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Objectives: Metabolic syndrome is associated with an increased risk of diabetes, cardiovascular disease, and all-cause
mortality. Some evidence suggests that the cardiometabolic health benefits of protein intake may vary by the source
(animal or plant); however, the evidence is inconsistent. This study aimed to assess the risk of developing metabolic
syndrome according to the protein source.

Participants: Among a total of 3,310 participants aged 40 years or older in the Ansan and Ansung population based
prospective cohort, 1,543 incident cases of metabolic syndrome were identified between 2007 and 2018.
Measurements: Dietary intake was assessed using a validated food frequency questionnaire. Cox proportional hazards
models were used to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) by quintile (Q), adjusting
for demographics and health-related lifestyle factors.

Results: Higher intake of animal protein (HRguintiles (05) vs quintile1 (1) [95% CIs]: 0.76 [0.59—-0.96], P-trend <
0.0307) and a higher relative intake of animal protein (HRgs vs.01: 0.78 [0.64—0.95], P-trend < 0.0017) were
associated with a significantly decreased risk of developing metabolic syndrome. In subgroup analyses, associations
between the risk of metabolic syndrome and the relative intake of animal and plant protein differed according to
whether the total protein intake was within the recommended nutrient intake (RNI). Specifically, significant
associations were observed only among those with a total protein consumption below the RNI (HRgsys o1 [95% Cls]:
0.72 [0.56—0.93] for the relative intake of animal protein), but not among those consuming above the RNI. This
association was more significant in women than in men.

Conclusion: A higher absolute and relative intake of animal protein were associated with a significantly decreased
risk of metabolic syndrome, particularly among those who consumed less than the RNI of protein.

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metabolic syndrome, characterized by a constellation of metabolic
abnormalities including abdominal obesity, hypertension, dyslipide-
mia, and glucose intolerance, is a significant public health challenge
because of its strong association with an increased risk of diabetes,
cardiovascular disease, and all-cause mortality [1,2]. Furthermore, the

prevalence of metabolic syndrome has increased rapidly worldwide
during the preceding decades [3,4]. In Korea, metabolic syndrome
affects at least 23% of adults and 50% of older adults aged 65 years and
older [5].

Diet is a well-known risk factors for metabolic syndrome [6]. In recent
years, attention has focused on the potential benefit of high-protein diets
for the prevention and management of metabolic syndrome owing to the
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involvement of protein in glucose and lipid metabolism [7-11]. However,
epidemiologic evidence is inconsistent. Some studies have reported the
inverse association between protein intake and risk of metabolic
conditions, including weight reduction and maintenance [7], blood
sugar levels [8], and lipoprotein profiles [9-11], whereas other
prospective studies have shown variable results associated with high
protein intake, including increased mortality [12], weight gain [13], and
no effect on the risk of cardiovascular disease [14].

Previous studies on the health benefits and harms of a high-protein
diet have had varying results. One possible reason could be differences
in protein intake from different sources. Amino acid composition of
protein varies depending on whether the protein originates from animal
or plant sources [15]. Historically, animal proteins were considered
more nutritious than plant proteins, which often have imbalanced
amino acid profiles [16]. Previous research has shown that animal
protein intake has beneficial effects of on some components of
metabolic syndrome [17,18]. However, recent studies have increasing-
ly demonstrated the benefits of plant protein [19,20]. For example,
some cohort studies have reported that an increased intake of animal
protein, but not plant protein, is associated with long-term weight gain
[19,20]. Similarly, a comprehensive review of cohort studies and
randomized controlled trials on the effects of dietary protein sources on
metabolic condition concluded that plant protein, consumption may
have a positive effect on the blood lipid profile [21] and overall health
outcomes (especially cardiovascular outcomes) [22], compared with
that of animal proteins. Notably, the associations often related to
specific components of metabolic syndrome and most of the studies
reviewed were cross-sectional studies.

To date, the association between protein intake, including plant and
animal protein intake, and the risk of metabolic syndrome among Koreans
has been examined primarily using cross-sectional studies [23-25].
Therefore, the aim of this study was to prospectively evaluate the
potential benefits of protein intake on the risk of metabolic syndrome
according to it source (plant or animal) using data from the Korean
Genome and Epidemiology Study (KoGES). Specifically, we examined the
association between the relative ratio of the protein source and the risk of
metabolic syndrome. Additionally, we investigated whether this
association varied based on the adherence to the recommended nutrient
intake (RNI) for protein, given the potential effect of total protein intake
on the risk of metabolic syndrome [26].

2. Methods
2.1. Study design and study participants

This large-scale prospective cohort study was conducted using data
from the Ansan and Ansung cohort within the KoGES cohort [27]. Briefly,
the Ansan and Ansung community-based cohort study was initiated in
2001 when 10,030 residents were recruited from an industrialized
community in Ansan and a rural area in Ansung in Korea. The participants
were followed up every 2 years. At baseline and biennial follow-ups, data
were collected on sociodemographic characteristics, medical history,
family history, and lifestyle behaviors through interviews using
structured questionnaires and standardized protocols.

This analysis used Ansan and Ansung cohort data collected during
follow-ups to the end 2018. Participants who met the following criteria
were excluded: those who did not attend any follow-up visits (n = 2,806),
had metabolic syndrome at baseline (n = 1,289), or did not provide data
on covariates (n = 118). No participants were excluded owing to an
implausible energy intake (<500 or >5000 kcal/day). After the
exclusions, a total of 3,310 Korean adults (1,653 men and 1,657 women)
were included in the final analysis (Fig. 1). The study was approved by the
institutional review board of the Korea Disease Control and Prevention
Agency (2018/No 2018-03-05-P-A). All participants provided written
informed consent.
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2.2. Dietary assessment

Dietary intake was assessed by trained staff using a validated 106
food-item, food frequency questionnaire (FFQ). The design and
validation of the FFQ has been described in detail elsewhere [28]. The
frequency of consumption was classified into nine categories: never or
seldom, once a month, 2-3 times a month, 1-2 times a week, 3—-4 times a
week, 5-6 times a week, once a day, twice a day, and three times or more a
day. The portion size of each food item was classified into three
categories: small, medium, and large. The average daily intake of each
nutrient was estimated by multiplying the reported frequency of each
food item by its nutrient content per portion, using a food composition
table developed by the Korean Nutrition Society [29], and then summing
across all foods. For the analyses of protein sources, protein sources were
classified into plant and animal categories. Plant protein sources included
grains and grain products, potatoes and starches, legumes, vegetables,
fruits, seaweed, nuts, and seeds. Animal protein sources included meat,
fish, shellfish, processed and salted fish, eggs, milk, and dairy products
(Supplementary Table S1) [25]. Plant and animal protein intakes were
estimated by summing the protein intake from each source (the absolute
amounts), and the percentage of protein from plant and animal sources
relative to total protein intake was calculated by dividing the intake of
each by the total protein intake (the relative amounts). The FFQ has been
shown to have good validity in assessing protein intake, with a correlation
coefficient of 0.43 for the correlation between total protein intake
measured using the FFQ and 12-day dietary records [30]. To determine
the criteria for low and high protein intake, the protein intake was divided
into two groups based on whether it was within or below the Korean RNI
specified in the 2020 Korean Dietary Reference Intake [31].

2.3. Definition of metabolic syndrome

Metabolic syndrome was ascertained based on the National
Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP
III) criteria [32,33]. Participants were required to satisfy at least three of
the following five components to be classified as having metabolic
syndrome: (1) a waist circumference of 90 cm or more in men or 80 cm in
women; (2) a blood pressure of 130/85 mmHg or more, or taking
antihypertensive medicine; (3) a triglyceride (TG) level or 150 mg/dL or
more; (4) a high-density lipoprotein cholesterol (HDL-C) level of less than
40 mg/dL in men or 50 mg/dL in women,; and (5) or a fasting glucose level
of 100 mg/dL or more or taking an antidiabetic drug.

Anthropometric and blood tests were performed by trained staff using
standardized protocols. Height and weight were measured using a
stadiometer and scale, respectively. Waist circumference was measured
at the midpoint between the ribs and iliac crest. Body mass index (BMI)
was calculated as weight (kg) divided by height(m) squared. Blood
pressure was measured twice in the arm using a standard mercury
sphygmomanometer (Baumanometer, Baum Co., USA) with the partici-
pant was seated after having rested for at least 5 min. The average of the
two the two systolic and diastolic blood pressure readings were used for
the analysis. Blood samples were collected from each participant at
baseline and every 2 years of follow-up after an 8-h fast, and serum
concentrations of TG, HDL-C, and fasting glucose were analyzed using
enzymatic methods (ADVIA 1650, Siemens, USA).

2.4. Other covariates

An interviewer administered structured questionnaire was used to
obtain information on demographic (age and sex) and lifestyle variables
of participants. Based on responses to the questionnaire, smoking status
was grouped into “never-smokers” for those who had never smoked
cigarettes or smoked less than 100 cigarettes in their lifetime, “former-
smokers” for those who smoked 100 cigarettes or more in their lifetime
but were not current smokers, and “current-smokers” for those who had
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7,523 participants
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Fig. 1. Flow diagram of the study participants.

smoked 100 cigarettes or more in lifetime and were current smokers.
Alcohol consumption status was classified as “never-drinker” for those
who had never consumed any types of alcoholic beverages in their
lifetime, “former-drinker” for those who had consumed alcoholic
beverages in their lifetime but were not current drinkers, and “current-
drinker” for those who had consumed alcoholic beverages more than once
per month during the past year. For physical activity, participants who
answered “yes” to the question “Do you exercise regularly enough to
sweat? (yes/no)” were asked a follow-up question about average
frequency and duration of activity per week.

2.5. Statistical analysis

The baseline characteristics of the study participants were presented
as means + standard deviations for continuous variables and numbers
(percentages, %) for categorical variables. Differences in population
characteristics were tested using chi-square tests for categorical variables
and independent samples t-tests for continuous variables. The number of
person-years of follow-up was calculated from the date of the baseline
assessment to the date of metabolic syndrome diagnosis or the end of
follow-up, whichever occurred first. Cox proportional hazards regression
was used to estimate the hazard ratios (HRs) and 95% confidence
intervals (CIs) by quintile (Q) of protein intake, including absolute and
relative intake of plant and animal protein, for risk of metabolic syndrome
overall and stratified by sex, using Q1 as the reference category.
Unadjusted and adjusted estimates were calculated. Model 1 was
unadjusted; Model 2 was adjusted for age (years, continuous) and sex;
and Model 3 was further adjusted for smoking status (never smoker,
former smoker, or current smoker), alcohol consumption (never drinker,

former drinker, or current drinker), regular physical activity (yes or no),
and total energy intake (kcal/day, continuous). In addition, Model 3 was
adjusted for total protein intake (g/day, continuous) in the analyses of
plant protein and animal protein intake. Tests for linear trend were
conducted by including the median values for each quintile of protein
intake as a continuous variable in the model. The Wald test of the product
between the protein intake and each stratification factor was used to test
for effect modification. All data analyses were performed using SAS 9.4
(SAS Institute, Cary, NC, USA). Statistical significance was set at a P value
less than 0.05.

3. Results

During a mean of 8.6 years of follow-up (28319 person-years), 1,543
(46.6%) participants (709 men [42.9%] and 834 women [50.3%])
developed metabolic syndrome. At baseline, the mean age of study
population were 54.3 years and the mean total protein intake was 57.1 g/
day, of which 69.7% was from plant protein sources and 31.6% was from
animal protein sources (Table 1). Of the participants 62.5% reporting
never smoking, 45.0% reported never drinking alcohol and 39.3%
reported exercising regularly. Several characteristics, including smoking
status and alcohol consumption differed significantly by sex. In addition,
men consumed more energy (kcal/d), carbohydrate, protein, plant
protein, animal protein, and fat than women (all P < 0.001). Similarly, the
relative intake of animal protein was higher in men than in women (P =
0.0054), although plant protein intake did not differ significantly by sex.

In the analyses of absolute protein intake (Table 2), a higher animal
protein intake was associated with a significantly lower risk of developing
metabolic syndrome. The multivariable-adjusted HR comparing the
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Table 1
Baseline characteristics of study participants.
Total Men Women P value
N 3,310 (100.0)” 1,653 (49.9) 1,657 (50.1)
Age (years) 54.3 + 8.2% 55.0 +£8.3 53.7 £ 8.0 <0.0001
Smoking status
Never-smokers 2,069 (62.5) 448 (27.1) 1,621 (97.8) <0.0001
Former-smokers 638 (19.3) 628 (38.0) 10 (0.6)
Current-smokers 603 (18.2) 577 (34.9) 26 (1.6)
Alcoholic drinking status
Never-drinker 1,489 (45.0) 335 (20.3) 1,154 (69.6) <0.0001
Former-drinker 149 (4.5) 126 (7.6) 23 (1.4)
Current-drinker 1,672 (50.5) 1,192 (72.1) 480 (29.0)
Regular physical activity
No 2,008 (60.7) 969 (58.6) 1,039 (62.7) 0.0162
Yes 1,302 (39.3) 684 (41.4) 618 (37.3)
Body mass index (kg/m?) 23.8+ 2.8 23.5+ 2.6 24.0 + 3.0 <0.0001
Waist circumference (cm) 81.5+79 82.7 £ 6.7 80.3 + 8.9 <0.0001
Hip circumference (cm) 91.1 £5.0 90.9 + 4.8 91.3£5.1 0.0404
Systolic blood pressure (mmHg) 116.3 + 14.2 113.8 + 14.0 109.4 + 14.1 <0.0001
Diastolic blood pressure (mmHg) 75.1+9.5 77.3+9.4 72.9 £ 9.0 <0.0001
Fasting blood glucose (mg/dL) 88.4 + 8.0 90.4 + 8.1 86.5+ 7.3 <0.0001
Insulin (;LIU/U) 6.9+ 29 6.6 + 2.7 7.2+ 3.1 <0.0001
Total Cholesterol (mg/dL) 189.8 + 33.3 186.7 + 32.8 192.8 + 33.5 <0.0001
Triglycerides (mg/dL) 110.2 + 59.7 123.0 + 70.7 97.5 + 42.7 <0.0001
HDL-cholesterol (mg/dL) 46.6 + 10.3 44.7 £10.0 48.5 +10.2 <0.0001
Daily dietary intake
Total daily energy intake 1,850.1 + 528.0 1,960.2 + 530.6 1,740.3 + 502.2 <0.0001
(kcal/d)
Carbohydrate (g/d) 338.9 £ 91.0 354.8 + 90.9 323.0 + 88.4 <0.0001
Total protein (g/d) 57.1 + 21.3 60.3 + 21.2 53.9 + 21.0 <0.0001
Plant protein (g/d) 38.3 +£11.0 40.2 £ 11.0 36.3 +10.7 <0.0001
Relative of plant protein from 69.7 + 13.1 69.3 + 13.0 70.1 +13.1 0.0685
protein (%)
Animal protein (g/d) 19.5 + 14.2 209 + 14.2 18.1 +14.1 <0.0001
Relative of animal protein from 31.6 + 12.9 322 +12.6 30.9 +13.1 0.0054
protein (%)
Fat (g/d) 26.8 +15.7 29.9 +16.4 23.7 + 14.4 <0.0001

D The P values were calculated using the chi-squared test for categorical variables or t-test for continuous variables when comparing baseline characteristics between

men and women.

2 Data are presented as means =+ standard deviation (SD) or numbers (%).

Table 2

Unadjusted and adjusted”-hazard ratios and 95% confidence intervals of metabolic syndrome by quintiles of protein, plant protein and animal protein intakes in the
Korean Genome and Epidemiology Study (Ansan-Ansung).

Q1 (lowest) Q2 Q3 Q4 Q5 (highest) P for trend®

Total protein intake

Cases/person-years 344/5303 311/5690 296/5685 306/5787 286/5834

Median intake (g/d) 35.0 45.4 54.5 65.1 83.2
Model 1 1.00 0.85 (0.73-1.00) 0.81 (0.70-0.95) 0.83 (0.71-0.97) 0.77 (0.66-0.90) 0.0020
Model 2 1.00 0.88 (0.75-1.02) 0.87 (0.75-1.02) 0.89 (0.76—1.04) 0.87 (0.74-1.02) 0.1644
Model 3 1.00 0.90 (0.77—-1.06) 0.89 (0.74-1.06) 0.91 (0.74-1.11) 0.89 (0.68—1.15) 0.4892
Plant protein intake

Cases/person-years 315/5503 328/5651 309/5613 292/5758 299/5794

Median intake (g/d) 25.7 323 37.0 42.3 52.6
Model 1 1.00 1.02 (0.87-1.19) 0.97 (0.83-1.13) 0.90 (0.77-1.05) 0.91 (0.78-1.07) 0.1106
Model 2 1.00 1.05 (0.90-1.23) 1.01 (0.87-1.19) 0.97 (0.83-1.14) 1.02 (0.86—-1.19) 0.8657
Model 3 1.00 1.10 (0.94-1.30) 1.09 (0.91-1.31) 1.09 (0.89-1.34) 1.21 (0.93-1.56) 0.2143
Animal protein intake

Cases/person-years 362/5219 305/5621 294/5859 288/5804 294/5816

Median intake (g/d) 5.8 11.4 16.6 23.5 36.0
Model 1 1.00 0.79 (0.68—0.92) 0.74 (0.63—-0.86) 0.73 (0.63—0.85) 0.74 (0.64-0.87) 0.0008
Model 2 1.00 0.83 (0.71-0.97) 0.79 (0.68—0.93) 0.79 (0.68—0.93) 0.83 (0.71-0.98) 0.0629
Model 3 1.00 0.83 (0.71-0.97) 0.78 (0.66—0.92) 0.76 (0.63—-0.91) 0.76 (0.59—0.96) 0.0307

Abbreviations, Q: quintile.

D Model 1 was unadjusted; Model 2 was adjusted for age (years, continuous) and sex (man or woman); and Model 3 was adjusted for age, sex, smoking status (never
smoker, former smoker, or current smoker), alcohol consumption status (never drinker, former drinker, or current drinker), regular physical activity (yes or no), and total
energy intake (kcal/day, continuous). In addition, in the analyses of plant protein and animal protein intake, Model 3 was adjusted for total protein intake (g/day,
continuous).

2 The P value for trend was calculated by including the median quintile values of the total protein, plant protein, or animal protein intake as a continuous term in the
model.
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highest vs. the lowest Q (Q5 vs. Q1) of animal protein intake was 0.76
(95% CI: 0.59-0.96; P for trend = 0.0307). Total protein intake and plant
protein intake were not significantly associated with the risk of
developing metabolic syndrome. Furthermore, an analysis of the risk
of metabolic syndrome based on protein intake per kilogram of body
weight revealed that a higher protein intake was associated with a
significantly lower risk of developing metabolic syndrome. This
association remained consistent in the analyses of plant and animal
protein intake per kilogram of body weight (data not shown).

In the analyses of the relative intake of plant and animal protein,
expressed as the plant and animal protein intake as a percentage of the
total protein intake (Table 3), a higher relative intake of plant protein was
associated with a significantly increased risk of developing metabolic
syndrome (multivariable-adjusted HR quintile5 (Q5) vs. quintilel (Q1) [950/0
CIs]: 1.28 [1.06—1.56]; P for trend = 0.0017), whereas a higher relative
intake of animal protein was associated with a significantly decreased risk
of developing metabolic syndrome (multivariable-adjusted HR gsys.01
[95% CIs]: 0.78 [0.64—0.95]; P for trend = 0.0017). These results were
consistent among women (multivariable-adjusted HR gsys.01: 1.31 [1.01
—1.71] for the relative intake of plant protein and 0.76 [0.59—0.99] for
the relative intake of animal protein; both P for trend = 0.0120), but

Table 3
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among not among men. Neither the relative plant protein intake nor the
relative animal protein intake were significantly associated with the risk
of developing metabolic syndrome among men.

In stratified analyses, different associations were observed according
to whether protein intake was below or above the RNI of total protein
(Table 4). Among those with below the RNI of protein, a higher relative
intake of animal protein was associated with a reduced risk of metabolic
syndrome (multivariable-adjusted HR gsys.q1[95% CIJ: 0.72 [0.56-0.93];
Pfortrend = 0.0037). However, a higher relative intake of animal protein
was not associated with a reduced risk of metabolic syndrome among
those who consumed total protein above the RNI. Similarly, in analyses
stratified by the RNI among women, in those with below the RNI of
protein intake, a higher relative intake of animal protein was associated
with a decreased risk of metabolic syndrome (multivariable-adjusted HR
0svs.01 [95% CIs]: 0.62 [0.42—0.92]; P for trend = 0.0179) were only
evident among those consuming below the RNI, but not among those
consuming above the RNI. In contrast, in men the relative intake of animal
protein was not associated with risk of metabolic syndrome, regardless of
the protein intake relative to the RNIL No significant effect modification
was detected by other factors including age, smoking status, alcohol

Unadjusted and adjusted’-hazard ratios and 95% confidence intervals of metabolic syndrome by quintiles of the relative intake of plant and animal protein in the Korean

Genome and Epidemiology Study (Ansan-Ansung).

Q1 (lowest) Q2 Q3 Q4 Q5 (highest) P for trend?

All population (N = 3,310)
Relative of plant protein intakes, %

Cases/person-years 295/5805 281/5862 292/5829 323/5468 352/5355

Relative of Median intake (%) 52.5 62.2 68.8 75.9 85.6
Model 1 1.00 0.95 (0.80—-1.11) 0.99 (0.84-1.16) 1.15 (0.98-1.35) 1.27 (1.09-1.49) 0.0001
Model 2 1.00 0.94 (0.80-1.11) 0.97 (0.83-1.14) 1.11 (0.94-1.30) 1.18 (1.01-1.39) 0.0067
Model 3 1.00 0.98 (0.82—1.16) 1.04 (0.87-1.25) 1.19 (0.99-1.43) 1.28 (1.06—1.56) 0.0017
Relative of animal protein intakes, %

Cases/person-years 352/5355 323/5468 292/5829 281/5862 295/5805

Relative of Median intake (%) 14.4 24.1 31.2 37.8 47.5
Model 1 1.00 0.90 (0.78—1.05) 0.77 (0.66—0.90) 0.74 (0.64-0.87) 0.79 (0.67-0.92) 0.0001
Model 2 1.00 0.93 (0.80—1.09) 0.82 (0.70—0.96) 0.79 (0.68—0.93) 0.85 (0.72—-0.99) 0.0067
Model 3 1.00 0.93 (0.80—1.08) 0.81 (0.69-0.96) 0.76 (0.64—0.91) 0.78 (0.64—-0.95) 0.0017
Men (N = 1,653)
Relative of plant protein intakes, %

Cases/person-years 141/2945 133/2930 137/2933 151/2767 147/2840

Relative of Median intake (%) 52.0 61.8 75.1 84.5 85.6
Model 1 1.00 0.95 (0.75—-1.20) 0.97 (0.77—-1.23) 1.13 (0.90-1.42) 1.08 (0.85-1.36) 0.2619
Model 2 1.00 0.95 (0.75-1.21) 0.98 (0.77-1.23) 1.13 (0.90-1.43) 1.08 (0.86—1.43) 0.2441
Model 3 1.00 1.01 (0.79-1.30) 1.07 (0.82-1.39) 1.28 (0.97-1.68) 1.24 (0.92—1.66) 0.0673
Relative of animal protein intakes, %

Cases/ person-years 147/2840 151/2767 137/2933 1332930 141/2945

Relative of Median intake (%) 15.5 24.9 31.6 38.2 48.0
Model 1 1.00 1.05 (0.84-1.32) 0.91 (0.72—1.14) 0.88 (0.70-1.12) 0.93 (0.74-1.17) 0.2619
Model 2 1.00 0.95 (0.75-1.21) 0.98 (0.77-1.23) 1.13 (0.90-1.43) 1.08 (0.86—-1.37) 0.2441
Model 3 1.00 1.03 (0.82—-1.30) 0.87 (0.68—-1.11) 0.82 (0.63—1.07) 0.81 (0.60—1.09) 0.0673
Women (N = 1,657)
Relative of plant protein intakes, %

Cases/person-years 155/2840 148/2945 155/2886 174/2731 202/2502

Relative of Median intake (%) 52.9 62.6 69.6 76.3 86.5
Model 1 1.00 0.93 (0.74-1.16) 0.99 (0.79-1.23) 1.16 (0.93-1.44) 1.44 (1.17-1.78) <0.0001
Model 2 1.00 0.92 (0.73-1.15) 0.96 (0.77-1.20) 1.07 (0.86—-1.33) 1.24 (1.00-1.53) 0.0172
Model 3 1.00 0.94 (0.74-1.18) 1.01 (0.79-1.29) 1.12 (0.87-1.43) 1.31 (1.01-1.71) 0.0120
Relative of animal protein intake, %

Cases/person-years 202/2502 174/2731 155/2886 148/2945 155/2840

Relative of Median intake (%) 13.5 23.7 30.4 37.4 47.1
Model 1 1.00 0.80 (0.66—0.98) 0.68 (0.56—0.84) 0.64 (0.52—0.79) 0.69 (0.56—0.85) <0.0001
Model 2 1.00 0.86 (0.70—1.06) 0.78 (0.63—0.96) 0.74 (0.60—0.92) 0.81 (0.65—-1.00) 0.0172
Model 3 1.00 0.85 (0.69-1.05) 0.77 (0.62—0.96) 0.71 (0.57—0.90) 0.76 (0.59-0.99) 0.0120

Abbreviations, Q: quintile.

D Model 1 was unadjusted; Model 2 was adjusted for age (years, continuous) and sex (man or woman); and Model 3 was adjusted for age, sex, smoking status (never
smoker, former smoker, or current smoker), alcohol consumption status (never drinker, former drinker, or current drinker), regular physical activity (yes or no), and total
energy intake (kcal/day, continuous). In addition, in the analyses of plant protein and animal protein intake, Model 3 was adjusted for total protein intake (g/day,

continuous).

2 The P value for trend was calculated by including the median quintile values of the relative intake of plant protein and animal protein as a continuous term in the

model.
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Table 4
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Unadjusted and adjusted” hazard ratios and 95% confidence intervals for the incidence of metabolic syndrome by quintiles of the relative of animal protein intake
stratified by recommended nutrient intake of total protein in the Korean Genome and Epidemiology Study (Ansan-Ansung).

Q1 (lowest) Q2 Q3 Q4 Q5 (highest) P for trend ? P interaction®

Total (N = 3,310)
< RNI of protein (N = 1,990) 0.9865
Relative of animal protein intakes, %

Cases/ person-years 225/3128 195/3323 178/3335 164/3546 172/3512

Relative of Median intake (%) 12.2 20.4 27.2 33.7 43.4
Model 1 1.00 0.83 (0.69-1.01) 0.75 (0.62—0.92) 0.66 (0.54—0.81) 0.70 (0.57—0.85) <0.0001
Model 2 1.00 0.87 (0.72—-1.05) 0.80 (0.65—0.97) 0.73 (0.59-0.90) 0.78 (0.63—0.96) 0.0062
Model 3 1.00 0.86 (0.71-1.05) 0.78 (0.64—0.96) 0.70 (0.56—0.88) 0.72 (0.56—0.93) 0.0037
> RNI of protein (N = 1,320)
Relative of animal protein intakes, %

Cases/ person-years 137/2161 120/2343 109/2348 117/2362 126/2261

Relative of Median intake (%) 22.0 30.5 36.6 42.7 51.5
Model 1 1.00 0.82 (0.64—1.05) 0.74 (0.58-0.96) 0.79 (0.62—1.01) 0.88 (0.69-1.12) 0.3020
Model 2 1.00 0.83 (0.65—1.06) 0.77 (0.60—0.99) 0.83 (0.65—1.06) 0.92 (0.72-1.17) 0.4943
Model 3 1.00 0.83 (0.65—1.06) 0.75 (0.58-0.97) 0.80 (0.62—1.04) 0.84 (0.63-1.12) 0.1839
Men (N = 1,653)
< RNI of protein (N = 1,195) 0.8570
Relative of animal protein intakes, %

Cases/ person-years 109/ 2057 99/2029 110/2041 97/2122 98/2130

Relative of Median intake (%) 14.1 22.3 29.3 35.4 44.8
Model 1 1.00 0.92 (0.70—-1.21) 1.01 (0.78-1.32) 0.87 (0.66—1.14) 0.88 (0.67—1.15) 0.3068
Model 2 1.00 0.92(0.70-1.21) 1.02 (0.78-1.33) 0.87 (0.66—1.15) 0.88 (0.66—1.17) 0.3508
Model 3 1.00 0.91 (0.69-1.20) 0.98 (0.74—-1.30) 0.80 (0.59-1.09) 0.77 (0.54-1.11) 0.1403
> RNI of protein (N = 458)
Relative of animal protein intakes, %

Cases/ person-years 44/766 37/825 36/810 33/878 46/757

Relative of Median intake (%) 22.0 31.51 38.1 44.3 53.1
Model 1 1.00 0.80 (0.52-1.24) 0.79 (0.51-1.23) 0.67 (0.43—1.05) 1.06 (0.70—-1.60) 0.9412
Model 2 1.00 0.78 (0.51-1.21) 0.76 (0.49-1.19) 0.65 (0.41-1.02) 1.02 (0.67-1.55) 0.8241
Model 3 1.00 0.74 (0.47-1.15) 0.73 (0.46—1.15) 0.60 (0.37-0.97) 0.92 (0.56—1.51) 0.4562
Women (N = 1,657)
< RNI of protein (N = 795) 0.6795
Relative of animal protein intakes, %

Cases/ person-years 109/1139 89/1284 79/1291 76/1342 68/1409

Relative of Median intake (%) 9.3 17.5 24.0 30.4 41.0
Model 1 1.00 0.75 (0.56—0.99) 0.66 (0.49—0.88) 0.62 (0.46—0.83) 0.53(0.39-0.72) <0.0001
Model 2 1.00 0.81 (0.61-1.07) 0.70 (0.53-0.94) 0.69 (0.51-0.93) 0.60 (0.44—0.82) 0.0007
Model 3 1.00 0.81 (0.60—1.09) 0.73(0.53-1.01) 0.71 (0.51-1.00) 0.62 (0.42-0.92) 0.0179
> RNI of protein (N = 862)
Relative of animal protein intakes, %

Cases/ person-years 88/1407 87/1520 70/1558 85/1468 83/1486

Relative of Median intake (%) 22.0 30.2 35.6 41.7 50.7
Model 1 1.00 0.92 (0.69-1.24) 0.73 (0.53—-1.00) 0.93 (0.69-1.25) 0.90 (0.67—1.21) 0.5566
Model 2 1.00 0.94 (0.70—1.26) 0.78 (0.57—1.06) 0.95 (0.71-1.28) 0.90 (0.67-1.22) 0.5709
Model 3 1.00 0.95 (0.70—-1.28) 0.78 (0.56—1.07) 0.94 (0.69—-1.29) 0.84 (0.59-1.19) 0.3614

Abbreviations, quintile.

1 Model 1 was unadjusted; Model 2 was adjusted for age (years, continuous) and sex (man or woman); and Model 3 was adjusted for age, sex, smoking status (never
smoker, former smoker, or current smoker), alcohol consumption status (never drinker, former drinker, or current drinker), regular physical activity (yes or no), and total
energy intake (kcal/day, continuous). In addition, in the analyses of plant protein and animal protein intake, Model 3 was adjusted for total protein intake (g/day,

continuous).

? The P value for trend was calculated by including the median quintile values of the intakes of the relative intake of plant and animal protein as a continuous term in the

model.

%) The P value of the interaction between the incidence of metabolic syndrome and the RNL

consumption status, and regular physical activity (Supplementary
Table S2).

In sensitivity analyses, similar results were observed with additional
adjustment for dietary intake of fat, vitamins and minerals, and exclusion
of participants with metabolic syndrome diagnosed within 2 years of
baseline (data not shown).

4. Discussion

In this study, the absolute and relative intake of animal protein were
inversely associated with a lower risk of metabolic syndrome, which was
more marked in women than in men. Furthermore, in women these
associations were stronger among those who consumed less than the RNI
of protein.

To date, four cross-sectional studies [17,18,25,34], two cohort studies
[35,36] and one case-control study [37] have examined the association
between sources of protein and risk of metabolic syndrome in several
regions in Asia [17,18,25,34], Australia [35], North America [36], and
Europe [37]. Our findings of an inverse association between animal
protein intake and risk of metabolic syndrome are consistent with those of
three of cross-sectional studies [17,18,34]. For example, a cross-sectional
study of 7,585 Japanese adults found that higher animal protein intake,
but not higher plant protein intake, was associated with a lower blood
pressure [17]. Similarly, in a cross-sectional study of 2,241 Chinese
women, a higher protein intake was associated with a significantly lower
blood pressure [18]. In contrast, a cross-sectional study of middle-aged
Korean men suggested that low animal protein intake might be beneficial
in managing metabolic syndrome [25]. Moreover, in studies conducted in
Western populations, animal protein intake has been associated with
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adverse effects on other metabolic syndrome risk factors [35-37]. For
example, in a cohort study conducted in Melbourne, Australia, higher
plant protein consumption and lower animal protein consumption was
associated with lower risk of metabolic syndrome [35]. Similarly, a
cohort study with a 16-year follow-up period conducted in the United
States found that a higher intake of plant protein was associated with a
lower cardiovascular disease mortality [36]. Additionally, a Swedish
study found that higher meat consumption was associated with higher
cholesterol levels [37].

The reason for the inconsistent associations between animal protein
intake and the risk of metabolic syndrome is unclear. However,
substantial differences exist in the protein composition and sources of
food protein consumed among participants in the Western countries and
this study. For example, in the studies conducted in the United States [36]
and Australia [35] participants received 60-62% of their protein intake
from animal sources, whereas participants in this study received 69.7% of
their protein from plant sources and 31.6% from animal sources. Given
that the red meat, processed meat, and other major sources of saturated
fat, a risk factor for metabolic syndrome [38] contribute more to the
animal protein consumption in Western countries than in the Korean
population [39], the discrepancy in the results could be due to the effect of
other nutrients in different animal protein sources [40], influenced by
cultural differences in diet.

Another possible explanation for the observed differences in the
results for the association between animal protein intake and the risk of
metabolic syndrome, could be the interaction between animal protein
intake and total protein intake. A recent study found that the amount of
protein, rather than the protein source, had a stronger effect on cardiac
metabolic health indicators, including blood glucose, serum insulin, and
serum TG [41]. It underscores the adequacy of total protein on metabolic
condition and greater contribution of animal protein addressing
deficiencies in total protein over the plant protein. Indeed, supporting
our speculation, when we conducted analyses stratified by protein intake
according to the RNI in the present study, higher animal protein intake
was associated with a reduced risk of metabolic syndrome among those
who consumed less than the RNL This finding is consistent with the results
of previous studies with comparable total protein. For example,
participants in the Chinese study, that found a lower risk of metabolic
syndrome with higher animal protein intake, the total protein intake was
relatively low, (51.7 g/d in men and 40.1 g/d in women) [18], which is
approximately 60.3% of the total protein intake reported in Western
countries [35]. In the cross-sectional study conducted in Korean [25]
which did not find an in inverse association between protein intake and
the risk of metabolic syndrome, the participants had a relatively high
average protein intake of 87.6 g in men and 63.3 g in women, compared
with was 60.3 g in men and 53.9 g in women in this study. In a study
conducted in Iran, in which the participants consumed a diet composed
primarily of carbohydrates, a higher frequency of consumption of total
protein, animal protein, and vegetable protein was associated with a
reduced risk of metabolic syndrome [34].

Plant protein consumption has certain beneficial properties in
preventing metabolic stress, including being associated with a diet that
is low in saturated fat and rich in fiber and phytochemicals, which have
antioxidant properties [42]. However, animal proteins contain all the
essential amino acids required by the body and are more efficient in
supporting muscle growth and repair especially when total protein intake
is insufficient [43,44]. Specifically, branched-chain amino acids, such as
leucine, are crucial not only for muscle protein synthesis and maintaining
lean body mass [45], but also for metabolic regulation [46], which
increases insulin sensitivity and energy expenditure. Branched-chain
amino acids are provided mainly by animal protein intake [47-49].

The results of the study showed that the association between the
relative ratio of protein type and metabolic syndrome risk was more
marked in women, than in men. Although the reason for this sex
difference remains unclear, some hormones have sex-specific effects on
glucose and lipid metabolism, which are associated with the development
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of metabolic syndrome [50,51]. Women might be more sensitive than
men to the effects of diet on the development of metabolic. For example, a
previous study showed that, a higher dietary protein/energy ratio was
associated with a lower risk of obesity in older women but not in older
men [52]. Alternatively, men have higher rates of drinking and smoking,
which are risk factors for the development of metabolic syndrome.
Despite our adjustment for smoking and alcohol consumption, some
residual confounding may be present owing to these sex-related
differences in lifestyle. Further studies are needed to investigate the
mechanisms underlying the interaction between protein intake and sex in
modifying the risk of metabolic syndrome.

This study has several limitations. First, the analyses relied on
reported food item data listed in the FFQ, which might not have fully
captured all the plant-based and animal-based foods consumed by the
participants. Nonetheless, the FFQ is an established instrument for
assessing usual intake of foods and nutrients, and has previously been
validated by comparing the estimated protein intake with that estimated
based on 12-day dietary records (correlation r: 0.43) [30]. Second, certain
foods, such as pizza, hamburgers, jam, honey, butter, and margarine,
could not be exclusively classified as plant- or animal-based food, posing
challenges in classifying the type of protein consumption. Third, the
analysis was based on baseline data, and we did not take into account
changes in dietary behavior, food availability, or lifestyle habits during
the follow-up period. Fourth, the study participants were recruited from a
specific region (Ansan and Ansung) in Korea and were aged 40 years or
older, limiting the generalizability of the results to the broader general
Korean population. Finally, we cannot rule out the possibility of
unmeasured or residual confounding.

Nevertheless, this study has several strengths. To our knowledge, it is
the first large prospective cohort study to examine the risk of metabolic
syndrome in relation to type of protein consumed in Korean adults. Owing
to its large sample size, prospective design, and long-term follow-up the
data are less susceptible to recall bias. In particular, we focused on the
association of the relative intake animal and plant of protein with the risk
of metabolic syndrome, rather than the absolute intake. This approach
may provide the advantage of examining the effect of the protein source in
the overall diet, instead of looking at absolute intake level of each source.
Additionally, we were able to finely adjust for potential dietary and
lifestyle confounders and performed explored stratified analyses to
control for effect modification.

5. Conclusions

In summary, this study found that animal protein intake may be
associated with a lower risk of metabolic syndrome in the Korean
population. This association was stronger in participants with an animal
protein consumption below the RNI. Additionally, compared with men, in
women, a higher relative consumption of plant proteins was associated
with a greater increase in the risk of metabolic syndrome, whereas
consumption of animal protein was associated with a greater decrease in
the risk. Plant and animal protein intake was not associated with a
significantly increased risk of metabolic syndrome in men. The results of
this study suggest that Korean adults, especially middle-aged and older
women who rely heavily on plant protein, may be at risk of metabolic
syndrome due to inadequate protein intake from animal sources;
therefore, the importance of adequate protein intake from animal sources
to reduce the risk of metabolic syndrome should be emphasized among
those at risk of nutritional deficiency. Further a large prospective study of
a representative sample of the Korean population, covering a wider age
range, is required to validate our results.
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