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Abstract

Objective: Research is limited regarding biochemical markers of bone metabolism among chil-
dren with cow’s milk protein allergy (CMPA). We aimed to determine differences in vitamin D
and bone metabolism markers between infants with CMPA and healthy infants and explore
relationships between these in a cross-sectional study.

Methods: In total, we included 41 children diagnosed with CMPA and under systematic medical
and nutritional care at our center, and 50 healthy children as a control group. We reviewed
demographic and clinical characteristics and measured serum biomarkers.

Results: We found that serum 25-hydroxyvitamin D (25(OH)D) levels among infants in the
CMPA group were significantly lower than those in the control group, and levels of bone-
specific alkaline phosphatase (BALP), serum phosphorus, and serum calcitonin were reduced.
Pearson correlation analysis showed that serum 25(OH)D concentrations in the CMPA group
were negatively correlated with parathyroid hormone but not significantly correlated with calci-
tonin and BALP. Logistic regression showed that CMPA was a risk factor for vitamin D deficiency.
Conclusions: Our study indicated that CMPA was associated with disturbances in bone metab-
olism. Levels of vitamin D in children with CMPA were lower than those in healthy children.
CMPA was a risk factor for vitamin D deficiency.
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Introduction

Food protein allergy, which is an immune
response triggered by food proteins, is
common among children in many coun-
tries. Food allergy affects approximately
10% of infants and 5% of young children.
The most common food allergens responsi-
ble for allergic diseases are cow’s milk pro-
tein and egg protein. The incidence of cow’s
milk protein allergy (CMPA) worldwide
has reached 4.9%, and it is showing an
increasing incidence." CMPA not only
affects the health of infants and young chil-
dren but it also causes a heavy emotional
and economic burden on families and soci-
ety. The only treatment comprises elimina-
tion of cow’s milk protein from the diet and
introduction of extensively hydrolyzed milk
protein as a nutritional supplement.” The
taste of this extensively hydrolyzed formula
is very disagreeable to most children, which
may increase their risk of malnutrition.
Appropriate and adequate nutritional sup-
port is crucial for the growth and develop-
ment of children with CMPA.? If children
with CMPA do not receive adequate nutri-
tional support, they are more likely to have
reduced bone density and vitamin D defi-
ciency, which can lead to rickets.* In the
past, bone mineral density measurements
were used to assess the level of bone metab-
olism in the clinical setting. However, this
does not reflect dynamic changes in bone
tissue in real-time. For the assessment of
bone health-related indicators, dual-energy
X-ray absorption is the gold standard for
determining bone mineral density according
to recommendations of the World Health
Organization.” However, widespread con-
troversy remains related to the accuracy
and reference standards for using dual-
energy X-ray absorption in children,
where measurements only represent local
changes in bone tissue.® Bone tissue in chil-
dren is undergoing dynamic developmental
processes, and misdiagnosis is common

when measuring bone mineral density in
the clinical setting. Investigation is needed
into the characteristics and interactions
among biochemical indicators of bone
metabolism in children with CMPA to
improve evaluation of bone metabolism
status in children, reduce the incidence of
metabolic bone disease, and more accurate-
ly monitor the effect of treatment. Many
studies have shown that vitamin D is closely
related to the occurrence and development
of allergic diseases’; however, the conclu-
sions of these studies have not been consis-
tent. Few studies have focused on the
biochemical markers of bone metabolism
in children with CMPA.® In this study, we
aimed to determine the changes in bone
metabolism indicators and examine correla-
tions between vitamin D levels and bone
metabolism clinical indicators among chil-
dren with CMPA. Our study results can
provide theoretical information on bone
health status and dietary nutritional sup-
port for children with CMPA.

Methods

Study participants

This study included children who were
treated and diagnosed at the Children’s
Health  Department of  Guangdong
Women and Children Hospital from
January 2019 to December 2020. We col-
lected clinical data of participants and mea-
sured serum vitamin D and bone
metabolism-related levels. We enrolled chil-
dren who received a definitive diagnosis of
CMPA with an oral food challenge (OFC)
in the study group.”'”

We recruited healthy children without
CMPA as a control group during the
same period. According to dietary supple-
ment recommendations of the 2008
American Academy of Pediatrics, we
assumed that all children had received
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400 IU of vitamin D daily from day 14 after
birth.

The inclusion criteria of this study
were as follows: children younger than
24 months of age; family members involved
in the study were fully informed and volun-
tarily agreed with their child’s participation;
met the diagnostic criteria of CMPA
guidelines; all children in the observation
group were confirmed to have CMPA
using an OFC.

The exclusion criteria were: children with
major organ dysfunction (including congen-
ital heart disease, acute or chronic lung dis-
ease, acute or chronic liver disease, acute or
chronic kidney disease, congenital genetic
metabolic disease, immune dysfunction,
and delayed development of the nervous
system); children with systemic infectious
diseases and abnormal bone metabolism
diseases such as calcium, phosphorus, and
vitamin D deficiency; children suspected of
having CMPA and undergoing dietary
elimination; and children diagnosed with
CMPA or food allergy.

This study and its protocols were
approved by the Ethics Committee
of Maternal and Child Hospital of
Guangdong Province (approval no.
202001010) and carried out in accordance
with the principles of the Declaration of
Helsinki. We obtained written informed
consent from each participant’s parent/
legal guardian. The hospital approved this
research. This study followed the relevant
EQUATOR Network guidelines.'!

Diagnosis of CMPA

The diagnosis of CMPA was confirmed
using an OFC as follows: infants suspected
of CMPA were fed formula milk or mixed
formula, supplied as an amino acid formula
powder, for 4 weeks. CMPA was ruled out
if there was no improvement in symptoms.
If symptoms improved, we changed to reg-
ular formula for 1 week and observed the

infant for any clinical manifestations. If
allergic symptoms returned, the infant was
diagnosed as having CMPA. In breastfed
infants, mothers were encouraged to contin-
ue breastfeeding while avoiding milk and
dairy products in their diet for 4 weeks. If
allergic symptoms showed no improvement,
CMPA was ruled out. If allergic symptoms
disappeared, milk and dairy products were
reintroduced to the mother’s diet. If allergic
symptoms recurred, CMPA was diagnosed.

Data collection

We collected general characteristics of
infants in the observation and control
groups, including age, sex, delivery mode,
premature/full-term infant, and feeding pat-
terns. Family history of allergic diseases
(including allergic rhinitis, asthma, atopic
dermatitis, or specific food allergies), smok-
ing among family members; allergic symp-
toms and signs, and the child’s growth and
development status. Venous blood speci-
mens were collected during outpatient
visits. Samples were collected in heparin
for subsequent centrifugation and stored
at —80°C, then subsequently thawed imme-
diately before serum biomarker and hor-
monal analyses. Serum 25-hydroxyvitamin
D (25(OH)D) levels were determined with
enzyme-linked  immunosorbent  assay
(Abbott Laboratories, Chicago, IL, USA)
with the original reagents. Levels of bone-
specific alkaline phosphatase (BALP),
serum calcium, and serum phosphorus
were determined using alkaline phosphatase
chemiluminescence detected with a Beckman
Coulter AUS800 (Brea, CA, USA), accord-
ing to the manufacturer’s instructions.
Levels of parathyroid hormone (PTH) and
calcitonin (CT) were detected using an alka-
line phosphatase chemiluminescence kit
(Siemens AG, Munich, Germany) with the
original reagent kit.

Vitamin D was considered deficient with
serum 25(OH)D levels below 50nmol/L
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(20ng/mL), vitamin D insufficiency was
defined as 25(OH)D of 52.5 to 72.5nmol/
L (21-29 ng/mL), and vitamin D sufficiency
was defined as 25(OH)D levels above
75 nmol/L (30 ng/mL)."?

Statistical analysis

Clinical data were collected and managed
using Microsoft Excel 2010. IBM SPSS ver-
sion 23.0 (IBM Corp., Armonk, NY, USA)
was used for data analysis. The measure-
ment data are described as median (min—
max) and mean + standard deviation (SD)
or number and percentage according to the
type of variable. Variables with a normal
distribution (P> 0.05) and the two-sample
t-test for two independent trials were used
to compare quantitative variables between
children with CMPA and healthy controls.
Count data are presented as number and
percentage, and the y° test was used for
analysis. The independent samples r-test
was used to compare measurement data
between the two groups, and multiple
linear regression was used to evaluate the
correlation between parameters. P <0.05
indicated statistical significance.

Results

Clinical parameters

We enrolled 41 children who had received a
definitive diagnosis of CMPA in the study
group. There were 24 male and 17 female
children in the CMPA group. Among them,
13 children (31.7%) were under the age of
6 months, 10 (24.4%) were 7 to 12 months
old, 9 (22%) were 13 to 18 months old, and
9 (22%) children were 19 to 24 months of
age. No significant differences were identi-
fied for sex, age, gestational age, father’s
history of allergies, family history of smok-
ing, or vitamin D supplementation during
pregnancy between the CMPA group and
control group. There were significant

differences in delivery mode and mother’s
history of allergies between the two
groups (P <0.05), as shown in Table 1.

Comparison of bone metabolism-related
levels

The overall range of serum 25(OH)D levels
in the CMPA group was 24.4 to 133.2 nmol/
L (mean+SD: 83.25+26.65nmol/L). In
the CMPA group, BALP levels were 42.13
to 95.18 ug/L (63.94 +16.25ng/L), serum
calcium levels were 2.39 to 2.71 nmol/L
(2.56 £0.08 nmol/L), serum phosphorus
levels were 1.32 to 1.98nmol/L (1.73 £
0.17nmol/L), PTH levels were 0.37 to
5.64pmol/L (2.0l £1.13pmol/L), and
levels of CT were 2.0 to 10.8pg/mL
(4.05+2.32 pg/mL). Levels of 25(OH)D in
the CMPA group were significantly lower
than those in the control group.
Compared with the control group, levels
of BALP, serum phosphorus, and CT
were decreased to different degrees, with
significant differences. PTH levels were sig-
nificantly higher in the CMPA group than
in the healthy control group (P=0.001). No
significant difference was found in serum
calcium levels between the two groups
(Table 2).

The average level of 25(OH)D in chil-
dren with CMPA was 83.25 £ 26.65nmol/
L whereas that in healthy children was
110.14 +22.04 nmol/L (P <0.001). The fre-
quencies of vitamin D deficiency in the two
groups are shown in Figure 1. This result
showed that the incidence of vitamin D
deficiency and insufficiency in children
with CMPA was much higher than that in
healthy children with the same amount of
vitamin D supplementation.

Correlation of vitamin D status and bone
metabolism indicators in the CMPA group

Pearson correlation analysis was used to
evaluate the correlation between serum 25
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Table I. General comparison of infants between the CMPA group and control group.
CMPA (N=41) Controls (N =50)

Parameter n (%) n (%) P-value
Sex

Male 24 58 24 48

Female 17 41 26 52 0.4
Age (months)

<6 13 31.7 12 24

7-12 10 24.4 18 36

13-18 9 22 9 I8

1924 9 22 I 22 0.648
Gestational age

Term infant 33 80.5 44 88

Premature infant 8 19.5 6 12 0.388
Delivery mode

Cesarean delivery 23 56.1 16 32 0.033
Feeding patterns

Breastfeeding 6 14.6 23 46

Partial breastfeeding 12 293 15 30

Formula feeding 23 56.1 12 24 <0.001
Family history

Father’s history of allergic diseases I5 36.6 23 46 0.399

Mother’s history of allergic diseases 27 65.9 21 42 0.035

Family member who smokes 14 34.1 18 36 0.854

Vitamin D supplements during pregnancy 26 63.4 35 70 0.654
Table 2. Vitamin D and bone markers in children with CMPA and healthy controls.
Variable CMPA Control t P-value
25(OH)D 83.251+26.65 110.14 +22.04 —5.173 <0.001
BALP 63.94+16.25 73.65+18.39 —2.639 0.010
Calcium 2.56+0.08 2.5940.08 —1.607 0.112
Phosphate 1.73+£0.17 1.83+£0.19 —2.487 0.015
PTH 201 £ 1.13 1.31£0.78 3.444 0.001
CT 4.05+2.32 5.47 +3.03 —2.469 0.015

Data presented as mean =+ standard deviation.

CMPA, cow’s milk protein allergy; PTH, parathyroid hormone; CT, calcitonin; BALP, bone-specific alkaline phosphatase;

25(OH)D, serum 25-hydroxyvitamin D.

(OH)D and PTH, CT, and BALP in the
CMPA group. The results showed a nega-
tive correlation between 25(OH)D and PTH
(r=-0.462, P=0.002). However, no signif-
icant correlation was found between serum
25(0OH)D levels and CT or BALP (r=0.20
6, r=0.032, respectively) (Table 3).

Logistic regression analysis of infant
vitamin D deficiency

Multivariate logistic regression analysis was
conducted using 25(OH)D deficiency as the
dependent variable and gestational age,
months of age, delivery mode, feeding
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Figure 1. Percentage of vitamin D deficiency among infants in the CMPA group versus healthy controls
CMPA, cow’s milk protein allergy; 25(OH)D, serum 25-hydroxyvitamin D.

Table 3. Correlation between vitamin D
deficiency and bone metabolic markers in the
CMPA group.

Variable r P-value
PTH —0.462 0.002
CT 0.206 0.197
BALP 0.032 0.841

CMPA, cow’s milk protein allergy; PTH, parathyroid
hormone; CT, calcitonin; BALP, bone-specific alkaline
phosphatase.

mode, CMPA allergy, and maternal vita-
min D supplementation in late pregnancy
as independent variables. The results
showed that age (odds ratio [OR]=2.276,
95% confidence interval [CI]: 1.119-4.627,
P=0.023) and milk protein allergy
(OR=14.065, 95% CI: 2.399-82.444,
P=0.003) were risk factors for 25(OH)D
deficiency in infants.

Discussion

In recent decades, many studies have con-
cluded that the physical growth parameters
of food protein allergy in children are

usually lower than the mean level, especially
in children with CMPA.'"" Flammarion
et al. found that when intakes of each nutri-
ent component in allergic children were
compared with the recommended nutrient
intakes, the intakes of nutritional compo-
nents such as dairy products, meat, fruits,
vegetables, and grains in most children with
food allergies were much lower than the
recommended standard. In particular, cal-
cium, vitamin D, vitamin E, and zinc
intakes were only 67% of the recommended
values.'> Cow’s milk protein is an impor-
tant source of nutrients for the growth
and development of young infants. Long-
term elimination and replacement therapy
with an extensively hydrolyzed formula
may affect the growth and development of
young children.'* Decreased peak bone
mass is an important risk factor for osteo-
porosis and infants and toddlers with
food protein allergies are more likely to
have bone metabolic disorders and an
impaired process of bone growth and
development.'>1¢

Bone metabolism indicators are usually
derived from hormones, enzymes, and
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metabolites secreted by osteoblasts and
osteoclasts, including calcium and phos-
phorus metabolism regulators, bone con-
version markers, hormones, and cytokines.
The regulation and maintenance of calcium
and phosphorus metabolism  mainly
involves the comprehensive regulation of
PTH, vitamin Dz, and CT. BALP is a
marker of bone formation and is often
used in clinical settings. The detection of
BALP is specific, but there is still cross-
reaction between 20% of bone BALP and
liver enzymes, which requires comprehen-
sive judgment in clinical practice. The mech-
anism of these bone metabolism indexes
warrants further exploration and cannot be
explained by a single factor; however, a com-
bination of factors may be present. A French
multicenter cross-sectional study among
1674 infants who were suspected of CMPA
concluded that there was a higher incidence
of atopic diseases among first-grade rela-
tives of infants with CMPA. There was a
stronger positive association with having
two or more allergic family members, with
their offspring being more likely to have
food allergic diseases,'” particularly a mater-
nal history of allergic disease.'® In addition
to genetic susceptibility, lifestyle factors are
closely linked with food allergy. Certain fac-
tors affect microflora colonization on the
skin and mucous membranes, including
cesarean delivery and use of antibiotics. It
is reported that babies born via cesarean
delivery have an increased risk of food aller-
gies compared with those delivered natural-
ly."2® The results of our study were
consistent with these findings.

Vitamin D is an important nutrient for
bone growth and development, which can
increase the absorption of calcium and
phosphorus in the mucosa of the small
intestine and kidney and can downregulate
the level of PTH, increase bone mineral
density, and improve bone strength and
function.?! However, there is little evidence
regarding whether high doses of vitamin D

can adversely affect bone formation.*
Further research is needed to confirm this.
In recent decades, understanding of the role
of vitamin D in regulating the immune
system  has improved  dramatically.
Components of the adaptive immune
system, such as T cells, B cells, macro-
phages, and dendritic cells, all express vita-
min D receptors and all respond to vitamin
D.* Many studies have shown that vitamin
D deficiency is closely related to the occur-
rence of infectious, autoimmune, and aller-
gic diseases.”*** The results of our study
confirmed that under the premise of the
same amount of vitamin D supplementa-
tion after birth, the vitamin D level of
infants in the CMPA group was significant-
ly lower than that of healthy children
whereas the deficiency rate of vitamin D
was significantly increased, and CMPA is
a risk factor for vitamin D deficiency.
Recent studies have shown that vitamin D
appears to maintain the integrity of the
mucosal barrier and reduce permeability
of the intestinal mucosal, protecting the
intestinal immune system from exposure
to food allergens.”® We consider that vita-
min D deficiency may lead to intestinal
mucosa damage, allowing allergenic food
protein to enter the immune system through
the intestine, thereby increasing the Th2
allergic immune response. A number of fac-
tors can affect vitamin D levels, such as die-
tary supplements, outdoor activities, skin
color, gastrointestinal diseases, and multi-
ple metabolic processes. It can be difficult
to diagnosis food allergy in the clinical set-
ting. To date, few high-quality randomized
controlled trials have been conducted on
vitamin D and food allergy. Recent studies
have shown that vitamin D levels are com-
parable among children with CMPA, those
with other food allergy, and those with no
food allergy.?” Therefore, further random-
ized controlled trials are needed to confirm
the relationship between allergic diseases
and vitamin D levels.
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Many previous observational studies
have focused on the dynamic changes
between 25(OH)D and PTH in different
populations under different environments.
Consistent with previous studies,”®* we
confirmed the inverse relationship between
25(OH)D and PTH levels. Its regulatory
mechanism is known because PTH is an
important hormone in regulation of bone
metabolism by binding with specific recep-
tors and increasing intracellular cyclic aden-
osine levels. phosphate (cyclic adenosine
monophosphate) levels, and promoting
bone conversion. When levels of calcium
or phosphorus are decreased, PTH can reg-
ulate bone metabolism by inducing the gene
expression of lo-hydroxylase and promot-
ing the synthesis of 1,25(OH), D. When
levels of 25(OH)D in the body increase,
the conversion rate of 1,25(OH), D also
increases, which increases levels of calcium
and phosphorus in the blood and sup-
presses the secretion of PTH. The concen-
tration of PTH in the circulatory system
declines. This indicates that a low level of
vitamin D in allergic children will induce
increased PTH concentrations. Under a
continuous high dose of PTH, osteoclast
activity will exceed osteoblast activity and
total bone mass will eventually decrease.

BALP is an extracellular enzyme secret-
ed by osteoblast. BALP is involved in the
process of bone formation and is also a
marker of osteoblast maturity and activity.
Conventionally, vitamin D insufficiency
reduces the absorption rate of calcium.
Bone-like tissues cannot be calcified, and
osteoblasts cannot be transformed into
osteoblasts. The proliferation of osteoblasts
is activated, and greater amounts of BALP
are released into the blood, leading to
increased activity of BALP. However, we
observed that the activity of BALP in chil-
dren with CMPA was significantly lower
than that in healthy children, and the
levels of serum phosphorus and CT were
also lower than those in healthy children;

these conditions would reduce bone forma-
tion and mineralization. The status of bone
formation in children with CMPA can be
detected by monitoring these indicators.
Serum vitamin D levels appear before
BALP changes.®® This suggests that a
reduction in vitamin D levels is more sensi-
tive than other markers in allergic children.

In this study, serum calcium levels
tended to be stable and there was no signif-
icant correlation with 25(OH)D levels,
which was consistent with most survey
results.®’ Considering that human serum
calcium levels play an important role in
the body, such as in the activity of nerves
and muscles, blood calcium should be
maintained at a stable concentration.
Although serum calcium is positively corre-
lated with bone mineral density, it does not
directly reflect calcium deficiency and bone
abnormality. Therefore, a single serum cal-
cium index is less sensitive in terms of
reflecting bone metabolism level.

Compared with previous studies, we
focused more on the correlation between
bone metabolism markers, especially
changes in bone metabolic markers,
among children with CMPA. Monitoring
changes in these indicators can help to iden-
tify the potential risk of allergies earlier.
However, there are still some limitations
in our study. First, the sample size in this
study was insufficient. Including more cases
can contribute to drawing more accurate
conclusions. Second, we did not include
information about daily sunlight exposure,
season, and dietary calcium intake.

To conclude, vitamin D levels in children
with CMPA were lower than those in
healthy children, and PTH was increased
at the same time, suggesting that osteoblas-
tic dysfunction and osteoclast hyperactivity
in children with CMPA are likely to result
in a reduction in peak bone mass. These
bone metabolism indicators, especially
serum 25(OH)D and PTH, may be more
sensitive in reflecting the status of bone
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metabolism among children with CMPA in
real-time, which can be used to monitor the
efficacy of vitamin D supplementation in
clinical settings. Appropriate substitution
of essential micronutrients in the diet of
children with CMPA could result in com-
plete resolution of the clinical symptoms of
osteopenia and rickets.
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