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Magnesium metal and its alloys are being developed as effective orthopedic implants; however, the mechanisms
underlying the actions of magnesium on bones remain unclear. Cystic fibrosis, the most common genetic disease
in Caucasians caused by the mutation of CFTR, has shown bone disorder as a key clinical manifestation, which
currently lacks effective therapeutic options. Here we report that implantation of magnesium-containing implant
stimulates bone formation and improves bone fracture healing in CFTR-mutant mice. Wnt/f-catenin signaling in
the bone is enhanced by the magnesium implant, and inhibition of Wnt/p-catenin by iCRT14 blocks the mag-
nesium implant to improve fracture healing in CFTR-mutant mice. We further demonstrate that magnesium ion
enters osteocytes, increases intracellular cAMP level and activates ATF4, a key transcription factor known to
regulate Wnt/p-catenin signaling. In vivo knockdown of ATF4 abolishes the magnesium implant-activated
p-catenin in bones and reverses the improved-fracture healing in CFTR-mutant mice. In addition, oral supple-
mentation of magnesium activates ATF4 and p-catenin as well as enhances bone volume and density in CFTR-
mutant mice. Together, these results show that magnesium implantation or supplementation may serve as a
potential anabolic therapy for cystic fibrosis-related bone disease. Activation of ATF4-dependent Wnt/f-catenin
signaling in osteocytes is identified as a previously undefined mechanism underlying the beneficial effect of
magnesium on bone formation.

1. Introduction

Magnesium, an essential nutritional element, is increasingly recog-
nized as beneficial for the health of musculoskeletal system [1-4].
Magnesium metal and its alloys are proven to be biocompatible,
biodegradable, and osteo-promotive, and therefore are being developed
as effective orthopedic implants to treat bone fractures and osteonec-
rosis in the clinic [5-8]. We recently reported that orthopedic
implant-derived magnesium improves bone fracture healing in rats by
promoting neuronal production of CGRP (calcitonin gene-related
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peptide) [1,9]. However, other potential actions of magnesium on
bones, directly or indirectly, remain largely unexplored.

Cystic fibrosis (CF), resulting from mutations in the gene encoding
the anion-channel CFTR (cystic fibrosis transmembrane conductance
regulator), is the most common lethal genetic disease in Caucasians [10,
11]. Although CF is primarily regarded as a lung disease with a defect in
airway epithelial function, a broad range of organs are affected in the
disease progression [12-14]. For example, osteopenia or osteoporosis
with bone fracture is commonly reported in individuals with CF, the
so-called CF-related bone disease (CFBD) [15-17]. Though CFBD is not
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directly lethal for such patients, the condition is believed to exacerbate
respiratory dysfunction due to rib and vertebral problems, as well as to
worsen nutritional status, contributing to the mortality of CF [16,18].
Despite recent improvements in the pharmacological treatment of CF
[19], the disease remains incurable. Bone fragility also precludes
possible lung-transplantation, often a life-saving operation, in severe
cases of CF [16]. As parathyroid hormone and 25-hydroxyvitamin D
levels are reported to be normal in CFBD [20] and current strategies for
CFBD (e.g. vitamin D and calcium supplementation, anti-resorptive
agents) are of limited or controversial effects [21], an efficient treat-
ment for CFBD is an important unmet clinical need.

Interestingly, magnesium deficiency or metabolism disturbance has
been documented in individuals with CF of advanced age or of severe
pathology [22]. Intracellular Mg2+ is also critically involved in CFTR
channel function [23]. In the present study, we tested the potential of
magnesium (both implant-derived and oral supplementation) in
rescuing bone pathology in CFTR deficient mice. Our results show that
magnesium, through activating ATF4 and promoting CFTR
deficiency-impaired Wnt/p-catenin signaling, elevated bone volume,
bone mineral density (BMD), and biomechanical strength as well as
fracture healing, revealing a previously undefined role of magnesium in
bones.

2. Materials and methods
2.1. Animals

C57BL/6 and AF508 mice harboring the mutation of CFTR were
obtained from the Laboratory Animal Service Centre of the Chinese
University of Hong Kong and maintained with a 12-h light-dark cycle
and constant temperature (25 °C). All animal experiments were con-
ducted in accordance with ethical approvals at Hong Kong Polytechnic
University (17-18/15-BME-R-HMRF) and the Chinese University of
Hong Kong (15-207-MIS-5C). When necessary, intraperitoneal injection
of ketamine (75 mg/kg body weight) and xylazine (10 mg/kg body
weight) was used to anesthetize mice.

2.2. Cell culture

MC3T3-E1 subclone 4 (ATCC, CRL-2593) and MLO-Y4 (Karafast,
EKCO002) were cultured in Alpha Minimum Essential Medium (Gibco,
11900024) supplied with fetal bovine serum (5% for MLO-Y4 and 10%
for MC3T3-E1, Gibco, 10270106), penicillin (100 U/mL) and strepto-
mycin (100 pg/mL, Gibco, 15140122) at 37 °C in 5% CO; incubator.

2.3. RNA extraction & quantitative PCR

Femoral bones were harvested from mice. After soft tissues were
carefully removed, the proximal femoral tissues were minced in liquid
nitrogen into powder before collected into TRIzol (Invitrogen,
15596018) for RNA extraction according to the manufacturer’s in-
structions. Nanodrop spectrophotometer (Thermo, ND-ONE-W) was
used to determine the RNA quantity and purity. 1 pg of total RNA was
reverse-transcribed into cDNA using a high-capacity ¢cDNA Reverse
Transcription Kit (Thermo, 4368814), which was then amplified by
SYBR Green Premix Ex Taq™ Mix (Takara, RR420A) and primers (listed
in Supplementary Table), and analyzed using the Bio-Rad real-time PCR
system (Bio-Rad, CFX96). mRNA expression of the target genes was
normalized with that of Gapdh, and analyzed using the 27244 method.

2.4. Quantitative PCR array

5 pg of total RNA was reverse-transcribed into cDNA and used for
each plate of Wnt Signaling Targets RT? Profiler PCR Array (Qiagen,
PAMM-243ZA). Amplification was done by using Bio-Rad real-time PCR
system (CFX96) or ABI QuantStudio 12K Flex Real-Time PCR System
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(Applied Biosystems) following the manufacturers’ instructions. The
expressions of target genes were normalized with the average expression
of the house-keeping genes in the array plate. Relative gene expression
fold was calculated using the 2724% formula.

2.5. Dual-energy X-Ray absorptiometry (DXA) analysis

After anesthetization with intraperitoneal injection of ketamine (75
mg/kg body weight) and xylazine (10 mg/kg body weight), mice were
whole-body scanned by the UltraFocusDXA Digital Radiography System
(Faxitron, USA) at high-resolution with x-rays at two energy levels (40
and 70 kVp). The bone mineral density (BMD) and bone mineral content
(BMCQ) of the selected region of interest (ROI) were calculated by Faxi-
tron Bioptics Vision software (version 2.3.2).

2.6. Intramedullary implantation model

Age-matched male wild-type and AF508 mice were used. As we
previously described [9], after anesthetization of the mice, the right
knee was surgically exposed before a tunnel of 0.6-mm in diameter was
drilled starting from the patellofemoral groove of the distal femur along
the axis of the femoral shaft. A sterilized magnesium or stainless steel
rod was then inserted through the drilled tunnel into the femur canal.
Wounds were closed by sutures afterwards. Radiographs of the operated
distal femora were taken to monitor the bone formation.

2.7. Fabrication of the magnesium-inserted intramedullary nail (Mg-
IMN)

We purchased 23 G spinal needles (hollow, outer diameter: 0.6 mm;
inner diameter: 0.4 mm) from the Terumo company (Terumo, USA). The
needles were further sent to Ziyoujian (Shenzhen, China) for drilling
holes using electrical sparks burning along vertical directions at the
transverse section, with an equal distance of 0.25 mm between each
hole. Afterwards, we inserted an ultrapure magnesium rod with a
diameter of 0.4 mm into the hollow needles to resemble the Mg-IMN.
The holes on the wall of the needles served as windows for the release
of magnesium ions.

2.8. Closed-fracture model in mice

Age-matched female wild-type and AF508 mice were randomly
assigned to Mg-IMN and IMN groups, respectively. Under general
anesthesia, following drilling and reaming with a 23 G needle (0.6 mm
in diameter), a Kirschner wire (0.5 mm in diameter, K wire) was inserted
into the medullary canal retrogradely. To make a fracture on the mid-
shaft of the femur, we used a custom-made 3-point-bending apparatus,
with a metallic blade (weighted about 50 g) dropping from a height of
25 cm. After confirming that the fracture gap was smaller than 0.5 mm
and displacement <0.5 mm using anteroposterior (A-P) and lateral ra-
diographies, we replaced the K-wire with a 23 G needle (containing Mg
rod or not) and perforated the proximal femur through the piriformis
fossa and blended the tip of the needle to leave a 3 mm length to prevent
implant movement. We also cut the distal end of the needle at the level
of the articular surface to allow free joint movement. We sutured the
wound by layers and gave analgesia (temgesic) every day for 3 days post
fracture to reduce the pain suffering in animals.

2.9. Micro-CT analysis

Femora or lumbar vertebra were harvested. The stainless steel was
removed according to our well-established protocol [9]. Briefly, the
bone specimens were collected after the mice were sacrificed. Since the
stainless-steel implant has a smooth surface and little osteointegration, it
would not be erupted inside the medullary cavity during the implanta-
tion period and were removed using a tweezer or forceps. The removal
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of the stainless-steel implant or IMN (intramedullary nail) did not affect
the bone quality. Samples were wrapped in wet gauze and fitted in the
sample tube to process for micro-CT scanning (uCT40, Scanco Medical,
Briittisellen, Switzerland). The scan range was set to be 10 mm (for the
mid-shaft of intact femora from mice), 15 mm (for both fractured femora
from mice with the fracture line defined as the mid-plane within this
range, and for the mid-shaft of intact femora from rats), 5 mm (for
lumbar vertebra from both mice and rats). We set the resolution at 15 pm
per voxel and 1024 x 1024 pixels. We selected the region of interest
(ROI) from 2D images with thresholds set at >220 for intact femora,
>180 for fractured femora as mineralized tissue, according to the tun-
ing. We also conducted 3D reconstruction of the mineralized tissue with
a low-pass Gaussian filter (Sigma = 0.8, Support = 1.0), according to our
established protocol [9]. We conducted quantitative analysis by inte-
grating all 2D images. For cortical bone, morphometric parameters
included total BV, TV, BV/TV and BMD of BV. In addition to these pa-
rameters, for trabecular bone, Trab.N and Trab.Th were also analyzed.

2.10. Histomorphometric analysis

We evaluated bone formation rate using sequential calcein/xylenol
fluorescence double labeling [9]. Firstly, we conducted intraperitoneal
injection of Calcein green (5 mg/kg body weight, Sigma-Aldrich, USA)
for the mice at 7 days before the injection of xylenol orange (90 mg/kg
body weight, Sigma-Aldrich, USA). Another 3 days afterwards, we
sacrificed the mice to harvest their femora. The undecalcified samples
were further embedded in MMA and sectioned (about 200 pm thick),
according to our established protocol [24]. The thick sections were
further polished to 100 pm for evaluating new-bone formation rate
(BFR/BS) and mineral apposition rate (MAR) under a fluorescent mi-
croscope (DM5500 B, Leica) integrated with the OsteoMeasure™ His-
tomorphometry Systems (Osteometrics Inc) as previously described [9].

2.11. Radiographic analysis of fracture callus

Complete bridging of the mineralized callus was recognized as
radiographic healing. Callus area was defined as the radiopaque area as
measured on a lateral radiograph of each mouse by using ImageJ (NIH).
Triple measurements were performed for each callus and the average
was used for statistical analysis.

2.12. Detection of bone turnover markers, osteocalcin and ALP activity by
ELISA

Serum samples were collected for the quantitative detection of pro-
collagen I N-terminal peptide (PINP) (abbexa, UK) and C-terminal
telopeptides of type I collagen (CTX) (abbexa, UK), osteocalcin (Abcam,
USA), and ALP (Abcam, USA) ELISA kits according to the instructions.
Finally, we normalized the ELISA result using the concentration of total
protein for each specimen.

2.13. Histological analysis

Femora from mice were collected, fixed by 4% paraformaldehyde
(PFA) for 2 days, decalcified in 9% formic acid for 2 weeks with the aid
of ultrasound, according to our established protocol [24]. After dehy-
drated in a series of ethanol and xylene, the samples were embedded
with paraffin. Sections (5 pm in thickness) were prepared and processed
to H&E for the evaluation of healing under light microscope (DM5500 B,
Leica). Polished non-decalcified sections (100 pm in thickness) were also
evaluated by von kossa staining.

2.14. Biomechanical test

We adopted three-point bending biomechanical test to investigate
the fracture-healing quality using a testing machine installed in our
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laboratory (H25KS Hounsfield Test Equipment, Redhill, Surrey, UK). In
brief, we placed the femora with the anterior-posterior direction on the
lower supporting bars with a distance of 12.5 mm, flanking the fracture
callus. Then we applied a load (250 N cell) at a compression speed of 5
mm/min until failure. We recorded the maximum compressive load
according to the load-deformation curve in the built-in QMAT software
(Redhill, Surrey, UK).

2.15. Immunohistochemistry analysis

Femora from mice were harvested, fixed by 4% paraformaldehyde
(PFA) for two days, and decalcified in 9% formic acid for 2 weeks. After
dehydrated in a series of ethanol and xylene, they were embedded in
paraffin and cut into sections with a thickness of 5 pm for processing to
immunohistochemical staining. Antibodies against non-phospho
(Active) p-catenin (1:1000, Cell Signaling, 8814), ATF4/CREB-2
(1:200, Santa Cruz, sc390063), and CGRP (1:200, Abcam, ab47027)
were used to incubate separate sections overnight, in cold room (4 °C).
HRP-conjugated secondary antibodies against the species of primary
antibodies under a dilution of 1:400 (v/v) were incubated for 1 h at
room temperature. Then the HRP signals were visualized using DAB
Substrate Kit (Abcam, ab64238). For immunostaining in cultured cells,
cells were firstly fixed with 4% PFA for 20-30 min before treated with
Triton X (0.01%) and SDS (1%) in PBS for 20 min, blocked and incu-
bated with antibodies (following the protocols described above).

2.16. Western blotting

We lysed the cells or tissues in ice-cold RIPA lysis buffer (150 mM
NaCl, 50 mM Tris-Cl, 1% NP-40, 0.5% DOC and 0.1% SDS, pH 7.5)
supplemented with cocktails containing protease and phosphatase in-
hibitor cocktail (catalog#78443, Thermo Scientific). The lysates were
collected to separate tubes and put on ice for 30 min. During this period,
we pipetted the lysates every 5 min. The supernatant was kept after
centrifugation at 13,000 rpm for 10 min. Equal amounts of protein were
loaded for SDS-polyacrylamide gel electrophoresis and electro-blotted
onto equilibrated nitrocellulose membrane. After blocking in Tris-
buffered saline (TBS) containing 5% non-fat milk, the membranes
were immunoblotted with specific primary antibody overnight at 4 °C.
ATF4/CREB-2 (1:200, Santa Cruz, sc390063), non-phospho f-catenin
(1:1000, Cell Signaling, 8814), GAPDH (1:200, Santa Cruz, sc47724),
a-Tubulin (1:2000, Abcam, ab7291) and f-actin (1:5000, Sigma, A1978)
were used in this study. After washed with TBS containing 0.1% Tween
20 (TBST) for three times, the membranes were further incubated in
HRP-conjugated antibodies (1:8000) and visualized by the enhanced
chemiluminescence assay (GE Healthcare, UK) following the manufac-
turer’s instructions. Image J software was used to determine the densi-
tometry of western blots.

2.17. Measurement of intracellular Mg?*

MLO-Y4 and MC3T3-E1 cells were seeded on cover glasses at a
density of 1x10* cells/cm?. Collagen type I (Thermo, A1048301) was
used to coat the cover glasses for better attachment of MLO-Y4 cells. 24 h
after seeding, cells were incubated with Mg-Fura-2-AM (2 pM, Invi-
trogen, M1292) and Pluronic F-127 (1 pM, Life Technologies, USA) in
the Mg?*-free Margo-Ringer solution containing 130 mM NaCl, 5 mM
KCl, 2.5 mM CacCly, 20 mM HEPES and 10 mM glucose (pH 7.4), for 30
min before washed with the Mg?*~free Margo’s solution and stabilized
at room temperature for another 10 min. Cells on cover glasses were
mounted to a mini-chamber, which was then placed on a microscope
equipped with a CCD camera (Nikon Eclipse Ti, Japan). Every 5s, 340
and 380 nm excitations were alternatively used to excite Mg-Fura-2-AM
in cells and the emitted fluorescent lights were collected at 510 nm, and
pictures were taken.
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2.18. cAMP assay

Cells were grown at density of 1.6x10* cells/cm?. Prior to the ex-
periments, cells were incubated with low serum medium for 30 min
before treated with 10 mM MgCl; or 20 mM NMDG-CI as control in
serum-free medium containing 100 pM IBMX (Sigma, 410957) for 15
min. Medium was then removed and 0.1 M HCl was added to lyse the
cells. The lysates were centrifuged at 1000 g for 10 min to remove the
cell debris before used in the cAMP ELISA kit (Enzo, ADI901-066).

2.19. Adenovirus-based knockdown of Atf4 in vitro and in vivo

Adenovirus-packaged shRNA or null sequence (purchased from
Vector BioLabs, 10° PFU for single injection into the unilateral femoral
marrow cavity) transfected femora in wild-type mice. Knockdown effi-
ciency was evaluated with western blotting. The mice were pre-
transfected with the Ad-GFP-U6-mAtf4-shRNA for 5 days in Atf4-KD
group in the subsequent experiments. For in vitro experiment, the
MC3T3-E1 cells were pre-transfected with the Ad-GFP-U6-mAtf4-shRNA
(500 pfu/cell) for 72 h in Atf4-KD group.

2.20. Blockage of Wnt pathway in vivo using iCRT14

Following a previous study [25] and to continuously inhibit the Wnt
pathway, mice were i.p. administered iCRT14 (50 mg/kg, every other
day) until the end-point (12 weeks). No signs of systemic toxicity or
weight loss was observed.

2.21. Measurement of serum Mg?*

Inductively coupled plasma mass spectrometer (ICP-MS, Agilent
Technologies, Tokyo, Japan) was used to quantitatively measure the Mg
ion concentrations in serum, according to our previous study [26].

2.22. Statistical analyses

In this study, we randomly assigned sex- and age-matched animals
into each group. We did not exclude any samples, animals, and data
points. We conducted the analyses in a nonblinded fashion. We esti-
mated sample size using both preliminary data and the observed effect
sizes. We presented the quantitative data as means =+ s.e.m., where n was
defined as the number of tissue preparations, cells or animals. For
comparison between two groups, we applied two-tailed Student’s t-test.
For multiple-group comparisons, we used one-way or two-way ANOVA
with relevant post hoc tests which was indicated in separate figure leg-
ends. Regardless of statistical distribution, we used box-and-whisker
plots to describe the entire population. We used GraphPad Prism soft-
ware (Version 8) to perform statistical analysis and defined P < 0.05 as
statistically significant.

3. Results

3.1. Magnesium implantation promotes bone formation in CFTR-deficient
mice

To explore potential therapeutic effect of magnesium on CFBD, a
mouse model carrying AF508, the most frequent mutation of CFTR
causing its deficiency in CF, was used in the present study [20,27]. Pure
magnesium or stainless-steel rods (as control) were surgically implanted
(see Methods) into the medullary cavity of intact femora in wild-type or
AF508 mice. At week 2, in both wild-type and AF508 mice, new bones
were observed under micro-CT to be formed in the femora implanted
with the magnesium rod (Fig. 1A&B). Longitudinal view of long bones
showed that the cortical bones were thickened by magnesium implan-
tation. Further quantitative analysis showed that in mice treated with
control implants, the bone volume of both cortical and trabecular
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regions of femora was significantly lower in AF508 mice as compared to
that in the wild-type, suggesting bone defects in AF508 mice. Magne-
sium implantation for 2 weeks significantly increased the bone volume
of trabecular and cortical bones in both wild-type and AF508 mice.
Moreover, the cortical and trabecular bone volume of femora in AF508
mice were brought up by the magnesium implant to levels comparable
to that in the wild-type (Fig. 1C). The serum levels of bone turnover
markers, procollagen I N-terminal peptide (PINP, a bone formation
marker) and C-terminal telopeptides of type I collagen (CTX, a bone
resorption marker), were also measured. In mice treated with control
implants, the PINP level was found to be significantly lower in AF508
mice than that in the wild-types (Fig. 1D), consistently suggesting
defective bone formation with CFTR deficiency. Magnesium implanta-
tion for 2 weeks elevated the PINP levels significantly in both wild-type
and AF508 mice (Fig. 1D), with the PINP level in AF508 rescued to a
level comparable to the wild-types. The CTX level did not show apparent
difference between wild-type and AF508 mice implanted with magne-
sium or not (Fig. 1D). Remodeling assessment by calcein/xylenol
double-labelling showed that with the control implant, the bone for-
mation was significantly impaired in AF508 mice, as compared to the
wild-type mice (Fig. 1E). The magnesium implant, as compared to the
control implant, significantly accelerated bone formation in AF508
mice, raising their trabecular mineral apposition rate (MAR) and bone
formation rate (BFR/BS) to a level comparable to that of the wild-type
mice (Fig. 1F). These results altogether suggest the beneficial effect of
magnesium implantation in facilitating bone formation despite CFTR
deficiency.

3.2. Magnesium implantation improves bone fracture healing in CFTR-
deficient mice

Since CFBD is associated with a high risk of fracture and its healing is
often challenging, we next tested the effect of the magnesium implant on
bone fracture healing in AF508 mice. A closed fracture model was
established in AF508 mice (see Methods). As a pure magnesium rod
degrades quickly in vivo and thus cannot provide prolonged physical
support for fracture healing, we previously developed a magnesium-
containing intramedullary nail (Mg-IMN, see Methods) [9]. In the pre-
sent study, the Mg-IMN was adopted to fix the fracture in AF508 mice.
At the early time point of healing (week 3 post implantation), the
non-magnesium control nail (IMN) implanted-mice showed a callus size
(as measured by X-ray images) in the fracture sites in AF508 mice that
was much smaller than that of the wild-type mice (Fig. 2A), suggesting
impaired fracture healing in AF508 mice. In contrast, implantation of
Mg-IMN significantly increased the callus size and serum bone forma-
tion markers (osteocalcin and alkaline phosphatase activity), as
compared to IMN-implanted ones, in AF508 mice (Fig. 2A&B). Also,
histological staining showed that Mg-IMN effectively rescued the
impaired callus formation at the early stage (week 2) as well as callus
remodeling at the late stage (week 8) in AF508 mice (Fig. 2C). Consis-
tent with these findings, von kossa staining showed Mg-IMN improved
mineralization at the fracture gap during healing (week 4, mid-stage),
whereas at the same stage of healing, a visible fracture gap remained
in AF508 mice implanted with IMN (Fig. 2D). At week 12
post-fracture/implantation, micro-CT results (Fig. 2E) confirmed that
Mg-IMN, as compared to IMN, enhanced ossification, resulting in
increased bone volume and density in AF508 mice. Importantly,
biomechanical testing indicated improved bone strength by Mg-IMN
implantation in AF508 mice after healing from fracture for 12 weeks
(Fig. 2F).

3.3. Magnesium implantation restores Wnt/p-catenin signaling to
promote bone formation in CFTR-deficient mice

Given the observed beneficial effect of the magnesium implant on
bone healing in the AF508 mice, we went on to explore the mechanism
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Fig. 1. Magnesium-implant induces bone formation in AF508 mice. (A-C) Representative cross-sectional images and longitudinal views from micro-CT scanning
(n = 5 images from each group, A), 3D reconstructions (B), and corresponding quantitation of cortical and trabecular bone volumes (C) of femora (mid-shaft to distal)
from AF508 or age-matched wild-type mice, implanted with magnesium rods (with a diameter of 0.5 mm) or stainless steel ones as the control (Ctrl) for 2 weeks. To
avoid scanning artifact, stainless-steel implants were carefully removed from the bone before micro-CT. Scale bars, 500 pm *P < 0.05, **P < 0.01, ***P < 0.001 by
one-way ANOVA with Tukey’s post hoc test. n = 5 in each group. (D) ELISA measurement of serum levels of procollagen I N-terminal peptide (PINP, a bone formation
marker) and C-terminal telopeptides of type I collagen (CTX, a bone resorption marker) in AF508 or age-matched wild-type mice implanted with magnesium rods
(Mg) or stainless steel ones as the control (Ctrl) for 2 weeks. *P < 0.05, ***P < 0.001 by one-way ANOVA with Tukey’s post hoc test. n = 5 per group. (E-F) Bone-
remodeling assessment by calcein/xylenol double-labeling with representative images in E and corresponding quantitation (F) of mineral apposition rate (MAR) and
bone formation rate per bone surface (BFR/BS) in distal femora 2 weeks after implanted with Ctrl or magnesium rods. n = 5 mice for each group. Scale bars in panel
F, 50 pm **P < 0.01, from one-way ANOVA with Tukey’s post hoc test. Data are means =+ s.e.m.
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Fig. 2. Magnesium-inserted intramedullary nail (Mg-IMN) rescues the impaired fracture healing in AF508 mice. (A) Radiographs showing the femoral
fracture healing (with fracture callus regions enlarged) 0 or 3 weeks after fractured and implanted with Mg-IMN or IMN (See methods) in wild-type or AF508 mice.
The area of the callus at week 3 post-fracture was measured by Image J. Scale bars, 2 mm ***P < 0.001, from one-way ANOVA with Tukey’s post hoc test. n = 5 in
each group. (B) ELISA measurement of serum levels of alkaline phosphatase (ALP) and osteocalcin, two osteogenic markers, in indicated groups at week 3 post-
fracture. ***P < 0.001, from one-way ANOVA with Tukey’s post hoc test. n = 5 in each group. (C) Safranin O staining for assessment of endochondral ossification
within the fracture callus (n = 1 image from each of five mice per group). Scale bars, 500 pm. (D) Assessment of bone mineralization via von Kossa staining. Calcium-
rich region was stained in black. Scale bars, 1 mm. (E) Micro-CT 3D reconstructions and measurements of bone volume (BV), tissue volume (TV), and bone mineral
density (BMD). Scale bars, 1 mm *P < 0.05, **P < 0.01, ***P < 0.001, from two-way ANOVA with Tukey’s post hoc test. n = 5 in each group. The three-dimensional
images show the healing status at week 12. (F) Three-point bending test for measuring the biomechanical strength of the healing bone at week 12. ***P < 0.001, from

one-way ANOVA with Tukey’s post hoc test. n = 6 in each group.
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underlying magnesium’s action. As we previously reported that mag-
nesium can enhance CGRP production from sensory neurons to promote
bone formation and fracture healing, the CGRP level in AF508 mice was
examined. However, CGRP levels in the callus were found to be similar
in AF508 and wild-type bones (Fig. S1). On the other hand, Wnt/
fB-catenin signaling was reported to be impaired in bone cells in AF508
mice [28]. We therefore tested if the impaired Wnt/p-catenin signaling
with CFTR deficiency could be restored by magnesium. Indeed, the
protein level of active p-catenin (non-phosphorylated), the key player in
Wnt/p-catenin signaling, in the femora was found to be diminished in
AF508 mice, as compared to the wild-type mice (Fig. 3A&B). At 2 weeks
after a pure magnesium rod was inserted, the active B-catenin level was
significantly raised in AF508 mice to a level that was comparable to the
active f-catenin level in wild-type mice with magnesium (Fig. 3B). In the
fracture model in AF508 mice, a PCR array was conducted to measure
Wnt/p-catenin signaling target genes in the fracture callus with old
cortical bone involving 2.5 mm below and above the fracture line (that is
5 mm in length) while excluding bone marrow in the medullary cavity.
78 genes out of 84 genes as assigned in the array plate were detectable in
the samples (Fig. 3C). Many of these genes showed higher expression in
femoral tissues treated with Mg-IMN, as compared to those with IMN.
Among them, Runx2, a key transcription factor for bone formation, was
found to be about 10-fold higher in Mg-IMN-treated femora versus
IMN-treated ones (Fig. 3C).

To confirm the involvement of Wnt/p-catenin signaling in the action
of magnesium on improving bone health, we next performed treatment
of magnesium in conjunction with the inhibition of Wnt/p-catenin
signaling by iCRT14, a p-catenin-responsive transcription inhibitor [25].
In the fracture model, after Mg-IMN implantation, iCRT14 (50 mg/kg
body weight, every other day) was injected to surround the fracture site
in each mouse for 12 weeks. MicroCT measurement of the bone fracture
site showed that the enhancement of BV, TV, BV/TV and BMD by
Mg-IMN over IMN, was significantly inhibited by the concurrent iCRT14
treatment (Fig. 3D), suggesting that the effect of magnesium is largely
dependent on Wnt/p-catenin signaling.

3.4. Magnesium enters bone cells to activate ATF4 required for bone
formation in CFTR-deficient mice

We next asked how magnesium can activate Wnt/p-catenin signaling
to promote bone formation. Since both osteoblasts and osteocytes
showed active p-catenin expression after treatment with magnesium
(Fig. S2), two bone cell lines, an osteocyte-like, MLO-Y4, and a pre-
osteoblast, MC3T3-E1, were used to test the direct effect of magne-
sium on bone cells. Using a Mg?*-sensitive fluorescence dye, magnesium
Fura-2 (Mg-Fura-2), to monitor intracellular Mg2+ level ([Mg2+]i), the
addition of MgCl, (10 mM) into the extracellular bath induced an in-
crease in [Mg?']; in MLO-Y4 cells, which was significantly higher
compared to the response to NMDG-CI (20 mM), a cell membrane-non-
permeable cation as the control (Fig. 4A-C). Such an increase in [Mg2+]i
was attenuated by pretreating MLO-Y4 cells with blockers of magnesium
channels/transporters: ruthenium red (50 pM, inhibitor for TRPM6 and
TRPV), nitrendipine (50 pM, inhibitor for MAGT1), and 2-APB (100 pM,
inhibitor for TRPM7), suggesting Mg>" entry into the cells through these
channels/transporter (Fig. 5B and C). Whereas, in MC3T3-E1 cells, no
significant response to MgCl, was seen (Fig. 4D). Since Mg?™ is known to
be crucial for adenylyl cyclase activity and cAMP production, the
intracellular cAMP level in these two cell lines were also measured. The
result showed that in MLO-Y4 cells treated with MgCl, (10 mM, 15 min)
had an elevated intracellular cAMP level as compared to NMDG-CI-
treated cells (Fig. 4E). Whereas, in MC3T3 cells, the treatment with
MgCl, did not alter intracellular cAMP level (Fig. 4E), consistent with
the negligible Mg?" entry (Fig. 4D) in this cell line. Given these observed
differences between the two cell lines, the expression of reported Mg2+
transporters/channels in the two lines, which could possibly allow the
entry of Mg?*, were examined. Multiple Mg?* transporters/channels
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were detected at mRNA level, and MLO-Y4 cells showed substantial
higher (up to about 100 times for Trpm6) mRNA expression of Mg?*
channels/transporters including Trpm6, Cldnl6, Slc4lal, Slc4la2,
Cnnm4 and Nipa2 as compared to MC3T3 cells (Fig. 4F), which consis-
tently suggested a higher capacity of MLO-Y4, the osteocyte-like line, in
transporting and responding to Mg?*.

Given its effect on intracellular cAMP in MLOY-4 cells, possible effect
of Mg?* on ATF4 (activating transcription factor 4), a cAMP-activated
transcription factor known to regulate both bone formation and Wnt/
B-catenin signalling [29-31], was examined. Immunofluorescence
staining for ATF4 in MLO-Y4 cells (Fig. 4G) showed that ATF4 accu-
mulated into the nucleus after cells were treated with MgCl, (10 mM) for
30 min. Whereas, in cells treated with NMDG-CI (20 mM) as the control,
ATF4 was found mostly in the cytoplasm (Fig. 4G). Also, total protein
level of ATF4 was increased after treating MLO-Y4 cells with MgCl, (10
mM), as compared to that in cells treated with NMDG-CI (20 mM) as the
control (Fig. 4H). Consistent with these in vitro findings, both ATF4 and
active p-catenin were upregulated in the osteocytes of neo-bone tissues
within the fracture callus in the Mg-INM-treated group, as compared to
IMN-treated group (Fig. 5A). To confirm the role of ATF4, in vivo ATF4
knockdown was adopted in conjunction with magnesium treatment in
the fracture model. Virus containing ATF4-targeting shRNAs (10° pfu)
were injected once at the femoral mid-shaft, which significantly blocked
ATF4 expression by 80% in bone tissues in the mice for up to 3 weeks
(Fig. 5B), suggesting a successful knockdown. With such ATF4 knock-
down, active p-catenin induced by Mg-IMN was largely diminished
(Fig. 5C). The enhanced BV, TV, BV/TV as well as mechanical strength of
healed femora in AF508 mice by Mg-IMN were inhibited significantly
with ATF4 knockdown (Fig. 5D and E), confirming that ATF4 is required
for magnesium-induced Wnt/p-catenin activation and improved bone
fracture healing with CFTR deficiency.

3.5. Oral supplementation with magnesium restores bone quality in CFTR-
deficient bones

Given the promising effect of the magnesium implant, we went on to
test if oral administration of magnesium can rescue bone fragility related
to CFTR deficiency. Both wild-type and AF508 mice were treated with
oral supplementation of magnesium (100 mg/kg/day). The treated mice
were around 12-month-old and the serum Mg?* level before treatment
was similar between wild-type and AF508 mice (Fig. 6A). Two weeks
after the oral treatment, the serum Mg?* level was elevated by ~20% in
both wild-type and AF508 mice, which was sustained until week 6
(Fig. 6A). We traced the bone mineral content (BMC) and BMD in AF508
mice for 6 weeks after the treatment and found that the whole-body BMC
and BMD were significantly increased at week 4 and 6 as compared to
baseline values at week 0 (Fig. 6B). Consistently, micro-CT analysis
confirmed that BV, TV, BV/TV and BMD were significantly improved by
oral magnesium in AF508 mice (Fig. 6C). Of note, in the wild-type mice,
only a small effect of oral magnesium in increasing BMC (as measured by
DXA), but not other parameters, was seen (Fig. 6B and C). Moreover,
similar to the effect of magnesium implantation, 6 weeks’ oral supple-
mentation of magnesium in AF508 mice robustly increased serum level
of PINP, a bone formation marker, but not CTX, a bone resorption
marker (Fig. 6D). Western blotting was used to measure the expression
of ATF4 and active p-catenin in the femoral bone lysates (Fig. 6E). Both
ATF4 and active p-catenin were significantly elevated in femoral lysates
from AF508 mice received oral supplementation of magnesium ions for
6 weeks as compared to age-matched AF508 without magnesium
treatment, consistent with the effect of magnesium implantation. In
wild-type mice, supplementation of magnesium ions at the same dose
did not affect the expressions of both proteins (Fig. 6E).

4. Discussion

In summary, the present results have collectively shown that
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Fig. 3. Magnesium implantation restores Wnt/f-catenin signaling to promote bone formation in AF508 mice. (A-B) Inmunohistochemical staining (A) and
western blots with quantification (B) for non-phospho (active) p-catenin (Ser33/37/Thr41) in trabecular bone regions of distal femora collected at week 2 post
implantation of Mg or IMN (Ctrl). Scale bars, 40 pm *P < 0.05, ***P < 0.001, from one-way ANOVA with Tukey’s post hoc test. n = 3 per group. (C) Quantitative PCR
array for Wnt signaling target genes in bone tissues from AF508 mice at 2 weeks after implanted with IMN or Mg-IMN. Three biological replicates were presented. (D)
Micro-CT measurements of TV, BV, and BMD at the midshaft of femora from AF508 mice implanted for 12 weeks with IMN or Mg-IMN with co-treatment with
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as the control) into Mg2+-free bath with or without pretreatment with ruthenium red (RR, 50 pM, inhibitor for TRPM6 and TRPV), nitrendipine (50 pM, MAGT1
inhibitor) and 2-APB (100 pM, TRPM7 blocker). Scale bars, 50 pm. Pseudo colors purple/blue to yellow/red indicate fluorescence intensity from low to high. ***P <
0.001, from one-way ANOVA with Tukey’s post hoc test. Sample size is shown in each column. (D) Intracellular Mg>" levels in MC3T3-E1 cells treated with MgCl, or
NMDG-CI. (E) ELISA measurement of intracellular cAMP treated with MgCl, (10 mM) or NMDG-CI (20 mM) as control for 15 min in MLO-Y4 and MC3T3 cells. (F)
gPCR analysis of mRNA expression of Mg?" channel/transporter genes in MC3T3 and MLO-Y4 cells. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. (G-H)
Immuno-fluorescent imaging (G) and western bloting of ATF4 in MLO-Y4 cells treated with MgCl, (10 mM) or NMDG-CI (20 mM) as control for 30 min (G) or 48h
(H). **P < 0.01 by t-test. As loading control, GAPDH was used. Scale bars = 10 pm. DAPI was applied to stain the nuclei (in blue). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Scale bars, 100 um. (B) Western blotting for ATF4 in mouse femora 3-21 days after treated with adenovirus-packaged shRNA against ATF4 (shAtf4, 10° PFU, single
injection into the unilateral femoral marrow cavity), or non-silencing controls (shNC). (C) Western blotting for active f-catenin in femora of AF508 mice at 2 weeks
after fractured and implanted with IMN or Mg-IMN. The mice were pre-transfected with shAtf4 or shNC 5 days before fracture/implantation. ***P < 0.001 by one-
way ANOVA with Tukey’s post hoc test. n = 3 in each group. (D) Representative Micro-CT 3D images with measurements of BV, TV, and BMD of femora in AF508 mice
at 12 weeks after treated with IMN, Mg-IMN, shNC or shAtf4. Scale bars = 1 mm *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA followed with Tukey’s post
hoc test. n = 5 in each group. (E) Three-point bending test for measuring the biomechanical strength of the healing bone at week 12. ***P < 0.001 by one-way

ANOVA followed with Tukey’s post hoc test. n = 6 in each group.

magnesium, by activating ATF4 and reversing the CFTR deficiency-
impaired Wnt/p-catenin signaling, enhances bone formation, resulting
in increased bone volume, density and strength as well as improved
femoral fracture healing in bone diseases associated with CFTR defi-
ciency (Fig. 7). It therefore highlights magnesium as a cost-effective
approach with translational potential. The present study also shows
successful application of magnesium-containing hybrid fixation systems
in load-bearing bones, as summarized in our relatively recent reviews
[8,32].

Consistent with previous observations in clinics as well as in animal
models [16,33], the present study indicates a correlation of CFTR defi-
ciency with bone defects. Several lines of evidence further suggest a

10

bone formation problem with CFTR deficiency including 1) decreased
serum level of bone formation markers (i.e. PINP, Osteocalcin, and ALP),
2) reduced MAR and BFR/BS, 3) downregulated Wnt/p-catenin
signaling and 4) retarded fracture healing. In addition, bone resorption
may not be active in AF508 mice, as suggested by the CTX serum level.
Thus, impaired bone formation instead of enhanced bone resorption
may underlie the osteoporotic phenotype in AF508 mice. In line with
this observation, it should be noted that anti-resorptive drugs are of
limited effect for CFBD [21,34]. Therefore, medications to favour bone
formation (anabolic therapies) are needed for CFBD.

Magnesium, as the present study suggests, promotes bone formation
or anabolic pathways. This is observed using either magnesium-
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Fig. 6. Oral magnesium improves bone quality in AF508 bones. (A) Measurement of serum magnesium levels in wild-type and AF508 mice (n = 5) 0-6 weeks
after oral administration of MgCl, (100 mg/kg body weight, per day). n = 5 per group. All the mice were 12-month-old when received the first oral administration.
(B) DXA measurement of whole-body bone mineral content (BMC) and BMD in wild-type and AF508 mice 0-6 weeks after oral administration of MgCl, (100 mg/kg
body weight, per day). n = 5 per group. ***P < 0.001 by two-way ANOVA with Sidak’s post hoc test. (C-D) Micro-CT analysis of femoral mid-shaft (C) and ELISA
measurement of serum levels of procollagen I N-terminal peptide (PINP) and C-terminal telopeptides of type I collagen (CTX, D) in wild-type and AF508 mice before
(Week 0) and after (Week 6) oral administration of MgCl,. White scale bars = 500 pm **P < 0.01, ***P < 0.001 by Student’s t-test. Pseudo-colors from green to
yellow to red indicate bone thickness from thin to thick. All the mice were 12-month-old when they received the first oral administration (once per day). (E) Western
blotting for ATF4 and active p-catenin in the protein lysates collected from the femoral mid-shafts excluding bone marrow at week 6 post magnesium supple-
mentation. Age-matched mice of both genetic backgrounds without treatment were used as controls. Representative images were selected from three independent
experiments. ***P < 0.001 by one-way ANOVA with Tukey’s post hoc test. n = 3 in each group. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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signaling to promote bone formation.

containing implants or magnesium oral supplementation, in both
enhancing intact bones and improving bone fracture healing in AF508
mice. Moreover, the effect of magnesium may not be through inhibiting
catabolic pathways, since the bone resorption marker is not altered by
magnesium implant or oral supplementation. The present study for the
first time, to the best of our knowledge, demonstrates that the osteogenic
effect of magnesium could be directly on bone cells, in particular oste-
ocytes. Mg?" entry through Mg?" transport/channels (e.g. TRPMS,
TRPM7 and MAGT1) into bone cells were observed in vitro, which sub-
sequently elevates intracellular cAMP level. Such an effect is most likely
to be more active in osteocytes, given the observations that osteocyte-
like MLO-Y4 cells have 1) higher expression of Mg?* transport/chan-
nels, 2) larger Mg2+ entry and 3) more sensitive cAMP response to Mg2+
than that in the pre-osteoblast MC3T3-E1 cells. It should be noted that
MLO-Y4 line is believed to be an early differentiation stage osteocyte
line [35]. Osteocytes are the most abundant cell type in bone tissues
actively involved in bone modeling and remodeling [35]. In recent
years, studies have spotlighted the multifunctional roles of osteocytes in
bone health and fracture healing [36-38]. Choy et al. highlighted the
osteocyte-regulated events at gene, protein, cellular and tissue levels
throughout the fracture healing phases in a systematic review [39].
Under osteoporotic fracture, osteocyte is also a determinant mediating
the promotive effects of physical therapies including vibration and ul-
trasound [37,40]. The demonstration of magnesium’s action on osteo-
cytes provides a new mechanism underlying its beneficial function in
promoting bone health.
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Wnt/f-catenin signaling is critically involved in bone homeostasis
including osteocyte functions [41]. Importantly, the present study has
provided a set of evidence that an ATF4-dependent Wnt/p-catenin
signaling may underlie magnesium’s action, which includes ATF4 acti-
vation and upregulation by magnesium in osteocytes in vitro and bone
tissues in vivo, as well as increase in active p-catenin level and activation
of Wnt/p-catenin target genes by magnesium implant in vivo. It is further
strongly supported by results that either blocking Wnt/p-catenin
signaling or knockdown of ATF4 largely attenuated the effect of mag-
nesium in AF508 mice, in line with a previous study reporting that ATF4
overexpression increased the expression of p-catenin and formed
ATF4-p-catenin protein complex in osteoblast [31]. Therefore, the effect
of magnesium on bones in vivo is probably manifold. On one hand, it
enhances Wnt/p-catenin signaling in bone cells directly as we show
here, while on the other hand, it can also promote neuronal production
of CGRP as we previously reported [9]. It should be noted that not all
examined Wnt/fB-catenin target genes were promoted by magnesium.
For example, Dkk-1, though a downstream of Wnt/f-catenin signaling
[42], is significantly decreased by magnesium implantation. However,
since Dkk-1 is an inhibiting factor for bone formation, its down-
regulation is consistent with the osteogenic effect of magnesium. It
therefore suggests the involvement of additional regulatory mechanism
underlying the action of magnesium, which awaits further investigation.
Interestingly, it is believed that in the fracture models, the alkaline
environment and hydrogen accumulation around the magnesium
implant may also contribute to the promoted bone regeneration [43,44].
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CFTR is closely related to extracellular pH regulation in other systems
including the airway [1,45-47]. It is possible that magnesium may help
correct pH disruption in CF too, which awaits further investigation.
Systematic approaches such as transcriptomics or proteomics with
further in vitro and in vivo investigations (e.g. osteocyte specific
knockout models) will be needed to elucidate the underlying mecha-
nisms in future.

It should be noted that the effect of oral magnesium supplementation
has been tested in healthy, osteoporotic and post-menopausal osteopo-
rotic subjects by other studies, which has yielded controversial results
[48]. In the present study, in wild-type mice, only a small increase in
BMC was seen by oral magnesium, while AF508 mice presented with
significant increase in BMC and BMD after oral supplementation of
magnesium. A possible reason for such variation is that genes and
signaling pathways sensitive to magnesium may be substantially
changed with CFTR deficiency, for example, ATF and Wnt/f-catenin
signaling. The oral supplementation experiment in the present study
may serve as a starting point and more in-depth investigations will be
further implemented in the future. For instance, it is recommended to
evaluate whether the effect of oral magnesium can be reversed by
iCRT14 to consolidate the involvement of Wnt/f-catenin signaling.
Since anabolic therapy for osteoporosis is still lacking [49], whether the
presently demonstrated anabolic stimulating effect of magnesium can
benefit other osteoporotic conditions (e.g. age-dependent, post--
menopausal, disuse osteoporosis) may worth further investigation.
Magnesium ion can synergize with either simvastatin or vitamin C to
attenuate steroid-associated osteonecrosis [50], high-fat-diet induced
bone loss [3], and osteoarthritis [2], suggesting its broad applications in
skeletal diseases beyond CFBD.

The newly demonstrated role of magnesium in enhancing ATF4-
dependent Wnt/p-catenin signaling may be far beyond benefiting
CFBD, given the versatile roles of Wnt/p-catenin signaling in multiple
physiological and pathophysiological events [41,51]. Magnesium defi-
ciency or metabolism disturbance has been documented in subjects with
CF with advanced age or who have severe pathology [22]. Intracellular
Mg2+ is also critically involved in CFTR channel function [23]. The
potential of magnesium in treating symptoms of other organs/systems in
CF may warrant further exploration.
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