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Abstract

Background—Adult offspring of Holocaust survivors comprise an informative cohort in which

to study intergenerational transmission of the effects of trauma exposure. Lower cortisol and

enhanced glucocorticoid sensitivity have been previously demonstrated in Holocaust survivors

with PTSD, and in offspring of Holocaust survivors in association with maternal PTSD. In other

work, reduction in the activity of the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-

HSD-2), which inactivates cortisol, was identified in Holocaust survivors in comparison to age-

matched, unexposed Jewish controls. Therefore, we investigated glucocorticoid metabolism in

offspring of Holocaust survivors to evaluate if similar enzymatic decrements would be observed

that might help to explain glucocorticoid alterations previously shown for Holocaust offspring.

Methods—Holocaust offspring (n=85) and comparison subjects (n=27) were evaluated with

clinical diagnostic interview and self-rating scales, and asked to collect a 24-hr urine sample from

which concentrations of cortisol and glucocorticoid metabolites were assayed by GCMS. 11β-

HSD-2 activity was determined as the ratio of urinary cortisone to cortisol.
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Results—Significantly reduced cortisol excretion was observed in Holocaust offspring compared

to controls (p=.046), as had been shown for Holocaust survivors. However, 11β-HSD-2 activity

was elevated for offspring compared to controls (p=.008), particularly among those whose

mothers had been children, rather than adolescents or adults, during World War II (p=.032). The

effect of paternal Holocaust exposure could not be reliably investigated in the current sample.

Conclusions—The association of offspring 11β-HSD-2 activity with maternal age at Holocaust

exposure is consistent with the influence of glucocorticoid programming. Whereas a long standing

reduction in 11β-HSD-2 activity among survivors is readily interpreted in the context of Holocaust

related deprivation, understanding the directional effect on offspring will require replication and

further exploration.
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1. Introduction

Disruptions in glucocorticoid metabolism and activity represent enduring consequences of

extreme trauma that appear to be at least partially related to age of exposure (Seckl and

Holmes, 2007; Yehuda et al., 2010; Yehuda and Seckl, 2011). The persistence of these

effects was demonstrated in elderly Holocaust survivors who showed relative deficiencies in

the activities of 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD-2) and 5α-reductase

(Yehuda et al., 2009). In contrast to previously reported endocrine findings in Holocaust

survivors, such as reduced basal cortisol levels and increased sensitivity to glucocorticoids

(Yehuda et al., 2005b; Yehuda et al., 2002), the enzymatic alterations observed were not

related to the presence or absence of PTSD or other psychiatric disorders in the survivor.

Rather, the observed changes were associated with Holocaust exposure. Furthermore, they

were particularly prominent in survivors who were youngest at age of exposure to the

Holocaust, suggesting a critical developmental window during which adversity could

permanently down-regulate glucocorticoid metabolism (Yehuda et al., 2009).

The impacts of Holocaust exposure and related psychopathology have also been examined

in the adult offspring of Holocaust survivors. Adult offspring of Holocaust survivors with

PTSD, born a median of 15 years after the end of WWII, demonstrated similar reductions in

glucocorticoid levels and enhanced glucocorticoid receptor sensitivity (Lehrner et al., 2014;

Yehuda et al., 2007a) as had been observed in Holocaust and other trauma survivors with

PTSD (Yehuda et al., 2000; Yehuda et al., 2002). Among adult offspring of Holocaust

survivors, lower ambient cortisol was observed specifically in association with maternal

PTSD (Yehuda et al., 2007b), an association that has also been demonstrated in offspring of

survivors of other traumatic experiences. For example, infants born to mothers who

developed PTSD following exposure to the 9/11 attacks in the second and third trimesters of

pregnancy also showed lower cortisol compared to infants of similarly exposed mothers who

did not develop PTSD (Yehuda et al., 2005a). The trimester effect may reflect differences in

maternal 11β-HSD-2 or other placental hormones, peptides, or enzymes that were altered in

association with maternal stress. Interestingly, the effects on infants can also be observed if
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the maternal trauma exposure occurred early in life. Higher cortisol reactivity has been

shown for infants of mothers with PTSD as a consequence of childhood abuse (Brand et al.,

2010).

In the adult 11β-HSD-2 is largely confined to the kidney, where it contributes to blood

pressure regulation. In pregnant women, however, 11β-HSD-2 is highly expressed in the

placenta, where it regulates fetal glucocorticoid levels by catalyzing conversion of cortisol to

inert cortisone, thus reducing access of high concentrations of maternal cortisol to the

umbilical vein (Bertram et al., 2001; Chapman et al., 2013; Drake et al., 2012; Reynolds,

2013). Placental 11β-HSD-2 thus functions to protect the fetus from potentially deleterious

effects of maternal stress during pregnancy (Edwards et al., 1993), although this ‘barrier’ is

incomplete since 10–20% of maternal cortisol crosses intact to the fetus (Seckl, 2008). Thus,

a relative deficiency in placental 11β-HSD-2, whether as a consequence of exogenous

glucocorticoid treatment, maternal stress or nutritional deprivation during pregnancy, or

direct inhibition of 11β-HSD-2, results in fetal overexposure to maternal glucocorticoids.

Glucocorticoids of fetal and maternal origin play a key role in inducing terminal maturation

pathways in fetal organs to prepare for extrauterine life. However, excessive glucocorticoid

exposure during gestation may result in the programming of offspring vulnerability to

subsequent disease states that become apparent with age. Among these are behavioral

disturbances, psychiatric disorders, and conditions related to metabolic syndrome and to

cardiometabolic risk, including hypertension (Drake et al., 2007; O'Donnell et al., 2009;

Räikkönen et al., 2010; Seckl, 2008; Tang et al., 2011).

The purpose of the current study was to examine 11β-HSD-2 in the adult offspring of

Holocaust survivors. Since prior work in Holocaust survivors demonstrated reduced activity

of 11β-HSD-2 in association with younger age at exposure, we examined the influence of

age of maternal exposure on offspring 11β-HSD-2. We also examined the effect of maternal

PTSD on offspring 11β-HSD-2 based on the finding that PTSD severity was a significant

correlate of 11β-HSD-2 among Holocaust survivors (Yehuda et al., 2009), and on the

significant association of maternal PTSD with glucocorticoid-related alterations in

Holocaust offspring (Lehrner et al., 2014; Yehuda et al., 2007a; Yehuda et al., 2007b). We

hypothesized that greatest alterations in 11β-HSD-2 would be present in Holocaust offspring

with younger mothers and with mothers with PTSD.

2. Methods

2.1. Subjects

112 Holocaust survivor offspring and comparison subjects were recruited through

advertisements requesting Jewish volunteers to participate in a study examining the effects

of the Holocaust. Holocaust survivors who had previously participated in related research

were informed of the study in order to recruit their adult offspring. All procedures were

approved by the Institutional Review Boards of the Mount Sinai School of Medicine and the

James J. Peters Veterans Affairs Medical Center. Written informed consent was obtained

from all participants. Data pertaining to the health complaints and medication usage from 66

subjects included in the current study (52 offspring and 14 controls) were reported

previously (Flory et al., 2011).
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Holocaust survivor parents were defined as having been interned in a Nazi concentration

camp during World War II or as having faced comparably severe threats in hiding or during

escape to a safe country prior to liberation. Holocaust offspring were defined as being born

after World War II and being raised through adolescence by their biological parents.

Comparison subjects were Jewish adults of a similar age whose parents were not exposed to

the Holocaust, with the majority born in Canada, the US, or Middle East. Holocaust survivor

offspring were further subdivided based on maternal age of Holocaust exposure and the

presence or absence of maternal and paternal PTSD. In this sample, all Holocaust offspring

had fathers who met the definition of Holocaust survivor; 69 were the offspring of two

Holocaust survivors (i.e., 16 had mothers born in Canada, the US, Middle East or other non-

occupied countries).

Participants received a comprehensive psychiatric evaluation to determine the presence of

any current or lifetime psychiatric disorder, and completed several psychological and

symptom severity measures. PTSD was assessed using the Clinician-Administered PTSD

Scale (CAPS; (Blake et al., 1995)), other diagnoses were made using the Structured Clinical

Interview for DSM-IV (SCID; (Spitzer et al., 1995)). Self-rated measures included the

Civilian Mississippi Scale for PTSD (Keane et al., 1990) for the assessment of trauma

related symptoms, the Beck Depression Inventory (BDI; (Beck et al., 1961)), the Spielberger

State Trait Anxiety Inventory (STAI; (Spielberger, 1968)) the Symptom Checklist 90

(SCL-90; (Derogatis, 1975)) which details 9 symptom dimensions and three global symptom

indices, and the Childhood Trauma Questionnaire (CTQ; (Bernstein et al., 1994)) for the

assessment of the childhood care environment.

Exclusion criteria were: history or evidence of psychotic illness or bipolar disorder; current

alcohol or substance abuse or dependence; major medical, endocrinologic, or neurologic

illness likely to interfere with HPA axis function or assessment. Presence of current or

lifetime mood or anxiety disorders were not exclusionary. Parental PTSD was established

using the Parental PTSD Questionnaire (PPQ), a self-report measure that asks offspring to

rate the presence and severity of each of the 17 items that comprise the DSM-IV PTSD

diagnostic criteria for each parent, and contains additional items pertaining to perceived

effects of being raised by a Holocaust survivor (Yehuda et al., 2006). The scale has been

previously validated in direct interviews of survivors using the CAPS and was shown to

have good convergent validity for PTSD diagnosis and subscale ratings (Yehuda et al.,

2006). A diagnosis of parental PTSD was assigned on the basis of a positive endorsement of

symptoms distributed appropriately across the three symptom domains as required by DSM-

IV criteria (APA, 2000).

2.2 Procedures

Following the psychological evaluation, participants were given sterile containers with

instructions to collect a 24-hr urine sample at home (beginning after the first voided urine

following awakening, and continuing through the first voided urine on the following day),

on a day that was expected to be relatively quiet and free from stress or strenuous exercise.

Urine was stored frozen during the collection period to prevent degradation of cortisol and

its metabolites. Following the collection, a research coordinator inquired about adherence to
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instructions and completeness of the collection procedure. Frozen samples were thawed,

urine volume recorded, and aliquots were refrozen until assay. Glucocorticoids were

measured by electron impact GCMS providing direct assessment of free cortisol, and its

metabolites, from which estimates of glucocorticoid metabolic enzyme activities were

derived. Samples were batched for assay using methods described elsewhere (Best and

Walker, 1997).

2.3. Dependent variables and statistical analysis

Glucocorticoid enzyme determinations—The following measures were obtained:

urinary free cortisol (F) and free cortisone (E), and their metabolites, 5α- and 5β-

tetrahydrocortisol (5α-THF, 5β-THF) and tetrahydrocortisone (THE). Total urinary

glucocorticoids were calculated as the sum of these five measures. Enzyme activity was

estimated based on the ratios of glucocorticoid metabolites to precursors. 11β-HSD-2

activity was inferred from the urinary E/F ratio (Best and Walker, 1997) which primarily

reflects activity of the renal enzyme in adults. Exploratory analyses were performed for

other enzyme determinations. 11β-HSD total activity, i.e., the sum of 11β-HSD-1 and 11β-

HSD-2 activities, was calculated from the ratio of cortisol reduction products ((α-THF + β-

THF)/ THE). 11β-HSD-1 functions predominantly as an 11β-reductase, responsible for

regenerating cortisol from its inert 11-keto metabolites, notably in liver. 5α-reduction was

inferred from the ratio of 5α-THF/F, and 5β-reductase activity from the ratio of 5β-THF/F.

The A-ring reductase ratio of 5α-reductase to 5β-reductase activities was calculated as 5α-

THF/ 5β-THF.

Statistical transformation and covariate determinations—All of the metabolites

and enzyme determinations were substantially kurtotic (2.4 to 15.4) and skewed (1.3 to 7.9),

with the exception of cortisone. Therefore, all metabolites, total glucocorticoids, and enzyme

estimates were log-transformed for analyses, which uniformly normalized their distributions.

Analyses were conducted on log-transformed variables, but raw data is reported and

represented in the figures for ease of interpretation. Prior to conducting the analyses,

potential covariates were examined (e.g., age, gender, BMI, cigarette smoking, and

medication usage), and used as appropriate in analyses of covariance (ANCOVA).

Analytic methods—Comparisons of Holocaust offspring and comparison subjects were

performed using chi-square analyses for categorical variables and analyses of variance

(ANOVA) and covariance for dimensional data. Based on prior studies demonstrating

specific contributions of both maternal trauma exposure and age of Holocaust exposure to

glucocorticoid metabolism, the sample was divided into four groups based on whether

mothers were Holocaust exposed, and if so, whether they were children (11 years or

younger), adolescents (12 to 18 years of age) or adults (18 years or greater) at the time of

exposure. ANCOVA was used to examine the contribution of maternal age of exposure to

offspring 11β-HSD-2 activity. We also examined the effect of maternal PTSD on offspring

11β-HSD-2 activity. Holocaust offspring were subdivided into three groups: 1) maternal

Holocaust exposure without maternal PTSD, 2) maternal Holocaust exposure with maternal

PTSD, and 3) comparison subjects (i.e., no parental exposure or parental PTSD), excluding

offspring without maternal exposure (n=16). One-way ANCOVA was used to examine the
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influence of maternal exposure versus maternal PTSD on offspring 11β-HSD-2. Finally,

linear regression was used to test the relative importance of maternal exposure versus

maternal PTSD in explaining the variance in offspring 11β-HSD-2 activity. Covariates were

entered in the first step, maternal age at Holocaust exposure in the second step, and maternal

PTSD in the final step. Then the regression was repeated with covariates in the first step,

maternal PTSD in the second step, and maternal age at Holocaust exposure in the final step.

3. Results

3.1. Demographic and clinical characteristics of offspring and comparison subjects

Demographic and clinical characteristics of offspring and comparison groups are reported in

Table 1. There were no significant differences between the Holocaust offspring and

comparison groups in gender, BMI, years of education, age of first and last exposure to

traumatic events, or the impact of trauma-related symptoms as assessed by the Mississippi

PTSD scale score. Holocaust survivor offspring were an average of 4.3 years older than

comparison subjects, and were significantly more likely than comparison subjects to have

current and lifetime anxiety disorders as well as higher self-ratings on anxiety scales, as

previously observed in an independent offspring sample (Yehuda et al., 2008).

Maternal and paternal years of birth were highly correlated in the entire cohort (r=.78, p<.

0005) and for Holocaust offspring (r=.64, p<.0005). Offspring fathers tended to be

approximately 6 years older than offspring mothers: offspring fathers’ year of birth was

1918.5±8.6; offspring mothers’ year of birth was 1924.3 ± 7.7 years. Likewise, maternal and

paternal age at offspring birth were highly correlated (r=.64, p<.0005). The absence in this

sample of offspring with maternal but no paternal exposure compromised our ability to

identify distinct contributions of parental exposure by parental gender. Further, given the

degree of correlation between maternal and paternal age of exposure, apparent effects of

paternal age could not be distinguished from artifacts of maternal age. As a consequence of

the uneven distributions of maternal and paternal exposures, therefore, apparent findings

related to paternal age of exposure are not reported.

3.2. Comparison of glucocorticoid metabolite and enzyme activities between offspring and
comparison subjects

Table 2 demonstrates that Holocaust offspring showed significantly lower levels of F and

lower 5α-THF, the major metabolite of F, at a trend level of significance, but did not show

differences for E, β-THF, or THE. Total glucocorticoids, principally composed of 5α-THF,

is also lower among the offspring at a trend level of significance. Holocaust offspring had

higher estimated activity of 11β-HSD-2 than controls, but showed no significant differences

from controls in any other estimated enzyme activity level.

3.3. Relation of 11β-HSD-2 activity to maternal age at Holocaust exposure

One-way ANCOVA including the three groups of Holocaust offspring, subdivided by

maternal age at exposure, and comparison subjects revealed a significant main effect of

group (F(3,90)= 3.07; p=.032, controlling for age and BMI). As illustrated in Figure 1, the

highest 11β-HSD-2 activity was present in offspring whose mothers were children at the
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time of the Holocaust, with progressively decreased activity in offspring whose mothers

were adolescents and adults. The lowest activity was observed in comparison subjects, i.e.,

those without any Holocaust exposed parents. Bonferroni post-hoc analysis showed a

significant difference in 11β-HSD-2 activity between offspring with maternal exposure in

childhood and comparison subjects (p=.029). There were no significant distributions of other

metabolites or enzyme indices according to age at maternal exposure, or age of conception.

3.4. Relation of 11β-HSD-2 activity to maternal exposure and PTSD

We examined the possibility that maternal PTSD might account for the association of

increased 11β-HSD-2 activity with maternal exposure. Offspring were subdivided based on

maternal exposure with and without PTSD, and compared to comparison subjects, omitting

data for offspring with paternal but without maternal exposure. One-way ANCOVA,

controlling for age and BMI, identified significant group differences on offspring 11β-

HSD-2 activity (F(2,90)=4.65, p=.012; Figure 2). Bonferroni post-hoc tests showed that 11β-

HSD-2 activity differed only between offspring of Holocaust exposed mothers without

PTSD and comparison subjects (p=.009). This analysis was also significant when including

paternal PTSD as a covariate (F(2,89)=5.03, p=.008), indicating that paternal PTSD did not

influence the (negative) relationship of maternal PTSD to offspring 11β-HSD-2 activity.

To further test the relative influences of maternal age at exposure and maternal PTSD on

offspring 11β-HSD-2 activity, a linear regression was performed including age, gender,

BMI, and two variables reflecting categorical distinctions in age of maternal exposure and

the presence or absence of maternal PTSD, respectively. Data for offspring of Holocaust

exposed fathers with unexposed mothers were excluded from the analysis. Age of maternal

Holocaust exposure was a significant predictor of offspring 11β-HSD-2 when entered,

following the covariates, in the second step (β=.254, p=.015), producing a significant

adjusted R-squared change (p=.015) that explained 14.6% of the variance, with gender (β =.

223, p=.026) also a predictor. When maternal PTSD was entered in a final step, there was no

significant change in R-squared, and maternal exposure (β =.342, p=.007) and gender (β =.

212, p=.035) remained significant predictors. Thus, after accounting for maternal age of

exposure, maternal PTSD did not contribute significantly to the prediction of offspring 11β-

HSD-2 activity. An analogous linear regression with maternal PTSD entered in the second

step showed no significant R-squared change (β =.033, ns), but the addition of maternal age

of exposure in a final step was highly significant (β =.342, p=.007). Taken together these

regression analyses squarely identified maternal age of exposure, rather than maternal

PTSD, as the significant predictor of offspring 11β-HSD-2 activity.

Finally, an ANCOVA for offspring 11β-HSD-2 activity testing both predictors (maternal age

of exposure and maternal PTSD), covaried for offspring age, gender, and BMI, was

significant for maternal age of exposure (F(3,85)=3.55, p=.018) but not for maternal PTSD

(F (1,85)=2.13, ns) or for their interaction (F (2,85)=0.93, ns). The post-hoc comparison

between controls and offspring with maternal exposure prior to age 11 was significant (p=.

021), but there was no significant post-hoc difference between offspring with and without

maternal PTSD (Figure 3).
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3.5. Relation of 11β-HSD-2 activity to gender in offspring and comparison subjects

Given the significant association of offspring gender in the above regression models that

include maternal age of exposure, gender effects on 11β-HSD-2 activity were compared for

offspring and comparison subjects. A significant gender difference in 11β-HSD-2 was

apparent for comparison subjects (F(1,23)=4.92, p=.037, controlling for age and BMI; males:

1.37±.21 (M±SE); females: 2.01±.20), whereas no gender difference in 11β-HSD-2 was

apparent for offspring (F(1,81)=0.47, ns, controlling for age and BMI; males: 2.46±.27 (M

±SE); females: 2.50±.22). The reduction in estimated 11β-HSD-2 activity for males versus

females for comparison subjects (32% reduction) is substantially greater than it is for

offspring (1.5% reduction).

4. Discussion

In this study we investigated glucocorticoid metabolism among offspring of Holocaust

exposed parents and comparison subjects. Holocaust offspring demonstrated significantly

lower F, and showed lower levels of αTHF, the major metabolite of F, and of total

glucocorticoids, although at trend levels of significance. Most importantly, offspring

demonstrated higher 11β-HSD-2 activity relative to comparison subjects. Higher 11β-HSD-2

activity was associated with maternal Holocaust exposure, but not substantially with

maternal PTSD. Finally, increased 11β-HSD-2 activity was inversely associated with

maternal age at exposure, such that the highest levels of 11β-HSD-2 were associated with

maternal exposure to the Holocaust in childhood. Some of these observations mirror

findings previously reported for directly exposed Holocaust survivors, whereas others do

not.

Like the offspring in this report, Holocaust survivors also showed reductions in F, αTHF

and total glucocorticoids – however, with an associated reduction in 5α-reductase activity

(Yehuda et al., 2009). Offspring in the current study did not have similarly altered 5α-

reductase activity. In the absence of altered 5α-reductase, decrements in F will likely be

reflected in relatively lowered levels of αTHF and total glucocorticoids, as suggested for

offspring in the current study. However, if cortisol is metabolized more rapidly in the kidney

due to elevated 11β-HSD-2, then a compensatory rise in hypothalamic-pituitary-adrenal axis

(HPA axis) activity might be expected to maintain F levels. The fact that F levels are lower

in the face of unchanged E suggests that the primary cause of lower F is reduced HPA axis

drive, possibly as a result of increased glucocorticoid receptor sensitivity or other

epigenetically mediated alteration affecting HPA axis regulation.

In striking contrast to the finding in offspring of elevated 11β-HSD-2 activity, Holocaust

survivors themselves showed lower 11β-HSD-2 activity. Among the survivors, the greatest

decrements in 11β-HSD-2 were evident among those who were youngest at the time of

exposure (Yehuda et al., 2009). The specificity of the reduction in 11β-HSD-2 activity for

Holocaust ‘child survivors’ was interpreted as an indication of glucocorticoid programming

having occurred during a sensitive developmental window, resulting in alterations that

remained evident approximately 60 years after exposure. Thus, the effect on 11β-HSD-2

activity was sufficiently enduring to have been present at the time offspring were conceived

and carried to term, years after parental Holocaust exposure. In addition to the association
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with childhood exposure, among Holocaust survivors, the greatest decrements in 11β-HSD-2

activity were associated with the expression of less severe PTSD symptoms (Yehuda et al.,

2009). It is indeed consistent with this observation that elevations in offspring 11β-HSD-2

activity in the current report are found for offspring of maternal childhood survivors without

PTSD.

The down-regulation of 5α-reductase (a nutritionally-sensitive hepatic enzyme) and of 11β-

HSD-2 in directly exposed survivors was interpreted as an adaptive change to minimize

catabolism of cortisol in liver and kidney without elevation of circulating steroid levels, thus

maximizing the output of glucose and other metabolic fuels from liver and the renal

retention of sodium. These changes are a presumed advantage in a calorie and salt-poor

early life environment. That these indicators are either absent (5α-reductase) or in the

opposite direction (11β-HSD-2) in the unexposed offspring of Holocaust survivors, despite a

similar reduction of cortisol, suggests selection for phenotype and yet separate mechanisms

for their generation. Indeed, increased 11β-HSD-2 is unlikely to contribute to lower cortisol

since more enzyme activity implies that cortisol is cleared more rapidly in the kidney which

would be expected to stimulate HPA axis activity (in order to maintain cortisol levels). The

fact that F and its metabolites are lower suggests that the reduced HPA axis drive is the

primary cause of lower cortisol, distinct from the elevation in 11β-HSD-2. Similar data have

emerged in rodent models where despite phenotypic similarities in directly exposed animals

and their second generation offspring, the cellular and molecular mechanisms and the

underpinning epigenetic changes are quite distinct in each generation (Drake et al., 2011).

Placental 11β-HSD-2 is principally derived from fetal tissue. Urinary metabolites indicating

elevations in 11β-HSD-2 activity in adult offspring principally reflect renal enzyme activity.

The extent to which these estimates provide insight into what their placental enzyme activity

might have been decades earlier is unknown. However, it is possible that offspring in the

present cohort may have been exposed to reduced maternal HPA axis activity and hence

lowered cortisol as a consequence of maternal Holocaust exposure, with the effect of

programming offspring HPA axis hypofunction. This is plausible since glucocorticoid

administration, severe maternal stress, or ingestion of 11β-HSD inhibitors in licorice during

gestation associate with offspring HPA axis hyperfunction (Räikkönen et al., 2010). The

association of offspring 11β-HSD-2 activity with maternal exposure during childhood

provides support for the inference that maternal alterations in 11β-HSD-2 activity may have

had intergenerational effects.

Regulation of placental and fetal 11β-HSD-2 activity is the principal mechanism conferring

protection of the fetus from exposure to the comparatively elevated levels of maternal

glucocorticoids during gestation (Benediktsson et al., 1997; Waddell et al., 1998). There are

considerable inter-species differences in the precise timing of feto-placental 11β-HSD-2

expression (Matthews, 2002); in humans, the enzyme increases throughout the second and

third trimesters of gestation (Shams et al., 1998; Stewart et al., 1995). Prior to mid-gestation,

there is widespread expression of 11β-HSD-2 in fetal tissues, which by parturition, is

restricted to specific areas of fetal brain and kidney (Peña et al., 2012). It is possible that

prenatal exposure to stress-related elevations in maternal glucocorticoids would be

associated with a developmental adaptation that includes alterations in 11β-HSD-2 activity.
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Indeed, fetal 11β-HSD-2 is itself a target of glucocorticoid programming (Alikhani-Koopaei

et al., 2004). Prenatal exposure of rats to elevated levels of glucocorticoids (Tang et al.,

2011), or of sheep to maternal undernutrition resulting in glucocorticoid elevations

(Whorwood et al., 2001), program reductions in renal 11β-HSD-2 activity and risk for salt-

sensitive hypertension (Tang et al., 2011). The HSD11β2 gene promoter and associated

regions have several methylation sites that appear to be variably associated with increased

and diminished methylation in a tissue specific manner (Peña et al., 2012; Pena et al., 2013).

Although the most frequently observed effect of maternal stress is that of increased

methylation and decreased expression of11β-HSD-2 in placenta as well as fetal cortex, in rat

hypothalamus there is indication of diminished methylation at several sites within the

HSD11β2 gene promoter as a consequence of maternal stress (Peña et al., 2012; Pena et al.,

2013).

Thus, variations in the nature and timing of maternal stress during pregnancy impact

substantially on the direction of effects on fetal 11β-HSD-2. Acute stress, particularly near

parturition, is associated with increased placental 11β-HSD-2 activity, which would function

to buffer the consequences of more transient maternal exposure-related glucocorticoid

elevations, whereas chronic maternal stress generally results in placental 11β-HSD-2

downregulation, resulting in fetal glucocorticoid programming (Stark et al., 2009; Welberg

et al., 2005).

Interestingly, the current data suggest a possible gender effect on offspring 11β-HSD-2

activity that will require examination in future studies. The offspring in this report did not

show a gender difference in 11β-HSD-2 that was apparent for comparison subjects. Female

comparison subjects demonstrated approximately 1.5 × the 11β-HSD-2 activity of the men,

whereas for offspring men and women, 11β-HSD-2 activity was essentially equivalent.

Thus, it would appear that the programming effect was considerably more pronounced

among male than female offspring. It should be noted that a similar gender effect has been

observed in animal studies in a parallel direction to the current findings, in which maternal

programming has preferential effects on male offspring (Brunton et al., 2013). In another

example, sex specific effects, albeit in the reverse direction, were observed in female, but

not male, pre-term infants born to women with a history of perinatal stress, who were

administered antenatal glucocorticoids (Stark et al., 2009).

In sum, the findings of this study demonstrate a distinct influence of maternal age of

exposure in association with adult offspring 11β-HSD-2 activity. These observations support

speculations regarding the intergenerational transmission of a set-point for 11β-HSD-2

activity with demonstrated implications for offspring mental and physical illness in

adulthood (Cottrell and Seckl, 2009; Drake et al., 2007; Seckl and Holmes, 2007). Whereas

effects of in-utero environmental manipulations (e.g., maternal stress, protein deprivation,

glucocorticoid administration) have been shown to result in long-lived alterations in 11β-

HSD-2 activity in rodent models, this is the first example of such effects in a human sample.

The specific observations of elevated 11β-HSD-2 activity among offspring, in concert with

prior demonstrations of reduced 11β-HSD-2 activity for Holocaust survivors, both paired

with reduced cortisol levels, will require replication in future intergenerational studies of

offspring of severely traumatized parents.
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Figure 1. Association of meternal age at Holocaust exposure with offspring 11β-HSD-2 activity
Mean 11β-HSD-2 activity for comparison subjects and Holocaust survivor offspring

according to age of maternal Holocaust exposure (F(3,90)= 3.07; p=.032, controlling for age

and BMI). Bars represent estimated marginal means ± SE of raw data. * (p=.029)
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Figure 2. Relation of 11β-HSD-2 activity to maternal exposure and PTSD status
Mean 11β-HSD-2 activity for comparison subjects and Holocaust survivor offspring

according to maternal PTSD status (F(2,90)=4.65, p=.012; controlling for age and BMI). Bars

represent estimated marginal means ± SE of raw data. * (p=.009).
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Figure 3. Association of maternal age at Holocaust exposure and maternal PTSD with offspring
11β-HSD-2 activity
Mean 11β-HSD-2 activity for comparison subjects and Holocaust survivor offspring

according to both maternal age at Holocaust exposure (F(3,85)=3.55, p=.018) and maternal

PTSD status (F(1,85)=2.13, ns) with no significant interaction between the two predictors

(F(2,85)=0.93, ns), controlling for age, gender, and BMI. Bars represent estimated marginal

means ± SE of raw data. * (p=.021).
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Table 1

Comparison of demographic and clinical characteristics of Holocaust survivor offspring and comparison

subjects

Comparison
Subjects
(n=27)

Holocaust
Offspring

(n=85)

F(df)p or χ2 (df) p

Age 42.6 ± 10.5 46.9 ± 7.6 F(1,110) = 5.53, p= .021

Gender (Male/Female) M (48.1%)
F (51.9%)

M (40.0%)
F (60.0%)

χ2 (1) = 0.56, ns

BMI 24.1 ± 4.0 24.9 ± 4.4 F(1,110) = 0.66, ns

Years of education 17.0 ± 2.1 17.1 ± 3.2 F(1,103) = 0.12, ns

Maternal age at offspring birth 27.2 ± 8.5 29.7 ± 5.8 F(1, 89) = 2.13, ns

Paternal age at offspring birth 32.7 ± 6.6 35.7 ± 4.8 F (1,70) = 2.65,ns

Age at first trauma a 16.1 ± 11.4 14.0 ± 8.1 F(1,98) = 0.847, ns

Age at last trauma a 41.0 ± 12.2 41.9 ± 9.7 F(1,98) = 0.11, ns

Lifetime anxiety disorder b 6/21 (22.2%) 37/48 (44.6%) χ2 (1) = 4.21, p= .040

Lifetime mood disorder b 9/18 (33.3%) 38/47 (45.8%) χ2 (1) = 1.09, ns

Mississippi PTSD Scale c 66.2 ± 15.2 70.0 ± 29.6 F(1,108) = 0.38, ns

Beck Depression Inventory 4.7 ± 5.6 7.3 ± 6.6 F(1,76) = 2.26, ns

Spielberger – Trait anxiety d 15.7 ± 11.6 19.8 ± 10.5 F(1,72) = 2.06, ns

Spielberger – State anxiety d 9.9 ± 8.8 15.9 ± 12.2 F(1,75) = 3.96, (p=.050)

CTQ – Total score e 36.6 ± 12.3 41.1 ± 13.3 F(1,102) = 2.34, ns

a
Assessed using the Clinician-Administered PTSD Scale

b
DSM-IV based on clinical interview

c
Civilian Mississippi Scale for PTSD

d
Spielberger State-Trait Anxiety Inventory (STAI)

e
Childhood Trauma Questionnaire (CTQ)
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Table 2

Holocaust survivor offspring and control differences in metabolic and 30 enzyme outcome variables

Comparison
Subjects
(n=27)

Holocaust
Offspring

(n=85)

F(df) p a

Metabolites:

F (cortisol) 73.68± 6.06 57.18 ± 3.37 b F(1,107) = 4.07, p=.046 c

E (cortisone) 115.37 ± 11.78 121.34 ± 6.55 F(1,108) = 0.11, ns

α-THF 2555.5 ± 407.2 1208.2 ± 223.8 F(1,105) = 3.04, (p=.084) c

β-THF 2896.0 ± 364.6 2206.1 ± 202.6 F(1,107) = 1.43, ns c

THE 3528.7 ± 412.1 3082.2 ± 228.9 F(1,107) = 1.77, ns c

Total Glucocorticoids 9307.5 ± 867.8 6706.8 ± 476.9 F(1,105) = 3.71, (p=.057) c

Enzymes:

11β-HSD2 1.74 ± 0.28 2.47 ± 0.15 F(1,108) = 7.36, p=.008

Total 11β-HSD 1.47 ± 0.67 1.87 ± 0.37 F(1,106) = 0.19, ns

5α-reductase
(5a-THF/F)

46.82 ± 12.02 24.80 ± 6.61 F(1,105) = 0.24, ns c

5β-reductase
(5β-THF/F)

44.72 ± 3.61 43.91 ± 6.49 F(1,108) .308, ns

5α-THF /5β-THF ratio 0.91 ± 0.19 0.64 ± 0.10 F(1,105) = 0.76, ns c

a
ANCOVA, controlling for age, BMI on log-transformed data

b
Estimated marginal means (Mean ± S.E.) for unlogged data values

c
Gender added as covariate
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