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Brief Report

Investigating the effect of zinc
supplementation on preventing bone
resorption in a weightlessness animal

model: An experimental study

Reza Eslami 1, Amir Khoshvaghti 1, Kamyab Alizadeh @ 1

Abstract

Background and aims: Bone biomarkers, such as bone-specific alkaline
phosphatase (BAP) and osteocalcin (OC), are crucial for researching
and monitoring the effects of therapeutic interventions. This study
aimed to investigate the impact of oral zinc supplementation on BAP
and OC levels in a weightlessness simulation model in rats.

Methods: In this experimental study with a control group, 14 male Wistar
rats were subjected to simulated weightlessness through tail
suspension. The rats were divided into intervention (receiving oral
zinc sulfate) and control groups. Serum levels of BAP and OC were
measured at the beginning and end of a 30-day period.

Results: Life in a weightless environment resulted in a significant
increase in BAP and a significant decrease in OC in both groups
(p<0.05). Zinc supplementation significantly elevated BAP levels
(p<0.001) but did not prevent the decrease in OC levels.

Conclusion: The findings of this study indicate that weightlessness
significantly reduces bone formation (as measured by OC) regardless
of zinc supplementation. Thus, the administration of zinc may not be
sufficient to prevent bone resorption during long-term spaceflight.
Further research is required to identify optimal strategies for
maintaining bone health in weightless conditions.

Keywords: Microgravity  Simulation, Tail = Suspension,
Osteocalcin, Alkaline Phosphatase, Zinc Sulfate
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Introduction

Research indicates that weightlessness in space
can lead to bone and muscle atrophy, potentially
resulting in conditions like osteoporosis and other
musculoskeletal disorders [4]. A study involving
four cosmonauts who spent up to seven months
aboard the Russian space station demonstrated
that bone density loss in the legs, particularly in
cortical bone, occurred at a rate of approximately
0.3-0.4% per month, primarily affecting
trabecular bone mass [7]. Further research using
animal models of differing durations of simulated
spaceflight has revealed changes in both cortical
and trabecular bone, with a transient increase in
bone resorption and a sustained decrease in bone
formation. However, limited information exists
regarding interventions that can stabilize bone
metabolism and prevent bone loss during space
missions. Previous attempts to administer high
doses of calcium and vitamin D supplements
during spaceflight have not effectively prevented
osteoporosis, as these interventions failed to
inhibit bone resorption, despite maintaining serum
calcium levels [8].

Zinc is a vital element with several
physiological roles, particularly concerning bone
growth and metabolism. It stimulates osteoblast
cell differentiation, proliferation, and
mineralization, promoting bone production. Zinc
enhances the production of bone growth factors
and matrix proteins essential for bone formation.
The enzyme DNA polymerase, important for
DNA replication, is zinc-dependent, suggesting
that zinc may promote DNA synthesis in
osteoblasts of bone tissue [9].

Bone biomarkers play a crucial role in both
research and monitoring therapeutic interventions
with regards to bone health. These markers
represent  products—such as  bone-specific
alkaline phosphatase (BAP) and osteocalcin—
expressed by activated osteoblasts at various
stages of maturation. BAP serves as a key marker
of bone formation; it is a hydrolase enzyme

associated with cell membranes, responsible for
hydrolyzing phosphate groups from a variety of
molecules, including nucleotides, proteins, and
alkaloids. Osteocalcin is a non-collagenous
protein produced by osteoblasts, playing a critical
role in bone mineralization and the maintenance
of calcium homeostasis. Serum osteocalcin levels
reflect bone formation and the presence of
osteoblasts, acting as biomarkers for bone
formation. Importantly, osteocalcin is one of the
few proteins unique to the skeletal system [10].

Given the significant costs associated with
space travel, researchers have attempted to
artificially induce weightlessness on Earth.
Among these techniques, tail suspension of mice
is widely used as a laboratory simulation of space
travel. This method mimics the effects of
weightlessness on the bones and muscles of the
animal's hind legs, allowing for the replication of
blood flow patterns experienced by humans in
weightlessness [11]. Given that changes in bone
structure are a major concern during spaceflight,
this study aimed to investigate alterations in bone
biomarkers with and without zinc sulfate
supplementation in an experimental model
simulating spaceflight.

Methods

In this experimental study, 14 male mice
weighing an average of 250 g were randomly
divided into two groups: an intervention group
and a control group. Initially, all mice were
housed together for one week under controlled
conditions (temperature: 23 + 2 °C, humidity: 60
+ 10%, and a 12-hour light/dark cycle) while
being fed the same diet. Following this
acclimatization phase, each group was placed
separately in cages specifically designed to
simulate weightlessness [11]. For hindlimb
suspension, the mice were positioned at a 30-
degree angle to the cage floor to ensure that their
hind legs did not touch the grid floor of the cage.
Over 30 days, both groups received their usual
diet, while the intervention group additionally
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recived zinc sulfate (227 mg/L). Blood samples
were collected at the beginning and end of the
study to analyze changes in bone biomarkers.

Results

During the 30-day period, there was a
significant increase in BAP levels in both groups
(p<0.001). Notably, the increase in BAP observed
in the intervention group was significantly greater
than that in the control group (p<0.001). In terms
of osteocalcin levels, a significant decrease was
noted in both groups over the 30-day period
(p<0.05). However, there was no significant
difference in this variable between the two groups
after the study period.

Discussion and Conclusion

This study investigated the effects of oral zinc
supplementation and weightlessness on specific
bone formation markers (BAP and osteocalcin)
over a 30-day duration using a simulated model.
The results showed that weightlessness
significantly decreased osteocalcin levels in
suspended mice. Although 30 days of oral zinc
supplementation did not improve osteocalcin
levels, it significantly increased BAP levels
compared to the control group.

Based on the findings of this investigation,
while BAP levels may initially show an increase
(indicating some osteoblastic activity), osteocalcin
typically decreases due to an overall reduction in
bone formation. The efficacy of zinc
supplementation in enhancing alkaline
phosphatase activity has been previously
established. Seo et al. demonstrated that zinc can
amplify osteogenic effects by stimulating cell
proliferation, alkaline phosphatase activity, and
collagen synthesis in osteoblast cells [14]. Lowe
et al. highlighted zinc as a critical component in
alkaline phosphatase synthesis and emphasized its
importance for enzyme activity [15]. Additionally,
Park et al. found that zinc inhibits
osteoclastogenesis by interfering with the Ca2+-
Calcineurin-NFATc1 signaling pathway in bone
marrow-derived  monocytes,  suggesting its
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potential as a treatment for osteoporosis [16].
Numerous studies have indicated that dietary zinc
supplementation  effectively  prevents bone
resorption. Chou et al. observed that zinc
supplementation was beneficial in the prevention
and treatment of osteoporosis in mouse models
[17]. Sun et al. illustrated the effectiveness of
dietary zinc on bone growth, metabolism, and the
expression of IGF-1 and alkaline phosphatase
genes in growing male mice [18].

The results of this study indicated that
weightlessness significantly reduced osteocalcin
levels (a marker of bone formation) regardless of
zinc supplementation. While dietary zinc
significantly increased BAP levels, it did not
prevent the reduction in osteocalcin due to
weightlessness. These findings suggest that zinc
supplementation may not effectively counteract
bone loss during long-term  spaceflight,
highlighting the need for further research to
develop optimal strategies for maintaining bone
health in weightless environments.

Ethical Considerations

In the present study, approved by Aja
University of Medical Sciences (code: 92108), all
care and ethical principles were fully observed in
accordance with international guidelines for the
care and use of laboratory animals.

Funding

This study was conducted with the financial
support of Aja University of Medical Sciences.
Authors’ Contribution

Authors  contributed  equally to  the
conceptualization and writing of the article. All of
the authors approved the content of the
manuscript and agreed on all aspects of the work.
Conflict of Interest

Authors declared no conflict of interest.
Acknowledgments

The authors would like to thank the
cooperation of Iran University of Medical
Sciences and the School of Aerospace and
Subaquatic Medicine, Aja University of Medical
Sciences.



oligs i )lS

Tl s 43 oyl gt Jukxi 1 (5 35 k> (818 (595 JoSo il (w9
2% Ao &9 3 g Jwo S 40 (g

PO 08l e Ol O Bgdigs el O oMol Loy

[RVICY

Ol 93l o eolaial Ul wud GILSIT S50 G gA% wal ey sla,Salis JBTARI § diwo )
Ol oo gl als yu COASas & p51 o yUaS g liadalt o cage (AL (aeulS giidl g (BAP)
Jamo S 3 c(rimsats i) g BAP s (05158 (55 St 535 i 53 S L dadllans
b pladl ASdale 3T ol gaa 0 (259 o Sl

sl g ds Sl g 5 (3l a0 (B90 V¥ (J IS 09 8 L (3 2l dadllas S5 0 T oW (WY
S 639, Jase &bl ja) alilas 0 9 S da Lol 9o a8 S I S (35 9(s2 daal el Ha a9 5 Galas
S sLeasl g hatial ja aralS gl 9 BAP (oo i qelocs ik panalls 535S g (59, Sl gau
i gy 33059, Y0 0599

Sagine phals 9 BAP s tias (il bl s a3 g ol i o Sy HBABL
SMeite yabo ds (lid 0 i 4 (59,5 (09581 (P /0 0) el 0 98 99 pA Hu (eusdS gl
555 (5 S sl CacalS el pelacs (EalS 3 Lol (P<+/++1) als Ghl 31 1y BAP £ glacs

O el JUSBS Jfa sane (EALS Easls (3 9o 4S Wl L pdla daadliag gulis 1S 8 4Rl
231 955 Jaso (yal 33 925 Cunal (Sa0 13 3 guli o0 (59 JaSe j 9l pus 9 jguda ju ((paeulS giid)
(a2l (6 i GlEEAS walad (5 S gla Ciae (AY s LS (sl s o o gl Jalas )
ol 539590 (3590 ol i 59 O g3l oM Ll ) 3 diagy SLAG T Sl

36lamud PO ¢yl gl (3 31 Glai ¢ 5539 o= (S I At 1Sl DLl

S99y Olgw
(AR Jonbano ) F o ¥ Gl cp e 0ot o 9 Camy o) Ll 0oy 9 31l cublags 0131 / Lgnw ol o9 3y sole dolibund

)1 Gle >les Oloys 9 sl cudblangs o151 / Lpwpl sy o (sode dolikiad 4 51 pl ($9420 9 (53lo G3i> dod

s aesey ,
A S A VAT | PP
A VAVA SRR -1) JUPN
VEYANE iy
DR VARVARE Wt

g Ladlgn b 0uSCiily dol (S5 pole oKl .
Ql)il ‘Ol).p(\' quda.u/u)

odljude Syt oty

5 Ladlgn b oaSiisly dol S5 pole o8l : yw ]
Ol (Ol (e

+AA (Y1) YAR0FADS : 3l
Kamyab_alizadeh@yahoo.com : J..;|


https://www.orcid.org/0000-0001-5574-2667
https://www.orcid.org/0000-0003-4148-4841
https://www.orcid.org/0000-0003-0499-8632
https://www.orcid.org/0000-0001-5574-2667
https://www.orcid.org/0000-0003-4148-4841
https://www.orcid.org/0000-0003-0499-8632
https://www.orcid.org/0000-0001-5574-2667
https://www.orcid.org/0000-0003-4148-4841
https://www.orcid.org/0000-0003-0499-8632

(A Jouakano () F ¥ Olianoj op oz 0 losd el 9 Canms Jluw)

L5 Oloys 9 dlawl cudlags o)l / Lawepl (Sidg fy (sode dolilad

2 8D welng 9 paenlS sla JoSo Bl OB puan .l o ywd
) 055 xS ol plosaial (S il (2ldd slajiw Jobo
ez Sl s lae | gl Jolod (ol bl wilgs
[T 23,8 S ol pyw udlS s o381

il b ) cilisee (Sofslersd sl i () paie
ais ol D)1 plegil pudglio 9 05 054 (2lordon
S5 1) bewdbgiul 3 (il S g 55 Jolo joled
S A 59y (98] Pedee plgFinl Mg el 9 A5 o
Sl g o Glamsul 15 (lo)eSh Ay S o0 el
O (gillgil Cogli > oS 39 00 plgiel yuyile
S oyl i DNA 0 0 &S jleds DNA WJ)J] S5l
025 I L el (e g9y ol (59, 4 il 5]
cel glygtwl cdl gcwMigil )5 jledy DNA M)'ﬂ
[1] 555 DNA WJgs

9 L )3 (ot (i gzl () sl SOLLS
o=l oyl lgzeiwl o Gleyd M las il sl o)l
b owga S o ad e li ]y SV o b, S
lop il Ly ol ciliseo ol ) Jlb (slo gl
Lo Ygane i s, Sl g o ol Syl
o] 5l JUST ol LoDy Ly 5 0
S0 Slote 4 BAP cusl puadS sl 5 (BAP) sl
Ol S e s ploPeil S5 L L ye (slST S0LS
Joimme &8 Cal (Jolhoo sl b lasya) Y9500 w3l S
sle Gilisen (sLn Jy oo j) i sLiogy S cois
Sy pppndS gl sl oSS g o g Amd5gllS o3
35 Lncedlygitad g 45 ol (SN S
DS oo W) (Sglie (B 9 35 518 Glaseinl 55 9 398 oo
el 5y978 S Pl Lais g Gyl il S sl
5 QP JeSis 0a S St (S gl (0 p0 ol
Gk jl zobh—w ol ol LacoMgiinl joan

2. Bone-specific Alkaline Phosphatase

ay

-

dole

ol b bl ceodlo (glyy (goanie clylad Lad > yauw
(olaeS Gldads (5,20 yd 38,5 J, 8 Joli oy las
i ol g (Bg)e (B (Slag)lon (ol CYIS
L Ly adily g s olssS eyl ] '(HRP)
2Ll b ablio gl g 02,8 plolid 1) ol slacy sl
(OB el ealaiuwl 059 du ¢ Jlas Clalllas [Y] wLQj
Cdlws (gl Slylas 5 (Sjglon GapuslSe Sy
ol plosl hilaie cololadl uwb.aj Sy owomed 5 ob)gilas
Lad o (Siai— bl a8 amd o lis oliss V] cuwl
ap yomie 45 395 alds g sl (B9 4 e Wi e
Sl SYMST L g lgewl (S dile Jasly
Olee 0 asy ol ali s S 00508 [F] dg SMac
o, L cdel as cowl ol LLs o oly,elad
585 8 [0] cunl Lape dlojpe oy Sund (gl 330
b o el s Mg o0 (o 02y 3 Dde (SYsb
OYMS] Ecly g 5laig a3l ]y o35 Seun S Canid
$plad sk g5y 2 ladlas [F] 250 Hae S
aS ol Hlis BWlHAS dwsy (olad oS! o 1y sle V U &S
(68 ol 51 )i p) Lok 5 lysecal o155 ials
0355 )0 yidy idlS pl g 39 0lo 3 Mo yd /¥ B /Y dgus
V] 59 03l &y (Lomiawl) Yol Slgial

@ lizee sl oy i b Slaes sla Jio g9y Slalllas
obts (il g (5 pa8 bplgzal )3 1) Slyess (lad jhw
o Lo loswl Jlog o 8s0 ili 8l as gysb 4 b
30 6390 SLeMbl ol 339 4 ol Mgy > Sl ialS
2 b iy 5o ol o515 il § s Ssls

1. NASA's Human Research Program



Ol)lSen 3 gollusl

SIS I3 89 JoSo

A5 (slaer g9y g g (medS il
1wl e 9y s ldd bulyd Ol gludnd
Ay ot il S 0s S  gluas bS] .l 038
S9-dise (1jy oA Jood slaglgzail g9y p jlid ials
ALl 3l ol gl Sy Sl 3 oge ke &S
J=o25 S 9l (sl Slow pluil (30 VL Jols (i
IV ] 0gd 0 Glgpiw] (Ses ol el dois 45 g Canl 59
A5N geddo gyl 5l hao (gilwlis g 4l s gl
13 Flyg S 1 sl Sgplio (slo pui ol o i
o5 1) 5 ez g Sl b s il ol (Sl
as D9 04 u-’")"o d)}'o u,u.as o)“.\ﬂ s gy JBL\:- 4 pd
O3 4 il 4 40 51 s gl pts e e
Yo dagly o Laige oo bl andly Ly 138 4 O
Jol liabl L 29y 485 )13 (pudd S 4 ol @ >

SH1 Ol
ol 03wy GMB] d oS Wb o4 &S ol adlas pd
ol o Jol8 pgboany (BT ool g Lol ye S
SUlgs 5l oslawl g cdlye Mol oy (sl Josdlygiwd

A Coley (2B

ST o § 4 o5
‘_5_25 duw ul-*’ L51)_g )Lf,u Jl)_xil 9 US‘L‘ )'l
—9)»L~u u}o)i )‘ laodld OO JLQ)J WX L;‘)’. A5 ool
el 5 o3liiol L 35 U il ly iSio b ooliol (S
0599 3l w9 8 0 sl awslie (sl b Sb5,l oo
A ool 95 (5 oyges] 5 s (slbeg,S s alblse
5 odlitnl Jatwe (5 9050 5l o2 b laog,S awslie oly
o o3l ] Linosls |l g VA dius SPSS 5o

S ad )5 a5 0 /00 (gl bxe pdaw

g o (i padS Jelod 5 4325 5 (6 yieg8 )90 g
el JSais gl (s SRS S plgis 4 nlple
dgdze 3l (SO S gkl &S sl 5 B LGS o s
DV ] ool Sl ptgs 4 oo (gl i
(2ldd lajiw dng B claaiie o ang L
plonl ) 95 2 Sises Somae Wl il 2l
390 (2ldd i (2Ll (gjludnd plyie 4 03)m8
Lozl 1) Sises w56 oy onl xS0 )8 dlis
S Gl g 88 o Wl g (e sl sladmale
bwg oad anpes slagsll L alie (9 ol lags
WSl dgi b [N 05 s ol |y jais el 5 ol
S i Jy b 3 e S5 K glyind 9 Sl
13 Sy oy i b dalllan ol s s ygiliss
2 S9y Cllgw JoSo (g 9 b ploeial () sl LS
A5 pll (2lad jhw (gilodd (225 Jde Sy

I3 P90
VO« iy (lee Ly y5 890 N (028 adlllae (]
WIS e J S g Alblie 09)5 93 4 (B3l pobo 4 p )5
ol JyuS bl pd j0 dtan S e & ld yoge e Jal
ad g (A5 ENY) Casb 31,5 ol a3 YYEY) Lo
Lggl aisd )5 )8 vm LS > arelw WY 6,795
A e 4l Sy oBE w25y boyed (pl D (pien
N3 el 3 Al by 0g)S 1o (Sl Shge (e
o (> Lad )3 s 0 lp Lolass] o b 8
@ 0235 0955 93y gy T e Job 3 [V ] o
VYV addlis 0g) S (sl g a5 Bl yd 1) 395 Joome
eile (ilwg)ls <8 b ) 59y Slilgu 1 53 o5 e
©)ygme do ok Oldllae (Brman o> (wll 1 (ol
adllae slal g bl 53 (9 w90 [WV] L5 925 (STyos

BAP) gl (slaS logas 53 &y o g 3325 (sl

af



(A Jouakano () F ¥ Olianoj op oz 0 losd el 9 Canms Jluw)

L5 Oloys 9 dlawl cudlags o)l / Lawepl (Sidg fy (sode dolilad

axlllae 3590 (SS90 50 (29,5 ot 9 (B95559,9) o paiio dunglilo =) Jgar

p sk a0
(29509%) 39 il om adlhe gl 095 e
ofeey YYA/-SEASA  A/FLEF/FD Al 89
<JAEA QL /OAEY/FA  AV/AFEE/FY Js (mcg/dly
oY R (29,5 o) P ylio
<efoe FYS/OVEA [N \YV/OVEY - /YF alslie BAP
<oy Yoa/YA£Y/-5 YL/FYEAY. Js (meg/dl
<oy <IAY (29,5 w) P 1o
<efen FE/VVEF/AY OA/YAE) /AL Al oS gt
A YOIOVEA/AS  OAYYEY/AA Js (meg/dly
<JAY M (59,5 ) P 1o

BAP : Bone-Specific Alkaline Phosphatase
\ N e

b ol 35 S o L ) (i lsseal 50
]38 Cudlogiianl (sl Jgbs )> IS ik g SBlins JISI]
) 5 S g9 48 b s oiSen 5 o) [IF]amd
S92 o Sl (sl 5l Bland JISIT s 5 1550
oo st b g9y 45 2l d Sen 5 S 18] cal
Sbcuwgse ,» Ca**-Calcineurin-NFATCL KliSow
e Lagbge 53 1) 535918 gl (gt 33e ) Buie
Syt o5 20 WIS 59y oS K00,8 dlaity ol S e
M NFATCL s Jlsd s 4 lesaiwl (Sey loys
oS 3leals s adllas i V5] A5l LacaMS gzl
N xSsle » Foe phidl S0 038 @55 5 9y 295
S35 Joo & 228l > ol Son g gz sl lyziinl Julos
Cul J5o g Jio 53 lginl Sy leyd 9 iy 5
ly eF oy 9 69y s Lol ohKen 5 b [IV]
Bland ST 5 IGF-1 15 ol g umadgplio (gl 13
DA] sl i wsy Jb jo 5 slayoge 5o
JSis pralS el Gige o5 ob (Ui pols adllas
A 59y JoSo ygax pas 5 5l 53 (S giial) gl
il S il (LS 1 68U b 595 2979
5 3= (Mgl glacld) BAP nlisl el (Sio e

1. Seo
2. Lowe
3. Park
4. Chou
5. Sun

A

asl

s

Yo il i 9y o )l gine lal8l aldlie 05,5 5

J=B il58l e (D=4 0 Y) 0 odnlie adlllas 39,
(Pl V) cils 3929 09)5 93 12 BAP glaw )3 gy
i 4l l0e 05,5 15 00 oalie BAP Ltulil (ol ogdle
o (P</e0N) 39 J)S 095 5l i (5l sine 5l
Gl 09,5 93 y2 )3 (5l —ine LEALS ¢yl gl
(JrS 095 (slp P=2/0) g aldlas 095 (gl p<e/- 1Y)

() Jgio) ccudlis sg2g 6yl dne ST 09,5 93 (o

S5 domb § Sxy

= a9 She s9y JeSe il adlas cpl )
2 (el 5 BAP) oly3ial S5 ol sl Sils
0l (giluwdnd Jaw SOl edlaiwl b ojey Yo o090 S
Moo pialS el (Sian o5 ol (Ui guls S (w0
39y Ve az STl oud (lre (slayhge 5> (yamlS giin] xdaws
CeelS gl o 900 Sl g9y JoSo (St il
s S 09,5 4y Coped BAP ilsdl csly Jy et

slaglyzasl ) e Lad » ol (3l cws |l
D9 e 0423 Gl (gt g (SLS pll ()59 01T JeoS
03¢5 JI A+ dgas 3,38 o Lad 3 1y olo yid 45 ol 3]
Sl i o cowd 1y 05 Slisa plsl el
Ol cpl o)l dobsl aole ylgsciw] Judow ¢ peo 4y S5
s e JB Gl 4 e plgsil (b cuws ]
(o5 ) y LI > 5l 2l B Sgas ) (SaSis
S I il adlae claasl b lhas [V 395 0
s 4) w5 Lt |y adgl il sl S0 BAP gl
OnalS gitan] (] wMgtin] glac Jled Sy oxiad
e (S gl IS LS5 GanlS o & Ygans

Flind S e led 2l 8l )5 g9y JoSo i ]



Ol)lSen 3 gollusl

SIS I3 89 JoSo

S o S bl (Ssjy pole olStsl
B Pl
D) 352y (8l ()l NS aud gk cnl
O W g5 o
Onzzen b plosl g (gib el ) (Bl dan
Al L dan g wlodg ute o (6, S3L b allie agl 315

Gl @le
b plosl o] (Sbjy pole olStily coles b tmghy

References

1. L HW. Human physiological limitations to long-term
spaceflight and living in space. Aerospace Medicine and
Human Performance. 2023;94(6):444-456.
doi:10.3357/AMHP.6190.2023

2. Russell BK, Burian BK, Hilmers DC, Beard BL, Martin
K, Pletcher DL, et al. The value of a spaceflight clinical
decision support system for earth-independent medical
operations. Nature Partner Journals Microgravity.
2023;9(1):46. doi:10.1038/s41526-023-00284-1

3. Smith K, Mercuri J. Microgravity and radiation effects
on astronaut intervertebral disc health. Aerospace
Medicine and Human Performance. 2021;92(5):342-
352. doi:10.3357/AMHP.5713.2021

4. Coulombe JC, Senwar B, Ferguson VL. Spaceflight-
induced bone tissue changes that affect bone quality and
increase fracture risk. Current Osteoporosis Reports.
2020;18(1):1-12. d0i:10.1007/s11914-019-00540-y

5. Marfia G, Guarnaccia L, Navone SE, Ampollini A,
Balsamo M, Benelli F, et al. Microgravity and the
intervertebral disc: The impact of space conditions on
the biomechanics of the spine. Frontiers in Physiology.
2023;14:1124991. doi:10.3389/fphys.2023.1124991

6. Cannavo A, Carandina A, Corbi G, Tobaldini E,
Montano N, Arosio B. Are skeletal muscle changes
during prolonged space flights similar to those
experienced by frail and sarcopenic older adults? Life
(Basel). 2022;12(12). doi:10.3390/life12122139

7. Sibonga JD, Cavanagh PR, Lang TF, Leblanc AD,
Schneider VS, Shackelford LC, et al. Adaptation of the
skeletal system during long-duration spaceflight.
Clinical Reviews in Bone and Mineral Metabolism.
2007;5:249-261.

8. Smith SM, Heer M. Calcium and bone metabolism
during space flight. Nutrition. 2002;18(10):849-852.
doi:10.1016/s0899-9007(02)00895-x

9. O'Connor JP, Kanjilal D, Teitelbaum M, Lin SS, Cottrell
JA. Zinc as a therapeutic agent in bone regeneration.
Materials (Basel). 2020;13(10):2111.
doi:10.3390/ma13102211

B s 5YL ) 1) ol sl ()l sime yob 4 59y JoSo
S ods o cwl (oo 59y JoSo oS 0l L aassly
9 Wil e e SVob olad (glajhw > lgscl Juloo

Lds (ol abng ol il o ly oy Olidss

el 5,30 Siseo bl > el bl

@b)u@j)&fﬁ

Sl () Son 5 g o] oy (AVY A 215)

L?Lb_w).\) 9 L.a.%bh u_b oISl 9 L)‘)—" ‘}W)J 391.0

10.

11.

12.

13.

14.

15.

16.

17.

18.

Clezardin P, Coleman R, Puppo M, Ottewell P,
Bonnelye E, Paycha F, et al. Bone metastasis:
mechanisms, therapies, and biomarkers. Physiological
Reviews. 2021;101(3):797-855.
d0i:10.1152/physrev.00012.2019

Globus RK, Morey-Holton E. Hindlimb unloading:
rodent analog for microgravity. Journal of Applied
Physiology. 2016;120(10):1196-1206.
doi:10.1152/japplphysiol.00997.2015

Yousofvand N, Hasanvand V. Therapeutic effect of
garlic flower extract and zinc sulphate combined on
hematocrit in streptozotocin-induced diabetic rats.
Experimental ~ Animal  Biology. 2019;7(4):39-46.
d0i:10.30473/eab.2019.5689

Clément G, Hamilton D, Davenport L, Comet B.
Medical survey of European astronauts during Mir
missions. Advances in Space Research. 2010;46(7):831-
839. doi:https://doi.org/10.1016/j.asr.2010.05.023

Seo H-J, Cho Y-E, Kim T, Shin H-1, Kwun I-S. Zinc
may increase bone formation through stimulating cell
proliferation, alkaline phosphatase activity and collagen
synthesis in osteoblastic MC3T3-E1 cells. Nutr Res
Pract. 2010;4:356 - 361. d0i:10.4162/nrp.2010.4.5.356
Lowe NM, Lowe NM, Fraser WD, Jackson MJ. Is there
a potential therapeutic value of copper and zinc for
osteoporosis? The Proceedings of the Nutrition Society.
2002;61(2):181-185. doi:10.1079/PNS2002154

Park KH, Park B, Yoon DS, Kwon SH, Shin DM, Lee
JW, et al. Zinc inhibits osteoclast differentiation by
suppression of Ca2+-Calcineurin-NFATc1 signaling
pathway. Cell Commun Signal. 2013;11:74.
do0i:10.1186/1478-811X-11-74

Chou J, Hao J, Hatoyama H, Ben-Nissan B, Milthorpe
B, Otsuka M. The therapeutic effect on bone mineral
formation from biomimetic zinc containing tricalcium
phosphate (ZnTCP) in zinc-deficient osteoporotic mice.
PLoS One. 2013;8(8):e71821.
d0i:10.1371/journal.pone.0071821

Sun JY, Wang JF, Zi NT, Jing MY, Weng XY. Effects
of zinc supplementation and deficiency on bone
metabolism and related gene expression in rat. Biol
Trace Elem Res. 2011;143(1):394-402.
doi:10.1007/s12011-010-8869-9

a5


https://doi.org/10.3357/AMHP.6190.2023
https://doi.org/10.1038/s41526-023-00284-1
https://doi.org/10.3357/AMHP.5713.2021
https://doi.org/10.1007/s11914-019-00540-y
https://doi.org/10.3389/fphys.2023.1124991
https://doi.org/10.3390/life12122139
https://doi.org/10.1016/s0899-9007(02)00895-x
https://doi.org/10.3390/ma13102211
https://doi.org/10.1152/physrev.00012.2019
https://doi.org/10.1152/japplphysiol.00997.2015
https://doi.org/10.30473/eab.2019.5689
https://doi.org/https:/doi.org/10.1016/j.asr.2010.05.023
https://doi.org/10.4162/nrp.2010.4.5.356
https://doi.org/10.1079/PNS2002154
https://doi.org/10.1186/1478-811X-11-74
https://doi.org/10.1371/journal.pone.0071821
https://doi.org/10.1007/s12011-010-8869-9

