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Cholesterol is one of the essential intrauterine factors
required for fetal growth and development. Maternal high
cholesterol levels are known to be detrimental for offspring
health. However, its long-term effect on offspring skeletal
development remains to be elucidated. We performed our
studies in two strains of mice (C57BL6/J and Swiss Albino) and
human subjects (65 mother–female newborn dyads) to under-
stand the regulation of offspring skeletal growth by maternal
high cholesterol. We found that mice offspring from high-
cholesterol-fed dams had low birth weight, smaller body
length, and delayed skeletal ossification at the E18.5 embryonic
stage. Moreover, we observed that the offspring did not recover
from the reduced skeletal mass and exhibited a low bone mass
phenotype throughout their life. We attributed this effect to
reduced osteoblast cell activity with a concomitant increase in
the osteoclast cell population. Our investigation of the mo-
lecular mechanism revealed that offspring from high-
cholesterol-fed dams had a decrease in the expression of li-
gands and proteins involved in hedgehog signaling. Further,
our cross-sectional study of human subjects showed a signifi-
cant inverse correlation between maternal blood cholesterol
levels and cord blood bone formation markers. Moreover, the
bone formation markers were significantly lower in the female
newborns of hypercholesterolemic mothers compared with
mothers with normal cholesterolemic levels. Together, our
results suggest that maternal high cholesterol levels deleteri-
ously program offspring bone mass and bone quality and
downregulate the hedgehog signaling pathway in their
osteoblasts.

Cholesterol is an organic hydrophobic compound, and its
biosynthesis takes place in every nucleated cell in the body (1).
It maintains cell membranes’ structural integrity and fluidity
(2, 3). Cholesterol also acts as a precursor for bile salts and
several hormones (4). While it is indispensable for various
biological functions, elevated levels of total cholesterol in blood
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cause a pathological condition termed hypercholesterolemia (5,
6). Besides genetics, various lifestyle changes contribute to the
risk of developing hypercholesterolemia, the most important
being the high-cholesterol (HC) diet (7–10). Complications
associated with hypercholesterolemia include atherosclerotic
cardiovascular diseases, obesity, increased resistance to insulin,
hypertension, and osteoporosis (11, 12). Accumulating evidence
from various research outputs shows an association between
hypercholesterolemia and bone loss (13). Both animal and
clinical studies have shown that high serum cholesterol is linked
with reduced bone mineral density (BMD) and increased risk of
fractures (14–20). The risk of decline in bone mass is more
prominent in women than in men, particularly postmenopausal
women (21–23).

Intrauterine environment and maternal nutrition are the
crucial factors for fetal growth and development (24, 25). Any
constraints during the critical period of fetal development
may permanently alter the structure and function of the
growing fetus (26). Cholesterol is a major nutritional factor
that actively participates in fetal development through
indigenous synthesis and maternal transfer (27, 28). It has
been suggested that almost 20% of fetal cholesterol in the
embryo is derived from maternal placental cholesterol pools,
and this percentage is further higher in hypercholesterolemic
mothers (29). Given that cholesterol is a source of hormones
and its levels influence the placental supply of nutrients, hy-
percholesterolemia is detrimental to fetal development and
growth (30). Importantly, maternal hypercholesterolemia
predisposes individuals to a spectrum of metabolic and
degenerative diseases at later stages of life through fetal
programming (31, 32).

Even though cholesterol is indispensable for fetal develop-
ment and hypercholesterolemia is a potential risk factor for
osteoporosis, no study has evaluated the effect of maternal HC
diet on the development of the offspring’s skeleton. Moreover,
there is a lack of understanding of the cellular and molecular
mechanisms involved. Therefore, we investigated how
maternal HC diet may interfere with bone formation from
embryogenesis till adulthood of the offspring in a mice model.
Furthermore, to validate our animal study’s findings, we
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Maternal high cholesterol programs offspring’s bone mass
conducted a human cross-sectional study and correlated the
maternal levels of cholesterol with offspring’s cord blood bone
turnover markers in full-term pregnancies.
Results

Effect of HC diet on maternal weight gain, lipid profile, litter
size, and offspring’s skeletal development at E18.5 days in
C57BL6/J mice

Female C57BL6/J mice were plugged and maintained on
either Control (C) or HC diet throughout pregnancy and
lactation. No difference in dietary consumption was found
between the dams of C and HC groups (data not shown).
However, there was a reduction in weight gain in the HC dams
as compared with C dams during gestation (Fig. 1A).
Figure 1. Maternal HC diet causes poor embryonic skeletal development i
gain and (B) litter size. C, effect of maternal C and HC diet on newborn offsprin
alcian blue–stained images of (E) whole mount and skull ((F) dorsal side, (G) ve
18.5 days. J, fold change in skull length over C. Representative alizarin red an
length of (M) scapula and humerus over C. Representative alizarin red and alci
femur length over C. Representative alizarin red and alcian blue–stained image
group contains ≥6 animals. For alcian blue/alizarin red staining studies four l
represented as mean±SEM (*p < 0.05, **p < 0.01, ***p < 0.001). C, control; H
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Moreover, feeding the HC diet to the plugged mice increased
their serum and liver total cholesterol, triglycerides, and HDL-
and LDL-cholesterol both at birth and weaning of their pups
(Table S3). An increase in litter size was found in the HC
group compared with C, but the number of pups weaned in the
HC group was significantly lower than in C due to their poor
survival after birth (Fig. 1B). A decrease in body weight and
crown to rump length of the HC group newborn pups was
found (Fig. 1, C and D). E18.5-day embryos were stained with
alizarin red and alcian blue. As a cationic dye, alcian blue stains
cartilage and appears in blue, whereas, as an anionic dye,
alizarin red binds to calcium in bone and stains it red. After
staining, they showed a gross reduction in the total length and
mineralized bone in the HC group (Fig. 1E). Analysis of the
skull, a site of intramembranous ossification, showed a
n C57BL6/J mice. A, effect of C and HC diet on maternal gestational weight
g’s body weight and (D) body length at birth. Representative alizarin red and
ntral side, (H) lateral side, and (I) mandible) of C and HC group embryo at E
d alcian blue–stained (K) sternum and (L) fore limb images. Fold change in
an blue–stained (N) hind limb images. Fold change in (O) osteoid index and
s of (P) forepaw and (Q) hind paw. Scale bar as indicated in the images. Each
itters with a minimum of three animals per litter were analyzed. Data are
C, high cholesterol.



Maternal high cholesterol programs offspring’s bone mass
reduction in the HC offspring’s skull size compared with C
(Fig. 1, F–J). Moreover, HC group offspring’s skull also had
decreased mineralization in the dorsal (Fig. 1F), ventral
(Fig. 1G), and lateral regions (Fig. 1H) with premature cranial
sutures and smaller mandible (Fig. 1I) when compared with C
group offspring. Analysis of the endochondral ossification sites
showed a reduced calcification in the manubrium region and
the xiphoid process of the sternum in offspring of HC-fed
dams over control (Fig. 1K). Besides, the length and osteoid
index of humerus and femur were significantly decreased in
HC offspring compared with C (Fig. 1, L–O). Interestingly, a
review of the pattern of digit formation from both forelimb
and hind limb evidenced that they were incompletely derived
and differentiated in the HC group’s offspring compared with
C (Fig. 1, P and Q).
Figure 2. Maternal HC diet results in impaired bone mass acquisition in th
plan. B, representative reconstructed micro-computed tomography images of d
(G) MMI, (H) Conn.D, (I) Tb.Sp (mm), (J) Tb.Pf, and (K) SMI of both C and HC o
tomography image of proximal tibia (M) BMD (mg/cm3), (N) BV/TV (%), (O) Tb.T
(U) SMI of both C and HC offspring at 12 weeks age. The scale bar represents 2
mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). BMD, bone mineral density
HC, high cholesterol; MMI, mean moment of inertia; SMI, structural model inde
separation; Tb.Th, trabecular thickness.
Effect of maternal HC diet on cortical and trabecular bone
microarchitecture in C57BL6/J offspring at 12 weeks of age

We next investigated whether the HC group offspring
recover from the in utero decrease in skeletal mineralization
and development when grown on a C diet (Fig. 2A). As there
was high mortality in the offspring of the HC group, we could
only analyze their bones at 12 weeks of age. An increase in
body weight and a decrease in body length was observed in
both female and male HC group offspring compared with C
(Table S4). The trabecular microarchitecture of the femur
distal metaphysis and the tibia epiphysis was analyzed using
reconstructed 3D micro-computed tomography (μ-CT) data.
Femoral data of both gender offspring from HC showed sig-
nificant deterioration in their bone microarchitecture (Fig. 2B).
Furthermore, femur trabecular bone parameters, such as
e offspring of C57BL6/J mice. A, schematic representation of experimental
istal femur, (C) BMD (mg/cm3), (D) BV/TV (%), (E) Tb.Th (mm), (F) Tb.N (mm-1),
ffspring at 12 weeks age. (L) Representative reconstructed micro-computed
h (mm), (P) Tb.N (mm-1), (Q) MMI, (R) Conn.Dn, (S) Tb.Sp (mm), (T) Tb.Pf, and
50 μm for B and L. Each group contains ≥6 animals. Data are represented as
; BV/TV, bone volume/tissue volume; C, control; Conn.D, connection density;
x; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; Tb.Sp, trabecular
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Maternal high cholesterol programs offspring’s bone mass
BMD, bone volume/tissue volume (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N), mean moment of
inertia (MMI), and connection density (Conn.D), which are
directly proportional to bone quality, were significantly
decreased in the HC group (Fig. 2, C–H), whereas trabecular
parameters, such as trabecular separation (Tb.Sp), trabecular
pattern factor (Tb.Pf), and structure model index (SMI), which
are inversely related to bone quality, were significantly
increased in the offspring of the HC group compared with
control (Fig. 2,I–K). Similarly, data obtained from the cortical
bone at femur diaphysis revealed a significant decrease in the
positive indicators of bone quality, i.e., BMD, T.Ar (periosteal
area), T.Pm (periosteal perimeter), B.Ar (cortical mean cross-
sectional area), B.Pm (cortical bone perimeter), Cs.Th (cortical
thickness), and MMI, whereas porosity, a negative indicator of
bone quality, was significantly increased in both the genders of
HC offspring (Table S4).

Analysis of tibia epiphysis also revealed a gross decrease in
its trabecular microarchitecture (Fig. 2L), followed by a
decrease in BMD, BV/TV, Tb.Th, Tb.N, MMI, and Conn.D
(Fig. 2, M–R) and an increase in Tb.sp, Tb.Pf, and SMI (Fig. 2,
S–U) in both genders of HC offspring. Cortical data at tibia
diaphysis also showed a marked significant decrease in BMD,
T.Ar, T.Pm, B.Ar, B.Pm, Cs.Th, and MMI with an increase in
its porosity in offspring of the HC group of both gender
compared with control. (Table S4).

Effect of HC diet on maternal weight gain, lipid profile, litter
size, and offspring’s skeletal development at E18.5 days in
Swiss Albino mice

As there was a high mortality rate in maternal HC-fed
C57BL6/J mice pups, we shifted our experiments to Swiss Al-
binomice, known for better maternal care. Like C57BL6/J mice,
Swiss mice dams had no change in the dietary consumption
between the two groups during pregnancy, and HC group dams
gained less weight (Fig. 3A). Similarly, feeding HC diet to the
plugged Swiss Albino mice also increased their serum and liver
total cholesterol, triglycerides, and HDL- and LDL-cholesterol
at birth and weaning of their pups (Table S3). A significant
increase in litter size was observed in HC group compared with
C. In addition, Swiss Albino mice pups from the HC group
showed better survivability than C57BL6/J mice (Fig. 3B).
Similar to C57BL6/J, both birth weight and body length were
significantly reduced in the newborn offspring from HC-fed
dams (Fig. 3, C and D). Skeletal preparation from E18.5-day
embryos also showed similar results as C57BL6/J mice, where
overall mineralization and length of the skull, sternum, and long
bones of HC offspring were decreased compared with C
offspring (Fig. 3, E–P). Interestingly, here also, an incomplete
digital patterning of both forelimb and hind limb in the
offspring of HC group was observed (Fig. 3, Q and R).

Effect of maternal HC diet on the bone microarchitecture of
the Swiss Albino mice offspring at later ages

Swiss Albino mice pups from both the groups exposed to
either C or HC during pregnancy and lactation were weaned
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on a C diet and sacrificed at different stages of life, i.e., young
(6 weeks), adult (12 weeks), and late adult age (24 weeks)
(Fig. 4A). There was an increase in the body weight and a
decrease in the body length of the HC group offspring in all the
age groups and both the genders (Table S5). 3D μ-CT data
from the femoral trabecular region revealed that compared
with C, a significant bone microarchitectural deterioration was
observed in HC offspring, independent of their age and gender
(Fig. 4, B–D). Femur trabecular BMD, BV/TV (Fig. 4, E–J),
Tb.Th, Tb.N, MMI, and Conn.D (Table S5) were significantly
decreased, whereas Tb.Sp, Tb.Pf, and SMI were significantly
increased in the offspring of HC group. Analysis of cortical
bone at femur diaphysis revealed a significant decrease in the
BMD, T.Ar, T.Pm, B.Ar, B.Pm, Cs.Th, and MMI, whereas
porosity was significantly increased in both the genders of HC
offspring (Table S6).

Similar to the femur, tibia trabeculae of the HC group
offspring also showed significant deterioration in their bone
microarchitecture due to reduced BMD, BV/TV, Tb.Th, Tb.N,
MMI, and Conn.Dn with an increase in Tb.Sp, Tb.Pf, and SMI
in the HC group offspring compared with C (Fig. 4, K–S). Data
obtained from analysis of cortical bone at femur and tibia
diaphysis also revealed a consistent and significant decrease in
BMD, T.Ar, T.Pm, B.Ar, B.Pm, Cs.Th, and MMI with a
significantly increased porosity in both the genders of HC
offspring compared with control (Table S6).
Effect of maternal HC diet on the vertebral histology and bone
remodeling in the Swiss Albino mice offspring

Histological analysis was performed on lumbar vertebra 4
(LV4) of female offspring of 6, 12, and 24 weeks of age. Von
Kossa staining of sections revealed a significant decrease in HC
offspring’s BV/TV (Fig. 5A). Calcein double-labeling analysis
showed a reduction in mineral apposition rate and bone for-
mation rate per bone surface (BFR/BS) in HC group vertebra.
Further analysis revealed a significant decline in osteoblast
number per trabecular bone area (N.Ob/Tb.B.Ar), osteoblast
number per bone perimeter (N.Ob/B.Pm), and osteocyte
number per trabecular bone area (N.Os/Tb.B.Ar), whereas a
significant increase was observed in osteoclast surface/bone
surface (Oc.S/BS) and osteoclast number per trabecular bone
area (N.Oc/Tb.B.Ar) in HC group vertebra (Fig. 5B).

Next, a quantitative PCR (qPCR) analysis was performed
with the RNA isolated from the long bones of 24-week female
offspring. Key regulatory markers involved in bone formation
and resorption were investigated. We found a significant
decrease in the expression of osteogenic genes Runx2, Alp,
Col1a1, Atf4, Bmp2, and Osx in the HC group (Fig. 5C). Opg,
which protects bone from excessive resorption, was down-
regulated, and Rankl, which regulates and activates osteoclast
formation, was significantly upregulated in the HC group
(Fig. 5D). Furthermore, markers specific to osteoclasts and
bone resorption were significantly upregulated in the HC
group bones compared with the control (Fig. 5E). Alongside,
serum Pro-Collagen Type 1 N terminal propeptide (P1NP, a
bone formation marker) levels were significantly reduced



Figure 3. Maternal HC diet causes reduced embryonic skeletal development in Swiss Albino mice. A, effect of C and HC diet on maternal gestational
weight gain and (B) litter size. (C) effect of maternal C and HC diet on newborn offspring’s body weight and (D) body length at birth. Representative alizarin
red and alcian blue–stained images of (E) whole mount and skull ((F) dorsal side, (G) ventral side, (H) lateral side, and (I) mandible) of C and HC group embryo
at E 18.5 days. (J) fold change in skull length over C. Representative alizarin red and alcian blue–stained images of (K) sternum and fold change in (L) length
of sternum over C. (M) representative alizarin red and alcian blue–stained images of the forelimb. Fold change in (N) osteoid index and length of scapula and
humerus over C. (O) representative alizarin red and alcian blue–stained images of Hind limb. Fold change in (P) osteoid index and length of femur and tibia
over control. Representative alizarin red and alcian blue–stained images of (Q) forepaw and (R) hind paw. Scale bar as indicated in the images. Each group
contains ≥6 animals. Data are represented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). C, control; HC, high cholesterol.

Maternal high cholesterol programs offspring’s bone mass
(Fig. 5F), whereas C-Terminal type-1 collagen cross-links
(CTX), a bone resorption marker, were significantly
increased in HC group offspring (Fig. 5G).

Similar to mRNA, protein expression analysis from long
bones of 24-week female offspring showed a significant
decrease in the expression of Runx2, Atf4, and Bmp2 (Fig. 5,H
and I) in the HC group compared with C.
Effect of maternal HC diet on ex vivo cultured offspring’s bone
cells

Primary mouse calvarial osteoblasts (MCOBs) were cultured
from newborn pups of both C and HC-fed dams (Fig. 6A) to
evaluate the cellular and molecular changes that take place
during birth, responsible for their bone phenotype. We found a
significant decrease in cell proliferation, differentiation, and
mineralization in the MCOBs of the HC group compared with
C (Fig. 6, B–F). Further qPCR with the RNA isolated from
MCOBs displayed a significant decrease in osteoblast-specific
markers Runx2, Alp, Col1a1, Bmp2, Atf4, and Osx (Fig. 6, G
and H). Here also, Opg was significantly reduced, and Rankl
expression was significantly higher in the HC group (Fig. 6I).
In addition, Western blot analysis revealed a significant
decrease in the expression of Bmp2, Atf4, and Runx2 in HC
group MCOBs compared with C (Fig. 6, J and K).

Furthermore, we performed ex vivo bone marrow cell
(BMC) culture from C and HC offspring at 12 weeks of age
and evaluated their potential to differentiate toward osteoblast
and osteoclast (Fig. 6L). A significant decrease in differentia-
tion (Fig. 6M) and mineralization was found in both the
J. Biol. Chem. (2022) 298(9) 102324 5



Figure 4. Maternal HC diet deteriorates bone mass and causes growth retardation in Swiss Albino mice offspring. A, schematic representation of the
experimental plan. Representative micro-computed tomography images of the distal femur of offspring at (B) 6, (C) 12, and (D) 24 weeks of age. Femur BMD
(mg/cm3) and BV/TV (%) of (E and F) 6-week, (G and H) 12-week, and (I and J) 24-week-old offspring. Representative micro-computed tomography image of
the proximal tibia of offspring at (K) 6, (L) 12, and (M) 24 weeks of age. Femur BMD (mg/cm3) and BV/TV (%) of (N and O) 6-week, (P and Q) 12-week, and (R
and S) 24-week-old offspring. The scale bar represents 250 μm for B–D and 450 μm for K–M. Each group contains ≥6 animals. Data are represented as
mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). BMD, bone mineral density; BV/TV, bone volume/tissue volume; C, control; HC, high cholesterol.

Maternal high cholesterol programs offspring’s bone mass
genders of HC group offspring’s BMCs differentiated toward
osteoblasts (Fig. 6, N and O). Results from the ex vivo BMCs
differentiated toward osteoclast showed a significant increase
in the tartrate-resistant acid phosphatase (TRAP)-positive
multinucleated osteoclasts population in both genders of HC
group offspring compared with C (Fig. 6, P and Q). qPCR
analysis of osteoclast marker genes from the ex vivo cultured
osteoclast cells showed a significant increase in the expression
of Trap, Ctsk, and c-fos (Fig. 6R) in the HC group cells
compared with C.
Effect of maternal HC diet on hedgehog signaling in the
ex vivo cultured MCOBs and long bones of the offspring

As cholesterol acts as a posttranslational adduct of ligands
involved in hedgehog signaling, which are known to affect
skeletal development and maintenance, we next determined
the influence of maternal HC on hedgehog signaling in the
offspring’s bones. Western blotting was performed from the
MCOB’s protein harvested from C and HC groups (Fig. 7A).
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We found a significant decrease in the expression of both li-
gands, Indian hedgehog (Ihh) and sonic hedgehog (Shh) (Fig. 7,
B and C), in the HC group MCOBs. Moreover, the down-
stream signaling was also inhibited, evidenced by a reduction
in Smo phosphorylation and a decline in glioma-associated
oncogene transcription factor (Gli) levels (Fig. 7, D–F).

Furthermore, we assessed the expression levels of hedgehog
proteins from long bones of 24-week female offspring
(Fig. 7G). Similar to MCOBs results, a significant decrease in
Ihh and Shh, followed by a decrease in Smo phosphorylation,
and downregulation of Gli (Fig. 7, H–K) was observed in HC
group bones compared with C.
Effect of maternal hypercholesterolemia on biomarkers of
bone formation and resorption in cord blood of female
offspring at birth in human subjects

The mice study showed that increased maternal cholesterol
levels due to HC diet can modulate offspring’s bone mass. We
collected MB-CB pairs from normal term deliveries to analyze



Figure 5. Maternal HC diet decreases bone formation and increases bone resorption in Swiss Albino mice offspring. A, representative images of von
Kossa-stained sections of female offspring’s LV4 at 6, 12, and 24 weeks of age (the scale bar represents 500 μm). B, histomorphometric analysis of BV/TV,
MAR, BFR/BS, N.Ob/Tb.B.Ar, N.Ob/B.Pm, N.Os/Tb.B.Ar, Oc.S/BS, and N.Oc/Tb.B.Ar. C, relative transcript abundance in mRNA expression of osteoblast marker
genes Runx2, Alp, Col1a1, Atf4, Bmp2, and Osx, and (D) relative transcript abundance in mRNA expression of Opg and Rankl in the long bones of 24-week-old
female offspring. E, relative transcript abundance in mRNA expression of osteoclast marker genes Trap, Ctsk, and C-fosmRNA expression. F, serum P1NP and
(G) urinary CTX-1 levels in 24-week-old female and male offspring. H, Western blot analysis of Bmp2, Atf4, and Runx2 and (I) densitometric measurements
from the long bones of 24-week-old offspring. Each group contains ≥6 animals. Data are represented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
BFR/BS, bone formation rate per bone surface; BV/TV, bone volume/tissue volume; C, control; HC, high cholesterol; MAR, mineral apposition rate; N.Ob/B.Pm,
osteoblast number per bone perimeter; N.Ob/Tb.B.Ar, number of osteoblasts per trabecular bone area; N.Oc/Tb.B.Ar, number of osteoclasts per trabecular
bone area; N.Os/Tb.B.Ar, number of osteocytes per trabecular bone area; Oc.S/BS, osteoclast surface per bone surface.

Maternal high cholesterol programs offspring’s bone mass
whether similar regulation occurs in humans. Baseline clinical
characteristics of the subjects are mentioned in Table S7.
Maternal serum samples were subjected to lipid level analysis.
Based on maternal cholesterol levels, samples were classified
into three groups, i.e., normal cholesterol (160–200 mg/dl),
borderline cholesterol (200–240 mg/dl), and high cholesterol
>240 mg/dl. Furthermore, we analyzed bone turnover markers
from the serum of cord blood samples. Correlation analysis of
CB serum bone formation marker osteocalcin (OCN) showed
a significant inverse correlation with MB serum total choles-
terol (r = −0.34, p = 0.005), HDL-cholesterol (r = −0.27, p =
0.02), and LDL-cholesterol (r = −0.28, p = 0.028) levels,
whereas no correlation was found with triacylglycerol (Fig. 8,
A–D). Similar to OCN, P1NP (Fig. 8, E and H) also showed a
significant inverse correlation with MB total cholesterol
(r = −0.31, p = 0.014) and LDL-cholesterol (r = −0.30,
p = 0.014). However, CB–procollagen type 1-N terminal pro-
peptide (PINP) did not show any correlation with MB tri-
acylglycerol and HDL-cholesterol (Fig. 8, F and G).
Interestingly, correlation analysis with CB bone resorption
marker, CTX with MB lipids, had no statistical significance
(Fig. 8, I–L).

We next divided the MB-CB pairs into three groups:
normal cholesterol, borderline cholesterol, and hypercholes-
terolemic, according to maternal cholesterol levels (Table S7).
Analysis of CB-OCN, PINP, and CTX according to these
groups showed a significant decline in bone formation
markers (OCN and PINP) in borderline cholesterol and
hypercholesteremic when compared with normal cholesterol,
whereas no significant difference was found in CB-CTX levels
(Fig. 8, M–O).
Discussion

Maternal nutrition has marked implications on offspring’s
growth and development (33). Nutritional insults during
pregnancy and lactation alter both prenatal and postnatal
growth trajectories of offspring (34, 35). Research findings from
epidemiological data and community-based cohort studies have
shown (36, 37) long-term detrimental effects of high maternal
J. Biol. Chem. (2022) 298(9) 102324 7



Figure 6. Maternal HC diet decreases osteoblast cell function and enhances osteoclast differentiation in the offspring. A, schematic representation of
experimental plan for ex vivoMCOBs culture. B, fold change in proliferation by BrdU incorporation assay. C, ALP colorimetric assay expressed as ALP activity/
mg protein. D, ALP staining. E, alizarin red staining of mineralized calcium nodules and (F) its quantification by cetyl pyridinium chloride extraction method.
G, relative transcript abundance in mRNA expression of Runx2, Col1a1, Bmp2, Atf4, and Osx. H, relative transcript abundance in mRNA expression of Alp. I,
relative transcript abundance in mRNA expression of Opg and Rankl in ex vivo cultured MCOBs. J, Western blot analysis and (K) densitometric measurements
of Bmp2, Atf4, and Runx2 expression in ex vivo cultured MCOBs. L, schematic representation of experimental plan for ex vivo bone marrow cell culture. M,
ALP staining, (N) alizarin red staining of mineralized calcium nodules, and (O) quantification by cetyl pyridinium chloride extraction of BMCs differentiated
toward osteoblast. P, representative images of TRAP+ve multinucleated osteoclast cells of ex vivo cultured BMCs differentiated toward osteoclast (the scale
bar represents 100 μm). Q, number of multinucleated osteoclast cells/well, performed in 96-well plates. R, relative transcript abundance in mRNA expression
of osteoclast specific genes of ex vivo cultured BMCs differentiated toward osteoclast. Each experiment was repeated three times with a minimum of three
replicates each. Data are represented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). ALP, alkaline phosphatase; BMC, bone marrow cell; C, control; HC,
high cholesterol; MCOB, mouse calvarial osteoblast.

Maternal high cholesterol programs offspring’s bone mass
cholesterol on offspring’s phenotype (37, 38). Here, in this
study, we demonstrated how maternal HC diet regulates
offspring bone homeostasis. We used two strains of mice,
C57BL6/J and Swiss Albino, for the animal studies, as there was
a low survival of C57BL6/J pups due to poor maternal care in
the HC group. Moreover, we validated our results in human
subjects through a cross-sectional study in MB-CB dyads.

Studies show that disproportionate or high dietary intake
leads to improper placental ratios, which impair placental
supply capacity and increase oxidative stress on a growing
fetus. This results in reduced intrauterine growth rate, low
birth weight, and less survivability (39–43). Results from both
C57BL6/J and Swiss Albino mice showed a significant reduc-
tion in the weight gain during gestation in HC-fed dams
compared with control. Moreover, in both the mice strains the
HC group newborn’s body length and body weight were
reduced. Lipid comparison between various species has shown
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that humans, hamsters, and mice have closer lipid fingerprints.
Hamsters and mice have a closer cholesterol and triglycerides
profile with humans than other species (44). A major differ-
ence exists in terms of circulating HDL and LDL levels and
their metabolism. In humans, most of the cholesterol transport
occurs in the form of LDL-cholesterol, whereas in mice, it is in
the form of HDL-cholesterol. Another difference between
mice and humans is that mice can obtain more cholesterol
from their mothers during intrauterine growth, leading to the
survival of even cholesterol-free mice for the first few gener-
ations (45, 46). Reports also suggest that, through dietary and
genetic modifications, we can mimic the human pathophysi-
ology in mice and a shift from HDL to LDL, primarily through
a modified diet (46, 47). In our results also, we found that
normal diet–fed dams had higher HDL-cholesterol levels than
the LDL levels, but HC diet led to a pronounced increase in the
LDL-cholesterol levels.



Figure 7. Maternal HC diet negatively regulates hedgehog signaling in offspring’s bones. A, schematic representation of experimental plan for ex vivo
mouse calvarial osteoblast culture studies. Western blot analysis of (B) Ihh and Shh from ex vivo cultured mouse calvarial osteoblasts and their (C)
densitometric measurements. Western blot analysis of (D) Gli, Smo, and p-Smo. Densitometric analysis of (E) p-Smo/Smo ratio and (F) Gli. (G) schematic
representation of the experimental design for protein expression from long bones of 24-week-old female offspring. H, Western blot analysis of Ihh, Shh, Gli,
Smo, and p- Smo. I, densitometric analysis of Ihh, Shh, (J) Gli, and (K) p-Smo/Smo ratio. The β-actin (lower) for 7H is same β-actin shown in Figure 5H because
Ihh and Shh proteins were blotted from the same gel. Each experiment was repeated 3 times with a minimum of three replicates each. Data are represented
as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001). C, control; HC, high cholesterol.
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Interestingly, there was an increase in the litter size of HC
dams. However, the pups in the HC group of C57BL6/J
showed a very low survival after birth till weaning due to
cannibalism of newborn pups. This might be because maternal
high cholesterol levels are known to cause hypertension
leading to poor maternal care and cannibalism (48). The pups’
survival was better in the Swiss Albino mice as they have good
maternal instincts. Further analysis of the offspring’s in utero
skeletal development at E18.5 revealed intrauterine growth
restriction and delayed ossification at both intramembranous
and endochondral ossification sites in the HC group in both
the strains of mice. Uterine crowding, a factor raised because
of increased litter size and competition for nutrients with a
depletion in placental nutrient shipment, might be a possible
factor for reduced skeletal size in progeny (49). Moreover,
maternal high cholesterol majorly exerts increased oxidative
stress. It also causes changes in vascular reactivity that in-
terrupts the supply of oxygen and nutrients to the fetus by
placental transport (50, 51), which may lead to intrauterine
growth restriction. We also observed an improper limb
patterning and fusion of digits d4 and d5 in both fore and hind
limbs of HC group offspring from both mice strains. This may
be due to the HC levels that might have affected the limb bud
formation and digit patterning during embryonic development
by downregulating the genes and morphogens that are
involved in limb bud and digit formation.

Adverse prenatal events may perturb postnatal growth rates
(52). Furthermore, nutritional insults during the critical in
utero development can permanently affect the bone mass
(53, 54). Some reports also suggest that intrauterine growth
restriction observed at the time of birth can reverse at later
ages due to catch-up growth (55–57). We investigated what
effect would occur in HC group offspring’s skeleton if switched
to C diet at weaning. For that, the mice exposed to HC diet for
gestation and lactation were transferred to the control diet at
weaning and were maintained until they reached 6, 12, and
24 weeks of age. These age groups were selected to study the
effect of maternal HC on offspring’s bone health at various
stages of their life (young, adult, and late adult). We found that
the HC group offspring of both the genders and at all ages,
failed to recover even after switching to control diet at
weaning. A reduction in both bone mass and bone quality, in
both genders and at all the ages, was observed in maternal HC
group offspring when compared with C. Even the linear
growth of the HC group offspring was impaired. Together,
these results suggested that the maternal HC results in a
permanent and nonreversible skeletal impairment in the
offspring.

Bone remodeling is a dynamic process involving both bone
formation and resorption. Low bone mass disorders like
osteoporosis can occur either by compromised bone forma-
tion, enhanced bone erosion, or both. To comprehend which
of the two processes were affected in HC group offspring,
histology of female offspring’s LV4 was performed. We found a
reduction in BV/TV in the vertebra at all the age groups in the
HC group offspring. The decreased bone mass resulted from
the reduced bone formation (due to a decline in the osteoblast
cells) and increased bone-resorbing osteoclast cells. qPCR
J. Biol. Chem. (2022) 298(9) 102324 9



Figure 8. Maternal hypercholesterolemia results in reduced levels of bone formation markers in the newborn offspring of human subjects.
Correlation studies between CB-OCN and MB- (A) total cholesterol, (B) TAG, (C) HDL-cholesterol, and (D) LDL-cholesterol. Correlation studies between CB-
PINP and MB- (E) total cholesterol, (F) TAG, (G) HDL-cholesterol, and (H) LDL-cholesterol. Correlation studies between CB-CTX and MB- (I) total cholesterol,
(J) TAG, (K) HDL-cholesterol, and (L) LDL-cholesterol. Pearson’s r-value and “p” values are shown in the graph, the number of XY pairs (n) = 65. CB bone
formation markers plot for (M) OCN and (N) P1NP and CB bone resorption marker (O) CTX plot from the newborns born to mothers with normal blood
cholesterol (NLC), borderline blood cholesterol (BLC), and hypercholesterolemia (HLC). Significance between groups was determined by one-way ANOVA
followed by Tukey’s post hoc test. Data are represented as mean ± SD (*p < 0.05, **p < 0.01). CB, cord blood; CTX, C-terminal type-1 collagen cross-links;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MB, maternal blood; OCN, osteocalcin; PINP, procollagen type 1-N terminal propeptide; TAG,
triacylglycerol.
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analysis from the long bones also showed a decrease in
osteoblast-specific markers with a concomitant increase in
osteoclast-specific markers. Further analysis of serum bone
turnover markers P1NP and CTX complemented these results.
Data from the Western blotting also showed a significant
decrease in the expression of genes essential for osteoblast
maturation in HC group bones. These results were also
complemented by the ex vivo cell culture experiments and
provided evidence of a cell-autonomous effect. Ex vivo culture
of MCOBs from newborn offspring showed a reduced osteo-
blast activity and associated marker genes expression. More-
over, the reduction in osteoprogenitor functions was seen even
in the adult BMCs of HC group offspring. Osteoprotegerin
(OPG) and receptor activator of nuclear factor of kappa-B
ligand (RANKL) are factors produced by osteoblast and are
important for osteoclast maturation. Higher levels of RANKL
and low levels of OPG indicate osteoclast formation (58).
mRNA levels showed reduced OPG and enhanced RANKL
10 J. Biol. Chem. (2022) 298(9) 102324
expression in HC group MCOs and bones compared with
control. Consequently, ex vivo BMC experiments from the
offspring showed increased osteoclastogenesis in the HC
group. Together, these data provided evidence that offspring
from the HC group failed to attain peak bone mass due to
reduced osteoblast function and increased osteoclast activity.

Cholesterol is a crucial modulator of the hedgehog signaling
pathway (59), vital for regulating various developmental events
from embryonic stages (60). Reports suggest that its role is
indispensable in bone metabolism from fetal stages till adult-
hood (61, 62). Ihh promotes osteogenesis in conjunction with
bone morphogenic proteins (63, 64). During endochondral
ossification, Ihh is essential for osteoblast differentiation from
perichondral progenitor cells (65, 66). Shh, another
morphogen, is elemental in patterning of limb buds, skeleton,
and digit from the early stages of embryonic limb development
(67). The progenitor cells that receive paracrine effects of Shh
contribute to digit formation of d2, d3, d4, and d5 (64, 68). Gli
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is another critical factor for limb bud formation (69). Any
mutations or improper regulation of hedgehog signaling leads
to abnormal digit identity or truncation in limb bud formation
(59, 64). We investigated the effect of maternal HC on mor-
phogens and proteins of the hedgehog signaling pathway in
ex vivo cultured MCOBs and adult long bones of the offspring.
Our results found a decrease in the expression of both Ihh and
Shh in MCOBs and adult mice bones of HC group offspring.
The reduced expression of Ihh and Shh was accompanied by
downregulation of downstream hedgehog signaling (Gli
expression and Smo phosphorylation). The reduced expression
of Bmp2 and Runx2 (the master regulator of osteoblast dif-
ferentiation) in both ex vivo cultured MCOBs and adult long
bones of HC group offspring can be explained by these results,
as hedgehog signaling is a known modulator of their expres-
sion (70–73). Although these results indicate a possible role of
hedgehog signaling in the bone phenotype of the HC offspring,
it is still unclear whether the downregulation of the signaling is
causative or correlative to the decreased bone mass. Further
research in this direction is required to better understand the
mechanism of this phenomenon.

A systematic, integrated study of bone microarchitecture
with bone turnover markers has great potential in the early
assessment of bone development and fracture risk (74). Bone
turnover markers are highly specific and act as surrogates to
monitor the changes in bone mass during pregnancy (75). To
validate our in vivo data in human subjects, we collected MB-
CB pairs from normal, borderline cholesterol, and hyper-
cholesteremic mothers at the time of delivery and compared
their MB cholesterol levels with CB bone turnover markers.
Our correlation analysis and linear regression assessment in
healthy female newborns showed a significant inverse corre-
lation between bone formation marker OCN and maternal
total cholesterol, LDL-cholesterol, and HDL-cholesterol levels.
Similarly, P1NP, another bone formation marker, also showed
a significant inverse correlation with maternal cholesterol and
LDL-cholesterol levels. At the same time, no statistically sig-
nificant correlation was observed with bone resorption marker
CTX. We also found a significantly lower level of bone for-
mation markers in the offspring CB born to hypercholester-
olemic mothers when compared with the CB of normal
mother’s offspring. However, no significant difference was
found in CTX between the groups. No change in CTX might
be due to the fact that, at birth, there is more bone formation
than bone resorption (76) and the difference may start to
appear at later stages. Therefore, in the future, longitudinal
studies following the offspring’s bone turnover markers or
BMD at different life milestones would be required to shed
more light on the phenomenon.

In conclusion, maternal exposure to HC diet during preg-
nancy in mice leads to intrauterine delay in skeletal growth.
Maternal HC diet during pregnancy and lactation in mice also
causes a permanent impairment of bone growth with no re-
covery at different stages of life, even when the offspring is
switched to a regular diet. Maternal HC diet interferes with the
mechanisms of bone remodeling by inhibiting bone formation
and enhancing bone resorption. In MCOBs and adult mice
bones, the effect seems to be through the inhibition of
hedgehog signaling, which is vital for bone formation. Studies
in the human CB-MB pair provided direct evidence that
maternal high cholesterol levels are inversely associated with
bone formation in newborn offspring. Together, our study
confirms that maternal HC diet causes nonreversible deroga-
tory changes in offspring’s skeleton and downregulates
hedgehog signaling components in their bones.

Experimental procedures

Reagents and chemicals

Cell culture media and necessary supplements, cholesterol,
Alizarin S-red, calcein, leucocyte alkaline staining kit, and
bromodeoxyuridine (BrdU) cell proliferation kit were obtained
from Sigma and Invitrogen. Antibodies were procured from
CST, Abcam, and Santa Cruz technology. Cholesterol, Tri-
acylglycerol, HDL-cholesterol, and LDL-cholesterol estimation
kits were obtained from Abcam. Osteocalcin estimation kit
was obtained from Ray Biotech. P1NP (Pro-collagen Type 1 N
terminal propeptide) and CTX (C-Terminal type-1 collagen
cross-links) were procured from Elab sciences. Other fine
chemicals such as p-nitrophenyl phosphate and MTT were
procured from SRL.

Animals and diets

Adult C57BL6/J mice and Swiss Albino mice were inducted
into our study after obtaining prior approval from the Insti-
tutional animal ethical committee (IAEC No: CFT/IAEC/29/
2015). Plugged mice were divided into C and HC groups.
Groups were fed either isocaloric AIN-93G diet as C or HC
diet (0.5% cholesterol) throughout their pregnancy and lacta-
tion (Table S1). The offspring were weaned on a control diet
and maintained till their sacrifice. Intraperitoneal calcein in-
jections were given (20 mg/kg body weight) on day 6 and day 2
before sacrifice. The mice were fasted overnight before the
sacrifice. Blood was collected in vacutainers; serums were
separated and stored at −80 �C. Long bones, vertebras, and
other tissues were also collected for further analysis.

Skeletal preparation and analysis

Skeletal preparation was performed using a previously
published method (77, 78). Briefly, E18.5 embryos were sub-
merged in 60 �C water for 30 to 60 s, followed by removal of
skin, epidermis, and viscera. The fetus was then immediately
fixed in 100% ethanol overnight. Later, the specimen was
stained with 0.2% alcian blue at room temperature for 8 to 10 h
followed by washes with 70% and 95% ethanol to remove
excess colouration. To preclear the extra tissues, the specimen
was incubated in 1% KOH and transferred to 0.5% alizarin red
solution for 4 to 5 h. This leads to transparency and better
visualization of skeletal elements. Next, the specimen in a step-
wise manner was transferred to 100% glycerol for final storage.
Images were taken, and ImageJ software was used for analysis.
We assessed at least four litters with a minimum of three
animals per litter.
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μ-CT measurement of bone microarchitectural parameters

Sky scan 1076 μ-CT scanner was used to scan excised bone
samples following the previously published protocols (77, 79).
Briefly, excised bones were scanned at an X-ray potential of
45 kV and a current of 220 μA. A rotation step of 0.5 and pixel
size of 9 μm was used to acquire the projections. Sky Scan
Recon software was used to reconstruct the images with
smoothing of 1, a ring artifact reduction of 6, a beam-hardening
correction of 35%, and a defect pixel masking of 50%. The
samples were then reoriented using Data Viewer to measure
the same region for each sample. Regions of interest were
defined for trabecular and cortical bone using CTAn Analyzer.
Trabecular bone measurement of secondary spongiosa was
done in a region with length 15% of total bone length, starting
10% proximal to the growth plate (distal metaphysis). For
cortical bone, a 15% long region was measured at a distance
30% proximal to the growth plate. The threshold for trabecular
bone was 0.219 mg/cm3 calcium hydroxyapatite, and for
cortical bone, it was 0.632 mg/cm3 calcium hydroxyapatite.
Trabecular and cortical BMD of both femur and tibia was
evaluated using hydroxyapatite phantom rods of 4 mm in
diameter with known BMD as reference. 3D models of both
femur and tibia were drawn using CTvol software.

MCOBs culture

Following previously published protocols, the mouse pri-
mary calvarial osteoblast cell culture was carried out (80).
Briefly, 6 to 8 calvaria were harvested from newborn pups.
Sutures were carefully removed, and the calvarium was scra-
ped gently to remove adherent tissues. Pooled calvaria was
digested five times in a row for 15 min each in medium con-
taining 0.1% collagenase and 0.1% dispase solution. The su-
pernatant from the first digestion was discarded, and further
fractions from all four digestions were collected and cultured
in complete osteoblast growth medium comprising α-mini-
mum essential medium, 10% fetal bovine serum, 1% antibiotic
antimycotic solution, 1 mM sodium pyruvate, and 1% nones-
sential amino acids until they reached 90% confluence for
further experiments.

BrdU cell proliferation assay

BrdU assay was performed following a previously published
protocol (81). Briefly, isolated MCOBs from C and HC groups
were seeded in 96-well plates (4 × 103 cells/well) and allowed
to grow for 24 h in growth medium. After 24 h, cells were
labeled with BrdU and fixed, and BrdU assay was performed
using the manufacturer’s protocol (Sigma).

Alkaline phosphatase differentiation assay

Alkaline phosphatase (ALP) assay and staining were per-
formed according to a previously published protocol (82, 83).
Briefly, MCOBs from C and HC groups were seeded in 96-well
plates (4 × 103 cells/well) and cultured for 48 h in osteoblast
differentiation medium containing α-minimum essential me-
dium supplemented with 10% fetal bovine serum, 1 mM so-
dium pyruvate, 10 mM β glycerophosphate and 50 mg/ml
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ascorbic acid, 1% penicillin or streptomycin, and 1% NEA.
After incubation, cells were freeze fractured, p-nitrophenyl
phosphate was added as substrate, and the absorbance was
measured at 405 nm. The absorption was normalized with the
protein content of the cells and represented as ALP activity per
mg of protein.

For ALP staining, MCOBs were seeded in 12-well plates
(25 × 103 cells/well) maintained for 8 to 10 days in osteoblast
differentiation medium. The ALP staining kit (Sigma) was used
to stain the fixed cells according to the manufacturer’s protocol.

Mineralization

Mineralization assay was performed as per the previously
established protocol (81). MCOBs were seeded in 12-well plates
(50 × 103 cells/well) in osteoblast differentiation medium and
maintained for 21 days. At the end, cells were fixed and stained
with alizarin red. Cetyl pyridinium chloride, 10%, extraction
was performed, and absorbance was measured at 570 nm.

Ex vivo osteoblast and osteoclast culture from bone marrow
cells

Both the primary osteoblast and osteoclast cultures from
BMCs were performed according to the previously published
protocols (77, 84). BMCs from the femur and tibia were iso-
lated and cultured. BMCs were seeded in 12-well plates for
osteoblast differentiation and maintained for 21 days in oste-
oblast differentiation medium supplemented with 10−7 M
dexamethasone.

For osteoclast culture, cells were allowed to differentiate in
the presence of receptor activator of nuclear factor κB ligand
(RANKL-50 ng/ml) and monocyte/macrophage colony-
stimulating factor (m-CSF-30 ng/ml) in 96-well plates for
TRAP staining and 12-well plates for RNA isolation.

Histomorphometric analysis of vertebrae

Excised undecalcified vertebral samples were embedded in
methyl methacrylate and sectioned on Leica microtome (77).
Von Kossa staining was performed to estimate the percent
bone volume (BV/TV) in LV4 trabecular region, excluding
primary spongiosa. Calcein double labeling was performed to
determine the mineral apposition rate and bone formation
rate/bone surface (BFR/BS) in the trabecular region of LV4
using fluorescence microscopy. Toluidine blue staining was
used to calculate osteoblast number per trabecular bone area
(N.Ob/Tb.B.Ar), osteoblast number per bone perimeter
(N.Ob/B.Pm), and osteocyte number per trabecular bone area
(N. Os/Tb. B.Ar) in the trabecular region of the LV4. TRAP
staining was performed to count the osteoclast surface per
bone surface (Oc.S/BS) and osteoclast cell number per
trabecular bone area (Oc.N/Tb.B.Ar) in the trabecular region
of the LV4. Histomorphometric analyses were performed by
using the Osteomeasure analysis system (Osteometrics).

qPCR analysis

Total RNA was isolated from MCOBs and long bones
using trizol reagent following previously described protocols
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(82, 85). For RNA isolation from bones, tibias were cleaned
to remove muscles and bone marrow was flushed, later
homogenized in Trizol, followed by RNA extraction
following the manufacturer’s protocol. An equal amount of
RNA was converted into cDNA using high-capacity cDNA
synthesis kit. SYBR green chemistry was used for quantita-
tive determination and the relative expression of all genes
using specific primers (Table S2). β–Actin was used as the
loading control.

Western blotting

Western blot analysis was performed according to previ-
ously published protocols (79). Protein was harvested from
either MCOBs or long bones by using protein lysis buffer.
Protein was quantified, and an equal amount of protein was
separated on 10% SDS PAGE, transferred to PVDF mem-
branes, and developed with specific antibodies. Later, the
expression of genes was normalized with β-actin.

Human cross-sectional study

Mysore Medical College and Research Institute (MMC&RI)
reviewed and approved our study protocol (IHEC No: MMC
EC 25/11/2016). Samples were collected from the subjects
admitted in the obstetrics and gynecology ward of MMC&RI.
Informed consent was taken from respective subjects before
sampling. Both maternal blood (MB) and cord blood (CB) dyad
samples were collected at delivery time into vacutainers.
Serum was separated carefully and stored at −80 �C for further
experiments. A total of 200 samples were collected, and 65
were found suitable for the study after qualifying our exclusion
and inclusion criteria (Fig. S1). Exclusion criteria: preterm
deliveries, gestational diabetes, hypertension, pre-eclampsia,
and other pathological conditions. Inclusion criteria: female
term pregnancies from normal, borderline, and hyper-
cholesteraemic mothers. Human blood parameters were per-
formed using standard kits following the manufacturer’s
protocol (shown in later sections. Based on maternal choles-
terol levels, samples were classified into three groups, i.e.,
normal cholesterol (160–200 mg/dl), borderline/level choles-
terol (200–240 mg/dl), and high cholesterol >240 mg/dl. Next,
we analyzed bone turnover markers from the serum of cord
blood samples.

Analysis of bone turnover markers

Mouse and human P1NP (Pro-collagen Type 1 N terminal
propeptide) and CTX (C-Terminal type-1 collagen cross-links)
were assessed by using ELISA kits, following the manufac-
turer’s protocol (Elab sciences).

Serum cholesterol measurements

Total cholesterol, HDL, and LDL content were determined
from serum samples using the HDL and LDL Cholesterol
enzymatic Assay Kit (Agappe Diagnostics Ltd), following the
manufacturer’s protocols.
Statistical analysis

All the results were represented as mean ± SEM. Statistical
analysis was performed by using GraphPad Prism eight soft-
ware. All animal experiments were performed with n ≥6 mice/
group. Cell culture studies were repeated thrice independently
with a minimum of three replicates. Paired Student’s t test was
performed between two experimental groups, and one-way
ANOVA was performed between more than two experi-
mental groups, followed by Tukey’s post hoc test. Human
study data were tested for normality and equal variance by the
Shapiro–Wilk test. Correlations between MB and CB were
determined using the Pearson correlation coefficient. A value
of ≤0.05 was considered to be statistically significant. ANOVA
was used to compare normal, borderline, and hypercholes-
terolemic subjects. A p <0.05 was considered statistically
significant.

Data availability

All data described are located in this article.

Supporting information—This article contains supporting
information.

Acknowledgments—We thank Dr Naibedya Chattopadhyay (CSIR-
Central Drug Research Institute, Lucknow, India) for the μ-CT fa-
cility. We also acknowledge the medical staff from the Department
of Obstetrics and Gynaecology (MMC&RI, Mysuru, India) for their
help in the collection of blood samples. This study was supported by
Indian Council of Medical Research, Department of Health
Research, Ministry of Health and Family Welfare, Government of
India.

Author contributions—S. V. V. S. R. M., K. S. Conceptualization; S.
V. V. S. R. M., K. S. Methodology; S. V. V. S. R. M. Formal analysis;
S. V. V. S. R. M., K. P., S. V. S. Investigation; S. M. R. Resources; S. V.
V. S. R. M. Writing – original draft; K. P., K. S. Writing – review &
editing; S. V. V. S. R. M., K. S. Visualization; K. S. Supervision; K. S.
Project administration; K. S. Funding acquisition.

Funding and additional information—Funding from the Science
and Engineering Research Board (SERB), Government of India (K.
S.) and research fellowship grants from the Council of Scientific &
Industrial Research (CSIR), India (S. V. V. S. R. M. and K. P.) are
also acknowledged.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ALP, alkaline phos-
phatase; B.Ar, cortical cross-sectional area; BFR/BS, bone formation
rate per bone surface; BMC, bone marrow cell; BMD, bone mineral
density; B.Pm, cortical bone perimeter; BrdU, bromodeoxyuridine;
BV/TV, bone volume/tissue volume; C, control; CB, cord blood;
Col1a1, type I collagen A1; Cs.Th, cortical thickness; CTX, C-ter-
minal type-1 collagen cross-links; E.Pm, endosteal perimeter; Gli,
glioma-associated oncogene transcription factors; HC, high
cholesterol; HDL, high-density lipoprotein; Ihh, Indian hedgehog;
LDL, low-density lipoprotein; LV, lumbar vertebrae; MB, maternal
J. Biol. Chem. (2022) 298(9) 102324 13



Maternal high cholesterol programs offspring’s bone mass
blood; MCOB, mouse calvarial osteoblast; MMI, mean moment of
inertia; N.Ob/Tb.B.Ar, number of osteoblasts per trabecular bone
area; N.Oc/Tb.B.Ar, number of osteoclasts per trabecular bone area;
N.Os/Tb.B.Ar, number of osteocytes per trabecular bone area;
OCN, osteocalcin; Oc.S/BS, osteoclast surface per bone surface;
OPG, osteoprotegerin; PINP, procollagen type 1-N terminal pro-
peptide; RANKL, receptor activator of nuclear factor of kappa-B
ligand; Runx2, Runt-related transcription factor 2; Shh, Sonic
hedgehog; SMI, structural model Index; T.Pm, periosteal perimeter;
Tb.B.Ar, trabecular bone area; Tb.N, trabecular number; Tb.Pf,
trabecular pattern factor; Tb.sp, trabecular separation; Tb.Th,
trabecular thickness; TRAP, tartrate-resistant acid phosphatase.

References

1. McNamara, D. J. (2005) CHOLESTEROL | sources, absorption, function
and metabolism. In: Caballero, B., ed. Encyclopedia of Human Nutrition,
2nd Ed., Elsevier, Amsterdam, Netherlands

2. Luo, J., Yang, H., and Song, B.-L. (2020) Mechanisms and regulation of
cholesterol homeostasis. Nat. Rev. Mol. Cel. Biol. 21, 225–245

3. Maxfield, F. R., and van Meer, G. (2010) Cholesterol, the central lipid of
mammalian cells. Curr. Opin. Cell Biol. 22, 422–429

4. Hu, J., Zhang, Z., Shen, W.-J., and Azhar, S. (2010) Cellular cholesterol
delivery, intracellular processing and utilization for biosynthesis of steroid
hormones. Nutr. Metab. 7, 1–25

5. Magura, L., Blanchard, R., Hope, B., Beal, J. R., Schwartz, G. G., and
Sahmoun, A. E. (2008) Hypercholesterolemia and prostate cancer: a
hospital-based case–control study. Cancer Causes Control 19, 1259–1266

6. National Cholesterol Education Program (NCEP) Expert Panel on
Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) (2002) Third report of the National
Cholesterol Education Program (NCEP) Expert Panel on detection,
evaluation, and treatment of high blood cholesterol in adults (Adult
Treatment Panel III), the program. Circulation 106, 3143–3421

7. Eaton, S. B., and Konner, M. (1985) Paleolithic nutrition: a consideration
of its nature and current implications. N. Engl. J. Med. 312, 283–289

8. Eaton, S. B., Konner, M., and Shostak, M. (1988) Stone agers in the fast lane:
chronicdegenerativediseases inevolutionaryperspective.Am. J.Med.84, 739–749

9. Moore, F. D. (1973) Hesitation and delay as a social phenomenon. N Engl.
J. Med. 289, 40–41

10. Kopp, W. (2019) How western diet and lifestyle drive the pandemic of
obesity and civilization diseases. Diabetes Metab. Syndr. Obes. 12, 2221

11. Cordain, L., Eaton, S. B., Sebastian, A., Mann, N., Lindeberg, S., Watkins,
B. A., et al. (2005) Origins and evolution of the western diet: health
implications for the 21st century. Am. J. Clin. Nutr. 81, 341–354

12. Cordain, L., Miller, J. B., Eaton, S. B., Mann, N., Holt, S. H., and Speth, J. D.
(2000) Plant-animal subsistence ratios andmacronutrient energy estimations
in worldwide hunter-gatherer diets. Am. J. Clin. Nutr. 71, 682–692

13. Mandal, C. C. (2015) High cholesterol deteriorates bone health: new
insights into molecular mechanisms. Front Endocrinol.(Lausanne) 6, 165

14. You, L., Sheng, Z.-y., Tang, C.-l., Chen, L., Pan, L., and Chen, J.-y. (2011)
High cholesterol diet increases osteoporosis risk via inhibiting bone
formation in rats. Acta Pharmacol Sin 32, 1498–1504

15. Pelton, K., Krieder, J., Joiner, D., Freeman, M. R., Goldstein, S. A., and
Solomon, K. R. (2012) Hypercholesterolemia promotes an osteoporotic
phenotype. Am. J. Pathol. 181, 928–936

16. Prieto-Potín, I., Roman-Blas, J. A., Martínez-Calatrava, M. J., Gómez, R.,
Largo, R., and Herrero-Beaumont, G. (2013) Hypercholesterolemia
boosts joint destruction in chronic arthritis. an experimental model
aggravated by foam macrophage infiltration. Arthritis Res. Ther. 15, 1–14

17. Oxlund, H., and Andreassen, T. T. (2004) Simvastatin treatment partially
prevents ovariectomy-induced bone loss while increasing cortical bone
formation. Bone 34, 609–618

18. Asgari, M. M., Warton, E. M., and Whittemore, A. S. (2015) Family
history of skin cancer is associated with increased risk of cutaneous
squamous cell carcinoma. Dermatol. Surg. 41, 481–486
14 J. Biol. Chem. (2022) 298(9) 102324
19. Barengolts, E., Berman, M., Kukreja, S., Kouznetsova, T., Lin, C., and
Chomka, E. (1998) Osteoporosis and coronary atherosclerosis in
asymptomatic postmenopausal women. Calcif Tissue Int. 62, 209–213

20. Yamaguchi, T., Sugimoto, T., Yano, S., Yamauchi, M., Sowa, H., Chen, Q.,
et al. (2002) Plasma lipids and osteoporosis in postmenopausal women.
Endocr. J. 49, 211–217

21. Jeong, T.-D., Lee, W., Choi, S.-E., Kim, J. S., Kim, H.-K., Bae, S. J., et al.
(2014) Relationship between serum total cholesterol level and serum
biochemical bone turnover markers in healthy pre-and postmenopausal
women. Biomed Res. Int. 2014, 398397

22. Sivas, F., Alemdaro�glu, E., Elverici, E., Kulu�g, T., and Özoran, K. (2009)
Serum lipid profile: its relationship with osteoporotic vertebrae fractures
and bone mineral density in Turkish postmenopausal women. Rheumatol.
Int. 29, 885–890

23. Orozco, P. (2004) Atherogenic lipid profile and elevated lipoprotein (a)
are associated with lower bone mineral density in early postmenopausal
overweight women. Eur. J. Epidemiol. 19, 1105–1112

24. Barker, D. J. (2004) The developmental origins of chronic adult disease.
Acta Paediatr. Suppl. 93, 26–33

25. Wu, G., Bazer, F. W., Cudd, T. A., Meininger, C. J., and Spencer, T. E.
(2004) Maternal nutrition and fetal development. J. Nutr. 134, 2169–2172

26. Che, L., Yang, Z., Xu, M., Xu, S., Che, L., Lin, Y., et al. (2017) Maternal
nutrition modulates fetal development by inducing placental efficiency
changes in gilts. BMC Genomics 18, 1–14

27. Boyd, J., and Hamilton, W. (1967) Development and structure of the
human placenta from the end of the 3rd month of gestation. J. Obstet.
Gynaecol. Br. Commonw. 74, 161–226

28. Jayalekshmi, V., and Ramachandran, S. (2021) Maternal cholesterol levels
during gestation: boon or bane for the offspring? Mol. Cell Biochem. 476,
401–416

29. Woollett, L. A. (2005) Maternal cholesterol in fetal development: trans-
port of cholesterol from the maternal to the fetal circulation. Am. J. Clin.
Nutr. 82, 1155–1161

30. Woollett, L. A. (2001) The origins and roles of cholesterol and fatty acids
in the fetus. Curr. Opin. Lipidol. 12, 305–312

31. Edison, R. J., Berg, K., Remaley, A., Kelley, R., Rotimi, C., Stevenson, R. E.,
et al. (2007) Adverse birth outcome among mothers with low serum
cholesterol. Pediatrics 120, 723–733

32. Wu, G., Pond, W. G., Flynn, S. P., Ott, T. L., and Bazer, F. W. (1998)
Maternal dietary protein deficiency decreases nitric oxide synthase and
ornithine decarboxylase activities in placenta and endometrium of pigs
during early gestation. J. Nutr. 128, 2395–2402

33. Sridhar, S. B., Darbinian, J., Ehrlich, S. F., Markman, M. A., Gunderson,
E. P., Ferrara, A., et al. (2014) Maternal gestational weight gain and
offspring risk for childhood overweight or obesity. Am. J. Obstet. Gynecol.
211, 259.e251–259.e258

34. Pasyk, K. A., Thomas, S. V., Hassett, C. A., Cherry, G. W., and Faller, R.
(1989) Regional differences in capillary density of the normal human
dermis. Plast. Reconstr. Surg. 83, 939–945. discussion 946

35. Oliver, M. H., Hawkins, P., and Harding, J. E. (2005) Periconceptional
undernutrition alters growth trajectory and metabolic and endocrine
responses to fasting in late-gestation fetal sheep. Pediatr. Res. 57, 591–598

36. Vrijkotte, T. G., Krukziener, N., Hutten, B. A., Vollebregt, K. C., van
Eijsden, M., and Twickler, M. B. (2012) Maternal lipid profile during early
pregnancy and pregnancy complications and outcomes: the ABCD study.
J. Clin. Endocrinol. Metab. 97, 3917–3925

37. Napoli, C., Glass, C. K., Witztum, J. L., Deutsch, R., D’Armiento, F. P., and
Palinski, W. (1999) Influence of maternal hypercholesterolaemia during
pregnancy on progression of early atherosclerotic lesions in childhood:
fate of Early Lesions in Children (FELIC) study. Lancet 354, 1234–1241

38. Palinski, W., Nicolaides, E., Liguori, A., and Napoli, C. (2009) Influence of
maternal dysmetabolic conditions during pregnancy on cardiovascular
disease. J. Cardiovasc. Transl Res. 2, 277–285

39. Barker, D. (1998) Mothers, Babies and Health in Later Life, 2nd ed.,
Churchill Livingstone, Edinburgh

40. Godfrey, K., Robinson, S., Barker, D., Osmond, C., and Cox, V. (1996)
Maternal nutrition in early and late pregnancy in relation to placental and
fetal growth. BMJ 312, 410

http://refhub.elsevier.com/S0021-9258(22)00766-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref1
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref2
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref2
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref3
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref3
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref4
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref5
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref6
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref7
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref7
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref8
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref8
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref9
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref10
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref11
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref12
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref13
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref14
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref15
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref15
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref15
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref16
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref17
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref17
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref17
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref18
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref18
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref18
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref19
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref19
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref19
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref20
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref21
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref22
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref23
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref24
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref24
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref25
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref25
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref26
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref27
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref28
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref29
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref30
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref31
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref31
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref31
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref32
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref33
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref34
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref35
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref36
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref37
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref38
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref39
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref40
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref40
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref40


Maternal high cholesterol programs offspring’s bone mass
41. Robinson, J., Chidzanja, S., Kind, K., Lok, F., Owens, P., and Owens, J.
(1995) Placental control of fetal growth. Reprod. Fertil. Dev. 7, 333–344

42. Langley, S. C., and Jackson, A. A. (1994) Increased systolic blood pressure
in adult rats induced by fetal exposure to maternal low protein diets. Clin.
Sci. 86, 217–222

43. Campbell, D., Hall, M., Barker, D., Cross, J., Shiell, A., and Godfrey, K.
(1996) Diet in pregnancy and the offspring’s blood pressure 40 years later.
Br. J. Obstet. Gynaecol. 103, 273–280

44. Kaabia, Z., Poirier, J., Moughaizel, M., Aguesse, A., Billon-Crossouard, S.,
Fall, F., et al. (2018) Plasma lipidomic analysis reveals strong similarities
between lipid fingerprints in human, hamster and mouse compared to
other animal species. Sci. Rep. 8, 1–9

45. Wechsler, A., Brafman, A., Shafir,M.,Heverin,M., Gottlieb,H., Damari, G.,
et al. (2003) Generation of viable cholesterol-free mice. Science 302, 2087

46. Oppi, S., Lüscher, T. F., and Stein, S. (2019) Mouse models for athero-
sclerosis research—which is my line? Front. Cardiovasc. Med. 6, 46

47. Gordon, S. M., Li, H., Zhu, X., Shah, A. S., Lu, L. J., and Davidson, W. S.
(2015) A comparison of the mouse and human lipoproteome: suitability
of the mouse model for studies of human lipoproteins. J. Proteome Res.
14, 2686–2695

48. van den Elzen, H. J., Wladimiroff, J. W., Cohen-Overbeek, T. E., de
Bruijn, A. J., and Grobbee, D. E. (1996) Serum lipids in early pregnancy
and risk of pre-eclampsia. Br. J. Obstet. Gynaecol. 103, 117–122

49. Van Engelen, M., Nielsen, M. K., De, A., and Ribeiro, E. (1995) Differ-
ences in pup birth weight, pup variability within litters, and dam weight of
mice selected for alternative criteria to increase litter size. J. Anim. Sci. 73,
1948–1953

50. De Assis, S. M. A., Seguro, A. C., and Helou, C. M. B. (2003) Effects of
maternal hypercholesterolemia on pregnancy and development of
offspring. Pediatr. Nephrol. 18, 328–334

51. Grimes, S. B., and Wild, R. (2018) Effect of pregnancy on lipid metabolism
and lipoprotein levels.Endotext [Internet], MDText.com, Inc., South
Dartmouth, MA

52. Jaquiery, A. L., Oliver, M. H., Bloomfield, F. H., and Harding, J. E. (2011)
Periconceptional events perturb postnatal growth regulation in sheep.
Pediatr. Res. 70, 261–266

53. Zheng, J., Feng, Q., Zheng, S., and Xiao, X. (2018) Maternal nutrition and
the developmental origins of osteoporosis in offspring: potential mecha-
nisms and clinical implications. Exp. Biol. Med. 243, 836–842

54. Lanham, S., Roberts, C., Hollingworth, T., Sreekumar, R., Elahi, M.,
Cagampang, F., et al. (2010) Maternal high-fat diet: effects on offspring
bone structure. Osteoporos. Int. 21, 1703–1714

55. Van Wyk, L., Boers, K. E., van Wassenaer-Leemhuis, A. G., van der Post,
J. A., Bremer, H. A., Delemarre, F., et al. (2019) Postnatal catch-up growth
after suspected fetal growth restriction at term. Front. Endocrinol. (Lau-
sanne). 10, 274

56. Albertsson-Wikland, K., and Karlberg, J. (1997) Postnatal growth of
children born small for gestational age. Acta Paediatr. 86, 193–195

57. Albertsson-Wikland, K., Boguszewski, M., and Karlberg, J. (1998) Chil-
dren born small-for-gestational age: postnatal growth and hormonal
status. Horm. Res. 49, 7–13

58. Boyce, B. F., and Xing, L. (2007) Biology of RANK, RANKL, and osteo-
protegerin. Arthritis Res. Ther. 9, 1–7

59. Sasai, N., Toriyama, M., and Kondo, T. (2019) Hedgehog signal and ge-
netic disorders. Front. Genet. 10, 1103

60. Ingham, P. W., and McMahon, A. P. (2001) Hedgehog signaling in animal
development: paradigms and principles. Genes Dev. 15, 3059–3087

61. Ohba, S. (2020) Hedgehog signaling in skeletal development: roles of
Indian hedgehog and the mode of its action. Int. J. Mol. Sci. 21, 6665

62. Ohba, S. (2016) Hedgehog signaling in endochondral ossification. J. Dev.
Biol. 4, 20

63. Long, F., Chung, U.-i., Ohba, S., McMahon, J., Kronenberg, H. M., and
McMahon, A. P. (2004) Ihh signaling is directly required for the osteo-
blast lineage in the endochondral skeleton. Development 131, 1309–1318

64. Yang, J., Andre, P., Ye, L., and Yang, Y.-Z. (2015) The Hedgehog signalling
pathway in bone formation. Int. J. Oral Sci. 7, 73–79

65. Ehlen, H.W., Buelens, L. A., and Vortkamp, A. (2006) Hedgehog signaling in
skeletal development. Birth Defects Res. C Embryo. Today. 78, 267–279
66. St-Jacques, B., Hammerschmidt, M., and McMahon, A. P. (1999) Indian
hedgehog signaling regulates proliferation and differentiation of chon-
drocytes and is essential for bone formation. Genes Dev. 13, 2072–2086

67. Tickle, C., and Towers, M. (2017) Sonic hedgehog signaling in limb
development. Front. Cell Dev. Biol. 5, 14

68. Wierbowski, B.M., Petrov, K., Aravena, L., Gu,G., Xu, Y., and Salic, A. (2020)
Hedgehog pathway activation requires coreceptor-catalyzed, lipid-depen-
dent relay of the Sonic Hedgehog ligand. Dev. Cel. 55, 450–467.e458

69. Bowers, M., Eng, L., Lao, Z., Turnbull, R. K., Bao, X., Riedel, E., et al.
(2012) Limb anterior–posterior polarity integrates activator and repressor
functions of GLI2 as well as GLI3. Dev. Biol. 370, 110–124

70. Reichert, J. C., Schmalzl, J., Prager, P., Gilbert, F., Quent, V., Steinert, A.
F., et al. (2013) Synergistic effect of Indian hedgehog and bone
morphogenetic protein-2 gene transfer to increase the osteogenic po-
tential of human mesenchymal stem cells. Stem Cel. Res. Ther. 4, 1–9

71. Amano, K., Densmore, M., Nishimura, R., and Lanske, B. (2014) Indian
hedgehog signaling regulates transcription and expression of collagen
type X via Runx2/Smads interactions. J. Biol. Chem. 289, 24898–24910

72. Spinella-Jaegle, S., Rawadi, G., Kawai, S., Gallea, S., Faucheu, C., Mollat,
P., et al. (2001) Sonic hedgehog increases the commitment of pluripotent
mesenchymal cells into the osteoblastic lineage and abolishes adipocytic
differentiation. J. Cell Sci. 114, 2085–2094

73. Nakamura, T., Aikawa, T., Iwamoto-Enomoto, M., Iwamoto, M., Higu-
chi, Y., Maurizio, P., et al. (1997) Induction of osteogenic differentiation
by hedgehog proteins. Biochem. Biophys Res. Commun. 237, 465–469

74. Kuo, T.-R., and Chen, C.-H. (2017) Bone biomarker for the clinical
assessment of osteoporosis: recent developments and future perspectives.
Biomark Res. 5, 1–9

75. Eastell, R., and Hannon, R. A. (2008) Biomarkers of bone health and
osteoporosis risk*: symposium on ‘Diet and bone health’. Proc. Nutr. Soc.
67, 157–162

76. Stagi, S., Cavalli, L., Iurato, C., Seminara, S., Brandi, M. L., and de Mar-
tino, M. (2013) Bone metabolism in children and adolescents: main
characteristics of the determinants of peak bone mass. Clin. Cases Miner
Bone Metab. 10, 172

77. Ellur, G., Sukhdeo, S. V., Khan, M., and Sharan, K. (2021) Maternal high
protein-diet programs impairment of offspring’s bone mass through miR-
24-1-5p mediated targeting of SMAD5 in osteoblasts. Cell Mol. Life Sci.
78, 1729–1744

78. Rigueur, D., and Lyons, K. M. (2014) Whole-mount skeletal staining. In
Skeletal Development and Repair, Springer, Humana Totowa, NJ: 113–121

79. Bachagol, D., Joseph, G. S., Ellur, G., Patel, K., Aruna, P., Mittal, M., et al.
(2018) Stimulation of liver IGF-1 expression promotes peak bone mass
achievement in growing rats: a study with pomegranate seed oil. J. Nutr.
Biochem. 52, 18–26

80. Gavva, C., Patel, K., Kudre, T., Sharan, K., and Chilkunda, D. N. (2020)
Glycosaminoglycans from fresh water fish processing discard-Isolation,
structural characterization, and osteogenic activity. Int. J. Biol. Macro-
mol. 145, 558–567

81. Pahwa, H., Khan, M., and Sharan, K. (2020) Hyperglycemia impairs
osteoblast cell migration and chemotaxis due to a decrease in mito-
chondrial biogenesis. Mol. Cell Biochem. 469, 109–118

82. Sharan, K., Lewis, K., Furukawa, T., and Yadav, V. K. (2017) Regulation of
bone mass through pineal-derived melatonin-MT 2 receptor pathway. J.
Pineal Res. 63, e12423

83. Patel, K., Mangu, S. R., Sukhdeo, S. V., and Sharan, K. (2022) Ethanolic
extract from the root and leaf of Sida cordifolia promotes osteoblast
activity and prevents ovariectomy-induced bone loss in mice. Phytome-
dicine 99, 154024

84. Swarnkar,G., Sharan, K., Siddiqui, J. A.,Chakravarti, B., Rawat, P.,Kumar,M.,
et al. (2011) A novel flavonoid isolated from the steam-bark of Ulmus
Wallichiana Planchon stimulates osteoblast function and inhibits osteoclast
and adipocyte differentiation. Eur. J. Pharmacol. 658, 65–73

85. Sharan, K., Mishra, J. S., Swarnkar, G., Siddiqui, J. A., Khan, K., Kumari, R.,
et al. (2011) A novel quercetin analogue from a medicinal plant promotes
peak bone mass achievement and bone healing after injury and exerts an
anabolic effect on osteoporotic bone: the role of aryl hydrocarbon receptor as
a mediator of osteogenic action. J. Bone Miner Res. 26, 2096–2111
J. Biol. Chem. (2022) 298(9) 102324 15

http://refhub.elsevier.com/S0021-9258(22)00766-9/sref41
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref41
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref42
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref42
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref42
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref43
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref44
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref45
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref45
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref46
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref46
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref47
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref48
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref49
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref50
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref51
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref52
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref52
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref52
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref53
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref53
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref53
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref54
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref54
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref54
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref55
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref55
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref55
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref55
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref56
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref56
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref57
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref57
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref57
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref58
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref58
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref59
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref59
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref60
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref60
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref61
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref61
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref62
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref62
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref63
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref63
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref63
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref64
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref64
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref65
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref65
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref66
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref66
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref66
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref67
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref67
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref68
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref68
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref68
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref69
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref69
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref69
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref70
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref70
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref70
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref70
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref71
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref71
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref71
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref72
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref72
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref72
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref72
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref73
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref73
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref73
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref74
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref74
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref74
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref75
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref75
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref75
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref76
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref76
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref76
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref76
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref77
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref77
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref77
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref77
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref78
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref78
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref79
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref79
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref79
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref79
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref80
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref80
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref80
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref80
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref81
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref81
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref81
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref82
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref82
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref82
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref83
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref83
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref83
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref83
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref84
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref84
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref84
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref84
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref85
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref85
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref85
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref85
http://refhub.elsevier.com/S0021-9258(22)00766-9/sref85

	Maternal high-cholesterol diet negatively programs offspring bone development and downregulates hedgehog signaling in osteo ...
	Results
	Effect of HC diet on maternal weight gain, lipid profile, litter size, and offspring's skeletal development at E18.5 days i ...
	Effect of maternal HC diet on cortical and trabecular bone microarchitecture in C57BL6/J offspring at 12 weeks of age
	Effect of HC diet on maternal weight gain, lipid profile, litter size, and offspring's skeletal development at E18.5 days i ...
	Effect of maternal HC diet on the bone microarchitecture of the Swiss Albino mice offspring at later ages
	Effect of maternal HC diet on the vertebral histology and bone remodeling in the Swiss Albino mice offspring
	Effect of maternal HC diet on ex vivo cultured offspring's bone cells
	Effect of maternal HC diet on hedgehog signaling in the ex vivo cultured MCOBs and long bones of the offspring
	Effect of maternal hypercholesterolemia on biomarkers of bone formation and resorption in cord blood of female offspring at ...

	Discussion
	Experimental procedures
	Reagents and chemicals
	Animals and diets
	Skeletal preparation and analysis
	μ-CT measurement of bone microarchitectural parameters
	MCOBs culture
	BrdU cell proliferation assay
	Alkaline phosphatase differentiation assay
	Mineralization
	Ex vivo osteoblast and osteoclast culture from bone marrow cells
	Histomorphometric analysis of vertebrae
	qPCR analysis
	Western blotting
	Human cross-sectional study
	Analysis of bone turnover markers
	Serum cholesterol measurements
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


