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Abstract Racial and/or ethnic minorities carry the highest
burden of many adverse health outcomes intergenerationally.
We propose a paradigm in which developmental program-
ming exacerbates the effects of racial patterning of adverse
environmental conditions, thereby contributing to health dis-
parity persistence. Evidence that developmental programming
induces a heightened response to adverse exposures (“second
hits”) encountered later in life is considered. We evaluated the
evidence for the second hit phenomenon reported in animal
and human studies from three domains (air, stress, nutrition).
Original research including a gestational exposure and a child-
hood or adulthood second hit exposure was reviewed. Evi-
dence from animal studies suggest that prenatal exposure to
air pollutants is associated with an exaggerated reaction to
postnatal air pollution exposure, which results in worse health
outcomes. It also indicates offspring exposed to prenatal ma-
ternal stress produce an exaggerated response to subsequent
stressors, including anxiety and hyper-responsiveness of the
hypothalamic—pituitary—adrenal axis. Similarly, prenatal and
postnatal Western-style diets induce synergistic effects on
weight gain, metabolic dysfunction, and atherosclerotic risk.
Cross-domain second hits (e.g., gestational air pollution
followed by childhood stressor) were also considered. Subop-
timal gestational environments induce exaggerated offspring
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responses to subsequent environmental and social exposures.
These developmental programming effects may result in en-
hanced sensitivity of ongoing, racially patterned, adverse ex-
posures in race/ethnic minorities, thereby exacerbating health
disparities from one generation to the next. Empirical assess-
ment of the hypothesized role of priming processes in the
propagation of health disparities is needed. Future social ep-
idemiology research must explicitly consider synergistic rela-
tionships among social environmental conditions to which
gestating females are exposed and offspring exposures when
assessing causes for persistent health disparities.
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Introduction

Not long ago, scientists conceived of infants as unadulterated
by historic behaviors or environmental insults but now under-
stand that babies are record keepers of maternal and paternal
exposures to environmental conditions [1-3]. We propose that
this record keeping at least partially occurs through a biolog-
ical process known as developmental programming whereby
racial disparities in health are not only propagated [4—7] but,
when combined with persistent environmental exposures, are
magnified from one generation to the next.

Developmental programming, or developmental origins of
health and disease, refers to the changes in fetal structure and
physiology that result from adverse early life exposures that
increase susceptibility to poor health outcomes later in life [8].
Programmed characteristics are believed to be largely stable

@ Springer



38

Curr Epidemiol Rep (2015) 2:37-51

after the postnatal period and have been associated with
increased risk of obesity, cancer, and heart disease, among
others [9]. The maternal stressors that serve as exposures
associated with developmental programming include environ-
mental pollutants [10, 11], social stress [12, 13], and dietary
restriction or high-calorie malnutrition [14—17].

Conceptual Framework

Decades of social epidemiologic research demonstrate that
race and ethnic minorities face greater exposure to adverse
social and environmental health determinants, resulting in
health disparities. These disparities are persistent across gen-
erations and have been studied in numerous domains (e.g.,
environmental injustice, neighborhood deprivation, lower
quality educational opportunities), yet the mechanisms under-
lying their proliferation remain unknown. We propose that
developmental programming is a critical, previously
overlooked factor in the propagation of health disparities from
one generation to the next.

Figure 1 illustrates a paradigm of developmental program-
ming on health, according to ongoing environmental expo-
sures, across three generations. Health status in the first (Fy)
generation is determined by a woman’s lifetime accumulation
of adverse exposures; Dy denotes the health status for women
in generation Fy who experience adverse exposures, and Ay
denotes the health status of a woman whose exposure profile
is healthier. It is well known that adverse exposures are more
common at greater levels of social and economic

Fig. 1 Theoretical role of

disadvantage. Therefore, we characterize trajectories stem-
ming from exposure likelihood in the baseline generation as
representing disadvantaged (D) and advantaged (A)
trajectories.

If no further harmful exposures were incurred in subse-
quent generations, health trajectories could be expected to
remain somewhat constant, traveling along the solid lines in
the figure, resulting in positions Ajg, Asg, Dig, and Dy
Because disadvantage accumulates over time, one would ex-
pect the health of disadvantaged women to decline over their
lifetimes. Furthermore, the weathering hypothesis, originally
conceived to explain the premature worsening of health by
African-American women as a consequence of cumulative
social disadvantage, can be applied here as the acceleration
of disease progression within a woman’s life course [18]. o,
denotes the difference in health between the advantaged and
disadvantaged trajectories in generation g.

{3 represents the decrement in health caused by an ongoing
adverse exposure; both advantaged and disadvantaged women
move to a position of worse health when so exposed. The F,
generation communicates this health status to any developing
offspring in generation F,, who are then born from the com-
bined baseline maternal risk (Ao or Djg) supplemented by
effects of any adverse exposures accumulating prior to or
during pregnancy (3; or 3,*). The scenario in which adverse
exposures persist from one generation to the next produces an
increasing health gap over time («;, represented by the differ-
ence between A;; and Dy;; and oy, the difference between
Ay, and D,;). Such persistent exposures observed in the
social epidemiology literature include the intergenerational
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transmission of poverty, low educational expectations, and
unhealthy coping behaviors.

One important element of Fig. 1 is that the effect 3 is not
constant but instead varies according to exposure status in
the previous generation. This effect difference, by
advantaged or disadvantaged trajectories (Ag; minus Ay
or Dg; minus Dyo), is illustrated by comparing the exposure
effects 3, versus 3;* and (3, versus (3,*. The magnitude of
effect, 3, may be influenced by the biological processes
underlying developmental programming. That is, maternal
prenatal exposures may alter the physiology of the gestating
offspring such that the offspring is more sensitive to the
effects of postnatal exposures such as environmental pol-
lutants, stress, or high-fat diet.

Postnatal exposures, referred to above as ongoing adverse
exposures, comprise second hits to biological predispositions
determined during gestation. We propose that this heightened
sensitivity is a mechanism through which developmental pro-
gramming exacerbates health disparities across generations.
The increasing magnitude of disparity that results from differ-
ential exposure effects can be seen by comparing o; with o,.
Not only are women in disadvantaged trajectories at increased
risk of poor health in the absence of ongoing exposures, they,
and by extension their offspring, may experience a greater
health “penalty” to ongoing postnatal insults. By contrast,
advantaged offspring will be less likely to experience detri-
mental exposures later in life but, more importantly, will be
more resilient than their less advantaged counterparts. In this
review, we focus on evidence that effects of key postnatal
exposures differ according to maternal exposure status (3
versus [3*). One enduring question in the social epidemiologic
literature is why health disparities persist in light of targeted
health promotion endeavors. One part of the health disparities’
intransigence may be that disadvantaged populations produce
a larger than expected response to ongoing social-
environmental insults in part, because they have been biologi-
cally primed to do so.

Objectives

We first review evidence that maternal exposure to air pollu-
tion, psychosocial stress, and overnutrition induces exagger-
ated offspring responses to subsequent social environmental
exposures. We then discuss the social patterning of social
environmental stressors and how each type of gestational
exposure may contribute to the construction and transmission
of health disparities. While existing reviews describe how
gestational exposures impact offspring health (e.g., [16, 17,
19]), this paper focuses on how developmental programming
can exacerbate the effects of socially patterned adverse envi-
ronmental conditions, like those studied by social
epidemiologists.

Methods

We performed an electronic search of publications on Google
Scholar, PubMED, and EBSCO Host databases. The follow-
ing search terms were used: “fetal priming,” “fetal exposures,”
“fetal programming,” “early life exposures,” “developmental
origins,” and “intergenerational,” in combination with a sec-
ond group of key words such as, “adult health outcomes,”
“adult health,” “offspring,” “influences on health,” “disease in
later life,” “second hit,” and “child development.” To search
for relevant papers in domains of interest, we included addi-
tional terms including “air pollution” and “stress”; For mater-
nal overnutrition exposures, we searched for (obesity or
“high-fat” or “fat”) and (maternal or gestation or pregnancy)
and (offspring or fetal). In addition to using key word combi-
nations, we employed the “related articles” electronic prompts
provided with the search results and examined references from
relevant papers. We retained original human and animal stud-
ies that included a gestational exposure and a childhood or
adulthood second hit exposure. While the papers presented in
the following tables do not represent the universe of possible
manuscripts, they are representative of the second hit literature
as of August 2014. This review does not discuss fetal out-
comes resulting from gestational exposures, even though this
work is relevant to future adult health.

Results
Environmental Pollutants

Poor environmental quality, like other social epidemiologic
phenomena, has its greatest impact on those whose health
status is already at risk [20], such as individuals living on
the disadvantaged trajectory in our conceptual model. Expo-
sure to environmental pollutants, inadequate buffering of en-
vironmental exposures, and increased susceptibility to
environment-induced poor health owing to existing comor-
bidities are differentially distributed [21-24]. We propose
developmental programming as an additional explanation for
the disparate effects of environmental exposures by consider-
ing the evidence that gestational exposures to air pollution
predispose offspring to worse physiological responses to sub-
sequent air pollution experiences.

Evidence from animal studies suggests that exposure to air
pollutants by neonates (e.g., mouse pups) during gestation is
associated with an exaggerated reaction to air pollution expo-
sure during child- or adulthood (Table 1). In studies by Auten
and colleagues [25¢¢, 26], pups born to moms who were
exposed to diesel exhaust while gestating, who were then
exposed to ozone during their childhood, developed persistent
airway hyper-reactivity. Effects of childhood ozone exposure
were stronger in pups born to dams exposed to diesel exhaust

@ Springer



40

Curr Epidemiol Rep (2015) 2:37-51

while gestating, than in pups born to dams that were instead
exposed to filtered air [25¢]. This paper follows earlier work,
which reported that maternal diesel exposure induced inflam-
matory cytokine responses in the offspring that presumably
contribute enhanced airway hyper-responsiveness to postnatal
ozone exposure [26].

A handful of observational epidemiologic studies examin-
ing gestational and later-life exposures investigated if fetal
priming of later response is generalizable to humans. Perera
[27] and colleagues collected polycyclic aromatic hydrocar-
bon (PAH) data using a personal air monitor during the third
trimester of pregnancy. Postnatal interviews were adminis-
tered at 6 months postdelivery and annually thereafter to
determine changes in PAH exposure. Youth exposed to high
amounts of PAH in utero exhibited lower intelligence quotient
scores, but postnatal exposure did not exacerbate this effect. A
second epidemiologic effort to tease apart effects of gestation-
al and adult exposures comes from Montgomery and Ekbom
[28]. They considered maternal smoking, a form of gestational
air pollution, and the offspring’s own smoking at age 16 as the
second air pollution hit related to diabetes development. After
adjustment for maternal smoking, cigarette smoking during
adolescence was independently associated with increased risk
of diabetes. No evidence of hyper-sensitization was observed,
but the authors went on to suggest mechanisms by which this
observed effect is biologically plausible.

While the number of studies considering gestational air
pollution exposures followed by subsequent air pollution is
relatively small, the results suggest that gestational exposure
primes the child or adult body for a more severe reaction to
subsequent exposures. This finding is likely to be highly
relevant for human health given the ubiquity of air pollution.
Further, because social stratification results in non-randomly
distributed adverse air quality, those most vulnerable to the
effects of poor air quality are most likely ensured of ongoing
adverse exposures.

Psychosocial Stress

Lack of autonomy within a social hierarchy, inadequate in-
come, discrimination, and inadequacy of time and resources
are sources of chronic psychosocial stress in disadvantaged
populations and are linked with adverse health outcomes.
Maternal stress induces elevations in the glucocorticoid hor-
mone, cortisol [29]. Excessive maternal cortisol can over-
whelm placental capacity to block its passage; fetal exposure
to cortisol induces widespread developmental alterations that
increase susceptibility to disease [12]. Notably, glucocorti-
coids are a common pathway through which a wide range of
adverse maternal exposures induces developmental program-
ming [30]. We reviewed evidence that maternal stress during
pregnancy induces exaggerated response to stress experienced
by the offspring.

@ Springer

In animal studies, offspring born to dams exposed to re-
straint stress, who then experienced stress during adolescence,
have altered immune, neuroendocrine, or glucocorticoid sys-
tems, compared to those animals not exposed to prenatal
maternal restraint (Table 2). Pascuan and colleagues [31]
found that prenatal stress altered the intrinsic regulation re-
sponse to acute stress in adult mice, while Xu and colleagues
[32] found that prenatal restraint of pregnant rats led to a
hyper-responsiveness of the HPA axis, and increased
anxiety-like behavior in rats. Van den Hove and colleagues
found that, compared with control rats, chronic variable mild
stress in adolescent rats that had been exposed to maternal
restraint stress during gestation partially offset the effects of
prenatal stress, suggesting that responses to developmental
stress may depend on later life exposures [33¢¢]. In contrast,
Schopper and colleagues [34] showed that intermittent light
stress induced elevated glucocorticoid levels in maternal guin-
ea pigs but that their offspring had an attenuated cortisol
response over adult development and subsequent stress
exposures.

Human evidence for the effect of second hit stress expo-
sures following prenatal stress is scant. One study collected
the peripheral blood mononuclear cells from 34 young women
whose mothers reported negative life events during their preg-
nancy (and from a comparison group whose mothers did not
experience negative life events). The cytokine response to a
potent T cell stimulator, or a phytohemagglutinin (PHA) sec-
ond hit, was significantly altered in women born to mothers
who were stressed while gestating [35], suggesting that pre-
natal stress exposure may induce an exaggerated immune
response in adult women. Regardless of the exact source of
social stress, maternal stress while gestating likely induces
physiologic changes in the developing fetus, such that subse-
quent postnatal (lifetime) stress elicits perturbations in the
offspring’s stress response.

Nutrition

“Western-style” diets, characterized by high fat and high
refined sugar content, are ubiquitous in Western populations
and even more pronounced in racial minority and low-income
populations [36, 37]. The racial and neighborhood-level pat-
terning of poor-quality food environments is a significant area
of social epidemiologic research. We reviewed evidence for
the hypothesis that prenatal Western-style diet (high fat, high
sugar, or high-total energy) induces exaggerated offspring
responses to Western-style diet in postnatal life (Table 3). A
growing body of animal research supports this hypothesis. For
example, Bruce and colleagues examined the combined ef-
fects of maternal high-fat diet during preconception, gestation,
and lactation in mice and high-fat diet consumed by the
offspring upon weaning [38]. Postweaning high-fat diet in-
duced accelerated weight gain, higher adiposity, cholesterol
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Table 2 (continued)

Childhood or adult outcome

Postnatal exposure

Sample pop Prenatal exposure

Reference

during the pre-pubertal phase and during stress exposure, but

higher glucocorticoid levels in postadolescent F; animals. Also

in males of F, generation, effects of stress exposure of Fy dams

were detected

Human evidence

PS-stressed subjects showed significantly higher levels of

In vitro phytohemagglutinin (PHA)

Maternal psychosocial (PS) stress

Human

Entringer et al.

interleukin (IL)-4, IL-10, and IL-6. IFN-g/IL-4 ratio was

significantly lower in the PS group.
Conclusion: Results suggest an association between maternal

stimulation

measured using (negative life events)

[35]

psychosocial stress during pregnancy and changes in cytokine
production in response to antigen stimulation in the adult

(female) offspring in humans.

and insulin resistance, and development of non-alcoholic fatty
liver disease characteristics. Notably, these effects were exac-
erbated by maternal high-fat diet. Fan and colleagues conduct-
ed a similar experiment in non-human primates and evaluated
prenatal and postnatal diet impacts on metabolic and cardio-
vascular outcomes [39+¢]. Compared to controls, insulin resis-
tance was observed only among monkey offspring who con-
sumed high-fat diets during both prenatal and postnatal life.
Several markers of atherosclerotic risk such as intima-media
thickness were more responsive to postnatal high-fat diet
among offspring of high-fat diet-fed mothers, compared to
offspring of control mothers.

In other studies using mice, rats, sheep, and non-human
primates, adverse measures of adiposity, liver triglyceride
content, fatty acid content, leptin, glucose, and insulin were
more pronounced in offspring exposed to both prenatal and
postnatal high-fat or high-sugar diet compared to offspring
having only prenatal dietary exposures [40—47]. Such aug-
mented sensitivity could be due to changes in insulin produc-
tion [48], perturbation to central appetite control [43, 47, 49,
50], altered circadian regulation of liver metabolism [51], or
changes in the microbiome [52]. The effects of postnatal diet
among offspring exposed to prenatal Western-style diet, com-
pared to offspring of control-fed dams, varied within study by
gender [42, 45, 46]. In other studies, the effects of postnatal
overnutrition were similar across prenatal diet groups [53, 54]
or, for body weight outcomes, even weaker [55, 56]. In many
studies, it was difficult to distinguish between cumulative
versus synergistic effects of prenatal and postnatal diets, as
investigation of “priming” or “hyper-responsivity” to postna-
tal exposures was not the primary aim of the research. We
were not able to identify relevant human studies. Neverthe-
less, animal data send the clear message that determining how
prenatal high calorie malnutrition exaggerates the detrimental
effects of a poor postnatal diet in at-risk human populations is
urgent.

Cross-Domain Exposure Effects

Humans live in environments characterized by simultaneous
exposures from multiple domains, each of which are socially
structured and would likely exacerbate existing health dispar-
ities. The animal literature has begun to replicate this exposure
complexity by conducting cross-exposure experiments
(Table 4). Recent research by Wei and colleagues exemplifies
this work. Wei [57] found that prenatal exposure to bisphenol
A, a synthetic compound with hormone-like properties com-
monly employed in plastics production, resulted in defective
insulin signaling among offspring exposed to standard diets.
However, compared to unexposed controls, the prenatally
exposed BPA pups developed more extensive liver impair-
ment (e.g., increased inflammation and mild fibrosis) follow-
ing exposure to high-fat diets. The authors concluded that

@ Springer



Curr Epidemiol Rep (2015) 2:37-51

44

1O1p 1eJ-YSIY ‘TAH

Syel ul sAep [ :Surueapy
‘parodar yurod o) jse[ 10§ pezLrewuns S3UIpUL,] ‘S[OPOW [ewIue pue saIsodxa jo1p , odA1-urdisopy,, [ereuard ‘sowoono aseasIp jo ouel e 10§ sojduwrexs apraoid 0} 9[qe) S} Ul UOISNOUT J0J POJI[S SAPNIS

dnoi3 @ qH [ereuad ur 10Fuons a1om UONdUNJ [BI[OYIOPUS pue (SL
O1}0IO[OSOIOYJE JO JONIBW B) SSOUMOIY} BWINUI UO S)IJ0 (IIH [erewsod

‘(soruaan() sypuowr ¢ ySnoryy dn-mo[[0f ‘POUIqUIOD SI[EWIJ PUL SA[EJ SUIUESM WO AP 010D SA (IH

“21p [eyeuald mog

sns1oA YS1y 10j Jeqruas o1om spidi] U0 s309J30 JIp [ejewisoq “(Jeutou
03 uostredwod ur) ja1p ureyord/AFous-y3iy [eyeuard ur jsa3uons
sem erwoeye)oe1adAy pue eraooA[310dAY uo 10939 3a1p [erewsod

syjuouwr 9
0) SABp ¢ “)OIp [EUONUSAUOD "SA

(sonbeoew
uonejoe] ‘Koueudard ‘(s1eak ¢ asoueder)
01 dn) uondaouooard 9arp jonuod "sA qJH serewnid uewny-UON

(s5eom 9 ise)) Aoueudard ‘ureyord

[ee6€] 'TE 30 URY

{(Aaqnd) sypuowr 9 y3noayy dn-mo[[of SpouIqUIOd SI[BWd} PUB SIBIA 191 18J-YS1Y ‘91eIpAYOqIed-yIIH pue A3I2UD [BULIOU JO “MO[ ‘YT yNMm 121 dooys [47] Te 10 [eueyyy
101p [ereuaid Jo uone)or|
SSo[pIe3aI ‘AADISUIS UI[NSUI Jo3)Je Jou pIp (JH [erewsod ‘qiH ‘Koureugord ‘(sxeem ) uondoeouoosard
Tereuard yim aAnIppe a1om Ansodipe uIrom Apoq 198213 uo Surueomysod syeam ¢ a1p 18J-MO] {(dnoI3 Jonuod Moo Jo aeur
S10010 (Q4H [erewsod ‘sxpom (g y3noryy dn-mofjoj A[uo sofejn woly 91p 18] MO[ ‘SA IH JLI0[Bd paydjew yum (JH) poy Jred ‘qiH sy [$S] 1B 10 aym
'sdnoi3 ssoxoe spidi] wnids ut
soouaIIp oN 'sdnoid jo1p [ereudrd uryiim 9soon|s poojq 309 e Jou uonejoe|
PIP AJH [erewsod ‘dnoid (moyd ‘sa) NN [ereuard ur o3uons ‘Koureugord (A[uo moyo sa (NJA) urejoid
QI0M SOPLIRIATSLI) JOAI] pUB SSBW JBJ-IYSIY U0 $1991° (IH mnoym Jo (NO) ynm 93e10A9q s0jonyy
[erewsod ‘sxjeom 1 pue ‘2 ¢ ‘1 ysnoxyy dn-mofoj AJuo so[ejn Surueom wox ‘Moyd ‘SA qIH pue 9je[oooyd s payusweddns moyD sy [of] Te 30 Sueyz
sdnoi3 jarp [eyeuard yjoq JOJ JE[IWIS IOM S)IJJO ASAY) (UR)SISAI
urnsut pue spidij 10y3iy uo 109o Suons pey (JH [erewsod Surueom uonejoe] ‘Aoueugard
‘Sypuoll 9 3y “SyuoW 9—¢ ysnoxyy dn-mo[[o} ‘So[ewd) pue So[ej woly $aIp [0NU0d 'sA (IH ‘(sjeam 1) uondaouooard ‘motyo sA (IH IN  [£5] Te1e Sury
dnoi3 @ qH rereuard ur 103uons arom sAemyped oruadodi] pue
AJOYeUIWB[JUI BIA QUONNO IYI[-OSBISIP IOAI] A)JB] OI]0YOd[e-UOU
J0 Juowdo[oAdp “9our)SISAI UINSUI ‘[019)s[0Yd ‘Aysodipe
‘ured JyFrom IoySIY uo $)9910 (JH [BIeWIS0d Syoam (¢ 10 G uonejoe] ‘Koueugard
ysnoxyy dn-moyjoy xos Aq suroyed Jefrws {pojussald eyep orewid,| Surueom woy Moyd ‘sA qIH {(syeam ) uondoouooard imoyd 'sa qJH IN  [8€] Te 10 oonug
QWO)NO JNpe 10 POoyp[IYD) amsodxa [erewsog amsodxo ([eurdjewn) [ejeuaid uonendod Apmg Q0uRIJOY

1Y puodas A1ejarp Aq pamoi[oj (uoninnuioao) Surwitid 1o1p [euone)sad Sunensny[r SAIpIsS pojoo[es € dqel,

pringer

Qs



45

Curr Epidemiol Rep (2015) 2:37-51

*soouanbasuoo orjoqeIew si
pue A11saqo pasnpur-jo1p 03 Suridspyo jo Aiiqndaosns s1aye Jo1p
JeJ-yS1y Jo ssons [eyeuald [euIdjew Jey) 15933NS BIRP OY ], [UOISN[OUO))

‘uone)sad uump ssamns 10 JH 0} pasodxo swep
J0 Sunidspjo ur JuIXd I0YedI3 B 0) UINSUI PAJLAI[Q PUB JOUBII[OJUT
asoon|3 “eJ Apoq WS1om Apoq 10jeaIs ur pjnsal Jo1p JH [erewsod

Jouuew 91J193ds-Xas ® Ul pooyynpe uj UOHBWRFUIOINOU
pue ured jySrom paonpur-jaorp 03 Aiqudedsns pasearour
J10J Suudsyo weidoid,, ueo uonnyjod e [ejeuId :UOISN[OUOD)
Kjarxue ‘KJIATIOR UT SOOUAIQJJIP OU PIMOYS
soewd) (IH [[V A10IXUE ‘A)AROR poseaiour pamoys sofew d4H [V
"So[ewW (JIH-V.A Uey) urnsut 1ysiy %, 05y sofew
AAH+AQ ‘sorewd) pasodxo-y,] ueyy JyJrom aiow 9, (¢ poured
sofewo) (QIH+dd "Sofew (IH+ VA St ureS jySrom owes ur pajnsar
AIH+Ad ‘orewd) Suowre SOUIPIP ON "d[ew pasodxe-v, uey
QAR SSI[ 9, GE ‘Qrow 9, 7] paySrom Sunudsyo ofewr pasodxs-gQq

Jouuew orydrowrp
AJ[enxas ur pooyjnpe ur soSueyo AI0JeuteJuIoINdU ‘[eIOIABYAq
‘orjoqelowr paonpur-joIp 03 Ajpiqudessns pesearour 10§
Suudsyo swerdoid amnsodxa uonnyjod Jre [elRUAI] UOISN[OUOD)
sofewl (QIH+dd Ul 9I0W JNq ‘So[ewa]
pue so[ew [joq Ul ulelq pue anssy asodipe yjoq Jo uonen|yul
o3eydoroewr (I,JH "sojew Suowre J0IARYQq INI[-AJOTXUE
“o0ue)SISal UInsur ‘ureS yim porerddexs ur paynsar qIH+ddd

Suudsyo yer ur g Aq pasneo

oFewrep oneday paussiom 21sodxd ydg [BIeuUdld :UoIsnjouo))
(1oA1] 21 uI SISOIQIY PIIW ‘UONBUIUB[FUI PASEAIOUI ‘UONIUN]
JoAT] parreduur ‘uonjeroua3op Suruooqeq punojoid ‘syordoip
pidi 231e] ‘spidi Jo uone[NWINIOE dAISU)XD) adAjoudyd
IT-snnedoyojea)s O10Y0o[e-Uou B PIMOYS (IIH U0
Sunudsgo pasodxe-ydg ‘uonouny J9AI [BULIOU YIM Jnq
IOA1] oy U1 SurfeuSIs ulnsul paIoye ‘sisojedys onedoy

djeIdpowW PAIQIYX? (IS U0 Syel pasodxa-ydgd Jo Juudsgo

€ Joam [euone)sad
ur (a1nsodxa p[od ‘WiIms Jurensar)
SSOI)S Q[qELIBA {UOIILIOR] PUB ‘UOIILISOT

Surueam je Sunae)s JoIp [0[UO ‘SA JH Suump 321p [o1u09 sa (JH) 18} YSIH sy [«09] Te 30 onysewe],
SYeOM 9 I0J L1-6 sAep [euone)sad Suump ()

(Q@IH) 101p 1e§-ySIY 10 (AT) IOIP 1ef-M0'] 1STBYXD [9SAIP SNSIOA (V) 118 PAIaNL] NN [65] '[e 10 uojjog
SYooM g IOf OB uone)sad Suump (Jgq)

(@dT) 191p 1ej-mo[ 10 ((AAH) 191P 18J-ySIH  so[oned 1sneyxa [asa1p 10 (HHA) d[OMPA QOIN  [ee86] & 12 uOIOg
a3eae3 [e10 Aq
(@qn) e uoneIoR| pue uone)ses SuLmnp 10 uIod

1eJ-ys1y Jo (S) J01p Moyd prepuels 10 (Vdd) V [oueydsiq Lep od Sx/3ur (g siey [LS] Te 1o Top

Q0UAPIAS [eUITUY

AUWI0d)NO J[NPE 10 POOYP[IYD)

amsodxa [ejewsoq amsodxo [ejeuorq dod ojdwreg QOURIYOY

Y PUOJAS uonLINU Aq pamojjoj sururid jueurweuod jeuone)sad Junensnyyr sarpnys :s1oded amsodxe-ssor) ¢ d[qel,

pringer

As



46

Curr Epidemiol Rep (2015) 2:37-51

prenatal BPA exposure predisposed offspring who later con-
sumed high-fat diets to develop metabolic syndrome
manifestations.

In 2014, Bolton and colleagues [58¢] reported that prenatal
diesel exhaust exposure, followed by a postnatal high fat
(compared to a low fat) dietary second hit, programmed
offspring for diet-induced metabolic, behavioral, and neuro-
inflammatory changes in adulthood and that these changes
were greatest among males. This work followed their prior
report [59] that prenatal exposure to diesel exhaust followed
postnatally by high-fat diet programmed offspring for weight
gain and neuro-inflammation in adulthood. These findings,
too, differed by sex: postnatal high-fat diet induced 340 %
more weight gain in females with prenatal diesel exposure
than females with prenatal filtered air exposure, while postna-
tal high-fat diet induced 450 % higher insulin in prenatal
diesel-exposed males, compared to prenatal filtered air-
exposed males.

Another example illustrates the potential cumulative effects
of multiple, cross-domain prenatal insults. Tamashiro and
colleagues conducted a unique experiment in rats, in which
dams were exposed to high-fat diet, an 8-day variable stress
protocol, a combination of the two, or control conditions
during pregnancy [60+]. Offspring were fed either a control
or high-fat diet upon weaning. The postweaning high-fat diet
induced greater weight gain and, among male offspring, lower
glucose tolerance than in controls.

Humans living on the disadvantaged trajectory are most
likely simultaneously exposed to poor air quality, high stress,
and nutrition-poor food environments. Social epidemiologic
research suggests that barring substantial intervention, resi-
dents in disadvantaged areas are likely to remain there. There-
fore, these cross-domain exposure effects have profound im-
plications for social epidemiologic research and the construc-
tion of persistent health disparities.

Discussion

The mechanisms by which health disparities propagate
through generations are not well understood. In this article,
we considered developmental programming as a possible
contributor to persistent health disparities. We reviewed pub-
lished research in three prenatal and postnatal exposure do-
mains: air pollution, psychosocial stress, and overnutrition. A
growing body of evidence supports the hypothesis that prena-
tal exposures to environmental stressors prime offspring for
exaggerated response to childhood or adulthood exposures.
While early in its development, these findings are similar
across species, including a small number of observational
human studies, as well as across domains. Taken together, this
research justifies further consideration of how developmental

@ Springer

programming may contribute to constructing and exacerbat-
ing health disparities across generations.

Effect Modification of Established Social Processes
by Developmental Priming Status

Health is propagated across generations through multiple
pathways, including genetics, behavioral modeling and liter-
acy, and environmental continuity. We propose developmental
programming not as a competing or alternate theory of inter-
generational transmission but rather as a previously unappre-
ciated process that can magnify the effects of social epidemi-
ologic intergenerational processes. While genetic susceptibil-
ity puts some individuals at higher risk of specific health
conditions, it rarely varies by race [61, 62] and is not modifi-
able, so will not be discussed further in this review.

In our conceptual model (Fig. 1), health disparities are
exacerbated from one generation to the next as a result of (a)
the effects of suboptimal gestational environments on exag-
gerated offspring response to subsequent environmental and
social exposures (3; versus [3;* and 3, versus 3,*) and (b)
intergenerational continuity of adverse exposures (prevalence
of Ago, Agi, Dgo, Dy scenarios). Vast social epidemiologic
evidence supports the continuity of adverse exposures, per-
haps most thoroughly for residential conditions. Racial resi-
dential segregation results in the geographic clustering of non-
white or non-wealthy individuals in the USA [63]. Environ-
mental disamenities are also non-randomly distributed [64]
and cluster geographically, particularly in low-wealth, non-
white neighborhoods. This is true for sources of air pollution
[65, 66], crime, environmental sources of psychosocial stress
such as graffiti and social disorder [67-70], liquor stores [71,
72], unhealthy food environments [73—76], and inadequate
physical activity resources [77-79]. Social epidemiologic re-
search consistently indicates that residence in close proximity
to negative environmental conditions is associated with in-
creased risk of a variety of poor health outcomes [80-82].

Other mechanisms that contribute to the inequitable allo-
cation of chronic, adverse exposures have been proposed;
their effects could also be modified by an individual’s devel-
opmental priming status. Contemporary social conditions de-
riving from historic injustices, including subjugation (slavery
for African Americans and displacement of Native Ameri-
cans) [83, 84] and ongoing racial/ethnic discrimination
[85—87] contribute to chronic social stress and have been
considered in the social epidemiologic literature. Intergenera-
tional poverty [88, 89] and parental modeling of health-related
behavior [90] have also been implicated in poor offspring
health outcomes and are among the possible pathways
through which health disparities are propagated.

The implications of the combined gestational priming plus
differential distribution of adverse exposures is that residents
of suboptimal environments will have both poorer health at
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baseline and a propensity for an exaggerated negative health
response to subsequent adverse exposures, which are differ-
entially distributed throughout the next generation’s life
course. It suggests that developmental priming processes and
social epidemiologic exposures interact to socially structure
health states.

Social Epidemiologic Research Gaps

Our proposed theory of the contribution of developmental
programming to intergenerational health disparities is based
upon empirical evidence in our literature review and decades
of social epidemiologic research. Yet, research on the inter-
section between developmental programming and health dis-
parities is scant.

A handful of studies suggest differences in methylation
patterns according to social factors [91, 92], but this area of
study is in its infancy. Another critical component in testing
our theory is investigation of the extent to which developmen-
tal programming biomarkers explain differences in health and
responsivity to exposures in advantaged versus disadvantaged
groups. Such differences likely vary according to disease
outcome, specific social groups, and life stage.

Inclusion of developmental programming biomarkers
would help to overcome limitations stemming from the vast
number of factors that are entangled with social disadvantage.
However, key barriers to this line of inquiry are the still
growing knowledge about methylation sites and other bio-
markers relevant to specific disease processes. Such knowl-
edge is critical for linking intergenerational health disparities
with mechanisms identified in biological developmental pro-
gramming research.

Social Epidemiologic Research Challenges

Investigation of developmental programming as a contributor
to health disparities requires observational research on socially
patterned exposures and outcomes in human study popula-
tions. Such epidemiologic research poses several methodolog-
ical challenges.

Resilience Not every person whose mother is exposed to poor
air quality goes on to develop airway hyperreactivity; nor does
every person whose mother was obese during pregnancy be-
come obese him/herself. The presence of resilience, or the
ability to properly adapt to stress and adversity, is either a
robust homeostasis-supporting biologic phenomenon or it con-
stitutes counter-evidence for developmental programming ef-
fects. Research that carefully assesses prenatal and postnatal
exposure from a developmental priming perspective, with spe-
cial attention to resilience and the factors that seem to support
healthy coping, will help quantify what portion of health out-
comes, if any, might be attributable to programming effects.

Long-Term, Intergenerational Follow-Up Our most robust
understanding of developmental programming examines inter-
generational effects of experimentally assigned maternal expo-
sures. Adverse offspring later-life effects are often observed
even when the gestationally exposed and non-exposed are
similar (in their size, other biomarkers) at birth. Therefore, the
indicators of adverse fetal development (e.g., birth weight)
typically used in epidemiologic studies are inadequate as mea-
sures of adverse developmental programming. Rather, mea-
surement of developmental programming requires data collec-
tion on both mothers and offspring, in study populations large
enough to test prenatal and postnatal interactions. Research
needs will include the use of data linkage, improved retrospec-
tive maternal health status assessment, and intergenerational
follow-up. Studying priming effects or second hits in humans,
even observationally, will require long-term cohort construc-
tion and funding programs that endure across generations.

Within-Person, Within-Family Variability Many of the expo-
sures that we know contribute to fetal priming are ubiquitous
(e.g., social stress) and have become part of our daily envi-
ronment (e.g., diesel exposure). As a result, constructing
unexposed groups for causal comparisons is challenging. In
addition, it is difficult to disentangle maternal effects (e.g.,
maternal high-fat diet) from offspring effects (e.g., ongoing
offspring high-fat diet). Existing human research studying
prenatal/postnatal interactions typically rely on short-term
experimental interventions such as a short period of over-
feeding or inactivity [93] to attain variability in postnatal
exposures. However, such effects are unlikely to be compara-
ble with the chronic exposures humans experience. Social
epidemiologic research of developmental priming may require
large, cross-national studies to construct adequate exposure
variability to observe intergenerational effects.

Complexity Our review suggests that multiple, interrelated and
socially patterned prenatal and postnatal exposures contribute
to intergenerational disparities. The inclusion of developmental
programming into social epidemiologic models introduces ad-
ditional complexity to etiologic pathways for understanding
health disparities. For example, maternal overnutrition leads
to neurological rewiring of appetite circuits and the propensity
to gain weight among offspring; thus elevated appetite is a
partial mediator in the pathway from developmental program-
ming to obesity. The investigation of developmental program-
ming as both a mediator and a moderator of typical social
epidemiologic exposures requires innovative analytic ap-
proaches such as emerging decomposition methods [94]. Fur-
thermore, these second hits may have lagged effects within the
life cycle or across generations and may induce differential
effects according to life stage. Examination of these types of
complexities requires approaches such as structural equation
modeling (SEM) [95] or complex systems modeling [96].
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Translation for Public Health Policy

The reduction or elimination of health disparities is a national
priority named by many health-related agencies, including the
Centers for Disease Control and Prevention, Healthy People
2020 and Agency for Healthcare Research and Quality. De-
spite resources devoted to this endeavor, health disparities
persist. The evidence reported here, which developmental
programming primes subsequent generational responses to
ubiquitous social-epidemiologic exposures, introduces impor-
tant considerations for efforts aimed at reducing health
disparities.

Targeted Exposure and Intervention Effects In this review, we
provide evidence that postnatal exposures in three domains—
air pollution, psychosocial stress, and overnutrition—result in
stronger negative effects among prenatally exposed individ-
uals (Fig. 1: B versus 3*). Left unaddressed, poor health
outcomes associated with these exposures are likely to exac-
erbate existing health disparities through developmental pro-
gramming and social patterning mechanisms. Conversely,
interventions targeting these exposures among the most vul-
nerable populations have the potential to exert powerful,
positive effects (Fig. 2: o;* versus o *).

Environmental Remediation and Enrichment The research
reviewed here suggests that biological predispositions for
adverse health effects may be established during gestation
through developmental programming or priming. For priming
to exert an adverse effect, however, it requires a second
adverse environmental exposure for a predisposition to be-
come actualized. Therefore, environmental enrichment repre-
sents a potent tool for improving health trajectories (Fig. 2:

o * versus o *). While we cannot undo the priming that has
already occurred, we can reduce its ultimate effects by
restricting the number and nature of second insults a given
primed individual receives. Public policy and industrial regu-
lation can be used to improve air quality while economic and
cultural reform could reduce social stressors by socially and
financially supporting disadvantaged populations. Changing
social environments is one of the most effective routes to
affecting population prevalence of both risk factors and dis-
ease outcomes [97]. Likewise, long-term improvements in
dietary practices will likely require policy changes targeting
food availability, affordability, and culture [98]. Addressing
these contextual exposures is undoubtedly challenging; yet
evidence suggests that altering environmental exposures is
one of the few interventions that can be used to improve health
for the most vulnerable groups. For instance, environmental
enrichment following lead exposure among children has been
associated with cognitive improvements [99]. The research
presented here also suggests that environmental remediation
will not only reduce the magnitude and/or likelihood of the
second hit, it will also reduce the priming effect for the next
generation.

Expanded Time Frame While national public health objec-
tives seek to eliminate health disparities by 2020, our concep-
tual model illustrates the long period of time that may be
required to ameliorate them, even with dramatic and sustained
reduction in exposure prevalence. The magnitude of risk
transmission from one generation to the next is unknown.
Quantification of the intergenerational transmission rate, as
called for under Resilience above, would improve our ability
to redefine the time frame in which elimination of health
disparities is possible.

Fig. 2 Theoretical role of the 4 Advantaged trajectory (A)
relationship between ® A,
environmental enrichment and % = —
developmental programming on 5
reducing health disparities over b
three generations. A4, and Dg, - =
denote health status Y, for a [eh)
generation g and exposure status x
X. ag denotes the magnitude of <
disparity in any in generation g » (D
3 D, = .
< e ———
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‘.C_' N _——_\
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With multicomponent interventions that target both envi-
ronmental and behavioral objectives thought to most potently
reduce adverse developmental programming, we should seek
to attain incremental improvements in health from one gener-
ation to the next (e.g., the health improvement from Dy to D1,
and Dy to Dy, in Fig. 2). Identification of such targets is
needed and will require interdisciplinary research and pro-
grams of broad scope.

Conclusion

Public health scholars, practitioners, and policymakers have
called for an explicit examination of drivers of disparities. Our
conceptual framework suggests that this is even more impor-
tant due effect magnification of social epidemiologic expo-
sures by developmental programming. Awareness of key de-
velopmental programming processes provides an opportunity
to identify high-leverage factors for reducing persistent dis-
parities. It also affirms that environmental modification—pro-
viding healthy and safe environments in which to live, work,
and play—is likely the single best intervention to ensure
health for all.
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