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ABSTRACT

The in vitro and in vivo effects of [Cys25]hPTH(1-34) analogues

Chu Hyun Bae

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Sung-Kil Lim)

Recently, an arginine (Arg)-to-cysteine (Cys) homozygous mutation at 

position 25 (R25C) in mature parathyroid hormone (PTH; 1-84) was reported 

in a Korean patient with hypoparathyroidism. To clarify whether the high bone 

mass phenotype observed in this patient is related to the hypoparathyroidism 

itself or a chronic elevation of mutant PTH, a series of in vitro and in vivo

experiments were performed in MC3T3E1, ROS 17/2.8 and SAOS2 cells 

treated with hPTH(1-34), Cys25hPTH(1-34), Ala1Cys25hPTH(1-34) and 

Bpa1Cys25hPTH(1-34). The synthesized peptides were then subcutaneously 

delivered to OVX mice as a daily single-dose regimen. Compared to hPTH(1-

34) and Ala1Cys25hPTH(1-34), treatment with Cys25hPTH(1-34) or 

Bpa1Cys25hPTH(1-34) revealed a decreased cAMP response and pCRE 

luciferase reporter activity. Although cAMP response was sustained with 

hPTH(1-34) in MC3T3E1 cells, such response was not observed when cells 

were treated with the three mutated peptides. Meanwhile, all PTH analogues 

exhibited ERK phosphorylation and cytoplasmic Ca++ signals comparable to 

hPTH(1-34). Compared to the control OVX mice, trabecular and cortical bone 
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parameters improved after 6 weeks of respective treatments as follows: 

hPTH(1-34)(80μg/kg) = Ala1Cys25hPTH(1-34)(80μg/kg) = Cys25hPTH(1-

34)(80μg/kg) > Bpa1Cys25hPTH(1-34)(80μg/kg) > hPTH(1-34)(40μg/kg). The 

increment in RANKL/OPG mRNA ratio after 6 hr treatment of Cys25hPTH(1-

34), Ala1Cys25hPTH(1-34) and Bpa1Cys25hPTH(1-34) was less than that was 

obtained after hPTH(1-34) treatment. In conclusion, the high bone mass 

phenotype observed in a Korean patient with hypoparathyrodism caused by an 

Arg to Cys mutation at the 25th residue of mature PTH(1-84), may arise from 

direct and indirect effects exerted by the mutant PTH itself on bone. 

Cys25PTH(1-34) could be a potential candidate as a second generation PTH 

analogue.

Key Words: PTH analogue, osteoporosis, bone anabolism
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The in vitro and in vivo effects of [Cys25]hPTH(1-34) analogues

Chu Hyun Bae

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Sung-Kil Lim)

I. INTRODUCTION

Parathyroid hormone (PTH), a polypeptide composed of 84 amino acids, 

plays a critical role in regulating of calcium and phosphate homeostasis and in 

remodeling bones.(1) Depending on its route of administration, PTH exerts differing 

effects in vivo, often referred to as the PTH paradox; an intermittent subcutaneous 

injection of PTH stimulates bone formation, while a continuous infusion causes 

hypercalcemia and induces loss in bone mass.(2) The bone anabolic effects by PTH 

from various mechanisms orchestrated in various cells. Remodeling-based bone 

formation by intermittent treatment of PTH is important, and modeling-based bone 

formation is also partially involved.(3) A low-dose intermittent treatment results in 

osteoblast differentiation, osteocyte activation, inhibited cell apoptosis, and 

suppressed sclerostin expression.(4) By stimulating aerobic glycolysis in osteoblasts 

via insulin-like growth factor signaling, PTH promotes bone anabolism.(5) Meanwhile, 

almost all of PTH’s bone anabolic effects can be accomplished by its first 34 N-

terminal amino acids.(6) Currently, teriparatide (PTH[1-34]), named Forteo, is 

commercially available as an anabolic agent for treating bone loss in the United States, 

although PTH(1-84) is also used for the treatment of osteoporosis in some countries.(7)

Previous studies have reported that residues 25-34 of PTH comprise the 

primary binding domain for the extracellular N domain of PTH/PTHrP receptor 1 
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(PTHR1).(8) The first two amino acids are also critical for receptor-binding interaction 

and cAMP generation.(9) Downstream signals of PTH are divided into a G-protein-

dependent signaling and a β-arrestin-mediated signaling.(10) G-protein-dependent 

signaling is initiated by Gs and Gq11 coupling to the receptor and forming a 

functional complex upon binding of PTH to the receptor. The complex acts as a 

second messenger to activate downstream small G-protein regulators, such as adenyl 

cyclase/PKA, PLC/PKC, ion channel and Rho-GEF.(9,11) β-arrestin-mediated signaling 

also activates various signal molecules, including Src, MAPK, PI3K, to phosphatases 

like PP2A, phosphodiesterases like PDE4D, ubiquitin ligases like Mdm2, small G-

protein regulator Ral-GDS and transcriptional regulator IkB.(12-14) Recently, Kobilka 

BK et al. proposed that PTH/PTHrP receptor exists in two different conformations, R0

and RG.(15) Interestingly, the authors highlighted that PTHrP has a high affinity for the 

RG form, yet PTH binds with a greater selectivity to the R0 form.(16,17) Furthermore, if 

PTH binds with the R0 form, endocytosis is induced for continuous cAMP generation 

in early endosomes, called a sustained response.(18) Accordingly, development of new, 

biased PTH analogue has been attempted for use in increasing bone mineral densities 

(BMD), while minimizing side-effects of hypercalcemia and cortical porosity by 

transforming PTH signal transduction.

It has been reported that daily, single subcutaneous injection of hPTH(1-34) 

significantly increases spinal BMD, but not femoral BMD until at least 9 mo after 

treatment.(19) Also, the rates of BMD increase and fracture prevention were not found 

to be greater than those achieved with alendronate.(20) In conjunction, hPTH(1-34) 

increased cortical porosity, which significantly weakens bone strength.(21) To 

overcome these problems, PTHrP-based Abaloparatide has been developed as a pure 

agonist, and has completed phase III clinical trials.(22) Teribone, was also developed 

and introduced in the Japanese market as a once weekly agent.(23) Although the drug 

effects were reported not to be reduced, the neutralizing antibody was developed in 

many patients treated with Abaloparatide, and the side effects such as hypercalcemia 

episode and hypotension followed by discontinuation were frequent in patients with 
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Teribone.(22,24,25) Therefore, more studies for development of new PTH derivatives 

that are safe, effective, and convenient are required.

Recently, Lee et al. reported on hypoparathyroidism in a patient caused by a 

substitution of the 25th residue of hPTH(1-84) from Arg to Cys.(26) Interestingly, this 

patient exhibited a notable increase in the level of serum PTH measured via an assay 

that utilized residue sequences 1-3 and 35-84 as an epitope for antibodies. Since the 

residues 25-34 of hPTH(1-84) is the primary receptor-binding domain, the Arg-to-Cys 

substitution at the 25th residue of Cys25hPTH(1-34) exhibited a three-times weaker 

receptor binding and cAMP generation than those of the wild-type hPTH(1-34) 

activity.(26) When administrating Cys25hPTH(1-34) via IV infusion for 4 days, 

hypocalcemia and hyperphosphatemia developed, and reductions in 1 alpha 

hydroxylase and TRPV5 expression were confirmed in mice.(26) Interestingly, BMD 

in the aforementioned patient was significantly high (personal communication). High 

BMD in patients with hypoparathyroidism has been already reported before; it has

also been reported in Korean patients.(27) Thus, in this study, we synthesized 

Cys25hPTH(1-34) analogues and injected them subcutaneously and intermittently as a 

daily single dose in OVX mice to 1) identify whether the high BMD observed in this 

patient is caused by hypoparathyroidism itself or long-term elevation of mutant hPTH, 

2) investigate which signaling pathways are activated, and 3) elucidate the 

significance of the first amino acid of Cys25hPTH(1-34) in its role of serum calcium 

and BMD modulation.
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II. MATERIALS AND METHODS

1. Cell culture

Mouse pre-osteoblast MC3T3-E1 cells were maintained in Alpha Minimum 

Essential Medium (alpha MEM) containing 10% FBS and 1% penicillin-

streptomycin. ROS 17/2.8 rat osteosarcoma cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10% FBS and 1% penicillin-

streptomycin. SAOS2 cells were maintained in McCoy’s 5A containing 15% 

FBS and 1% penicillin-streptomycin. All cell lines were incubated at 37°C with 5% 

CO2. All used cell in experiments were less than 15 passages.

2. Peptide synthesis

Peptides were synthesized by Fmoc SPPS (solid phase peptide synthesis) 

using ASP48S (Peptron Inc, Taejeon, South Korea). Human PTH derivatives 

used included hPTH(1-34), Cys25hPTH(1-34), Ala1Cys25hPTH(1-34) and 

Bpa1Cys25hPTH(1-34). Peptides were purified using reverse phase HPLC on a 

Vydac Everest C18 column (250 mm x 22 mm, 10μm). The solution was eluted 

with a water-acetonitrile linear gradient (3-40% [v/v] of acetonitrile) containing 

0.1% (v/v) trifluoroacetic acid. Molecular weight of the purified peptide was 

confirmed using LC/MS (Agilent HP1100 series).

3. cAMP generation and wash out assay

cAMP generation and wash out assay were proceeded as previously 

described.(19) Briefly, the peptides were added to MC3T3E1 cells in cAMP buffer 

(0.1% BSA, 20mM HEPES, 20μg/ml ascorbic acid in DMEM media). Samples 

were incubated for 20 minutes at 37°C, and the media was replaced with 1ml of 

50mM HCl. The same procedure was performed for the washout assay with 1 x 

10-7M of the peptides. After the incubation at 37°C, cAMP buffer was replaced 

with 2mM IBMX and incubated at 37°C. Intra-cellular cAMP was quantified 

usting Cayman cyclic AMP EIA kit.
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4. pCRE-luciferase assay

SAOS2 cells, plated in 6-well plates (~0.3x106/well), were transfected with 

TransIT-2020 transfection reagent (Mirus), and cultured over 2 days to ensure 

the expression of pCRE-luciferase. Luciferase activity was measured 8 hr after 

the treatment with the peptides.

5. Animal model

Female virgin C57BL/6J mice (Japan SLC, Inc, Shizuoka, Japan) 

underwent bilateral sham or ovariectomy (OVX) operation at 8 weeks of age. All 

mice were maintained for 5 we after OVX operation to induce bone loss. 

Operated mice were subcutaneously injected with the peptides upon randomly 

assigned group (n=7/group). Injected dosages of hPTH(1-34) were 40μg/kg and 

80μg/kg, while the other peptides were dosed at 80μg/kg. The sham group and 

one OVX-operated group were injected with saline. All groups were injected for 

5 days per week over 6 weeks. At the end of the injection period, mice blood 

samples were collected at 0, 1, 2 and 3 hours after subcutaneous injections to 

measure serum calcium levels. Tibia, femur and spinal cord were also collected 

for µCT analysis. Animal protocols were carefully reviewed and approved by 

Yonsei Biomedical Research Institute (Seoul, Korea), based on the guidelines for 

the care and use of laboratory animals (National Research Council, USA).

6. μCT analysis

Mouse tibiae were imaged with a high resolution system (SkyScan 1076). 

Using Skyscan CT analyzer software (Nrecon for section forming and 

Ctan/Ctvo1 for analyzing), several micro-parameters in mouse right tibia, 

trabecular and cortical bones were quantified.

7. Serum calcium analysis
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DRY- CHEM 4000i parameters were used to measure calcium levels in 

mouse blood serum with FUJIFILM Corporation slides (FUJUFILM, FUJU 

DRI-CHEM SLIDE, Ca-PIII). Blood samples were incubated for 30-60 minutes 

at room temperature and centrifuged at 500rpm for 10 minutes.

8. Bone histomorphometry

Mice were intraperitoneally injected with 10 mg/kg calcein two and seven

days before they were sacrificed and subjected to dynamic histomorphometry. 

Undecalcified distal femurs were embedded in methyl methacrylate as previously 

described.(28) 6 μm-thick sagittal sections were analyzed for bone formation rate 

(BFR), mineral apposition rate (MAR), and mineralizing surface over bone 

surface (MS/BS) of trabecular and cortical bone. Histomorphometrical analyses 

were performed with Bioquant Osteo II (Bio-Quant, Inc., Nashvile, TN). For 

samples with only single labels, MAR was assigned with a minimum value of 0.1 

μm/d.(29) All bone histomorphometric nomenclatures follow the guidelines of the 

ASBMR.(29)

9. Quantitative reverse transcriptional PCR (RT-PCR)

MC3T3-E1 cells were treated with each peptide at 1x10-8M for 6 hr. After 

the treatment, mRNA was extracted with TRIzol and used to synthesize its cDNA. 

The following primers were used : 5’-CAT TTG CAC ACC TCA CCA TCA AT-

3’ (forward) and 5’-GTC TGT AGG TAC GCT TCC CG-3’ (reverse) (mouse 

RANKL); 5’-ACC CAG AAA CTG GTC ATC AGC-3’ (forward) and 5’CTG  

CAA TAC ACA CAC TCATCA CT-3’ (reverse) (mouse OPG); 5’-GCT ACA 

GCT TCA CCA CCA CAG-3’ (forward) and 5’-GGT CTT TAC GGA TGT 

CAA CGT C-3’ (reverse) (mouse β-actin).

10. β-Arrestin dependent signals analysis

The method of [Ca++]i imaging has been described previously.(30) Briefly, 



9

MC3T3E1 cells were loaded with 0.05% pluronic F-127 and 5μM Fura-2/AM 

(Teflabs Inc., Austin, TX) for 1 hour in physiologic salt buffer. Fura-2 

fluorescence was measured with Molecular Devices (Downingtown, PA) 

imaging system. The emitted fluorescence was detected with a charge-coupled 

camera device (Photometrics, Tucson, AZ) attached to an inverted microscope. 

Fluorescence images were analyzed using MetaFluor software (Molecular 

Devices). For western blot analysis, MC3T3E-1 cells were introduced with 10-

8M peptides for 5, 10 and 20 min. Primary antibodies were probed for phospho-

ERK (Phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204) Antibody, Cell 

Signaling), ERK (p44/42 MAPK (Erk1/2) Antibody, Cell Signaling) and actin 

(Actin (C-2):sc-5432, Santa Cruz).

11. Statistical analysis

All collected data sets were analyzed using Excel 2010 (Microsoft Corp. 

Redmond, WA, USA) and Graphpad Prism 5 (Graphpad software Inc., La Jolla, 

CA, USA), presented as mean ± S.D. Paired data sets were computed by 

Student’s t test. P<0.05 was considered statistically significant.
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III. RESULTS

1. Gs protein-dependent signals

We examined the effect of the PTH derivatives in activating Gs protein-

dependent signaling pathway of PTH in ROS 17/2.8 cells. Cells treated with 

control hPTH(1-34) exhibited a dose-dependent effect on cAMP generation, 

while the mutant Cys25hPTH(1-34), in which the amino acid at position 25 was 

substituted with a cysteine residue, showed a reduced generation ability, 

especially at a concentration of 10-8M, compared to the control hPTH(1-34). 

However, Ala1Cys25hPTH(1-34), in which the normal amino acid at position 1 

was also substituted with an alanine residue, was able to rescue the cAMP 

generation potency in ROS 17/2.8 cells. Bpa1Cys25hPTH(1-34) exhibited the 

lowest cAMP generation activity amongst the PTH derivatives (Fig. 1A; *p 

value <0.05, **p value <0.01 versus hPTH(1-34)). The first residue in Cys25

mutants could also affect cAMP generation. After an induction of a transient 

expression of cAMP response element (CRE) reporter DNA in SAOS2 cells, the 

activity of the reporter responding to each peptide was measured. 

Ala1Cys25hPTH(1-34) revealed a reporter activity similar to wild-type hPTH(1-

34). Reporter activity was reduced in Cys25hPTH(1-34) and Bpa1Cys25hPTH(1-

34) (Fig. 1B; *p value <0.05 versus hPTH(1-34)). Additionally, we conducted 

a wash-out assay with hPTH(1-34) and Cys25 mutated PTHs to monitor 

changes in intracellular cAMP concentration after PTH stimulation in 

ROS17/2.8 cells. After 10 min of 10-7M of PTH, we measured the 

concentration of cAMP using ELISA. The control group, treated with 

hPTH(1-34), showed a sustained effect consistent with what Lee et al. had 

previously reported, while the other peptides with a Cys25 mutation could 

not lead to responses as sustained as the control group, regardless of the 

substitution of the first amino acid (Fig. 1C; *p value <0.05 versus 

hPTH[1-34]). Since all three mutant peptides showed no significant 
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differences, we concluded that the first amino acid substitution in 

Cys25hPTH(1-34) does not affect the sustained effect of cAMP generation. 

As a result, when the Arg at position 25 was mutated to Cys in hPTH(1-

34), the sustained cAMP response of hPTH(1-34) disappeared.
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Figure 1. Cyclic AMP generation and its sustained response with hPTH(1-34) 

and the three derivative analogues. (A) Ligand-induced cAMP potency was 

detected in ROS 17/2.8 rat osteosarcoma cells. The cells were plated in 24-well 

plates and treated with 10-6 to 10-12M of hPTH(1-34), Cys25hPTH(1-34), 

Ala1Cys25hPTH(1-34) or Bpa1Cys25hPTH(1-34). The peak responses were 

measured at 20 min after ligand addition. (B) Cyclic AMP-mediated CRE (cAMP 

response element) response assay was measured in SAOS2 cells expressing 

pCRE-luciferase. SAOS2 cells with transient expression of pCRE-luciferase 

were treated with 10-8M of hPTH(1-34) or the three PTH analogues. The peak 

luciferase was assessed with a plate reader at 8 hours after ligand addition. (C) 

cAMP sustained response after the ligands were washed out was also assessed in 
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ROS 17/2.8 cells. 2mM IBMX was added for 2-5 min prior to the ligand 

treatment. 10-6M of each peptide was added for 10 min and washed twice with a 

buffer without IBMX. Then, cells were incubated for 15, 30, 60 and 120 min in a 

buffer containing IBMX. Data sets are presented in means ±S.D. of 3 to 5 

experiments (A, B, C), each performed in duplicates. *: p<0.05 (versus hPTH(1-

34)); **: p<0.01 (versus hPTH(1-34)).

2. β-Arrestin dependent signals and RANKL/OPG mRNA expression

All peptides were able to induce ERK phosphorylation 5 min after the signal 

activated by the peptides, and sustained until 20 min post-activation (Fig. 2A). 

Cysteine mutated PTHs were able to result in a slightly higher ERK 

phosphorylation, but Bpa1Cys25hPTH(1-34) showed less phosphorylation level, 

compared to the other mutant peptides. In order to measure cytoplasmic calcium 

level, MC3T3E1 cells were treated with 10-8M of ligands. We noticed that the 

control and the modified peptides induced similar increases in cytoplasmic 

calcium levels (Fig. 2B; *p value<0.05 versus ATP). Therefore, as Lee et al. 

reported, we confirmed that hPTH(1-34) and the mutant PTH peptides similarly 

contributed to β-arrestin-mediated cytoplasmic calcium regulation.

The mRNA expression levels of RANKL and OPG were measured after 

treatment of MC3T3E1 cells with the peptides. Cells without any peptide 

treatments expressed low or basal levels of RANKL and OPG mRNAs. However, 

the mRNA expression level of RANKL increased significantly upon 6-hour 

hPTH treatment (Fig. 2C). The following it the rank of the potency of each 

ligand: Ala1Cys25hPTH(1-34) > Cys25hPTH(1-34) > Bpa1Cys25hPTH(1-34). OPG 

expression levels were not noticeably changed when cells were treated with 

hPTH(1-34) but increased with Cys25 mutant PTHs. Upon quantifying band 

densities, RANKL/OPG mRNA expression ratio significantly increased after 

treatment with hPTH(1-34), although it was not increased after treatment with 

Cys25 mutant PTHs.
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Figure 2. Effects of hPTH(1-34) and three mutated peptides on arrestin-

dependent signaling. (A) MC3T3E1 pre-osteoblast cells were treated with hPTH or 

its analogues (10-9M) for 5, 10 and 20 min. Cellular proteins from the whole cell 

lysates were isolated to detect ERK phosphorylation using phosphorylated or total 

ERK1/2 antibody. hPTH(1-34) and its analogues induced ERK1/2 phosphorylation 

from 5 minutes after the treatment. (B) Ligand-induced Ca++ responses in MC3T3E1 
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cells. Cells were attached to a cover glass in a 35-mm dish. 10-8M of the peptides 

were added and loaded with 5μM Fura-2/AM and 0.05% pluronic F-127 for 60 min 

after 24-48 hr. The fluorescence reading were analyzed using MetaFluor software.

(C) mRNA expressions of RANKL, OPG and β-actin and the ratio of RANKL/OPG 

mRNA. mRNA expression levels of RANKL, OPG and β-actin in MC3T3E1 cells 

were assessed by RT-PCR. 10-8M of the ligands were introduced in normal cell 

culture media without FBS, and the cells were incubated for 6 hr. The graph 

represents RANKL/OPG ratio. All the data were analyzed using Multi-gauge V3.0 

software. Representative data sets are presented as means ±S.D. of 3 to 5 

experiments (A, B, C), each performed in triplicates. *: p<0.05 (versus ATP)

3. Acute effects of the peptides on serum calcium levels and bone mineral 

density

We noticed an increase in serum calcium level in the control hPTH(1-

34) group and the experimental groups, with the level reaching 5~10% 

peak increase at 1 hr post injection (Fig. 3A). Amongst the mutant 

peptides groups, mice subjected to Ala1Cys25hPTH(1-34) injection exerted 

the highest increase in calcium levels (*p value <0.05 versus OVX+saline; 

n = 6~7). Only the group of mice injected with 40μg/kg of hPTH(1-34) 

showed a difference in calcium levels, probably due to a lower dosage 

than the other mice.

BMD of left femurs was quantified using PIXImus software (Fig. 3B).

The average BMDs of the sham operation and the OVX+saline group 

were 0.098g/cm2 and 0.089g/cm2, respectively, which were markedly 

reduced. While no significant increase in BMD level was detected in the 
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group with 40μg/kg of hPTH(1-34), the BMD increased up to 0.100g/cm2

in the group which received 80μg/kg of hPTH(1-34). The other peptide 

groups also exhibited significant increases in BMD. Compared with the 

OVX group, both the sham and mutant peptide groups showed statistically 

significant higher BMDs (*p value <0.05 versus OVX+saline; n = 5~6). 

Thus, we suspected that daily single injections of hPTH or its derivatives 

must contribute to the bone anabolic effect.



17

Figure 3. PTH and derivative analogues activity in vivo. (A) Vehicle (saline) and 

the PTH analogues were subcutaneously injected into C57BL/6 mice 6 we post OVX 

or sham operation. Acute injection were performed with 40μg/kg of hPTH(1-34), or 

80μg/kg of hPTH(1-34), Cys25hPTH(1-34), Ala1Cys25hPTH(1-34) or 

Bpa1Cys25hPTH(1-34). Blood serum was isolated from the total blood samples, 

extracted 0, 1, 2 and 3 hr after the injections. (B) Bone mineral density (BMD) of 

mice femurs was measured with Lunar PIXImus 2 densitometer and further analyzed 

using Lunar PIXImus 2 software (GE medical systems). Data are presented as means 

±S.D. from a single experiment in 5 to 7 mice (A, B) per group. *: p<0.05 (versus 

OVX+ saline group
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4. µCT analysis

µCT analysis assessed various bone parameters of the right tibia. In the 

representative images, we noticed that the OVX group had a visual trabecular 

and a cortical bone loss (Fig. 4A). Groups that received 80μg/kg of hPTH(1-34), 

Cys25hPTH(1-34) and Ala1Cys25hPTH(1-34) had enhanced its trabecular and 

cortical bone parameters, while the other groups, 40μg/kg of hPTH(1-34) and 

Bpa1Cys25hPTH(1-34) remained the same with no significant differences. (Fig. 

4B, C; Table 1). In particular, the analysis showed that there was a significant 

reduction of the percent bone volume tissue-volume (BV/TV) ratio from 

trabecular bone parameters in the OVX group, compared to the sham group; 

significant increases in these values were also confirmed in the mutant peptide 

groups. Also, the OVX group had the highest trabecular separation (Tb.Sp) and 

bone-surface/volume ratio (BS/BV), while the ratio of the other peptide groups 

tended to be lower. Bpa1Cys25hPTH(1-34) injected mice showed no noticeable 

difference. Cortical bone parameters also showed meaningful results: OVX 

group mice had the lowest cortical bone volume and cross-sectional thickness. 

The 80μg/kg hPTH(1-34) group and all mutant peptide groups recovered the 

values, but the 40μg/kg hPTH(1-34) mice did not. Moreover, the OVX group had 

the highest cortical BS/BV, while the other peptide groups showed a lower value. 

Conclusively, 80μg/kg hPTH(1-34), Cys25hPTH(1-34) and Ala1Cys25hPTH(1-34) 

peptides affect bone anabolic effects, although 40μg/kg hPTH(1-34) and 

Bpa1Cys25hPTH(1-34) may not as much (*p value <0.05, #p value <0.01 versus 

OVX+saline; n = 5~8).
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Figure 4. Changes in trabecular and cortical bone parameters assessed by 

μCT. (A) Representative μCT images of trabecular bone. Transverse and 

longitudinal views are shown on the left. Longitudinal images are shown on the 

right. (B) Tibia trabecular bone parameters were measured by μCT. Trabecular 

number [1/mm], Bone Volume/Tissue Volume [mm3], Trabecular separation [mm] 

and Bone surface/Volume ratio [1/mm] are depicted in the figure, and other 

parameters are shown in Table 1. (C) Tibia cortical bone parameters. Bone 

volume [mm3], Bone surface/Volume ratio [1/mm] and cross-sectional thickness 

arez shown, and other parameters are shown in Table 1. Data are presented as 

means ±S.D. from a single experiment, from 5 to 8 mice (A, B, C) per group. *: 

p<0.05 (versus OVX+saline group); #: p<0.01 (versus OVX+saline group).
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Table 1. Trabecular and cortical structural parameter values in C57BL/6 mice

*p<0.05, #p<0.01 versus OVX

Trabecular bone Sham OVX
hPTH(1-34)
(40μg/kg)

hPTH(1-34)
(80μg/kg)

Cys25

hPTH(1-34)
Ala1Cys25

hPTH(1-34)
Bpa1Cys25

hPTH(1-34)
Tissue volume[mm3] 14.77 ± 0.80 15.42 ± 0.62 16.14 ± 0.56* 17.40 ± 2.34 16.80 ± 1.43* 16.80 ± 0.82# 16.60 ± 0.71#

Bone volume[mm3] 1.98 ± 0.10 1.64 ± 0.09 1.89 ± 0.09# 2.04 ± 0.07# 2.02 ± 0.04# 2.06 ± 0.15# 1.85 ± 0.12#

Percent bone volume[%] 13.42 ± 1.04 10.67 ± 0.49 11.75 ± 0.73# 12.22 ± 1.31* 12.07 ± 0.95# 12.28 ± 0.93# 11.17 ± 0.99
Bone surface[mm2] 28.01 ± 1.31 25.88 ± 1.41 27.49 ± 0.65* 27.68 ± 0.96* 27.36 ± 0.82* 28.28 ± 1.03# 26.87 ± 0.89
Bone surface/Volume
ratio[1/mm]

14.18 ± 0.44 15.74 ± 0.38 14.55 ± 0.87# 13.58 ± 0.46# 13.57 ± 0.28# 13.78 ± 0.94# 14.56 ± 0.65#

Bone surface density[1/mm] 1.90 ± 0.15 1.68 ± 0.07 1.70 ± 0.04 1.66 ± 0.19 1.64 ± 0.15 1.689 ± 0.06 1.62 ± 0.09
Trabecular thickness[mm] 0.074 ± 0.002 0.075 ± 0.002 0.073 ± 0.001 0.074 ± 0.002 0.073 ± 0.001 0.073 ± 0.002 0.073 ± 0.002
Trabecular number[1/mm] 1.16 ± 0.22 0.50 ± 0.13 0.55 ± 0.08 0.69 ± 0.10* 0.62 ± 0.03* 0.76 ± 0.15* 0.61 ± 0.09
Trabecular separation[mm] 0.50 ± 0.07 0.70 ± 0.04 0.60 ± 0.11 0.54 ± 0.06# 0.55 ± 0.06# 0.55 ± 0.10# 0.66 ± 0.05
Trabecular pattern factor[mm] 13.70 ± 2.25 16.86 ± 2.95 18.36 ± 1.62 18.22 ± 1.29 19.00 ± 1.68 18.18 ± 2.16 16.95 ± 1.58
Structure model index. 2.39 ± 0.11 2.54 ± 0.10 2.64 ± 0.08* 2.66 ± 0.06* 2.68 ± 0.05# 2.67 ± 0.10* 2.54 ± 0.12
Connectivity 59.00 ± 11.88 45.86 ± 17.28 46.86 ± 12.60 54.86 ± 15.12 41.43 ± 10.33 52.57 ± 11.63 44.71 ± 11.06
Connectivity density[1/mm3] 27.47 ± 4.67 21.85 ± 6.84 21.68 ± 5.71 26.44 ± 6.38 20.24 ± 4.87 24.45 ± 5.59 21.44 ± 5.34
Degree of anisotropy 0.66 ± 0.03 0.65 ± 0.06 0.64 ± 0.03 0.63 ± 0.03 0.66 ± 0.02 0.60 ± 0.07 0.624 ± 0.06

Cortical bone Sham OVX
hPTH(1-34)
(40μg/kg)

hPTH(1-34)
(80μg/kg)

Cys25

hPTH(1-34)
Ala1Cys25

hPTH(1-34)
Bpa1Cys25

hPTH(1-34)

Tissue volume[mm3] 2.54 ± 0.44 2.30 ± 0.33 2.13 ± 0.27 2.43 ± 0.44 2.35 ± 0.25 2.46 ± 0.35 2.46 ± 0.14

Bone volume[mm3] 0.43 ± 0.02 0.40 ± 0.02 0.42 ± 0.02 0.46 ± 0.02# 0.47 ± 0.01# 0.46 ± 0.04# 0.44 ± 0.02#

Percent bone volume[%] 17.38 ± 2.48 17.52 ± 1.96 20.10 ± 2.64 19.52 ± 3.43 19.99 ± 2.06* 19.04 2.42± 17.81 ± 1.73

Bone surface[mm2] 6.67 ± 0.20 6.52 ± 0.38 6.75 ± 0.42 6.93 ± 0.22* 6.91 ± 0.21* 7.01 ± 0.29* 6.76 ± 0.23

Bone surface/volume ratio
[1/mm]

15.47 ± 0.37 16.38 ± 0.51 15.99 ± 0.97 15.03 ± 0.16# 14.83 ± 0.36# 15.22 ± 1.28* 15.52 ± 0.58*

Bone surface density[1/mm] 2.69 ± 0.39 2.87 ± 0.29 3.20 ± 0.29 2.93 ± 0.50 2.96 ± 0.26 2.89 ± 0.37 2.76 ± 0.18

Cross-sectional thickness[mm] 0.17 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 0.18 ± 0.001# 0.18 ± 0.01# 0.18 ± 0.02# 0.17 ± 0.01#
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5. Histomorphometric analysis

Endocortical MAR was 20% greater in the group treated with 80μg/kg of 

hPTH(1-34), whereas periosteal MAR and BFR were 1- and 2-fold higher, 

respectively, in the Ala1Cys25hPTH(1-34) treated mice compared to OVX control 

mice (Table 2). Meanwhile, the lower dose of 40μg/kg of hPTH(1-34) or 

Cys25hPTH(1-34) did not affect any of the dynamic histomorphometry measures.
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Table 2. Histomorphometry parameters about bone formation

MAR, Mineral apposition rate; MS/BS, Mineralized surface/Bone surface; BFR, Bone formation rate; Ec, Endocortical; M.Pm, 

Mineralized perimeters; Ps, periosteal : *p<0.05 versus OVX

Trabecular bone Cortical bone

MS/BS
[%]

MAR
[mcm/day

]

BFR/BS
[mcm/day]

Ec.MAR
[mcm/day]

Ec.M.Pm/
Ec.Pm[%]

Ec.BFR Ps.MAR
[mcm/day

]

Ps.M.Pm
/ps.Pm[

%]

Ps.BFR

OVX 39.28
± 13.10

3.80
± 2.32

1.42
± 0.56

1.004
± 0.251

81.28
± 14.13

0.839
± 0.336

0.350
± 0.388

15.51
± 7.35

0.068
± 0.091

hPTH(1-34)(40μg/kg) 37.50
± 7.02

4.92
± 2.97

1.98
± 1.44

1.164
± 0.280

64.90
± 16.05

0.756
± 0.253

0.416
± 0.320

11.33
± 10.13

0.067
± 0.065

hPTH(1-34)(80μg/kg) 41.87
± 8.11

5.64
± 3.05

2.54
± 1.44

1.266
± 0.175*

77.85
± 10.76

0.981
± 0.166

0.778
± 0.194

23.31
± 8.17

0.190
± 0.094*

Cys25hPTH(1-34) 43.57
± 15.77

3.77
± 2.04

2.61
± 3.09

0.950
± 0.607

67.41
± 24.49

0.736
± 0.508

0.329
± 0.297

10.81
± 10.60

0.054
± 0.075

Ala1Cys25hPTH(1-34) 40.72
± 4.00

5.66
± 3.10

2.34
± 1.26

1.056
± 0.479

60.03
± 25.20

0.724
± 0.384

0.757
± 0.117*

25.47
± 13.40

0.189
± 0.106*
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IV. DISCUSSION

In this study, we have showed that subcutaneously injecting Cys25hPTH(1-34) 

analogues daily exerts significant anabolic effects on bone. We also observed that the 

anabolic effects of Cys25hPTH(1-34) can be modified by a substitution of the first 

residue. Therefore, we propose Cys25hPTH(1-34) analogues as a potential second 

generation PTH analogue for treating osteoporosis.

Teriparatide, human PTH(1-34) hormone, is the only bone anabolic agent that 

has been approved by the FDA for osteoporosis.(31) Most of its anabolic effects are 

through remodeling-based bone formation; however, some of the anabolic action of 

teriparatide is through modeling-based bone formation from the quiescent bone 

surface by activation of resting lining cells and/or recruitment of newly formed, 

differentiated osteoblasts to the bone surface.(32) Since PTH stimulates new bone 

formation, it has the potential to repair disordered bone architecture and increase bone 

mass.(33) However, one of the challenges with teriparatide has been the lack of early 

appreciable beneficial effects in nonvertebral fracture for at least the first 9 mo of 

treatment.(34) Teriparatide also does not increase hip BMD significantly more than 

alendronate.(35) Furthermore, in patients who have already been treated with oral 

bisphosphonates prior to teriparatide, the benefit of subsequent teriparatide treatment 

is diminished.(36) The anabolic effects of hPTH(1-34) are followed by excessive bone 

resorption. Increasing the dosage of PTH treatment is complicated, involving serious 

side effects of hypercalcemia and cortical porosity.(37,38) Therefore, new development 

of PTH or PTHrp analogues with purer anabolic activity, like Abaloparatide, is 

warranted.

In the present OVX mouse model experiments, we found that Cys25hPTH(1-34) 

analogues exert anabolic effects on both trabecular and cortical bone in several 

parameters measured by µCT, while 40μg/kg injection of hPTH(1-34) did not. The 

differences between 80μg/kg and 40μg/kg group mice were considered to be related 

to dosage effects. The activity of cAMP generation with Cys25hPTH(1-34) was lower 

than that of wild-type hPTH(1-34), and we confirmed the loss of sustained cAMP 
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response after the treatment of Cys25hPTH(1-34) analogues. Lee et al. had reported 

that the mutated Cys25hPTH(1-34) has a three-fold weaker binding affinity and cAMP 

generation with the loss of a sustained response.(26) Even though they had discussed 

whether the preferential binding to the RG or R0 conformation of PTHR1 can induce a 

loss of sustained response of Cys25hPTH(1-34), further study is needed. The 

development of hypocalcemia in the patient with homozygous mutation was also 

explained by the in vivo biological behavior of a weak agonist, Cys25hPTH(1-84)(26). 

Meanwhile, both the intra-cytoplasmic calcium signaling and ERK phosphorylation 

stimulated by Cys25hPTH(1-34) analogues were comparable to those of wild-type 

hPTH(1-34) in this study. Therefore, we attempted to elucidate changes in BMD after 

the treatment with Cys25hPTH(1-34) analogues in vivo as a kind of biased agonist, 

showing low cAMP generation and conserved β-arrestin-mediated signaling. In doing 

so, we showed that Cys25hPTH(1-34) analogues contribute to anabolic effects on bone 

when injected subcutaneously once a day.

DTrp12-PTH(7-34), a biased PTH that exhibits solely β-arrestin-mediated 

function, reportedly increased trabecular bone BMD significantly.(39,40) Meanwhile, 

hPTH(1-34)  increased BMD in β-arrestin KO mice.(40) These results suggested that 

PKA signaling with β-arrestin-mediated signals plays a critical role in PTH-induced 

anabolic effects on bone. In a previous report, Bpa1hPTH(1-34) lowered cAMP 

generation, while Ala1hPTH(1-34) increased cAMP generation, compared to the 

hPTH(1-34).(9,41) When the first residue of Cys25hPTH(1-34) was substituted with

Ala1 and Bpa1 in this study, we observed changes in µCT parameters in both cortical 

and trabecular bone differed according to the first amino acid in the order of 

Ala1Cys25hPTH(1-34) = Cys25hPTH(1-34) > Bpa1Cys25hPTH(1-34). Similarly, 

periosteal MAR and BFR increased with Ala1Cys25hPTH(1-34) treatment, even when 

compared to Cys25hPTH(1-34) treatment. Thus, while Cys25hPTH(1-34) tends to 

suppress periosteal bone remodeling compared to hPTH(1-34) (Cys25hPTH(1-34) vs 

hPTH(1-34) p<0.06) for both Ps. MAR and Ps. BFR, Ala1 may additionally stimulate 

bone formation. We suspect that the first amino acid in Csy25hPTH(1-34) analogues
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plays a critical role in bone anabolic effects.

Serum calcium levels increased as an acute response after subcutaneous injection 

of our PTH analogues, except the group exposed to a low dose of hPTH(1-

34)(40μg/kg/d). Lee et al. also observed an increase in serum calcium just after 

subcutaneous injection of Cys25hPTH(1-34) comparable to that achieved with 

hPTH(1-34) injection herein.(26) However, they showed that serum calcium levels 

reduced significantly after continuous infusion of Cys25hPTH(1-34) with a much 

lower bone-resorption response.(29) Intermittent administration of Cys25hPTH(1-34)

may also benefit bone by suppressing bone resorption. When our PTH analogues were 

exposed to MC3T3E1 cells for 6 hours, the ratio of mRNA expression levels of 

RANKL/OPG ratio increased only in the hPTH(1-34) treated group. All of these 

findings suggest that the shallow bone resorption could be expected after a long term 

administration of Cys25hPTH(1-34), as for Abaloparatide. The increase in trabecular 

and cortical bone observed by μCT despite similar dynamic histomorphometry 

measures in Cys25hPTH(1-34) mice compared to control may be explained by 

suppressed osteoclastogenesis. Finally, the high BMD observed in the patient with an 

(Arg-to-Cys homozygous mutation at position 25 (R25C) could be partially explained 

as follows. Cys25PTH(1-84) has a low cAMP generation capacity with a loss of 

sustained response, compared to wild-type PTH, which might suggest a preferential 

binding of Cys25 PTH(1-84) to the RG conformation of PTHR1, such as PTHrp or 

Abaloparatide. Therefore, compared to hPTH(1-34), Cys25PTH(1-84) retains more 

pure anabolic activity with less bone resorption.
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V. CONCLUSION

In conclusion, the high bone mass phenotype caused by an Arg to Cys mutation 

at the 25th residue of mature PTH(1-84), may be partially explained from direct and 

indirect effects exerted by the mutant PTH itself on bone. We also predict that 

Cys25hPTH(1-34) derivatives would serve as a potential candidate as a second 

generation PTH analogue that improves both trabecular and cortical bone 

significantly with less hypocalcemia and less negative effects on cortical bone, such 

as cortical porosity.
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ABSTRACT (IN KOREAN)

[Cys25]hPTH(1-34) 도체 생체 내 생체 과

<지도 수 승 >

연 학 학원 과학과

주

근에 hPTH(1-84) 25 째 아미 산 Arginine에 Cysteine 

로 변 돌연변 가 갑상 능 하 한 에게

보고 었다. 에게 견 골 도가 갑상 능

하 문 지, 돌연변 PTH 가 문 지 하

하여 련 생체 내 생체 실험 MC3T3E1, ROS 17/2.8 그리

고 SAOS2 포에 hPTH(1-34), Cys25hPTH(1-34), Ala1Cys25hPTH(1-34) 

그리고 Bpa1Cys25hPTH(1-34) 펩타 드로 진행 었다. 

hPTH(1-34) 과 Ala1Cys25hPTH(1-34) 처리한 포 비 하

, Cys25hPTH(1-34) Bpa1Cys25hPTH(1-34) 처리한 포에 는

cAMP 과 pCRE luciferase activity가 감 하 다. hPTH(1-34)

MC3T3E1 포에 처리하 에는 cAMP 지 었지만, 다

3가지 펩타 드 에 는 상 찰 지 않았다. 에, 

든 PTH 도체들 ERK 산 포질 칼슘 신 에 hPTH(1-

34) 사한 결과 보 다. OXV control 그룹과 비 하 , 
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trabecular cortical 뼈 는 6주간 투여 후, 다 과 같

순 로 가하 다 : hPTH(1-34)(80μg/kg) = Ala1Cys25hPTH(1-

34)(80μg/kg) = Cys25hPTH(1-34)(80μg/kg) > Bpa1Cys25hPTH(1-

34)(80μg/kg) > hPTH(1-34)(40μg/kg). 6시간동안 Cys25hPTH(1-34), 

Ala1Cys25hPTH(1-34) 그리고 Bpa1Cys25hPTH(1-34) 펩타 드 처리하

RNAKL과 OPG mRNA비 hPTH(1-34) 처리하 보다

았다. 결론 로, hPTH(1-84) 25 째 아미 산 에 Arg 

에 Cys 로 돌연변 가 생 갑상 능 하 에게

견 골 도는 돌연변 PTH가 직,간 로 뼈에 향 미

쳤 것 로 보 Cys25hPTH(1-34)는 재 2 PTH 도체가

가능 다.

핵심 는 말: PTH 도체, 골다공 , 골


