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Calcium and nutrients are transferred from mothers to fetuses or infants during pregnancy or lactation,
respectively, promoting metabolic changes in the mother, many uncharacterized. To evaluate these
changes, we undertook two parallel studies. In one we analyzed fourteen clinical cases of vertebral
fragility fractures, at or before three months after partum, in mothers who breastfed their infants. In
the other, we enrolled 79 additional pregnant subjects, some who chose to breastfeed and others who
did not, and analyzed changes in bone metabolic status starting between 34 and 36 weeks of gestation
and ending one month after partum. In the larger group, bone-resorbing and bone-forming parameters
such as serum TRACP5b and osteocalcin, respectively, significantly increased after partum. Among
parameters that changed after partum, serum PTH and the bone-resorbing markers serum TRACP5b
and urine NTX were significantly higher in mothers who only breastfed infants compared to mothers
who fed infants formula or a mix of both. However, bone-forming parameters were comparable
between breastfeeding and non-breast-feeding groups after partum, suggesting that elevated bone-
resorption occurs only in the breastfeeding group. Radiographic analysis after partum demonstrated
that no subject among the 79 analyzed showed vertebral fractures, even those who breastfed
exclusively. Among fracture cases analyzed, subjects exhibited significantly lower bone mineral density
than did non-fracture cases in breastfeeding-only subjects. We conclude that bone metabolic status
significantly changes over the period between pregnancy and post-partum lactation, and that low bone
mineral density seen in a small subset of breastfeeding-only cases likely causes post-partum vertebral
fragility fractures.

Pregnancy and lactation alter skeletal metabolism in females!. During pregnancy, nutrients, in particular calcium,
are supplied to fetuses from mothers, and after birth, lactation continues to supply calcium to infants. Thus, moth-
ers must undergo increased calcium resorption from the intestine to satisfy infants’ needs, and osteoclastic bone
resorption as well as osteocyteic osteolysis are activated to enhance calcium supply'~, resulting in decreased bone
mass in women®. Case reports have described fragility fractures in maternal skeletons after partum'7-'". These
conditions are infrequent and pathophysiological mechanisms underlying them are unknown.

During pregnancy and lactation, hormonal changes can perturb skeletal homeostasis. Serum levels of para-
thyroid hormone (PTH) or parathyroid-related protein (PTHrP) reportedly increase during lactation’. Elevated
PTH levels promote osteoclast differentiation and activation, followed by increases in serum calcium levels due to
activated osteoclastic bone-resorption, which in turn, reduces bone mass'>!3,

Women show well-documented declines in bone mass after menopause'. Estrogen deficiency due to the men-
opause activates osteoclastic bone resorption, leading to osteoporosis, which is frequently associated with bone
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Table 1. Characteristics of vertebral fracture patients after partum. “aAt the first visit. ®PALN, alendronate; MIN,
minodronate; PSL, prednisolone.

Age (years) 35.6+4.5 26-46
BMI (kg/m?) 20.8+3.1 16.1-32.8
total number of children post-partum | 1.56 £0.71 1-3

Table 2. Biological parameters in post-partum fracture patients.

fragility fractures'. Similarly, after partum, mothers are in a transient condition of “menopause”, which likely
alters bone metabolism. Osteoclasts reportedly express the estrogen receptor (ER), and either loss of estrogen or
lack of ER in osteoclasts activates bone resorption in these cells'®!”. These changes may occur not only in meno-
pausal but in pregnant or breastfeeding women.

Bone homeostasis is regulated by integrated activity of bone-resorbing osteoclasts and bone-forming osteo-
blasts'®, a process termed “coupling”'®. Increased bone-resorption activates bone-formation, and if unregulated
leads to reduced bone mass frequently seen in skeletal disorders such as postmenopausal osteoporosis'®". The
receptor activator of nuclear factor kappa B ligand (RANKL) plays a pivotal role in osteoclast differentiation
and activation®, and lack of either RANKL or its receptor RANK completely abrogates osteoclastogenesis®>%.
Interestingly, the RANKL-RANK system is also required for mammary gland development during lactation®,
and female mice lacking either RANKL or RANK can become pregnant but cannot lactate. Thus, osteoclast for-
mation and lactation are also considered coupled.

Materials and Methods

Subjects. Fracture subjects were female post-partum vertebral fracture patients aged 31-44 years at the first
visit, who had been referred to our hospital with fragility fracture(s) of unknown origin between February 2014
and July 2017.

A different group of subjects examined for bone turnover markers before and after partum were pregnant
females who had visited our hospital to give birth between February 2014 and April 2017. A total of 86 subjects
were invited to this study, written informed consent was obtained from all individual participants, and each
completed a self-reported questionnaire regarding past history and drug usage. Both fracture and non-fracture
participants were asked at their first visit to the hospital and at the first visit after partum, respectively, to describe
the way they fed their infants, such as through breastfeeding exclusively or use of formula, or mix of breast and
artificial milk. All fracture subjects continued to breastfeed exclusively until they experienced fractures. Seven
subjects were excluded due to refusal to undergo a follow-up examination, moving to another hospital or peri-
natal death, leaving 79 subjects enrolled. All subjects were Japanese women living in the Tokyo area. Both studies
were approved by an ethics committee at Keio University School of Medicine and were carried out in accordance
with clinical study guidelines.

Measurements. Height, body weight, and body mass index (BMI) calculated from body weight and height
data were assessed in all subjects. Sera and urine samples were collected from all subjects between 34 and 36
weeks of gestation and at one month after partum. Serum calcium (Ca), inorganic phosphorus (IP), creati-
nine, albumin, parathyroid hormone (PTH), TRACP5b and estradiol (E2) levels were assessed in all subjects.

SCIENTIFIC REPORTS |

(2019) 9:6787 | https://doi.org/10.1038/s41598-019-43049-1 2


https://doi.org/10.1038/s41598-019-43049-1

www.nature.com/scientificreports/

E2 (pg/ml) 25(0OH)D (ng/ml) 1,25(0OH),D; (pg/ml) PTH (pg/ml)
*kk 25 200 *kk - *
80000 | —==— NS —_— 80
20 |
60000 150 T 60
197 100 - 40 - T
40000 - 10 -
20000 5 50 7 i 20
0 — 0 0 0
pre post pre post pre post pre post
Prolactin (ng/ml) Ca (mg/dl) IP (mg/dl) Cr (mg/dl)
500 *hk *kk e Kkk
—_— 10 | e— 6 0.8 |  ———
400
8 A 0.6
300 6 N
200 '
4 2
100 - 2 0.27
0 ‘ 0 0 ‘ 0
pre post pre post pre post pre post

Figure 1. Changes in bone-related hormones and factors after childbirth. Sera were collected from a group of
79 pregnant subjects one month before (pre) and after (post) birth, and indicated parameters were analyzed
and compared between groups. Data represent mean levels of indicated parameters & SD (n=79; *p < 0.05,
*#%kp < 0.001, NS not significant). E2, estradiol; PTH, parathyroid hormone; IP, inorganic phosphorus; Cr,
creatinine.

TRACP5b (Nittobo, Fukushima, Japan) and uDPD (Quidel Corporation, San Diego, CA) were analyzed by
enzyme immunoassay (EIA). PTH (Roche diagnostics, Tokyo, Japan), osteocalcin (Roche), PINP (Roche), E2
(Roche), prolactin (Roche) and ucOC (Sekisui Medical, Tokyo, Japan) were analyzed by electrochemilumines-
cent immunoassay (ECLIA). BAP (Beckman Coulter, Pasadena, CA) and uNTX (Alere Medical Co., Ltd, Tokyo,
Japan) were analyzed by chemiluminescent enzyme immunoassay (CLEIA) and ELISA, respectively. 25(OH)D
(DIAsource, Neuve, Belgium) was analyzed by radioimmunoassay. Bone metabolic parameters were examined
at the first visit in fracture patients, and one month before and one month after birth in the group of pregnant
subjects. Bone mineral density (BMD) was analyzed using a dual-energy X-ray absorptiometry (DEXA; GE
Healthcare, Amersham Place, Little Chalfont, Buckinghamshire HP7 9NA, England) at the first visit in fracture
patients, and one month after birth in pregnant subjects. Statistical analysis was undertaken using the unpaired
two-tailed Student’s or Welch’s ¢-test (*p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant). All data are shown
as means &= S.D.

Results

Case reports of clinical vertebral fractures after partum.  First, we evaluated 14 women showing clin-
ical vertebral fragility fractures that occurred within three months after childbirth. None of these subjects had
prior fracture histories before pregnancy. All patients were diagnosed with vertebral fractures at nearby hospitals
and then referred to our hospital, where they underwent biological and radiographic examination. Three were
excluded from the study, since they had been administered treatment for osteoporosis at least one year before
visiting our hospital. The remaining 11 were on average 35.1 (31-44) years old at the first visit to our out-patient
department (Table 1). Each had 1-8 (average 3.7) vertebral fragility fractures (Table 1), and all experienced severe
back pain within three months after partum (Table 1) in the absence of traumatic accidents. All patients fed their
infants breast milk exclusively. One patient took 10 mg prednisolone daily due to scleroderma and polymyosi-
tis, but the remaining subjects were free from disease and medications that might alter bone metabolic status.
Osteoporotic vertebral fractures most often occur at the thoracolumbar junction; however, fracture sites seen in
these patients after partum varied (Table 1). No cervical fractures were observed. Subjects exhibited bone mineral
density (BMD) lower than —1.0 SD in lumbar spine. These results suggest that vertebral fragility fractures seen in
these patients are likely due to low bone mass associated with metabolic changes associated with pregnancy and
lactation.
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Figure 2. Changes in bone-resorbing and bone-forming parameters before and after birth. Sera and urine were
corrected from pregnant subjects in the group of 79 one month before (pre) and after (post) birth, and levels of
indicated parameters were analyzed (a, bone-resorbing parameters; b, bone-forming parameters) and compared
between groups. Data represent mean levels of indicated parameters £ SD (n="79; **p <0.01, ***p < 0.001.).
TRACP5b, tartrate resistant acid phosphatase isoform 5b; uNTX, urinary type 1 collagen cross-linked
N-telopeptide; uDPD, urinary deoxypyridinolin; BAP, bone alkaline phosphatase; PINP, procollagen type 1
amino-terminal propeptide; ucOC, undercarboxylated osteocalcin.

Artificial milk/
Breastfeeding mixed pvalue
Age (years) 355+4.1 35.7+4.5 0.824
BMI (kg/m?) 21.0£3.6 20.6+£2.7 0.631
total number of children 1.6240.70 1.5140.73 0513
post-partum

Table 3. Characteristics of breastfeeding and artificial milk/mixed groups.

Changes in serum markers in non-fracture women before and after partum.  Next, we analyzed
changes in metabolic status in a different group of pregnant women (See Methods) during the period before and
after partum. To do so, we invited 86 pregnant women who had visited our hospital to give birth. Informed con-
sent was obtained from all, but 7 dropped out due to the requirement for a follow-up examination, relocation or
death of their infant. The remaining 79 were enrolled in our study, and we took serum and urine samples from
each subject between 34 and 36 weeks of gestation and after partum. We also undertook radiographic analysis
including X-ray images of whole spine and dual energy X-ray absorptiometry one month after partum.

Table 2 summarizes basic characteristics such as age, BMI before pregnancy, and number of other children
at the post-partum stage of this study. No subject had a history of disease or medication use that might affect
metabolic status. We then analyzed and compared serum and urine components in the 79 subjects before and
after partum (Figs 1-3). We initially found that estradiol (E2) levels significantly decreased after partum, with an
average 25,457 pg/ml pre-partum to 22 pg/ml post-partum, an approximately thousand-fold decrease (Fig. 1).
This decrease was much more significant than that seen in pre- versus post-menopausal women, which normally
go from ~174 pg/ml to <10 pg/ml*. This transient or temporary “menopause” after childbirth suggests that bone
metabolism likely acquires a high turnover status after birth comparable to that seen in post-menopausal osteo-
porosis patients.
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Figure 3. Metabolic parameters significantly changed following childbirth. Sera and urine were corrected
from pregnant subjects in the group of 79 one month before (pre) and after (post) birth and analyzed for levels
of indicated parameters (a, lipid parameters; b, glyco parameters; c, liver parameters). Levels were compared
between groups. Data represent mean levels of indicated parameters £ SD (n="79; *p < 0.05, ***p < 0.001,
NS not significant). Pentosidine levels were analyzed in urine, and others in sera. T-Cho, total cholesterol;
HDL, high density cholesterol; LDL, low density cholesterol; TG, triglyceride; HbA1lc, hemogloblin Alc; CPK,
creatine phosphokinase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; Alb, albumin; LDH,
lactate dehydrogenase.

Vitamin D also alters bone metabolism?; however, prior to birth, Vitamin D (25(OH)D) levels in the 79 sub-
jects were lower than sufficient (20 ng/ml) and did not change significantly after partum (Fig. 1). However, levels
of 1,25(0H),D3 an active form of vitamin D3, were significantly down-regulated after partum (Fig. 1). Vitamin
D levels are also reportedly inversely correlated with PTH levels'**. Indeed, we observed low 1,25(OH),D3 and
increased PTH after birth in our subjects (Fig. 1). Levels of the hormone, prolactin, which promotes breast milk
secretion, significantly decreased at one month after partum (Fig. 1). Finally, levels of serum calcium (Ca), phos-
phorus (P) and creatinine (Cr) significantly increased after partum (Fig. 1).
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Figure 4. PTH levels significantly increase in breastfeeding-only cases. Sera were corrected from a group of

79 post-partum subjects, which were then subdivided into those who either breastfed only (BF) or fed their
infants artificial milk or a mix of both (Milk) for one month after partum. Indicated parameters were analyzed
and compared between groups. Data represent mean levels of indicated parameters =+ SD (n =34 for BE n=45
for Milk; *p < 0.05, NS not significant). E2, estradiol; PTH, parathyroid hormone; IP, inorganic phosphorus; Cr,
creatinine.

Post-partum women exhibit high bone turnover status. Next, we analyzed changes in bone meta-
bolic status after childbirth in the group of 79 pregnant subjects (Fig. 2). Bone resorption markers such as serum
tartrate resistance acid phosphatase 5b (TRACP5b), an osteoclast marker, and urinary deoxypyridinolin (uDPD),
a type 1 collagen cross-linking protein, were both significantly elevated (Fig. 2a). However, other bone resorp-
tion markers including urinary type 1 collagen cross-linked N-telopeptides (uNTX) and urinary hydroxylpro-
line, a collagen-specific amino acid released from bone matrix by osteoclast bone resorption, were significantly
decreased in post-partum women (Fig. 2a).

Moreover, bone-forming parameters, namely bone alkaline phosphatase (BAP), a bone specific isoform,
pro-collagen type 1 amino-terminal propeptide (P1NP), which is cleaved from pro-collagen and released into
the circulation during bone formation, and osteocalcin and uncarboxylated osteocalcin (ucOC), both produced
by osteoblasts, significantly increased after partum (Fig. 2b). Thus, although uNTX and hydroxylproline levels
decreased, we conclude that overall bone metabolic status in these subjects reflected high turnover, comparable
to that seen in post-menopausal osteoporosis patients.

Other metabolic changes seen in women after partum. Hyperlipidemia is frequently seen in the
patients with post-menopausal osteoporosis®. Since post-partum women exhibited metabolic changes similar
to those seen in post-menopausal patients, we analyzed lipid status after birth in the group of 79 pregnant sub-
jects. Unlike post-menopausal osteoporosis patients, however, total cholesterol (T-Cho), low- and high-density
lipoprotein cholesterol (LDL and HDL), and triglycerides (TG) decreased significantly after partum (Fig. 3a).
Moreover, levels of hemoglobin Alc (HbAlc), a glyco-metabolic marker, and homocystein, a methionine metab-
olite, decreased and increased, respectively, following birth in these subjects. (Fig. 3b). Levels of pentosidine,
which marks advanced glycation end products (AGEs), and creatine kinase (CPK), an enzyme expressed in mus-
cle and brain, were comparable before and after birth (Fig. 3b). Finally, aspartate transaminase (AST) and alanine
transaminase (ALT), both liver enzymes, and albumin (Alb) increased significantly, while lactate dehydrogenase
(LDH), which catalyzes lactate conversion to pyruvate, was unchanged before and after birth (Fig. 3¢).
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Figure 5. TRACP5b and uNTX levels significantly increase but bone-forming parameters are unchanged

by lactation. Sera and urine were collected post-partum from 79 subjects who had been subdivided into

two groups: those who either fed infants solely on breastmilk (BF) or those who fed their infants artificial
milk or a mix of both (Milk) for one month after partum. Levels of indicated parameters were analyzed (a)
bone-resorbing parameters; (b) bone-forming parameters) and compared between groups. Data represent
mean levels of indicated parameters &= SD (n = 34 for BF, n=45 for Milk; **p < 0.01, NS not significant).
TRACPS5D, tartrate resistant acid phosphatase 5b; uNTX, urinary type 1 collagen cross-linked N-telopeptide;
uDPD, urinary deoxypyridinolin; BAP, bone alkaline phosphatase; P1INP, procollagen type 1 amino-terminal
propeptide; ucOC, undercarboxylated osteocalcin.

Lactation promotes bone-resorption but not bone-formation. Lactation reportedly promotes cal-
cium mobilization to infants and may promote decreased bone mass due to bone-resorption!. Among the 14 frac-
ture subjects analyzed in our study, all fed their infants solely by breast milk. Among the 79 other subjects, 34 fed
infants solely by breast milk, 4 by formula only, and the remaining 41 fed a mix of both. Therefore, we subdivided
the group of 79 into two groups: a breastfeeding-only group (BE, n = 34) and a group comprised of mothers who
fed their infants formula only or a mix of both (Milk, n =45). There were no significant age or BMI differences
between groups (Table 3). Between groups, only five parameters—PTH, TRACP5b, uNTX, TG and HDL lev-
els—significantly differed among 41 analyzed (Figs 4-6). PTH is reportedly elevated during lactation to increase
calcium levels', thus, this result was anticipated. Coupled bone-resorption (marked by TRACP5b and uNTX) and
bone-formation are regulated in parallel, and post-menopausal osteoporosis patients exhibit activation of both!s.
Increased TRACP5b and uNTX in the breastfeeding group likely represents stimulation of bone-resorption in
this group; however, all bone-forming parameters were equivalent between groups Fig. 5), suggesting uncoupling
of bone-resorption and bone-formation. HDL and TG significantly increased and decreased, respectively, but
levels of other lipid, glyco and hepatic parameters were equivalent between groups (Fig. 6). Moreover, bone min-
eral density (BMD) in both the lumbar spine and femoral neck was comparable between groups (Fig. 7). BMD
was not significantly inversely associated with either TRACP5b or uNTX after partum (Table 4). Furthermore,
radiographic analysis revealed no evidence of vertebral fracture in any subject of the group of 79 at one month
after partum (data not shown).

Fracture subjects exhibit significantly low BMD.  Finally, we assessed potential causes of post-partum
vertebral fractures in the group of 14 fracture subjects. Since these subjects fed their infants breast milk only, we
compared various parameters between them and the larger group of 34 breastfeeding mothers in the larger group
who did not show vertebral fractures. Age and BMI did not differ between groups (Table 5). Initially, we observed
that BMD in lumbar spine and the femoral neck was significantly lower in fracture than non-fracture subjects
(Fig. 8). We then analyzed metabolites and other factors in subjects’ serum and urine. Since fracture subjects #3,
#5 and #10 had been treated with bisphosphonates (alendoronate and minodronate) before visiting our hospital,
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Figure 6. Most metabolic parameters are unchanged by lactation. Sera and urine were collected post-partum
from 79 subjects, who were further subdivided into those who fed infants solely on breastmilk (BF) or those
who fed infants artificial milk or a mix of both (Milk) for one month after partum. Samples were analyzed

for levels of indicated parameters (a, lipid parameters; (b) glyco parameters; (c) liver parameters). Data
represent mean levels of indicated parameters = SD (n =34 for BE, n=45 for Milk; *p < 0.05, **p < 0.01,

NS not significant). Pentosidine levels were analyzed in urine, and others were analyzed in sera. T-Cho, total
cholesterol; HDL, high density cholesterol; LDL, low density cholesterol; TG, triglyceride; HbA1c, hemogloblin
Alc; CPK, creatine phosphokinase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; Alb,
albumin; LDH, lactate dehydrogenase.

they were excluded from this study, leaving 11 subjects in the fracture group. We found that serum calcium and
E2 were significantly higher in fracture versus non-fracture subjects, while PTH levels were significantly lower
(Table 6). Phosphorus, albumin and creatinine levels were equivalent between groups (Table 6), and both groups
exhibited comparable but low vitamin D status (25(OH)D levels <20ng/ml) (Table 6). TG levels were comparable
between fracture and non-fracture groups (Table 6).

Analysis of levels of bone remodeling factors revealed that the fracture group exhibited significantly higher
TRACP5b, a bone-resorption factor, and lower osteocalcin, a bone-forming parameter, than did the non-fracture
group (Fig. 9). Levels of other bone-forming factors, namely ucOC, BAP and P1NP, as well as bone-resorption
parameters, uNTX, uDPD and uHydroxyproline, were comparable between groups (Fig. 9).
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Figure 7. Lactation does not decrease BMD. Bone mineral density (BMD) as analyzed by a DEXA scan of
lumbar spine (L2-4) and left and right femoral neck in 79 subjects subdivided into two groups: those who fed
infants solely on breastmilk (BF) and those who fed infants artificial milk or a mix of both (Milk). Levels were
compared at one month after partum between groups. Data represent mean levels of BMD =+ SD (n = 34 for BE,
n=45 for Milk; NS not significant).
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Figure 8. BMD is significantly lower in fracture versus non-fracture subjects under breastfeeding-only
conditions. Bone mineral density (BMD) was analyzed by a DEXA scan in lumbar spine (L2-4) and left and
right femoral neck in fracture (+) versus non-fracture (—) subjects at the first visit to our hospital or one month
after partum, respectively. Levels were compared between groups. Data represent mean levels of BMD =+ SD
(n=11 for fracture subjects, n = 34 for non-fracture subjects; ***p < 0.001).

BMD vs TRACP5b 0.156 0.092
BMD vs uNTX —0.092 0.604

Table 4. BMD is not inversely associated with either TRACP5b or uNTX after partum.

Age (years) 35.1+£35 354+4.1 0.783
BMI (kg/m?) 19.4+£2.2 21.0+3.6 0.167
Number of injured

vertebral bodies 37420 0+0 <0.001
total number of 1184040 | 1.62+0.70 0.056
children post-partum

Table 5. Characteristics of breastfeeding-only subjects with or without vertebral fractures.

Discussion

Pregnancy and lactation induce significant metabolic changes in the maternal skeleton. Initially, intestinal cal-
cium absorption is elevated by increased levels of active vitamin D3, 1,25(OH),D;, and PTH. If this is insufficient
to meet calcium demands, calcium is then mobilized from the maternal skeleton by either osteoclast activity
or osteocyteic osteolysis mechanisms, which in turn, cause reduced bone mass and in some rare cases fragility
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Fracture (+) Fracture (—) pvalue
Calcium 9.84+0.34 9.1+0.23 <0.001
Phosphorus 4.440.58 4.240.56 0.213
Albumin 4.6+£0.31 4.5+0.39 0.375
Creatinine 0.5740.09 0.57+0.08 0.972
25(0OH)D 18.8+4.6 16.7+4.5 0.392
PTH 29.6+17.3 46.6+14.7 0.009
E2 31.9+242 172+11.4 0.014
TG 108.9+103.6 107.14+58.3 0.944

Table 6. Biological parameters of breastfeeding-only subjects with or without vertebral fractures.

2 TRACP5b uNTX uHydroxyproline uDPD
(mu/dl) (nmoIBCE/mmol.CR) (umol/l) (nmoIBCE/mmol.CR)
= o, NS NS NS
1000 - 500 20
800 - 80 1 400 - 15 -
600 - 60 7 300 -
10 -
400 - 40 200 -
200 - 20 - 100 - >
0 - 0 - 0 - 0 -
fracture + - + - + - + -
b
BAP (ug/l) P1NP (ug/l) Osteocalcin (ng/ml) ucOC (ng/ml)
30 150 - 30 8 -
6 -
20 - 100 - 20
4 -
10 - 50 - 10 -
2 -
0 - 0 - 0 - 0 -
fracture + - + - + - + -

Figure 9. Fracture subjects show increased TRACP5b and decreased osteocalcin levels. Sera and urine were
corrected from post-partum subjects with or without vertebral fractures, as described in Fig. 8. All subjects
in both groups fed their infants breast milk exclusively. Levels of indicated parameters were analyzed. Data
represent mean levels of indicated parameters &= SD (n =11 for fracture subjects, n = 34 for non-fracture
subjects; **p < 0.01, ***p < 0.001, NS not significant).

fractures in mothers. Here, we evaluated 14 maternal fragility vertebral fracture cases marked by severe back
pain within three months after partum; all of those subjects had solely breastfed their infants. We then enrolled
79 additional pregnant subjects, some who eventually breastfed their infants and some who did not, and ana-
lyzed metabolic changes before and after partum. In the latter group, after partum, E2 levels drastically decreased
relative to those before partum, and differences in E2 levels occurring over these 3 months were approximately
100 times greater than those seen at menopause. Concomitantly, bone acquired a high turnover status, and
bone-resorption and bone-formation were activated in a manner seen in post-menopausal osteoporosis patients.
Among post-partum subjects in the group of 79, women who fed their infants solely by breastfeeding exhib-
ited activities indicative of uncoupled bone homeostasis, namely high osteoclast activity without accompanying
increased osteoblastic activity, relative to mothers who fed their infants only formula or a mix of both.

The other group of 14 subjects exhibiting fragility fractures showed significantly lower BMD than did
non-fracture subjects, even those who had breastfed their infants. Low vitamin D levels are reportedly associated
with fragility fractures in the elderly”-?. We also detected low vitamin D levels in our fragility fracture subjects
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pregnancy lactation Pre'EXiSting low bone mass
Metabolic change
mechanical stress

Figure 10. Schematic showing mechanisms underlying bone fragility or low-energy fractures due to pregnancy
and lactation. Fragility or low-energy fractures can occur in the maternal skeleton during pregnancy and
lactation via mechanisms shown. Fetal calcium is supplied from the maternal skeleton, promoting high bone
turnover due to a drastic drop in estrogen levels after partum. These outcomes promote osteoclast activity
without accompanying osteoblast activity and a loss in bone mass in breastfeeding-only conditions. Note that
low bone mass may exist before pregnancy, and a combination of bone metabolic changes and mechanical
stresses may also play a role in fragility or low-trauma fractures.

(Table 6). Low vitamin D activity in young females could be due to either avoidance of sun exposure or limited
food intake?. Vitamin D (25(OH)D) levels in mothers’ sera reportedly correlate positively with levels in sera of
newborns®®. Moreover, vitamin D levels in mothers’ breast milk have also been demonstrated to be positively
correlated with those in mothers’ sera®!, and our subjects exhibited low vitamin D status (Table 6). Based on all of
these findings, we recommend monitoring vitamin D status of mothers and infants. Nonetheless, low vitamin D
status levels were comparable between fracture and non-fracture subjects (Table 6).

Menopause is a well-known risk for osteoporosis in the elderly, and a transient menopausal state is normally
seen in women after partum. Menopausal estrogen deficiency promotes osteoclast activation. Here, we observed
~100 times greater E2 levels in young subjects before partum than in normal pre-menopausal females, and these
levels fell to those normally seen in post-menopausal female after partum in a very short period (Fig. 1). Estrogen
maintains bone mass by acting as an osteoclast-inhibiting hormone, and thus, more significant estrogen loss seen
after partum than that due to menopause may promote greater osteoclast activation, leading to bone loss. Indeed,
we observed induction of bone status indicative of high turnover, with osteoclast activation after partum. The
physiological consequences of significant E2 decreases after partum are unclear, but resultant osteoclast activation
likely triggers calcium mobilization from maternal skeleton required for lactation, and this may cause bone loss
and fragility fractures as well.

In fracture subjects, fragility fractures were only seen in vertebrae (Table 1). Indeed, BMD reduction was
greater in lumbar spine than in the femur of fracture subjects (Fig. 8). But femoral BMD was also significantly
lower in fracture than non-fracture subjects (Fig. 8), suggesting that subjects could be at risk for other fragility
fractures such as hip fractures. Hip fractures most commonly occur due to falls in the elderly®?. In the current
study, subjects were younger and less likely to experience falls. Instead, mechanical loading of the maternal spine,
possibly due to carrying or holding babies, could constitute a mechanical stress associated with vertebral fra-
gility fractures. Osteoporosis prevalence, as diagnosed in the general population by low BMD in lumbar spine,
is reportedly lower than that seen in the femoral neck in both males and females*. However, 8 of 11 fracture
subjects analyzed exhibited lower BMD in lumbar spine than in the femoral neck (data not shown), suggesting
that pregnancy and/or lactation decrease BMD in vertebral bones, which are rich in cancellous bone relative to
femoral necks, which are cortical bone-rich areas. Thus osteoclasts likely tend to resorb bone more efficiently
from cancellous than cortical bones.

Subjects who exclusively breastfed exhibited evidence of uncoupled bone-resorption and bone-formation
(Fig. 5). At present, how maternal uncoupled bone status is regulated is unclear. Interestingly, among
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bone-resorption parameters, TRACP5b was elevated in subjects who showed fractures, but levels of uNTX,
uDPD and uHydroxyproline, all products of collagen degradation accompanying bone-resorption, were not
(Fig. 9), suggesting that collagens are not degraded during lactation. Thus, TRACP5Db elevation mediated calcium
resorption and mobilization calcium but apparently did not alter collagen in the maternal skeleton.

Our study has some limitations. Our subjects were not asked about nutritional status, including dietary vita-
min D and calcium intake. We also lack BMD data relevant to fracture or non-fracture subjects prior to initiation
of the study. Changes in bone metabolism seen after birth in breastfeeding subjects strongly suggest that high
bone turnover followed by uncoupled bone-resorption and lower BMD is brought on by pregnancy and lactation,
an idea supported by prospective studies**~>°. However, fracture subjects exhibited significantly lower BMD than
non-fracture subjects who had breastfed, suggesting that fracture subjects may have had low pre-existing BMD
such as idiopathic osteoporosis before pregnancy and that their vertebral fractures were brought on by metabolic
changes and mechanical stresses experienced during pregnancy and lactation. This conclusion is supported by
our present two studies. Nonetheless, further studies are needed to validate our results.

In summary, this paper shows overall that rare fragility fractures seen after partum may emerge from a combi-
nation of factors, among them, calcium mobilization from the maternal skeleton to the fetus, high bone turnover
due to marked estrogen decreases after childbirth, lactation-dependent uncoupling of osteoclast from osteoblast
activity, pre-existing low bone mass, or a combination of metabolic changes and mechanical stresses (Fig. 10).
Thus, BMD examinations are recommended for young women of child-bearing age.

Conclusions

In the current study, we assessed fourteen fragility vertebral fracture cases after partum. We also enrolled an
additional 79 pregnant females, some who later breastfed and others who did not, and analyzed their serum and
urinary parameters approximately one month before and after partum. In the latter group of 79, serum estra-
diol levels dramatically decreased after partum, and high bone turnover, as reflected by both bone-resorbing
and -forming parameters, was seen relative to pre-partum conditions. However, none of the 79 subjects showed
radiographic evidence of vertebral fractures after partum. By contrast, among the 14 fragility fracture cases, all of
whom breastfed their infants, bone mineral density (BMD) was significantly lower than that seen in non-fracture,
breastfeeding-only subjects in the group of 79. Bone-resorption increased but bone-formation did not in
breastfeeding-only subjects compared with subjects who fed their infants formula, artificial milk, or a mix of the
two. Taken together, this work shows that bones acquire high turnover status after partum, and that low BMD
resulting from metabolic changes due to breastfeeding combined with mechanical stress likely causes fragility
fractures after partum in a small subset of pregnant women. Thus, checking BMD before planning a pregnancy
is reccommended for women and this should be advised by physicians who are dealing with fracture patients, or
obstetricians and gynecologists who are advising young female patients who are thinking of a pregnancy.

References

1. Kovacs, C. S. & Ralston, S. H. Presentation and management of osteoporosis presenting in association with pregnancy or lactation.
Osteoporos Int 26, 2223-2241, https://doi.org/10.1007/s00198-015-3149-3 (2015).

2. Sanz-Salvador, L., Garcia-Perez, M. A., Tarin, J. ]. & Cano, A. Bone metabolic changes during pregnancy: a period of vulnerability to
osteoporosis and fracture. Eur ] Endocrinol 172, R53-65, https://doi.org/10.1530/EJE-14-0424 (2015).

3. Kovacs, C. S. & Kronenberg, H. M. Maternal-fetal calcium and bone metabolism during pregnancy, puerperium, and lactation.
Endocr Rev 18, 832-872, https://doi.org/10.1210/edrv.18.6.0319 (1997).

4. Kovacs, C. S. The Skeleton Is a Storehouse of Mineral That Is Plundered During Lactation and (Fully?) Replenished Afterwards. J
Bone Miner Res 32, 676-680, https://doi.org/10.1002/jbmr.3090 (2017).

5. Clarke, M. V. et al. A Role for the Calcitonin Receptor to Limit Bone Loss During Lactation in Female Mice by Inhibiting Osteocytic
Osteolysis. Endocrinology 156, 32033214, https://doi.org/10.1210/en.2015-1345 (2015).

6. Kurabayashi, T., Nagata, H., Takeyama, N., Matsushita, H. & Tanaka, K. Bone mineral density measurement in puerperal women as
a predictor of persistent osteopenia. ] Bone Miner Metab 27, 205-212, https://doi.org/10.1007/s00774-008-0028-4 (2009).

7. Lampropoulou-Adamidou, K., Trovas, G., Stathopoulos, 1. P. & Papaioannou, N. A. Case report: Teriparatide treatment in a case of
severe pregnancy -and lactation- associated osteoporosis. Hormones (Athens) 11, 495-500 (2012).

8. Raffaeta, G. et al. Osteoporosis with vertebral fractures associated with pregnancy: two case reports. Clin Cases Miner Bone Metab
11,136-138 (2014).

9. Nakamura, Y. et al. A case series of pregnancy- and lactation-associated osteoporosis and a review of the literature. Ther Clin Risk
Manag 11, 1361-1365, https://doi.org/10.2147/TCRM.S87274 (2015).

10. Hong, N., Kim, J. E., Lee, S. J., Kim, S. H. & Rhee, Y. Changes in bone mineral density and bone turnover markers during treatment
with teriparatide in pregnancy- and lactation-associated osteoporosis. Clin Endocrinol (Oxf), https://doi.org/10.1111/cen.13557
(2018).

11. Kyvernitakis, I, Reuter, T. C., Hellmeyer, L., Hars, O. & Hadji, P. Subsequent fracture risk of women with pregnancy and lactation-
associated osteoporosis after a median of 6 years of follow-up. Osteoporos Int 29, 135-142, https://doi.org/10.1007/s00198-017-4239-
1(2018).

12. Dobnig, H. & Turner, R. T. The effects of programmed administration of human parathyroid hormone fragment (1-34) on bone
histomorphometry and serum chemistry in rats. Endocrinology 138, 4607-4612, https://doi.org/10.1210/endo.138.11.5505 (1997).

13. Ma, Y. L. et al. Catabolic effects of continuous human PTH (1-38) in vivo is associated with sustained stimulation of RANKL and
inhibition of osteoprotegerin and gene-associated bone formation. Endocrinology 142, 4047-4054, https://doi.org/10.1210/
endo.142.9.8356 (2001).

14. Garnero, P, Sornay-Rendu, E., Chapuy, M. C. & Delmas, P. D. Increased bone turnover in late postmenopausal women is a major
determinant of osteoporosis. ] Bone Miner Res 11, 337-349, https://doi.org/10.1002/jbmr.5650110307 (1996).

15. Khosla, S. & Monroe, D. G. Regulation of Bone Metabolism by Sex Steroids. Cold Spring Harb Perspect Med 8, https://doi.
org/10.1101/cshperspect.a031211 (2018).

16. Nakamura, T. et al. Estrogen prevents bone loss via estrogen receptor alpha and induction of Fas ligand in osteoclasts. Cell 130,
811-823, https://doi.org/10.1016/j.cell.2007.07.025 (2007).

17. Miyauchi, Y. et al. HIF1alpha is required for osteoclast activation by estrogen deficiency in postmenopausal osteoporosis. Proc Natl
Acad Sci USA 110, 16568-16573, https://doi.org/10.1073/pnas.1308755110 (2013).

18. Rodan, G. A. Mechanical loading, estrogen deficiency, and the coupling of bone formation to bone resorption. ] Bone Miner Res 6,
527-530, https://doi.org/10.1002/jbmr.5650060602 (1991).

SCIENTIFICREPORTS| (2019) 9:6787 | https://doi.org/10.1038/s41598-019-43049-1 12


https://doi.org/10.1038/s41598-019-43049-1
https://doi.org/10.1007/s00198-015-3149-3
https://doi.org/10.1530/EJE-14-0424
https://doi.org/10.1210/edrv.18.6.0319
https://doi.org/10.1002/jbmr.3090
https://doi.org/10.1210/en.2015-1345
https://doi.org/10.1007/s00774-008-0028-4
https://doi.org/10.2147/TCRM.S87274
https://doi.org/10.1111/cen.13557
https://doi.org/10.1007/s00198-017-4239-1
https://doi.org/10.1007/s00198-017-4239-1
https://doi.org/10.1210/endo.138.11.5505
https://doi.org/10.1210/endo.142.9.8356
https://doi.org/10.1210/endo.142.9.8356
https://doi.org/10.1002/jbmr.5650110307
https://doi.org/10.1101/cshperspect.a031211
https://doi.org/10.1101/cshperspect.a031211
https://doi.org/10.1016/j.cell.2007.07.025
https://doi.org/10.1073/pnas.1308755110
https://doi.org/10.1002/jbmr.5650060602

www.nature.com/scientificreports/

19. Recker, R., Lappe, ., Davies, K. M. & Heaney, R. Bone remodeling increases substantially in the years after menopause and remains
increased in older osteoporosis patients. ] Bone Miner Res 19, 1628-1633, https://doi.org/10.1359/JBMR.040710 (2004).

20. Yasuda, H. et al. Osteoclast differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical
to TRANCE/RANKL. Proc Natl Acad Sci USA 95, 3597-3602 (1998).

21. Kong, Y. Y. et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte development and lymph-node organogenesis. Nature
397, 315-323, https://doi.org/10.1038/16852 (1999).

22. Dougall, W. C. et al. RANK is essential for osteoclast and lymph node development. Genes Dev 13, 2412-2424 (1999).

23. Fata, J. E. et al. The osteoclast differentiation factor osteoprotegerin-ligand is essential for mammary gland development. Cell 103,
41-50 (2000).

24. Miyamoto, T. et al. A serum metabolomics-based profile in low bone mineral density postmenopausal women. Bone 95, 1-4, https://
doi.org/10.1016/j.bone.2016.10.027 (2017).

25. Miyamoto, T. et al. Vitamin D Deficiency with High Intact PTH Levels is More Common in Younger than in Older Women: A Study
of Women Aged 39-64 Years. Keio ] Med 65, 33-38, https://doi.org/10.2302/kjm.2015-0010-OA (2016).

26. Silverman, S. L. et al. Efficacy of bazedoxifene in reducing new vertebral fracture risk in postmenopausal women with osteoporosis:
results from a 3-year, randomized, placebo-, and active-controlled clinical trial. ] Bone Miner Res 23, 1923-1934, https://doi.
org/10.1359/jbmr.080710 (2008).

27. Sakuma, M. et al. Vitamin D and intact PTH status in patients with hip fracture. Osteoporos Int 17, 1608-1614, https://doi.
0rg/10.1007/s00198-006-0167-1 (2006).

28. Sakuma, M., Endo, N. & Oinuma, T. Serum 25-OHD insufficiency as a risk factor for hip fracture. ] Bone Miner Metab 25, 147-150,
https://doi.org/10.1007/s00774-007-0749-9 (2007).

29. LeBoff, M. S. et al. Occult vitamin D deficiency in postmenopausal US women with acute hip fracture. JAMA 281, 1505-1511
(1999).

30. Kassai, M. S., Cafeo, E. R., Affonso-Kaufman, F. A., Suano-Souza, E L. & Sarni, R. O. S. Vitamin D plasma concentrations in pregnant
women and their preterm newborns. BMC Pregnancy Childbirth 18, 412, https://doi.org/10.1186/512884-018-2045-1 (2018).

31. vieth Streym, S. et al. Vitamin D content in human breast milk: a 9-mo follow-up study. Am J Clin Nutr 103, 107-114, https://doi.
org/10.3945/ajcn.115.115105 (2016).

32. Slemenda, C. Prevention of hip fractures: risk factor modification. Am J Med 103, 65S-71S; discussion 715-73S (1997).

33. Yoshimura, N. ef al. Prevalence of knee osteoarthritis, lumbar spondylosis, and osteoporosis in Japanese men and women: the
research on osteoarthritis/osteoporosis against disability study. J Bone Miner Metab 27, 620-628, https://doi.org/10.1007/s00774-
009-0080-8 (2009).

34. Honda, A. et al. Lumbar bone mineral density changes during pregnancy and lactation. Int ] Gynaecol Obstet 63, 253-258 (1998).

35. Kaur, M. et al. Longitudinal changes in bone mineral density during normal pregnancy. Bone 32, 449-454 (2003).

36. Moller, U. K., Vieth Streym, S., Mosekilde, L. & Rejnmark, L. Changes in bone mineral density and body composition during
pregnancy and postpartum. A controlled cohort study. Osteoporos Int 23, 1213-1223, https://doi.org/10.1007/s00198-011-1654-6
(2012).

Acknowledgements

T. Miyamoto was supported by a grant-in-aid for Scientific Research in Japan and a grant from the Japan Agency
for Medical Research and Development. Y. Sato and K. Miyamoto were supported by a grant-in-aid for Scientific
Research in Japan. This study was supported in part by a grant-in-aid for Scientific Research, a grant from the
Translational Research Network Program and Teijin Pharma foundation.

Author Contributions

T.M., K.M. (Miyakoshi), Y.S., Y.K. and S.I. collected clinical samples and analyzed data. K.M. (Miyamoto) and
Y.N. performed statistical analysis. T.M. and K.M. (Miyakoshi). M.T., M.N. and M.M. designed this research. T.M.
wrote the manuscript with input from all authors.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:6787 | https://doi.org/10.1038/s41598-019-43049-1 13


https://doi.org/10.1038/s41598-019-43049-1
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1038/16852
https://doi.org/10.1016/j.bone.2016.10.027
https://doi.org/10.1016/j.bone.2016.10.027
https://doi.org/10.2302/kjm.2015-0010-OA
https://doi.org/10.1359/jbmr.080710
https://doi.org/10.1359/jbmr.080710
https://doi.org/10.1007/s00198-006-0167-1
https://doi.org/10.1007/s00198-006-0167-1
https://doi.org/10.1007/s00774-007-0749-9
https://doi.org/10.1186/s12884-018-2045-1
https://doi.org/10.3945/ajcn.115.115105
https://doi.org/10.3945/ajcn.115.115105
https://doi.org/10.1007/s00774-009-0080-8
https://doi.org/10.1007/s00774-009-0080-8
https://doi.org/10.1007/s00198-011-1654-6
http://creativecommons.org/licenses/by/4.0/

	Changes in bone metabolic profile associated with pregnancy or lactation

	Materials and Methods

	Subjects. 
	Measurements. 

	Results

	Case reports of clinical vertebral fractures after partum. 
	Changes in serum markers in non-fracture women before and after partum. 
	Post-partum women exhibit high bone turnover status. 
	Other metabolic changes seen in women after partum. 
	Lactation promotes bone-resorption but not bone-formation. 
	Fracture subjects exhibit significantly low BMD. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Changes in bone-related hormones and factors after childbirth.
	Figure 2 Changes in bone-resorbing and bone-forming parameters before and after birth.
	Figure 3 Metabolic parameters significantly changed following childbirth.
	Figure 4 PTH levels significantly increase in breastfeeding-only cases.
	Figure 5 TRACP5b and uNTX levels significantly increase but bone-forming parameters are unchanged by lactation.
	Figure 6 Most metabolic parameters are unchanged by lactation.
	Figure 7 Lactation does not decrease BMD.
	Figure 8 BMD is significantly lower in fracture versus non-fracture subjects under breastfeeding-only conditions.
	Figure 9 Fracture subjects show increased TRACP5b and decreased osteocalcin levels.
	Figure 10 Schematic showing mechanisms underlying bone fragility or low-energy fractures due to pregnancy and lactation.
	Table 1 Characteristics of vertebral fracture patients after partum.
	Table 2 Biological parameters in post-partum fracture patients.
	Table 3 Characteristics of breastfeeding and artificial milk/mixed groups.
	Table 4 BMD is not inversely associated with either TRACP5b or uNTX after partum.
	Table 5 Characteristics of breastfeeding-only subjects with or without vertebral fractures.
	Table 6 Biological parameters of breastfeeding-only subjects with or without vertebral fractures.




