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Abstract
Rates of heart disease and stroke vary markedly between north and south China. A 1H NMR
spectroscopy-based Metabolome-Wide Association approach was used to identify urinary
metabolites that discriminate between southern and northern Chinese population samples, to
investigate population biomarkers that might relate to the difference in cardiovascular disease risk.
NMR spectra were acquired from two 24-hour urine specimens per person for 523 northern and
244 southern Chinese participants in the INTERMAP Study of macro/micronutrients and BP.
Discriminating metabolites were identified using Orthogonal Partial Least Squares Discriminant
Analysis and assessed for statistical significance with conservative Family Wise Error Rate <0.01
to minimise false positive findings. Urinary metabolites significantly (P <1.2×10−16 to 2.9×10−69)
higher in northern than southern Chinese populations included dimethylglycine, alanine, lactate,
branched-chain amino acids (isoleucine, leucine, valine), N-acetyls of glycoprotein fragments
(including uromodulin), N-acetyl neuraminic acid, pentanoic/heptanoic acid, methylguanidine;
metabolites significantly (P <1.1×10−12 to 2×10−127) higher in the south were gut microbial co-
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metabolites (hippurate, 4-cresyl sulphate, phenylacetylglutamine; 2-hydroxyisobutyrate),
succinate, creatine, scyllo-inositol, prolinebetaine, trans-aconitate. These findings indicate the
importance of environmental influences (e.g., diet), endogenous metabolism and mammalian-gut
microbial co-metabolism, that may help explain north-south China differences in cardiovascular
disease risk.
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1H-NMR; blood pressure; epidemiology; gut microbial co-metabolites; INTERMAP; metabolome
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INTRODUCTION
Cardiovascular diseases (CVD), mainly coronary heart disease and stroke, are as a group the
leading cause of death worldwide.1 Patterns of CVD vary markedly across regions of the
world; in western countries coronary heart disease is the leading CVD, whereas in East
Asian countries, including China, cerebrovascular diseases predominate.1 There are also
marked geographical patterns within countries. Specifically, the rates of stroke and heart
disease are higher in north than south China.2, 3 Major modifiable risk factors for stroke and
coronary heart disease include raised blood pressure (BP), raised serum cholesterol and
cigarette smoking.2, 4–6 There are higher smoking rates and markedly higher levels of
systolic and diastolic blood pressure in north than south China, which are likely to contribute
to differences in CVD rates, though serum cholesterol levels are similar.2, 7 We have shown
previously in the INTERMAP Study (International Study of Macro/micronutrients and
Blood Pressure) that, compared to the south, northern Chinese had higher body mass index
(BMI), less favorable diet including lower calcium, magnesium and phosphorus intakes,
higher 24-hour urinary sodium and lower urinary potassium excretion; together these factors
accounted for the north-south BP differences.7 Furthermore, a metabolome wide association
(MWA) study found different patterns of urinary metabolite excretion between north and
south China based on proton nuclear magnetic resonance (1H-NMR) spectroscopy.8 Here we
identify urinary metabolites that discriminate north and south Chinese population samples,
giving further insights into possible environmental, endogenous metabolic and gut microbial
influences that may help explain north-south differences in CVD risk.

METHODS
Population Samples and Field Methods (1996–1999)

INTERMAP is an international population-based cross-sectional study on relations of
multiple dietary factors to BP among 4,680 men and women ages 40 to 59 years from 17
diverse population samples in China, Japan, United Kingdom and the United States. Three
population samples were included from China, all rural: two in the north (Beijing, N=272
and Shanxi, N=289) and one in the south (Guangxi, N=278).9 Data collected according to a
common protocol include eight BP measurements, four 24-hour dietary recalls and two
timed 24-hour urine collections per person. Each participant attended four times, with two
visits on consecutive days, and a further two visits on consecutive days on average three
weeks later. Blood pressure was measured twice per visit with a random-zero
sphygmomanometer. Measurements of height and weight were obtained at two visits. Each
participant provided two timed 24-hour urine collections, with both start and end done at the
research center, between the first and second, and third and fourth clinic visits. Borate
preservative was added to the urine specimen bottles prior to collection.10 Urine volume was
measured and aliquots obtained and stored at −20°C, then air-freighted on dry ice to the
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Central Laboratory (Leuven, Belgium) for urinary biochemistry (sodium, potassium,
calcium, magnesium, creatinine) and amino acid analysis by ion-exchange chromatography;
frozen aliquots were also sent from Leuven to Imperial College London for analysis by 1H
NMR spectroscopy. Dietary data were collected at each visit by a trained interviewer with
use of the multi-pass 24-hour recall method. All foods, drinks and supplements consumed in
the previous 24 hours were recorded.11 Institutional ethics committee approval was obtained
for each site, and all participants gave written informed consent.

Preparation of Urine Specimens for 1H NMR Spectroscopy
Urine specimens were thawed completely prior to mixing. 500 μL of urine were mixed with
250 μL of phosphate buffer for urinary pH stabilization (pH 7.4) and 75 μL of the sodium 3-
trimethylsilyl-(2,2,3,3-2H4)-1-propionate (TSP) in D2O. TSP served as a chemical shift
reference, and D2O served as a field-frequency lock for the NMR spectrometer. The
resulting solution was then transferred into a 96-well plate and left to stand for 10 min.
before centrifuging at 1,500 g for a further 10 min. to remove any precipitate prior to NMR
analysis.

1H NMR Spectroscopic Analysis of Urine Specimens
The urine specimens were analyzed by 1H NMR spectroscopy at 600 MHz using a Bruker
DRX600 spectrometer (Bruker Biospin, Rheinstetten, Germany) operating in flow injection
mode. Urine specimens were automatically delivered to the spectrometer by a Gilson robot
incorporated into the Bruker Efficient Sample Transfer (BEST) system. One-dimensional
(1D) 1H NMR spectra of urine were acquired using a standard 1D pulse sequence (recycle
delay-90°-t1-90°-tm-90°-acquisition) with water presaturation during both the recycle delay
(2s) and the mixing time, tm, of 150ms. The 90° pulse length was set to ~10μs and an
acquisition time of 2.73s was used. In total, 64 transients were collected into 32K data points
using a spectral width of 20 ppm.

1H NMR Data Pre-Processing
All free induction decays were multiplied by an exponential function equivalent to a 0.3 Hz
line-broadening factor prior to Fourier transformation. The spectra were referenced and
corrected for phase and baseline distortion. The spectral region δ 4.5 – 6.4 containing
residual water and urea resonances was removed prior to normalisation by probabilistic
quotient method.12 The remaining spectrum (δ 0.5 – 9.5, excluding δ 4.5 – 6.4) was
digitized to 7,100 variables (bin width 0.005 ppm). Principal component analysis (PCA) was
performed on the pareto-scaled NMR dataset to identify metabolic outliers. PCA was done
separately for first and second urine specimens, and participants whose scores mapped
outside of the 95% Hotelling's T2 ellipse13 in either collection were excluded. Of the 839
Chinese INTERMAP participants, 1H NMR spectra were not acquired for one of the two
urine collections from seven participants and a further 65 participants were excluded
following the PCA outlier analysis, leaving 767 individuals for the present report: 523 in the
north (Beijing, 256; Shanxi, 267) and 244 in the south (Guangxi).

Statistical Methods
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) (MATLAB version
7.3.1, MathWorks, Natick, MA)14, 15 with unit variance scaling was used to identify
metabolites discriminating northern and southern population samples, based on models
constructed from one predictive and two orthogonal components. Analyses were done
separately for first and second 24-hour urine collections. Discriminatory ability of the
models was assessed by Q2

Y statistic, i.e., the percent variance of the NMR data explained
by geographic location (north-south), using 7-fold cross-validation. Mean north-south
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differences in peak intensity for 7,100 spectral variables were assessed for statistical
significance using a conservative Family Wise Error Rate of <0.01 to minimise false
positive findings, corresponding to P <4×10−6 for group mean north-south differences by
Student's t, for each of the two urine collections considered separately.16 Each
discriminatory metabolite comprises multiple spectral variables at 0.005 ppm resolution; the
minimum P-value for mean north-south differences in peak intensity among the spectral
variables assigned to a particular metabolite was obtained separately for the first and second
urine collections. This gave a ranking of the discriminatory strength of the metabolites.

Structural identification of discriminatory metabolites was achieved by 2-dimensional NMR
experiments17, statistical total correlation spectroscopy (STOCSY)18, addition of known
standards to the urine specimens, solid phase extraction chromatography and mass
spectrometry.

Dietary data were converted to nutrient intakes (83 nutrients) with use of enhanced country-
specific food tables, standardized across countries by the Nutrition Coordinating Center,
University of Minnesota.11 Measurements/person were averaged for BP and nutrient
variables across the four visits; for 24-hour urinary sodium and potassium excretion, across
the two collections. North-south differences in BP, BMI, nutrient intakes, urinary electrolyte
excretion and questionnaire data were assessed for statistical significance by Student's t-test
or X2 test (SAS version 9.1, SAS Institute Inc, Cary, NC).

RESULTS
Metabolite Excretion Patterns in Northern and Southern Chinese Participants

The median urinary 600 MHz 1H NMR spectrum of the Chinese population samples from
the first urine collection is shown in Figure 1 and spectral differences between north and
south China are shown in Figure 2, separately for first and second collections.
Discriminatory metabolites together with their P-values are listed in Table 1.

The OPLS-DA cross-validated scores plots (Figures 2A and 2C) of the 1H NMR urine data
showed clear discrimination between the northern and southern Chinese populations along
the predictive component. The corresponding O-PLS-DA coefficients plots (Figures 2B and
2D) indicated that the northern Chinese had systematically different urinary metabolic
profiles from the southern Chinese (Q2

y statistic 82.5% for first urine collection, 82.8% for
the second collection). Urinary metabolites significantly (P <1.2×10−16 to 2.9×10−69) higher
in northern compared with southern Chinese populations included dimethylglycine, alanine,
lactate, branched-chain amino acids (isoleucine, leucine, valine), N-acetyls of glycoprotein
fragments (including uromodulin), N-acetyl neuraminic acid, pentanoic/heptanoic acid and
methylguanidine; metabolites significantly (P <1.1×10−12 to 2×10−127) higher in the south
were gut microbial cometabolites (hippurate, 4-cresyl sulphate, pheylacetylglutamine; 2-
hydroxyisobutyrate), succinate, creatine, scyllo-inositol, prolinebetaine and trans-aconitate
(Table 1).

Cardiovascular Disease Risk Factor and Dietary Differences between Northern and
Southern Chinese Participants

Mean systolic/diastolic BP was higher in northern (123.8/75.5 mm Hg) compared with
southern Chinese population samples (115.4/68.2 mm Hg), P = 2.9×10−10 systolic and
3.8×10−21 diastolic (Table 2). While no previous heart attacks were reported in either
sample, prevalence of other doctor diagnosed heart diseases (5.5% vs. 1.2%, P = 0.01) and
stroke (2.1% vs. 0.0%, P = 0.05) were higher in the north. Prevalence of diabetes was low
and did not significantly differ (1.1% in the north vs. 0% in the south, P = 0.22). Body mass
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index and smoking rates were higher in northern compared with southern participants;
physical activity was lower in the north.

Concerning dietary intakes, mean energy, vegetable protein, starch, and omega-3
polyunsaturated fatty acid (predominantly plant-based α-linolenic acid) intakes were higher
north than south (Table 2). Saturated, monounsaturated, and omega-6 polyunsaturated
(predominantly linoleic acid) fatty acid intakes were lower in northern Chinese, as were total
protein and animal protein (approximately one third of the intake in the south). Amino acid
intakes were lower in the northern Chinese, with the exception of glutamic acid and proline
intakes, both higher in the north. Mean vitamin and mineral intakes (including vitamin C,
dietary potassium and urinary potassium excretion) were also lower in northern Chinese
participants, with the exception of vitamin E and selenium (higher in the north) and iron (no
difference). Mean dietary sodium intake and urinary sodium excretion were higher in the
north.

Sensitivity Analyses
Findings from OPLS-DA analyses of the study sample including 65 metabolic outliers were
comparable with the main findings (Q2

y statistic 78.5% for first urine collection, 80.2% for
the second collection); the same discriminatory metabolites were identified (Supporting
Information Table S1).

Compared to participants included in the main analysis, excluded individuals were more
likely to be diabetic (15.4% vs. 0.8%, P = 8.5×10−15) and had higher mean alcohol intake
(16.6 g/24-h vs. 8.0 g/24-h, P = 0.002). There were no differences in mean blood pressure
levels, BMI, or the prevalence of heart disease or stroke.

DISCUSSION
Main findings of this study are marked differences in the urinary metabolite profiles of north
and south Chinese population samples, reflecting differences in diet, endogenous
metabolism and mammalian gut microbial co-metabolites.19–23 Hippurate (excretion higher
in the south than north) is formed predominantly by hepatic glycine conjugation of gut
microbial-derived benzoate, produced from plant phenolics.21 Gut microbiota also
extensively catabolize protein and aromatic amino acids, including phenylalanine and
tyrosine, to form phenylacetylglutamine and 4-cresyl sulfate.19, 24 The gut microbiota
facilitate host energy recovery from dietary sources25 by providing refined control
mechanisms of energy recovery through catabolism of otherwise poorly digestible nutrients,
e.g., resistant starch. This feature of the gut microbiota has recently been implicated in
human obesity26–28 a risk factor for raised BP8, 29 and CVD30; we have also reported
inverse associations of urinary hippurate excretion with BP of individuals.8 These results
offer potential mechanisms by which the gut microbiota could directly influence CVD risk.

Excretion of 2-hydroxyisobutyrate was higher in the southern population sample. 2-
hydroxyisobutyrate is derived from microbial degradation of dietary proteins and is
associated with the presence of some microbial species such as Faecalibacterium prausnitzii
in the colon.31 Correspondingly, southern Chinese INTERMAP participants had higher total
and animal protein intake than in the north.7 Greater excretion of urinary alanine and lactate
observed in the northern Chinese may be linked to their starch-rich diet. Zuppi et al. found
that individuals consuming a diet high in carbohydrate had greater urinary excretion of
citrate, lactate, alanine and glycine.32 We recently reported that in INTERMAP urinary
alanine is directly associated with BP.8 Increased urinary alanine excretion has also been
reported in hyperglycaemic dogs and human diabetes models – possibly reflecting changes
in liver gluconeogenesis and kidney metabolism33–35 – providing a further possible link to
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CVD. In addition, urinary excretion of branched-chain amino acids such as valine and
isoleucine were higher in the northern population sample. Differences in branched-chain
amino acid excretion could reflect north-south differences in gluconeogenesis secondary to
differences in levels of physical activity; in northern Chinese where physical activity levels
are lower, a greater proportion of these branched-chain amino acids may be excreted in the
urine rather than utilized as fuel. Differences in urinary levels of tricarboxylic acid cycle
intermediate succinate may indicate differences in renal energy metabolism between the
southern and northern populations.36, 37

Higher levels of urinary creatine were observed in the southern population sample. Creatine
is found predominantly in red muscle tissue in the form of creatine phosphate.3839 About
half of the daily required creatine is synthesized from glycine, arginine and methionine, but
creatine can also be obtained directly from consumption of creatine-rich foods such as meat
and fish.38 We previously reported high urinary creatine excretion with high meat intake39;
thus, higher urinary excretion of creatine in the southern Chinese may reflect the ~3 times
higher animal protein intake in southern compared to northern Chinese. Higher creatine
excretion in southern Chinese may also reflect higher levels of physical activity with
increased turnover in the creatine/creatinine pathway.7, 38

Differences in other metabolites may be dietary in origin. Higher levels of scyllo-inositol
were observed in the southern population sample. Scyllo-inositol is converted from dietary
myo-inositol40 and is also present as an osmolyte found in deep-sea animals41, 42.
Prolinebetaine and trans-aconitate levels were also higher in southern compared to northern
China. Prolinebetaine, an osmoprotectant, has recently been identified as a biomarker of
citrus consumption and is associated with high vitamin C intake.43Trans-aconitate is highly
correlated with potassium concentration in plant leaves44 and can be metabolised by
bacteria.45 Our findings for prolinebetaine and trans-aconitate are consistent with dietary
origins, as vitamin C, potassium intake and urinary potassium excretion were all higher in
the south.

Although this study is limited to 3 rural samples (two northern, one southern), our findings
are broadly consistent with the results of previous studies of north-south differences in BP,
BMI, sodium, potassium and other dietary and lifestyle factors46–50. This lends credence to
the north-south differences in metabolite profiles reported here. In addition there are genetic
differences between Han Chinese north and south.51, 52 In summary, we found multiple
urinary metabolites that discriminate southern and northern Chinese population samples that
are at markedly different risks of CVD. These metabolite differences were reflective of
dietary and gut microbial differences, which may help explain geographical differences in
CVD risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Median urinary 1H NMR spectrum of INTERMAP Chinese population samples, based on
the first urine collection (N=747). Key: 1, Pentanoic/heptanoic acid; 2, Branched-chain
amino acids (leucine, isoleucine, valine); 3, D-3-hydroxybutyrate; 4, Lactate; 5, 2-
hydroxyisobutyrate; 6, Alanine; 7, Acetate; 8, N-acetyls of glycoprotein fragments
(including uromodulin); 9, N-acetyl neuraminic acid; 10, Phenylacetylglutamine; 11, 4-
cresyl sulfate; 12, Succinate; 13, Glutamine; 14, Citrate; 15, Dimethylamine; 16,
Methylguanidine; 17, Trimethylamine; 18, Dimethylglycine; 19, Creatine; 20, Creatinine;
21, Prolinebetaine; 22, Trimethylamine N-oxide; 23, Scyllo-inositol; 24, Glycine; 25,
Guanidinoacetate; 26, Hippurate; 27, N-methyl nicotinic acid; 28, Trans-aconitate; 29,
Tyrosine; 30, Formate.
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Figure 2.
(A) Cross-validated OPLS-DA scores plot derived from urinary NMR spectra of northern
and southern Chinese population samples, based on the first urine collection; (B) Covariance
plot showing color-coded significance of urinary metabolite differences between northern
and southern Chinese populations, based on the first urine collection. Mean north-south
differences in peak intensity for 7,100 spectral variables were assessed for statistical
significance using Family Wise Error Rate <0.01, corresponding to P <4×10−6 for group
mean north-south differences by Student's t, for the two urine collections considered
separately; (C) Cross-validated OPLS-DA scores plot derived from urinary NMR spectra of
northern and southern Chinese population samples, based on the second urine collection; (D)
Covariance plot showing color-coded significance of urinary metabolite differences between
northern and southern Chinese populations, based on the second urine collection. Key: 1,
Pentanoic/heptanoic acid; 2, Branched-chain amino acids; 4, Lactate; 5, 2-
hydroxyisobutyrate; 6, Alanine; 8, N-acetyls of glycoprotein fragments (including
uromodulin); 9, N-acetyl neuraminic acid; 11, 4-cresyl sulfate; 12, Succinate; 16,
Methylguanidine; 18, Dimethylglycine; 19, Creatine; 21, Prolinebetaine; 23, Scyllo-inositol;
10, Phenylacetylglutamine; 26, Hippurate; 28, Trans-aconitate.
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Table 1
1H NMR-derived metabolites that differ significantly* between northern and southern Chinese participants

minimum P-value†

metabolite chemical shifts, ppm (multiplicity) 1st collection 2nd collection

 Higher in the north

N-acetyls of glycoprotein fragments‡ 1.95 – 2.04 (s) 2.9 × 10−69 1.6 × 10−61

Alanine 1.48 (d); 3.79 (q) 1.4 × 10−58 5.2 × 10−64

Branched-chain amino acids§ 0.96 – 1.00 (overlapped resonances) 3.3 × 10−56 2.0 × 10−41

Unknown 1 1.82 (m) 1.2 × 10−51 1.2 × 10−16

N-acetyl neuraminic acid 2.06 (s) 1.5 × 10−47 1.4 × 10−36

Lactate 1.32 (d); 4.11 (q) 8.8 × 10−47 1.4 × 10−43

Pentanoic/heptanoic acid 0.86 – 0.89 (m) (overlapped broad resonances) 1.5 × 10−31 5.5 × 10−22

Dimethylglycine 2.93 (s); 3.72 (s) 1.1 × 10−26 1.7 × 10−20

Methylguanidine 2.84 (s) 7.0 × 10−21 6.1 × 10−17

 Higher in the south

Creatine 3.03 (s); 3.93 (s) 7.4 × 10−120 2.0 × 10−127

Prolinebetaine 3.11 (s); 3.31 (s) 3.5 × 10−86 7.4 × 10−73

2-hydroxyisobutyrate 1.36 (s) 6.2 × 10−54 6.0 × 10−98

Phenylacetylglutamine 0.89 (m); 1.33 (m); 1.55 (m); 1.92 (m); 2.11 (m); 2.26 (t); 3.66 (q);

4.18 (m); 7.36 (m)∥, 7.42 (m)∥
5.5 × 10−44 5.9 × 10−54

Scyllo-inositol 3.35 (s) 6.8 × 10−40 9.5 × 10−60

Succinate 2.41 (s) 9.3 × 10−38 4.7 × 10−54

4-cresyl sulfate 2.35 (s); 7.20 (m)#; 7.28 (m)# 5.6 × 10−30 1.3 × 10−27

Hippurate 3.98 (d); 7.55 (m)∥; 7.64 (m)∥; 7.84 (m)∥ 1.2 × 10−26 3.0 × 10−20

Trans-aconitate 3.45 (s); 6.59 (s) 1.3 × 10−13 1.1 × 10−12

Abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.

*
Mean north–south differences in peak intensity for 7100 spectral variables were assessed for statistical significance using Family Wise Error Rate

< 0.01, corresponding to P < 4 × 10−6 for group mean north-south differences by Student's t, for the two urine collections considered separately.

†
Minimum P-values for mean north–south differences in peak intensity among the spectral variables assigned to a particular metabolite, obtained

separately for first and second urine collections, give a ranking of the discriminatory strength of the metabolites.

‡
including uromodulin.

§
isoleucine, leucine and valine.

∥
AA'BB'C spin system.

#
AA'BB' spin system.
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