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ABSTRACT

Vitamin C is an important antioxidant and cofactor that is involved in the regulation of development, function, and maintenance of
several cell types in the body. Deficiencies in vitamin C can lead to conditions such as scurvy, which, among other ailments, causes
gingivia, bone pain, and impaired wound healing. This review examines the functional importance of vitamin C as it relates to the
development and maintenance of bone tissues. Analysis of several epidemiological studies and genetic mouse models regarding the
effect of vitamin C shows a positive effect on bone health. Overall, vitamin C exerts a positive effect on trabecular bone formation by
influencing expression of bone matrix genes in osteoblasts. Recent studies on the molecular pathway for vitamin C actions that
include direct effects of vitamin C on transcriptional regulation of target genes by influencing the activity of transcription factors and
by epigenetic modification of key genes involved in skeletal development and maintenance are discussed. With an understanding of
mechanisms involved in the uptake and metabolism of vitamin C and knowledge of precise molecular pathways for vitamin C actions
in bone cells, it is possible that novel therapeutic strategies can be developed or existing therapies can be modified for the treatment
of osteoporotic fractures. © 2015 American Society for Bone and Mineral Research.
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Introduction

eports of severe bone pain in maritime explorers suffering

from scurvy during the 15th century implied that vitamin C
deficiency affects bone health. However, the significance of
vitamin C effects on bone metabolism have only become
evident during the past several decades based on findings in
animal models and from epidemiological studies. Initial studies
identified vitamin C as a critical modulator of the production of
collagen, and that the reduced form, ascorbic acid (AA), had
potent antioxidant effects. It has been well established that AA is
an important cofactor for many prolyl and lysyl hydroxylases,
which actively participate in collagen maturation."” More
recently, studies using genetically modified mouse and rat
models of vitamin C deficiency have demonstrated a direct role
for vitamin C in regulating gene transcription in bone.
Specifically, these models reveal that subtle changes in one or
more genes in vitamin C signaling pathways can significantly
impair the transcription of genes involved in osteoblast
maturation and function. Furthermore, recent epidemiological
studies have provided convincing evidence for the increased risk
of osteoporosis and fractures caused by decreased bone
formation in patients with vitamin C deficiency. In this article,
we will present a brief overview of vitamin C, including its

history, physiologic role in skeletal and nonskeletal tissues, and
the epidemiological studies that have evaluated the relationship
between vitamin C and bone mineral density (BMD) and
fracture. Our main discussion will focus on the genetically
modified mouse and rat models of vitamin C deficiency, their
skeletal phenotypes, and contributions to our knowledge of the
molecular mechanism of vitamin C action in bone. Finally, we
will discuss future research studies that are needed in this area.

Historical Perspective

Vitamin C deficiencies can cause a variety of medical conditions,
which have been documented as early as 1500 BC in Ebers
papyrus by an Egyptian medical herbalist. Scurvy, a disorder
caused by AA deficiency, can lead to multiple complications,
including lethargy, bone pain, gingivitis, impaired wound
healing, myalgia, impaired bone growth, and pseudoparalysis.
In the 18th century, in what is considered to be one of the first
documented clinical trials, Dr James Lind, a naval physician,
discovered that scurvy could be treated with the ingestion of
citrus fruits (eg, lemons and oranges), leading to a reduction of
symptoms. A recent study examined 970 human skeletons from
mass graves dating to the great potato famine of Ireland (1845-
1852). The major cause of death was determined to be infections
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related to reduced immunity influenced by scurvy, which was
attributed to a lack of vitamin C from consumption of potatoes,
typically the only source of food for the poor population of
Ireland at the time.® It was not until 1931 that the effective
agent in citrus fruit was identified, when Albert Szent-Gyorgyi
isolated the molecule that he named hexuronic acid. Subse-
quently, it was determined to be a form of vitamin C and was
later renamed ascorbic acid (AA).”) Today, scurvy is a rare
condition in developed countries, found primarily among
individuals in circumstances related to malnourishment (eg,
homelessness, isolation) or in persons with allergies to foods
that typically contain vitamin C.)

The Role of Vitamin C in Nonskeletal Tissues

Vitamin C affects multiple tissues because of its global functioning
as an essential component of collagen synthesis and as an
antioxidant. AA is involved in the synthesis of collagen by
influencing the function of prolyl hydroxylase domain (PHD)
protein, which hydroxylates prolines that are important for
collagen assembly.®” Vitamin C is involved in vascular remodel-
ing as well as in the maintenance of vascular cell integrity by
influencing vascular smooth muscle cell differentiation and the
expression of connective tissue proteins.®? In a recent meta-
analysis of randomized controlled trials involving vitamins C and
E, it was found that supplementation with either vitamin C or
vitamin E alone improved endothelial function."? In the central
nervous system, adequate AA concentrations are important for
the formation of myelin sheaths, peptide amidation, and
protection against glutamate toxicity. Deletions of sodium-
dependent vitamin C transporter-2 (SVCT2), an ascorbate
transporter and regulator of AA concentration, result in cerebral
hemorrhaging and death."” AA has additionally been suggested
as a preventive agent against Alzheimer’s disease through its
function in reducing oxidative stress, which often leads to age-
related disorders such as Alzheimer's.’? In keratinocytes of the
epidermis, AA plays a role in collagen synthesis and wound repair.
AA also reduces reactive oxygen species by scavenging factors
that promote inflammation in the dermis; as such, AA can
function as a therapeutic agent against UV-induced skin
cancers."™ In many of these examples, it seems that the primary
method of function for AA is either by regulating biosynthesis of
connective tissue or by acting as an antioxidative agent.

Epidemiology and Human Studies in Vitamin C

The current recommended dietary allowance (RDA) for vitamin C
for healthy individuals is 90 mg/d for adult males, 75 mg/d for
adult females, 15 to 65 mg/d for children depending on age and
sex, and 40 to 50 mg/d for infants."® In adults, intakes above
RDA are recommended during pregnancy, if lactating, and in
smokers (additional 15, 50, and 35 mg/d, respectively)."'® Based
on data from the most recent National Health and Nutrition
Examination Survey (NHANES) 2003-2006, the Center for
Disease Control reported the overall prevalence of vitamin C
deficiency in the US to be 6%. Defined as serum AA levels
<11.4 pmol/L, deficiency was significantly more prevalent in
males (7%) than females (5%), Mexican Americans (12%), and
non-Hispanic blacks (31%) compared with non-Hispanic whites
(3%). Deficiency was less commonly observed in children (aged
6 to 11 years) and older adults (aged >60 years) compared with
young adults (aged 20 to 39 years).®)

For purposes of this review, we present only a broad overview
of the work. For an in-depth discussion of the field, we refer the
reader to the recently published review by Finck and
colleagues.” Human studies examining vitamin C effects on
bone are relatively sparse and the findings are somewhat
inconsistent. This inconsistency is likely the result of differences
in study design and the methodologies used.

The bulk of studies assessing vitamin C and bone have been
composed of elderly subjects of both sexes (aged >60 years)
and/or postmenopausal females. This is not surprising in light of
the fact that the prevalence of osteoporosis and the incidence of
osteoporotic fracture are highest within these groups. However,
there is significant variability in the approaches used to measure
vitamin C exposure and assess skeletal outcomes, as well as
defining stratification cutoff points (eg, use of tertiles, quartiles,
high versus low intake), which limits direct comparisons
between studies. In addition, studies differ widely in the
inclusion/exclusion criteria and examination of covariates such
as smoking status, calcium, or other nutrient intake and use of
estrogen in female subjects.

The vast majority of the human studies have been
observational and have assessed the BMD level or change in
BMD over time, as a skeletal outcome. The most widely used
observational study design has been cross-sectional. These
studies assessed vitamin C exposure via self-reported die-
tary,*'%'? supplemental,"®2? and/or total (dietary + supple-
mental) intake."®2*) The instruments used to determine intake
have differed from food-frequency questionnaires, 24-hour diet
recall,®*?%?” and 3-day®® or 7-day dietary diary.?® Only 1 of
the 13 cross-sectional studies measured vitamin C by the more
objective method of serum AA concentration.®? In regard to
BMD outcomes, although most cross-sectional studies exam-
ined BMD, the reported skeletal sites varied from the more
conventionally used clinical sites (lumbar spine,('¢~1820:2527-31)
femoral neck,“6_20'23'25'27_29'31) and tOtal hip(16,20,22,23,25,28,30,32))
to less conventional bony sites (trochanter,('”8232527.2831)
Ward’s  triangle,"7'%2®  whole  body, #3228 fore-
arm,2023242731.33) and hand®?). Three of the cross-sectional
studies assessed skeletal outcomes in addition to BMD, either
self-reported fractures®® or biochemical bone markers.'82"

Because of the wide variety of methodologies employed in
the cross-sectional studies, comparisons of results are difficult
and the findings have been inconsistent. For example, several
studies have examined the relationship between dietary vitamin
Cintake and BMD in postmenopausal women using multivariate
linear regression modeling. We"® and others’”?*3% observed
significant positive correlations with dietary vitamin C and BMD
at one or more bony sites. In contrast, other studies'®'9222%
reported positive associations between vitamin C and BMD, but
effect sizes were smaller and not significant. One study reported
negative, nonsignificant correlations.”® Similar study incon-
sistencies exist when comparing cross-sectional studies that
measured other vitamin C exposure variables (eg, supplemental
and total vitamin Cintake or blood concentrations of vitamin C),
studied male populations, and performed different covariate
analyses. As above, most studies reported positive trends but
differed in effect size and statistical significance.

The case-control study design has been employed in five
studies. Three of these defined a case based on fracture (hip(26'34)
or any fragility fracture®) and measured blood levels of AA. Falch
and colleagues®* and Martinez-Ramirez and colleagues®> both
examined elderly men and women and reported significantly
higher serum vitamin C level in controls compared with subjects
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who had suffered hip fractures or fragility fractures, respectively.
In contrast, Lumbers and colleagues®®® studied elderly women
only and observed the opposite scenario, in that plasma
concentrations of vitamin C were higher in hip fracture cases
than controls. The other two case-control studies identified cases
of osteoporosis (T-scores < -3.559 or < -2.557) One study
assessed plasma AA levels,®® whereas the other assessed dietary
vitamin C intake by food-frequency questionnaire (FFQ).®” Both
studies involved older women and both indicated that osteopo-
rotic cases had lower vitamin C level status than controls.

Three longitudinal studies have evaluated vitamin C and bone
health in the elderly.*”*'3? One study conducted by Sahni and
colleagues, using data derived from the US Framingham Study
cardiac outcomes study,®® focused on incidence of fracture as
the skeletal outcome and encompassed a long follow-up period
(15 to 17 years).?”? This Framingham substudy included US men
and women (N=918; mean age ~75 years) and assessed the
relationships between vitamin C consumption (dietary, supple-
mental, and total) as measured by FFQ. Significant, inverse dose-
dependent trends were observed between total vitamin C
intakes, as well as supplement use, and fracture risk. Hazard
ratios for medical record—-documented hip and self-reported
nonvertebral fractures were significantly lower in the highest
tertile of total vitamin C intake (median total intake = ~300 mg/
d) compared with the lowest tertile (median total intake = ~95
g/d). Similarly, the risk of hip fracture was significantly reduced in
subjects taking vitamin C supplements (median 260 mg/d)
compared with nonsupplemented subjects. Nonsignificant
trends suggesting protective effects were also observed with
higher vitamin C supplementation and nonvertebral fractures
and with dietary intake and hip and nonvertebral fractures. A
second longitudinal study also performed by Sahni and
colleagues using the Framingham data examined 4-year
changes in BMD at various sites as the primary outcome and
reported mixed results in elderly adults (N=606)."" No
significant associations were reported in women. In men,
beneficial effects were observed with some, but not all, vitamin
C intake variables at some, but not all, measured bone sites.
Results also varied between groups of men stratified by calcium
intake. A third longitudinal study, also composed of elderly men
and women (N = 944; mean age ~72 years), assessed vitamin C
dietary intake by 7-day food diary and looked at bone loss
between two BMD measurements at the total hip taken 2 to 5
years apart.®? Results pointed to beneficial effects of vitamin C
in women in that vitamin C was significantly associated with
more rapid bone loss in a linear fashion across increasing tertiles
of vitamin C intake. In men, a similar linear trend was observed,
but the effect was smaller and nonsignificant.

To date, there have been no placebo-controlled randomized
clinical trials (RTCs) evaluating the effect of vitamin C exposure
alone on skeletal dietary and supplemented nutrient effects.
There have been two small (N=30 or N=7 to 11 per group),
randomized placebo-controlled studies conducted examining
change in BMD and use of combination dosing of vitamin C and
vitamin E.?%39 Significant protective bone effects of supple-
mentation were reported in both studies at some skeletal sites
but not others. A third small (n = 13) interventional study using a
before-and-after study design reported a decrease in bone-
specific alkaline phosphatase after subjects received daily
vitamin C and vitamin E supplementation for 8 weeks.®?

Based on the wide variety of methodologies used to study the
clinical effects of vitamin C effects on bone, it is not surprising
that there are inconsistencies in the reported results.

Nevertheless, when taken as a whole, the majority of studies
have observed either significant beneficial effects of vitamin C or
positive but nonsignificant effects on one or more of the skeletal
outcomes. Furthermore, differences observed in results based
on different covariate analyses suggest that vitamin C effects are
likely influenced by other factors. In conclusion, these
observations point to the likelihood that vitamin C effects on
bone are beneficial in nature but highly complex.

Vitamin C Biosynthesis and Animal Models of
Vitamin C Deficiencies and Their Effects on Bone

Most animals, including rats and mice, are capable of de novo
synthesis of vitamin C. In these species, production of vitamin C
begins with the formation of UDP-glucose from D-glucose-1-
phosphate and uridine triphosphate (UTP). UDP-glucose is then
dehydrogenated and loses its uridine diphosphate to become
D-glucuronate (Fig. 1). Next, D-glucuronate is reduced to
L-gulonate, at which point it can either be used in the vitamin

D-Glucose-1-P + UTP
1

UDP-Glucose

2

D-Glucuronate

GR KO 3 ARKO  AR/GR KO
L-Gulonate
4 SMP30
Y
L-gulono-y-lactone
5 Sfx, GULO KO, OSD

Y
Ascorbic Acid

Fig. 1. Vitamin C synthesis and mutation map. The AR (aldose
reductase) and GR (aldehyde reductase) mutations affect two separate
portions of the third step of the vitamin C synthesis pathway. The AR/
GRKO mutation is a double knockout preventing the conversion
of L-glucuronate to L-gulonate. SMP30 is a mutation in the fourth step of
synthesis affecting gulonolactonase, preventing the conversion of
L-gulonate to L-gulono-y-lactone. Sfx, GULOKO, and OSD affect the fifth
step of synthesis and are distinct mutations of L-gulono-y-lactoneox-
idase, which converts L-gulono-y-lactone to ascorbic acid. Mutation
names are denoted in red, intermediates are denoted in black, and step
numbers are denoted in blue.
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C synthesis pathway or the pentose phosphate pathway. In
vitamin C biosynthesis, L-gulonate is enzymatically converted to
L-gulono-y-lactone via gulonolactonase. A mutation in senes-
cence marker protein 30 (SMP30), which is a gulonolactonase,
prevents the conversion of L-gulonate to L-gulono-y-lactone.
Mice with this mutation are often used for vitamin C deficiency
studies. In the final step of the synthesis pathway, L-gulono-y-
lactone is converted to AA via L-gulonolactone oxidase (GULO).
Although many mammals produce vitamin C de novo, this
ability has been evolutionarily lost in some species, such as
guinea pigs, capybaras, certain bats, and some primates
including humans.#%4"

One of the earliest model organisms for studying the effects of
vitamin C on bone was the guinea pig because this vertebrate
species lacks the GULO gene and, therefore, is incapable of
catalyzing the final step in vitamin C biosynthesis. Gene
structure and phylogenetic analyses revealed that the verte-
brate GULO genes exhibit 64% to 95% amino acid identity and
consist of 11 conserved exons.“*? However, in guinea pigs and in
higher primates, the GULO gene is inactive because of mutations
that occurred roughly 20 million years ago.**% Early guinea pig
studies revealed that AA deficiencies inhibited proper collagen
synthesis“ and, moreover, that dysfunctional femoral bone
collagen synthesis was the result of reduced hydroxyproline
content.*® This led to further studies where it was shown that
AA-deficient guinea pigs had reduced bone trabecular number
and thickness but increased trabecular spacing in the tibia.
Femur length and bone volume density were also decreased in
scorbutic animals, although bone strength remained unaffect-
ed.“” Scorbutic guinea pigs display greatly reduced ALP activity
in both bone and serum compared with those on a diet
supplemented with AA.“®

In contrast to the guinea pig, rats and mice are able to
synthesize vitamin C and do not require dietary vitamin C
ingestion. Thus, gene knock-out animals involving specific
molecular components of the vitamin C synthesis and cellular
transport systems have been developed as a means to study
skeletal and nonskeletal effects of vitamin C deficiency (Table 1).
Three rodent models, the osteogenic disorder Shionogi (ODS)
rat, the GULO KO mouse, and the spontaneous fracture (sfx)
mouse, target the GULO gene, which is required for the
conversion of L-gulono-y-lactone to AA and which is lacking in

Table 1. Vitamin C Transgenic Animals®

humans. The sfx mouse is a consequence of an entire gene
deletion,“®°® whereas the ODS rat and the GULO KO mouse
models are the result of a missense mutation (G->A nucleotide
182, Cys->Tyr amino acid 61)®" and insertional mutations of
exons 3-7 (ie, gene trapping),®? respectively. These models
share similar skeletal phenotypes, including spontaneous
fracturing, decreased cortical thickness, and reduced metaphy-
seal trabeculae number and weight loss compared with wild-
type animals.“%>3-5%)

For unknown reasons, tail vertebrae in ODS rats are seemingly
unaltered, suggesting that the AA deficiency caused by the
GULO mutation has minimal or no effect on vertebral
maintenance and repair.®® ODS rats do, however, have
deformations in the curvature of the spinal column, as well as
stunted growth along the body axis and limb buds.*> The
epiphyseal growth plate is reduced in size and chondrocyte
number is decreased in ODS rats.”® Osteoblasts do not show
cuboidal profiles; instead, they are rounded and localized on the
bone surface, which does lack an osteoid layer. There is no
increase in osteoclast number, indicating that stunted growth
likely occurs as a result of dysfunctional or reduced osteoblast
populations.®®

GULO KO mice also appear to have impaired osteogenesis
as evidenced by reduced circulating osteocalcin levels, further
implying deficiency in the bone formation process.®**¥ In
addition to the reduced trabecular bone volume, GULO KO
mice exhibit aortic wall damage.®**¥ Although there are not
many studies describing the skeletal phenotypes of GULO KO
mice, we and others showed that deletion of the entire GULO
gene is the cause for impaired osteoblast differentiation,
attenuated bone formation, and spontaneous fractures in sfx
mice.“>*”) Sfx homozygous mice weigh significantly less than
their wild-type counterparts, have virtually no osteoid layer or
trabecular bone by the growth plate, as well as a very thin
growth plate, an indication that hypertrophic chondrocytes
are virtually inactive.®” Femur periosteal bone formation
rate (BFR) and mineral apposition rate (MAR) fall by a
considerable amount in sfx mutants when compared with
wild-type mice (BFR 10> mm/day [sfx 1.137 4 0.692, wild-type
14.951 +£3.552], MAR pm/d [sfx 1.128 £0.318, wild-type
5.170 £ 1.782]). Accordingly, BMD is reduced in the tibia
(64% of wt BMD) and femur (73% of wt BMD) at 35 days post-

Mutant Animal Gene Mutant type Phenotype Source
ODS Rat L-gulono-y- Missense mutant Cys Spontaneous fractures, missing (Kawai et al., 19926V,
lactoneoxidase 61-Tyr 61 trabeculae, reduced cortical zone Mizushima et al., 1984)(1%%
GULO KO  Mouse L-gulono-y- Gene trap exons 3-7 Spontaneous fractures, missing (Maeda et al., 2000)®?
lactoneoxidase trabeculae, reduced cortical zone
Sfx Mouse L-gulono-vy- Gene deletion Spontaneous fractures, missing (Mohan et al., 2005“;
lactoneoxidase trabeculae, reduced cortical zone Jiao et al., 2005°?; Beamer
et al,, 2000)¢”
AR KO Mouse Aldose Exon 9 deletion No skeletal phenotype (Gabbay et al., 2010)“®
reductase
GR KO Mouse Aldehyde Gene trap intron 1 Susceptible to osteoporosis under (Gabbay et al., 2010)“?
reductase oxidative stress/low AA
AR/GR KO Mouse AR/GR AR/GR cross Spontaneous fractures, missing (Gabbay et al., 2010)“?
trabeculae, reduced cortical zone
SMP-30 Mouse Gulonolactonase  Gene trap exon 3 Spontaneous fractures, missing (Ishigami et al., 2002)"%¥

trabeculae, reduced cortical zone

?All relevant vitamin C mutations in mouse and rats organized by gene, mutations in the gene, and the effects of said mutation.
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natal.“® Sfx mice have attenuated expression of insulin-like
growth factor | (IGF-I) and a minor decrease in ALP, but very
much like GULO KO mice exhibit a very large decrease in
osteocalcin levels in the serum.®”

Another rodent model of vitamin C deficiency involves
mutating the gene for senescence marker protein 30 (SMP30),
the gulonolactonase responsible for the conversion of L-
gulonate to L-gulono-y-lactone, the penultimate step in the
vitamin C biosynthesis pathway. SMP30 mice can alternatively
convert D-glucuronate to D-gulono-y-lactone, which can then
undergo an isomeric change to L-gulono-y-lactone, effectively
bypassing the L-gulonate intermediate or the need for SMP30.
Moreover, treating SMP30 mice with D-gulono-y-lactone
increases the urine concentration of AA at least 30-fold. This
secondary pathway, however, does not endogenously yield
adequate levels of L-gulono-y-lactone to abrogate the need
for SMP30.%%°% Very much like the ODS rats, GULO KO mice,
and sfx mice, SMP30 KO mice display the scurvy-like skeletal
symptoms, including spontaneous limb fractures, reduced
cortical thickness, and trabecular number compared with wild-
type mice.®® SMP30 mice also display signs of rachitic rosary
and lower subcranial BMD when compared with wild type
(~80% of wt BMD).®® In addition, receptor activator of nuclear
factor kappa-B ligand (RANKL), an important mediator of
osteoclast differentiation, is increased in SMP30 KO mice,
whereas osteoblast numbers are decreased.”

Three additional KO mouse models that have been developed
involve the aldehyde reductase (GR) and aldose reductase (AR)
enzymes of the vitamin C synthesis pathway. Mutation of the GR
gene via gene trapping of intron 1 produces mice (GR KO) that
grow normally but are susceptible to developing osteoporosis
when subjected to oxidative stress or reduced AA intake. Mice
with deletion of exon 9 in AR (AR KO) display mildly reduced AA
production (~15%) but no visible skeletal phenotype. In
contrast, double KO mice (AR/GR KO) develop signs of scurvy
with bony features similar to that of the sfx, GULO KO, SMP30
mice, and ODS rats.“*?

It is important to note that these phenotypes can be rescued
with ingestion of vitamin C, suggesting that these phenotypes
are not a result of secondary effects of the ODS, SMP30, GULO
KO, or AR/GR KO mutations but, rather, are primarily owing to
vitamin C deficiency alone. In each of these KO models, it
appears that bone formation is more affected than bone
resorption. Together, these data suggest that impairment in
bone formation caused by defective osteoblast function is the
major cause for low BMD, trabecular number, and cortical
thickness resulting from AA deficiency. This leads to osteoporo-
sis and increased fracture risk.

Vitamin C Effects on Bone and Cartilage Cells

AA has effects on various types of bone cells in vitro as well as in
vivo. A number of in vitro studies have shown that vitamin C
plays an important role in promoting expression of genes
involved in differentiation of chondrocytes.®'®? In terms of
mechanisms by which AA induces chondrocyte differentiation,
studies using ATDC5 chondrogenic cells have shown evidence
for involvement of ERK signaling. AA treatment induced ERK
activation, whereas ERK inhibition attenuated vitamin C-induced
chondrocyte differentiation.®® These data, taken together with
the in vivo data, imply that AA is an important regulator of
chondrocyte fate determination.

AA seems to be an important regulator for osteoblast fate
determination as well as proliferation. Several studies have
shown that addition of AA to cultured osteoblast-like cells
stimulates initial deposition of collagenous extracellular ma-
trix”%¥ followed by induction of specific genes associated with
the osteoblast phenotype, such as alkaline phosphatase
(ALP)®4%% and osteocalcin,®**® as well as osteopontin (OPN),
osteonectin, and runt-related transcription factor 2 (Runx2) from
undifferentiated mononuclear cells.®” AA treatment along with
dexamethasone and B-glycerophosphate has been shown to
exert a positive effect on differentiating mouse embryonic stem
(ES) cell cultures to become osteoblasts.®® The mouse bone
marrow stromal cell line ST2 can develop into osteoblast lineage
cells under the influence of AA.®® Treatment of MC3T3-E1
mouse calvaria-derived cells with AA increases proliferation as
well as type | collagen synthesis.®*”® MG-63 osteoblast-like cells
display similar results when treated with AA as well as its
derivative AA 2-phosphate. These effects are attenuated in both
MC3T3-E1 and MG-63 cell lines when treated with collagen
synthesis inhibitors, indicating that collagen somehow influen-
ces the effects of AA on osteoblast proliferation/
differentiation. #6707

The biological effects of AA on osteoclasts have also been
demonstrated using in vitro studies. Both stimulatory and
inhibitory effects of AA on osteoclastogenesis in vitro have been
demonstrated.”>”® In a recent study, Le Nihouannen and
colleagues”® have reported that treatment with AA significantly
increased osteoclast number, size, and nucleation in primary
mouse bone marrow cultures as well as monocytic RAW 264.7
cells. Consistent with this data, treatment of the clonal stromal
cell line ST2 with AA and 1a, 25-dihydroxy-vitamin D; caused a
fivefold increase in RANKL expression and induced formation of
tartrate-resistant acid phosphatase-positive osteoclasts when
cocultured with mouse bone marrow cells.”® Interestingly, late-
stage osteoclasts treated with AA in culture initiated cell
death.”® This dual function of AA may explain the attenuation
of bone resorption observed by AA treatment in ovariectomized
animals in vivo.”®7”

Molecular Pathways for Vitamin C Action on
Bone Cells

AA is known as an antioxidant and important cofactor for
catalyzing many biochemical reactions.”® Studies performed on
smoking and its reductive effect on BMD as a result of increased
free radicals have suggested that antioxidant vitamins such as
vitamin C and vitamin E play a role in minimalizing such
deleterious effects.” Furthermore, ovariectomized rats reduce
thiol antioxidants such as glutathione and thioredoxin reduc-
tases because of a lack of estrogen. This, in turn, increases the
concentration of reactive oxygen species (ROS), which results in
increased osteoclastic differentiation and bone resorption. This
osteoclastic effect can be reversed by treating rats with AA,
which increases glutathione concentrations.”® There are many
studies showing that antioxidants can minimize bone loss by
preventing osteoclastic differentiation; however, antioxidizing
functions are not enough to promote osteoblast differentiation.
There have been no studies suggesting that antioxidants such as
vitamin E can promote de novo bone regeneration. This
suggests that when vitamin C functions as an antioxidant, it is
to prevent osteoclastic differentiation but not osteoblastic
activity.
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Recent studies have demonstrated mechanisms for vitamin C
stimulation of osteoblast differentiation in addition to its
antioxidant effects on osteoclastogenesis. Several growth
factors and hormones play a role in the differentiation and
proliferation of chondrogenic and osteogenic cells.®” The
actions of one or more of these osteogenic growth factors are
subject to regulation by AA in bone cells. For example, AA-
treated osteoblasts have increased expression of transforming
growth factor (TGF)-B, estrogen receptor (ER)-«, and OPN, all of
which are important regulators of bone formation.®® Addition-
ally, in ovariectomized mice, AA can prevent the loss of
osteoblast differentiation markers (Osterix, osteocalcin, Runx2,
BMP-2) and attenuate bone loss, as well as stimulate bone
formation.”” Much of the growth factor effect is regulated
through increased collagen matrix production, which is
stimulated by AA. Vitamin C treatment upregulates sonic
hedgehog (Shh) signaling by promoting expression of Gli1
and Ptcl, target genes of the Shh pathway in MC3T3-E1
osteoblasts.®” Similarly, AA modulates MapK/ERK signaling as
well as Indian hedgehog (lhh), bone morphogenetic protein 2
(BMP-2), and SOX9 expression via induction of a collagen
matrix.®® The issue of whether the changes in expression or
actions of these growth factors are attributable to direct or
indirect effects of AA in bone cells remain to be examined.

In our studies on the mechanisms for AA effects on the
differentiation of bone marrow stromal cells into mature
osteoblasts, we found that AA is essential for the increase in
osterix expression that occurs during osteoblast differentiation.
We found that the AA effect on osterix expression was specific
because expression levels of other transcription factors such as
Runx2 and DIx5 were unaffected.®? In our effort to understand
how AA regulates osterix expression by transcriptional regula-
tion, we focused on the nuclear factor-E2-related factor (NFE2,
also known as Nrf) pathway, because Nrf regulation of
antioxidant genes via antioxidant response elements (ARE) is
well known.® Studies in a number of laboratories have shown
that to combat DNA damage by electrophiles and ROS, cells
have developed elaborate defense mechanisms that involve
coordinated function of genes encoding drug detoxification,
GSH metabolism, and protection against oxidative dam-
age.®* 89 Fyrthermore, the transcriptional activation of many
of these genes involves the binding of Nrf to AREs to induce
transcriptional activation.®”) Because the proximal promoter of
the osterix gene contains AREs that are highly conserved
among mice, rats and humans, we examined if osterix gene
transcription was regulated by Nrf binding to its promoter. Our
data demonstrate that the effects of AA on osterix gene
expression at the early stage of osteoblast differentiation is
because of the direct effect of AA on osterix gene transcription,
in part via a pathway involving increased binding of Nrf1 to the
ARE in the promoter. Consistent with a role for Nrfl in
regulating osteoblast differentiation and bone formation,
conditional disruption of Nrf1 in osteoblasts, in vivo, using
the Cre/loxP approach decreased osterix mRNA levels, femur
length, and trabecular bone volume.®? Because a number of
other transcription factors besides Nrf1 are known to bind to
AREs, it remains to be determined if AA regulation of osterix
gene transcription is mediated via other ARE binding proteins
besides Nrf1.

It has been well established that AA is an important cofactor
for many prolyl and lysyl hydroxylases that are involved in the
modulation of many transcription factors, as well as the
formation and maturation of collagen. Prolyl and lysyl

hydroxylases have multiple functions within the cell. One
such function is regulation of hydroxylation of specific proline
and lysine residues within the collagen molecule, a process that
is essential for collagen cross-linking and maintenance of the
normal mature collagen network."*” Besides regulating
collagen cross-linking, prolyl hydroxylase domain (PHD) proteins
activated by AA are known to induce hydroxylation of proline
residues of other proteins such as hypoxia-inducible factors
(HIFs). Under normoxia and in the presence of Fe2+, 2-
oxoglutarate, and AA, PHD proteins are activated to induce
hydroxylation of certain conserved proline residues in HIFs. The
hydroxylated HIFs interact with the B-domain of von Hippel-
Lindau tumor suppressor protein (pVHL) and are subsequently
ubiquitinated by the pVHL-E3 ligase complex, thereby marking
HIFs for degradation by the 265 proteasome.®®®9 Thus, AA-
induced activation of PHDs may modulate functions of bone
cells in part by regulating the protein level of HIFs and other
transcription factors.

Consistent with an important role for PHD proteins in
mediating AA effects on osterix expression and osteoblast
differentiation, it has been demonstrated that treatment with
inhibitors of PHDs results in a blockade of AA-induced osterix
expression and osteoblast differentiation.®>°? To determine the
role of PHD2 expressed in osteoblasts, we conditionally
disrupted the PHD2 gene in type | collagen-producing
osteoblasts.®” In these studies, it was found that mice with
the loss of Phd2 gene function in osteoblasts had significant
reductions in bone size and trabecular bone volume that was
caused by impaired bone formation and not bone resorption.
The loss of PHD2 resulted in reduced expression of osterix,
osteocalcin, and bone sialoprotein in osteoblasts, thus suggest-
ing that PHD2 plays an important role in regulating bone
formation in part by modulating expression of osterix and bone
formation marker genes. Inactivation of PHD2 is predicted to
increase HIF1a protein levels because of its escape from
proteasomal degradation. Accordingly, the serum levels of
erythropoietin, a target of HIF 1, are increased in the osteoblast
PHD2 conditional knockout mice because conditional deletion
of HIF1a in osteoblasts has shown that HIF1a is a positive
regulator of bone formation.”? Furthermore, the HIF1a
pathway has been shown to be activated during bone repair,
and manipulation of HIFa signaling has been used as a strategy
to promote bone repair.***¥ These findings seem to argue
against the involvement of HIF1«a signaling in mediating the
positive effects of PHD2 in osteoblast differentiation and bone
formation.

In contrast to the positive effects of PHD2 in osteoblasts,
recent studies in our laboratory involving mice with conditional
disruption of PHD2 in chondrocytes have uncovered an
opposing function of PHD2 in chondrocytes. A conditional
knockout of PHD2 in collagen 2-positive (Col2™) chondrocytes
leads to a dramatic increase in endochondral bone formation
and trabecular bone volume at multiple skeletal sites. The
increased bone formation is caused by increased chondrocyte
and osteoblast functions as reflected by the marked increases in
expression levels of osterix, ALP, and bone sialoprotein, as well
as HIF1a and chondrogenic genes such as Col2 and Sox9.%”
PHD2 inhibition in chondrocytes additionally increases the
potential for cartilage repair by preventing degradation of
HIF2a, which acts as an upstream enhancer of expression of the
cartilage regulator Sox9.°® Indeed, knockdown of pVHL, an E3
ubiquitin ligase that ubiquitinates HIF1a after PHD2 hydroxyl-
ation, results in a HIFTa-mediated increase in Sox9 and
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subsequent chondrogenic differentiation.®” Taken together, it
would seem that PHD2 negatively regulates endochondral
ossification by inhibiting the HIF1a pathway. The issue of
whether the PHD2-mediated HIF1a signaling pathway is
involved in mediating AA effects on chondrocytes remains to
be established.

Another exciting mechanism for vitamin C regulation of gene
transcription is via epigenetic modification of gene activity. DNA
methylation at the 5 position of cytosine is the major covalent
modification of mammalian DNA that plays a critical role in
regulating gene transcription. AA induces ten-eleven transloca-
tion (Tet) 1/2 function by acting as an enzymatic cofactor for the
hydroxylation of 5-methylcytosine (5-mC). By doing so, it
upregulates transcription in genes that typically have hyper-
methylated regions; however, it does this independently of
increasing Tet expression.”®? Tet2 promotes hematopoietic
differentiation, and mice with Tet2 deficiencies develop myeloid
malignancies and eventually die.*>'°® Furthermore, Blaschke
and colleagues®® demonstrated that knockdown of Tet1/2
prevented AA-induced hydroxylation of methyl cytosine in
mouse embryonic stem cells, thus suggesting that vitamin Cis a
direct regulator of Tet activity and DNA methylation fidelity. This
novel function of vitamin C in promoting Tet-mediated
generation of hydroxyl-methyl cytosine supports ascorbate as
a critical mediator of the interface between the genome and the
environment.®”

AA

GSSG
AA

Tetl,2

Gluthatione
Reductase
AA 7_,4—4 DHA

& \ Transcriptional Activator

PHD — Hifla

Future Research Considerations

Despite efforts to eradicate vitamin C deficiency by its
supplementation with food products, vitamin C deficiency
and insufficiency persists and likely contributes to suboptimal
bone health. Even with normal intakes of vitamin C, effects in
any of the mechanisms (eg, vitamin C transporters, reduction of
DHAA to AA) can influence cellular levels of vitamin C.
Furthermore, subtle genetic changes in any one of the genes
involved in the vitamin C signaling pathway in target cell types
could lead to alterations in bone formation (Fig. 2, Fig. 3). Thus,
future elucidation of AA pathway gene alleles that are
polymorphic and elucidation of a linkage between polymor-
phisms and bone formation could lead to a better understand-
ing of how this pathway affects human skeletal maintenance.
Vitamin C deficiency caused by mutations in the GULO gene
caused a dramatic reduction in bone mass of long bones but not
in the vertebra.® Accordingly, spontaneous fractures were
mainly identified in the long bones of spontaneous fracture
mutant mice caused by deletion of the GULO gene.*”
Interestingly, deletion of PHD2 in type | collagen-expressing
osteoblasts also exerted differential effects on long bones versus
vertebra. Loss of PHD2 in osteoblasts reduced trabecular bone
volume in the femur but not in the vertebra.”" Furthermore,
genetic linkage studies show that genes that contribute to
variation in peak bone mass are skeletal site dependent.'®"

DHA

GSH

DHA

(e.g. Nrfl)

Cytosol Nucleus

Fig. 2. Intracellular vitamin C mechanisms and transport. SCVT 1/2 are responsible for ion-mediated transport of AA into cells, whereas Glut 1/3/4
transport DHA. AA and DHA states are mediated via glutathione reductase. AA induces nuclear translocation of transcriptional activators such as Nrf1,
which bind to AREs and activate transcription of bone proliferation/differentiation factors, and Tet 1/2, which hydroxylate 5-mCs, thereby removing
epigenetic silencing. AA activates PHDs, which activate degradation of HIFs and may hydroxylate 5-mCs. HIFs bind to HREs, which can act as
transcriptional activators of bone differentiation or apoptosis. 5-mC = 5-methylcytosine; 5-hmC = 5-hydroxymethylcytosine; AA =ascorbic acid;
ARE = antioxidant response element; DHA = dehydroascorbic acid; Glut=glucose transporter; GSH = glutathione; GSSG = glutathione disulfide;
HIF = hypoxia-inducible factor; HRE = hypoxia response element; Nrf1 = nuclear factor-E2-related factor; PHD = prolyl hydroxylase domain protein;
SVCT = sodium-dependent vitamin C transporter-1; Tet =ten-eleven translocation protein.
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Fig. 3. Differential effects of vitamin C on different cell types. AA induces chondrogenic differentiation and cell maintenance (upregulated proliferation
and apoptosis) in chondrogenic cells. AA promotes collagen matrix formation, as well as osteoblastic differentiation and proliferation in osteogenic cells.
In early-stage osteoclasts, AA induces proliferation, whereas in late-stage osteoclasts, AA induces the upregulation of cell death. Red arrows indicate

upregulation of the cell property.

These data imply that the vitamin C signaling pathway must be
exploited toward identification of therapies to treat hip
fractures, the most debilitating osteoporotic fractures in
humans.

Although AA is a known cofactor for PHD enzymes, deletion of
PHD2 in osteoblasts versus chondrocytes produced opposite
skeletal phenotypes. To better understand the mechanism of its
action, it will be important to identify more targets (transcrip-
tional modulators) of PHD2 hydroxylation and ubiquitination.
Knockdown of PHD2 resulted in dramatic increase in the
expression of PHD3 in both osteoblasts and chondrocytes.®"
However, the role of PHD3 in regulating the functions of these
two cell types is unknown. AA has also been shown to exert
different effects on osteoclasts depending on its differentiation
status. Besides bone cells, vitamin C is also known to regulate
differentiation of other cell types, including neurons, myoblasts,
and keratinocytes. The issue of whether the PHD-mediated
mechanism is involved in mediating vitamin C effects in these
other cell types should be the subject of future investigation.

Vitamin C regulation of Tet is important for gene regulation in
embryonic stem cells and represents a key exciting discovery in
this area. Vitamin C regulation of hydroxylation of methyl
cytosine provides an interesting avenue to study AA regulation
of transcription at the whole genome level. Although AA
regulation of hydroxylation of proteins via PHD has been well
studied, the issue of whether PHDs are also involved in the
hydroxylation of methyl cytosine remains an interesting
possibility. In this regard, there is evidence that PHDs are
localized in the nucleus."? Thus, AA regulation of gene
transcription via epigenetic modification of genome activity
involving PHDs provides another mechanism for regulation of
vitamin C target genes, a concept that needs to be examined
experimentally in future investigations.

Finally, further epidemiological studies are required to
establish a better understanding of the vitamin C effect on
human bone. As illustrated by Finck and colleagues,'™ although

many different varieties of studies exist, many of them lack the
proper controls (ie, placebo controlled randomized clinical trials,
proper sample sizes, etc.) to obtain consistent results. Therefore,
epidemiological studies with stringent variable controls must be
considered.

Conclusions

AA has been shown to be a vital modulator of osteogenic and
chondrogenic differentiation. Vertebrate organisms deficient in
normal physiological levels of AA develop bone disorders such
as spontaneous fracturing, impaired bone growth, and impaired
bone healing. Therefore, the effect of AA on bone health is vital
and has proven to be regulated through a series of complex
mechanisms of interaction. Although there is some inconsisten-
cy in studies conducted in humans, most point to the conclusion
that reduced serum vitamin C levels or intake may be associated
with the development of osteoporosis and increased risk of
fracture. To develop novel therapeutics for vitamin C deficien-
cies, it is important to understand all of the methods by which it
is absorbed and manipulated to be functionally relevant within
the cell. This includes its functions as an antioxidant but also as a
cofactor that is involved in gene regulation that can influence
bone development/regeneration. Identifying downstream ef-
fectors of vitamin C and understanding the mechanisms by
which they interact will provide more targets for the treatment
of bone-related illnesses. Additionally, bone health is not
entirely mediated via AA-dependent mechanisms, and the
existence of other mechanisms provides an open door to
worthwhile studies on the synergistic impact of multiple bone
modulators.
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