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Background. The association of total choline (TC) intake and its metabolite trimethylamine-N-oxide (TMAO) with hypertension
and blood pressure (BP) has not been elucidated. Methods. For the population study, the association of TC intake with
hypertension, as well as blood pressure, was determined through logistic along with multiple linear regression analysis from
the National Health and Nutrition Examination Survey 2007 to 2018, respectively. For the animal experimental study,
spontaneously hypertensive rats (SHRs) were assigned to the water group or water containing 333mg/L or 1 g/L TMAO group.
After 22 weeks treatment of TMAO, blood pressure measurement, echocardiography, and histopathology of the heart and
arteries were evaluated. Results. No significant association of TC with hypertension was observed but the trend for ORs of
hypertension was decreased with the increased level of TC. Negative association between TC and BP was significant in quintile
4 and quintile 5 range of TC, and the negative trend was significant. The SHR-TMAO groups showed significant higher urine
output levels in contrast with the SHR-water group. No difference of diastolic BP was observed, but there was a trend towards
lower systolic BP with the increase doses of TMAO in the SHR group. The SHR 1 g/L TMAO rats had a remarkably lower
systolic blood pressure than the SHR-water group. Echocardiography showed a diastolic dysfunction alleviating effect in the
1 g/L TMAO group. Conclusion. High TC intake was not linked to elevated risk of hypertension. An inverse relationship of
choline intake with systolic BP was observed. The mechanism for the beneficial effect of TC might be associated with the
diuretic effect of its metabolite TMAO.

1. Introduction

Hypertension is the most frequent cardiovascular risk factor
and represents the leading modifiable risk factor for death
resulting from atherosclerosis and cardiovascular disease
[1]. Epidemiological study showed that unhealthy dietary
and lifestyles contributes to abnormal regulation of blood
pressure (BP) [2]. Elevated BP may result in vascular wall
remodeling including endothelial dysfunction and vascular
stiffness [3]. All of these changes in vascular result in the

development of atherosclerosis and cause tissue injuries in
the renal and cardiovascular systems [4].

Choline, a nutrient for humans, has remarkably exten-
sive range of biological roles in human health, as well as dis-
ease [5]. However, the diverse sources of choline such as fish,
red meat, eggs, and whole grain have been postulated to pos-
itively and negatively impact cardiovascular diseases (CVD)
[6]. The excessive and unabsorbed choline would be metab-
olized to yield trimethylamine (TMA) during gut dysbiosis
which would be transported to liver through portal
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circulation then further oxidized to trimethylamine-N-oxide
(TMAO) by hepatic flavin monooxygenases [7]. Numerous
epidemiological reports documented links elevated TMAO
concentrations to CVD [8–10]. However, systematic review
and meta-analysis of prospective studies revealed that cho-
line was not associated with CVD [11]. Two studies of the
association between choline and CVD mortality showed
inconsistent findings [12, 13]. Besides, choline-deficient
diets could disrupt the intestinal barrier associated with non-
alcoholic steatohepatitis which would result in hyperglyce-
mia and obesity [14–16]. Therefore, whether CVD is
linked to choline intake of remains unknown. Besides pro-
moting atherosclerosis in mice, TMAO was also docu-
mented to prolong and aggravate the hypertensive
influences of angiotensin II in rats [17, 18]. Although it sug-
gested a potential impact of this choline originated metabo-
lite on BP, the recent cross-sectional study does not reveal a
positive link between choline intake with BP but an inverse
connection with hypertension in women [19]. Another
population-based cohort study revealed that high dietary
intake of choline was associated with the low risk of develop-
ing hypertension [20]. Nevertheless, the associations of cho-
line intake with hypertension and BP among older adults
were dependent on other risk factors, such as body mass
index (BMI) and comorbidity status [21]. Therefore, the
relationship of choline intake with BP is still obscure, and
the mechanism of choline regulating BP remains elusive.

Herein, we evaluated the potential relationship of total
choline (TC) intake with hypertension and BP through the
data from the 2007 to 2018 cross-sectional United States
National Health and Nutrition Examination Survey
(NHANES). To better comprehend the effect of TMAO,
the metabolite of choline, on blood pressure and its compli-
cations, we investigated the chronic 22-weeks-long treat-
ments with different doses of TMAO in spontaneously
hypertensive rats (SHRs).

2. Material and Methods

2.1. Study Population.We used data from 2007 to 2018 from
the NHANES (http://www.cdc.gov/nchs/nhanes/), a contin-
uous, cross-sectional study of the noninstitutionalized, civil-
ian US population, with data released in two-year cycles.
NHANES is designed to reflect the U.S. civilian noninstitu-
tionalized population via a complex, multistage probability
sample [22]. All NHANES protocols were approved by the
National Center for Health Statistics Research Ethics Review
Board, and all participants gave written informed consent
[22]. The analytic sample consisted of nonpregnant individ-
uals aged ≥ 20 years with completed 24 h dietary recalls, and
participants who had missing choline data and BP were
omitted (n = 25890; Figure 1).

To analyze the choline-hypertension status association,
we considered the following: (1) doctors’ diagnosis reports
≥ 2 times of hypertension diagnosis, (2) reported via antihy-
pertensive medication(s), and (3) had mean systolic blood
pressure ðSBPÞ ≥ 140mmHg or diastolic blood pressure ð
DBPÞ ≥ 90mmHg to be hypertensive (n = 11032) while non-

hypertensive individuals (n = 14858) were defined as partic-
ipants not meeting the above three criteria.

For the analysis of the association between choline and
BP, we omitted participants under antihypertensive pre-
scriptions (n = 8594), yielding 17296 study participants.

2.2. Measurement of Choline Intake. Trained interviewers
conducted two 24-hour dietary recalls by using validated
automated multiple-pass approach. According to nutrient
values of the Food and Nutrient Database for Dietary Stud-
ies, total dietary choline was evaluated [23]. Label informa-
tion was employed to compute the supplemental choline.
The sum of supplemental and dietary choline resulted in
overall choline intake for every recall day. The average over-
all choline intakes across the two recall days served as the
continuous variables in the analyses.

2.3. Baseline Variables Collection. During the household
interviews, the baseline variables consisting of age, gender,
ethnicity, marital status, ratio of family income to poverty,
smoking status, and level of education were acquired from
the participants. Weight along with height measurements
was acquired to determine BMI (kg/m2) by standardized
methods [22]. The estimated glomerular filtration rate
(eGFR) was determined via the Chronic Kidney Disease Epi-
demiology Collaboration equation (mL/min/1.732m2) [24].
Intakes of total calories, folate, vitamins B6 and B12, protein
and fat, cholesterol, and sodium from foods, as well as sup-
plements, were determined from the average of two 24h
recalls, with computations as documented above for choline.

2.4. Animals Experimental Protocol. Animal care and exper-
imental procedures were performed under the guidelines of

National health and nutrition
examination survey (2007-2018)

(n = 59842)

Exclusion :
Age < 20 years old (n = 25072)
Pregnant (n = 372)
Choline missing (n = 7848)
Blood pressure missing (n = 660)

n = 25890 Logistic regression of total
choline with hypertension

n = 17296

Exclusion :
Antihypertensive medications
(n = 8594)

Linear regression of total
choline with BP

Figure 1: Study cohort.
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the Research Ethics Committee of Guangdong Provincial
People’s Hospital.

Male SHRs and normotensive Wistar-Kyoto (WKY) rats
were provided by Beijing Vital River Laboratory Animal
Technology Co. Ltd. The rats were kept in the Experimental
Animal Center of Forervegen (Guangzhou, China) and were
housed in groups of three animals in polypropylene cages on
a 12-hour light/12-hour dark cycle with temperature at 22–
23°C, humidity at 45–55%, and standard laboratory diet
and water ad libitum. The 333mg/L and 1 g/L of TMAO
were selected in order to increase the plasma TMAO by 3-
6 times and 9-18 times, respectively, to mimic possibly phys-
iological low-dose and high-dose TMAO concentrations
based on previous study [25, 26]. Seven- to eight-week-old
SHRs (n = 18) were randomly assigned to water group
(drinking tap water) or water containing 333mg/L or 1 g/L
TMAO group (TMAO, product number: T1362, Tokyo
Chemical Industry, Japan). WKY (n = 6) rats served as the
normotensive controls for discriminating between
hypertension-dependent and age-dependent histopatholo-
gical alterations in SHRs.

2.5. Effect of Gut Microbial-Related Choline Metabolite
TMAO on the Onset and Progress of Hypertension and Its

Complications in 30-Week-Old Rats. After 22-week treat-
ment with water or TMAO, systolic along with diastolic
blood pressure of the rats was monitored using a tail blood
pressure measuring instrument (Zhenghua Biologic Appara-
tus Facilities, Anhui, China). To evaluate the 24-hour water
and food balance, rats were kept in metabolism cages for 2
days. For echocardiography, we anesthetized 30-week-old
rats with 1.5–2% isoflurane and then kept warm them on a
heated platform. During echo, we monitored the vital signs.
To assess the cardiac functions, the Vevo 2100 (Visual
Sonics, Canada) with a linear probe at 21MHz was
employed to monitor the echocardiographic parameters.
Volumes and functional parameters were measured and
analyzed by a blinded researcher. After echocardiographic
recordings, the plasma, hearts, and arteries were harvested
for further analysis. Rat frozen tissue samples were sliced
at 4μm intervals and fixing (in 4% PFA) performed. Masson
staining of the sections (with the Masson Trichrome Stain-
ing Kit) was done as described by the manufacturer (Absin,
Shanghai, China).

2.6. Plasma TMA and TMAO Evaluation. A 50 ± 5 μL
plasma sample was placed in a 2mL centrifuge tube after
being thawed on ice. 10μL isotopic internal standard

Table 2: Logistic regression of total choline intake with odds of hypertension.

Total choline intake, mg
Model I Model II Model III

OR 95% CI p value OR 95% CI p value OR 95% CI p value

As continuous variables (per 100mg increment) 0.95 (0.94, 0.97) <0.001 1.00 (0.98, 1.02) 0.826 1.00 (0.95, 1.06) 0.87

As categorical variables (quintiles)

Q1 (0.15-196.9) (reference) 1.00 1.00 1.00

Q2 (196.9-262.95) 1.02 (0.95, 1.11) 0.54 1.01 (0.93, 1.11) 0.753 1.04 (0.94, 1.15) 0.410

Q3 (263.0-332.8) 0.91 (0.84, 0.98) 0.016 0.90 (0.82, 0.99) 0.033 0.91 (0.81, 1.01) 0.080

Q4 (332.85-434.25) 0.88 (0.82, 0.96) 0.002 0.93 (0.85, 1.03) 0.156 0.94 (0.83, 1.07) 0.357

Q5 (434.3-2211.75) 0.81 (0.75, 0.87) <0.001 0.98 (0.89, 1.08) 0.627 0.93 (0.79, 1.11) 0.447
ap for trend <0.001 0.229 0.143

Model I adjusts for none. Model II adjusts for age, gender, and race. Model III adjusts for age, gender, race, body mass index, ratio of family income to poverty,
married status, education, high blood cholesterol level, diabetes, eGFR, moderate work activity, smoking, total calories, protein, fat, Na, cholesterol, folate,
vitamin B6, and vitamins B12. a: tests for linear trends were performed by entering the mean value of each quintile group of TC as a continuous variable.

Table 3: Linear regression of total choline with systolic blood pressure after excluding patients using antihypertensive drug (n = 17296).

Total choline intake, mg
Model I Model II Model III

β SE p value β SE p value β SE p value

As continuous variables (per 100mg increment) 0.321 0.072 <0.001 -0.018 0.069 0.794 0.064 0.181 0.722

As categorical variables (quintiles)

Q1 (0.15-196.9) (reference) 0.00 0.00 0.00

Q2 (196.9-262.95) -0.252 0.385 0.513 -0.746 0.344 0.030 -0.593 0.353 0.093

Q3 (263.0-332.8) 0.307 0.38 0.419 -0.811 0.342 0.018 -0.816 0.379 0.031

Q4 (332.85-434.25) 0.54 0.378 0.154 -0.998 0.344 0.004 -1.084 0.429 0.012

Q5 (434.3-2211.75) 1.072 0.375 0.004 -0.721 0.353 0.041 -1.308 0.59 0.027
ap for trend <0.001 0.034 0.014

Model I adjusts for none. Model II adjusts for age, gender, and race. Model III adjusts for age, gender, race, body mass index, ratio of family income to poverty,
married status, education, high blood cholesterol level, diabetes, eGFR, moderate work activity, smoking, total calories, protein, fat, Na, cholesterol, folate,
vitamin B6, and vitamin B12. a: tests for linear trends were performed by entering the mean value of each quintile group of TC as a continuous variable.
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solution and 0.45mL methanol were added and then mixed
by vortex. After being centrifuged under 14000 g, the super-
natant was then injected for analysis. Plasma TMA along
with TMAO were assessed using an Agilent 1290 Infinity

Ultra Performance Liquid Chromatograph system on a
HILIC column (Waters, BEH HILIC 2.5μm, 2.1mm by
100mm column) coupled with an AB SCIEX 5500 QTRAP
triple-quadrupole mass spectrometer. Eluent A was

Table 4: Linear regression of total choline with DBP after excluding patients using antihypertensive drug (n = 17296).

Total choline intake, mg
Model I Model II Model III

β SE p value β SE p value β SE p value

As continuous variables (per 100mg increment) 0.392 0.053 <0.001 0.158 0.056 0.005 0.277 0.156 0.075

As categorical variables (quintiles)

Q1 (0.15-196.9) (reference) 0.00 0.00 0.00

Q2 (196.9-262.95) -0.034 0.281 0.903 -0.276 0.28 0.324 -0.338 0.308 0.273

Q3 (263.0-332.8) 0.614 0.278 0.027 0.15 0.278 0.590 0.034 0.33 0.917

Q4 (332.85-434.25) 1.281 0.276 <0.001 0.575 0.28 0.040 0.415 0.372 0.264

Q5 (434.3-2211.75) 1.74 0.274 <0.001 0.62 0.287 0.031 0.588 0.511 0.250
ap for trend <0.001 0.001 0.102

Model I adjusts for none. Model II adjusts for age, gender, and race. Model III adjusts for age, gender, race, body mass index, ratio of family income to poverty,
married status, education, high blood cholesterol level, diabetes, eGFR, moderate work activity, smoking, total calories, protein, fat, Na, cholesterol, folate,
vitamin B6, and vitamin B12. a: tests for linear trends were performed by entering the mean value of each quintile group of TC as a continuous variable.

Table 5: Linear regression of total choline with systolic blood pressure after excluding patients using antihypertensive drug by subgroups.

Number

Total choline intake, mg
ap for

interaction
Q1 Q2 Q3 Q4 Q5

β (SE)
p

value
β (SE)

p
value

β (SE)
p

value
β (SE)

p
value

Gender 0.051

Male 8534 Ref
-0.506
(0.641)

0.43
0.275
(0.639)

0.667
-0.457
(0.665)

0.492
-0.442
(0.814)

0.587

Female 8762 Ref
-0.292
(0.487)

0.548
-1.031
(0.581)

0.076
-0.97
(0.736)

0.188
-2.035
(1.091)

0.062

Age, years <0.001

≥60 3703 Ref
-0.303
(1.066)

0.776
-0.308
(1.187)

0.796
-0.216
(1.406)

0.878
-2.444
(2.026)

0.228

< 60 13593 Ref
0.115
(0.384)

0.764
0.503
(0.407)

0.217
0.385
(0.456)

0.398
1.176
(0.618)

0.057

Smoking 0.340

No 10091 Ref
-0.446
(0.467)

0.34
-0.785
(0.509)

0.123
-1.454
(0.589)

0.014
-1.494
(0.827)

0.071

Yes 7205 Ref
-0.27
(0.618)

0.662
-0.339
(0.647)

0.6
-0.362
(0.711)

0.61
-1.033
(0.948)

0.276

BMI, kg/m2 0.015

≥25 5729 Ref
-0.638
(0.628)

0.309
-0.31
(0.677)

0.647
-0.504
(0.765)

0.51 -1.4 (1.064) 0.188

<25 11468 Ref
-0.421
(0.47)

0.37
-0.952
(0.501)

0.057
-1.474
(0.566)

0.009
-1.729
(0.771)

0.025

eGFR, mg/min/
1.73m2 <0.001

≥90 11469 Ref
-0.218
(0.406)

0.592
-0.424
(0.435)

0.33
-0.538
(0.489)

0.271
-0.742
(0.666)

0.266

< 90 5059 Ref
-0.677
(0.797)

0.396
-0.539
(0.852)

0.527
-1.398
(0.977)

0.153
-1.792
(1.363)

0.189

Data are presented as beta (SE) and p value. When analyzing a subgroup variable, age, gender, race, body mass index, ratio of family income to poverty,
married status, education, high blood cholesterol level, diabetes, eGFR, moderate work activity, smoking, total calories, protein, fat, Na, cholesterol, folate,
vitamin B6, and vitamin B12 were adjusted except for the variable itself. a: p for interaction was calculated by using the Wald test statistic.
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Figure 2: Continued.
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acetonitrile, and Eluent B was water consisting of 10mM
ammonium formate buffer (pH3.5). The gradient elution
program was as follows: 0 min = 90% B, 1:5 min = 90% B,
4:5 min = 87% B, 7 min = 85% B, 7:5 min = 50%B, 10 min
= 50% B, 10:5 min = 90% B, and 14 min = 90% B. Before
injecting the next sample, the column was equilibrated with
the initial mobile phase for 5min. The flow rate was constant
at 0.4mL/min, and the column temperature was set at 25°C.
The mass spectrometer was performed in a positive switch
mode. The ion transitions were m/z 76:1 > 58:0 for TMAO,
m/z 60:1 > 44:1 for TMA, m/z 69:1 > 49:1 for TMA-D9,
and m/z 85:1 > 66:0 for TMAO-D9. The ESI source condi-
tions consisted of source temperature of 550°C, ion source
gas 1 of 55, ion source gas 2 of 55, curtain gas of 40, and
ion sapary voltage floating of 4500V. The multiple-
reaction monitoring method was used for mass spectrome-
try quantitative data acquisition. The calibration curve
ranges were 1–5000ng/mL for TMAO and TMA.

2.7. Statistical Analysis. TC level was divided into five groups
according to quintiles. Baseline continuous and categorical
variables were reported as mean ± standard deviation (SD)
or percentages. The linear trend for baseline characteristics
was tested by linear or logistic regression whenever appro-
priate. Logistic regression and multiple linear regression
models were utilized to understand the association of
choline-hypertension status and choline-BP, respectively.
The model I was unadjusted. The model II was based on spe-
cific covariates: age, gender, and race; model III includes
BMI, ratio of family income to poverty, marital status, edu-
cation, eGFR, activity, smoke, energy, protein, fat, sodium,
cholesterol, folate, vitamins B-6, vitamins B-12, and comor-
bidities (hypercholesterolemia and diabetes). We imputed
missing values of covariates (1-8%) using cohort-specific
mean values. To investigate if the association varied by age
at baseline (<60 or ≥60 years), gender (female/male), smok-

ing (yes/no), BMI (<25 or ≥25 kg/m2), and eGFR (<90 or
≥90mL/min/1.732m2), we performed subgroup analyses.

In the animal experiments, the differences in the mean
values between groups were analyzed using Student’s t-test
or one-way analysis of variance (ANOVA), followed by Bon-
ferroni’s test for multiple comparisons. The Shapiro-Wilk
test was applied to test normality of the distribution. Results
are given as mean values ± SD.

p < 0:05 (2 sided) was considered significant. The statis-
tical analyses were all implemented in R V.4.0.3 (R Founda-
tion for Statistical Computing).

3. Results

3.1. Baseline Characteristics. The demographic characteris-
tics of the study participants on the basis of the five TC levels
are indicated in Table 1. The average age of the 25890 adults
was 50.42 years, with approximately half them being women
(51.6%). Non-White race was 56.9%, whereas white race was
43.1%. About three-quarters of the participants self-
identified as high school or above. Fifty percent of the partic-
ipants were married. 65.6% of the sample were not current
smokers. Male, smoking, and moderate-intensity activity
participants were more likely to be with higher TC values.
The odds of hypertension in this analytic sample were
42.6%.

3.2. Relationship of TC with Hypertension. Table 2 illustrates
the adjusted ORs (95% CIs) of hypertension in the five
groups of TC levels. No positive association of TC levels with
hypertension was found. However, ORs of hypertension
were remarkably negatively linked to TC levels in the upper
range (Q3-Q5) in the unadjusted model I (p for trend <
0.001), especially in the Q5 range (OR: 0.81, 95% CI: 0.75,
0.87, p < 0:001). In model II, when the ORs were adjusted
for age, race, and gender, only the Q3 range of TC level
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Figure 2: Effect of gut microbial-related choline metabolite TMAO on the development of hypertension. After 22 weeks treatment with
water or TMAO, variation in the plasma (a) TMAO concentration, (b) TMA, (c) 24 hours water intake, (d) food intake, (e) body weight,
(f) 24-hour urine output, and (g) systolic and (h) diastolic blood pressure of rats in each group. Results are mean ± SD. ∗p < 0:05; ∗∗p <
0:01; ∗∗∗p < 0:0005; ∗∗∗∗p < 0:0001. Grey bars represent Wistar-Kyoto (WKY) rats (n = 6); red bars represent spontaneously hypertensive
rats (SHRs) treated with water (n = 6); blue bars and green bars represent SHRs treated with water containing 333mg/L (n = 6) and 1 g/L
TMAO (n = 6), respectively.
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was negatively correlated with hypertension (OR: 0.90, 95%
CI: 0.82, 0.99, p < 0:033). Although assessment with multi-
variable adjustments (model III) exhibited no remarkable
association of TC levels with hypertension, the trend for
ORs of hypertension was decreased with the increased level
of TC (p = 0:041).

3.3. Relationship of TC with BP. For analysis of TC-BP associ-
ation, we omitted the utilization of antihypertensive medica-
tions (n = 8594). The multivariable adjustments of linear
regression showed the negative relationship of TC intake with
SBP (Table 3) and SBP and little to no relationship of TC with
DBP was reported (Table 4). In model I, TC intake was posi-
tively linked to BP could be found. When the model of TC-
BP association was adjusted for age, gender, and race (model
II), TC intake was positively linked to DBP could still be found
in Q4 and Q5 range of TC (β: 0.575, SE: 0.28, p = 0:040; β: 0.62,
SE: 0.287, p = 0:031, respectively) while TC was remarkably
inversely correlated with SBP. In model III, when adjusted for
all covariates, little to no relationship of TC with DBP was
reported any more. However, negative TC-SBP association
was still significant in the Q4 and Q5 range of TC (β: -1.082,
SE: 0.451, p = 0:017; β: -1.408, SE: 0.619, p = 0:023, respec-
tively), and the negative trend was increased with the increased
level of TC (p = 0:013). Scatter plots of systolic pressure and
diastolic pressure versus choline intake were shown in
Figure S1a and S1b (Supplementary Figure S1).

We conducted subgroup analyses to explore whether the
effects of TC differed with age, gender, BMI, eGFR, and with
or without smoking and tested for interactions (Table 5).
There was significant interaction with age, BMI, and eGFR
in the relationship of TC level with BP (p for interaction <
0.001, 0.015, and <0.001, respectively). The association of
total choline intake with SBP of hypertension differed by
age and BMI. Higher total choline intake tended to be asso-
ciated with lower SBP in those aged ≥ 60 years but not in the

aged < 60 years. Besides, the association was stronger in the
participants whose BMI < 25 kg/m2.

3.4. Effect of Gut Microbial-Related Choline Metabolite
TMAO on the Development of Hypertension. The TMAO
plasma level of rats in the SHR 333mg/L TMAO group
was significantly higher than the SHR-water group (6-fold
increase, p< 0.0001) (Figure 2(a)). The SHR 1g/L TMAO
group showed a 3-fold increase of plasma TMAO level com-
pared with the SHR 333mg/L group. And there was no sig-
nificant difference in plasma TMA levels among groups
(Figure 2(b)).

Rats in the SHR 333mg/L TMAO group showed moder-
ately lower water intake than SHR-water rats (p = 0:0411,
Figure 2(c)). There was no significant difference in food
intake and body weight between groups (Figures 2(d) and
2(e)). However, the SHR 333mg/L and 1 g/L TMAO groups
showed a significant higher urine output level in contrast
with the SHR-water group (p = 0:0166 and p = 0:0268,
respectively, Figure 2(f)).

Although no difference of diastolic blood pressure was
observed, there was a trend towards lower systolic blood
pressure with the increase doses of TMAO (p = 0:1775),
and the SHR 1g/L TMAO rats had a remarkably lower sys-
tolic blood pressure than SHR-water group (p = 0:0013,
Figures 2(g) and 2(h)).

3.5. Effect of Gut Microbial-Related Choline Metabolite
TMAO on Hemodynamic and Cardiac Parameters. The
echocardiography pictures of 30-week-old WKY rats, SHR
treated with water, SHR treated with 333mg/L and 1 g/L
TMAO in drinking water for 22 weeks are shown in
Figures 3(a)–3(d). There were no significant differences
among groups in basic echocardiographic parameters,
including heart rate, cardiac output, stroke volume, frac-
tional shortening, and ejection fraction. And no significant
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Figure 3: Effect of gut microbial-related choline metabolite TMAO on hemodynamic and cardiac parameters. The echocardiography
pictures of 30-week-old WKY rats, SHR treated with water, and SHR treated with 333mg/L and 1 g/L TMAO in drinking water for 22
weeks are shown in Figures 3(a)–3(d). Variation in (e) LVOT (left ventricular outflow tract), (f) AoRoot (aortic root), (g) LVAWd (left
ventricle anterior wall thickness in diastole), (h) LVAWs (left ventricle anterior wall thickness in systole), and (i) left atrial dimension
(LA) in each group. Results are mean ± SD. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:0005; ∗∗∗∗p < 0:0001. Grey bars represent Wistar-Kyoto
(WKY) rats (n = 6); red bars represent spontaneously hypertensive rats (SHRs) treated with water (n = 6); blue bars and green bars
represent SHRs treated with water containing 333mg/L (n = 6) and 1 g/L TMAO (n = 6), respectively.
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differences were observed between SHR-water and SHR
333mg/L rats in echocardiographic parameters, including
LVOT (left ventricular outflow tract), AoRoot (aortic root),
LVAWd (left ventricle anterior wall thickness in diastole),
and LVAWs (left ventricle anterior wall thickness in systole)
(Figures 3(e)–3(g)). However, the SHR 1 g/L group showed
significant decrease on LVOT, AoRoot, LVAWd, and
LVAWs (p = 0:0365, p = 0:0368, p = 0:0119, and p = 0:0101,
respectively, Figures 3(e)–3(g)). And the SHR 1g/L group
showed a trend towards a lower left atrial dimension (LA)
level (p = 0:0563, Figure 3(h)).

3.6. Effect of Gut Microbial-Related Choline Metabolite
TMAO on Histopathology of the Heart and Arteries. The left

ventricular myocardial and aorta sections were colorized
with Masson staining to visualize connective tissue
(Figure 4). As judged visually, hyperplasia in the connective
tissue in the myocardium was greater in the SHR-water
group in contrast with other groups (Figures 4(a)–4(d)).
However, no significant difference was visualized in histo-
logical sections of cardiomyocyte morphology and aorta
between the groups (Figures 4(a)–4(h)).

4. Discussion

Here, we confirmed that higher TC intake was not linked to
an elevated risk of hypertension via the large-scale data from
the 2007 to 2018 cross-sectional NHANES. Moreover, we
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Figure 4: Effect of gut microbial-related choline metabolite TMAO on histopathology of the heart and arteries. Masson staining of the left
ventricular tissue from the above (a) Wistar-Kyoto (WKY) rats, (b) spontaneously hypertensive rats (SHRs) treated with water, and SHRs
treated with water containing (c) 333mg/L and (d) 1 g/L TMAO. Masson staining of aorta from (e) WKY rats, (f) SHRs treated with water,
and SHRs treated with water containing (g) 333mg/L and (h) 1 g/L TMAO.
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observed a trend for decreasing ORs of hypertension with
the increased level of TC and found an inverse relationship
of choline intake with SBP. Besides, our initial research
showed that the prospective mechanism for the overall ben-
eficial impact of choline may be associated with the diuretic
effect of its microbiota-dependent metabolite TMAO.

Choline was an essential molecule for the synthesis of
phosphatidylcholines [6]. Free choline would be reabsorbed
in the small intestine [27], and only the excess levels are
metabolized by the gut microflora to produce TMA in the
colon [28, 29]. Only a small fraction of the microorganisms
(less than 1%) was in the intestine harbor the genes required
for TMA production, but they were sufficient to produce
TMA [30]. TMA and TMAO levels were associated with
the activity of the phylum Firmicutes and Proteobacteria
[31]. Furthermore, TMA and TMAO levels were also associ-
ated with an elevated Firmicutes/Bacteroidetes ratio [32] as
Bacteroidetes was not able to produce TMA [33]. Moreover,
the differences in microbiota composition were due to differ-
ences in diet, lifestyle, and environment [34]. Therefore, the
style of choline intake would impact its metabolism though
the alteration on microbiota composition.

A few studies had reported choline intake could protect
against CVD and no connection of choline intake with
CVD mortality [11, 13, 35, 36]. Until recently, a prospective
study reported that higher habitual dietary intake of phos-
phatidylcholine was associated with an increased risk of
CVD mortality in the US population [12]. Nonetheless,
there was a considerable controversy regarding the role of
dietary choline intake because several studies had also
reported that choline was associated with unfavorable car-
diometabolic risk [8, 37–42]. Besides, there was a growing
body of literature implicating choline metabolite TMAO in
CVD risk [8, 10, 42, 43]. Therefore, it has been opined that
higher choline consumption might promote the CVD pro-
cess. Our study was primarily motivated by the question of
whether TC intake is linked to hypertension and blood pres-
sure in a large-scale study.

In this study, it was no surprise that our data do not sup-
port an adverse event of TC intake on BP because a recent
study had documented a negative relationship of choline
with SBP in adults aged ≥ 65 years, and higher TC intake
appeared to be linked to lower odds of hypertension among
women base on a relatively small-scale study [19]. Our study
extended these previous findings by indicating that the
higher TC intake inversely related to SBP. In this study, it
was noteworthy that the highest quintiles’ (Q5 and Q4) TC
intake showed remarkably negative association with BP.
However, the data of models for the BP outcome were not
entirely congruent with the models for the hypertension out-
come, in which only a trend for decreasing ORs of hyperten-
sion with the increased level of TC was observed. Besides, no
association between choline and DBP was found in this
study. Omitting participants with taking antihypertensive
medications (33% loss of hypertensive cases) in the models
for the BP outcome did not seem to account for these dis-
crepancies because same results was achieved when partici-
pants with taking antihypertensive medications were not
omitted (Supplementary Table S1). This inconsistency

might arise from differences in the age, BMI, and eGFR
according to the subgroup analyses in this study. It was of
note that modifying factors could impact the associations
of choline intake with BP levels and hypertension risk. A
recent NHANES analysis in older adults reported that
these associations might depend on other risk factors,
especially for BMI [21]. In our study, the association of
total choline intake with SBP was modified not only by
BMI. Specifically, higher total choline intake tended to be
associated with lower SBP in those aged ≥ 60 years but not
in the aged < 60 years. Besides, the association was stronger
in the participants whose BMI < 25 kg/m2.

Taken together, our study (indicating higher choline
intake was not linked to hypertension but inversely related
to BP) and other studies showing the connection of choline
consumption with CVD incidence, we could hypothesize
that excess choline which would be metabolized to produce
TMAO may be beneficial on hypertension development.
Therefore, we investigated the chronic 22-week-long treat-
ments with different doses of TMAO in spontaneously
hypertensive rats (SHRs) to explore the mechanism of the
overall protective effect of dietary choline on BP/hyperten-
sion status. Our study provides evidence that a high level
of TMAO did not exert an unfavorable effect but a beneficial
effect which was associated with diuretic in SHRs.

TMAO was a metabolite from phosphatidylcholine and
choline which produce by gut microbiota and hepatic
flavin-containing monooxygenase 3 [44]. Moreover, fish
intake which is considered beneficial for health provided a
direct source of TMAO [45]. Interestingly, TMAO was
upregulated in seafood thriving in the deep sea at high pres-
sures which seems to protect the proteins from harm. How-
ever, increased plasma TMAO contents had been linked to
major adverse CVD events and type 2 diabetes in diseased
populations [46, 47] and had been used as a disease bio-
marker [48, 49]. As discrepancies were reported from differ-
ent observational studies, the prospective function of TMAO
in cardiometabolic diseases needs further investigation.

Previous study showed that moderate TMAO supple-
mentation would increase plasma TMAO contents by four-
to fivefold while exerting a beneficial effect in heart failure
rats [25] and reducing the diastolic dysfunction in the
pressure-overloaded hearts of hypertensive rats [26]. In this
study, not only alleviating diastolic dysfunction but also a
beneficial impact on systolic blood pressure in hypertensive
rats was observed when plasma TMAO levels were increased
by nine- to eighteenfold. However, there was no significantly
unfavorable effect of this high plasma TMAO level in hearts
and aorta. We also evaluated the effect of plasma TMAO
levels by three- to sixfold, but the systolic and diastolic blood
pressure showed no significant difference. However, it was
noteworthy that the diuretic effect of plasma TMAO levels
by three- to sixfold was almost the same as the higher
plasma TMAO (increased by nine- to eighteenfold) which
could prevent the pressure-overloaded hearts from fibrosis.
Therefore, the mechanism of the higher plasma TMAO
levels exerting a beneficial impact on systolic blood pressure
in hypertensive rats might be not just the diuretic effect. It
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was still noteworthy that when animal subjects were
Sprague-Dawley rats, TMAO was found to prolong the
hypertension induced by ANG II infusion [17]. Thus, fur-
ther studies might be required to fully elucidate the effect
of TMAO on secondary hypertension.

Multiple limitations of the present study should be
acknowledged. First, the 24 h recall is just a snapshot in time
of an individual’s diet. Therefore, the reported nonsignifi-
cant findings might be accounted for intraindividual varia-
tion and the lack of plasma choline measurement. Second,
as this study did not adjust for complex survey design, the
results might not be generalizable to the U.S. population.
Besides, the long timeframe could also bias the estimates.
Third, to prevent stress-related circulatory complications in
SHRs, biochemical, hemodynamic, and histopathology mea-
surements of rats were performed only at the end of the
experiment. Fourth, the sources of choline may be essential
to the connections with disease risk, and further investiga-
tions were required. Finally, the mechanism of the effect of
gut microbial-related choline metabolite TMAO on hyper-
tension required further study on not only the diuretic effect
but also others, such as protein structure protective effect
[50] and endoplasmic reticulum stress-alleviating effect [51].

In conclusion, higher TC intake was not linked to an ele-
vated risk of hypertension. A trend for decreasing ORs of
hypertension with the increased level of TC and a negative
relationship of choline intake with SBP was observed in a
large-scale cross-sectional study. The prospective mecha-
nism for the overall beneficial effect of choline might be
associated with the diuretic effect of its microbiota-
dependent metabolite TMAO. Further studies were still
required to investigate the effects and mechanism of choline
and its metabolite TMAO on the circulatory system which
might serve as a potential dietary strategy for preventing
CVD development.
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