Chapter 2
Fetal Origins of Variables Related
to Cardio-Metabolic Risk

Sathanur R. Srinivasan

Abstract Low birth weight for gestational age, regardless of socio-economic back-
ground and geographical location, is considered a risk factor for chronic diseases
such as cardiovascular disease and type 2 diabetes mellitus in later life. This over-
view focuses on the racial (black—white) divergence in birth weight and adverse
effects of low birth weight on aspects of cardio-metabolic risk involving anthropo-
metric, hemodynamic, metabolic and inflammatory variables during growth peri-
ods of childhood, adolescence, and adulthood along with pulsatile behavior of the
vasculature in adulthood noted in the Bogalusa Heart Study cohort. Several putative
mechanisms linking these adverse relationships are discussed, thereby providing a
rationale for primordial prevention.
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2.1 Introduction

Low birth weight for gestational age is considered to be an indicator of metabolic
imprinting and developmental plasticity associated with a compromised intrauterine
growth and development [1-5]. Developmental plasticity reflects gene expression
mediated in part by epigenetic processes in response to environmental factors and
subsequent risk of diseases [6]. Studies world-wide, regardless of socio-economic
background, have linked low birth weight to increased risk of developing insulin
resistance, dyslipidemia, hypertension, coronary heart disease, and type 2 diabetes
[7-10], although some investigators question this relationship [11, 12]. This chapter
highlights the effect of low birth weight on aspects of cardio-metabolic risk noted
in the Bogalusa Heart Study biracial (black—white) cohort [13-22].
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2.2 Racial (Black—White) Difference

Birth weight of children born to Bogalusa residents between January, 1974 and
June, 1975 were examined by race. Of these children, 100% blacks and 97.5%
whites participated in the study [13]. As illustrated in Fig. 2.1, white children at
birth when compared to black children consistently weighed more. Ninety percent
of white newborns weighed between 2353 g (5th percentile) and 4186 g (95th per-
centile); whereas for black newborns the corresponding values were 1962 g and
3989 g, respectively. This black—white contrast in birth weight for gestational age
was also seen in later studies, including our own [15, 18, 23, 24].

The effect that socio-economic and genetic factors may have on the birth weight
of these two racial groups were indirectly assessed by comparing the birth weight
data by race of children born in Bogalusa public vs private hospitals. The racial
make-up of children born at the state hospital was 66% black and 34% white; at
the private hospital, 19% black and 81% white. At both hospitals, white neonates
weighed significantly more than their black counterparts, although in both races
those born at the private hospital weighed significantly more than those born at the
public hospital. Further, mean birth weight of blacks born at the private hospital
was almost identical to the mean birth weight of whites born at the public hospital.
Taken together, these findings indicate that both socio-economic and genetic factors
influence the weight at birth.

2.3 Relation to Anthropometric, Metabolic,
and Hemodynamic Variables

Earlier studies have linked low birth weight to adverse levels of cardiovascular
risk factor variables in childhood and adolescence [25-29]. However, information
is scant on data linking low birth weight to longitudinal trends of adiposity, blood
pressure, lipids, and glucose homeostasis variables (glucose, insulin, and insulin
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Table 2.1 Levels (mean=+SD) of risk variables during childhood and adolescence by birth weight:
the Bogalusa Heart Study. [14]

Variable Childhood (4-11 years) Adolescence (12—18 years)
Low birth Control Low birth Control
weight weight

BMI (kg/m?) 16.7+2.6 17.5+£2.9 21.6+£5.2 22.7£5.0

Subsc. skinfold (mm) 8.2+5.1 8.3+6.4 15.9+10.0 16.0£10.7

Syst. BP (mm Hg) 96.4+9.0 98.6+8.1 108.8+9.1 105.2+8.7

Diast. BP (mm Hg) 57.2+10.2 58.7+7.9 66.1+8.0 66.4+7.4

Triglycerides (mg/dL) 62.6+23.2 52.8+20.3 87.1+£29.0 83.2+35.3

HDL cholesterol (mg/dL)  44.3+22.6* 54.7+£17.4 49.9+12.8 51.2+11.5
LDL cholesterol (mg/dL)  76.0+35.4* 68.6+37.6 99.5+24.7 98.4+24.3

Glucose (mg/dL) 79.7+8.1 80.9+9.7 85.4+8.2%* 81.6+7.4
Insulin (pU/mL) 8.5+£5.7 7.4+4.6 14.8+7.5 13.2+8.6
HOMA-IR 1.7£1.2 1.6+1.0 3.0+24 2.7+2.0

Difference between groups (adjusted for age, race, and gender), *p=0.05; **p=0.02
HOMA-IR homeostasis model assessment index of insulin resistance

resistance index) measured simultaneously and serially during the developmental
periods of childhood and adolescence. The Bogalusa Heart Study subjects followed
from childhood to adolescence by repeated surveys were categorized into singleton
and full term low birth weight (below the gestation age- and race-specific 10th
percentile) and control (between the gestation age- and race-specific 50th and 75th
percentiles) groups [14]. As shown in Table 2.1, low birth weight vs control group
had significantly lower mean high-density lipoprotein (HDL) cholesterol and high-
er low-density lipoprotein (LDL) cholesterol during childhood (ages 411 years);
higher glucose during adolescence (ages 12—18 years). In addition, yearly rates of
change from childhood to adolescence in systolic blood pressure, LDL cholesterol,
and glucose were faster, and body mass index (BMI) slower among the low birth
weight group. In a multivariate analysis of the serial data, presented in Table 2.2, the

Table 2.2 Independent association of low birth weight with longitudinal trends of systolic blood
pressure, triglycerides and glucose from childhood to adolescence. [14]

Independent variables Syst. BP Triglycerides Glucose
retained Bt p-value B p-value B p-value
Birth weight (low vs 3.84 0.02 48.6 0.08 15.20 0.07
control)
Gender (male vs female)  — - - - 431 <0.001
Age 0.39 0.40 12.21 0.01 6.60 <0.001
Age? 0.06 0.002 —0.44 0.04 —0.31 <0.001
Insulin 0.11 0.03 1.16 <0.001 0.22 0.02
BMI 0.34 <0.001 - - - -
Birth weight x age 0.45 0.004 12.71 0.03 0.10 0.07
Birth weight x age? - - 0.55 0.02 2.65 0.10

T GEE regression coefficient. The model included birth weight (low vs control) along with age,
age?, race, and gender, and their interaction with birth weight; and risk variable as applicable
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independent adverse effects of low birth weight on the longitudinal trends of sys-
tolic blood pressure, triglycerides, and glucose were discernable in the study cohort,
regardless of race and sex. An analysis of the data set using the World Health Or-
ganization criteria for low birth weight (<2500 g) gave essentially the same results.
Of note, observed adverse trends associated with low birth weight group vs control
group were influenced by age in that the difference became greater in magnitude
as the children got older. Earlier studies have found such strong associations with
increasing age [30]. Further, although the rate of yearly increase in BMI, which also
includes muscle mass, was significantly lower in low birth weight group, the rate of
increase in subscapular skinfold, a measure of truncal fat, remained similar to that
of the control group. This suggests a gaining of truncal fat, in relative term, over
muscle mass in the low birth weight group.

In terms of hemodynamic variables, additional studies on the developmental
trends from childhood to mid-adulthood indicated that birth weight was indepen-
dently inversely associated with systolic blood pressure as well as diastolic blood
pressure and pulse pressure [17]. The interaction of birth weight with BMI was
negative for all these three hemodynamic variables, but the trend was significant
only for systolic blood pressure. Figure 2.2 illustrates the relation between birth
weight and later systolic blood pressure (at age> 35 years) within each tertile of
adult BMI. That adjustment for later BMI strengthens this association indicates BMI
as a negative confounder as originally proposed by Gillman [31]. Importantly, the
magnitude of the birth weight—systolic blood pressure relationship was significantly
amplified with increasing age from pre-adolescence to mid-adulthood, regardless of
adjustment for current BMI and race [ 18]. These finding are consistent with previous
reports [30, 32]. Further, in this cohort, low birth weight was significantly associated
with increased within-individual blood pressure variability assessed in terms of stan-
dard deviations of six serial blood pressure measurements from childhood to adult-
hood. In a multivariate model adjusted for race, sex and average age and blood pres-
sure from childhood to adulthood, 1 kg of lower birth weight was associated with
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0.43 mm Hg increase in standard deviation of systolic blood pressure (p=0.023);
0.55 mm Hg of diastolic blood pressure (p=0.002). These observations suggest that
the fetal programming and the increasing burden with age of unhealthy lifestyle be-
haviors affect the development of adult hypertension in a synergistic manner.

It is well established that genetics play a major role in determining both blood
pressure levels and birth weight [33, 34]. Candidate genes and chromosomal regions
have been identified for birth weight [35-37]. The genetic influence of f-adrenergic
receptor gene polymorphisms ($2-AR Arg 16 Gly and B3-AR Trp 64 Arg), impor-
tant modulators of fetal growth, sympathetic nervous system, hemodynamic status,
obesity, and insulin sensitivity [38—41], on the inverse relation of birth weight to
longitudinal changes in blood pressure has been found in the Bogalusa cohort, aged
21-47 years [19]. Blacks showed significantly lower birth weight and frequen-
cies of f2-AR Gly 16 and B3-AR Trp 64 alleles and higher blood pressure levels
and age-related trends than whites. Importantly, the strength of the birth weight—
blood pressure association, measured as regression coefficients, was significantly
modulated by the combination of f2-AR and f3-AR genotypes for systolic blood
pressure (p=0.042 for interaction) and diastolic blood pressure (p=0.039 for in-
teraction) age-related trend, with blacks and whites showing a similar trend in the
interaction. Further, low birth weight was adversely related to longitudinal changes
in BMI from childhood to adulthood depending on fat mass and obesity risk associ-
ated (FTO) genotype in the Bogalusa cohort [42]. These findings underscore the
role of genetic factors in the fetal origins of hypertension later in life.

2.4 Relation to Inflammation

It is well recognized that cardio-metabolic syndrome and related CV diseases and
type 2 diabetes all share inflammation as a common pathologic trait [43—45]. Further,
a few studies have linked low birth weight for gestational age to increases in systemic
inflammation as depicted by C-reactive protein [46, 47]. The influence of low birth
weight on the white blood cell (WBC) count, a widely used biomarker of systemic in-
flammation [48, 49], during different growth periods of childhood (ages 411 years),
adolescence (ages 12—17 years), and adulthood (ages 18-38 years) was examined
in the Bogalusa cohort [20]. As illustrated in Fig. 2.3, the WBC count significantly
decreased with increasing quartiles of birth weight in children and adults of both
races. This inverse relationship was independent of age, race, sex, BMI, and smoking
status. Adolescents, regardless of race, showed no such significant trend in this rela-
tionship. Because the pubertal period of growth and maturation is characterized by
marked changes in fat mass and distribution along with insulin sensitivity [50-52],
known strong correlates of inflammation [44, 48], it is likely that low birth weight
may not be a strong enough proxy for prenatal factors influencing the WBC count
during adolescence. These observations by showing inverse association between
birth weight WBC count provide further rationale for linking fetal growth retardation
to CV diseases and type 2 diabetes, and implicating an impact of inflammation.
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Fig. 2.3 Covariate-adjusted mean values of white blood cell (WBC) count by race- and sex-spe-
cific quartiles of gestational age-adjusted birth weight. Quartiles / and IV represent the lowest
and highest birth weights, respectively, in children (a), adolescents (b), and adults (¢). Covariates
included age, sex, race (total sample), body mass index, and smoking status (adolescents and
adults). The Bogalusa Heart Study. [20]

2.5 Relation to Arterial Stiffness

Recent studies have shown that alterations in the pulsatile behavior of the vascu-
lature may be a sensitive marker to detect vascular dysfunction related to CV risk
factors and mortality [53—55]. Therefore, studies of arterial compliance in terms of
pulsatile behavior can help determine the role of birth weight in relation to CV risk.
This aspect was examined in the Bogalusa cohort of asymptomatic younger adults
aged 18—44 years [21]. Subjects were categorized into low (below the race—sex
specific 10th percentile) and normal (between the race—sex specific 10th and 90th
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percentiles) birth weight groups. Pulsatile arterial function was assessed in terms of
large artery compliance and small artery compliance. A modified Windkessel model
of the circulation was used to quantify changes in arterial waveform morphology in
terms of large artery (capacitive) compliance, representative of the aorta and major
branches, and small artery (oscillatory) compliance, representative of the distal part
of the circulation including the arteriolar bed, and systemic vascular resistance [56].
Low vs normal birth weight group had significantly lower large artery compliance.
Further, in the total sample, after adjusting for gestational age, race and sex, the
large artery compliance increased significantly across quartiles of increasing birth
weight specific for race, sex, and gestational age (Fig. 2.4). This relationship was
independent of race, sex, and adulthood age, BMI, body surface area, systolic blood
pressure, diastolic blood pressure, pulse rate, triglycerides/HDL cholesterol ratio,
insulin resistance index and smoking status. No such adverse independent effect of
low birth weight was noted with respect to small artery compliance and systemic
vascular resistance.

The observed positive association between birth weight and large artery compli-
ance is consistent with earlier studies [57—60], except Atherosclerosis Risk in Young
Adults study in somewhat older subjects [61]. The lack of association between birth
weight and small artery compliance may be due to the fact that the association be-
tween birth weight and compliance was found to be stronger in elastic arteries than
the small muscular arteries [57, 62]. Further, birth weight was also inversely and
independently related to both systolic blood pressure and brachial-ankle pulse wave
velocity, another marker of arterial stiffness related to elastic properties of aorta and
its larger branches, measured at younger to mid-adulthood in the Bogalusa cohort
[22]. Because arterial stiffness is both a cause and result of hypertension [63, 64],
increased arterial stiffness may be a link between the inverse association between
birth weight and blood pressure later in life, also to developing systolic hyperten-
sion and increasing pulse pressure. These findings, regardless of underlying mecha-
nisms, highlight the adverse CV risk associated with low birth weight.
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2.6 Mechanisms

Several putative mechanisms link low birth weight to the adverse cardio-metabolic
risk profile [65]. It has been suggested that insulin resistance may be one mecha-
nism by which intrauterine events may program disease risk [66]. Under-nutrition
in utero is known to cause permanent impairment in growth, structure, and function
of, among others, muscle [66, 67], fat [68], endocrine pancreas [69, 70], liver [71],
renal nephrons [72, 73], sympathetic nervous system [74], glucocorticoid hormones
[75], hypothalamic—pituitary—adrenal axis [76] and vasculature [77] due to adaptive
programming, resulting in adverse profiles of cardio-metabolic risk factor variables
and related disorders later in life [7, 9, 65]. Of interest, since there is little muscle
cell replication after birth [78], low birth weight individuals under a nutritionally
rich environment later in life will develop a disproportionately high fat mass and
related state of chronic low grade inflammation induced by adipose tissue cells
including monocytes [65, 79]. With respect to large artery compliance, it has been
proposed that impairment of synthesis of elastin and changes in collagen along with
endothelial dysfunction in large arteries during the period of intrauterine growth
retardation in low birth weight babies result in permanent changes in mechanical
properties of these vessels [80, 81]. In addition, structural adaptations in the large
artery wall occur in response to alterations in Doppler blood flow velocity wave-
forms under conditions of intrauterine growth retardations [61].

2.7 Conclusion

Low birth weight, albeit a crude surrogate marker for fetal growth and maturation,
is a potential early risk factor for the emergence of anthropometric, metabolic and
hemodynamic disorders and related diseases [2, 65]. In terms of public health, the
importance of primordial prevention is obvious. As stated by Barker and colleagues
[2, 7], primary prevention lies in protecting fetal development. This entails pro-
viding comprehensive prenatal care services, taking into account differences in the
prevalence of low birth weight babies among racial groups in the general population.

References

1. Barker DJ (1994) Programming the baby. In: Barker DJ (ed) Mothers, babies and disease later
in life. BMJ Publishing Group, London, 14-36

2. Barker DJ (2001) Fetal origins of cardiovascular and lung disease. Marcel Dekker, New York,
pp 1-197

3. Waterland RA, Garza C (1999) Potential mechanisms of metabolic imprinting that lead to
chronic disease. Am J Clin Nutr 69:179-197

4. Hattersley AT, Tooke JE (1999) The fetal insulin hypothesis: an alternative explanation of the
association of low birthweight with diabetes and vascular disease. Lancet 353:1789-1792



2 Fetal Origins of Variables Related to Cardio-Metabolic Risk 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

Barker DJP (2004) Developmental origins of adult health and disease. J Epidemiol Commun
Health 58:114-115

Gluckman PD, Hanson MA, Cooper C, Thornburg KL (2008) Effect of in utero and early-life
conditions on adult health and disease. N Engl ] Med 359:61-73

Barker DJ, Hales CN, Fall CH, Osmond C, Phipps K, Clark PM (1993) Type 2 (non-insulin-
dependent) diabetes mellitus, hypertension and hyperlipidaemia (syndrome X): relation to
reduced fetal growth. Diabetologia 36:62—67

Valdez R, Athens MA, Thompson GH, Bradshaw BS, Stern MP (1994) Birthweight and adult
health outcomes in a biethnic population in the USA. Diabetologia 37:624-631

Leon DA, Lithell HO, Vagero D, Koupilova I, Mohsen R, Berglund L, Lithell UB, McKeigue
PM (1998) Reduced fetal growth rate and increased risk of death from ischaemic heart dis-
ease: cohort study of 15,000 Swedish men and women born 1915-29. Br Med J 317:241-245
Godfrey KM, Barker DJ (2000) Fetal nutrition and adult disease. Am J Clin Nutr 71(Suppl
5):1344S-13528

Susser M, Levin B (1999) Ordeals for the fetal programming hypothesis. The hypothesis
largely survives one ordeal but not another. Br Med J 318:885-886

Huxley R, Neil A, Collins R (2002) Unravelling the fetal origins hypothesis: is there really
an inverse association between birthweight and subsequent blood pressure? Lancet 360:659—
665

Frerichs RR, Srinivasan SR, Webber LS, Rieth MC, Berenson GS (1978) Serum lipids an
lipoproteins at birth in a biracial population: the Bogalusa Heart Study. Pediatr Res 12:858—
863

Frontini MG, Srinivasan SR, Xu J, Berenson GS (2004) Low birth weight and longitudinal
trends of cardiovascular risk factor variables from childhood to adolescence: the Bogalusa
Heart Study. BMC Pediatr 4:22

Mzayek F, Sherwin R, Fonseca V, Valdez R, Srinivasan SR, Cruickshank JK, Berenson GS
(2004) Differential association of birth weight with cardiovascular risk variables in African—
Americans and Whites: the Bogalusa Heart Study. Ann Epidemiol 14:258-264

Cruickshank JK, Mzayek F, Liu L, Kieltyka L, Sherwin R, Webber LS, Srinavasan SR, Be-
renson GS (2005) Origins of the “black/white” difference in blood pressure: roles of birth
weight, postnatal growth, early blood pressure, and adolescent body size: the Bogalusa Heart
Study. Circulation 111:1932—-1937

Mzayek F, Hassig S, Sherwin R, Hughes J, Chen W, Srinivasan S, Berenson G (2007) The
association of birth weight with developmental trends in blood pressure from childhood
through mid-adulthood: the Bogalusa Heart study. Am J Epidemiol 166:413-420

Chen W, Srinivasan SR, Berenson GS (2010) Amplification of the association between birth-
weight and blood pressure with age: the Bogalusa Heart Study. J Hypertens 28:2046-2052
Chen W, Srinivasan SR, Hallman DM, Berenson GS (2010) The relationship between birth-
weight and longitudinal changes of blood pressure is modulated by beta-adrenergic receptor
genes: the Bogalusa Heart Study. J Biomed Biotechnol 2010:543514

Chen W, Srinivasan SR, Berenson GS (2009) Influence of birth weight on white blood cell
count in biracial (black—white) children, adolescents, and young adults: the Bogalusa Heart
Study. Am J Epidemiol 169:214-218

Bhuiyan AR, Chen W, Srinivasan SR, Azevedo MJ, Berenson GS (2010) Relationship of low
birth weight to pulsatile arterial function in asymptomatic younger adults: the Bogalusa Heart
Study. Am J Hypertens 23:168—173

Mzayek F, Sherwin R, Hughes J, Hassig S, Srinivasan S, Chen W, Berenson GS (2009) The
association of birth weight with arterial stiffness at mid-adulthood: the Bogalusa Heart Study.
J Epidemiol Commun Health 63:729-733

Alexander GR, Kogan MD, Himes JH (1999) 1994-1996 U.S. singleton birth weight percen-
tiles for gestational age by race, Hispanic origin, and gender. Matern Child Health J 3:225—
231

Shiono PH, Klebanoff MA, Graubard BI, Berendes HW, Rhoads GG (1986) Birth weight
among women of different ethnic groups. J Am Med Assoc 255:48-52



18

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

S. R. Srinivasan

Uiterwaal CS, Anthony S, Launer LJ, Witteman JC, Trouwborst AM, Hofman A, Grobbee
DE (1997) Birth weight, growth, and blood pressure: an annual follow-up study of children
aged 5 through 21 years. Hypertension 30:267-271

Whincup PH, Cook DG, Shaper AG (1989) Early influences on blood pressure: a study of
children aged 5-7 years. Br Med J 299:587-591

Bavdekar A, Yajnik CS, Fall CH, Bapat S, Pandit AN, Deshpande V, Bhave S, Kellingray SD,
Joglekar C (1999) Insulin resistance syndrome in 8-year-old Indian children: small at birth,
big at 8 years, or both? Diabetes 48:2422-2429

Li C, Johnson MS, Goran MI (2001) Effects of low birth weight on insulin resistance syn-
drome in Caucasian and African—American children. Diabetes Care 24:2035-2042
Murtaugh MA, Jacobs DR Jr, Moran A, Steinberger J, Sinaiko AR (2003) Relation of birth
weight to fasting insulin, insulin resistance, and body size in adolescence. Diabetes Care
26:187-192

Law CM, de Swiet M, Osmond C, Fayers PM, Barker DJ, Cruddas AM, Fall CH (1993)
Initiation of hypertension in utero and its amplification throughout life. Br Med J 306:24-27
Gillman MW (2002) Epidemiological challenges in studying the fetal origins of adult chronic
disease. Int J Epidemiol 31:294-299

Gamborg M, Byberg L, Rasmussen F, Andersen PK, Baker JL, Bengtsson C, Canoy D,
Droyvold W, Eriksson JG, Forsén T, Gunnarsdottir I, Jirvelin MR, Koupil I, Lapidus L,
Nilsen TI, Olsen SF, Schack-Nielsen L, Thorsdottir I, Tuomainen TP, Sgrensen TI, NordNet
Study Group (2007) Birth weight and systolic blood pressure in adolescence and adulthood:
meta-regression analysis of sex- and age-specific results from 20 Nordic studies. Am J Epi-
demiol 166:634-645

La Batide-Alanore A, Trégouét DA, Jaquet D, Bouyer J, Tiret L (2002) Familial aggregation
of fetal growth restriction in a French cohort of 7,822 term births between 1971 and 1985.
Am J Epidemiol 156:180-187

Luft FC (2000) Molecular genetics of human hypertension. Curr Opin Nephrol Hypertens
9:259-266

Pihlajaméki J, Vanhala M, Vanhala P, Laakso M (2004) The Prol12Ala polymorphism of the
PPAR gamma 2 gene regulates weight from birth to adulthood. Obes Res 12:187-190

Arya R, Demerath E, Jenkinson CP, Géring HH, Puppala S, Farook V, Fowler S, Schneider
J, Granato R, Resendez RG, Dyer TD, Cole SA, Almasy L, Comuzzie AG, Siervogel RM,
Bradshaw B, DeFronzo RA, MacCluer J, Stern MP, Towne B, Blangero J, Duggirala R
(2006) A quantitative trait locus (QTL) on chromosome 6q influences birth weight in two
independent family studies. Hum Mol Genet 15:1569-1579

Johnston LB, Clark AJ, Savage MO (2002) Genetic factors contributing to birth weight. Arch
Dis Child Fetal Neonatal Ed 86:F2—-F3

Zhu H, Poole J, Lu Y, Harshfield GA, Treiber FA, Snieder H, Dong Y (2005) Sympathetic
nervous system, genes and human essential hypertension. Curr Neurovasc Res 2:303-317
Wang X, Cui Y, Tong X, Ye H, Li S (2004) Effects of the Trp64Arg polymorphism in the
beta3-adrenergic receptor gene on insulin sensitivity in small for gestational age neonates. J
Clin Endocrinol Metab 89:4981-4985

Jaquet D, Trégouét DA, Godefroy T, Nicaud V, Chevenne D, Tiret L, Czernichow P, Lévy-
Marchal C (2002) Combined effects of genetic and environmental factors on insulin resis-
tance associated with reduced fetal growth. Diabetes 51:3473-3478

Ellsworth DL, Coady SA, Chen W, Srinivasan SR, Elkasabany A, Gustat J, Boerwinkle E,
Berenson GS (2002) Influence of the beta2-adrenergic receptor Argl6Gly polymorphism on
longitudinal changes in obesity from childhood through young adulthood in a biracial cohort:
the Bogalusa Heart Study. Int J Obes Relat Metab Disord 26:928-937

Mei H, Chen W, Srinivasan SR, Jiang F, Schork N, Murray S, Smith E, So JD, Berenson GS
(2010) FTO influences on longitudinal BMI over childhood and adulthood and modulation
on relationship between birth weight and longitudinal BMI. Hum Genet 128:589-96

Ross R (1999) Atherosclerosis—an inflammatory disease. N Engl J Med 340:115-126



2 Fetal Origins of Variables Related to Cardio-Metabolic Risk 19

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Pearson TA, Mensah GA, Alexander RW, Anderson JL, Cannon RO 3rd, Criqui M, Fadl
YY, Fortmann SP, Hong Y, Myers GL, Rifai N, Smith SC Jr, Taubert K, Tracy RP, Vinicor F,
Centers for Disease Control and Prevention, American Heart Association (2003) Markers of
inflammation and cardiovascular disease: application to clinical and public health practice: a
statement for healthcare professionals from the Centers for Disease Control and Prevention
and the American Heart Association. Circulation 107:499-511

Grundy SM (2003) Inflammation, hypertension, and the metabolic syndrome. J Am Med As-
soc 290:3000-3002

Trevisanuto D, Doglioni N, Altinier S, Zaninotto M, Plebani M, Zanardo V (2007) High-
sensitivity C-reactive protein in umbilical cord of small-for-gestational-age neonates. Neo-
natology 91:186—189

Sattar N, McConnachie A, O’Reilly D, Upton MN, Greer IA, Davey Smith G, Watt G (2004)
Inverse association between birth weight and C-reactive protein concentrations in the MID-
SPAN Family Study. Arterioscler Thromb Vasc Biol 24:583-587

Ford ES (2003) The metabolic syndrome and C-reactive protein, fibrinogen, and leukocyte
count: findings from the Third National Health and Nutrition Examination Survey. Athero-
sclerosis 168:351-358

Madjid M, Awan I, Willerson JT, Casscells SW (2004) Leukocyte count and coronary heart
disease: implications for risk assessment. J Am Coll Cardiol 44:1945-1956

Baumgartner RN, Roche AF, Guo S, Lohman T, Boileau RA, Slaughter MH (1986) Adipose
tissue distribution: the stability of principal components by sex, ethnicity and maturation
stage. Hum Biol 58:719-735

Caprio S, Plewe G, Diamond MP, Simonson DC, Boulware SD, Sherwin RS, Tamborlane
WV (1989) Increased insulin secretion in puberty: a compensatory response to reductions in
insulin sensitivity. J Pediatr 114:963-967

Jiang X, Srinivasan SR, Radhakrishnamurthy B, Dalferes ER, Berenson GS (1996) Racial
(black—white) differences in insulin secretion and clearance in adolescents: the Bogalusa
Heart Study. Pediatrics 97:357-360

Bhuiyan AR, Li S, Li H, Chen W, Srinivasan SR, Berenson GS (2005) Distribution and cor-
relates of arterial compliance measures in asymptomatic young adults: the Bogalusa Heart
Study. Am J Hypertens 18:684-691

Cohn JN (2006) Arterial stiffness, vascular disease, and risk of cardiovascular events. Circu-
lation 113:601-603

Blacher J, Asmar R, Djane S, London GM, Safar ME (1999) Aortic pulse wave velocity as a
marker of cardiovascular risk in hypertensive patients. Hypertension 33:1111-1117
Finkelstein SM, Cohn JN (1992) First- and third-order models for determining arterial com-
pliance. J Hypertens 10 (Suppl 6):S11-S14

te Velde SJ, Ferreira I, Twisk JW, Stehouwer CD, van Mechelen W, Kemper HC (2004) Am-
sterdam Growth and Health Longitudinal Study. Birthweight and arterial stiffness and blood
pressure in adulthood-results from the Amsterdam Growth and Health Longitudinal Study.
Int J Epidemiol 33:154-161

Lurbe E, Torro MI, Carvajal E, Alvarez V, Redén J (2003) Birth weight impacts on wave
reflections in children and adolescents. Hypertension 41:646—650

Norman M (2008) Low birth weight and the developing vascular tree: a systematic review.
Acta Paediatr 97:1165-1172

Broyd C, Harrison E, Raja M, Millasseau SC, Poston L, Chowienczyk PJ (2005) Association
of pulse waveform characteristics with birth weight in young adults. J Hypertens 23:1391—
1396

Montgomery AA, Ben-Shlomo Y, McCarthy A, Davies D, Elwood P, Smith GD (2000) Birth
size and arterial compliance in young adults. Lancet 355:2136-2137

Martyn CN, Barker DJ, Jespersen S, Greenwald S, Osmond C, Berry C (1995) Growth in
utero, adult blood pressure, and arterial compliance. Br Heart J 73:116—121

Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo M, Heiss G (1999) Arterial
stiffness and the development of hypertension. The ARIC study. Hypertension 34:201-206



20

64.

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

S. R. Srinivasan

Li S, Chen W, Srinivasan SR, Berenson GS (2004) Childhood blood pressure as a predictor
of arterial stiffness in young adults: the Bogalusa Heart Study. Hypertension 43:541-546
Eriksson JG (2002) Growth and coronary heart disease in adult life. CVR & R 23:557-560
Phillips DIW (1996) Insulin resistance as a programmed response to fetal malnutrition. Dia-
betologia 39:1119-1122

Taylor DJ, Thompson CH, Kemp GJ, Barnes PR, Sanderson AL, Radda GK, Phillips DI
(1995) A relationship between impaired fetal growth and reduced muscle glycolysis revealed
by P-31 magnetic resonance spectroscopy. Diabetologia 38:1205-1212

Lapillonne A, Braillon P, Claris O, Chatelain PG, Delmas PD, Salle BL (1997) Body compo-
sition in appropriate and in small for gestational age infants. Acta Paediatr 86:196-200
Hales CN, Barker DJ (1992) Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty
phenotype hypothesis. Diabetologia 35:595-601

Dahri S, Reusens B, Remacle C, Hoet JJ (1995) Nutritional influences on pancreatic develop-
ment and potential links with non-insulin-dependent diabetes. Proc Nutr Soc 54:345-356
Barker DJ, Martyn CN, Osmond C, Wield GA (1995) Abnormal liver growth in utero and
death from coronary heart disease. Br Med J 310:703-704

Mackenzie HS, Brenner BM (1995) Fewer nephrons at birth: a missing link in the etiology of
essential hypertension? Am J Kidney Dis 26:91-98

Hinchliffe SA, Lynch MR, Sargent PH, Howard CV, Van Velzen D (1992) The effect of
intrauterine growth retardation on the development of renal nephrons. Br J Obstet Gynaecol
99:296-301

Phillips DIW, Barker DJP (1997) Association between low birthweight and high resting pulse
in adult life: is the sympathetic nervous system involved in programming the insulin resis-
tance syndrome? Diabet Med 14:673-677

Nuyt AM, Alexander BT (2009) Developmental programming and hypertension. Curr Opin
Nephrol Hypertens 18:144—152

Phillips DI, Barker DJ, Fall CH, Seckl JR, Whorwood CB, Wood PJ, Walker BR (1998)
Elevated plasma cortisol concentrations: a link between low birth weight and the insulin
resistance syndrome? J Clin Endocrinol Metab 83:757-760

Leeson CP, Whincup PH, Cook DG, Donald AE, Papacosta O, Lucas A, Deanfield JE (1997)
Flow-mediated dilation in 9- to 11-year-old children: the influence of intrauterine and child-
hood factors. Circulation 96:2233-2238

Widdowson EM, Crabb DE, Milner RD (1972) Cellular development of some human organs
before birth. Arch Dis Child 47:652-655

Gustafson B, Hammarstedt A, Andersson CX, Smith U (2007) Inflamed adipose tissue: a
culprit underlying the metabolic syndrome and atherosclerosis. Arterioscler Thromb Vasc
Biol 27:2276-2283

Martyn CN, Greenwald SE (1997) Impaired synthesis of elastin in walls of aorta and large
conduit arteries during early development as an initiating event in pathogenesis of systemic
hypertension. Lancet 350:953-955

Cheung YF, Wong KY, Lam BC, Tsoi NS (2004) Relation of arterial stiffness with gestational
age and birth weight. Arch Dis Child 89:217-221



2 Springer
http://www.springer.com/978-94-007-1450-2

Evolution of Cardio-Metabolic Risk from Birth to Middle
Age

The Bogalusa Heart Study

Berenson, G.5. (Ed.)

2011, X, 210 p., Hardcover

[SBM: 878-94-007-1450-2



	Chapter-2
	Fetal Origins of Variables Related to Cardio-Metabolic Risk
	2.1 Introduction
	2.2 Racial (Black–White) Difference
	2.3 Relation to Anthropometric, Metabolic, and Hemodynamic Variables
	2.4 Relation to Inflammation
	2.5 Relation to Arterial Stiffness
	2.6 Mechanisms
	2.7 Conclusion
	References





