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Mount Pinatubo, Inflammatory Cytokines, and the Immunological
Ecology of Aeta Hunter-Gatherers

Abstract

Early growth cessation and reproduction are predicted to maximize fitness under conditions of high adult
mortality, factors that could explain the pygmy phenotype of many rainforest hunter-gatherers. This life-
history hypothesis is elegant but contentious in part because it lacks a clear biological mechanism. One
mechanism stems from the field of human immunological ecology and the concept of inflammation
"memory" across the life cycle and into subsequent generations. Maternal exposures to disease can infl uence
immunological cues present in breast milk; because maternal provisioning via lactation occurs during critical
periods of development, it is plausible that these cues can also mediate early growth cessation and small body
size. Such epigenetic hypotheses are difficult to test, but the concept of developmental programming is
attractive because it could explain how the stature of a population can change over time, in terms of both
secular increases and rapid intergenerational decreases. Here we explore this concept by focusing on the Aeta,
a population of former hunter-gatherers, and the Ilocano, a population of rice farmers. We predicted that Aeta
mothers would produce breast milk with higher concentrations of four bioactive factors due to high infectious
burdens. Further, we predicted that the concentrations of these factors would be highest in the cohort of
women born in the early 1990s, when exposure to infectious disease was acute following the eruption of
Mount Pinatubo in June 1991. We analyzed levels of adiponectin, C-reactive protein, and epidermal growth
factor in the milk of 24 Aeta and 31 Ilocano women and found no detectable differences, whereas levels of
transforming growth factor-f, were elevated among the Aeta, particularly as a function of maternal age. We
found no difference between cohorts divided by the volcanic eruption (1 = 43 born before, n = 12 born after).
We discuss the implications of our findings for the terminal investment hypothesis and we suggest that the
historical ecology of the Aeta is a promising model system for testing epigenetic hypotheses focused on the
evolution of small body size.
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Transforming Growth Factor Beta.
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Mount Pinatubo, Inflammatory Cytokines, and the
Immunological Ecology of Aeta Hunter-Gatherers

ROBIN M. BERNSTEINl>l< AND NATHANIEL J. DOMINY2'3*

Abstract  Early growth cessation and reproduction are predicted to maximize
fitness under conditions of high adult mortality, factors that could explain
the pygmy phenotype of many rainforest hunter-gatherers. This life-history
hypothesis is elegant but contentious in part because it lacks a clear biological
mechanism. One mechanism stems from the field of human immunological
ecology and the concept of inflammation “memory” across the life cycle and
into subsequent generations. Maternal exposures to disease can influence
immunological cues present in breast milk; because maternal provisioning
via lactation occurs during critical periods of development, it is plausible that
these cues can also mediate early growth cessation and small body size. Such
epigenetic hypotheses are difficult to test, but the concept of developmental
programming is attractive because it could explain how the stature of a
population can change over time, in terms of both secular increases and rapid
intergenerational decreases. Here we explore this concept by focusing on the
Aeta, a population of former hunter-gatherers, and the Ilocano, a population
of rice farmers. We predicted that Aeta mothers would produce breast milk
with higher concentrations of four bioactive factors due to high infectious
burdens. Further, we predicted that the concentrations of these factors would
be highest in the cohort of women born in the early 1990s, when exposure to
infectious disease was acute following the eruption of Mount Pinatubo in June
1991. We analyzed levels of adiponectin, C-reactive protein, and epidermal
growth factor in the milk of 24 Aeta and 31 Ilocano women and found no
detectable differences, whereas levels of transforming growth factor-3, were
elevated among the Aeta, particularly as a function of maternal age. We found
no difference between cohorts divided by the volcanic eruption (n = 43 born
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before, n = 12 born after). We discuss the implications of our findings for the
terminal investment hypothesis and we suggest that the historical ecology
of the Aeta is a promising model system for testing epigenetic hypotheses
focused on the evolution of small body size.

Tropical rainforests can be challenging environments for hunter-gatherers; parasitic
and infectious disease species abound at low latitudes (Guernier et al. 2004), and
the risk of predation is high for some populations (Headland and Greene 2011).
As a result, tropical hunter-gatherers often endure relatively high rates of age-
specific mortality (Hill et al. 2007). For instance, the mortality rates of African
hunter-gatherer infants and children younger than 5 years are ~20% and 27-40%,
respectively, or twice the regional rate (Ohenjo et al. 2006). In the Philippines,
the mortality rate of Agta children younger than 5 years can reach 45% (Early
and Headland 1998). These high rates also extend into adulthood: among six
rainforest hunter-gatherer populations from Africa and Southeast Asia, the chances
of surviving to age 15 are 30-51%, versus 59-76% for one pastoralist and two
non-rainforest hunter-gatherer populations (Migliano et al. 2007). At 15 years of
age, the ensuing life expectancy estimates for these two groups are 20-32.5 and
41.5-46.6 years, respectively (Migliano et al. 2007).

Under circumstances of high mortality, an early cessation of growth or a
diminished growth spurt that facilitates early reproduction is expected to maximize
fitness. Thus, for rainforest hunter-gatherers, early maturation could be the primary
(although not exclusive) cause of the human pygmy phenotype (Walker et al.
2006; Migliano et al. 2007, 2010). Indeed, the growth curves of rainforest hunter-
gatherer females level off at around age 12, at a time when for other populations
the adolescent growth spurt is just beginning (Walker et al. 2006; Migliano et al.
2007). In an extension of this model, Walker and Hamilton (2008) considered the
effects of population densities on human body-size variation, as population density
might be positively correlated with both resource constraint and mortality in similar
environments (e.g., across tropical rainforests).

These life-history hypotheses for the pygmy phenotype are elegant but
also contentious due to emerging evidence for genetic determination (Perry and
Dominy 2009; Becker et al. 2010, 2011; Jarvis et al. 2012; Lachance et al. 2012;
Migliano et al. this issue). Furthermore, the biological mechanisms underlying
the life-history hypotheses are uncertain: how do high rates of mortality or, rather,
the prevalent causes of mortality, such as disease and nutritional stress, induce
earlier reproductive maturity in some but not all (see Hill and Hurtado 1996)
populations of hunter-gatherers? A plausible but underexplored mechanism stems
from the emerging field of human immunological ecology (McDade 2003, 2005)
and the concept of inflammation “memory” across the life cycle and in subsequent
generations (McDade et al. 2011; Thayer and Kuzawa 2011; Kuzawa et al. 2012;
Thayer et al. 2012; Tallman et al. 2012). Here we explore and attempt to test this
epigenetic premise.
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Maternal Environment and Developmental Programming.  Given that fetal
life and infancy are critical periods for developmental programming, and that
these periods overlap with maternal provisioning via gestation and lactation, it is
plausible that maternal exposures to disease or nutritional stress can influence im-
munological cues that are transmitted in the placenta and breast milk (Moore et al.
2006; Kuzawa and Quinn 2009; Kuzawa and Thayer 2011). Cues such as the level
of inflammatory cytokines during gestation could mediate lower birth weights
(Kuzawa 2005) and drive the correlation between lower birth weights and earlier
menarche (Adair 2001) and, in turn, the correlation between early menarche and
small body size (Walker et al. 2006; Migliano et al. 2007). Although epigenetic
hypotheses are difficult to test (Ellison and Jasienska 2007), the concept of fetal
programming, or induction, is an attractive unifying mechanism for body size
changes at all temporal scales, ranging from rapid intergenerational decreases as-
sociated with infectious diseases (Stock and Migliano 2009) to secular increases
associated with improved nutrition (Katzmarzyk and Leonard 1998; Kirchengast
2000). It also unites different hypotheses focused on the Agta: maternal cues as-
sociated with disease (Migliano et al. 2007), nutritional stress (De Souza 2006), or
both, could explain how early reproductive maturity is being mediated.

Most research on developmental programming has emphasized modifications
in utero and the effects of early-life nutrition. Yet maternal influences on develop-
ment extend beyond birth; breast milk is the primary food source for all mammalian
newborns and a medium of chemical messages (Bernt and Walker 1999). For
example, milk delivers an array of bioactive molecules that not only confer im-
munoprotection but also shape the microbiome and physiology of the developing
gastrointestinal tract (Rautava and Walker 2009; D’ Alessandro et al. 2010). Breast
milk can also contain high concentrations of nonspecific defense factors that reflect
a lifetime of maternal antigenic experiences, and the immunologic protection being
conferred to an infant is often specific to local disease conditions (McDade and
Worthman 1999). Breast-feeding is thus the functional integration of maternal and
offspring immune systems (Brandtzaeg 2010). Yet milk is not merely a conduit of
immune factors from mother to offspring; it also contains proteins that direct the
development of the infant immune system (Petherick 2010), along with several other
factors that probably shape neonatal growth and metabolism (Savino et al. 2010b).

Thus, breast milk can transmit information about maternal developmental
history (especially with regard to immune development) and current physiologi-
cal state (e.g., body composition, state of infection), as discussed below. These
bioactive factors have the potential to function as cues or “programming” agents
and to provide a mechanism for communicating an optimal growth strategy to the
developing fetus or infant. This communication can endure for several years, and
it has the potential to improve reproductive fitness.

Here we explore this concept by reporting immunological cues in the breast
milk of Ilocano and Aeta women. The Ilocano are sedentary rice farmers, whereas
the Aeta are former hunter-gatherers with an average adult male height of ~150
cm (Table 1). This adult stature, or pygmy phenotype, is strongly associated with
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Table 1. Mean Adult Statures of Aeta Populations in Western Luzon

YEAR(S) OF DATA  PROVINCE AVERAGE ADULT HEIGHT [cM (n)] REFERENCE
COLLECTION MALE FEMALE

1903 Zambales 146.3 (48) 137.8(29)  Reed 1904
1901-1909 Bataan 1454 (9) 135.5(10)  Barrows 1910
1912 multiple 147.0 (147) 138.0 (50)  Newton 1920
1938-1939 Bataan; Zambales 147.5 97) 137.8 (59) Schebesta 1952
1975-1977 Pampanga 150.7 (22) 142.4 (28) Omoto et al. 1978
1975-1982 Bataan; Zambales 150.1 (81) 140.5 (58) Omoto 1989
2001 Pampanga 1494 (23) 137.2(73)  Allingham 2008*
2002-2003 Zambales 150.0 (146) 140.0 (209) Migliano 2005;

Migliano et al. 2007

“Data are based on middle-age adults and converted from inches; Allingham (2008) also reported mean
heights for younger adults (men: 152.1 cm, n = 7; women: 137.2 cm, n = 18) and older adults (men:
140.0 cm, n =41; women: 135.1 cm, n = 63).

rainforest habitats (Perry and Dominy 2009; Figure 1A). For many Aeta, this
habitat was destroyed by the paroxysmal eruption of Mount Pinatubo on 15 June
1991 (Figure 1B). The eruption was cataclysmic, producing pyroclastic flows
and depositing >5 km’ of pumiceous debris on the volcano flanks (Figure 1C).
In ensuing years, torrential, typhoon-enhanced monsoonal rains mobilized great
volumes of debris into destructive lahars that flowed down all major drainages of the
volcano (Figure 2), damaging or obliterating many villages and towns (Newhall et
al. 1996). As a result, the majority of Aeta evacuated the mountain and experienced
a sudden and profound change in environmental circumstances, possibly for the
second time in ~500 years (Rodolfo and Umbal 2008).

Aeta before and after 1991.  The Aeta share a common ancestor with the Agta
(HUGO Pan-Asian SNP Consortium 2009; Delfin et al. 2011), a hunter-gatherer
population in northeastern Luzon (Peterson 1978; Griffin and Estioko-Griffin
1985; Rai 1990). The Aeta and Agta have similar life-history attributes—high
mortality, early maturation, short stature (Migliano et al. 2007)—and early ac-
counts indicate comparable foraging ecologies (Reed 1904; del Fierro, 1918;
Newton 1920; Schebesta 1952; Garvan and Hochegger 1964). Accordingly, the
eruption of Mount Pinatubo is often perceived as a rare opportunity to examine
how a hunter-gatherer culture responds to an abrupt shift in subsistence ecology
(Shimizu 1992; Seitz 1998, 2004, 2008; Gaillard 2006, 2007; Gaillard and Le
Masson 2007; Acaba 2008; Rusznak 2010; Marler 2011). However, many Aeta
practiced swidden agriculture before the eruption (Fox 1952; Shimizu 1989), per-
haps for several centuries (Brosius 1990). The adversity associated with resettle-
ment and sedentary agriculture has therefore varied widely (Gaillard 2006, 2007;
Gaillard and Le Masson 2007).
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(A) Aeta hunter on the slopes of Mount Pinatubo circa 1980s [photograph by Carmen
G. Balazo, reproduced with permission from Negrito Peoples Alliance of Zambales
(LAKAS)]. (B) Eruption column of Mount Pinatubo on 12 June 1991, three days before
the climactic eruption (photograph by Richard P. Hobblitt, reproduced with permission
from the U.S. Geological Survey Cascades Volcano Observatory). (C) Mount Pinatubo
several days following the eruption and after heavy monsoon rains triggered lahars down
all major drainages. The wide expanse of still-cooling pyroclastic flow is apparent on the
western slope (image STS046-75-79A, courtesy of the Science and Analysis Laboratory,
NASA Johnson Space Center).
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In the early 1900s, the mortality rate of Aeta children was ~45% (Newton
1920). A secular increase in stature during the past century (Table 1) could indicate
decreasing rates of morbidity and mortality, although data are scant. Reports of
relatively high morbidity rates in another negrito population, the Ati, suggest that
the Aeta faced comparable conditions during the 1980s (Cadelifia and Cadelina
1988). This supposition is consistent with serological data from the 1990s that
indicate widespread undernourishment among the Aeta (Davila et al. 2002). Taken
together, these lines of evidence suggest that the Aeta living on or near Mount
Pinatubo endured relatively high rates of morbidity and mortality before 1991. In
the immediate aftermath of the eruption, these rates increased disproportionately
in the crowded evacuation centers.

Sawada (1992) reported 114,217 total evacuees, of which 22,723 (19.9%) were
Aecta, and yet the Aeta accounted for 447 (92.5%) of 483 deaths between 16 June
and 11 October 1991. The primary causes of death were attributed to measles (35%),
pneumonia (34%), and malnutrition (11%). Overall, morbidity and mortality were
greatest among infants and children 0—4 years of age (Sawada 1992). The subsequent
resettlement of the Aeta into government-sponsored communities improved matters,
but destructive lahars and floods continued to visit devastation on the region (Bautista
1996; Umbal 1997). Current population densities in these communities (0.9 people/
km*; Migliano 2005) are greater than before the eruption (Seitz 2004), and Aeta
mortality rates remain distressingly high (Migliano et al. 2007).

This immunological history is predicted to result in breast milk with high
concentrations of certain bioactive factors associated with disease and nutritional
stress, and their subsequent chronic influence on maternal physiology. Such milk
could signal a different growth trajectory to developing infants compared with that
of llocano mothers, whose immunological histories are likely to be different; further,
we predict such cues to manifest most strongly in the cohort of women born in the
early 1990s, when Aeta maternal and infant exposures to infectious disease and
nutritional stress were acute. To test these hypotheses, we report concentrations
of adiponectin, C-reactive protein (CRP), epidermal growth factor (EGF), and
transforming growth factor-f3, (TGF-f3,) in the breast milk of Aeta and Ilocano
mothers born before and after the eruption of Mount Pinatubo. By testing these
predictions, we examine whether these milk-borne compounds might function as
conduits for phenotypic information transfer between generations and link maternal
experiences with offspring biology.

Adiponectin.  Adiponectin is an adipocyte-secreted cytokine, or adipokine,
involved in metabolic processes such as increasing insulin sensitivity and mediat-
ing inflammation (Newburg et al. 2010). In particular, adiponectin reduces the
production of proinflammatory cytokines while having potent anti-inflammatory
effects across a wide range of tissues (Wulster-Radcliffe et al. 2004; Zhou et al.
2005). Milk adiponectin derives from the transfer of maternal circulating adipo-
nectin and/or synthesis in mammary tissue (Weyermann et al. 2006). In general,
lower infant weights and leaner body compositions are associated with higher
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levels of adiponectin, at least through the first six months of life (Newburg et
al. 2010; but see Woo et al. 2012). The fact that of adiponectin levels in breast
milk can fluctuate with maternal energy balance and also in response to preterm
or underweight infants suggests that it plays a key role in mediating the adaptive
responses of infant adipose tissues (Savino et al. 2008, 2010a; Woo et al. 2009).
Adiponectin levels also correlate with linear growth, perhaps because adiponectin
activates osteoblasts (Oshima et al. 2005).

C-Reactive Protein. CRP is an acute-phase inflammatory protein, typically
elevated during infections (Danesh et al. 2004). Circulating levels of CRP have
been measured in a number of populations with different subsistence strategies
and levels of pathogen exposure (e.g., Imrie et al. 2007; Nettleton et al. 2008). For
example, the Tsimane of Bolivia face chronic infections throughout life and have
higher levels of CRP than age-matched cohorts in the United States, a difference
that has been implicated as a contributing factor to their small stature (Gurven et
al. 2008). Similarly, a positive correlation between infectious symptoms and CRP
concentrations also exists in Philippine populations (McDade et al. 2008, 2010);
however, median values are lower than those in the United States (McDade et al.
2009), a pattern that argues against an inverse relationship between CRP levels
and adult stature. Maternal infections might influence CRP levels in breast milk,
but data are sparse. Fetherston et al. (2006) reported higher concentrations of CRP
in the milk of mothers with mastitis versus those without mastitis and with infec-
tive (i.e., bacterial) versus noninfective mastitis. Results also indicated transfer
of systemic CRP into breast milk, since milk from the infected and uninfected
breasts of the same woman showed no difference in CRP content.

Epidermal Growth Factor. EGF is one of several growth factors found in
breast milk, which was first characterized over three decades ago (Schaudies et al.
1990). EGF is a peptide with significant interspecific structural homology (Marti
et al. 1989), and milk EGF is both sourced from maternal circulation and synthe-
sized locally in mammary tissue. Concentrations in breast milk range from 30- to
1,000-fold higher than in circulation, with variations across lactation (Donovan
and Odle 1994). EGF is an important regulator of normal gastrointestinal growth
and development and also plays an important role in the healing of intestinal
injury (e.g., Playford et al. 2000). Significantly higher EGF concentrations in the
milk of mothers of extremely preterm infants (compared with mothers of preterm
and full-term infants) provide additional evidence of important protective func-
tions (Dvorak et al. 2003).

Transforming Growth Factor-f,. TGF-f, is an anti-inflammatory cytokine
with several functions, including modulation of immune responses, inflammation,
and allergy and regulation of cell proliferation and differentiation (Rautava et
al. 2010; Oddy and McMahon 2011). Experimental studies strongly support
the notion that TGF-f3 is necessary for normal immune maturation and, more
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specifically, that breast milk provides the major exogenous source of this cytokine
while systemic and mucosal immune systems are developing (Oddy and Rosales
2010; Kainonen et al. 2013). TGF-f3, is the most prevalent isoform of TGF-f3 in
breast milk (Penttila 2010), and in vitro digestion models suggest survival in the
infant digestive system (Lonnerdal 2010). Recent studies suggest that maternal
history of exposure to microbial pathogens can elevate TGF-[3 concentrations in
milk (Peroni et al. 2010). For example, women who emigrated from developing
countries to Sweden produced milk with significantly higher levels of TGF-f than
did women born in Sweden (Amoudruz et al. 2009), suggesting that early-life
environments could play a more important role than adult environment in deter-
mining the level of TGF-f3 in breast milk.

In sum, we deduce that Aeta (hunter-gatherer) women have been exposed to
higher rates of morbidity and mortality than have Ilocano (agricultural) women. As
aresult of this life environment, we predict that the breast milk of Aeta mothers will
have higher concentrations of adiponectin, CRP, EGF, and TGF-[3, compared with
that of Ilocano women. The early-life environment of Aeta mothers born during
the early 1990s (1991-1994) was particularly adverse, and we predict that milk
from this cohort of women will contain the highest concentrations of adiponectin,
CRP, EGF, and TGF-f3,.

Materials and Methods

Study Sites and Subjects. In March 2011, research was conducted with
consenting women in three settlements in Capas municipality, Tarlac Province,
Central Luzon, Philippines: Maruglo (n = 25), Patalbato (n = 14), and Ye Young
(n = 16) (Figure 2). This region was evacuated during the eruption of Mount
Pinatubo, but it suffered relatively less damage from the ensuing lahars and floods
(Bautista 1996). Aeta-farmer admixture in Tarlac Province is common (Barrows
1910; Madriaga and Lacanlale 2011), and swidden (kaingin) farming is supple-
mented with traditional hunting and gathering (Niehof 2010). For each subject,
semistructured interviews were conducted to collect information on self-reported
ethnic identity (Aeta or Ilocano), maternal and infant ages, and recent illness (dur-
ing the previous six months).

Sample Collection.  Self-expressed milk (2-5 ml) was collected from each
breast in plastic tubes 1-3 h after the morning meal. The samples were then trans-
ported in a cooler to a storage facility, where they were vortexed, divided into
500-ul aliquots (1.0-ml Eppendorf tubes), and frozen at —20°C. The samples were
then shipped packaged in dry ice to George Washington University and stored at
—80°C. Before analysis, the samples were thawed overnight in a refrigerator and
vortexed continuously to ensure sample uniformity.

Analytical Methods. @ We measured adiponectin and EGF levels using the
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TARLAC
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DINALUPIHA

Figure 2. The locations of our three study sites. Colored areas radiating from the caldera represent
the cumulative extent of damage from pyroclastic flows (purple) and lahars (green) be-
tween 1991 and 1997 (map by Norman Tungol, Philippine Institute of Volcanology and
Seismology).

human adiponectin and EGF DuoSet ELISA development kits (R&D Systems,
MN, USA), following the manufacturer’s protocols; all samples were diluted 1:5
before adiponectin assay and 1:200 before EGF assay. TGF-[3, levels were mea-
sured using the Quantikine Human TGF-3, immunoassay kit (R&D Systems),
following the manufacturer’s protocol. We measured milk CRP using the CRP
ELISA (hsCRP) kit from ALPCO (NH, USA); samples were diluted 1:3 before
CRP assay.

Parallelism and Recovery Protocols. Because these component kits were
not developed for use with milk, we performed parallelism and recovery tests to
validate that they accurately measured our analytes of interest. Briefly, we pooled
several aliquots of milk from different individuals. These pooled samples were
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serially diluted and run in an assay along with the standard curve supplied by the
manufacturer. We then tested the parallelism of the slopes of the standard and seri-
ally diluted pooled curves. Next, we utilized recovery tests to determine whether
compounds in the sample matrix interfered with antibody binding. To do this, we
spiked our samples with controls provided in the kit and measured the percent
value recovered. For all tests, we centrifuged samples to separate the fat layer and
used the aqueous fraction for our assays.

Data Analysis. We performed Welch #-tests in R version 2.14.1 (R Develop-
ment Core Team 2011) to assess whether the levels of each bioactive factor varied
as a function of population (Aeta or Ilocano) or birth cohort (pre- and post-1991);
all tests were one-tailed, reflecting our a priori hypothesis that Aeta women would
express higher concentrations of each bioactive factor. To control for confounding
variables such as maternal age, infant age, or recent sickness, we used multiple
regression models. In some cases, these variables explained a larger proportion of
variation than either birth cohort or population membership, while in others these
full models were not significant. All tests were performed with significance levels
of a =0.05.

Results

We measured levels of four bioactive factors in the breast milk of 24 Aeta (median
age, 23.5 years; range, 16-38 years) and 31 Ilocano (median age, 28.5 years; range,
17-45 years) mothers. The combined levels in both populations (Table 2) did not
vary as a function of maternal age, infant age, or recent sickness (adiponectin: F; 4
=1.44,p =0.24; CRP: F;3 =0.10, p = 0.96; EGF: F;, = 1.1, p = 0.37; TGF-f,:
F;4=04,p=0.75). Accordingly, we used Welch one-sided #-tests to compare each
compound in both populations. Contrary to our prediction, we found no difference
in the levels of adiponectin (r =-0.4,df =41, p =0.34), CRP (t=-04,df =30.3,
p=0.34), EGF (t=-0.9,df =279, p =0.19), or TGF-, (t=-1.3,df =30,p =
0.10). The marginal nonsignificance of this latter result was investigated further,
as TGF-[3, also varied as a positive function of maternal age (Figure 3).

We found that variation in TGF-[3, was better explained by Aeta classification
(t=1.8; p =0.08) than by maternal age (t = 1.5; p = 0.15), although the full model
was not significant at the a = 0.05 level (F,5, = 2.02, p = 0.14). This last result
reflects the large statistical leverage of a woman who was also pregnant at the
time of our study. Although the effects of simultaneous gestation and lactation on
the expression of TGF-f3, are uncertain, the removal this outlier had a large effect
on the significance of our model (F, 4 = 7.90, p = 0.001), suggesting that TGF-f3,
does vary as a positive function of maternal age (+ = 3.7; p < 0.001) and Aeta
classification (r =2.6; p =0.01).

Levels of adiponectin and CRP did not differ between Aeta and Ilocano
cohorts born before or after the eruption of Mount Pinatubo (before and after 1991):
Acta (adiponectin: 1 =0.5,df = 13.4,p =0.65; CRP: t =-0.7,df =7.3, p = 0.53)
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Table 2. Means (Ranges) of Components in Milk of Aeta and Ilocano Women Born
before or after the Eruption of Mount Pinatubo

POPULATION/

SAMPLE

ADIPONECTIN CRP EGF TGF-B,
BIRTH COHORT SIZE (NG/ML) (NG/ML) (PG/ML) (PG/ML)
Aeta 24 44 51.5 19,010 4,027
(1.0-11.2) (5.3-229.0) (2,897-85,960)  (501-25,620)
Before 1991 15 42 639 18,030 3,659
(1.0-84) (5.3-229.0) (2,897-85,960) (575-8.,295)
After 1991 9 4.7 39.1 20,640 4,641
(2.5-11.2) (6.3-99.2) (11,190-29,500)  (501-25,620)
Tlocano 31 42 414 15,940 2,550
(2.2-10.2) (5.3-308.0) (4,441-30,890) (692-9,861)
Before 1991 28 42 445 15410 2,723
(2.2-10.2) (5.3-308.0) (4,441-30,360) (692-9.861)
After 1991 3 42 11.99 19,480 1,378
(3.8-44) (5.3-18.7) (9,811-30,890) (969-1.,644)

Abbreviations: CRP, C-reactive protein; EGF, epidermal growth factor; TGF-f3,, transforming growth

factor-3,.
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Variation in the anti-inflammatory cytokine TGF-f3, as a function of maternal age. At all

ages, Aeta women tended to produce milk with higher levels of TGF-f,, although the
difference was not significant statistically (p = 0.08). The removal an Ilocano outlier, the
only mother in our study who was also pregnant, resulted in a significant difference (p =
0.01) between Aeta and Ilocano breast milk composition (see Results for further details).
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and Ilocano (adiponectin: t =0.08,df =29,p =093; CRP: r=-1.7,df = 17.6,p
= 0.12). In contrast, we detected significantly greater levels of EGF in the milk
of Aeta women born after 1991 (r = 2.7, df = 15.4, p = 0.02), whereas we found
no similar difference between Ilocano cohorts (r = 0.9, df = 3.3, p = 0.42; Figure
4A). This latter result was investigated further because EGF varies as a negative
function of infant age (Figure 4B) and because the youngest Aeta women nursed
younger infants at the time of our study (Figure 4C). We found that linear models
including maternal and infant ages explained a significant amount of the variation
in EGF for both post-1991 cohorts (Aeta: R*=0.3, F5,y=4.1,p =0.02; Ilocano: R
=0.29, F3,,=5.0,p=0.007). Lastly, levels of TGF-f3, were lower in both post-1991
cohorts (Aeta: t=-1.8,df =21, p =0.08; [locano: t=-2.73,df =29,p =0.01), but
this variation is better explained by maternal age (¢ = 1.7; p = 0.09) than by birth
cohort (t = -1.5, p = 0.14), although the full model was not significant at the o =
0.05 level (F,5,=1.5; p =0.23).

Discussion

Our analysis of adiponectin, CRP, EGF, and TGF-3, in the milk of Aeta and Ilocano
women revealed few detectable differences between populations or between
cohorts born before or after the eruption of Mount Pinatubo. Median levels of
adiponectin in our study were substantially lower (by a factor of 2-5) than those
reported from women in Italy, Mexico, and the United States (Woo et al. 2009;
Savino et al. 2012). We also observed variation in EGF as a negative function of
infant age (Figure 4B), a result that agrees well with earlier studies (Donovan and
Odle 1994). Perhaps importantly, we observed relatively elevated levels of TGF-f3,
in the milk of Aeta women, suggesting a greater exposure to infectious pathogens
(Amoudruz et al. 2009; Peroni et al. 2010); however, median levels in Aeta and
Ilocano milks (2,419 and 1,644 pg/ml, respectively) were lower than mean values
from Mali (3,727 pg/ml) and Sweden (3,703 pg/ml) (Holmlund et al. 2010). Such
a difference highlights the potential for global variation in the baseline values of
some cytokines (McDade et al. 2009).

At least four factors can account for our comparable findings. First, our
underlying assumption that Aeta women are more exposed to inflammation
and undernourishment might be false. To explore this possibility, it would be
advantageous to study inflammatory cytokines in the Ati, a population known to
have relatively high morbidity rates (Cadelifia and Cadelifia 1988) and serological
evidence of undernutrition (Clavano-Harding et al. 1999). Second, our statistical
analysis was underpowered due to a limited sample size. A post hoc power analysis
of the between-groups comparison effect sizes (adiponectin,d =0.11; CRP,d =0.14;
EGF, d = 0.26) revealed that N values of 1,189, 806, and 240 individual samples,
respectively, would be needed from each population to obtain statistical power at
the recommended 0.80 level. Third, intermarriage between the Aeta and Ilocano
is prevalent and long-standing in Tarlac Province where our study was conducted
(Barrows 1910; Madriaga and Lacanlale 2011). Genetic and cultural admixture
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could obscure potential differences in maternal immune responses. Finally, the
damage from pyroclastic flows and lahars was relatively minor in Tarlac Province
(Bautista 1996; Figure 2). As a result, the northern slopes of Mount Pinatubo still
support traditional swidden (kaingin) farming and some hunting and gathering
activities (Niehof 2010). If relatively elevated levels of adiponectin, CRP, EGF, and
TGF-f3, exist in the milk of Aeta women born in the early 1990s, they are most likely
to be found among women who formerly inhabited the western slopes of Mount
Pinatubo. These Aeta—now living in the Baqulian and Loob Bunga settlements
near Botolan— were most adversely affected by the eruption (Seitz 2004), and their
mortality rates are known to be high (Migliano et al. 2007).

Figure 4C illustrates a potentially important difference in reproductive
ecology: in our study, older Aeta mothers were significantly more likely to be
nursing older infants, whereas no similar pattern was detected among Ilocano
mothers. Such data, if representative, are consistent with reports of unusually long
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interbirth intervals (35 months) among the Aeta (Gawlik et al. 2011), but not with
the correlation between higher birth orders and shorter interbirth intervals among
the Agta (Goodman et al. 1985). Extended nursing by older Aeta mothers could be
ameans of suppressing ovulation and regulating population size under unfavorable
conditions (Konner and Worthman 1980) or a “terminal investment” in infants born
later during the maternal life cycle (Williams 1966; Fessler et al. 2005; Hoffman et
al. 2010). For example, the terminal children of Dobe !Kung mothers are typically
weaned at 48 months, or as late as 60 months, although the average age of infant
weaning is 28-35 months (Howell 2010). The immunological consequences of
this behavior are potentially profound, as terminal infants are predicted to ingest
a greater cumulative dosage of TGF-f3, due to the higher concentrations of this
cytokine in the milk of older mothers (Figure 3). Such a pattern could hold for
other, as yet untested, milk factors that regulate somatic growth and metabolic
programming (e.g., leptin, ghrelin). If so, terminal children, who can survive to
represent 30% of adults in a population (Howell 2010), could be “programmed”
to express accelerated life history attributes (small stature, early reproductive
maturity) relative to their older siblings. The fitness of later-birth-order individuals
could be greater under conditions of high mortality, resulting in a population of
short-statured peoples (Migliano et al. 2007).

Although speculative, this discussion highlights the potential importance of
the TGF-P signaling pathway for regulating immunity, growth, and development
(Santibanez et al. 2011; Chang et al. 2002). Perhaps compellingly, genes in this
pathway play an important role during osteogenesis, a regulatory pattern that speaks
to the functional integration of the TGF-f} signaling pathway at different life history
stages, raising the possibility that environment-gene interactions, or epigenetic
factors, can contribute to the pygmy phenotype. Future studies should explore
whether genes in the TGF-f} signaling pathway differentiate between agricultural-
ists and hunter-gatherers who express the pygmy phenotype. In addition, future
studies should include measurements of milk volume, where possible, and nursing
activity logs in order to allow interpretation of findings such as those reported here
in the context of total yields (e.g., do mothers with higher concentrations of milk
EGF produce more or less milk than mothers with lower concentrations, or more
important, do infants of mothers with higher or lower milk EGF consume more
or less milk?). Such information will be crucial for situating these results within
a causative framework.

Although our analysis of four bioactive factors in 55 women represents a
negative or inconclusive test of the hypothesis that milk compounds can com-
municate past infectious environments to the developing infant, we believe that the
unique circumstances facing the Aeta offer promise as a model system for testing
epigenetic hypotheses focused on the relationships between adult mortality, age
of reproductive maturity, and stature.
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