “longitudinal”.

2.2. Study Selection

Two project members (L.J. and B.Z.) independently screened all titles and abstracts
of the retrieved studies. Disagreements regarding the inclusion of the studies and the
interpretation of the data were resolved by discussion among investigators. The studies
were included in this meta-analysis if they met the following criteria: (1) study design:
prospective cohort studies; (2) exposure: fish and marine n-3 PUFA; (3) source of n-3 PUFA:
marine-derived n-3 PUFA (DHA, DPA, and EPA); and (4) outcomes: total CVD mortality
which was reported as multivariate-adjusted relative risk (RR) and 95% confidence intervals
(CI). The studies were excluded with the following criteria: (1) irrelevant; (2) not human
studies; (3) not cohort studies; (4) not English studies.

2.3. Data Extraction

The following information was extracted from each eligible study: first author’s
surname; the year of publication; country; age; follow-up duration; the number of CVD
deaths, sample size; gender; exposure levels; multivariate-adjusted RR with 95% CI for the
highest versus the lowest category of fish or marine n-3 PUFA intake; adjusted covariates.
Consumption of fish and marine n-3 PUFA was collected with adjusted RR (95% CI) to
conduct dose-response analyses. Newcastle–Ottawa Quality Assessment Scale (NOS) was
adopted to evaluate the quality of each included study [19]. The NOS score ranges from 0
(bad) to 9 (good).

The quality evaluation was performed independently by two project members (L.J. and
B.Z.). The NOS quality score system assessed 3 items: population selection, comparability
of the groups and outcome assessment. Any discrepancies in grading the quality were
addressed by group discussion.

2.4. Statistical Analyses

All statistical analyses were performed using Stata (Version 15.1). RRs with 95% CI
for all the exposure categories were extracted for the analysis. The main effect was RRs
with 95% CI. A two-tailed p < 0.05 was considered as statistically significant. The summary
estimation was conducted through the comparison of the highest and the lowest category.
Heterogeneity was assessed using the I2 statistic. In the case of heterogeneity for I2 > 50%,
a random-effect model was adopted to pool the results. Otherwise, a fixed effect model
was chosen.
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Sensitivity analysis was implemented by deleting one study at a time. Subgroup
analyses and meta-regression were performed to identify the possible sources of hetero-
geneity. In the subgroup analyses, the included studies were stratified by location (Asia,
Europe plus America, Oceania and Five Continents), follow-up duration (<9 and ≥9 years),
etc. In meta-regression, gender, country, dropout rate, follow-up duration, CVD history,
adjustment for diabetes and adjustment for smoking were used as the covariates. Potential
publication bias was accessed using funnel plots and Egger’s test (p < 0.1 was considered
statistically significant).

Non-linear dose-response analyses were performed to evaluate the relationship be-
tween fish, marine n-3 PUFA intake and CVD mortality risk [20]. Potential non-linear
correlation was accessed by modeling the consumption level using restricted cubic splines.
The distribution of four fixed knots were 5%, 35%, 65% and 95% [21]. Owing to the dis-
crepancy of fish and marine n-3 PUFA intake categories, we selected studies with clear
doses to perform dose-response analyses. Among each study, we used the median or mean
consumption of fish and marine n-3 PUFA from each category. For open-ended categories,
we set the lower boundary to zero in lowest category and the width of the category to be
the same as the adjacent interval in the highest one [12,22].

3. Results

3.1. Literature Search and Study Characteristics

The process of literature search is presented in Figure 1. A total of 11,120 articles were
identified. After screening the title and abstract, forty-five studies were selected for full-text
evaluation. By full-text examination, twenty-five articles were eventually included for data
synthesis with 2,027,512 participants and 103,734 CVD deaths [11,13–18,23–40].

Figure 1. The flowchart for detailed steps of literature search.

The characteristics of the included studies are shown in Tables 1 and 2. Among these
articles, sixteen were from Europe and America, seven from Asia, one from Oceania and
one from five continents. The range of the age was 18–84 years old. The population in the
study included males and females. Besides, follow-up duration ranged from 5–30 years
and the NOS quality score ranged from 6–9 points (Tables S1 and S2).
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3.2. Fish Consumption and Cardiovascular Disease Mortality Risk

Eighteen studies, involving 1,267,951 participants and 51,628 CVD deaths, investigated
the association between the fish intake and the CVD mortality risk [13–18,23–33,40]. The
pooled RR (95% CI) was 0.91 (0.85–0.98) for the highest versus the lowest fish consumption
category (I2 = 70.0%) (Figure 2). Sensitivity analysis did not change the protective effects
of fish on CVD mortality (Figure S1). Subgroup analysis suggested that there was a
significant negative association between the fish intake and the CVD mortality risk among
the subgroups with nine years or more follow-up duration (Table 3). No publication bias
was found (Egger’s test: p = 0.919; funnel plot: Figure S2).

Figure 3a showed the linear and non-linear dose-response analyses between the fish
intake and the CVD mortality risk. Ten prospective cohort studies met the requirements for
dose-response analysis [13,15–18,23,27,29,33,40], and the curvilinear correlation presented
a downward trend for the adjusted RR of CVD deaths with the increase of fish consumption
from zero to 40 g/d (p non-linearity < 0.001). The adjusted RR reached a steady value when
fish consumption increased beyond 40 g/d. In the linear dose-response analysis, the
summary RR (95% CI) for a 20 g/d increment was 0.96 (0.94–0.99) for CVD mortality risk
(p trend = 0.002).

 

Figure 2. Forest plot of the highest versus lowest fish intake category and CVD mortality risk. Plot demon-
strates decreased risk of CVD mortality risk with fish intake by the random-effects model (RR = 0.91; 95%
CI, 0.85–0.98). CVD, cardiovascular disease; RR, relevant risk; CI, confidence intervals.

3.3. Marine n-3 PUFA and Cardiovascular Disease Mortality Risk

Ten eligible studies with 1,337,660 participants and 76,537 CVD deaths explored the
association of marine n-3 PUFA intake with CVD mortality risk [11,18,25,27,34–39]. The
pooled RR (95% CI) for the highest versus the lowest marine n-3 PUFA consumption
category was 0.87 (0.85–0.89), with a low heterogeneity (I2 = 37.8%) (Figure 4). Sensitivity
analysis suggested a great impact on one article with high quality (Figure S3) [35]. The
negative association between marine n-3 PUFA and the risk of CVD mortality was altered
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from 0.87 (0.85–0.89) to 0.84 (0.81–0.87) by deleting this study. Subgroup analyses displayed
a significant negative association among the Americas, and Asian and European countries
compared with Oceania countries (Table 3). No publication bias was found (Egger’s test:
p = 0.722; funnel plot: Figure S4). Figure 3b showed the linear and non-linear dose-response
analysis between marine n-3 PUFA intake and CVD mortality risk. Eight prospective
cohort studies met the requirements of dose-response analysis [18,25,27,34,36–39], and the
curvilinear correlation presented a downward trend of CVD deaths with the increase of
n-3 PUFA intake (p non-linearity < 0.001). Linear dose-response analysis suggested that an
increase of 80 milligrams of n-3 PUFA per day was associated with a 4% lower risk of CVD
mortality (95% CI: 0.94–0.98; p trend < 0.001).

Figure 3. Dose-response association: (a) fish and CVD mortality (n = 10, p non-linearity < 0.001;
p trend = 0.002); the risk of CVD mortality was decreased by 4% with an increase of 20 g of fish
intake (RR = 0.96; 95% CI: 0.94–0.99) per day. (b) marine n-3 PUFA and CVD mortality (n = 8,
p non-linearity < 0.001; p trend < 0.001); the risk of CVD mortality was decreased by 4% with an
increase of 80 milligrams of marine n-3 PUFA intake (RR = 0.96; 95% CI: 0.94–0.98) per day. CVD,
cardiovascular disease; n-3 PUFA, n-3 polyunsaturated fatty acids; RR, relevant risk; CI, confidence
intervals; g/d, grams per day; mg/d, milligrams per day.

95



Nutrients 2021, 13, 2342

Figure 4. Forest plot of the highest versus lowest marine n-3 PUFA intake category and CVD mortality
risk. Plot demonstrates decreased risk of CVD mortality risk with n-3 PUFA intake by the fixed-effects
model (RR = 0.87; 95% CI, 0.85–0.89). CVD, cardiovascular disease; n-3 PUFA, n-3 polyunsaturated
fatty acids; RR, relevant risk; CI, confidence intervals.

Table 3. Subgroup and meta-regression analyses for the association between fish, n-3 PUFA intake and CVD mortality.

Comparison N † Pooled RRs
(95% CI)

Heterogeneity
(I2), p a Value

p b Value p c Value

Fish Intake and CVD
Mortality Risk 18 0.91 (0.85–0.98) 70.0%, 0.000 0.015

Country Asia 5 0.89 (0.78–1.01) 74.1%, 0.004 0.081
0.216Europe and

America 11 0.95 (0.84–1.08) 72.2%, 0.000 0.417

Oceania 1 0.66 (0.46–0.95) – 0.027
Asia, Africa,

America, Europe
and Oceania

1 0.85 (0.77, 0.94) – 0.001

Gender Men 2 0.76 (0.57–1.02) 0.0%, 0.773 0.067
0.442women 1 0.95 (0.78–1.15) – 0.605

Both 15 0.92 (0.85–1.00) 74.5%, 0.000 0.040
Follow-up duration <9 years 3 0.90 (0.76–1.07) 50.6%, 0.132 0.234

0.851≥9 years 15 0.91 (0.84–0.99) 72.7%, 0.000 0.035
Dropout rate <20% 11 0.93 (0.82–1.06) 76.7%, 0.000 0.284

0.557>20% 7 0.88 (0.82–0.94) 41.6%, 0.113 0.000
Excluding history of CVD Yes 11 0.97 (0.88–1.06) 77.0%, 0.000 0.492

0.905No 7 0.82 (0.75–0.91) 21.7%, 0.264 0.000
Adjustment for diabetes Yes 11 0.93 (0.85, 1.01) 72.9%, 0.000 0.094

0.040No 4 0.84 (0.63, 1.12) 80.9%, 0.001 0.233
Others * 3 0.89 (0.76, 1.04) 34.5%, 0.217 0.149

Adjustment for smoking Yes 16 0.92 (0.85, 1.00) 71.8%, 0.000 0.050
0.484No 2 0.71 (0.38, 1.33) 66.0%, 0.087 0.285

Marine n-3 PUFA and CVD
mortality risk 10 0.87 (0.85–0.89) 37.8%, 0.106 0.000

Country Asia 3 0.82 (0.75–0.89) 4.9%, 0.349 0.000
0.212Europe and

America 6 0.88 (0.85–0.90) 49.2%, 0.08 0.000

Oceania 1 1.00 (0.62–1.61) – 1.000
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Table 3. Cont.

Comparison N † Pooled RRs
(95% CI)

Heterogeneity
(I2), p a Value

p b Value p c Value

Gender Men 1 0.88 (0.51–1.51) – 0.642
0.182Women 1 1.15 (0.87–1.52) – 0.320

Both 8 0.87 (0.84–0.89) 33.3%, 0.162 0.000
Follow-up duration <9 years 2 0.78 (0.68-0.90) 12.1%, 0.286 0.001

0.192≥9 years 8 0.87 (0.85–0.90) 37.0%, 0.134 0.000
Dropout rate <20% 5 0.89 (0.86–0.92) 51.8%, 0.08 0.000

0.114>20% 5 0.84 (0.80–0.87) 0.0%, 0.877 0.000
Excluding history of CVD Yes 5 0.84 (0.81–0.88) 29.9%, 0.222 0.000

0.536No 5 0.89 (0.86–0.92) 23.4%, 0.266 0.000
Adjustment for diabetes Yes 6 0.88 (0.85, 0.90) 44.4%, 0.109 0.000

0.060No 3 0.77 (0.68, 0.88) 0.0%, 0.745 0.000
Others * 1 0.79 (0.66, 0.95) – 0.0 11

N † Number of included studies; p a for heterogeneity; p b for significance test; p c for meta-regression analysis. Others * All patients were
diabetic or not diabetic. n-3 PUFA, n-3 polyunsaturated fatty acid; CVD, cardiovascular disease.

4. Discussion

To our knowledge, the current work is the first meta-analysis of prospective obser-
vational studies for associating marine n-3 PUFA intake and CVD mortality risk. This
study showed a significant inverse association between fish, marine n-3 PUFA intake and
CVD mortality risk. Nonlinear dose-response relationship found that an increase of 20 g of
fish intake or 80 milligrams of marine n-3 PUFA intake per day was associated with a 4%
reduction in risk of CVD mortality.

In accordance with the previous study, the fish consumption was inversely associated
with the CVD mortality risk in the current meta-analysis [12]. Bechthold et al.’s study
also suggested a negative association between fish consumption and the risk of CVD [41].
Several studies showed no association between the fish intake and the risk of CVD [42,43].
Differences in preparation and type of fish might explain the observed difference. The
progress of frying deteriorates oils through oxidation and hydrogenation, leading to an
increase of trans fatty acids [44]. Trans fatty acids can aggravate inflammation and en-
dothelial dysfunction, increasing the risk of CVD mortality [45]. Fish high in salt during
cooking can increase the risk of CVD through increasing production of reactive oxygen
species and oxidative stress, which contribute to impaired vascular function [46,47]. Fish
can be divided into lean, medium-fatty or fatty fish with less than 2 g, 2–8 g and more than
8 g fat per 100 g in its body tissue [48]. Fatty fish diets significantly decreased the serum
concentrations of triacylglycerol, apolipoprotein B, apolipoprotein CII and apolipoprotein
CIII, which were known CVD risk markers [49]. Fishes also contain vitamin D, proteins,
minerals and taurine which may decrease markers of inflammation and improve vascular
function by increasing adiponectin levels [50]. In the subgroup of adjustment for diabetes,
fish intake was associated with a reduction in the rate of major CVD mortality that ap-
proached significance (RR = 0.93; 95% CI: 0.85–1.01). Previous study has showed that
supplementation of fish can decrease the CVD mortality risk in a diabetic population [51],
the possible reason being that diabetes is a significant risk factor for CVD mortality [52].
EPA and DHA derived from fish can activate the G protein–coupled receptor 120 to reverse
insulin resistance [53]. n-3 PUFA supplementation can protect against CVD in patients
with diabetes [54].

In most studies where fish exits as an exposure variable, the observed benefits could
often be attributed to the presence of fatty acids [55,56]. The long chain n-3 PUFA—namely,
EPA and DHA—are naturally presented not only in fatty fish, but also in lean fish [57,58]. n-
3 PUFA supplementation can decrease the risk of CVD [59,60]. The plasma level of EPA and
DHA in humans may increase after intake of fish to improve the composition of lipoprotein
cholesterol as cardiovascular markers affecting the risk of CVD [61,62]. However, previous
study showed that low-dose supplementation with EPA and DHA did not significantly
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reduce the rate of CVD events [63]. This possible reason may be related to presence or
absence of a history of CVD. The patients in the trial were all myocardial infarction patients
for 4 years before enrollment. 85% of the patients were receiving statins. Patients with
CVD who are receiving good clinical treatment showed low risk of future cardiovascular
events [64]. Therefore, we wanted to observe the effect of the long chain n-3 PUFA on CVD
mortality through the long-term duration.

In this meta-analysis, we also found a negative association between the marine n-3
PUFA intake and the CVD mortality risk. In previous studies, the results were not consis-
tent [65]. A randomized controlled trial (RCT) showed that n-3 PUFA supplementation
(866 mg/d) for 3.5 years could reduce CVD mortality risk [66]. In contrast, the RCT with
one-year n-3 PUFA supplementation (850 mg/d) suggested no association [67]. Although
some randomized controlled trials (RCTs) had been published, the follow-up duration
were short with most studies ranged from 1–5 years [66–68]. Hoverer, the cohort studies
included in this meta-analysis have longer follow-up duration ranged from 5–29 years.
CVD is a chronic disease with a long disease course. Longer follow-up duration was more
in line with the nature of the CVD disease. The possible mechanisms were as follows. First,
the plasma n-3 PUFA increased with the frequency and the amount of dietary n-3 PUFA
intake [69,70]. A higher circulating n-3 PUFA may alter the cell membrane fluidity which
modulates protein function and signaling. The dimerization and recruitment of toll-like
receptor-4 may be disrupted to down-regulate the expression of nuclear factor-kappaB
reducing the inflammatory responses, with the enrichment of n-3 PUFA [71]. Second, n-3
PUFA may inhibit oxidative stress through the nuclear factor E2-related factor 2/heme
oxygenase-1 signaling pathway. 4-hydroxy-2E-hexenal, the product of n-3 PUFA peroxida-
tion, will dissociate Nrf2 from Keap1 and react with the cysteine residues of Keap1 [72].
Then, Nrf2 can translocate into the nucleus and bind to antioxidant responsive element to
increase the expression of HO-1 [73]. HO-1 is a representative antioxidant enzyme that can
confer cytoprotection on a wide variety of cells against oxidative damage [72]. Third, n-3
PUFA may reduce the hepatic very low-density lipoprotein production rate to decrease
the plasma triglyceride levels through affecting fatty acid desaturases, fatty acid elongases
and peroxisomal β- gene expression and fatty acid beta-oxidation [74,75]. In addition,
long-chain n-3 PUFA may play an important role in improving the endothelial function,
lowering circulating markers of endothelial dysfunction, such as E-selectin, vascular cell
adhesion molecule-1 and intercellular adhesion molecule-1 [76–78].

The dose–response analysis showed that the risk of CVD mortality decreased with the
increase of fish consumption from zero to 40 g/d. The adjusted RR reached a steady value
when fish consumption increased beyond 40 g/d. Therefore, we believe that 40 g/d is the
ideal dose for preventing CVD mortality. This is basically consistent with the average fish
intake of the population of Europe and America [23,30]. However, the average intake of
people in Japan is higher than this level [13].

This study has several strengths. First, compared with the previous meta-analysis [12],
this study included additional 11 studies to investigate the association between the fish
consumption and the CVD mortality risk, which may have a higher statistical power.
Second, this meta-analysis was first to investigate the association between marine n-3
PUFA intake and CVD mortality risk with prospective cohort studies. Third, most studies
had a long follow-up duration (9–30 years). CVD is a chronic disease and longer follow-
up duration can better explain the association between fish, marine n-3 PUFA and CVD
mortality risk.

The limitations should be acknowledged. First, several deep-sea fishes may be contam-
inated, while only one article reported whether fishes had pollutants or not [28]. Second,
it is hard to standardize the fish and marine n-3 PUFA consumption due to the details of
measurement methods not being available. Thus, we chose RR (95% CI) of the highest
versus lowest fish and marine n-3 PUFA intake category and CVD mortality risk.
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5. Conclusions

This meta-analysis indicated that the fish and marine n-3 PUFA intake were inversely
associated with reduced risk of CVD mortality. This finding has important public health
implications in terms of the prevention of CVD mortality. Since the biomarkers of fish and
n-3 PUFA within an individual are important for food absorption, further research needs
to be performed in biomarkers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13072342/s1, Figure S1: Sensitivity analysis with respect to fish intake and CVD mortality
risk. Figure S2: Funnel plot of the RR of 18 articles on fish intake and CVD mortality risk. Figure S3:
Sensitivity analysis with respect to marine n-3 PUFA intake and CVD mortality risk. Figure S4:
Funnel plot of the RR of 10 articles on marine n-3 PUFA intake and CVD mortality risk. Table S1:
Quality assessment of studies investigating fish intake and CVD mortality risk. Table S2: Quality
assessment of studies investigating marine n-3 PUFA intake and CVD mortality risk.
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