' [ ] [ ] [ ]
Wl hiomedicines
[=“I==]=]

Article

The Effects of Acute and Chronic Alcohol Administration

and Withdrawal on Bone Microstructure, Mechanical Strength,
and Remodeling Protein Expression and Their Relation

to an Antioxidant and FGF23 In Vivo

Syed Alhafiz Syed Hashim -2

check for
updates

Citation: Syed Hashim, S.A.; Naina
Mohamed, I.; Mohamed, N. The
Effects of Acute and Chronic Alcohol
Administration and Withdrawal on
Bone Microstructure, Mechanical
Strength, and Remodeling Protein
Expression and Their Relation to an
Antioxidant and FGF23 In Vivo.
Biomedicines 2024, 12, 1515.
https://doi.org/10.3390/
biomedicines12071515

Academic Editor: Bo Qiu

Received: 29 April 2024
Revised: 15 June 2024
Accepted: 27 June 2024
Published: 8 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Isa Naina Mohamed ! and Norazlina Mohamed 1*

Department of Pharmacology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Cheras,

Kuala Lumpur 56000, Malaysia; alhafizsyed@gmail.com (S.A.S.H.); isanaina@ppukm.ukm.edu.my (I.N.M.)
Institute of Pharmaceutical Science, King’s College London, Franklin-Wilkins Building, 150 Stamford Street,
London SE1 9NH, UK

Correspondence: azlina@ppukm.ukm.edu.my; Tel.: +60-391459577

Abstract: Alcohol’s detrimental effects on bone health are well established, yet some literature
suggests moderate consumption may offer benefits. With alcohol use on the rise, we investigate
the impact of acute and chronic alcohol administration, along with withdrawal, on male Wistar rat
femurs. We observed a transient cortical thickness increase with acute alcohol (AA) compared to
chronic exposure (CA) but no significant changes in trabecular parameters or mechanical properties.
High osteocalcin and osteopontin expression levels were noted in AA, alongside elevated RANKL
expression. Conversely, CA showed low TRAP levels. FGF23 expression significantly increased
during alcohol withdrawal (AW), while GPX decreased after chronic exposure but rose during
withdrawal. Although mechanical strength changes were insignificant, biochemical shifts suggest
alcohol exposure promotes bone resorption, reduces antioxidant protection, and potentially hampers
active vitamin D and phosphate reabsorption via FGF23 upregulation.
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1. Introduction

Alcohol consumption presents a pressing global health challenge, contributing to three
million deaths and more than 5% of the global disease burden in 2016 [1]. Alarmingly, 75%
of these fatalities occur among men, with approximately 43 million individuals worldwide
affected by alcohol use disorder (AUD) [2]. Although alcohol consumption has always
been associated with cardiovascular [3,4] and liver diseases [5], it also poses significant
risks to bone health [6,7]. Bone is a living and growing tissue that constantly undergoes a
remodeling process throughout life through interaction between cells, hormones, and vita-
mins [8]. The remodeling process predominantly involves osteoblasts, the cells responsible
for forming new bone in osteoblastogenesis, and osteoclasts, the cells that break down bone
in osteoclastogenesis [9]. Both bone formation and resorption need to occur in balance to
maintain optimal bone structure. An imbalance in the bone remodeling process, whereby
bone resorption exceeds bone formation, can lead to osteoporosis [10]. Osteoporosis is
characterized by low bone mineral density and altered bone microarchitecture, resulting
in bone fragility and an increased risk of fractures. Bone microstructure and strength are
crucial for maintaining bone health and significantly influence its ability to resist fractures
and maintain overall structural integrity. While dual-energy X-ray absorptiometry (DXA)
remains the gold standard for diagnosing osteoporosis [11], it may not detect changes
in bone microstructure. Micro-CT offers superior resolution for precise morphometric
analyses [12] and provides deeper insights into structural alterations, and therefore, it is
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utilized in this study. Numerous preventive strategies have been outlined for osteoporo-
sis, one of which includes a reduction in alcohol consumption [13]. Alcohol is known
to have detrimental effects on bone by exerting direct toxic effects on bone cells [14-16]
and indirectly disrupting bone remodeling balance by affecting various hormones such
as growth and estrogen hormones [17]. It interrupts calcium and bone homeostasis, lead-
ing to disturbances in bone growth [18]. Alcohol affects bone metabolism by increasing
parathyroid hormone release, which stimulates osteoclast activity [19] and bone resorption.
It also reduces the number of osteoblasts [14,20], thereby decreasing bone formation. These
dual effects lead to decreased bone density and an increased risk of osteoporosis over
time. Additionally, alcohol has been reported to decrease the levels of activated vitamin D,
resulting in low calcium absorption by the intestine and increased bone resorption to restore
serum calcium levels [21]. Furthermore, alcohol metabolism produces reactive oxygen
species (ROS) and reactive nitrogen species (RNS) while depleting antioxidant levels, all
of which contribute to detrimental effects on bone [22]. Various bone markers are used to
determine bone remodeling activity. Bone formation markers include osteocalcin (OCN),
bone alkaline phosphatase (ALP), procollagen type 1 carboxy-terminal propeptide (P1CP),
and procollagen type 1 N-propeptide (PINP) [23], whereas markers of bone resorption
include receptor activator of nuclear factor kappa-B ligand (RANKL), tartrate-resistant acid
phosphatase (TRAP), and telopeptides of type 1 collagen (CTX-1) [24].

Fibroblast growth factor 23 (FGF23) is a hormone encoded by the FGF23 gene located
on chromosome 12p13 [25]. It is primarily synthesized in the bone by osteocytes [26] and
plays an important role in regulating phosphate and vitamin D metabolism [27]. FGF23
acts as a phosphaturic factor, leading to increased renal phosphate excretion and the
suppression of 1,25(OH)2-vitamin D3 [27]. This hormone inhibits bone formation and
mineralization, significantly influencing bone health [28]. Additionally, FGF23 directly
inhibits the differentiation of osteoprogenitor cells, which affects bone development [29].
Alcohol has been reported to induce upregulation of hepatic FGF23 and plasma FGF23
levels in patients with cirrhosis [30]. Chronic alcohol consumption is also associated with
FGF23-related hypophosphatemic osteomalacia [31]. Interestingly, alcohol abstinence has
been shown to decrease FGF23 levels after five months [31]. However, more research is
needed to fully understand the mechanisms and implications of these interactions.

Despite numerous studies delineating the harmful effects of alcohol on bone [17,32],
some research suggests that moderate alcohol consumption could potentially benefit bone
health [33,34]. Since there is still a paucity of information regarding the relationship
between alcohol and bone, this study was intended to investigate the effects of acute and
chronic alcohol administration and withdrawal on bone microstructure, strength, and
bone remodeling protein expression, as well as the relationship between these effects and
the FGF23 protein and an antioxidant. In this study, we utilized an ethanol treatment
protocol in rats as described in previous literature [35]. This model was used to mimic the
chronic and relapsing nature of human alcohol consumption patterns, providing a more
comprehensive understanding of the long-term effects of alcohol on bone health. This
approach allowed us to study both the acute and chronic effects of alcohol consumption
and withdrawal on bone tissue.

2. Materials and Methods
2.1. Instruments and Kits

An Omni Bead Ruptor 24 (Omni International Inc., Kennesaw, GA, USA) was used
to homogenize the samples. An RTX high-performance rotary tool (Black & Decker, New
Britain, CT, USA) was utilized to cut the femurs. Samples were centrifuged using a Mi-
crofuge 22R centrifuge (Beckman Coulter Inc., Brea, CA, USA). Imaging was carried out
using a micro-computed tomography (micro-CT) Skyscan 1076 scanner (Skyscan, Kartuizer-
sweg Kontich, Belgium). Mechanical strength testing of the samples was performed using a
universal mechanical strength testing machine (Autograph AGS-X 500N, Shimadzu, Kyoto,
Japan). For biochemical analyses, a multimode plate reader (Thermo Fisher Scientific,
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Waltham, MA, USA) was employed. ELISA kits from Elabscience, Houston, TX, USA were
used, including the Rat Osteopontin ELISA Kit (OPN) (E-EL-R0702), the Rat Osteocalcin
ELISA Kit (OC/BGP) (E-EL-R0243), the Rat RANKL ELISA Kit (E-EL-R0841), the Rat Fi-
broblast Growth Factor 23 (FGF23) ELISA Kit (E-EL-R2410), the Rat Tartrate Resistant Acid
Phosphatase (TRAP) ACP5 ELISA Kit (E-EL-R0939), and the Rat Glutathione Peroxidase
(GPx) ELISA Kit (E-EL-R2491).

2.2. Animals and Treatment

This study examined 24 femur bone specimens from male Wistar rats aged two
months old, weighing around 300 g, retrieved from the Laboratory Animal Resource Unit
of Universiti Kebangsaan Malaysia (LARU). The rats were randomly divided into four
groups with n = 6 in each group: normal control (NC), acute alcohol (AA), chronic alcohol
(CA), and alcohol withdrawal (AW). They were individually housed under a 12 h light-dark
cycle at a constant temperature of 24 °C and acclimatized for one week upon arrival.

The normal control and acute alcohol groups received a modified liquid diet (MLD)
without ethanol for 27 days and intraperitoneal normal saline and ethanol (2.5 g/kg, 20%
V/V) on day 28, 60 min before humane culling. Chronic alcohol administration was given
following Kumar et al.’s technique [35]. The chronic alcohol group received MLD without
ethanol for the first 7 days. From day 8, ethanol was gradually introduced: 2.4% for
3 days, 4.8% on day 11 for 3 days, and 7.2% until day 27. On day 28, the members of this
group received intraperitoneal ethanol (2.5 g/kg, 20% V/V) 60 min before culling. The
withdrawal group received the same treatment as the chronic alcohol group but was culled
6 h after intraperitoneal ethanol (2.5 g/kg, 20% V/V) administration. The left femurs were
collected, cleaned, and wrapped in gauze soaked in phosphate buffer solution (PBS) and
aluminum foil before storage at —70 °C. The experimental protocol was approved by the
Universiti Kebangsaan Malaysia Animal Ethics Committee (UKMAEC) (approval code:
FAR/PP/2019/NORAZLINA /30-OCT./1050-OCT-2019-MAR-2020-AR-CAT?2).

2.3. Micro-Computed Tomography (uCT) Analysis of Femur

The scanning and analysis of harvested left femurs were performed using a uCT
Skyscan 1076 Scanner and CTAn software (Skyscan, Kartuizersweg Kontich, Belgium).
The selected uCT parameters for scanning were as follows: X-ray voltage = 92 kV, X-
ray current = 100 pA, image pixel size = 9 pm, rotation step = 0.5° with high camera
resolution. After scanning, 200 slices of the volume of interest (VOI) were selected for both
trabecular and cortical bone, with reference to the distal growth plate for analysis. The
measurement of both trabecular and cortical areas commenced at approximately 1.0 mm
and 7.0 mm, respectively, from the distal growth plate, extending towards the proximal
end of the femur. Parameters measured in trabecular bone included trabecular thickness
(Tb.Th, unit = mm), trabecular separation (Tb.Sp, unit = mm), trabecular number (Tb.N,
unit = 1/mm), connectivity density (Conn. D, unit=1/ mm?> ), structural model index (SMI),
and trabecular bone volume (BV/TV, unit = %). Parameters measured in cortical bone
included cortical thickness (Ct.Th, unit = mm), total cross-sectional area (Tt.Ar, unit = mm?),
cortical bone area (Ct.Ar, unit = mm?), and cortical area fraction (Ct Ar/Tt.Ar, unit = %)

2.4. Bone Biomechanical Strength Analysis of Femur

The biomechanical strength of the left femurs was evaluated through a three-point
bending test using the Shimadzu Universal Testing Machine (Autograph AGS-X 500N,
Kyoto, Japan). The speed was set at 5 mm/min with a span length of 10 mm apart. The
left femurs were mounted on two supporting rods in a position where the anterior surface
of the bone faced upward. The load was applied directly to the midpoint of the anterior
surface of the femur until it broke. The results were analyzed using Trapezium Lite X
software (https:/ /www.shimadzu.com/an/products/materials-testing /uni-ttm-software /
trapezium-lite-x/index.html, accessed on 26 June 2024). The parameters measured were
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load (unit = N), displacement (unit = mm), stress (unit = N/mm?), strain (unit = %), stiffness
(unit = N/mm), and Young’s modulus of elasticity (unit = N/ mm?).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The left femur samples were thawed at room temperature and cut into 100 mg pieces
using an RTX high-performance rotary tool (Black & Decker, New Britain, CT, USA). The
samples were homogenized in 4 mL PBS using an Omni Ruptor (Omni International Inc.,
Kennesaw, GA, USA) and subsequently centrifuged at 1600 rpm and 4 °C for 10 min
using a Microfuge 22R centrifuge (Beckman Coulter Inc., Brea, California, USA). The clear
supernatant of each homogenate was transferred to ELISA wells. Osteocalcin (OCN) protein
expression was measured using the Rat Osteocalcin (OC/BGP) ELISA kit (Elabscience,
E-EL-R0243), while receptor activator of nuclear factor kappa-B ligand (RANKL) protein
expression was measured using the Rat RANKL ELISA kit (Elabscience, E-EL-R0841). Rat
fibroblast growth factor 23 (FGF23) protein expression was measured using the Rat FGF23
ELISA Kit (Elabscience, E-EL-R2410), Rat tartrate-resistant acid phosphatase (TRAP) ACP5
protein expression was measured using the Rat TRAP ACP5 ELISA Kit (Elabscience, E-EL-
R0939), and rat glutathione peroxidase (GPx) protein expression was measured using the
Rat GPx ELISA Kit (Elabscience, E-EL-R2491). All procedures were performed as per the
respective protocols.

2.6. Statistical Analysis

The data were analyzed using the Statistical Package for the Social Sciences (SPSS)
version 26 software (IBM, Armonk, NY, USA) and GraphPad Prism 10. Data distribution
was determined by the Shapiro-Wilk Test of Normality. The statistical tests used in this
study were One-Way Analysis of Variance (ANOVA) with Tukey post hoc test for normally
distributed data and the Kruskal-Wallis test with pairwise comparison for non-parametric
data. All data are presented as the mean and standard error of the mean (SEM). A p-value
of less than 0.05 was considered statistically significant.

3. Results
3.1. Trabecular Bone Parameters

There were no significant differences observed in all trabecular bone parameters
among the groups as depicted in Table 1. The acute alcohol (AA) group showed slightly
higher connectivity density [703.71 (75.17) 1/mm?] compared to the normal control (NC)
[632.8 (63.01) 1/mm?3], chronic alcohol (CA) [678.23 (77.24) 1/mm?3], and alcohol withdrawal
(AW) [690.34 (95.94) 1/mm?>], whereas the AA group demonstrated the lowest bone volume
to total volume ratio (BV/TV) [5.51(0.69) %] and trabecular thickness (Tb.Th) [0.039 (0.001)
mm)] across all experimental and control groups.

Table 1. The effects of alcohol administration and withdrawal on the trabecular bone of the left femur.

Treatment Groups

Mean (SEM) NC AA CA AW
Tb.N (1/mm) 1.40 (0.13) 1.40 (0.15) 1.51 (0.11) 1.52 (0.18)
Conn.D (1/mm?) 632.8 (63.01) 703.71 (75.17) 678.23 (77.24) 690.34 (95.94)

SMI 2.03 (0.05) 2.14 (0.08) 2.04 (0.04) 2.19 (0.10)
BV/TV (%) 5.85 (0.55) 5.51 (0.69) 6.57 (0.72) 6.79 (1.07)
Tb.Th (mm) 0.042 (0.001) 0.039 (0.001) 0.043 (0.004) 0.044 (0.002)
Tb.Sp (mm) 0.59 (0.02) 0.56 (0.04) 0.59 (0.02) 0.56 (0.03)

Abbreviations: NC: normal control group, AA: acute alcohol group, CA: chronic alcohol group, AW, alcohol
withdrawal group. Tb.N: trabecular number, Conn.D: connectivity density, SMI: structure model index, BV /TV: bone
volume to total volume ratio, Tb.Th: trabecular thickness, Tb.Sp: trabecular separation. The results are presented as
mean and standard error of mean for 6 replicates.
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3.2. Cortical Bone Parameters

For cortical bone microstructure, the AA group exhibited a significantly higher (p < 0.05)
Ct.Th [0.93 (0.03)] compared to the other groups: NC [0.36 (0.01)], CA [0.31 (0.04)], and
AW [0.16 (0.05)]. Additionally, the AA group showed significantly (p < 0.0001) lower total
cross-sectional area (Tt.Ar) [13.53 (0.55)] and cortical area (Ct.Ar) [11.13 (0.29)] (p < 0.0001)
compared to the CA group, with Tt.Ar and Ct.Ar values of [17.44 (0.65)] and [16.37 (0.54)], re-
spectively. Furthermore, the cortical area fraction (Ct.Ar/Tt.Ar) was significantly lower in the
AA group [82.93 (4.12)] (p < 0.01) compared to the NC, CA, and AW groups, with [94.92 (0.94)],
and [93.78 (0.56)], respectively, as shown in Figure 1.

*
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Figure 1. The effects of alcohol administration and withdrawal on the cortical bone of the left
femur. Abbreviations: NC: normal control group; AA: acute alcohol group; CA: chronic alcohol
group; AW: alcohol withdrawal group. Ct.Th: cortical thickness, Tt.Ar: total cross-sectional area,
Ct.Ar: cortical area, Ct.Ar/Tt.Ar: cortical area to total area ratio. The results are presented as mean
and standard error of mean for 6 replicates. * p < 0.05, ** p < 0.01, and *** p < 0.0001 indicate
significant differences. The statistical test was performed using GraphPad Prism 10.

3.3. Bone Biomechanical Strength

Although no statistical significance was found in any group for all parameters, both
AA and CA groups consistently exhibited higher load, stress, displacement, strain, stiffness,
elasticity, and Young’s modulus compared to the NC group. Conversely, AW demonstrated
lower values for all parameters compared to CA, as shown in Table 2.

Table 2. The effects of alcohol administration and withdrawal on the biomechanical strength of the

left femur.
Treatment Groups
Mean (SEM)
NC AA CA AW
Load (N) 104.13 (4.53) 122.31 (8.73) 105.41(7.36) 98.54 (1.24)
Stress (N/mm?) 596.50 (21.53) 742.01(55.03) 655.94 (38.32) 617.92 (10.97)
Displacement (mm) 6.27 (0.08) 6.53 (0.13) 6.59 (0.09) 6.47 (0.08)
Strain (%) 6.19 (0.08) 6.99 (0.28) 6.93 (0.27) 6.55 (0.19)
Stiffness (N/mm) 94.84 (4.82) 118.77 (14.44) 12694 (13.90)  100.38 (4.99)
Young’s modulus 58,819.35 69,215.97 71,770.88 59,703.37
(N/mm?) (3078.85) (8791.08) (7520.34) (2899.15)

Abbreviations: NC: normal control group; AA: acute alcohol group; CA: chronic alcohol group; AW: alcohol
withdrawal group. The results are presented as mean and standard error of mean for 6 replicates.

3.4. Protein Expression of Bone Remodeling Markers, FGF23, and Antioxidant

In bone formation markers, the AA group exhibited a 3-fold increase in OCN
[0.36(0.15) ng/mL] and a 5-fold increase in OPN [1.38(0.75) pg/mL] compared to the
NC [OCN: 0.13(0.03) ng/mL, OPN: 0.52(0.14) pg/mL], and these values were higher than
those in the CA group [OCN: 0.22(0.09) ng/mL, OPN: 0.96(0.50) pg/mL]. Despite no statis-
tical significance, OCN levels were slightly higher in AW [0.24(0.11) ng/mL] compared to
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CA, while OPN levels in AW [0.60(0.23) pg/mL] were lower than those in CA, as shown
in Table 3 and Figure 2. For bone resorption markers, RANKL levels were significantly
higher in the AA (p < 0.01) and CA (p < 0.05) groups, [21.62(3.65)] and [19.1(3.77)], re-
spectively, compared to NC [6.80(1.10)]. TRAP levels, however, were significantly lower
(p < 0.05) in the CA group [0.11(0.02) pg/mL] compared to NC [0.25(0.03)]. FGF23 levels
were significantly higher in the AW group [14.06(1.60) pg/mL] compared to CA (p < 0.01)
and AA (p < 0.05). Antioxidant GPx levels were significantly higher in the AW group
[21.04(1.93) pg/mL] compared to NC (p < 0.01), AA (p < 0.001), and CA (p < 0.0001), as
demonstrated in Table 3 and Figure 2.

Table 3. The effects of alcohol administration and withdrawal on bone remodeling markers, an antioxi-
dant, and FGF23.

Mean (SEM) Groups
NC AA CA AW
OCN (ng/mL) 0.13 (0.03) 0.36 (0.15) 0.22 (0.09) 0.24 (0.11)
OPN (pg/mL) 0.52 (0.14) 1.38 (0.75) 0.96 (0.50) 0.60 (0.23)
RANKL (pg/mL) 6.80 (1.10) b 21.62 (3.65) 19.1 (3.77) 15.17 (2.39)
TRAP (pg/mL) 0.25 (0.03) ® 0.23 (0.05) 0.11 (0.02) 0.17 (0.04)
FGF23 (pg/mL) 9.17 (0.44) 6.76 (1.80) 5.66 (1.40) 14.06 (1.60) b
GPx (pg/mL) 11.97 (1.42) 10.88 (0.73) 5.66 (0.70) 21.04 (1.93) 3

Abbreviations: NC: normal control; AA: acute alcohol; CA: chronic alcohol; AW: alcohol withdrawal. OCN: osteocalcin,
OPN: osteopontin, RANKL: receptor activator of nuclear factor kappa-B ligand, TRAP: tartrate-resistant acid phos-
phatase, FGF23: fibroblast growth factor 23, GPx: glutathione peroxidase. ? significant difference (p < 0.05) compared
to AA, P significant difference (p < 0.05) compared to CA, © significant difference (p < 0.05) compared to NC. The
statistical test was performed using GraphPad Prism 10. The results are presented as mean and standard error of mean
for 6 replicates.

(A) OCN (B) OPN (C) RANKL
10 10+ 104
*
8- 8- 8-
* %k
6 6 6
44 4 4
24 2 24
0- 0- 0-
NC AA CA AW NC AA CA AW NC AA CA AW
10- (D) TRAP 10+ (E) FGF23 10+ (F) GPx
8- 8- 8- * ok
6 64 * 6+ * Kk
44 44 o 44 * ok ok ok
*
29 ] 2 24
Si-T FArENI-T-r | o-!—ﬁ—-T-l
NC AA CA AW NC AA CA AW NC AA CA AW
Treatment groups

Figure 2. The effects of alcohol administration and withdrawal on bone remodeling markers, an antioxi-
dant, and FGF23. Abbreviations: NC: normal control group; AA: acute alcohol group; CA: chronic alcohol
group; AW: alcohol withdrawal group. OCN: osteocalcin, OPN: osteopontin, RANKL: receptor activator
of nuclear factor kappa-B ligand, TRAP: tartrate-resistant acid phosphatase, FGF23: fibroblast growth
factor 23, GPx: glutathione peroxidase. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate
significant differences. The statistical test was performed using GraphPad Prism 10. The results are
presented as the fold increase of the mean and standard error of the mean for 6 replicates and were
normalized to the normal control in the respective group (fold increase = treatment group /normal control).
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4. Discussion

Alcohol use represents a substantial global public health concern, contributing to a
spectrum of issues including dependence and withdrawal. It is associated with a plethora
of complications, including bone-related problems [17,36]. Chronic alcohol abuse can
lead to dependency, characterized by tolerance and withdrawal [37]. While some studies
suggest that moderate alcohol consumption may benefit cardiovascular health [38,39] and
bone [33], chronic intake of alcohol might be damaging [40]. Given the global increase in
lifespan [41], addressing bone health is crucial, as complications like fractures [42] can be fatal.

The ethanol model employed in our study has been validated to simulate alcohol de-
pendence and withdrawal effects [43]. While we previously referenced moderate drinking as
potentially beneficial to bone health, our study does not aim to affirm or dispute this; rather, our
focus is on exploring the impact of alcohol administration and withdrawal on bone biochemistry.
For acute intraperitoneal injections, we administered a dose of 2.5 g/kg in rats, which translates
to an approximate human equivalent dose of 418.93 mg/kg. The decision to cull the animals
6 h after the last ethanol administration was based on a previous validation study by Kumar
et al. [35,43], which demonstrated that this timeframe effectively induces withdrawal symptoms
and allows for the study of early withdrawal effects in experimental models.

Micro-CT has been widely used to study the quantitative changes in bone quality and
structural characteristics [44]. Micro-CT assessment is reliable for analyzing rat trabecular
structure as it is thinner than human bone [45]. In our study, no significant differences were
observed in trabecular bone parameters among the groups. This finding is in accordance
with a previous study which also observed no significant difference in bone trabecular
microstructure in mice treated with 15% ethanol for 14 days [46]. Contrary to our expec-
tations [47], the acute alcohol (AA) group showed slightly higher connectivity density
(Conn.D) compared to the normal control (NC), chronic alcohol (CA), and alcohol with-
drawal (AW) groups. This finding may suggest a transient effect of acute alcohol exposure
on trabecular connectivity. However, the AA group exhibited the lowest bone volume
to total volume ratio (BV/TV) and trabecular thickness (Tb.Th) across all experimental
and control groups. These results are consistent with a previous study indicating that
alcohol exposure can lead to decreased bone volume and trabecular thickness [48] which
may have implications for bone strength and fracture risk. A study on rats fed with three
different alcohol doses ad libitum, 25%, 30%, and 35%, also showed significant thinning
of trabecular bone after 17 weeks of treatment [49]. There were no changes observed in
trabecular number, structural model index, or trabecular separation in the treated groups,
suggesting that the effects of acute alcohol exposure on these parameters may be more
variable or subtle. Also, trabecular bone appears to be less sensitive to alcohol dosage
effects compared to cortical bone in rats, as shown in a previous study [49]. In addition, it is
worth mentioning that our study employed intraperitoneal injection and dosages consistent
with rat models of AUD [50]. However, despite utilizing a relevant model, the duration
of exposure and dosage might not have been optimal for detecting significant changes in
trabecular morphology. Future studies could explore longer exposure durations and higher
dosages to better simulate chronic alcohol consumption and its effects on bone health.

Interestingly, the AA group exhibited a significant increase in cortical thickness compared
to the other groups, which contradicts a previous report showing lower cortical thickness [49].
This finding may be attributed to compensatory mechanisms triggered by acute alcohol
exposure or alterations in bone remodeling dynamics. Otherwise, the AA group showed
significantly lower total cross-sectional area (Tt.Ar) and cortical area (Ct.Ar) compared to the
CA group, which could indicate a reduction in overall cortical bone size in the AA group.
Furthermore, the cortical area fraction (Ct.Ar/Tt.Ar) was significantly lower in the AA group
compared to the NC, CA, and AW groups, suggesting a decrease in the proportion of cortical
bone relative to total bone area. These findings are consistent with previous observations that
showed a reduction in cortical thickness after chronic ethanol exposure for 17 weeks [16,49].
This cortical thinning is possibly due to increased resorption at the endocortical surface or
decreased formation at the endosteal or periosteal surface of the femur [51], with supporting
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evidence from histomorphometric changes (reduced cortical bone area, bone formation rates,
and mineral apposition rates) in an alcohol-fed group from a previous study [52]. Cortical bone
thickness and cortical area are typically proportional; however, we observed that the AA group
exhibited a higher cortical thickness (Ct.Th) but a lower cortical area (Ct.Ar). Exceptions to this
relationship can occur due to factors such as variations in periosteal apposition rates, endosteal
resorption rates, and alterations in bone geometry, which can contribute to discrepancies in
measurements of cortical thickness and cortical area [53].

Many studies have reported a dramatic adverse effect of alcohol on bone mechanical
properties [54,55]. However, in our study, we did not observe any significant difference in the
alcohol-fed or withdrawal group compared to the control, which is in agreement with an earlier
study [56]. Possible reasons for this could include the dosage or duration of alcohol exposure or
the specific characteristics of our experimental model as mentioned in the previous section.

Osteocalcin (OCN) and osteopontin (OPN) are crucial proteins synthesized by os-
teoblasts and play pivotal roles in bone mineralization. In this study, we observed no
significant changes in bone formation parameters, OCN and OPN, in all groups. However,
we noted higher levels of both OCN and OPN in the AA group compared to the NC group.
Even though it was not aligned with previous work [57,58], this finding could potentially
suggest that acute alcohol exposure can transiently elevate bone turnover markers. RANKL
plays a crucial role in bone remodeling by promoting the differentiation and activation of
osteoclasts, leading to bone resorption. Our study observed a significantly higher level
of receptor activator of nuclear factor kappa-B ligand (RANKL) in both the AA and CA
groups compared to the NC group, which could indicate a potential stimulatory effect
of alcohol on osteoclastogenesis, consistent with previous findings [59,60]. TRAP is an
enzyme secreted by osteoclasts. Conversely, we observed lower levels of tartrate-resistant
acid phosphatase (TRAP) in the CA group compared to NC. The decreased TRAP levels
in the CA group may indicate a compensatory response to decreased bone resorption in
chronic alcohol exposure, aimed at preserving bone integrity.

Fibroblast growth factor 23 (FGF23) plays a critical role in regulating phosphate
homeostasis and vitamin D metabolism, promoting phosphate excretion, and inhibiting
the production of active vitamin D to maintain serum phosphate levels. Dysregulation
of FGF23 has been implicated in various bone disorders, including osteoporosis. Studies
have shown that higher levels of FGF23 are associated with reduced bone density [61,62].
Elevated FGF23 levels have also been observed in alcoholics [63]. However, our study did
not observe any changes in bone FGF23 levels in the group treated with acute and chronic
alcohol. This finding corresponds with previous research, which reported elevated levels
of FGF23 mRNA expression in the liver but did not find similar changes in other organs,
including bone [30]. Notably, we revealed a significant elevation of FGF23 levels in the
AW group compared to both the AA and CA groups. This suggests a unique response
to alcohol cessation, possibly due to disruptions in mineral metabolism and phosphate
homeostasis during withdrawal. The observed increase in FGF23 levels during withdrawal
could also reflect bone-specific adaptations to restore mineral homeostasis or respond
to changes in systemic factors like hormonal shifts or metabolic adjustments. However,
further investigation is necessary to comprehensively explore these mechanisms, as they
lie beyond the current scope of our study.

Glutathione peroxidase (GPx), an antioxidant enzyme, is crucial for protecting cells
from oxidative damage by catalyzing the reduction of hydrogen peroxide and organic
hydroperoxides. It scavenges reactive oxygen species (ROS) to prevent cellular damage,
which can contribute to the pathogenesis of bone disorders. In this study, we observed
increased levels of GPx in the AW group. This may indicate an adaptive antioxidant
response to mitigate alcohol-induced oxidative damage during the withdrawal period.

The clinical implications of this study highlight the importance of proactive patient
management and rehabilitation for individuals with a history of alcohol consumption.
Regular bone health assessments, including monitoring antioxidants such as glutathione
peroxidase, FGF23 levels, and bone remodeling markers like RANKL, could be beneficial
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for early detection and intervention in alcohol-induced bone loss. Tailored treatments, such
as fracture risk assessments and targeted rehabilitation programs, are essential to enhance
bone strength and reduce fracture risk in these patients. Education on alcohol cessation and
lifestyle modifications, alongside long-term follow-up, are pivotal in preserving skeletal
integrity and overall health in this vulnerable population.

Our study has several limitations. Firstly, it lacks bone mineral density (BMD) and
bone mineral content (BMC) measurements, which are crucial for predicting bone strength
and diagnosing osteoporosis. Additionally, histomorphometric studies, essential for ex-
plaining certain mechanisms, were not conducted. However, our study is the first, to our
knowledge, to utilize this alcohol model of alcohol dependence and withdrawal to explore
the relationship between alcohol consumption and bone health. It provides supporting
evidence for the widely accepted notion that long-term alcohol consumption negatively
impacts bone health. Future research should aim to elucidate the pathogenesis of alcohol-
induced osteoporosis by incorporating additional parameters such as bone densitometry
(DXA) assessments, serum mineral levels (calcium, phosphate), hormonal levels (parathy-
roid hormone and steroids), oxidative status parameters, and histomorphometric studies.

5. Conclusions

In conclusion, our study provides valuable insights into the impact of alcohol con-
sumption on bone health (Figure 3). Acute alcohol exposure transiently increases cortical
thickness but reduces cortical area, while withdrawal is associated with decreased corti-
cal thickness. Concurrently, increased RANKL levels observed across all groups suggest
enhanced osteoclast activity, potentially exacerbating bone resorption. Elevated FGF23
levels during alcohol withdrawal and reduced antioxidants, such as GPx, during acute
and chronic alcohol consumption indicate multifaceted mechanisms underlying alcohol-
induced bone damage. Our findings highlight the need for further research to understand
the mechanisms underlying alcohol-induced bone damage and to explore potential inter-
ventions to mitigate its effects on bone health.
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Figure 3. Summary of the bone remodeling protein, FGF23, and antioxidant relationship among alcohol-
treated groups and normal control. Abbreviations: EtOH: alcohol, OCN: osteocalcin, OPN: osteopontin,
RANKL: receptor activator of nuclear factor kappa-B ligand, TRAP: tartrate-resistant acid phosphatase,
FGE23: fibroblast growth factor 23, GPx: glutathione peroxidase.



Biomedicines 2024, 12, 1515 10 of 12

Author Contributions: Conceptualization, S.A.S.H., LN.M. and N.M.; methodology, S.A.S.H. and
N.M.; formal analysis, S.A.S.H. and N.M.; investigation, S.A.S.H.; resources, IN.M. and N.M.;
writing—original draft preparation, S.A.S.H.; writing—review and editing, S.A.S.H. and N.M.;
supervision, LN.M. and N.M.; project administration, S.A.S.H.; funding acquisition, S.A.S.H., LN.M.
and N.M. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Universiti Kebangsaan Malaysia (grant number: FF-2019-539).

Institutional Review Board Statement: The experimental protocol was approved by the Universiti Ke-
bangsaan Malaysia Animal Ethics Committee (UKMAEC) (approval code: FAR/PP/2019/NORAZLINA /
30-OCT./1050-OCT-2019-MAR-2020-AR-CAT2).

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are presented within this manuscript.

Acknowledgments: The authors thank the following staff members from the Department of Pharma-
cology, Faculty of Medicine, Universiti Kebangsaan Malaysia, for their contribution in the technical
aspect: Fadhlullah Zuhair Japar Sidik, Azlan Mohd Arlamsyah, Mohd Mustazil Mohd Noor, and
Mdm. Juliana Abdul Hamid.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. WHO. Global Status Report on Alcohol and Health 2018; World Health Organization: Geneva, Switzerland, 2018.

2. Grant, B.E; Chou, S.P; Saha, T.D,; Pickering, R.P; Kerridge, B.T.; Ruan, W].; Huang, B.; Jung, J.; Zhang, H.; Fan, A ; et al. Prevalence of
12-Month Alcohol Use, High-Risk Drinking, and DSM-IV Alcohol Use Disorder in the United States, 2001-2002 to 2012-2013: Results
From the National Epidemiologic Survey on Alcohol and Related Conditions. JAMA Psychiatry 2017, 74, 911-923. [CrossRef]

3. Larsson, S.C.; Burgess, S.; Mason, A.M.; Michaélsson, K. Alcohol Consumption and Cardiovascular Disease. Circ. Genom. Precis.
Med. 2020, 13, e002814. [CrossRef] [PubMed]

4. Vacca, A.; Bulfone, L.; Cicco, S.; Brosolo, G.; Da Porto, A.; Soardo, G.; Catena, C.; Sechi, L.A. Alcohol Intake and Arterial
Hypertension: Retelling of a Multifaceted Story. Nutrients 2023, 15, 958. [CrossRef] [PubMed]

5. Aberg, F; Byrne, C.D.; Pirola, C.J.; Ménnistd, V.; Sookoian, S. Alcohol consumption and metabolic syndrome: Clinical and
epidemiological impact on liver disease. J. Hepatol. 2023, 78, 191-206. [CrossRef] [PubMed]

6. Wang, X,; Lu, L.; Chen, X;; Liang, Y.; Xie, Y.; Yu, X. The role and mechanism of tumor necrosis factor-alpha in alcohol-induced
bone loss. Alcohol Alcohol. 2023, 58, 375-384. [CrossRef] [PubMed]

7. Chakkalakal, D.A. Alcohol-Induced Bone Loss and Deficient Bone Repair. Alcohol. Clin. Exp. Res. 2005, 29, 2077-2090. [CrossRef]
[PubMed]

8.  Chin, K.-Y;; Ng, B.N.; Rostam, M.K.I.; Muhammad Fadzil, N.ED.; Raman, V.; Mohamed Yunus, F,; Syed Hashim, S.A.; Ekeuku,
S.0. A Mini Review on Osteoporosis: From Biology to Pharmacological Management of Bone Loss. J. Clin. Med. 2022, 11, 6434.
[CrossRef]

9. Xu,J;Yu,L;Liu, E; Wan, L.; Deng, Z. The effect of cytokines on osteoblasts and osteoclasts in bone remodeling in osteoporosis:
A review. Front. Immunol. 2023, 14, 1222129. [CrossRef] [PubMed]

10. Yan, W.,; Wang, Z.; Liu, H. Action mechanism of bone remodeling imbalance in osteoporosis and relevant medical treatment
strategy. Chin. |. Tissue Eng. Res. 2020, 24, 4866—4874. [CrossRef]

11.  Chanprasertpinyo, W.; Punsawad, C.; Khwanchuea, R.; Sukkriang, N.; Yincharoen, P; Rerkswattavorn, C. Comparison between
calcaneus quantitative ultrasound and the gold standard DXA in the ability to detect osteoporosis in chronic obstructive
pulmonary disease patients. J. Orthop. Surg. Res. 2023, 18, 778. [CrossRef] [PubMed]

12.  Molino, G.; Montalbano, G.; Pontremoli, C.; Fiorilli, S.; Vitale-Brovarone, C. Imaging Techniques for the Assessment of the Bone
Osteoporosis-Induced Variations with Particular Focus on Micro-CT Potential. Appl. Sci. 2020, 10, 8939. [CrossRef]

13. LeBoff, M.S.; Greenspan, S.L.; Insogna, K.L.; Lewiecki, E.M.; Saag, K.G.; Singer, A.].; Siris, E.S. The clinician’s guide to prevention
and treatment of osteoporosis. Osteoporos. Int. 2022, 33, 2049-2102. [CrossRef] [PubMed]

14. Klein, R.E; Fausti, K.A; Carlos, A.S. Ethanol Inhibits Human Osteoblastic Cell Proliferation. Alcohol. Clin. Exp. Res. 1996, 20,
572-578. [CrossRef]

15. Guo, M.; Huang, Y.-L.; Wu, Q.; Chai, L.; Jiang, Z.-Z.; Zeng, Y.; Wan, S.-R; Tan, X.-Z.; Long, Y.; Gu, J.-L.; et al. Chronic Ethanol
Consumption Induces Osteopenia via Activation of Osteoblast Necroptosis. Oxidative Med. Cell. Longev. 2021, 2021, 3027954.
[CrossRef] [PubMed]

16. Maurel, D.B.; Pallu, S.; Jaffré, C.; Fazzalari, N.L.; Boisseau, N.; Uzbekov, R.; Benhamou, C.-L.; Rochefort, G.Y. Osteocyte Apoptosis
and Lipid Infiltration as Mechanisms of Alcohol-Induced Bone Loss. Alcohol Alcohol. 2012, 47, 413-422. [CrossRef] [PubMed]

17.  Sampson, H.W. Alcohol’s harmful effects on bone. Alcohol Health Res. World 1998, 22, 190-194. [PubMed]

18. Petroianu, A.; Barquete, ].; Plentz, E.G.; Bastos, C.; Maia, D.J. Acute effects of alcohol ingestion on the human serum concentrations

of calcium and magnesium. J. Int. Med. Res. 1991, 19, 410-413. [CrossRef] [PubMed]


https://doi.org/10.1001/jamapsychiatry.2017.2161
https://doi.org/10.1161/CIRCGEN.119.002814
https://www.ncbi.nlm.nih.gov/pubmed/32367730
https://doi.org/10.3390/nu15040958
https://www.ncbi.nlm.nih.gov/pubmed/36839317
https://doi.org/10.1016/j.jhep.2022.08.030
https://www.ncbi.nlm.nih.gov/pubmed/36063967
https://doi.org/10.1093/alcalc/agad026
https://www.ncbi.nlm.nih.gov/pubmed/37092263
https://doi.org/10.1097/01.alc.0000192039.21305.55
https://www.ncbi.nlm.nih.gov/pubmed/16385177
https://doi.org/10.3390/jcm11216434
https://doi.org/10.3389/fimmu.2023.1222129
https://www.ncbi.nlm.nih.gov/pubmed/37475866
https://doi.org/10.3969/j.issn.2095-4344.2843
https://doi.org/10.1186/s13018-023-04211-8
https://www.ncbi.nlm.nih.gov/pubmed/37845656
https://doi.org/10.3390/app10248939
https://doi.org/10.1007/s00198-021-05900-y
https://www.ncbi.nlm.nih.gov/pubmed/35478046
https://doi.org/10.1111/j.1530-0277.1996.tb01095.x
https://doi.org/10.1155/2021/3027954
https://www.ncbi.nlm.nih.gov/pubmed/34745415
https://doi.org/10.1093/alcalc/ags057
https://www.ncbi.nlm.nih.gov/pubmed/22596044
https://www.ncbi.nlm.nih.gov/pubmed/15706795
https://doi.org/10.1177/030006059101900508
https://www.ncbi.nlm.nih.gov/pubmed/1748234

Biomedicines 2024, 12, 1515 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Bikle, D.D.; Stesin, A.; Halloran, B.; Steinbach, L.; Recker, R. Alcohol-induced bone disease: Relationship to age and parathyroid
hormone levels. Alcohol Clin. Exp. Res. 1993, 17, 690-695. [CrossRef] [PubMed]

Klein, R.E. Alcohol-induced bone disease: Impact of ethanol on osteoblast proliferation. Alcohol Clin. Exp. Res. 1997, 21, 392-399.
[CrossRef]

Turner, R.T.; Aloia, R.C.; Segel, L.D.; Hannon, K.S.; Bell, N.H. Chronic alcohol treatment results in disturbed vitamin D metabolism
and skeletal abnormalities in rats. Alcohol. Clin. Exp. Res. 1988, 12, 159-162. [CrossRef]

Das, S.K.; Vasudevan, D.M. Alcohol-induced oxidative stress. Life Sci. 2007, 81, 177-187. [CrossRef] [PubMed]

Looker, A.C.; Bauer, D.C.; Chesnut, C.H., 3rd; Gundberg, C.M.; Hochberg, M.C; Klee, G.; Kleerekoper, M.; Watts, N.B.; Bell, N.H.
Clinical use of biochemical markers of bone remodeling: Current status and future directions. Osteoporos. Int. 2000, 11, 467-480.
[CrossRef]

Watts, N.B. Clinical Utility of Biochemical Markers of Bone Remodeling. Clin. Chem. 1999, 45, 1359-1368. [CrossRef] [PubMed]

Courbebaisse, M.; Lanske, B. Biology of Fibroblast Growth Factor 23: From Physiology to Pathology. Cold Spring Harb. Perspect.
Med. 2018, 8, a031260. [CrossRef]

Courbon, G.; Thomas, ].J.; Martinez-Calle, M.; Wang, X.; Spindler, J.; Von Drasek, J.; Hunt-Tobey, B.; Mehta, R; Isakova, T.; Chang, W.;
et al. Bone-derived C-terminal FGF23 cleaved peptides increase iron availability in acute inflammation. Blood 2023, 142, 106-118.
[CrossRef] [PubMed]

Daryadel, A.; Natale, L.; Seebeck, P; Bettoni, C.; Schnitzbauer, U.; Gassmann, M.; Wagner, C.A. Elevated FGF23 and Disordered
Renal Mineral Handling with Reduced Bone Mineralization in Chronically Erythropoietin Over-Expressing Transgenic Mice. Sci.
Rep. 2019, 9, 14989. [CrossRef] [PubMed]

Zhang, H.; Xiang, G.; Li, ].; He, S.; Wang, Y,; Deng, A.; Wang, Y.; Guo, C. Promotion Effect of FGF23 on Osteopenia in Congenital
Scoliosis through FGFr3/TNAP/OPN Pathway. Chin. Med. |. 2023, 136, 1468-1477. [CrossRef] [PubMed]

Courbon, G.; Kentrup, D.; Thomas, J.J.; Wang, X.; Tsai, H.-H.; Spindler, J.; Von Drasek, J.; Ndjonko, L.M.; Martinez-Calle, M.;
Lynch, S.; et al. FGF23 Directly Inhibits Osteoprogenitor Differentiation in Dmp1-Knockout Mice. JCI Insight 2023, 8, €156850.
[CrossRef] [PubMed]

Jung, Y.S.; Radhakrishnan, K.; Hammad, S.; Miiller, S.; Miiller, J.; Noh, J.-R.; Kim, J.; Lee, I.-K.; Cho, S.J.; Kim, D.-K; et al.
ERRy-inducible FGF23 promotes alcoholic liver injury through enhancing CYP2E1 mediated hepatic oxidative stress. Redox Biol.
2024, 71,103107. [CrossRef] [PubMed]

Hidaka, N.; Kat6, H.; Koga, M.; Katsura, M.; Oyama, Y.; Kinoshita, Y.; Fukumoto, S.; Makita, N.; Nangaku, M.; Ito, N. Induction
of FGF23-related Hypophosphatemic Osteomalacia by Alcohol Consumption. Bone Rep. 2021, 15, 101144. [CrossRef] [PubMed]
Paccou, J.; Edwards, M.H.; Ward, K.; Jameson, K.; Moon, R.; Dennison, E.; Cooper, C. Relationships between bone geometry,
volumetric bone mineral density and bone microarchitecture of the distal radius and tibia with alcohol consumption. Bone 2015,
78,122-129. [CrossRef] [PubMed]

Jang, H.-D.; Hong, ].-Y,; Han, K,; Lee, J.C.; Shin, B.-J.; Choi, S.-W.; Suh, 5.-W.; Yang, J.-H.; Park, S.-Y.; Bang, C. Relationship
between bone mineral density and alcohol intake: A nationwide health survey analysis of postmenopausal women. PLoS ONE
2017, 12, e0180132. [CrossRef] [PubMed]

Cho, Y.; Choi, S.; Kim, K;; Lee, G.; Park, S.M. Association between alcohol consumption and bone mineral density in elderly
Korean men and women. Arch. Osteoporos. 2018, 13, 46. [CrossRef] [PubMed]

Kumar, J.; Hapidin, H.; Bee, Y.-T.G.; Ismail, Z. Effects of the mGluR5 antagonist MPEP on ethanol withdrawal induced anxiety-like
syndrome in rats. Behav. Brain Funct. 2013, 9, 43. [CrossRef]

Luo, Z.; Liu, Y;; Liu, Y.; Chen, H.; Shi, S.; Liu, Y. Cellular and molecular mechanisms of alcohol-induced osteopenia. Cell. Mol. Life
Sci. 2017, 74, 4443-4453. [CrossRef]

Kouimtsidis, C.; Duka, T.; Palmer, E.; Lingford-Hughes, A. Prehabilitation in Alcohol Dependence as a Treatment Model for
Sustainable Outcomes. A Narrative Review of Literature on the Risks Associated with Detoxification, from Animal Models to
Human Translational Research. Front. Psychiatry 2019, 10, 339. [CrossRef] [PubMed]

Piano, M.R. Alcohol’s Effects on the Cardiovascular System. Alcohol Res. 2017, 38, 219-241. [PubMed]

Zakhari, S. Alcohol and the cardiovascular system: Molecular mechanisms for beneficial and harmful action. Alcohol Health Res.
World 1997, 21, 21-29.

Nowak, A.].; Relja, B. The Impact of Acute or Chronic Alcohol Intake on the NF-kB Signaling Pathway in Alcohol-Related Liver
Disease. Int. ]. Mol. Sci. 2020, 21, 9407. [CrossRef] [PubMed]

Permanyer, I.; Villavicencio, F.; Trias-Llimoés, S. Healthy lifespan inequality: Morbidity compression from a global perspective.
Eur. ]. Epidemiol. 2023, 38, 511-521. [CrossRef] [PubMed]

Godos, J.; Giampieri, F.; Chisari, E.; Micek, A.; Paladino, N.; Forbes-Hernandez, T.Y.; Quiles, J.L.; Battino, M.; Vignera, S.L.;
Musumeci, G.; et al. Alcohol Consumption, Bone Mineral Density, and Risk of Osteoporotic Fractures: A Dose-Response
Meta-Analysis. Int. ]. Environ. Res. Public Health 2022, 19, 1515. [CrossRef] [PubMed]

Kumar, J.; Hapidin, H.; Get Bee, Y.-T.; Ismail, Z. The effects of acute ethanol administration on ethanol withdrawal-induced
anxiety-like syndrome in rats: A biochemical study. Alcohol 2016, 50, 9-17. [CrossRef] [PubMed]

Jiang, Y.; Zhao, J.; Liao, E.-Y.; Dai, R.-C.; Wu, X.-P,; Genant, H.K. Application of micro-CT assessment of 3-D bone microstructure
in preclinical and clinical studies. ]. Bone Miner. Metab. 2005, 23, 122-131. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1530-0277.1993.tb00821.x
https://www.ncbi.nlm.nih.gov/pubmed/8333602
https://doi.org/10.1097/00000374-199705000-00003
https://doi.org/10.1111/j.1530-0277.1988.tb00152.x
https://doi.org/10.1016/j.lfs.2007.05.005
https://www.ncbi.nlm.nih.gov/pubmed/17570440
https://doi.org/10.1007/s001980070088
https://doi.org/10.1093/clinchem/45.8.1359
https://www.ncbi.nlm.nih.gov/pubmed/10430819
https://doi.org/10.1101/cshperspect.a031260
https://doi.org/10.1182/blood.2022018475
https://www.ncbi.nlm.nih.gov/pubmed/37053547
https://doi.org/10.1038/s41598-019-51577-z
https://www.ncbi.nlm.nih.gov/pubmed/31628396
https://doi.org/10.1097/CM9.0000000000002690
https://www.ncbi.nlm.nih.gov/pubmed/37192015
https://doi.org/10.1172/jci.insight.156850
https://www.ncbi.nlm.nih.gov/pubmed/37943605
https://doi.org/10.1016/j.redox.2024.103107
https://www.ncbi.nlm.nih.gov/pubmed/38479224
https://doi.org/10.1016/j.bonr.2021.101144
https://www.ncbi.nlm.nih.gov/pubmed/34901334
https://doi.org/10.1016/j.bone.2015.05.002
https://www.ncbi.nlm.nih.gov/pubmed/25959415
https://doi.org/10.1371/journal.pone.0180132
https://www.ncbi.nlm.nih.gov/pubmed/28662191
https://doi.org/10.1007/s11657-018-0462-4
https://www.ncbi.nlm.nih.gov/pubmed/29696513
https://doi.org/10.1186/1744-9081-9-43
https://doi.org/10.1007/s00018-017-2585-y
https://doi.org/10.3389/fpsyt.2019.00339
https://www.ncbi.nlm.nih.gov/pubmed/31156483
https://www.ncbi.nlm.nih.gov/pubmed/28988575
https://doi.org/10.3390/ijms21249407
https://www.ncbi.nlm.nih.gov/pubmed/33321885
https://doi.org/10.1007/s10654-023-00989-3
https://www.ncbi.nlm.nih.gov/pubmed/37027116
https://doi.org/10.3390/ijerph19031515
https://www.ncbi.nlm.nih.gov/pubmed/35162537
https://doi.org/10.1016/j.alcohol.2015.10.001
https://www.ncbi.nlm.nih.gov/pubmed/26626323
https://doi.org/10.1007/BF03026336
https://www.ncbi.nlm.nih.gov/pubmed/15984427

Biomedicines 2024, 12, 1515 12 of 12

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lima, I.; Rocha, M.S.; Lopes, R.T. Ethanol bone evaluation using 3D microtomography. Micron 2008, 39, 617-622. [CrossRef]
[PubMed]

Sarocka, A.; Kovacova, V.; Omelka, R.; Bauerova, M.; Kapusta, E.; Goc, Z.; Formicki, G.; Martiniakova, M. Subacute exposure to
alcohol in relation to bone microstructure of mice. Physiol. Res. 2018, 67, 819-824. [CrossRef] [PubMed]

Callaci, J.J.; Juknelis, D.; Patwardhan, A.; Sartori, M.; Frost, N.; Wezeman, F.H. The Effects of Binge Alcohol Exposure on Bone
Resorption and Biomechanical and Structural Properties are Offset by Concurrent Bisphosphonate Treatment. Alcohol. Clin. Exp.
Res. 2004, 28, 182-191. [CrossRef] [PubMed]

Martiniakova, M.; Sarocka, A.; Babosova, R.; Grosskopf, B.; Kapusta, E.; Goc, Z.; Formicki, G.; Omelka, R. Changes in the
microstructure of compact and trabecular bone tissues of mice subchronically exposed to alcohol. J. Biol. Res. 2018, 25, 8.
[CrossRef] [PubMed]

Maurel, D.B.; Boisseau, N.; Benhamou, C.-L.; Jaffré, C. Cortical bone is more sensitive to alcohol dose effects than trabecular bone
in the rat. Jt. Bone Spine 2012, 79, 492-499. [CrossRef] [PubMed]

Hanim, A.; Mohamed, LN.; Mohamed, R.M.P,; Mokhtar, M.H.; Makpol, S.; Naomi, R.; Bahari, H.; Kamal, H.; Kumar, J. Alcohol
Dependence Modulates Amygdalar mTORC2 and PKCe Expression in a Rodent Model. Nutrients 2023, 15, 3036. [CrossRef]
[PubMed]

Broulik, P.D.; Vondrova, J.; Razicka, P.,; Sedlacek, R.; Zima, T. The effect of chronic alcohol administration on bone mineral content
and bone strength in male rats. Physiol. Res. 2010, 59, 599-604. [CrossRef] [PubMed]

Hogan, H.A.; Sampson, H.W.; Cashier, E.; Ledoux, N. Alcohol consumption by young actively growing rats: A study of cortical
bone histomorphometry and mechanical properties. Alcohol Clin. Exp. Res. 1997, 21, 809-816. [CrossRef] [PubMed]

Zebaze, R.; Seeman, E. Cortical bone: A challenging geography. J. Bone Miner. Res. 2015, 30, 24-29. [CrossRef] [PubMed]

Rai, D.V.; Kumar, G.; Tewari, P.; Saxena, D.C. Acute and chronic dose of alcohol affect the load carrying capacity of long bone in
rats. J. Biomech. 2008, 41, 20-24. [CrossRef]

Zakaria, S.; Mat-Husain, S.-Z.; Ying-Hwey, K.; Xin-Kai, K.; Mohd-Badawi, A.; Abd-Ghani, N.-A.; Aziz, M.-A.; Mohamed, N.
Vitamin E improved bone strength and bone minerals in male rats given alcohol. Iran J. Basic Med. Sci. 2017, 20, 1360-1367.
[CrossRef] [PubMed]

Nyquist, E; Diippe, H.; Obrant, K.J.; Bondeson, L.; Nordsletten, L. Effects of alcohol on bone mineral and mechanical properties
of bone in male rats. Alcohol Alcohol. 2002, 37, 21-24. [CrossRef] [PubMed]

Natoli, RM.; Yu, H.; Meislin, M.C.-M.; Abbasnia, P; Roper, P.; Vuchkovska, A.; Xiao, X.; Stock, S.R.; Callaci, J.J. Alcohol exposure
decreases osteopontin expression during fracture healing and osteopontin-mediated mesenchymal stem cell migration in vitro.
J. Orthop. Surg. Res. 2018, 13, 101. [CrossRef] [PubMed]

Alvisa-Negrin, J.; Gonzalez-Reimers, E.; Santolaria-Fernandez, F.; Garcia-Valdecasas-Campelo, E.; Valls, M.R.A; Pelazas-Gonzalez,
R.; Duran-Castellon, M.C.; de los Angeles Goémez-Rodriguez, M. Osteopenia in Alcoholics: Effect of Alcohol Abstinence. Alcohol
Alcohol. 2009, 44, 468-475. [CrossRef] [PubMed]

Wang, T.; Wang, E,; Liu, T,; Sun, M.; An, F; Liu, C; Tian, Y,; Cao, Y.; Wang, ]. OPG/RANKL/RANK gene methylation among
alcohol-induced femoral head necrosis in northern Chinese men. J. Orthop. Surg. Res. 2021, 16, 223. [CrossRef] [PubMed]

De Almeida, ].M.; Pazmino, V.E.C.; Novaes, V.C.N.; Bomfim, S.R.M.; Nagata, M.].H.; Oliveira, EL.P.; Matheus, H.R.; Ervolino, E.
Chronic consumption of alcohol increases alveolar bone loss. PLoS ONE 2020, 15, e0232731. [CrossRef] [PubMed]

Wang, Y.; Wang, H.; Chen, P. Higher Fibroblast Growth Factor 23 Levels Are Causally Associated with Lower Bone Mineral Density of
Heel and Femoral Neck: Evidence from Two-Sample Mendelian Randomization Analysis. Front. Public Health 2020, 8, 467. [CrossRef]
[PubMed]

Sirikul, W.; Siri-Angkul, N.; Chattipakorn, N.; Chattipakorn, S.C. Fibroblast Growth Factor 23 and Osteoporosis: Evidence from
Bench to Bedside. Int. J. Mol. Sci. 2022, 23, 2500. [CrossRef]

Quintero-Platt, G.; Gonzalez-Reimers, E.; Rodriguez-Gaspar, M.; Martin-Gonzalez, C.; Pérez-Hernandez, O.; Romero-Acevedo,
L.; Espelosin-Ortega, E.; Vega-Prieto, M.].d.L.; Santolaria-Fernandez, F. Alpha Klotho and Fibroblast Growth Factor-23 among
Alcoholics. Alcohol Alcohol. 2017, 52, 542-549. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.micron.2007.04.001
https://www.ncbi.nlm.nih.gov/pubmed/17485216
https://doi.org/10.33549/physiolres.933864
https://www.ncbi.nlm.nih.gov/pubmed/30044115
https://doi.org/10.1097/01.ALC.0000108661.41560.BF
https://www.ncbi.nlm.nih.gov/pubmed/14745317
https://doi.org/10.1186/s40709-018-0079-1
https://www.ncbi.nlm.nih.gov/pubmed/29876325
https://doi.org/10.1016/j.jbspin.2011.10.004
https://www.ncbi.nlm.nih.gov/pubmed/22133445
https://doi.org/10.3390/nu15133036
https://www.ncbi.nlm.nih.gov/pubmed/37447362
https://doi.org/10.33549/physiolres.931799
https://www.ncbi.nlm.nih.gov/pubmed/19929136
https://doi.org/10.1111/j.1530-0277.1997.tb03844.x
https://www.ncbi.nlm.nih.gov/pubmed/9267530
https://doi.org/10.1002/jbmr.2419
https://www.ncbi.nlm.nih.gov/pubmed/25431247
https://doi.org/10.1016/j.jbiomech.2007.08.002
https://doi.org/10.22038/ijbms.2017.9610
https://www.ncbi.nlm.nih.gov/pubmed/29238472
https://doi.org/10.1093/alcalc/37.1.21
https://www.ncbi.nlm.nih.gov/pubmed/11825852
https://doi.org/10.1186/s13018-018-0800-7
https://www.ncbi.nlm.nih.gov/pubmed/29699560
https://doi.org/10.1093/alcalc/agp038
https://www.ncbi.nlm.nih.gov/pubmed/19535494
https://doi.org/10.1186/s13018-021-02356-y
https://www.ncbi.nlm.nih.gov/pubmed/33773583
https://doi.org/10.1371/journal.pone.0232731
https://www.ncbi.nlm.nih.gov/pubmed/32817640
https://doi.org/10.3389/fpubh.2020.00467
https://www.ncbi.nlm.nih.gov/pubmed/32984251
https://doi.org/10.3390/ijms23052500
https://doi.org/10.1093/alcalc/agx041
https://www.ncbi.nlm.nih.gov/pubmed/28651327

	Introduction 
	Materials and Methods 
	Instruments and Kits 
	Animals and Treatment 
	Micro-Computed Tomography (CT) Analysis of Femur 
	Bone Biomechanical Strength Analysis of Femur 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Statistical Analysis 

	Results 
	Trabecular Bone Parameters 
	Cortical Bone Parameters 
	Bone Biomechanical Strength 
	Protein Expression of Bone Remodeling Markers, FGF23, and Antioxidant 

	Discussion 
	Conclusions 
	References

