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HIGHLIGHTS

® Associations between essential amino acids level and lipid components were examined.

® Elevated branched-chain amino acids (BCAAs) positively correlated with sdLDL-C, RLP-C and TG but inversely correlated with HDL-C.
® Elevated threonine level was inversely correlated with sdLDL-C, RLP-C and TG.

e Higher level of BCAAs had increased risk of lipid triad while the higher level of threonine had lower that risk.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: The association between amino acids and small dense low-density lipoprotein cholesterol
Small dense low-density lipoprotein cholesterol (sdLDL-C) and remnant-like particle cholesterol (RLP-C) remains poorly understood. This study aims to in-
Remnant-like particle cholesterol vestigate the association between plasma essential amino acids (EAAs) and atherogenic lipid profiles.
Triglycerides

Methods: Plasma amino acid levels of 475 individuals were measured using liquid chromatography-mass spec-
trometry. SALDL-C, RLP-C, and other lipid components were evaluated. Associations between EAAs and lipid
components or dyslipidemia were determined using correlation analysis and multivariate logistic regression.
Results: Concentrations of plasma branched-chain amino acid (BCAA) were positively correlated with sdLDL-C,
RLP-C, and triglycerides (TG) levels, but inversely correlated with high-density lipoprotein cholesterol (HDL-C).
In contrast, threonine concentration was inversely correlated with sdLDL-C, RLP-C, and TG. Compared with the
lowest tertile, individuals in the highest tertile of plasma total BCAAs level had an odds ratio (OR) of 2.33 (95%
confidence interval [CI]: 1.35, 4.03) for the risk of high sdLDL-C, 3.63 (95%CI: 1.69, 7.80) for the risk of high
RLP-C, 3.10 (95%CI: 1.66, 5.80) for the risk of high TG, and 3.67 (95%CI: 2.00, 6.73) for atherogenic lipid triad
(allp < 0.01). In contrast, compared with the lowest tertile, individuals in the highest plasma threonine tertile
had a 43% lower OR for high sdLDL-C, 56% lower OR for high TG, and 55% lower OR for lipid triad risk (all
p < 0.05).

Conclusions: Among the EAAs evaluated, elevated plasma BCAAs were significantly associated with increased
risk of atherogenic lipid profile. In contrast, elevated threonine was associated with reduced risk of atherogenic
lipid profile.

Atherogenic lipid triad
Essential amino acids

1. Introduction synthesized endogenously or in sufficient amounts, and are thus termed
the essential amino acids (EAAs), comprising valine, leucine, isoleucine,

Proteins, composed of combinations of 20 amino acids, are the most threonine, lysine, histidine, phenylalanine, tryptophan, and methionine
important structural and functional components of the human body. [1]. With the recent development of increasingly accurate laboratory
Nine of the 20 amino acids are acquired from the diet as they cannot be technology for the measurement of blood amino acids [2-4], increasing
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studies on plasma amino acids have found that EAAs are associated
with common metabolic disorders. Several large studies consistently
reported that branched-chain amino acid (valine, leucine, and iso-
leucine) levels are associated with the risk of developing type 2 dia-
betes, prediabetes, and insulin resistance [5-8]. Some studies also re-
ported an association between EAAs and dyslipidemia [9,10], especially
elevated triglycerides (TG) and low levels of high-density lipoprotein
cholesterol (HDL-C) [3,11-13]. Previous studies have shown that in-
dividuals with high TG and low HDL-C typically have elevated levels of
small dense low-density lipoprotein cholesterol (sdLDL-C) and remnant-
like particle cholesterol (RLP-C) [14-16]. Experimental and clinical
evidence has suggested that sdLDL-C [17-20] and RLP-C [21-23] levels
are closely associated with atherosclerosis and cardiovascular disease
(CVD). However, no studies to date have evaluated the independent
association between EAAs and atherogenic sdLDL-C and RLP-C levels
and atherogenic lipid triad, which is characterized by elevated TG, low
levels of HDL-C, and high levels of sdLDL-C [24].

Furthermore, some studies have reported one of the EAAs, threo-
nine, may exert a protective effect in metabolic disorders, and that
threonine supplementation might decrease amino acid catabolism and
prevent the conversion of amino acids to lipid [25,26]. However, it has
not yet been reported whether plasma threonine level is associated with
reduced risk of atherogenic lipid profile in humans. An exploration of
the association between EAAs and atherogenic lipid profile might
therefore provide an insight into potential associations between amino
acids and atherogenic disease and establish a basis for a potential
dietary intervention. Therefore, the present study was designed to de-
termine whether plasma EAAs are associated with an atherogenic lipid
profile, including high sdLDL-C, high RLP-C, high TG, and an athero-
genic lipid triad, based on a cross-sectional population study design.

2. Patients and methods
2.1. Study population

Study participants were recruited from the Shougang community
cohort in the Chinese Multi-provincial Cohort Study (CMCS)-Beijing
Project, a community-based cohort study [27]. The flow chart of par-
ticipant selection is presented in Supplementary Fig.1. Briefly, in 2007,
a total of 1324 participants were surveyed for demographic information
and cardiovascular risk factors, and blood samples were collected. After
excluding participants who had cardiovascular disease or took anti-
hypertensive drugs, 475 participants (189 males and 286 females) were
finally included, and their plasma amino acids level and concentrations
of sdLDL-C, RLP-C, total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), TG, HDL-C, and fasting blood glucose (FBG) were
measured.

All participants gave written informed consent, and this study was
approved by the Ethics Committee of Beijing Anzhen Hospital, Capital
Medical University and was conducted in accordance with standards set
forth in the Declaration of Helsinki.

2.2. Data collection and laboratory assays

Demographic information was collected using a standard ques-
tionnaire. Blood pressure (BP) was measured three times consecutively
and the mean value was used for analysis. Waist circumference (WC)
was measured at the midpoint of the line between the lower margin of
the rib arch and the anterior superior iliac ridge, and measurements
were accurate to 0.5 cm.

Fasting venous blood samples (more than 8 h) were collected from
an antecubital vein into tubes containing EDTA, and TC, LDL-C, TG,
HDL-C, and FBG concentrations were measured on the same day in
2007. Serum TC, TG, and FBG levels were determined by enzymatic
methods. HDL-C and LDL-C levels were measured using a homogeneous
assay (HUMAN, Wiesbaden, Germany), while sdLDL-C and RLP-C
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concentrations were measured in 2015 using previously frozen
(—80°C) serum samples obtained in 2007 and not subject to repeated
freeze-thaw cycles. sdLDL-C was assayed using the previously described
precipitation method of filtration [28] (Denka Seiken Co., Ltd., Tokyo,
Japan) on a Hitachi 7180 automatic analyzer with a coefficient of
variation of 3.25% for low-range controls and 4.18% for high-range
controls. RLP-C levels were determined using direct measurement
methods (Denka Seiken Co., Ltd, Tokyo, Japan).

2.3. Measurement of plasma essential amino acid concentrations

Plasma EAA concentrations were measured in 2015 using liquid
chromatography coupled to tandem mass spectrometry in the fasting
blood samples obtained in 2007. Plasma samples were stored at
—80 °C, placed at —20 °C for 30 min, and thawed at 4 °C. A 40 pL ali-
quot of each plasma sample was used for the analysis. Samples were
extracted with 20 pL of sulfosalicylic acid, mixed for 1 min, and cen-
trifuged for 15minat 20,000g, after which 5uL of supernatant was
transferred to a sample vial. Auto sampler temperatures were main-
tained at 8°C. The column temperature was held at 50°C and the
sample injection volume was 1 pL. The chromatographic separation of
compounds was achieved using a Phenomenex Luna C18 column
(150 mm X 4.6 mm, 5 pum particle size) at a flow rate of 0.8 mL/min. A
binary gradient of water (mobile phase A) and acetonitrile (mobile
phase B), both of which contained 0.1% formic acid and 0.01% hep-
tafluorobutyric acid, was delivered according to the program shown in
Supplementary Table 1. The compound detection and identification
were performed using a Sciex QTRAP 5500 tandem mass spectrometer
operated in multiple reaction monitoring (MRM) mode. The acquisition
and processing of all of data were conducted using Analyst 1.6.1 soft-
ware (AB Sciex). Prior to sample quantification, detection method
verification, including analytical specifications for limit of detection,
evaluated quantification ranges, specificity, potential interferences,
linearity, precision and accuracy, reproducibility, and stability, was
performed.

2.4. Definitions

High sdLDL-C was defined by a serum sdLDL-C level > 0.99 mmol/L
(> the median). High RLP-C was defined by a serum RLP-C level >
0.12 mmol/L (> the median). Atherogenic lipid triad was defined as
the presence of all of the following: (1) high TG: serum
TG = 1.70 mmol/L (150mg/dL); (2) low HDL-C: serum HDL-
C < 1.04 mmol/L (40 mg/dL) for men or < 1.30 mmol/L (50 mg/dL)
for women; and (3) high sdLDL-C: serum sdLDL-C > 0.99 mmol/L
(> the median).

2.5. Statistical analysis

Baseline characteristics of participants are described using
mean =+ standard deviation (SD) for continuous variables with a
normal distribution or approximate normal distribution, median (in-
terquartile range, IQR) for continuous variables with a skewed dis-
tribution, and number (percent) for categorical variables. To examine
the correlation between EAAs and serum lipid component level, simple
correlation and partial correlation adjusted for confounding factors
were used, including age, gender, WC, FBG, systolic blood pressure
(SBP), and use of lipid-lowing or glucose-lowering medications, during
the previous 2 weeks of the survey. One-way analysis of variance
(ANOVA) or Wilcoxon rank sum test was used to compare median/
mean changes in lipid parameters in groups defined by tertiles of amino
acids.

Multivariate logistic regression analysis was used to study the re-
lationship between EAAs and the risk of high sdLDL-C, high RLP-C, high
TG, and atherogenic lipid triad after adjustment for age, gender, WC,
SBP, FBG, and use of lipid-lowing or glucose-lowering medications
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Table 1
Baseline characteristics of the study population.

Subject characteristics Total (n = 475)

Age, years 58.67 * 6.30
Women, n (%) 286(60.21)
BMI, kg/m? 24.80 *+ 3.20
WC, cm 82.06 = 10.22
FBG, mmol/L 5.68 = 1.34
SBP, mmHg 130.15 * 15.63
DBP, mmHg 79.91 + 9.03
Glucose-lowering medication, n (%) 120(14.05)
Lipid-lowering medication, n (%) 96(11.24)

Blood lipid levels

TG, mmol/L 1.35(1.00-2.02)
TC, mmol/L 5.42 = 0.91
HDL-C, mmol/L 1.38 = 0.31

LDL-C, mmol/L
sdLDL-C, mmol/L
RLP-C, mmol/L
EAAs, (umol/L)

3.51 = 0.79
0.99(0.73-1.34)
0.12(0.07-0.22)

Valine 247.66 * 43.09
Leucine 151.32 + 26.77
Isoleucine 68.43 + 13.30
Threonine 134.88 + 27.81
Lysine 159.32 + 20.89
Histidine 70.35 * 8.13
Phenylalanine 66.87 + 8.30
Tryptophan 55.91 + 8.96
Methionine 29.94 * 577

Data are presented as mean * standard deviation (SD) for continuous vari-
ables with a normal distribution or approximate normal distribution; median
(interquartile range) for continuous variables with a skewed distribution; and
number (percent) for categorical variables.

BMI, body mass index; WC, waist circumference; FBG, fasting blood glucose;
SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides;
TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; sdLDL-C, small and low-density lipoprotein
cholesterol; RLP-C, remnant-like particle cholesterol.

during the previous 2 weeks of the survey. To examine the possibility of
a quantitative relationship between BCAA, threonine, and risk of dys-
lipidemia, study participants were classified into three groups ac-
cording to the concentrations of each BCAA, threonine and by total
BCAAs, with the lowest tertile used as references.

Statistical analyses were conducted using Stata software (version
14.0; Stata Corporation, College Station, TX, USA). Two-tailed p-va-
lues < 0.05 were considered to represent statistical significance.

3. Results
3.1. Population characteristics

A total of 475 participants (189 men and 286 women) with a mean
age of 58.67 * 6.30 years (60.96 = 7.21 years for men and
57.15 = 5.09 years for women) were included in this study. As shown
in Table 1, the median sdLDL-C, RLP-C, and TG concentrations were
0.99 (0.73-1.34) mmol/L, 0.12 (0.07-0.22) mmol/L, and 1.35
(1.00-1.02) mmol/L, respectively. Mean TC, LDL-C, and HDL-C con-
centrations were 5.42 = 0.91 mmol/L, 3.51 * 0.79 mmol/L, and
1.38 + 0.31 mmol/L, respectively. Among the nine examined EAAs,
valine, a branched-chain amino acids (BCAAs), having the highest mean
concentration (247.66 = 43.09 umol/L) and methionine, having the
lowest (29.94 + 5.77 umol/L).

3.2. Correlations between EAAs and lipid components

Correlation analyses of each EAAs with each lipid components are
shown in Table 2. Each BCAA (valine, leucine, and isoleucine) and the
total concentration of BCAAs, defined as the sum concentrations of
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valine, leucine, and isoleucine, were positively correlated with level of
sdLDL-C (all p < 0.01), RLP-C (all p < 0.05), and TG (all p < 0.01),
but negatively correlated with HDL-C (all p < 0.01), even after ad-
justment for age, gender, WC, SBP, FBG, and use of lipid-lowing or
glucose-lowering medications during the previous 2 weeks of the
survey. In contrast, threonine was negatively correlated with sdLDL-C,
RLP-C, and TG (all p < 0.05), even after adjusting for the above-
mentioned potential confounding factors and the total concentration of
BCAAs. No significant correlations were observed between the re-
maining amino acids (lysine, histidine, phenylalanine, tryptophan, and
methionine) and lipid components after adjusting for potential con-
founding factors. After additional adjustment for TG and HDL-C, the
positive correlation between concentrations of BCAA and sdLDL-C le-
vels and the negative correlation between threonine and sdLDL-C levels
remained statistically significant (Supplementary Table 2). No sig-
nificant correlations were observed between plasma EAA concentration
and TC or LDL-C (Supplementary Table 3).

Median levels of sdLDL-C, RLP-C, TG, and mean HDL-C level were
significantly different between the tertile levels of BCAAs or threonine
(Supplementary Table 4). The highest tertile of BCAA level had the
highest mean concentrations of sdLDL-C, RLP-C, and TG (all
p < 0.001), while the highest tertile of threonine level had the lowest
mean concentrations of sdLDL-C, RLP-C, and TG (all p < 0.001). Fur-
ther analysis showed that participants in the category with high BCAAs
and low threonine had the highest concentrations of sdLDL-C, RLP-C, or
TG compared with other participants. In contrast, participants in the
category with low BCAAs and high threonine concentrations had the
lowest concentrations of sdLDL-C, RLP-C, or TG (Fig. 1).

3.3. Association between EAAs and prevalent risk of atherogenic lipid
profile

The association between BCAAs, threonine, and high sdLDL-C, high
RLP-C, high TG, and atherogenic lipid triad was further investigated
using logistic regression models. Odds ratios (ORs) and 95% confidence
intervals (ClIs) after adjustment for potential confounding factors for
atherogenic lipid profile are shown in Table 3 and Fig. 2. The highest
tertile of BCAA concentration (each BCAA and the total concentration
of BCAAs) was significantly associated with increased risk of high
sdLDL-C (ORpcaps: 2.33, 95%CIL: 1.35-4.03, p = 0.002), high RLP-C
(ORgcaas: 3-63, 95%CI: 1.69-7.80, p = 0.001), and high TG (ORpcaas:
3.10, 95%CI: 1.66-5.80, p < 0.001). Among BCAAs, elevated leucine
was associated with the highest risk of high sdLDL-C; we identified a
2.63-fold increased risk of leucine level for high sdLDL-C (OR: 2.63,
95%CI: 1.42-4.88, p = 0.002). Furthermore, elevated valine was asso-
ciated with the highest risk of high RLP-C and high TG, as we identified
a 3.48-fold increased risk of valine level for high RLP-C (OR: 3.48,
95%CI: 1.66-7.28, p = 0.001), and a 3.13-fold increased risk for high
TG (OR: 3.13, 95%CI: 1.69-5.78, p < 0.001), respectively (Table 3).

The highest tertile of threonine concentration was significantly as-
sociated with reduced risk of high sdLDL-C and high TG, even after
adjustment for conventional metabolic risk factors and the total con-
centration of BCAAs (Table 3). Individuals in the highest threonine
tertile had a 43% decreased risk for high sdLDL-C (p = 0.038) and a
56% decreased risk for high TG (p = 0.004) compared with those in the
lowest tertile.

In addition, we also found that elevation of each BCAA and total
concentration of BCAAs were associated with increased risk of athero-
genic lipid triad and threonine was associated with reduced risk of
atherogenic lipid triad (Fig. 2). The highest tertile of total BCAAs
showed a 3.67-fold increased risk of lipid triad (OR: 3.67, 95%CI:
2.00-6.73,p < 0.001), while threonine showed a 55% lower prevalent
risk of lipid triad (OR: 0.45, 95%CI: 0.26-0.76, p = 0.003) compared
with the lowest tertile.
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Table 2

Correlation (r) between levels of essential amino acids and serum lipid concentrations.
EAAs (umol/L) sdLDL-C RLP-C TG HDL-C

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Valine 0.31%* 0.23** 0.35%* 0.13* 0.35%* 0.18** —0.38** —0.25%*
Leucine 0.31%* 0.20%* 0.32%* 0.11* 0.34** 0.17** —0.40%* —0.25%*
Isoleucine 0.28** 0.20** 0.29** 0.12* 0.31%* 0.18** —0.41%* —0.27*%*
Threonine —0.18** —0.18%* —0.19%* —-0.12* —0.17** —0.14* < 0.01 0.06
Lysine 0.01 —0.01 0.10 0.04 0.09 0.05 -0.12 —0.08
Histidine 0.06 0.03 0.10 0.01 0.09 0.02 -0.10 —0.05
Phenylalanine 0.03 0.01 0.08 0.07 0.07 0.06 —0.17** —0.08
Tryptophan 0.16* 0.09 0.21%* 0.07 0.20** 0.09 —0.14* —0.06
Methionine < 0.01 0.03 0.07 0.02 0.04 —0.01 -0.10 —0.01
BCAAs 0.32%* 0.24** 0.36** 0.14* 0.36** 0.20%* —0.42** —0.28**

Model 1: Simple correlations between essential amino acids and serum lipid concentration.

Model 2: Partial correlation adjusted for age, gender, waist circumference, FBG, SBP, use of glucose-lowering medications during the past 2 weeks, use of lipid-
lowering medications during the past 2 weeks.

EAAs, essential amino acids; sdLDL-C, small and low-density lipoprotein cholesterol; RLP-C, remnant-like particle cholesterol; TG, triglycerides; HDL-C, high-density
lipoprotein cholesterol. Correlation is significant at *p < 0.05, **p < 0.01.

4. Discussion triad, independent of FBG level. Finally, participants who were si-

multaneous carriers for low BCAAs and high threonine concentrations

In this cross-sectional study, our data indicate that, first, among the had the low concentrations of sdLDL-C, RLP-C, or TG. Our data provide

nine EAAs examined, plasma BCAAs were positively correlated with novel insights into the potential relationship between levels of amino
levels of sdLDL-C, RLP-C, and TG but inversely correlated with HDL-C. acids and atherogenic lipid profile.

In contrast, threonine level was inversely correlated with sdLDL-C, RLP- Recently, an increasing number of studies on the association be-

C, and TG. Second, elevation of plasma BCAAs was significantly asso- tween free amino acid profiles and metabolic diseases have been re-

ciated with increased risk of high sdLDL-C, high RLP-C, high TG, and ported, although studies focusing on the relationship between EAAs and
atherogenic lipid triad, while elevated threonine level was associated high sdLDL-C, high RLP-C, and atherogenic lipid triad are lacking.
with a reduced risk of high sdLDL-C, high TG, and atherogenic lipid Yamamoto et al. measured plasma amino acid levels of 1890
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Table 3
Associations between amino acids and high sdLDL-C, high RLP-C, and high TG.
EAAs(umol/L) n¢ High sdLDL-C* n¢ High RLP-C* n‘ High TG"
OR (95%CI) p OR (95%CI) p OR (95%CI) p
Valine
First tertile 54 1.0 (reference) 51 1.0 (reference) 31 1.0 (reference)
Second tertile 83 1.56 (0.92,2.63) 0.098 82 2.09 (1.06,4.10) 0.033 56 2.12 (1.21,3.72) 0.008
Third tertile 101 1.91 (1.06,3.44) 0.030 105 3.48 (1.66,7.28) 0.001 78 3.13 (1.69,5.78) < 0.001
Leucine
First tertile 51 1.0 (reference) 54 1.0 (reference) 34 1.0 (reference)
Second tertile 84 1.93 (1.12,3.30) 0.017 86 2.41 (1.25,4.66) 0.009 55 2.28 (1.30,4.00) 0.004
Third tertile 103 2.63 (1.42,4.88) 0.002 98 2.39 (1.11,5.14) 0.026 76 2.95 (1.57,5.55) 0.001
Isoleucine
First tertile 58 1.0 (reference) 54 1.0 (reference) 33 1.0 (reference)
Second tertile 80 1.34 (0.80,2.27) 0.269 85 2.55 (1.31,4.97) 0.006 56 2.15 (1.23,3.77) 0.007
Third tertile 100 1.81 (1.01,3.30) 0.048 99 2.65 (1.23,5.71) 0.013 76 3.00 (1.61,5.59) 0.001
BCAAs
First tertile 51 1.0 (reference) 54 1.0 (reference) 34 1.0 (reference)
Second tertile 87 2.20 (1.15,3.94) 0.016 78 2.18 (1.01,4.30) 0.025 51 1.94 (1.11,3.42) 0.021
Third tertile 100 2.33 (1.35,4.03) 0.002 106 3.63 (1.69,7.80) 0.001 80 3.10 (1.66,5.80) < 0.001
Threonine
First tertile 88 1.0 (reference) 90 1.0 (reference) 71 1.0 (reference)
Second tertile 85 0.99 (0.60,1.69) 0.983 81 0.92 (0.51,1.64) 0.774 51 0.58 (0.34,0.97) 0.039
Third tertile 65 0.57 (0.33,0.97) 0.038 67 0.63 (0.35,1.14) 0.125 43 0.44 (0.26,0.77) 0.004

@ Logistic regression was adjusted for age, gender, waist circumference, SBP, FBG, high TG status, low HDL-C status, use of glucose-lowering medications during
the previous 2 weeks of the survey, and use of lipid-lowering medications during the previous 2 weeks of the survey.

" Logistic regression was adjusted for age, gender, waist circumference, SBP, use of lipid-lowering medication during the previous 2 weeks of the survey, and use of
lipid-lowering medications during the previous 2 weeks of the survey EAAs, essential amino acids; sdLDL-C, small and low-density lipoprotein cholesterol; RLP-C,
remnant-like particle cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol.

¢ n: Number of events.

individuals, for the reference intervals (RIs) in Japanese individuals concentrations were significantly positively correlated with TG and
[29]. Compared with the levels of plasma EAAs in Japanese, there were negatively correlated with HDL-C, with no significant correlations
no large differences in the levels of plasma EAAs between our study and found between these amino acids and TC or LDL-C concentrations. In-
theirs. Several previous studies have reported that amino acid levels are terestingly, we found that BCAAs were also positively correlated with

associated with a perturbed lipid metabolism [3,10-12,30]. Consistent sdLDL-C and RLP-C. We compared the average levels of sdLDL-C and
with the data obtained in previous studies, we found that BCAA RLP-C in our study with the Multi-Ethnic Study of Atherosclerosis

Groups N(event number) OR(95%Cl) P for interaction
Valine®

First tertile (reference) 158(25) 1.0(reference)

Second tertile 159(61) —_— 2.95(1.70,5.13) <0.001

Third tertile 158(79) —_— 3.69(2.04,6.70) <0.001
Leucine®

First tertile (reference) 158(34) 1.0(reference)

Second tertile 159(51) —— 2.42(1.41,4.20) 0.001

Third tertile 158(80) . 2.72(1.49,4.96) 0.001
Isoleucine®

First tertile (reference) 159(29) 1.0(reference)

Second tertile 159(60) —a— 1.58(0.93,2.68) 0.093

Third tertile 158(76) —e— 2.67(1.51,4.74) 0.001
BCAAs®

First tertile (reference) 158(27) 1.0(reference)

Second tertile 159(57) — 2.49(1.42,4.35) 0.001

Third tertile 158(81) — 3.67(2.00,6.73) <0.001
Threonine®

First tertile (reference) 158(64) 1.0(reference)

Second tertile 159(60) Ha— 0.95(0.58,1.53) 0.808

Third tertile 158(41) [ 0.45(0.26,0.76) 0.003

11 3 s 7 9

Fig. 2. Association between branched-chain amino acids and threonine concentrations and the risk of atherogenic lipid triad.

@ Logistic regression was adjusted for age, gender, waist circumference, SBP, FBG, high TG status, high HDL-C status, use of glucose-lowering medications during the
previous 2 weeks of the survey, and use of lipid-lowering medications during the previous 2 weeks of the survey. ® Logistic regression was adjusted for age, gender,
waist circumference, SBP, FBG, high TG status, high HDL-C status, use of glucose-lowering medications during the previous 2 weeks of the survey, use of lipid-
lowering medications during the previous 2 weeks of the survey and total concentration of BCAAs.
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[23,31] and the Atherosclerosis Risk in Communities (ARIC) Study
[17]. We found that the levels of sdLDL-C and RLP-C in our study po-
pulation were very close to the levels of those two studies. To our
knowledge, this is the first study to evaluate the association between
plasma EAAs levels and high sdLDL-C or high RLP-C. The sdLDL sub-
fraction is a major contributor to the risk for incident cardiovascular
disease associated with LDL-C [17], and individuals with a pre-
dominance of small LDL particles have a larger atherogenic burden but
may have optimal LDL-C levels because of the lower cholesterol-car-
rying capacity of smaller lipoprotein particles [32]. RLP-C represents
the cholesterol content of triglyceride-rich lipoproteins [33], and ele-
vated RLP-C has been reported as a more likely causal factor of cardi-
ovascular disease than increased TG and reduced HDL cholesterol
[34-36]. sdLDL-C and RLP-C are thus closely related to atherogenic
diseases. In our study, we found that BCAAs were associated with high
sdLDL-C and RLP-C levels, even after adjustment for age, gender, WC,
SBP, FBG, high TG status, low HDL-C status, and use of lipid-lowing or
glucose-lowering medications during the previous 2 weeks of the
survey. These results indicate that elevated levels of BCAAs may be
associated directly with atherogenic diseases rather than via an increase
in TG levels or decrease in HDL-C. In addition, the catabolic pathway of
BCAAs has been shown to be associated with coronary artery disease
[37]. This is consistent with thr hypothesis we have described above.
However, the mechanism of the association between amino acids and
lipid concentrations remains unclear.

In addition, in the present study, a significant negative correlation
was observed between threonine and levels of sdLDL-C and TG, and
elevated threonine was associated with a reduced risk of high sdLDL-C,
high TG, and atherogenic lipid triad. Our findings are similar to the
Framingham Heart Study, which showed a negative correlation be-
tween threonine and TG levels [30]. In addition, Yamaguchi et al. also
showed that plasma threonine levels were higher in people without
dyslipidemia than in those with dyslipidemia [38]. However, these
studies failed to show statistical significant for these effects. Our results
showed a significant association between plasma threonine and reduced
risk of high sdLDL-C, high TG, and atherogenic lipid triad, which occurs
in numerous clinical settings associated with high cardiovascular risk
[39]. However, the mechanism of the relationship between threonine
and lipids has not yet been fully elucidated, although threonine sup-
plementation has been shown to reduce the concentrations of total
lipid, TG, liver cholesterol, and plasma LDL-C in rats [40] and ducks
[25]. Another study [26] reported that threonine dehydrogenase is
inhibited by certain fatty acids and their derivatives. The irreversible
degradation of threonine under the action of threonine dehydratase is
the sole pathway of threonine catabolism in humans [41,42]. There-
fore, an increase in lipid levels is accompanied by a decrease in
threonine levels, which is consistent with our finding that threonine is
negatively correlated with certain lipid components. However, further
studies are necessary to elucidate the mechanisms linking threonine
with these lipids.

The present study shows that BCAAs are positively correlated with
sdLDL-C, RLP-C, and TG levels while threonine is negatively correlated
with these parameters. Therefore, we further explored the association
between the pattern of low BCAAs and high threonine level with sdLDL-
C, RLP-C, and TG and found that participants in the category of low
BCAAs and high threonine concentrations had the lowest concentra-
tions of sdLDL-C, RLP-C, or TG compared with other participants. This
result further suggests that the pattern of low concentration of BCAAs
and high concentration of threonine may represent a protective factor
to reduce the prevalent risk of metabolic lipid disorders humans.

Our study had some limitations. First, the study population com-
prised middle-aged and older adults; therefore, extrapolation of our
results to individuals in other age groups requires caution. Second, the
associations between BCAAs and atherogenic dyslipidemia were iden-
tified in a cross-sectional analysis that does not permit inferences re-
garding causality to be made.
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In conclusion, our results suggest that elevated plasma BCAAs levels
are associated with an atherogenic lipid profile and increased threonine
is associated with a reduced risk of atherogenic lipid profile. These
findings support a new hypothesis whereby plasma amino acids may
represent a risk factor or protector for atherogenic disease. However,
further studies are necessary to clarify whether plasma BCAAs and
threonine levels are associated with the development of dyslipidemia
and the risk of atherosclerotic cardiovascular disease, and to elucidate
the mechanisms linking these factors.
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