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Title of the doctoral dissertation:

THE BONE TISSUE CHANGES IN INDIVIDUALS WITH ALCOHOLIC AND NON-ALCOHOLIC
CHRONIC LIVER DISEASE

Summary

Background: Although experts agree that increased femoral and vertebral fracture risk is
present in patients suffering from various forms of alcoholic and non-alcoholic chronic liver
diseases (CLD), previous osteodensitometry studies reported inconsistent findings. Namely,
some authors showed reduced bone mineral density (BMD) values of the lumbar spine and
femoral neck in patients with different forms of CLD. In contrast, other researchers failed to
demonstrate significant BMD differences in patients with alcoholic and non-alcoholic liver
disorders, when compare to healthy control individuals. Additionally, the association of bone
changes with the severity of clinical manifestations in individuals with different types of
end-stage CLD was previously analyzed and inconsistent results were yielded. Considering
that BMD decrease cannot fully explain increased bone fragility in CLD patients, the analysis
of the bone microstructure, mechanical properties and cellular indices in proximal femora
and lumbar vertebrae is required to fulfill the puzzle of CLD-induced compromised bone
strength. Complex pathophysiology of bone changes in CLD patients is still insufficiently
clarified, considering that liver disease can induce bone turnover disorder, while chronic
alcohol abuse present in alcohol-induced liver disorders has an additional negative influence
on bone. Some authors argue that the dominant mechanism of CLD-induced bone loss is
decreased bone formation, while other results suggest enhanced bone resorption as a more
dominant mechanism in the etiopathogenesis of bone loss in CLD of alcoholic and non-
alcoholic origin.

Hypotheses and aims: We hypothesized that impaired integrity of lumbar spine
microstructure is present in persons with alcoholic and non-alcoholic (cardiac) end-stage
CLD and that it could be associated with the severity of liver tissue disturbances (given by
pathohistological score of liver damage) observed in the same individuals. Moreover, we

hypothesized that region-dependent worsening in femoral osteodensitometry and geometry



parameters, cortical or trabecular micro-architecture and micro-hardness leads to increased
susceptibility to femoral fracture in persons with various stages of alcoholic liver disease
(ALD). Finally, we hypothesized that disruption of osteocytic lacunar network and altered
expression of osteocyte-specific molecules (connexin 43 /Cx43/ and sclerostin) is present in
persons with alcoholic and non-alcoholic (cardiac) end-stage CLD. To test these hypotheses,
we conducted clinical assessment of fracture risk (using DXA and HSA measurement),
analyses of the cortical and trabecular bone micro-architecture of lumbar vertebrae and
proximal femora (using micro-computed tomography, micro-CT), Vickers micro-hardness
assessment of femoral bone mechanical competence, as well as immunohistochemistry
assessment of the two osteocyte-specific molecules (Cx43 and sclerostin) in lumbar
vertebrae and femoral bone samples obtained from individuals with alcoholic and non-
alcoholic CLD and healthy control individuals.

Material and Methods: Following pathohistological analysis of liver tissue samples,
micro-CT was performed to assess the micro-architectural difference in lumbar vertebrae
sampled from men with end-stage alcoholic CLD (ALC group, n=20), with end-stage non-
alcoholic (cardiac) CLD (non-ALC group, n=15) and healthy sex-matched individuals without
any sign of liver disorder (control group, n=20). After pathohistological confirmation of
various ALD stages, DXA and HSA measurement, micro-CT and Vickers micro-indentation
testing were performed on proximal femora sampled postmortem from adult men with
various stages of alcoholic liver disease (ALD group, n=13) and healthy age-matched
controls (n=20). To estimate potential effect of ALD stage on femoral bone impairment, ALD
individuals were subdivided into individuals with initial ALD stage (fatty liver disease, FLD
group, n=6) and individuals with end-stage ALD (ALC group, n=7). Finally, the comparison of
the Cx43 and sclerostin osteocytic expression was evaluated by immunohistochemistry
assessment of vertebral and femoral bone samples obtained from persons with alcoholic and
non-alcoholic (cardiac) end-stage CLD and healthy controls.

Results and conclusions: Our data demonstrated impaired integrity of cancellous bone
microstructure in lumbar vertebrae body collected from individuals with alcoholic and non-
alcoholic end-stage CLD. On the other side, in same individuals, the vertebral cortical shell

remained without significant micro-architectural disruption. Our data indicated an



important role of the severity of liver tissue disturbances in the lumbar trabecular bone
impairment, while in our study, alcoholic origin of CLD was not a crucial factor for negative
effect on bone. Additionally, our findings suggest that significant changes in femoral bone
densitometry, geometry, microstructure and Vickers micro-hardness could shed light on the
micro-architectural and compositional basis for increased femoral fracture risk in ALD
patients. In particular, micro-architectural properties of inter-trochanteric region showed
the most prominent alterations between ALD men and healthy individuals that may result in
increased susceptibility to inter-trochanteric femoral fracture in ALD men. Even though
femoral mechano-structural deterioration could not be neglected in individuals with the
initial ALD stage, more severe bone alterations were observed in individuals suffering from
end-stage ALD. This study suggested that decreased Cx43 expression in bone samples may
elucidate CLD-induced deterioration of intercellular communication in osteocytic network of
individuals with end-stage CLD. Additionally, our data demonstrate that increased sclerostin
expression in bone samples of alcoholic and non-alcoholic (cardiac) end-stage CLD
individuals, may reveal its potential role in mediating low bone formation associated with
CLD. Hence, it could be hypothesized that sclerostin-targeting medicaments may provide a
beneficial effect in attenuating bone changes among CLD patients. Finally, our data indicate
that individual vertebral and femoral fracture risk assessment should be recommended for
all CLD patients, with particular accent on liver cirrhosis patients. Adequate and timely
treatment of liver disease may decelerate the progression of bone impairment in patients

with CLD of alcoholic and non-alcoholic origin.

Keywords: Chronic liver disease, Alcoholic liver disease, Lumbar vertebrae, Femoral
fracture, Osteoporosis, Bone microstructure, Bone mechanical properties, Connexin 43,

Sclerostin, SOST, Men
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Hacaoe dokmopcke ducepmavyuje:

[TPOMEHE ¥ KOLITAHOM TKHUBY KO/l OCOEA CA XPOHUYHUM OBOJ/bEIbUMA JETPE
AJIKOXOJIHE U HEAJIKOXOJIHE ETHOJIOTHU]E

Pe3sume

Yeod: Wako ce cTpyumaly CJAaXy Ja je moBehaHu pU3UK 0J, NpesioMa OYyTHe KOCTH U
CJIaGMHCKOT Jiesla KWIMEHOT cTyb6a MpUCyTaH KoJ, MalMjeHaTa ca pas/iIM4MTHUM 006JUdIMMa
aJIKOXOJIHE W HeaJKOXOJIHe XpOHHWYHe 00JIeCTM jeTpe, pe3yJTaTH NpPeTXOJHUX
OCTEOJIeH3UTOMETPHUjCKUX (KJIMHUYKHUX) MCTPaXKUMBakba HHUCY Yy MNOTIYHOCTH CarJacHU.
HaumMme, ozapeheHu ayTopu cy nokasasu 3Ha4yajHO HW)XKe BPeJHOCTU MHUHepasHe T'YCTHHe
KOCTHjy KOje yKa3dyjy Ha OCTEONeHHjy HU/WUJU OCTEeONOpPOTCKE MpPOMEHE CJAOUHCKOT Jiesia
KMYMEHOT CTyb6a M BpaTa OyTHe KOCTH KOJ, OOJIeCHHKAa ca pa3/IM4YUTUM XPOHUYHUM
obo/beruMa jeTpe. HacympoT TOMe, ApPYrd HCTpaKMBayKd THMOBU HHUCY JO0Ka3aju
CTaTUCTUYKW 3HA4yajHy pas3jiuKy u3Mehy BpeJHOCTH MHHepasiHE KOLITaHe T'YCTHHE KOJ,
60JleCHHKaA ca XpOHUYHHUM 00JieCTHMa jeTpe aJIKOXOJIHE U HeaJKoXoJIHe eTHoJiordje. Takobe,
NpeTXo/He CTy/AHje y KOjuMa je aHaJM3upaHa MOBe3aHOCT M3MeDy KOIITaHUX NMPOMeEHA U
030M/bHOCTH KJMHHUYKHUX MaHUdecTalMja KoJ, ocoba ca LUPO30M jeTpe pasiudyuTe
eTHOJIOTHje Cy IOoKa3ajle HEeKOH3WCTEeHTHe pe3yJsTaTe. Y3uMmajyhu y 0063up Ja cMambeme
MUHepasiHe T'YCTUHE KOCTHjy He MOXe y NOTHYHOCTH 06jacCHUTH moBehaHy CKJIOHOCT Ka
KOLUTAaHUM TMpeJioMUMa KOJ| MNalMjeHaTa ca XPOHUYHUM 000/belmhrMa jeTpe, aHalu3a
MUKPOCTPYKTYPHHUX, MEXaHUUYKUX U heJIMjCKUX CBOjCTaBa KOLITAaHOT TKHUBA je MOTpebHa Kako
O6u ce pasjacHusia MopdoJiolIKa OCHOBA MoBehaHe CKJOHOCTU Ka HACTAHKY KOIITAaHUX
npeJsioMa KoJ, OBUX 0co6a. KoMmiekcHU naTopU3U0IOMIKKA MeXaHU3MU HAaCTaHKAa KOLITaHUX
IpoMeHa Ko/ IMalyjeHaTa ca XpPOHWYHUM 000/beHMMa jeTpe joll yBeK HUCY JO0BOJbHO
pasjauimbeHy, jep 6oJiecT jeTpe caMa mo cebU MOKe y3pOKOBaTH NopeMehaj KOILITaHOT
MeTabo/iM3Ma ca jellHe CTpaHe, JOK Jy)XeBepeMeHCKa 3JI0ynoTpeba asKoxoJsia KoJ
nauujeHaTa ca XpPOHHYHUM 000/beHMMA jeTpe y3pPOKOBAaHMM aJIKOXO0JIOM HUMa JOJAaTHU
HeraTHBaH edeKaT Ha cKesieTHU cucTeM. OfipeheHu ayTopu TBP/ie Jia je CMakbeHO CTBapamwe

KOCTH, IOMHWHAHTAH Me€XdHHW3adM FY6I/ITKa KOollTaHe MacCe Yy XpOHUYHUM o6o/berbUMa jeTpe.



C Apyre cTpaHe, OCTa/IM pe3yJTaTHU CyrepulIly MojadyaHy pasrpajiby KOIITAaHOI MaTpPUKCca Kao
JIOMMHAHTHUjU €THUOINAaTOTeHeTCKH MeXaHU3aM TIyO6HWTKa KOCTH M3a3BaHOI XPOHUYHUM
000J/beHEM jeTpe.

Xunomese u yusmesu: [lpeTnocTaB/baMo Ja je U3MemeHa MUKPOCTPYKTYpa CJaGUHCKOT
JleJla KWIMEeHOr CcTyba MpUCyTHa KoJ, 0c06a ca aJIKOXOJIHUM U HEAJKOXOJHUM 000/beHeM
jeTpe U Aa 64 Te MUKPOCTPYKTYpHe IIpOMeHe MorJie 6UTH NoBe3aHe ca MaTOXHUCTOJIOMKUM
ctagujymoM omrtehewa TkMBa jeTpe. /logaTHO, Halla je NPeTNOCTaBKa Ja pPeruoHaHO
noropuiamke IapaMeTapa OCTeOJeH3UTOMeTpHje, TeOMeTpHje, KOpPTUKaJHE WU
TpabeKyJlapHe MUKPOCTPYKTYpe U TBpJohe KOCTH, MOKe 6UTH OCHOBA 3a nNoBehaH pU3UK 0J
HacTaHKa MpeJsioMa OyTHE KOCTU KOJ 0coba ca XpPOHUYHOM O6OJIECTH jeTpe aJKOXOJIHE
eTuosioryje. Takohe, mnpeTnocTBa/baMoO [ila je TIIpOMeme€Ha eKCIpecHja MoJieKyJsa
cneqUUUHUX 3a OCTeolrTe (KOHEKCUH-43 M CKJEepOCTHH) NMPUCYTHA Y KOILITAHOM TKHUBY
CJIabMHCKUX KHUYMEHHX I[plIJbeHOBa U OYyTHE KOCTU Y3pKOBaHAa HWpeBep3WOUIHUM
CTaZijyMOM XpOHHUYHe 60JIECTH jeTpe aJKOXOJIHE U HeaJKoXoJsHe (KapJHjasHe) eTUOJIOTHje.
Jla 61 TecTUpaJU NPETXOAHO HaBeJleHe XUIIOTe3e, CIPOBe/leHa je KJIMHUYKA [polieHa pU3uKa
o ¢pakType (xopuctehu ocTeo/leH3UTOMETpHjCKAa Mepera), aHa/lu3a KOPTHUKaJHe MU
TpabeKy/JapHe MUPOCTPYKTYpe KMUMEHUX NpIl/beHOBa U OyTHe KocTH (Kopuctehu meTtony
MUKpO-KOMIjyTepu3oBaHe ToMorpaduje), aHaiu3a MeXHUYKUX KapaKTepUCTHUKA KOCTU
(kopuctehu MeTony Bukepc MUKpPOMHAEHTALUje), U MPOLLEHa eKCITPUMUPAHOCTH MOJIEKYJIa
cnequUUHUX 3a OCTeoLUTe (KOHEKCHHa-43 U CKJIEpOCTHHA) Ha y30pLyMa KHYMEHMX
NpllJbeHOBa M OYyTHEe KOCTU Y30pKOBaHMUX 0J; ocoba ca XPOHUYHUM 060/bemHUMa jeTpe
aJIKOXo0Jie ¥ HeaJIKOXOJIHe (Kap/AujasiHe) eTHOJIoTHje.

Mamepujan u memode: HakoH MNaTOXWCTOJIOUIKE aHa/M3e y30paka TKHUBa jeTpe,
MEeTO/ZIOM MMKpPO-KOMIjyTepHU30BaHe ToMorpaduje je H3BplLIeHA IMpolieHa MapaMeTapa
TpabeKyJlapHe U KOPTHKaJHE MUKPO-apXUTEKType TeJla CIa0MHCKUX KHIMEHUX NMPLI/bEHOBA,
Y30pKOBaHUX 0/ Opac/juX MyIlIKapala ca aJIKOX0JHOM Iiupo3oM jeTpe (n=20), oz oJpaciaux
MyLIKapala ca XPOHUYHHUM 0060/beHeM jeTpe HeaJKOoXoJIHe eTHoJioruje (KapAujaiHa
¢ubpo3a, n=15) U 3apaBUX HHAUBHJAya UCTOr moJsia (KoHTposiHa rpyna, n=20). Hakon
NaTOXUCTOJIOUIKe MOTBPJe Pas/MYMTHUX CTaJWjyMa ajJKoXoJHe 60JiecTH jeTpe, ypabeHa je

OCTEeO/IeH3UTOMETPUjCKA M CTPYKTypHa aHajlvM3a Kyka. 3aTuM je ypabeHa MHKpoO-



KOMIjyTepu3oBaHa ToMorpaduja U Bukepc MUKpOMHJEHTAlMja CIpOBeJieHa Ha y30pliMMa
ropwmer OKpajka OyTHe KOCTH KOjU Cy y3eTH OJi KaJlaBepUYHHUX J0HOpa ca aJKOXOJHOM
6osiecty jerpe (n=13) ¥ 3ApaBUX KOHTPOJHUX MHAWBUJAYaA UCTOr MOJA U cTAapocTu (* 5
roauHa, n=20). /la 64 ce NMpPOLEHUO MOTEHIWjasiM yTUIAj CTaJUjyMa aJKOXOJHe 60JIECTH
jeTpe Ha KOLUTAaHO TKUBO, T€ WHJWBHUJAYe Cy JOJATHO IOJe/beHe Ha 0cobe ca MOYEeTHUM
ctagujyMoM (MacHa 6oJsiecT jeTpe, n=6) U Ha 0cobe ca HUPEBEP3UOUJIHUM CTaAUjyMOM
aJikoxoJiHe OoJjiectd jeTpe (n=7). KoHauHO, OCTEOLUTHA eKCHpecuja KOHEKCUHa-43 u
CKJIEPOCTHHA MNpOLiEHEeHA je MMYHOXUCTOXEMUjCKOM aHa/IM30M y30paka TeJa CJIa0MHCKUX
KUYMEHHUX MPII/bEHOBA U OYTHE KOCTU 0c06a ca UPEBEP3UOUIHUM CTAZUjyMOM XPOHUYHOT

0060JbeHa jeTpe aJIKOX0JIHE U HeaJIKOX0JIHe (Kap/ujasHe) eTHOJIoTHje.

Pesyamamu u 3akmyuyu: OBO HCTpakMBambe je I[I0Ka3aJlo H3MelmeHe [apaMeTpe
TpabeKy/JapHe MUKPO-apXUTEKType Tesa CIaOMHCKUX KUYMEHHUX MPII/beHOBA y30PKOBAaHUX
on ocoba ca HUpeBep3UOUJIHUM CTAJUjyMOM aJKOXOJIHE Y HeEaJKOXOJHe (KapAujasHe)
XpOHUYHe 6oJsiecTH jeTpe. HauMe, cMameH y/ieo TpabeKysapHe KOCTU y YKYITHOM BOJIYMEHY
jep Yy3pOKOBaH CMameHUM 60jeM U [le6/bMHOM TpabeKyJia KoJ, UCIMTHBaHUX ocoba (p<0.05).
HacynpoT TOMe, KOJ, WCTHUX MWH/JAUBHU/ya, KOpPTHKaJHAa MHUKPOCTPYKTypa CJIAaOUHCKUX
KWUYMEHUX NPII/beHOBA HUje OUJia MoAJ10KHa 3HadyajHoM owiTehewy (p>0.05). PesysntaTtu oBe
CTyAvje yKa3yjy Jla je NMaTOXMCTOJIOUIKKM CTaJUjyM owTehewa TKHBa jeTpe HoBe3aH ca
nponajiakbeM TpabeKyjlapHe MUKPOCTPYKTYpe TeJsa CIabUHCKUX KUUMEHUX MPIL/bEHOBA KO/,
ocoba ca UpPeBEpP3UOUIIHUM CTAJUjyMOM XPOHHUYHOI 000/bea jeTpe aJKOXOJHEe U
HeaJIKoXoJiHe eTuoJsioruje. C Apyre cTpaHe, aJlKOXOJIHA €THOJIOTHja XPOHUYHOT 0060/beHa
jeTpe Huje 6uJa npecy/aH paKTOp y HACTAHKY HeraTUBHUX edeKaTa Ha KOLITAHO TKUBO KO/
UCTUX HWHAMBUAya. Y3 TO, HaAllM pe3yJTaTH Cyrepuuly Ja 64U NpoMeHe MapameTepa
OCTEO/IeH3UTOMETpHje, reoMeTpHUje, KOILITaHEe MHUKPOCTPYKType M MHUKPOTBpAohe Ha
y3opuuMa OyTHe KOCTU MOTJIe Ja pacBeT/ie MOPQOJIOLUIKY OCHOBY 3a HacTaHak noBehaHor
pu3HKa oJ; npejoMa OyTHe KOCTM KO/, MaljdjeHaTa ca aJIKOXOJHOM 60JieCTH jeTpe.
HajuspakeHuje pasjuke y MUKPOCTPYKTYpU Cy I[IOKa3aHe Yy HWHTep-TPOXaHTEPUYHOM
peruoHy OyTHe KOCTH o0coba ca aJKOXOJHOM 00JIeCTH jeTpe, LITO MOXe pe3yJTHpPaTH

noBehaHUM PU3MKOM 3a HACTAaHAK HMHTEpP-TPOXaHTEPUYHOr mpesioMa 6yTHe KocTH. HMako



owtehewe KOWITAHOT TKMBA HUje 3aHeMap/bMBO KOJ, 0coba ca MOYETHUM CTaJiUujyMOM
aJIKOX0JIHE 06O0JIECTU jeTpe, 030U/bHHUje NMPOMEHEe Yy MUKPOCTPYKTYPU TpabeKyJapHOr M
KOPTUKAJIHOT JleJla y30paka OyTHe KOCTU Cy yo4yeHe KoJ ocoba ca UpeBEpP3UOUIHUM
CTaAujymoM 6oJsiecTd (aJIKOXOJIHA LMpo3a jeTpe). CMameHa eKcnpecHdja KOHEKCHMHa-43 y
y30pIiMMa KUIYMEHHUX MPIIJbEHOBA U OYTHEe KOCTH YKasyje Ha MOTOopIlamke UHTepPILeayIapHe
KOMYHHKaLUje Mehy ocTeouUTHMa KoJ 0coba ca UPEeBEpP3UOUJIHUM CTAaAUjyMOM XPOHUYHE
00J1eCTH jeTpe aJIKOXOJIHE W HeaJIKoXoJiHe (KapJuja/iHe) eTHOoJIoTHje. Y3 TO, Halllu NoJalu
noka3syjy Ja mnoBehaHa ekcrnpecuja ck/JepoCTHHaA Yy y30pliMMa KHYMEHUX MpIl/beHOBA U
OYTHUX KOCTHjy MOXe PaCBETJIUTH MOTEHIHja/IHy YJIOTY CMakbera KOIITaHe MpOoJyKIidje y
HaCTaHKy CKeJeTHOT omuTehema y3pOKOBAHOT XpPOHUYHUM o06oJ/berbeM jeTpe. CTora,
cneqrdUyUHa Tepanuja ycMepeHa Ha CKJIEPOCTUH MOXKe UMATHU MO3UTHUBHE edeKTe y Jeyermhy
IpoMeHa Ha KOCTMMa KoJi 0c00a ca UpeBe3MOUIHUM CTaJIUjyMOM XPOHUUHOT 060/beHha jeTpeE.
KoHayHo, Halu noAauu ykasyjy Aa je MHAUBUAYATHU KJIUHUUKU MPUCTYT Y TPOLEHU PU3UKA
0/l pesioMa CJAOUHCKOT JieJla KHUMEHOr cTy6a M OyTHe KOCTH HYXXaH Ko/ maiujeHaTa ca
XPOHUYHUM O00OJ/bEHEM jeTpe aJKOXOJHE W HEaJKOXOJIHE €THOJIOTHje, C MOCEOHUM
HarJlackoM Ha ocobe ca LMPO30M jeTpe, Kao HPEBEP3UOUIHUM CTAJUjyMOM OOJIECTH.
AJleKBaTHO W NMPaBOBPEMEHO JieYeke 60JIECTH jeTpe MOXKe YCIOPUTH MpoMnaalbe KOMITAHOT
TKMBAa KOJi MalMjeHaTa ca XPOHHYHUM O60JIeCTUMa jeTpe aJIKOXOJHEe UM HeaJKOXOJIHe

eTHUOJIoTHje.

K/byyHe peum: XpoHuuHa 6osiecT jeTpe, AnkoxosHa 6oJiecT jeTpe, Cl1aOBMHCKHM KUYMEHU
npubeHoBH, [Ipesom 6yTHe kocTH, OcTeonmopo3a, MHUKpOCTPyKTypa KOCTH, MexaHUUKe

ocobuHe koctH, Konekcun 43, CkiepoctuH, Mymikapuu
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1.1 Chronic liver disease (CLD)

1.2. The CLD-induced bone disruption

1.3. The prevalence of fragility fracture in CLD patients

1.4. Alterations in bone mineral density and geometry observed in
different CLD stages

1.5. The CLD-induced deterioration in bone micro-architecture

Figure 01. Bone microstructure alteration in patients with various end-stage

CLD (liver cirrhosis)

1.6. Bone micro-hardness as a contributing factor for compromised bone

strength in CLD patients
1.7. The etiopathogenetic mechanisms of CLD-induced bone deterioration

Figure 02. The etiopathogenetic mechanisms of bone loss in alcohol-induced

CLD

Figure 03. The schematic representation of the role of connexin 43 and

sclerostin in bone metabolism
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MATHERIAL AND METHODS
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3.2. Pathohistological analysis of the liver tissue samples

3.3. Dual-energy X-ray absorptiometry (DXA) and Hip structure analysis
(HSA)

Figure 04. The regions of interest in DXA (a) and HSA (b) measurement
3.4. Bone specimen preparation

Figure 05. The bone sampling process and bone assessing methodology used in

this study
3.5. Micro-computed tomography imaging of the lumbar vertebrae

Figure 06. Methodological steps in micro-CT assessment of lumbar vertebrae
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3.6. Micro-computed tomography of proximal femora
Figure 07. Multi-scale assessment of femoral bone changes
3.7. The assessment of bone mechanical properties

Figure 08. Vickers micro-hardness testing of the cortical compartment of

femoral bone samples
3.8. Immunohistochemistry analysis of bone tissue

Figure 09. Representative immunohistochemistry images of the vertebral

samples
3.9. Statistical analysis
RESULTS
4.1 Pathohistological analysis of liver tissue samples

Figure 10. Representative Hematoxylin&Eosin-stained liver tissue samples

4.2. Pathohistological scoring of the liver damage in individuals with end-

stage alcoholic and non-alcoholic CLD
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1. INTRODUCTION

1.1.  Chronic liver disease (CLD)

Chronic Liver Disease (CLD) is one of the most common health problems in European
countries (Blachier et al. 2013). The etiological factors for CLD are numerous and ranging
from viral, genetic, cholestatic, autoimmune, and metabolic disorders to liver damage due to
the chronic consumption of various toxic substances (for instance liver-metabolized drugs
and toxins; and products of metabolism, such as alcohol) (Blachier et al. 2013). It has been
known that major causes of CLD are amenable to prevention and treatment. However, the
socio-economic and health burden associated with CLD is growing each year across Europe,
suggesting that prevention and treatment strategies are urgently required (Blachier et al.
2013; Pimpin et al. 2018). The clinical epidemiology data of CLD patients varies between
countries within Europe (Blachier et al. 2013; Pimpin et al. 2018). For instance, median age-
standardized prevalence of CLD was nearly 1200/100.000 in Austria and Romania, while
same reported prevalence was approximately two times lower in Iceland, Malta and Serbia
(Pimpin et al. 2018). Still, significantly higher standardized mortality ratio among CLD
patients in Serbia, is highlighting the necessity for the improvement and implementation of
the effective nationwide disease control strategies (Popovic et al. 2013; Pimpin et al. 2018;
Blachier et al. 2013).

Alcoholic liver disease (ALD) is the most frequent form of non-cholestatic liver disease
caused by long-term alcohol abuse (consuming more than 50g of pure alcohol for men and
30g of pure alcohol for women in a period longer than five consecutive years), which can be
manifested in three pathohistological forms: fatty liver disease (FLD), acute and chronic
alcoholic steatohepatitis (ASH), and, finally, alcoholic liver cirrhosis (ALC) known as a solid
ground for malignant alteration and progression to hepatocellular carcinoma (Seitz et al.
2018; Blachier et al. 2013). However, it is important to emphasize that amount of alcoholic
drinks per day is not linearly correlated with the pathohistological staging of the liver
disorder (O’Shea et al. 2010). Warningly, recent epidemiological studies emphasized that

unexpectedly high level of alcohol consumption has been observed across different European
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countries (Streba et al. 2014; Pimpin et al. 2018), including Serbia (Pimpin et al. 2018;
Popovic et al. 2013). Previously stated represents a solid base leading to a substantial increase
in the ALD occurrence (Richardson & Singal 2018; Streba et al. 2014; Seitz et al. 2018).

Other common form of non-cholestatic chronic liver disorder is congestive hepatopathy
(Myers et al. 2003). This liver disorder is caused by long-term congestive heart insufficiency
(right heart failure), leading to centrilobular congestion, sinusoidal dilatation and ischemic
parenchymal necrosis, and finally, progressive hepatic fibrosis (Wells & Venkatesh 2018;
Koehne de Gonzalez & Lefkowitch 2017; Giallourakis et al. 2002). The incidence of congestive
hepatopathy is variable (15%-65%) among patients with severe chronic heart failure
(Xanthopoulos et al. 2019). Still, exact determination of the occurrence probability of various
congestive hepatopathy stages is not available in European countries, due to its often
asymptomatic clinical presentation (Giallourakis et al. 2002; Xanthopoulos et al. 2019;

Houghton et al. 2019).

1.2.  The CLD-induced bone disruption

It's known that individuals with CLD could suffer from osteoporosis and increased bone
fragility (Crawford et al. 2003). Previously, these CLD-induced bone changes (osteopenia,
osteoporosis and osteomalatia) were commonly known as “hepatic osteodystrophy” (Lopez-
Larramona et al. 2011). However, the “CLD-associated osteopenia/osteoporosis” is more
commonly used term during recent years (Guafabens & Parés 2018; Guarino et al. 2016), due
to the fact that osteomalatia could be present in primary biliary cholangitis and cirrhosis
(Mounach et al. 2008; Parés & Guafiabens 2018), while it is not so frequent among other CLD
forms nowadays (Guafiabens & Parés 2018; Guarino et al. 2016). Recent publications
indicated that increased bone fragility in these patients depends on the etiology, duration, and
stage of CLD (Crawford et al. 2003). Namely, osteoporosis was initially described exclusively
as a complication of primary biliary cholangitis and primary biliary cirrhosis as the most
common forms of cholestatic liver disease (Beck et al. 2018; Guarino et al. 2016). Still, the
same bone changes were later observed in other (non-cholestatic) hepatic disorders
(Guafiabens & Parés 2018; Gokcan 2020; Ranjan et al. 2021; Bansal et al. 2016) as well. It has
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been reported that between 20% and 53% of viral hepatitis patients, between 25% and 34%
of hereditary hemochromatosis patients, and up to 55% of various end-stage CLD patients
meet diagnostic criteria for osteoporosis (Guarino et al. 2016; Guafiabens & Parés 2018;
Crawford et al. 2003). Additionally, according to available data, between 11% and 22% of ALD
and up to 50% of ALC patients suffer from osteoporotic bone changes (Bang et al. 2014;
Lopez-Larramona et al. 2011; Lopez-Larramona et al. 2013). The variability of previously
published data on the incidence of osteoporosis is caused primarily by differences in the
applied diagnostic criteria, methodology, and design of the study. In addition, these studies
varied in the principles and norms applied for the selection of study participants (both
diseased individuals and healthy controls), as well as in the number of subjects included in the
study (limited study sample size).

Epidemiological analysis of osteoporosis incidence among patients with cardiac liver
fibrosis and congestive hepatopathy is absent in the current literature, but considering that
heart failure (Lyons et al. 2011; Aluoch et al. 2012) and chronic liver disorders (Guafiabens &
Parés 2018; Guarino et al. 2016) are recognized as significant risk factors for osteoporosis
development, we may assume increased osteoporosis incidence among these individuals.
Furthermore, epidemiological studies suggested that all types of CLD, including alcohol-
induced liver cirrhosis and congestive liver fibrosis, are more frequent in men (Houghton et
al. 2019; Pimpin et al. 2018), in whom osteoporosis is less common when compared to aged

(postmenopausal) women (Djonic et al. 2011).

1.3.  The prevalence of fragility fracture in CLD patients

Most research groups agree that fracture incidence is increased in patients suffering
from various stages of non-alcoholic (Nakchbandi & van der Merwe 2009; Nakchbandi 2014;
Guarino et al. 2016) and alcoholic CLD (Bang et al. 2015; Asoudeh et al. 2021). In previous
publications, reported incidence of fragility fractures varied among 3% and 44% of patients
with various forms of CLD (Nakchbandi 2014; Lopez-Larramona et al. 2011; Otete et al. 2018).
Most research groups agree that the incidence of fractures is two to three times higher in end-
stage CLD patients compared to controls (Liang et al. 2018; Nakchbandi 2014). However,
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certain studies have reported an eightfold increase in the risk of bone fractures in these
patients (Otete et al. 2018). Taken together, it has been estimated that in the population of
100.000 persons there were at least 2000 patients with CLD, of whom 60-880 experienced at
least one bone fracture (Nakchbandi 2014). Such a significant number of fractures is
predicted because it has been reported that previous fracture further increase the risk for
developing a new fracture (Nakchbandi 2014). Thus, one person may be prone to developing
more than one non-traumatic (low-trauma) fracture during the life time.

Many authors also believe that the lumbar spine could be more severely affected when
compared to other skeletal sites in patients with end-stage liver disorders (Wibaux et al.
2011; Ninkovic et al. 2001; Culafi¢ et al. 2014; Chen et al. 2017; Liang et al. 2018). According
to available literature, more than one-third of patients suffering from end-stage CLD has been
diagnosed with at least one vertebral compression fracture during their lifetime (Peris et al.
1995; Guanabens & Parés 2018; Wibaux et al. 2011). Besides patients with alcohol-induced
liver cirrhosis (Wibaux et al. 2011; Ninkovic et al. 2001; Culafi¢ et al. 2014; Chen et al. 2017;
Liang et al. 2018), significantly increased incidence of vertebral fracture has been shown in
patients with congestive heart failure (Lyons et al. 2011; Frost et al. 2007; Van Diepen et al.
2008).

In recently published study on two European national cohorts of English and Danish
patients, the femoral fracture risk was 2.9% and 6.4% in patients with end-stage ALD (Otete
et al. 2018), which is significantly higher compared to the general population (Otete et al.
2018). In the contemporary literature, two morphological types of femoral fracture has been
differentiated: intracapsular (femoral neck) femoral fracture and extracapsular (inter-
trochanteric and subtrochanteric) femoral fracture (Tanner et al. 2010). Recent
epidemiological studies have shown that inter-trochanteric femoral fractures are more likely
osteoporotic (Michaélsson et al. 1999; Crilly et al. 2016). Moreover, CLD and heavy alcohol
consumption were associated with an increase in the cumulative risk of inter-trochanteric
fractures (Cauley et al. 2009; Montomoli et al. 2018; Michaélsson et al. 1999). Simultaneously,
the incidence of femoral neck fractures increases during ageing, not only in men, but also in

women of advance age (Milovanovic et al. 2017; Djonic et al. 2011; Jo et al. 2016). It is
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important to emphasize that ALC patients diagnosed with fragility fractures are significantly
younger than most osteoporotic patients (Otete et al. 2018). The most prominent increase in
the cumulative risk of femoral fracture is present in patients with alcohol-induced end-stage
CLD younger than 45 years and corresponds to the risk of healthy controls of the same sex
older than 75 years (Otete et al. 2018). In addition, mortality after bone fracture in these
patients is significantly less favorable than those without liver disease, with a threefold
increase compared to healthy individuals of the same age (Otete et al. 2018). Therefore,
increased fracture risk in patients with various forms of CLD represents a significant socio-
economic burden on the health system (Asoudeh et al. 2021) that urgently requires the

development of newel more effective measures of prevention, diagnosis, and treatment.

1.4.  Alterations in bone mineral density and geometry observed in different CLD stages

Although experts agree that increased fracture risk is present in CLD patients, numerous
osteodensitometry studies reported opposite results in patients with different CLD stages.
Namely, in some cross-sectional clinical studies, significantly lower bone mineral density
(BMD) was noted in patients suffering from viral, autoimmune and primary biliary cirrhosis
(Mounach et al. 2008; Gallego-Rojo et al. 1998; Wakolbinger et al. 2019), while other authors
failed to show a significant BMD decrease induced by viral cirrhosis and primary sclerosing
cholangitis (Gonzalez-Calvin et al. 2009; Campbell et al. 2005). On the other side, multiple
authors showed reduced BMD values, suggesting osteopenia and/or osteoporotic changes of
the lumbar spine and femoral neck in patients with ALD (Berg et al. 2008; Carey et al. 2003)
and ALC (Diez-Ruiz et al. 2010; Mahmoudi et al. 2011; Culafi¢ et al. 2014). Yet, others failed to
show significant deterioration trend in BMD values of lumbar spine and proximal femora in
individuals prone to chronic alcohol abuse (Bang et al. 2015; Laitinen et al. 1992; Kanis et al.
2005). Interestingly, previously conducted research reported that alcohol intake was
associated with increased BMD values in men of advanced age (Cawthon et al. 2006). In
addition, other authors observed site specific BMD alteration among patients prone to heavy
alcohol intake (Ulhgi et al. 2017). Moreover, some cross-sectional studies showed significantly
lower BMD values in ALC patients compared with patients with end-stage CLD induced by
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variety of other causes (Gonzalez-Calvin et al. 2009). In contrast, other research teams failed
to demonstrate significant differences between BMD values in patients with alcoholic and
non-alcoholic liver cirrhosis (Bang et al. 2015).

However, DXA-assessed BMD is of limited informative value in the fracture risk
assessment, so previous studies pointed out that changes in femoral geometry should be
considered as additional bone strength determinant (Djonic et al. 2011). Hip structural
analysis (HSA) performed on ALC patients has shown altered femoral neck cross-sectional
area, buckling ratio and section modulus suggesting compromised bone strength in these
individuals (Culafi¢ et al. 2014). Still, due to small number of individuals included in
previously mentioned study, the further research is required to confirm these observations.
Moreover, particular research interest in BMD and HSA evaluation in patients with congestive
hepatopathy and its irreversible stage (cardiac liver fibrosis) has been absent in the

contemporary literature, indicating that more comprehensive research is required.

1.5. The CLD-induced deterioration in bone micro-architecture

A BMD decrease cannot fully explain increased bone fragility since it has been shown
that a significant number of CLD patients who have physiological values of BMD could
experience at least one pathological fracture during their life (Bang et al. 2015; Kanis et al.
2005). Therefore, these data are indicating that it is necessary to assess the bone micro-
architectural and compositional properties (Djonic et al. 2011) to understand the basis for
increased bone fragility among alcoholic and non-alcoholic CLD patients. The methodology of
bone microstructure assessment has evolved from static and dynamic two-dimensional
histomorphometry analysis to three-dimensional microstructural analysis using computed
tomography (micro-CT analysis and peripheral quantitative CT analysis, pQCT).
Histomorphometry revealed that microstructural disruption in primary biliary cirrhosis
patients was due to reduced trabecular number and thickness (Guichelaar et al. 2002). The
same trabecular deterioration was confirmed by bone histomorphometry in patients with ALC
and chronic alcoholic pancreatitis (Schnitzler et al. 2010; Jorge-Hernandez et al. 1988).
Similarly, a recently published pQCT analysis showed trabecular damage and significant
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deterioration of the cortical bone microstructure of the distal tibia and distal radius (Figure
01) in patients with end-stage CLD of various causes (hemochromatosis, autoimmune, viral,
biliary and alcohol-induced liver cirrhosis) (Wakolbinger et al. 2019; Schmidt et al. 2018;
Jandl et al. 2020; Schmidt et al. 2021). Considering the frequency and clinical relevance of
femoral and vertebral fractures, it is important to analyze cortical and trabecular
microstructural bone properties of the proximal femora and lumbar vertebrae in patients
suffering from different stages of alcoholic and non-alcoholic (cardiac) CLD. Moreover, in the
current literature, a comparison of regional micro-architectural and mechanical differences of
the proximal femora is absent. Still, this analysis could be required in order to elucidate the
morphological basis for the increased occurrence of certain types of femoral fractures in CLD

patients.

( Trabecular number ¥ Cortical porosity 4

9‘ |
%‘ i % Trabecular thickness ¥  Cortical thickness ¥

Figure 01. Bone microstructure alteration in patients with various end-stage CLD (liver cirrhosis)

Abbreviations: CLD - chronic liver disease;

The direct toxic effect of alcohol consumption on the skeletal system is not negligible,
although some previous histomorphometry studies did not show significant alterations in
biopsied iliac bone samples collected from patients with chronic alcoholism (Crilly et al.
1988). Still, heavy alcohol intake is known to significantly reduce osteoblastic activity and

negatively affect the formation of mineralized bone (Crilly et al. 1988), which was recently
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confirmed in the iliac bone biopsies of persons prone to heavy alcohol consumption (Ulhgi et
al. 2017). However, the data about the comparison of bone changes between individuals with
alcoholic and non-alcoholic end-stage CLD are scarce (Mahmoudi et al. 2011; Guafiabens &
Parés 2011), so further investigation is required.

Additionally, it is important to note that some authors found an association between
progressive bone loss and clinical and laboratory parameters of hepatocellular insufficiency
that reflect the severity of clinical manifestations and the duration of liver disease (Child-Pugh
and Model for End-Stage Liver Disease /MELD/ score) in patients with various types of end-
stage CLD (liver cirrhosis), including people with alcoholic etiology of the disease (Schmidt et
al. 2018; Culafi¢ et al. 2014). However, the opposite results were previously obtained (Diez-
Ruiz et al. 2010; Wakolbinger et al. 2019), and further research is required to elucidate the

role of CLD stage in bone loss among these individuals.

1.6.  Bone micro-hardness as a contributing factor for compromised bone strength in

CLD patients

Bone strength is a result of complex interactions between many different determinants
(Ibrahim et al. 2020; Weiner & Wagner 1998). Besides external and structural bone
properties (bone size, bone mass, bone density, geometry, trabecular/cortical micro-
architecture), intrinsic compositional (material) bone properties (degree of bone matrix
mineralization, collagen fiber structure and collagen fiber organization) have a significant
influence on the mechanical competence and strength of the bones (Weiner & Wagner 1998;
Wang et al. 2019). Bone hardness is considered as an important factor affecting bone's ability
to resist fracture, which could be assessed at the macro-, micro-, and nano-level (Arnold et al.
2017). In contrast to nano-indentation that assesses mechano-structural parameters at the
lamellar level (Boivin et al. 2008; Milovanovic et al. 2013), micro-indentation allows the
investigation of bone mechanical properties at the level of the bone structural unit. It has been
believed that bone micro-hardness is a measure of bone tissue resistance to deformation by
indentation (Wang et al. 2019), encompassing two components: elastic deformation and

plastic deformation (Boivin et al. 2008; Dall’Ara et al. 2012). Vickers micro-indentation test is
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a convenient method for conducting non-destructive measurements of the bone resistance to
plastic deformation under constant mechanical loading (Wu et al. 2019; Dall’Ara et al. 2007).
Previous studies analyzed site-specific (Wu et al. 2019; Yin et al. 2019) and age-associated
(Huja et al. 2006) micro-hardness alterations in cancellous and cortical human bone
specimens (Dall’Ara et al. 2012; Boivin et al. 2008; Dall’Ara et al. 2007). However, the
comparison of Vickers micro-hardness values between the CLD patients and healthy age- and

sex-matched controls was not previously conducted.

1.7.  The etiopathogenetic mechanisms of CLD-induced bone deterioration

The complex mechanisms underlying the development of osteoporosis in patients with
various CLD stages are constantly in the focus of attention of numerous research teams.
However, these etiopathogenetic mechanisms are still insufficiently elucidated. Most often,
the development of CLD-induced skeletal damage is described as a disorder of the bone
remodeling process, in which disbalance between bone resorption and bone formation is
leading to decrease in bone mass, subsequently causing osteopenia/osteoporosis associated
with CLD (Emkey 2018). The majority of leading scientific teams believe that the
etiopathogenetic mechanisms of bone loss may be variable in CLD of various causes
(Guafiabens & Parés 2018; Lopez-Larramona et al. 2011). Namely, it has been shown that
impaired osteoblast function and impaired bone matrix synthesis are the main
etiopathogenetic mechanisms of bone loss in patients with cholestatic liver disease, Wilson's
disease, and hemochromatosis (Kawelke et al. 2008; Parés & Guafiabens 2018; Hegedus et al.
2002; Valenti et al. 2009), leading to low-turnover osteoporosis. On the other hand, in patients
with viral etiology of cirrhosis, the more dominant effect has increased osteoclast activity and
a consequent increase in bone resorption - high-turnover osteoporosis (Corazza et al. 2000;
Gallego-Rojo et al. 1998; Nakchbandi 2014).

The critical problem in the etiopathogenesis of bone loss in patients with CLD of
alcoholic origin could be that in addition to liver disease, alcohol intake also directly affects
bone tissue. Namely, previous studies noted that dose-dependent toxic effects of alcohol on
function, differentiation, proliferation and maturation of osteoblastic cell lines could cause
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decreased bone formation (Figure 02) (Luo et al. 2017; Chakkalakal 2005). In addition, low
vitamin D levels, reduced physical activity, unbalanced diet (low calcium and protein intake),
malabsorption syndrome, and intestinal microbiome disorders combined with various
hormonal and metabolic disorders (such as increased PTH levels, hypogonadism and
hypercorticism) associated with ALD, could be significant contributing factor for impaired
bone metabolism among alcohol abuse patients (Luo et al. 2017; Alvisa-Negrin et al. 2009;
Jeong & Kim 2019). Likewise, altering the ratio between the receptor activator for nuclear
factor kappa B ligand (RANKL) and osteoprotegerin (OPG) in patients with liver disorders
may play a significant role in increased osteoclast activity (Figure 02) and bone matrix
degradation in patients with liver cirrhosis (Moschen et al. 2005). It is also considered that
pro-inflammatory cytokines (interleukins (IL), tumor necrosis factor-a (TNF-a), interferons
(INF), and others) may be involved in bone loss in patients with end-stage CLD (Figure 02).
Namely, it has been shown that the hyperproduction of IL-1, IL-2, and IL-6 present in alcoholic
end-stage CLD directly stimulates osteoclast activity, while bone resorption could be
enhanced indirectly due to disturbed OPG/RANKL balance (Fabrega et al. 2005; Luo et al.
2017; Diez-Ruiz et al. 2010). Also, serum levels of tumor necrosis factor receptor p55 (sTNFR-
55) and neopterin were significantly higher in ALC patients (Guafiabens & Parés 2018). At the
same time, these factors were positively associated with increased serum concentrations of
bone resorption markers (Diez-Ruiz et al. 2010). In contrast, previous histomorphometry
studies combined with electron microscopy have shown a reduced number of osteoblasts
(Bihari et al. 2018) and a reduced rate of osteoid formation, indicating a reduced possibility of
new bone formation in ALC patients (Chappard et al. 1991). These histological data are
consistent with other publications showing reduced serum osteocalcin concentrations (a
biochemical marker of bone formation) in these patients (Culafi¢ et al. 2014). Osteoblast
dysfunction may be the result of altered production of trophic factors in the liver, such as
insulin-like growth factor 1 (IGF-1) or oncofetal fibronectin. Also decreased bone formation
could be a consequence of the toxic effect of the bilirubin and bile acids stasis present in
patients with end-stage CLD (Figure 02) (Mitchell et al. 2011; Santori et al. 2008; Sens et al.
2017).
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Figure 02. The etiopathogenetic mechanisms of bone loss in alcohol-induced CLD

Abbreviations: CLD - chronic liver disease; IL-interleukins; TNF - tumor necrosis factors; PTH - parathyroid hormone;
OPG - osteoprotegerin; RANK -receptor activation of nuclear factor-kB; RANKL - receptor of nuclear factor-xB ligand;
Onf FN- oncofetal fibronectin; IGF-1 - insulin like growth factor-1;

In order to fully understand the etiopathogenesis of bone impairment associated with
CLD, the assessment of osteocytic network and osteocyte functionality could be of importance.
It has been known that inter-cellular communication in bone and functional integrity of the
osteocytic network is maintained by gap junctions (Stains et al. 2019; Stains et al. 2014). Gap
junctions are intercellular channels formed by the two hemichannels (called connexons),
located in the plasma membrane of two adjacent cells (Figure 03a). Hence, gap junctions are
forming an aqueous pore between the cytoplasm of two bone cells which enables exchange of
small (<1 kDalton) molecules, ions and nutrients (Stains et al. 2019; Stains et al. 2014). The
connexons are formed by six monomeric subunits called connexins (Figure 03a). In human
genome, 21 connexin genes were encoded, of which at least four are expressed in bone cells

(Plotkin 2011). Those are connexin 37, connexin 40, connexin 45 and most frequently

11



expressed - connexin 43 (Cx43) (Stains et al. 2019; Stains et al. 2014; Plotkin 2011). Previous
data showed that Cx43 molecule is an important part of intracellular machinery responsible
for the signal transduction in bone, as a result of various stimuli (e.g. drugs, hormones and
mechanical stress) (Plotkin 2011). Altered expression of Cx43 has been discovered in bone
and liver cells among various animal models of ageing and disease (Davis et al. 2018;
Cooreman et al. 2020; Balasubramaniyan et al. 2013) and in human liver tissue samples of
patients with liver cirrhosis (Hernandez-Guerra et al. 2019; Yanguas et al. 2016). Additionally,
altered Cx43 expression has been discovered in cardiomyocytes of humans with chronic left
heart failure (Kostin et al. 2004). Still, the osteocytic Cx43 expression in bone samples
obtained from patients with various stages of alcoholic and non-alcoholic (cardiac) CLD has
not been performed in the past.

Recently it has been suggested that sclerostin, the product of sclerostin-encoding (SOST)
gene, may be involved in the pathogenesis of osteoporosis and bone impairment among
patients with various CLD (Gonzalez-Reimers et al. 2013; Wakolbinger et al. 2020). Sclerostin
is an osteocyte-derived regulator of the Wnt/f3-catenin signaling pathway which binds to low-
density lipoprotein receptor-related proteins 5/6 (LRP5/6), thereby inhibits bone formation
(Ehnert et al. 2019). Thus, increased sclerostin is assumed in CLD patients with a tendency to
induce decrease in bone mass (Figure 03b). Indeed, increased serum concentration of
sclerostin were noted in patients with various stages of alcoholic and non-alcoholic CLD
(Gonzalez-Reimers et al. 2013; Wakolbinger et al. 2020; Yousry et al. 2016). Moreover,
increased expression of sclerostin was recently observed in the liver tissue samples from
patients with primary biliary cirrhosis (Guafiabens et al. 2016). Additionally, previous studies
shown that serum concentrations of sclerostin correlate with advanced bone loss among
patients with ALD (Gonzalez-Reimers et al. 2013) and in patients with liver cirrhosis of
various etiology (Wakolbinger et al. 2020). However, serum assessment is depicting the
sclerostin of extra-osseus origin, and the expression of sclerostin in bone samples (and bone
cells) of men with alcoholic and non-alcoholic (cardiac) CLD could contribute to better

understanding of the mechanisms leading to bone loss among these individuals.
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Figure 03. The schematic representation of the role of connexin 43 and sclerostin in bone metabolism

a) The connexin monomer (such as connexin 43) is a transmembrane protein of osteocytes, which forms hexameric connexon
or hemichannel in each cell's plasma membrane. Two hemichannels on adjacent osteocytes form a continuous aqueous
channel between the cytoplasm of two osteocyte, known as a gap junction. Trough open aqueous channel exchange of small
molecules, ions and nutrients is enabled allowing efficient inter-cellular signal transduction triggered by various stimuli.

b) If Wnt ligand binds to a receptor complex, consisting of LDL-receptor related protein 5/6 (LRP-5/6) and Frizzled, it will
cause accumulation of unphosphorylated -catenin (f3-cat), ensuring gene transcription and subsequent bone formation. In
the presence of sclerostin, secreted by osteocytes, the Wnt ligand could not be bound to the LRP-5/6-Frizzled receptor
complex, which decreases bone formation and subsequently leads to reduced bone mass.

13



2.  RESEARCH AIMS

To characterize the bone changes in individuals with CLD of alcoholic and non-alcoholic

origin, the specific objectives of this thesis were:

e to examine the differences of bone mineral density, bone mineral content, and HSA
parameters of proximal femora in persons with various ALD stages and healthy age-
and sex-matched controls.

e to examine the significance of changes in the cortical and trabecular micro-architecture
in the lumbar vertebrae and proximal femora of individuals with various stages of
alcoholic and non-alcoholic (cardiac) CLD.

e to analyze the association between the micro-architectural changes in the lumbar
vertebrae and the severity of pathological changes in the liver of patients with end-
stage CLD of alcoholic and non-alcoholic (cardiac) origin.

e to test whether the vertebral bone impairment is more prominent in individuals with
end-stage CLD of alcoholic origin, when compared to non-alcoholic (cardiac) CLD.

e to examine the significance of the difference in the morphology of osteocyte lacunar
network and in the expression of osteocyte-specific molecules (Cx43 and Sclerostin) in
persons with end-stage CLD of alcoholic and non-alcoholic (cardiac) origin.

¢ to examine the significance of the difference in the mechanical bone properties (Vickers
micro-hardness) of the proximal femora of persons with ALD compared to the age- and
sex-matched controls.

e to examine the significance of the difference in the mechano-structural femoral bone
properties between persons with initial ALD stage (FLD) and end-stage ALD (ALC).

e to determine the existence of regional mechano-structural specificities of the proximal
femora in persons with various ALD stages compared to healthy age- and sex-matched
control individuals.

e to test whether the changes in the osteocyte lacunar network and in the expression of

osteocyte-specific molecules (Cx43 and Sclerostin) could contribute to bone loss among

ALD individuals.
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3. MATHERIAL AND METHODS

3.1.  Study sample

This cross-sectional study analyzed samples of the lumbar vertebrae body (n=55) and
partially excised proximal femora (n=33) collected from male adult cadaveric donors (age
range between 29 and 89 years) during routine autopsies at the Institute of Forensic Medicine
in Belgrade, Serbia. The sample collection process for this study was approved by the Ethics
Committee of Faculty of Medicine, University of Belgrade, Serbia (no. 1322/V-1). In addition,
this study was carried out following the 1964 Helsinki declaration (and its later amendments)

and the Directive of the European Parliament.

Lumbar vertebrae bodies were collected postmortem for microstructural and
immunohistochemistry analysis, from adult individuals divided into the following groups:

¢ ALC group (men with end-stage CLD of alcoholic origin, n=20),

enon-ALC group (men with end-stage CLD of non-alcoholic (cardiac) origin,

n=15), and

e control group (healthy sex-matched individuals without any form of liver disease,

n=20).

Partially excised proximal femora were obtained from cadaveric donors divided into
the following groups:
¢ ALD group (adult men with alcoholic liver disease, n=13), and

e control group (healthy age-matched men without known liver disorder, n=20).

To assess the effect of the various ALD stages on mechano-structural properties of
femoral bone, samples of proximal femora obtained from persons with ALD were further
classified into the following subgroups:

¢ ALC group (persons with pathohistologically confirmed liver cirrhosis of alcoholic

origin, n=7), and
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¢ FLD group (persons with pathohistologically confirmed fatty liver disease of alcoholic

origin, n=6).

Finally, femoral samples for immunohistochemistry analysis were collected from adult
cadaveric men divided into the following groups:
¢ ALC group (men with end-stage CLD of alcoholic origin, n=17), and

e control group (healthy age-matched men without liver disease, n=14).

[nitial inclusion criteria for the alcohol-induced CLD donors were macroscopic signs of
chronic alcoholism present at the autopsy, in combination with heteroanamnestic or clinical
data on long-term alcohol abuse (more than 50g of pure alcohol />3 units/ per day for more
than 5 years). Only after pathohistological confirmation of end-stage CLD (liver cirrhosis)
these individuals were included in the ALC group, while individuals with pathohistological
confirmation of fatty liver disease (at least 5% of liver tissue affected by steatosis) were
included in the FLD group.

Inclusion criteria for a non-ALC group were macroscopic signs of liver disease present
at autopsy (e.g., nutmeg liver) in adult men with available clinical data on previous congestive
heart failure (due to hereditary and/or acquired valvular heart defect), accompanied by
pathological verification of liver damage known as congestive hepatopathy and/or cardiac
fibrosis.

In contrast, adult cadaveric men with an absence of macroscopic signs and clinical data
about liver disorders, chronic alcoholism and/or congestive heart failure at the time of
autopsy could be included in the control group only if the pathohistological analysis of liver
tissue was in physiological range and without signs of hepatic disorder. Also, according to our
best knowledge, the causes of death of all individuals included in the study encompassed
sudden death, natural causes of death or traumatic injuries that cannot directly negatively
interfere with the study results. General exclusion criteria included a positive history of
previous fragility fracture (especially vertebral and hip low trauma fracture), the presence of
solitary and metastatic cancerous bony lesions (for instance: chondrosarcoma) and data

suggesting the any kind of donor's immobility, lower limb paralysis and wheelchair
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dependence. In addition, positive history of endocrine and metabolic diseases that could
negatively affect the musculoskeletal system (for instance: hyperparathyroidism,
hypogonadism, thyroid dysfunction, diabetes mellitus, obesity and metabolic syndrome,
autoimmune, hereditary, or viral liver disease) was considered as general exclusion criteria.
According to our best knowledge, all included donors did not routinely use bone-affecting
therapy (for instance: antiepileptic drugs, cytostatic, antiviral nucleoside analogs,
antipsychotics, vitamin D, glucocorticoids, reproductive hormonal treatment,
bisphosphonates and/or other antiresorptive therapy). Only exceptions from this rule were
non-ALC donors who followed prescribed antihypertensive regimen (for instance: beta-
blockers and diuretics) which could influence the bone turn-over. Specifically, clinical or
heteroanamnestic data about alcohol consumption and binge drinking were considered as

exclusion criteria for donors of control and non-ALC group.

3.2.  Pathohistological analysis of the liver tissue samples

During the autopsy, one tissue sample per liver lobe was obtained from all included
cadaveric donors. The liver tissue samples were fixed in standard formaldehyde solution,
paraffin-embedded, and sliced in 5-pum-thick-sections that were mounted on slides and
routinely stained with Hematoxylin & Eosin technique in collaboration with the Institute of
Forensic Medicine, University of Belgrade, Serbia. These liver tissue slides were analyzed
under an optic microscope (DM 1000 LED, Leica Microsystems, Germany) equipped with
HDMI digital camera (Leica ICC500W version, Leica Microsystems, Germany), in collaboration
with the Institute for Pathology in Belgrade, Serbia. To ensure correct pathohistological
analysis, expert pathologist was not informed about the specific macroscopic signs for each
donor included in the study.

In each liver tissue specimen, the following pathohistological features were analyzed: (a)
periportal and bridging hepatocellular necrosis; (b) intralobular degeneration and focal
hepatocellular necrosis; (c) portal inflammation, and (d) degree of fibrosis. Moreover, the

presence of steatosis, ballooned hepatocytes, canalicular cholestasis and accumulation of
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Mallory hyaline in perisinusoidal spaces (spaces of Disse) were analyzed in these liver tissue

samples as previously described (Knodell et al. 1981; Goodman 2007).

The Knodell’s scoring system was used to estimate the severity of liver tissue
disturbances (pathohistological stage of liver disease) in our individuals (Knodell et al. 1981).
Namely, a numerical score for each previously described histological category was assigned to
each liver biopsy specimen, and the combined score of the first three categories (periportal
and bridging hepatocellular necrosis, intralobular degeneration, focal hepatocellular necrosis,
and portal inflammation) formed the necroinflammatory score (grading from 0 to 18) for that
biopsy specimen. The degree of fibrosis (classified as 0 - no fibrosis, 1 - fibrous portal
expansion, 3 - bridging fibrosis and 4 - cirrhosis) was added to the necro-inflammatory score
to form Histology Activity Index (HAI) used in statistical analysis as a marker of the severity of

the liver tissue disturbances (Knodell et al. 1981; Goodman 2007).

3.3.  Dual-energy X-ray absorptiometry (DXA) and Hip structure analysis (HSA)

Bone mineral density of partially excised proximal femora was evaluated in
collaboration with the staff at the Institute of Endocrinology, Diabetes and Metabolic Diseases,
Clinical Centre of Serbia, by ex vivo measurement on Hologic QDR 1000/W DXA device. In
accordance to previous suggestions, femoral specimens were positioned with consistent
orientation and submerged in water bath to simulate surrounding soft tissue present in vivo
(Beck et al. 1990; Culafi¢ et al. 2014). The scans were auto-evaluated by build-in software of
the standard femoral sub-regions (neck, inter-trochanteric and total, Figure 04a). The

following osteodensitometry parameters were provided:

e Bone mineral content (g) - measure of the inorganic mineral content in the bone
tissue of proximal femora
e Areal BMD (g/cm2) - represents a bone mineral content per femoral bone area. Thus,

it depends on the size of proximal femora and its bone mineral content.
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ex vivo DXA measurement  €X vivo HSA measurement

Figure 04. The regions of interest in DXA (a) and HSA (b) measurement

Abbreviations: N - femoral neck; NN - narrow neck (located at the narrowest diameter of the femoral neck region);
IT - inter-trochanteric region (located at the section of femoral shaft and femoral neck axes);
FS - femoral shaft (located 1.5 times minimum neck diameter distal to the intersection of the axes passing through the middle
of femoral neck and femoral shaft); tot - total proximal femora; DXA - Dual-energy X-ray absorptiometry; HSA - Hip structure
analysis;

HSA measurement, originally invented by Beck and his colleagues, carried out with
Hologic Apex software (version 2.0, Bedford, MA, USA) was utilized to estimate femoral
geometry parameters (Beck et al. 1990) for each standard region of interest (narrow neck,

inter-trochanteric region and femoral shaft, Figure 04b).

The following HSA parameters were determined:

e cross-sectional area (cm?) - a measure of bone resistance to compressive load.
Represents an area of bone surface in the cross section after excluding bone marrow
spaces and trabecular bone.

e cross-sectional moment of inertia (cm#) - an index of structural rigidity of the bone. It
represents the measure of bone resistance to torsion and bending forces.

e section modulus (cm3) - indicated the ability of proximal femora to resist bending
and torsion stress applied.

e estimated cortical thickness (cm) - difference between periosteal and endocortical

diameter of the proximal femora.
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e buckling ratio (dimensionless) - indicates bone instability due to thinning of the
cortical bone. This parameter is used as an indicator of the compensatory bone
remodeling in the proximal femora, which redistributes bone mass to counteract the

bone loss in order to preserve bending strength.

3.4.  Bone specimen preparation

Obtained samples of lumbar vertebrae and proximal femora were stored in a standard
formaldehyde solution at a constant (room) temperature, manually cleaned of soft tissues,
and cut into separate samples of the anterior-mid transverse portion of the lumbar vertebrae
(Figure 05), full-length samples of femoral neck (lateral part and medial part) and samples of
the inter-trochanteric femoral region, which were than prepared for further analysis. Bone
samples (both vertebral and femoral), consisted of cortical compartment and attached
trabeculae, were approximately 10 mm thick and approximately 10 mm wide. The length of
bone samples was 1 cm for lumbar vertebrae, and at least 2 cm for femoral samples included
in the further evaluation. The cutting was performed by oscillating autopsy saw (Kugel
Medical HB-740, Kugel Medical GmbH, Germany) in Laboratory of Bone Biology and

Bioanthropology in Belgrade, Serbia.
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Figure 05. The bone sampling process and bone assessing methodology used in this study

Abbreviations: micro-CT - micro-computed tomography; DXA - dual-energy X-ray absorptiometry; HSA - hip structure
analysis; ALC - alcoholic liver cirrhosis; FLD - fatty liver disease;

3.5.  Micro-computed tomography imaging of the lumbar vertebrae

Each vertebral bone sample (anterior mid-transverse part of vertebral body, Figure 06)
was covered with a thin layer of parafilm and placed on a sample holder with a consistent
orientation in specimen chamber. These samples were scanned with a micro-CT system (Sky
Scan 1172, Bruker, Belgium) under following scanning conditions: 90 kV, 112 pA, 10 W, pixel
size of 10 pum, isotropic resolution of 2000 x 1332 pixels per slice, with an aluminum-copper
(Al-Cu) filter, 0.4° rotation step, triple frame averaging, in accordance to previous scanning
protocols (Jadzic, Mijucic, et al. 2021; Cvetkovi¢ et al. 2020). Following the scanning, the

reconstruction of the projection images was done using software NRecon version 1.6.9.8
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(Bruker, Belgium) with beam hardening correction of 20% and adequate thermal drift,

misalignment, and ring artifact compensation.

Using CT analyzer software (CT.An 1.14.4.1 version, Bruker, Belgium), trabecular and
cortical regions of interest (ROI) on the lumbar vertebrae were marked for the analysis. As
shown in Figure 06, the appropriate three-dimensional regions, i.e., volumes of interest (VOI)
of 700 slices in total (central + 350 slices) were selected (approximately 7 mm in total). VOI
for trabecular bone was selected as a manually adapted ROI in the center of the trabecular
zone in order to avoid damaged marginal tissue, while VOI selection for cortical bone analysis
was manually adapted in the same frame range (Figure 06). The transient zone was
consistently excluded from micro-architectural assessments. The threshold value was
carefully considered and set at 95/255, meaning that the gray level values between 0 and 95
were considered as non-mineralized or bone marrow spaces, whereas gray levels between 95
and 255 were considered as mineralized tissue (bone). This threshold was used for all
vertebral samples allowing inter-individual comparison of micro-architectural parameters.
The appropriateness of chosen threshold values was evaluated by comparing with original

micro-CT scanning images.

13
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Lumbar vertebrae Sample of anterior-mid transverse
(anterior aspect) portion of vertebral body

Cortical bone ROI

Figure 06. Methodological steps in micro-CT assessment of lumbar vertebrae

Abbreviations: ROI - region of interest;
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As previously suggested (Djukic et al. 2015), following parameters of cortical and

trabecular micro-architecture were determined in samples of lumbar vertebrae:

bone volume fraction (BV/TV, %) - the ratio of the trabecular bone volume in total VOI;
trabecular number (Th.N, 1/mm) - the average number of trabeculae per unit length;
trabecular thickness (Tb.Th, mm) - the mean thickness of the trabeculae;

trabecular separation (Tb.Sp, mm) - the mean distance between the trabeculae;
specific bone surface (BS/BV, 1/mm) - a measure of bone surface per total trabecular
bone volume;

degree of anisotropy (DA, dimensionless) - describes the orientation of the trabeculae;
fractal dimension (FD, dimensionless) - describes the degree of trabecular complexity;
trabecular bone pattern factor (TbPf, 1/mm) - measure of trabecular connectivity;
structure model index (SMI, dimensionless) - an indicator of the trabecular shape;
cortical porosity (Ct.Po, %) - the ratio of pore volume in total cortical VOI;

pore diameter (Po.Dm, mm) - the average diameter of the pores in cortex;

pore spacing (Po.Sp, mm) - the average thickness of cortical bone between the pores;

cortical thickness (Ct.Th, mm) - the average thickness of the cortical bone.

3.6.  Micro-computed tomography of proximal femora

After DXA and HSA measurement were adequately performed, the 1cm-thick full-length

samples of lateral and medial part of femoral neck and approximately 1cm-thick-2cm-long

bone sample of inter-trochanteric region (Figure 07) were collected from the same

individuals for further analysis. These femoral samples (Figure 07) were scanned with the

same micro-computed tomography system (1172 version, Bruker, Belgium) under the

following conditions: oversized scan, 80 kV, 124 uA, 10W, exposure time of 1200 ps, with an

isotropic resolution of 10 um and applying Al-Cu filter, as previously suggested (Cvetkovic et

al. 2020). Using CT-analyzing software (CT.An 1.14.4.1 version, Bruker, Belgium) VOIs of

femoral neck samples were standardized in the range of 1800 slices (central slice + 900;

approximately 18 mm), while analysis of inter-trochanteric region was limited in 1200 slice

range (central + 600 slices, approximately 12 mm). On each femoral part, trabecular and
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cortical VOIs were established using manually adapted ROI (Figure 07). In short, damaged
marginal tissue and transient cortico-trabecular zone was excluded from ROI. The same
threshold value used in micro-CT assessment of lumbar vertebrae (95/225) was chosen for
distinguishing the mineralized and non-mineralized tissue in the femoral samples as well,
which allowed inter-individual comparison of femoral micro-architecture in ALD and control
individuals. Using the same 3D morphometry software (CT.An 1.14.4.1 version, Bruker,
Belgium), we analyzed cortical porosity (%), pore diameter (mm), pore spacing (mm) and
cortical thickness (mm) in all three investigated femoral regions. Furthermore, the following
trabecular micro-architectural parameters were calculated for all investigated femoral
samples: bone volume fraction (%), trabecular thickness (mm), trabecular number (1/mm),
trabecular separation (mm), trabecular bone pattern factor (dimensionless), structural model

index (SMI], dimensionless) and fractal dimension (dimensionless).
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Figure 07. Multi-scale assessment of femoral bone changes
Abbreviations: ALD - alcoholic liver disease; ALC - alcoholic liver cirrhosis; FLD - fatty liver disease;

DXA - dual-energy X-ray absorptiometry; HSA - hip structure analysis; micro-CT - micro-computed tomography;
VOI - volume of interest;
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3.7.  The assessment of bone mechanical properties

Following the adequate micro-CT assessment, lateral part of the femoral neck, medial
part of the femoral neck and inter-trochanteric femoral bone samples were progressively
polished by sand paper (up to 2000 grit) using water cooled polishing machine (EQ-Unipol
810 polishing machine, MTI corporation, USA). Micro-indentation on the cortical surface of
these bone samples (Figure 07) was generated using Vickers micro-hardness tester (HMV-G
version, Schimadzu, Japan) in Laboratory of Bone biology and Bioanthropology in Belgrade,
Serbia. The cortical bone micro-hardness was measured as the auto-calculated Vickers
hardness value (HV or kgf/mm?2). According to previous studies (Yin et al. 2019; Zwierzak et
al. 2009; Dall’Ara et al. 2012), micro-indentation was performed with mechanical load of 50g
applied for 12s of indentation time. Five effective indentations were performed in intact bone
surface per bone sample and mean HV value was calculated for each investigated bone
sample. The indentations were carefully placed in a minimum 2.5 diagonals between
indentations to avoid overlapping and boundary effect, and in a minimum of 60 um distance
from the Haversian canal to assure absence of border effect. Indentations in which one
diagonal was more than 10% longer than the other (Figure 08) were discarded and
indentation was repeated. Thus, 495 effective indentations in total were performed in cortical
part of all femoral bone samples included in the study (medial part of the femoral neck, lateral

part of the femoral neck and inter-trochanteric bone samples).
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Figure 08. Vickers micro-hardness testing of the cortical compartment of femoral bone samples
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3.8. Immunohistochemistry analysis of bone tissue

Using oscillating electric autopsy saw (Kugel Medical HB-740, Kugel Medical GmbH,
Germany), bone samples of the lumbar vertebrae and proximal femora were additionally cut
into 1-2 mm-thick bone chips used for immunohistochemistry analysis. These bone samples
were decalcified in Ethylenediaminetetraacetic acid (EDTA) based solution (USEDECALC,
Medite, USA) under constant temperature (37°C) in ultrasonic bath unit (SONOCOOL 255,
Bandelin electronic, Germany). The endpoint for bone decalcification was established by the
bending test and radiography assessment in collaboration with the Department of Diagnostic
Radiology, Faculty of Dental Medicine, University of Belgrade, Serbia. Further, all decalcified
bone samples were embedded in paraffin. Ultra-thin sections of bone tissue (5 pm-thik)
mounted on the slides were stained using specially adapted immunohistochemistry protocol
for staining bone samples at the Laboratory of Bone Biology and Bioanthropology in Belgrade,

Serbia.

In short, bone sections were deparaffinized, rehydrated and treated with trypsin and
TWEEN 20 solution for antigen retrieval. Hydrogen peroxide solution (3%) was used to block
activity of endogenous peroxidase, while bovine serum antigen (BSA) solution was utilized to
block the non-specific staining. Thereafter, tissue sections were incubated overnight at 4°C
with rabbit anti-human monoclonal primary antibodies bounding to connexin 43 (antibody
that targeted an osteocytic membrane protein that participate in intercellular osteocytic
communication trough gap-junctions), and rabbit anti-human monoclonal primary antibodies
bounding to sclerostin (antibody targeted an inhibitor of osteoblastic bone formation). For
indirect protein detection, the samples were incubated for 30 min with biotin-conjugated goat
anti-rabbit secondary IgG antibody diluted in 1% BSA in phosphate buffered saline (PBS)
buffer (1:200). After horseradish peroxidase (HRP) conjugated streptavidin solution (DAKO,
Denmark) was applied, staining was developed with diaminobenzidine (DAB) as the
chromogen solution. Incubation with the pure antibody diluents without the primary
antibody (1% BSA in PBS) served as a negative control, while aqueous hematoxylin dilution

(1:5) was used for counterstaining.
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Using freely available Image] software equipped with Bone] plug-in (version 2, for
Windows operative system), quantitative analysis was performed, including determination of
the number of positive bone cells (brown-colored) and negative bone (purple-colored) cells
per bone area (n/mm?2) (Figure 09). Additionally, the total number of osteocytes per bone
area (N.Ot/B.Ar; n/ mm?), the number of empty lacunae per bone area (N.Em.Lc/B.Ar;
n/mm?) and total number of osteocyte lacunas per bone area (N.Lc/B.Ar; n/mm?) were
determined in collected bone samples, as previously suggested (Wolfel et al. 2020). The total
number of osteocytes per bone area were defined as a number of lacunae with visible nuclei
present in certain bone area, while number of empty lacunae were defined as a number of

lacunae without visible nuclei presented in analyzed bone area.
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Figure 09. Representative immunohistochemistry images of the vertebral samples

Detail is showing a comparison of the Cx43 positive (brown colored) and Cx43 negative osteocytes (blue colored) in the
isolated trabecula of the lumbar vertebrae.

3.9.  Statistical analysis

Sample size: Using the statistical software G*Power (version 3.1.9.6, for Windows
operating system) for one-way analysis of variance (ANOVA), a sample size of 15 participants
in ALC, non-ALC, and control group was required for microstructural analysis to achieve a
power of at least 80% at a 0.05 level of significance (f = 0.2, a = 0.05, three groups, one
measurement, intended effect size of 0.48 for presented BV/TV values). With the same

G*Power software for repeated measures ANOVA (two groups, three measurements, intended
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effect size of 0.30 for Ct.Po), it was indicated that a minimum of 11 individuals in ALD and
control group was required to ensure type one error of 0.05 and type two error of 0.2 during
the present study.

Statistical analysis of the data: To verify the data distribution normality, coefficient of
variation, skewness, kurtosis and Kolmogorov-Smirnov test were applied. Parametric tests
(Student’s t test, one way ANOVA, ANOVA for repeated measurements) in the case of normal
distributed data were used for assessing the differences in pathohistological, densitometric,
HSA, microstructural, mechanical and immunohistochemical parameters between the
investigated groups. In the case of post-hoc ANOVA analysis, Bonferroni correction was
applied. ANCOVA with Bonferroni post hoc test was applied for age-adjustment of micro-CT
parameters in order to assess the difference between ALC, non-ALC and control group. Given
that the dimensions of the femur, and its cross-sectional properties depend, at least partially,
on the donor’s height and weight, DXA and HSA parameters were BMI-adjusted to avoid the
covariant influence of these parameters on the results. Besides the assessment of inter-group
differences, repeated measures ANOVA with Bonferroni posthoc correction for pairwise
comparisons was conducted to evaluate the significance of the site-specific differences in
mechano-structural parameters between the investigated regions (lateral part of the femoral
neck, medial part of the femoral neck, and inter-trochanteric region), and their interaction
(site * group). Pearson's correlation analysis was conducted to estimate the correlation
between the pathohistological score of liver disease and micro-CT parameters that complied
with normal distribution. All statistical tests were performed in Statistical Package for the
Social Sciences (SPSS, version 17 for Windows operative system) at a 0.05 level of significance

(p<0.05 was considered statistically significant).
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4. RESULTS

4.1.  Pathohistological analysis of liver tissue samples

Pathohistological features of significant liver damage were absent in the liver samples of
control group (Figure 10a), while the presence of severe bridging fibrosis was a hallmark of
liver damage confirmed in all individuals with end-stage CLD of alcoholic and non-alcoholic
(cardiac) origin (Figure 10b and Table 01). In addition, focal lytic necrosis, intermediate
portal tract inflammation (Figure 10b and Figure 10d), canalicular cholestasis (Figure 10c),
and moderate balloon degeneration of hepatocytes (Figure 10d) were frequently observed in
donors with alcoholic and non-alcoholic (cardiac) end-stage CLD (ALC and non-ALC group).
The presence of Mallory bodies was noted in alcoholic end-stage CLD (ALC group, Figure 10e),
while liver congestion was a hallmark of liver damage in individuals with non-alcoholic
(cardiac) end-stage CLD (Figure 10f). On the other side, the significant presence of macro- and
micro-vesicular steatosis (Figure 10c) was confirmed in all cadaveric men sorted into FLD

group (more than 5% of fatty change in liver specimen).
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Figure 10. Representative Hematoxylin&Eosin-stained liver tissue samples

Absence of pathological changes was noted in liver samples of control group (a), while the presence of severe bridging
fibrosis (b), moderate inflammation (b, d), canalicular cholestasis (c) and ballooning degeneration of hepatocytes (d) were
observed in donors with end-stage alcoholic and non-alcoholic CLD. In addition, presence of micro- and macrovesicular
steatosis (c) was a hallmark of liver damage in cadaveric donors with alcoholic fatty liver disease, Mallory body were noted in
CLD of alcoholic origin (e), while liver congestion was a hallmark of liver damage in individuals with non-alcoholic (cardiac)
liver cirrhosis (f).
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4.2.  Pathohistological scoring of the liver damage in individuals with end-stage
alcoholic and non-alcoholic CLD

In order to evaluate the severity of liver tissue disturbances and hepatocellular damage
present in donors with end-stage CLD, scoring system developed by Knodell was used. While
increased HAI was observed in men with non-alcoholic (cardiac) end-stage CLD compared
with the control group, even more severe liver tissue disturbances were indicated by
increased HAI values in individuals with end-stage CLD of alcoholic origin, in comparison with
both non-ALC and control group (Table 01, p<0.05, ANOVA with Bonferroni post-hoc tests). In
addition, the severity of the necroinflammatory features (periportal and bridging necrosis,
intralobular degeneration, and portal inflammation), given by necroinflammatory score, was
higher in ALC group than in non-ALC and control groups (Table 01, p<0.05, ANOVA with
Bonferroni post-hoc tests).

Table 01. Results of pathohistological analysis of liver tissue samples from ALC, non-ALC and
healthy cadaveric men

Score Control Non-ALCgroup  ALC group
Piecemeal necrosis n (%)
None 0 4 (20%) 2 (13.33%) 1(5%)
Mild 1 12 (60%) 8 (53.33%) 2 (10%)
Moderate 3 2 (10%) 3 (20.00%) 5(25%)
Marked 4 2 (10%) 1(6.67%) 7 (35%)
Moderate + bridging necrosis 5 0 (0%) 0 (0.00%) 3(15%)
Marked + bridging necrosis 6 0 (0%) 1 (6.67%) 2 (10%)
Multilobular necrosis 10 0 (0%) 0 (0.00%) 0 (0%)
Intralobular degeneration n (%)
and focal necrosis
None 0 20 (100%) 13 (87.67%) 6 (30%)
Mild 1 0 (0%) 2 (13.33%) 11 (55%)
Moderate 3 0 (0%) 0 (0.00%) 2 (10%)
Marked 4 0 (0%) 0 (0.00%) 1(5%)
Portal inflammation n (%)
None 0 7 (35%) 1(6.67%) 1 (5%)
Mild 1 9 (45%) 6 (40.00%) 7 (35%)
Moderate 3 4 (20%) 5(33.33%) 9 (45%)
Marked 4 0 (0%) 3 (20.00%) 3 (15%)
Necroinflammatory score Mean + SD 2+2 4+3 7+3*#
Fibrosis n (%)
No fibrosis 0 15 (75%) 0 (0.00%) 0 (0%)
Fibrous portal expansion 1 5 (25%) 0 (0.00%) 0 (0%)
Bridging fibrosis 3 0 (0%) 0 (0.00%) 0 (0%)
Cirrhosis 4 0 (0%) 15 (100%) 20 (100%)
Histology Activity Index Mean + SD 312 8+3* 11+3%#

Statistical significance was estimated using one-way ANOVA with Bonferroni post hoc test (* p<0.05 vs. control; # p<0.05 vs.
non-ALC).
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4.3.  The comparison of clinical imaging tools in fracture risk assessment of the healthy

individuals and donors with alcoholic liver disease

In this study we analyzed femoral BMD and HSA parameters of the 33 cadaveric men
belonging to: ALD group (n=13; age=57%13 years) and control group (n=20; age= 54+13
years). Donor’s age, weight (78+21 kg vs. 82+20 kg), height (175+9 cm vs. 173£11 cm) and
Body Mass Index (BMI, 25.58+7.06 kg/m? vs. 27.18+6.02 kg/m?2) was not significantly

different between individuals belonging to ALD and control group (p>0.05, Student’s t test).

As presented in Table 02 and 03, DXA and HSA parameters showed normal distribution

in ALD and control group, while Levene’s test confirmed homogeneity of the variance of

presented results (p>0.05).

Table 02. DXA and HSA parameters of ALD group: Data distribution normality testing

BMC (g) BMD (g/cm?) CSA (cm?) CTh (cm) BR

Region N IT Tot N IT Tot NN IT NN IT NN IT
Ccv 0.327 0.241 0.220 (0.270 0.192 0.189 0.277 0.386 (0.294 0.371 (0.386 0.281
Skewness 0.486 -0.016-0.099|0.471 -0.462 -0.068(0.382 0.742 |0.520 0.243 |1.580 0.316
Kurtosis -1.130 -0.840-0.866}-0.320-0.870-1.2610.642-0.321-0.321-1.4853.945 -1.816
KS test 0.847 0.828 0.820 (0.534 0.902 0.952 |0.930 0.900 [0.750 0.669 |0.514 0.695
(p value)

Abbreviations: BMC - bone mineral content; BMD - areal bone mineral density; CSA - cross-sectional area;
CSMI - cross-sectional moment of inertia; CTh - estimated cortical thickness; BR - buckling ratio; N - femoral neck;
NN - narrow neck; IT - inter-trochanteric region; Tot - total proximal femora; CV - coefficient of variation;

KS test - Kolmogorov-Smirnov test;

Table 03. DXA and HSA parameters of control group: Data distribution normality testing

BMC (g) BMD (g/cm?) CSA (cm?) CTh (cm) BR

Region N IT Tot N IT Tot NN IT NN IT NN IT
CcVv 0.167 0.326 0.274 [0.158 0.157 0.149 |0.108 0.250 (0.188 0.273 |0.230 0.303
Skewness -0.120 0.332 0.172 -0.178-0.634-0.192(1.283 0.030 [-0.120-0.370(0.454 0.774
Kurtosis 0.305 -0.634-0.551(0.127 0.053 -0.109(1.137 0.299 -0.362-1.184-0.184 -0.363
KS test 0916 0.820 0.914 [0.970 0.901 0.994 |0.347 0.995 |0.927 0.822 [0.829 0.987
(p value)

Abbreviations: BMC - bone mineral content; BMD - areal bone mineral density; CSA - cross-sectional area;
CSMI - cross-sectional moment of inertia; CTh - estimated cortical thickness; BR - buckling ratio; N - femoral neck;
NN - narrow neck; IT - inter-trochanteric region; Tot - total proximal femora; CV - coefficient of variation;

KS test - Kolmogorov-Smirnov test;
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According to widely known World Health Organization (WHO) recommendations
(Danford et al. 2019), ex vivo DXA assessment performed during this study suggested that
eight ALD men could meet diagnostic criteria for osteopenia (n=6) or osteoporosis (n=2),
while in the control group, four individuals had findings suggesting age-associated osteopenia
and one had finding in osteoporotic range. Still, our data did not reveal extremely prominent
osteodensitometry changes in ALD individuals (Table 04), due to significant BMI associated

covariant effect on our results.

Table 04a. Comparison of DXA and HSA assessment of proximal femora obtained from ALD
donors with age-matched healthy controls (data not adjusted)

Femoral ALD group Control group

subregion (Mean + SD) (Mean # SD) P value
N 3.836+1.255 4.668+0.781 p=0.025
B(MC IT 37.8451£9.126 42.830+13.970 p>0.05
g) Tot 48.404+10.671 54.889+15.021 p>0.05
N 0.680+0.184 0.839+0.134 p=0.007

BMD
(g/cm?) IT 0.988+0.188 1.132+0.179 p>0.05
Tot 0.909+0.172 1.027+0.154 p=0.048
NN 2.889+0.161 3.508+0.130 p=0.005

CSA
(cm?) IT 5.989+2.317 6.969+1.744 p>0.05
FS 4,519+1,106 4,974+1,185 p>0.05
NN 3.810+£1.172 3.913+0.889 p>0.05
fCSHl:/:)I IT 29.249+18.786 28.835+13.171 p>0.05
FS 4,656+1,216 4,938+0,889 p>0.05
CTh NN 0.158+0.046 0.192+0.036 p=0.027
(cm) IT 0.478+0.178 0.591+0.162 p>0.05
NN 1.755+0.514 1.967£0.322 p>0.05
(cr%ﬁ) IT 7.076+3.496 7.320+2.544 p>0.05
FS 2.674+0.627 3.023+0.437 p>0.05
NN 14.200+5.488 10.785+3.270 p=0.032
. BR IT 8.736+2.460 7.395+1.705 p>0.05

(dimensionless)
FS 3.561+1.407 2.726+0.845 p=0.044
Abbreviations: BMC - bone mineral content; BMD - areal bone mineral density; CSA - cross-sectional area;

CSMI - cross-sectional moment of inertia; CTh - estimated cortical thickness; Z - section modulus; BR - buckling ratio;
N - femoral neck; NN - narrow neck; IT - inter-trochanteric region; FS - Femoral shaft; Tot - total proximal femora;
ALD - Alcoholic liver disease;

Statistical significance was estimated using one-way ANOVA (significant difference was presented in bold font).

As shown in the Table 04b, after the BMI adjustment, only values of bone mineral
density and cross-sectional area remained significantly decreased in the femoral neck region
of ALD individuals when compared to healthy controls, suggesting real ALD-induced bone

loss. Although we observed deterioration trend in other osteodensitometry and HSA
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parameters of proximal femora collected from ALD donors (Table 04a), statistical significance

faded away after BMI adjusting (p>0.05, one-way ANOVA).

Table 04b. Comparison of DXA and HSA assessment of proximal femora collected from adult
cadaveric ALD men and age-matched healthy control male individuals (data adjusted for BMI)

Femoral ALD gr
subregion (Meangi gil)lp C((;/[l::: glsg)roup P value
BMC N 3.895+0.277 4.631+0.223 p>0.05
(@) IT 38.891+3.214 42.150+2.580 p>0.05
Tot 49.616+3.477 54.101+2.791 p>0.05
BMD N 0.693+0.042 0.831+0.034 p=0.017
(g/cm?) IT 1.004+0.048 1.122+0.038 p>0.05
Tot 0.923+0.042 1.019+0.034 p>0.05
CSA NN 2.932+0.158 3.480+0.127 p=0.012
(cm?) IT 6.286%0.470 6.766+0.387 p>0.05
ES 4,591+0,303 4,925+40,250 p>0.05
CSMI NN 3.880+0.360 3.868+0.289 p>0.05
(cm?) IT 31.235+4.058 27.476+3.338 p>0.05
FS 4.688+0.288 4.91620.237 p>0.05
CTh NN 0.162+0.11 0.190+0.009 p>0.05
(cm) IT 0.504+0.046 0.568+0.043 p>0.05
7 NN 1.768+0.113 1.959+0.091 p>0.05
(cm?) IT 7.234+0.795 7.212+0.656 p>0.05
FS 2.699+0.141 3.00620.117 p>0.05
NN 14.062+1.223 10.875+0.982 p>0.05
_ BR IT 8.671+0.588 7.432+0.447 p>0.05
(dimensionless) p>0.05

3.500+0.295 2.768x0.244
Abbreviations: BMC - bone mineral content; BMD - areal bone mineral density; CSA - cross-sectional area;

CSMI - cross-sectional moment of inertia; CTh - estimated cortical thickness; Z - section modulus; BR - buckling ratio;
N - femoral neck; NN - narrow neck; IT - inter-trochanteric region; FS - Femoral shaft; Tot - total proximal femora;
ALD - alcoholic liver disease;

Statistical significance was estimated using one-way ANOVA, while data were BMI-adjusted to avoid the covariant effect on
the study results (BMI value appearing in corrected model was 26.55 kg/m?). Data were presented as mean * standard error
(SE).

As shown in Figure 11, the femoral neck bone mineral density and cross-sectional area
alterations observed in our ALD group originated from included ALC donors, in whom these
parameters were significantly lower when compared to healthy controls (p<0.05, ANOVA with
Bonferroni post hoc test, Figure 11). Additionally, significantly decreased cross-sectional area
and thinner cortex was noted in the inter-trochanteric region of donors with end-stage ALD,
compared with healthy age- and sex-matched controls (p<0.05, ANOVA with Bonferroni post
hoc test, Figure 11). In contrast, we did not observe any significant difference in densitometry

and geometry parameters either between individuals with initial ALD stage (FLD group) and
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healthy controls (Figure 11), or between individuals with initial and end-stage of ALD (FLD vs.

ALC group p>0.05, ANOVA with Bonferroni post hoc test).
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Figure 11. Comparison of DXA and HSA assessment of proximal femora collected from adult cadaveric
men with various ALD stages and age-matched healthy control men

Abbreviations: BMC - bone mineral content; BMD - areal bone mineral density; CSA - cross-sectional area;
CSMI - cross-sectional moment of inertia; CTh - estimated cortical thickness; Z - section modulus; BR - buckling ratio;
N - femoral neck; NN - narrow neck; IT - inter-trochanteric region; Tot - total proximal femora;

ALC - alcoholic liver cirrhosis; FLD - fatty liver disease;
Statistical significance was estimated using one-way ANOVA with Bonferroni post hoc test, while data were BMI-adjusted to
avoid the covariant effect on the study results (***p<0.05 vs. control).

4.4. The changes of trabecular and cortical microstructure in lumbar vertebrae

collected from men with end-stage CLD of alcoholic and non-alcoholic origin

In this study, we analyzed micro-architectural parameters of anterior mid-transverse
part of lumbar vertebrae body collected from 55 cadaveric men belonging to: ALC group
(n=20; age= 5948 years), non-ALC group (n=15; age= 69+10 years) and control group (n=20;

age= 60+7 years). These donors included into our ALC, non-ALC and control group were well
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matched for weight (87 20 kg vs. 76+13 vs. 80+12 kg), height (177+7 cm vs. 173+7 cm vs.
176+10 cm) and BMI (27.90+6.41 kg/m?2 vs. 25.28+4.38 kg/m?2vs. 25.64+2.72 kg/m?) (p>0.05,
one-way ANOVA with Bonferroni post-hoc test). In contrast, due to the specific pathogenesis
of end-stage CLD of non-alcoholic (cardiac) origin, the non-ALC donors were older than
donors of control (p=0.004) and ALC group (p=0.002; one-way ANOVA with Bonferroni post-
hoc test). Thus, to control for potential influence of age-associated differences in bone micro-

architecture on our results, analyzed micro-CT parameters were age-adjusted.

As presented in Table 05-07, analyzed trabecular and cortical micro-architectural
parameters in lumbar vertebrae of individuals divided into ALC, non-ALC and control group
showed normal distribution, while Levene’s test confirmed homogeneity of variance of the

presented results (p>0.05).

Table 05. Main micro-architectural parameters in lumbar vertebrae of ALC group: Data
distribution normality testing

BV/TV Tb.Th Tb.N Ct.Po Po.Dm Ct.Th

(%) (um) (1/mm) (%) (km) (mm)
Cv 0.250 0.184 0.299 0.396 0.290 0.414
Skewness -0.290 0.178 -0.577 0.801 0.076  -0.201
Kurtosis 0.150 1.381 1.010 0.787 -0.558 0.614
KS test (p value) 0.964 0.802 0.947 0.961 0.982 0.887

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness; Tb.N - trabecular number;
Ct. Po - cortical porosity; Po.Dm - cortical pore diameter; Ct.Th - cortical thickness; CV - coefficient of variation;
KS test - Kolmogorov-Smirnov test;

Table 06. Main micro-architectural parameters in lumbar vertebrae of non-ALC group:
Data distribution normality testing

BV/TV Tb.Th Tb.N Ct.Po Po.Dm Ct.Th

(%) (um) (1/mm) (%) (um) (mm)

Cv 0.313 0.145 0.247 0.294 0.589 0.228
Skewness 1.139 0.731 0.336 -0.096 3.238 2.222
Kurtosis 2.277 0.400 -0.899 0.133 11.477 6.545
KS test (p value) 0.715 0.571 0.719 0.887 0.068 0.320

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness; Tb.N - trabecular number;
Ct. Po - cortical porosity; Po.Dm - cortical pore diameter; Ct.Th - cortical thickness; CV - coefficient of variation;
KS test - Kolmogorov-Smirnov test;
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Table 07. Main micro-architectural parameters in lumbar vertebrae of control group: Data
distribution normality testing

BV/TV Tb.Th Tb.N Ct.Po Po.Dm Ct.Th

(%) (um) (1/mm) (%) (um)  (mm)
cvV 0.311 0.184 0.174 0329 0370  0.227
Skewness 1.983 0.678 0429 0252  1.068  0.497
Kurtosis 4840  -1.070  -0.453 -1.271  0.467 -0.282
KS test (p value) 0.388 0.259 0881 0.803 0304 0.974

Abbreviations: BV/TV - trabecular bone volume fraction; Th.Th - trabecular thickness; Th.N - trabecular number;
Ct. Po - cortical porosity; Po.Dm - cortical pore diameter; Ct.Th - cortical thickness; CV - coefficient of variation;
KS test - Kolmogorov-Smirnov test;

Micro-CT analysis showed a significant reduction in trabecular bone volume fraction,
accompanied by the reduced trabecular number and thickness, noted in the lumbar vertebrae
body collected from donors with alcoholic and non-alcoholic (cardiac) end-stage CLD (ALC
and non-ALC group), when compared to healthy control individuals (p<0.05, one-way ANOVA
with Bonferroni post-hoc test , Table 08 and Figure 13). The observed differences in these
micro-CT parameters remained significantly different after age-adjustment between control
group and individuals suffering from end-stage CLD of alcoholic and non-alcoholic (cardiac)
origin, indicating real trabecular deterioration in lumbar vertebrae induced by alcoholic and
non-alcoholic (cardiac) liver cirrhosis (p<0.05; ANCOVA with Bonferroni correction for age-
adjustment, Table 08). Still, parameters of trabecular micro-architecture were not
significantly different in lumbar vertebrae collected from persons with alcoholic end-stage
CLD and non-alcoholic (cardiac) end-stage CLD (p>0.05; one way ANOVA with Bonferroni
post hoc test, Figure 13).

In addition, minor inter-group differences were observed in trabecular complexity and
connectivity parameters. Namely, an increasing trend of specific bone surface and trabecular
separation was observed in persons with end-stage CLD of alcoholic and non-alcoholic origin,
in comparison to healthy controls. However, this increasing trend reached statistical
significance only in the individuals with alcohol-induced end-stage CLD (liver cirrhosis) after
age adjustment (p<0.05, ANCOVA with Bonferroni correction for age-adjustment, Table 08). In
contrast, the differences in DA, FD, TbPf and SMI were not observed between controls and

individuals with alcoholic and non-alcoholic end-stage CLD (p>0.05, Table 08). Moreover,
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these parameters were without any correlation to the severity of the observed

pathohistological changes in the liver tissue of the same individuals (p>0.05, Pearson

correlation analysis).

Table 08. Comparison of trabecular micro-architectural parameters of lumbar vertebrae from
ALC, non-ALC and control group

Control group Non-ALC group ALC group
(Mean * SD) (Mean * SD) (Mean * SD)

BV/TV (%) 15.11+4.71 9.91+3.11%+* 9.69+2.4 2%+
Tb.Th (um) 158.8+29.1 128.0£18.7%** 121.94£22.6%***
Tb.N (1/mm) 1.02+0.18 0.77+0.19* 0.70£0.27%**
TbPf (1/mm) 3.52+1.97 4.77+2.35 5.26+1.66*
FD 2.32%£0.09 2.22+0.13 2.28+0.09
DA 1.97+0.24 1.99+0.40 1.94+0.33
SMI 1.49+0.87 1.31+0.41 1.47+0.48
Tb.Sp (um) 691.5+137.6 864.3+142.4* 907.3+144.2%**
BS/BV (1/mm) 23.77%x3.36 27.86+3.58 28.30+7.76*

Micro-CT parameters adjusted for age (62.2 years)

BV/TV (%) 14.96+0.81 10.36+1.02%** 9.50+£0.82%**
Tb.Th (um) 158.0+6.0 129.0+7.0%** 121.0£6.0%**
Th.N (1/mm) 1.01+0.04 0.80+0.05* 0.69:+0.04%**
TbPf (1/mm) 3.67+0.44 4.35+0.55 5.43+0.44
FD 2.31%0.02 2.23+0.03 2.28+0.02
DA 1.96+0.07 1.93+0.07 2.03+0.09
SMI 1.52+0.14 1.22+0.18 1.51+0.14
Tb.Sp (um) 699.0+32.0 834.0+40.0 916.0+32.0*
BS/BV (1/mm)  23.84+1.25 27.65+1.56 28.39+1.26*

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness; Tb.N - trabecular number;
FD - fractal dimension; TbPf - trabecular bone pattern facto; SMI - structure model index; Tb.Sp - trabecular separation;
BS/BV - specific bone surface; ALC - alcoholic liver cirrhosis; non-ALC - non-alcoholic (cardiac) liver cirrhosis;
Statistical significance was estimated using one-way ANOVA with Bonferroni post-hoc test (* p<0.05; *** p<0.001 vs. control),
and ANCOVA with Bonferroni correction for age-adjustment (* p<0.05; ***p<0.001 vs. control).

As shown in Figure 12, Pearson correlation analysis has shown an inverse correlation
between histology activity index and trabecular bone quantity parameters (BV/TV, Tb.Th and
Tb.N) in bone samples of lumbar vertebral body obtained from individuals suffering from

alcoholic and non-alcoholic end-stage liver disorder (r=-0.510, r=-0.513, r=-0.506

respectively; p<0.001).
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Figure 12. Inverse association between liver pathohistological scores and trabecular micro-structural
parameters in our vertebral samples, presented by scatter plots (Pearson correlation analysis, p<0.001);

Abbreviations: HAI - histology activity index; BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness;
Tb.N - trabecular number;

In contrast to trabecular bone, our results indicated that cortical micro-architecture of
lumbar vertebrae was not susceptible for significant liver cirrhosis induced bone
deterioration (Figure 13). Namely, all parameters of cortical micro-architecture did not show
any significant difference between the lumbar vertebrae of individuals suffering from end-
stage CLD and healthy control individuals (p>0.05, one-way ANOVA with Bonferroni post-hoc

test, Table 09), regardless of the age adjustment.

Table 09. Comparison of cortical micro-architectural parameters of lumbar vertebrae from
ALC, non-ALC and control group

Control group Non-ALC group ALC group P value
(Mean + SD) (Mean + SD) (Mean + SD)

Ct.Po (%) 30.57+10.05 33.08+9.72 37.63+14.92 p>0.05
Po.Dm (um) 181.9+67.4 208.2+121,7 179.6+52.0 p>0.05
Po.Sp (um) 171.2+97.6 208.5+30.1 205.0+57.2 p>0.05
Ct.Th (mm) 1.875+£0.425 1.790+0.409 1.645+0.682 p>0.05
Parameters adjusted for age (62.2 years)
Ct.Po (%) 30.68+2.75 32.75+3.44 37.76£2.77  p>0.05
Po.Dm (um) 185.0+19.0 199.0+23.0 183.0+£19.0 p>0.05
Po.Sp (um) 172.0£29.0 205.0+36.0 206.0£29.0 p>0.05
Ct.Th (mm) 1.897+0.120 1.725+0.151 1.67240.121  p>0.05
Abbreviations: CtPo - cortical porosity; Po.Dm - cortical pore diameter; Po.Sp - cortical pore separation;
Ct.Th - cortical thickness; ALC - alcoholic liver cirrhosis; non-ALC - non-alcoholic (cardiac) liver cirrhosis;

Statistical significance was estimated using one-way ANOVA with Bonferroni post-hoc test (p>0.05) and ANCOVA with

Bonferroni correction for age-adjustment (p>0.05).
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Nonetheless, our data may suggest a mild trend in cortical thickness deterioration,
accompanied by bland tendency to increased cortical porosity, and pore diameter (Table 09)
in ALC and non-ALC donors. Moreover, micro-CT assessed parameters of cortical
microstructure were not significantly different between individuals with alcoholic and non-
alcoholic liver cirrhosis (p>0.05, one-way ANOVA with Bonferroni post-hoc test, Table 09).
Finally, Pearson correlation analysis did not reveal any significant association between any of
the Knodell’s pathohistological scores and cortical microstructure in individuals with

alcoholic and non-alcoholic (cardiac) end-stage CLD (p>0.05).

Control group non-ALC group ALC group

Figure 13. Representative 3D model of lumbar vertebrae sampled from ALC, non-ALC and healthy control
donors - whole harvested bone sample (a) and view from above (b)

Significant trabecular bone loss is represented in decreased trabecular bone volume fraction, reduced trabecular number,
and trabecular thickness in men with end-stage alcoholic and non-alcoholic (cardiac) CLD in comparison to healthy controls
(* p<0.05 vs. control, ANOVA with Bonferroni post-hoc analysis, Figure 2c). Still, the micro-architecture of lumbar cortical
shell was not significantly different between investigated groups. It is notable that bone loss in the ALC group is not
substantially different from the non-ALC group.
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4.5.  The micro-architectural alteration of proximal femora obtained from men with

alcoholic liver disease

Following osteodensitometry and HSA measurements, we analyzed femoral
microstructural parameters of the 33 cadaveric men divided into: ALD group (n=13) and

control group (n=20).

As presented in Table 10-13, parameters of femoral micro-architecture showed normal
distribution in ALD and control group, while Levene’s test confirmed homogeneity of variance

of the presented results (p>0.05).

Table 10 Trabecular micro-architectural parameters in three regions of proximal femora
obtained from ALD donors: Test for data distribution normality

BV/TV (%) Tb.Th (um) Tb.N (1/mm)
Femoral region LN MN IT LN MN IT LN MN IT
Cv 0.190 0.180 0.252 [0.185 0.173  0.185 [0.139 0.152 0.175
Skewness 0.475 -0.457 0.292 [0.230 0.546 0.857 [0.368 0.978 0.137
Kurtosis 1.808 -1.080 -1.563 |-0.153 -0.222 -0.256 [-0.849 0.893 0.202
KS test (pvalue) 0.685 0.848 0.309 [0.999 0.715 0.467 |0.765 0.515 0.676

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness, Tb.N - trabecular number;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;
CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 11 Trabecular micro-architectural parameters in three regions of proximal femora
obtained from control donors: Test for data distribution normality

BV/TV (%) Tb.Th (um) Tb.N (1/mm)
Femoral region LN MN IT LN MN IT LN MN IT
Cv 0.215 0.255 0.221 |0.145 0.130 0.103 |0.099 0.207 0.178
Skewness 1.935 0.329 0.368 (0.714 0.342 -0.223 [0.298 -0.196 -0.014
Kurtosis 4951 0.406 -0.320 [2.928 -0.219 0.048 [-0.222 0.364 -0.664
KS test (pvalue) 0.262 0916 0.979 (0.547 0.792 0.500 [0.974 0.995 0.928

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness, Tb.N - trabecular number;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;
CV- coefficient of variation; KS test - Kolmogorov-Smirnov test;
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Table 12 Cortical micro-architectural parameters in three regions of proximal femora
obtained from ALD donors: Test for data distribution normality

Ct.Po (%) Po.Dm (pm) Ct.Th (mm)

Femoral region LN MN IT LN MN IT LN MN IT

Cv 0.305 0.440 0.262 (0.252 0.208 0.232 [0.251 0.397 0.181

Skewness 0.868 0.187 0.280 [0.748  0.145 0.149 [-0.116 0.347 -0.063

Kurtosis -0.422 -1.472 0.452 0.617 -0.669 -0.447 |-0.169 -1.374 -0.788

KS test (pvalue) 0.504  0.829 0.801 |0.818 0995 0.997 [0.638 0.347 0.861
Abbreviations: Ct.Po - cortical porosity; Po.Dm - cortical pore diameter; CtTh - cortical thickness;
LN - lateral part of the femoral neck; MN - medial part of femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 13 Cortical micro-architectural parameters in three regions of proximal femora
obtained from control donors: Test for data distribution normality

Ct.Po (%) Po.Dm (um) Ct.Th (mm)

Femoral region LN MN IT LN MN IT LN MN IT

Cv 0.321 0.321 0.297 [0.164 0.245 0.209 [0.183 0.216 0.182

Skewness 0.218 0.412 0.181 }0.506 0.693 -0.552 |0.184 0.036 0.261

Kurtosis -1.078 1.056 0.469 [}0.590 -0.248 -0.107 |0.984 0.241 -0.249

KS test (pvalue) 0.924 0.897 0.955 (0.388 0.251 0.810 (0.787  0.943 0.979
Abbreviations: CtPo - cortical porosity; Po.Dm - cortical pore diameter; CtTh - cortical thickness;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Our data revealed statistically significant ALD-induced trabecular bone loss in
investigated regions of proximal femora, illustrated by lower trabecular bone volume fraction
(group p=0.002, ANOVA for repeated measurements, Table 14), decreased trabecular number
and increased trabecular separation (group p<0.001, ANOVA for repeated measurements,
Table 14), in comparison to healthy control men. Moreover, ALD-induced microstructural
deterioration of femoral cortical compartment was illustrated in significant cortical porosity
and cortical pore diameter increase (group p<0.001, repeated measures ANOVA, Figure 14),
accompanied with cortical thickness and pore separation reduction (p=0.011, p=0.055 vs.
control, repeated measures ANOVA, Table 14). Most preserved cortical and trabecular micro-
architecture was noted in the medial part of femoral neck, while most significant ALD-
associated difference was noted in inter-trochanteric region (Figure 14). Namely, significant
deterioration trend was observed in trabecular bone volume fraction, trabecular number and
cortical thickness of inter-trochanteric region when compared to medial and lateral part of

the femoral neck (p<0.001, repeated measures ANOVA with Bonferroni post hoc).
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Figure 14. The comparison of a representative 3D model of femoral bone samples obtained from healthy
control and donor with alcoholic liver disease.

Note significant cortical and trabecular micro-architectural deterioration in the investigated regions of the proximal femora,
with particular accent on inter-trochanteric region of ALD men.
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In addition, interaction of ALD-associated effect and assessed femoral region showed
pronounced difference for trabecular number (site*group p=0.059), trabecular bone pattern
factor (site*group p=0.058), cortical porosity (site*group p=0.029) and pore diameter
(site*group p=0.047, ANOVA for repeated measurements, Table 14), reflecting trend to less
numbered and poorly connected trabeculae, in combination with more porous cortex in inter-
trochanteric region than in two femoral neck regions, predominantly observed in ALD men
(Table 14). On the other side, alteration of trabecular thickness, structure model index and
fractal dimension failed to reach statistical significance between ALD and control group in any

of the assessed femoral regions (p>0.05, repeated measures ANOVA, Table 14).
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Table 14. Micro-architectural parameters of analyzed sub-regions in proximal femora collected
from individuals with alcoholic liver disease and healthy age-matched control men

Femoral  ALD group Control group

region (Mean + SD) (Mean + SD) P value
cp LN 26.685+8.146 17.758+5.697  Group p<0.001
{%)0 MN 14.183+6.240 8.201+2.636 Site p<0.001
IT 32.801+8.589 20.188+6.007  Site*Group p=0.029
LN 242.31+60.9 221.0+36.2 Group p<0.001
P&E)m MN  207.9+43.5 176.9+43.3 Site p<0.001
IT 213.8+49.8 142.0+29.7 Site*Group p=0.047
LN 274.1+32.3 294.9+26.4 Group p=0.055
P(ﬁ;f)p MN  353.5:86.3 383.4+52.8 Site p<0.001
IT 251.1+35.1 271.5+29.4 Site*Group p=0.918
L Th LN 2.710+0.680 3.221+0.589 Group p=0.011
mm)  MN 493121961 6.061+1.306 Site p<0.001
IT 2.172+0.393 2.531+0.462 Site*Group p=0.347
BV/TV LN 13.950+2.655 18.313+3.943 Group p=0.002
) MN 19.204+3.455 22.746+5.818 S}te*p<0.001_
IT 10.358+2.607 12.907+2.855  Site*Group p=0.153
TbTh LN 171.5+31.9 175.3+25.4 Group p=0.596
() MN 206.8+35.9 226.4+29.6 Site p<0.001
IT 152.0+27.9 138.8+14.2 Site*Group p=0.105
LN 0.836+0.116 1.030+0.102 Group p<0.001
(;r/lr’rﬂ) MN 0.920+0.140 0.984+0.204 Site p<0.001
IT 0.682+0.119 0.927+0.165 Site*Group p=0.059
LN 938.1+84.5 830.1+85.9 Group p<0.001
T(E;f)p MN  858.5+84.2 81641322  Site p=0.084
IT 955.6+146.2 779.2+89.0 Site*Group p=0.255
LN 2.670+1.475 2.682+1.146 Group p=0.872
: dimif]’gofnless) 0.826+1.434 1.769+2.527  Site p<0.001
5.095+2.560 4.363+1.517 Site*Group p=0.058
LN 1.049+0.374 1.079+0.310 Group p=0.907
: dimgrl:gi!)nless) 0.699+0.458 0.953:0.754  Site p<0.001
1.521+0.408 1.197+0.267 Site*Group p=0.012
LN 2.346+0.052 2.362+0.065 Group p=0.411
: dimigonless) 2.395+0.058 2.398+0.087  Site p<0.001
2.276%0.089 2.307+0.088 Site*Group p=0.753
Abbreviations: Ct. Po - cortical porosity; Po.Dm - cortical pore diameter; Po.Sp - cortical pore separation;

Ct.Th - cortical thickness; BV/TV - bone volume fraction; Tb.Th - trabecular thickness; Tb.N - trabecular number;
Tb.Sp - trabecular separation; TbPf - trabecular bone pattern factor; SMI - structure model index; FD - fractal dimension;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

Statistical analysis of the differences in micro-architectural bone parameters between the investigated site, investigated
groups and their interaction (site*group) was performed using analysis of variance (ANOVA) for repeated measurements
with Bonferroni post-hoc test (significant difference is given in bold).

44



4.6.  The comparison of microstructural changes in different regions of proximal femora

obtained from end-stage and initial-stage of alcoholic liver disease

In order to assess the potential negative effect of various ALD stages on femoral bone,
individuals were subdivided into: ALC group (n=7; age=56%13 years), FLD group (n=6;

age=59+15 years) and control group (n=20; age=54+13 years).

As presented in Table 15-20, parameters of femoral micro-architecture showed normal
distribution in donors with various ALD stages and control group, while Levene’s test

confirmed homogeneity of the variance of the presented data (p>0.05).

Table 15. Trabecular micro-architectural parameters in three regions of proximal femora
obtained from ALC donors: Test for data distribution normality

BV/TV (%) Tb.Th (um) Tb.N (1/mm)

Femoral region LN MN IT LN MN IT LN MN IT

CvV 0.161 0.212 0.260 |0.146 0.107 0.211 0.116 0.160 0.129

Skewness -0.964 0.518 0.108 [-0.074 -0.126 0.506 [-0.412 1.619 -0.936

Kurtosis 1.780 -1.373 -2.035[0.788 -1.627 -1.162 |-0.978 2.420 1.828

KS test (pvalue) 0.734 0.910 0.670 [0.998 0.978 0.955 [0.987 0.540 0.742
Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness, Tb.N - trabecular number;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 16. Trabecular micro-architectural parameters in three regions of proximal femora
obtained from FLD donors: Test for data distribution normality

BV/TV (%) Tb.Th (um) Tb.N (1/mm)
Femoral region LN MN IT N MN IT LN MN IT
CvV 0.169 0.087 0.257 |0.125 0.124 0.143 |0.085 0.153 0.229
Skewness 1.262 0.164 0.582 0.481 0.353 0921 }-0.165 0.264 0.241
Kurtosis 0.138 -1.765 -1.059 [-0.598 -1.480 -1.329 (1.520 -1.014 -0.648
KS test (pvalue) 0.369 0.863 0.696 |0.960 0.991 0.344 |0.839 0.802 0.936

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness, Tb.N - trabecular number;
LN - lateral part of femoral neck; MN - medial part of femoral neck; IT - inter-trochanteric region;
CV- coefficient of variation; KS test - Kolmogorov-Smirnov test;
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Table 17. Trabecular micro-architectural parameters in three regions of proximal femora
obtained from control donors: Test for data distribution normality

BV/TV (%) Tb.Th (um) Tb.N (1/mm)
Femoral region LN MN IT LN MN IT LN MN IT
Cv 0.215 0.255 0.221 [0.145 0.130 0.103 |0.099 0.207 0.178
Skewness 1.935 0.329 0.368 |0.714 0.342 -0.223 |0.298 -0.196 -0.014
Kurtosis 4951 0.406 -0.320 |2.928 -0.219 0.048 [-0.222 0.364 -0.664
KS test (p value) 0.262 0.916 0.979 |0.547 0.792 0.500 [0.974 0.995 0.928

Abbreviations: BV/TV - trabecular bone volume fraction; Tb.Th - trabecular thickness, Tb.N - trabecular number;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;
CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 18. Cortical micro-architectural parameters in three regions of proximal femora
obtained from ALC donors: Test for data distribution normality

Ct.Po (%) Po.Dm (um) Ct.Th (mm)

Femoral region LN MN IT LN MN IT LN MN IT

Cv 0.341 0.385 0.33810.292 0.171 0.272 |0.247 0.378 0.231

Skewness 0.391 -0.126 0.0521.061 -0.511 -0.747 |-0.323 1.364 -0.045

Kurtosis -1.878 -1.499 -0.678|1.949 -0.768 -0.457 |-2.478 1.191 -1.677

KS test (p value) 0.933 0.994 0.926/0.594 0.991 0.730 |0.693 0308 0.938
Abbreviations: Ct. Po - cortical porosity; Po.Dm - cortical pore diameter; CtTh - cortical thickness;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 19. Cortical micro-architectural parameters in three regions of proximal femora
obtained from FLD donors: Test for data distribution normality

Ct.Po (%) Po.Dm (um) Ct.Th (mm)

Femoral region LN MN IT LN MN IT LN MN IT

Cv 0.218 0.512 0146 (0.222 0.207 0.115 [0.166 0.289 0.122

Skewness 0.822 0.742 0.644(0.149 -0.523 0.369 (0.407 -0.701 1.002

Kurtosis 0.645 -0.869 -0.363}-1.731 -0.963 0.324 |0.061 0.141 -1.109

KS test (p value) 0.966 0.828 0.9970.957 0.848 0.993 [0.860 0.976 0.450
Abbreviations: CtPo - cortical porosity; PoDm - cortical pore diameter; CtTh - cortical thickness;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;
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Table 20. Cortical micro-architectural parameters in three regions of proximal femora
obtained from control donors: Test for data distribution normality

Ct.Po (%) Po.Dm (um) Ct.Th (mm)

Femoral region LN MN IT LN MN IT LN MN IT

Cv 0.321 0.321 0.297 0.164 0.245  0.209 |0.183 0.216 0.182

Skewness 0.218 0412 0.181 -0.506 0.693 -0.552 [0.184 0.036 0.261

Kurtosis -1.078 1.056 0.469 [-0.590 -0.248 -0.107 |0.984  0.241 -0.249

l((pSlelee) 0924  0.897 0.955 |0.388 0.251 0.810 [0.787  0.943 0.979
Abbreviations: CtPo - cortical porosity; Po.Dm - cortical pore diameter; CtTh - cortical thickness;
LN - lateral part of the femoral neck; MN - medial part of the femoral neck; IT - inter-trochanteric region;

CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

We observed minor microstructural alteration in inter-trochanteric region of FLD donors
illustrated in higher values of cortical porosity, pore diameter and trabecular separation, in
combination with decreased trabecular number, when compared to control individuals

(group p<0.05, repeated measures ANOVA with Bonferroni correction, Table 21).
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Table 21. Femoral micro-architectural changes of healthy individuals in comparison with
donors suffering from alcoholic liver cirrhosis and fatty liver disease

Femoral ~ ALC group FLD group Control group P value
region (Mean * SD) (Mean * SD) (Mean * SD)
Ct.Po LN 28.876+9.864 24.129+5.273 17.757+5.696 Group p<0.001
(0/) MN 15.958+6.149 12.111+6.207 8.200%2.636 Site p<0.001
° IT 33.454+11.323 32.040+4.680 20.188+6.007 Site*Group p=0.109
popm LN 2429709 241.7¢53.6  221.0%+36.2 Group p=0.001
(um) MN 189.7+32.6 229.2+47.5 176.9+43.3 Site p=0.002
IT 229.3+62.6 195.7+22.6 142.0+29.7 Site*Group p=0.022
posp LN 2531#200#  2085:127 29494264 Group p=0.001
MN 302.4+53.5# 413.2+68.3 383.4+52.8 Site p<0.001
(um) ite* =
INTT 244.7+43.6 258.5+23.6 271.5+29.4 Site*Group p=0.047
coTh LN 2320£0.574#  3.154£0.523  3.221:0.589 Group p=0.001
MN 3.859+1.460 6.181+1.784 6.061+£1.306 Site p<0.001
(mm) L
IT 2.147+0.497 2.201+0.268  2.531+0.462  Site*Group p=0.006
BV/TV LN 12.597+2.034*** 15.529+2.530 18.313+3.943 Group p=0.005
(%) MN 17.506+3.711* 21.186+1.836 22.746+5.818 Site p<0.001
INTT 10.749+2.792  9.901+2.549* 12.907+2.855  Site*Group p=0.183
MN 182.6+19.4***#4# 235.2+29.4 226.4+£29.6 Site p<0.001
(um) ite* =
IT  158.7+33.3 144.2+20.1 138.8+14.2 Site*Group p=0.002
Tb.N LN 0.906+0.105*# 0.754+0.064*** 1.030+£0.102 Group p<0.001
MN 0.940+0.150 0.897+0.137 0.984+0.204 Site p<0.001
(1/mm) .
IT  0.675+0.087*** 0.689+0.158*** 0.927+0.165  Site*Group p=0.041
Tb.Sp LN 0.907£0.093 0.974+0.062*** 830.1+85.9 Group p=0.050
(mm) MN 0.847+0.0874 0.872+0.086 816.4+132.2 Site p=0.001
IT 0.968+0.124*** 0.941+0.179* 779.2+89.0 Site*Group p=0.110
TbPf LN 2.757+1.426 2.569+1.663 2.682+1.146 Group p=0.897
. ) 1.276+1.428 0.302+1.369 1.769+2.527 Site p<0.001
(dimensionless) -
4.999+3.319 5.207+1.649 4.363+1.517 Site*Group p=O.517
SMI LN 0.964+0.294 1.418+0.459 1.079+£0.310 Group p=0.979
. . 0.763+£0.338 0.624+0.595 0.953+0.754 Site p<0.001
(dimensionless) .
1.501+0.454 1.544+0.389 1.197+0.267 Site*Group p=0.047
FD LN 2.370+0.056 2.318+0.032 2.362+0.065 Group p=0.537
: . 2.386+0.069 2.405+0.045 2.398+0.087 Site p<0.001
(dimensionless) .
2.294+0.082 2.255+0.100  2.307+0.088 Site*Group p=0.531
Abbreviations: Ct.Po - cortical porosity; Po.Dm - cortical pore diameter; Po.Sp - cortical pore separation;
Ct.Th - cortical thickness; BV/TV - bone volume fraction; Tb.Th - trabecular thickness; Tb.N - trabecular number;
Tb.Sp - trabecular separation; LN - lateral part of the femoral neck; MN - medial part of the femoral neck;

IT - inter-trochanteric region;

Statistical analysis of the inter-group differences (group), site-specific differences in micro-architectural bone parameters
between investigated groups (site) and their interaction (site*group) was performed using ANOVA for repeated
measurements with Bonferroni post-hoc test (bold font indicate significant difference). Repeated measures ANOVA with
Bonferroni correction was performed to estimate the differences in microstructural parameters between donors with two
ALD stages - alcoholic liver cirrhosis and fatty liver disease and control group (* p<0.05, *** p<0.01 vs. control; # p<0.05,
### p<0.01 vs. FLD group).
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At the same time, our data suggested even more severe deterioration in femoral micro-
architecture in the inter-trochanteric region of ALC donors (Figure 15). Additionally, bone
deterioration illustrated in cortical thickness, pore separation changes in the lateral part of
femoral neck, combined with changes in trabecular thickness and pore separation in the
medial part of femoral neck, was observed in ALC donors when compared to FLD group
(group p<0.05, repeated measures ANOVA with Bonferroni correction, Table 21). Other
femoral microstructural parameters were not significantly altered between ALC and FLD

donors (group p>0.05, repeated measures ANOVA with Bonferroni correction, Table 21).

ALC group FLD group Control group

Figure 15. The comparison of a representative transversal cross-section of femoral bone samples
obtained from donors with various ALD stages.

Note more pronounced cortical and trabecular micro-architectural deterioration in the investigated regions of the proximal
femora collected from ALC individuals, with particular accent on inter-trochanteric region.
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4.7.  The changes in mechanical properties of femoral bone samples obtained from

donors with alcoholic liver disease

During this study we analyzed cortical Vickers micro-hardness of the three femoral
regions sampled from the ALD men and healthy age-matched individuals. Additionally, to
assess the effect of ALD stage, we analyzed cortical Vickers micro-hardness of the three

femoral regions sampled from the individuals divided into ALC, FLD and control group.

As shown on Table 22-25, our data showed normal distribution, while Levene’s test

confirmed homogeneity of the variance of presented results (p>0.05) (Table 22-25).

Table 22. Vickers micro-hardness in three regions of proximal femora obtained from ALD
donors: Test for data distribution normality

Ct.VH of LN sample Ct.VH of MN sample Ct.VH of IT sample
(kgf/mm?) (kgf/mm?) (kgf/mm?)

Ccv 0.079 0.094 0.085

Skewness 0.485 -0.296 -0.294

Kurtosis 0.178 -0.432 1.030

KS test (p value) 0.908 0.945 0.666
Abbreviations: CtVH - Vickers hardness value of the cortical bone; LN - lateral part of the femoral neck;
MN - medial part of the femoral neck; IT - inter-trochanteric region; CV - coefficlent of variation;

KS test - Kolmogorov-Smirnov test;

Table 23. Vickers micro-hardness in three regions of proximal femora obtained from ALC
donors: Test for data distribution normality

Ct.VH of LN sample Ct.VH of MN sample Ct.VH of IT sample
(kgf/mm?) (kgf/mm?) (kgf/mm?)

Cv 0.059 0.088 0.108

Skewness 0.006 -0.373 -0.142

Kurtosis -2.256 -0.348 0.121

KS test (p value) 0.831 0.999 0.914
Abbreviations: CtVH - Vickers hardness value of the cortical bone; LN - lateral part of the femoral neck;
MN - medial part of the femoral neck; IT - inter-trochanteric region; CV - coefficient of variation;

KS test - Kolmogorov-Smirnov test;
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Table 24. Vickers micro-hardness in three regions of proximal femora obtained from FLD
donors: Test for data distribution normality

Ct.VH of LN sample Ct.VH of MN sample Ct.VH of IT sample
(kgf/mm?2) (kgf/mm?2) (kgf/mm?2)

Ccv 0.105 0.089 0.108

Skewness 0.740 -0.914 -0.142

Kurtosis 0.117 1.870 0.121

KS test (p value) 0.998 0.758 0.914
Abbreviations: Ct.VH - Vickers hardness value of the cortical bone; LN - Ilateral part of the femoral neck,
MN - medial part of the femoral IT - inter-trochanteric region; CV - coefficient of variation;

KS test - Kolmogorov

-Smirnov test;

Table 25. Vickers micro-hardness in three regions of proximal femora obtained from control
donors: Test for data distribution normality

Ct.VH of LN sample Ct.VH of MN sample Ct.VH of IT sample
(kgf/mm?2) (kgf/mm?2) (kgf/mm?2)
Cv 0.078 0.087 0.103
Skewness -0.444 -0.497 0.451
Kurtosis -0.341 2.086 -0.952
KS test (p value) 0.753 0.259 0.470

Abbreviations: Ct.VH - Vickers hardness value of the cortical bone;
MN - medial part of the femoral neck; IT - inter-trochanteric
KS test - Kolmogorov-Smirnov test;

LN - lateral part of the femoral neck,
region; CV - coefficient of variation;

As presented in Figure 16, significant ALD-induced reduction in cortical Vickers micro-
hardness values was noted in cortical shell of all three assessed femoral regions (p<0.001 vs.

control, Figure 16).

VH (kgf/mm?)
1 l:| Control group
80 'l' T .l.
i T *ksk T $okoK I — - ALD group
60-
40-
20
0 : : .
medial part of lateral part of inter-trochanteric
femoral neck femoral neck region

Figure 16. The ALD-induced changes in mechanical properties of femoral bone samples

Abbreviations: VH - Vickers hardness value of cortical bone; ALD - alcoholic liver disease;

Statistical analysis of the differences in Vickers hardness number between the investigated site, investigated groups and their
interaction (site*group) was performed using analysis of variance (ANOVA) for repeated measurements
(*** p<0.05 vs. control).
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However, we did not find any region-specific significant difference in Vickers micro-
hardness of investigated femoral samples either in ALD, or in control group (site p=0.476,
ANOVA for repeated measurements, Figure 16). Additionally, our data suggested significant
reduction in cortical Vickers micro-hardness in all three investigated regions of FLD and ALC
donors (p<0.05 vs. control, ANOVA for repeated measurements, Figure 14). Still, cortical
micro-hardness was not significantly different between donors with initial and end-stage of

ALD (p>0.05, ANOVA for repeated measurements, Figure 17).

I:] Control group

VH (kgf/mm?) - ALC group
80- 1 T T D FLD group
i 1 1 KKk *’T"* 1 *xk *oaok
60 1 T
401
20
0
medial part of lateral part of inter-trochanteric
femoral neck femoral neck region

Figure 17. The difference in mechanical properties of femoral bone samples between healthy men and
donors with various stages of ALD (ALC and FLD)

Abbreviations: VH - Vickers hardness value of cortical bone; ALC - alcoholic liver cirrhosis; FLD - fatty liver disease;
Statistical analysis of the differences in Vickers hardness number between the investigated site, investigated groups and their
interaction (site*group) was performed using analysis of variance (ANOVA) for repeated measurements
(*** p<0.05 vs. control).

4.8. The changes in the expression of osteocyte-specific molecules in persons with

alcoholic and non-alcoholic end-stage CLD

Following the micro-architectural assessment, in this study was analyzed the expression
of osteocyte-specific molecules (Cx43 and sclerostin) in the lumbar vertebrae collected from
55 cadaveric donors divided into the ALC group, non-ALC group and control group.
Additionally, the comparison of osteocytic network was done in lumbar vertebrae obtained
from individuals with alcoholic end-stage CLD, non-alcoholic (cardiac) end-stage CLD and

control group.

As presented in Table 26-28, our data complied with the normal distribution, while

Levene’s test confirmed homogeneity of the variance of presented data (p>0.05).
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Table 26. The expression of osteocyte-specific molecules in lumbar vertebrae samples
obtained from ALC donors: Test for data distribution normality

Positive cells per Negative cells Total 1 b
bone area (n/mm?) | per bone area (n/mm?2) 0 ‘; acunae num ezr
Cx43 Sclerostin | Cx43 Sclerostin [P€T Ponearea (n/mm)
CV 0.428 0.344 0.334 0.769 0.289
Skewness 1.104 0.858 0.892 1.521 1.104
Kurtosis 1.338 1.061 0.700 1.076 0.779
KS test (pvalue) 0.363 0.361 0.835 0.074 0.664

Abbreviations: Cx43 - Connexin 43; CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 27. The expression of osteocyte-specific molecules in lumbar vertebrae samples
obtained from non-ALC donors: Test for data distribution normality

Positive cells per Negative cells
Total lacunae number
bone area (n/mm?) | per bone area (n/mm?) er bone area (n/mm?)
Cx43 Sclerostin | Cx43 Sclerostin  |P
CvV 0.343 0.510 0.278 0.299 0.282
Skewness 0.506 2.091 -0.158 0.517 1.724
Kurtosis -0.834 4.119 0.230 0.970 4.388
KS test (pvalue) 0.579 0.159 0.839 0.990 0.843

Abbreviations: Cx43 - Connexin 43; CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 28. The expression of osteocyte-specific molecules in lumbar vertebrae samples

obtained from healthy donors: Test for data distribution normality

Positive cells per Negative cells
Total lacunae number
bone area (n/mm?) | per bone area (n/mm?2) e —
Cx43 Sclerostin Cx43 Sclerostin p
Ccv 0.378 0.373 0.409 0.586 0.462
Skewness -0.129 0.587 0.537 0.897 1.347
Kurtosis -1.191 -0.275 -0.619 -0.421 1.797
KS test (p value) 0.893 0.983 0.094 0.172 0.855

Abbreviations: Cx43 - Connexin 43; CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Significant reduction in osteocytic Cx43 expression, accompanied by the increased
osteocytic sclerostin expression was observed in the lumbar vertebrae collected from donors
with end-stage CLD of alcoholic and non-alcoholic origin (Figure 18 and Figure 19), when
compared to healthy control individuals (p<0.001, one-way ANOVA with Bonferroni post hoc

test, Table 29).
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Figure 18. Comparison of the representative vertebral immunohistochemistry findings in ALC and
control group.

Detail is showing the typical sclerostin positive (brown colored) and negative (blue colored) osteocytes in bone samples
collected from ALC donor (a) and healthy control donor (b).

On the other side, total number of osteocytes per bone area was lower in non-ALC
donors in comparison with ALC individuals. The difference in number of empty lacunas and
the total number of osteocyte lacunas per vertebral bone area did not reach statistical
significance between individuals of ALC, non-ALC and control group (p>0.05, one-way ANOVA

with Bonferroni post hoc test,Table 29).
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Figure 19. Comparison of the representative immunohistochemistry findings in donor with non-alcoholic
CLD and control group.

Detail is showing the typical Cx43 positive (brown colored) and negative (blue colored) osteocytes in the trabecular
compartment of the lumbar vertebrae obtained from healthy(a) and donor with non-ALC (b).

Still, the expression of Cx43 and sclerostin in osteocytic network of lumbar vertebrae
was not significantly different between individuals with alcoholic and non-alcoholic (cardiac)
end-stage CLD (p>0.05; one way ANOVA, Table 29), implying that alcoholic origin of the

disease was not a crucial factor for bone deterioration noted in the same individuals.
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Table 29. Comparison of the immunohistochemistry findings in lumbar vertebrae collected from ALC,
non-ALC and control group.

Control group Non-ALC group ALC group

(Mean = SD) (Mean £ SD) (Mean £ SD) Pvalue
Cx43 positive

N.Ot/B.Ar 49+19 13+4 * 17+7 * p<0.001

(n/ mm?2)

Cx43 negative

N.Ot/B.Ar 76+31 87+40 119+40* #  p<0.001

(n/ mm?)

Sclerostin positive

N.Ot/B.Ar 24+9 60+31 * 56+19 * p<0.001

(n/ mm?)

Sclerostin negative

N.Ot/B.Ar 86+51 131+39 * 63+48 # p<0.001

(n/ mm?)
Tot.N.Ot/B.Ar 118+32 98+22 127+39#  p=0.040

(n/ mm?)
N.Em.Lc/B.Ar 34+16 35420 3149 p>0.05

(n/ mm?)
Tot.N.Lc/B.Ar 152+44 133+37 159+46 p>0.05

(n/ mm?)

Abbreviations: Cx43 - Connexin 43; N.Ot/BAr - the number of osteocytes per bone area;

Tot.N.Ot/B.Ar - the total number of osteocytes per bone area; N.Em.Lc/B.Ar - the number of empthy lacunae per bone area;
Tot.N.Lc/B.Ar - total number of osteocyte lacunas per bone area;

Statistical significance was estimated using one-way ANOVA with Bonferroni post hoc test (* p<0.05 vs. control;
# p<0.05 vs. non-ALC).

4.9.  The assessment of osteocyte lacunar network in femoral bone sampled from
individuals with end-stage alcoholic liver disease

In this study, the assessment of osteocytic network was performed on the 17 femoral
bone samples collected postmortem from men with ALC and 14 femoral bone samples

collected postmortem from healthy control individuals.

As presented in Table 30 and Table 31, data complied with the normal distribution,

while Levene’s test confirmed homogeneity of the variance of presented data (p>0.05).
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Table 30. The expression of osteocyte-specific molecules in femoral samples obtained from
ALC donors: Test for data distribution normality

Positive cells per Negative cells Total | b
bone area (n/mm?) | per bone area (n/mm?2) 0 ‘; acunae num ezr
Cx43  Sclerostin Cx43 Sclerostin |P€T Ponearea (n/mm)
CV 0.399 0.369 0.511 0.392 0.374
Skewness 0.586 1.164 1.908 0.954 2.682
Kurtosis -0.408 1.829 4.241 -0.579 8.617
KS test (pvalue)  0.857 0.882 0.360 0.094 0.495

Abbreviations: Cx43 - Connexin 43; CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

Table 31. The expression of osteocyte-specific molecules in femoral samples obtained from
control donors: Test for data distribution normality

Positive cells per Negative cells
Total lacunae number
bone area (n/mm?2) | per bone area (n/mm?) er bone area (n/mm?)
Cx43  Sclerostin Cx43 Sclerostin |P
Cv 0.425 0.379 0.506 0.342 0.212
Skewness 0.547 0.315 1.270 0.724 0.517
Kurtosis -0.718 -0.729 2.052 -0.431 0.236
KS test (pvalue)  0.975 0.824 0.704 0.419 0.400

Abbreviations: Cx43 - Connexin 43; CV - coefficient of variation; KS test - Kolmogorov-Smirnov test;

In femoral bone samples, we noted significant reduction in osteocytic Cx43 expression,
in proximal femora collected from adult men with end-stage CLD of alcoholic origin, when
compared to healthy age-matched control individuals (p<0.05, Student’s t test; Figure 20).
Moreover, we noted significantly higher osteocytic expression of sclerostin in femoral bone

samples of ALC donors (p<0.05, Student’s t test; Figure 20).
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Figure 20. The comparison of the expression of osteocyte-specific molecules in femoral samples collected
from healthy individuals and individuals with ALC

Detail is showing the typical Cx43 positive (brown colored, a), sclerostin positive (brown colored, b) and negative
(blue colored) osteocytes in femoral bone samples collected from ALC donor. Our data suggested that decreased number of
Cx43 positive osteocytes, coupled with increased number of sclerostin positive osteocytes, was present in femoral samples
collected from individuals with end-stage alcoholic liver disorder, in comparison with healthy control individuals (c).
Abbreviations: N.Ot/B.AAr - the number of osteocytes per bone area; Cx43 - Connexin 43;
Statistical significance of the difference in immunohistochemistry findings between ALC and control group was estimated
using Student’s ¢t test (*** p<0.05 vs. control).

Considering the morphology of osteocyte lacunar network in individuals with CLD of
alcoholic origin, we noted some minor disruptions. Namely, the number of empty lacunas was
significantly increased in bone samples collected from inter-trochanteric femoral region of
adult male cadaveric individuals with end-stage ALD (p=0,021, Student’s t test). Still, the
difference in total number of osteocytes per bone area and the total number of osteocyte
lacunas per bone area did not reach statistical significance between ALC and control

individuals (p>0.05, Student’s ¢ test, Figure 21).
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Figure 21. The assessment of osteocytic network in femoral bone samples collected from individuals
with ALC in comparison to healthy controls

Abbreviations: Tot.N.Ot/B.Ar - the total number of osteocytes per bone area; N.Em.Lc/B.Ar - the number of empty lacunae
per bone area; Tot.N.Lc/B.Ar - total number of osteocyte lacunas per bone area.

Statistical significance of the difference in femoral osteocytic network between ALC and control group was estimated using
Student’s t test ( *** indicated significant difference; p<0.05 vs. control).
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5. DISCUSSION

This study has undertaken a various characterization of the lumbar vertebrae and
femoral bone tissue changes in men with various stages of alcoholic and non-alcoholic
(cardiac) chronic liver disorders. These assessments were conducted to contribute to a better
understanding of increased bone fragility and low-trauma fracture susceptibility associated
with CLD of alcoholic and non-alcoholic origin. Our approach comprised clinical assessment of
fracture risk (using DXA and HSA measurement), analyses of the cortical and trabecular bone
micro-architecture of lumbar vertebrae and proximal femora (using micro-CT), assessment of
femoral bone mechanical competence (using Vickers micro-hardness indentation), as well as
immunohistochemical assessment of the two osteocyte-specific molecules (Cx43 and
sclerostin) in lumbar vertebrae and femoral samples obtained from individuals with alcoholic
and non-alcoholic CLD and healthy controls. Altogether, this evaluation revealed evidence of
the disruption of morphological, mechano-structural, and cellular indices for CLD-induced
bone impairment that could be associated with increase in vertebral and femoral bone
fragility.

Over the last decades, based on the numerous study results, a respectable amount of
knowledge about the bone strength determinants and factors that could induce increased
bone fragility in aged individuals and in individuals with different chronic diseases has been
accumulated (Djuric et al. 2010; Djonic et al. 2011; Jadzic, Mijucic, et al. 2021). Leading
research experts agree that this data set the path for future studies that will be used to
develop various prevention programs and facilitate identifying high-fracture risk individuals
in the future. According to its composition and structural design, bone is a unique
biomechanical model that can simultaneously achieve adequate strength, hardness, and
flexibility and provide ease of body movement against the force of gravity (Ammann & Rizzoli
2003; Milovanovic et al. 2015; Lin et al. 2020). From a biomechanical perspective, bones show
exceptional strength when exposed to compressive and tension forces (Havaldar et al. 2014).
Bone tissue is displaying its regenerative nature; that is, bone tissue has the ability to replace
old with new bone in reaction to some form of stress (Lin et al. 2020). It is important to note

that many factors affect the bone strength. However, the occurrence of a fragility fractures
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primarily requires the action of several bone-strength determinants and their mutual
interaction (Djoni¢ et al. 2013; Ammann & Rizzoli 2003). Besides mechanical force
characteristics, these intrinsic bone-strength determinants could be divided into micro-
architectural changes and compositional (material) changes in bone tissue.

The WHO recommended that the DXA assessed BMD should be the "golden standard"” for
fracture risk assessment, as well as for the diagnosis of osteopenia and osteoporosis (as
reduced bone mass conditions) (Jeon et al. 2016). However, numerous publications show that
low trauma fractures could not be fully explained by BMD decrease (Ott 2016), suggesting
that other factors could play a significant role in compromised bone strength (Djoni¢ et al.
2013; Seeman 2003; Stone et al. 2003). Therefore, the pioneer studies analyzed influence of
geometric bone characteristics on bone strength (Calis et al. 2004; Djonic et al. 2011; LaCroix
et al. 2010). Based on that, Beck and his team invented a special software that provides data
about bone resistance to compressive and bending mechanical forces (for example, the
moment of inertia, section modulus, and buckling ratio) (Beck 2007). On the other hand, the
disturbance of microstructure of the trabecular and cortical bone and accumulation of local
non-traumatic microdamage (microfractures) are known as essential factors that contribute
to increased risk for low-trauma fracture (Djuric et al. 2010; Jadzic, Mijucic, et al. 2021;
Milovanovic et al. 2017).

As a tissue, bone is composed of an extracellular matrix and various bone cells
(osteoblasts - bone-forming cells, osteoclasts - bone-resorbing cells, and the most numerous
bone cells - osteocytes). Osteocytes are the most abundant bone cells that reside and
interconnect within the osteocyte lacunar network formed of micron-sized pores (known as
lacunae) and nanometer-sized channels (known as canaliculi)(Rolvien, vom Scheidt, et al.
2018). Signal transduction, molecular transport, and nutrient supply through the osteocyte
lacunar network are recognized as essential for bone homeostasis (Milovanovic & Busse
2019); hence, disruption of the osteocyte lacunar network morphology and osteocyte
functionality is considered as a contributing factor for compromised bone quality and
substantial bone strength decline associated with aging and disease (Mullender et al. 1996).

Bone extracellular matrix could be considered complex material consisting of organic and
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inorganic (mineralized) matter. The organic part of the bone extracellular matrix mainly
consists of collagen (type I collagen predominantly), but also it contains non-collagenous
proteins (such as osteopontin, phosphophoryn, and sialoprotein) (Viguet-Carrin et al. 2006;
Daneault et al. 2017; Kalmey & Lovejoy 2002). An inorganic part of the bone primarily
consists of carbonated hydroxyapatite crystals containing calcium and phosphorous. Due to
its complexity, the physicochemical characteristics of bone tissue are drawing researchers'
attention over the years. Namely, numerous research teams noted that various mineralization
levels, the altered calcium and phosphorous content (and ratio), the change in mineral grain
size, and collagen fibrils could contribute to age related compromised bone strength and
reduced ability to resist to occurrence of low-trauma fracture (Zimmermann et al. 2021;
Milovanovic et al. 2011; Milovanovic & Busse 2019).

To perform clinical assessment of fracture risk during the present study, we conducted
and compared the ex vivo DXA and HSA findings of partially excised proximal femora collected
from men with various ALD stages and healthy age- and sex-matched controls. Initially, we
noted significantly reduced total BMD and deterioration trend in total BMC of proximal
femora collected from ALD group, which faded away after BMI adjustment, suggesting that
BMI influenced our data. The same significant covariant effect was noted in a previous study
dealing with patients diagnosed with end-stage CLD of alcoholic origin (Culafi¢ et al. 2014).
However, our data suggest an actual ALD-induced BMD loss in the femoral neck region,
regardless of the BMI adjustment. These data are in line with the results of previous clinical
studies conducted on patients prone to drinking (Ulhgi et al. 2017; Lépez-Larramona et al.
2013) and in patients with end-stage CLD of alcoholic (Culafi¢ et al. 2014; Mahmoudi et al.
2011) and non-alcoholic origin (Mounach et al. 2008; Gonzalez-Calvin et al. 2009; Gallego-
Rojo et al. 1998).

Femoral neck HSA parameters (CSA, CTh and BR) were initially altered in ALD men,
which is in accordance with previous observations on patients with alcohol-induced liver
cirrhosis (Culafi¢ et al. 2014). Still, after the BMI-adjustment, only narrow neck CSA in narrow
neck remained significantly reduce in ALD individuals. Considering the CSA depend on

periosteal diameter and BMD, and our data on BMD reduction, this finding is expected, and
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suggest that femoral bone ability to resist axial loading could be compromised in our ALD
donors. However, it could be hypothesized that external geometric parameters were not
severely affected in our ALD men. Interestingly, in our study, the ALD-induced decline in CSA
originated only from ALC men in whom narrow neck CSA was significantly lower than in
healthy sex- and age-matched controls. On the other side, considering potential site-specific
bone changes, our data did not depicture any significant difference in DXA and HSA
parameters of the inter-trochanteric region when compared to the femoral neck region of our
control and ALD group, which is following previous observations in non-alcoholic CLD
patients (Ormarsdéttir et al. 2002). We failed to prove any significant difference in
densitometry and geometry parameters either between FLD individuals and healthy controls
or between FLD and ALC individuals. Even though the deterioration trend could not be
denied, the recent meta-analysis suggests that osteodensitometry findings were not different
in patients with and without alcohol-induced liver cirrhosis (Bang et al. 2015; Malik et al.
2009). However, the same authors noted increased fracture risk among ALD individuals (Bang
et al. 2015), which could be associated with frequent falls in individuals prone to alcohol
abuse (Cawthon et al. 2006).

Our osteodensitometry analysis may be limited by the cross-section nature of this
autopsy study, meaning that we compared two or more groups at a particular moment in
time, so we could not follow the bone impairment progression in individuals included in the
study. Limited study sample is due to chosen autopsy design and analyzing the material of
cadaveric origin. Prospective and multidisciplinary clinical studies are needed to reveal the
true significance of the difference in DXA and HSA findings between individuals with various
stages of alcohol-induced CLD and healthy age- and sex-matched controls. In addition, ex vivo
DXA assessment was conducted on partially excised proximal femora submerged into a water
bath. Still, it may be possible that in situ evaluation could slightly increase the value of
osteodensitometry findings in this study.

Considering that clinical assessment of fracture risk is not always showing disturbed
BMD findings in CLD individuals, we analyzed the micro-architectural characteristics of

lumbar vertebral body and proximal femora. Our micro-CT assessment revealed that integrity
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of trabecular micro-architecture was deteriorated in lumbar vertebrae and proximal femora
of investigated CLD individuals. In lumbar vertebrae, these changes were primarily reflected
in decreased trabecular bone volume, thinner trabeculae, and lower trabecular number in
alcoholic and non-alcoholic (cardiac) end-stage CLD men. These data were in accordance with
the results suggested by previous histomorphometry studies conducted on iliac bone biopsies
collected from patients with various forms of CLD (Crilly et al. 1988; Guichelaar et al. 2002;
Jorge-Hernandez et al. 1988). In addition, some novel studies, conducted in the controlled
hospital settings, confirmed these results by applying different and more newel methodology
(pQCT) in order to in vivo access CLD-induced micro-architectural changes in tibia and radius
(Wakolbinger et al. 2019; Schmidt et al. 2018; Jandl et al. 2020). These data are nicely
following our observation of significantly impaired integrity of trabecular micro-architecture
(lower trabecular bone fraction, coupled with reduced trabecular number and increased
trabecular separation) in proximal femora obtained from ALD individuals. These findings
were in line with previous histomorphometry reports about compromised integrity of iliac
crest micro-architecture in patients prone to alcohol abuse (Ulhgi et al. 2017), in patients with
alcohol-induced pancreatitis (Schnitzler et al. 2010), and in patients with alcohol-induced
end-stage CLD (Crilly et al. 1988). Based on the deteriorated trabecular micro-architecture, it
is reasonable to assume that CLD men included in our study may have reduced bone strength
and a greater chance to sustain a femoral and vertebral fragility fracture, which is in line with
findings of various clinical studies (Alcalde Vargas et al. 2012; Crawford et al. 2003; Wibaux et
al. 2011; Bang et al. 2015).

Micro-CT assessment performed in our study did not reveal any significant difference in
vertebral cortical microstructure between healthy controls and individuals with alcoholic and
non-alcoholic (cardiac) end-stage CLD. On other hand, we noticed a significantly thinner and
more porous cortical shell of proximal femora collected from ALD men when compared to
healthy controls. Previous studies conducted on distal tibia and radius also revealed
deteriorated cortical bone microstructure among patients with various forms of CLD (Schmidt
et al. 2018; Wakolbinger et al. 2019). Our conflicting results between CLD-induced cortical

bone deterioration in lumbar vertebrae and proximal femora could stem from different
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skeletal sites analyzed. Namely, previous results emphasized predominance of trabecular
bone loss in the lumbar vertebral fracture development in aged men (Osterhoff et al. 2016),
while cortical deterioration has a more significant biomechanical impact on the fracture
occurrence in typical long bones (such as a femur, radius, and tibia) (Chen et al. 2013;
Milovanovic et al. 2017; Milovanovic et al. 2014). These findings on vertebras could be also
caused by prominent variability of cortical microstructure noted among individuals included
in our study. Lastly, the concept of “different bone changes in a different time” has been
previously recognized, indicating that in the pathogenesis of osteoporosis, trabecular bone
loss initially occurs, and cortical bone impairment becomes more prominent with the
evolution of the disease (Chen et al. 2013). Thus, we may speculate that with the progression
of liver disorder, observed cortical micro-architectural alterations in lumbar vertebrae would
become more pronounced and may influence vertebral strength in our CLD individuals.

Our data did not reveal any significant difference in vertebral microstructural
parameters between men with alcoholic and non-alcoholic (cardiac) end-stage CLD,
suggesting that alcoholic origin of the disease was not a crucial factor for bone alterations
noted in our study. Recent pQCT study also show absence of significant microstructural
differences between patients with end-stage CLD of various etiologies (Wakolbinger et al.
2019). In addition, previous histomorphometry analysis of individuals with chronic
alcoholism did not reveal significant vertebral bone deterioration (Crilly et al. 1988). Based on
these data, it may be assumed that adverse effects on bone status in our individuals with
alcohol-induced CLD are more related to liver disease per se than the isolated alcohol intake
negative effect. In contrast to our observations, previous histomorphometry studies noted
that alcohol intake suppressed osteoblast activity and new bone formation in individuals who
were prone to drinking (Ulhgi et al. 2017). Moreover, the findings of Crilly et al. suggested
reduced osteoid surface in iliac crest bone biopsy samples of patients prone to chronic
alcoholism (Crilly et al. 1988), so the harmful alcohol-induced effect on the bone tissue should
not be neglected.

Micro-architectural analysis of lumbar vertebrae and proximal femora conducted during

this thesis was limited by inherent restraints of the cross-sectional nature of this study, as it
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does not track bone impairment over time, yet compares different groups of individuals at a
specific point in time. The findings of our study could be limited by the lowest detectable
values used in our micro-CT scanning protocol, so we could not detect changes bellow the
resolution of 10 um. Still, the resolution of micro-CT assessment used during present study
was better (Wakolbinger et al. 2019; Jandl et al. 2020; Schmidt et al. 2018; Djuric et al. 2010)
or comparable (Cvetkovic et al. 2020; Jadzic, Mijucic, et al. 2021; Jadzic, Milovanovic, et al.
2021) to scanning conditions used in many previous human studies. Later, as our data about
the alcoholic origin of the disease were based on hetero-anamnestic data (units of alcoholic
drink per day and duration of the drinking habits), these data may be subject to recall bias.
The results of this cadaveric study may be subject to the covariant effect of unreported life
habits (the drug and tobacco use, the level of physical activity) and undiagnosed health
disturbances.

To test mechanical competence of the bone, we conducted Vickers micro-indentation
testing on the cortical compartment of proximal femora collected from individuals with
various ALD stages (FLD and ALC). Following our observation on altered cortical micro-
architecture, Vickers micro-hardness decline was present in the femoral cortical shell of ALD
individuals. Previous studies using a variety of bone samples suggested that decreased bone
micro-hardness could be associated with altered mineral content and therefore reduced
ability of bone tissue to resist plastic deformation under constant mechanical loading (Arnold
et al. 2017; Boivin et al. 2008; Zwierzak et al. 2009; Yin et al. 2019). With that in mind, we may
speculate that our data may suggest declined femoral ability to resist plastic deformation
under constant mechanical loading, coupled with a poor level of bone mineralization (Boivin
et al. 2008) in the cortical compartment of femoral samples collected from our ALD men.
Reduced vitamin D levels, gut microbiota disturbances, hypogonadism, and poor nutrition
associated with CLD and chronic alcoholism could induce micro-indentation findings in our
ALD group (Guafiabens & Parés 2011; Yadav & Carey 2013; Eshraghian 2017; Gonzalez-
Reimers et al. 2011). These assumptions are more likely to be true, if we take into
consideration that our study revealed significant micro-hardness reduction in a cortical

compartment of proximal femora collected both from men with FLD and ALC. On the other
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side, our data did not reach statistical significance in the difference between individuals with
initial and end-stage alcoholic liver disorder (ALC vs. FLD group) suggesting that mechanical
competence of the bone is affected even in initial stage of ALD. Our data also did not reveal
significant site-specific alterations in cortical Vickers micro-hardness of proximal femora in
ALD men. Nevertheless, previous studies suggested a significantly heterogeneous and site-
specific mineral composition of the bone matrix in proximal femora of aged individuals
(Loveridge et al. 2004; Spiesz et al. 2013; Rolvien, vom Scheidt, et al. 2018). These
contradictory data may originate from the fact that Vickers micro-hardness could only
partially display heterogeneity of the complex material such as bone tissue (Boivin et al. 2008;
Ibrahim et al. 2020; Dall’Ara et al. 2012; Dall’Ara et al. 2007). Namely, previous studies
revealed that bone’s ability to resist plastic deformation is, at least partially, associated with
the bone mineral content (Spiesz et al. 2013; Dall’Ara et al. 2007), calcium and phosphorous
ratio in the bone minerals (Rolvien, Schmidt, et al. 2018) and the morphology of the inorganic
component of the bone extracellular matrix (Milovanovic et al. 2011). Still, the lack of
investigation in CLD individuals, is implying that future studies are required to give a precise
estimate of bone mineral content, collagen fibers and other compositional bone disturbances
in CLD individuals.

The association between vertebral micro-architectural properties and Knodell’s
pathohistological scores of liver damage present in individuals with alcoholic and non-
alcoholic (cardiac) end-stage CLD was assessed during this doctoral dissertation. Further, we
compared findings of altered femoral micro-architecture between individuals with initial
(FLD group) and end-stage ALD (ALC group). In our study, deterioration in trabecular micro-
architectural integrity was inversely associated with pathohistological scores reflecting the
stage of liver damage in individuals with alcoholic and non-alcoholic (cardiac) end-stage CLD.
These data suggest that the severity of liver tissue disturbances could be a predictor in CLD-
induced bone loss noted in our study. Similar to our data, other studies observed a correlation
between bone impairment and clinical staging in patients with various CLD of alcoholic
(Culafi¢ et al. 2014) and non-alcoholic origin (Schmidt et al. 2018). Thus, adequate and timely

treatment of the liver disease may decelerate the progression of bone impairment in end-
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stage CLD patients. However, some other research teams did not find any correlation between
bone changes in end-stage CLD patients and their clinical scores of liver disorders (Campbell
et al. 2005; Wakolbinger et al. 2019). The main reason for these opposite observations could
originate from the applied methodology since subtle and low-scale changes in trabecular
micro-architecture can be easily determined by high-resolution micro-CT assessment but not
by standard clinical tools (such as pQCT) (Djoni¢ et al. 2013; Cohen et al. 2010). In addition,
we should bear in mind that the assessment of the association between clinical scores and
bone impairment was not possible to perform in this autopsy study. More so, if we take into
consideration that cortical micro-architectural parameters of lumbar vertebrae were not
associated with the pathohistological scores developed by Knodell due to significant inter-
individual variation in the cortical shell of lumbar vertebrae collected from our individuals.
Thus, the clinical utility of our findings requires further confirmation in large, prospective
studies performed in controlled clinical settings.

At the same time, a significant decrease in the micro-architectural features of proximal
femora was present in the individuals with initial ALD stage when compared to the control
group, despite a non-significant decline in DXA findings. Namely, increased cortical porosity,
larger pore diameter, and reduced Vickers micro-hardness were noted in the inter-
trochanteric region of individuals with alcohol-induced FLD, suggested reduced femoral bone
strength among these individuals. These data are following the results of Wang et al.
suggesting increased bone fragility in non-alcoholic fatty liver disease patients (Wang et al.
2018), and results of Chen et al. suggesting an increased risk of osteoporosis among
individuals suffering from non-alcoholic fatty liver disease (Chen et al. 2018). Our data
suggested more pronounced bone deterioration in femoral bone collected from individuals
with end-stage ALD (ALC). Namely, decreased BMD in the femoral neck and reduced CSA and
CTh of the inter-trochanteric region, accompanied by decreased micro-hardness and altered
cortical and trabecular microstructure in all three investigated femoral regions, suggested
that advanced stage of ALD could be a significant predictor of bone impairment among these
individuals. These data are in line with the results of previous studies suggesting more severe

bone loss in individuals with end-stage CLD (liver cirrhosis) when compared to individuals
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without end-stage CLD (Montomoli et al. 2018; Diez-Ruiz et al. 2010; Schmidt et al. 2018;
Culafi¢ et al. 2014; Jadzic, Milovanovic, et al. 2021).

Nowadays, two morphological types of femoral fracture have been differentiated:
intracapsular (inside of hip joint capsule) and extracapsular femoral fracture (outside of the
hip joint capsule) (Tanner et al. 2010). In the elderly, intracapsular fractures are usually
fractures of the femoral neck, while extracapsular fractures include fractures located in the
inter-trochanteric region of the proximal femora (Tanner et al. 2010). Recent studies have
shown that inter-trochanteric fractures are more likely associated with osteoporosis
(Michaélsson et al. 1999; Crilly et al. 2016). At the same time, alcohol abuse and CLD
occurrence were associated with an increased incidence of unstable inter-trochanteric
fractures (Cauley et al. 2009; Montomoli et al. 2018). On the other side, intracapsular fracture
incidence is notably increased in men of advanced age (Crilly et al. 2016; Jo et al. 2016). The
previous result suggests that inter-site difference in femoral bone microstructure may play a
significant role in the occurrence of intracapsular femoral fractures among individuals of
advanced age (Djuric et al. 2010; Lundeen et al. 2000; Chen et al. 2013; Stone et al. 2003;
Eckstein et al. 2007). With that in mind, we investigated the potential regional microstructural
specificities in proximal femora collected from adult cadaveric ALD men. Our data indicate
that micro-architectural features of the cortical shell were the most superior in the medial
part of the femoral neck when compared to other investigated regions (lateral part of the
femoral neck and inter-trochanteric region) in control and ALD group. Still, more severely
affected trabecular and cortical micro-architecture in the inter-trochanteric region when
compared to femoral neck regions was noted in the ALD group compared to control group. In
short, we observed more porous and thinner cortex, along with reduced trabecular thickness
and number in the inter-trochanteric region of ALD men, which indicated that impaired
mechanical integrity and lower ability to resist mechanical loading could be present in the
inter-trochanteric region of our ALD individuals (Djonic et al. 2011; Silva 2007; Djoni¢ et al.
2013; Jadzic, Milovanovic, et al. 2021). In contrast to the evident micro-architectural
deterioration in inter-trochanteric region of our ALD group, DXA and HSA measurement did

not reveal such site-specific difference. We may speculate that these inconsistent findings
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originate from the limitations of osteodensitometry measurements (limited resolution,
assumed homogeneity of bone mineral content and axial symmetry of the bone cross-
sections) (Beck 2007; Beck et al. 1990). Although most femoral fractures are related to
reduced BMD and micro-architectural changes, it should be emphasized that some external
factors could contribute to the occurrence of femoral fracture (Sundh et al. 2015;
Zimmermann et al. 2021). For example, an increased number of side falls in patients prone to
heavy alcohol consumption, combined with magnitude and direction of force (compressive or
tension force) during the fall (Sundh et al. 2015; Crilly et al. 2016), could play a significant role
in the increased risk of inter-trochanteric fractures among individuals with the alcohol-
induced liver disease (Kaukonen et al. 2006; Michaélsson et al. 1999). Taken together, all
these findings suggest that ALD men may have a greater chance to sustain an inter-
trochanteric femoral fracture, which is in line with data from previous clinical and
epidemiological studies (Kaukonen et al. 2006; Michaélsson et al. 1999; Cauley et al. 2009).
The etiopathogenetic mechanisms of bone impairment in CLD individuals are
multifactorial and still insufficiently clarified. Most often, the pathogenesis of bone
impairment is described as a disorder of the bone remodeling process, in which disbalance
between bone resorption and bone formation is leading to CLD-induced bone microstructure
disruption (Jadzic, Cvetkovic, Tomanovic, et al. 2020; Jadzic, Cvetkovic, Milovanovic, et al.
2020; Wakolbinger et al. 2019) and subsequent CLD-induced decrease in bone mass (Lopez-
Larramona et al. 2013; Culafi¢ et al. 2014). It has been known that disturbed RNKL/OPG ratio
and hyperproduction of pro-inflammatory cytokines stimulate bone resorption in patients
with end-stage CLD (Ehnert et al. 2019; Luo et al. 2017; Guafiabens & Parés 2018). In addition,
altered activity of a variety of matrix metalloproteinases and cathepsin K could stimulate
osteoclasts and bone resorption in patients with CLD (Ehnert et al. 2019; Khalifa et al. 2019;
Liang et al. 2016; Hardy & Fernandez-Patron 2020). Osteoblast dysfunction could result from
altered IGF-1 or OnfFN production in the liver, or it could be associated with biliary stasis
present in the CLD patients (Mitchell et al. 2011; Santori et al. 2008; Sens et al. 2017).
Previous results suggested that increased serum concentrations of sclerostin, an osteocyte-

derived regulator of bone formation, could be an essential part of mechanisms leading to CLD-
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induced bone impairment (Gonzalez-Reimers et al. 2013; Wakolbinger et al. 2020; Yousry et
al. 2016; Ehnert et al. 2019; Rhee et al. 2014). Firstly, in a pilot study including a small number
of individuals prone to heavy alcohol intake, increased sclerostin serum concentration was
noted (Gonzalez-Reimers et al. 2013). Then, data about the effect of liver dysfunction on
circulating levels of sclerostin were published (Rhee et al. 2014). Finally, recent studies
confirmed that increased sclerostin serum concentrations were associated with bone loss in
individuals suffering from alcoholic and non-alcoholic forms of CLD (Wakolbinger et al. 2020;
Guanabens et al. 2016). At the same time, increased local sclerostin expression was found in
the liver tissue biopsy samples taken from patients with primary biliary cirrhosis (Guafiabens
et al. 2016). Having all that in mind, during our study, the sclerostin expression was analyzed
in lumbar vertebrae and proximal femora collected from CLD men. Aligned with previously
mentioned results, our finding of increased sclerostin osteocytic expression was confirmed in
lumbar vertebrae of men suffering from end-stage alcoholic and nonalcoholic CLD (Figure 20).
Thus, we may speculate that our finding of increased sclerostin expression in osteocytes
suggests that decreased bone formation could lead to significant bone loss and
microstructural disruption noted in the same cadaveric men (Figure 21). More so, if we know
that altered sclerostin serum concentrations were previously associated with bone
composition changes in human bone samples (Hassler et al. 2014) which could be aligned
with our observation of significantly reduced Vickers micro-hardness in individuals with
various ALD stages. However, our data did not suggest any significant difference in sclerostin
expression between individuals suffering from two etiologically different forms of end-stage
CLD (alcoholic liver cirrhosis and cardiac liver fibrosis), suggesting that detrimental effect on
bone is more associated with the liver disorder than with the alcoholic origin of the disease.
These suggestions are aligned with our results on the non-significant difference in vertebral
microstructural impairment noted in the same individuals of our ALC and non-ALC group
(Jadzic, Cvetkovic, Tomanovic, et al. 2020) (Figure 22). Thus, increased sclerostin expression
may elucidate a potential role of sclerostin in mediating low bone formation associated with
CLD. With that in mind, we may speculate that treatment targeting sclerostin may have

beneficial effects in attenuating bone changes among CLD patients. However, new prospective
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state-of-the-art studies should be conducted in controlled clinical settings to verify these
suggestions in years ahead.

Our data also suggested that a certain level of disruption in the osteocyte lacunar
network was present in lumbar vertebrae of individuals with end-stage CLD of alcoholic and
non-alcoholic origin and proximal femora of ALC individuals. Moreover, we should bear in
mind that decreased Cx43 expression in the osteocytic network was noted in lumbar
vertebrae and proximal femora samples taken from investigated individuals (Figure 21).
These data imply that intercellular communication between osteocytes is compromised in
men with end-stage CLD, which was previously suggested by the findings of various animal
studies (Davis et al. 2018; Cooreman et al. 2020; Balasubramaniyan et al. 2013). Namely,
Davis et al. suggested that increased expression of Cx43 preserves the osteocyte viability and
ameliorates age-related changes in the skeleton of a mouse (Davis et al. 2018). Moreover,
previous in vitro studies using human hepatocyte culture and animal studies using rodent
animal models revealed that liver cholestasis could be associated with altered expression of
Cx43 (Cooreman et al. 2020; Balasubramaniyan et al. 2013). In various animal heart failure
models, deteriorated expression of Cx43 was noted between cardiomyocytes (van Veen et al.
2002; Fernandez-Cobo et al. 1999; Michela et al. 2015). Previous human studies suggested
that impaired Cx43 expression and distribution in decompensated cardiac hypertrophy may
play a maladaptive role leading to heart failure (Kostin et al. 2004), which was aligned with
our finding in bone samples collected from individuals with cardiac end-stage CLD (Figure

23).
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Figure 22. Schematic representation of our main findings in lumbar vertebrae and hypothetical summary

Trabecular micro-architecture of lumbar vertebrae was significantly altered in individuals with alcoholic and
non-alcoholic (cardiac) end-stage liver disorder, indicating compromised bone strength in these individuals. Our
data revealed that pathohistological scoring and the severity of liver tissue disturbances were associated with vertebral
micro-architectural impairment of men with alcoholic and non-alcoholic (cardiac) end-stage CLD. However, this study
revealed that alcoholic origin of CLD was not a crucial factor for negative effect on lumbar vertebral micro-architecture. The
altered intercellular communication between osteocytes was suggested by reduced expression of gap junction forming
protein - connexin 43. Thus, signal transduction trough bone could be compromised in men with end-stage CLD of alcoholic
and non-alcoholic origin. Our finding of increased sclerostin expression, secreted by osteocytes, indicates that low bone
formation plays an important role in bone impairment associated with alcoholic and non-alcoholic (cardiac) CLD.

Considering our and previous data, it may be assumed that signal transduction in the
bone tissue triggered by various stimuli may be impaired in lumbar vertebrae of CLD

individuals (Plotkin 2011; Stains et al. 2019) (Figure 21). In addition, the mechanosensing
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potential and molecular transport could be affected in proximal femora of ALD individuals
(Figure 23). However, our data did not reveal significant difference in osteocytic Cx43
expression, as well as in sclerostin osteocytic expression, between two etiologically different
forms of end-stage CLD. This observation in men with alcoholic liver cirrhosis and cardiac
liver fibrosis, suggesting that altered Cx43 and sclerostin expression were more associated

with the CLD-induced negative effect on bone than with the alcohol-induced negative effects

on bone.
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Figure 23. Schematic representation of our main findings in proximal femora and hypothetical summary

Our findings suggested that changes in femoral DXA and HAS findings, trabecular and cortical microstructure and Vickers
micro-hardness could illuminate the morpho-structural basis for increased femoral fracture risk in patients with alcohol-
induced liver disorder. The most prominent micro-architectural differences between ALD and healthy men were noted in
inter-trochanteric part of the proximal femora, which may result in increased susceptibility to inter-trochanteric femoral
fracture among patients with alcoholic CLD. The more severely affected femoral mechano-structural deterioration was noted
in individuals with end stage CLD of alcoholic origin (alcoholic liver cirrhosis). These femoral bone changes could be caused
by altered Cx43 and sclerostin expression, coupled with osteocytic network disruption in femoral bone sampled from adult
cadaveric men with alcoholic end-stage CLD.
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6. CONCLUSIONS

Based on the data presented in this thesis, we may conclude the following:
1.  This study indicated that trabecular micro-architecture of lumbar vertebrae was
significantly deteriorated in individuals with alcoholic and non-alcoholic (cardiac) CLD,
suggesting increased vertebral bone fragility in those individuals. On the other side,
microstructural parameters of cortical shell in lumbar vertebrae were not influenced by end-
stage CLD.
2. Our data revealed that pathohistological scoring and the severity of liver tissue
disturbances could be associated with vertebral micro-architectural impairment noted in men
with alcoholic and non-alcoholic (cardiac) end-stage CLD.
3.  This study revealed that alcoholic origin of CLD was not likely a crucial factor for
negative effect on lumbar vertebral micro-architecture.
4. Immunohistochemistry analysis conducted in this study revealed that decreased Cx43
expression in vertebral samples might indicate the deterioration of intercellular
communication in the osteocytic network of end-stage CLD individuals. Increased sclerostin
expression in bone samples of CLD individuals may elucidate a potential role of sclerostin in
mediating low bone formation associated with CLD, which results in bone loss observed in the
same individuals.
5.  Our findings on proximal femora, suggested that changes in bone densitometry,
geometry, microstructure and micro-hardness could illuminate the morpho-structural basis
for increased femoral fracture risk in patients with alcohol-induced liver disorder.
6. As our data revealed, micro-architectural properties of inter-trochanteric part of the
proximal femora was most severely affected in ALD men, that may result in increased
susceptibility to inter-trochanteric femoral fracture.
7.  Following our findings in lumbar vertebrae, the more severely affected femoral
mechano-structural deterioration was noted in individuals with end-stage CLD of alcoholic
origin suggesting that liver disease staging could be significant determinant of ALD-induced

bone strength reduction.
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8.  Our data demonstrate that observed femoral changes in ALC men could be caused by
altered Cx43 and sclerostin expression, coupled with osteocytic network disruption in these
individuals.

9. Findings of this study indicating that individual vertebral and femoral fracture risk
assessment is beneficial in all CLD patients, with a particular accent on patients suffering from

end-stage CLD, regardless of the origin of the disease.
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