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Using mouse gene knock-out models, we identify aldehyde
reductase (EC 1.1.1.2, Akrla4 (GR)) and aldose reductase (EC
1.1.1.21, Akr1b3 (AR)) as the enzymes responsible for conver-
sion of p-glucuronate to L-gulonate, a key step in the ascorbate
(ASC) synthesis pathway in mice. The gene knock-out (KO)
mice show that the two enzymes, GR and AR, provide ~85 and
~15% of L-gulonate, respectively. GRKO/ARKO double knock-
out mice are unable to synthesize ASC (>95% ASC deficit) and
develop scurvy. The GRKO mice (~85% ASC deficit) develop
and grow normally when fed regular mouse chow (ASC con-
tent = 0) but suffer severe osteopenia and spontaneous fractures
with stresses that increase ASC requirements, such as preg-
nancy or castration. Castration greatly increases osteoclast
numbers and activity in GRKO mice and promotes increased
bone loss as compared with wild-type controls and additionally
induces proliferation of immature dysplastic osteoblasts likely
because of an ASC-sensitive block(s) in early differentiation.
ASC and the antioxidants pycnogenol and resveratrol block
osteoclast proliferation and bone loss, but only ASC feeding
restores osteoblast differentiation and prevents their dysplastic
proliferation. This is the first iz vivo demonstration of two inde-
pendent roles for ASC as an antioxidant suppressing osteoclast
activity and number as well as a cofactor promoting osteoblast
differentiation. Although humans have lost the ability to synthe-
size ASC, our mouse models suggest the mechanisms by which
suboptimal ASC availability facilitates the development of
osteoporosis, which has important implications for human
osteoporosis.

Humans and other primates have lost the ability to synthe-
size ascorbic acid (ASC?; vitamin C), and severe ASC deficiency
results in scurvy, a systemic condition that affects the skeletal,
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neurologic, and hematopoietic systems with potentially lethal
consequences. ASC is a cofactor in the enzymatic hydroxyla-
tion of proline and lysine residues by molecular oxygen as well
as a general water-soluble antioxidant. The possible role of mild
ASC deficiency in the etiology of various human diseases
remains speculative, but accumulating epidemiological evi-
dence for osteoporosis indicates individuals with low ASC
intakes have reduced bone mass, a greater rate of bone loss, and
increased fractures (1-3). A recently reported 17-year fol-
low-up study of subjects enrolled in the Framingham Osteopo-
rosis Study showed that elderly men and women with a dietary
history of high ASC intake have reduced risk of hip fractures of
~50% (4). Interestingly, the Women’s Health Initiative Obser-
vational Study (5) of ~11,000 women between the ages of 50
and 79 years found no relation between total dietary antioxi-
dant intakes (vitamins and mineral antioxidants) and bone
mass density. However, a significant interaction effect was
observed between total intake of vitamin C and total body,
spine, and total hip bone mass densities in subjects on hormone
therapy. These and other studies (6) suggest that ASC enhances
bone health and that relative deficiency may play a role in the
development of osteoporosis in humans. Thus, optimal ASC
intakes for minimizing osteoporosis may be higher than those
needed for preventing scurvy.

Unlike primates, mice and rats are able to synthesize ASC.
ASC synthesis involves the conversion of b-glucuronate to ASC
in three enzymatic steps, with L-gulonate and L-gulono-vy-lac-
tone as intermediate metabolites (Fig. 1). The final enzymatic
step is catalyzed by L-gulono-+y-lactone oxidase (GULO), an
enzyme that is mutated and not functional in primates includ-
ing humans, guinea pigs, and some spontaneous mutant mouse
and rat models (7-10). The conversion of L-gulonate to L-gu-
lono-vy-lactone, which is the final substrate for the GULO
enzyme, occurs via Senescence-Marker Protein-30 (SMP30)
recently identified as a gulonolactonase enzyme whose knock-
out mice develop scurvy (11).

The enzyme(s) involved in the conversion of pD-glucuronate
to L-gulonate have not been hitherto definitively identified,
although aldehyde reductase was proposed to be the only
enzyme involved, with aldose reductase considered to be an
unlikely contributor (12). Aldehyde reductase (GR; Akrla4,
glucuronate reductase) and the closely related enzyme aldose
reductase (AR; Akrlb3, aldose reductase) are members of the
aldo-keto reductase (AKR) superfamily which consists of a
number of enzymes and proteins, many of whose functions
remain speculative. They are NADPH-dependent enzymes
with broad overlapping substrate specificities that reduce a
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FIGURE 1. Ascorbic acid synthesis pathway. Conversion of glucuronate to
L-gulonate occurs mainly through GR. AR is a minor contributor. GULO con-
verts L-gulonate to ASC. Gene knockouts in our mouse lines are numbered
1-3. Primates, guinea pigs, and the sfx congenic mouse have deletions of the
GULO gene (5) and are unable to synthesize ASC. An AR/GR double knock-out
(3) and a gulonolactonase (SMP30) knock-out (4) produce a scorbutic pheno-
type identical to GULOKO (5).

wide variety of aldehydes to their respective alcohols. AR and
GR (13, 14) are implicated in both the pathogenesis of diabetic
complications (15—17) and the regulation of oxidative stress in
cells, with some members of the family playing a role in the
detoxification of exogenous aldehydes and toxins. AR has an
incompletely understood role in the urinary concentration
mechanism as its knock-out in mice results in nephrogenic dia-
betes insipidus (18). A closely related protein with a demon-
strated enzymatic activity, the Kvf3 subunit of the Shaker family
voltage-dependent potassium channel, appears to act as a redox
sensor modulating the channel voltage through oxidation of
NADPH; however, the physiological substrate(s) for the sub-
unit is not known (19, 20).

To determine the biological role(s) of these two enzymes, we
created mice deficient for each enzyme (ARKO and GRKO) by
gene knock-out technology as well as a double-knock-out
strain, (ARKO/GRKO = AR/GRKO) by breeding. We show in
vivo that both GR and AR catalyze the conversion of glucur-
onate to gulonate with GR contributing toward ~85% and AR
~15% of ASC synthesis in the liver. The GRKO mouse (~85%
ASC deficit) develops and grows normally but has a suscepti-
bility to develop severe osteoporosis under conditions that
increase ASC requirements or increase oxidative stress. The
ARKO mouse (~15% ASC deficit) has no skeletal phenotype,
whereas the AR/GRKO double knock-out (>95% ASC deficit)
develops scurvy. In vivo studies suggest that ASC deficit induces
increased bone absorption due to increased osteoclast activity
and numbers along with a proliferation of dysplastic immature
osteoblasts. Our data suggest that ASC plays a dual role in bone
homeostasis; that is, as an anti-oxidant modulating osteoclast
proliferation and as a cofactor in the activation of transcription
factors that promote osteoblast differentiation. These mouse
knock-out models demonstrate the enzymatic steps of the
ascorbate synthesis pathway as well as the role of ASC in the
modulation of bone homeostasis and increased susceptibility to
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osteopenia/osteoporosis with less than optimal availability of
ASC.

EXPERIMENTAL PROCEDURES

Mouse Chow Diets—Regular mouse chow (Harlan) does not
contain vitamin C. We determined that, on average, a mouse
eats ~2.5 grams of mouse chow per day. A compressed 1%
vitamin C chow pellet diet prepared for us by Harlan (Teklad
TD.07727) assayed at ~0.65% vitamin C, due to loss of vitamin
C in the preparation process. On average these diets deliver a
dose of ~25 mg of vitamin C/mouse/day (1g/kg body wt/day).
Vitamin C was undetectable in regular mouse chow pellets pro-
vided by Harlan. We prepared pellets containing 0.05% of the
anti-oxidants pycnogenol (21, 22), resulting in a dose of ~50
mg/kg/body wt/day, and resveratrol (23) chow pellets (0.02%)
that resulted in a dose of ~20 mg/kg of body wt/day. The details
of preparation and assay are described in the supplemental
information.

Ascorbate and Uronic Acid Assays—For tissue and body fluid
analyses we used a method that allowed for efficient determi-
nation of a large number of samples for vitamin C levels. The
collected tissues were immediately frozen on dry ice, stored at
—80 °C, and then assayed within a few days. For ascorbic acid
assay, tissues were weighed and homogenized in 5% trichloro-
acetic acid. Subsequently the reduction of ferric iron to ferrous
iron by ascorbic acid is followed by measuring the absorbance
at 525 nm of the orange Fe?"-a-a'dipyridyl complex (24).
Uronic acid excretion in urine was determined by the phenyl-
phenol method (25). Briefly, 200 ul of 20-fold diluted urine is
added to 1 ml of a 120 mm borate in 96% sulfuric acid solution,
and absorbance is measured at 540 nm before and after the
addition of the phenylphenol reagent (1 h of incubation at
80 °C). Uronic acid values were normalized by creatinine meas-
urements. Urinary creatinine concentration was measured by a
direct colorimetric method (26).

Enzymatic Assays for Aldose and Aldehyde Reductases—Tis-
sues were homogenized in 5 mm sodium phosphate buffer, pH
7.4, containing 1 mm EDTA and 5 mm 3-mercaptoethanol and
centrifuged. The supernatant was harvested, and the protein
content was determined by the Bradford method (Bio-Rad).
Enzymatic activities were assayed by measuring the rate of
enzyme-dependent decrease of NADPH absorption at 340 nm
in either a Gilford Response or a Hewlett-Packard HP-8453
spectrophotometer at 25 °C. The standard reaction mixture
(1-ml volume) contained 0.2 mm NADPH and 10 mm p-glucu-
ronate (for aldehyde reductase) in a 100 mm sodium phosphate
buffer, pH 7. Control assays lacking either substrate or enzyme
were routinely included, and the rates, if any, were subtracted
from the reaction rates. Aldose reductase activity was measured
with identical conditions except for the use of 100 mm D-xylose
as substrate.

Generation of a Mouse Aldehyde Reductase Knock-out—A
mouse embryonic stem (129/SvEv®™ strain) cell clone carrying
a gene-trap mutation in the Akria4 aldehyde reductase gene
(OmniBank sequence tag OST 222400) was chosen for the gen-
eration of Akrla4-deficient mice based on sequence identity to
the published mouse Akrlad c¢DNA (accession number
NM_021473) (27). Inverse genomic PCR of DNA (28) isolated
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from OST 222400 cells confirmed that the retroviral gene-trap
vector had inserted in intron 1 of the mouse Akrla4 gene on
chromosome 4. The resulting GR™’/~ knock-out mouse strain
was repeatedly bred with C57BL/6] mice to generate an F10
backcross with a uniform C57BL/6] background. The genera-
tion schemata are shown in supplemental Fig. S1.

Generation of a Mouse Aldose Reductase Knock-out—An
aldose reductase (Akr1b) knock-out mouse was separately gen-
erated in the course of developing a knock-in mouse with
enhanced aldose reductase activity.* The mutations (V280L
and C298YV) are in exon 9, which was flanked with LoxP sites.
The LoxP sites allowed the entire exon 9 to be excised with
disruption of the gene when the homozygote animals were bred
with a homozygous Crel recombinase mouse (obtained from
Dr. Heiner Westphal, National Institutes of Health). The result-
ing AR™/~ knock-out mouse strain was repeatedly bred with
C57BL/6] mice to generate an F10 backcross with a uniform
C57BL/6] background. An ARKO/GRKO double knock-out
model was generated by cross-breeding the two F10 backcross
knock-out strains. The generation schemata are shown in
supplemental Fig. S2.

Gulonolactone Oxidase Knock-out—The GULOKO mouse
on a C57BL/6] background was purchased from The Jackson
Laboratory, Bar Harbor, ME.

Genotyping—All mice were genotyped from tail DNA by PCR
using the following primers. AR mutant knock-out mice show a
450-bp band, whereas the WT product gives a 710-bp band
(forward primer, 5 -GGACACAGGCTGCTTCTTAG-3';
reverse primer 5 GAAGTCCCGTGTTCTCTCTG3'); GR
mutant mice were identified by a 1044-bp band (forward
primer, 5-GGCGTTACTTAAGCTAGCTTGCCAAAC-3';
reverse primer, 5'-GCAGCATCATCTAGGCTCTAGAAT-
TAC-3’), and the WT band is 1156 bp (forward primer,
5'-TGAGCTGAGATCCACCTGATTTGC-3'; reverse primer,
5'-GCAGCATCATCTAGGCTCTAGAATTAC-3'); for GULO,
the mutant band is 230 bp (forward primer, 5'-CGCGCCTTA-
ATTAAGGATCC-3'; reverse primer, 5'-GTCGTGACAGAA-
TGTCTTGC-3'), and the WT band is 330 bp (forward primer,
5'-GCATCCCAGTGACTAAGGAT-3'; reverse primer,
5'-GTCGTGACAGAATGTCTTGC-3').

Histopathology—Immediately after euthanasia, GRKO mice
and age-matched normal control mice were flushed by cardiac
perfusion with cold phosphate-buffered saline followed by 10%
neutral buffered formalin. Tissues were immersed in 10% neu-
tral buffered formalin for an additional 48 h at room tempera-
ture. Bone was decalcified by immersing tissues in a formic acid
and formaldehyde solution (Cal-Rite, Richard-Allan Scientific,
Kalamazoo, MI), which was placed on an orbital shaker for
4872 h. All tissues were embedded in paraffin, sectioned at 4
pm, and mounted on positively charged glass slides (Superfrost
Plus, Fisher) and stained with hematoxylin and eosin.

Microcomputed Tomography—For Fig. 3 (mouse carcass)
and Fig. 7 (LV5), a uCT 40 system (Scanco Medical AG, Bass-
ersdrof, Switzerland) was employed with a threshold value of
240. Carcasses and LV5 were scanned at isotopic voxel dimen-

4K. H. Gabbay and K. M. Bohren, manuscript in preparation.
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Aldehyde Reductase Activity in Kidney Cortex
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FIGURE 2. Knock-out of aldehyde reductase was confirmed by measure-
ment of enzyme activity and immunohistochemistry in specific tissues
that uniquely express the enzyme as well as by Western blots (not
shown) using highly specific antibodies to aldehyde reductase. A shows
the GRenzyme activity is absent in the GRKO renal cortex (C) and is reduced to
50% in the GR™/~ heterozygote. Aldehyde reductase is expressed in the prox-
imal convoluted tubules (PCT) of the renal cortex (B) but not in the glomeruli
(G) or papilla (P). AR is expressed in the renal papilla (not shown). Note the
absence of immunohistochemical staining (horseradish peroxidase staining)
in the GRKO renal cortex and proximal convoluted tubules.

sions of 36 and 16 um, respectively. Analyses of LV5 included
the entire region of secondary spongiosa between proximal and
distal slices in which the secondary spongiosa occupied at least
50% of the cancellous bone area, typically 120 slices (~2 mm).
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Glucuronic and ascorbate levels in WT, GRKO, ARKO, and GULOKO mice (*S.E.)

WT male WT female WT-CXmale GR™/“male AR/“male GULO '~ male GULO™’~ female
Urinary glucuronate (mg/mg creatinine) 8.6 = 0.3 4.3 * 0.4“ 304 + 1.7% 52*12 115+ 0.8 53 *1.5°
n =10 n=16 n=12 n=18 n=>5 n=9
Liver ascorbate (ng/mg wet wt) 270 = 8 184 *+ 6“ 183 + 14 30 = 20 223 = 17° 151 +1.1° 11.1 + 0.6*
n=10 n=21 n=10 n=14 n=12 n=9 n==6
Kidney ascorbate (ng/mg wet wt) 157 = 4 115 = 4 108 = 4° 19+1° 127 = 11° 9.3+ 0.5 5.9 = 0.3
n=10 n=21 n=10 n=7 n=12 n=9 n==6

“p < 0.001 vs. corresponding male genotype.
? p < 0.001 vs. WT male.

For supplemental Fig. S3, mouse carcasses were examined with
a MicroCAT (Imtek, Nashville, TN) with a 7-um spot size
microfocus x-ray source at 50 keV and 80 uA.

Quantitative Bone Histomorphometry—Histomorphometric
analysis of static bone parameters was carried out according to
standard procedures (29) in WT and GRKO male mouse lum-
bar spines. Briefly, the lumbar spine was collected, fixed in 10%
buffered formalin for 48 h, dehydrated, and embedded in meth-
ylmethacrylate. Medial sections through the vertebral bodies of
L3 and L4 were generated, and bone volume (BV)/total volume
(TV) and trabecular thickness values were calculated by aver-
aging four measurements taken from L3 and L4 in two different
von Kossa-stained 7-mm-thick sections 30 —40 mm away from
each other. The sections were analyzed using TAS software
(Trabecular Analysis Software), which is part of the Osteomet-
rics image analysis system (OsteoMetrics, Decatur, GA). Serial
5-mm-thick sections of L3-L4 were also stained with toluidine
blue and tartrate-resistant acid phosphatase according to
standard protocols for counting osteoblasts and osteoclasts,
respectively. Osteoblasts and osteoclasts data were obtained
counting at least 100 fields at X40 magnification of the L4 ver-
tebral body using the Osteometrics software.

AR, GR, Osterix, and RUNX2 Antibodies—Polyclonal anti-
bodies against human recombinant aldose and aldehyde reduc-
tase were raised in rabbits by injection using initial doses of 200
png of homogenous denatured enzyme in complete Freund’s
adjuvant followed every 4 weeks by 100-ug doses of protein for
a total of three additional injections using incomplete Freund’s
adjuvant. This process was carried out by Cocalico Biochemi-
cals Inc (Reamstown, PA). IgG from serum was purified using
Econo-Pac Serum IgG Purification kits from Bio-Rad. The anti-
bodies were purified to specificity by batch-wise incubation of
purified IgG antibodies in heat-denatured liver extracts from
AR/GR double knock-out mice. Rabbit polyclonal antibody to
mouse osterix and a goat polyclonal antibody to mouse RUNX2
were purchased from Abcam, Inc. (Cambridge, MA).

Osteoblast Cell Culture—Primary osteoblasts were isolated
from calvariae of 4—5-day-old WT and GRKO pups as previ-
ously described (30). The cells were cultured to confluence in
10-cm plates in a-minimum Eagle’s medium containing 10%
fetal calf serum and subsequently split into 6-well plates con-
taining Dulbecco’s modified Eagle’s medium (DMEM, no ASC)
and 1% charcoal-stripped fetal calf serum. After reaching con-
fluence (~5-6 days), the cells were cultured for 48 h in media
containing either Dulbecco’s DMEM, a-minimum Eagle’s
medium (containing 50 pg/ml ascorbate but assays as <0
pg/ml), DMEM containing long-acting ASC phosphate (30
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pg/ml), or DMEM containing pycnogenol (100 ng/ml), all con-
taining 1% charcoal-stripped fetal calf serum.

RNA Extraction and Quantitative Real-time-PCR Analysis—
Total RNA was extracted using TRIzol reagent (Invitrogen).
c¢DNAs were synthesized from extracted RNA by using Super-
script III First Strand RT-PCR kit (Invitrogen). Real-time quan-
titative PCR amplifications were performed on LightCycler
(Roche Applied Science), and glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control for the quantity
and quality of the cDNAs in real-time PCR assays. Primer
sequences are available upon request.

Statistical Analysis—Data were analyzed using SYSTAT
software (Richmond, CA). Differences between groups were
assessed using the non-parametric Kruskal-Wallis one-way
analysis of variance with subsequent Mann-Whitney U test
comparisons if the p value for the variance analysis for a group
was significant. A p value of <0.05 was used to reject the null
hypothesis. Data are shown as the mean = S.E.

RESULTS

Tissue Ascorbate Levels and Urinary Glucuronate Excretion
in Wild-type and Knock-out Mice—The GR and AR knock-out
mice were generated as described in supplemental Figs.
S1 and S2. Fig. 2A demonstrates the absence of GR enzyme
activity in the GRKO renal cortex and a ~50% reduction in the
heterozygote GR*/~ cortex, respectively. Immunostaining of
WT kidney cortex with a specific antibody to GR, Fig. 2B, shows
intense staining localized to the proximal convoluted tubules
and the absence of staining in the corresponding GRKO tissue.

Urinary glucuronate excretion, Table 1, is essentially normal
in ARKO and GULOKO mice but significantly increased 3.5-
fold in GRKO mice (p < 0.001), which is consistent with a block
in glucuronate utilization. ASC synthesis in mice occurs exclu-
sively in the liver, and liver ASC contents are reduced by 17 and
89% (p < 0.001) in ARKO and GRKO mice, respectively, which
is consistent with the involvement of both enzymes in glucur-
onate reduction and ASC synthesis. Renal ASC contents are
~60% of the respective liver contents and reflect the amount of
ASC available for local re-cycling and excretion. Interestingly,
there is a gender difference in liver ASC content, with male WT
mice having an ~30% higher ASC content than females, p <
0.001. This gender difference is observed in the GULOKO and
ARKO mice as well. Urinary glucuronate excretion levels are
also significantly lower (p < 0.001) in female mice, implicating
differences in glucuronate production as a possible basis. Male
castration reduces liver ASC content in WT mice to the levels
observed in WT females.
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These data demonstrate that both GR and AR reduce p-glu-
curonate to L-gulonate, which is then converted to ASC by fur-
ther enzymatic steps involving SMP-30 and GULO (Fig. 1). The
role of AR in ASC synthesis is confirmed in double knock-out

FIGURE 3. Microcomputed tomography reconstructions of the spinal col-
umn, pelvis, knee, femur, and tibia of a WT and an affected GRKO (189-
day-old female). Carcasses were scanned at 36 um in a Scanco wCT 40 with
a threshold value of 240. Note the mineral disappearance in the GRKO bones
as compared with the WT and dissolution of the patella and numerous frac-
tures (arrows) in the long bones.
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FIGURE 4. Histology of a WT and an affected GRKO female mouse showing spontaneous bone fractures
and loss of trabecular bone. Panels A-C show the proximal tibia in a female WT mouse. Note the thickness of

AR/GRKO mice (Fig. 1, 3), which develop the clinical features
of the GULO knock-out mouse including rapid onset of scurvy
in newborn double homozygote mice of both genders and death
at 8 —10 weeks of age (supplemental Fig. S3). The two knock-out
models, thus, identify GR as the main enzyme providing ~85%
of the L-gulonate for ASC synthesis in the mouse and, impor-
tantly, identify AR as a source of the remaining ~15%. Fig. 1
summarizes the definitive pathway for ASC synthesis as dem-
onstrated by the series of knock-out mice.

Skeletal Phenotype of Aldehyde Reductase Knock-out Mice—
Both genders of the GR enzyme knock-out (GRKO) mouse
develop and grow normally when fed regular mouse chow that
is devoid of ASC (Purina irradiated chow 5053, ASC content =
0), indicating that the ~15% ASC levels resulting from AR
activity are sufficient for bone development and growth. Het-
erozygous GR+/— females and homozygous males breed suc-
cessfully; however, pregnant homozygous females are unable to
successfully carry a litter and rapidly develop severe osteoporo-
sis and spontaneous fractures. At necropsy they have 6-12
resorbing 5-mm diameter fetuses in the uterine horns and mul-
tiple severe fractures in the long bones and vertebrae. Fig. 3
shows micro-CT reconstructions of the vertebral column, sac-
rum, ilium, and the long bones of a wild-type GR*’" and an
affected GRKO female and demonstrates the severe loss of bone
and multiple fractures in the long bones. The histopathology of
long bones (Fig. 4) includes reduced
cortical bone thickness and severe
loss of trabecular bone at the growth
plates with fractures and callus for-
mation. Feeding of 1% ASC pellets
allows the GRKO females to suc-
cessfully breed and wean litters of
8-10 pups and prevents fractures
and other bone changes.

The homozygous GRKO mice
develop a mild age-related osteopo-
rosis phenotype that preferentially
affects females. The earliest histo-
logical finding in affected aging
unmated female GRKO mice is the
proliferation of dysplastic mesen-
chymal cell masses that are present
in trabecular areas of long bones
and vertebrae (Fig. 5, A and B) and
are more clearly observed in the
nasal turbinates. The nasal turbi-
nates are complex organs that have
a scaffold of trabecular bone-sup-
porting blood vessels, olfactory and
neurosensory tissue. Fig. 5C shows
the effect of castration on a male
GRKO mouse. The trabecular bone
is resorbed and replaced by dysplas-
tic cell masses. These are the earliest

the diaphyseal and metaphyseal cortical bone (C) and the thin layer of trabecular bone (Tb) at the growth plate

(A). B, a higher magnification shows the normal thickness of cortical bone at the metaphysis, whereas C shows
the extensive trabecular bone (pink) that normally makes up the spongiosa at the metaphysis. Panels D-F show
corresponding areas of bone in an age-matched affected GRKO female mouse. D, there is a complete fracture
(Fx) of the bone near the metaphysis with extensive callus formation. E shows severe reduction in cortical bone
thickness and periosteal fibrosis (¥). F shows the complete loss of trabecular bone at the epiphysis.
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lesions (~6 months) seen in female
GRKO mice fed a regular diet and
are the only lesions observed in
older (>1.5 years) male GRKO mice
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FIGURE 5. A and B, shown is accumulation of dystrophic subperiosteal (arrows) osteoblasts (*) along the trabecular
bones (pink) in the nasal turbinates (A) and in the tibial growth plate (B) 3 weeks after castration in a male GRKO
mouse fed regular chow (ASC content = 0). These cell masses are never seen in castrated WT mice on regular chow
orin castrated GRKO mice fed an ASC diet. C-E, shown is the effects of castration (CX) on turbinate structure in male
GRKO mice. C shows few remnant fragments of trabecular bone (pink) and proliferation of dystrophic osteoblasts in
mice fed a regular diet for 4 months after CX. D shows the effects of feeding ASC for 1 preterminal month after 3
months on a regular diet. Note the haphazard formation of new bone replacing the proliferating periosteal osteo-
blasts observed in C. E shows that ASC feeding after CX prevents the changes seen in C and preserves the normal
turbinate structures. F and G, shown are higher magnification views of adjacent sections to C and D, respectively,
immunostained with osterix antibody. F, not all cells are osterix-positive, possibly indicating different stages of
osteoblast differentiation. G, ASC intake stimulates the formation of trabecular bone containing osteocytes and
active plump subperiosteal mature elongated osteoblasts.

by immunostaining with antibodies
against osterix, an ASC-sensitive
transcription factor (31, 32) known
to be critical for osteoblast differen-
tiation (Fig. 5F) and RUNX2 (Fig. 6),
a marker of osteoblast lineage com-
mitment. Feeding of ASC (Fig. 5, D
and G) for 1 month before sacrifice
reduces the volume of dysplastic cell
masses and leads to the formation of
a haphazard network of newly
formed bone that clearly does not
restore the original trabecular
architecture (Fig. 5D). Supplemen-
tation of the diet with ASC immedi-
ately after castration preserves the
normal organization of bone trabe-
culae of the long bones/nasal turbi-
nates and prevents the proliferative
response (Fig. 5E). These results
show that a relative ASC deficit in
the GRKO mouse leads to severe
trabecular bone loss associated with
proliferation of developmentally
arrested osteoblasts at an ASC-sen-
sitive step, with osteoclast function
likely to be affected as well.

These findings suggest that
stresses that increase ASC demands
result in early functional ASC defi-
ciency because of the limited ability
of GRKO mice to synthesize ASC;
one outcome of this phenomenon is
an early onset osteoporosis. Indeed,
there is a marked acceleration of the
skeletal bone loss phenotype in
GRKO mice after gonadectomy due
to the loss of sex hormones.

The changes in the nasal turbi-
nate bones parallel the changes
observed in the long bones/verte-
brae and allow the in vivo demon-
stration of the effects of ASC defi-
ciency on osteoblast differentiation
and maturation. The ASC-sensitive
block in maturation appears to occur
at the osterix differentiation step with
only about 50% of the cells forming
the mesenchymal cell masses being
positive for osterix expression, possi-

and are never seen in WT mice or in GRKO mice placed on ASC
diet (Fig. 5E and supplemental Fig. S4). The proliferative cell
masses are similar to those described by Beamer et al. (8) in a
GULO-deficient scorbutic mouse model. Fig. 5C shows that the
trabecular bone disappears from the nasal turbinates and is
replaced by proliferating dysplastic cell masses in the absence of
dietary ASC intake. These cell masses are consistent with being
developmentally arrested immature osteoblasts, as suggested
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bly due to the remnant 15% ASC synthesis occurring via AR.

Role of ASC Deficit in the Development of Osteopenia/
Osteoporosis—The availability of a mouse model that synthe-
sizes sufficient ASC for normal bone growth and development,
but with a finite ability to increase synthesis under a variety
of stresses that increase body requirements for ASC, pro-
vides an opportunity to further evaluate the role of mild ASC
deficit in the development of osteoporosis. Male mice were
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Vo LA R N2 N i !
FIGURE 6. A and B, affected turbinates in castrated GRKO male mice
placed on regular mouse pellets (ASC = 0) for 4 months are shown. Panel
Ais an hematoxylin and eosin-stained section showing fragments of trabec-
ular bone and a prominent proliferation of dysplastic cell masses filling and
distorting the turbinate structure. Panel B shows a section immunostained
with RUNX2 antibody, which demonstrates ribbons of committed dysplastic
osteoblasts.

castrated at 60 days of age to induce bone loss. The mice were
thereafter fed various diets for 3 weeks, and the bones were
harvested for uCT and histomorphometry studies of the ver-
tebrae. Because ASC also has antioxidant properties that
may be involved in direct local control of reactive oxygen
species (33), we also tested the effects of feeding mouse chow
pellets containing 2 other powerful antioxidants, 0.05% pyc-
nogenol or 0.02% resveratrol. Both antioxidants (21-23),
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unlike ASC, have no known cofactor role in the enzymatic
hydroxylation reactions.

Microcomputed tomography (Fig. 7A) shows that there are
no statistically significant differences in trabecular BVs, trabe-
cular numbers (Th.N) and trabecular thickness (Tb.Th) of lum-
bar vertebrae (LV5) of 3-month old intact male WT and GRKO
mice fed a regular mouse chow diet devoid of ASC (ASC con-
tent = 0). Castration, however, leads to marked losses in bone
volumes after 3 weeks in both strains with the bone loss signif-
icantly greater in the GRKO mice than WT mice (68 versus 46%,
respectively, p = 0.004). ASC feeding (1% ASC chow pellets)
beginning on the day of castration prevented this heightened
bone loss in the castrated GRKO mouse, indicating that the
observed 22% increase in BV loss is attributable to ASC defi-
ciency. Similar changes (p < 0.005 or better) were found in the
observed trabecular number and thickness parameters. Both
pycnogenol and resveratrol antioxidants limited the BV and
trabecular losses to those observed in castrated W'T mice, sug-
gesting that the ASC-sensitive component of BV loss is in part
mediated through increased oxidative stress and/or osteoclast
activity.

These results, in concert with our findings in the long bones
and nasal turbinates described above, suggest that ASC defi-
ciency causes an imbalance in bone osteoclast/osteoblast
activity favoring bone resorption. This effect is likely due at
least in part to the proliferation of immature osteoblasts in
the GRKO mice; moreover, base-line tartrate-resistant acid
phosphatase (TRAP) levels measured in a small subset of
GRKO mice were elevated, suggesting increased osteoclastic
activity as well (data not shown). This was further investigated
by histomorphometry.

Histomorphometric analyses (Fig. 7B) show the osteoclast
parameters (Oc.S/BS and N.Oc/B.Pm) are comparable in the
intact WT and GRKO mice on a regular diet (p = not signifi-
cant) but are significantly elevated in castrated mice, p < 0.001,
with this increase being much greater in the GRKO mice, indi-
cating increased osteoclastic activity driving bone resorption.
The increased osteoclast response is efficiently suppressed by
ASC, pycnogenol, and resveratrol, confirming heightened base-
line oxidative stress in the intact GRKO mice due to ASC defi-
ciency. Reactive oxygen species such as hydrogen peroxide have
been shown both in vitro and in vivo to directly stimulate oste-
oclastic activity and osteoclastogenesis (34 —36). It is noted that
the combination of pycnogenol and ASC feeding results in a
significant increase in osteoclast numbers as compared with
feeding pycnogenol alone, suggesting the ASC-induced
increase in osteoblast numbers and maturation as a probable
cause (see below).

Osteoblast parameters (Fig. 7B) are comparable in intact W'T
and GRKO mice and are significantly increased only in the cas-
trated WT mice, p < 0.001. The osteoblast numbers are not
elevated in the castrated GRKO mice receiving ASC but are
significantly increased in the mice receiving the pycnogenol,
pycnogenol plus ASC, or resveratrol diet pellets. Only ASC
feeding restores osteoblast parameters to the levels observed in
intact WT and GRKO mice. The elevated number of osteo-
blasts in the GRKO castrated mice receiving pycnogenol or res-
veratrol compared with those receiving ASC together with the
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formation rate (BFR)) are similar in
intact WT and GRKO mice fed a
regular ASC-deficient diet (Fig. 8).
However, MAR and BFR indices are
increased in all other castrated
groups (p < 0.05 or better) whether
fed ASC or antioxidants as com-
pared with intact WT or GRKO
mice. These data confirm that
androgen deficiency in male mice
increases bone turnover, resulting
from increased osteoclastic activity
and decreased osteoblastic activity
with a net bone loss. The adminis-
tration of ASC or antioxidants, at
* least at the dosages used in this
t study, is however, not sufficient to
protect the mice from this effect.
Examination of the nasal turbi-
nates (Fig. 9, B and D) show that
ASC and resveratrol resulted in
essentially normal bones with com-
plete prevention of the proliferative
dystrophic cell responses. Pycnog-
enol treatment reduced but did not

Tb.Th (um)
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-+
-+
-+

0.

-+ *

Ob.S/BS%

16 4 16 4
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eliminate their incidence and se-

verity (Fig. 9C). Thus resveratrol

appears to be more potent than pyc-
* nogenol in the prevention of these
dysplastic osteoblasts. The advan-
tage of ASC over resveratrol appears
to be that ASC promotes the differ-
entiation of quiescent or inactive
osteoblasts into plump active osteo-
blasts, whereas the subperiosteal
osteoblasts in the resveratrol-
treated mice appear inactive and
are generally flattened with reduced

n= 9 9 12 6
8 14 8 9

FIGURE 7.A and B, uCT (lumbar vertebra 5 - LV5) and histomorphometric analyses of LV3/4 in male mice.
The experimental groups are identified under the nCT panel displaying the BV/TV% results. The groups are on
regular diet (ASC = 0) unless otherwise indicated. WT (intact wild type), WT-CX (castrated WT), GR (intact
GRKO), GR-CX (castrated GRKO), GR-CX-A (castrated GRKO on ASC diet), GR-CX-P (castrated GRKO on pycnog-
enol), GR-CX-P-A (castrated GRKO on pycnogenol + ASC), GR-CX-R (castrated GRKO on resveratrol). The uCT
results (A) are three-dimensional measures of the entire LV5. BV/TV% = bone volume as a percentage of total
volume, Tb.N/mm = trabecular number per mm, Tb.Th (um) = trabecular thickness. The number of mice/
group is shown in the Th.N panel. All data are shown * S.E., and significant differences are indicated on each
panel. B shows the static histomorphometry results collected on LV3 and LV4. Oc.5/BS% = osteoclast surface
per bone surface (percent), N.Oc/B.Pm = number of osteoclasts per bone perimeter. Identical parameters are
shown for osteoblasts (Ob) in the lower half of the panel. The number of mice/group is shown in the Ob.S/BS%
panel. All data are shown = S.E., and significant differences are indicated on each panel.

fact that all these mice have a similar bone volume (BV/TV)
suggests that only ASC-treated osteoblasts are fully functional.
The suppression of osteoclasts by pycnogenol and resveratrol
and the loss of bone volume in these mice despite significant
increases in osteoblast numbers are consistent with the finding
that these osteoblasts are not fully functional.

Dynamic indices of bone formation (mineralized surface/
bone surface (BS), mineral apposition rate (MAR), and bone

JUNE 18, 2010+VOLUME 285+-NUMBER 25

cytoplasm (Fig. 9D, inset). The tur-
binates from CX-Pyc-ASC mice are
indistinguishable from the CX-ASC
mice, with no evidence of prolifera-
tion or loss of bone, with many of
the subperiosteal osteoblasts being
plump and active.

To rule out a possible osteoblast-
secreted RANKL-mediated oste-
oclastogenesis versus a cell autono-
mous effect of ASC on osteoclasts,
we performed in vitro studies to
determine whether GRKO osteoblasts and/or ASC deficiency
cause increased RANKL production in osteoblasts. Primary
WT and GRKO calvarial osteoblasts and osteoblast precursors
were treated for 48 h with ASC or pycnogenol. Fig. 10 shows
that only ASC, but not pycnogenol, increases transcription of
RANKL, ALP, and type 1 collagen, confirming that, at least in
vitro, ASC is needed for full differentiation of osteoblasts.
Moreover, low ASC concentrations, such as those of the GRKO
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mice, do not stimulate RANKL production and, thus, exclude a
potential RANKL-dependent osteoclastogenesis as the mecha-
nism for the increase in osteoclast number seen in the GRKO
mice.

DISCUSSION

Both aldehyde reductase and aldose reductase are able to
metabolize D-glucuronate to L-gulonate, albeit with different
catalytic efficiencies. The two enzymes have a similar K, for

MS/BS 2% MAR pid BFR/BS pimmid
s ;
+ *
Tt
40 _I— 20 0.8 t 4
30| B & 16 08 "
B 1.2
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FIGURE 8. Effect of castration on dynamic histomorphometry parameters
(MS/BS%, mineralized surface/BS %; MAR, pm/day; BFR/BS, bone forma-
tion rate/BS = um/mm/day) in WT and GRKO mice. Histomorphometry
parameters do not differ between intact WT and GRKO mice. Castration does
increase MAR or BFR values above those of intact mice, as expected; however,
it leads to significant increases in these values only in the treated groups (ASC
and antioxidants), indicating that ASC and antioxidants therapy increase the
bone formation rate despite the observed overall bone loss. The number of
mice/group is shown in the MAR panel. All data are shown = S.E., and signif-
icant differences are indicated on each panel.

FIGURE 9. A-D, shown are the effects of various antioxidants fed for 3 weeks as indicated on dystroph|c
osteoblasts in nasal turbinates of castrated GRKO male mice (hematoxylin and eosin stain). /nsets show
immunostaining of adjacent sections with osterix antibody and identify committed osteoblasts. Note that the
subperiosteal cell mass in panel A (GRKO-CX on regular diet) contains osterix-positive cells at the apex of the
cell mass and osterix-negative cells closer to the remnant bone indicating graded differentiation. B shows
normal bone in ASC-fed mice. C and D show that pycnogenol reduces but does not eliminate the proliferation
of immature osterix-positive osteoblasts, whereas resveratrol appears to have normalizing effects on the tur-

binate structure.
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glucuronate (~5 mwm), although aldehyde reductase has a much
higher catalytic efficiency (k_,,) for glucuronate and is, thus, the
dominant enzyme in this conversion (supplemental Fig. S5).
The predominant presence of aldehyde reductase in liver, the
sole site of ASC synthesis in capable mammals, is thus consis-
tent with aldehyde reductase being the main enzyme. Clearly,
aldose reductase is also able to contribute to the provision of
L-gulonate for ASC synthesis. Our 2 mouse knock-out models,
GRKO and ARKO, allow us to estimate that the two enzymes
contribute ~85 and ~15% toward ASC synthesis, respectively.
The GR/ARKO double knock-out mouse model has a =95%
reduction in liver ASC levels and develops an ASC deficiency
scurvy syndrome indistinguishable from that seen in the
gulonolactone oxidase knock-out (GULOKO) mouse (sup-
plemental Fig. S3). These in vivo studies firmly establish the
enzymatic pathway for ASC synthesis (Fig. 1) and provide a
quantitative and hitherto unappreciated potential regulatory
step involving glucuronate substrate flow.

The recruitment of both GR and AR in the formation of ASC
demonstrates a new physiological role for these two enzymes in
mammals. We have also observed that cultured murine osteo-
blasts and osteoclast precursors (isolated bone marrow mono-
cytes) express high levels of GR (data not shown). Because these
cells cannot synthesize ASC, GR may have an additional role in
these cells, perhaps in regulating cellular oxidative stress.

The ~85% reduction in ASC synthesis nevertheless allows
the GRKO mouse to grow and develop normally. The GRKO
model with a marginal ASC production capacity, thus, allows
studies of the effects of a variety of
conditions that may lead to addi-
tional ASC requirements as well as
further clarifications of ASC met-
abolic role(s). Although humans
have lost the ability to synthesize
ASC and are dependent on dietary
intake, these models can allow
in vivo studies of the role and
mechanisms of ASC in organ
development.

What is the nature of ascorbate
metabolic actions? The effects of
ASC on bone-forming osteoblasts
and bone resorbing osteoclasts have
been primarily studied in vitro. In
osteoblasts, ASC is a positive regu-
lator of matrix molecules produc-
tion, increasing rates of both procol-
lagen hydroxylation and secretion
(37). It was proposed that ASC
enhancement of the expression of
several osteoblast markers, includ-
ing alkaline phosphatase, osteocal-
cin, and RANKL are dependent on
prior collagen triple helix formation
and integrin-collagen interaction
(38). However, the basis for such
claims was the use of inhibitors of
collagen hydroxylation (37), which

AV EN

VOLUME 285+NUMBER 25+JUNE 18, 2010


http://www.jbc.org/cgi/content/full/M110.110247/DC1
http://www.jbc.org/cgi/content/full/M110.110247/DC1
http://www.jbc.org/cgi/content/full/M110.110247/DC1

3.5 - WT GRKO
E 3.0 -
o
< 2.5 4
O 20
3
§ 1.5 -
< 1.0 1
© 05 +|
0.0
5.0 -
K7}
(3 E 4.0 4
® 0
-
o < 301
> 9
B 0 204
[]
e < 40l
0.0 _I—‘
T 251
=)
o 20
<
Q 15
=
(3]
= 1.0
o
O 54
0.0
S s
s £328
Q s < Q

FIGURE 10. Relative expression of RANKL, alkaline phosphatase (ALP),
and type 1 collagen (Co/7a7) mRNAs in primary calvarial osteoblast cul-
tures from WT and GRKO mice grown in the indicated media for 48 h
(DMEM, no ASC; a-minimum Eagle’s medium (a-MEM) = <10 pg/ml
ASC; ASC = long-acting ASC phosphate (30 ug/ml), and Pyc = pycnog-
enol 100 ng/ml). A statistical significant increase in gene expression is
observed in response to ASC but not to pycnogenol, suggesting a specific
transcriptional role for ASC.

are now recognized to inhibit many hydroxylation reactions.
These reactions involve oxygenase enzymes and oxidative
decarboxylation of a-ketoglutarate and require molecular oxy-
gen and reduced ferrous iron (Fe>"). ASC maintains the iron in
the reduced state and functions as a cofactor in a wide range of
prolyl and lysyl hydroxylases that are important not only in
collagen formation but also in the modulation of nuclear trans-
location of several transcription factors that are involved in the
differentiation and development of bone and other tissues. ASC
partly regulates osterix expression through the nuclear translo-
cation and binding of NF-E2 related factor-1 (Nrfl) to an anti-
oxidant response element upstream of its transcription start
site to activate genes critical for osteoblast differentiation (32).
Similarly, the nuclear translocation of the oxygen-dependent
hypoxia-inducible factor, which is the mammalian oxygen sen-
sor, is modulated in part by hydroxylation of proline and aspar-
agine residues on its a-subunit, hypoxia-inducible factor-1«, by
a family of conserved prolyl hydroxylases that require ASC as a
cofactor (39). Clemens and co-workers (40, 41) recently dem-
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onstrated that hypoxia-inducible factor-la promotes angio-
genesis and osteogenesis by elevating vascular endothelial
growth factor levels in osteoblasts. However, recent studies
show that ASC deficiency has no significant effect on the
hydroxylation of proline and collagen production in scorbutic
GULOKO mice, suggesting a possible ASC-independent colla-
gen hydroxylation mechanism (42). Cell-matrix interaction was
also originally proposed as the basis for ASC modulation of
chondrocyte differentiation, but this was subsequently shown
to be independent of the production of a collagen-rich matrix
(43).

Thus, ASC can play several roles in bone development and
formation as a cofactor in several transcription and enzymatic
reactions that regulate early osteoblast differentiation as well as
the downstream biosynthesis of matrix molecules, especially
collagen. Our studies in the GRKO mouse model provide the
first in vivo evidence for a role for ASC in these processes. ASC
has an additional important role in the suppression of oste-
oclast activity via a direct reactive oxygen species scavenger
effect (34). The osteoclast parameters in the GRKO mice are
significantly elevated in castrated mice leading to increased
bone resorption, and this increase is blocked by ASC as well as
the antioxidants pycnogenol and resveratrol, thus demonstrat-
ing an additional independent role for ASC as an antioxidant to
suppress osteoclast activity.

These in vivo studies demonstrate that bone loss caused by
low levels of sex steroids is significantly worsened in a situation
where ASC levels are limited. Whether an organism (we used a
mouse model, but human data in the literature point in the
same direction) is able to synthesize or needs to acquire addi-
tional ASC from its diet, it is now clear from these data that low
concentrations of ASC can significantly impact situations
where increased oxidative stress is observed. Thus, the progres-
sive decrease in sex steroids that accompanies aging may signif-
icantly affect the skeletal system because of the observed ASC
effects on both the osteoblast and osteoclast compartments.
Furthermore, the precise mechanisms of action of ASC on
osteoblast differentiation and osteoclasts, not to mention a
potential role on osteocytes, will require additional experimen-
tal approaches and studies.

Unfortunately, it is not possible at present to determine the
adequacy of dietary recommended intake for ASC in humans.
Although current recommendations may be valid for the pre-
vention of scurvy, they are not necessarily appropriate for the
prevention of osteoporosis. Our observations are consistent
with the findings of the Women’s Health Initiative Study
alluded to earlier (5) of a lack of relation between total antioxi-
dant intake and bone mass density but a significant relation
between vitamin C intake and bone mass density in subjects on
hormone replacement therapy and suggest the need for evalu-
ation of the salutary effects of vitamin C in specific age groups of
patients. The GRKO and associated mouse models described
herein provide evidence for potential aspects of the develop-
ment of human osteoporosis that are not easily approachable in
the clinical setting. Human osteoporosis is a complex, multi-
factorial, long term condition in which it is difficult to specifi-
cally isolate and assess ASC functional status. These mouse
models may also be useful in the development of a long term
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practical biologic indicator that will allow the assessment of
ASC sufficiency in terms of end-organ status.
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