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1 | INTRODUCTION

Abstract

Previous studies suggested that osteocyte lacunar network disruption could play a
role in the complex pathophysiology of bone changes in aging and disease. Considering
that particular research interest is lacking, we aimed to assess alcoholic liver cirrho-
sis (ALC)-induced changes in osteocyte lacunar network and bone marrow adiposity.
Immunohistochemistry was conducted to assess changes in the micro-morphology of
osteocyte lacunar network and bone marrow adiposity, and expression of connexin 43
and sclerostin in vertebral and femoral samples collected from 40 cadaveric men (age
range between 44 and 70 years) divided into ALC group (n = 20) and control group
(n = 20). Furthermore, the assessment of the potential association between bone
changes and the severity of the hepatic disorder (given by Knodell's pathohistologic
scoring) was conducted. Our data revealed fewer connexin 43-positive osteocytes per
vertebral and femoral bone area (p < 0.01), suggesting defective signal transduction
among osteocytes in ALC individuals. Moreover, we found an ALC-induced increase
in the number of adipocytes in the vertebral bone marrow (p = 0.038). Considering
significant associations between the severity of liver tissue disturbances and impaired
functionality of osteocyte lacunar network (Pearson's correlation analyses, p < 0.05),
we may assume that timely treatment of the liver disease may delay bone impairment.
ALC induced an increase in osteocytic sclerostin expression (p < 0.001), suggesting
its role in mediating low bone formation among ALC individuals. Hence, medicaments
targeting low bone formation may be beneficial to attenuate the bone changes among
ALC patients. However, future clinical studies are required to verify the therapeutic

utility of these findings.
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described as a disorder of the bone remodeling process, which leads

to a decrease in bone mass and mineral density (Culafi¢ et al., 2014;

The mechanisms underlying the etiopathogenesis of bone changes Lopez-Larramona et al., 2013), thereby reducing bone strength and
in patients with alcoholic liver cirrhosis (ALC) are complex and still increasing fracture risk (Emkey, 2018; Otete et al., 2018). However,
insufficiently understood. ALC-induced skeletal damage is often little is known as to whether increased bone resorption or decreased
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bone formation has a dominant role in the etiopathogenesis of ALC-
induced bone loss. Another issue in understanding ALC-related
skeletal alterations is that the chronic alcohol intake has additional
negative direct (via osteoblasts) and indirect (via the changes as-
sociated with end-stage liver disease) effects on bone turnover
(Guanabens & Parés, 2018). Specifically, previous studies noted
that dose-dependent adverse effects of alcohol intake on function,
differentiation, proliferation, and maturation of osteoblasts could
reduce bone formation (Chakkalakal, 2005; Luo et al., 2017). In ad-
dition, low vitamin D, sarcopenia, reduced physical activity, and an
unbalanced diet combined with hormonal and metabolic disorders
(hyperparathyroidism, hypogonadism, malabsorption syndrome, and
intestinal microbiome disorders) could significantly impair bone me-
tabolism among patients prone to alcohol abuse (Alvisa-Negrin et al.,
2009; Jeong & Kim, 2019; Luo et al., 2017). On the molecular level,
disturbed receptor activator for nuclear factor kappa B ligand and
osteoprotegerin ratio, altered production of pro-inflammatory cyto-
kines and trophic factors (Ehnert et al., 2019; Guafnabens & Parés,
2018; Luo et al., 2017), changes in matrix metalloproteinase activity,
or bilirubin and bile acids stasis are described as mechanisms leading
to bone impairment in patients with liver cirrhosis (Mitchell et al.,
2011; Santori et al., 2008; Sens et al., 2017). Previous studies identi-
fied an osteocyte-derived protein, sclerostin, as a negative regulator
of osteoblastic bone matrix synthesis and bone formation (Gonzalez-
Reimers et al., 2013; Wakolbinger et al., 2020; Yousry et al., 2016).
It has been suggested that increased serum concentrations of scle-
rostin could be involved in the pathogenesis of bone impairment
among patients with different alcoholic liver disease stages through
inducing low bone formation (Ehnert et al., 2019; Gonzélez-Reimers
et al., 2013; Rhee et al., 2014; Wakolbinger et al., 2020; Yousry et al.,
2016). Moreover, increased local sclerostin expression has recently
been observed in the liver tissue samples obtained from patients
with primary biliary cirrhosis (Guanabens et al., 2016). Considering
the known methodologic limitations of the serum sclerostin assess-
ment and the fact that it could depicture sclerostin of extraosseous
origin (De Maré et al., 2019), analysis of local osteocytic sclerostin
expression in bone tissue is required to provide valuable insight into
the mechanisms of ALC-induced bone loss.

To fully understand the etiopathogenesis of ALC-induced bone
impairment, the assessment of osteocyte lacunar network could be
of importance given that osteocytes are known as important regu-
lators of bone remodeling (Power et al., 2001). However, alcohol-
induced changes in the osteocyte lacunar network have only
been assessed on animal models (Maurel et al., 2011, 2012, 2014).
Previous data suggested that functional integrity of the osteocyte
lacunar network and interosteocytic communication is maintained
by intercellular channels (Stains et al., 2014, 2020), formed by mo-
nomeric subunits called connexins. Connexin 43 (Cx43) is the most
frequently expressed connexin type in osteocytes (Plotkin, 2011;
Stains et al., 2014, 2020). Previous data have shown that Cx43 is an
essential part of intracellular machinery responsible for the signal
transduction in the bone tissue (Plotkin, 2011). Altered Cx43 expres-

sion levels were noted in bone tissue and liver cells in various animal

models of aging and liver disease (Balasubramaniyan et al., 2013;
Cooreman et al., 2020; Davis et al., 2018). In addition, altered Cx43
expression has been found in liver tissue samples collected from pa-
tients with liver cirrhosis (Herndndez-Guerra et al., 2019; Yanguas
et al., 2016). However, there are no data regarding osteocytic Cx43
expression in bone tissue samples from ALC individuals.

Considering that preferential allocation toward adipocyte lin-
eage in bone marrow could contribute to bone loss (Woods et al.,
2020), the assessment of bone marrow adiposity could contribute
to a better understanding of ALC-induced bone impairment. Indeed,
alcohol-induced increased bone marrow adiposity has been noted
in rodent animal models (Maurel et al., 2011, 2012, 2014). Yet, the
bone marrow adiposity has not been assessed in adult human ALC
patients, but it was noted in adolescent individuals with nonalcoholic
fatty liver disease (Albakheet et al., 2020; Yu et al., 2017).

With all that in mind, we aimed to investigate changes in os-
teocyte lacunar network, bone marrow adiposity, and expression
levels of Cx43 and sclerostin in bone tissue samples collected from
individuals with ALC, compared with healthy age- and sex-matched
controls. Furthermore, the potential association between morpho-
logic and functional changes in osteocyte lacunar network and bone
marrow adiposity and the severity of the hepatic disorder, illustrated
by Knodell's pathohistologic scoring, was analyzed.

2 | MATERIALS AND METHODS

2.1 | Experimental design and study sample
Based on the frequency and importance of vertebral and femoral
fragility fractures in ALC individuals (Otete et al., 2018; Santori et al.,
2008), this cross-sectional study analyzed bone samples of lumbar ver-
tebrae and proximal femora obtained postmortem, in consent to insti-
tutional ethics review board (approval no. 1322/V-1). Given that ALC
is more common in men (Santori et al., 2008), 40 adult cadaveric men
were included in this study. As presented in Figure 1, the bone chips
(approximate sample size: 1 cm x 1 cm x 2 mm) from the central part
of the anterior mid-transverse portion of the fifth lumbar vertebral
body and middle part of the intertrochanteric line of proximal femora
were collected from individuals with ALC group (aged between 44 and
70 years) and age-matched controls (aged between 46 and 68 years).
The initial inclusion criteria for the ALC donors were visible signs of
liver cirrhosis and chronic alcoholism present at the autopsy, coupled
with the data about long-term drinking habits (at least three units of
alcohol per day for more than 5 years) provided by the family members.
In contrast, healthy age-matched (+5 years) men without any visible
sign or available data about liver disorders and chronic alcoholism at
the time of autopsy were included in the control group. The exclu-
sion criteria were as follows: positive history of previous vertebral
and hip low-trauma fracture; hereditary or acquired bone-affecting
diseases (chronic kidney disease, dysfunction of parathyroid, thyroid
and adrenal glands, gonad dysfunctions, and pancreas disorders); and
the presence of solitary or metastatic cancerous bone lesions; use
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FIGURE 1 Flowchart summarizing the methodology used in the comparative assessment of osteocyte lacunar network and bone marrow

adiposity between the ALC group and the control group

of bone-affecting therapy (e.g., vitamin D, reproductive hormonal
therapy, corticosteroids, cytostatics, or antiresorptive treatment).
Additionally, participants included in the study were not abstinent in
drinking or on specific treatment for liver disease at the time of death.

When pathohistologic analysis verified the presence of liver cir-
rhosis (defined as diffuse, irreversible, severe, bridging, and “chicken-
wire” fibrosis coupled with substantial hepatonodular degeneration),
donors were finally included in the ALC group (n = 20). In contrast,
the control group encompassed bone samples of individuals without

any significant pathohistologic sign of liver disease (n = 20).

2.2 | Pathohistologic analysis and scoring of the
liver tissue samples

The 5-pm-thick sections of formalin-fixed paraffin-embedded
liver tissue samples were mounted on the slides, stained with
Hematoxylin/Eosin and Masson's Trichrome, and analyzed under
light microscopy (optical DM 1000 LED microscope with a CMOS
ICC500W digital camera, Leica Microsystems). To estimate the po-
tential association between the ALC stage and bone tissue changes,
Knodell's scoring system was used (Goodman, 2007). In short, an ex-
perienced pathologist assigned a numerical score for periportal and
bridging necrosis of the liver parenchyma, focal hepatocellular ne-
crosis, portal inflammation, and intralobular degeneration, thereby
creating the necroinflammatory score for each biopsy specimen
(from O/absence of necroinflammatory feature/to 18/the most se-
vere necroinflammatory changes/). Finally, the investigator summa-
rized the fibrosis score (from O/no fibrosis/to 4 /cirrhosis/) and the
necroinflammatory score to calculate the Histology Activity Index

(HAI) for each specimen (from 0/suggesting the absence of pathohis-
tologic features/to 22/indicating the most severe liver tissue distur-

bances/) (Goodman, 2007), which was used for statistical analysis.

2.3 | Sample preparation for
immunohistochemical staining

Next, 2-mm-thick bone samples of vertebral bodies and proximal
femora (Figure 1) were cut using an electrical autopsy saw (Kugel
Medical), fixed in formalin, and decalcified in an ethylenediamine-
tetraacetic acid (EDTA)-based solution (USEDECALC, Medite) using
Sonocool 255 ultrasonic unit (Bandelin Electronic). Decalcification
was conducted with 50% of ultrasound power and on the auto-
regulated temperature (37°C) to prevent bone marrow damage and
overheating. The bending test and radiographic assessment were
used to establish the end point for decalcification in collaboration
with the Department of Diagnostic Radiology, Faculty of Dental
Medicine, University of Belgrade. Afterward, the femoral and verte-
bral bone samples were paraffin-embedded, and 5-um-thick sections
of cancellous and cortical bone were obtained (Figure 1). Further,
the sections were mounted on the slides, deparaffinized at 60°C for
30 min, submerged in xylene and decreasing ethanol solutions (100%,
90%, 70%, 50%, and distilled water) to rehydrate bone tissue.

2.4 | Immunohistochemical staining of sclerostin

Antigen retrieval was performed with Tween-20 solution; 3% hy-
drogen peroxide (H,O,) deactivated endogenous peroxidase; and
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bovine serum antigen (BSA) dilution in phosphate-buffered saline
(PBS) was utilized to hamper nonspecific staining. The bone tissue
sections were incubated overnight at 4°C with the unconjugated
rabbit polyclonal primary antibody binding to the N-terminal re-
gion of human sclerostin (Cat: SAB1300086, RRID:AB_10604638,
MiliporeSigma) diluted in 1% BSA solution in PBS (1:100). The manu-
facturer provided the immunoblotting validation of antibody speci-
ficity and recommended the antibodies for immunohistochemistry
purposes on formalin-fixed paraffin-embedded human tissue speci-
mens in the stated dilution. The conditions for transport, storage,
and handling of the purchased antibodies required by the manufac-
turer were ensured at all times. Primary antibodies were detected
with 60-min-long incubation with biotin-conjugated goat antirabbit
secondary antibodies (Cat: 21537, RRID:AB_916366, MiliporeSigma)
diluted in 1% BSA in PBS buffer (1:200). To confirm the absence of
nonspecific binding of secondary antibody, incubation without the
primary antibody served as a negative control. After horseradish per-
oxidase (HRP)-conjugated streptavidin (DAKO) was applied, staining
was developed with diaminobenzidine (DAB) chromogen (DAKO),
while aqueous hematoxylin solution (1:5) was used for counterstain-
ing. Described staining protocol is a perfected version that ensured
the adequate quality of osteocyte staining (more than 10% positive)
in the Laboratory for Bone Biology and Bioanthropology setting.
The procedure was performed consistently on all samples to ensure

the appropriate interindividual comparison.

2.5 | Immunohistochemical staining for Cx43
Antigen retrieval was performed by incubation in a trypsin solution
at 37°C, 3% H,0, was used to deactivate endogenous peroxidase,
and BSA diluted in PBS was utilized to hamper nonspecific staining.
The bone tissue sections were incubated overnight at 4°C with un-
conjugated rabbit polyclonal affinity isolated primary antibody to Gap
junction a-1 protein (Cx43, Cat: SAB4501175, RRID:AB_10746172,
MiliporeSigma) diluted in 1% BSA solution in PBS (1:100). The manufac-
turer provided the immunoblotting validation of antibody specificity
and recommended the antibodies for immunohistochemistry purposes
on formalin-fixed paraffin-embedded human tissue specimens in the
stated dilution. The conditions for transport, storage, and handling of
the purchased antibodies required by the manufacturer were ensured
at all times. Primary antibodies were detected with 60-min-long incu-
bation with biotin-conjugated goat anti-rabbit secondary antibodies
(Cat: 21537, RRID:AB_916366, MiliporeSigma) diluted in 1% BSA in
PBS buffer (1:200). To confirm the absence of nonspecific binding of
secondary antibody, incubation without the primary antibody served
as a negative control. After streptavidin-HRP (DAKO) was applied,
staining was developed with DAB (DAKO), while aqueous hematoxylin
solution (1:5) was used for counterstaining. Described staining proto-
col is a perfected version that ensured the adequate quality of osteo-
cyte staining (at least 10% positive) in the used laboratory setting. The
procedure was performed consistently on all samples to ensure the
appropriate interindividual comparison.

2.6 | Image analysis

Images of analyzed bone sections were captured with an optical
DM 1000 LED microscope equipped with a 5-megapixel CMOS
ICC500W digital camera (Leica Microsystems), using the Leica Las
EZ V2.0 software and x200 magnification. Under ASBMR nomen-
clature guidelines (Dempster et al., 2013), the number of lacunae (N.
Lc/B. Ar), the number of osteocytes (N. Ot/B. Ar), and the number
of empty lacunae (N. Em. Lc/B. Ar) were manually determined per
mm? of assessed bone area (blue dashed line, Figure 1) using open-
source Imagel software with Bonel plug-in V2.0 (https://imagej.
net/, RRID:SCR_003070 and http://bonej.org/, RRID:SCR_018166).
A single investigator conducted the histomorphometric evaluation
for all included samples to ensure consistent rating. The investiga-
tor stuck to the rule that an empty lacuna was an osteocytic lacuna
without a visible nucleus, while an osteocyte was defined as a lacuna
with a visible nucleus (Figure 1). Moreover, the number of sclerostin-
positive (cells with brown-colored cytoplasm) and sclerostin-
negative osteocytes (blue-colored lacuna with a visible nucleus) per
bone area were manually determined in each bone sample. Likewise,
Cx43-positive (cells with brown-colored cytoplasm) and negative
osteocytes (blue colored) were manually determined per analyzed
bone area of vertebral and femoral samples (Figure 1). To ensure
representative evaluation, the investigator excluded bone samples if
at least 4 mm? of bone tissue area could not be appropriately meas-
ured, following previous suggestions (Woélfel et al., 2020). Thus, data
for a total of 40 lumbar vertebrae samples (20 samples from ALC vs.
20 samples from healthy controls) and 31 femoral samples (samples
obtained from 14 controls and 17 ALC individuals) were presented
in the study. Additionally, in line with the most recent BMAS rec-
ommendations (Tratwal et al., 2020), adipocyte number per bone
marrow area (N. Ad/Ma. Ar; #/mm?), percentage of adipocyte area
over bone marrow area, known as “bone marrow adipose area” (Ad.
Ar/Ma. Ar, %), and mean adipocyte diameter (Ad. Dm, um) were
calculated in bone marrow area of lumbar vertebral bone samples
(red dashed line, Figure 1). To provide the acceptable comparability
of our findings with other human cadaveric studies (Wolfel et al.,

2020), the minimal assessed bone marrow area was 1.25 mm?2.

2.7 | Statistical analysis

Distribution assumptions were initially tested using box plots, and
then the Kolmogorov-Smirnov test was performed to assess the
normality of data distribution. The differences between ALC and
the control group were assessed with the Student's t-test for nor-
mally distributed (parametric) data and Mann-Whitney U test for
nonparametric data. The differences between lumbar vertebrae and
proximal femora were assessed with the Student's t-test (or Mann-
Whitney U test, where appropriate). We used Pearson's correlation
analysis (or Spearman's correlation analysis where appropriate) to
estimate the correlation between bone parameters and the patho-
histologic score of liver tissue damage. Open source EZR statistical
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software V3.5.2 was used for statistical analysis at a 0.05 level of

significance.
3 | RESULTS
3.1 | Liver tissue disturbances in men with ALC

Pathohistologic hallmarks of liver cirrhosis were confirmed in donors
of the ALC group, whereas liver tissue disturbances were missing in
control individuals. Namely, severe periportal, bridging, and “chicken-
wire” fibrosis coupled with regenerating nodules were hallmarks of
liver damage in the ALC donors. The more severe liver tissue distur-
bance in ALC men was suggested by increased HAI values compared
with healthy men without the liver disorder (11 + 3 vs. 3 + 2, respec-
tively; p < 0.001). At the same time, more prominent necroinflamma-
tory features (reflected by increased necroinflammatory score) were
noted in the liver tissue of the ALC group compared with healthy con-
trol individuals (7 + 3 vs. 3 + 2, respectively; p < 0.001). A compen-
sated form of ALC was present in the majority of individuals included
in our ALC group, with the exception of one individual with known
hepatic encephalopathy, one donor with variceal bleeding, and two
individuals with ascites observed during autopsy.

3.2 | Histomorphometric assessment of osteocyte
lacunar network micro-morphology

Histomorphometric assessment revealed minor intergroup differ-
ences in the osteocyte lacunar network. Namely, a tendency to an
increased number of empty lacunae was noted in vertebral bone sam-
ples of ALC individuals (median [min-max]: 31.1 (13.9-78.4)/mm? vs.
28.3 (20.6-60.1)/mm?), but statistical significance was not reached
due to prominent interindividual variations in the groups (p = 0.090;
Mann-Whitney U test, Figure 2). In addition, an increased number of
empty lacunae was observed in femoral bone samples from ALC do-
nors (43.3 + 17.4/mm?) compared with healthy controls (26.4 + 9.3/
mm?; p = 0.003, Figure 3). Pearson's correlation analysis suggested
that the severity of liver tissue disturbance (as reflected by HAI val-
ues) was positively associated with the number of empty lacunae
per femoral bone area (r = 0.369; p = 0.049). Spearman's correlation
analysis suggested that the number of empty lacunae per vertebral
bone area was not associated with the pathohistologic scores of liver
disorder noted in our individuals (p > 0.05). The number of osteo-
cytes and the number of lacunae were not significantly altered in
the vertebral bone samples (p = 0.416 and p = 0.648, respectively;
Figure 2) nor femoral bone samples of the ALC group (p = 0.509 and
p = 0.666, respectively; Figure 3). As shown in Figure 4, an inverse
association was found between HAI values and the total number
of osteocytes in the femoral bone samples (r = -0.431; p = 0.017),
while the remaining parameters of micro-morphology of osteocyte
lacunar network were not significantly correlated with the severity
of liver tissue disturbances noted in included individuals (p > 0.05,
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Pearson's correlation test). In addition, our assessment did not re-
veal any significant intersite differences in the osteocyte lacunar
network between assessed vertebral and femoral samples. Namely,
the total number of osteocytes, the total number of lacunae, and
the number of empty lacunae per bone area were not significantly
different between the analyzed vertebral and femoral bone samples
(p=0.387,p =0.654, and p = 0.415, respectively).

3.3 | Immunohistochemical assessment of
osteocytic Cx43 and sclerostin expression levels

The significantly higher number of sclerostin-positive osteocytes
was noted in the vertebral (55.9 + 19.3/mm? vs. 24.3 + 9.1/mm?;
p < 0.001, Figure 2) and femoral bone samples obtained from ALC
donors (55.3 + 20.5/mm? vs. 23.6 + 8.9/mm?% p < 0.001, Figure 3).
Moreover, a substantial decline in osteocytic expression of Cx43
was noted in the lumbar vertebrae (17.2 + 7.4/mm? vs. 49.3 + 18.7/
mm?; p < 0.001, Figure 2) and proximal femora obtained from ALC
donors, compared with control individuals (14.6 + 5.8/mm? vs.
50.4 + 21.5/mm2; p < 0.001, Figure 3). At the same time, the number
of Cx43-negative osteocytes in the femoral (293.3 + 126.4/mm? vs.
239.7 + 171.9/mm?; p = 0.069) and vertebral samples (118.8 + 39.7/
mm? vs. 76.0 + 31.1/mm?; p < 0.001) was higher in the ALC group
than in healthy controls. Last, the number of sclerostin-negative os-
teocytes tended to decrease in the proximal femora (38.0 + 14.9/
mm? vs. 65.3 + 22.3/mm2; p < 0.01) and lumbar vertebrae of the
ALC group compared with control samples (62.7 + 48.3/mm? vs.
86.3 + 50.6/mm?; p = 0.141). As shown in Figure 4, Pearson's correla-
tion analysis suggested that the number of Cx43-positive osteocytes
in the vertebral and femoral samples was inversely associated with
HAI (r = -0.662 and r = -0.713, respectively; p < 0.001). Likewise,
Pearson's correlation analysis suggested that osteocytic sclerotin ex-
pression levels in vertebral (r = 0.601; p < 0.001) and femoral samples
(r=0.476; p = 0.008) displayed a significant correlation with the se-
verity of liver tissue disturbances (Figure 4). On the other side, the
osteocytic expression levels of Cx43 and sclerostin were not different

between analyzed vertebral and femoral bone samples (p > 0.05).

3.4 | Assessment of bone marrow adiposity

In addition to assessing the osteocyte lacunar network, we evalu-
ated the parameters of vertebral bone marrow adiposity (Figure 2).
A higher number of adipocytes per bone marrow area (87.6 + 26.5/
mm?vs. 72.9 + 16.2/mm?) and a tendency to larger adipocyte diam-
eter (67 + 16 um vs. 58 + 14 um) was noted in the ALC group com-
pared with the control group (p = 0.038 and p = 0.060, respectively).
Yet, we found no significant difference in the bone marrow adipose
area (25.2 + 10.8% vs. 22.4 + 7.8%) between the ALC and control
groups (p = 0.346). The indices of bone marrow adiposity were not
associated with the HAI values in the ALC group (p > 0.05, Pearson's
correlation test).
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FIGURE 2 Comparison of the representative immunohistochemistry findings in lumbar vertebrae from ALC donors and healthy age-
matched controls. Detail shows the comparison of typical light microscopy findings (x200 magnification) of Cx43 and sclerotin expression
levels between control (a, c) and ALC groups (b, d). Our results suggest a significant decrease in expression of Cx43 and an increase in
sclerostin expression levels in osteocytes of the lumbar vertebrae obtained from ALC individuals (f). Last, an increased number of adipocytes
was noted in the ALC group (f). Statistical significance of the difference between ALC and control groups was estimated using Student's
t-test (***p < 0.05) and Mann-Whitney U test, where appropriate. Bar graphs represent the parametric data as mean + SD, including the
distribution of individual data points. (For interpretation of the references to color in the figure legend, the reader is referred to the web
version of the article.) Abbreviations: Cx43, Connexin 43; ALC, alcoholic liver cirrhosis; N. Lc/B. Ar, the number of lacunae per bone area; N.
Ot/B. Ar, the number of osteocytes per bone area; N. Em. Lc/B. Ar, the number of empty lacunae per bone area; N. Ad/Ma. Ar, number of
adipocytes per bone marrow area; Ad. Ar/Ma. Ar, percentage of adipocyte area over bone marrow area; Ad. Dm, mean adipocyte diameter
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FIGURE 3 Comparison of the representative immunohistochemistry findings in proximal femora from ALC group and healthy controls.
Detail shows the comparison of typical light microscopy finding (x400 magnification) of Cx43 expression levels in a femoral sample obtained
from a control individual (a) and sclerostin osteocytic expression levels in the femoral bone sample collected from ALC donor (b). Our data
suggest increased sclerostin and decreased Cx43 expression in osteocytes (c), coupled with an increased number of empty lacunae in the
femoral samples collected from ALC individuals (d). Statistical significance of the intergroup differences was estimated using Student's t-test
(***p < 0.05). Bar graphs represent the parametric data as mean =+ SD, including the individual data points distribution. (For interpretation of
the references to color in the figure legend, the reader is referred to the web version of this article.) Abbreviations: Cx43, connexin 43; ALC,
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osteocyte lacunar network are recognized as essential for bone

4 | DISCUSSION

homeostasis (Milovanovic & Busse, 2019); hence, disruption of the

osteocyte lacunar network morphology and osteocyte functional-

Osteocytes are the most abundant bone cells occupying the osteo-
cyte lacunar network formed of pores (known as lacunae) and chan-
nels between them (known as canaliculi) (Rolvien et al., 2018). Signal
transduction, molecular transport, and nutrient supply through the

ity could be a contributing factor for compromised bone quality and
substantial bone strength decline associated with aging and dis-
ease. Previous studies were conducted to illuminate age-associated
or site-specific alterations in the osteocyte lacunar network of
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FIGURE 4 Estimation of the association between liver tissue disturbances (given by Knodell's Histology Activity Index) and bone
immunohistochemistry findings, presented by scatter plots. Pearson's correlation analysis revealed that the number of Connexin 43-positive
osteocytes in the vertebral (a) and femoral samples (b) was inversely associated with the pathohistologic score of liver tissue disturbances

in included individuals. In addition, osteocytic sclerotin expression levels in vertebral (a) and femoral samples (b) displayed a significant
correlation with the Histology Activity Index (HAI) in all included individuals. Last, we noted an inverse association was between HAI values

and the total number of osteocytes in the femoral bone samples (b)

human bone samples (Milovanovic & Busse, 2019; Rolvien et al.,
2018), whereas the present study focused on the assessment of
ALC-induced disturbances in the functionality and morphology of
the osteocyte lacunar network. Our histomorphometric evaluation
revealed a tendency to a minor ALC-induced disruption of osteo-
cyte lacunar network integrity, reflected in an increased number of
empty lacunae per femoral bone area (Figure 3). These data are in
accordance with the results of Maurel et al., which indicated that
heavy alcohol consumption caused an increased number of empty
lacunae and promoted osteocyte apoptosis in the tibia of adult rats
(Maurel et al., 2011; Maurel et al., 2014). Although previous studies
showed site-specific age-associated changes in osteocyte lacunar
network characteristics (Rolvien et al., 2018), our comparison be-
tween lumbar vertebrae and intertrochanteric femoral region did
not reveal significant ALC-induced difference in assessed param-
eters of osteocyte lacunar network.

Our finding of the reduced number of Cx43-positive osteocytes
in vertebral and femoral bone samples from ALC men (Figures 2
and 3) indicates that signal transduction between osteocytes could
be harmed in ALC patients. These data are in line with previous in
vitro studies, animal studies, and studies using human liver biop-
sies, which revealed that liver cirrhosis might affect the expression
of Cx43 in hepatocytes and other liver cells (Balasubramaniyan
et al,, 2013; Cooreman et al., 2020; Hernandez-Guerra et al., 2019;

Yanguas et al., 2016). Considering our and previous data, we may
assume that the mechanosensing potential and signal transduction
through the osteocyte lacunar network may be impaired in ALC in-
dividuals (Plotkin, 2011; Stains et al., 2020) due to the weakening of
osteocytic Cx43 expression (Figure 5).

Previous clinical studies also revealed that altered serum con-
centrations of sclerostin may contribute to bone impairment among
individuals with various stages of alcoholism (Callaci et al., 2009;
Gonzalez-Reimers et al., 2013), including ALC patients (Wakolbinger
et al., 2020). However, the assessment of osteocytic sclerostin expres-
sion in bone samples could improve the understanding of the patho-
genesis of ALC-induced bone impairment, considering that serum
assessment includes the sclerostin of extraosseous origin (De Maré
et al.,, 2019). In line with the previous results, we found increased os-
teocytic sclerostin expression in vertebral and femoral samples from
men with ALC compared with healthy controls (Figures 2 and 3). Thus,
we may speculate that our finding of increased sclerostin expression
in osteocytes suggests that decreased bone formation could lead
to significant ALC-induced bone loss (Figure 5) and microstructural
disruption previously noted in lumbar vertebrae (Jadzic, Cvetkovic,
Milovanovic, et al., 2020) and proximal femora (Jadzic, et al., 2021).
Likewise, the increased serum sclerostin concentrations were previ-
ously associated with bone deterioration in individuals with nonalco-
holic liver disorders (Rhee et al., 2014; Wakolbinger et al., 2020).
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FIGURE 5 Schematic representation of our main findings and hypothetical summary. A minor disruption in the osteocyte lacunar
network, depicted by an increased number of empty lacunae, was induced by ALC. In addition, the altered intercellular communication
between osteocytes was suggested by reduced expression of transmembrane protein (connexin 43), which forms a continuous aqueous
channel between the cytoplasm of two osteocytes known as a gap junction. Considering that the exchange of small molecules, ions, and
nutrients is enabled through that intercellular channel, we may assume that signal transduction triggered by various stimuli is compromised
in ALC men. It has been known that in the presence of sclerostin, the Wnt ligand could not bound the LRP-5/6-Frizzled receptor complex,
which affects the phosphorylation of p-catenin, and subsequently leads to reduced bone formation. Our finding of increased sclerostin
expression, secreted by osteocytes, indicates that low bone formation plays an important role in ALC-induced bone impairment. Last, ALC
negatively affects the balance between adipogenesis and osteogenesis, causing an increased number of vertebral bone marrow adipocytes

in ALC individuals

Previous studies have suggested that the damaging effects of
alcohol intake on the musculoskeletal system are not limited to bone
cells. Namely, increased bone marrow fat content and size of lipid
droplets were found in rodent animal models exposed to heavy al-
cohol consumption (Maddalozzo et al., 2009; Maurel et al., 2012,
2014). In addition, the results of previous in vitro studies also sug-
gested that chronic alcohol intake could display a negative effect

on the balance between adipogenesis and osteogenesis and subse-
quently cause increased bone marrow fat content (Cui et al., 2006).
These data align with our observation of the significantly increased
number of adipocytes and the tendency to larger adipocyte diame-
ter in the vertebral bone marrow of the ALC group (Figure 5). In ad-
dition, previous clinical studies revealed a high content of vertebral
bone marrow adipose tissue in adolescents with nonalcoholic fatty
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liver disease (Albakheet et al., 2020; Yu et al., 2017), which is in line
with our results on adult men with ALC.

Our histomorphometric analysis showed a significant association
between the severity of liver tissue disturbance associated with ALC
and osteocytic Cx43 and sclerostin expression levels in investigated
femoral and vertebral bone samples (Figure 4). These findings sug-
gest that the staging of liver disease could significantly contribute to
ALC-induced bone loss (Figure 5), which was previously indicated by
various studies dealing with individuals with alcoholic and nonalco-
holic liver disease (Culafi¢ et al., 2014; Jadzic, Cvetkovic, Tomanovic,
et al., 2020; Jadzic, et al., 2021; Schmidt et al., 2021). However, the
assessed osteocytic lacunar network parameters and bone marrow
adiposity parameters in lumbar vertebrae did not significantly cor-
relate with the HAI values of the ALC group. Results of other re-
search teams that used peripheral quantitative CT to assess bone
deterioration in alcoholic and nonalcoholic liver cirrhosis patients
did not show significant correlations between micro-structural bone
loss and clinical stages (Schmidt et al., 2021; Wakolbinger et al.,
2019), suggesting that the clinical utility of our findings requires fur-
ther confirmation in large prospective studies in controlled clinical
settings.

The main strengths and shortcomings of this study should be
discerned. To the best of our knowledge, this is the first study aim-
ing to address the alteration in osteocyte lacunar network morphol-
ogy, osteocytic expression levels of Cx43 and sclerotin, and bone
marrow adiposity in men with pathohistologic confirmation of ALC.
However, we could not assess the progression of osteocyte lacunar
network deterioration over time due to the cross-sectional design
of the study. In addition, standard clinical scores commonly used for
the liver disease staging could not be utilized to reflect the severity
of ALC among our individuals; therefore, we relied on pathohisto-
logic indicators. Histomorphometric light microscopy assessment is
limited by its 2D nature and image resolution, suggesting that future
studies could benefit from using state-of-the-art 3D technologies to
further assess the morphology of the osteocyte lacunar network.
The estimate of the alcoholic origin of liver cirrhosis was based on
data about average units of alcoholic drinks consumed per day and
duration of the drinking habit provided by family members, but these
data could be subject to recall bias. Finally, complete medical records
are often difficult to obtain for cadaveric donors, so unreported life
habits (drug and tobacco use, the level of physical activity) and undi-
agnosed health disturbances (various comorbidities not detectable
at the autopsy) might display a covariant effect on our results.

In summary, immunohistochemical analysis conducted in this
study revealed decreased osteocytic Cx43 expression in lumbar
vertebrae and proximal femora from ALC individuals, suggesting
compromised osteocytic intercellular communication in these in-
dividuals. Moreover, our study revealed an ALC-induced rise in the
number of vertebral bone marrow adipocytes. Considering that our
study revealed significant associations between the level of liver tis-
sue disturbances and impaired functionality of the osteocyte lacu-
nar network, we may assume that liver disease treatment may affect

the progression of ALC-induced bone alterations. Last, increased

sclerostin expression in bone samples from individuals with ALC
illuminated that decreased bone formation could be an important
mechanism in the pathogenesis of ALC-induced bone fragility. With
that in mind, we may speculate that treatment targeting low bone
formation could have beneficial effects in attenuating bone changes
among ALC patients. However, future clinical studies are required to

verify the clinical utility of these findings.
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