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Abstract
Over the last few decades, evidence has been emerging that the pathogenesis of psychiatric disorders such as schizophrenia can involve perturbations of the 
hypothalamic-pituitary-adrenal (HPA) axis. Variations in the manifestation of these effects could be related to the differences in clinical symptoms between affected 
individuals as well as to differences in treatment response. Such effects can also arise from the complex interaction between genes and environmental factors. 
Here, we review the effects of maternal stress on abnormalities in HPA axis regulation and the development of psychiatric disorders including schizophrenia. 
Studies in this area may prove critical for increasing our understanding of the multi-dimensional nature of schizophrenia. Further research in this area could 
ultimately lead to the development of improved diagnostics and novel therapeutic approaches for treating this debilitating psychiatric condition.
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Resumo
Nas últimas décadas, têm surgido evidências sugerindo que a patogênese de desordens psiquiátricas, tais como a esquizofrenia, pode envolver perturbações no 
eixo hipotalâmico-pituitário-adrenal (HPA). Variações na manifestação desses efeitos poderiam estar relacionadas a diferenças em sintomas clínicos entre os 
indivíduos afetados, assim como a diferenças na resposta ao tratamento. Tais efeitos podem também ser originados de complexas interações entre genes e fatores 
ambientais. Aqui, revisamos os efeitos do estresse maternal em anormalidades na regulação do eixo HPA e desenvolvimento de desordens psiquiátricas, incluindo a 
esquizofrenia. Estudos nessa área podem gerar o aumento do nosso entendimento da natureza multidimensional da esquizofrenia. Posterior pesquisa nesse campo 
poderia, em última instância, levar ao desenvolvimento de melhores diagnósticos e novas abordagens terapêuticas para essa debilitante condição psiquiátrica.
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Introduction

During a stressful event, chemicals such as adrenaline and glucocor-
ticoids are released into the bloodstream leading to a chain reaction 
of events inside the body. The effect of these chemicals from stress 
situations experienced during pregnancy has also been investigated. 
David Barker proposed the “fetal programming hypothesis” – also 
known simply as the Barker hypothesis – in his paper of 1989, which 
details the importance of the intrauterine environment in the deve-
lopment of the fetal organs and tissues1. This hypothesis suggests 
that deviation from the ideal intrauterine environment may have 
lasting effects on organ structure and function1,2. Extrapolation of 
this concept to the brain suggests that the intrauterine environment 
during the first and second trimesters of pregnancy will have direct 
effects on the structure of the brain in the fetus, which may continue 
on into adulthood.

Correlations between prenatal maternal stress and behavioral and 
psychological abnormalities in animal offspring have been widely 
documented. It has been proposed that hormones released into the 
bloodstream in response to a stressful stimuli perceived by the mo-
ther, have a direct effect on development of the brain and other organs 
in the fetus. The correct regulation of hormone release in pregnancy 
is critical for correct fetal development and any deviation from the 
normal concentration of these hormones can produce microscopic 
and macroscopic changes in the brain, particularly in synaptic con-

nectivity within and across distinct brain regions3. However, it is not 
one acute stressor, but chronic stress which predisposes to psychiatric 
disorders in the offspring. The development of behavioral and psy-
chological problems including autism, attention-deficit hyperactivity 
disorder (ADHD), major depressive disorder, bipolar disorder and 
schizophrenia are thought to be linked to such perturbations in the 
hypothalamic-pituitary-adrenal (HPA) axis and in other organs of 
the diffuse neuroendocrine system. 

From the research carried out by others it is clear that there is 
some correlation between increased maternal stress and behavioural 
and psychological problems in the offspring, but this is not thought 
to be purely hormonal. It also speculated that genetic links may ex-
ist for many of these diseases and that these may be, in some way, 
hereditary. It should also be considered that mothers with psychologi-
cal problems or who have problems with stress management may be 
more likely to become stressed during pregnancy and thus induce 
a similar condition in their offspring. What is more likely is that 
these problems have both hormonal and genetic causes. The two hit 
hypothesis4 suggests that a genetic susceptibility exists in the fetus 
and then an anomalous hormonal environment in the uterus allows 
an abnormality to come to fruition.

This review aims to summarize and correlate the existing litera-
ture on the effect of prenatal stress on development of the fetal brain 
and how this may affect the behavior, psychology and overall health 
of the offspring later on in life. As much of the current literature 
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reports the use of animal models to test these hypotheses, we will 
speculate on the extent to which these findings can be extrapolated 
to humans. We will also propose the likely effects of prenatal stress 
on the development of psychiatric disorders in humans and discuss 
the reported effects of this on the function of the HPA axis and other 
neuroendocrine systems. Finally, we will address the importance of 
the timing of the stress stimuli with respect to the gestational period 
in the mother as well as the impact of this on the existence and sever-
ity of behavioral problems in the offspring.

Stress: definitions

The book Neuroendocrinology, an integrated approach describes 
stress as “any event, whether real or perceived, that acts to disturb the 
homeostatic balance”5. When we think of stress in everyday life, we 
tend to think of emotional stress. This could mean the effects of big 
deadlines, crucial examinations, overbearing bosses and important 
decisions which can all be included as stressful stimuli6. Not everyone 
responds to stress in the same way nor do they have the same stress 
threshold7,8. Some people will become stressed only in extreme situa-
tions, whereas others could become overly-stressed over seemingly 
small matters. Stress can be evoked by fear of the unforeseen, the 
unknown or even possible bad outcomes. For example, the fear that a 
loved one will have a serious injury, even though there is no evidence 
to suggest that this may happen. The most intense emotional stressors 
occur in close relationships, such as those between family members 
or partners9. Other types of stress include those of a mechanical or 
physical nature, such as impact injuries. Although this can lead to 
emotional stress in many circumstances, mechanical stress is not 
necessarily relevant to the subject of this review since this is focused 
more on biochemical and emotional stressors. Simple definitions 
of biochemical stress could be the addition of a harmful substance, 
deprivation of a substance that the body needs or any deviation from 
the norm. Examples include life at high altitude, a lack of protein in 
the diet, or enduring extremes of temperature. 

The extent that a particular stress will affect an individual can 
depend simply on that individual’s perception of whether they can 
cope with it. A person who feels trapped and unable to cope with 
a stressful event may experience depression or distress, whereas a 
small amount of stress may in fact boost another person to work 
harder, not to lose hope or to promote a feeling of well-being10. An 
example of the latter would be that completion of a particular project 
before a deadline will be helped by the pressure to do so. This has 
been described as “eustress”11. Some people describe themselves as 
working well under pressure and, therefore, may be among those 
who have a higher stress threshold.

The stress response in humans

In reaction to a stress-producing stimulus, the body produces a res-
ponse via activation of the HPA axis. This is a necessary mechanism 
as it prepares the body for the well-known “fight or flight” reaction 
to a potentially dangerous situation12. However, the stress response 
that is produced does not differ greatly depending on the stressor. 
In humans the molecules greatly responsible for the stress response 
are adrenaline and glucocorticoids13. There are three main phases 
of the generalized stress response that are set into motion when a 
stressor is detected. The first phase involves the production of the 
catecholamine molecules noradrenaline and adrenaline. These are 
examples of monoamine hormones, which are derived from the 
amino acid tyrosine. The conversion from tyrosine to dihydroxy-
phenylalanine (DOPA) takes place in chromaffin cells found in the 
adrenal medulla14. Noradrenaline and adrenaline are released from 
the adrenal medulla almost instantaneously into the blood stream via 
the autonomic nervous system and affect a number of responses in the 
body. For example, the release of noradrenaline and adrenaline causes 
an increase in heart rate, constriction of blood vessels, widening of 
the pupils (midriasis), and an opening of respiratory passages. In 
addition insulin secretion is inhibited and glycogenolysis is stimu-

lated in the muscles and liver, leading to a higher concentration of 
glucose in the blood stream15. 

Secondly, around 20 minutes afterwards, corticotrophin-
releasing factor (CRF) is released from the paraventricular nucleus 
(PVN) of the hypothalamus into the portal vessel system and median 
eminence of the hypothalamus. This, in turn, stimulates the release 
of adrenocorticotropic hormone (ACTH) from the anterior pituitary 
directly into the blood stream. ACTH travels through the circulation 
to the adrenal glands, culminating in the release of glucocorticoids 
such as cortisol from the adrenal cortex. With respect to prenatal 
stress in humans, cortisol is the most important glucocorticoid. The 
elevation of cortisol levels in the blood results in the inhibition of the 
release of ACTH and CRF in a negative feedback loop mechanism5.

In the third stage, glucocorticoids produce similar responses to 
those of the catecholamines, including increased gluconeogenesis 
and increased lipolysis, leading to increased volumes of glycerol and 
fatty acids in the blood stream. Glucocorticoids also stimulate the 
mobilization of proteins from skeletal muscle and their deamination5.

Fetal programming in response to stress

Chronic prenatal stress is linked with morphological changes in 
the fetal brain but the mechanisms underlying these effects are not 
well known. The maternal and fetal HPA axes and placenta have 
been studied to determine whether these can serve as conduits for 
such morphological effects16. During pregnancy the mother’s body 
undergoes many physical and chemical changes, including altered 
production of certain hormones. The levels of cortisol are typically 
found to be elevated in a pregnant mother17. Such an elevation of 
cortisol is essential for the growth of the fetus and it stimulates the 
production of surfactant. However excessively elevated levels of 
cortisol can permanently modify the growth of the fetus18. Stress 
alters the levels of many hormones and other molecules found in 
the blood and this can lead to changes in the fetus. Prenatal stress 
affects the placenta in particular, decreasing the function of this 
organ via decreased levels of nutrients and oxygen that reaches the 
fetus. The mechanism of this effect results from increased levels of 
adrenaline in the blood which induces increased vascular resistance, 
and restriction of the flow of blood to the placenta16. 

The fetus has a natural barrier enzyme to maternal cortisol called 
11β-hydroxysteroid dehydrogenase-2 (11β-HSD2)16. This molecule 
is down-regulated in instances of maternal stress, leaving the fetus 
more susceptible to cortisol exposure. The reduction in 11β-HSD2 
also leads to an increase in the production of other hormones such 
as prostaglandins, oestrogens, and placental lactogen16. Also, pla-
cental CRH levels are subject to regulation by the maternal HPA 
axis19. Studies have shown that stress-induced increases in CRH 
concentrations can lead to macroscopic and microscopic changes 
in the hippocampus of the offspring20-22.

Behavioral and psychological problems

A number of different psychological problems have been shown to be 
linked to antenatal stress. An increased incidence in attention deficit 
hyperactivity disorder (ADHD) has been found in rhesus monkey 
offspring when mothers were exposed to loud noises during pregnan-
cy23,24. Studies have shown that the offspring of mothers exposed to 
long term stress showed greater responses to stressors, abnormalities 
in coping with stress and disturbed social behaviour25,26. The inci-
dence of ADHD was also found to be increased in offspring whose 
mothers experienced bereavement during pregnancy, as shown in a 
Danish study27. In this case, unexpected bereavement resulted in a 
72% increase in the likelihood of ADHD occurring in the offspring. 
Many other researchers have reported a greater prevalence of ADHD 
in the offspring of stressed mothers28,29.

A number of reports have suggested that there is an increased 
incidence of schizophrenia in the offspring of prenatally-stressed 
mothers. The German army invasion of the Netherlands in May 
1940, led to nationwide stress. A cohort consisting of the offspring 
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of mo thers exposed to this stress during the first, second and third 
trimesters of pregnancy were followed up and the prevalence of 
schizophrenia observed30. This revealed a greater incidence of 
schizophrenia in these subjects, with the largest increase seen in 
those whose mo thers were exposed in the first trimester31-34. Similar 
findings resulted from studies of the Chinese Famine of 1958-196135. 
Again, in those individuals conceived at the peak of the famine 
showed an increased risk of schizophrenia and other conditions. 
Increased incidence of schizophrenia in the offspring of stressed 
mothers has also been reported by Huttenen et al.36, Kinney et al.37, 
and others. 

Further evidence supporting the importance of intrauterine envi-
ronment in the precipitation of psychiatric illnesses is seen in animal 
models. For example, studies involving the deprivation of protein in 
prenatal rats have shown that this can have long term effects on the 
brain in the offspring. These effects include changes in hippocampal 
morphology and glutamate and dopamine receptor binding38. Other 
studies have shown that restriction of protein intake during preg-
nancy may have a negative effect on fetal brain development. This 
is thought to be due to changes in maternal metabolism of lipids, 
which are an essential component of cellular membranes39. Interest-
ingly, the behavioural abnormalities seen in these protein restricted 
models do not manifest until early adulthood, including effects on 
brain-regulated activities such as decreased pre-pulse inhibition of 
the startle response and hyperlocomotion, which are traditionally 
used as a measure of schizophrenia-like behavior40,41. A pre-pulse is a 
reduced version of a stimulus delivered to an individual shortly before 
a full version of a stimulus (pulse) is applied. The brain will normally 
down regulate its startle response to a stimulus if this is preceded by 
a pre-pulse. However, individuals with schizophrenia or Alzheimer’s 
disease will show a startle response of the same magnitude regardless 
of the presence of a pre-pulse40-42.

Watson et al.43 reported a 13.3% incidence of depression in the 
offspring of mothers who were exposed to a severe earthquake com-
pared to an incidence of 5.5% seen in the offspring on non-exposed 
mothers. Depression has also been linked to abnormalities seen in the 
HPA axis of rat dams suffering from prenatal stress44. After Louisiana 
was hit by a bout of hurricanes and tropical storms, a study examining 
the difference between the incidences of autism in the offspring of 
mothers was carried out45. This showed an incidence of 26.59/10,000 
in the high exposure group, compared with that of 3.72/10,000 in 
the low exposure group. Beversdorf et al.46 also established a link 
between prenatal stress and autism. A number of other noteworthy 
fetal abnormalities have been linked with prenatal stress seen in the 
mother including cognitive, behavioural and emotional issues47-51. 
Interestingly, rat studies have shown that the offspring of mothers 
who were restrained in the last week of pregnancy are more likely 
to self-administer drugs, such as cocaine and amphetamines, than 
those from non-restrained mothers52. 

Microscopic and macroscopic changes in the brain

Specific regions of the brain have been shown to be affected by prena-
tal stress both macroscopically and microscopically. These regions in-
clude the hippocampus53-57, amygdala58-60, corpus callosum61, cerebral 
cortex62,63, cerebellum64,65 and hypothalamus66,67. Since morphological 
changes in the above brain regions have been linked with certain 
psychological and behavioural problems, it is possible that prenatal 
stress affects the neurodevelopmental formation of these areas. This 
would, in turn, be expected to have behavioral effects, such as those 
seen in psychiatric disorders. 

Changes in the size of the corpus callosum and the number of 
specific cell types within this brain structure have been linked with 
autism68, ADHD69 and schizophrenia70. Links of autism, ADHD and 
schizophrenia to prenatal stress have been detailed above. It may 
therefore be reasonable to extrapolate these findings to suggest that 
prenatal stress directly affects the structure of the corpus callosum. 
However, no studies in this area have been carried out in humans.

The hippocampus is known to be involved in the formation of 
memories and plays a major role in learning. Lemaire et al.71 reported 

that prenatal stress had a negative effect on the memory of rats. The 
hippocampal granule neurons continue to be created throughout 
life and are responsible for the formation of memories. However, 
the number of such granule neurons was reduced in adult rats with 
mothers that had been exposed to stress while pregnant. In addition, 
the authors showed that prenatal stress reduced hippocampal cell 
proliferation and survival rate of newborn cells, along with a reduced 
number of differentiated neurons. Interestingly, all of these deleteri-
ous effects could be counteracted by neonatal handling. 

Although animal models have given us some insight into the 
connection between morphological changes in the brain, prenatal 
stress and behavioural disorders, it cannot be assumed that the same 
effects occur in humans. In fact, this is not likely to occur in some 
cases due to the fact that there are large differences with respect to 
time taken and the extent to which the brain undergoes development 
before, during and after birth in different animal species. 

Timing and severity

In rats and non-human primates, the timing of the stressor in the 
pregnancy has been shown to be important58-60. A study using rats 
has shown a 64% increase in the production of corticosterone – a 
similar hormone to aldosterone in humans – after handling pregnant 
rats in the last week of gestation and placing them in new, unfamiliar 
cages72. Although some evidence has been put forward in the case 
of animal models, the timing and severity of a stressor which affects 
the human fetus is harder to determine. This difficulty is mainly due 
to the fact that it would be unethical to expose pregnant mothers to 
stress at different points during their pregnancy. However, natural 
disasters can be used for this purpose; such events can provide a 
large cohort of people affected by an identical stress. This allows 
retrospective assessment of those who were pregnant during the 
natural disaster and follow up studies of the offspring. In this way, 
we can assess whether any of the patterns seen in animal models can 
be extrapolated to humans. 

A study termed “Project Ice Storm” attempted to determine the 
timing of the effects of maternal stress on the offspring using human 
subjects. In this case over 3 million people were unfortunately ex-
posed to extreme cold due to power outages47. This study revealed an 
abnormality in fingerprint formation in offspring of mothers exposed 
to the storm between weeks 14 and 22 of pregnancy. Interestingly, the 
period of fingerprint formation is known to overlap with the forma-
tion of the hippocampus73,74. Therefore, it is possible that changes in 
the hippocampus may be seen in the same individuals. The project is 
still ongoing and is currently utilizing a magnetic resonance imaging 
(MRI) approach to determine whether behavioural and psycho-
logical problems seen in the offspring are linked to any changes in 
brain morphology. As the hippocampus is responsible for memory 
formation and cognitive reasoning, this region is of primary interest.

It must be acknowledged, that the effects of a particular stressor 
on a mother depends not only on the nature of the stressor itself 
but also on the severity of the perceived threat of the stressor by 
the mother and on the mother’s stress tolerance and behavior in 
response to that stressor.

Potential advantages of stress

An interesting and potentially useful aspect of the stress response is 
that during acute stress the hippocampal dentate gyrus region is more 
active. This is the area of the brain responsible for learning, memory 
and neurogenesis. In response to a stressful stimulus the neural 
progenitor cells in the dentate gyrus are transformed into neurons 
and glia, which eventually lead to new synaptic connections. It is 
supposed that this is at least part of the mechanism of how memories 
are made and this process enables subjects to remember the object or 
event that caused the stress. An emotional input from the amygdala 
and the recognition of stress by the hippocampus cooperate to form 
a memory of fear and this will hopefully lead the individual to avoid 
similar dangerous situations in the future75. 
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In contrast, chronic stress appears to decrease the ability to form 
new memories. Conrad et al.76 showed that chronically-stressed rats 
performed less well on a spatial maze test than their non-stressed 
counterparts. In addition, studies in humans have shown that years 
of stressful living can lead to increased incidence of depression and 
other psychiatric conditions77. This leads to the possibility that acute 
stress can be beneficial and chronic stress detrimental.

Effects of stress on insulin resistance and the HPA axis

In humans, prenatal maternal stress during pregnancy has been 
shown to predict low birth weight and pre-term delivery21. Studies 
have shown that this is, in turn, linked with metabolic dysfunctions 
such as decreased glucose tolerance and increased insulin resistan-
ce78. Using an oral glucose tolerance test, a recent study analyzed 
the glucose levels of young adults whose mothers had experienced 
stressful life events during pregnancy such as relationship conflicts, 
death or severe illness of a close relative or friend, severe financial 
difficulties and car accidents, in comparison to control subjects whose 
mothers had relatively stress-free pregnancies79. The results showed 
no significant difference between the glucose levels of the two groups, 
although the subjects with mothers that suffered from prenatal stress 
had significantly higher insulin levels at the 120 minute time point 
after administration of the glucose tolerance test.

Interestingly, another study by the same authors showed that 
adults whose mothers were stressed during pregnancy had increased 
cortisol levels in response the Trier Social Stress Test (TSST) with 
a decreased cortisol response after administration of an ACTH 
stimulation test, indicating a possible dysregulation of the HPA 
axis80. This provided evidence in humans of an association between 
prenatal stress exposure and alterations of HPA axis function in the 
offspring (Figure 1).

Effects on the insulin signalling and the HPA axis in 
schizophrenia

Despite decades of research, the pathophysiology and aetiology of 
schizophrenia and other psychiatric disorders are not completely 
understood. The main hypotheses have focused on alterations in 
neurotransmitter systems such as the glutamatergic and dopami-
nergic pathways and current antipsychotic medications mainly 
target these systems83. However, schizophrenia is often associated 
with peripheral manifestations including hyperinsulinaemia and 
type II diabetes mellitus84. Although these effects can result from 
antipsychotic medications, they were also observed decades before 
the development and clinical use of antipsychotics. In addition, 
recent evidence has emerged that patients can show these effects at 
the first clinical presentation and prior to receiving medication85,86 
and blood-based analyses have demonstrated hyperinsulinaemia 
and abnormalities in secretion of other endocrine factors at first 
presentation of symptoms87,88. 

In a recent study of 66 first onset schizophrenia patients and 
68 matched control subjects, we used a series of immunoassays to 
measure the levels of insulin, proinsulin and des 31,32 proinsulin 
using two-site time-resolved fluorescence assays employing different 
combinations of monoclonal antibodies that discriminate between 
the specific forms of the molecule87,89. Also, C-peptide and the 
insulin secretory granule protein chromogranin A were measured 
using commercially-available immunoassays. All of these molecules 
were found at significantly elevated levels in the circulation of the 
schizophrenia patients. In contrast, the glucose levels were relatively 
normal which was consistent with the possibility that at least some of 
these patients were insulin resistant at the onset of the disease. This 
could have important implications since elevated insulin can have 
deleterious effects on brain function90. 

Assuming that the finding of increased insulin levels in schizo-
phrenia patients is associated with impaired insulin signalling, we 
also tested the possibility that secretion of other hormones of the 
diffuse neuroendocrine system and the HPA axis are affected in 
schizophrenia. We carried out multiplex immunoassay analysis of 21 
hormones and hormone-related molecules using blood serum from 
236 first onset schizophrenia patients and 230 matched controls 
using the Multi-Analyte Profiling (MAPTM) platform from Rules 
Based Medicine (Austin, TX, USA). Analysis using the multiplex 
immunoassay technology revealed that the serum concentrations 
of insulin and chromogranin A were increased in schizophrenia 
subjects, consistent with the above findings. In addition, we found 
elevated concentrations of pancreatic polypeptide, prolactin, pro-
gesterone and cortisol, and decreased levels of growth hormone 
(Figure 2)88.

Other researchers have identified higher levels of CRH, arginine 
vasopressin (AVP), ACTH and cortisol in studies of schizophrenia 
and other psychiatric conditions91-93. Functional magnetic reso-
nance imaging (fMRI) studies have also identified larger pituitary 
volumes in first episode schizophrenia patients and pituitaries 
in chronic sufferers have been shown to be smaller, which may 
indicate adaptation, medication effects or desensitization to HPA 
axis hyperactivity94. 

Many hormones are affected by ultradian and circadian rhythms. 
Therefore, it is likely that the molecules identified in the above 
studies are co-regulated in a feedforward-feedback loop between 
the endocrine pancreas, pituitary and other tissues of the HPA and 
hypothalamic-pituitary-gonadal (HPG) systems95. As a case in point, 
increased insulin levels have been associated with increased prolactin 
secretion96 and decreased growth hormone secretion pulses97. Fur-
thermore, studies using a diet-induced insulin resistance rat model 
have found increased insulin and progesterone levels98. Also, we have 
previously reported the co-regulated expression levels of insulin, 
growth hormone, leptin and cortisol in first onset schizophrenia 
patients, using a targeted analyte cluster method which detects pat-
terned behavior99. The finding of increased cortisol levels using this 
method is consistent with other studies100. 

Figure 1. Schematic diagram showing interaction between genetic predis-
position and early life environmental factors on neuronal function and later 
development of psychiatric illnesses.
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A study using rat models showed that prenatal stress induced 
long-term changes in feeding behavior, glucose metabolism and 
insulin signalling81. These deviations from normal glucose and 
insulin handling are similar to problems seen in type II diabetes. 
The authors speculated that this was linked to the increased levels 
of glucocorticoids in the intrauterine environment that accompanies 
prenatal stress. Another study tested the effects of administering 
stress hormones directly into sheep in the early stages of pregnancy, 
with particular interest in the effect that this had on the regulation 
of glucose and insulin signalling in adult male offspring82. The study 
showed that the adult offspring of mothers which were administered 
stress hormones during pregnancy had an impaired glucose tolerance 
and hyperinsulinaemia. This suggested that glucocorticoid exposure 
in early pregnancy might lead to long-term pancreatic problems and 
diabetes, consistent with the fact that stress during early pregnancy 
contributes to such outcomes in humans.
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We also analyzed post-mortem pituitaries from schizophrenia 
patients using a combination of liquid chromatography tandem 
mass spectrometry (LC-MS), two dimensional difference in-gel 
electrophoresis (2D-DIGE) and multiplex immunoassays88. Using 
these diverse methods we identified changes in cortisol, ACTH, AVP, 
agouti-related protein, growth hormone, prolactin and secretagogin. 
The finding of increased ACTH and cortisol supports the hypothesis 
that HPA axis hyperactivity may be involved in the pathophysiology 
of the disease101. Previous studies have linked abnormal AVP levels to 
changes in mood and behaviour102, and to psychotic disorders103,104. 
In addition, AVP may affect HPA axis sensitivity since there appears 
to be a positive correlation between the circulating levels of AVP, 
ACTH and cortisol in schizophrenia patients101. The finding that 
some of these changes were also detected in the circulation of living 
schizophrenia subjects (see above) suggests that they may play a role 
in the pathophysiology of the disease and could also lead to transla-
tion of these molecules as peripheral biomarkers for schizophrenia.

Therapeutic implications

The discovery that hyperinsulinaemia might play a role in late onset 
disorders in individuals with prenatally-stressed mothers, suggests 
that drugs which improve insulin signalling and glucose handling, 
may represent a potential novel treatment strategy. In the case of 
psychiatric disorders, such as schizophrenia, therapeutic strategies 
that target the underlying metabolic dysfunction could provide an 
effective alternative to traditional antipsychotic medications87. This 
possibility is supported by the finding that the insulin-sensitizing 
agents metformin and rosiglitazone can correct the insulin resistance 
that seems to come hand in hand with antipsychotic treatment without 
inhibiting the antipsychotic drug efficacy in treating the disease105. 

Similar strategies are already proving fruitful for treatment of 
memory deficits in Alzheimer’s disease. Clinical trials are focusing 
on the use of gamma peroxisome proliferator-activated receptor 
(PPARγ) agonists such as rosiglitazone and pioglitazone as an al-
ternative therapy to enhance cognition106. PPARγ agonists induce 
the transcription of specific genes leading to the increase in the 
body’s sensitivity to insulin, amongst other effects, and were first 
used in clinical trials with the aim of treating diabetes mellitus and 
atherosclerosis (http://www.diabetesselfmanagement.com/Articles/
Diabetes-Definitions/ppar_agonists/). One research group conducted 
a 6-month, randomized controlled trial in patients suffering from 
mild Alzheimer’s disease and type II diabetes107. Patients were as-
signed randomly to one of two groups. One group was treated with 
15-30 mg pioglitazone once a day and the other was used as a control. 
The pioglitazone group showed improved cognitive function and 
increased blood flow in the parietal lobe of the brain and the control 

group showed no improvements. It was interesting that the effects 
of pioglitazone were accompanied by an increase in cerebral blood 
flow as this could potentially lead to an increase in the amount of 
glucose available in the brain. 

The adrenal steroid dehydroepiandrosterone (DHEA) has an-
tiglucocorticoid properties that may prove useful regulating high 
cortisol levels and glucocorticoid action in the brains of psychiatric 
patients108. Studies using DHEA in addition to antipsychotic medica-
tion in already-medicated schizophrenic patients found a significant 
improvement in the negative, depressive and anxiety symptoms of 
the disease109. DHEA treatment has also produced improvement in 
extrapyramidal side-effects such as involuntary tremors associated 
with antipsychotic treatment110.

Conclusions and future prospects

Prenatal stress has been linked with many psychological and 
behavioral problems such as schizophrenia, ADHD, autism, and 
depression. Changes are seen in the brains of a variety of animal 
models in response to prenatal stress. In particular, changes are 
seen in the hippocampus, amygdala, corpus callosum, cerebral 
cortex, cerebellum and hypothalamus. These areas of the brain are 
responsible for the control of behavior and their alteration could 
explain the psychological problems witnessed, although this has not 
been proven to occur in humans. The mechanisms by which these 
changes in the brain are achieved most likely surround the maternal 
and fetal HPA axes and the effect of the intrauterine environment on 
fetal brain development. Regardless of the effect of environment on 
the developing fetus, it is likely that there is also a genetic element 
to the contraction of such problems.

It appears that the timing and severity of the stress experienced 
by mothers has an impact on the development of psychological 
and behavioural problems in the fetus. However, further research 
is needed before the exact effects of timing and severity of this can 
be determined. There is an ever-increasing amount of evidence for 
metabolic and hormonal components in conditions such as schizo-
phrenia, which in some cases may be associated with prenatal stress. 
Abnormalities in the metabolism of glucose, insulin signalling and 
the HPA axis appear to be present in the early stages of these disor-
ders and may provide the basis for the development of much-needed 
biomarkers for psychiatric conditions. The use of such biomarkers 
could lead to improved diagnosis and patient orientated personalized 
medicine strategies (the right drug for the right patient at the right 
time) as well as providing the possibility of pre-emptive treatment. 
Given the potential of this line of research to improve diagnosis and 
create alternative treatment strategies, more research is warranted.

It is clear however that the environmental trigger of stress in the 
intrauterine environment is not the only catalyst for development 
of the disease. It is likely that there is also a genetic predisposition 
that when combined with an environmental trigger leads to disease 
development. This is in accordance with the two hit hypothesis. We 
have the tendency to dismiss our “emotional” responses like sadness 
or stress as they are not tangible. However, everything that we feel 
is due to the movement of chemicals within us. These chemicals, 
neurotransmitters and hormones, produce the feeling of stress but 
also lead to a cascade of other reactions in the body, which can have 
very real and tangible outcomes.
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