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To assess prospective associations of circulating metabolites with the risk of type
2 diabetes (T2D) among Chinese adults.
RESEARCH DESIGN AND METHODS

A case-cohort study within the 8-year prospective China Kadoorie Biobank comprised 882 participants with incident T2D and 789 subcohort participants.
Nuclear magnetic resonance metabolomic proﬁling quantiﬁed 225 metabolites in
stored baseline plasma samples. Cox regression related individual metabolites
with T2D risk, adjusting for potential confounders and fasting time.
RESULTS

CONCLUSIONS

In Chinese adults, metabolites across diverse pathways were independently associated with T2D risk, providing valuable etiological insights and potential to
improve T2D risk prediction.

Understanding of type 2 diabetes (T2D) etiological pathways is fundamental to disease prevention and development of new therapies. Comprehensive proﬁling of circulating metabolites in diverse populations is essential for improved understanding
of the molecular basis of T2D. With the largest T2D population globally (1), and
with marked differences in genetic, environmental, and lifestyle factors when compared with more widely studied Western populations, large-scale investigation of
T2D-associated metabolomic proﬁles in the Chinese population is needed.
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The China Kadoorie Biobank (CKB) includes 512,715 adults aged 30–79 years, who
were recruited from 10 areas of China in 2004–2008 (2). The baseline survey collected detailed information on medical history, sociodemographic and lifestyle factors, and physical measurements. Venous blood samples were collected (with time
since last food recorded) for immediate on-site measurement of random plasma
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NOVEL COMMUNICATIONS IN DIABETES

After correction for multiple testing, 163 metabolites were signiﬁcantly associated with the risk of T2D (P < 0.05). There were strong positive associations of
VLDL particle size, the ratio of apolipoprotein B to apolipoprotein A-1, branchedchain amino acids, glucose, and triglycerides with T2D, and inverse associations
of HDL-cholesterol, HDL particle size, and relative n-3 and saturated fatty acid
concentrations.
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T2D (P < 0.05), with continuous, largely
linear, relationships. Following additional
adjustment for RPG, 147 signiﬁcant associations remained.
There were strong positive associations
of apolipoprotein B-to-apolipoprotein A-1
ratio (HR 1.79 per 1-SD higher) and triglyceride concentrations (1.78) with T2D,
and a weaker positive association of
VLDL-cholesterol concentration (1.27) (Figure 1). Higher HDL-cholesterol concentrations were associated with lower T2D risk
(0.48). Each 1-SD increment in mean
VLDL and HDL particle sizes was associated with 74% higher and 57% lower
risks of T2D, respectively.
Leucine and isoleucine were both
strongly positively associated with T2D
(80% higher risk per 1-SD), as was
valine (HR 2.05). There were weaker positive associations of aromatic amino acids
(phenylalanine 1.37; tyrosine 1.21), alanine (1.59) and glutamine (1.22). Higher
relative concentrations of total n-3 fatty
acids were associated with lower T2D risk
(0.72), with a particularly strong inverse
association (0.46) of docosahexaenoic
acid. In contrast, each 1-SD increment in
total n-6 fatty acids was associated with
17% higher T2D risk. There were positive
and inverse associations, respectively, of
monounsaturated (1.30) and saturated
(0.62) fatty acids. Lactate, acetoacetate,
and 3-hydroxybutyrate were modestly
positively associated with T2D (1.49, 1.31,
and 1.21, respectively), but there was no
association of glycoprotein acetyls.
With the exception of moderately
stronger associations for lipoprotein measures among younger participants, no
marked differences in the associations of
metabolites were observed by age, sex, or
urban/rural residence, and associations
remained largely unchanged after exclusion of the ﬁrst 2 years of follow-up.
CONCLUSIONS

RESULTS

At recruitment, participants with T2D
were, on average, older than subcohort
participants (55.1 [SD 9.6] vs. 51.9 [10.6]
years), had higher adiposity levels (BMI
25.7 [3.6] vs. 23.9 [3.6] kg/m2; waist circumference 85 [10] vs. 80 [10] cm), and
were more likely to have a family history
of T2D (10% vs. 8%). Use of lipid-lowering
medication was rare (<1%). Overall, 163
of the 225 quantiﬁed metabolite measures were independently associated with

This is the largest prospective investigation in China of the associations of
diverse circulating metabolites with T2D
risk. Among relatively lean Chinese
adults, large numbers of metabolites,
across varied pathways, were found to
be independently associated with T2D.
Furthermore, the majority of these
associations persisted after adjustment
for glycemia.
The lipid and lipoprotein proﬁle associated with higher T2D risk in the current

study, including higher concentrations of
VLDL-cholesterol and triglycerides, lower
concentrations of HDL-cholesterol, and
smaller mean HDL and larger mean VLDL
particle sizes, broadly replicates previous
ﬁndings (7). However, the current associations are moderately more extreme than
those previously observed; for example,
in a cohort of 12,000 young adults in
Finland using the same NMR metabolomics platform (7). The focus of the
metabolomics platform used on lipid and
lipoprotein measures, and the correlation
between these, partly explains the large
number of signiﬁcant associations observed. However, metabolites associated
with T2D were diverse and included
branched-chain amino acids—leucine, isoleucine, and valine—the associations of
which were among the strongest observed. This is consistent with previous
investigations (8,9) and with genetic
association studies suggesting higher
branched-chain amino acid concentrations result from insulin resistance
and, in turn, cause T2D (10,11). The
observed lipid and lipoprotein proﬁle
is also consistent with the importance
of insulin resistance as a precursor of
T2D (12), even in comparatively lean
populations such as in CKB.
The higher risks of T2D with higher
concentrations of alanine, phenylalanine,
and tyrosine reﬂect well-established associations (7–9). We also observed higher
T2D risk among participants with higher
glutamine concentrations, in contrast to
other study ﬁndings showing null (9) or
even inverse (7) associations. Further
larger studies are needed to clarify this
relationship. Although consistent with
previous ﬁndings in predominantly European population studies (13), the notably
lower risks of T2D among individuals
with lower relative total n-3 fatty acid
and docosahexaenoic acid concentrations
represent the ﬁrst large-scale evidence of
such associations in a Chinese population.
Our study has several strengths,
including large sample size, prospective
design, investigation of metabolite-T2D
associations in a comparatively understudied population, and use of a validated NMR platform (14). Moreover,
the infrequent use of lipid-lowering
medications in CKB reduces treatmentassociated biases.
The study also has limitations. Incident T2D comprised diagnosed cases
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glucose (RPG) concentrations (SureStep
Plus system; LifeScan, Milpitas, CA) and
those with a RPG $140 mg/dL and
<200 mg/dL were invited for fasting
glucose testing the following day. Remaining blood samples were retained for
long-term storage. Participants were followed up through ongoing linkage to
death and disease (including diabetes)
registries and to the national health
insurance system, providing data on
ICD-10–coded morbidity and mortality.
Local, national, and international ethics
approval was obtained. All participants
provided written informed consent.
We selected, using simple random
sampling, 900 from 7,721 participants
with incident T2D (ICD-10 E11) recorded
by 1 January 2017 (median 8.6 [interquartile range 5.2] years follow-up) and
without self-reported or newly diagnosed diabetes (3) at baseline, and a
subcohort of 905 participants from 31,443
randomly selected genotyped participants.
The main analyses included 882 participants with T2D and a subcohort of 789
(including 26 with diabetes) after excluding participants with inadequate plasma
samples or with case status mismatch or
diabetes at baseline.
Nuclear magnetic resonance (NMR)based proﬁling quantiﬁed 225 metabolites (directly measured or ratios of
these) in baseline plasma samples (4).
Cox proportional hazards models, using
the Prentice pseudopartial likelihood (5)
and correcting for multiple testing (6),
were ﬁtted to estimate T2D hazard
ratios (HRs) for metabolites, adjusting
for sociodemographic and lifestyle factors, fasting time, adiposity, and family
history of diabetes. Metabolites were
examined as categorical (split at quartiles)
and continuous (per 1-SD increment) variables. Additional analyses further adjusted for RPG.
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only, and resulting misclassiﬁcation would
likely underestimate metabolite-associated risks. A similar effect may have
resulted from reliance on single metabolite measures, precluding adjustment for
intraindividual variation. Furthermore, the
targeted NMR platform used is not comprehensive. However, the strong focus on
lipids and lipoproteins is clearly relevant
to cardiometabolic disorders such as T2D.
Finally, use of nonfasting blood samples
would be expected to increase interindividual variation in metabolite concentrations. However, all analyses adjusted for
fasting time, and additional adjustment
for dietary variables did not appreciably
alter risk estimates.
In summary, our study shows that,
among relatively lean Chinese adults, a
diverse range of circulating metabolites
is independently associated with T2D
risk. These ﬁndings highlight the value
of NMR metabolomic proﬁling for
advancing understanding of molecular
derangements associated with T2D,
with potential translational relevance
for enhanced T2D prediction and, ultimately, prevention. Moreover, they may
inform selection of metabolites for
investigation in future studies to establish
causality (e.g., Mendelian randomization

studies), facilitating discovery of novel
therapeutic targets.
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(numeric). Squares represent the HR per 1-SD higher metabolite. Horizontal lines represent the corresponding 95% CI. Fatty acid ratios represent
ratios of individual to total fatty acids. *P # 0.05, **P # 0.01, ***P # 0.001 after adjustment for multiple testing using Benjamini-Hochberg
correction.

479

480

Circulating Metabolites and T2D Risk

6. Benjamini Y, Hochberg Y. Controlling the false
discovery rate: a practical and powerful approach
to multiple testing. J R Stat Soc Series B Stat
Methodol 1995;57:289–300
7. Ahola-Olli AV, Mustelin L, Kalimeri M, et al.
Circulating metabolites and the risk of type 2
diabetes: a prospective study of 11,896 young
adults from four Finnish cohorts. Diabetologia
2019;62:2298–2309
8. Guasch-Ferr
e M, Hruby A, Toledo E, et al.
Metabolomics in prediabetes and diabetes: a
systematic review and meta-analysis. Diabetes
Care 2016;39:833–846
9. Qiu G, Zheng Y, Wang H, et al. Plasma
metabolomics identiﬁed novel metabolites

Diabetes Care Volume 45, February 2022

associated with risk of type 2 diabetes in two
prospective cohorts of Chinese adults. Int J
Epidemiol 2016;45:1507–1516
10. Lotta LA, Scott RA, Sharp SJ, et al. Genetic
predisposition to an impaired metabolism of the
branched-chain amino acids and risk of type 2
diabetes: a Mendelian randomisation analysis.
PLoS Med 2016;13:e1002179
11. Mahendran Y, Jonsson A, Have CT, et al.
Genetic evidence of a causal effect of insulin
resistance on branched-chain amino acid levels.
Diabetologia 2017;60:873–878
12. Garvey WT, Kwon S, Zheng D, et al.
Effects of insulin resistance and type 2
diabetes on lipoprotein subclass particle size

and concentration determined by nuclear
magnetic resonance. Diabetes 2003;52:
453–462
13. Qian F, Ardisson Korat AV, Imamura F, et al.;
Fatty Acids and Outcomes Research
Consortium (FORCE). n-3 Fatty acid biomarkers
and incident type 2 diabetes: an individual
participant-level pooling project of 20
prospective cohort studies. Diabetes Care
2021;44:1133–1142
14. Holmes MV, Millwood IY, Kartsonaki C, et al.;
China Kadoorie Biobank Collaborative Group.
Lipids, lipoproteins, and metabolites and risk of
myocardial infarction and stroke. J Am Coll
Cardiol 2018;71:620–632

Downloaded from http://diabetesjournals.org/care/article-pdf/45/2/477/642498/dc211415.pdf by guest on 17 May 2022

