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Background: Alcohol dehydrogenase 3 (ADH3) plays major roles not only in alcohol metabolism but
also in nitric oxide metabolism as S-nitrosoglutathione reductase (GSNOR). ADH3/GSNOR regulates
both adipogenesis and osteogenesis through the denitrosylation of peroxisome proliferator-activated re-
ceptor v. The current study investigated the contribution of ADH3 to the development of alcoholic os-
teoporosis in chronic alcohol consumption (CAC).

Methods: Nine-week-old male mice of different ADH genotypes [wild-type (WT) and Adh3"] were ad-
ministered a 10% ethanol solution for 12 months. The femurs were evaluated by histochemical staining
and computed tomography-based bone densitometry. The mRNA levels of ADH3 were evaluated in the
WT mice by reverse transcription-quantitative polymerase chain reaction.

Results: The Adh3™ control mice exhibited increased activities of both osteoblasts and osteoclasts and
lower bone masses than the WT control mice. CAC exhibited no remarkable change in osteoblastic and
osteoclastic activities, but decreased bone masses were observed in WT mice despite an increase in the
mRNA levels of ADH3. Conversely, bone masses in the Adh3” control mice were not reduced after
CAC.

Conclusions: The Adh3” control mice exhibited a high turnover of osteoporosis since osteoclastogenesis
dominated osteoblastogenesis; however, bone resorption was not enhanced after CAC. In comparison,
CAC lead to alcoholic osteoporosis in WT mice, accompanied by increased mRNA levels of ADH3.
Hence, ADH3 can prevent osteoporosis development in normal ADH genotypes with no alcohol inges-
tion. However, ADH3 contributes to the development of alcoholic osteoporosis under CAC by partici-
pating in alcohol metabolism, increasing metabolic toxicity, and lowering GSNO reducing activity.

(J Nippon Med Sch 2018; 85: 322-329)
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Introduction et al (1979)' and Parés’. It is highly conserved from bacte-

Alcohol dehydrogenase (ADH; EC 1.1.1.1) catalyzes the
oxidation of alcohol to acetaldehyde in alcohol metabo-
lism. ADH3 (x-ADH, Class III ADH, or Adh5) is a mem-
ber of ADH family that was initially reported by Haseba

ria to humans and ubiquitously distributed in mammal-
ian tissues’. Several unique functions have been recog-
nized, such as alcohol metabolism, detoxification of for-

maldehyde, and S-nitrosoglutathione (GSNO) reducing
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activity'. With regard to alcohol metabolism, the activity
of ADH3 towards ethanol is usually low due to its high
K.; however, we reported an in vitro study showing that
the hydrophobicity of the solution markedly lowered the
K, of ADH3 to increase the catalytic efficiency (Ku./K.)™.
In addition, we reported that pyrazole insensitive-ADH,
which was identical to ADH3, played a significant role in
alcohol metabolism in cases of alcoholic patients with
liver disease’. We have recently reported that ADH3
dose-dependently participated in systemic alcohol me-
tabolism® and ADHS3 liver content was significantly corre-
lated with the rate of alcohol metabolism®. Furthermore,
a recent study suggested that acetaldehyde generated by
ADH3 in the hippocampus participated in the synaptic
dysfunction in acute alcohol intoxication resulting in the
development of alcohol-induced blackouts’. These studies
revealed that the ADH3-mediated oxidative pathway of
ethanol is an additional pathway, instead of the classical
pathway mediated by ADH1 at high blood alcohol con-
centrations such as binge alcohol-drinking or chronic al-
cohol consumption (CAC).

In addition to alcohol metabolism, ADH3 serves an im-
portant regulatory function in nitric oxide (NO) signaling
through the GSNO reducing activity and is referred to
as GSNO reductase (GSNOR)'. ADH3 regulates S-
nitrosylation of proteins by the degradation of GSNO, re-

1A recent

sulting in decreasing S-nitrosylated proteins
study suggested that the peroxisome proliferator-
activated receptor y (PPARY), a key regulator of both adi-
pogenesis and osteogenesis, is controlled by NO through
S-nitrosylation. According to the study, the GSNOR-null
mutant mice which were identical to the Adh3-null mu-
tant mice exhibited decreased fat mass and increased
bone formation accompanied by increased bone resorp-
tion".

Alcohol consumption affects bone metabolism, bone
mass, and bone strength. Light alcohol consumption pro-

vides several beneficial effects to bone™"”

, whereas heavy
CAC is detrimental to bone and is known to induce sec-
ondary osteoporosis™. The decrease in bone mass and
strength following CAC might be due to bone remodel-
ing imbalance with a predominant decrease in bone for-
mation™"”. Although ADH3 plays a major role in alcohol
metabolism and osteogenesis, detailed studies focusing
on the effect of ADH3 on bone formation during CAC
are lacking. In this study, chronic ethanol administration
to mice with different ADH genotypes [C57BL/6N as
wild-type (WT) and Adh3-null mutant mice] was carried

out for 12 months in order to investigate the contribution
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of ADH3/GSNOR to the development of alcoholic osteo-

porosis.

Materials and Methods

Mice

Mice carrying the homozygous null mutant of the
ADHS3 gene (Adh3™) were used in this study. The origi-
nal knockout mice obtained from the Burnham Institute
(La Jolla, CA, USA) in 1999 were backcrossed with a
background strain of C57BL/6 wild-type mice (Sankyo
Lab Co., Ltd., Tokyo, Japan) for up to 13 generations. The

“~ mice have been maintained in

congenic strains of Adh3
Nippon Medical School (Tokyo, Japan) since 2013. The
WT and Adh3™ mice were selectively housed (5-8 mice/
cage) in a polycarbonate cage bedded with white flakes
at 24+2C with a 14 h light/10 h dark cycle beginning at
7:00 a.m. The animals were fed commercial rodent food
(MF pellets, Oriental Yeast Co., Ltd., Tokyo, Japan) ad li-
bitum in a specific pathogen-free facility. All animal ex-
periments were conducted in compliance with the proto-
col reviewed by the Institutional Committee of Labora-
tory Animals and approved by the President of the Nip-
pon Medical School (approval number 28-001). The pro-
tocol was based on “The Guidelines of the International
Committee on Laboratory Animals 1974.”

Ethanol Administration to Mice

Nine-week-old male mice in the different ADH geno-
types were randomly assigned to the ethanol group [WT
(E) or Adh3” (E); n=5 each] and the control group [WT
(C) or Adh3™ (C); n=5 each]. The ethanol group was ad-
ministered 10% (w/v) ethanol/water solution ad libitum
for 12 months as the sole drinking fluid for the CAC ex-
periment. The concentration of the ethanol solution was
increased in a gradient up to 10% until the week before
the start of the experiment. The mice in the control group
were provided with only water to drink for 12 months.
Integral ethanol consumption was calculated from the
amount of daily ethanol consumption and expressed as
grams of the ethanol/gram of the mouse’s body weight.

Histochemical Tartrate-resistant Acid Phosphatase
and Alkaline Phosphatase Activity Staining

After CAC for 12 months, the mice were anesthetized
with an intraperitoneal injection of a combination anes-
thetic (0.3 mg/kg of medetomidine, 4.0 mg/kg of mida-
zolam, and 5.0 mg/kg of butorphanol), followed by cer-
vical dislocation. The bilateral femurs were harvested,
cleaned from soft tissues, rinsed with cold saline, and
measured. Histochemical tartrate-resistant acid phos-
phatase (TRAP) and alkaline phosphatase (ALP) activity
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Table 1 Reverse-transcriptase-quantitative polymerase chain reaction sequence of primers

Access Gene name (genetic symbol) Forward primer Reverse primer

ionno.

NM_007  Mus musculus actin, beta (Actb), =~ GCGCAAGTTAGGTTTTGTCAAAG TGGATCAGCAAGCAGGAGTAC
393.5 mRNA

NM_007 Mus musculus alcohol dehydroge- ACAGGAAAGAGTGCAGGATGG TTGTGACCGGCAATCTCTCC

410.3 nase 5 (class III), chi polypeptide
(Adhb), transcript variant 1, mRNA

The gene encoding the mammalian ADH3 has been termed Adhb.

staining was performed using a previously described
method"”. Briefly, the femur was fixed with 4% parafor-
maldehyde for two days, followed by fixation with 30%
sucrose for a week without decalcification. It was then
embedded in the optimum cutting temperature (O.C.T.)
compound (Sakura Finetek Japan Co Ltd., Tokyo, Japan)
and stored at —80C. Frozen sections (7 um thick) were
cut using the Kawamoto film method"”, and histochemi-
cal TRAP/ALP activity was assayed according to the
manufacturer’s protocol (Wako Pure Chemical Industries
Ltd., Osaka, Japan). Photographic images were taken
with a light microscope (BX 60; Olympus Ltd., Tokyo, Ja-
pan) at 20X magnification and cellSens standard software
version 1.4.1 (Olympus Ltd.) was used to manually stitch
the images.

Bone Morphometrical Analyses by Quantitative CT

Bone morphometrical analyses were performed using a
Latheta experimental animal computed tomography (CT)
system (LCT-200; Hitachi Healthcare BU, Tokyo, Japan).
Briefly, the left femur was fixed in 70% ethanol for 1
week. CT scans were performed with a voxel size of 24x
48 pm at a tube voltage of 50 kVp, a tube current of 0.5
mA, an integration time of 26 ms for each projection, and
an axial field view of 200 mm. The bone morphometry
was evaluated according to the standard method pro-
vided by Bouxsein et al.”. In order to evaluate the trabe-
cular bone morphometry, the bone morphometrical pa-
rameters, including trabecular bone volume (trabecular
BV; cm’), total volume (TV; cm’) and bone volume frac-
tion (BV/TV; %), were assayed directly above the growth
plate in the distal femur. In order to evaluate the cortical
bone morphometry, cortical bone area (Ct.Ar; cm’), total
cross section area (Tt.Ar; cm?), cortical bone fraction (Ct.
Ar/Tt.Ar; %), and cortical thickness (Ct.Th; cm) were as-
sayed in a central part of the femur diaphysis. Further-
more, the flexural rigidity (Im» mg * cm), which repre-
sents the minimum moment of inertia of cross-sectional
areas, and torsional rigidity (J; mg - cm), which repre-

sents the polar moment of inertia of cross-sectional areas,
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were also assayed in the central femur diaphysis. The
bone morphometric parameters were calculated using
Latheta software version 3.44 (Hitachi Healthcare BU).

Quantification of Alcohol Dehydrogenase 3 mRNA
Using Reverse Transcription-quantitative Polymerase
Chain Reaction

The mRNA levels of ADH3 in the condyle of the right
femurs were determined by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analy-
sis. Total RNA was extracted from the powdered condyle
(30mg) using a Qiagen RNeasy Mini Kit (QIAGEN,
Hilden, Germany) by DNase digestion. Reverse transcrip-
tion was performed using a High Capacity cDNA Re-
verse Transcription kit (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer’s protocol, fol-
lowed by RT-qPCR on an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems), as described previously*”.
The gene-specific primers were designed using Primer-3-
Plus (http://primer3plus.com; Table 1). The data were
analyzed by ABI 7500 Software version 2.3 (Applied Bio-
systems). The threshold cycle (Ct) values of the genes
were normalized against that of B-actin using the 2*¢
method.

Statistical Analysis

Results are expressed as means+SD. Statistical signifi-
cance was assessed by the Student-Newman-Keuls
method (ystat2013, Igaku-shoin, Tokyo, Japan) to deter-
mine the interaction of genotypes and ethanol effects.

The level of significance was considered at p<0.05.

Results

Baseline Characteristics of Mice

The WT (E) mice were significantly heavier than the
WT (C) mice (p<0.05), whereas the Adh3” mice exhibited
no difference in the weights between the ethanol and
control groups. No significant difference was observed in
the length of femurs between the two groups of the WT
and Adh3” mice. Integral ethanol consumption was
found to be higher in the Adh3™ (E) mice than the WT

J Nippon Med Sch 2018; 85 (6)
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(E) mice throughout the study. The WT (E) and Adh3™
(E) mice achieved 3.269 g of ethanol/g of body weight
and 4.168 g of ethanol/g of body weight, respectively, at
the end of the experimental period.

Histochemical Views of Tartrate-resistant Acid Phos-
phatase and Alkaline Phosphatase Activity Staining

The histochemical views of TRAP/ALP activity stain-
ing are shown in Figure 1. The osteoclastic activities by
TRAP staining and the osteoblastic activities by ALP
staining were observed along the endosteal bone sur-
faces. When the ADH genotypes in the control group
were compared, the Adh3™ (C) bone exhibited higher ac-
tivities of both osteoclasts and osteoblasts than the WT
(C) bone. CAC exhibited no remarkable change in os-
teoblastic and osteoclastic activities in WT mice. Con-
versely, both osteoclastic and osteoblastic activities were
decreased in the Adh3™ bones by CAC.

Trabecular Bone Morphometry Above the Growth
Plate

The results of trabecular BV, TV, and trabecular BV/TV
above the growth plate are shown in Figure 2. Upon
comparison between the ADH genotypes in the control
group, it was observed that the trabecular BV and trabe-
cular BV/TV were significantly higher in the WT mice
than the Adh3” mice (Fig. 2A, 2C), whereas no signifi-
cant difference was noted in the TV (Fig. 2B). Similar
changes were observed in the WT (C) mice compared to
the WT (E) mice (Fig. 2A-C). No significant difference
was observed in the Adh3” mice after CAC in the trabe-
cular bone. The representative axial images right above
the growth plate in each group are shown in Figure 2D.

Cortical Bone Morphometry in the Middle of the Fe-
mur Diaphysis

The results of Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, Ct.Th, .., and
J at the central part of the femur diaphysis are shown in
Figure 3. The Ct.Ar and Tt.Ar were significantly higher
in the WT (C) mice than the Adh3” (C) mice (Fig. 3A,
3B), whereas no significant difference was observed in
the Ct.Ar/Tt.Ar and Ct.Th (Fig. 3C, 3D). The .., and |
were significantly higher in the WT (C) mice than the
Adh3™ (C) mice (Fig. 3E, 3F). The Tt.Ar, Ct.Ar, Ct.Th, and
rigidities were decreased significantly in the WT mice af-
ter CAC (Fig. 3A-F). No significant difference was ob-
served in the Adh3” mice after CAC in the cortical bone
at the central femur diaphysis (Fig. 3A-F).

Quantification of Alcohol Dehydrogenase 3 mRNA

The mRNA levels of ADH3 in the condyle were signifi-
cantly higher in the WT (E) than the WT (C) mice (Fig.
4).
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Discussion

Alcohol dehydrogenases are a part of the oxidoreductase
family. ADH3 is considered to be the ancestral enzyme
among members of the ADH family™. It is distributed in
almost all the tissues in mammals and strongly involved
in the essential cellular pathways™. ADH3 plays major
roles not only in alcohol metabolism but also in nitric ox-
ide (NO) metabolism as GSNOR*. ADH3/GSNOR regu-
lates both adipogenesis and osteogenesis through the
GSNOR-mediated PPARy denitrosylation". The extent of
PPARy nitrosylation is governed by the equilibrium be-
tween nitrosylation and denitrosylation reactions". There-
fore, the role of ADH3/GSNOR in bone metabolism is to
maintain the equilibrium between PPARy and S-
nitrosylated PPARy, regulating differentiation of MSCs
into osteoblasts.

In the current study, we performed the histochemical
TRAP/ALP activity staining to the femur of mice with
different ADH genotypes. The results indicated that os-
teoblastic activity increased in the Adh3™ (C) mice when
compared to the WT (C) mice, accompanied by an in-
crease in osteoclastic activity, which was consistent with
the results of the previous in vitro study". Furthermore,
the bone morphometrical CT analyses revealed that the
bone mass and the bone strength were significantly
lower in the Adh3” (C) mice than the WT (C) mice.
These findings suggested that ADH3 promoted not only
osteoblastogenesis but also osteoclastogenesis, thus pro-
viding a new insight into the role of ADH3. The Adh3™
(C) mice were expected to demonstrate an increase of S-
nitrosylated PPARYy due to the lack of GSNO reducing ac-
tivity. It has been proven that excessive S-nitrosylated
PPARy contributes to diminished adipogenic and in-
creased osteoblastic differentiation”. In addition, it has
been reported that PPARy and its ligand promote osteo-
clast differentiation by directly regulating c-Fos expres-
sion in the nuclear factor-kB ligand (RANKL) signaling
pathway”. Nakanishi et al.” also demonstrated that osteo-
clastogenesis was activated by PPARy-mediated enhance-
ment of c-Fos expression. These findings suggested that
the increased osteoclastic activities in the Adh3™ (C) mice
could be attributed to the enhanced c-Fos expression by
the accumulation of S-nitrosylated PPARy due to the lack
of ADH3. The imbalance between the bone formation by
osteoblasts and bone resorption by osteoclasts resulted in
exhibiting high-turnover osteoporosis in bone metabo-
lism in the Adh3™ (C) mice.

Alcoholic osteoporosis is well recognized as one of the

common alcohol-use disorders”. Numerous studies have
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WT (C)

WT (E)

Adh3” (C)

Adh3* (E)

Fig. 1 Histochemical images of TRAP/ALP activity staining. The activities of osteoblasts
and osteoclasts were evaluated by TRAP/ALP activity staining. The photographic
images were taken at 20X magnification and manually stitched together. The gray
scale bars represent 2 mm. TRAP, tartrate-resistant acid phosphatase; ALP, alka-
line phosphatase; Adh, alcohol dehydrogenase; WT, wild-type mouse (C57BL/6N);
Adh3-/-, ADH3 knockout mouse; (C), the mice were provided water in the control
group; (E), the mice were administered ethanol in the ethanol group.
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Fig. 2 CT-based bone densitometry at the proximal portion of the growth plate. Trabecular BV (A), TV (B), and trabec-
ular BV/TV (C) above the growth plate. The white bars represent the mice that were provided water (control
groups), and the black bars represent the mice that were administered a 10% ethanol (w/v) solution for 12
months (ethanol groups). **p<0.01 between the control and ethanol group as assayed by the Student-Newman-
Keuls method. #p<0.01 between the WT control mice and Adh3-/- control mice as assayed by the Student-New-
man-Keuls method. (D) The representative axial images above the growth plate in each group. Yellow areas

represent trabecular bone, and blue areas represent cortical bone. BV, bone volume; TV, total volume; Adh, alco-
hol dehydrogenase; WT, wild-type mouse (C57BL/6N); Adh3~/~, ADH3 knockout mouse. (C), the mice were pro-
vided with water in the control group; (E), the mice were administered ethanol in the ethanol group.

reported that CAC lowers bone mineral content and bone
mineral density and disrupts trabecular microarchitec-
ture”™. The effect of CAC on bone can be both direct
and indirect”; direct toxic effects resulted in the inhibi-

tion of osteoblast proliferation and function in vitro® and
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an increase in the number of osteoclasts®. Indirect effects
are mainly linked to impaired nutrition and hormone al-
teration, which may change the activities of osteoblasts
and osteoclasts™. Another consequence is tissue damage

caused by secondary metabolites such as acetaldehyde.

J Nippon Med Sch 2018; 85 (6)
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Fig. 3 CT-based bone densitometry and rigidity in the middle of the femur di-
aphysis. Ct.Ar (A), Tt.Ar (B), Ct.Ar/Tt.Ar (C), Ct.Th (D), Imin (E), and J (F)
at the central part of the femur diaphysis. The white bars represent the mice
that were provided with water (control groups), and the black bars repre-

sent the mice that were administered 10% ethanol (w/v) solution for 12
months (ethanol groups). *p<0.05 between the control and ethanol group
as assayed by the Student-Newman-Keuls method. #p<0.05 and ##p<0.01
between the WT control mice and Adh3-/- control mice as assayed by the
Student-Newman-Keuls method. Ct.Ar, cortical bone area; Tt.Ar, total
cross section area; Ct.Ar/Tt.Ar, cortical bone fraction; Ct.Th, cortical thick-
ness; Imin, flexural rigidity; J, torsional rigidity; Adh, alcohol dehydroge-
nase; WT, wild-type mouse (C57BL/6N); Adh3~/-, ADH3 knockout mouse.

Several studies reported that acetaldehyde inhibited os-

27,28

teoblastic proliferation and activities”” and induced os-
teoclastic activities by increasing RANKL mRNA expres-
sion”. In the current study, the histochemical TRAP/ALP
staining revealed that osteoblastic and osteoclastic activ-
ity showed no remarkable changes in WT mice after
CAC; however, comparison of the CT-based bone densi-

tometry in the WT (E) and (C) mice showed that bone

J Nippon Med Sch 2018; 85 (6)

mass or bone rigidity was decreased in both trabecular
and cortical bones, indicating that alcoholic osteoporosis
progressed in the current experimental condition. Diez et
al.” reported that chronic alcohol abusers in the absence
of severe chronic liver damage exhibited a significant de-
crease in BV and BV/TV, accompanied by an increase in
osteoclast number. In comparison, the 14-month-old mice

used in our experiment seemed to be too old to show an
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Fig. 4 The mRNA level of ADH3. The white bar repre-
sents the mice that were given water (control
groups), and the black bar represents the mice that
were given a 10% ethanol w/v solution (ethanol
groups). *p<0.05 between the control and ethanol
groups in the WT mice by the Student-Newman-
Keuls method. ADH, alcohol dehydrogenase;
Adh3-/-, ADH3 knockout mouse.

increase in osteoclastic activity. Hence, osteoclastogenesis
dominated osteoblastogenesis in WT mice after CAC de-
spite the results of histochemical TRAP/ALP staining.
Conversely, the histochemical TRAP/ALP activity stain-
ing in the Adh3™ mice revealed that the activities of both
osteoclasts and osteoblasts were reduced after CAC. Al-
though the Adh3” mice consumed much more alcohol
than the WT mice, the bone masses, which were already
low in the Adh3™ control mice, were not significantly re-
duced, indicating that bone resorption was not enhanced
after CAC.

The mRNA analyses in the WT mice exhibited in-
creased mRNA levels of ADH3 after CAC, although alco-
holic osteoporosis progressed. The results seemed to be
contradictory since the Adh3” (C) mice exhibited in-
creased osteoclastic activity due to the lack of GSNO re-
ducing activity. It has been hypothesized that the mRNA
levels of ADH3 might be increased due to metabolic ad-
aptation to CAC’. The increased ADH3 in the bone might
participate in the local metabolism of ethanol and gener-
ate secondary metabolites, which may cause the bone tis-
sue damage in WT mice. In addition, the primary physi-
ological role of ADH3 as GSNOR in bone metabolism
may be inhibited by CAC due to the participation in al-
cohol metabolism. Similar inhibition is recognized when
ethanol inhibits Vitamin A metabolism through ADH in
the testes and possibly induces sterility™.

/-

The current results suggest that the Adh3™ control

mice exhibited a high turnover of osteoporosis since os-
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teoclastogenesis dominated osteoblastogenesis; however,
bone resorption was not enhanced after CAC. In com-
parison, CAC lead to alcoholic osteoporosis in WT mice,
accompanied by increased mRNA levels of ADHS3.
Hence, ADH3 can prevent osteoporosis development in
normal ADH genotypes with no alcohol ingestion. How-
ever, ADH3 contributes to the development of alcoholic
osteoporosis under CAC by participating in alcohol me-
tabolism, increasing metabolic toxicity, and lowering

GSNO reducing activity.
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