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ABSTRACT

This study aimed to elucidate whether dietary amino acids (AAs) composition is associated with type 2 diabetes
mellitus (T2DM) and to investigate how serum AAs profiles mediated this association. Two prospective cohorts
of 1750 and 4024 adults were enrolled. Dietary AAs compositions index (AACI) was developed to reflect the
overall quality of dietary AAs composition. Multivariate linear regression and logistic regression models were
used to examine associations of AACI and T2DM. The AACI was associated with the incidence of T2DM with the
relative risk and 95%Cl from the bottom to the top tertiles being 1.00, 1.49 (0.88-2.51) and 2.27 (1.20-4.28), and
1.00, 1.58 (1.13-2.19) and 2.33 (1.56-3.47) in the two cohorts, respectively. The AACI was positively associated
with serum valine, isoleucine, glutamic acid and phenylalanine, and it was negatively associated with serum
glycine and histidine in both cohorts (P<0.01). Valine, glutamic acid and histidine consistently and partially
mediated the association between the AACI and T2DM in the two cohorts, with total mediation effects of 33.4%
and 54.6%, respectively. Dietary AAs composition was associated with the incidence of T2DM, meanwhile, the
relationship was mediated by some degree of serum AAs. Future dietary strategies should focus on the
improvement of the overall quality of dietary AAs compositions.

INTRODUCTION Previous studies commonly focused on relationships
between an individual dietary amino acid and T2DM
Amino acids (AAs) have been increasingly studied as [3-7], but ignored that different dietary AAs

playing roles in the development of insulin resistance composition in the overall diet may influence the

and type 2 diabetes mellitus (T2DM) [1, 2]. However,
current studies regarding the relationship between
dietary AAs and T2DM have been frequently
inconsistent [3-7], and it is still largely unknown
whether and how serum AAs mediated the relationship
between dietary AAs and T2DM.

biological value of protein intake, resulting in different
absorbed-, utilized- and metabolic-rates of AAs [8-11],
which may contribute to these inconsistent results.
Further, the varied absorbed-, utilized- and metabolic-
rates of AAs in different dietary AAs composition also
make it difficult to capture the link between an
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individual amino acid and its plasma levels. Therefore,
intake of a single kind of amino acid may not be
commonly reflected in its serum amino acid level,
meanwhile, making it remain controversial whether the
relationship between dietary AAs and T2DM was
mediated by serum AAs [3, 12-14]. These key
questions probably hampered the development of useful
dietary guidelines of AAs in the prevention and
management of T2DM.

The concept of human requirement amino acids pattern
(HRAAP) may provide clues for solving these
questions. It provides and emphasizes the necessity of a
suitable composition of dietary essential AAs to achieve
optimal amino acid metabolism, which could maintain
the normal function of tissues and organs in the body
[15]. However, there is still no study that has assessed
whether this concept could be applied in the field of
T2DM. Based on this concept, we hypothesized that to
prevent T2DM, overall dietary AAs compositions
should adhere to the HRAAP. The closer adherence to
the HRAAP, the higher absorbed-, utilized- and
metabolic-rates of AAs in the body were, which thereby
maintained plasma AAs profiles at appropriate levels.
Otherwise, the absorbed-, utilized- and metabolic-rates
of AAs will be influenced, showing disordered plasma
AAs profiles, and some dysregulated AAs may result in
insulin resistance and subsequent T2DM.

To validate our hypothesis, we intended to construct
dietary AAs compositions index (AACI) to reflect the
extent to which overall dietary AAs compositions
adhere to the HRAAP, and examined the association
between AACI and future risk of T2DM in two
prospective cohorts. Once the association between
AACI and T2DM was confirmed, we intended to
further clarify whether the association between the
AACI and T2DM was mediated by serum AAs that to
provide complete evidence in this issue.

RESULTS

Baseline characteristics of participants in the two
cohorts

Participants in the HDNNCDS were older, and had
higher alcohol consumption rate, calorie intake, protein
intake and saturated fat intake than those in the HPHS.
Fasting glucose, TC, TG, LDL-C were significantly
higher in the HDNNCDS than those in the HPHS
(Supplementary Table 1). The mean levels of study
variables according to tertiles of AACI were presented
in Table 1. In the HDNNCDS, as the AACI at baseline
increased from the bottom to the top tertile, the
proportion of men, smoking rate, alcohol rate, BMI
gradually increased, and protein intake, fiber intake,

saturated fatty acid intake, TC levels, HDL-C levels
gradually decreased. In the HPHS, BMI gradually
increased, and protein intake, saturated fatty acid intake,
HDL-C gradually decreased (P<0.05 for all cases).

Association between AACI and incidence of T2DM

Associations between AACI and incidence of T2DM in
the two cohorts were presented in Table 2. In the HPHS,
compared with participants in the lowest tertile of AACI,
the RRs (95% Cls) for those in the second and third, were
150 (95% CI 0.90-2.51) and 2.19 (1.16-4.11) (P for
rend=0.015), with adjustment for demographic and
nutritional covariates. When the model additionally
included biochemical indices, this association become
marginally significant. The RRs (95% ClIs) were 1.00
(reference), 1.49 (0.88-2.51) and 2.27 (1.20-4.28) (P for
wens=0.012). In the HDNNCDS, compared with
participants in the lowest tertile of AACI, the RRs (95%
Cls) for those in the second and third, were 1.55 (95% CI
1.12-2.15) and 2.28 (1.54-3.39) (P for trend=0.001), with
adjustment for demographic and nutritional covariates.
When the model additionally included HOMA-IR and
blood lipid profiles, the association between the AACI
and risk of T2DM remained significant. The RRs (95%
Cls) were 1.00 (reference), 1.58 (1.13-2.19) and 2.33
(1.56-3.47) (P for tend=0.001). The two cohorts
consistently showed that increased AACI was associated
with an increased risk of T2DM. In the multivariable
regression models (Table 2), the standardized regression
coefficients (B) of AACI to HbAlc were 0.084 (P=0.003)
and 0.036 (P=0.049) in the HPHS and HDNNCDS,
respectively, after adjustment for all the above covariates.
The two cohorts consistently showed positive association
between AACI and HbAlc.

Association of AACI with serum AAs profiles

Associations of AACI with serum AAs profiles in the
two cohorts were presented in Table 3. In the HPHS,
AACI was positively associated with levels of serum
glutamine,  valine, isoleucine, glutamic  acid,
phenylalanine, and it was negatively associated with
levels of glycine, proline, histidine (all the P<0.01). In
the HDNNCDS, AACI was positively associated with
leucine, valine, isoleucine, serine, alanine, phenylalanine,
tryptophan, and it was negatively associated with levels
of glycine and histidine (all the P<0.01). The AACI was
consistently associated with six of eighteen serum AAs
including valine, isoleucine, glycine, glutamic acid,
phenylalanine, histidine in the two cohorts.

Association of serum AAs profiles with T2DM

As six serum AAs were consistently observed to be
associated with AACI in the two cohorts, the
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Table 1. Baseline characteristics of participants by tertiles of AACI in the HPHS and HDNNCDS.

HPHS HDNNCDS

Tertile 1 Tertile 2 Tertile 3 p_value Tertile 1 Tertile 2 Tertile 3 P-value

(N=584) (N=582) (N=584) (N=1341) (N=1341) (N=1342)
Age (years) 44.9 (10.7) 46.5 (10.3) 46.4 (10.3) 0.017 48.7 (9.7) 49.6 (9.4) 50.3 (9.6) <0.001
Men [n (%)] 149 (25.5) 194 (33.3) 194 (33.2) 0.005 362 (27.0) 454 (33.9) 524 (39.0)  <0.001
BMI (kg/m?) 24.7 (3.5) 25.3 (3.4) 25.4 (3.5) 0.018 24.6 (3.4) 24.9 (3.5) 25.1 (3.5) 0.047
Regular exercise habits [n (%)] 327 (56.0)  331(56.9)  333(57.0) 0.929 642 (47.9) 617 (46.0) 621 (46.3) 0.578
Over senior middle school [n (%)] 393 (67.3) 374 (64.3) 346 (59.2) 0.015 1056 (78.7) 985 (73.5) 858 (63.9) <0.001
Current smokers [n (%)] 72 (12.3) 92 (15.8) 94 (16.1) 0.253 181 (13.5) 198 (14.8) 243 (18.1) <0.001
Current drinkers [n (%)] 177 (30.3) 171 (29.4) 155 (26.5) 0.333 505 (37.7) 433 (32.3) 475 (35.4) 0.014
Energy intake (kcal/day) 2237 (941) 2177 (748) 2345 (832) 0.003 2297 (801) 2311 (1000) 2530 (830)  <0.001
Protein (g/day) 75.7(24.7)  645(255) 63.8(24.8)  <0.001  78.0(50.1) 69.4(286)  70.1(26.2)  <0.001
Fiber (g/day) 13.6 (8.5) 14.3 (6.7) 14.7 (6.3) 0.061 12.4(7.0) 14.4 (6.7) 15.3(6.9)  <0.001
Saturated fatty acid (g/day) 18.1 (8.0) 14.7 (5.9) 12.0 (4.3) <0.001 19.3 (10.8) 15.9 (6.9) 13.5(5.1) <0.001
Fasting glucose (mmol/L) 4.65 (0.68) 4.71 (0.68) 4.76 (0.73) 0.104 4.53 (0.64) 4.53(0.72) 4.49 (0.72) 0.294
2-hour glucose (mmol/L) 5.67 (1.64) 5.69 (1.68) 5.66 (1.69) 0.892 5.74 (1.59) 5.78 (1.62) 5.88 (1.70) 0.079
HbAlc (%) 4.95 (0.51) 5.00 (0.56) 5.08 (0.61) <0.001 5.52 (0.87) 5.52 (0.93) 5.67 (0.63) <0.001
Fasting insulin (LU/mL) 8.31(6.94) 837(9.15)  8.49(9.91) 0.964 851(6.20) 8.75(12.4)  8.39(7.89) 0.727
TG (mmol/L) 1.66(1.22)  1.75(1.32)  1.79 (1.39) 0.568 1.62 (1.57)  1.67(1.53)  1.79(1.73)  0.345
TCHO (mmol/L) 4.94 (0.93) 4.86 (0.91) 4.93 (0.95) 0.157 5.20 (1.03) 5.08 (0.98) 5.09 (1.01) 0.001
HDL-C (mmol/L) 1.33(0.32) 1.28 (0.32) 1.24 (0.32) <0.001 1.32(0.33) 1.26 (0.32) 1.22(0.31) <0.001
LDL-C (mmol/L) 2.93(0.98) 2.88 (0.97) 2.80 (0.96) 0.062 3.01(0.87) 2.97 (0.82) 3.02 (0.88) 0.323

Mean * Standard Deviation was used for continuous variables.

One-way ANOVA was used for continuous variables; Chi-square test was used for categorical variables. BMI, body mass index;
TG, triglyceride; TCHO, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; HbAlc, glycosylated hemoglobin; HPHS, Harbin People health Study; HDNNCDS, the Harbin Cohort Study on Diet,
Nutrition and Chronic Noncommunicable Disease.

Table 2. RRs (95% Cl) of the incidence of T2DM across tertiles of AACI in the two cohorts.

AACI Case/N Model 1 Model 2 Model 3 Model 4
HPHS [RR (95%Cl)]
<3.32 35/584 1 1 1 1
3.32-3.57 51/582 1.44(0.92-2.28) 1.34(0.84-2.13) 1.50(0.90-2.51) 1.49(0.88-2.51)
>3.57 62/584 1.82(1.18-2.82) 1.71(1.09-2.68) 2.19(1.16-4.11) 2.27(1.20-4.28)
p for trend 0.007 0.019 0.015 0.012
HDNNCDS (RR [95%ClI])
<3.36 104/1341 1 1 1 1
3.36-3.53 130/1341  1.36(1.02-1.82) 1.27(0.95-1.71) 1.55(1.12-2.15) 1.58(1.13-2.19)
>3.53 151/1342  1.67(1.26-2.22) 1.50(1.12-1.99) 2.28(1.54-3.39) 2.33(1.56-3.47)
p for trend 0.001 0.006 0.001 0.001
HbAlc [B (P-value)]
HPHS 88/1750 0.083(<0.001) 0.065(0.005) 0.084(0.003) 0.084(0.003)
HDNNCDS 255/4024 0.053(<0.001) 0.044(0.006) 0.037(0.040) 0.036(0.049)

Data are RRs (95%Cl) or B (P-value).

Model 1 was crude model;

Model 2 was further adjusted by demographic covariates including age, gender, BMI, education, alcohol consumption rate,
smoking rate and regular exercise habits;

Model 3 was further adjusted by nutritional covariates including dietary energy intake, protein intake, carbohydrate intake, lipid
intake, fiber, cholesterol, saturated fatty acid, monounsaturated fatty acids, polyunsaturated fatty acids and overall diet quality;
Model 4 was further adjusted by biochemical indices including total cholesterol, triglyceride, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol and HOMA2-IR.
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Table 3. The associations between AACI and serum amino acids profiles.

HPHS HDNNCDS

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Threonine 0.035 0.032 0.053 0.018 0.025 0.029
Glutamine 0.116™ 0.116™ 0.119™ 0.006 0.007 0.011
Leucine 0.025 0.003 0.012 0.107™ 0.086™ 0.084™
Arginine -0.016 -0.013 0.013 0.024 0.041™ 0.043™
Valine 0.134™ 0.125™ 0.148™ 0.042™ 0.045™ 0.042™
Isoleucine 0.146™ 0.130™ 0.147™ 0.117™ 0.096™ 0.088™
Serine 0.033 0.042 0.051 0.011 0.038" 0.045™
Methionine -0.013 -0.019 -0.005 0.031 0.010 0.007
Glycine -0.074" -0.070" -0.080" -0.069™ -0.055™ -0.050™
Alanine 0.009 0.007 0.012 0.079™ 0.075™ 0.075™
Lysine 0.006 -0.007 0.005 0.011 -0.003 -0.006
Glutamic acid 0.126™ 0.120™ 0.115™ 0.097™ 0.089™ 0.083™
Aspartic acid -0.009 -0.011 -0.008 0.025 0.027 0.033
Tyrosine 0.005 0.005 0.033 0.014 0.023 0.018
Phenylalanine 0.070™ 0.090™ 0.090™ 0.100™ 0.115™ 0.116™
Tryptophan -0.016 -0.021 -0.017 0.063™ 0.074™ 0.073™
Proline -0.078" -0.097" -0.098™ 0.023 0.019 0.018
Histidine -0.092™ -0.142™ -0.117" -0.067"" -0.122™ -0.109™

Data are standard coefficients in the multivariate regression analysis.

Model 1 no adjustment;

Model 2 was adjusted by age, gender, body mass index, alcohol, smoke, regular exercise habits, education level and family

history of diabetes;

Model 3 was adjusted by all variables in model 2 and total calorie intake, dietary protein intakes, dietary fiber;
*P<0.05 for the coefficients being different from 0; **P<0.01 for the coefficients being different from 0.

associations of these serum AAs and risk of T2DM
were further analysed in the two cohorts in Figure 1

(more detailed data are given in Supplementary Table 2).

In the HPHS, after adjustment for covariates, valine,
isoleucine, glutamic acid and histidine were associated
with T2DM, with the RRs (95%CI) from the bottom to
the top quartiles being 1 (reference), 1.71 (0.79-3.71),
2.28 (1.08-4.79), 255 (1.23-5.28) for valine; 1
(reference), 1.37 (0.76-2.49), 1.82(1.02-3.24), 2.22
(1.26-3.93) for isoleucine; 1 (reference), 1.46 (0.79-
2.69), 2.34 (1.31-4.17), 2.46 (1.38-4.37) for glutamic
acid; and 1 (reference), 0.76 (0.46-1.25), 0.58 (0.34-
0.99), 0.36 (0.20-0.67) for histidine. In the HDNNCDS,
valine, glycine, glutamic acid, phenylalanine and
histidine were associated with T2DM, with the RRs
(95%CI) from the bottom to the top quartiles being 1
(reference), 0.81 (0.57-1.15), 1.07 (0.76-1.50), 2.36
(1.73-3.21) for valine; 1 (reference), 0.89 (0.66-1.18),
0.59 (0.43-0.81), 0.56 (0.40-0.78) for glycine; 1
(reference), 0.81 (0.56-1.17), 1.35 (0.98-1.86), 1.75
(1.26-2.41) for glutamic acid; 1 (reference), 0.83 (0.60-
1.16), 1.24 (0.90-1.70), 154 (1.14-2.08) for
phenylalanine and 1 (reference), 0.85 (0.61-1.19), 0.63
(0.42-1.04), 0.43 (0.28-0.65) for histidine. Valine,
glutamic acid and histidine were consistently associated
with T2DM in the two cohorts.

Mediation analysis

Figure 2 shows the mediation effects of the above three
serum AAs on the association between AACI and
T2DM in the two cohorts. The total effect of AACI on
the risk of T2DM measured as standardized regression
coefficient (Bw=0.512; P<0.001 in the HPHS;
Bot=0.271; P<0.001 in the HDNNCDS) was estimated
without the three serum AAs in the model with
adjustment for covariates. The B1 to Bs were used to
calculate the overall indirect effect for valine, glutamic
acid and histidine respectively. The percentages of the
total effect mediated by valine, glutamic acid and
histidine were estimated at 10.5%, 13.3% and 9.6% in
the HPHS, and 11.1%, 17.7% and 25.8% in the
HDNNCDS.

Food recommendations based on AACI

We conceptually grouped similar foods based on FFQ
data, yielding 13 food types. Supplementary Table 3
displayed information on daily food intake, which
included rice, wheat, potato, bean, vegetable, fruit,
livestock, poultry, fish, egg, milk, snack and beverage
from the HPHS and HDNNCDS cohorts. For each
cohort, we conducted the statistical analyses of food
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Valine Isoleucine Glycine Glutamic acids Phenylalanine Histidine

HDNNCDS

Q2 Vs Q] -+ —+— —_— - —_— —_—

Q3 vs Q] -+ —— —_—— H— +—— —_—

Q4 vs Q] —_— —— —_—— —— —_— —_——

P for trend <0.001 0.069 0.001 <0.001 0.001 <0.001

HPHS

Q2vs Q1 T—

Q3vsQl1 ———— —— —_— —_— —_— —_——

Q4 Vs Q] —_— —_— —_—t —_— —_—t ——

P for trend 0.009 0.035 0.212 0.005 0.513 0.012
-I1 1 é 5 6 1 2 i\ -I1 IO 0.5 1 ll.5 I2 :l 1 5 Ii 0'5 1 ll5 é 2‘.5 (I) 0‘.5 1 1‘.5

Risk Ratio

Figure 1. Associations of six serum amino acids with incidence of type 2 diabetes in HPHS and HDNNCDS. Data are RR and its
95%Cl with adjustment for age, gender, BMI, education, alcohol consumption rate, smoking rate, regular exercise habits, dietary energy
intake, protein intake, fiber, saturated fatty acid, overall diet quality, AACI, total cholesterol, triglyceride, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol and HOMA2-IR; HPHS, Harbin People health Study; HDNNCDS, the Harbin Cohort Study on Diet, Nutrition
and Chronic Noncommunicable Disease.

A Valine
B,=0.471" Mediation effect by Valine=10.59 B,=0.115"
Glutamic Acid
5=0.458" B,=0.148
Mediation effect by Glutamic Acid=13.3%
AACI Follow up
Direct effect By, =0.342 T2DM
— +\_Mediation effect by Histidine=9.6%
BS_-0494 . ‘36:_0.0981'
Histidine
B
Valine

B,=0.167' By=0.181"

Tediation effect by Valine=11.19

Glutamic Acid

B:=0.400" B.=0.1217
Mediation effect by Glutamic Acid=17.7%

Follow up
AAC Direct effect By, =0.123 T2DM

Mediation effect by Histidine=25.8%
Bs=-0.504" — Ps=-0.139"
Histidine

Figure 2. Mediation effects of serum valine, glutamic acid and histidine on the association between the AACI and incidence of type 2
diabetes in the HPHS (A) and HDNNCDS (B). AACI, dietary amino acids composition index; B, the standardized regression coefficients; ¥ P<0.05
for the coefficients being different from 0. HPHS, Harbin People health Study; HDNNCDS, the Harbin Cohort Study on Diet, Nutrition and
Chronic Noncommunicable Disease.
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intake information with tertiles of AACI. In the HPHS,
the food of rice, wheat, potato, vegetable, fruit,
livestock, poultry, fish, egg, milk, snack and beverage
were significantly correlated with AACI. And rice had a
significant positive correlation (P<0.001) to AACI, high
AACI group tended to have a higher liking for rice. In
contrast, other food intakes gradually decreased as the
AACI increased. Consistent results were also observed
in the HDNNCDS cohort.

DISCUSSION

To our knowledge, this study is the first to address the
link between dietary AAs composition and its serum
profiles with the incidence of T2DM. To evaluate the
overall quality of dietary AAs compositions, AACI was
developed in this study by assessing the extent to which
overall dietary AAs compositions adhered to the
HRAAP. In the two prospective cohorts, the AACI was
consistently and positively associated with six serum
AAs and the incidence of T2DM. Among the six serum
AAs, serum valine, glutamic acid and histidine
consistently and partially mediated the association
between the AACI and T2DM in the two cohorts.

In this study, using two prospective cohorts, a positive
association between the AACI and incidence of T2DM
was consistently observed, suggesting that participants
with low quality of overall dietary essential AAs
composition may have a higher risk of T2DM. Based on
the concept of the HRAAP, the biological value of
individual AAs can be influenced by overall dietary
AAs compositions, resulting in different absorbed-,
utilized- and metabolic-rates of dietary AAs [8-11].
Inadequate dietary AAs compositions therefore may
play important roles in the development of T2DM. This
study also demonstrated that when additionally adjusted
for other known dietary risk factors for T2DM including
intake of total protein [16], lipid [17], cholesterol [18],
carbohydrate [19], fiber [20], saturated fat [21], fatty
acids [22], and overall diet quality [23], the relationship
between the AACI and incidence of T2DM was still
significant, further indicating that inadequate dietary
AAs composition was likely an important dietary factor
for residual risk of T2DM. These findings are supported
by previous studies, a population-based study showed
that the risk of pre-diabetes varied with different dietary
AAs patterns, which play an important role in glucose
metabolism [24]. Imbalanced AAs components within
dietary pattern had effects on liver fat accumulation, in
which it was inflammation and oxidative stress that
implicated in the evolution of the fatty liver disease and
insulin resistance [25, 26]. Deviation from the ideal AAs
patterns, inappropriate dietary AAs intakes could
decrease the efficiency of amino acid utilization,
meanwhile, resulting in increased plasma free fatty acids

(FFA) which means increased levels of remaining
nitrogen within the body [27]. Experimental evidence
suggested that high nitrogen levels in the blood and
elevated uric acid levels may increase insulin resistance
and suppress insulin secretion [28]. They are also
supported by cell and animal studies that feeding with a
mixture of AAs rather than a single AA alone could
promote the development of insulin-resistance and p-cell
dysfunction in rodents [29, 30]. Taken together, dietary
AAs composition may be an important factor to be
considered in the prevention and management of T2DM.

Previous studies have reported that individual dietary
AAs intake cannot commonly be reflected in serum
AAs levels [3, 12, 13], which makes the current study
of this issue lack compelling evidence for understanding
the relationship between dietary AAs and T2DM. To fill
this gap, this study further examined the association
between the AACI and serum profiles of AAs in the two
cohorts. The AACI was associated with eight serum
AAs in the HPHS, and it was associated with nine
serum AAs in the HDNNCDS. Although the difference
of sample size and heterogeneity between the two
cohorts are possible reasons for these discrepancy
results, the serum valine, isoleucine, glycine, glutamic
acid, phenylalanine and histidine were consistently
observed to be associated with the AACI in the two
cohorts, demonstrating that dietary AAs composition
would influence the absorbed-, utilized- and metabolic-
rates of AAs, which can be reflected in the serum AAs
profiles, supporting the concept of the HRAAP for the
impact of dietary AAs composition on their serum
profiles. Studies regarding this issue were relatively
scarce, but recent studies have reported that it is an
overall dietary pattern rather than dietary BCAA was
associated with serum BCAA, which partially supports
the observations in this study [31, 32].

To further clarified whether and how the association
between the AACI and incidence of T2DM mediated by
serum AAs profiles for understanding the impact of
dietary AAs composition on their serum profiles with
subsequent T2DM, mediation analyses were performed
in the two cohorts. Although the AACI was consistently
associated with six serum AAs in the two cohorts, only
serum valine, glutamic acid and histidine consistently
and partially mediated this association in the two
cohorts with total mediation effects of 33.4% and
54.6%, respectively, indicating that the association
between inappropriate dietary AAs composition and
increased risk of T2DM may be largely mediated by
increasing serum valine and glutamic acid, and by
decreasing serum histidine levels. Serum valine, as one
of the BCAAs, has been consistently identified to be an
important metabolite associated with insulin resistance
in previous epidemiologic studies [33-37], probably
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through inhibition of insulin receptor substrate-1, and a
recent study has reported that increased serum BCAAS
probably produce more catabolic intermediates
including propionyl CoA and succinyl CoA, resulting in
accumulation of incompletely oxidized fatty acids and
glucose [38]. Moreover, BCAASs can produce glutamic
acids, catalyzing by branched-chain aminotransferase,
and the glutamic acids have been reported to be
associated with insulin resistance in the Framingham
offspring study [39]. The potential protective effect of
histidine on glucose/insulin  homeostasis has been
documented in previous research, probably by
suppressing inflammatory factors and hepatic glucose
production through central insulin action [40].
Importantly, evidence from Mendelian randomization
analysis supports the association between BCAA-
raising polymorphisms and a higher risk of T2DM,
which could interpret the causal role of BCAA
metabolism in T2DM risk [41]. Based on the findings in
this study and these above mechanisms, this study
therefore speculated that an inappropriate dietary AAs
composition may cause varied absorbed-, utilized- and
metabolic-rate of AAs, showing disordered plasma AAs
profiles, and the dysregulated valine, glutamic acid and
histidine may induce insulin resistance and subsequent
diabetes.

Some mechanistic evidence supported the conclusion
that inadequate dietary AAs composition could cause
disturbed amino acid that is associated with the
incidence of T2DM. Previous studies suggested that
serum AAs act as nutrition signals, which have
important effects on glucose homeostasis, insulin
secretion from B-cells [42, 43]. AAs sensing signaling
pathways included mechanistic target of rapamycin
complex I (NMTORCL1) sensing AAs abundance, general
control non-derepressible 2 (GCN2) sensing AAs
deficiency in peripheral metabolic organs (such as
pancreas, liver, adipose and muscle) [44]. Cultured B-
cells studies confirmed that increased AAs drive and
localize mTORC1 to Ilysosomal membrane, and
promote mTORC1 activation, and phosphorylation of
downstream effectors insulin receptor substrate 1 (IRS-
1), contributing to IR [45-48]. Studies showed
mTORCI also has a potential role in the regulation of a
cell glucagon secretion and glucose homeostasis [49].
Moreover, AAs may be involved in complex
mechanisms via both adipocytes and hepatic cells. In
the liver, extra AAs could lead to sustained activation of
mTORC1, which enhances the expression of hepatic
FFA, and inhibits FFA to TG conversion and
autophagy, resulting in FFA lipotoxicity [50]. Similar
results for adipocytes, elevated AAs activates AMPKa2
and stimulates lipolysis, which results in FFA
accumulation [51]. Long-term exposure to elevated
circulating FFA inhibits insulin signaling in the muscle,

contributes to hyperglycemia in the liver, and decreases
insulin secretion in the pancreas [52, 53]. Therefore, the
above findings represent the potential key role of AA
metabolism in the pathogenesis of diabetes and
inappropriate AAs profiles could contribute to diabetes.

We conducted dietary behavioral analyses to find the
right food through a limited number of food categories,
and found high AACI group which is related to a high
risk of developing diabetes tends to eat more rice. We
could infer that rice amino acid components might be
positively associated with the risk of T2DM. From the
viewpoint of amino acids, rice as a major source of
carbohydrates is low in protein that affected branched-
chain and aromatic amino acid intakes [54].
Additionally, rice contains very low level of both lysine
and threonine, which is associated with an increased
risk of T2DM [55-57]. There is currently no amino acid
evidence in terms of rice to support recommendations
for the optimal prevention of T2DM. And, it could be
hard for the rice to be separated from the overall diet
with  specific and clear recommendations for
consumption within food guidelines. Further research is
needed, with a deeper understanding relationship
between food sources amino acids and T2DM.

Previous studies regarding this issue have frequently
focused on the association between individual AA and
T2DM, few studies have considered the overall quality
of dietary AAs compositions. This study demonstrated
that inadequate dietary AAs composition was associated
with an increased incidence of T2DM, and the
association between the AACI and serum AAs profiles
and the potential mediation effects further strength our
findings, which would improve our understanding of the
pathobiology and mechanisms of T2DM, and facilitate
selection of potential therapeutic and intervention
strategies for T2DM. Moreover, the findings of this
study also emphasized that future studies regarding
dietary AAs and T2DM should consider dietary AAs as
a whole rather than isolating individual AAs from diet
in the prevention and management of T2DM.

The strength of our study is that it included two
prospective cohorts with a relatively large OGTT
sample of nutritional and metabolic analyses in this
issue. Further, this study established the AACI based on
the concept of the HRAAP for evaluating the overall
quality of dietary AAs composition, demonstrated and
emphasized the importance of dietary AAs composition.
Third, the observed association between the AACI and
T2DM was robust because it was observed in the two
independent cohorts and it persisted after adjustment for
a wide range of available confounding factors.
However, we also recognize that our study has certain
limitations. First, the study was observational in nature,
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and we cannot rule out the influence of unmeasured
confounding factors. Besides, no amount of adjustment
can deal completely with confounding in an
observational context. Second, this study only included
Asian subjects, which is likely to limit the
generalizability of our findings to other ethnic
populations. However, given the roles of HRAAP, and
the association between serum AAs and T2DM has
been shown be generally consistent across different
ethnics. We would therefore expect that our
observations would hold across other populations.
Third, we also recognized that no mechanistic
investigation is also the main drawback of this study.
This study mainly focused on the population based on
the relationship between dietary AA pattern and
incidence of T2DM, emphasizing the importance of
dietary AA pattern rather than individual AA in the
development of T2DM; however, the future study based
on experiments is warranted to validate these
observations and provide more evidence in this issue.
Finally, we acknowledge the limitations of the FFQ.
Our AAs consumptions assessment relied on FFQ, was
self-reported, data from FFQ may be subjected to recall
bias and social desirability biases. Therefore, using FFQ
as an instrument for quantifying AA consumptions is
not sufficiently accurate. However, for the studies of
assessing long-term dietary intake in large-scale
epidemiological cohorts, food frequency questionnaires
have proved useful and practical and this is the best way
we can currently take [58].

In conclusion, this study demonstrated that dietary AAs
composition was associated with the incidence of
T2DM, which was likely responsible for the residual
risk of classic known dietary factors for T2DM. Further,
dietary AAs composition was associated with serum
profiles of AAs, and serum valine, glutamic acid and
histidine partially mediated the association between the
inadequate dietary AAs composition and increased risk
of T2DM. These findings may have important
implications for the possible therapeutic and
intervention strategies of T2DM.

MATERIALS AND METHODS
Study population

Two prospective study cohorts were recruited in Harbin,
China, to investigate the impact of diet and nutrition on
chronic non-communicable disease. They were the
Harbin People health Study (HPHS) and the Harbin
Cohort Study on Diet, Nutrition and Chronic
Noncommunicable Disease (HDNNCDS) (registered
at http://www.chictr.org as ChiCTR-ECH-12002721).
Participants in the HPHS and HDNNCDS were recruited
in 2008 and 2010, and the first in-person follow-up

survey was completed in 2012 and 2016, with mean of
4.2 and 5.3 years follow-up. Detailed information of the
two cohorts was described elsewhere [59, 60]. Briefly, a
total of 1750 participants in the HPHS and 4024
participants in the HDNNCDS aged 20-74 years old who
finished the baseline survey, measured fasting serum
profiles of amino acids, were free of diabetes, and had
calorie intake ranging from 500-4500 Kkcal/day at
baseline were included in this study.

The two cohort studies were approved by the ethics
committee of Harbin Medical University. The
investigations were conducted in accordance with the
Declaration of Helsinki, and written informed consent
was provided by all participants. The methods in this
study were performed in accordance with approved
guidelines.

Questionnaire survey

Detailed in-person interviews were administered by
trained personnel using a structured questionnaire to
collect information on demographic characteristics,
lifestyles, physical condition and anthropometric
characteristics in the two cohorts. Current smokers were
defined as those who smoked at least 100 cigarettes in a
lifetime or smoked every day or currently smoked some
days. Current drinkers were defined as those who
consumed > 1 alcoholic drink each month in the 12
months before the survey. Regular exercise was defined
as any kind of recreational or sport physical activity
other than walking for work or life performed at least 30
minutes for three or more days per week. A family
history of diabetes was defined as diabetes in first- or
second-degree relatives.

Dietary information

Dietary habits were recorded through food frequency
questionnaires (FFQ). Before dietary surveys, two
random subgroups of residents were recruited and were
asked to complete two FFQs (FFQ1 and FFQ2) and a 3-
day dietary record (DR) to validate the reliability of the
FFQ. There was satisfactory consistency between two
FFQs and the DR, indicating the FFQ is a reliable
method for assessing dietary intakes [60]. The FFQ
covered 103 food items assigned into 14 food groups:
rice, wheaten foods, potato and its products, beans and
its products, vegetables, fruits, livestock and its products,
poultry and its products, dairy and its products, eggs and
its products, fish and its products, snacks, beverage, and
ice cream. The frequency and amount of each food item
were recorded to calculate foods and nutrients intakes.
According to the nutrient contents in the Chinese Food
Composition Table [61], the nine essential dietary amino
acids and two conditionally essential amino acids
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including isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, valine, histidine,
cysteine and tyrosine were calculated by summing the
amounts from each food item. The Alternate Healthy
Eating Index (AHEI) was calculated and used to assess
the overall diet quality [62].

Development of AACI

The AACI was developed mainly based on the HRAAP
reported by World Health Organization in 2007 [15].
The AACI was developed in two steps. First, the ratios
between eleven amino acids including isoleucine,
leucine, lysine, methionine, phenylalanine, threonine,
valine, histidine, tryptophan, cysteine and tyrosine were
calculated for deriving the composition of each AAs in
the HRAAP (Bratios).

Bratios = dietary AA levels based on HRAAP

+ dietary tryptophan levels based on HRAAP @
Similarly, the ratios between eleven dietary amino acid
intakes and dietary tryptophan intake were calculated
for deriving the actual composition of these AAs in the
diet. The satisfaction levels of the composition of each
AAs adherence to the HRAAP were calculated based on
the following equation:

0; = |(actual dietary AA levels /

2
actual dietary tryptophan Ievels) X (11 BratioS) — 1| @

Second, the sum of satisfaction levels of each AA was
calculated for the AACI, indicating the extent that
overall dietary amino acid composition adherence to the
HRAAP. The lower the AACI, the more adherence the
subject followed the HRAAP.

AACI= g ©)

i=1l

Anthropometric measurements and biochemical
analyses

Anthropometric measurements, including height, weight,
and waist circumference, were obtained by well-trained
examiners, with the participants wearing light, thin
clothing, and no shoes. Body weight and height were
measured to the nearest 0.1 kg and 0.1 cm, respectively.
Body mass index (BMI) was calculated as weight (kg)
divided by the square of the height in meters (m?). An
oral glucose tolerance test was performed in the two
cohorts, according to the World Health Organization
guidelines, for each subject. Serum glucose, triglyceride

(TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) were determined by an automatic
analyzer (Hitachi 7100, Tokyo, Japan). Serum insulin
was measured by Chemiluminescence Immune Analyzer.
Glycosylated hemoglobin (HbAlc) was determined by
high performance liquid chromatography (BIO-RAD
VARIANT 2, USA). Homeostasis assessment model
for IR was used to estimate hepatic IR (HOMAZ2-IR)
with HOMA?2 calculator updated by the University
of Oxford in 2004, which is available from
https://www.dtu.ox.ac.uk/homacalculator/.

Serum amino acids measurement

Serum preparation for AAs quantitation was carried out
as previously described [63]. Targeted analysis of serum
amino acid profiles was performed by a Waters
ACQUITY Ultra performance liquid chromatography
(UPLC) system (Waters Corporation, Milford, MA)
coupled to a Waters Xevo TQD mass spectrometer (MS)
(Waters Corporation, Manchester, U.K.). The methods
of UPLC and MS were described and validated in a
previous study. Eighteen AAs, including threonine,
glutamine, arginine, valine, leucine, isoleucine,
phenylalanine, tryptophan, serine, methionine, glycine,
proline, histidine, alanine, lysine, glutamic acid, aspartic
acid and tyrosine, were determined in this study.

Outcome measures

Type 2 diabetes was identified by self-reports of a
history of diabetes diagnosis, and/or fasting blood
glucose > 7.0mmol/L, and/or 2-h glucose >
11.2mmol/L, and/or receiving diabetes treatment.
Incident type 2 diabetes cases were 385 in the

HDNNCDS and 185 in the HPHS.
Statistical analysis

All statistical analyses were performed in the R version
3.0.3 (http://www.r-project.org/), all P-values were two-
tailed and P<0.05 was considered statistically
significant. Baseline characteristics are presented as
mean (SD) for continuous variables and percentages for
categorical variables. For AACI and single intake of
dietary AAs, the cutoff points were calculated. The
AACI were categorized by tertiles, and the lowest tertile
was used as the reference category. Baseline
characteristics were compared using one-way ANOVA
for continuous variables and the chi-square test for
categorical variables across tertiles of the AACI.
Logistic regression models were performed to examine
the association between the tertiles of AACI and
incidence of T2DM. Linear regression was used to
explore the association between the AACI and profiles
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of serum AAs levels. Once the association between the
AACI and serum AAs levels had been confirmed,
mediation models were constructed to examine whether
and how the association of the AACI with future risk of
T2DM was mediated by serum AAs using R package
Lavaan [64].
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SUPPLEMENTARY MATERIALS
Supplementary Tables

Supplementary Table 1. Baseline characteristics of participants in the HPHS and HDNNCDS by type 2 diabetes.

HDNNCDS HPHS

Without Diabetes Total Without Diabetes Total
Variable diabetes (N=385) P-value (N=4024) diabetes (N=148) P-value (N=1749) P-value”

(N=3639) (N=1601)
Age (years) 49.3(9.7)  52.009.1) <0.001 49.6(9.6) 45.6(10.4)  49.4(10.7)  <0.001 45.9(10.4) <0.001
Male [n, (%)] 1183(32.5) 157(40.8) 0.001 1340(33.3)  487(30.4) 56(37.8) <0.001 544(31.1) 0.099
Alcohol consumption [n, (%)] 1277(35.1)  136(35.3) 0.955 1413(35.1)  459(28.7) 43(29.1) 0.924 503(28.8) <0.001
Current smoking [n, (%)] 559(15.4)  63(16.4) 0.817 622(15.5) 232(14.5) 26(17.6) 0.135 258(14.8) 0.773

Regular exercise habits [, (%)]  1968(54.1) 176(45.7) <0001  2144(53.3) 900(56.2)  91(615) 0226  991(56.7)  0.018
Family history of diabetes [n (%)]  529(14.5)  71(18.4)  0.050  600(14.9)  163(10.2)  28(189) 0618  191(10.9)  0.001
Over senior middle school [n (%)] 2639(72.5) 260(67.5)  0.042  2899(72.0) 1023(63.9) 80(54.1) 0013 1103 (63.1)  <0.001

BMI (kg/m?) 247(3.4) 26.0(34)  <0.001 24.9(3.5) 250(3.4)  26.6(4.1)  <0.001 25.2(3.5) <0.001
Total calorie intake (kcal/d) 2377(887) 2399(914) 0.914 2380(890)  2211(880)  2258(843) 0.518 2253(847) <0.001
Protein (g/day) 72.4(36.9) 73.3(35.4) 0.800 72.5(36.8)  68.3(33.7)  65.3(30.8) 0.264 68.0(33.4) <0.001
Fiber (g/day) 14.1(6.9)  13.7(7.3) 0.231 14.0(7.0) 14.3(7.3) 13.6(6.8) 0.180 14.2(7.2) 0.112
Saturated fatty acid (g/day) 16.2(8.4)  16.6(7.9) 0.246 16.2(8.3) 14.1(6.7) 15.1(7.1) 0.105 14.9(6.7) <0.001
Fasting glucose (mmol/L) 4.43(0.59) 5.36(0.95) <0.001  4.52(0.69) 4.67(0.67) 5.09(0.87) <0.001 4.71(0.70) <0.001
2-hour glucose (mmol/L) 5.63(1.47) 6.57(2.21) <0001  5.80(1.64) 560(157) 6.76(2.25) <0.001  5.68(1.67) 0.790
Fasting insulin (uU/mL) 8.1(6.4) 12.2(21.1)  <0.001 8.5(6.1) 8.2(7.8)  10.5(14.9)  0.022 8.5(9.1) 0.744
TG (mmol/L) 1.64(1.57) 2.03(1.93) <0.001  1.69(1.61) 1.69(1.26) 2.08(1.73)  0.026 1.73(1.31) 0.146
TCHO (mmol/L) 5.10(1.00) 5.31(1.03)  0.003 512(1.01)  4.90(0.94) 5.1000.81)  0.131 491(0.93)  <0.001
HDL-C (mmol/L) 1.27(0.32) 1.18(0.31) <0.001  1.26(0.32)  1.29(0.33) 1.28(0.35)  0.750 1.28(0.33) 0.041
LDL-C (mmol/L) 2.99(0.85) 3.11(0.87) 0.088 3.00(0.85)  2.87(0.97)  2.94(0.90) 0.573 2.87(0.97) 0.006

Mean * Standard Deviation was used for continuous variables.

One-way ANOVA was used for continuous variables; Chi-square test was used for categorical variables.

BMI, body mass index; TG, triglyceride; TCHO, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; HPHS, Harbin People health Study; HDNNCDS, the Harbin Cohort Study on Diet, Nutrition and
Chronic Noncommunicable Disease.
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Supplementary Table 2. Associations between serum AAs influenced by AACI and incidence of type 2 diabetes in the

HPHS and HDNNCDS.

Serum AAs Case/N Model 1 Model 2 Model 3
HDNNCDS
Valine
<87.1 77/1010 1 1 1
87.1-98.1 64/1006 0.81(0.57-1.15) 0.82(0.58-1.16) 0.81(0.57-1.15)
98.1-108.7 78/1005 1.08(0.77-1.52) 1.07(0.76-1.50) 1.07(0.76-1.50)
>108.7 166/1003 2.52(1.86-3.41) 2.47(1.82-3.35) 2.36(1.73-3.21)
P for trend <0.001 <0.001 <0.001
Isoleucine
<17.3 80/1015 1 1 1
17.3-21.7 94/999 1.24(0.91-1.71) 1.26(0.92-1.74) 1.29(0.94-1.78)
21.7-27.1 87/1017 1.11(0.80-1.54) 1.13(0.81-1.56) 1.12(0.81-1.56)
>27.1 124/993 1.60(1.17-2.19) 1.62(1.18-2.22) 1.43(1.03-1.97)
P for trend 0.016 0.014 0.069
Glycine
<259.5 122/1006 1 1 1
259.5-286.8 106/1006 0.84(0.63-1.11) 0.84(0.63-1.12) 0.89(0.66-1.18)
286.8-309.2 78/1006 0.57(0.41-0.78) 0.57(0.41-0.78) 0.59(0.43-0.81)
>309.2 79/1006 0.54(0.39-0.74) 0.54(0.39-0.75) 0.56(0.40-0.78)
P for trend <0.001 <0.001 0.001
Glutamic acid
<45.6 72/1007 1 1 1
45.6-51.2 56/1024 0.84(0.58-1.22) 0.83(0.58-1.20) 0.81(0.56-1.17)
51.2-56.0 111/996 1.41(1.03-1.93) 1.40(1.02-1.92) 1.35(0.98-1.86)
>56.0 146/997 1.78(1.29-2.44) 1.77(1.28-2.43) 1.75(1.26-2.41)
P for trend <0.001 <0.001 0.003
Phenylalanine
<45.6 88/1006 1 1 1
45.6-51.2 72/1013 0.80(0.58-1.12) 0.81(0.58-1.12) 0.83(0.60-1.16)
51.2-56.0 94/1000 1.22(0.89-1.66) 1.21(0.88-1.65) 1.24(0.90-1.70)
>56.0 131/1005 1.64(1.22-2.20) 1.62(1.21-2.19) 1.54(1.14-2.08)
P for trend <0.001 <0.001 0.001
Histidine
<45.6 132/1006 1 1 1
45.6-51.2 70/1007 0.78(0.53-1.03) 0.81(0.61-1.09) 0.85(0.61-1.19)
51.2-56.0 108/1006 0.58(0.26-0.92) 0.62(0.35-1.01) 0.63(0.42-1.04)
>56.0 75/1005 0.37(0.19-0.53) 0.39(0.22-0.75) 0.43(0.28-0.65)
P for trend <0.001 <0.001 <0.001
HPHS
Valine
<69.2 26/439 1 1 1
69.2-85.5 29/436 1.76(0.82-3.82) 1.70(0.78-3.68) 1.71(0.79-3.71)
85.5-109.3 43/437 2.46(1.18-5.15) 2.28(1.09-4.79) 2.28(1.08-4.79)
>109.3 43/438 2.76(1.34-5.69) 2.57(1.24-5.32) 2.55(1.23-5.28)
P for trend 0.004 0.008 0.009
Isoleucine
<25.2 21/438 1 1 1
25.2-33.9 31/437 1.45(0.80-2.61) 1.44(0.80-2.61) 1.37(0.76-2.49)
33.9-39.4 40/437 1.98(1.12-3.50) 1.91(1.08-3.38) 1.82(1.02-3.24)
>39.4 49/438 2.63(1.50-4.60) 2.42(1.38-4.24) 2.22(1.26-3.93)
P for trend 0.004 0.014 0.035
Glycine
<252.8 36/437 1 1 1
252.8-285.6 43/437 1.24(0.77-1.99) 1.26(0.78-2.03) 1.25(0.77-2.02)
285.6-317.9 32/437 0.84(0.50-1.40) 0.84(0.51-1.41) 0.84(0.50-1.40)
>317.9 30/439 0.75(0.44-1.26) 0.77(0.46-1.31) 0.76(0.45-1.29)
P for trend 0.201 0.213 0.212
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Glutamic acid
<41.7
41.7-51.0
51.0-67.9
>56.0

P for trend

Phenylalanine
<45.6
45.6-51.2
51.2-56.0
>56.0

P for trend

Histidine
<525
52.5-58.2
58.2-64.3
>64.3

P for trend

18/439
31/436
45/437
47/438

36/439
30/436
39/438
43/437

38/437
37/438
38/437
28/438

1
1.55(0.85-2.86)
2.60(1.47-4.60)
2.71(1.53-4.78)

0.001

1
0.76(0.45-1.26)
1.01(0.62-1.64)
1.25(0.78-2.01)

0.271

1
0.72(0.44-1.17)
0.55(0.32-0.92)
0.32(0.18-0.59)

0.003

1
1.51(0.82-2.78)
2.46(1.38-4.37)
2.50(1.41-4.46)

0.003

1
0.76(0.46-1.28)
1.02(0.63-1.66)
1.21(0.75-1.94)

0.369

1
0.76(0.46-1.25)
0.60(0.35-1.03)
0.36(0.20-0.67)

0.012

1
1.46(0.79-2.69)
2.34(1.31-4.17)
2.46(1.38-4.37)
0.005

1
0.76(0.46-1.28)
1.02(0.63-1.66)
1.12(0.69-1.82)
0513

1
0.76(0.46-1.25)
0.58(0.34-0.99)
0.36(0.20-0.67)
0.012

Data are RRs (95%Cl).
Model 1 was adjusted by demographic covariates including age, gender, BMI, education, alcohol consumption rate, smoking

rate and regular exercise habits;

Model 2 was further adjusted by nutritional covariates including dietary energy intake, protein intake, fiber, saturated fatty
acid, overall diet quality and AACI;
Model 3 was further adjusted by biochemical indices including total cholesterol, triglyceride, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol and HOMA2-IR.

Supplementary Table 3. Food information across tertiles of AACI in the HPHS and HDNNCDS.

HPHS HDNNCDS
Variable Tertile 1 Tertile 2 Tertile 3 p-value Tertile 1 Tertile 2 Tertile 3 b-value
(N=584) (N=582) (N=584) (N=1341) (N=1341) (N=1342)

Rice (g/day) 123.04+97.9 190.43+111.38  307.46+159.48 <0.001 122.02+71.9 169.11+76.66 266.37+110.05 <0.001
Wheat (g/day) 145.85+115.94  140.95+97.74  121.48+113.04 <0.001 124.89+124.35 126.54+143.42 104.79+162.5 <0.001
Potato (g/day) 67.81+81.84 56.71+55.28 49.33+60.29 <0.001 67.76+58.03 58.09+42.35 52.84+37.52 <0.001
Bean (g/day) 50.72+56.51 48.81+49.31 49.5+75.3 0.866 75.45+50.48 79.14+47.8 79.02+58.76 0.122

Vegetable (g/day) 302.74+214.94 306.67+204.19 267.24+256.93 0.005 276.33+x124.51 281.61+134.42 242.38+122.91 <0.001
Fruit (g/day) 191.05+203.15 159.6+148.21  130.56+144.94  <0.001 149.96+107.38 139.89+85.21 119.41+84.57 <0.001
Livestock (g/day) 89.82+89.38 66.27+64.58 40.03+41.87 <0.001 86.68+64.77 72.24+50.99 54.61+36.68 <0.001
Poultry (g/day) 34.9+54.83 20.88+29.01 12.62+16.97  <0.001 27.51+40.49 17.19421.52 12.05+12.96 <0.001
Fish (g/day) 64.98+133.23 20.4+22.38 13.58+15.26 <0.001 46.72+64.5 25.62+18.53 19.18+13.08 <0.001
Egg (g/day) 51.98+50.86 41.66+35.79 30.74+25.56 <0.001 49.22+43.1 39.55+20.83 33.99+20.21 <0.001
Milk (ml/day) 2.8+2.65 1.77£1.79 0.9£1.34 <0.001 2.88+£2.05 2.23+1.67 15714 <0.001
Snack (g/day) 20.95+38.86 12.33+28.38 6.63+12.85 <0.001 26.88+32.71 17.52+17.98 12.9+12.88 <0.001
Beverage (g/day) 0.95+2.14 0.56+1.39 0.52+1.59 <0.001 1.54+1.82 1.29+1.49 1.17+151 <0.001

One-way ANOVA was used for continuous variables; Mean * Standard Deviation was used for continuous variables.
HPHS, Harbin People health Study; HDNNCDS, the Harbin Cohort Study on Diet, Nutrition and Chronic Noncommunicable

Disease.
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