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Psychosocial stress affects the relationship between prolactin (PRL) and cortisol (CORT). The dynamics
of PRL and CORT changes under stress in human milk (HM) are largely unknown. We investigated how
maternal stress related to recent life changes affects milk CORT and PRL concentrations. The study
involved 116 mothers exclusively breastfeeding 5-month-old infants. Maternal psychological stress
was evaluated using the Recent Life Changes Questionnaire (RLCQ). Stress response was determined
by administering the cold pressor test and measuring CORT in saliva taken during and in milk collected
after the test. Hormones concentrations were assayed using the ELISA method. The hierarchical
regression models were run to test the association between maternal RLCQ, salivary CORT, and PRL,
and CORT in milk. Maternal RLCQ correlated positively with the CORT in saliva, however, no direct
association was found between RLCQ and PRL. After controlling for covariates, a positive association
was found between salivary and milk CORT. A negative relationship was observed between salivary
CORT and milk PRL. The results of the present study indicate that maternal psychological stress

may affect the relationship between CORT and PRL in HM. In response to psychological stress, both
hormones transported via milk can program infant development in the early postnatal period.

Keywords Maternal stress, Prolactin, Cortisol, Human milk, Infant development

Abbreviations

HM Human milk

HPA Hypothalamic-pituitary-adrenal
CRH Corticotropin

ACTH  Adrenocorticotropin

GC Glucocorticoids
CORT Cortisol
PRL Prolactin

RLCQ Recent Life Changes Questionnaire
CPT Cold-pressor test
PTSD Post-traumatic stress disorder

Current knowledge demonstrates that maternal stress before, during, and after pregnancy can program the future
development of the child! 3. Studies showed that increased maternal prenatal stress is associated with child brain
development, infant cognition and temperamental variation and may be a risk factor for psychopathology in later
life*~’. In addition, chronic maternal stress during pregnancy associated with stressful life events changes growth
trajectories and may predispose to the development of overweight and obesity later in life®. It is hypothesized
that during the postpartum period, the physiological mechanisms of stress programming rely on the hormonal
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transmission of signals from the mother to a child via human milk (HM). However, there is also evidence of
the impact of maternal stress on child development, whether or not the child is fed HM”. For instance, mothers
with higher stress, a history of depression and low social support were found to have impaired mother-infant
bonding, which may affect infant development!’. Additionally, studies show that both maternal and paternal
depressive symptom are risk factors for later child behaviour problems!!.

In response to a stressor, the hypothalamic-pituitary-adrenal (HPA) axis is activated, which triggers the
cascade of hormonal response, including secretion of corticotropin (CRH), adrenocorticotropin (ACTH)
from the brain and glucocorticoids (GC) from the adrenals (1). In addition to their involvement in the stress
response, GCs (cortisol, cortisone, and corticosterone) have several essential biological functions. They regulate
the metabolism of carbohydrates, proteins, and fats and improve gut maturation, microbiome growth, body
composition, and neurodevelopment!>-1°,

HM constitutes a physiological pathway for nutrient transfer and glucocorticoid signalling, which can influence
the growth and behaviour of offspring!*!”. Due to their lipophilic properties, GCs can cross the mammary gland
epithelium by simple diffusion'®, and the concentration of GCs in HM mirrors its concentration in serum. This
indicates that GCs may play an important role in transmitting biochemical signals of environmental conditions
from mother to infant!’.

Cortisol (CORT) plays a crucial role in maternal energy metabolism, including gluconeogenesis and lipolysis,
and, therefore, has the potential to affect the composition of HM?%2! Human and animal research has also
evidenced a significant effect of milk CORT on offspring development. Increased concentrations of CORT in
milk can be associated with changes in infant behavior'®, an increase in nervous temperament*, and reactivity to
stressors?2. Breastfed infants’ negative early behaviours, such as increased fear and sadness, have been associated
with higher CORT concentrations in milk and saliva?. Furthermore, a recent human study by Mohd Shukri
et al.? indicated improved infant growth in response to reduced stress and lower CORT in HM and maternal
saliva. It is also known that maternal traumatic stress is significantly associated with offspring size in the first
year of life*!, which may also be related to altered CORT levels during pregnancy and/or lactation.

Prolactin (PRL) is yet another vital hormone engaged in stress response. Secreted mainly from the pituitary,
PRL is a polypeptide hormone inhibiting the HPA axis. This axis can be regulated by PRL from two sources: a
synthesis in the anterior pituitary by lactotrophs and release into the peripheral circulation or a synthesis directly
in the hypothalamus®. Studies on humans showed that PRL increases in response to psychological stressors,
including simulated job interviews and mental arithmetic tasks in front of a committee and camera?.

Similarly to GCs, PRL plays multiple roles in regulating human metabolism?”. PRL receptor expression levels
increase dramatically during pregnancy and lactation, indicating its essential role in these periods®®. Evidence
connects low PRL concentrations with recurrent miscarriages in women, suggesting that PRL plays a vital role in
maternal-fetal interactions during early pregnancy?. PRL also plays a key role in initiating maternal behaviour
and exerts anxiolytic effects in lactating and non-lactating rats*’. The study by Gustafson et al. showed that acute
exposure to restraint stress increases circulating levels of both prolactin and corticosterone in female mice, and
that responses are attenuated during lactation’!. Studies on rodent models of chronic stress have shown that
extended periods of chronic stress significantly decrease plasma prolactin (PRL) levels**. In a human study by
Jergovi¢ et al. individuals with chronic PTSD had lower serum PRL concentrations?*. In contrast, Asher et al.¢
noted an association between high plasma PRL levels and low anxiety scores in late pregnancy and postpartum,
which suggests that, in this case, increased level of PRL associated with lactation may lead to reduced anxiety in
lactating women.

Animal studies have shown that PRL is also present in milk and is absorbed intact from the neonatal
gut?”%. Studies in humans have revealed that the early transmission of PRL from the foremilk to a newborn
has an obligatory effect on intestinal fluid and electrolyte exchange®®. Reduced plasma concentrations of
immunoreactive PRL have been linked to intestinal immaturity®. It is also likely that PRL in milk acts as a
developmental regulator in the gastrointestinal tract and respiratory system?. Studies also have confirmed that
PRL in HM modulates the development of the acquired immune system in a newborn. However, the overall
function of PRL and the factors affecting its level in HM are not entirely understood.

In non-lactating and non-pregnant females, CORT and PRL remain in a dynamic relationship, which
depends on the current level of environmental challenge?”. The increasing level of stress increases CORT
secretion. The stress response also includes the release of PRL*. However, the dynamics of changes in PRL and
CORT concentrations in HM during lactation under the influence of stress are largely unknown.

This exploratory study aims to fill this gap by examining how maternal long-term stress related to recent
life changes and salivary cortisol levels affects milk CORT and PRL concentrations in exclusively breastfeeding
women. After a sudden, acute stress, HPA axis hormones quickly return to their pre-stress level, but if the
stress is repeated or prolonged, it becomes detrimental. Long-term stress dysregulates typical hormone response
patterns by causing continuous hormone secretion, which affects metabolism and contributes to mental and
physical health disorders*’. Thus, we hypothesized that maternal stress during lactation and higher maternal
CORT response will result in changes in PRL and CORT secretion in HM.

Methods

Study group

The study on the association between maternal stress and HM composition involved 160 mothers with their
healthy infants from Wroclaw, South-Western Poland. Volunteers were sought through advertisements in
local gynaecological clinics, social media (Facebook groups for breastfeeding mothers), radio broadcasts, and
newspapers. Recruited participants met the following criteria: for mothers - (a) maternal age at least 18 years
old; (b) absence of metabolic diseases such as diabetes or thyroid diseases; (d) exclusively breastfeeding; (e) not
drinking alcohol and not smoking cigarettes during pregnancy and lactation; (f) not taking any drugs and steroid
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treatment including hormonal contraception during pregnancy and lactation; for infants—(a) born on time (at
least 37 weeks of gestation) from a single and uncomplicated pregnancy; (b) with birth weight appropriate for
gestational age (not lower than 2,500 g); (c) age between 4 and 5 months old; (d) free from any congenital defects,
that could affect breastfeeding and infant development.

Complete data on hormone concentrations in milk and saliva were available for 116 women. These women
did not differ significantly from the main study group with respect to the basic characteristics such as age,
education, socioeconomic status or maternal BMI.

Study protocol

Mothers and infants were appointed to meet study assistants twice during the study period. The first meeting
took place when the children were about five months old. During the meeting, a trained study assistant took
anthropometric measurements of the mothers and handed two questionnaires to be completed at home: (1)
a general questionnaire collecting basic maternal demographic information such as age, education level (on
a 6-level scale from 1-primary to 6-academic; at least a bachelor’s degree), life and economic satisfaction
(with a 7-point Likert scale from 1-very unsatisfied to 7-very satisfied), marital status, maternal reproductive
history and infant and maternal health; (2) polish version of the Recent Life Changes Questionnaire (RLCQ)*!
collecting information about maternal stressors. The second meeting occurred one week later when the infant
anthropometric measurements and a single milk sample were collected. During the meeting, a hand cold-
pressor test (CPT*2), was performed with saliva samples taken to measure CORT levels. CORT concentrations
were determined to assess maternal hormonal response to mild stressors.

The study protocol was approved by the Bioethical Committee of the Lower Silesian Medical Chamber
in Wroclaw (approval identification number 1/NT/2016 from 10.02.2016). All mothers signed an informed
consent form for the study participation, and all research methods were performed in accordance with relevant
guidelines and regulations and with informed consent from all study participants.

Maternal stress during postpartum

The RLCQ contains a list of 55 events, such as the death of a family member, job loss, divorce, diseases, childbirth,
etc., grouped into the domains of health, work, home, family, and personal. With a few exceptions, such as dental
treatment, relocation, slight transgression of the law, loss or damage of personal property, most of the significant
life-changing events included in the questionnaire are long-term stress related. In addition to listing the events,
mothers were asked to report which events they experienced during the last six months before the study and to
evaluate the significance and difficulty in adjusting to each of these events on a scale from 1 to 100**>. Points
assigned to each stressor were summarized and used in the following analysis as RLCQ scores.

Cold Pressor test and salivary samples

To ensure the comfort of breastfeeding mothers, we opted for mild stress stimulation. Women were asked to
immerse their hand into a bowl with ice cold water for one minute®*. None of the participants terminated the test
before the expected participation time. Four samples of saliva were taken to measure CORT levels: (1) 10 min
and (2) 1 min before, (3) during the test, and (4) 10 min after the test (Fig. 1). The first and second sample was
taken pre-test, third sample during the CPT and fourth post-test. Due to diurnal changes in cortisol, tests for all
women were conducted between 9 and 11 a.m.

Pre 1 CTP Milk

Pre 2 Post

Fig. 1. Timeline of sample collection. (Pre 1-1st sample; Pre 2-2nd sample; CTP - 3th sample taken during
Cold Pressor Test (CTP); Post — 4th sample; Milk — time of milk sample collection)
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Salivary samples were collected into sterile 1.5 ml Eppendorf tubes and stored at — 80 °C until examination.
After thawing and centrifugation (1500 X g for 10 min), samples were tested for salivary CORT concentration
using enzyme-linked immunosorbent assays (Salivary Cortisol ELISA, DRG Instruments GmbH, Germany)
according to the manufacturers’ recommendations. The samples were analyzed in duplicate, and the average
intra-assay coefficient of variation for CORT was less than 4.5%.

The average (av) of the collected cortisol concentrations was used for subsequent analyses.

Milk cortisol
Human milk sample collection and analysis
Mothers collected a single milk sample in sterile containers using the Medela Symphony breast pump (Medela
AG, Switzerland) under the supervision of the trained research assistant in the study room. Samples were
collected no later than 1-1,5 h after the second feeding episode of the day to standardize milk collection time
against possible diurnal changes in HM composition*>. Moreover, the milk samples always were collected after
cold pressor test to unify the protocol. Mothers were instructed to pump from one breast until empty. Since
research showed no significant difference in milk composition between left and right breast, mothers were free to
choose from which breast milk was collected. The minimum amount of milk collected from a mother was 60 ml.
Immediately after collection, milk samples were portioned into smaller containers (1.5, 10, and 15 ml)
for further analysis and stored at —20 °C. Milk aliquots not utilized for immediate analysis were stored at
— 80 °C until the time of analysis. CORT was quantified in whole and skim milk. The whole milk samples were
centrifuged (12,500 X g, 4 °C, 10 min.) to separate cream from skim milk and sediment milk cells. After that, the
overlying fat layer was removed, clear milk serum was drawn from the middle of the tube and centrifuged again
to achieve skim milk. CORT level was determined by using a Salivary Cortisol Inhibitor ELISA Kit (SLV-4635,
DRG Instruments GmbH, Germany) following the protocol published by the producer. CORT concentration
was measured calorimetrically at 450 nm using an Infinite M200 plate spectrophotometer (Tecan Group Ltd.,
Switzerland). Technical replicates were averaged. Free software for curve fitting (available from https://www.
mycurvefit.com) and a 4-parameter logistic regression were used for CORT quantification. The samples were
analyzed in duplicates, and the average intra-assay coeflicient of variation for CORT was less than 14.5%.

Milk prolactin
Enzyme-Linked Immunosorbent Assay (ELISA) was used to determine the concentration of PRL in milk based
on a double-binding assay (Sandwich ELISA) using the Human (PRL) ELISA Kit from Sun Red Biological
Technology Co. (China), according to the manufacturer’s instructions. Assay sensitivity was 1.817 ng/ml with
3-600 ng/ml reference standards.

The samples were analyzed in duplicates, and the average intra-assay coefficient of variation for PRL was less
than 11.30%.

Anthropometric measurements

Maternal weight was measured using a Tanita SC-240 MA scale (accuracy 0.1 kg) and height using a stadiometer
(accuracy 0.1 cm). These measurements were used to calculate body mass index (BMI). Infant gestational age
and size at birth (body weight and length) were taken from the baby’s health record.

Statistics

Mothers were divided into Low RLCQ and High RLCQ groups according to the median value of the RLCQ score.
The low RLCQ group consisted of mothers with RLCQ scores equal to or lower than the median (Mdn =336.6),
while the high RLCQ group consisted of mothers with RLCQ scores higher than the median. Differences in
maternal (age, BMI, education, life satisfaction) and infant characteristics (age, body weight, and length), as well
as hormone concentrations between these two groups, were tested using the t-test whenever the data indicated
normal distribution and the Mann-Whitney U test when the distribution of data diverged from normal.

Data on CORT and PRL was log-transformed (In) to ensure normality of distribution. Repeated measure
analysis of variance (RMANOVA) was used to test the differences in cortisol concentrations between consecutive
saliva samples and between low and RLCQ group. Correlation and linear regression were used to test for the
effect of recent life stressors and stress on CORT and PRL concentrations. Spearman rank correlation test was
applied in the case of RLCQ, which distribution could not be normalized by logarithmic transformation. Two
separate hierarchical regression models were run to test for the association between the concentrations of milk
PRL and milk CORT and long-term life stressors. In the first step of analysis with milk CORT as a dependent
variable, common factors such as maternal BMI, child age, number of feedings, and RLCQ postnatal were
included as independent continuous variables in the null model. While in the null model for milk PRL, factors
such as BMI, child age, number of feedings, and RLCQ postnatal were included as independent continuous
variables. We hypothesized that higher stress led to changes in CORT levels, and CORT caused alterations in
milk hormone levels'#4¢; therefore, in the next step, the natural logarithm of salivary CORT level was added in
the final model of each analysis. All analyses were conducted using JAMOVI 2.2.5.0.

Results

The mean mother’s age was 31 years. Their BMI scores ranged from 15.7 to 34.8 kg/m?, with an average of 22.7.
All infants were born healthy and at term. Their average birth weight was 3,500 g (SD =0.47), and their length
was 54.54 cm (SD=2.79) (Table 1). Boys constituted 56% of infants. No statistically significant difference except
the level of RLCQ was found between groups of mothers with low and high RLCQ. There was also no significant
difference between maternal hormone concentrations in low and high RLCQ group except for average salivary
cortisol which was higher in high RLCQ group (Table 2).
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All Low RLCQ High RLCQ
Characteristics (N=116) (N=58) (N=58)
Maternal
Age (years) 31.19 (3.92) 31.40 (4.20) 30.90 (3.66)
BMI (kg/mz) 22.73 (3.52) 22.40 (3.16) 23.10 (3.87)
Education® 6.00 (0.00) 5.71(0.77) 5.77 (0.56)
Life Satisfaction ® 6.00 (1.00) 5.79 (0.97) 5.86 (0.92)
RLCQ score? 365.44 (158.64) | 255.75 (105.02) | 471.39 (130.42)
Infant
Age (month) 4.76 (0.53) 4.82(0.59) 4.69 (0.46)
Weight at birth (kg) 3.48 (0.47) 3.49 (0.48) 3.47 (0.46)
Length at birth (cm) | 54.54 (2.79) 54.50 (2.89) 54.50 (2.72)

Table 1. Maternal and infant characteristics in all participants, low, and high RLCQ groups. * - Median
and interquartile range, RLCQ - Recent Life Changes Questionnaire; unless not stated otherwise, data are
presented as means with standard deviation (SD).

Maternal hormones All Low RLCQ | High RLCQ
Milk PRL (ng/ml) 29.42 (30.61) | 31.6 (30.80) | 27.7 (30.60)
Salivary CORT (ng/mD)™"" | 6.74 (7.33) 4.65(3.97) | 8.96(9.22)
Milk CORT (ng/ml) 4.32(6.40) | 3.78(5.95) | 4.86 (6.90)

Table 2. Average value and standard deviation of maternal hormone concentration in all, low, and high RLCQ
participants. Data presented as means with standard deviation (SD). Significant correlations were asterisked.

*ohk

p<0.001 RLCQ - Recent Life Changes Questionnaire; PRL - prolactin; CORT - cortisol; av - average.

Measurement no | Minute of testing | Mean (SD) | Range
Pre 1 0 min 2,49 (2,57) | 15,6
Pre 2 10 min 2,33(2,83) | 229
CPT 11 min 2,17 (2,52) | 19,3
Post 21 min 2,00 (2,47) | 18,2

Table 3. Average cortisol concentration in each measurement. Data presented as means with standard
deviation (SD), CPT - Cold Pressor Test.

Cortisol response to CPT
The level of cortisol was the highest during the pretest (Pre-1) and decreased immediately before the test (Pre-2),
during the test (CPT) and 10 min after (Post) (Table 3).

Changes in cortisol concentrations between the consecutive CPT time points were statistically significant
(F;,50=13.00p<0.001). In particular significant decrease in salivary CORT levels were observed for Pre-1 and
all the remaining samples, and for Pre-2 and Post. The average levels of CORT in the consecutive samples taken
during the CPT procedure are illustrated at Fig. 2.

In addition, average salivary CORT at consecutive CPT time points significantly differed between study
groups of women with low and high RLCQ (F, ,,,=11.00; p=0,001).

Associations between salivary cortisol and milk hormone levels

Significant correlations were found between milk CORT and salivary CORT® (r=0.43; p <0.001). The analysis
for potential confounding effects demonstrated a negative association between salivary CORT* and milk PRL
(r = - 0.21; p=0.022) and between milk PRL and milk CORT (r = - 0.25; p=0.005). Salivary CORT* was
also correlated with infant age (r = - 0.22; p=0.016) and RLCQ (rho=0.31; p <0.001). In addition, a positive
correlation was found between the number of feeding and milk CORT (r=0.18; p =0.049) and between maternal
BMI and milk PRL (r=0.24; p=0.008) (Table 4).

After controlling for covariates in the regression model, a positive association was found between maternal
salivary CORT™ concentration and milk CORT concentration (f=0.45; p <0.001) (Fig. 3a). Common factors
included in the null model - maternal BMI, child’s age, number of feedings per day, and postnatal RLCQ -
together explained about 2% of the variance in the milk CORT concentration. Adding In salivary CORT*" to the
model increased the explained variance to 18% (Table 5).

For PRL, a negative relationship was observed between salivary CORT® and milk PRL concentration (8
= -0.24; p=0.017) (Fig. 3b). In the PRL model, common factors included in the null model - maternal BMI,
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Fig. 2. Salivary cortisol at several time points across the experiment. The gray bar represents the time of the
stress manipulation. (CPT - Cold Pressor Test; RLCQ - Recent Life Changes Questionnaires)

Milk Milk
Salivary CORT (In)*¥ | CORT (In) | PRL (In)

Child age " -0.22" -0.07 -0.03
Maternal age -0.05 0.07 0.09
Maternal BMI* -0.02 -0.02 0.24"
Maternal education ™ | 0.002 0.12 0.06
Number of feedings * | 0.14 0.18 -0.08
RLCQ postnatal ™ | 0.31"" 0.14 -0.06

Table 4. Correlation between maternal hormone concentrations and child age, maternal age, BMI, education,

4k

number of feedings, and RLCQ. Significant correlations were bolded and asterisked. *p < 0.05; “p <0.01;
p<0.001; In - logarithm. r — Pearson correlation coefficient; rho — Spearman rank correlation coefficient.

child age, number of feedings per day, and postnatal RLCQ - together explained about 2% of the variance in the
milk PRL concentration. Adding In salivary CORT" increased the variance explained by the model to about 6%

(Table 5).

Discussion

To our knowledge, this is the first study investigating the relationship between maternal psychological stress
and PRL concentrations and the association between CORT and PRL concentrations in HM. The results of this
study showed that higher response to maternal stress affected by postnatal RLCQ score and indicated by high
salivary CORT was associated with elevated concentration of milk CORT and lower milk PRL. Together with
our previous research on the effect of stress on milk nutrients, fatty acids?!, and immunoreactive factors?’, this
study demonstrates a significant role of stress as an essential factor affecting HM composition in women.
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Fig. 3. CORT levels in maternal saliva are associated positively with CORT levels (panel a) and negatively with
PRL levels in HM (panel b).

A model with included variables | Adjusted R* ‘ P ‘ R? change ‘ P ‘ B ‘ 95% CI for ‘ P
Milk cortisol
Model 0 0.02 0.201
Maternal BMI -0.07 | -0.26-0.12 0.474
Child age -0.11 | -0.29-0.08 0.274
Number of feedings 0.18 | -0.002-0.37 | 0.053
RLCQ postnatal 0.09 | -0.09-0.28 0.324
Model 1 0.18 <0.001 | 0.17 <0.001
Maternal BMI -0.05 | -0.22-0.12 0.575
Child age 0.02 -0.16-0.20 0.859
Number of feedings 0.11 |-0.07-0.28 0.228
RLCQ postnatal -0.03 | -0.20-0.15 0.766
Salivary CORT (In) 0.45 |0.26-0.63 <0.001
Milk prolactin
Model 0 0.03 0.120
Maternal BMI 0.25 | 0.06-0.42 0.009
Child age 0.02 |-0.17-0.21 0.844
Number of feedings -0.05 | -0.24-0.13 0.548
RLCQ postnatal -0.04 | -0.22-0.16 0.677
Model 1 0.07 0.021 0.05 0.016
Maternal BMI 0.24 |0.05-0.42 0.011
Child age -0.05 | -0.24-0.15 0.626
Number of feedings -0.01 | -0.20-0.17 0.895
RLCQ postnatal 0.03 |-0.16-0.22 0.783
Salivary CORT (In) -0.24 | -0.44-(-0.04) | 0.016

Table 5. Results of regression analysis of the association between hormones in milk and saliva. Significant
associations were found between milk CORT and saliva CORT and between milk PRL and saliva CORT. The
significant relations were bolded.

Maternal stress and salivary hormones during lactation

In our study, maternal RLCQ was positively associated with the salivary CORT concentrations during the cold
pressor test, which suggests that stress experienced by mothers during postpartum is associated with increased
production of CORT in response to a mild laboratory stressor. Mothers with high RLCQ had significantly higher
levels of salivary CORT both as average and at the consecutive time points of CPT procedure. Simultaneously,
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in both low and high RLCQ groups levels of CORT were highest at the pretest and decreased during CPT, which
might be related to the anticipatory effect*. However, this response was not entirely universal in both group and
closer examination of individual CPT CORT profiles indicated significant variance among participants.

It is well-recognized that the amount of CORT secreted in stressful situations correlates with stress intensity*.
Studies of the association between CORT and RLCQ in the general population show increased CORT secretion
under stress®’. However, this may differ in lactating women®". It has been suggested that the HPA axis response
to stress is reduced during lactation. That impaired HPA axis response is mediated by the inhibitory effects
of oxytocin and PRL released into the blood and specific brain areas®!. Indeed, a study by Altemus et al.>
showed that breastfeeding women have lower plasma ACTH, CORT, and glucose concentration after physical
stress compared to non-lactating women. Research by Heinrichs> also confirmed a short-term but significant
reduction in maternal psychosocial stress responses during breastfeeding. Similarly, a recent study by Mizuhata
etal.> found that breastfeeding significantly reduced maternal salivary CORT levels. Breastfeeding mothers also
experienced lower stress levels than mothers using mixed feeding methods. Finally, a study by Meinlschmidt et
al.*® found no association between psychological stress assessed with the questionnaire and the CORT response
in breastfeeding women. The lack of association between stress and CORT may have been influenced by the
initiation of breastfeeding by the mothers. Previous studies have shown reduced CORT during breastfeeding®®
and that breastfeeding women have a lower HPA response to exercise stress than bottle-feeding women™2.
Oxytocin and PRL play a mediating role in this process”.

Reduced CORT response to stress may protect breastfeeding mothers, insulating them from adverse
environmental factors by reducing the response to stressful stimulation, conserving energy needed for lactation,
supporting the immune system of breastfeeding women, and preventing stress-induced lactation inhibition®'.
Reducing CORT response may also benefit the infant by decreasing CORT concentration in the milk. However, no
such protective effect was observed in our study, which suggests similar to the general population’s physiological
response to long-term stress. Also, the recent study by Zielinska-Pukos et al.>® showed no association between
milk CORT and maternal or infant factors.

It has to be acknowledged that in contrast to our study, most of the research cited above measured PRL and
CORT levels in blood. However, Cadore et al.> showed that salivary hormone levels can be used as a proxy for
their respective blood concentrations in the case of CORT. Thus, the increase in salivary CORT concentrations
under stress in our study corroborates previous findings based on blood.

Maternal stress and milk hormones

In contrast to a study by Aparicio and co-authors®, we did not find an association between psychosocial stress
assessed by RLCQ and the CORT level in HM. Aparicio’s research focused on the relationship between short-
term stress and stressful events that occurred up to two months after the study date. Our study was designed to
investigate long-term (six months period) maternal stress, so CORT concentrations and their correlations may
vary.

Although we did not find the direct effect of perceived stress on milk CORT concentrations, maternal stress
response assessed with CORT concentrations was associated with the CORT concentrations in HM. Mothers
with higher CORT response had higher concentrations of CORT in HM. These results are in line with previous
studies documenting similar positive correlations between maternal plasma and milk CORT concentartionss®!.
They may suggest that CORT is transferred from maternal plasma to milk®>%>. Bremel & Gangwer’s animal
study®! confirmed that the mammary gland integrates CORT concentrations in blood. Therefore, based on the
results of other studies, it can be assumed that the level of CORT in milk reflects its concentration in plasma.
This is supported also by a recent study by Beery et al.%%, who found a correlation between CORT in milk and
CORT in saliva. Further support for the results of our analysis comes from other research on animals. In the
study on cattle, serum CORT concentrations increased during psychological stress, leading to increased milk
CORT concentrations®>,

Our study also found a negative association between milk and salivary cortisol and prolactin in milk, which
may suggest a potential association between maternal long-term stress and milk PRL. The results of studies
investigating this relationship are inconclusive, with some showing no change®”-%, a decrease®, or an increase?®
in PRL concentration in response to stress. Experimental research on chronic stress models in rodents®’° has
found that prolonged stress causes a significant reduction in plasma PRL levels. Of all the pituitary hormones,
only ACTH and PRL concentrations were reduced after repeated exposure to the same stressor’® Another piece
of evidence on the adverse effect of stress on PRL comes from research on depression. In a study by Groér’’, high
depression scores were inversely associated with lower serum PRL concentrations. Moreover, the Parotonen
study* showed that women with winter depression had low serum PRL levels. In a study by OIff et al.”%, mean
CORT and PRL concentrations were significantly lower in people with post-traumatic stress disorder (PTSD).
PTSD is a response to chronic stress and is often associated with HPA axis dysregulation’2.

In addition, published research has evidenced the positive effect of PRL on stress response. In stressed rats,
the involvement of PRL in supporting homeostasis within the immune system has been confirmed, hence
the function of PRL as a protective factor in acute stress’>. Experimentally induced hyperprolactinemia has
produced antidepressant effects in rats subjected to forced swimming’*. Evidence also supports the role of PRL
in the adrenal response to stress®”. PRL can directly induce adrenal steroidogenesis by increasing CORT levels”.
These observations suggest that CORT and PRL are in coordinated regulation. The negative correlation between
salivary CORT and PRL levels in our study may suggest that participants with higher PRL levels produced less
CORT in response to stress.

To our knowledge, no other studies have examined the relationship between maternal psychosocial stress and
PRL concentrations in animal or human milk. However, PRL concentrations in milk mimic those in plasma’®.
Thus, a similar effect of stress should be expected based on both plasma and milk. In the case of milk PRL,
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we observed a significant negative correlation with milk CORT, which mimicked the same association found
previously in blood. Research suggests that prolactin affects corticotropin-releasing hormone (CRH) neurons in
the medial hypothalamic nucleus (PVN), leading to increased cortisol secretion’’. The correlation between milk
PRL and milk and salivary CORT found in our study may suggest a possible link between maternal stress and
milk PRL. It also delivers further evidence of the mutual regulation of CORT and PRL not only in serum but also
in milk. The physiological role of milk PRL is still poorly understood. Still, animal research suggests that milk
PRL plays a role in the offspring’s gastrointestinal®> and neuroendocrine®® development. Observations from the
study by Bermejo-Haro et al.”® suggest that milk PRL acts as an immunomodulator and enhances the immune
response in the neonatal period.

Study limitations

One of the possible limitations of our study was the small size of the study group and relatively low variance
in the level of health and socioeconomic status. Most of the volunteering mothers had academic education
and relatively high socioeconomic status, which could limit the possible number of perceived psychosocial
stressors. Thus, some effects could not be detected without the participation of mothers with lower economic
status. On the other hand, the homogeneity of the group can also be a benefit by means of limiting the number
of confounding factors. All subjects were healthy, so chronic disease, especially disruption of the HPA axis, could
not affect the results. In addition, their pregnancies progressed without any severe complications, which could
potentially increase the intensity of perceived stress and the level of CORT.

Another limitation may be that we studied CORT concentrations in response to a single and relatively mild
stressor. Thus, we do not know how a person behaves and reacts in other, more relevant, stressful situations. To
ensure the comfort of breastfeeding mothers, we decided to use mild stress stimulation. Shorter exposure to
stressor may have reduced hormone response. However, the cold-pressor test we chose to study is a widely used
procedure that activates the sympathetic nervous system with a little effect on cortisol production’®-82. Usually
the measuring points are collected 20 and 30 min after exposition to the stressor. However in the Martins study
where samples were collected 10, 20 and 30 min after the CPT, changes in CORT levels were observed as early
as 10 min. Therefore, in our study we decided to collect samples during the test and 10 min after the test to limit
the amount of time a mother had to spend without her infant.

Finally, it is important to note that the stress reported in the questionnaires does not necessarily reflect
physiological responses to the stressors. In the same way, CORT is not only released in a stressful situation, but
it can also be released during excitement and joy. This makes difficult to untangle the relationship between the
hormones in non-experimental design of the study.

Conclusion

The results of our study suggest that maternal short-term CORT concentrations to stressors is shaped by
perceived long-term stress. Furthermore, these results also show that maternal CORT concentrations are
inversely related to the PRL level in milk. This suggests mutual regulation of PRL and CORT. Both hormones
regulate human metabolism and are linked to the HPA axis action. When delivered with milk, both can
induce adaptive adjustment of infant metabolism to the stressful environment. PRL modulates infant immune
function®®’® and plays a protective role against the effect of stress*’*, which may mitigate the adverse effects of
stress on development. Thus, the evidence presented in this paper suggests the possible relevance of CORT-PRL
regulation on infant development.

Data availability

The data set analyzed during the current study is available from the corresponding author on request.
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