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ABSTRACT

Parathyroid hormone (PTH) is produced by the parathyroid glands in response to low serum calcium concentrations where it targets
bones, kidneys, and indirectly, intestines. The N-terminus of PTH has been investigated for decades for its ability to stimulate bone
formation when administered intermittently (iPTH) and is used clinically as an effective anabolic agent for the treatment of osteopo-
rosis. Despite great interest in iPTH and its clinical use, the mechanisms of PTH action remain complicated and not fully defined. More
than 70 gene targets in more than 90 murine models have been utilized to better understand PTH anabolic actions. Because murine
studies utilized wild-type mice as positive controls, a variety of variables were analyzed to better understand the optimal conditions
under which iPTH functions. The greatest responses to iPTH were in male mice, with treatment starting later than 12 weeks of age, a
treatment duration lasting 5-6 weeks, and a PTH dose of 30-60 pg/kg/day. This comprehensive study also evaluated these genetic
models relative to the bone formative actions with a primary focus on the trabecular compartment revealing trends in critical genes
and gene families relevant for PTH anabolic actions. The summation of these data revealed the gene deletions with the greatest
increase in trabecular bone volume in response to iPTH. These included PTH and 1-a-hydroxylase (Pth;1a(OH)ase, 62-fold), amphire-
gulin (Areg, 15.8-fold), and PTH related protein (Pthrp, 10.2-fold). The deletions with the greatest inhibition of the anabolic response
include deletions of: proteoglycan 4 (Prg4, —9.7-fold), low-density lipoprotein receptor-related protein 6 (Lrp6, 1.3-fold), and low-
density lipoprotein receptor-related protein 5 (Lrp5, —1.0-fold). Anabolic actions of iPTH were broadly affected via multiple and
diverse genes. This data provides critical insight for future research and development, as well as application to human therapeutics.
© 2021 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone
and Mineral Research (ASBMR).
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INTRODUCTION

P arathyroid hormone (PTH) has been approved by the US Food
and Drug Administration (FDA) since 2002, when teriparatide, a
34-amino acid analog of PTH, was accepted for the treatment of
osteoporosis. More recently a PTH related protein (PTHrP) analog
was also approved for the treatment of osteoporosis under the
name abaloparatide." It is well accepted that intermittent PTH
(iPTH) therapy is anabolic for bone, whereas continuous PTH expo-
sure is catabolic. The anabolic actions of iPTH in bone have been
observed in animal models since 1929 using cats and rats.>> These
results were recapitulated in human patients,®” which led to the
approval of this anabolic agent for therapeutic purposes. However,
the anabolic mechanism of iPTH is not fully understood, and this

study aimed to reveal trends in critical genes and gene families rel-
evant for iPTH anabolic actions.

As an endogenous endocrine mediator, PTH is released when
the parathyroid gland detects a decrease in serum calcium con-
centration. Circulating PTH then targets the kidney and bone to
increase serum calcium levels.” The effects of PTH and PTHrP
in bone are achieved by binding to its type 1 receptor (PTH1R,
a G-protein coupled receptor with seven transmembrane
domains) on osteoblasts.® This stimulates the production of
receptor activator of nuclear factor kB ligand (RANKL) in osteo-
blasts and subsequent osteoclastogenesis.'® Indirectly, there is
an increase in osteoblast numbers and bone formation.'”

PTH is essential for fetal development, with newborn PTH-
deficient mice exhibiting reduced cartilage matrix mineralization
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and trabecular bone, due to fewer metaphyseal osteoblasts.'?

Adult PTH-null mice exhibit decreased serum calcium, decreased
1,25-dihydroxyvitamin Ds, and increased serum phosphate."
Trabecular bone volume is increased in the femurs, tibias, and
vertebrae of mutant mice, and the number and size of tibial oste-
oclasts are reduced. Furthermore, there is a decreased mineral
apposition rate.

PTHrP-null mice exhibit an osteoporotic phenotype that can
be recapitulated in mice with targeted deletion in osteoblasts
(Pthrp”':cre™ ' This model is more specific to the local bone
environment, in which iPTH treatment increased mineral apposi-
tion rate, bone volume, trabecular number, trabecular thickness,
trabecular connectivity, and cortical thickness in long bones. This
could be attributed to increased receptor availability without
endogenous PTHrP or changes in receptor desensitization
(i.e., increased number of receptors because there is not desensi-
tization from PTHrP). In either case, it is likely that PTHrP can
modulate the response to PTH via the PTH1R receptor.'?

MATERIALS AND METHODS

Data for this study was collected from publications that have
administered anabolic doses of iPTH from 2001 to 2020 (Figure 1).
Papers were accessed by searching scholarly search engines,
such as PubMed, through December 2020. A highly relevant and
consistent outcome of trabecular bone volume per total volume
was used as a key and focused measure to compare the anabolic
response in experimental gene targeted mice to wild-type controls
in published studies. The PTH-induced bone volume response was
derived for both gene targeted and wild-type mice (Table 1) sepa-
rately [(PTH - Vehicle)/PTH]. Then, the relative response was calcu-
lated as a fold change by dividing the gene targeted response by
the wild-type response. A fold change of 1.0 indicates that there
was no change in the anabolic response between wild-type and
gene-targeted mice. If the fold change was greater than 1.0, the
mutant mice had a greater anabolic response than wild-type mice,
whereas between 0 and 1.0 the mutant mice had a less anabolic
response. A negative fold change indicates that the mutant
response to iPTH was not anabolic. In some studies, actual numerical
data was provided, whereas in others, data was derived from

graphic representation. When bone volume was only depicted
graphically, values were estimated by measurement with a ruler to
derive the gene-targeted response relative to wild type. Studies that
showed an anabolic response to PTH in wild-type controls were
included whereas those that did not demonstrate an anabolic
response in controls were excluded (there were very few studies
that did not display an anabolic response).

Most commonly, human PTH(1-34) (hPTH(1-34)) was adminis-
tered, although there were a few studies as indicated when the
PTH differed (i.e., hPTH(1-84) or derived from a different source).
Doses ranged from 20 to 160 pg/kg/day, but was typically
between 40 and 100 pg/kg/day, as specified in Table 2. PTH
was administered by injection daily, 7 days/week, unless noted
differently. Treatment time was typically 2 to 6 weeks of iPTH.
The models are grouped under categories largely according to
functional analyses in the Supplemental Material, alphabetically
in Table 2. By assimilating the literature that has used anabolic
PTH in genetic mouse models, we gain a better understanding
of key genetic pathways as well as the overall complexity of
PTH actions in bone.

RESULTS

Actions of iPTH in wild-type mice

Because gene-targeted murine studies utilized wild-type mice as
positive controls, a variety of variables were analyzed to better
understand the optimal conditions under which iPTH functions. Tra-
becular bone volume was compiled and organized by different cat-
egories (Figure 2, Table 1). The groups were stratified by: sex, bone
site, days per week of treatment, age at start of treatment, duration
of treatment, and dose of iPTH. Strain was also considered and is
listed in Table 2; however, the only strain that had a large enough
sample size for consideration was C57BL/6. Because the interest of
this section is in comparing different categories, we did not include
strain in the analysis. Most of these groups had a significant, positive
correlation between the control trabecular bone volume and the
iPTH-treated bone volume (Table 1). Using both sexes was an excep-
tion. Although this does not suggest that those indices should not
be used in future studies, caution should be taken if drawing conclu-
sions based only on trabecular bone volume.
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FIGURE 1. Timeline of gene targeted mouse models of PTH anabolic actions in bone. Abbreviation: PTH, parathyroid hormone.
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TABLE 1. Statistical analysis of the trabecular bone response in wild-type mice

Pearson’s correlation

Linear regression of the slope

Category r p Slope 95% Cl
Gender
Female (n = 44) 0.8990 <0.0001 1.031 0.8746 to 1.1870
Male (n = 40) 0.7698 <0.0001 1.808 1.3160 to 2.3010
Both (n =11) 0.3470 0.2957 0.748 —0.7763 to 2.2720
Bone site
Tibia (n = 15) 0.8631 <0.0001 1.194 0.9090 to 1.4790
Femur (n = 63) 0.5204 <0.0001 1.690 1.2750 to 2.1050
Vertebrae (n = 21) 0.1462 0.0872 0.620 —0.0996 to 1.3400
Age at start of treatment
0-2 weeks (n = 12) 0.4261 0.0214 0.988 0.1802 to 1.7970
4-8 weeks (n = 22) 0.3150 0.0066 0.752 0.2348 to 1.2690
9-10 weeks (n = 23) 0.6942 <0.0001 0.950 0.6640 to 1.2360
11-12 weeks (n = 25) 0.7071 <0.0001 1.530 1.1050 to 1.9540
>12 weeks (n = 22) 0.6239 <0.0001 2.031 1.2950 to 2.7670
Days per week of treatment
5-5.5(n =35) 0.8758 <0.0001 1.250 1.0060 to 1.4940
7 (n = 66) 0.6487 <0.0001 1.3178 0.9320 to 1.7010
Treatment duration
<4 weeks (n = 23) 0.6880 <0.0001 1.347 0.9357 to 1.7590
4 weeks (n = 48) 0.3858 <0.0001 0.885 0.5335 to 1.2016
5-6 weeks (n = 22) 0.6749 <0.0001 2.459 1.6630 to 3.2550
7-12 weeks (n = 12) 0.6503 0.0015 0.790 0.3814 to 1.1970
Treatment dose (pg/kg/day)
<30(n=19) 0.6201 <0.0001 2.176 1.3050 to 3.0480
40 (n =19) 0.6799 <0.0001 1.565 1.0150 to 2.1140
50-60 (n = 13) 03717 0.0269 1.135 0.1559 to 2.1150
80 (n = 44) 0.4488 <0.0001 0.919 0.6021 to 1.2370
90-160 (n = 10) 0.9454 <0.0001 1.001 0.8050 to 1.1970

Notes: Data was pooled to analyze Pearson'’s correlation of the trabecular response of wild-type mice to vehicle or iPTH. The r* and p value are reported
from this analysis. The slope and 95% Cl of the linear regression of the slope is also reported.
Abbreviations: Cl, confidence interval; iPTH, intermittent parathyroid hormone.

Correlation graphs of the reported trabecular bone volume in
control versus iPTH mice are shown in Figure 2 and are separated
by the categories mentioned. In order to understand how the
variables relate within a category, the data was modeled with a
linear regression and the slopes and corresponding 95% confi-
dence interval were compared. Groups that had a significant cor-
relation are discussed in the Supplemental Material, but all of the
data is presented. This data can be used to inform future study
design and interpretation.

We hypothesized that if a mouse has a high baseline bone vol-
ume, there is less capacity to mount an anabolic response to
iPTH. Similarly, if an animal has a low baseline bone volume, they
would show a greater response to iPTH. Analysis of the graph in
Figure 2G supports this, with the control bone volume plotted
against the fold change response to PTH. Although biases exist
because only studies that showed an anabolic response in
wild-type mice were included, statistics support an inverse expo-
nential relationship between these variables. To confirm that the
data had an exponential relationship, and not a linear one, we
calculated the Akaike Information Criterion (AIC), a statistical pre-
dictor of error between two models. The AIC for the exponential
model is 36.44 lower than the linear model, indicating that the
exponential equation more precisely describes the relationship
between the two variables.

Analysis of PTH anabolic actions in bone using
gene-targeted mice

The mechanism of anabolic iPTH and its effect on the bone
microenvironment has been studied for decades, and numerous
mechanisms have been proposed based on in vitro and in vivo
models.®”? A wide variety of genetic mouse models have been
employed to elucidate the actions of PTH in bone over the past
20 years (Figures 1, 3, Table 2). With modern technology facilitat-
ing unprecedented genetic manipulation, this comprehensive
study compiles the evidence of iPTH actions in gene-targeted
murine models. Of note, an important limitation is that although
some mutations are global, many are focused on a subset of
cells, and dependent on effective cre drivers and appropriate
promoter selection. Hence the anabolic actions of PTH may
reflect the effectiveness of the model as well as the targeted
gene. Specific genotypes are indicated in Table 2, and are dis-
cussed in detail in the Supplemental Materials.

The Supplemental Materials include detailed text descriptions
of the literature using iPTH in gene-targeted mice, which are
summarized alphabetically by gene in Table 2. The models stud-
ied can be stratified by the function of the gene, including recep-
tor activation and signaling pathways; downstream mediators in
the fibroblast growth factor (FGF) family, wingless-related inte-

Journal of Bone and Mineral Research

ANABOLIC PTH IN MURINE MODELS 1981 Il



(sanunuo))
(29m/shep g)
YoM (E-L)HLdY
(s2) 414 9/19£5D paseainaq an 180°0— ~ Inwa4 v1-0L Aep/B/61 08 6 —_,A9py Yved
(uonesausb (PE€-1)HLdW
D) 8L0Z  419) 9/19£8D an an 0S€'€~ seigaMdA  syeam LL—,  Aep/By/bi og P API-g"213-Xs0 1ed-g
(uonesauab (PE-LHLdY
2 8L0C  419) 9/19£8D aN an 0TL'L~ inwa4  syppam L1-/  Kep/By/Brl 08 % AD-4"213-Xs0 1e3-g
sY2am (YE-L)HLdY
€2 9l0C 671 9/19.5D an an LLST~ SRIGRMIA  §/L-STL Aep/6x/6M og P AP~ 71439.10- 1 dwig 1e3-
DEEL) (7€-1HLdY
€2 9l0z 671 9/1945D an an SLLZ~ Inwa4 SL1-5TL Kep/6x/6M og L% AD>-4-ay32.10- 1 dwg 1e3-g
(r€-1)HLdY
@ 600¢ 9/19£5D aN an 6/1°0~ eigiL syeam £1-6  Kep/By/6rl op % _, go-g zie-g
(E-1)HLdY
o) 600C 9/1945D paseanaq paseaidsq 8TY 0~ SRIQOUIDA  SYOIM /16 Kep/6y/6M ot o _, zup-g zie-g
(29m/sKep q)
syeam (r€-1)HLdY
12 00T 9/1945D an aN 0000~ ECRIE) 9L-Tl Kep/6x/61 08 S _, - Thie-g
(oomy/shep g)
YoM (€-LHLdY
(12 S00T 9/19£5D paseanu pasealnu| an Inwa4 9l-Cl Aep/6x/61 08 % _, g~y te-g
(uonesauab RERI) (P€-1)HLdY
©2) 0L0Z  Wol)9/1945D>  abueydoN an an gL 0Z-91 Kep/6x/61 08 % _ g, zPpg rdpl!
(r€-LHLdY
6L 600C  9/1945D/6T1 an an ¥S0'L eiqgiL skep el-t  Kep/Byy/Brl 05 IN _,2g e
(E-1HLdY
@) 600¢ Xde|g SSIMS anN an €5€°0~ seigaldA  sAep £€-G Aep/6%/61 09 IN _, Y v
(rE-LHLdY
@0 6002 YIe|g SSIMS an an 8910~ Inwa4 skep €¢-¢ Kep/6x/61 09 IN Y 2\
(yoomy/shep g)
9/19£5D SEE) (PE-L)HLdY
D 10T /621 paseainsq an SLSL~ Inwa4 9L-Tl Aep/B/61 08 s _, bay Bary
(1oomy/shep g)
syoam (€-1)HLdY
o0 TL0T  AS/6T19/18LSD an aN 05T~ gL 9L-Cl Aep/B/61 08 IN ——Loydwy Loydwy
>/g1ve syeam (r€-1)HLdY ase
€0 800¢ ‘r9/19£8D abueyd oN abueyd oN LoLL~ eiqL aL-zl AKep/6x/6M 0t P _,_3SD(HO)V| (HOMOL
9DUDIDRY  JedA ulens S4/20'N S94/90°'N AL/AG 9IS suog luswijean uswibal H1d 1apusn adAjousn sus=b
Jejndagen buunp 19610
ur o4 CRIl
Jo aby

HLd! Yum paleas) s|9pow dausd *z 3181

Journal of Bone and Mineral Research

M 1982 ZWEIFLERET AL,



(sanunuo))
(yoom/sKep
28| AJAS syoam S) (PE-1)H1dY
(<) 8L0T  /956719/1945D  ¥bueyd oN paseanu| 8L0T~ SeIAUIA aL-Tl AKep/6x/6M 08 ) Lyl APD"21D-X50 LIPD
(1oom/sKep
S) (bE-1)H1dY
e) 910z 9/1948D paseanu| paseasnu| €6€°€ Inws4  syppamzL-g  Kep/By/brl 08 9 yCupD’ai- 1 dwg TupPd
S EEIN
9L-Tl
Buniels (19om/sKep
H.Ld! S) (VE-L)HLdY
€8) 10T 9/19£5D paseainaq abueyd oN S18°€ gL joseamy  Aep/by/br og P 4CUPD3ID-XSO [4%] 5]
REEI) (P€-1)H1dY
28) 4114 9/19£5D paseaidsq an SEL0 Inws4 9l-Tl Kep/6x/61 08 < _,_10v@D 10¥AD
(PE-LHLdY
(Le) SL0Z  1-AD9/1945D an an €680~ eigiL skep £1-t  Kep/By/Brl 0§ IN woyvouvdSPauog oo ¥sed
(uonessusb (P€-1)HLdY
©08) T00T  YIs) 9/1945D anN an 9LE 0~ seiqaudp  shep Lz-v  Aep/By/Brl og IN _/-S0j-2 S04-D
REEI) (P€-1)H1dY
€2 10T r9/19£5D paseainag an LTL0~ eiqiL 79l Aep/B/61 0g ) ViYW SW4-D
(uondaful
(payodal YEEIN |e20]) ¥8-1
82) S10C L-ad/6zl an aN Ag) §86'0~ elieAleD rl-Cl H1d I1/61 80 P _,_dsg dse
(sjosauod
Kiessadau XAO (0X2Q t/zdwg)
Buissiwy) S EEIN (yoom/sKep 1320928 4 DVQEm
sulwsIap 81-91L S) (PE€-1)HLdY L pdug v szduig rdwg
2 910t IN anN an Jouue) Inwa4 0171-0l Aep/6/61 ot 6 pup Y32129z4/4391092Y ‘zdwg
(sjosauod (sjosuod
K1essadau K1essadau
Buissiw) Buissiw)
pugiy aulw1Rp aulw1ep (PE-1)HLAY
©2) L0z  N/4Ad elo6zL anN JouuE) jouue) Inwayg syeam -1 Kep/By/Brl 08 o8 _, Liwg Ling
(oom/sKep
syoam S) (VE-L)HLdY
(s2) zLoe 9/1945D abueyd oN an €LL0— ~ Inwa4 85—t Kep/6/61 08 [ _,dapy dved
(foam/skep
syoam S)(re-L)HLdY
€2 zLoz 9/1948D anN an LELO— ~ SeICaUIA r1-0l Aep/6x/6M 08 5 _,dapy 4ved
9DUDIDRY  JedA ulens S9/2°0°'N S94/90°'N AL/AD 9IS suog 1uswWieall uswibal Hid 1apusn adAlouan auab
Jejndagen buunp 19610
ur D DIw
Jo aby

panuiuo) "z 371av.L

1983 W

ANABOLIC PTH IN MURINE MODELS

Journal of Bone and Mineral Research



(sanunuo))
(sjosuod
Kiessadau
Buissiw)
sulwil1ep PEEIN (F€-1)HLdY 1aj0woud zoQ jo
&) 600¢ (/141rs99 abueypd oN paseanu| Jouue) 9eICPRLIA 0b-9¢ Aep/6x/6M o1 8 JuaWbDY QHE L5, INYD DD
(¥€-1)HLdY
) 020t 9/19£5D an an SL6'L~ Inwa4 skep 0og-g  Aep/6y/61 08 98 1,92 14dD%21>-Xs0 9Z14dD
(v€-1)HLdY
(ob) 510C 9/19£5D abueyd oN paseaidad vET0 nwa4 syeam g-y  Aep/By/Brl 08 5 yHHD21D-1dNG 1Yo
(rE-1)HLdY
(5h) £10¢ 9/1948D anN an r18C~ Inwe4  syPamzl-g  Aep/By/brl 08 IN +eoso€H4D4 €464
SEE) (¥€-1)HLdY
) 910t HED pasealy paseaidad €€9T~ nws4 0Z-91 Kep/6x/61 08 % _,_Elybq €464
(€-L)HLdY
() LLOZ  AS6TL 9/1945D an abueyd oN LLO'L~ Inwa4 skep zz-8  Aep/By/61 0oL IN _,_£74b4 €74b4
N/8Ad ‘AS6TL Y (P€-L)HLd _,-4bd
@) 810¢ SSIMS yoe|g anN an an eiqiL g)sseamegL  Kep/by/brl oz 5 ‘66,4ADSd4D1]0D9°E 74b4
AS6TL SEE) (r€-1)HLdY
(15 900  SSIMSelg an an 6€L0 inwiay ¥9-09 Kep/6/61 08 & _,_tb4 b
AS6TL (PE-LHLdY
(Lh) 900C  SSIMS yelg abueyd oN paseaidad L¥90 Inws4  syppamzL-g  Aep/By/bri 08 % _,4ibd b4
(oam/skep
syoam S) (PE€-1)HLdY (buypubis
o) 4114 9/19£5D paseaidaq an A Inwa4 9l-Tl Kep/6x/61 08 i Y453 paspdw) ., 163 1pb3
SYooM 7|
—Cl wolj J2jowoid
HLd! (P€-1)H1LdY b| 3dA} uabbjjo>
©8) LLOZ  1-AD 9/1945D paseaiaq paseannaq an eiqgiL joskepye  Aep/By/brl g6 IN W1 Q¥-£7 DL 1A LA
$yPam (E-1)HLdY
@8) S10¢ 9/1948D anN an rSLL Inway 8L-91 Kep/6x/61 001 5 24D-QA8-LdN Ty, 5w E7XOD €7XD
SHooM |
—L 1l wol
H1d! (PE-LHLdY
8 L00T  9/19LSDAS6TL  paseainu] abueyd oN zLE0~ nwa4 joskep oL Aep/By/61 091 P __waid wa1d
(uoneissusb EEIN (#€-1)HLdY
°8) 010z Wye) 1-ad aN an 889'S SRIQBUIA €2-0C Aep/B/61 08 9 _, Zx0) 7X0)
(uonesausb S EEI) (r€-1)HLdY
(08) 0Loz Yi6) L-ad abueyd oN paseainu| 699'L Inwa4 £2-0¢ Kep/Bx/61 08 P _,Zx0D 7X0D
9DUDIDRY  JedA ulens S9/2°0°'N S94/90°'N AL/AD 9IS suog 1uswWieall uswibal Hid 1apusn adAlouan auab
Jejndagen buunp 19610
ur D4 adlw
Jo aby

panuiuo) "z 371av.L

Journal of Bone and Mineral Research

M 1984 ZWEIFLERET AL,



(sanurnuo))
Jnwiaj Y EEI (P€-1)HLd 1ed
©5) 10T N/aAd anN an an pue eiqil rL-zl Aep/6%/61 08 IN JHIH4b121-Ud0 YI-49
S EE) (P€-L)HLdY
€9 oLoz N/9Ad an an 690~ Inwa4 aL-tlL Kep/By/61 0g P O) 1IH L6
B EEL :\m- _‘VIFn_r_ «m:mmwtc\c
(s5) 010t N/aAd anN an 7oL~ Inwsay aL-zl Aep/B/61 05 P 1-4D] 210day) 1|H L-46]
(19om/sKep
AS6ZL syoam S) (€-1)HLdY _,_STY
) 900C  194SD‘N/AAd an anN 0S€0— ~ SeIGIUBA 9L-tlL AKep/By/61l 05 P ‘21D-uwinqyy £, 1461 L6
(yoom/sKep
(uonessuab syoam S) (PE-1)H1dY
) 900C  419) 9/19£5D aN an 00€0— ~  9RIGIUSA 9L-Tl Aep/B/61 05 % _, STV L-46]
(19om/sKep
AS6TL pue syeam S) (¥€-1)HLdY
) 900C 19450 'N/4Ad anN an 0SLZ~ SRIQIUIA aL-zl AKep/By/61l 05 9 aiD-uwingyy £, 146} 1461
(uonesausb D ELI) (P€-1HLdY
(€9) S00Z  Y0L) 9/19£5D an an ¥0L°0 Inwa4 0Z-91 Aep/B/61 0g 6 19-HED99 L-46]
SEE) (€-1)HLdY
29) L00T IN anN an an Inwa4 §9-5 Kep/6x/61 091 IN _,_L4bi L-46]
S EE) (vE-1)HLdY
(Ls) ¥10¢ 9/1948D an an €T L~ Inwa4 910l Kep/By/61 0ot & 40 1LIH:21D-Ud0 OL-JIH
S EE) (Y€-L)HLdY
e 10T 9/1945D an an LG L~ Inwa4 91-01 Kep/By/61 og ) YO 1L4IH"21D-UO OL-JIH
(1om/sKep
S) (¥€-1)HLdY
©05) 910z 9/1948D anN an LLre~ IN syeamzL-8  Aep/By/61 0oL 5 _,_SOVaH SOVaH
(foam/skep
S) (bE-1)H1dY a10-1dNd SOVaH
©09) 910t 9/19£5D aN an L~ IN syeam zL-g  Aep/Bx/61 0oL & ybIVAH *_,_SOVAH ‘YDVAH
(1oom/sKep
S) (¥€-1)HLdY
©05) 9L0¢ 9/19£5D an an LL6°0~ IN syamzL-g  Aep/By/6r 0oL i aio-|dWG -, rDVYaH ¥DVaH
(yoom/sKep
S) (PE-1)H1dY
&) 910z  1AD 919, pasealny pasealny| €220 Inwa4  syppamzL-g  Aep/By/brl 08 o8 oxxs0 0D )
9DUDI9JRY  JedA ulenls S9/20'N S9/90°'N AL/AS 91Is duog juswieal) uswibal Hid 1apusn adAlouan auab
Jejn>aqesn buunp 19610
ur 4 W
Jo aby

panunuod "z 3719v.L

1985 WM

ANABOLIC PTH IN MURINE MODELS

Journal of Bone and Mineral Research



(sanurnjuo))

(Aep
13y10 A1aA3)
syoam (P€-1)H1dY
(€9) 600¢ 9/1948D an an Y67 L— ~ Inws4 97-0¢ Kep/6/61 08 9 _, sdi7 gdn
(Kep
13410 AI9A3)
syoam (P€-1)H1LdY
(€9) 600¢ 9/19£8D an an SEY0~ Inwia 97-0¢ Kep/By/61 08 & _,.sdn qdn
(yoom/sKep
D ELI) S) (bE-1)H1dY
z9) 900C (/S6CL an an an quiljpulH 91-TlL Kep/63/61 of P8 _, sdi7 gdn
SHooM
z1-81e
buiels (yoom/sKep ubfod49¢z10090d
HLd! S) (E-L)HLdY pup zd)d499°€j0>90d
(L9) £10T 9/1945D aN paseaidaq anN Inwa4 jospam g Kep/6y/br op ) L, ApT 1P
P EEIN
z1-81e
puniels (yoom/sKep upfHd4o¢z10090d
HLd! S) (VE-L)HLdY pup zdid459°€10290d
(19) €102 9/1948D anN paseainag an eueAled  Josypam s Kep/By/6rl oy ) L, Ap7 1P
(19om/sKep
S EEI) S) (bE-L)HLdY
©09) 600 9/19£5D pasealdy| pasealoy| ¥29°0 nwa4 §2-0¢C Kep/Bx/61 ot i —,AIP7 1P
(PE€-1)H1LdY
&) 0L0T  AS6ZL 9/19£5D an abueyd oN LLO'L~ Inwa4 skep zz-8  Aep/By/61 0oL IN )Y I
Inwsy syoam (P€-1)H1LdY
©9) S00Z V4D 919£5D paseainaq pasealdag 66Y'C pue eiqi r1-0L Aep/B/61 08 P _, TS z-si
nwsy D ERI) (P€-1)HLdY
) S00Z V4D 919£5D paseainaq abueyd oN 0600 pue eiqiL v1-0L Aep/6%/61 08 P e L-s|
syoam (Y€-1)HLdY
9) €10¢ 9/1948D anN an geee~ Inwayg 791 Aep/B/61 0g 28 _,97 9l
(P€-1)H1LdY
89) £10T 9/1945D pasealnag an 9650~ Inwa4 skep yz-¢ Kep/By/61 0g P8 _,97 9l
S EEIN
8-/ 1e
buiels (oam/skep
Inwsy H.Ld! S) (E-L)HLdY
9) 8007 L/vaa anN an an pueelqy josysamy  Kep/By/Brl 08 ) _, 817 gLl
9DUDIDRY  JedA ulens S9/20°'N S94/90°'N AL/AS 9IS suog juswieal) uswibal Hid 1apusn adAlouan auab
Jejndagen buunp 19610
ur 4 1w
Jo aby

panuiuo) "z 371av.L

Journal of Bone and Mineral Research

M 1986 ZWEIFLERET AL,



(sanunuo)d)

(oom/sKep
D EEI) S) (PE€-1)HLdY de-6¢
06) 020t 9/19£5D abueyd oN pasealnu| 8588~ Inwa4 9L-Cl Aep/B/61 08 & Aodap dg-6Z-giw -Hiw
(€-L)HLdY
@ 600¢ 9/1948D anN an 8€0'L~ Inwayg syeam 6~ Kep/By/Brl 08 IN _, Il DHW Il DHW
(7€-LHLdY I DHW
@ 600¢ 9/19£5D an an 8500~ Inwa4 syoam -G Aep/By/Brl 08 IN _, NI DHW_,_I DHW ‘1 DHW
(E-LHLdY
@ 600¢ 9/19£5D an an €L1°0~ nwa4 syeam -G Aep/By/Brl 08 IN /| DHW I DHW
(D4 se
pauodai) oM (P€-LHLdY
3) 810z 9/1948D paseaiag an 000~ eiqiL 791 Aep/B/61 0g 28 _,_83bjw 89BN
O_mw>>
/skep
S) (£8-£9
'¥9'€9'19-1)
HLd
R EELN Jeoq Yoe|q Xpw
) TLOT USIS0L9/19/6D  paseansg abueypd oN €€8'G~ Inwa4 oL-v Aep/By/61 og % -ANG/uSIS01/19£5D XpW
(oom/sKep
sYeam S) (PE-1)H1dY
(99) €107 9/19£5D an an an an 92-0¢ Aep/6x/61 08 o8 _, L-dop L-dDW
(foam/skep
syoam S) (bE-1)H1dY
99) €10T 9/19£5D paseainsq an ¥80°0~ eigiL 79l Aep/B/61 08 L% _,L-dop L-dDW
(yoom/sKep
N/8Ad S) (PE€-1)H1dY
(59) SL0Z  6TL19/1945D an an an Inws4  syppamzL-g  Kep/By/bri 08 % 149017°24D-ud0 9di
(foam/skep
N/aAd S) (bE-1)H1dY
®9) €107 6T1°79/19£5D abueyd oN pasealdag SSTL—~ inway  syPamgl-g  Aep/By/6rl 08 % 49947/210-Uud0 9dn
(Kep
1330 A1aA3)
sYaam (€-LHLdY
€9) 600¢ 9/1948D abueyd oN abueypd oN 820'L— ~ SRIQBUIA 9z-0¢ Aep/6%/61 08 9 _, sdi7 gdi
(Kep
1310 A1aA3)
YoM (PE-L)HLdY
(€9) 600¢ 9/19£5D abueyd oN abueyd oN 000°0L~ SeIqIUIA 97-0¢ Aep/6x/61 08 & _, sdi7 gdn
9DUDIDRY  JedA ulens S9/20°'N S9/90°'N AL/AD 91Is auog 1uswWjieall uswibal Hid 1apusn adAlouan ausb
Jejndaqesy buunp 19b.1e]
urdd CRIlV
Jo aby

psnuiuod "z 3719v.L

1987 W

ANABOLIC PTH IN MURINE MODELS

Journal of Bone and Mineral Research



(sanurnjuo))

(oam/skep
syoam S) (PE-1)H1dY
(00D SL0Z  6T7L'9/1945D anN an w5l LTO~ Inwsa4 8L-Tl Aep/6/61 08 8 _,_bddog eddeq
RELI) (E-L)HLdY
©6) S10C 9/19£5D paseainaq paseaidag SL'0~ nwa4 9L-ClL Aep/6x/61 o P 1,/08€d-21D-Ud0 oged
(oam/skep
S) (bE-1)H1dY
6) L10¢ 9/1948D pasealny paseaidad 8L50— ~ eiqL syeam 6-9  Kep/By/Brl og 9 _,AwsQ YINSO
(yoom/sKep
nwiay <) (P€-1)H1dY
“e €00 6Tl paseainaq an #%C9E L~ pueeiqy M LL-£  Kep/b6y/6rl 0g & _, udo udo
(oam/skep
D EET) S) (bE-1)H1dY
96) 800¢ 9/19£5D pasealy abueyd oN vLLL inwsa4 r1-0l Kep/6x/61 08 6 _,_u20 u0o
(om/sKep
syoam S) (VE-L)HLdY
(06) 800¢ 9/1948D an an 997'L SRICRLIA r1-0l Aep/6x/61 08 [ _, w0 uQ
(uoneissusb
Y REEI) (P€-L)HLdY
56) TL0T  -Y19) 9/19£5D an an €25T~ Inws4 €1-01 Kep/Bx/61 o€ 6 _,_padwpN FAWN
Aco_umhwcwm R EEL :\m- _‘VIFn_r_
e LLOZ  Yi9) 9/19£5D an an 90T ¥~ SeIqaMIA L1-0L Aep/B/61 og 6 _,_pdwpN ydwN
(uoneissusb EEIN (€-1)HLdY
6) LLOZ  Y39) 9/19£8D anN an L9V L~ SRIQBUIA z1-ol Kep/6x/61 og 5 _, pdwn dwN
(uonesausb D ELI) (P€-1HLdY
v6) LLOZ  Yi9) 9/19£5D an an 0080~ eiqgiL L1-0L Aep/B/61 og & _,_pdwp PAWN
Aco_um._wcwm B EEL :\m- _‘VIFn_r_
6 LLOZ  Y39) 9/19£5D an an 005 L~ eiqiL z1-ol Aep/By/61 0g 6 _,_pdwN ydwN
(uoneissusb EEIN (F€-1)HLdY
(€6) 6007  419) 9/19£5D an an 906'C~ Inwa4 L1-0L Aep/B/61 og 6 _,_pawpN ydwN
R EELN
71-8
puniels
HLd! (PE-LHLdY
26) 9002 9/1948D paseanu an €960~ eiqiL joshepge  Aep/By/Brl 08 P BN LN
(oam
(Odse /sKkep 9-5)
pauodai) (YE-L)HLdY
(16) LLOZ 671 9/1945D anN an 0ST'L~ Inwsa4 skep yz-¢ AKep/6x/6M 05 8 L LAl
9DUDIDRY  JedA ulens S9/20°'N S94/90°'N AL/AG 9IS suog luswijean uswibal Hid 1apusn adAlouan auab
Jejndagen buunp 19610
ur D DIw
Jo aby

panuiuo) "z 371av.L

Journal of Bone and Mineral Research

M 1988 ZWEIFLERET AL,



(sanurjuo))

(punoubioeq (IN
paxiw) abe ueis) (oom/sKep
euIwOp HLd! S) (VE-L)HLdY
(%01) £10T 9/1945D an anN 6£€0 seiqaudA  JosyeEmy  Aep/By/Brl o8 ) YIHLd@D-1dWa YLHLd
(punoibxdeq (IN
paxiw) abe pe)s) (oam/skep
eUIWOP HLd! S) (E-L)HLdY
500) €102 9/1948D anN an an Inwayg jospamy  Kep/By/br 08 5 HIHLdD-1dNG YLHLd
(oom/sKep
D ELI) S) (E-L)HLdY
(SoL) zLoe 9/1945D an anN 000" L~ Inwa4 I44rd) Kep/63/61 of P YLH1dpd YLHLd
(oam/skep
S EEI) S) (E-L)HLdY
(o1 4Xor4 9/1945D an an T80~ Inwa4 Id4rd) Kep/6/61 ot s Y1H1dpd YlHLd
(oom/sKep
D ELI) S) (E-L)HLdY
(soL) zLoe 9/1945D an anN 0680~ SRIGIUBA rd4d! Kep/63/61 of P YLH1dpd YLHLd
(oam/skep
S EEI) S) (VE-L)HLdY
(o1 4Xor4 9/1945D an an LESO~ 9RIGIUIA Tzl Kep/B/61 of s Y1H1dpd YLHLd
D ELI) (P€-1)H1dY
oD z1oz 9/1948D an anN rLE0— Inwsay LL-€L AKep/B/61 08 ) L LHLd"@1D-37 YLHLd
(P€-1)H1dY
ob z1oz 9/1948D abueyd oN paseadad 6070 Inwayg sy9am 9-z  Aep/Byy/6rl 08 5 L LHLd"21D-307 YLHLd
(HLd+1M (H1d+1Mm
payodal payodal
ou) ou) Kep ase
>/41vd SUIWIIRP auIWIIRP /(WE-L)HLd Jel (HO)oL
(€0L) S00Z  Pue9/19/SD jouued 10uue) 00029~ nwa4 skepyl-v  Kep/By/Br z0 IN _/_3SD(HO)V1_,_Hld pue H1d
D EEI) (P€-1)H1LdY
(o z10T 9/19£5D paseaidaq abueyd oN 7696— nwa4 TT-9l Kep/6x/61 05 P8 _,_tbid B1d
(PE€-1)H1LdY
(L) 414 9/19£5D aN an 6€TL Inwa4 skep 1z-v  Kep/By/6rl 05 o8 _, tbid B1d
D ELI) (P€-1)H1LdY
Zow) 4114 9/19£5D anN an 791 SRIGBUIA LL-TL Aep/6x/6M ot ) _,_uisod uIs0d
S EEI) (P€-1)HLdY
zou) z1oe 9/1945D pasea.nu] an 90L'L inway L1-Tl Aep/6/61 ot s —/—uisod u1s0d
sYoam (PE€-1)H1LdY
(1o 0z0T 9/1945D an abueypd oN anN 9eIGIUIA zL-ol AKep/By/61 08 P o-ESId £51d
9DUDIDRY  JedA ulens S9/20°'N S9/90°'N AL/AD 91IS auog juswieal) uswibal Hid 1apusn adAlouan auab
Jejndaqesy buunp 19b.1e]
ur D4 W
Jo 9by

panunuod *z 3719v.L

1989 W

ANABOLIC PTH IN MURINE MODELS

Journal of Bone and Mineral Research



(sanunuo))
pugiy (yoom/sKep
191509 D EEN S) (PE-1)H1dY
€L 0L0T  SSIMS-N/dAd abueyd oN an 0zL0 Inwsa4 rL-Tl Aep/6x/61 ot 9 by 1d¥4s LdYds
pugky (}oom/sKep
19IS0OM S EEI) S) (bE-1)H1dY
L) 0L0T  SSIMS-N/GAd abueyd oN an €010 nwa4 rl-cl Aep/6/61 ot i b1 1dyds Ldyds
(1-X37)
AJAS6TL (04 se
~(oulqye) pauodai) S}PIM (PE-1HLAY
- 900 9/1945D an an zee0~ inway 0v-9¢ Kep/6x/61 001 & _,_dy4s Ldyds
(1-X37)
AJAS6TL (D4 se
-(ouiqe) payiodai) S EE) (PE-L)HLdY
- 900¢ 9/1945D an an LT90~ Inwa4 87+ Aep/63/61 001 & _,_dYy4s Ldyds
(1-X37)
AJASETL (D4 se
-(ouiqe) pawiodau) (€-LHLdY
- 900¢ 9/1948D anN an LLL0~ Inws4  syppamzL-g  Aep/By/6r 0oL 5 _,_dyds LdYds
(PE-L)HLdY
iy £00T 9/1948D paseanu| an LEIO~ inwsy  spPamoL-y  Aep/By/Brl ool ) by zxuny 7xuny
$yPam (E-1HLdY
oL 0L0z 9/19£5D an an L58'L~ SeIgRUSA z1-ol Aep/6x/6M og 6 _, 3ovd 19vy
S EE) (Y€-L)HLdY
oL 010t 9/1948D anN an S61°0~ Inwayg L1-0l Aep/B/61 og 5 _,-3ovY ELLE]
SEE) (YE-L)HLdY
oL 0L0¢ 9/19£5D an aN 000~ Inwa4 z1-ol Aep/B/61 og & _,-39vY 19vy
(E-1HLdY
- 600¢ (/919452 an an 9010~ nwa4 syeam -G Aep/By/brl 08 IN _,-zboy tbey
(lonuod se S EE) (rE-LHLdY
(601 800C  Pesn) 9/19£8D pasealdu paseainu| anN elqiL 9L-tlL Kep/6/61 08 IN el oory
(Y€-L)HLdY
o0 0z0T IN IN IN anN Inwa4 syeam g-  Kep/6y/br 08 IN _,_LoDY!a1>-XsO Loey
SEE) (€-1)HLdY
D S00¢ L-aD> N/dAd anN an 0€T oL~ Inway 74id Aep/6/61 ot P _ 1 diyid ddH1d
S EE) (P€-L)HLd
(zou) 910C  PSUN9/19.SD an an 180°0— ~ Inwa4 0Z-91 Aep/B/6u 001 P M IHLd @1~ dwg YLHLd
S EE) (P€-L)HLd
(o 9L0Z  PSYN9/1ELSD an an 6£L°0~ Inwa4 0z-91 Aep/B/6u 001 5 M IHLd 21D~ 1 dwg YLHLd
9DUDIDRY  JedA ulens S4/20'N S94/90°'N AL/AG 9IS suog luswijean uswibal Hid 1apusn adAlouan auab
Jejndagen buunp 19610
ur D4 adlw
Jo aby

panuiuo) "z 371av.L

Journal of Bone and Mineral Research

M 1990 ZWEIFLERET AL,



2dA3 pjim ‘L ‘duowioy pioiAyiesed ‘H] 4 ‘9depns auoq Jad S1Se[2091S0 JO JaquInu ‘Sg/20"N ‘@euns auod Jad s15e|qoa1s0 JO Jaquinu ‘Sg/qO"N ‘Paledipul 10U ‘|N {paulwialap Jou ‘gN ‘@uowoy ploiAyiesed uaniw
-191ul ‘H] d! ‘ouowioy prolAyiesed uewny ‘H1dy ‘@bueyd pjoj ‘D4 ‘DwnjoA [e101 1ad SWN|oA duoq Jejndagel) ‘AL/Ag ‘parodal eale auoq ‘... ‘ydeid e woiy parewilsa sanjea ‘~ sjewsy ‘S ‘ojew ‘9 :suoneinaiqqy
"pa1sl| 21 Jedk pue ‘ulesls ‘sg/20°'N ‘S9/d0°'N ‘(LM/2uab 19b.ey) | W snsian suab parabie)
Hunedwod Al /Ag ul 9bueyd pjoy ‘aus suoq ‘Quawieal) bulnp adiw Jo sbe ‘uswibail H1 d ‘4apuab ‘odAiousb sy -ausb 1961e1 Aq paziageydie si [opow d13auab e ul H] 41 buisn uonedijgnd yses jo Alewwns y :sajoy

D EET) (Y€-L)HLdY
(zL 0207 6T1 9/1945D an an an Inwa4 955 AKep/6x/61 08 & msezy 1 LIUM LIUM
(oom/sKep
S) (E-L)HLdY
oz1) 910T 9/1945D an an 069°L~ Inwa4 eamgl-L  Kep/by/brl og P SESAN‘aID-UD0 GESAA
PH/HED syoam (P€-L)HLdY
6L zLoz '9/1948D abueyd oN abueyd oN 05t L~ elqil 9L-¢l Kep/6/61 08 9 Lz Awiostiy doy [asopy ugsosL
SH/HED syoam (Y€-L)HLdY
©LD) zLoe '9/1945D abueyd oN abueyd oN 0S¥’ L~ elql] aL-tlL Kep/By/61 og P 1z Awosuy Joy [asop uasosL
SEEN (F€-1)HLdY J330wo4d uabpjjod
@1 900C V4D 9/19.5D paseainaq an ¥96'L Inwa4 91-0L Aep/6x/6M o1 & |-2df1 £q o1 1dwi) tduig
(oam/skep
S) (E-L)HLAY
i 6102 9/1945D pasealdsg paseainsq 9zZL0— ~ elqiL syeamz1-8  Kep/6y/br 0oL P _, 1411 L4191
(oom/sKep
S) (VE-L)HLdY
€LY 6102 9/19£5D abueyd oN paseaidad €0L°0~ eigiL syamzL-g  Aep/By/61 0oL % a1~ LN ‘), LH161 L4191
(oam/skep
S) (E-L)HLAY
oL L0z 9/1945D abueyd oN paseaidsq 88€'0— ~ elqiL syeamgL-g  Aep/By/bri op P _, Zboy’ , 1g4o1 Lg4oL
(PE-L)HLdY
@) 6002 9/19£5D paseanu| paseainag €050 Inwsa4 syeam -G Aep/By/Brl 08 IN _, 9421 dudL
SSIMS dde|g syoam (Y€-L)HLdY
6L LLOZ  puefAS/6zl an an LL80~ Inwa4 91-0L Aep/6%/61 06 P _, 1508 1505
SSIMS 3de|g syeam (P€-L)HLdY
LD LLOZ  pue[As/6CL anN an 6410~ Inws4 9L-0l Kep/By/61 og 9 _, 150§ 1505
O_mw>>
/skep 9-5)
syoam (Y€-L)HLdY
WL 0L0Z  9/194SD ‘dnd abueyd oN an L6€0 Inwa4 €€-1C Kep/B/61 0oL P D 1505 1508
pugiy (yoom/sKep
19ISARM syeam S) (bE-1)H1dY
€L 0L0T  SSIMS-N/GAd an an zor'0 SeIgRMSA vl-cl Aep/6/61 ot % b1 1dyds Ldyds
pugky (19om/sKep
JECETYY S EEUT S) (P€-1)HLdY
€L 0l0Z  SSIMS-N/dAd an an 6600 SeIgIUSA 4! AKep/B/61 ot 5 b1 1d44s Ldyds
ERIVEIEICH] Jeo\ ulells S9/2°0°'N S9/dO0°'N NAL/ASG 9lIS auog jusuwiean Cw_.t_mw\_ Hld Jopusn wQ\row_U susb
Jejn>agesy Bbuunp 19618
ur o4 ERIIV
Jo aby

psnunuo) *z 3719v.L

1991 W

ANABOLIC PTH IN MURINE MODELS

Journal of Bone and Mineral Research



Sex Bone Site

Duration (days per week of treatment)
~e- Tibia +© Femur Vertebrae - 555 e 7

>
w
(@)

~e- Female -0 Male Both

75

~
o

~

a

o
S
o
=3

3

S

IS

&
I
o

w
S
©
S
w
S

o
o

@
PTH Treated Trabecular BV/TV (%)

PTH Treated Trabecular BV/TV (%)
IS
&

PTH Treated Trabecular BV/TV (%)

0 10 20 30 40

30 40 0 10 20 30 40
Vehicle Treated or Control Trabecular BV/TV (%) Vehicle Treated or Control Trabecular BV/TV (%) Vehicle Treated or Control Trabecular BV/TV (%)
p-value Male Both p-value Femur Vertebrae p-value 7
Female 0.0011 0.4584 Tibia 0.1756 0.1333 5-55 0.7938
Male 0.1143 Femur 0.0147
i Dose of PTH (pg/kg/day)
D Age at Start of Treatment (weeks) E Duration (weeks of treatment) F - <30 -o 40 50-60 80 =e= 90-160
- 02 -© 438 9-10 112 o= >12 - <4 -0 4 56 712 75
75 75
= = S
8 2 . S 60
z 60 2 60 ° %
=
5 o 5 45
s 3
2 o 2 ©
g . g 2 30
= 30
R B 2 5
: /ﬂ- g C 1
= = 5
; 15 é b8 z 15 E
= - N o
8 o
o .
00 pr 20 v w0 0 10 20 20 20 0 10 20 30 40
Vehicle Treated or Control Trabecular BV/TV (%) Vehicle Treated or Control Trabecular BV/TV (%) Vehicle Treated or Control Trabecular BV/TV (%)
p-value 4-8 9-10 11-12 >12 p-value 4 5-6 7-12 p-value 40 50-60 80 90-160
0-2 0.5765 0.9062 0.1542 0.0519 <4 0.0819 0.0095 0.0898
=30 0.2302 0.1052 0.0009 0.0288
4-8 0.4889 0.0212 0.0046 4 <0.0001 0.7747
40 0.3817 0.0389 0.0801
9-10 0.0226 0.0053 5-6 0.0014
50-60 0.5649 0.7742
11-12 0.2222
80 0.7719
G

Fold Change of Trabecular BV/TV
in Response to PTH

Control Trabecular BV/TV (%)

FIGURE 2. Trabecular bone response in WT mice. (A-F) Trabecular bone volume is graphed for vehicle-treated (x axis) and PTH-treated (y axis) WT mice. Each plot
stratifies a different variable, including (A) sex, (B) bone site analyzed, (C) duration (days per week of treatment), (D) age at the start of treatment, (E) duration
(weeks of treatment), or (F) dose of treatment. Linear regression of the slope was analyzed for each group and compared within a variable. The p values are
reported in the charts under each graph, and correspond to the analysis between the column and row headers (i.e., in (A), the slope of the line for male and female
has a p-value of 0.0011). (G) Control trabecular bone volume in WT mice and the FC of trabecular bone volume in response to PTH in WT mice is plotted. The AIC is
a statistical predictor of error between two models, and was used to confirm an inverse exponential relationship between control bone volume and the FC in
bone volume with PTH in WT mice. Abbreviations: AIC, Akaike Information Criterion; PTH, parathyroid hormone; WT, wild-type; FC, fold change.

gration site (Wnt) family, bone morphogenetic protein (BMP) factors including apoptotic, immunity, extracellular matrix
family, insulin-like growth factor (IGF), and growth hormone (ECM), cytoskeletal, and calcium regulation. The summation of
(GH), epidermal growth factor (EGF) family; and cell regulatory these data demonstrated the gene deletions with the greatest
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control and genetically modified treated animals, the FC is 1, indicated by the marked line. Abbreviations: FC, fold change; PTH, parathyroid hormone.
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increase in response to iPTH. These included PTH and 1-a-
hydroxylase (Pth;1a(OH)ase, 62-fold)”®, amphiregulin (Areg,
15.8-fold),"” and PTH-related protein (Pthrp, 10.2-fold)."?
(Table 2). The deletions with the greatest inhibition of the ana-
bolic response include deletions of: proteoglycan 4 (Prg4,
—9.7-fold),"”" low-density lipoprotein receptor-related protein
6 (Lrp6, 1.3-fold),*¥ and low-density lipoprotein receptor-related
protein 5 (Lrp5, —1.0-fold)®® (Table 2). Several notable genes
demonstrated no alteration of the anabolic action of PTH, includ-
ing major histocompatibility complex Il knockout mice (Mhc
N,“? bone sialoprotein (Bsp),®® and histone deacetylase
4 (Hdac4).*® The models with the most study were insulin-like
growth factor-1 (Igf-1).°%>%

By detailing comparisons between reported iPTH studies,
we are able to assimilate the role of different genes in the ana-
bolic response. For example, Table 2 shows that mice with
mutations in Igf-1 can range in their response to iPTH, with
bone volume fold changes relative to control mice from —0.3
~fold to 2.1-fold.*?°® There has been long-standing interest
in this gene; it was the first genetic model to be studied with
iPTH in 2001 because of the increase in IGF-1 production from
osteoblasts in response to PTH.®? A detailed analysis in the
Supplemental Material compares the study design, mouse
genetics, and conclusions of each report. These studies sup-
port a necessary role of IGF-1 in the anabolic response, as well
as downstream targets, such as insulin receptor substrate-1
(IRS-1).6?

DISCUSSION

When mice are administered anabolic doses of PTH, signaling
cascades affect proliferation and development of osteoblasts.
There are many protein interactions and regulatory factors
involved in this process, and it is unsurprising that when they
are disrupted, the anabolic response does not achieve its full
potential. The purpose of this study was to further elucidate
PTH mechanisms by collectively analyzing the extensive work
performed using mouse models.

The anabolic response in wild-type mice was analyzed to
understand baseline differences and influences. Of the variables
analyzed, the greatest responses to iPTH were in male mice, with
treatment starting later than 12 weeks of age, a treatment dura-
tion lasting 5 to 6 weeks, and a PTH dose of 30 to 60 pg/kg/day.
This data should be used to inform future study design for effi-
cient use of resources. For example, based on the correlation
data, male and female mice should be analyzed separately when
treated with iPTH.

Collectively, the data suggests that starting treatment at greater
than 12 weeks of age yields the highest response to iPTH. Mice are
considered mature adults at this stage, but peak bone mass is
closer to 16 to 18 weeks. The murine skeleton continues to grow
past sexual maturity (about 7 weeks), whereas the human skeleton
does not. PTH is commonly prescribed in postmenopausal women,
and this population would be more comparative to mice that are at
least 12 months old. Of the more than 130 cohorts of mice studied,
only one was in this age range.*

Administering PTH for at least 5 days per week is sufficient to
yield an anabolic response. Although it is well documented that
whereas continuous PTH is catabolic, iPTH is anabolic,”® this
analysis has focused on the anabolic studies. Frolik et al.”* used
a rat model to determine that the pharmacokinetics of PTH(1-34)
varies with differing treatment regimens. They found giving the

same 80 pg/kg of PTH in a single injection or via six injections
over 1 h resulted in an anabolic response. However, administer-
ing the same 80 pg/kg of PTH over 6 or 8 h produced a catabolic
response. They associated the anabolic iPTH in a temporal man-
ner with the rapid increase in serum calcium, followed by
tapering.

Analyses for this examination focused on the tibias, femurs,
and vertebrae. Although studies analyzing calvariae are reported
in Table 2, there were not enough to include in the correlation
analysis. In humans, bone mineral density in postmenopausal
women that were randomly assigned to PTH or placebo showed
a larger percent change in the lumbar spine than femoral neck.”’
Of note, this is comparing different outcomes (bone volume for
murine studies and bone mineral density for human), measured
by different variables, and in a quadrupedal versus a bipedal
species.

Relative to specific genetic aberrations that may inform PTH
mechanisms, several trends are apparent from this analysis of
more than 90 gene-targeted studies. Bone health and energy
metabolism are linked formulating a vital area of research inter-
est. Many clinical conditions are also linked to altered energy
expenditure, as reviewed by Motyl et al.”® Among these tar-
geted murine models with the largest increases in anabolic
response to iPTH were AMP-activated protein kinase ol
(Ampkal), hypoxia-inducible factor 1-alpha (Hif-1a), and
cyclooxygenase-2 (Cox2). Ampkal regulates energy consump-
tion in the cell, working to promote adenosine triphosphate
(ATP) conservation or expenditure depending on current condi-
tions.”® Mice lacking Ampka1 have a low bone mass with an
increased anabolic response to iPTH.'® Hif-1a is referred to as
the master regulator of hypoxia because it is an oxygen-sensitive
subunit of the Hif-1 complex (with Hif-1f). When oxygen is not
present, Hif-1a is stabilized and translocated to the nucleus to
bind to hypoxia-response elements.”” Cox2 has been identified
as a hypoxia responsive gene in colorectal cancer.”® Authors of
the work with Cox2 and iPTH were interested in its role regulat-
ing prostaglandin production, but it is possible that part of the
effect of deleting this gene is affected by changes in energy
metabolism. When these genes are deleted, the responsiveness
to iPTH in bone is enhanced. Because these genes are activated
when the cell is under metabolic stress and their actions limit
the PTH response, it is conceivable that they allow the cell to
work at the capacity allowed by current energy conditions, lim-
ited by oxygen concentrations.

Ampkal and Hif-1a both regulate autophagy.”?% PTH pre-
vents osteoblast apoptosis, prolonging the life of these cells.®"
It is also possible that in the absence of these genes, cell survival
is further enhanced, leading to an increased response to iPTH. A
presentation at the American Society for Bone and Mineral
Research Annual Meeting in 2019 further connected autophagy
and PTH mechanisms.®? Using mice that had autophagy-
deficient osteoblasts (Fip2001/1°% Osterix—cyclic recombinase
[Osx-cre]), Qi et al.®? showed a blunted anabolic response.
Taken together, the evidence supports a relationship between
autophagy and iPTH.

Canonical Wnt signaling promotes osteoblast expansion and
function. Soluble ligands bind to the receptors (including LRPs)
that induce stabilization of § catenin (pB-cat), allowing it to trans-
locate to the nucleus and alter gene expression.®® In mice with
mutations in Lrp6 and p-cat, there were similar anabolic
responses to PTH (vertebrae and femur when p-cat deletion
was under control of dentin matrix acidic phosphoprotein
1 [DMP1], and in the vertebrae when under control of Osx). Other
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Wnt family member proteins have been studied with iPTH, and it
is clear that this pathway is critical for its anabolic effects in bone.
N-cadherin restrains Wnt signaling and bone formation in osteo-
blasts.®¥ Interestingly, when the gene for N-cadherin, Cdh2, is
disrupted, the anabolic response to iPTH is increased. When both
positive and negative regulators of Wnts are affected, the
response to iPTH increases, suggesting anabolic PTH is sensitive
to slight changes in Wnts.

N-cadherin may affect PTH responsiveness through other
mechanisms as well. Expression of Cdh2 is increased with matu-
rity of osteoblasts and decreased expression is associated with
osteosarcoma.®>#® N-cadherin mediates cell-to-cell adhesion,
highlighting the effect of interaction with the microenvironment
on osteoblasts. Mdx mice have a mutation in dystrophin, a pro-
tein that also helps osteoblasts interact with their environment
by connecting the cytoplasm to the extracellular matrix in a com-
plex. Disruption in dystrophin function increases the anabolic
response to iPTH. Both N-cadherin and dystrophin are affected
by calcium. N-cadherin is a calcium dependent glycoprotein,
whereas Mdx mice exhibit increased intracellular calcium
levels.®”) It is possible that these changes in calcium regulation
alter responsiveness to iPTH.

This work summarizes decades of work aimed to outline the
mechanisms of anabolic iPTH, with more studies surely forth-
coming. The reports described highlight the importance of many
cell types in the bone microenvironment. Signaling starts in the
osteoblast, depends on intracellular second messengers, and is
then affected by/affects microenvironmental cues and other
organ systems, formulating a complex and dynamic process that
results in bone formation and bone accrual. The insights from
the analysis of the pooled data provide better direction for future
experiments and appropriate interpretation.
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