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Objective: The objective of the study was to investigate the relationship of amino
acid metabolism with hypertriglyceridemia in diabetic patients under statins free of prior
cardiovascular diseases.

Methods: Two independent cross-sectional hospital based cohorts, i.e., Liaoning
Medical University First Affiliated Hospital (LMUFAH, n = 146) and the Second Affiliated
Hospital of Dalian Medical University (SAHDMU, n = 294) were included in the
current analysis. Hypertriglyceridemia was defined as triglyceride >1.7 mmol/L, and
well-controlled LDL-C was defined as <2.6 mmol/L. The adjusted ORs (95% ClI) of
circulating metabolic measures for hypertriglyceridemia were assessed using logistic
regression. Pooled results of metabolites with the same direction of association in
both cohorts were combined using inverse variance-weighted fixed-effect meta-analysis.
Difference of identified metabolites in patients with and without hypertriglyceridemia were
also obtained in the context of LDL-C.

Results: Patients, 86 and 106, were with hypertriglyceridemia in LMUFAH and
SAHDMU, respectively. We observed that elevated alanine, asparagine, leucine, and
valine were consistently associated with increased hypertriglyceridemia in both cohorts.
In fixed-effect pooled analysis, the OR (95% CI) per SD increase was 1.71 (1.32-2.20)
for alanine, 1.62 (1.20-2.19) for asparagine, 1.64 (1.22-2.20) for leucine, and 1.62
(1.22-2.13) for valine (all P values ranged from 0.0018 to <0.0001); adjusting for
C-peptide attenuated effect sizes of Ala, Leu, and Val for hypertriglyceridemia. The
difference were robust in groups with well- or bad-controlled LDL-C.

Conclusion: Among 23 amino acids, alanine, asparagine, leucine, and valine were
positively associated with increased residual risk of hypertriglyceridemia in diabetic
patients with statin treatment.
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INTRODUCTION

Hypertriglyceridemia (HTG) is defined as triglyceride >1.7
mmol/L. Recent evidence suggest that HTG, as a risk factor for
cardiovascular diseases (CVD), is independent of low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) (1-3). Patients with type 2 diabetes (T2D)
are more likely to have dyslipidemia and elevated CVD risk
(4, 5). For the prevention of CVD, lipid-lowering agents are
generally recommended for people with diabetes (6, 7). As first-
line lipid-lowering treatment, statins can markedly lower LDL-C
by blocking synthesis of cholesterol in the liver, and reduce CVD
risk subsequently (8, 9). By contrast, statins’ effect on triglyceride
(TG) is moderate, with high dose of statins reducing 20-40% of
TG (10, 11). Substantial residual HTG contributes to increased
risk of CVD even among diabetics with well statin-controlled
LDL-C (8, 12, 13). High dosage of statins can induce a range
of side effects related to rhabdomyolysis, cognitive impairment,
hepatotoxicity, and so on (14, 15). So instead of intensive use of
statins, combined medication may be a better option for patients
with poor response to current statin therapy. Additional efforts
are needed to identify these subjects and explore potential new
targets for their TG lowering.

Liquid chromatography-mass spectrometry (LC-MS) enables
high-throughput analysis of metabolites and provides novel
insight into metabolic pathway discovery (16). Amino acids are
important components for protein synthesis and play significant
roles in a number of physiological processes including energy
production, inflammation, signaling, insulin resistance, redox,
and so on (17-20). In this connection, amino acids were
identified as new biomarkers of chronic conditions such as
diabetes, CVD, and obesity (16, 21-23). Metabolites have the
potential of clinical utility with regard to assessing therapeutic
effectiveness and response (24). Given that both TG and amino
acids are closely linked to obesity and CVD development in T2D,
we would like to know whether plasma-free amino acids can
identify diabetic subgroups that can or cannot respond well to the
TG-lowering property of statins and perform as potential novel
therapeutic targets.

In this study, we aimed to assess (1) if amino acids are
associated with residual hypertriglyceridemia in diabetic patients
with statin treatment and (2) if the relationships remain in the
context of LDL-C. Two independent cross-sectional hospital-
based cohorts were included in the current analysis.

MATERIALS AND METHODS
Study Populations

The study involved individuals from two cross-sectional hospital-
based cohorts in China. Details of the two cohorts are as follows:

Liaoning Medical University First Affiliated Hospital

The details of this cohort are described elsewhere (25). Briefly,
from May 27, 2015 to August 3, 2016, serum metabolites were
quantified from 1,032 consecutive diabetic patients. Clinical
information was retrospectively extracted from electronic
medical records. Among 1,032 patients, 288 patients were

excluded due to lack of complete information on TG, LDL-
C, and HDL-C. Of the remaining 744 patients, 287 with prior
coronary heart disease (CHD) and stroke were excluded. Among
the remaining 457 patients, 146 were with statin treatment, and
311 were without statin treatment. Finally, the main analysis
included 146 individuals (1) with complete information on TG,
LDL-C, and HDL-C, (2) with complete metabolomic profile, (3)
without prior CHD and stroke, and (4) with statin treatment
(Figure 1). The protocol of the study was approved by the Ethics
Committee for Clinical Research of Liaoning Medical University
First Affiliated Hospital (LMUFAH). Informed consent was
waived due to the nature of the retrospective study, which was
in accordance with the Helsinki Declaration of 1964 and its
later amendments.

The Second Affiliated Hospital of Dalian Medical
University

From April 2018 to April 2019, a total of 1,024 consecutive
diabetic subjects were admitted into The Second Affiliated
Hospital of Dalian Medical University (SAHDMU) and agreed to
participate in this research. As in LMUFAH, electronic medical
records were collected. Serum metabolites were quantified in
748 of them. Subsequently, six patients were excluded due
to lack of complete information on TG, LDL-C, and HDL-
C. Of the remaining 741 patients, 110 with prior CHD and
stroke were excluded. The remaining 631 patients included 294
with statin treatment and 338 without statin treatment. The
final analysis was limited to 294 individuals (1) with complete
information on TG, LDL-C, and HDL-C, (2) with complete
metabolomic profile, (3) without prior CHD and stroke, and
(4) with statin treatment (Figure 1). The Ethics Committee for
Clinical Research of SAHDMU approved the ethics of the study,
and all the participants provided informed written consent.

Data Collection and Definitions

T2D was diagnosed by the 1999 World Health Organization’s
criteria (26) or treated with antidiabetic drugs. CHD was defined
as having a history of angina with abnormal electrocardiogram
or on stress test, myocardial infarction, angina coronary artery
bypass graft surgery, or angioplasty; stroke was defined as
non-fatal subarachnoid hemorrhage, intracerebral hemorrhage,
or other unspecified intracranial hemorrhage and ischemic
stroke; HTG was defined as triglyceride >1.7 mmol/L; treatment
goals was <2.6 mmol/L for LDL-C, <1 mmol/L in male or
<1.3 mmol/L in female for HDL-C, and <7% for glycated
hemoglobin (HbA1c) (6).

Other available information in the current analysis included
age, sex, current smoking, current drinking, body mass
index (BMI), systolic blood pressure (SBP), fasting C-peptide
(only available in SAHDMU), duration of diabetes, diabetic
nephropathy (DN), diabetic retinopathy (DR), and use of
antidiabetic agents. BMI was calculated as the ratio of weight
in kilograms to height squared in meters; DR was evaluated by
bilateral retinal photography and was defined as the presence
of microaneurysms, retinal hemorrhages, soft exudates, hard
exudates, or vitreous hemorrhage; DN was defined as persistent
albuminuria, progressive reduction in glomerular filtration rate,
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May 2015-August 2016
LMUFAH
T2D patients: N=1032

Y
metabolites available,
N=1032
Excluded N=288
(TG, LDL-C and HDL-C
unavailable) Y

TG, LDL-C and HDL-C
available, N=744

Excluded N=287
(Patients with prior
CVD) Y

Patients without prior CVD,
N=457

v v

April 2018-April 2019
SAHDMU
T2D patients: N=1024

Excluded N=276
(metabolites
unavailable) \

metabolites available,
N=748

Excluded N=6
(TG, LDL-C and HDL-C
unavailable) \

TG, LDL-C and HDL-C
available, N=741

Excluded N=110
(Patients with prior
CVD)

with statins
treatment,
N=146

without statins
treatment,
N=311

FIGURE 1 | Flow diagram of selection of subjects included in this study. LMUFAH, Liaoning Medical University First Affiliated Hospital; SAHODMU, the Second
affiliated hospital of Dalian Medical University; T2D, type 2 diabetes; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; CVD, cardiovascular diseases, including coronary heart disease and stroke.

Patients without prior CVD,
N=632

v v

without statins
treatment,
N=338

with statins
treatment,
N=294

and hypertension judged by clinicians (27); antidiabetic agents
included insulin and other oral antidiabetic agents.

Amino Acid Quantification

Details of the metabolomics assessment method were published
previously (28). Briefly, 8h of fasting blood sample was
collected at admission. A total of 23 amino acids, i.e., alanine
(Ala), asparagine (Asn), leucine (Leu), phenylalanine (Phe),
tryptophan (Trp), tyrosine (Tyr), valine (Val), arginine (Arg),
glycine (Gly), proline (Pro), threonine (Thr), citrulline (Cit),
glutamine (GlIn), histidine (His), lysine (Lys), methionine (Met),
serine (Ser), ornithine (Orn), glutamate (Glu), aspartate (Asp),
piperamide (Pip), cysteine (Cys), and homocysteine (Hcy),
were detected via LC-MS. AB Sciex 4000 QTrap system (AB
Sciex, Framingham, MA, USA) was used to conduct direct
injection MS metabolomic analysis. Analyst v1.6.0 software
(AB Sciex) was used for data collection. ChemoView 2.0.2
(AB Sciex) was used for data preprocessing. Isotope-labeled
internal standard samples were purchased from Cambridge
Isotope Laboratories (Tewksbury, MA, USA). Standard samples
of the amino acids were purchased from Chrom Systems
(Grafelfing, Germany).

Statistical Analysis

Characteristics of participants in two cohorts were described
and compared according to TG levels (TG <1.7 vs. >1.7
mmol/L). Continuous data with normal distribution were
expressed as the mean =+ standard deviation (SD), while

data with skewed distribution were presented as median with
interquartile range (IQR). Normality was tested by checking the
Q-Q plot. Categorical data were presented as n (%). Differences
between subjects with optimal TG and HTG were compared by
Student’s t-test (or Mann-Whitney U test when appropriate)
for continuous variables and Chi-square test (or fisher test if
appropriate) for categorical variables. False discovery rate (FDR)
was calculated for multiple comparisons of 23 amino acids and g
< 0.05 was defined as statistically significant.

According to FDR, four amino acids with the same direction
of association in both cohorts were selected into further analysis.
The ORs (95% CI) of four circulating metabolic measures
with HTG were assessed using logistic regression. Before
introducing into regression models, all metabolites were scaled
to SD concentrations separately for each cohort. A structured
adjustment scheme was used to control for confounders: model 1,
adjusted for age and sex; model 2, adjusted for variables in model
1 plus BMI, duration of diabetes, and DN; and model 3, adjusted
for variables in model 2 plus HDL-C, LDL-C, and HbAlc. To
explore whether insulin action mediated part of the effects of
amino acid metabolism, we also adjusted for variables in model
3 plus C-peptide in model 4. Pooled results from individual
cohorts were combined using inverse variance-weighted fixed-
effect meta-analysis.

Pearson or Spearman correlation was used to calculate the
coeflicients within selected metabolites and clinical biochemical
parameters, i.e., four amino acids, TG, HDL-C, LDL-C, HbAlc,
and C-peptide.
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TABLE 1 | Clinical and biochemical characteristics of participants in two cohorts according to TG levels.

LMUFAH SAHODMU
TG < 1.7 mmol/L TG > 1.7 mmol/L P TG < 1.7 mmol/L TG > 1.7 mmol/L P

N 60 86 106 188
TG, mmol/L 1.13 (0.83-1.35) 2.48 (2.03-3.20) <0.0001 1.11 (0.88-1.42) 2.68 (2.04-3.87) <0.0001
Age, years 56.0 + 11.2 55.0 +12.2 0.6047 62.2 +11.0 57.8+12.7 0.0011
Sex, male 33 (55.0) 48 (55.8) 0.9224 62 (58.5) 89 (47.9) 0.0663
Duration of diabetes, years 5 (0-11) 5 (0-10) 0.8364 11 (4-17) 8 (2-15) 0.0754
Body mass index, kg/m2 244+ 3.4 26.3+ 3.4 0.0016 26.6 +£4.5 27.0+£ 3.5 0.3727
Current smoking 25 (41.7) 33 (38.4) 0.6890 25 (23.6) 39 (20.7) 0.5710
Current drinking 20 (33.9) 33 (38.4) 0.5333 10(9.4) 22 (11.7) 0.5488
Systolic blood pressure, mmHg 140.0 + 24.2 138.0 £ 22.5 0.6073 162.2 +19.8 148.9 +21.3 0.1947
HbA1c, % 10.3+23 98+22 0.1774 89+22 9.2+21 0.1747

>7.0 47 (94.0) 70 (90.9) 0.7389 83 (78.3) 162 (86.2) 0.0822
HDL-C, mmol/L 117 £0.36 1.09 £ 0.29 0.1886 1.41 £0.42 1.08 + 0.31 <0.0001

<1.00 in male or <1.30 in female 35 (58.3) 55 (64.0) 0.4920 23 (21.7) 115 (61.2) <0.0001
LDL-C, mmol/L 3.13 + 0.96 3.56 + 1.04 0.0118 2.97 +0.80 2.68 + 0.97 0.0062

>2.60 42 (70.0) 72 (83.7) 0.0486 81 (76.4) 103 (54.8) 0.0002
Fasting C-peptide, ng/ml - - - 1.12 (0.81-1.55) 1.75 (1.26-2.34) 0.0002
Antidiabetic agents 60 (100.0) 83 (96.5) 0.2688 101 (95.3) 176 (93.6) 0.6147
Diabetic nephropathy 23 (38.3) 21 (24.4) 0.0714 51 (48.1) 87 (46.3) 0.7619
Diabetic retinopathy 14 (23.3) 17 (19.8) 0.6042 26 (25.2) 58 (31.2) 0.2868

TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbATc, glycated hemoglobin; LMUFAH, Liaoning Medical University First

Affiliated Hospital;, SAHODMU, the Second affiliated hospital of Dalian Medical University.
Data are mean =+ standard deviation, median (IQR), or n (%).

P values were derived from independent-samples Student t test for normally distributed variables, Mann-Whitney U test for skewed distributions, Chi-square test (or fisher test if

appropriate) for categorical variables. P < 0.05 was defined as statistically significant.

To explore associations between amino acids and residual
HTG in the context of LDL-C, we also repeated Student’s ¢-test
(or Mann-Whitney U test when appropriate) in subjects with
LDL-C <2.6 mmol/L and LDL-C >2.6 mmol/L separately. Box
plot was used to exhibit the distribution and difference visually.
The same procedures were conducted in groups with either
normal or abnormal HbAlc, and groups with either normal or
abnormal HDL-C.

Given that we did not collect a specific dose of statins,
to eliminate possible impact of statins on association between
amino acids and TG, we also compared metabolic profile in
subjects without statin treatment according to TG levels and
obtained ORs (95% CI) using logistic regression as well.

All analyses were performed using SAS version 9.4 (SAS
institute Inc., Cary, NC, USA) and R version 3.6.2.

RESULTS

Characteristics of the Study Population

The characteristics of the study participants are shown in Table 1.
Characteristic distribution was different in two cohorts. In
LMUFAH, among 146 subjects, 86 of them were with HTG. The
146 patients had a mean age of 55.4 (SD: 11.5) years and median
duration of T2D of 5 (IQR: 0-10) years. Compared with patients
with normal TG, patients with HTG had higher BMI and LDL-
C.In SAHODMU, 106 of 294 subjects were with HTG. Mean age

of 294 patients was 59.0 (SD: 12.2) years, and median duration
of diabetes was 9 (IQR: 3-16) years. Compared with patients
with normal TG, patients with HTG was younger and had
lower HDL-C, LDL-C, and higher fasting C-peptide. Difference
of other characteristics were not statistically significant in each
cohort (Table 1).

Differences in Individual Amino Acids

According to Triglyceride Levels
We observed four metabolites, i.e., Ala, Asn, Leu, and Val,
demonstrating significant associations (all FDRs <0.05) in the
same direction with HTG in both cohorts. Other amino acids
were similar between patients with and without HTG (Table 2).
For the subgroup with LDL-C <2.6 mmol/L, the directions
of associations between amino acids and HTG were consist with
the directions in the total group. However, in LMUFAH, the only
difference in Ala was significant (P < 0.05). We speculated a non-
significant difference in other three amino acids derived from a
small sample size (N = 32); in SAHODMU, the difference in Asn,
Leu, and Val were significant (P < 0.05), while the difference in
Ala was not significant (Figure 2). For the subgroup with LDL-
C >2.6 mmol/L, the directions of associations between amino
acids and HTG were also consist with the directions in the total
group, and all differences were significant except for Asn in
SAHODMU (Figure 3).
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TABLE 2 | Plasma amino acids levels in two cohorts according to TG levels.

LMUFAH SAHODMU
TG < 1.7 mmol/L TG > 1.7 mmol/L q TG < 1.7 mmol/L TG > 1.7 mmol/L q
Ala, pmol/L 119.70 £ 37.28 136.70 + 40.31 0.0109 164.90 + 50.98 185.70 £ 57.04 0.0092
Arg, pwmol/L 8.67 (5.24-15.01) 10.56 (5.77-16.65) 0.4471 3.36 (1.88-4.61) 2.80 (1.86-4.56) 0.8663
Asn, pmol/L 72.23 +19.55 84.12 + 24.09 0.0219 69.60 + 16.67 78.22 + 25.54 0.0029
Asp, pmol/L 27.59 +12.17 29.86 + 10.99 0.3966 25.79 + 10.53 28.14 +12.30 0.3157
Cit, pmol/L 21.19 £ 6.94 20.91 +£7.32 0.8926 24.67 (20.48-30.63) 2217 (17.18-29.75) 0.0157
Cys, wmol/L 1.24 +0.58 1.31 £0.58 0.5591 1.33 (0.80-1.87) 1.29 (0.85-1.94) 0.8663
GIn, pmol/L 6.31 (4.71-8.71) 7.40 (5.79-9.14) 0.1734 8.50 (5.72-11.06) 7.97 (5.83-11.02) 0.8663
Glu, pmol/L 87.99 (75.81-102.94) 94.78 (83.50-111.10) 0.0843 129.08 (104.02-157.22) 129.58 (107.28-153.97) 0.8663
Gly, pmol/L 184.30 £ 72.09 210.10 + 80.46 0.1592 165.10 (141.94-185.09) 162.88 (144.52-186.65) 0.3157
Hey, wmol/L 7.91 (6.45-8.63) 7.72 (6.40-8.16) 0.3291 8.57 (8.02-9.27) 8.48(8.01-9.17) 0.8663
His, pmol/L 41.28 (32.77-66.60) 47.31 (34.91-77.75) 0.2578 64.27 (42.37-93.25) 67.07 (42.16-99.20) 0.7181
Leu, pmol/L 120.00 + 39.89 145 + 48.52 0.0219 111.34 (95.16-126.09) 122.35 (106.21-148.89) 0.0023
Lys, pwmol/L 130.30 + 60.30 131.30 + 59.29 0.9194 134.32 (99.20-173.80) 137.53 (86.14-191.94) 0.8663
Met, pmol/L 16.47 (13.99-21.43) 16.37 (14.21-21.10) 0.6456 14.80 £ 3.95 14.40 £5.14 0.8663
Orn, pmol/L. 16.57 (12.44-23.93) 17.49 (12.95-22.57) 0.9194 11.24 (9.11-14.28) 11.53 (8.41-14.98) 0.8751
Phe, pmol/L 42.62 + 12.05 47.34 £11.45 0.0823 40.38 £ 12.05 38.95 £ 11.19 0.7181
Pip, wmol/L 128.37 (98.83-182.87) 124.67 (92.52-153.26) 0.3966 191.60 £ 76.82 194.00 + 94.09 0.8663
Pro, wmol/L 486.90 + 178.80 520.70 + 186.90 0.3966 423.40 + 153.00 496.90 + 166.20 0.0023
Ser, pmol/L 51.21 (42.53-63.04) 51.25 (44.69-67.80) 0.4112 45.583 £ 10.59 4511 £12.07 0.8663
Thr, wmol/L 23.26 £ 7.18 25.46 + 6.82 0.1592 24.54 +7.59 23.97 £ 7.46 0.8663
Trp, pmol/L 4417 £12.47 48.39 + 13.61 0.1592 39.38 + 11.21 41.78 £ 12.91 0.3157
Tyr, pumol/L 43.86 (34.27-54.65) 46.71 (38.20-56.51) 0.2593 51.84 + 15.04 52.81 +17.29 0.8663
Val, pmol/L 129.70 £ 33.28 147.20 + 36.53 0.0284 141.60 £+ 32.37 157.50 + 43.92 0.0029

TG, triglyceride; LMUFAH, Liaoning Medical University First Affiliated Hospital; SAHODMU, the Second affiliated hospital of Dalian Medical University; Ala, aanine; Asn, asparagine; Leu,
leucine; Phe, phenylalanine; Trp, tryptophan; Tyr, tyrosine; Val, valine; Arg, arginine; Gly, glycine; Pro, proline; Thr, threonine; Cit, citrulline;Gln, glutamine; His, histidine; Lys, lysine; Met,
methionine; Ser, serine; Orn, ornithine; Glu, glutamate; Asp, aspartate; Pip, piperamide, Cys, cysteine; Hcy, homocysteine.
Data are mean =+ standard deviation, median (IQR), or n (%).
False discovery rate was calculated for multiple comparisons and q < 0.05 was defined as statistically significant.

Besides, in subgroups with different HbAlc or HDL-C,
the differences in these four amino acids were robust too,
although some of them were not statistically significant (majority
with marginal significance) due to their small sample sizes
(Supplementary Figures 1, 2).

Correlations Within Selected Amino Acids

and Clinical Biochemical Parameters

Amino acids were positively associated with each other and TG in
both cohorts. There were only slight or no correlations between
amino acids and HbAlc, with negative direction in LMUFAH
and positive direction in SAHODMU. C-peptide was positively
associated with amino acids (correlation coefficients ranged from
0.16 to 0.25) (Figure 4).

Associations Between Selected Amino
Acids and Hypertriglyceridemia

As shown in Table 3, the associations of these four metabolites
with HTG risk remained after further adjustments of traditional
risk factors, i.e., age, sex, BMI, duration of diabetes, and DN. In
fixed-effect pooled analysis, the ORs (95% CI) of per SD increase

were 1.49 (1.2-1.85) for Ala, 1.75 (1.35-2.26) for Asn, 1.74 (1.35-
2.23) for Leu, and 1.58 (1.24-2.00) for Val (all P values ranged
from 0.0003 to <0.0001) (model 2). When further adjusted
for HDL-C, LDL-C, and HbAlc, the pooled effect sizes were
1.71 (1.32-2.20) for Ala, 1.62 (1.20-2.19) for Asn, 1.64 (1.22—
2.20) for Leu, and 1.62 (1.22-2.13) for Val (all P value ranged
from 0.0018 to <0.0001). Adjusting for C-peptide attenuated
associations in model 3, except for Asn (Ala, 7.9%; Leu, 2.7%;
Val, 8.3%).

In diabetic patients without statin treatment, the associations
between amino acids and HTG were in accordance with findings
in the group with statin therapy, although the effect sizes were
attenuated (Supplementary Tables 1, 2).

DISCUSSION

In this cross-sectional investigation in two independent hospital-
based studies of targeted metabolomics and HTG risk, we
identified four amino acid metabolites, including Ala, Asn,
Leu, and Val, consistently associated with increased risk of
HTG despite statin use. Besides, the associations were robust
in the context of LDL-C, suggesting that abnormal amino
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FIGURE 2 | Plasma amino acids levels in patients with LDL-C <2.6 mmol/L according to TG levels. LDL-C, low-density lipoprotein cholesterol; TG, triglyceride;
LMUFAH, Liaoning Medical University First Affiliated Hospital; SAHODMU, the Second affiliated hospital of Dalian Medical University; Ala, Alanine; Asn, Asparagine;
Leu, Leucine; Val, Valine. *P < 0.05; **P < 0.01; **P < 0.001.
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FIGURE 3 | Plasma amino acids levels in patients with LDL-C > 2.6 mmol/L according to TG levels. LDL-C, low-density lipoprotein cholesterol; TG, triglyceride;
LMUFAH, Liaoning Medical University First Affiliated Hospital; SAHODMU, the Second affiliated hospital of Dalian Medical University; Ala, Alanine; Asn, Asparagine;

Leu, Leucine; Val, Valine. *P < 0.05; **P < 0.01; **P < 0.001.

acid metabolism contributed to residual HTG ignorant of
LDL-C levels.

Although the relationships between amino acids and lipid
abnormality were yet completely clarified, their associations
have been investigated in many studies. Compared with healthy
controls, patients with abnormal BMI or non-alcoholic fatty liver

disease have profound perturbation of amino acid metabolism
(29, 30). Several cross-sectional and longitudinal studies also
showed that amino acid signature significantly predicted future
hypertriglyceridemia in children (31, 32). Among these altered
amino acids, branched-chain amino acids (BCAAs) was the most
robust regarding linkage to lipid abnormality.
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Generally, after absorption from the intestines, BCAAs are
first transaminated to branched-chain keto acids (BCKAs)
by branched-chain amino acid transaminase. Then BCKAs
are oxidized by branched-chain a-keto acid dehydrogenase
(BCKDH), the rate-limiting enzyme complex. Subsequently,
downstream products with further enzymes were involved
in metabolism and provide many physiological benefits via
mechanisms such as regulating B-cell function and adipose
tissue metabolism (33, 34). However, emerging evidence has
revealed that impaired adipose BCAA catabolic pathway with
suppressed BCKDH activity (i.e., accumulation of circulating
BCAAs and BCKAs) can lead to B-cell dysfunction through
mechanisms including chronic hyperactivation of mammalian
target of rapamycin (mTOR) signaling, oxidative stress, and so
on (18, 35). In this connection, insulin promotes storage of
TG in adipose tissues and reduces circulating level and ectopic
storage. Conversely, insulin resistance and deficiency in T2D
accelerates lipolysis in adipocytes and excessive secretion of TG-
rich lipoprotein such as very low-density lipoprotein cholesterol
(VLDL-C) and LDL-C from the liver (5). Previous studies
found that BCAA was positively associated with plasma TG in
non-diabetic cohorts (31, 32, 36), which is consistent with our
findings in the present diabetic group. Moreover, we also found
that C-peptide, a byproduct of proinsulin and a good predictor of
insulin resistance (37), only mediated partial effects of BCAA on
TG. This finding is also in accordance with earlier prospective
research in non-diabetic young to elderly population, where
associations between BCAA and HTG remained significant even
after controlling for insulin resistance (32, 38). Our study further

emphasizes the complex pathological mechanisms of BCAA
beyond insulin resistance.

Apart from BCAA, we also identify a positive association
between Ala and TG as several previous studies in non-diabetes
(30, 39). Ala plays a key role in the glucose-alanine cycle between
tissues and the liver. Briefly, in muscle and other tissues, pyruvate
accepts an amino group from glutamate through the action
of alanine aminotransferase (ALT), forming alanine, and a-
ketoglutarate. In fasting, Ala can also derive from muscle protein
breaking down. The alanine enters the bloodstream and then
the liver, where the ALT reaction takes place in reverse, and
generates glucose subsequently (40). Thus, elevated Ala in the
current study may be a marker of enhanced muscle glycolysis,
muscle protein breaking down, or liver injury. In accordance with
this assumption, impaired carbon metabolism, and liver function
always accompany rising TG (41, 42).

Findings regarding Asn in our study was opposite to previous
research: Takashina et al. classified 83 subjects with normal
glucose tolerance as obese or non-obese, and as visceral obesity
or non-visceral obesity, and analyzed correlations between 23
plasma amino acids and obesity. They found that obesity or
visceral obesity was negatively associated with Asn (43). In
a case-control study of Iranian adults, compared with 100
controls, 200 obese patients had lower levels of Asn (29). As we
speculated before, the discrepancy may derive from population
heterogeneity. Although Asn may perform as a protective
factor in these two scenarios, accelerated Asn consumption
leads to a decreasing Asn level, while activating asparagine
synthetase gene (ASNS) may lead to increasing circulating
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TABLE 3 | Associations between amino acids and hypertriglyceridemia in two cohorts.

LMUFAH SAHODMU Pooled

OR (95% CI) P OR (95% ClI) P OR (95% CI) P
Model 1
Ala 1.59 (1.11-2.28) 0.0122 1.51 (1.16-1.97) 0.0024 1.54 (1.24-1.90) <0.0001
Asn 1.98 (1.27-3.08) 0.0024 1.64 (1.19-2.25) 0.0025 1.75 (1.35-2.26) <0.0001
Leu 1.99 (1.29-3.06) 0.0018 1.79 (1.31-2.46) 0.0003 2.37 (1.62-3.47) <0.0001
Val 1.76 (1.19-2.59) 0.0047 1.51 (1.14-2.01) 0.0045 1.59 (1.27-2.01) <0.0001
Model 2
Ala 1.47 (1.02-2.13) 0.0399 1.50 (1.15-1.97) 0.0028 1.49 (1.20-1.85) 0.0003
Asn 1.77 (1.16-2.71) 0.0091 1.74 (1.256-2.42) 0.0011 1.75(1.356-2.29) <0.0001
Leu 1.73 (1.11-2.69) 0.0147 1.74 (1.29-2.35) 0.0003 1.74 (1.35-2.23) <0.0001
Val 1.55 (1.03-2.32) 0.0344 1.59 (1.19-2.14) 0.0020 1.58 (1.24-2.00) 0.0002
Model 3
Ala 1.60 (1.04-2.46) 0.0340 1.77 (1.29-2.41) 0.0004 1.71 (1.32-2.20) <0.0001
Asn 1.91 (1.16-3.15) 0.0114 1.47 (1.01-2.15) 0.0456 1.62 (1.20—2.19) 0.0018
Leu 2.03(1.18-3.49) 0.0105 1.50 (1.06-2.13) 0.0233 1.64 (1.22-2.20) 0.0010
Val 1.71 (1.05-2.77) 0.0309 1.57 (1.11-2.21) 0.0104 1.62 (1.22-2.13) 0.0008
Model 4
Ala = = 1.68 (1.17-2.27) 0.0040 - -
Asn - - 1.47 (0.99-2.21) 0.0595 - -
Leu - - 1.46 (1.01-2.09) 0.0420 - -
Val - - 1.44 (1.01-2.04) 0.0425 - -

TG, triglyceride; LMUFAH, Liaoning Medical University First Affiliated Hospital; SAHODMU, the Second affiliated hospital of Dalian Medical University; OR, odds ratio; Cl, confidence

interval; Ala, Alanine; Asn, Asparagine; Leu, Leucine; Val, Valine.
Logistic regression was used to obtain per standard deviation increased OR.
Model 1, adjusted for age and sex.

Model 2, adjusted for variables in model 1 plus body mass index, duration of diabetes and diabetic nephropathy.
Model 3, adjusted for variables in model 2 plus high-density lipoprotein cholesterol, low-density lipoprotein cholesterol and glycated hemoglobin.

Model 4, adjusted for variables in model 3 plus C-peptide.

Asn (25, 44). More investigations are warranted to clarify
the difference.

Genetic and epidemiologic evidence have provided robust
evidence for the causal role of HTG for CVD risk (2). In terms of
lowering TG, fibrates, niacin, and fish oil have better performance
than statins (10, 45). A combination of statins and other lipid-
lowering agents was considered in mixed dyslipidemia, which
raises some safety concerns. For example, niacin may increase
the risk of diabetes (46); fibrates may compound rhabdomyolysis
induced by statins (47); fish oil was proved to attenuate
cardiovascular diseases and NAFLD in the general person;
however, its effect in the diabetic group is controversial (48).
More targets, especially in patients with diabetes, are required
for TG management. In the present study, the adverse effects of
amino acids on TG were not eliminated by statins, so amino acids
may provide additional benefits beyond statins.

Our study has significant implications for clinical practice.
As stated above, controlling cardiometabolic risk factors plays
a central role in CVD prevention of patients with diabetes.
TG management was recently recommended, whereas agents
including statins reduced only partial HTG risk. Amino acids
can be novel targets in diabetic subjects with statin therapy.
Our study found associations between amino acids and residual
HTG risk, which may have partially been mediate by insulin

resistance, suggesting that patients with residual HTG may
benefit from the regulation of amino acid metabolism. Agents
targeting amino acids can be an option for combinations with
statins. Besides, more intensive treatment on insulin resistance
may also be recommended in the absence of hypoglycemia. Apart
from clinical practice, our study also generated new hypotheses
for basic science: First, the mechanism linking amino acids with
TG requires more investigations. Second, lipid abnormalities may
explain some links between amino acids and increased CVD risk
in T2D.

There are several limitations in our study too. First, provided
the nature of cross-sectional study design, the causal relationship
cannot be established, and prospective cohorts are warranted.
Second, we did not collect the dose and frequency of statins.
Instead, we repeated the analysis in the subgroups without
statin treatment. The associations between amino acid and
HTG still existed. So the difference in amino acids metabolism
between patients with and without HTG may not be derived
from disparity of dose and frequency of statin therapy. Third,
a large amount of observations have revealed that amino
acid metabolism is often deregulated in diabetic patients.
Diabetes may bias our finding. Nevertheless, a previous study
in non-diabetic young to elder subjects also found robust
relationships between amino acids and TG.
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In conclusion, we detected positive associations between four
amino acids, i.e., Ala, Asn, Leu, and Val, and residual HTG
risk in patients with diabetes and statin treatment. Prospective
researches are needed to confirm the findings, and experimental
studies are needed to elucidate the underlying mechanism that
will shed light on the prevention of HTG, subsequently, CVD in
diabetes with statins.
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