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Short-term serum and urinary changes in sex
hormones of healthy pre-pubertal children after
the consumption of commercially available whole
milk powder: a randomized, two-level, controlled-
intervention trial in Chinaf
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Currently, commercial milk may contain abundant pregnancy-related hormones, the regular consumption
of which puts children at a risk of precocious puberty and sex-hormone-associated tumors in adulthood.
In this intervention trial, 51 healthy prepubescent children were randomly assigned to the intervention or
control arms at a ratio of 3: 1 to receive 250 or 600 mL m~2 (body surface area) of milk intervention or
matching equienergetic sugar water as the control. On testing cow’'s milk, progesterone was detected,
while estrone, estradiol (E,), and testosterone (T,) were not. Cow's milk ingestion did not significantly
influence the serum FSH, E,, PRL, LH, and T, levels (P > 0.05) of pre-pubertal children 3 h after the inter-
vention, while it increased their serum progesterone levels (P < 0.05) when compared with that in the
control arm. Regarding the urinary hormone levels, cow’s milk ingestion increased the urinary pregnane-
diol level within 4 h (P < 0.05), but not significantly when compared with that of the control (P > 0.05).
The level of pregnanediol and E; in the morning urine for three consecutive days showed no significant
difference between the two arms (P > 0.05). Drinking commercial milk with progesterone influenced the

progesterone levels of pre-pubertal children in hours but not days and did not affect other sex hormone

rsc.li/food-function levels of pre-pubertal children.

Introduction

Human beings began to drink cow’s milk thousands of years
ago. With the increasing insight into the complex nutrients
present in milk (including calcium, vitamin D, proteins with
high biological value, and other bioactive substances), its
health benefits on growth and development, and the reduced
risk of disease (such as dental caries, fractures, protein-
deficiency malnutrition), milk consumption is increasingly
encouraged in several countries and has become of immense
importance in the human diet." However, the natural repro-
ductive cycle severely restrains milk harvesting, as lactation
follows birth, which suppresses a cow’s ovulation and con-
ception. This results in a long interval with no milk pro-
duction. To accommodate the ever-increasing human demand
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for milk, substantial changes in cow’s milk production prac-
tices were introduced in the 1960s and 1970s. Through genetic
improvement and artificial insemination, dairy cows, such as
the Holstein, Jersey,” and Norwegian dairy herds,® could be
kept pregnant while lactating continuously. This extends the
milk production time to more than 300 days a year,** which in
turn increases pregnancy-related sex hormone levels (such as
estrogens and progesterone) in milk for human consumption.
It was estimated that approximately 75-80% of commercially-
available milk is obtained from pregnant lactating cattle,*
and these natural hormones are not affected by food proces-
sing, such as filtration, pasteurization, homogenization, and
fermentation. In addition, the concentrations of estrogens
and progesterone in whole milk are usually higher than those
in semi-skimmed milk (for example, 9.65 + 0.89 ng mL™" vs.
4.56 + 0.48 ng mL™" of total progesterone).>” Thus, there is
ongoing interest in the status of pregnancy-related sex hor-
mones in current commercial milk (especially in whole milk)
and their impacts on consumers.

Evidence from cohort studies worldwide and meta-analysis
has supported the positive association between milk or dairy
intake and hormone-sensitive prostate cancer,®® endometrial
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cancer,'® and breast cancer.’ The latest results of the prospec-
tive China Kadoorie Biobank study showed that dairy con-
sumption is positively associated with risks of total cancer,
liver cancer, and female breast cancer in Chinese adults with
the adjusted hazard ratios per 50 g day * usual consumption
being 1.07 (95% CI 1.04-1.10), 1.12 (1.02-1.22), and 1.19
(1.01-1.41), respectively."”> More importantly, a population-
based cohort study in Iceland with a 24.3-year follow-up
reported a positive correlation between milk consumption in
adolescence and prostate cancer.”> The endogenous sex
hormone levels are low in children,'* and pre-pubertal chil-
dren’s hypothalamus-pituitary-genital axis (HPG) is particu-
larly sensitive to exogenous sex hormones.'” Early and preco-
cious puberty may occur when children continuously ingest
naturally occurring sex hormones from commercial food.'®"”
Moreover, researchers have found that an earlier thelarche (the
age when breast growth begins) of girls increased the risk of
breast cancer,'® and sexual maturation of boys at a younger
age has a positive correlation with a higher risk of prostate
cancer.’® Meanwhile, out of great concern for children’s
health, precocious puberty conditions, especially those caused
by food, often raise great concern in the society and among
the public,?® including in China. Therefore, research is
urgently needed to demonstrate the impact of milk consump-
tion on pre-adolescent children.

However, to date, the impact of bovine milk and dairy pro-
ducts on the sex hormones of pre-pubertal children has under-
gone very little investigation. Only one study involving six
Japanese pre-pubertal children reported almost three times
increased concentrations of estrone (E,), estradiol (E,), estriol
(E3), and pregnanediol (P,) (a metabolite of progesterone) in
urine after milk intake.* However, no control was set, no
serum samples were obtained, and no hormonal information
on the milk was reported in that study. Therefore, to contrib-
ute to the body of evidence, we conducted a randomized con-
trolled intervention trial to evaluate the changes in six sex hor-
mones in the serum and urine of healthy Chinese pre-pubertal
children, after the ingestion of commercially available whole
milk powder, which had been tested for its hormonal content.
These sex hormones, including E,, progesterone, follicle-sti-
mulating hormone (FSH), luteinizing hormone (LH), prolactin
(PRL), testosterone, and P,, are commonly used in clinics to
understand sexual development. In addition, we only observed
short-term changes in serum and urinary hormone levels of
pre-pubertal children for ethical considerations.

Materials and methods
Participants and study design

We conducted this randomized, two-level, controlled interven-
tion trial in a primary school in Linyi City, Shandong Province,
in May 2012. A total of 182 normal, pre-pubertal children aged
7-10 years (grade 1 to grade 3) were recruited from six school
classes. After physical examination, including height, weight,
blood pressure, and pulse, 52 of them were finally included in
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this study. The inclusion and exclusion criteria were as
follows: (1) healthy children with parental informed consent
and no clinically diagnosed precocious puberty or serious
disease (leukemia, diabetes, heart disease, etc.) were included;
and (2) children with a history of milk allergy or lactose intol-
erance were excluded.

References to changes in hormone levels from drinking
milk are rare. The sample size in this study was determined
mainly based on a literature report in 2010.* According to the
urinary excretion volume of estrogen and P, after milk intake
in pre-pubertal children, P,, which had the smallest effect size,
was used as the reference to calculate the sample size, using
the formula: n = (Z, + Z5)* x 26°/8°. In our study, we set a at
0.05 (Z, = 1.96) and f at 0.10 (Z; = 1.28). By substituting & =
2.5 ug and o = 2.3 pg in the formula, it was determined that 18
individuals in each intervention group is enough to detect the
smallest difference. The recruitment and implementation of
intervention trials in children are difficult; both earlier and
later milk-drinking trials used self-control (comparison before
and after intervention).*® According to the statistical principle,
when the sample sizes of the intervention and the control
groups are 1:4-4:1, the test efficiency for the difference
between groups will be the highest. Therefore, we assigned 52
participants to the control and intervention arms at a ratio of
1:3. We met the sample size requirements simultaneously
with 7 and 7 in the low-dose, high-dose sugar control arms
and 18 and 20 in the low-dose, high-dose milk intervention
arms. Finally, except for one child in the high-dose milk inter-
vention group, who was excluded because no blood sample
was available before the intervention, all pre-pubertal children
completed the whole trial. The participant flowchart is shown
in Fig. 1. Written informed consent was obtained from the
legal guardians of all the children before participation. The
trial was approved by the Ethics Committee of Nanjing
Medical University and registered at https:/www.chictr.org.cn/
index.aspx (ChiCTR2000040525) (accessed on 1 December
2020) retrospectively.

Samples for intervention and control

The test milk was a whole milk powder of a certain brand, ran-
domly purchased from the market and diluted to form liquid
milk by adding water at a ratio of 1: 6 before use. The nutrient
contents of the milk powder were as follows: moisture, 3.0 g
per 100 g; protein, 23.6 g per 100 g; fat, 28.1 g per 100 g; carbo-
hydrate, 42.0 g per 100 g (see detailed information on the milk
powder in the ESI Table 11). Both earlier* and latest® studies
on the changes in hormone levels after drinking milk were
self-control study designs. To study the role of hormones in
milk, we tried to find hormone-free commercial food with the
same composition as milk as the control but failed due to its
complexity. It has been reported in the literature that insulin
secretion caused by food ingestion could interfere with the
endocrine network.?’ Therefore, to balance the influence of
energy ingestion, after carefully considering the similar pro-
perties and eating methods to the intervention milk powder,
and acceptability to the children, we used sugar as the control

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Flow chart illustrating the inclusion and exclusion criteria for the study participants. Overall, 52 students were randomly divided into four
arms: low-dose and high-dose cow milk arms and low-dose and high-dose control arms.

in this study. Sugar was also purchased from the same market,
the main component of which is sucrose, with a purity of
>99.0%.

Referring to the literature,’ the participants were given 250
or 600 mL m~> (body surface area) milk for the low-dose or
high-dose group, respectively, or the corresponding equiener-
getic sugar water. The body surface area (m?) of the children
was calculated using the following formula: S = weight (kg) x
0.035 + 0.1 (weight < 30 kg); S = weight (kg) x 0.02 + 0.45
(weight > 30 kg). Ultimately, the milk intakes were 259.5 + 35.4
and 636.7 + 82.1 mL in the low-dose and high-dose groups,
respectively. Furthermore, the sugar intakes for the equal
energy sugar water control were 45.4 + 6.9 g and 111.0 + 17.3 g
for the low-dose and high-dose groups, respectively.

Intervention process and quality control

All participants were asked to abstain from all milk or dairy
products for three days before the study and were forbidden
from taking any medicines or supplements containing estro-
gens or progesterone. Due to ethical constraints, we did not
forbid all foods that may contain hormones or their analogs,
including almost all animal foods (meat, poultry, eggs, fish,
seafood, animal fats, etc.) and soybean and its products, before
the intervention. The children arrived at school in the early
morning of the trial day after an overnight fast. Fasting venous
blood and urine samples were collected between 7:00 am, and
8:00 am, followed by a uniform breakfast. The pre-pubertal
children were then asked to drink the test milk or sugar water
within 10 min at 1 h after breakfast to minimize the effect of
eating on sex hormone levels. Venous blood samples were col-
lected 3 h after drinking the milk or sugar water, and urine
samples were collected at 1 h, 2 h, 3 h, and 4 h, respectively

This journal is © The Royal Society of Chemistry 2022

(see detailed information in Fig. 2). All the children drank the
designated volume of milk or sugar water. The time difference
in milk or sugar water drinking between all pre-pubertal chil-
dren was no more than half an hour. Children were permitted
to drink water and move freely during the trial but not eat. A
staff member accompanied every 6-7 children to perform
some light activities or reading during their idle time to com-
plete the entire trial process with ease and pleasure. Morning
urine samples of the children on the second and third days
were collected between 7:00 am, and 8:00 am under the same
dietary and medicine restrictions as before the intervention.

A qualified doctor was responsible for the blood and urine
collection and supervision of the entire intervention process.
One child consuming the low-dose sugar and one in low-dose
milk arm each passed no urine by 3 h after the consumption.
Blood and urine samples at each time point (except the above
two urine samples) of 51 children were collected without omis-
sion, and also no adverse events were reported. Trained volun-
teers recorded the time of each blood and urine sample collec-
tion, the breakfast time for each child, obtained the urine
samples, and recorded the volume. The samples were labeled
in a timely manner, it was checked that they were from the
same child, and they were stored at 4 °C. In the end, blood
samples in 5 mL serum separator tubes (BD Vacutainer;
Becton Dickinson) were transported to the laboratory and cen-
trifuged at 1500g for 10 min at 4 °C to obtain serum samples
for sex hormone tests. Both the serums in the Eppendorf
tubes and urine samples in polyethylene plastic containers
were frozen at —70 °C until analysis.

Of note, in order to prevent gastrointestinal discomfort
caused by milk consumption and meet their essential energy
requirements, we prepared a simple breakfast for the pre-pub-
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Fig. 2 The timeline of the subjects’ sampling, diet, and intervention on the day of the intervention. BO indicates the blood samples before the inter-
vention, and B1 are those 3 hours after the intervention; UO indicates the urine samples before the intervention, and U1, U2, U3, U4 represent urine
samples 1 hour, 2 hours, 3 hours and 4 hours after the intervention respectively; UD2 morning and UD3 morning represent urine samples collected

on the mornings of the second and third day after intervention.

ertal children, which was composed of staple foods, veg-
etables, and fruits, excluding animal foods (meat, poultry,
eggs, fish, seafood, animal fats, etc.) and soybean and its pro-
ducts. The breakfast included 100 g of steamed buns, 30 g of
pickled mustard, and 50 g of cherry tomatoes, which provided
12.9% of the energy, 89.1% of the carbohydrate, and 18.1% of
the protein in the daily requirements for children in this age
group (see detailed information in the ESI Table 21). Most of
the students ate all the food, and individual children left a
small amount of steamed buns (not recorded). After the whole
trial, a free hearty lunch was arranged to replenish the nutri-
ents that the children needed.

Measurement of sex steroid hormones (E,, E,, progesterone,
and testosterone) in the studied milk by liquid chromato-
graphy-mass spectrometry (LC-MS)

E, is the main form of estrogen in milk, followed by E,.'” The
major sex hormones (E;, E,, progesterone, and testosterone) of
cow’s milk were detected using LC-MS, which is a standardized
method to detect steroid hormones in food, including milk.>?
Sex steroid hormones exist in both conjugated and unconju-
gated forms in milk. According to the National Standards of
the People’s Republic of China (GB/T21981-2008),>* to deter-
mine the total concentration of steroid hormones in animal
foods, milk samples were spiked with B-glucuronidase/arylsul-
fatase first and incubated at 37 °C and pH = 2.5 for 12 h for
enzymatic hydrolysis. Then, the hormones were extracted twice
using methanol (Merck, Darmstadt, Germany). Internal stan-
dards, including progesterone-do, estradiol-3,4-3C,, estrone-
2,4-d,, and testosterone-3,4->C, (CDN Isotopes, Pointe-Claire,
QC, Canada), were used to determine the extraction efficiency.
After extraction, the upper layer was purified using ENVI-Carb
SPE cartridges and eluted with dichloro-methane-methanol
(7/3, v/v), evaporated to dryness with nitrogen, and then redis-
solved in 1 mL methanol: water (1/1, v/v) for detection via
LC-MS by a third-party testing company (SGS China, Tongbiao
Standard Technical Service Co. Ltd, Shanghai, China), as
described previously.>> The method had an intra-assay coeffi-
cient of variation (CV) of 5%. The limits of quantification

10826 | Food Funct., 2022, 13,10823-10833

(LOQ) of the analytes were 2, 5, 2, and 2 ug kg™ for E, E,, pro-
gesterone, and testosterone, respectively. The final detected
progesterone concentration in the whole milk powder was
40.6 ug kg™ '; Ey, E,, and testosterone were undetected.

Measurement of the sex hormones in the serum and urine
samples by enzyme-linked immunosorbent assay (ELISA)

Both LC-MS and ELISA analyses are reliable and approved
methods for assessing sex hormone levels in human body
fluids.® According to the literature, pre-pubescent children
have extremely low endogenous levels of hormones. For
example, their 17B-E, concentration is <2 pg mL™".>* ELISA
has a high reproducibility with an optimal recovery and has
great advantages of simple operation, low cost, and low LOQ.
Thus, it is better suited for automated platforms and popu-
lation studies,*® and has been widely used®>>’ in clinical
testing and scientific research; it is particularly suitable for
detecting low hormone levels. Therefore, we used a quantitat-
ive test kit based on solid-phase ELISA to measure the concen-
trations of sex hormones in the serum and urine samples. The
kit was purchased from Nanjing Jiancheng Bioengineering Inc.
(Nanjing, China). The minimum detection concentrations of
E,, progesterone, FSH, LH, PRL, testosterone, and P, in this
study were lower than 1.0 pmol L™, 0.1 nmol L™, 0.1 mIU
mL™, 1.0 mIU mL™", 1.0 mIU L™, 0.1 nmol L™, and 0.1 pmol
L7', respectively. The intra-plate and inter-plate CVs were
<10% and <13%, respectively, which indicated that the repro-
ducibility of the kit was acceptable. The response linearity (cor-
relation coefficient, R?) of this study was not less than 0.99 for
all analytes. A standardized protocol was adopted for the
testing process. All samples from each time point were ordered
randomly and with a standard curve in each panel to ensure
the reliability of the comparison results.

Statistical analysis

Normally distributed continuous variables were expressed as
the mean and standard deviation (SD), while non-normally dis-
tributed data were expressed as the median and interquartile
ranges (IQR) (25th percentile, 75th percentile) A paired #-test

This journal is © The Royal Society of Chemistry 2022
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Table 1 Baseline characteristics of the study population (n = 51)7
Trial participants
Low-dose arm High-dose arm
Screening Intervention Control sugar Cow’s milk Control Cow’s
Characteristics (n =131) (n=51) (n=7) (n=18) sugar (n=7) milk (n = 19) P
Boys, 1 (%) 39 (29.8) 22 (43.1) 3 (42.9) 8 (44.4) 4(57.1) 7 (36.8) 0.604
Age, years 8.6 +1.1 8.4+1.1 8.3+1.0 8.1+1.1 8.4 +£1.0 8.7+1.2 0.826
Height, cm 125.0 (123.0, 128.0 (120.4, 125.6 (120.5, 126.9 (119.4, 129.9 (119.9, 129.1 (121.4, 0.567
132.0) 135.6) 130.7) 134.4) 139.9) 136.8)
Weight, kg 25.1(21.9,29.4)  29.2(22.3,36.1)  29.3(21.3,37.3)  28.8(22.1,35.5)  30.7(22.0,39.4)  29.0(22.5,35.5)  0.96
BML kg m™>  15.6 (14.6, 17.5) 17.7 (14.9, 20.5) 18.4 (14.4, 22.4) 17.7 (15.1, 20.3) 17.8 (15.4, 20.2) 17.3 (14.6, 20.0) 0.887

“The data distribution that satisfies the normal distribution is expressed as the mean + SD; otherwise, it is expressed as the median (IQR).

was used to compare pre- and post-intervention differences in
each arm. A general linear model without a random intercept
term was adopted to analyze the fluctuation of hormones
before and after milk or sugar consumption (low dose and
high dose for both). The difference in the repeated measure-
ments was taken as the dependent variable, which provided
estimates of the mean difference induced by the milk or sugar
intervention. A general linear model with a random intercept
term was used to evaluate the effect of the milk intervention
relative to that of the control sugar. The general linear model
for repeated measurements with random intercept terms was
used to summarize the overall change of E, and P, in urine
within 4 hours and three days in each arm, and to compare
the difference between the milk and control sugar intervention
groups. Bonferroni correction was used in pairwise compari-
sons. All statistical analyses were performed using the IBM
SPSS Statistics for Windows, version 23 (IBM Corp., Armonk,
NY, USA). Statistical significance was set at P < 0.05.

Results

The characteristics of the participants in this study are pro-
vided in Table 1. Overall, 51/52 (98.07%) pre-pubertal children
completed the whole trial. The age of the intervention popu-
lation was 8.4 + 1.1 years with a body mass index (BMI) of
17.7 kg m™> (IQR: 14.9, 20.5); 22 (43.1%) of the study partici-
pants were boys. There were no significant differences in age,
sex, and body weight among the four arms (low-dose control,
low-dose cow’s milk, high-dose control, and high-dose cow’s
milk) (P > 0.05), which means that they were comparable.

Changes in the serum hormone levels

A graphical presentation of the serum concentrations of the
sex hormones before and 3 h after of intervention in the four
arms is shown in Fig. 3. The shift resulting from the milk or
control sugar water intervention appears to be insignificant in
the low-dose arm for E,, progesterone, FSH, LH, PRL, and tes-
tosterone levels in the serum of pre-pubertal children (P >
0.05). In the high-dose arm, the increase in FSH (P = 0.021) in

This journal is © The Royal Society of Chemistry 2022

the milk intervention arm and the decrease in E, (P = 0.045)
and progesterone (P = 0.003) in the control sugar water arm
were statistically significant.

The results of the corresponding general linear model are
presented in Table 2. The beta values show the mean differ-
ence in the hormone concentrations between the baseline and
after the intervention, and of the change between the milk and
control sugar arms. After cow’s milk intake, the level of FSH
increased by 0.41 mIU mL™" (95% CI: 0.15, 0.68; P = 0.003)
and the level of E, decreased by 2.20 pmol L™" (95% CI, —4.05,
—0.35; P = 0.021) from the baseline. Meanwhile after drinking
sugar water, the FSH level increased by 0.44 mIU ml™" (95%
CI: 0.01, 0.86; P = 0.044), and E, decreased by 4.49 pmol L™
(95% CI, —7.50, —1.48; P = 0.004). There was no significant
difference in the changes in FSH and E, between the two
groups (P < 0.05). For progesterone, the concentration in the
serum of the control arm decreased from 1.46 nmol L" before
the intervention to 0.99 nmol L™* after the intervention, i.e. it
decreased by 0.47 nmol L™ (95% CI, —0.78, —0.15; P = 0.005),
while that in the milk intervention arm showed no significant
change, from 1.19 nmol L' before the intervention to
1.10 nmol L' after the intervention. Compared with the sugar
water control, the milk intervention significantly increased the
progesterone levels in the serum samples by 0.38 nmol L™
(95% CI: 0.01, 0.75; P = 0.047).

We further analyzed the changes in serum progesterone in
the children of two groups after the intervention. Among the
14 children with the sugar water intervention, 10 (71.5%)
exhibited a decrease in the progesterone level (from 1.58 nmol
L™! before to 0.82 nmol L™' after the intervention, with
0.76 nmol L™" difference), 1 (7.1%) had no change (with less
than 5% change), and 3 (21.4%) had a progesterone increase
(from 1.20 nmol L™" before to 1.56 nmol L™" after the interven-
tion, with 0.35 nmol L' difference). And among 37 children
in the milk intervention group, 16 (43.2%) exhibited a decrease
in the progesterone level (from 1.53 nmol L™' before to
0.87 nmol L™ after the intervention, with 0.66 nmol L™ differ-
ence), 5 (13.5%) exhibited no change (with less than 5%
change), and 16 (43.2%) exhibited an increase in the progester-
one level (from 0.85 nmol L™" before to 1.31 nmol L™" after

Food Funct., 2022,13,10823-10833 | 10827
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Fig. 3 Impact of cow’s milk consumption on the serum concentrations

of six sex hormones in 51 pre-pubertal children with different doses and
interventions. The blue dots are the hormone levels before the interven-
tion, and the black dots are the concentrations after the intervention.
The scatter diagram shows the concentration of hormones in each indi-
vidual, and the horizontal line depicts the mean within each arm, with
corresponding 95% Cls displayed as vertical bounds. FSH, follicle-stimu-
lating hormone; LH, luteinizing hormone; E,, estradiol; PRL, pituitary
prolactin. *P: significance of difference before and after intervention
based on a paired t-test.

intervention, with 0.46 nmol L™ difference). Compared with
the sugar water control group, the proportion of the children
with a decreased progesterone level was lower, and that with
an increased progesterone level was higher after the commer-
cial cow’s milk intervention.
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Change in urinary P, and E, levels in 4 hours

Except for one child in the low-dose sugar arm and one of the
low-dose milk arms (with a missing urine sample), a total of
49 participants were included in the analysis of change in
urinary P, and E, levels in 4 hours. Table 3 shows the concen-
trations of E, and P, in urine before and 1, 2, 3, and 4 h after
the milk or control sugar intervention. Neither P, levels (P =
0.323) nor E, levels (P = 0.056) in urine, 1-4 h after the inges-
tion of the control sugar, changed significantly. In contrast,
the P, level in urine 1-4 h after the ingestion of milk increased
significantly (P < 0.001), while the E, level did not (P = 0.081)
(Table 3). Further pairwise comparison showed that, 1, 2, 3,
and 4 h after the ingestion of the milk, the P, level increased
by 0.50 (95% CI, 0.04, 0.95), 0.99 (95% CI, 0.56, 1.42), 0.57
(95% CI, 0.24, 0.90), and 0.97 (95% CI, 0.63, 1.32) ng mg~!
respectively. However, compared with the control arm, the
change in the P, level in urine after the milk intervention was
not significant (P = 0.128).

Change in urinary P, and E, levels in 3 days

Data from the above 49 participants were included in the ana-
lysis of change in urinary P, and E, levels in 3 days. Table 4
shows the concentrations of E, and P, in the morning urine
before and 24 and 48 h after the milk or control sugar inter-
vention. The levels of P, and E, in the morning urine for three
consecutive days in both the milk intervention and sugar
control arms showed no significant change in each arm and
no difference between the two arms was observed (P > 0.05)
(Table 4).

Discussion

To the best of our knowledge, this is the first study to evaluate
the changes in six sexual development-related hormone levels
in the serum and urine samples of pre-pubertal children after
ingesting milk with tested hormone content. In this random-
ized controlled intervention study, after consuming commer-
cial milk with progesterone, the progesterone concentration in
the serum samples after 3 h and urine samples after 4 h
increased, while it did not significantly change in the levels of
P, in the morning urine for three consecutive days. There were
no significant differences between the milk intervention and
control arms for changes in FSH, LH, E,, PRL, and testoster-
one levels in serum samples and E, in urine samples.

Before evaluating the changes in sex hormone levels caused
by milk consumption, it is necessary to discuss their milk con-
tents. Estrogen and progesterone have been used in pregnancy
diagnosis in cows since the 1990s and were found to increase
with the increase over pregnancy months. For example, the
plasma E; concentrations in the first, second, and third trime-
sters reported by Pape-Zambito et al. were 0.8, 16.9, and 41.8
pg mL™', respectively.®® It was estimated that the concen-
trations of hormones in commercially used processed milk
were between those of a first- and a second-trimester cow.>’
Earlier studies focused on estrogen in the milk. The reported

This journal is © The Royal Society of Chemistry 2022
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Table 2 Estimated effects of milk or control sugar water consumption on the serum sex hormone level (post intervention versus baseline), and the
estimated effects of milk consumption (milk versus control sugar) on differences in hormone values

Control sugar (after vs. before) Cow’s milk (after vs. before) Cow’s milk vs. control sugar

Baseline® f (95% CI)? P Baseline” f (95% CI)* P Baseline® f(95% CI)° P
FSH (mIU ml™%) 2.56  0.44 (0.01, 0.86) 0.044  2.60  0.41(0.15, 0.68) 0.003 0.44  —0.02(—0.53,0.48)  0.926
LH (mIU ml™Y) 1.28  0.20(-0.29,0.68)  0.413 1.44  0.20(—0.11,0.50)  0.199 0.20  —0.003 (—0.57,0.57)  0.991
E, (pmol L™ 18.50  —4.49 (—7.50,—1.48) 0.004 17.94  —2.20 (—4.05, —0.35) 0.021 —4.49  2.29 (-1.25, 5.82) 0.200
Progesterone (nmol L™!)  1.46  —0.47 (-0.78, -0.15) 0.005 1.19  —0.09 (—0.28,0.11) 0.365 —0.47  0.38 (0.01, 0.75) 0.047
PRL (mIU Lfl) 192.73 14.81 (—11.23, 40.84) 0.259 193.76 2.48 (-13.53,18.50) 0.757 14.81 —12.32 (—42.89, 18.24) 0.422
Testosterone (nmol L)) 0.69  0.05(=0.08,0.19)  0.410  0.67  0.04 (—0.04,0.12)  0.341 0.05  -0.16(-0.17,0.14)  0.842

FSH, follicle-stimulating hormone; LH, luteinizing hormone; E,, estradiol; PRL, pituitary prolactin. ¢ Baseline values represent the average levels
of serum hormone before taking sugar water. ” Baseline values represent the average levels of serum hormone before taking cow’s milk.
“Baseline values represent the mean differences in serum hormones before and after intervention in the control arm. ¢ The beta value indicates
the difference between the study population’s mean value for hormone level post-intervention and the study population’s mean value at the base-
line. A general linear model was used, with repeated measurements considered without a random intercept term. ° The beta value indicates the
difference between the study population’s mean difference after milk consumption and the study population’s mean difference after control
sugar water consumption. A general linear model was used, with repeated measurements considered by a random intercept term.

Table 3 Estimated effects of the cow'’s milk or control sugar water consumption on urine E; and P, levels at different time points and the pairwise
comparison among the 49 pre-pubertal children

P, (ng mg™" crea) E, (ng mg™" crea)

Cow’s milk vs. Cow’s milk vs.
Control sugar n =12 Cow’s milk n =37 control sugar  (95% CI) Control sugar n =12 Cow’s milk n =37 control sugar  (95% CI)

0h 1.26(0.88, 1.61) 1.13 (0.92, 1.35) 34.75 (25.91,40.17)  32.00 (27.27, 36.73)

1h  1.59 (0.94, 2.41) 1.52 (1.19, 2.14)° 36.57 (34.08, 40.88)  34.68 (31.73, 38.62)

2h  1.74 (1.26, 2.45) 2.17 (1.90, 2.48)  0.166 (—0.05, 0.38) 27.72 (20.07,32.41)  33.70 (30.01,37.71)  0.067 (—2.35, 2.49)
3h 1.78 (1.24, 2.33) 1.71 (1.41, 2.02)° 31.16 (26.35,35.96)  37.18 (34.18, 40.18)

4h 1.29(0.97,1.74) 2.18 (1.94, 2.52)" 37.55 (31.65,42.19)  31.58 (25.23, 36.08)

P 0323 <0.001 0.128 0.056 0.081 0.956

Hormone levels in urine samples were expressed as the median (IQR). P,, pregnanediol; E,, estradiol. “ Compared with the level of urine before
intervention, the difference was significant.

Table 4 Estimated effects of the cow milk or control sugar water consumption on E, and P, levels in morning urine of 49 pre-pubertal children

P, (ng mg ™" crea) E, (ng mg™" crea)
Control Cow’s Cow’s milk vs. Control Cow’s milk vs.
sugar n =12 milk n =37 control sugar 3 (95% CI)  sugarn =12 Cow’s milk n = 37 control sugar f (95% CI)
0h 1.26 (0.88,1.61)  1.13(0.92, 1.35) 34.75(25.91, 40.17)  32.00 (27.27, 36.73)
24h  0.90(0.57,1.43) 1.06 (0.66,1.49)  —0.02 (—0.18, 0.14) 33.24 (29.53,40.43)  35.64 (29.90, 40.55)  —0.14 (-3.78, 3.49)
48h  1.06 (0.69,1.50)  0.95 (0.58, 1.38) 34.06 (30.84, 39.85)  34.47 (27.80, 42.37)
P 0.417 0.304 0.793 0.661 0.258 0.937

Hormone levels in urine samples are expressed as the median (IQR). P,, pregnanediol; E,, estradiol.

mean range of total estrogen concentration in whole milk was levels in whole milk, which is widely consumed in Germany.
187 ng L™" to 450 pg L' in Spain,®® the Netherlands,® and Qu et al in 2017 > measured the concentrations of 18 sex
France,”” whereas the concentration ranges of E; and E, were steroid hormones in raw milk in Tangshan City, Hebei
6.2-1266 ng L' and 12.8-373 ng L™, respectively. The earlier ~Province, China, by high-performance liquid chromatography-
the report, the higher the estrogen content;>® notably, the tandem mass spectrometry (HPLC-MS/MS). They found pro-
levels of progesterone and other sex hormones in milk were gesterone in 85.9% of 195 samples, with a mean value of
not mentioned in all of the above studies. However, more com- 5.12 pg kg™" (2.12-9.04 pg kg™); other sex hormones, includ-
prehensive hormone information in commercial milk has ing estrogen, progesterone and testosterone, were unde-
been reported in recent years.>** Michels et al.® measured pro- tected.’® The absolute hormone contents depend on the
gesterone (9.65 + 0.89 ng mL™"), E; (148.9 + 36.7 pg mL™'), E, source of milk and the detection methods used, including
(45.1 + 5.5 pg mL™"), and testosterone (127.2 + 13.3 pg mL™') radioimmunoassay (RIA)," ELISA,>® LC-MS,” and gas chromato-
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graphy-mass spectrometry (GC-MS).>* Meanwhile, assessing
sex hormone levels in milk is still very challenging, because
part of E,, progesterone, and testosterone combines with
protein. After de-conjugation, using the LC-MS method, we
detected the total contents of hormones in milk (including
conjugated and unconjugated forms), and found that the pro-
gesterone concentration in our tested milk was 40.6 pg kg
(equivalent to 5.8 ng mL™" in liquid milk), similar to the range
in German (8.74-10.54 ng mL™") and Chinese (N.D. to 9.4 ng
mL ") milk aforementioned,*** and the estrogen (E; and E,)
and testosterone levels were not detected, which was lower
than those in the German milk® and consistent with the
results reported by Qu et al. for Chinese milk.*> Among the
milk powders purchased from the same market, the content of
progesterone in the test milk was typical (ESI Table 37).

Up to now, only one study with six participants® has dis-
cussed the profile of sex hormone levels in children after com-
mercial milk consumption. Only urine samples were obtained;
the urinary concentration/excretion of Eq, E,, E3, and P, within
4 h was significantly increased. The same intervention in
7 men showed that apart from the same change in urine as in
pre-pubertal children, the concentrations of estrogen and pro-
gesterone in the serum significantly increased from 102.3 to
128.9 pg mL™" and from 0.66 to 0.75 ng mL™' within 2 h,
respectively. However, the concentration of E, did not change
significantly (from 31 to 32 pg mL™").* According to the litera-
ture, the metabolic time for progesterone in the body was
approximately 3 h,*® and the concentration of estrogen and
progesterone in the urine reached a peak at 1-3 h after milk
intake.” In the present study, the progesterone level in serum
3 h after the cow’s milk intervention significantly increased
compared to the control, and that in urine samples at 4 h also
increased, but was not significant when compared with the
control. Our results are consistent with those reported in lit-
eratures. Progesterone levels in milk increased with an
increase in the fat content. Goodson reported that the pro-
gesterone levels in saliva increased by 30-100% after the con-
sumption of high-fat dairy products composed of butter,
cheese, and ice cream in 17 healthy males.?® Different biologi-
cal samples and progesterone contents in food may explain
the changes in the progesterone levels after food ingestion.
Furthermore, indicators, including progesterone, showed a
greater variation in saliva or urine than in serum.?” Therefore,
larger sample sizes are needed to observe significant changes
in progesterone in urine, and information from multiple
samples may be conducive to obtaining more reliable
conclusions.

Not only P, levels in the 4-hour urine samples, but also
those in the morning urine for three consecutive days were
observed in the present study. Our results showed no signifi-
cant difference between the two groups, which was supported
by Michael’s research, showing that the intake of whole milk
with approximately 10 ng mL ™" progesterone for four days had
no significant effects on urinary P, glucuronide excretion.
Presently, it is generally believed that the bioavailability of oral
progesterone is low and it can be quickly excreted in
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urine.*®*° Therefore, a single intake will not affect the level of
progesterone in 24 h and 48 h urine samples.

Human hormone levels fluctuate daily with great intra- and
inter-day variation under the influence of many factors, includ-
ing diet. Research shows that the ingestion of foods induces
insulin secretion to interfere with the endocrine hormones.**
In the present study, we observed that the serum progesterone
level decreased 3 h after the control sugar intervention, which
not only happened after the sugar ingestion, but also after an
equienergetic cereal-based diet intervention in the supplement
trial (ESI Table 471). Moreover, in a rat model, lactose treatment
also decreased the progesterone level.”* Therefore, the lack of
a significant change in serum progesterone levels after the
milk ingestion may be an offset between the intake of pro-
gesterone through milk and a decrease caused by the food/
milk ingestion. Further studies are needed to confirm this
hypothesis. Moreover, natural hormones contained in other
foods also may obscure the change in the progesterone level
induced by milk. Due to ethical constraints, we avoided provid-
ing all animal foods and soybeans and their products on the
intervention day, while we only forbade milk or dairy products
on the following two days. Taken together, commercial milk
ingestion changed the progesterone level of pre-pubertal chil-
dren within a few hours under the conditions of fasting while
not influencing those on days with a normal diet. The WHO
established that the acceptable daily intake (ADI) of progester-
one is 30 pg per kg body weight on account of the lowest
observed adverse effect level (LOAEL) on changes in the
uterus.” Accordingly, progesterone ingested through commer-
cial milk is supposed to be acceptable to the human body.

Regarding estrogen, in our study, the concentration of E, in
both the serum and urine did not increase significantly com-
pared with the control group, which was consistent with
Michaels’ research.® In the two previous studies changes in the
estrogen levels were observed after short-term (a few hours or
days) milk consumption, reporting a significant elevation in
E,, but this was not included in our measurement. However,
the non-detection of E; and E, in our test milk was considered
the main reason for the insignificant difference in the change
in E, between our two groups. Furthermore, fewer studies have
reported the short-term variation of other sex hormones
(including FSH, LH, PRL, and testosterone) after the ingestion
of milk. In our study, no significant changes in the serum LH,
PRL, and testosterone after the milk ingestion were observed,
which is in line with the results of another long-term observa-
tional study in healthy premenopausal women.*?

In addition, we observed an elevation of serum FSH in milk
intervention groups, whereas the E, level in the serum was
decreased after the milk ingestion in the present study.
Normally, the decrease in E, will feed back on the increase in
the FSH level. This reverse correlation between changes in the
estrogen and FSH after milk intake also existed in six Japanese
men.? Furthermore, in a population study it was observed that
every additional serving of dairy food intake was associated
with a ~5% reduction in serum E, concentration after adjust-
ing for all covariates, including other hormones,** which sup-

This journal is © The Royal Society of Chemistry 2022
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ported the decline of the serum E, level in our study.
Moreover, the ingestion of sugar water in our study also
decreased the concentrations of E, and increased the concen-
tration of FSH in serum significantly among pre-pubertal chil-
dren. Sugar can be digested into glucose and fructose. Our
observations are in line with the results of the intervention
with monosaccharides (glucose, fructose, and galactose) in
rats*"** and sheep.”’ In research on a rat model it was found
that the concentration of E, was lowered and those of FSH and
LH were elevated after rats were fed galactose, a breakdown
component of lactose.*> Analyzing all the outcomes from the
above studies, we speculated that the decline of E, and the
elevation of FSH in the serum in our study 3 h after the milk
intervention are not related to the hormones in milk, but due
to the effect of monosaccharides or dietary intake. The poss-
ible underlying mechanism of the sex hormone changes in the
aforementioned studies was attributed to the interference of
insulin secretion with the endocrine system induced by mono-
saccharide stimulation.>*

This work marks the beginning of feeding experiments con-
ducted in China. For the first time, the impact of commercially
available milk consumption on sex hormones of pre-pubertal
children in both serum and urine was explored, and the
hormone contents of milk were detected simultaneously. Only
progesterone was found with a content of 40.6 pg kg™ (equi-
valent to 5.8 ng mL™" in liquid milk), similar to values pre-
viously reported,®** while other hormones were not detected.
It is unclear whether cattle feeding practices have changed or
new technology has been used to remove the estrogen in milk.
Our results proved that there is no significant impact on short-
term hormone levels in pre-pubertal children after the inges-
tion of this milk, which provides important proof and signifi-
cance for the safety of children drinking commercial milk.

This study has some limitations. First, estrogen, progester-
one, and their metabolites take many forms in body fluids. We
only monitored the main bioactive forms and main metab-
olites of them; therefore this study could not comprehensively
reflect the changes in hormone profiles induced by milk con-
sumption. Second, the selection of controls for milk interven-
tion studies is challenging. Different control samples may
affect the interpretation of the results. A mixture of multiple
commercial milk powders is probably a better choice. Third,
although the intervention trial in pre-adolescent children is
not easy, a larger sample size, multiple time points, and long-
term observation are still needed to confirm the change in hor-
mones in body fluids caused by drinking milk and its possible
effect on pre-pubertal children. Also, the adoption of a cross-
over design would be better.

Conclusions

In summary, in this two-level, randomized controlled interven-
tion trial, we found that drinking commercial milk containing
progesterone had no significant influence on the hormone
levels of pre-pubertal children over days. In addition, further
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attention also needs to be drawn to the long-term effect of con-
suming progesterone-containing commercial milk on the sex
hormone levels and sexual development of pre-pubertal
children.
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