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aBSTraCT

Vertical transmission of glucocorticoids via breast milk might pose a mechanism through 
which lactating women could prepare their infants for the postnatal environment. The 
primary source of breast-milk glucocorticoids is probably the systemic circulation. 
Research from our group showed that milk cortisol and cortisone concentrations fol-
low the diurnal rhythm of maternal hypothalamus-pituitary-adrenal axis activity, with 
a higher abundance of cortisone compared to cortisol. Measurement of breast-milk 
glucocorticoid concentrations is challenging due to possible cross-reactivity with 
progestagens and sex steroids, which are severely elevated during pregnancy and after 
parturition. This requires precise methods that are not hindered by cross reactivity, 
such as LC-MS/MS. There are some data suggesting that breast-milk glucocorticoids 
could promote intestinal maturation, either locally or after absorption into the systemic 
circulation. Breast-milk glucocorticoids might also have an effect on the intestinal micro-
biome, although this has not been studied thus far. Findings from studies investigating 
the systemic effects of breast-milk glucocorticoids are difficult to interpret, since none 
took the diurnal rhythm of glucocorticoids in breast milk into consideration, and various 
analytical methods were used. Nevertheless, glucocorticoids in breast milk might offer a 
novel potential pathway for signal transmission from mothers to their infants.
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INTroduCTIoN

Numerous studies suggest that adversities occurring in early life could predispose to later 
diseases such as cardiovascular diseases, type 2 diabetes mellitus and neuropsychiatric 
diseases. The mechanisms that could explain these associations relate to the concept 
of early-life programming, stating that insults early in life could persistently alter the 
body’s structure and/or function. These alterations, although adaptive in nature, might 
become deleterious with age.1

Glucocorticoids are known for their programming effects on metabolism and the 
brain.2 The fetal cortisol hypothesis postulates that a lower activity of the placental 
barrier enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD) type 2 allows a larger 
proportion of maternal cortisol to reach the fetus, leading to permanent alterations 
in hypothalamus-pituitary-adrenal (HPA) axis settings, and, hence, predisposition to 
cardiometabolic and neuropsychiatric diseases in offspring.3

Emerging data suggest that postnatal nutrition could play a role in early-life program-
ming.4 Breast feeding has been associated with improved health outcomes, including 
reduced risks of infections and obesity.4,5 Although glucocorticoids were recovered in 
breast milk already in the early 1970s,6 only few studies have addressed their effects in 
offspring. The recent discovery of a diurnal rhythm in the secretion of glucocorticoids 
into breast milk has opened new avenues for the study of the postnatal programming 
effects of maternal glucocorticoids.

gLuCoCorTICoIdS, PrEgNaNCy aNd THE mammary gLaNd

Cortisol is produced by the zona fasciculata of the adrenal cortex. Its synthesis is 
regulated by adrenocorticotropin hormone (ACTH) from the anterior pituitary gland. 
The release of ACTH, in turn, is under the control of corticotropin releasing hormone 
(CRH) from the hypothalamus. When cortisol is present in adequate amounts, a negative 
feedback system operates on the pituitary gland and hypothalamus. The hypothalamus 
also receives input from multiple brain areas involved in the stress response. In healthy 
individuals, the secretion of cortisol follows a diurnal rhythm, with a peak in the early 
morning, followed by gradual decline over the day, and a nadir at midnight.

Pregnancy-induced changes in HPa axis activity

Maternal cortisol increases sharply in the last part of gestation due to an exponential 
rise in the secretion of CRH from placental origin, which stimulates the release of ACTH 
from the pituitary.7 In contrast to the inhibitory effect of glucocorticoids on the secre-
tion of CRH by the hypothalamus, glucocorticoids stimulated the expression of the CRH 
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gene in cultures of human placenta.8 In the fetal compartment a similar rise in cortisol 
occurs, which is necessary for the maturation of several organs, such as the lungs and 
the liver.9 The cortisol rise has also been implicated to play a pivotal role in the onset of 
parturition.9

glucocorticoids as hormonal regulators of lactation

Glucocorticoids seem to be involved in the lobulo-alveolar development of the mam-
mary gland during the last stage of pregnancy.10 Although glucocorticoid receptors 
were detectable in the lactating mouse mammary gland,11 the increase in circulating 
glucocorticoids at parturition is probably not the primary trigger of lactogenesis .12 
The effects of glucocorticoids on lactogenesis are probably more permissive, by en-
hancing the effects of prolactin and spermidine on the synthesis of α-lactalbumin and 
casein.12 However, in bovine mammary epithelium glucocorticoids were found to have 
direct effects on the sodium transport.13 Progesterone could antagonize the actions of 
glucocorticoids at the level of the glucocorticoid receptor.14 Therefore, the effects of 
glucocorticoids on the mammary gland may become more evident after parturition, 
when progesterone levels fall.

determinants of breast-milk glucocorticoid concentrations

Owing to their lipophilic structure, glucocorticoids are able to cross mammary epithelia 
through simple diffusion in the direction of their concentration gradient. The primary source 
of breast-milk glucocorticoids is probably the systemic circulation. This assumption is based 
on observations showing that breast-milk cortisol was strongly correlated with plasma cor-
tisol,15 with the concentration in breast milk being about 1-13% of the circulating level.15-17 
Another possible source of breast-milk glucocorticoids is the skin, which was recently 
shown to be capable of glucosteroidogenesis,18 although it is currently unclear whether 
dermal glucocorticoids could penetrate the mammary gland in significant amounts.

The concentration of breast-milk cortisol was relatively high in the last part of gesta-
tion, compatible with the rise in plasma cortisol, followed by a >50% decline within 2 
days after delivery.16 Mothers who delivered prematurely had lower levels of breast-milk 
glucocorticoids,19 either due to an earlier disruption of the positive feedback loop in the 
secretion of placental CRH or immaturity of the mammary gland.

We studied lactating women who provided frequent sample collections over a 24-hr 
period, when their children had reached the age of 1 month, and found that levels of 
cortisol and cortisone in breast milk peaked at 7:00 am, mirroring those in saliva obtained 
at the same time.19 The early-morning peak was approximately five times as high as the 
nadir. This typical diurnal rhythm was replicated by another group.20 We also found that 
cortisone was much more abundant in breast milk than cortisol, despite the observation 
that serum cortisone constitutes only a minor fraction of circulating glucocorticoids. 
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These patterns could probably be attributed to a high expression of 11β-HSD type 2 in 
the mammary gland, analogous to the salivary gland.21

mEaSurEmENT of gLuCoCorTICoId CoNCENTraTIoNS IN BrEaST mILk

Immunoassay versus LC-mS/mS

For the study of glucocorticoids in breast milk, reliable analytical methods are necessary. 
Steroid hormones can be measured with immunoassays or chromatography, possibly 
coupled to mass spectrometry. In general, immunoassays are prone to cross reactivity 
with compounds that share the general structure with the hormone of interest, ne-
cessitating the use of more specific analytical methods.22 This is especially important 
during pregnancy and after parturition, when concentrations of steroid hormones 
like progestagens and sex steroids, as well as their precursors and metabolites, are 
severely elevated. The most specific method today is chromatography coupled to mass 
spectrometry, with liquid chromatography tandem mass spectrometry (LC-MS/MS) 
being regarded as the method of choice. Furthermore, LC-MS/MS analysis carries the 
advantage of multiple steroid hormone measurements during the same run, enabling 
the simultaneous measurement of cortisol and cortisone.23

Binding to proteins

In serum or plasma, glucocorticoids are for >90% bound to corticosteroid binding globu-
lin (CBG) or albumin.24 However, albumin-bound and free fractions increase, whereas the 
CBG-bound fraction decrease, at increasing levels of total cortisol.25 Steroids in breast 
milk are also protein-bound, with CBG or a CBG-like protein having been identified in 
human breast milk already in 1976.26 This protein was found to decline rapidly after par-
turition.26 The presence of corticosteroid binding proteins in breast milk has implications 
for the choice of the analytical method. Measurement of the total cortisol concentration 
requires that cortisol is displaced from CBG and other corticosteroid binding proteins. 
Many immunoassays suffer from ineffective displacement of cortisol from its binding 
protein, leading to falsely lower cortisol concentrations in the presence of higher CBG 
concentrations.27 The improper release of a hormone from its binding protein has also 
been identified in immunoassays for testosterone and 25-hydroxy-vitamin D3,28,29 
illustrating that this is a widespread analytical problem. Underestimation of the total 
cortisol concentration is unlikely to occur with LC-MS/MS analysis, where the organic 
solvents used allow a proper release of cortisol from its binding protein. Alternatively, 
free glucocorticoid concentrations in breast milk could be measured, yet this requires 
even more sophisticated methods, such as equilibrium dialysis or ultrafiltration, prior to 
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LC-MS/MS analysis. Moreover, the very low concentrations might challenge the sensitiv-
ity of current LC-MS/MS analyzers.

Steroid conjugates

Many steroid hormones form conjugates with sulfate or glucuronic acid, which renders 
them inactive. Ninety-five percent of steroids recovered from breast milk were conjugat-
ed, predominantly to sulfate.17 Steroid conjugates cannot be absorbed by the intestines, 
which requires hydrolysis by sulfatases or glucuronidases.30 In the human gut, these 
enzymes are absent at birth and they increase with age due to bacterial colonization.30 
Therefore, incubation of the breast milk with conjugate enzymes could yield much 
higher levels that do not reflect the biologically available, clinically relevant fraction.

Comparisons between studies

In view of these analytical issues, comparing results of studies concerning breast-milk 
glucocorticoids is difficult. In addition, differences in standardization between methods 
used for steroid hormone analysis may contribute to these issues.31-33 We have previously 
reviewed human breast-milk cortisol concentrations as reported in the literature, and 
found a wide range of concentrations, varying from 0 to 1,700 nmol/L.23 A large variety 
of methods was used by these studies, the majority of which used immunoassays, some-
times preceded by a deconjugation step. However, the wide range of concentrations, 
notably those reported by Groer et al,34 could not wholly be explained by the variety in 
methods.

Given all these uncertainties, it is highly important for future studies to carefully select 
and validate the method that will be used so that proper conclusions are drawn. We 
have developed and extensively validated an isotope-diluted LC/MS-MS method for 
the measurement of total cortisol and cortisone in human breast milk without use of 
enzymatic deconjugation.23 Reference ranges of our assay are reported in Table 1.

Table 1: Reference ranges of breast-milk cortisol and cortisone measured with our LC-MS/MS assay.

Sampling time 
(hrs)

N Cortisol (nmol/L) Cortisone (nmolL)

0:00-6:00 46 3.3 (1.4-6.8) 17.6 (10.8-23.6)

6:00-12:00 64 8.3 (5.1-12.2) 29.6 (24.1-35.0)

12:00-18:00 63 2.8 (2.1-4.5) 18.9 (14.9-31.3)

18:00-24:00 64 1.1 (0.8-1.9) 10.1 (6.8-12.7)

Concentrations are reported as median (interquartile range).
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TargETS of gLuCoCorTICoIdS IN THE dEvELoPINg guT

fate of breast-milk glucocorticoids in the neonatal gut

There is some evidence showing that breast-milk glucocorticoids are absorbed by the 
developing gut into the systemic circulation. Experiments in rats showed that milk-
ingested labeled corticosterone – the principal glucocorticoid in rats – was able to cross 
the pups’ intestinal epithelial barrier and was, subsequently, detectable in their plasma 
and brains.35 Additionally, corticosterone was detectable in the serum of adrenalecto-
mized pups fed with their own mother’s milk.36 In humans, a 40% higher salivary cortisol 
level was found among infants who were breastfed during one year in comparison with 
infants who were formula-fed.37 Moreover, another study found that salivary cortisol 
concentration in infants correlated positively with the level in their mothers only in 
those who were breast-fed.38

Effects of breast-milk glucocorticoids on intestinal maturation

There is overwhelming evidence, mostly from studies in rats, indicating that glucocor-
ticoids are important for intestinal maturation. Rat pups can be compared to preterm 
infants until postnatal day 20, at which stage their development resembles that of term 
infants. Therefore, rat pups are ideal for the study of gut development. Glucocorticoids 
administered systemically were found to increase the activities of lactase and sucrase, 
and fucosylation, and to decrease sialylation,39 which are all indicative of intestinal matu-
ration. Other studies have assessed the effect of enterally supplemented glucocorticoids 
on gut maturation. Yeh et al.36 studied the effect of enterally supplemented corticoste-
rone on the digestive capacity of the intestine of rats that were adrenalectomized at day 
12. Adrenalectomized pups were fed with formula supplemented with either 0, 0.1, 0.5, 
1.0, 5.0, 10.0 or 50.0 μg/ml corticosterone, or with their own mother’s milk. Intact pups, 
serving as controls, were either mother-fed or fed with unsupplemented formula. They 
found a dose-dependent increase in the activities of sucrase and maltase with increased 
glucocorticoid supplementation. In comparison, mother-fed pups, both intact and 
adrenalectomized, had maltase activity comparable to pups fed with formula supple-
mented with 0-0.5 μg/ml corticosterone, and undetectable sucrase activity, indicating 
that the maturational effect of corticosterone might only occur when administered at 
supraphysiological doses. However, systemic glucocorticoid levels were detectable in 
mother-fed adrenalectomized pups and all of these pups survived, compared to only 
11% of the adrenalectomized pups that did not receive corticosterone-supplemented 
formula. It appeared, however, that when glucocorticoids were administered systemi-
cally, they were more effective in inducing maturation than enterally administered glu-
cocorticoids, and it was thus suggested that enteral glucocorticoids probably influence 
gut maturation after absorption into the systemic circulation.36
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Teichberg et al.40 studied the effect of supplementing formula with corticosterone in 
early-weaned (i.e., postnatal day 17, whereas normal weaning occurs at age 21 days) 
rats. They found that supplying formula with corticosterone at levels normally found in 
the breast milk of dams (i.e., 0.26 μmol/L, by use of a local immunoassay) prevented the 
delay in jejunal closure to macromolecule uptake usually seen with early weaning. These 
pups were already relatively mature, and therefore these findings might be extrapolated 
to term-born infants.40 However, contrary to rats, normal gut development in humans 
does not seem to rely on the uptake of macromolecules, and the amount of macromol-
ecule uptake appears to be lower in humans than in rats.41

Studies in humans, or in ex-vivo human tissues, were all designed to investigate the 
effects on the developing gut of glucocorticoid treatment given to mothers presenting 
with impending preterm delivery. Nanthakumar et al.42 studied human intestinal xeno-
grafts implanted in mice treated with a single injection of cortisone acetate. They found 
an increase in lactase activity, as well as a decrease in the immune response to both 
endogenous and exogenous inflammatory stimuli, in immature (20-week-old) intestine. 
These results were not seen in more mature (30-week-old) intestine. They concluded 
that glucocorticoids could accelerate intestinal maturation, but that this effect was 
restricted to earlier pregnancy. Villa et al.43 studied the effect of hydrocortisone on in 
vitro cultured human intestine from 10 fetuses with gestational age 14-20 weeks and 
from one term newborn. Hydrocortisone induced a 2-fold increase in lactase activity 
after 5 days of culture, although it did not affect lactase mRNA, suggestive of a possible 
posttranscriptional effect on lactase activity.43

Only few in vivo studies have been conducted in humans, none of them studying the 
effect of enteral glucocorticoids. Costalos et al.44 addressed the effect of antenatal glu-
cocorticoids on the secretion of gastrointestinal peptides in preterm infants (gestational 
age <34 weeks), both immediately after birth and after the initiation of enteral feed-
ing. They found higher gastrin levels from birth onwards in infants who had received 
antenatal glucocorticoids (n=28), and higher motilin levels only after the initiation of 
enteral feeding compared to infants who did not receive antenatal glucocorticoids 
(n=17). Antenatal glucocorticoids did not influence vasointestinal peptide. Gastrin 
promotes gastric secretion, while motilin accelerates gastric emptying, suggesting that 
antenatal treatment with glucocorticoids might aid in improving digestion. Watkins et 
al.45 studied 9 preterm infants (gestational age: 32-36 weeks), of whom four had received 
dexamethasone (n=3) or phenobarbital (n=1) antenatally. In these infants, the bile salt 
pool and production were markedly increased, approaching levels of full-term infants, 
implying a more mature liver and possibly gastrointestinal tract.45

To summarize, glucocorticoids, whether administered enterally or systemically, seem 
to have a trophic effect on the intestine in both animals and humans, although this 
effect appears to be restricted to a limited time window. Whether cortisol in breast 
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milk has trophic effects on the intestines of term-born human neonates has yet to be 
determined.

Effects of breast-milk glucocorticoids on the gut microbiota

Glucocorticoids might play a role in the composition of the microbiome. Although no 
studies have been conducted aimed at the development of the microbiome after the 
enteral administration of glucocorticoids, several studies have researched the interac-
tion between HPA axis activity and the microbiome, which is part of the “gut-brain axis 
hypothesis”.46,47

Zijlmans et al.48 studied maternal prenatal stress, defined as elevated basal salivary 
cortisol or as reported by mothers, and the development of the neonatal microbiome. 
They found that increased maternal prenatal stress was associated with alterations in 
the microbiome during the first 110 days after birth, with an increased abundance of 
Proteobacteria such as Escherichia, and a lower abundance of lactic acid bacteria and 
Actinobacteria. Moreover, this pattern was associated with an increase in maternally 
reported gastrointestinal and allergic symptoms.48 In animals, maternal separation early 
in life has been shown to alter the diversity and composition of the microbiome,49 while 
treatment with Lactobacillus during separation appears to normalize basal corticoste-
rone levels in rats.50 Additionally, stress induced by maternal separation was associated 
with increased bacterial translocation in 10-day-old rat pups.51 The role of the micro-
biome on HPA axis activity has also been demonstrated in mice. Germ-free mice had 
an elevated stress response, while mono-colonization with Bifidobacterium infantis was 
associated with an attenuated stress response and mono-colonization with Escherichia 
coli with an even stronger response to stressful insults,52 implicating an effect of the 
microbiome on HPA axis activity.

Gut bacteria were found to have steroid-converting properties. Not only have they 
been implicated to play a role in the metabolism of cortisol, they probably also metabo-
lize glucocorticoid precursors and metabolites.53-57 Some of these compounds enter the 
enterohepatic circulation, but their biological effect is unknown.

Therefore, although the developmental timing for local, trophic effects of glucocorti-
coids on the intestine is probably before birth, the interaction between glucocorticoids 
and the gut microbiome (i.e., the “gut-brain axis”) might be a possible mechanism 
through which glucocorticoids in breast milk could exert systemic effects in the infant.
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Table 2: Summary of studies addressing the systemic effects of breast-milk glucocorticoids in offspring.

Study N Species age at 
breast-
milk 
sampling

Timing of 
breast-milk 
sampling 
(hrs)

outcomes main results

Primates

Sullivan 
et al. 
(2011)

44 Rhesus 
monkey

3-4 mo. NR Behavioral observations 
over 25-hr period

Mothers of males 
had higher cortisol 
concentrations in milk than 
did mothers of females, and 
cortisol concentrations in 
maternal milk were related 
to a confident temperament 
factor in sons, but not 
daughters.

Hinde et 
al. (2015)

108 Rhesus 
monkey

1 mo. and 
3.5 mo.

11.30–13.00 
after 3.5–4 
h of milk 
accumulation

Behavioral observations 
over 25-hr period

Milk cortisol was positively 
associated with a more 
nervous, less confident 
temperament in offspring, 
albeit with few differences 
between genders. Milk 
cortisol was positively 
associated with weight gain 
in offspring.

Dettmer 
et al. 
(2017)

34 Rhesus 
monkey

7 and 21 
d, or 14 
and 30 d

13.45-14.00 Social behavior and 
cognitive function 
(inhibitory control, 
impulsivity)

Milk cortisol during the first 
month post-partum was 
positively associated with 
impulsivity on a cognitive 
task, but not global social 
behaviors, months later.

Rodents

Catalani 
et al. 
(2000)

NR Wistar 
rats (m)

NA NA Restraint stress, learning 
test (conditioned 
avoidance learning), 
tests of anxiety (elevated 
plus-maze test, dark-light 
test) and hippocampal 
corticosteroid receptor 
expression

CORT-exposed pups 
exhibited a lower 
adrenocortical response 
to stress, improvements 
in learning, reduced 
fearfulness in anxiogenic 
situations and greater 
numbers of hippocampal 
corticosteroid receptors.

Catalani 
et al. 
(2002)

NR Wistar 
rats (f )

NA NA Restraint stress, learning 
tests (Morris water 
maze, aquatic T maze, 
conditioned avoidance 
learning), tests of anxiety 
(elevated plus-maze test, 
dark-light test, conditioned 
suppression of drinking) 
and hippocampal 
corticosteroid receptor 
expression

CORT-exposed pups 
exhibited a lower 
adrenocortical response 
to stress, improvements 
in learning and reduced 
fearfulness in anxiogenic 
situations. The numbers of 
hippocampal corticosteroid 
receptors was no different 
from unexposed pups.
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SySTEmIC EffECTS of BrEaST-mILk gLuCoCorTICoIdS IN offSPrINg

Surprisingly few studies have investigated associations between breast-milk glucocorti-
coids and systemic effect in offspring. Here, we review the evidence from studies in both 
animals and man. The findings from these studies are summarized in Table 2.

Studies in primates

The few animal studies on this topic have nearly all been conducted in Rhesus ma-
caques. The choice for Rhesus monkeys was based on data showing marked variation 
in behavior and temperament as well as HPA axis vulnerability to early-life experiences 
in this species.58

Sullivan et al.58 investigated 44 mothers and their offspring at 3-4 months of age. 
Cortisol was measured in breast milk, and in the plasma of mothers and their infants. 
Infant temperament was assessed during a 25-hr behavioral observation. Milk cortisol 
was correlated with maternal plasma cortisol (r = 0.586, P = 0.017) as well as with protein 
(r = 0.441, P = 0.003) and fat contents in milk (r = 0.398, P = 007). Milk cortisol was higher 
in the mothers of males (p = 0.043). In males, milk cortisol was correlated with confident 
behavior (r = 0.669, P = 0.002), but not with the other temperament factors vigilance, 
gentleness or nervousness. In females, milk cortisol was not correlated with tempera-
ment.

Hinde et al.59 assessed associations between milk cortisol, available milk energy (i.e., 
the product of milk yield and milk energy density), infant temperament and weight gain 
in 108 mother-infant dyads. Breast milk was analyzed at 1 month and at 3.5 months 

Table 2: Summary of studies addressing the systemic effects of breast-milk glucocorticoids in offspring. 
(continued)

Study N Species age at 
breast-
milk 
sampling

Timing of 
breast-milk 
sampling 
(hrs)

outcomes main results

Man

Hart et al. 
(2004)

32 - 7-11 d Mid-morning Neonatal Behavioral 
Assessment Scale

Milk cortisol was positively 
correlated with the 
Autonomic Stability cluster.

Grey et al. 
(2013)

52 - 3 mo. NR Infant Behavioral 
Questionnaire

Milk cortisol was positively 
associated with negative 
affectivity.

Hahn-
Holbrook 
et al. 
(2016)

51 - 3 mo. 11.30-16.00 Length and weight until 
age 2

Milk cortisol was inversely 
associated with BMI gains in 
the first 2 years of life.

Abbreviations: CORT = corticosterone; f = female; m = male; NA = not applicable; NR = not reported



68 Chapter 4

post-partum. Milk cortisol was positively associated with milk fat (P = 0.038) and protein 
contents (P = 0.0064). A higher milk yield was associated with a lower milk cortisol con-
centration (P = 0.0014), attributable to dilution. Lower-parity mothers produced milk 
with a higher cortisol concentration. There were no effects of social ranking or age at 
sampling on the milk cortisol concentration, and the effect of maternal body weight 
was negligible. Milk cortisol, independent of available milk energy, predicted a more 
nervous, less confident temperament, with few differences between genders. It was 
positively associated with infant weight gain.

Dettmer et al.60 investigated 34 mother-infant dyads from birth to 8 months of age. 
Milk collections for determination of cortisol occurred twice in the first month post-
partum, and the mean concentration was calculated. At 8 months, social behavior and 
cognitive function were measured. Mean milk cortisol was positively associated with 
impulsivity on a cognitive task, and, in females only, with total frequency of play.

Studies in rodents

There are few data suggesting that adult offspring from rat mothers who had free access 
to 200 μg/ml corticosterone hemisuccinate solution from day 1 post-partum until wean-
ing exhibited longer-term sequelae. These sequelae included a better performance 
during learning tests, reduction of fearfulness in anxiogenic situations, lower stress-
induced corticosterone secretion, and, in males only, greater numbers of hippocampal 
corticosteroid receptors, as compared to unexposed animals.61,62 Corticosterone was 
not measured in milk during these experiments, although previous data showed subse-
quent elevations in maternal plasma and milk as well as in the gastric contents, plasma 
and brains of offspring.35

Studies in man

Hart et al.63 investigated associations between maternal mood, milk cortisol, and neona-
tal behavior in 32 mother-infant pairs. Maternal depressive symptoms were assessed at 
7-11 days post-partum using the Beck Depression Inventory (BDI), the Profile of Mood 
States (POMS) and the State Trait Anxiety Inventory (STAI). At the same time, neonatal 
behavior was assessed using the Neonatal Behavioral Assessment Scale (NBAS). Milk 
cortisol was correlated with the POMS Hostility scale (r = 0.35, P < 0.05), suggesting that 
mothers’ greater hostility coincided with higher concentrations of milk cortisol, but not 
with scores on the other POMS subscales, or on the BDI or the STAI. Milk cortisol was 
correlated with the Autonomic Stability cluster of the NBAS (r = 0.40, P < 0.05). Due to 
lack of follow-up data, the sustainability of these associations could not be tested.

Grey et al.64 tested whether milk cortisol is associated with infant temperament in 52 
mother-infant pairs. Milk cortisol and infant temperament, by maternal report of the 
Infant Behavior Questionnaire (IBQ), were assessed when the infants had reached the 
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age of 3 months. Analyses revealed a positive association between milk cortisol and the 
negative affectivity dimension of the IBQ (r = 0.37, P < 0.01). No correlation was found 
between milk cortisol and the surgency/extraversion or the orienting/regulation dimen-
sions of the IBQ. Again, the sustainability of observations was not tested. In the same 
cohort, Hahn-Holbrook et al.65 tested associations between milk cortisol and change in 
body mass index (BMI) across time. They found that a higher milk cortisol was associated 
with lower gains in BMI in the first 2 years of life (P = 0.046).

For several reasons, the findings obtained from these studies were highly contradic-
tory. All of them had measured cortisol (but not cortisone) by use of immunoassays, 
which are prone to cross reactivity. Moreover, studies differed in sampling procedures. 
None of them had obtained multiple samples across the day, and only one adjusted 
the analyses for timing of sampling. However, we have previously argued that, in spite 
of correction for time of collection, vertical transmission of glucocorticoids cannot be 
determined from a single milk specimen.66 This reasoning is based on observations 
showing that there was a large inter-individual variability in the diurnal rhythmicity of 
salivary cortisol.67Therefore, frequent sample collections over a 24-hr period are nec-
essary to obtain meaningful indices of glucocorticoid exposure, such as peak, nadir, 
diurnal variability and area under the curve.

CoNCLuSIoNS aNd fuTurE ProSPECTS

Given the methodological shortcomings of the studies conducted thus far, at present 
there is no compelling evidence for persistent effects of breast-milk glucocorticoids in 
offspring. Future studies should use sound methodologies to test associations between 
breast-milk glucocorticoids and infant developmental pathways, including frequent 
sampling and LC-MS/MS analysis with simultaneous measurement of cortisol and cor-
tisone.

Recent evidence from studies in adults suggests that flattening of HPA axis rhythmic-
ity predicts the onset of type 2 diabetes mellitus and cardiovascular mortality.68,69 Such 
patterns have previously been associated with major depressive disorder and other 
psychopathologies, albeit not unequivocally.70,71 If associations between flattened HPA 
axis rhythmicity in breast milk and adverse infant outcomes are demonstrated, lactating 
women should be requested not to express their milk, or to give their infants expressed 
milk that was obtained at the same time of the day. Such results could also have implica-
tions for donor milk banks, which provide donor human milk to vulnerable infants when 
own mother’s milk is not available. In clinical practice, preterm infants are often fed with 
pooled donor milk, which lacks a diurnal rhythm. Our group has recently demonstrated 
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that pasteurization, necessary to secure the safety of donor milk, does not affect gluco-
corticoid contents in milk.72

Future studies should also explore the mechanisms, including possible sexually dimor-
phic effect as observed in animals, that could underpin associations between breast-milk 
glucocorticoids and infant outcomes. Studies conducted to date have mainly focused 
on the effects glucocorticoids might have on intestinal maturation. The effects on the 
gut microbiota remain to be explored. Gut bacteria were found to be sensitive to disrup-
tions in circadian clock rhythms,73 but the role of disturbances in HPA axis rhythmicity 
has never been studied. Furthermore, the steroid-converting properties of gut bacteria 
require further study. The implication of microbial 11β-reductase activity, if present, is 
that cortisol could be produced in the gut from inert cortisone. However, the net effect 
will be unclear, as intestinal epithelia were found to express 11β-HSD type 2, which 
catalyzes the reverse reaction.21

In conclusion, breast-milk glucocorticoids follow the diurnal rhythm of maternal HPA 
axis activity probably through simple diffusion from the systemic circulation. Breast-
milk glucocorticoids might have (direct or indirect) effects in infants, both locally (e.g., 
intestinal maturation, microbiome) and systemically (e.g., growth, body composition, 
neurodevelopment). In order to investigate this, the diurnal rhythm of glucocorticoids 
should be taken into account and the analytical methods should be chosen carefully. 
Nevertheless, glucocorticoids in breast milk might offer a novel potential pathway for 
signal transmission from mothers to their infants.
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