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ABSTRACT: Our investigation addresses the hypothesis that dis-
ruption of third trimester development by preterm birth alters multi-
ple biological pathways affecting metabolic health in adult life. We
compared healthy adult volunteers aged 18-27 y born at =33 wk
gestation or at term. We used whole-body MRI, 'H magnetic reso-
nance spectroscopy (MRS) of liver and muscle, metabonomic pro-
filing of blood and urine, and anthropometric and blood pressure
measurements. Preterm subjects had greater (mean difference (95%
CI)) total [2.21 L (0.3, 4.1), p = 0.03] and abdominal adipose tissue
[internal 0.51 (0.1, 0.9), p = 0.007]; blood pressure [systolic 6.5 mm
Hg (2.2, 10.8), p = 0.004; diastolic 5.9 (1.8, 10.1), p = 0.006]; and
ectopic lipid (ratio (95% CI)), intrahepatocellular lipid (IHCL) 3.01
(1.78, 5.28) p < 0.001, and tibialis-intramyocellular lipid (T-IMCL)
[1.31 (1.02, 1.69) p = 0.04]. In preterm, compared with term men,
there was greater internal adipose tissue [mean (SD); men: preterm
4.0 (1.6), term 2.7 (1.1) liters; women: preterm 2.6 (0.9); term 2.6
(0.5); gender-gestation interaction p = 0.048] and significant differ-
ences in the urinary metabolome (elevated methylamines and acetyl-
glycoproteins, lower hippurate). We have identified multiple pre-
morbid biomarkers in ex-preterm young adults, which are most
marked in men and indicative of risks to later wellbeing. These
data offer insight into biological trajectories affected by preterm
birth and/or neonatal care. (Pediatr Res 70: 507-512, 2011)

Around 2% of births in the developed world are below 33
wk gestation. This rate is rising as is survival and >90%
of these infants will go home. Survival free of major impair-
ment is also rising, bringing with it the expectation of life-long
health. Preterm birth may be a risk to adult health (1,2).
Several groups describe higher blood pressure (3—7). Insulin
resistance (8) and poorer reproductive health (9) have also
been reported. The biological mediators are unknown.

We have previously shown that by term, preterm infants
have an altered body composition with significantly greater
abdominal adipose tissue (10) and intrahepatocellular lipid
(IHCL) (11). There is a high degree of correlation between
hypertension, insulin resistance, and abdominal obesity. Ab-
dominal adipose tissue in particular seems to play a major role
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in the pathogenesis of the metabolic syndrome (12). Increased
“ectopic” lipid in liver and muscle as IHCL and soleus and
tibialis intramyocellular lipid (S-IMCL and T-IMCL) are also
strongly associated with these conditions (13).

In this proof-of-concept study, we postulated that disruption
of the normal pattern of third trimester development by pre-
term birth will affect a range of systems affecting metabolic
health. We tested the primary hypothesis that young adults
born at or below 33 wk gestation would have increased
abdominal adiposity in the absence of overt obesity. We also
evaluated IHCL, IMCL, fasting glucose and insulin, insulin
resistance, serum lipids and serum, and urine metabolomes.

METHODS

Approval for the study was obtained from the National Research Ethics
Service (Charing Cross Hospital Research Ethics Committee). Written in-
formed consent was obtained from all subjects. We recruited healthy young
male and female volunteers aged 18—27 y, born at term or preterm (=33 wk
gestation) through advertisements in newsletters and websites and with the
help of Bliss, a national UK premature baby charity. Before recruitment, a
screening questionnaire was completed to exclude subjects with a history of
smoking, dyslipidemia, or excess alcohol intake, and in women, any possi-
bility of pregnancy. Sedentary subjects (either term or ex-preterm) were also
excluded after physical activity classification (14).

Blood and urine samples were obtained after an overnight fast. Body mass
(kg), height (cm), waist circumference (WC) (cm), and hip circumference
(cm) were measured, and BMI (kg/m?) and waist-to-hip ratio (WHR) were
calculated. Fasting glucose, total cholesterol, triglycerides, high density lipo-
protein (HDL), low density lipoprotein (LDL), and insulin were measured by
standard methods. Insulin sensitivity was assessed from concentrations of
glucose and insulin using the Homeostasis Model Assessment of Insulin
Resistance (15) and Quantitative Insulin Sensitivity Check Index (16).

Intramyocellular and intrahepatocellular lipid. Hepatic spectra were
obtained using a PRESS sequence (TR 1500 ms, TE 135 ms) and IHCL
determined relative to liver water content (17). Muscle spectra were obtained
from the soleus (S-IMCL) and tibialis (T-IMCL) (TR 1500ms, TE 135ms, 256
averages). IMCL was determined relative to total muscle creatine signal after
correcting for T, and T, (18).

Adipose tissue content and distribution. Whole-body magnetic resonance
imaging (1.5T Achieva scanner; Phillips Medical Systems, Best, The Neth-
erlands) was used to determine total and regional adipose tissue content as
previously described (17). The s.c. and internal adipose tissue was quantified
in liters as either abdominal or nonabdominal compartments. Total adipose
tissue was calculated as the sum of these four compartments. Adipose tissue
images were analyzed independently of the investigators, blind to subject and
group identity by VardisGroup, (London, United Kingdom, Available at:

Abbreviations: IHCL, intrahepatocellular lipid; IMCL, intramyocellular lipid;
S-IMCL, soleus-intramyocellular lipid; T-IMCL, tibialis-intramyocellular lipid
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www.vardisgroup.com) using an image segmentation program (sliceOmatic,
Tomovision, Montreal, Canada).

High resolution "TH NMR spectroscopic analyses. Proton nuclear mag-
netic resonance ("H NMR) spectroscopy on blood and urine was performed at
300 K on a Bruker LC-NMR 600 MHz spectrometer (Bruker Biospin,
Karlsruhe, Germany) using standard sample preparation, parameters, and
preprocessing algorithms (19). Spectra were automatically phased; baseline
corrected, and referenced using an in-house routine written in MATLAB (The
MathWorks, Natick, MA). Orthogonal projection to latent structure discrim-
inant analysis (O-PLS-DA) (20) was used to optimally model class differences
and to systematically identify metabolites contributing to the differences
between preterm and term groups. The statistical significance and validity of
the O-PLS-DA results were calculated using a permutation test (number of
permutations = 10,000) (21). Group comparisons were calculated for preterm
versus term (men and women combined) and individually for the male and the
female subgroups (preterm versus term).

Data analyses. We used multiple linear regression (Stata Release 10.1)
to examine group (preterm-term) and gender (men-women) differences
and gender-group interaction. Adipose tissue volumes, ectopic lipid, blood
pressure, and blood biochemistry were adjusted for BMI. The mean
difference (95% CI) was calculated for group and gender if the gender-
group interaction was nonsignificant (at the 5% level). IHCL, S-IMCL,
and T-IMCL are presented as the geometric mean and ratio (95% CI) with
analyses performed following log. transformation due to the skewed
distribution of these data. Unless otherwise stated, other values are mean
difference (95% CI).

RESULTS

We recruited 48 volunteers, 23 born preterm (13 men and
10 women) at a mean gestational age of 29 wk (range, 24 to
33) and mean birth weight of 1.366 kg (range, 0.650 to 2.10),
and 25 born at full term (10 men and 15 women). Preterm and
term subjects did not differ in any adult anthropometric pa-
rameter including BMI. Men had a significantly greater
weight, height, BMI, WC, and waist-hip ratio compared with
women. There was no evidence of a group-gender interaction
in any baseline parameter (Table 1).

Adipose tissue volumes and ectopic lipid are shown in
Table 2. The preterm group had significantly more total
adipose tissue [mean difference (95% CI), 2.21 L (0.3 to 4.1
L), p = 0.03]. This was due to an increase in abdominal
[s.c. 0.70 L (0.13 to 1.27 L) p = 0.02; internal 0.51 L (0.1
to 0.9 L), p = 0.007] and not nonabdominal adipose tissue.
Overall, women had significantly greater total and s.c.
(abdominal and nonabdominal) adipose tissue compared
with men (all p < 0.001), but there was evidence of gender
specificity in adipose tissue partitioning in the preterm
group. The increase in internal adipose tissue appeared only
to affect preterm men [mean (SD); men: preterm 4.0 (1.6),
term 2.7 (1.1); women: preterm 2.6 (0.9); term 2.6 (0.5);
gender-gestation interaction p = 0.048]. This was due to a
difference in the internal abdominal compartment [mean
(SD), men: preterm 2.1 (1.1), term 1.2 (0.6); women:
preterm 1.1 (0.6), term 1.1 (0.3); gender-group interaction
p = 0.056]. Ectopic lipid was significantly elevated in the
preterm subjects [IHCL ratio: 3.07 (95% CI 1.78 to 5.28),
p < 0.001; T-IMCL: 1.31 (1.02 to 1.69), p = 0.04]. There
was no significant difference in S-IMCL (p = 0.9) nor any
evidence of gender-group interaction in relation to ectopic
lipid deposition.

Blood pressure (Table 3) was higher in the preterm group
[mean difference (95% CI), systolic 6.5 mm Hg (2.2 to
10.8), p = 0.004; diastolic 5.9 mm Hg (1.8 to 10.1), p =
0.006]. There were no significant differences in blood

Table 1. Baseline characteristics

Gender-group interaction

Group: preterm-term

Gender: men-women

Women term, Women preterm,

Men preterm,

Men term,

14
0.

95% CI
—2.0t03.1

Difference

p
<0.001

95% CI
—12.1to — 9.6

Difference

14

95% CI
—0.4t02.1

Difference

10

28.8 = 2.8

n =15

399=*13

13
299 *+25

n

n =10

40.5 = 2.0

68

0.53

—10.88

0.19

0.82

Gestation

(wk)
Birth weight

0.38

—0.3t00.8

0.23

—23to— 1.7 <0.001

-2.0

1.463 = 0.5 3341 =04 1.239 = 0.3 0.11 —-0.2t00.4 0.42

3.336 = 0.5

(kg)
Age (yr)

0.72
0.93

—24t034

0.53
0.43
—0.02

0.10
0.51
0.44

0.88
0.13

—0.2t02.7
—6.8t03.4
—0.06 to 0.03

1.22
—1.69
—0.02
—0.12

0.05
<0.001
<0.001

239+ 1.8 249 = 3.0 —1.48 —29to — 0.04
159

23723

222+29

—9.9t0 10.7
—0.11 to 0.07
—2.1t0 4.0

10.8 to 21

58.1 =8.2

75.7 9.7 74.3 = 10.8 60.0 =5.9

Weight (kg)
Height (m)

63
55

0.

0.12 0.07 t0 0.16

1.65 = 0.08
214 =27

72.8 £7.7

1.65 = 0.06
22.0*+23

1.75 = 0.09
242 *+ 3.1

1.78 = 0.08
23822

0.

0.92
4.80
1.15

0.04

—1.6to 1.4
—0.91t06.8
—2.1to4.7
—0.01 to 0.05

0.77 to 3.80 0.004
<0.001

2.28
11.0

BMI (kg/m?)
WC (cm)

0.21

—29to 12,5
—5.7t08.0
—0.02 to 0.09

2.93
1.28
0.02

7.2t0 14.9
—0.6t06.2

86.2 =73 722+ 5.1

809 =59

74
17

0.

0.45

0.10
<0.001

2.81
0.09

948 =54

94.1 =5.0
0.77 = 0.04

96.3 = 6.5 98.2 = 6.3

Hip (cm)
WHR

0.

0.20

0.06 to 0.12

0.77 = 0.06

0.88 = 0.04

0.84 = 0.04

Values are mean = SD and mean difference (95%) CI.
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Table 4. Gender-specific differences in the urine metabolome of healthy
young adults born =33 wk gestation compared with term controls

Chemical Chemical
Direction shift shift
Metabolite of change  (ppm)  Multiplicity ~ (ppm)
Male preterm
Bile acids + 0.83-0.85 m 0.0004
3-hydroxyisobutyrate + 1.36 s 0.014
O-acetyl fragments + 2.066 s 0.012
of glycoproteins
Dimethylamine - 2.71 S 0.030
Trimethylamine + 2.86 s 0.009
Taurine + 3.42 t 0.030
Guanidoacetate + 3.8 s 0.017
Transaconitate - 6.61 S 0.003
Hippurate - 7.64 t 0.003
Female preterm
a-ketoisovalerate + 1.145 d 0.030
N-acetyl fragments + 2.04 S 0.007
of glycoproteins
Trimethylamine + 2.86 S 0.0009

+, increase; —, decrease; multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet;
male: term, n = 7; preterm n = 12 and female: term, n = 10; preterm, n = 7.

<0 005

A Term | +7 Hippurate
|

Hippurate —{—

DMA

pvalue
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‘ of glycoproteins
..-kn:mio-
valerate
Pre-Term

=005

85 8 .5 7 a 35 3 25 3 s 1M

Figure 1. Coefficient plots derived from urinary '"H NMR spectra in term and
preterm young adults. (A) male (Q* 31.5%, R*: 35.0%) (B) female (Q* 23.1%,
R*: 28.9%). The significance of each metabolite from the permutation test is
interpreted using the covariance plot, where the colors projected onto the spec-
trum indicate the significance of the metabolites (blue indicating no significant
difference at p > 0.05 and red indicating a significant difference at p < 0.005).
The direction and magnitude of the signals relate to the covariation of the
metabolites with the classes in the model. Group comparisons were calculated for
the groups, preterm vs term, individually for male and female subgroups. NAG,
N-acetyl fragments of glycoproteins; OAG, O-acetyl fragments of glycoproteins;
DMA, dimethylamine; TMA, trimethylamine; U1, unknown metabolite 1 female:
term n = 10, preterm n = 7; male: term n = 7, preterm n = 12.

biochemistry or insulin sensitivity. Urinary metabolite pro-
files revealed differences between term and preterm sub-
jects more marked in the men (Table 4 and Fig. 1). Trim-
ethylamine and acetylated glycoprotein were higher in

preterm subjects. Preterm men had lower hippurate, taurine,
dimethylamine, and transaconitate and higher 3-hydroxy-
isobutyrate, bile acids, and guanidinoacetate. No significant
differences were detected between the serum metabolome
of either men or women.

DISCUSSION

Using diverse techniques to interrogate a range of biologi-
cal systems, we have revealed significant differences between
adults born preterm and at term that merit further exploration.
Although not different from term-born counterparts in external
physique, our small group of preterm, healthy subjects had
significantly increased whole-body adiposity, altered adipose
tissue partitioning, higher systolic and diastolic blood pres-
sure, increased IHCL and IMCL, and differences in the urinary
metabolome. Although overall women had significantly
greater total and s.c. adipose tissue than men, our data raise the
possibility of greater vulnerability of preterm men to accumu-
late excess internal adipose tissue, especially in the abdominal
compartment. Higher blood pressure in preterm subjects has
been previously reported by several groups; the other findings
are novel.

The anthropometric, adiposity, ectopic lipid, and blood
pressure measurements in our term-born subjects were within
the expected range for this age group. The increase in total
adiposity in the preterm group was the consequence of an
increase in the abdominal compartments. Increased abdominal
adiposity and ectopic lipid accumulation in liver and muscle
are associated with adverse metabolic health, type-2 diabetes,
dyslipidemia, and hypertension (22-24). We found a striking
3-fold-higher IHCL content in preterm adults and significantly
greater IMCL in the tibialis but not soleus muscle. Several
studies indicate that IMCL is a good predictor of peripheral
insulin resistance, although it is unclear whether S-IMCL or
T-IMCL is of principal relevance (25,26). These uncertainties
notwithstanding, the preterm adult phenotype we have char-
acterized is likely to become more pronounced with ageing,
particularly in an obesogenic environment, and is predictive of
risk to metabolic health.

We found no differences in plasma insulin, glucose,
lipids, or indices of insulin sensitivity. This was unsurpris-
ing because our study lacked power to detect differences in
young, healthy people. However, despite the small sample
size, differences in urinary metabolites were found between
term and preterm young adults that, analogous to the altered
adiposity, were more pronounced in men. Both preterm
men and women showed higher urinary acetylated glyco-
protein fragments, metabolites associated with inflamma-
tion, a prime candidate cause of hypertension. This increase
may be related to the elevated ectopic and central adiposity
observed in our preterm subjects, because lipid overload
associated with obesity is thought to induce cellular stress
that initiates and perpetuates an inflammatory cycle (27).
Higher blood pressure and lower hippurate in preterm men,
with a similar trend in women, is in accord with large
population studies showing a similar, inverse association
between hippurate and blood pressure (28), a relationship
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that has been postulated to reflect the interactions between
diet and gut microbial activity (29,30), because hippurate is
predominantly generated from the conjugation of benzoic
acid with glycine. Urinary hippurate has also been shown to
be inversely correlated with weight in humans and labora-
tory animals (31). Furthermore, the modulation of choline
degradation products, dimethylamine and trimethylamine,
also implicate gut microbial involvement in the differential
signature of the term and preterm group. Although the
clinical implications of the differences in urinary metabolite
profile remain to be elucidated, our data indicate a role for
metabonomic technologies in the identification of biomark-
ers for follow-up of preterm infants.

Our observations of aberrant adiposity and ectopic lipid
deposition in young adults mirror the findings we have
previously reported in preterm infants at term equivalent
age (10). The elevated urinary bile acids we have noted in
preterm men is in accord with a study examining the serum
of preterm neonates (32). These cross-sectional data sug-
gest that alterations arising in early infancy persist into
adult life.

The strength of our study is that using diverse techniques to
interrogate different biological systems, we have identified
premorbid markers indicative of disruption of multiple meta-
bolic pathways. Establishing the physiological basis for early
life determinants of increased metabolic risk is complicated by
the interaction between preterm birth and growth restriction,
each of which contributes to the spectrum of outcomes asso-
ciated with low birth weight. The indices we have used are
potential biomarkers, opening the door to research to unravel
these interactions and in due course attenuate damaging tra-
jectories, without dependence on long-term follow-up to as-
Sess outcomes.

A further challenge is to identify the neonatal care
practices that might be contributing to adverse long-term
health or that might be used in prevention. Growth velocity
in infancy is a key determinant of body size, adipose tissue
mass, and body composition, irrespective of birth weight
(33). Therefore, nutrition represents a potentially powerful
tool for clinical intervention in both term and preterm
populations.

Our study is small and requires replication with power to
address multiple outcomes and control for confounders.
This is potentially of great importance to the growing
number of healthy ex-preterm adults because metabolic and
cardiovascular screening is usually reserved for people who
are overweight or much older, and a range of life-style and
pharmacological interventions exist to attenuate progres-
sion to overt morbidity. Despite the limitations of our
study, the data we present add to growing justification to
monitor the health of preterm men and women beyond
infancy and childhood.
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