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Abstract 
 

Background: Teriparatide, a recombinant human parathyroid hormone (PTH) (1-

34), is an osteoanabolic agent for treatment of osteoporosis. The effect on bone 

decreases the risk of vertebral and non-vertebral fractures and increases bone mineral 

density (BMD) in post-menopausal women with osteoporosis. PTH (1-34) can also 

be used as replacement therapy in hypoparathyroidism and to accelerate fracture 

healing. PTH (1-34) has also been used to assess response to PTH in conditions such 

as pseudohypoparathyroidism (PHP) (Ellsworth-Howard test (EHT)). Abaloparatide, 

a synthetic peptide analog of human parathytoid hormone-related peptide (PTHrP)  

(1-34), is also an osteoanabolic agent recently approved for treatment of osteoporosis 

by the FDA. The amino acid sequence of abaloparatide is identical to that of PTHrP 

in the first 21 amino acids, while eight of the remaining amino acids are different to 

enhance its affinity for PTHR1. PTHrP (1-36) induces beta cell proliferation and 

improves glucose-stimulated insulin secretion. Ongoing studies are exploring the 

potential of PTHrP (1-36) to enhance the functional beta cell mass in the setting of 

diabetes. 

Aims: To develop a sensitive method for quantification of PTH (1-34) and PTHrP 

(1-36) using liquid chromatography-tandem mass spectrometry (LC-MS/MS). To 

develop assays in accordance with published guidelines on bioanalytical method 

validation. To perform a comparison study on human PTH (1-34) with a commercial 

immunoassay. To review the use of PTH (1-34) measurements in drug development 

studies, and in the drug monitoring during diagnosis of patients with PHP.  

Method: Sample extraction was developed using a Waters (Milford, MA, USA) 

Oasis
®
 HLB µElution solid phase extraction. Quantification m/z transitions of 

589.2>656.1 and 609.5>682.7 were used on Waters/Micromass
®
 Quattro Ultima

™
 Pt 

mass spectrometer to measure PTH (1-34) and PTHrP (1-36), respectively, in human 

plasma using rat PTH (1-34) as internal standard. Validation criteria were carried out 

against industry standards. hPTH (1-34) results obtained by LC-MS/MS (n=390) 

were compared against results obtained from an immunoassay (IDS; Boldon Tyne 

and Wear. UK). Pharmacokinetic (PK) profiles from human subjects given either 

single subcutaneous (sc) injection of 20 µg Teriparatide (n=10) or 0.69 mg (n=5), 

2.07 mg (n=10) oral PTH (1-34) (EnteraBio) were analysed using the validated LC-

MS/MS method for hPTH (1-34). 

Results and Discussion: LC-MS/MS produced a linear calibration curve from 10 to 

2000 pg/mL (r
2
 >0.990). The LLoQ and LLoD for PTH (1-34) were 10 pg/mL and 

2.1 pg/mL respectively. The inter-assay precision (CV%) and accuracy (%RE) of the 

method were <9.8% and <14.9%, respectively, for four QCs (20, 100, 200, and 800 

pg/mL). While, the intra-assay precision and accuracy were <7.8% and <6.9%, 

respectively. The mean recovery of PTH (1-34) was 107.2%. For PTHrP (1-36), LC-

MS/MS produced a linear calibration curve from 25 to 2000 pg/mL (r
2
 >0.96). The 

LLoQ and LLoD for PTHrP (1-36) were 25 pg/mL and 2.5 pg/mL respectively. The 

inter- and intra-assay variations of the precision were <11.8% and 12.4%, 

respectively, while those for accuracy were <9.1 and 10.7%, respectively, at four QC 

concentrations (50, 100, 200, and 800 pg/mL). The assay showed efficient recovery 

of hPTHrP (1-36) from plasma with an average recovery of 103.7%. Method 

comparison between the LC-MS/MS and immunoassay for PTH (1-34) using human 
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EDTA plasma samples showed a high correlation (r
2
 = 0.950). A concentration-

dependent, negative bias of 35.5% was observed across the range of 0 – 800 pg/mL. 

The immunoassay showed a 7% cross reactivity to human PTH (1-84) and 44% to 

rat PTH (1-34), no interference was observed in the LC-MS/MS method. Matrix 

effect and cross reactivity to human PTH (1-84) in the immunoassay were the likely 

contributing factors to the bias between the methods.  The oxidized form of PTH (1-

34) does not interfere with the LC-MS/MS method. PK profiles of oral PTH (1-34) 

showed a rapid absorption then rapid elimination. In contrast, teriparatide injection 

showed a slower rate of plasma clearance, possibly due to continuous absorption 

from the site of administration. Cmax was proportional to oral dosage given and the 

2.07 mg of oral PTH (1-34) produced comparable Cmax to that produced by 20 ug 

teriparatide injection.  

Conclusion: The LC-MS/MS methods for measurement of PTH (1-34) and PTHrP 

(1-36) demonstrated linearity over the calibration range, good precision and 

accuracy, excellent analyte recovery, and negligible matrix effects. The methods 

have a capability of measuring oxidized and non-oxidized forms of PTH (1-34) that 

may offer new insights into the physiology and pathophysiology of PTH, aid studies 

in the therapeutic use/efficacy of osteoanabolic agents and may facilitate in the 

development of combination therapy with other anti-resorptive/anti-remodeling 

agents.  
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1. Chapter 1 – An Introduction 
 

Parathyroid hormone (PTH) and PTH-related peptide (PTHrP) share some homology 

at their N-terminal amino acid sequences. This homology allows both hormones to 

act through binding to the same receptor, the G protein-coupled PTH/PTHrP type-1 

receptor (PTHR1), yet they have different biological functions. PTH is primarily 

produced in the parathyroid chief cells and is the major regulator of blood calcium. 

PTH is released from the parathyroid glands in response to low calcium in blood and 

then functions to increase the concentration of blood calcium. When the 

concentration of blood calcium increases, PTH secretion is suppressed by a classic 

endocrine feedback loop and maintains blood calcium concentration within a narrow 

range (2). PTHrP, by contrast, is expressed in most tissues of the human body and 

acts locally as paracrine/autocrine factor (Figure 1-1).  

 

Figure 1-1 PTH and PTHrP actions in humans. PTHrP has numerous 

paracrine/autocrine actions, including roles in keratinocytes/hair follicles, cartilage, 

vascular smooth muscle, bone, mammary gland development, tooth eruption and 

pancreas. In comparison, PTH acts mainly on bone and kidney via its endocrine 

mode of operation. Figure taken from reference (3). 
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During fetal development and during lactation, PTHrP also acts as a hormone and 

regulates calcium homeostasis (3). PTHrP was originally identified as a causal factor 

associated with the humoral hypercalcemia of malignancy syndrome (HHM).  HHM 

is characterized by hypercalcemia and hypophosphatemia, biochemical features that 

are usually indicative of over secretion of PTH (4).  

1.1 Parathyroid Hormone  

1.1.1 PTH Gene structure 

The human PTH gene is located on the small arm of chromosome 11 (11p15.2) and 

covers about 4 kb of genomic DNA. It consists of three exons and two interrupting 

introns (Figure 1-2). Exon 1 encodes most of the 5
'
 untranslated region (UTR). Exon 

2 encodes six nucleotides of the 5
' 
UTR, the entire signal peptide (pre-sequence) of 

25 amino acids, and part of the pro-sequence (the first three of a total of six amino 

acids and two nucleotides of the fourth amino acid). Exon 3 encodes the remainder 

of the pro-sequence (the last nucleotide of the fourth amino acid and the last two 

amino acids, lysine-Arginine), the entire full-length PTH (1-84) and the 3
'
 UTR 

containing the canonical AATAAA polyadenylation signal (2). 

 

 

Figure 1-2 Diagrammatic structure of the human PTH gene. Exons with length 

indicated. Non-coding exon in white, prepro-sequence in gray, coding sequence in 

black box (Figure reproduced from Reference (2)). 

 

1.1.2 PTH Protein structure 

The complete primary 84 amino acid sequence of PTH was first published in 1970. 

Mature mammalian PTH is a single-chain 84 amino acid polypeptide hormone that is 

expressed in the chief cells of the parathyroid gland. The primary translational 

product of parathyroid mRNA is the precursor molecule prepro-PTH [115 amino 

acids] that includes a 25 amino acid pre-sequence, a 6 amino acid pro-sequence, and 

an 84 amino acid mature PTH sequence (5). The pre-sequence functions as a signal 

sequence that directs the precursor polypeptide to the machinery that transports it 

across the endoplasmic reticulum (ER), where the pre-sequence is cleaved. Pro-
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sequence seems to be of importance for efficient ER transport of the polypeptide and 

may play a role in subsequent events such as protein folding (6). 

Upon synthesis on polysomes attached to ER, prepro-PTH crosses the ER 

membrane co-translationally into the ER lumen. The signal peptide is cleaved, and 

pro-PTH is transported to the Golgi network. During the transit through the Golgi 

apparatus, the pro-sequence is cleaved, and the 84-amino acid mature PTH is packed 

into secretory granules. Figure 1-3 shows the process of PTH synthesis. PTH is then 

released into the blood stream in response to certain stimuli such as Ca
2+

, 1,25-

dihydroxy vitamin D (1,25(OH)2D), plasma phosphate, and fibroblast growth factor 

23 (FGF23). The mature hormone can be secreted through a classical exocytotic 

mechanism or it may be cleaved by calcium-sensitive proteases present  within 

secretory vesicles, resulting in the production and secretion of truncated fragments of 

PTH (1-84) that lack the amino-terminal domain and are thus inactive with respect to 

response mediated by the PTHR1 (7). 

In addition, there is  evidence that small amounts of PTH mRNA and protein 

are also produced in the hypothalamus (8, 9) and in the thymus (10-12). The certain 

function of hypothalamic and thymic PTH is unknown. Gunther et al. (11) proposed 

thymic PTH as an auxiliary mechanism for the regulation of calcium in the absence 

of parathyroid glands. Liu et al. (12) argued that the thymus does not serve as an 

auxiliary source of either serum PTH and parathyroid function, rather they 

demonstrated that the normal process of parathyroid organogenesis in both mice and 

humans leads to the generation of multiple small parathyroid clusters in addition to 

the main parathyroid glands, that are the likely source of physiologically relevant 

“thymic PTH”. 

1.1.3 Regulation of PTH gene transcription 

Parathyroid cells respond to various external stimuli by promoting secretion of 

preformed PTH from secretory granules, transcription of the PTH gene, and an 

increase in the size of parathyroid glands. The extent of each response differs 

according to whether it is stimulatory or inhibitory and the length of interaction.    
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Figure 1-3 Schematic diagram illustration of PTH synthesis. PTH initially 

synthesized as a prepro hormone (115 a.a.), which is cleaved in ribosome to proPTH 

(90 a.a.). The proPTH is then transferred to Golgi network, where it further cleaved 

to mature PTH hormone (84 a.a.) and packed into secretory granules to be released 

in response to stimulation. Red arrows represent potential sites of cleavage. PTH 

fragments lack N-terminus part cannot initiate responses mediated by PTHR1.  

 

1.1.3.1 Regulation of PTH by extracellular calcium 

Several studies have investigated the role of calcium in regulation of the parathyroid 

gene expression. In vivo, hypocalcemia leads to a marked increase in PTH mRNA. 

PTH mRNA levels in the parathyroid glands of rats kept on a low calcium (0.02%) 

diet for three weeks increased five-fold compared to a normal calcium diet (0.4%). 

In contrast, a high calcium diet (2%) did not change the PTH mRNA levels (13). A 

number of in vitro studies show the mechanism by which calcium can supress PTH 

gene transcription. This mechanism involves the post-transcriptional regulation of 

PTH mRNA through the regulation of mRNA stability, which is controlled by 

binding of proteins to the mRNA‟s 3
' 
UTR. Parathyroid glands from rats fed a low 

calcium diet for 2-3 weeks were shown to contain a five- to 10-fold increase in 

steady-state PTH mRNA , as compared to parathyroid glands from rats on control 

diet (14). A low calcium diet resulted in significant protection of PTH mRNA from 

degradation  (transcripts were mainly intact after 180 min as compared to 40 min 

when using a control diet) (15).  
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1.1.3.2 Regulation of PTH by 1,25 (OH)2 D 

Vitamin D deficiency is linked to excessive production of PTH, which is caused by 

reduced suppression of PTH secretion by extracellular calcium and by 1,25(OH)2D. 

The role of vitamin D metabolites in regulating the synthesis of PTH has been 

studied and the findings suggest that vitamin D metabolites play an important role in 

regulating the production of PTH by inhibiting the transcription of prepro PTH 

mRNA with 1,25(OH)2D effect being the most significant (16). This seems to 

involve  1,25(OH)2D-induced binding of the vitamin D receptor (VDR) to negative 

regulatory elements in the PTH gene promoter (17). 

1.1.3.3 Regulation of PTH by plasma phosphate and FGF 23 

PTH regulates phosphate concentration through its actions at several organs, and 

elevated serum phosphate concentration in turn stimulates PTH secretion, 

presumably by lowering extracellular calcium and increasing stability of the PTH 

mRNA (14, 15, 18, 19).  

For a long time, PTH and 1,25(OH)2D have been known to be major regulators of 

blood phosphate. The discovery of FGF23, has expanded the understanding of 

phosphate homeostasis and established the PTH-vitamin D-FGF23 regulation axis. 

Serum phosphate concentration is determined by the balance between intestinal 

absorption of phosphate from the diet, storage of phosphate in the skeleton plus 

muscles, and excretion of phosphate through the urine. It is estimated that 80-85% of 

filtered phosphate is reabsorbed in the proximal tubules via sodium-phosphate co-

transporters (NaPi) 2a and 2c (20). In vitro experiments with proximal renal tubular 

cells have confirmed that FGF23 directly down-regulates transcription, translation, 

and translocation of NaPi 2a and 2c transporters leading to reduced renal phosphate 

reabsorption. FGF23 also directly down-regulates renal 1-α hydroxylase, which 

decreases the production of active 1,25(OH)2D  (20-22) and consequently, decreases 

intestinal phosphate and calcium absorption. This effect of FGF23 is mediated by a 

specific receptor system composed of the transmembrane protein α-Klotho (Klotho) 

and certain subtypes of FGF receptors (FGFR1c). FGF23 has low affinity for FGF 

receptors. However, co-expression of α-Klotho turns the FGFR1c into a specific 

receptor for FGF23 by increasing the affinity of the receptor complex and serves as a 

non-enzymatic scaffold that simultaneously bond FGFR1c and FGF23 to implement 

FGF 23-FGFR1c proximity and hence stability (23-25).  
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FGF23 and PTH mutually regulate each other in a negative feedback loop, 

where PTH stimulates FGF23 production and FGF23 in turn suppresses PTH 

synthesis. Animals and in vitro studies have shown that FGF23 is a negative 

regulator of PTH mRNA expression and secretion (26, 27). Using both rats and in 

vitro rat parathyroid cultures, Ben-Dov et al. (26) showed that full-length FGF23 

harbouring ADHR mutations (FGF 23
R176Q/R179Q

), which inhibit proteolytic 

inactivation of FGF23 and increase its half-life  suppresses both PTH secretion and 

(27) PTH gene expression and increases parathyroid Klotho protein.  Krajisnik et al. 

reported the same findings in cultured bovine parathyroid cells. Ben-Dov et al. (26) 

also demonstrated that FGF23 acts directly on the parathyroid through the  mitogen-

activated protein kinases (MAPK) pathway, where the FGF23-induced decrease in 

PTH secretion was prevented by a MAPK inhibitor. PTH increases FGF23 mRNA 

and protein levels in vitro and in vivo rat parathyroid cells (28-30). The effect of 

PTH to increase FGF23 transcription is mediated by the orphan nuclear receptor 

(Nurr1) (29).   

In contrast, evidence is lacking to support the inhibitory effect of FGF23 on PTH 

secretion in informative clinical states, where elevated PTH secretion was reported in 

a patient with a translocation that resulted in increased α-klotho production and 

elevated FGF23 (31). Also, disorders resulting in FGF23 excess, such as tumour-

induced osteomalacia (TIO) and X-linked hypophosphatemic rickets (XLHR) do not 

demonstrate inhibition of PTH synthesis and secretion in the setting of markedly 

elevated FGF23 (32). 

1.1.4 Structure of PTH receptor type 1 

PTH plays a key role in regulation of calcium and phosphate metabolism by acting in 

two main target tissues, namely bone and kidney. In bone, PTH acts directly through 

osteoblastic cells (that express PTHR1) and indirectly on osteoclasts (lack PTHR1) 

to induce the release of calcium from bone mineral compartment. In kidney, PTH 

acts on distal tubule cells to increase the rate of calcium reabsorption from the 

filtrate, and on the proximal tubule cells to decrease the rate of phosphate 

reabsorption. Whereas the majority of renal calcium recovery occurs in proximal 

tubules, the PTH regulation of calcium absorption is restricted to distal tubules, 

where PTH stimulates active calcium absorption through a cellular transport 

mechanism (2). Renal phosphate transport is essentially restricted to proximal 
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tubules, where two sodium-coupled transporters NaPi2a and NaPi2c mediate uptake 

of phosphate from luminal fluid. PTH inhibits renal phosphate transport by 

metabolic down-regulation of brush border NaPi2a, and to a lesser extent, NaPi2c 

and by reducing NaPi2a mRNA stability (2). In addition, PTH acts in renal proximal 

tubule cells to stimulate the rate of transcription of the CYP27B1 gene, which 

encodes the 25-hydroxyvitamin D3 1-α-hydroxylase (VD3 1A hydroxylase), and 

thus increase the blood concentrations of active 1,25 (OH)2 D and provides for a 

further hormonal line of defence that helps to maintain calcium and phosphate 

homeostasis (2). The actions of PTH on its target tissues is mediated by PTHR1, 

which is expressed on the surface of bone osteoblasts and osteocytes, and renal 

proximal and distal tubule cells, but it is not expressed on osteoclasts. PTHR1 was 

successively cloned in 1991 using COS-7 cells transfected with opossum kidney cell 

complementary DNA (cDNA) library (33). The cDNA encoded a 585-amino acid 

PTHR1 with seven transmembrane domains. PTHR1 was found to bind PTH and 

PTHrP with equal affinity (33). Because PTHR1 lacks the homology with other G 

protein-coupled receptors (GPCR), known at the time, and shares striking homology 

with newly identified receptors for calcitonin and secretin PTHR1 was categorised in 

a distinct GPCR subgroup called the family B GPCR, which comprise in addition to 

PTHR1, receptors of calcitonin, secretin, glucagon, glucagon-like peptide-1, 

corticotrophin-releasing factor, and several other hormones (2). 

In humans, the gene encoding the PTHR1 is located on chromosome 3p and 

consists of 14 coding exons. The mature mRNA encodes a protein of 593 amino 

acids, including 22 amino acids N-terminal signal peptide that is removed during 

intracellular processing. PTHR1 consists of a relatively large N-terminal 

extracellular domain (ECD) of ≈ 165 amino acids, a transmembrane domain (TMD) 

region containing the seven membrane spanning helices and interconnecting loops, 

and a C-terminal tail of about 130 amino acids  (2) (Figure 1-4).  
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Figure 1-4 Schematic representation of the human PTHR1.The receptor has a 

relatively large extracellular domain (ECD) that mediates initial ligand binding; a 

transmembrane domain (TMD) region comprises of the seven membrane-spanning 

helices and connecting intracellular and extracellular loops, that mediates agonist-

induced receptor activation and signal transduction; and C-terminal tail that 

contains sites involved in ligand-induced receptor internalization and signal 

termination, including the seven serine (S) residues that are phosphorylated upon 

agonist activation and mediate recruitment of  β-arrestine, and the C-terminal 

ETVM sequence that mediates interaction with the sodium-hydrogen exchanger 

regulating factor (NHERF) family of proteins. Other specific amino acids shown 

include the four pairs of extracellular cysteine (C) residues that form the stabilizing 

disulphide bond network, four glycosylated asparagine (N) residues in the ECD, 

Arginine 233 and Glutamine 451, which participate in an inter-helical interaction 

network (dashed connector) (Reproduced from Reference (2)). 

 

1.1.5 Interaction of PTH with receptor and signalling 

The N-terminal domain of PTH binds PTHR1 and induces conformational change in 

the receptor that promotes coupling with heterotrimeric G protein (Gαβγ), and 

stimulates the α-subunit of G protein to exchange its bound guanosine diphosphate 

(GDP) for guanosine triphosphate (GTP). This exchange triggers conformational 

changes of the α-subunit that lead to its dissociation from βγ dimer. The stimulated 

α-subunit of G protein (Gsα) activates adenylyl cyclase (AC), which synthesises 

cAMP from ATP and activates protein kinase A (PKA) Activation of PKA 

phosphorylates cAMP response element binding (CREB) proteins in the nucleus, 
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which bind cAMP response element in the regulatory region of target genes and 

activate transcription. PTHR1 can also couple to several other G protein subclasses, 

including Gq/11, and G12/13, which results in the activation of many pathways, such 

as Gαq- phospholipase Cβ (PLCβ)/inositol triphosphate (IP3)/intracellular 

calcium/protein kinase C (PKC) pathway; the Gα12/13-phospholipase D (PLD)/Ras 

homolog gene family, member A (RhoA) pathway (34); and the MAPK 

(extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling cascade(35). 

However, the best studied are the AC and PLCβ pathways. Gαq and Gα11, of Gq and 

G11, respectively, activate PLC, which cleaves phosphatidylinositol 4, 5-

biphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). 

IP3 then diffuses through the cytoplasm and activates IP3-gated Ca
2+

 channel in the 

membranes of the ER, causing the release of stored Ca
2+

 into the cytoplasm. The 

increase in the cytosolic Ca
2+

 promotes protein kinase C (PKC) translocation to the 

plasma membrane and then activation by DAG. The activated PKC elicits cellular 

responses. 

1.1.6 Determinants of PTH biological activity 

In 1970, the complete PTH primary amino acid sequence was reported. This was 84 

residues in length, and led, a year later, to the synthesis of the N-terminal 1-34 

peptide of the native PTH molecule (36). The synthetic PTH (1-34) peptide was 

found to be as potent as the intact native PTH at inducing biological responses in 

animal models and cells in culture (36). Much research has been conducted since 

then that has analysed the structural features of PTH that determine its function. It 

has been shown that the first two N-terminal residues are necessary for PTH to elicit  

biological activity (37, 38). Tregear et al. (37) reported that deletion of the first N-

terminal residue (alanine) resulted in marked decrease in PTH (1-34) activity and 

removal of the second residue (valine) at the N-terminus completely suppressed 

activity in vitro using a rat kidney adenylyl cyclase assay and an in vivo chick 

hypercalcemia assay. They also reported that peptide 1-27 was active in the rat 

kidney adenylyl cyclase assay, while the deletion of residue 27 turned it inactive 

(37). PTH (3-34) peptide was found to lack the ability to stimulate signalling activity 

and yet could effectively bind to the PTHR1 and inhibited the activity of the PTH (1-

84) and PTH (1-34) (39, 40). The structural confirmation of stepwise N-terminal 

truncated PTH peptide in solution was studied using circular dichroism 
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spectroscopy, two-dimensional nuclear magnetic resonance spectroscopy, and 

restrained molecular dynamic calculation. Human PTH (2-37), PTH (3-37) and PTH 

(4-37) were compared to PTH (1-37). All peptides showed stable helical structures 

and hydrophobic interaction in approximately the region 15-34, whereas the N-

terminal portion was found to be more random and showed only a relatively minor 

tendency for α-helical structure (41, 42). Figure 1-5 illustrates the bioactive domains 

of the PTH (1-34) ligand.  

 

Figure 1-5 The bioactive domains of the PTH (1-34) ligand. Shown is the 

sequence of bioactive PTH (1-34). The determinants for activating signalling 

pathways resides in the N-terminal portion of the ligand particularly in the 1-9 

segment and the first two amino acids being the key important residues for 

signalling. Receptor binding determinant resides in the C-terminal portion of the 

PTH (1-34) fragment, particularly in the 19-31 segment. PTH (7-37) is a potent 

antagonist, the PTH (15-34) fragment is the shortest length peptide of native 

sequence that exhibits detectable binding to the PTH receptor, and the PTH (1-14) 

peptide is the shortest length N-terminal peptide that exhibits detectable cAMP 

signalling activity. 

 

1.1.7 Regulation of Extracellular Calcium Homeostasis by PTH 

Calcium plays crucial roles in cell biology. It is an important element in many 

physiological functions, such as cell proliferation, cellular secretion, neural 

transmission, neuromuscular function, muscle contraction (including cardiac 

muscle), the stability and permeability of cell membranes, blood clotting, and the 

mineralization of bone (43). PTH acts as the key endocrine regulator to modulate 

physiological actions in the bone, kidney and the intestine to maintain the 

homeostasis of Ca
2+

 concentration in the extracellular fluid (ECF). The reference 
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range of  total and free  plasma calcium is  2.2–2.6 mmol/L and 1.1-1.3 mmol/L 

respectively (43). The tight control of plasma calcium concentration is maintained by 

a classic feedback loop with Ca
2+

 acting on the calcium-sensing receptor (CaSR) 

located on the surface of the parathyroid gland chief cells. CaSR represents the 

molecular mechanism by which parathyroid cells detect changes in serum Ca
2+

 

concentration and stimulate PTH secretion and synthesis to maintain calcium level 

within a narrow physiological range. Rapid PTH release from secretory granules in 

hypocalcemia state is enhanced by binding of Ca
2+

 to CaSR on chief cells. PTH 

functions to increase Ca
2+

 by acting directly on kidneys and bones and indirectly on 

intestine. In the kidneys, PTH increase renal calcium reabsorption and phosphate 

excretion. In the renal proximal tubules, PTH activates the enzyme 1-hydroxylase, 

which converts 25-hydroxyvitamin D (25-(OH) D) to its most active metabolite, 

1,25(OH)2D. 1,25(OH)2D then promotes intestinal absorption of the dietary calcium 

and phosphate. PTH promotes bone resorption and consequently increases the 

release of calcium and phosphate into ECF. Hypocalcemia also increase the 

protection of PTH protein and PTH mRNA from degradation, thus making more 

PTH available for release (14, 15) and increases parathyroid cell proliferation 

possibly through the action of CaSR (44). 1,25(OH)2D may have an indirect effect 

on PTH release by increasing the expression of CaSR, where vitamin D response 

elements (VDREs) have been identified in promoter elements that regulate the 

expression of the CaSR (44, 45) 

Feedback inhibition of PTH release occurs primarily by direct effect of 

elevated Ca
2+

 on parathyroid glands. Ca
2+

 acting through negative regulatory 

elements located upstream from the gene for prepro-PTH decreases gene 

transcription, hormone synthesis and effect PTH mRNA stability. These effects are 

mediated by CaSR (44, 45). 1,25(OH)2D may have inhibitory effect on the 

parathyroid glands as well, where increased Ca
2+

 inhibits 1,25(OH)2D and 

consequently effects the expression of CaSR(44, 45)  Figure 1-6 illustrates calcium 

homeostasis mechanism and key physiological regulators.  
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Figure 1-6 Calcium Homeostasis. Low ECF Ca
2+

 sensed by CaSR and then 

stimulates parathyroid glands to synthesise and release PTH. PTH acts on the 

PTHR1 in the kidney and bone. In bone, PTHR1 activation in osteoblasts and 

osteocytes results in the release of cytokines that stimulate osteoclasts activity, 

thereby enhancing bone resorption and release of calcium and phosphate from 

skeleton. In the kidney, PTH increases tubular calcium reabsorption, phosphate 

excretion and activates the enzyme 1-hydroxylase that converts 25-(OH) D to 1,25-

(OH)2 D.  1,25-(OH)2 D acts on the intestine to increase the absorption of dietary 

calcium via the vitamin D receptor (VDR). The increase in calcium and 1,25-(OH)2 

D  concentration mediated by PTH act on parathyroid glands via CaSR to induce 

feedback inhibition of further PTH secretion. (Figure taken from reference (46))  

 

 

1.1.8 Cellular actions of PTH 

PTH has direct effects on osteoblasts and osteocytes as well as indirect effects on 

osteoclast through its action on osteoblasts and osteocytes. The combination of these 

PTH actions on bone cells promotes both bone formation and bone resorption. The 

final effect, either anabolic or catabolic, will depend on the dose and periodicity of 

the PTH signal. Continuous exposure to a high level of PTH, as seen in primary 

hyperparathyroidism (PHPT), causes bone loss. On the other hand, the anabolic 
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properties of PTH are much more clearly seen when PTH is given intermittently (47, 

48). The advances in elucidating the direct and indirect effect of PTH on various 

bone cells has led to a better understanding of the overall effects of PTH. 

1.1.8.1 PTH action on Osteoblasts 

PTHR1 is expressed in pre-osteoblasts, osteoblasts, lining cells, and osteocytes (2). 

Several pre-clinical and clinical studies showed that intermittent PTH administration 

can stimulate bone formation (47-55). Histological studies in animals and humans 

have shown that intermittent PTH rapidly increases the mineralizing surface and 

mineral apposition rate in cancellous bone, indicating that PTH has a stimulatory 

effect on osteoblast numbers or function (56-58). Jilka et al. (59) suggested that the 

increases in osteoblasts number upon intermittent administration of PTH may 

explain why this therapy reverses bone loss. This osteoanabolic effect relies on the 

ability of PTH to increase ostoblastogenesis, decrease osteoblast apoptosis, enhance 

the differentiation of lining cells into active osteoblasts,  or a combination of all 

these effect (60).  

1.1.8.2 PTH action on Osteoclasts 

PTH induces bone resorption and releases calcium from bone surfaces via activating 

osteoclasts. A considerable amount of evidences indicates that osteoclasts do not 

express PTHR1 (2). PTH acts indirectly on osteoclasts through its action on 

osteoblasts and osteocytes. PTH stimulates the differentiation of osteoclast 

precursors to osteoclasts and enhances the survival and activity of fully formed 

osteoclasts. This action is mediated by a number of factors such as the receptor 

activator of nuclear factor-kappa B ligand (RANKL), osteoprotegerin (OPG), and the 

monocyte chemoattractant protein-1 (MCP-1).  In osteoblasts, the binding of PTH to 

PTHR1 activates AC and PLC with the formation of cAMP and a subsequent 

increase in intracellular calcium concentration as well as activating PKC through 

PLC-dependent and –independent pathways. These pathways stimulate formation of 

osteoclasts by  production of RANKL and macrophage colony-stimulating factor 

(M-CSF) that are required for osteoclast formation and activation of bone resorption. 

OPG production is also induced in osteoblasts. OPG acts as a decoy receptor, as it 

binds to RANKL and prevents binding of RANKL to RANK on osteoclast 

precursors. This subsequently inhibits osteoclast formation and activation, thus 
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regulating bone resorption (60). Figure 1-7 shows osteoclastogenesis and bone 

resorption. 

 

Figure 1-7 Schematic diagram representation of osteoclastogenesis and bone 

resorption. Binding of PTH to PTHR1 on osteoblasts stimulates formation of 

RANKL and M-CSF, which bind to RANK and M-CSF receptor on osteoclast 

precursors and enhancing their fusion to form multi-cellular mature osteoclast. 

Activated osteoclasts initiate bone resorption. OPG acts as a decoy receptor, binds 

to RANKL and consequently prevents RANK-RANKL interaction on osteoclast 

precursors, inhibits osteoclast formation and activation (Figure modified  from 

reference (61)). 

 

1.1.9 PTH secretion and Metabolism  

Studies have reported the existence of different PTH fragments in the circulation, 

which may arise either by direct secretion from the parathyroid glands, or by 

peripheral metabolism of the hormone (62-67). D‟Amour et al. (66) reported the 

presence of Non-(1-84) PTH fragments alongside the intact PTH (1-84) in serum and 

parathyroid cells supernatant obtained from patients with primary and secondary 

hyperparathyroidism. The non-(1-84) PTH fragments constitute a family of 

fragments which have an N-structure starting at position 4,7,8,10, and 15 (66).  

1.1.9.1 Sources of circulating C-terminal PTH fragments 

a. Secretion by the parathyroid gland 

Chromatographic analyses of normal and adenomatous parathyroid gland extracts 

and electrophoretic analyses of parathyroid gland immunoextracts revealed at least 
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four PTH species, each with a distinct pattern of cross-reactivity in the sequence-

specific RIAs (64). Analysis of parathyroid venous effluent sera fractionated using 

high resolution gel filtration system (Bio-Gel P-150 column) from PHPT patients 

using N- and C-terminal specific RIAs demonstrated the presence of Non-(1-84) 

PTH fragments that are biologically inactive (65). Studies of cultured or perfused 

bovine parathyroid tissue showed that C-terminal PTH fragments are present in 

parathyroid cells and are secreted directly from the glands (68).  All these findings 

indicate that parathyroid cells are a source of non-PTH (1-84) fragments. 

b. Hepatic proteolysis of intact PTH 

Data from several laboratories indicate that hepatic mechanisms may have a 

distinctive role in the metabolism of intact parathyroid hormone after secretion (69-

71). Serge et al. (69) studied the proteolysis of intact PTH by isolated rat kupffer 

cells and hepatocytes, where kupffer cells and hepatocytes were incubated with 

unlabelled and 
125

I-labelled bovine PTH. Analysis of fragments resulting from 

incubation of labelled and unlabelled bovine PTH with kupffer cells with sequence-

specific RIAs revealed PTH fragments that lack a N-terminal fragment, which have 

an immunochemical appearance indistinguishable from, and chemically identical 

with those found in plasma when intact PTH is injected intravenously. In contrast, 

hepatocytes did not hydrolyse the hormone (69). Pillai and Zull (71) reported that 

iodinated PTH labelled at position 43 was cleaved into two radioactive fragments 

when incubated with isolated rat kupffer cells, which were shown by Edman 

degradation to have residues 35 and 38 as their N-termini. In addition, using reverse-

phase high-performance liquid chromatographic (RP-HPLC) techniques, Bringhurst 

et al. (70) reported that [
3
H]tyrosine-labelled bovine PTH metabolized by isolated rat 

kupffer cells yielded multiple C-terminal fragments that are chemically identical 

with those found in plasma. These results suggest that kupffer cells contribute 

substantially to the metabolism and clearance of circulating intact PTH.  

1.1.9.2 Clearance of PTH and PTH fragments 

The Kidney plays a crucial role in clearance of both intact and C-terminal PTH 

fragments from blood (72-74). Both glomerular filtration and peritubular uptake are 

important mechanisms for renal PTH uptake (67, 72, 73). Renal uptake of C-terminal 

fragments of PTH is dependent exclusively upon glomerular filtration and tubular 

reabsorption, whereas peritubular uptake can only be demonstrated for biologically 
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active PTH (1-84) and synthetic PTH (1-34)  (73). It is well established that PTH 

immunoreactivity disappears more slowly from blood in humans with renal 

insufficiency and in nephrotic animals (67), which partly explains increased C-

terminal PTH fragments in individuals with renal failure. 

1.1.10 Clinical uses of the biologically active PTH (1-34) Fragment 

1.1.10.1 PTH (1-34) in treatment of osteoporosis   

The prevalence of osteoporosis in postmenopausal women continues to increase with 

the growing elderly population. According to data from World Population Ageing 

report, every country in the world is experiencing growth in the number and 

proportion of older persons in their population and this growth is projected to 

accelerate in the coming decades. The report pointed out that the numbers of people 

aged 60 years or over have risen from 607 million in 2000 to 901 million in 2015 

(75). Postmenopausal osteoporosis is a bone disorder mainly characterized by bone 

resorption that exceeds bone formation and consequently reduced bone strength and 

increased risk of fractures. It is estimated to affect 200 million women worldwide 

(76).  Many FDA-approved anti-resorptive drugs are available for the treatment of 

osteoporosis (e.g. Bisphosphonate, Raloxifene, Estrogen, and Calcitonin). These 

drugs mainly act by reducing bone turnover by inhibiting osteoclast activity (77, 78). 

Another therapeutic approach for osteoporosis acts by enhancing bone formation. An 

example of an osteoanabolic drug is teriparatide, an FDA approved recombinant 

human PTH (1-34) (Forsteo, E. Lilly, Indianapolis, USA) used for treating patients 

(men and women) with osteoporosis who are at high risk for future fracture (48, 52, 

79).  

PTH (1-34) decreases the risk of vertebral and non-vertebral fractures and 

increases bone mineral density (BMD) in postmenopausal women with osteoporosis. 

Neer et al. (48) studied the efficacy of teriparatide in prevention of future fracture in 

postmenopausal women with prior vertebral fracture (n=1637), where they subjected 

subjects to daily teriparatide (20 or 40 µg) or placebo injections for an average 

period of 18 months. A 65% reduction in risk of new vertebral fractures (p<0.001), 

and a 35% reduction in risk of non-vertebral fractures (p=0.04) were observed in 

subjects who received 20 µg dose as well as a 9% increase in BMD of lumbar spine 

(P<0.001) compared to placebo. The authors stated the 40 µg dose increased BMD 

of lumbar spine more than the 20 µg dose but had similar effect on risk of fractures 
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(48). These results have been supported by several other clinical trials. A meta-

analysis of eight randomised controlled trials (n= 2388) that used teriparatide to treat 

postmenopausal osteoporosis found that the treatment was associated with an 

increase in BMD of 8.14% (95% confidence interval (CI), 6.72% - 9.55%) in lumbar 

spine and of 2.48% (95% CI, 1.67% - 3.29%) in hip. In trials that reported fracture 

data, the treatment was associated with a 70% reduction in risk of vertebral fracture 

and a 38% decrease in risk of non-vertebral fracture compared to placebo group (80). 

It has also been found that teriparatide treatment of postmenopausal women with 

osteoporosis significantly increased cancellous bone volume and connectivity, 

improved trabecular morphology with a shift toward a more plate-like structure, and 

increased cortical bone thickness. These changes in cancellous and cortical bone 

morphology should improve biomechanical competence and are consistent with the 

reduced incidences of vertebral and non-vertebral fracture during administration of 

teriparatide (57).  

1.1.10.2 PTH (1-34) in treatment of Hypoparathyroidism   

Individuals with hypoparathyroidism are characterized by deficient or no circulating 

PTH and low serum calcium, typically associated with hyperphosphatemia, 

hypercalciuria, and reduced concentration of 1,25-(OH)2D (81, 82). The clinical 

presentation may include muscle cramping, spasms, or tetany and, rarely, life 

threatening events such as seizure or laryngospasm (83). Hypothyroidism is most 

commonly caused by surgical removal of, or damage to, the parathyroid glands 

during thyroid, parathyroid, or other neck surgery. It also can be caused by 

autoimmune destruction of parathyroid cells and rare genetic diseases such as 

DiGeorge syndrome (81, 82). Hypoparathyroidism, regardless of the etiology, is 

treated with oral calcium and vitamin D/analog supplementation (81, 82). This 

treatment can cause hypercalciuria, which consequently may cause irreversible renal 

damage and renal failure (81-83). To reduce this risk, the vitamin D/analog and 

calcium dosages are often reduced to maintain serum calcium at the lowest tolerable 

level (without causing symptoms), which in turn results in varying degrees of 

hypocalcemia in most hypoparathyroid patients treated this way (83).    

Synthetic PTH (1-34) has been investigated as an alternative treatment of chronic 

hypoparathyroidism in adults and children (83-90). The studies have shown that 

PTH (1-34) provides better control of serum calcium levels along with reduced needs 



18 

 

for calcium and vitamin D/analog supplementation when compared with calcium and 

vitamin D/analog supplementation alone (84-88). Notably, treatment with twice-

daily hPTH (1-34) reduced the variation in serum calcium and normalised urine 

calcium at a lower daily PTH dose compared to once-daily dosing (81, 84-88). 

Winer et al. (83) published a 6-month, open-label crossover trial of PTH (1-34) 

delivered continuously via pump versus twice-daily subcutaneous injection. Eight 

subjects were studied, aged 36–54 years, all with post-surgical hypoparathyroidism. 

Pump delivery of PTH (1-34) produced a significant decrease in urine calcium 

excretion and a 65% reduction in the daily PTH (1-34) dose needed to maintain 

eucalcemia compared with twice-daily injections (83). The study demonstrated that 

pump therapy restored bone turnover to normal levels compared to twice-daily 

injection, which produce chronic elevation of bone markers (83). The investigators 

noted no significant difference in the incidence of adverse events between the two 

groups and no treatment-related incidence of hypercalcaemia was reported (83). The 

overall findings of pump therapy look promising as a replacement hormone therapy 

for chronic hypoparathyroidism. However, a long-term study on pump therapy is 

needed to confirm these findings.   

1.1.10.3 PTH (1-34) to Accelerating Fracture Healing  

PTH (1-34) has been shown to promote bone healing in several animal and human 

studies. In a randomized double-blind study, Aspenberg et al. (91) investigated the 

potential benefit of PTH (1-34) in postmenopausal women who had sustained a 

dorsally angulated distal radial fracture in need of closed reduction without surgery. 

Within 10 days of fracture, the women were randomly assigned to once daily 

injections of placebo or PTH (1-34) at doses of 20 µg or 40 µg for a total treatment 

period of 8 weeks. All patients, regardless of randomization group, received 

supplements of 1000 mg /day of elemental calcium and 800 IU/day of vitamin D 

throughout the study period. The results demonstrated that time to healing, at 7.4 

weeks, was significantly shorter in the treatment group receiving 20 µg of PTH (1-

34). Time to healing was 9.1 weeks in the placebo and 8.8 weeks in the treatment 

group receiving 40 µg PTH (1-34). Aspenberg and Johansson (92) reported 

improved early callus formation in postmenopausal women with distal radius 

fracture treated with PTH (1-34) at doses of both 20 and 40 µg in comparison to 

placebo. Warden et al. (93) studied the combination of low-intensity pulsed 
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ultrasound (LIPUS) and PTH (1-34) on fracture healing in bilateral midshaft femur 

fractures created in rats. LIPUS was found to primarily increase total callus volume 

without influencing bone mineral content, and PTH (1-34) have the opposite effect 

of increasing bone mineral content without influencing total callus volume. As a 

consequence of the effect of LIPUS on total callus volume but not bone mineral 

content, it decreased volumetric bone mineral density resulting in a less mature 

callus. In contrast, the effect of PTH on callus bone mineral content but not total 

volume resulted in increased callus volumetric bone mineral density and a more 

mature callus. This resulted in PTH increasing fracture site mechanical strength and 

stiffness. These data suggest that PTH may be more useful in treatment of acute bone 

fracture. PTH (1-34) was combined with mechanical loading, a known stimulus 

towards fracture healing, in the study of tibial fracture healing in 25-week-old 

ovariecotomized female rats (94). In this study, mechanical loading was achieved by 

an external loading device and PTH (1-34) was administered once daily via 

subcutaneous injection at a dose of 20 µg/kg/day. The results showed that unloading 

reduced callus area significantly, whereas no effects of PTH (1‐34) on callus area 

were seen in neither normally nor unloaded animals. PTH (1‐34) increased callus 

bone mineral density and bone mineral content significantly, whereas unloading 

decreased callus bone mineral density and bone mineral content significantly. PTH 

(1‐34) treatment increased bone volume of the callus in both unloaded and control 

animals. These results suggested a synergetic effect of PTH (1-34) and mechanical 

loading and confirmed the stimulatory effect of PTH (1-34) on fracture healing (94). 

1.1.11 Mechanisms for the bone anabolic effect of PTH treatment 

The intermittent administration of low-dose PTH (1-34) results in anabolic effects on 

the skeleton. This aspect of PTH is quite interesting and complex at the same time, 

as how can a “bad” hormone for bones become a useful treatment for osteoporosis? 

However, the keys to understanding the net anabolic effect of intermittent PTH is to 

understand that the process is not purely anabolic as it concomitantly stimulates 

osteoclastic bone resorption plus osteoblast bone formation and that osteoclasts do 

not express PTHR1 and they only are activated indirectly through binding of PTH to 

PTHR1 on osteoblasts. So, due to the short half-life of intermittent PTH in the 

circulation, osteoblasts anabolic activity precedes catabolic activity of osteoclasts 

creating the so-called „anabolic window‟, which means that there is a time frame of a 
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number of months (6-18 months) in which bone formation is in excess over bone 

resorption as measured by serum bone turnover markers (see figure 1-8) (60, 78). 

The cellular and molecular mechanisms of this anabolic window are not yet fully 

understood and cannot be explained by one single hypotheses. Following is a 

summary of hypothesized mechanisms for the anabolic actions of PTH in bone. 

 

Figure 1-8 The anabolic Window. PTH stimulates the processes associated with 

bone formation before there is a subsequent stimulation of the process associated 

with bone resorption. The 'window' between the effects of PTH on these actions is 

variable, but is thought to represent the period when PTH is maximally anabolic for 

bone. (Taken from reference (78) ) 

 

1.1.11.1 PTH reduces sclerostin expression 

The Wnt-β-catenin signalling pathway is important for bone and cartilage formation 

as well as for bone homeostasis (60, 95, 96) and β-catenin deficiency associated with 

low bone mass in mice (60, 97, 98).  Bellido et al. (1) demonstrated that PTH 

decreases Sost/sclerostin expression in osteocytes via increasing the proteasomal 

degradation of Runx2. Down-regulation of sclerostin accounts for the anabolic 

action of PTH (Figure 1-9).  
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Figure 1-9 Regulation of osteoblastogenesis via actions of PTH on osteocytes. 
The model depicts the sclerostin-mediated negative feedback loop by which 
osteocytes suppress bone formation (black lines) and the inhibitory effect of PTH 
on sclerostin secretion by osteocytes (red line) which unleashes the 
prodifferentiating actions of BMP and Wnt signalling on osteoblast progenitors 
(Reproduced from reference (1)) 

 

 

 

 

 

 

 

In skeletal cells, Wnt uses the canonical Wnt-β-catenin signalling pathway. Wnt 

binds to specific receptors, called frizzled, and to low-density lipoprotein receptor-

related proteins 5 and 6 (LRP5 and LRP6). These interactions lead to the 

stabilization of β-catenin, which translocate to the nucleus and regulate gene 

expression (Figure 1-10). The importance of Wnt- β-catenin signalling in 

osteogenesis is confirmed by studies of the effects of mutations in this pathway. 

Activating mutations of Wnt co-receptors result in increased bone mass, whereas 

inhibition of this pathway leads to reduced bone mass (78). Wnt antagonists like 

sclerostin and Dickkopf-1 (Dkk-1), which are both expressed by osteoblasts and 

osteocytes prevent Wnt signaling by interacting with Wnt co-receptors (Figure 1-10). 

1.1.11.2 PTH induces bone cell survival by exerting an anti-apoptotic effect 

Bellido et al. (99) demonstrated that daily intermittent injection of as little as 30 ng/g 

of PTH (1-34) in mice for 28 days increased hindlimb and spine BMD. These 

changes were associated with a reduction in osteoblasts apoptosis at both sites as 

well as an increase in the level of serum osteocalcin, a biochemical index of 

osteoblast number. At the same dose that PTH inhibited osteoblasts apoptosis, it also 

increased osteoblast number, bone formation rate, and the amount of cancellous bone 

in the distal femur, but the number of osteoclasts was not affected at any dose 

examined. The prevalence of osteoblasts apoptosis was inversely correlated with 
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Figure 1-10 The Canonical Wnt–β-Catenin Signaling Pathway Used in 

Osteoblasts. Panel A shows that under basal conditions, β-catenin is 

phosphorylated by glycogen synthase kinase 3β (GSK-3β), axin, and adenomatous 

polyposis coli (APC) tumor-suppressor protein and degraded in the proteasome. 

Panel B shows that after Wnt binding to its receptor (frizzled) and co-receptors (low-

density lipoprotein receptor–related proteins 5 and 6 [LRP5 and LRP6]), 

dishevelled, an intracellular protein, is induced to degrade GSK-3β. In addition, the 

cytoplasmic tails of LRP5 and LRP6 bind and anchor axin. These two events lead to 

the stabilization of β-catenin and its translocation to the nucleus, where it binds to T-

cell factor 4 (TCF-4) or lymphoid enhancer binding factor 1 (LEF-1) to regulate 

transcription. Panel C shows that the extracellular Wnt antagonists prevent Wnt 

signaling. Dickkopf-1(Dkk-1) in association with Kremen and sclerostin bind LRP5 

and LRP6. Soluble frizzled-related protein 1 (sFRP-1) binds Wnt and prevents its 

interaction with frizzled. (Figure taken from reference (78)). 

 

three independent measures of bone formation, serum osteocalcin, bone formation 

rate, and osteoblast number. The authors argued that attenuation of osteoblast 

apoptosis by daily injections of PTH in mice accounts, at least in part, for the 

increased number of osteoblasts and, thereby, the increased bone formation produced 

by this regimen (99). The same research group has studied the effect of daily 

subcutaneous injection of 400 ng/g of hPTH (1-34) over a 4-week period in two 

strains of adult mice, mice with normal bone mass (SAMR1) and mice with 

osteopenia due to impaired osteoblastogenesis and decreased bone formation 

(SAMP6) (100). Daily PTH injection caused progressive increase in BMD of 
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hindlimb and spine in adult mice, though it was greater in the hindlimb than in the 

spine. Remarkably, the increase in BMD was similar in the two strains, even though 

the baseline values were different (100). The authors reported an equivalent anabolic 

response of normal SMAR1 and SAMP6 mice with defective osteoblastogenesis to 

daily injections of hPTH (1-34), and the number of osteoblast progenitors obtained 

from the marrow of PTH-treated animals of either strains was similar to that 

obtained from the marrow of vehicle-treated animals, which indicates that PTH does 

not have a stimulatory effect on the number of osteoblast progenitors (100). They 

also showed that the proportion of osteoblast undergoing apoptosis, as determined by 

transferase–mediated nick end labelling (TUNEL), was greatly decreased in animals 

of either strain receiving PTH (100).  Accordingly, the authors suggested that 

intermittent PTH treatment increases osteoblast survival by suppressing/inhibiting 

osteoblast apoptosis, which results in an increase in osteoblast numbers and thereby 

bone formation (100). Bellido et al. (99) also studied the effects of sustained (140 

ng/h) versus intermittent (230 ng/g/day) PTH (1-84) elevation on the prevalence of 

osteoblast apoptosis and on the number of osteoblasts and osteoclasts 2, 4, and 6 

days. Sustained elevation of PTH caused an increase in the number of osteoclasts at 

day 2 and was followed by an increase in osteoblasts number at day 4. Sustained 

elevation of PTH had no effect on the prevalence of osteoblast apoptosis at any time 

during the experiment, whereas daily injection of PTH (1-84) reduced osteoblast 

apoptosis and increased osteoblast number beginning on day 2. The increase in 

osteoblast number seen with daily injections was significantly greater and occurred 

earlier than that caused by sustained infusion of PTH (99). Why then did continuous 

PTH administration, in contrast to intermittent administration, not affect the 

prevalence of osteoblast apoptosis? The PTH anti-apoptotic pathway involves 

cAMP-mediated PKA signalling. PKA phosphorylates the apoptotic protein, Bad 

and thereby inactivates its pro-apoptotic function by facilitating interaction with 14-

3-3, a protein that sequesters proteins containing phosphoserine. Inactivation of Bad 

consequently stimulates the transcription of the anti-apoptotic gene Bcl-2 (Figure 1-

11). These effects combine to increase the ratio of the amount of anti- to pro-

apoptotic members of the Bcl-2 family, which is known to determine the ability of 

the cell to resist death signals. Other survival gene(s) could be involved to increase 

transcription of the anti-apoptotic Bcl-2 gene in response to PTH requires at least 

two transcription factors, CREB and the osteoblast-specific transcription factor 
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Runx2. However, PTH also decreases the concentration of Runx2 by promoting its 

proteasomal degradation in a process involving the ligase Smurf1. In turn, reduction 

of Runx2 levels below a critical threshold terminates the ability of PTH to maintain 

its anti-apoptotic signal by removing this critical factor on which the transcription of 

the pro-survival genes by PTH depends. This provides for a negative feedback loop 

that shortens the duration of the anti-apoptotic effect of the hormone. In other words, 

the decline in Runx2 is the critical event limiting survival signaling, as transcription 

of survival genes is maintained when the level of Runx2 is kept above a critical 

level. Bellido et al. (99) demonstrated that when Runx2 degradation is abrogated or 

when Runx2 is overexpressed, phospho-Bad and CREB are no longer needed, and 

the comparatively high level of Runx2 is sufficient for prolonged anti-apoptotic 

effect of PTH (99).  

 

Figure 1-11 Self-limited anti-apoptotic signalling pathways induced by PTH in 

osteoblasts. PTH induces PKA-mediated phosphorylation and inactivation of the 

pro-apoptotic protein Bad as well as transcription of survival genes Bcl-2 mediated 

by CREB and Runx2. PTH also increases proteasomal proteolysis of Runx2 via a 

process involving Smurf1.The anti-apoptotic effect of PTH is prolonged by inhibition 

of proteasomal activity or by overexpressing Runx2 itself. Sustained PTH 

concentration increases Runx2 degradation by Smurf1. Reduction of Runx2 below a 

critical threshold terminates the anti-apoptotic effect of PTH. (Figure taken from 

reference (99)) 
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1.1.11.3 IGFs are essential for anabolic effect of PTH 

Insulin-like growth factors (IGFs) are known to exert anabolic actions on bone (60, 

78, 101). Gazzerro and Canalis (101) reported that IGF-I increases the function of 

the differentiated osteoblasts in bone tissue and mediates selected anabolic actions of 

PTH. IGF-I and PTH are co-dependent on each other as IGF-I synthesis in bone cells 

is primarily dependent on PTH and is required, in turn, for the anabolic actions of 

PTH in rodent bone (78). In vivo, two experimental models confirm the anabolic 

effect of IGF-I. Overexpression of IGF-I increases the volume of cancellous bone by 

increasing bone formation (102). On other hand, targeted deletions of the IGFI 

receptor gene or deletions of the insulin-IGF-I signaling molecules, insulin-receptor 

substrate (IRS) 1 and 2, causes osteopenia due to impaired bone formation (103, 

104). These observations indicated a role for IGF-I as a regulator of bone mass.  

 

1.1.12 PTH (1-34) in Diagnosis of Pseudohypoparathyroidism  

Hypoparathyroidism is indicated by the presence of hypocalcaemia along with 

normo- or hyperphosphatemia with normal renal function and low or undetectable 

PTH (1-84). The first step of differential diagnosis of hypoparathyroidism is the 

measurement of serum PTH (1-84) (105). Low or undetectable serum concentration 

of PTH (1-84) (<30 pg/mL) means decreased secretion of PTH, which is most often 

associated with post-surgical or idiopathic hypoparathyroidism, and 

hypomagnesemia. Serum PTH (1-84) values of ≥ 30 pg/mL suggested possible 

pseudohypoparathyroidism (PHP) (105). PHP is a group of heterogeneous rare 

metabolic disorders whose common feature is resistance to PTH and other hormones 

that activate cAMP-dependent pathways via Gsα protein (106). The resistance is 

caused by defects in the GNAS gene, which encodes the Gsα protein that stimulate 

cAMP formation (106). All forms of PHP are characterized by a defect in the 

response of the proximal renal tubule to PTH and associated with hypocalcaemia, 

hyperphosphatemia, and elevated circulating concentrations of PTH in the absence 

of vitamin D or Mg deficiency (106). The Ellsworth-Howard test (EHT) or PTH 

loading test has been used traditionally to confirm PHP. Because the PTH receptor is 

coupled to the stimulatory G protein (Gs), thereby activating cAMP formation, 

measurement of serum and urinary cAMP concentrations after the injection of 

exogenous PTH permitted the differentiation of PHP type 1 (PHP1), in which a 

blunted cAMP response is observed, from PHP type 2 (PHP2) in which the cAMP 
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response to PTH is normal or elevated but the phosphaturic response is deficient 

(106). Figure 1-12 shows the plasma cAMP response of healthy individuals after 

subcutaneous injection of teriparatide (top) and EHT results of suspected PHP 

patient after teriparatide injection (bottom).   

The effect of the synthetic hPTH (1-34) fragment on plasma cAMP in human 

subjects and the diagnostic criteria for the plasma cAMP response in EHT were 

studied (107, 108). Sohn et al. (107) reported that plasma cAMP increased to over 

100 nmol/L within 5 or 10 min after the end of infusion of  20 or 30 µg of hPTH (1-

34) in all patients with idiopathic hypoparathyroidism and normal subjects. The 

mean values for maximum plasma cAMP concentrations were (170.0 ± 43.6) nmol/L 

with 20 µg (n=4), (211.0 ± 71.4) nmol/L with 30 µg (n=30) in patients with 

idiopathic hypoparathyroidism, and (204.8 ± 59.5) nmol/L with 30 µg (n=5) in 

normal subjects.  In 5 patients with PHP plasma cAMP did not increase above 44.4 

nmol/L after infusion of 20 or 30 µg of hPTH (1-34), and these low responses were 

not improved during treatment with Vitamin D2 or Vitamin D metabolites (107). 

Figure 1-13 shows plasma cAMP profiles after infusion of hPTH (1-34) in normal, 

idiopathic hypoparathyroidism and pseudohypoparathyroidism subjects before and 

during treatment with vitamin D (107).  
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Figure 1-12 Ellsworth-Howard test. Top panel (A): Changes in plasma cAMP 

(mean± SEM) and PTH (1-34) (mean ± SEM) of healthy subjects after subcutaneous 

injection of teriparatide. No Urine cAMP and phosphate were provided. Middle 

panel (B): EHT results on a PHP type-1 patient after subcutaneous injection of 

teriparatide. Note the blunt plasma cAMP and deficient urinary cAMP and 

phosphate response to elevated plasma PTH (1-34) levels. Bottom panel (C): EHT 

results on a PHP type-2 patient after subcutaneous injection of teriparatide. Note the 

deficient urine phosphate despite normal plasma and urinary cAMP response. 

Figures taken from reference (109) 
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Figure 1-13 Change in plasma cAMP (mean ± SEM) concentration in an EHT 

performed with hPTH (1-34). The arrows indicate intravenous hormone 

administration over 5 min. closed symbols (■,▲) represent the results obtained 

before treatment and open symbols (□, ∆) during maintenance treatment with 

Vitamin D. (a) Normal control subject (n=5) treated with 30 µg hPTH (1-34), (b) 

idiopathic hypoparathyroidism patients treated with 30 µg hPTH (1-34) only (n=7) 

and during treatment with vitamin D (n=6)  and (c) pseudohypoparathyroidism 

patients treated with 30 µg (n=3) or 20 µg hPTH (1-34) only (n=2) and during 

treatment with vitamin D all the 5 pseudohypoparathyroidism patients were given 30 

µg hPTH (1-34) (Figure taken from reference (107). 

 

1.1.13 Measurement of PTH (1-34) 

1.1.13.1 Why do we need to replace immunoassay by LC-MS/MS? 

Immunological assays such as enzyme-linked immunosorbent assay (ELISA) and 

immunoradiometric assay (IRMA) are today the most common quantitative assays 

for proteins, and protein-/peptide-based therapeutic drugs. They are very sensitive, 

and protein concentrations in the pg/mL range can be detected with good specificity 

and linearity, if antibodies with the desired performance are available. These assays 

are, mostly, non-competitive or sandwich assays in which two antibodies bind 

different epitopes of the analyte. However, despite a long history of application of 
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immunoassays in diagnostic and research laboratories, its variability has always been 

a substantial and critical issue and has been questioned by many researchers (110-

114). Massart et al. (113) reported high inter-method variability in three porcine 

thyroid receptor antibody (TRAb) assays results in untreated Grave disease patients 

despite the use of the same reference standards for calibration and emphasised the 

necessity for assay standardisation for correct interpretation in the follow-up of 

Graves opthalmopathy. Similarly, the variation in PTH immunoassay results is very 

well studied and documented and the lack of comparability of PTH results has been 

convincingly demonstrated by method comparison studies in which PTH 

concentrations have been determined for similar specimens (individuals and/or 

pooled patient samples) using different commercially available immunoassays (112, 

115-120). In one study, PTH concentrations were measured with 15 commercial 

immunoassays in 47 serum pools from dialysis patients, using the Nichols Allegro
®
 

intact PTH IRMA (Nichols Institute, San Clemente, CA, USA) as the reference. The 

median bias between the tested assays and Allegro intact PTH assay ranged from -

44.9 to 123.0% (4-fold variation). When the PTH concentrations were 150 or 300 

ng/L with the Allegro intact PTH assay, they ranged with other assays from 83 to 

323 ng/L and from 160 to 638 ng/L, respectively. Also, a 2.5-fold variation in intact 

PTH results were reported by Cantor et al. (115) where PTH results from stage 5 

chronic kidney disease (CKD) patients (n=46) obtained using seven commercial 

immunoassays were compared against Nichols Allegro
®
 intact PTH IRMA. PTH 

results for lyophilized pools of plasma from patients with CKD distributed by the 

UK National External Quality Assessment Service (UK NEQAS) typically vary by 

at least 2-fold for six commonly used methods (119). Similar variability in results 

has been reported in an independent study of 99 single dialysis patient plasma 

specimens assayed using the same six methods (120). 

The reproducibility of results is a crucial element in making the appropriate 

clinical decisions and therefore inter-method variability seen with many 

immunoassays has been a primary challenge in patient management and calls for 

assay standardisation. However, there are many reasons that make the 

standardisation of immunoassays difficult. The main one is that each immunoassay 

uses in-house or commercial biological reagents that possess inherent different 

biological specificity. This causes differential biological responses, since they are 
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susceptible to cross-reaction and disruption with metabolised fragments, endogenous 

analogous peptides/proteins, and circulating components of the biological matrix  

(121). For instance, changing a key reagent component such as the antibody lot used, 

or implementing an inter-laboratory comparison program changes reproducibility of 

results. 

Liquid chromatography coupled to mass spectrometry (LC-MS) is of proven 

sensitivity and specificity, especially for low-molecular-weight drugs where it is 

considered as the reference technique by regulatory agencies (121). For peptide 

detection, LC-MS usually employs triple quadrupoles operated in the multiple 

reaction monitoring (MRM) mode, which is appropriate for quantification in 

complex matrices because of its high specificity and sensitivity. In the MRM mode, 

only parent/product ion pairs of interest are detected while all others are excluded, 

which allows the specific quantification of the target peptide. Any modification of 

the peptide/protein primary structure during in vivo metabolism would be unlikely to 

be detected by LC-MS, which clearly illustrates the potential use of LC-MS as an 

alternative bioanalytical method to immunoassays for quantification of 

peptides/proteins. The target peptide mass is selected, based on its mass-to-charge 

ratio, in the first quadrupole for subsequent fragmentation in the collision cell. Then, 

the products of interest are selected in the third quadrupole and finally detected. 

In the same context, non-specific interaction between assay antibodies and other 

compounds, typically other endogenous antibodies (heterophilic antibodies) could be 

a source of errors in immunoassays (122). In addition saturation (Hook-effect) and 

limited dynamic range are also  limiting factors for immunoassays (123). LC-

MS/MS with its multiplex (detection of many metabolites in a single run) capability 

is a good option to replace/supplement immunoassay. However, the use of LC-

MS/MS in clinical setting is relatively new application. One of the significant 

barriers hampering the transition of LC-MS/MS from the research labs into a clinical 

setting is the uncertainty of how successfully develop and validate a method that 

meets guidelines for clinical applications and lack of LC-MS/MS expertise make this 

transition more slow. Furthermore, the cost of LC-MS/MS machine is big 

(approximately £150,000) and the maintenance of the machine could be very costly. 
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1.1.13.2 Current status of PTH (1-34) measurement 

Several commercial immunoassays are available for measurement of PTH (1-34) and 

have been used for pharmacokinetic studies with a low detection limit of 10 pg/mL 

or less (53, 124). However, one major challenge affecting the measurement of PTH 

(1-34) is reactivity of the immunoassays to other molecular forms of PTH including 

the intact molecule and various truncated forms (e.g. PTH (7-84).  Satterwhite  et al. 

(53) reported significant cross-reactivity of their PTH (1-34) immunoassay with  

PTH (1-84) as well as with some smaller N-terminus and C-terminus PTH 

fragments. Because PTH (1-34) contains two Methionine residues in its structure at 

position 8 and 18, it is susceptible to oxidation by peroxides, which is the major 

degradation pathway of therapeutic proteins (125-129). Three oxidized PTH (1-34) 

products have been isolated, namely Met 8 sulfoxide alone, Met 18 Sulfoxide alone, 

and both positions having Met Sulfoxide (127, 130-132).  All oxidized forms of PTH 

(1-34) possess reduced biological activity, which consequently is reflected in the 

potency of PTH treatment (130, 131, 133-135). This effect of oxidation necessitates 

development of an assay that is able to discriminate between oxidized and non-

oxidized forms of PTH. 

 LC-MS/MS is regarded as a method for assaying peptides by maintaining 

specificity without compromising sensitivity. Recently, a number of LC-MS/MS 

assays for measurement of PTH (1-34) have been developed by different research 

groups (136-138). MacNeill et al. (137) developed a LC-MS/MS method for PTH 

(1-34)  with LLoQ of 1.0 ng/mL, which is not sensitive enough to detect sub ng/mL 

changes in concentrations. Chambers et al. (136) also described a LC-MS/MS 

method with a dynamic range of 15 – 500 pg/mL with good precision and accuracy, 

but poor robustness, especially at low concentrations, represented by a concave 

quadratic fit calibration curve rather than linear regression, which may be an 

indication of severe loss in analytical sensitivity, especially at lower concentrations. 

Kay et al. (138) reported a LC-MS/MS method for PTH (1-34) analysis in porcine 

plasma. The method had a dynamic range of 10 - 1000 pg/mL with LLOQ of 15 

pg/mL and good precision and accuracy (138). However, the specificity of Kay‟s 

method is questioned as a relatively large peak persistently observed for PTH (1-34) 

in blank extracted samples and zero samples. The peak area obtained for PTH (1-34) 

in the zero sample was 86. The presence of interfering compound co-eluted with 
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PTH (1-34) can also be extrapolated from PTH (1-34) appearance, where split peak 

observed in blank and zero samples chromatogram and broad peak with shoulder and 

front tail observed in LLOQ sample  (138). Shoulder peaks and split peaks often 

result due to presence of two closely unresolved compounds, which is likely to be 

the case given that protein crash was the only clean-up method used prior injecting 

sample into LC-MS/MS. None of the above mentioned studies had conducted a 

method comparison study or addressed measurement of oxidized forms of PTH (1-

34). 

1.2 Parathyroid Hormone-Related Protein 

PTHrP was first identified in 1987 when several research groups successfully 

purified it from a human lung cancer cell line (139), a breast cancer cell line (140), 

and renal cancer cell line (141) . As the name implies, PTHrP and PTH are 

ancestrally related. The cloning of PTHrP cDNA showed that eight of the first 13 

residues of PTHrP were identical to those of PTH (142, 143) and the structural 

requirements for full biological activity of PTHrP were  contained within the first 34 

amino acids, just like PTH (139, 142, 144, 145). It was not surprising that PTHrP 

acts through the binding and activation of PTHR1 on PTH classical target organs. 

Although PTHrP was originally identified as a tumour derived factor, in the past two 

decades information on its structure, regulation and function have dramatically 

expanded the knowledge of its role in normal physiology and in pathologic 

conditions such as cancer and skeletal metastasis. Thus, PTHrP is increasingly 

represented as a poly-hormone with an impressive breadth of biologic actions. 

 

1.2.1 PTHrP gene (pthlp) structure             

The human pthlp (mapped to the short arm of chromosome 12) and the pth (short 

arm of chromosome 11) belong to the same gene family, which includes the gene 

encoding for tuberoinfundibular peptide of 39 residues (TIP39) (146). Compared to 

pth, pthlp is more complex containing   nine exons spanning 15 kilobases of DNA 

and three promoters (P1, P2, and P3) located on the 5'-end of the gene (147-150). P1 

and P3 are TATA-containing promoters located upstream of exons 1 and 4, 

respectively, while P2 is a GC-rich regulatory region located upstream of exon 3 

(149). Exons 1-4 encode the 5'- UTR in the mature mRNA, exon 5 encodes the 

translational start site and the “prepro” region, and exon 6 encodes the majority of 
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the coding region (149). The 3'-end of the gene contains three exons, 7, 8, and 9, 

which may be alternatively spliced to yield three distinct PTHrP protein isoforms of 

139, 141, or 173 amino acids (151, 152), which are identical through amino acid 139 

but each has a unique C-terminus (149, 153). Figure 1-14 illustrates pthlp structure 

and shows the complexity of pthlp in comparison with pth. The presence of several 

promoters in the human PTHrP gene suggests the potential use of different promotor 

regions, which may result in tissue-specific expression of PTHrP (148). It has also 

been suggested that normal and tumour tissues, which express PTHrP may contain 

all three transcripts, but some tissues appear to express one of them preferentially 

(151, 154, 155). 

 

 

Figure 1-14 Structure of human PTHrP gene. The Panel shows the human PTHrP 

gene structure complexity compared to PTH gene. 5
’
 untranslated exons are 

represented as dark solid shaded boxes, Coding exons as light solid shaded boxes, 

and 3
’
 untranslated exons as white boxes. Introns represented by a line. The PTHrP 

gene promoters (P1, P2, and P3) are represented by arrows above the sequences. 

Potential alternative splicing combinations are represented as bent lines connecting 

the exons. Following 5
'
 and 3

'
 alternative splicing and the use of the different 

promoters, three PTHrP mRNA isoform are generated. These isoforms are 

translated into three PTHrP proteins containing 139, 141, and 173 amino acids in 

humans depending on the cell or tissue type.  (Figure taken from reference (156)) 
 

 

1.2.2 PTHrP protein structure, biosynthesis and processing 

The Nature of PTHrP secretion and its circulating forms are not yet fully known. The 

PTHrP gene gives rise to three PTHrP mRNA species through alternative splicing, 

which encode three mature PTHrP products with lengths of 139, 141, and 173 amino 

acids. Some cells, like keratinocytes are found to produce all the three mature PTHrP 

species (157). The primary translation product of PTHrP can undergo a variety of 
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post-translational processing events resulting in overlapping series of biological 

peptides (Figure 1-15)  (158). In vitro studies in human renal carcinoma cell line and 

rat insulinoma cell lines transfected with a cDNA encoding PTHrP (1-141) 

demonstrated the presence of several immunoreactive fragments including PTHrP 

(1-36), PTHrP (38-94), PTHrP (1-74), and a mid-region fragment of 7 kD, likely 

PTHrP (38-101)(153). Rabbani et al. (159) examined the biosynthesis and 

processing of endogenous [
3
H]Ile-labelled PTHrP in cultured rat H-500 Leydig 

tumour cells. The analysis of cell extracts and culture media by affinity 

chromatography employing an antibody directed against the bioactive N-terminal 

region, PTHrP (1-34), followed by gel-permeation or reversed-phase HPLC revealed 

the presence of three bioactive fragments including PTHrP (1-36), PTHrP (1-86) and 

PTHrP (1-141). Growing evidence suggest that PTHrP processing is cell-specific. 

Though, details of PTHrP processing and the biological significance of the different 

PTHrP peptides are not entirely clear and more investigation is required.  

Based on the primary amino acid sequence, PTHrP can be divided into 

distinct regions. The first 36 amino acids (-36 to -1) code for the intracellular 

“prepro” and “pro” precursors of the mature peptide, which acts as signaling 

sequence and facilitates the transport and secretion of the precursor polypeptide.  

The next functional region is the PTH-like N-terminal fragment or PTHrP (1-36), 

which is the region showing the highest degree of primary sequence homology with 

PTH. Eight of the first 13 residues are identical to that of PTH. This amino acid 

sequence of PTHrP is necessary for interaction with PTHR1. The 14-36 amino acid 

sequence of PTHrP has almost no homology with that of PTH, yet it is critical for 

the binding of PTHrP to PTHR1 and for subsequent activation (160). Based on 

competitive binding assays, investigators have shown that PTH (1-34) and PTHrP 

(1-36) bind PTHR1 with approximately equal affinity, while shorter N-terminal 

fragments of either PTH or PTHrP do not (161). The renal tubule and skeletal 

osteoblast are regarded as the “classical” target tissues for the action of PTH, and 

studies indicate that synthetic N-terminal PTHrP interact with the PTHR1 in these 

“classical” tissues. PTH also induces functional responses in a variety of “non-

classical” target tissues, such vascular smooth muscle. Administration of PTHrP (1-

36) into rats leads to an immediate, short-term decrease in blood pressure (162). 

PTHrP relaxes smooth muscle vasculature, in addition to increasing contractility, 
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heart rate, and coronary blood flow. The effects of PTHrP on vascular smooth 

muscle could be mimicked with PTH (1-34), indicating that the PTHR1 likely 

mediates signaling in this tissue (162).   

The secretion of mid-region including amino acids 38-94, 38-95, and 38-101 

has also been described (153, 158). The biology of these specific secretory forms is 

not yet clear, but the mid-region of PTHrP stimulates placental calcium transport and 

modulates renal bicarbonate handling. This portion of the molecule contains nuclear 

localization signals (NLS), which typically consist of one or more short sequences of 

positively charge lysine or arginine molecules exposed in the protein surface that 

facilitate the import of protein into the cell nucleus by nuclear transport (163, 164). 

PTHrP  (107-139) and (109-139) fragments is known as osteostatin and was shown 

to have anti-osteoclastic activity in vitro and to stimulate osteoblast proliferation and 

function (158, 163), perhaps by down-regulation of sclerostin (165). The final C-

terminal region of PTHrP, from amino acid 141 to 173, is encoded by only one of 

the three isoforms of human PTHrP mRNA (156). 

 

Figure 1-15 Post-translational isoforms of PTHrP and their biologic properties. 

The three human PTHrP isoforms produced by translation are outlined, one atop 

other, of 139, 141, and 173 amino acid in length. The numbers under the isoforms 

outlines indicate multibasic amino acids (Arginine/Lysine) that serve as prohormone 

convertase sites or NLS. The NLS overlap with the mid-region of PTHrP. 

Posttranslational processing at the multibasic endoproteolytic sites may leads to 

multiple secretory forms of the peptide, including full-length, PTH-like N-terminal 

form, mid-region form, and C-terminal peptides. The prepro region acts as a 

signaling peptide to facilitate secretion of the molecule outside the cell. (Figure 

taken with adjustment from reference (156)) 
 

1.2.3 Circulating forms of PTHrP 

The nature of the circulating PTHrP is not yet fully understood. Studies in patients 

with malignancy-associated hypercalcemia (MAH) and PHPT indicated the presence 
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of heterogeneous PTHrP fragments in the circulation. Using a two-site IRMA 

directed toward PTHrP amino acid sequence 1 to 74 and a radiometric immunoassay 

(RIA) directed toward PTHrP amino acid sequence 109 to 138, Burtis et al. (166) 

characterized PTHrP in a variety of cancer conditions with and without 

hypercalcemia. The sensitivity of the IRMA and the RIA was 1.0 pmol/L and 2.0 

pmol/L respectively. Burtis et al. (166) indicated that sixty normal volunteers had 

low or undetectable plasma PTHrP (1-74) with a mean of (1.9 pmol/L) and 

undetectable plasma PTHrP (109-138) concentrations (<2.0 pmol/L). Patients with 

renal failure (n=15), whom were all on hemodialysis, had plasma PTHrP (1-74) 

concentrations similar to those in normal individuals, but their plasma PTHrP (109-

138) concentrations were elevated with a mean of (29.6 pmo/L). Patients with HHM 

(n=30) had elevated plasma concentrations of both PTHrP (1-74) (mean, 20.9 

pmol/L) and PTHrP (109-138) (mean, 23.9 pmol/L). The concentration of both 

peptides were normal in patients with hyperparathyroidism (n=13) and those with 

hypercalcemia with miscellaneous causes other than malignancies (n=4). Another 

two-site IRMA, recognizing an N-terminal fragment of at least 86 amino acids, was 

developed by Ratcliffe et al. (167). The assay sensitivity was 0.23 pmol/L. 

Concentrations of PTHrP (1-86) were undetectable (<0.23 pmol/L) in all normal 

individuals (n=30) and in patients with PHPT (n=19), and were significantly 

increased in HHM patients with mean of 6.1 pmol/L. Ratcliffe et al. (167) have also 

developed two direct RIAs for PTHrP (1-34) and PTHrP (37-67). The two assays, in 

general, detected higher concentrations of PTHrP than the IRMA, especially when 

plasma was assayed directly without affinity purification. The RIA of PTHrP (1-34) 

used polyclonal antibody specific for region 9-18. PTHrP (1-34) concentrations 

assayed with the direct N-terminal PTHrP RIA ranged from 13 to 760 pmol/L with a 

mean of 140 pmol/L in normal individuals, from 32 to 1530 pmol/L with a mean of 

360 pmol/L in PHPT patients and from 21 to 1110 pmol/L with a mean of 190 

pmol/L in HHM patients. The difference in mean plasma PTHrP (1-34) 

concentrations in the three study groups were found insignificant using the direct 

RIA. In contrast, plasma PTHrP (1-34) concentrations obtained with RIA of affinity-

extracted plasma with monoclonal antibodies ranged from 0.35 to 5.7 pmol/L with a 

mean of 2.9 pmol/L in normal individuals, from 0.65 to 4.0 pmol/L with a mean of 

1.7 pmol/L in patients with PHPT and from 2.7 to 41.3 pmol/L with a mean of 10.7 

pmol/L in HHM patients.  Mean plasma PTHrP (1-34) concentrations in HHM 
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patients were significantly higher than in normal subjects or in patients with PHPT 

(167). Fraser et al. (168) published an evaluation of another commercial two-site 

IRMA for PTHrP from Nichols Institute. The assay was very sensitive with a 

detection limit of 0.7 pmol/L. The assay utilizes two affinity-purified populations of 

antibodies raised in two different species. One population of antibodies is directed 

toward the 60-72 amino acid sequence (goat) and the other is specific for the 1-40 

amino acid sequence (sheep), so only peptides that can bridge the two antibodies can 

be quantified, e.g., PTHrP (1-86) and PTHrP (1-74). 60 normal volunteers, 20 

patients with PHPT and 95 MAH patients were studied. PTHrP exceeded the 

detection limit of 0.7 pmol/L in 78% of the normal subjects and a reference range of 

<0.7 – 2.6 pmol/L was then established. PTHrP was increased in a high percentage 

of patients with solid tumours associated with hypercalcemia. Interestingly, 

inappropriate or increased Nephrotic cAMP (NcAMP) was detected in a subgroup of 

patients with low PTHrP and low or undetectable PTH (1-84). Authors suggested 

that either a fragment of PTHrP or PTH that was not detected by the immunoassays 

was present or that another uncharacterized molecule was being produced that has a 

hypercalcemic action and can stimulate NcAMP production (168). 

A number of LC-MS/MS methods for PTHrP have been also reported. Lu et al. 

(169) developed a LC-MS/MS assay with a LLoQ of 62 nmol/L, which is 

insufficient for diagnostic applications. Washam et al. (170) developed a qualitative 

surface-enhanced laser desorption/ionization Time-of-flight mass spectrometry 

(SELDI-TOF MS) method for detection of PTHrP (12-48) fragment in plasma of 

patients with breast cancer. The sensitivity of the assay was not specified nor were 

the levels in normal volunteers. Kushnir et al. (171) recently reported 2-dimentional 

LC-MS/MS method to quantify PTHrP-specific tryptic digested peptide. Prior to 

digestion with trypsin, PTHrP was enriched from plasma sample with rabbit 

polyclonal antibody conjugated to magnetic beads. The assay was very sensitive with 

a detection limit of 0.6 pmol/L and a dynamic range from 0.6 – 600 pmol/L. The LC-

MS/MS showed poor agreement with a commercial PTHrP RIA kit (Immunotech). 

Reference ranges established for PTHrP with this method were 0.6 – 3.3 pmol/L and 

0.6 – 2.2 pmol/L in adult women and men, respectively. However, the LC-MS/MS 

method analysed PTHrP by quantifying PTHrP-specific peptide released during 

tryptic digestion. The peptide (102 YLTQETNK 110) is in the C-terminus of the 
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PTHrP sequence and its concentration does not represent the concentration of 

bioactive PTHrP. 

Because of the lack of information on the molecular forms of PTHrP in plasma, 

synthetic fragments of PTHrP have been used to produce region-specific antibodies 

for the immunoassays reported to date. However, there is increasing evidence that 

the metabolism of PTHrP is complex and the exact circulating peptide forms of 

PTHrP remain to be established.    

1.2.4 PTHrP signalling pathways 

Like other peptide hormones, PTHrP is secreted from source cells. PTHrP has 

paracrine/autocrine and endocrine actions by acting, respectively, on adjacent or 

distant target cells that express the PTHR1 on their surface. Binding of PTHrP to 

PTHR1 prompts the ligand bound receptor to be internalized and elicits signaling 

pathways. PTHrP can also act in autocrine fashion through NLS in the med-region, 

through which PTHrP avoids the secretion pathway, remains within the cytoplasm of 

the source cell, and is then transported into the nucleus or nucleolus. Nucleolar 

localization of PTHrP in chondrocytes and other cell types may enhances their 

survival and influences their growth/differentiation (172).  

1.2.4.1 cAMP-dependent signaling pathway 

Most evidence suggest that PTHrP binds and activates PTHR1, which is associated 

with a G-protein. This binding stimulates conformational changes in the G-protein 

and transforms it to the stimulatory form (Gs). The activated α-subunit of Gs (Gsα) 

binds AC, which converts ATP into cAMP and subsequently activates protein kinase 

A (PKA). This allows the catalytic subunit of PKA to dissociate and phosphorylates 

targets in both the cytoplasm and nuclear transcription factors (173, 174). One target 

of phosphorylation by PKA in the nucleus is the cAMP response element binding 

protein (CREB) family. CREB proteins bind cAMP response elements in the 

regulatory regions of target genes, and serve as major cellular activators of 

transcription. Phosphorylation by PKA also activates RUNX2 and the activator 

protein-1 (AP-1) family of transcription factors, both of which increase target gene 

transcription (174). PKA signaling also activates downstream signaling pathways, 

such as the MAPK pathway, that ultimately serve to increase cellular proliferation 

and decrease differentiation in target tissues (175). Activation of the cAMP/PKA 
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pathway typically elicits a robust cellular response and is considered the prototypical 

second messenger pathway downstream of PTHR1 activation (176). 

 

1.2.4.2 Intracellular Calcium-dependent signaling pathway 

Alternatively, binding of PTHrP to PTHR1-coupled G-protein can also initiate 

another common signaling pathway that utilizes intracellular calcium as a second 

messenger. The G-protein in this signaling pathway is called Gq. The activated α-

subunit of Gq (Gqα) activates PLC. This enzyme acts on the molecule 

phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol triphosphate (IP3) 

and diacylglycerol (DAG). The accumulation of DAG on the plasma membrane 

leads to the recruitment of protein kinase C (PKC), which upon binding Ca
++

 in the 

cytoplasm becomes activated and elicits a host of cellular responses (176). While the 

data is inconsistent, activation of the PLC/PKC pathway by PTHR1 signaling seems 

to be partially dependent upon cell-type, cell-cycle, and receptor density (173). Some 

evidence also suggests that activation of PLC/PKC signaling by the PTHR1 

functions as an “alternative” pathway to oppose the cellular response induced by 

PKA signaling, namely, decrease proliferation and promote differentiation (175).  

In addition to Gsα and Gqα, activated PTHR1 can also couple to pertussis toxin 

sensitive Gi-proteins that inhibit adenylyl cyclase activity (67). Treatment of COS-7 

cells with pertussis toxin increased PTHR1-mediated cAMP accumulation in cells 

with wild type receptor, but failed to do so in cells with a truncated C-terminal 

receptor (177). Coupling of the PTHR1 to multiple G-proteins has also been studied 

in rat osteoblast-like cells (ROS 17/2.8) and in PTHR1-transfected human embryonic 

kidney (HEK) cells (178). Gi-mediated signaling was reported after using a 

nonhydrolyzable photo-reactive GTP analogue [alpha-P32] GTP-gamma-

azidoanilide (GTP-AA) and peptide antisera raised against multiple G-proteins. The 

intracellular tail of the receptor seems to be responsible for signaling through the Gi-

mediated pathway (177). 

1.2.4.3 Intracrine signaling pathway 

 PTHrP can also signal as an intracrine factor. PTHrP can enter the nucleus under the 

direction of its NLS, which is composed of multibasic amino acids in the 88-106 

region of the peptide (179). PTHrP can only gain access to the nucleus with the help 

of importin-β, a nuclear targeting protein (180). The mechanism by which PTHrP 

gets into the cytoplasm for subsequent targeting to the nucleus and the precise role of 
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nuclear PTHrP is still unclear, although it appears to be a potent mitogenic signal in 

certain cell types (181). In rat vascular smooth muscle cells, transfection of the 

PTHrP gene resulted in increased cellular proliferation (181). PTHrP transfection of 

MCF-7 breast cancer cells also lead to an increase in cell proliferation, a response 

opposite to the one elicited upon treatment of these same cells with N-terminal 

PTHrP fragments. Additionally, intracrine PTHrP appears to promote survival in 

both chondrocytes and MCF-7 breast cancer cells grown in serum-free conditions 

(172, 182). Furthermore, intracrine PTHrP is associated with increased proliferation 

in vascular smooth muscle cells, whereas autocrine/paracrine PTHrP signaling 

through the PTHR1 inhibits proliferation (183). More recently, mid-region PTHrP 

(38-94/95/101) was shown to promote increased tumour cell growth in MCF-7 and 

MDAMB- 231 breast cancer cells, and the presence of an intact NLS was necessary 

for this function (184). Fluorescent-labelling of mid-region PTHrP peptides 

confirmed the presence of PTHrP(67-101) in the nucleus, while fragments lacking an 

intact NLS were excluded (184). It has also been reported that mid-region PTHrP 

(38-94) can enter the nucleus and bind chromatin of MDA-MB-231 breast cancer 

cells, suggesting a potential role of intracrine PTHrP as a nuclear transcription factor 

(185).  

1.2.5 PTHrP in Health 

Although PTHrP was originally described as a humoral factor contributing to 

malignancy-associated hypercalcemia, studies on animal models increasingly 

indicate that PTHrP plays important physiological roles in the growth and 

development of many tissues and revealed an amazing breadth of actions in health 

and disease.  

1.2.5.1 Action of PTHrP in bone development 

Bone formation during embryonic development is established either by 

intramembranous or endochondral ossification. Intramembranous ossification is 

responsible primarily for the formation of the flat bones of the skull and part of 

jawbone and collarbone, and occurs by differentiation of mesenchymal precursors 

directly into osteoblasts. All the long bones of the axial skeleton (vertebrae and ribs) 

and of the appendicular skeleton (limbs) originate from cartilage templates by 

endochondral ossification, where mineralized bone is formed through the deposition 

of bone matrix by differentiated osteoblasts on top of scaffolding cartilage mold first 

synthesised by chondrocytes (186-188). The process of bone development and 
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growth is tightly regulated by a huge number of local signaling molecules, the best 

characterized being PTHrP and Indian hedgehog (Ihh), BMPs, and FGFs (186, 187).   

In the growth plates of bone forming through endochondral ossification, the 

PTHrP/Ihh pathway provides a negative feedback regulation of chondrocyte 

maturation. Chondrocytes located close to the articular end of the bone secrete 

PTHrP. PTHrP acts upon its receptor PTHR1, which is expressed at low levels by 

columnar proliferating chondrocytes and at high levels by pre-hypertrophic 

chondrocytes. As a result of this PTHrP signaling, the chondrocytes are kept in the 

proliferative state and their further differentiation to hypertrophic cells is delayed. 

This ensures that the chondrocytes divided sufficiently prior to their exit of the cell 

cycle and continuation towards terminal differentiation and turnover. However, 

when the cells escape the PTHrP-mediated differentiation block and become (pre-) 

hypertrophic chondrocytes. Pre-hypertrophic and early hypertrophic chondrocytes of 

the growth cartilage produce Ihh, a member of the conserved family of hedgehog 

proteins that also contains Sonic hedgehog (Shh) and Desert hedgehog (Dhh). Ihh 

signals back to chondrocytes located near the articular ends of the bone and acts 

directly on these cells to stimulate the expression of PTHrP. The mechanisms that 

mediate the relay of the Ihh signal are not fully clarified, but involve signaling 

through a receptor complex consisting of Patched (Pct) and Smoothened (Smo). Ptc 

is also a downstream target of Ihh signaling and is expressed in domains adjacent to 

the domain of Ihh expression, including in cells of the perichondrium, proliferative 

chondrocytes, and osteoblasts.  Since increased Ihh production results in increased 

PTHrP signaling, further differentiation of chondrocytes to become Ihh-producing 

cells will consequently be slowed down; this well, in turn, lower the production of 

PTHrP. Thus, PTHrP and Ihh regulate each other via a negative feedback signaling 

pathway that controls the kinetics of cellular differentiation in the growth plate 

(figure 1-16) (189-192). 
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Figure 1-16 Importance of IHH and PTHrP signaling in the modulation 

of chondrocyte proliferation and differentiation during endochondral 

bone formation. PTHrP is synthesized by chondrocytes and perichondrial 

cells in the periarticular growth plate. PTHrP diffuses toward the pre-

hypertrohic zone where it binds to and activates its receptor, the PTHR1, and 

thereby maintains chondrocyte proliferation and delays chondrocyte 

differentiation into pre-hypertrophic and hypertrophic chondrocytes. After 

chondrocytes stop proliferating at the transition from a proliferating into a 

hypertrophic phenotype, they synthesize IHH. IHH acts to indirectly increase 

the synthesis of PTHrP. IHH and PTHrP thus participate in a negative feed-

back loop that serves to regulate the rate and synchrony of growth plate 

chondrocytes. Besides increasing PTHrP synthesis, IHH also stimulates, both 

directly and indirectly, chondrocyte proliferation and inhibits their terminal 

differentiation. (Figure taken from Ref (192). 

 

Disruption of pthlp lead to widespread morphologic bone defects. PTHrP-

null mice died immediately after birth due to respiratory failure, secondary to 

defective rib cage formation (193). They exhibited severely reduced growth and 

impaired development of all bones formed by endochondral bone formation. 

Specifically, a reduced zone of proliferating cells and accelerated onset of 

hypertrophic chondrocyte maturation characterized the growth plate of PTHrP
-/-

 mice 

(193). Targeted disruption of the gene encoding PTHR1 in mice resulted in an even 

more severe phenotype than loss of PTHrP, yet showing striking similarities in the 

fetal growth plate. PTHR1-null mice died earlier, during gestation, showing a 

dwarfed phenotype with complete absence of a proliferating chondrocyte zone in the 

growth plate and an accelerated onset of hypertrophic maturation of chondrocytes, 

eventually leading to excessive bone formation (194). In human, mutations in 
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PTHR1 have been found to cause severe human dwarfing conditions, such as Jansen-

type metaphyseal chondrodysplasia (195) and Blomstrand chondrodysplasia (196). 

Mutations in PTHR1 can also cause Ollier disease or enchondromatosis, which is 

characterized by a proliferated and randomly distributed enchondromas. Affected 

bones in Ollier disease are often shortened and deformed. These bone shortening are 

often associated with bone bending and curving (192).  

1.2.5.2 Action of PTHrP on mammary gland 

PTHrP plays a critical role in the epithelial-mesenchymal communications that guide 

the initial round of branching morphogenesis that occurs during the embryonic 

development of the mammary gland. True PTHrP-knockout mice die shortly after 

birth, but mice expressing the type II collagen promoter-PTHrP transgene (“rescued 

knockout” mice) are viable and only express PTHrP in cartilage. These PTHrP-

rescued knockout mice fail to develop embryonic mammary epithelial ducts, 

resulting from impaired epithelial mesenchymal interactions in the embryonic 

development of the mammary gland (197). PTHrP appears to be an epithelial signal 

that is necessary to direct the mammary mesenchyme during branching 

morphogenesis, and without PTHrP, the mammary epithelial cells revert to an 

epidermal fate, no mammary ducts are formed and the nipple does not form (198). 

Consistent with this observation is the finding that PTHR1-knockout mice exhibit 

similar defects in mammary gland development as PTHrP-knockout mice, which 

indicated that mammary development require that PTHrP be expressed and PTHR1 

present (198). PTHrP also plays a role in sexual dimorphism during the embryonic 

development of the mammary gland. In males, under the influence of newly-

produced androgens from the embryonic testes, the mammary bud is destroyed. In 

the absence of PTHrP, androgens fail to activate the androgen receptor (AR) in the 

mammary mesenchyme, and apoptosis of the mammary bud is impaired (199). 

PTHrP appears to induce mesenchymal AR gene expression, which is essential for 

sexual dimorphism during embryonic mammary development (199). During 

lactation, PTHrP is secreted into the circulation by mammary epithelial cells and 

induces bone resorption and participates in systemic calcium homeostasis to 

withstand the large demand of calcium that is transferred to offspring via  milk 

(200). PTHrP production and calcium transport in the lactating mammary is 

regulated by the calcium-sensing receptor (CaSR) (201). 
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1.2.5.3 Action of PTHrP on Placenta and Amnion 

Both PTHrP mRNA and PTHrP protein have been detected in rat and human 

placenta in cytotrophoblasts and syncytiotrophoblasts (202-204). The cubidal cells of 

the amniotic membranes also express PTHrP at higher concentrations than in either 

cytotrophoblasts or syncytiotrophoblasts. PTHrP concentrations were higher in the 

amniotic membrane covering the placenta compared to the reflected amnion. Cells 

within the amnion are likely the source of the PTHrP found in the amniotic fluid. 

Studies have demonstrated that PTHrP concentrations increase within the amnion 

and amniotic fluid as pregnancy advances but decline with the onset of labour and 

rupture of the fetal membrane (202-204). It has been reported that PTHrP production 

in culture human cytotrophoblast was regulated by CaSR (203). PTHR1 mRNA has 

been demonstrated in rat (205), mouse (206), and human placenta (207).  

The best-studied aspect of PTHrP in the placenta is its involvement in 

calcium transport. Nearly all of the calcium, and a large proportion of the inorganic 

phosphate (85%) and magnesium (70%) transferred from the mother to the foetus is 

associated with development and mineralization of the fetal skeleton (208, 209). The 

majority of this calcium is transported across the placenta during a relatively short 

interval in late pregnancy. Both total and ionized calcium concentrations are higher 

in the developing foetus than in the mother to support fetal skeletal development 

(158). This gradient is eliminated in the absence of PTHrP, suggesting a likely role 

for PTHrP in regulating the transport of calcium across the placenta (164). Kovacs et 

al. (164) demonstrated that the deletion of pthlp in transgenic mice causes loss of the 

fetal-to-maternal serum calcium gradient. The bioactivity of PTHrP for placental 

calcium transport is mediated by NLS sequence in the mid-molecular region that 

does not use the PTHR1 receptor (164, 210). 

1.2.5.4 Action of PTHrP on teeth 

PTHrP is ordinarily expressed in the enamel epithelium which covers the top portion 

of developing teeth, while the PTHR1 is expressed in the dental mesenchyme and 

alveolar bone (211). Philbrick et al. (211) demonstrated that survived rescued 

PTHrP-knockout mice have smaller stature and displayed a number of 

developmental defects, including a failure of tooth eruption. Teeth appear to develop 

normally but become trapped by the surrounding bone and undergo progressive 
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impaction. The replacement of PTHrP expression in the enamel epithelium of 

PTHrP-knockout mice with a keratin 14-driven transgene corrects the defect in bone 

resorption and restores the normal program of tooth eruption (211). PTHrP therefore 

represents an essential signal in the formation of the tooth eruption pathway.   

1.2.5.5 Action of PTHrP on pancreas 

PTHrP is produced by the pancreatic islet. It also has receptors on islet cells, 

suggesting it may serve a paracrine or autocrine role within the islet (212, 213). 

Studies have documented that PTHrP stimulates the proliferation of mouse and 

human pancreatic β cells during development and in the adult pancreas (213-216). 

Vasavada and colleagues generated transgenic mice that overexpress PTHrP under 

the control of the rat insulin-II promoter (RIP) (213, 217). RIP-PTHrP mice display 

striking degree of islet hyperplasia and an increase in islet number, as well as the size 

of individual islets as compared to their control littermates. This increased islet mass 

is associated with hyperinsulinemia and hypoglycaemia. Interestingly, RIP-PTHrP 

mice are also resistant to the diabetogenic effect of the β-cell toxin, streptozotocin. 

Following the administration of streptozotocin, normal mice readily, develop 

diabetic, but RIP-PTHrP mice either fail to become diabetic or develop only mild 

hyperglycemia (217). The increased β-cell mass in these mice is the result of 

increased proliferation and decreased apoptosis (215, 216).  Acute treatment with 

PTHrP (1-36) was noted to induce beta cell proliferation and improve glucose-

stimulated insulin secretion in cultured human β cells (218) and in a mouse model of 

partial pancreatectomy (219). 

1.2.5.6 Action of PTHrP on skin and hair follicles 

Human keratinocytes in culture were the first normal cells found to secret PTHrP 

(220). Subsequently, multiple studies confirmed that cultured rodent and human 

keratinocytes express and secrete bioactive PTHrP (158). PTHrP implicated in the 

regulation of keratinocyte proliferation and/or differentiation. Data from in vitro 

studies have suggested that PTHrP promotes the differentiation of keratinocytes 

(158), but studies in vivo have suggested that PTHrP inhibits keratinocytes 

differentiation (221). A careful comparison of the histology of PTHrP-null and 

PTHrP-overexpressing skin demonstrated reciprocal changes. In the absence of 

PTHrP, it appeared that keratinocyte differentiation was accelerated, whereas in skin 

exposed to PTHrP overexpression, keratinocyte differentiation appeared to be 
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retarded (221). Therefore, in the physiologic context, PTHrP appears to slow the rate 

of keratinocyte differentiation and to preserve the proliferative, basal compartment. 

Remarkably, these changes in the rate of keratinocytes differentiation are exactly 

analogous to those noted for chondrocyte differentiation in the growth plates of mice 

overexpressing PTHrP as compared to PTHrP- and PTHR1-null mice (189, 222, 

223). Two research groups generated transgenic mice that produce truncated forms 

of PTHrP (1-84 and 1-66) lacking the NLS and C-terminal regions (224, 225). 

Turibio and colleagues, who generated the PTHrP (1-66) knock-in mouse, reported 

that loss of nuclear trafficking of PTHrP caused skin hyperkeratosis, perhaps also 

reflecting abnormalities in in keratinocytes differentiations (225). The regulation of 

keratinocyte proliferation and differentiation by PTHrP appear to be complex and 

that PTHrP participates either through autocrine/paracrine or intracrine pathways in 

keratinocyte growth. 

Several studies suggest that PTHrP involved in the regulation of hair growth. In 

embryonic skin, the PTHrP gene is expressed most prominently in developing hair 

follicles, and overexpression of PTHrP in the basal keratinocytes of skin in 

transgenic mice leads to a severe inhibition of ventral hair follicle morphogenesis 

during fetal development (226). This appears to be the result of interactions between 

PTHrP, BMP, and Wnt signaling pathways that normally regulate the patterning of 

the mammary mesenchyme and cause lateral inhibition of hair follicle development 

around the nipple (227, 228). However, it is unlikely that PTHrP is critical to hair 

follicle morphogenesis elsewhere because disruption of the PTHrP gene or PTHR1 

gene does not seem to affect hair follicle formation or patterning in mice except for 

the vicinity of the nipple (189, 222, 228). Systemic or topical administration of 

PTHR1 antagonists to mice appear to perturb the hair cycle by prematurely 

terminating telogen, prolonging anagen growth, and inhibiting catagen (229, 230). In 

a reciprocal fashion, mice overexpressing PTHrP in basal keratinocytes (K14-PTHrP 

mice) demonstrate a delayed emergence of dorsal hair, have shorter hair and their 

hair follicles enter catagen approximately 2 days early (231). These findings were 

associated with a lower proliferation rate in the hair matrix and a less well-developed 

perifollicular vasculature during anagen. Together, these studies imply that PTHrP 

may regulate follicle growth by pushing growing hair follicles into the growth-

arrested or catagen/telogen phase of the hair cycle. Surprisingly, in PTHrP knock-out 
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mice, the hair cycle appear normal (221). In fact, rather than a promotion of hair 

growth, these mice demonstrate a thinning of their coat over time. These conflicting 

results are difficult to concile at this point, but suggest that while PTHrP may 

contribute to the regulation of the hair cycle, it is unlikely to be necessary for this 

process to unfold normally. 

1.2.5.7 Action of PTHrP on vascular smooth muscle cell 

PTHrP is produced by vascular smooth muscle cell (VSMC), up-regulated in the 

arterial media by vascular injury, and essential for normal VSMC proliferation (232-

234). PTHrP mediates VSCM proliferation via intracrine action by entering the 

nucleus using NLS. PTHrP containing NLS derives VSCM proliferation, whereas 

PTHrP engineered to lack an NLS markedly inhibits VSMC proliferation (181, 183, 

235). In vitro VSMC as well as in vivo studies on rat carotid have shown that PTHrP 

regulates VSMC proliferation via p27. Fiaschi-Taesch et al. (235) demonstrated that 

adenoviraly delivered PTHrP markedly enhances development of the neointima after 

carotid angioplasty. Overexpression of PTHrP in VSMC leads to marked increases 

in retinoblastoma protein phosphorylation, cdk2 kinase activity, and cell cycle 

progression, all resulting from a specific and marked PTHrP-induced loss of p27, 

mostly through increased proteasomal degradation (235, 236). Conversely, 

overexpression of an NLS-deleted form of PTHrP decreases cdk2 kinase activity and 

inhibits cell cycle progression via increased p27.  Sicari et al. (237) determine the 

molecular mechanisms through which PTHrP targets p27 proteosomal degradation. 

S-phase kinase-associated protein 2 (skp2) and c-myc, two critical regulators of p27 

expression and stability, and neointima formation were up-regulated in PTHrP 

overexpression in VSMC. Normalisation of skp2 or c-myc using small interfering 

RNA (si-RNA) restores normal cell cycle and p27 expression in PTHrP 

overexpression in VSMC, which indicates that skp2 and c-myc mediate p27 loss and 

proliferation induced by PTHrP (237). 

PTH and PTHrP have been regarded to have positive inotropic effects on the 

heart as well as positive chronotropic and vasodilator effects. Ogino et al. (238) 

demonstrated that the inotropic effects of PTH and PTHrP are results of their 

influence on coronary flow and heart rate, but not by any direct effect on contractile 

elements in the heart. Schluter and colleagues identified that coronary endothelial 

cells produce PTHrP under ischemic conditions and enhance myocardial inotropy 
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(contraction velocity) and lusitropy (relaxation velocity) (239, 240). PTHrP has also 

been proposed as a local modulator of myogenic tone, where VSMC mechanical 

stretch acts together with angiotensin II to regulate the expression of vasodilator 

PTHrP (241, 242). Clemens and colleagues first established that augmenting local 

PTHrP/PTHR1 signaling could impact blood pressure and vascular contractility; 

implementing novel vascular smooth muscle cell-specific transgenic mice expressing 

either PTHrP or PTHR1, these investigators elicited sustained reduction in blood 

pressure and increases in volume-dependent renal tissue perfusion (243). Moreover, 

pressor response to angiotensin II were significantly reduced by VSMC PTHR1 

activation. Given that wild-type PTHR1 activation is ligand dependent, these data 

strongly suggested that endogenous paracrine PTHrP production modulated by 

mechanical, inflammatory, and endocrine stimuli helps to locally regulate 

vasodilation and sustain tissue perfusion (243).      

1.2.6 PTHrP in Cancer 

1.2.6.1 Breast Cancer 

Differential expression of PTHrP was detected at different tumour sites in breast 

cancer. Linforth et al. (244) reported that 68% of cases of early breast cancer 

expressed PTHrP while 50% of them expressed PTHR1. 100% and 81% of cases of 

bone metastasis showed PTHrP and PTHR1 expression respectively and the 

expression of either PTHrP or PTHR1 correlated with poor survival, while co-

expression of both PTHrP and receptor predicted a worse clinical outcome at 5 years, 

with higher mortality rate (244). Many researchers have indicated that PTHrP 

expression and localization in primary breast tumours was associated with increased 

incidence of bone metastases and skeletal morbidity in patients (245-248). Genome-

wide association studies (GWAS) have recently reported that PTHrP was up-

regulated in breast cancer and identified pthlp as a novel breast cancer susceptibility 

gene, providing convincing evidence that PTHrP may play a role in primary breast 

tumourogenesis as well as in bone metastasis from breast cancer (249). 

1.2.6.2 Prostate cancer 

Iwamura et al. (250) reported the localizations of PTHrP in the cell cytoplasm  of 

prostatectomy specimens of primary prostate tumours and the intensity of the 

immunohistochemical staining was correlated with tumour grade. Another study 

showed that expression of PTHrP was associated with progression of prostate 
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carcinoma (251). The receptor for PTHrP, the PTHR1 has also been reported to be 

highly expressed in bone metastasis from prostate cancer (252). 

1.2.6.3 Lung cancer 

PTHrP expression is common in all major lung cancer cell types (253). More than 

50% of human lung tumours express PTHrP (253-255). Iguchi et al. (256) found that 

the likelihood of bone metastasis development in human lung squamous cell 

carcinoma-derived cells is proportional to their PTHrP expression and the treatment 

of these carcinoma cells with neutralizing anti-PTHrP antibody reduces this 

likelihood.  

1.2.6.4 Colorectal cancer and gastric adenocarcinoma 

Nishihara et al. (257) reported that PTHrP was expressed in 85 out of 90 (~95%) 

colorectal adenocarcinomas and its expression was significantly correlated with 

differentiation, depth of invasion, lymphatic invasion, lymph node metastasis, and 

hepatic metastasis. PTHrP was suggested to be involved in carcinogenesis, tumour 

growth, differentiation, and progression, and might have prognostic value by 

determining the behaviour of human colorectal adenocarcinoma (258). 

1.2.6.5 Renal Carcinoma 

Elevated serum PTHrP has been detected in many renal cell carcinoma (RCC) 

patients with hypercalcemia. An immunohistochemical study performed by Iwamura 

et al. (259) showed PTHrP (109-141) expression is present in the majority of RCCs. 

The authors demonstrated that the results of their study indicate PTHrP(109-141) 

may be a possible marker of cellular differentiation and may be useful for predicting 

recurrence free survival in RCC patients after radical nephrectomy (259). 

1.2.6.6 Oral squamous cell carcinoma 

Lv et al. (260) demonstrated that PTHrP mRNA and PTHrP protein were 

upregulated in 89% of oral squamous cell carcinoma (OSCC) tissues and in all nine 

OSCC cell lines studied. The authors noted that high PTHrP expression was 

positively correlated with pathological differentiation and associated with an overall  

poor prognosis and significantly low survival rate of patients (260). Conversely, they 

observed that cell growth and colony formation were inhibited by downregulation of 

PTHrP, suggesting a growth factor role of PTHrP (260). 
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1.2.7 PTHrP (1-36) as osteoanabolic agent for treatment of osteoporosis 

PTHrP is homologous with PTH, as they share striking similarity in eight of the first 

13 amino acids of their N-terminal sequence. PTHrP also acts on PTH classical 

targets (i.e. bone and kidney) via binding to PTHR1. Intermittent administration of 

native PTHrP (1-36) has been found to increase bone formation and BMD in mice 

and humans (261-263). In short-term small-scale studies, a daily injection of PTHrP 

(1-36) in doses as high as 750 µg appeared to act as a pure anabolic agent in 

postmenopausal osteoporosis (263, 264). In contrast to PTH, high-dose (400 µg) 

PTHrP (1-36) daily injection for three months was not associated with 

hypercalcemia and did not activate bone resorption markers (263). The PrOP study 

compared 3-month daily subcutaneous injections of (400 and 600 µg) PTHrP (1-36) 

against the standard injection (20 µg) of teriparatide (PTH (1-34)) in postmenopausal 

women with osteoporosis. The PTH (1-34) group showed two- to four-fold greater 

increase in N-terminal propeptide of type 1 collagen (P1NP) than in both PTHrP (1-

36) 600 or 400 µg/day doses, respectively. PTHrP (1-36) treatment groups produced 

minimal change in collagen type-1 C-telopeptide (CTX) compared to the PTH (1-34) 

group, which was 3-fold higher than in PTHrP (1-36) groups. By the end of the 

study, PTHrP and PTH treatment groups showed equivalent increase in lumbar spine 

BMD, but only PTHrP treatment groups showed significant increase in total hip and 

femoral neck BMD (262). Studies on the potential use of PTHrP (1-36) in treatment 

of osteoporosis indicated that intermittent administration of high-dose PTHrP (1-36) 

increases bone formation without concomitant stimulation of bone resorption (262-

264). This may be due, at least partly, to a greater selectivity to RG receptor 

conformation exhibited by PTHrP (1-36) and lower R
0
 affinity, which is associated 

with more transient cAMP signaling responses compared with the responses induced 

by PTH (1-34) (265, 266).  

Abaloparatide is a synthetic peptide analog of human PTHrP (1-34) 

developed and recently approved by the FDA for the treatment of osteoporosis. The 

amino acid sequence of Abaloparatide is identical to that of PTHrP in the first 21 

amino acids, while eight of the remaining amino acids are different (Figure 1-16) 

(265). Abaloparatide was designed to retain potent anabolic activity with decreased 

bone resorption, less calcium-mobilization potential, and improved room-

temperature stability (267). It is prescribed as an 80 µg daily subcutaneous injection 
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for an 18 month period for treatment of postmenopausal osteoporotic patients with 

high risk of future vertebral and non-vertebral fractures.  

 

Figure 1-17 Amino-acid sequence of teriparatide, human PTHrP (1-36) and 

abaloparatide. Green residues in abaloparatide represent homology with 

teriparatide and those coloured black are homologues residues with the native 

hPTHrP. Abaloparatide is different from PTHrP as shown in those red residues 

inserted into the linear sequence of the PTHrP molecule to develop a molecule that 

seems to have preferential affinity for transient state of PTHR1. That transient state 

is thought to be the more anabolic state.  

Preclinical animal studies have shown that Abaloparatide [BA058] increases 

bone formation markers without change in bone resorption markers, and increases 

BMD at spine and femoral neck, as well as improving trabecular architecture (268). 

Clinical human trials have also shown that Abaloparatide was as potent as 

teriparatide in increasing BMD at the lumbar spine over an 18 months period. 

However, the increases in BMD at the total hip and femoral neck were significantly 

higher and more rapid in Abaloparatide treatment group compared to teriparatide 

treatment group at all time-points (268, 269). Abaloparatide also significantly 

increased bone turn over markers P1NP and CTX, but the increase was less than that 

in the teriparatide-treated group (268, 269). The incidence of hypercalcemia was 

significantly lower in the Abaloparatide group (3.4%) than in the teriparatide group 

(6.4%) for all time-points (268, 269). Compared to placebo group, abaloparatide 

reduced vertebral fractures by 86% and non-vertebral fractures by 43%, whereas 

teriparatide reduced vertebral fractures and non-vertebral fractures by 80% and 28% 

respectively (268, 269). Abaloparatide does not contain methionine residues in its 

amino acid sequence. Therefore, it is not subjected to oxidation like teriparatide 

(Figure 1-16).  

The findings from preclinical and clinical trials show that abaloparatide is an 

important option for the anabolic treatment of postmenopausal osteoporosis, 

especially in total hip and femoral neck, and in reduction of non-vertebral fractures. 
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1.3 Aims and Objectives  

 Our laboratory has run PTH (1-34) assay since 2012 using a fully automated 

commercial immunoassay kit, IDS-iSYS PTH (1-34), from Immunodiagnostic 

systems (Boldon Tyne and Wear, UK). The immunoassay has been primarily used 

for preclinical and clinical studies on an oral PTH (1-34) drug delivery technology. It 

has also been used to measure hPTH (1-34) as a part of EHT for differential 

diagnosis and confirmation of PHP after loading of exogenous hPTH (1-34) 

confirming a suitable circulating concentration of hPTH(1-34) has been achieved 

during the EHT. The immunoassay analytical range claimed by the manufacturer is 4 

– 1000 pg/mL. The assay performance has been reliable. However, some issues 

around the lower limit of quantification (LLoQ) have become a concern lately, 

where inappropriate >4.0 pg/mL PTH (1-34) concentrations are obtained for samples 

which should have undetectable PTH (1-34). 

Part of the initial aims of this thesis  were  to develop a sensitive LC-MS/MS method 

for measurement of hPTH (1-34), validate the method and compare the LC-MS/MS 

with the currently used  commercial immunoassay kit.  

The subsequent aims   were: 

 To utilize the validated LC-MS/MS method to conduct a pharmacokinetic 

analysis study on participants that have been treated with subcutaneous and 

oral hPTH (1-34). 

 To explore the ability of the LC-MS/MS method to measure oxidized PTH 

(1-34) forms alongside non-oxidized PTH (1-34). 

 To test the feasibility of measuring PTHrP (1-36) in human plasma using the 

same SPE procedure, LC gradient, and MS conditions developed for 

measurement of hPTH (1-34).  

 To perform a validation procedure for hPTHrP (1-36) assay in accordance 

with published bioanalytical method validation guidelines. 
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2. Chapter 2 – Materials and Methods 

 

2.1 Development and validation of a LC-MS/MS assay for 

quantification of PTH (1-34) in human plasma 

 

There are no reference standard materials commercially available to use for 

calibration of LC-MS/MS assay for hPTH (1-34) quantification. Also, there is no 

isotopically-labelled hPTH (1-34) that can be used as an internal standard (IS) for the 

assay. Therefore, all calibration standards and quality control (QC) materials used in 

the development of the assay described herein were prepared in our laboratory. To 

ensure high quality of our in-house standards and QCs, high purity (>98.0%) 

recombinant hPTH (1-34) was used to prepare calibration standards and quality 

controls. Positive-dispense pipettes have always been used to prepare solutions and 

making diluents. 

Due to the lack of commercially available isotopically-labelled hPTH (1-34), 

rat PTH (rPTH) (1-34) fragment was used as an IS in our assay. rPTH (1-34) amino 

acid sequence shows a great deal of homology with that of hPTH (1-34) (Figure 2-

1). Both peptides also have similar chemical and physical characteristics (Table 2-1). 

 

Figure 2-1 Primary amino acids sequence of hPTH (1-34) and rPTH (1-34) 

fragments. Highlights (yellow and red) are dissimilar amino acids. 
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Table 2.1 Chemical and physical characteristics of human and rat PTH (1-34) 

Characteristic hPTH (1-34) Rat PTH (1-34) 
Average mass   4,117.8 D 4,057.8 D 

Monoisotopic mass  4,115.1 D 4,055.2 D 

pI  9.1 10.1 

Hydrophobicity index  -0.65 -0.42 

Acidic residues   12% 9% 

Basic residues   15% 15% 

Aromatic residues   6% 6% 

 

2.1.1 Chemicals and Reagents  

Lyophilized recombinant hPTH (1-34) was supplied by PROSPEC (NJ, USA) and 

rPTH (1-34) by Sigma-Aldrich (Dorset, UK). Acetonitrile (ACN), Methanol 

(MeOH), Isopropanol (IPA), Formic Acid (FA), Water (H2O), Triflouroacetic acid 

(TFA), and ammonium hydroxide (NH4OH) were all of MS-grade (Fisher Scientific, 

Loughborough, UK). Bovine serum albumin (BSA) was supplied by Fisher 

Scientific UK Ltd. Hydrogen peroxide solution (30% w/w), fetal bovine Serum (calf 

serum) and dimethylsulfoxide (DMSO) were supplied by Thermo Scientific 

(Cramlington, UK). IDS-iSYS PTH (1-34) immunoassay kit was supplied by 

Immunodiagnostic Systems (Boldon Tyne and Wear, UK). 

2.1.2 Standard Solutions  

Primary Stock solutions of human and rat PTH (1-34) were prepared gravimetrically 

in 80:20:0.1:0.1 (v:v:v:w) (H2O: MeOH: FA: BSA), each to a concentration of 0.1 

mg/mL and stored in small aliquots at -20 
o
C. Plasma calibration standards were 

prepared by spiking the primary standards into charcoal-stripped human 

ethylenediaminetetraacetic acid (EDTA) plasma at concentrations of 10, 25, 50, 250, 

500, 1000, and 2000 pg/mL. Quality controls (QC) (20, 100, 200, and 800 pg/mL) 

were prepared in human charcoal-stripped EDTA plasma. Low surface adhesion 

receptacles were used in order to minimize non-specific binding (NSB) of PTH (1-

34) peptide to plastic surfaces. 

2.1.3 Oxidation of hPTH (1-34)   

In order to specify multiple reaction monitoring (MRM) transitions to measure 

oxidized forms of hPTH (1-34), 1 mL of 1 µg/mL hPTH (1-34) was incubated with 

20 µL of 98 mM H2O2 (final concentration of H2O2 was 1.9 mM) for 40 minutes at 

room temperature. Then, the oxidized sample solution was directly infused into the 
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MS and precursor ions and product ions scan were performed. Precursor to product 

ion transitions specific for every oxidized PTH (1-34) form was then designated. 

2.1.4 Sample Collection    

Blood samples were collected from consented healthy participants enrolled in stage 3 

of a Phase 1 study on an oral PTH (1-34) drug delivery technology. The study was 

carried out at the Hadassah clinical research centre at the Hebrew University in 

Jerusalem. The study was conducted in accordance with Hadassah Medical Centre 

ethical approval (ethics approval number (032-13-HMO)). The age range of the 

participants was 18-50 years. Participants received either a single 20 µg 

subcutaneous (sc) injection of teriparatide (n=10), or 0.69 mg (n=5) or 2.07 mg 

(n=10) oral PTH (1-34) (EnteraBio, Jerusalem, Israel).   Blood samples were 

collected in EDTA BD vacutainers at baseline immediately before drug 

administration, and then post-dose at 15 minute intervals for up to two hours then 

hourly intervals for up to three hours (time course 0-300 min). Blood samples were 

separated by centrifugation at 4,000 x g for 10 minutes within 30 min of blood 

collection, plasma was stored at -20°C until analysis. Prior to analysis, plasma 

aliquots were allowed to defrost at room temperature, then homogenised and spun at 

4,000 x g for 5 minutes.   

2.1.5 Sample preparation 

All plasma samples, calibrators and QCs were prepared using the following 

preparation method: 

Pre-treatment: 200 µL of samples, calibration standards, and QCs were pipetted 

into 96-well sample rack. 20 µL of IS (2000 pg/mL) was added to every sample, 

calibrator, and QC and briefly mixed using an orbital mixer. The final IS 

concentration was 200 pg/mL. Then, samples, calibration standards and QCs were 

mixed with 500 µL of 95:5 (v:v) H2O: NH4OH. 

Solid-phase extraction (SPE): The SPE of hPTH (1-34) and IS was carried out on 

Waters Oasis
®

 HLB (Hydrophilic-Lipophilic Balance) sorbent (bed mass/particle 

size 2mg/30µm) 96-well µElution plates for reversed-phase SPE (part# 

186001828BA). Wells of the SPE plate were initially conditioned with 200 µL 

MeOH and equilibrated with 200 µL 95:5 (v:v) (H2O: NH4OH). The entire diluted 

sample (720 µL) was loaded into the SPE well. The well was then washed with 200 

µL of 60:40 (v:v) (H2O:MeOH). hPTH (1-34) and the IS were eluted in two steps 
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using 25 µL (2 x 25 µL) of 70:30:0.2 (v:v:v) (ACN:H2O:FA) each time. Finally, the 

eluate was diluted with 50 µL H2O and 30 µL was injected into the LC-MS/MS. 

2.1.6 Systematic SPE Method Development 

Before the sample preparation method described in 2.5 was adopted, all the process 

steps were thoroughly evaluated. In this study, two different phase chemistries were 

tested:  Oasis
®
 HLB C18 and Oasis

®
 mixed-mode anion-exchange (MAX) µElution 

96-well plates. Using standards and buffered/organically modified solutions, key 

variable (pH and percent organic modifier) affecting analyte retention and elution 

were systematically profiled to determine analyte behaviour relative to changing 

extraction conditions. The systematic approach used to develop the sample 

preparation method generated valuable data adopted for a more effective sample 

clean-up method. 

2.1.6.1 Phase chemistry selection, load optimization and establishment of 

optimal wash solvent 

 A stock of aqueous hPTH (1-34) standard (1000 pg/mL) was prepared in 

90:10:0.1:0.01 (v:v:v:w) H2O:ACN:FA:BSA.  

 Then, the stock solution was divided into two groups.  

 Each group was further divided into two sub-groups of 10 vials containing 

200 µL each.  

 Samples from group 1 were alkalinised with 500 µL 95:5 (v:v) H2O: NH4OH 

(pH≈11).  

 Samples from group 2 were acidified by adding 500 µL 98:2 (v:v) H2O: FA 

(pH≈2). 

 For wash, 10 solvents with different organic ratios ranging from 5-90% 

methanol were prepared.  

 Then, samples from each group were taken through the whole SPE process 

using either Waters Oasis
®
 HLB µElution 96-well plates for reversed-phase 

SPE or Waters Oasis
®

 MAX µElution 96-well plates for reversed-phase and 

anion-exchange SPE separately.  

 Load flow-through eluate was analysed for premature hPTH (1-34) 

breakthrough. 

 Wash/elute eluates were analysed for hPTH (1-34) breakthrough.   
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Figure 2-2 illustrates our approach towards optimizing wash solvent, sample load 

and sorbent chemistry selection. 

 

Figure 2-2 The Approach toward phase chemistry selection, load optimization 

and establishment of optimal wash solvent 

 

2.1.6.2 Establishment of optimal elution solvent 

In order to establish an optimum elution solvent that gave best recovery, solvents 

ranging from 30-90% acetonitrile in 0.2% FA were used, while maintaining the rest 

of the SPE process fixed based on results obtained from experiments described in 

2.6.1.  

The following steps and figure 2-3 describe the approach used for the optimization 

of elution solvent: 
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 A stock of neat aqueous standard of 1000 pg/mL of hPTH (1-34) was 

prepared in 90:10:0.1:0.01 (v:v:v:w) H2O: ACN: FA: BSA. 

 Then, the stock hPTH (1-34) solution was divided into seven tubes, each 

contained 200 µL and pre-treated with 500 µL 95:5 (v:v) H2O: NH4OH 

(pH≈11). 

 Using Oasis
®
 HLB µElution 96-well plate, SPE steps were the same for all 

seven samples except the elution step, where solvents ranging from 30-90% 

acetonitrile in 0.2% FA were used to elute respective wells. 

 Load flow-through, wash and elute eluates were analysed for compound 

breakthrough.  

 

Figure 2-3 The approach toward establishing optimum elution solvent 

 

2.1.6.3 Further optimization of sample pre-treatment 

Simple dilution of plasma sample with 5%NH4OH at ratio 1:2.5 

(sample:5%NH4OH) was compared against a procedure that involved the following 

steps: (1) Precipitation of abundant large protein (PPT) with ACN at ratio 1:1 
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followed by centrifugation of sample at 4000 rpm for 5 min and then the supernatant 

transferred to a fresh tube. (2) 1 mL of 5%NH4OH was added to the supernatant. 

Samples of both pre-treatment method groups were then taken through the whole 

SPE procedure and response yield (mean ± SEM) were compared. The experiment 

was carried out using a stock sample of human plasma spiked with hPTH (1-34) at 

final concentration 1000 pg/mL), which then was divided into two groups of 6 

samples each. Figure 2-4 describes the comparison approach between the two pre-

treatment procedures. 

 

Figure 2-4 Flow diagram describing the approach in evaluating two different 

pre-treatment methods: (1) simple dilution with 5%NH4OH and (2) a method 

that involves protein precipitation using 1:1 sample: ACN ratio. 
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2.1.7 LC Instrumentation and Chromatographic Conditions  

The chromatographic separation of PTH (1-34) was performed using a Rheos 

Allegro UHPLC Pump (Flux Instruments, Switzerland). A Waters AQUITY UPLC
®

 

Peptide CSH
™

 C18 column 130 Å (1.7 µm, 2.1 x 50 mm) was used to selectively 

separate the PTH (1-34) peptide. Beside AQUITY UPLC
®
 Peptide CSH

™
 C18 

column, several analytical columns from different manufacturers with different 

packing materials and chemistries were evaluated and compared according to their 

ability to produce hPTH (1-34) peaks with good shapes and intensity (table 2.2).  

Table 2.2 Analytical LC Columns have been tested in LC method development for PTH 

(1-34) 

Column Chemistry Specification 

Sunfire
™ 

C18 3.5 µm, 100Å, (2.1 x 50 mm) 

Kinetex C18 2.6 µm, 100Å, (2.1 x 50 mm) 

Kinetex Biphenyl 2.6 µm, 100Å, (2.1 x 50 mm) 

Cortecs
™ 

C18 2.7 µm, 100Å, (2.1 x 50 mm) 

Viva C4 5 µm,  (2.1 x 50 mm) 

Agilent XDB-C8 1.8 µm,  (2.1 x 50 mm) 

Accucore C18 2.6 µm,  (2.1 x 50 mm) 

AQUITY UPLC
®
 BEH C18 1.7 µm, 300Å, (2.1 x 50 mm) 

 

Mobile phase A consisted of 0.2% FA in water and mobile phase B consisted of 

0.2% FA in ACN. The flow rate was set at 400 µL/min during the entire 

chromatography process, and 30 µL of sample was injected through a 50 µL loop. 

Initially, the mobile phase composition began with 10 % B and then gradually 

increased from 20% to 30% B over 2.5 minutes to elute hPTH (1-34) and the IS 

peaks, the composition of mobile phase B was then ramped from 30% to 80% in 0.2 

minutes, then further increased to 100% over 1.5 min where it was held for 2.0 

minutes to clean the column. Finally, the column was equilibrated at the initial 

condition. The total run time was 7.0 minutes. Column temperature was maintained 

at 60
o
C and the autosampler tray temperature was maintained at 10

o
C (±2°C). A 

weak wash 85:15 (v:v) (H2O: ACN) and strong wash solutions 0.1% DMSO in 

25:25:25:25 (v:v:v:v) (H2O: ACN: MeOH: IPA) were used to clean the sampler 

needle and tubing. 

2.1.8 Tandem mass spectrometry analysis  

Waters/Micromass
®
 Quattro Ultima

™
 Pt mass spectrometer (MS) (Manchester, UK) 

with a Z-shape electrospray Ionization (ESI) source was operated in positive 
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ionization mode (ESI
+
). The Capillary voltage, source temperature, desolvation 

temperature, nebulizer nitrogen flow rate and desolvation nitrogen flow rate were set 

at 3.0 kV, 150 °C, 350 °C, 200 L/h, and 1000 L/h respectively. Sample cone voltage 

was 35 V, collision energies for non-oxidized hPTH (1-34), oxidized hPTH (1-34) 

were 10 eV and 16 eV for IS. Argon was used as collision gas.  Sample analysis was 

performed in multiple reaction monitoring (MRM) mode with dwell time of 0.1 

second. The precursor to product ion transition for non-oxidized hPTH (1-34), 

single-oxidized hPTH (1-34), double-oxidized hPTH (1-34) and IS were 

589.2>656.1, 591.4>658.8, 593.7>661.5 and 677.1>777.9 respectively. MassLynx 

version 4.1 and Quanlynx software (Waters Corp., Milford, MA, USA) were used 

for system control, data acquisition, peak area integration, and sample quantification. 

2.1.9 Method Validation  

Method validation was carried out in accordance with the FDA guidance (270) and 

the EMA guidelines (271).  

2.1.9.1 Calibration Curve/Linearity  

 Dynamic range, assay accuracy and precision were determined using calibration 

standards and quality control samples were prepared as described previously in 

section 2.2. The calibration curve was constructed by plotting the ratio of the analyte 

peak area to internal standard peak area against the concentration of their respective 

standards. Calibration standard concentrations ranged from 10 to 2000 pg/mL. Using 

a 
 

 
 weighting, the calibration curves were accepted as linear if correlation coefficient 

(r
2
) of regression analysis was >0.90 and each standard value within 15% of the 

nominal value. The 
 

 
 weighting factor was selected based on the linear relationship 

between standard deviation (σ) and instrument response compared to linear 

relationship between variance (σ
2
) and instrument response (272). LC-MS/MS 

responses for hPTH (1-34) of calibration standards and QCs in six analytical runs 

were plotted against standard deviation (σ) and variance (σ
2
) of assay responses 

(figure 3-21).  

2.1.9.2 Carry-over  

Carry over was assessed by analysis of sample containing 2000 pg/mL hPTH (1-34) 

immediately followed by three blank plasma samples. 
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2.1.9.3 Matrix effect assessment  

Two methods were used to assess the effect of sample matrix. In the first methods 

we compared the slopes of linear calibration curves generated by analysing 

calibrators (9 concentrations) spiked in neat aqueous solution (90:10:0.1:0.01) 

(v:v:v:w) (H2O: ACN: FA: BSA) and in charcoal-stripped human EDTA plasma. 

Then, the aqueous calibrators were divided into two sets, one set was taken through 

the whole extraction process exactly the same as spiked plasma standards. The 

second set of the aqueous calibrators was not extracted. Calibration curves from non-

extracted aqueous standards, extracted aqueous standards, and spiked plasma 

standards were generated by plotting the ratio of the analyte peak area to internal 

standard peak area (response) against the concentration of the respective standards. 

The second method used to evaluate matrix effects was by analysing standard 

solutions at two different concentration (100 and 1000 pg/mL) prepared either in 

solvent (90:10: 0.1: 0.01) (v:v:v:w) (H2O: ACN: FA: BSA) (Sample A), or spiked in 

extracted blank human EDTA plasma at the final step of extraction after evaporating 

the eluent (sample B). Five replicates of each sample standard groups were analysed. 

A fixed amount of internal standard was used in all replicates. The percentage of 

matrix effect was calculated using the following formula: 

               (
                    

                    
  )                              (Equation 1) 

2.1.9.4 Precision and Accuracy  

To assess intra-assay precision and accuracy, four levels of QCs (20, 100, 200, and 

800 pg/mL) were analysed 10 times within a single run, whilst inter-assay precision 

and accuracy were generated by repeated measurement (n=10) of all QCs over a 

period of one month. The precision of an analytical method describes the closeness 

between measurement values of the analyte when multiple aliquots of a single 

homogeneous sample are measured exactly the same way repeatedly. Coefficient of 

variation (CV) serves as a measure of assay/method precision.  Accuracy describes 

the closeness of measurement values obtained by the method to the actual value of 

the analyte. Relative error (RE), which is the deviation of the measured value from 

the actual/nominal value serves as the measure of accuracy. The acceptance criteria 

defined that the inter- and intra-assay precision determined at each concentration 

should not exceed 15% of the coefficient of variation (%CV) and the measured value 
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at each concentration should be within 15% of the true value (%RE) (270, 271). 

%RE is calculated as shown below: 

                (  )   
(                           )

            
                        

2.1.9.5 Ion suppression  

Ion suppression was examined by post column infusion of constant flow of a neat 

aqueous standard of hPTH (1-34) at a concentration of 100 ng/mL via a T-junction at 

a flow rate 20 µL/min (1.2 mL/h) directly into the MS/MS source. A blank human 

plasma sample and a sample containing PTH (1-34) were extracted with and without 

IS, then injected into the column at 400 µL/min.  

2.1.9.6 Recovery efficiency  

Recovery efficiency was assessed by analysing three human plasma samples at low, 

medium and high concentrations of endogenous PTH (1-34), each spiked with 20 

and 800 pg/mL rhPTH (1-34). Three replicates of each spiked plasma samples were 

analysed in the same run. Recovery was calculated by dividing the measured hPTH 

(1-34) by the expected value (endogenous + spiked). 

2.1.9.7 Lower limit of quantification and detection  

Lower limit of quantification (LLoQ) was determined by the lowest concentration 

quantifiable for which intra-assay precision %CV and %RE do not exceed 20%  and 

minimum peak signal-to-noise (S/N) ratio of 10:1 (270, 271). Lower limit of 

detection (LLoD) was determined by the lowest concentration that produced a peak 

area of five times the response produced by the blank (S/N = 5) (270, 271). 

2.1.9.8 Method comparison 

hPTH (1-34) measurements obtained by LC-MS/MS from human samples (n=390) 

were compared against those obtained using the commercial IDS-iSYS PTH (1-34) 

immunoassay. Samples collected from participants enrolled in stage 1, 2, and 3 of a 

phase 1 study on an oral PTH (1-34) drug delivery technology as described in section 

2.4 were batched into treatments groups (i.e. 20 µg sc teriparatide injection, 0.69 mg 

oral PTH (1-34) and 2.07 mg oral PTH (1-34). Samples used in method comparison 

were randomly selected from these three treatment groups‟ batches. All samples 

were stored at -80
o
C.  The immunoassay is based on chemiluminescence technology, 

where PTH (1-34) peptide is captured by two antibodies, namely anti-PTH 

polyclonal antibody labelled with acridinium ester derivative and anti-PTH 
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polyclonal antibody labelled with biotin. The selectivity of the assay has not been 

published by the manufacturer. According to the manufacturer, the LLoD and LLoQ 

of the assay is 2.0 pg/mL and 4.0 pg/mL respectively with an average recovery of 

111% in EDTA-plasma and 95% in serum. The manufacturer also declared a 4% 

cross-reactivity of the assay to PTH (1-84) and <0% cross-reactivity to PTH (7-84).  

2.1.9.9 Cross-reactivity testing  

Cross-reactivity of the immunoassay and LC-MS/MS method to hPTH (1-84), 

hPTHrP (1-86), hPTHrP (1-36), hPTH (13-34), and rat PTH (1-34) was assessed 

using charcoal-stripped EDTA plasma spiked with three different concentrations of 

each peptide. The concentrations used were 20 ng/mL, 2 ng/mL and 396 pg/mL. 

Blank EDTA plasma was analysed in the same run. The cross-reactivity percentage 

was calculated by dividing the measured value by actual amount spiked in plasma 

multiplied by 100. 

Oxidized PTH (1-34) was also tested. For this experiment, five plasma aliquots each 

containing 500 pg/mL of hPTH (1-34) were prepared. Four aliquots were treated 

with 1.9 mM H2O2 for 10, 20, 40, and 60 minutes respectively and then quenched 

with Methionine, whilst one aliquot was left untreated. All samples were then 

analysed simultaneously using LC-MS/MS and the immunoassay.      

2.1.10 Pharmacokinetic (PK) analysis  

Pharmacokinetic (PK) profiles (time-course 0-300 min) from human subjects given 

either a single subcutaneous (sc) injection of 20 ug Teriparatide (n=10) or a single 

oral PTH (1-34) dose of either 0.69 mg (n=5) or 2.07 mg (n=10) were analysed using 

the LC-MS/MS method. Concentrations below the limit of quantification were set to 

zero for the calculation of pharmacokinetic parameters. The PK parameters used 

were: Cmax (maximum concentration achieved), Tmax (time to reach Cmax), and AUC0-

last (the area under PK curve calculated as a sum of AUCs using the linear trapezoidal 

summation from 0 to the last measurable data point) were determined for each 

treatment group. Additionally, T1/2 (apparent terminal elimination half-life time 

(minutes), defined as 0.696 divided by first order elimination constant (λz) was also 

determined. λz was calculated using log-linear regression of the terminal portions of 

the plasma concentration-versus-time curves. 
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2.1.11 Statistical analysis  

Linear regression analysis and Bland-Altman plots were constructed and analysed by 

Statistical Package for the Social Science (SPSS) version 23 (IBM, NY, USA). SPSS 

version 23 was also used to perform descriptive statistical analysis of PK parameters 

of the PTH (1-34) treatment groups. One-way ANOVA was used to compare Cmax, 

AUC, Tmax , and T1/2 in Forsteo and oral hPTH (1-34) treatment groups. Significance 

was defined as p <0.05. 

 

2.2 Development and validation of a LC-MS/MS assay for 

quantification of PTHrP (1-36) in human plasma 

2.2.1 Chemicals and Reagents 

Lyophilized recombinant human PTHrP (hPTHrP) (1-36) (MW= 4266 Da) was 

purchased from Creative BioMart (NY, USA). rPTH (1-34) was purchased from Sigma-

Aldrich was used as an internal standard. Acetonitrile (ACN), Methanol (MeOH), 

Isopropanol (IPA), Formic Acid (FA), Water (H2O), Triflouroacetic acid (TFA), and 

ammonium hydroxide (NH4OH) were all of MS-grade (Fisher Scientific, 

Loughborough, UK). Bovine serum albumin (BSA) was purchased from Fisher 

Scientific UK Ltd. Hydrogen peroxide solution (30% w/w), fetal bovine Serum (calf 

serum) and dimethylsulfoxide (DMSO) were purchased from Thermo Scientific 

(Cramlington, UK). The amino acid sequence of hPTHrP (1-36) is shown in (figure 2-5). 

  

Figure 2-5 Amino acid sequence of recombinant hPTHrP (1-36). 

 

2.2.2 Standard Solutions 

No reference materials are commercially available for PTHrP (1-36). Calibrators and 

controls were prepared in our laboratory using high purity (>98.0%) recombinant 
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human PTHrP (1-36). Primary stock solutions of human PTHrP (1-36) were 

prepared gravimetrically in 80:20:0.1:0.1 (v:v:v:w) (H2O: MeOH: FA: BSA), to a 

concentration of 0.1 mg/mL and stored at -20 
o
C. Plasma calibration standards were 

prepared by spiking the primary standards into charcoal-stripped human EDTA 

plasma into concentrations of 25, 250, 500, 1000, and 2000 pg/mL. Quality controls 

(QC) (50, 100, 200, and 800 pg/mL) were also prepared in charcoal-stripped EDTA 

plasma and analysed in each batch with calibration standards. Low surface adhesion 

receptacles were used in order to minimize non-specific binding of PTHrP (1-36) 

peptides to plastic surfaces. 

2.2.3 Sample Preparation 

Sample preparation for hPTHrP (1-36) analysis by LC-MS/MS was guided by the 

results from the hPTH (1-34) experiments. 

2.2.3.1 Sample pre-treatment 

Prior to SPE, 200 µL of calibration standards, and QCs were pipetted into a 2mL 

deep 96-well plate. 20 µL of 2000 pg/mL rat PTH (rPTH) (1-34) (IS) was added into 

each well and mixed using orbital mixer for 30 s. Then, 500 µL of 95:5 (v:v) 

(H2O:NH4OH) was added to every sample and mixed. 

2.2.3.2 Solid phase extraction 

SPE procedure was conducted as described in section 2.7. The entire SPE process 

and sample pre-treatment was carried out using the Extrahera automated SPE 

processor. 

2.2.4 Chromatographic conditions and mass spectrometry analysis 

LC conditions and mass spectrometry parameters used to process PTHrP (1-36) were 

as described in sections 2.8 and 2.9 respectively. 

2.2.5 Method Validation 

Method validation was carried out in accordance with the FDA guides (270) and 

EMA guidelines (271).  

2.2.5.1 Calibration curve/Linearity 

Dynamic range was determined using calibration standards prepared as described in 

5.2.2. The calibration curve was constructed by plotting the ratio of the analyte peak 

area to internal standard peak area against the concentration of the respective 

standards. Calibration standards concentrations ranged from 25 to 2000 pg/mL. 
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Using a 1/x weighting, the calibration curves were accepted as linear if correlation 

coefficient (r
2
) of regression analysis was >0.90.  

2.2.5.2 Carry over 

Carry over was assessed by running blank plasma samples immediately after a 

sample containing 2000 pg/mL hPTHrP (1-36). 

2.2.5.3 Matrix effect assessment 

To assess the effect of sample matrix, hPTHrP (1-36) standard solutions at two 

different concentration (100 and 1000 pg/mL) were prepared in either aqueous 

solution of (90:10: 0.1: 0.01) (v:v:v:w) (H2O: ACN: FA: BSA) (Sample A), or 

spiked into extracted blank human EDTA plasma at the final step of extraction after 

evaporating the eluent (sample B). Four replicates of each sample standards groups 

were analysed. Fixed amount of internal standard was used in all replicates. The 

percentage of matrix effect was calculated using equation 1. 

2.2.5.4 Precision and Accuracy 

Precision and accuracy of the hPTHrP (1-36) assay was accessed by analysing stock 

of in-house prepared QCs formulated by spiking hPTHrP (1-36) in charcoal-stripped 

EDTA plasma. To assess intra-assay precision and accuracy, four levels of QCs (50, 

100, 200, and 800 pg/mL) were analysed 10 times within a single run, whilst inter-

assay precision and accuracy were generated by repeated measurement (n=10) of all 

QCs over a period of a month. The acceptance criteria defined that the inter- and 

intra-assay precision determined at each concentration should not exceed 15% of the 

coefficient of variation (%CV) and the measured value at each concentration should 

be within 15% of the true value (%RE)  (270, 271). 

2.2.5.5 Ion suppression 

Ion suppression was examined by post column infusion of constant flow of a neat 

aqueous standard of hPTHrP (1-36) at concentration 100 ng/mL via a T-junction at a 

flow rate 20 µL/min directly into the MS/MS source. A blank human plasma sample 

and a sample containing hPTHrP (1-36) were extracted and injected into the column 

at 400 µL/min. 

2.2.5.6 Recovery efficiency 

Three hPTHrP (1-36) standards were prepared in charcoal-stripped human EDTA 

plasma at low (50 pg/mL), medium (400 pg/mL) and high (800 pg/mL) 

concentrations, each spiked with 50 and 500 pg/mL rhPTH (1-34). Four replicates of 
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each of spiked plasma samples were assayed in the same run. Recovery was 

calculated by dividing the measured hPTHrP (1-36) by the expected value 

(endogenous + spiked). 
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3. Chapter 3 – Results 
 

3.1 Development  and validation of a LC-MS/MS Method for 

Quantification of hPTH (1-34) 

3.1.1 MS Method Development for non-oxidized and oxidized hPTH (1-34)  

Full scan spectra of the precursor ions from a standard solution of hPTH (1-34) 

showed several multiple-charged peaks; the most abundant were found to be the 

[M+7H]
7+

 and [M+6]
6+

 ions at m/z 589.2 and 687.1, respectively (Figure 3-1). 

 

Figure 3-1 Precursor Ions spectrum of hPTH (1-34) obtained using 

Waters/Micromass
®
 Quattro Ultima

™
 Pt mass spectrometer at cone voltage of 

35 V. [M+6H]
6+

 and [M+7H]
7+

 charge states have similar intensities. 
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Fragmentation of the m/z 589 and 687 precursor ions produced two product ions at 

m/z 656.1 (Figure 3-2) and 787.1 (Figure 3-3) respectively. 

 

Figure 3-2 Product ion spectrum from hPTH (1-34) at m/z 589.2. High intensity 

product ion at m/z 656.1 is shown using cone voltage of 35 V and collision energy of 

10 eV.  
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Figure 3-3 Product ion spectrum from hPTH (1-34) at m/z 687.1. High intensity 

product ion at m/z 787.1 is shown using cone voltage of 35 V and collision energy of 

16 eV. 
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The mass spectra of rPTH (1-34) fragment (IS) showed prominent precursor ion 

peaks at m/z 677.1 [M+6H]
6+

 and 580.7 [M+7H]
7+

 (Figure 3-4) and produced 

fragments at m/z 777.9 (Figure 3-5) and 649.1, respectively. 

 

Figure 3-4 Precursor ions spectrum of rPTH (1-34), the IS, at cone voltage of 35 

V. [M+6H]
6+

 and [M+7H]
7+

 charge states have similar intensities as demonstrated 

with hPTH (1-34)  
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Figure 3-5 Product ion spectrum from rPTH (1-34) at m/z 677.1. Product ion at 

m/z 777.9 was of the highest intensity obtained using cone voltage of 35 V and 

collision energy of 16 eV. 

 

Oxidation of hPTH (1-34) with 1.9 mM H2O2 has led to emergence of two new 

peaks beside each charge-state ion peaks in addition to those found for non-oxidized 

PTH (1-34). The two additional peaks representing hPTH (1-34) oxidized at either 

Met 8 or Met 18, where 16 mass units are added to molecular weight of hPTH (1-

34)) or at both Met 8 and Met 18, where 32 mass units are added to molecular weight 

of hPTH (1-34)). However, ionization and fragmentation of oxidized hPTH (1-34) 

occurred the same way as that for non-oxidized hPTH (1-34) (Figure 3-6). 
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Figure 3-6 MS spectrum of hPTH (1-34) (MW = 4117.8 D) before and after 40 

and 60 min oxidation with H2O2. A & D represent +7 and +6 charged state of non-

oxidized hPTH (1-34) respectively. B & E represent +6 and +7 charged state of 

hPTH (1-34) oxidized at Met 8 or Met 18 respectively (single-oxidized form with a 

mass shift of 16 units). C & F represent +6 and +7 charged state of hPTH (1-34) 

oxidized at both Met 8 and Met 18 respectively (double-oxidized form with a mass 

shift of 32 units). Note the change by time post-oxidation in the intensity of non-

oxidized and oxidized hPTH (1-34) forms. 
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Table 3.1 MRM transitions, cone voltages, and collision energies for non-

oxidized, single oxidized, double oxidized hPTH 1-34, and rPTH1-34 (internal 

standard IS) 

  

3.1.2 Liquid-chromatography method development  

The LC method development for non-oxidized/oxidized PTH (1-34) showed that 

both peptide forms eluted off the column between 22% and 25% mobile phase B 

(Figure 3-7 and 3-8). Most of the C18 columns that have been evaluated during LC 

method development produced low intensity PTH (1-34) peaks which look 

inappropriately broad with front tailing. AQUITY UPLC
®
 BEH C18 column works 

the best among all evaluated columns listed in table 2.2 in terms of peak intensity. 

However, peak broadness and tailing were not rectified by the use of the BEH C18 

column. The use of an AQUITY UPLC
®

 Peptide CSH
™

 C18 column attenuates the 

broad PTH (1-34) peak and produces symmetric PTH (1-34) peaks with higher 

intensity compared to the BEH C18 column (Figure 3-9). As it is shown in figure 3-

8, all peaks are resolved, except the two single-oxidized hPTH (1-34) due to 

similarity in their molecular mass. 
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Figure 3-7 LC gradient for PTH (1-34). The gradient started at 10% B. Gradient 

from 20% to 30% B eluted off non-oxidizedt/oxidized hPTH (1-34) as well as rPTH 

(1-34) (IS) 
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Figure 3-8 Chromatograms showing elution time of non-oxidized, oxidized 

hPTH (1-34) and the IS. 

 

Figure 3-9 Neat aqueous hPTH 1-34 standard peak run using UPLC BEH 

column (green), and UPLC CSH column (red). Note the difference in the peak 

width and height. CSH column gives better peak shape and improve the intensity 

compared to BEH column. 
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It was observed that adding a small amount of carrier proteins (e.g. calf serum, rat 

plasma, or BSA) to the solvent used to prepare aqueous peptide calibration standards 

is important when developing an LC method for peptides. Adding 0.01% of carrier 

protein to hPTH (1-34) aqueous standard increases the intensity 2-fold compared to 

that not containing carrier protein (Figure 3-10). 

 

Figure 3-10 Effect of adding carrier protein in hPTH (1-34) peak intensity. Neat 

hPTH (1-34) standard in water: acetonitrile: formic acid (green peak), Water:   

acetonitrile: formic acid: calf serum (purple peak), water: acetonitrile: formic acid: 

BSA (black) using AQUITY UPLC
®

 BEH C18 Peptide Separation Technology (PST) 

column (Waters), 1.7µm, 300 Å, (2.1 x 50 mm). Note the 2-fold increase in peak 

intensity when small amount carrier protein was added. 

 

3.1.3 Sample preparation method development 

NSB of PTH (1-34) peptide to surfaces was a concern. So, in an attempt to minimise 

NSB during sample preparation, the need to dry-down eluates was avoided. 

Therefore, the µElution SPE plate was selected for extraction method development. 

The advantage of µElution SPE plate is that no evaporation and reconstitution is 

necessary due to small elution volumes required (as low as 25 µL) and it is ideal for 

analyte enrichment.  



79 

 

3.1.3.1 SPE method development 

3.1.3.1.1 Phase chemistry selection, load optimization and establishment of 

optimal wash solvent 

When a reverse-phase (RP)-C18 Oasis
®
 HLB µElution 96-well plate was used, pre-

treatment of hPTH (1-34) with high pH solvent (5% NH4OH) yielded the best 

recovered peak area count in eluate compared to acidified samples (pre-treated with 

low pH solvent 2%FA) (figure 3-11). hPTH (1-34) appeared more strongly retained 

by RP SPE under high pH, where a stronger solvent could be used during the wash 

step. Up to 40% MeOH could be used as a wash solvent on the HLB (C18) SPE 

before premature elution occurred (Figure 3-12). Premature elution occurred with 

lower MeOH percentage (20% MeOH) under low pH (figure 3-12). hPTH (1-34) 

breakthrough was observed under low pH conditions, where signals were detected in 

load flow-through eluate of samples pre-treated with 2% FA solvent, whereas signals 

were absent in load flow-through eluate of samples pre-treated with 5% NH4OH. 

One elution cycle (2 x 25 µL 0.2%FA in 70% ACN) was sufficient to elute off all 

hPTH (1-34) from the HLB (C18) SPE plate as no signals were seen in the second 

elution cycle.  

 

Figure 3-11 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in eluate (1
st
 cycle) using Waters Oasis® HLB µElution 96-well plate. 

hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) peak area 

signals for MRM 687>787. 
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Figure 3-12 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in wash elute using Waters Oasis® HLB µElution 96-well plate. (A) 

hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) peak area 

signals for MRM 687>787. A trace peak area signal count was detected in wash 

solution collection when 50% MeOH wash solution was used. 

 

When an Oasis
®
 MAX µElution 96-well plate that comprises both RP and anion-

exchange modes of interaction was used for SPE, hPTH (1-34) pre-treated with high 

pH solvent (5%NH4OH) showed the same behaviour as with RP HLB plate. The 

MAX retained hPTH (1-34) much stronger than the HLB. In contrast to the HLB, 

extraction with the MAX yielded lower hPTH (1-34) peak area in the first elution 

cycle (figure 3-13) and signals were still seen in the second elution cycle (figure 3-

14). There was no breakthrough or premature elution observed with the MAX under 

high pH conditions.  hPTH (1-34) was completely unretained by the MAX under low 

pH conditions (pre-treated with 2%FA) as signals were not detected in eluate (figure 

3-13 and 3-14), whereas very high signals were detected in load flow-through eluate 

(Figure 3-15) and in wash elute (figure 3-16). 
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Figure 3-13 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in elute eluate (1
st
 cycle) using Waters Oasis® MAX µElution 96-well 

plate. (A) hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) peak 

area signals for MRM 687>787. 

 

 

 

Figure 3-14 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in elute eluate (2
nd

 cycle) using Waters Oasis® MAX µElution 96-well 

plate. (A) hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) peak 

area signals for MRM 687>787. 
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Figure 3-15 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in load flow-through eluate using Waters Oasis® MAX µElution 96-

well plate. (A) hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) 

peak area signals for MRM 687>787. 

 

 

Figure 3-16 hPTH (1-34) peak area plot against MeOH ratio in wash solvent 

measured in wash eluate using Waters Oasis® MAX µElution 96-well plate. (A) 

hPTH (1-34) peak area signals for MRM 589>656. (B) hPTH (1-34) peak area 

signals for MRM 687>787. 

 

3.1.3.1.2 Optimal Elution solvent 

At this stage, decisions were made on the best SPE plate to be used, the most 

appropriate pre-treatment procedure and what optimum methanol ratio in wash 
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solvent. To optimize organic ratio in eluting solution, the same approach used in 

wash step optimization was followed. A stock of hPTH (1-34) aqueous standard 

(1000 pg/mL) was prepared and divided in seven tubes. Eluting solutions varying in 

organic content ratio (30 – 90%) were used. 0.2% FA was added to the eluting 

solution to maintain the orthogonality of extraction procedure.  Data showed that the 

optimum acetonitrile ratio required to elute PTH (1-34) from Oasis
®
 HLB µElution 

is 70% of the eluting solution (Figure 3-17 and 3-18). 

 

Figure 3-17 PTH (1-34) Peak Area Plot against acetonitrile ratio in elution 

solvent measured in elute eluate (1
st
 cycle) using Oasis HLB SPE plate. (A) 

hPTH (1-34) peak area count for MRM 589>656. (B) hPTH (1-34) peak area count 

for MRM 687>787. 
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Figure 3-18 hPTH (1-34) Peak Area Plot against acetonitrile ratio in elution 

solvent measured in elute eluate (2
nd

 cycle) using Oasis HLB SPE plate. (A) 

hPTH (1-34) peak area count for MRM 589>656. (B) hPTH (1-34) peak area count 

for MRM 687>787. 

 

3.1.3.1.3 Sample pre-treatment optimisation 

The following bar graph (Figure 3-19) demonstrates the response yield (mean ± 

SEM) at both quantitative transition (589>656) and qualitative transition (687>787) 

of 1000 pg/mL hPTH (1-34) in human plasma, which was prepared as a stock and 

divided in two groups of 6 samples. Samples in group 1 were pre-treated by simple 

dilution with 0.5 mL 5%NH4OH only. While samples in group 2 were first crashed 

with acetonitrile (1:1 plasma: ACN) followed by dilution of supernatant with 1 mL 

5%NH4OH. Response yield of group 1 samples is approximately 2-fold higher than 

that of group 2 samples.  
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Figure 3-19 Bar graph illustrates response yield of samples (n=6) pre-treated by 

simple dilution with 5% NH4OH (Group 1) and of samples (n=6) which were 

firstly precipitated by acetonitrile and then the supernatant diluted with 1 mL 

NH4OH (Group 2). Values in the middle of the bars represent the mean response 

and the error bar represent SEM.   

 

3.1.4 Method Validation 

3.1.4.1 Calibration Curve/Linearity 

The calibration curve was linear across a range from 10 to 2000 pg/mL. Using a 1/x 

weighting, the r
2
 values for all curves were consistently >0.990. Figure 3-20 

illustrates the typical calibration curve and linearity was evidenced across the 

calibration range. 

Table 3.2 and the line chart in figure 3-21 show the LC-MS/MS response of hPTH 

(1-34) calibrators (10, 25, 50, 250, 500, 1000, 2000 pg/mL) and QCs (20, 100, 200, 

800 pg/mL) in charcoal-stripped human plasma in six analytical runs. Plots of σ vs 

instrument responses and σ
2
 vs instrument responses of calibration standards and 

QCs in six analytical runs showed that the relationship between σ and response, and 

between σ
2
 and response followed the same linear trend. In most of the standard 

curve range (10 to 1000 pg/mL), the concave upward quadratic curvature between σ
2
 

and concentration was not obvious, and was not substantial therafter. This indicates 

that 
 

 
 wighting factors has helped to maintain calibration curve stability. 
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Figure 3-20 Typical calibration curve for hPTH (1-34) spiked into charcoal-

stripped human EDTA plasma. R
2
 value is 0.998. Crosses represent calibration 

standards and dots represent QCs. 

 

Table 3.2 Standard deviation (σ) and variance (σ
2
) of LC-MS/MS responses of 

hPTH (1-34) calibrators and QCs in charcoal-stripped human EDTA plasma in 

six analytical runs.  

Calibrator/QC  

(pg/ml) 

LC-MS/MS response for hPTH (1-34)  

Run1 Run2 Run3 Run4 Run5 Run6 Σ σ2 

10 
0.061 0.070 0.061 0.068 0.028 0.059 0.0153 0.0002 

20 
0.080 0.155 0.112 0.106 0.154 0.138 0.0299 0.0009 

25 
0.128 0.134 0.164 0.112 0.218 0.175 0.0386 0.0015 

50 
0.558 0.228 0.258 0.283 0.413 0.309 0.1235 0.0153 

100 
0.932 0.763 0.782 0.677 0.933 0.738 0.1055 0.0111 

200 
1.640 1.672 1.350 1.358 1.780 1.422 0.1834 0.0336 

250 
2.571 2.700 2.085 2.771 2.669 2.716 0.2539 0.0644 

500 
4.443 4.526 4.110 4.730 5.160 3.784 0.4790 0.2294 

800 
7.028 6.014 6.815 6.553 7.634 6.136 0.6006 0.3607 

1000 
8.387 7.231 8.202 6.970 8.882 8.046 0.7224 0.5219 

2000 
17.590 15.113 16.808 14.178 17.480 15.598 1.3814 1.9083 
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Figure 3-21 Standard deviation (σ) and variance (σ
2
) for instrument responses 

of Calibration standards and QCs in six analytical runs for hPTH (1-34) in 

charcoal-stripped human EDTA plasma. Calibrator concentration range: 10 – 

2000 pg/mL  

 

3.1.4.2 Carry over 

No carryover signal of hPTH (1-34) was detected in blank plasma samples analysed 

immediately after a sample containing 2000 pg/mL hPTH (1-34). 

3.1.4.3 Matrix effect assessment 

The two approaches followed to evaluate the matrix effect indicated that matrix 

effects were reduced to a minimum and did not contribute significantly to the 

quantification of hPTH (1-34). Comparison of slopes of the three calibration curves 

generated from matrix effect assessment experiments shows that the matrix effect 

was negligible. The slope of the calibration curve constructed by analysing neat 

calibration standards that have not been extracted, neat calibration standards that 

have been extracted, and extracted charcoal-stripped plasma was 0.0066, 0.0077 and 

0.0072 respectively (Figure 3-22). The average percentage matrix effect for 100 

pg/mL and 1000 pg/mL standard concentrations was 6.1% and 4.0% (Calculated 

using equation 1) respectively. Table 3.3 shows the response values obtained for 

each of the five determination runs for each of the two concentrations of sample A 

(in solvent) and sample B (in matrix). 
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Figure 3-22 Calibration curve plots for hPTH (1-34) measured in extracted 

plasma (blue), and in solvent (90:10:0.1:0.01) (v:v:v:w) H2O:ACN:FA:BSA 

with (green) and without (red) SPE extraction. The figure demonstrates the 

similarity in curve slopes, which revealed minor matrix effects on hPTH (1-34) 

assay. 

 

 

Table 3.3 hPTH (1-34) response obtained for five determinations of each of 

the two concentrations of sample A and B. 

 

 

3.1.4.4 Precision and Accuracy 

The inter-assay precision (%CV) and accuracy (%RE) were <9.8% and <14.9% 

respectively, for four QCs (20, 100, 200, and 800 pg/mL). The intra-assay precision 

and accuracy for these QCs over a period of a month were <7.8 and <6.9 
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respectively, for four QCs (20, 100, 200, and 800 pg/mL). Table (3.4) demonstrates 

inter- and intra-assay precesion and accuracy results. The inter-assay and intra-assay 

precision and accuracy data indicate that the method is accurate and reproducible. 

  

Table 3.4 Inter- and intra-assay precision and accuracy of LC-MS/MS 

hPTH (1-34) assay. 

  
 

3.1.4.5 Ion suppression 

The susceptibility of the method to ion suppression by infusion of constant flow of a 

neat aqueous standard of hPTH (1-34) at concentration 100 ng/mL via a T-junction 

at a flow rate 20 µL/min directly into the MS/MS source was investigated. A sample 

of extracted blank EDTA human plasma with and without IS, as well as extracted 

hPTH (1-34) sample were injected into the column at 400 µL/min. Figure 3-23 

shows that hPTH (1-34) and the internal standard do not co-elute with ion 

suppression/enhancement-causing species.  
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Figure 3-23 Ion suppression from direct infusion. Suppression in baseline signals 

was observed during co-injection of extracted human plasma sample and post 

column infusion of PTH (1-34). The elution of hPTH (1-34) and the IS do not co-

elute with suppression and enhancement ion species. 

 

3.1.4.6 Recovery efficiency 

The mean recovery of hPTH (1-34) was 107.2% (range 98.6-112.9%) (Table 3.5) 

The recovery data shows that the extraction method is able to efficiently recover 

hPTH (1-34) from human plasma. 

Table 3.5 Recovery data of hPTH (1-34) from human EDTA plasma. 
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3.1.4.7 LLoQ and LLoD 

A precision and accuracy assessment of LLoQ of hPTH (1-34) was performed at 10 

pg/mL and demonstrated a %CV of 16.2% and %RE of 19.5%. The LLoD for the 

hPTH (1-34) assay was 2.1 pg/mL with a signal to noise ratio (S/N) value of ≈5 

required for an  LC-MS/MS assay (270, 271). A S/N value of 5 is good enough to 

differentiate between a true signal and instrument background noise. 

3.1.4.8 Cross-reactivity testing 

Analysis of different lots of blank EDTA plasma samples from different sources 

using the LC-MS/MS assay showed no interfering peaks at the retention time of 

hPTH (1-34) on both m/z transitions as well as the IS and the response was below 

the LLoD, which indicates high assay selectivity.    

The immunoassay showed an average of 6.5% cross reactivity to human PTH (1-84), 

44.2% to rat PTH (1-34) and 0.65% to hPTHrP (1-36) while no reactivity was 

observed to hPTHrP (1-86) and hPTH (13-34) fragments. No interference was 

observed in the LC-MS/MS method with any of the peptides tested. Details are 

shown in table 3.6. 

Table 3.6 Cross-reactivity testing. Cross-reactivity of immunoassay to hPTH (1-

84), rPTH (1-34), hPTHrP (1-86), hPTHrP (1-36), and hPTH (13-34). Upper 

limit of quantification of the immunoassay is 1000 pg/mL. 
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3.1.5 Method comparison 

Method comparison between LC-MS/MS and the IDS immunoassay are illustrated 

by Passing-Bablok regression and Bland-Altman plots (figure 3-24 and 3-25). The 

Passing-Bablok analysis shows high correlation between the two methods with a 

Pearson coefficient of 0.973. The line of best fit generated a slope of 0.64 (r
2
 = 0.95) 

for hPTH (1-34) (Figure 3-24). The LC-MS/MS method demonstrated a mean 

negative bias of -35.5 pg/mL with respect to the mean value of both methods (1.96 

SD, 53.9 to -124.9 pg/mL) (r = 0.883, p<0.001) (Figure 3-25). The negative bias 

appeared to be proportional or concentration-dependent (p<0.001) across the 

concentration range of (0 – 800) pg/mL. 

 

 

 

Figure 3-24 Method comparison of the LC-MS/MS method with IDS 

immunoassay for hPTH (1-34) by Passing-Bablok regression analysis (n=390). 
Solid line in the graph represents the fitted regression line; dotted line is the line of 

equality/identity.  
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Figure 3-25 Bland-Altman plots showing the bias of LC-MS/MS assay against 

the mean hPTH (1-34) values of both LC-MS/MS and IDS methods. Bias is 

shown in pg/mL. The minus sign indicates negative bias. The dashed lines represent 

average bias and the 95% limits of agreement, while solid line represents zero bias. 

Bias is proportional to the mean hPTH (1-34) concentration of both methods 

(p<0.001). 

 

 

In one experiment, hPTH (1-34) calibration standards (10-2000 pg/mL) were 

prepared in two different matrices, namely human EDTA plasma and fetal bovine 

serum. A fixed amount of hPTH (1-84) at a final concentration of 1000 pg/mL was 

added to all calibration standards. Then, standards were run in parallel on IDS-iSYS 

immunoassay and LC-MS/MS method and results plotted as shown in the graph 

below (Figure 3-26). LC-MS/MS assay results were not interfered by hPTH (1-84) 

and hPTH (1-34) standards results on both matrices were similar (slopes of EDTA 

plasma and fetal bovine serum curve were 0.99 and 1.00 respectively). In contrast, 

PTH (1-84) interferes with the immunoassay and results were highly affected by 
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matrix type, which is clearly indicated by the slopes of hPTH (1-34) calibration 

curve on human EDTA plasma (1.41) and fetal bovine serum (0.56). This 

experiment may suggest that the negative bias in the previous method comparison 

was actually correct measurement by LC-MS/MS and positive bias by the 

immunoassay. 

 

Figure 3-26 Evaluation of matrix effect and cross-reactivity of LC-MS/MS 

assay and IDS-iSYS immunoassay to hPTH (1-84). Blue and orange dotted lines 

represent calibration curves for hPTH (1-34) spiked in charcoal-stripped human 

plasma and non-stripped fetal bovine serum respectively measured using iSYS 

immunoassay. hPTH (1-34) in charcoal-stripped-human plasma is approximately 

2.5-fold higher than that in non-stripped fetal bovine serum when measured using 

the immunoassay. Black and green dotted lines represent calibration curves for 

hPTH (1-34) spiked in charcoal-stripped human plasma and non-stripped fetal 

bovine serum respectively measured on LC-MS/MS. The two curves are perfectly 

matched with each other and with the equality line. 

 

To confirm the effect of matrix type on the performance of the immunoassay, 

analysis of calibration standards was repeated, where hPTH (1-34) standards (range 

1-500) were prepared in charcoal-stripped human plasma and charcoal-stripped fetal 

bovine calf serum. Calibration curves plots are shown in figure 3-27. hPTH (1-34) 

spiked in human plasma gives 1.4-fold higher concentration values compared to 

those spiked in fetal bovine serum.    
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Figure 3-27 Matrix effect on IDS-iSYS immunoassay. Shown calibration curves 

of hPTH (1-34) spiked in charcoal-stripped human EDTA plasma (Blue curve) and 

in charcoal-stripped fetal bovine serum. Note that hPTH (1-34) calibrator values are 

higher in human plasma than in bovine serum. 

 

After allocating MRMs for oxidized forms of hPTH (1-34), pooled rat 

plasma from animals that have been given oral PTH (1-34) was examined. All 

oxidized forms were presented in the analysed plasma. Figure 3-28 shows a real-time 

chromatogram run of the pooled rat plasma using the LC-MS/MS method. The 

chromatogram illustrates the presence of naturally occurring oxidized forms of hPTH 

(1-34). 
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Figure 3-28 Real-time chromatogram of a pooled rat plasma obtained following 

administration of an oral hPTH (1-34). Note the presence of all oxidized-hPTH (1-

34) forms. 

 

Cross-reactivity of the immunoassay and the LC-MS/MS to the oxidized 

forms of hPTH (1-34) was also examined. Timed oxidation of hPTH (1-34) samples 

treated with H2O2 was analysed using both methods and results obtained are plotted 

in the following graph (Figure 3-29). A hPTH (1-34) standard at 500 pg/mL was 

prepared in charcoal-stripped human EDTA plasma. The 500 pg/mL hPTH (1-34) 

standard was then divided into two groups contain four tubes each. Oxidation was 

carried out exactly same way in both groups for 10, 20, 40, and 60 min with 1.9 mM 

H2O2 before the oxidation reaction was terminated with methionine. It is clearly 

shown that the immunoassay does not distinguish between oxidized and non-

oxidized hPTH (1-34) forms, where results obtained for hPTH (1-34) were similar 

(difference was within the inter-assay precision range of the assay %CV= 4.2%) 

throughout oxidation period. The LC-MS/MS method was capable of detecting 

oxidized forms of hPTH (1-34). The change in non-oxidized hPTH (1-34) 

throughout oxidation time is plotted in below figure (Figure 3-29) 
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Figure 3-29 Time-point curve of non-oxidized hPTH (1-34) obtained by 

immunoassay and LC-MS/MS method. Non-oxidized hPTH (1-34) concentration 

obtained by immunoassay remains constant all through the oxidation time, while it 

declines by time in LC-MS/MS.  

 

The decline in non-oxidized hPTH (1-34) concentration obtained by LC-MS/MS 

method was associated with concurrent increase in single-oxidized hPTH (1-34) 

concentration, which then decreased indicating its metabolism to double-oxidized 

hPTH (1-34) (Figure 3-30) 

 

Figure 3-30 A time-point plot of non-oxidized (orange curve) and single-

oxidized (blue cure) hPTH (1-34) response. At 10 min oxidation, the sum response 

(Non-oxidized + single-oxidized hPTH (1-34)) recover the baseline hPTH (1-34) 

response.  
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Four human plasma samples spiked with 20, 100, 200, and 800 pg/mL hPTH 

(1-34) were prepared. The baseline response of non-oxidized and oxidized-hPTH (1-

34) forms was measured in each of them before they were treated with 1.9 mM H2O2 

and incubated at 37 
o
C for 60 minutes. The oxidation reaction was then quenched 

with methionine and post-oxidation response of hPTH (1-34) forms was measured 

using the LC-MS/MS method. Table 3.7 summarises pre- and post-oxidation 

response of non-oxidized and oxidized hPTH (1-34) forms in all sample tested. 

Oxidized-hPTH (1-34) forms were undetectable in all samples at 0 time. Although, 

oxidation reaction occurred and response of non-oxidized hPTH (1-34) massively 

decreased, oxidized hPTH (1-34) forms were undetectable in 20, 100, 200 pg/mL 

hPTH (1-34) samples after one hour of oxidation with H2O2. However, both single- 

and double-oxidized forms were detectable in the 800 pg/mL sample. This 

experiment shows that oxidized hPTH (1-34) forms were undetectable 60 min after 

oxidation with H2O2 not because they were not present, but likely because they were 

dispersed into various forms with very little concentrations beyond the sensitivity of 

the LC-MS/MS method. 

Table 3.7 Summary of pre- and post-oxidation response of non-oxidized and 

oxidized hPTH (1-34) forms in samples spiked with different hPTH (1-34) 

concentrations. 
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3.1.6 Pharmacokinetic analysis results 

Pharmacokinetic (PK) profiles (time-course 0-300 min) from human subjects given 

either a single subcutaneous (sc) injection of 20 ug Teriparatide (n=10) or a single 

oral PTH (1-34) dose of either 0.69 mg (n=5) or 2.07 mg (n=10) were analysed using 

the LC-MS/MS method. The overall mean concentration-time profiles and PK 

parameters of different doses of oral PTH (1-34) and Forsteo
®
 are presented in figure 

3-31 and table 3.8 respectively. hPTH (1-34) was undetectable in all pre-dose blood 

samples. Rapid absorption of PTH (1-34) was observed after oral administration of 

PTH (1-34) and subcutaneous injection of Forsteo
®
 with maximum concentrations 

being observed at (Mean ±SEM) (17.5 ± 2.5), (15.0 ± 1.4), and (21.0 ± 1.0) min for 

Forsteo
®
, 0.69 mg oral PTH (1-34), and 2.07 mg oral PTH (1-34) respectively. In 

general, hPTH (1-34)declined/ was eliminated faster from the circulation after oral 

administration with T1/2 (mean ±SEM) of (14.0 ± 4.8) and (12.6 ± 2.6) min for 0.69 

mg and 2.07 mg oral PTH (1-34) treatment respectively compared to (33.5 ± 6.8) 

min for Forsteo
®
 treatment. Treatment with 2.07 mg oral hPTH (1-34) resulted in 

Cmax significantly higher than that produced by 0.69 mg oral hPTH (1-34) (p =0.003) 

and sc Forsteo (p = 0.009). Despite the significantly higher Cmax (mean ± SEM) 

achieved after oral administration of 2.07 mg PTH (1-34) (289 ± 43.0) pg/mL in 

comparison to (138.9 ± 21.3) pg/mL after Forsteo
®

 injection , both treatments were 

found to have similar systemic exposure as approximated by AUC0-last (P= 0.87) 

AUC (mean ± SEM) of (6444.8 ± 560.3) and (7034.7 ± 1149.6) for Forsteo
®

 and oral 

2.07 mg PTH (1-34), respectively. Both Forsteo
®
 and 2.07 mg oral hPTH (1-34) 

treatment produces significantly higher AUC0-last than 0.69 mg oral hPTH (1-34) 

treatment with p value of 0.003 and 0.001, respectively. Cmax and AUC0-last values of 

oral PTH (1-34) appeared to be proportional to dose, where both values increase 

when oral PTH (1-34) dose increased. Figures 3-32 and 3-33 illustrate the 

proportionality of Cmax and AUC0-last to oral PTH (1-34) dose, respectively.  It is 

clearly shown in PK profile plots of Forsteo
®
 and oral PTH (1-34) doses (figure 3-

31) that Cmax of Forsteo
®

 located in the middle and bracketed between Cmax of the 

oral doses.  
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Figure 3-31 Concentration-time profile of patients treated with 20 µg Forsteo®, 

and oral hPTH (1-34) (0.69 and 2.07 mg). Time course of sample collection was 0-

300 minutes. Each point represents (mean ± SEM) of plasma hPTH (1-34) 

concentration. 
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Table 3.8 Pharmacokinetic parameters for hPTH (1-34) of 20 µg subcutaneous 

Forsteo® injection and oral (0.69 and 2.07 mg) administration. 
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Figure 3-32 Box and Whisker plot representation of hPTH (1-34) Cmax in 

plasma of patients have been given sc Forsteo (n=10), oral doses of hPTH (1-34) 

(0.69 mg (n=5) and 2.07 mg (n=10)). Asterisk represents an extreme outlier that 

was removed from statistical analysis. Outliers are defined as values less than Q1 by 

1.5 IQR or more than Q3 by 1.5 IQR. ANOVA analysis showed that the 2.07 mg oral 

PTH (1-34) dose gives significantly higher Cmax compared to 0.69 mg oral PTH (1-

34) dose and sc Forsteo
®

. Cmax appears to be proportional to dosage of oral PTH (1-

34). 
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The 2.07 mg oral hPTH (1-34) treatment yielded similar AUC obtained for Forsteo
®

 

treatment, which means similar systemic exposure to hPTH (1-34). Figure 3-33 

shows box and Whisker plot representation of AUC0-last for all treatment groups. 

 
Figure 3-33 Box and Whisker plot representation of AUC0-last obtained for sc 

Forsteo (n=10), oral doses of hPTH (1-34) (0.69 mg (n=5) and 2.07 mg (n=10)).  
mg oral treatment. Asterisk represents an extreme outlier that was removed from 

statistical analysis and circle represents mild outlier. Outliers are defined as values 

less than Q1 by 1.5 IQR or more than Q3 by 1.5 IQR. ANOVA analysis showed that 

the 2.07 mg oral PTH (1-34) treatment produces similar AUC to sc Forsteo
®

 and 

both of them yield significantly higher AUC than 0.69 mg oral PTH (1-34) treatment. 

AUC appears to be proportional to dosage of oral PTH (1-34). 

  

 

 

3.2 Development and validation of a LC-MS/MS method for 

quantification of PTHrP (1-36) 

3.2.1 MRM transitions 

A full MS scan analysis was performed to identify hPTHrP (1-36) precursor ions 

(Figure 3-34). hPTHrP (1-36) demonstrates charge state distribution similar to that 

given by human and rat PTH (1-34) with m/z 711.1, 609.5, and 853.1 being the most 

intense precursor ions. 
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Figure 3-34 Precursor ions spectrum of hPTHrP (1-36) 

 

Product ion scans were performed on the two most abundant precursor ions, and it 

was found that the 7+ charge state generated two useful product ions (Figure 3-35), 

whereas the 6+ and the 5+ charge state did not generate usable product ions. Figure 

3-36 shows the product ion scan on precursor ion at m/z 711.1. 
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Figure 3-35 Product ion spectrum from hPTHrP (1-36) at m/z 609.5. Usable 

product ions at m/z 682.7 and 689.2 are shown using cone voltage of 35 V and 

collision energy of 15 eV. 
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Figure 3-36 Product ion spectrum at m/z 711.1. No useful product ion generated 

even though high collision energies were used. 
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 hPTHrP (1-36) is not oxidized by H2O2, as MS scan of precursor ions of 1 and 2 

hours post-oxidation hPTHrP (1-36) yielded the same spectrum to non-oxidized 

hPTHrP (1-36). Figure 3-37 demonstrates MS scan of non-oxidized (top), 1 h 

(middle) and 2 h post oxidation hPTHrP (1-36) (bottom). 

 

Figure 3-37 Full MS scan of hPTHrP (1-36) before oxidation, 60 and 120 min 

after oxidation with H2O2. It appears that hPTHrP (1-36) is not oxidized by H2O2. 

 

 

3.2.2 Method Validation results 

3.2.2.1 Calibration Curve/Linearity 

Using precursor to product mass transition 609>682 to quantify hPTHrP (1-36), the 

calibration curve of the assay was linear across a range from 25 to 2000 pg/mL. 

Using a 1/x weighting, the r
2
 values for all curves were consistently >0.90. Figure 3-
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38 illustrates the typical calibration curve of hPTHrP (1-36) assay and linearity was 

evidenced across the calibration range. 

 

Figure 3-38 Typical calibration curve for hPTHrP (1-36) spiked into charcoal-

stripped human EDTA plasma. R2 value is 0.97 

 

 

3.2.2.2 Carry over 

No carryover was detected immediately after a sample containing 2000 pg/mL 

hPTHrP (1-36). 

3.2.2.3 Matrix effect 

The average percentage matrix effect for 100 pg/mL and 1000 pg/mL standards 

concentration was 14.4% and 1.7%, respectively. Table 3.9 shows the response 

values obtained for every replicate measurement at the two tested concentrations of 

sample A (in solvent) and sample B (in matrix). 
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Table 3.9 hPTHrP (1-36) response obtained for four duplicate determinations of 

each of the two concentrations of sample A and B. 

 

 

3.2.2.4 Precision and Accuracy 

A precision and accuracy assessment of hPTHrP (1-36) assay was assessed at QC 

concentrations spiked in charcoal-stripped human EDTA plasma. %CV represents 

assay precision, while accuracy is represented by a percentage of relative error 

(%RE). As it shown in table 3.10, the inter-assay precision and accuracy were 

<11.8% and <9.1% respectively. Whereas, the intra-assay precision and accuracy 

were <12.4% and 10.7% respectively. 

 

Table 3.10 Inter and intra-assay precision and accuracy of LC-MS/MS hPTHrP 

(1-36) assay. 
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3.2.2.5 Ion suppression 

There was no suppression or enhancement signals detected at the elution time of 

hPTHrP (1-36), which indicates that there is no Ion suppressor or enhancer species 

co-elute with hPTHrP (1-36) (Figure 3-39). 

 

Figure 3-39 Ion suppression from direct infusion. Suppression in baseline signals 

was observed during co-injection of extracted human plasma sample and post 

column infusion of PTHrP (1-34). The elution of hPTHrP (1-36) occurs away from 

suppression and enhancement elution time. Purple spectrum represents blank human 

plasma, while green spectrum for human plasma containing hPTHrP (1-36) only. 

 

 

3.2.2.6 Recovery efficiency 

Extraction recovery was evaluated by determining the amount of hPTHrP (1-36) 

recovered from the amount spiked into plasma prior to extraction. With the use of an 

internal standard, mean recovery for hPTHrP (1-36) was 103.7% (range 96.7-113.7) 

(Table 3.11). The data indicate that the SPE procedure was able to extract hPTHrP 

(1-36) efficiently from human plasma. 
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Table 3.11 Recovery of hPTHrP (1-36) from human EDTA plasma 

 

 

3.2.2.7 LLoQ and LLoD 

A precision and accuracy assessment of LLoQ of hPTHrP (1-36) was performed at 

25 pg/mL and demonstrated a precision of 13.0% and accuracy (%RE) of 11.7%. 

The S/N at the LLoQ was ≥10. The LLoD for the hPTHrP (1-36) assay was 2.5 

pg/mL with a S/N value of ≈5 required for a regulated LC-MS/MS assay (270, 271).  
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4. Chapter 4- Discussion 
 

4.1 LC-MS/MS method for quantification of PTH (1-34) 

4.1.1 LC-MS/MS Method and Sample Preparation Method Development  

 

Development of a bioanalytical LC-MS/MS method has to recognise the importance 

of three main interdependent elements that together form a robust and reliable LC-

MS/MS assay. The three elements are: sample preparation, liquid chromatography 

separation and mass spectrometry detection. Chapter two and three of the thesis have 

described the development and validation of a high-sensitive and selective 

electrospray ionization (ESI) - LC-MS/MS method for measurement of PTH (1-34) 

peptide (MW = 4117.8 Da) in human plasma. ESI-LC-MS/MS has advantages as 

well as disadvantages. One advantage of ESI-LC-MS/MS is its ability to handle 

analytes with large masses. Another advantage is that ESI is one of the softest 

ionization methods available, therefore it has the ability to promote non-destructive 

vaporization/ ionization of peptides with relatively large masses such as hPTH (1-

34). Finally, ESI-MS instrument has an impressive sensitivity useful for accurate 

quantitative measurement. The major disadvantages are that this technique cannot 

analyse complex mixtures very well and the multiple charges that are attached to the 

molecular ions - which is something inevitable in the case of hPTH (1-34) - can 

make for confusing spectral data. This confusion is further fuelled by use of a 

mixed/complex sample. Intensive clean-up of samples must be maintained to obtain 

reliable results.   The assay described was validated against published acceptance 

criteria for clinical and research use. Beside its ability to measure low pg/mL 

concentrations of hPTH (1-34), the assay was designed to measure oxidized forms of 

hPTH (1-34) alongside the non-oxidized PTH (1-34). Non-oxidized and oxidized 

hPTH (1-34) are different in term of bioactivity, where the former is bioactive and 

the latter is inactive or has reduced activity.  This means that the LC-MS/MS assay 

measures the true biologically active form of hPTH (1-34). 

Several LC-MS/MS assays with variable sensitivity have been developed for 

quantification of PTH (1-34) in the last five years (136-138). However, none of the 

published assays has addressed oxidation of the hPTH (1-34) peptide. Oxidation of 

peptides at their sulphur-containing amino acid residues, such as methionine, by 
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peroxidases in biological systems is one of the major degradation process of these 

peptides. The biological properties of oxidized and non-oxidized PTH are 

substantially different. Oxidized PTH loses its PTH receptor-stimulating properties, 

whereas non-oxidized PTH is a full agonist of the receptor (273). hPTH (1-34) 

peptide contains two methionine residues in its primary amino acid structure. Studies 

of porcine PTH, which has only one methionine (residue 8), indicated that oxidation 

at this single position is sufficient for inactivation, establishing that Met 8 is of key 

importance in the biological activity of PTH (274, 275). While methionine at 

position 8 in PTH is conserved from different species, methionine at position 18 is 

not strictly conserved but is always substituted with another hydrophobic residue, 

which likely indicates that oxidation of methionine 18 may also affect biological 

activity (274). Oxidation of methionine residues in PTH (1-34), especially Met 8, 

markedly effects its biological activity and reduces its potency as a drug (130, 131, 

133-135). Therefore, all these findings reassert the importance of a sensitive 

bioanalytical assay with ability to perform differential measurement of oxidized and 

non-oxidized PTH (1-34). 

Several multiply protonated precursor ions were observed for non-oxidized 

hPTH (1-34) and for the rat PTH (1-34) fragment (IS) under positive ESI. The 

septuple (7+) protonated molecule [M+7H]
7+

 and sextuple (6+) protonated molecule 

[M+6H]
6+

 of non-oxidized hPTH (1-34) at m/z 589.2 and 687.1, respectively, were 

found to be the most intense. This finding is consistent with what have been reported 

previously (136-138). Full scan spectra of IS showed exactly same multiple-charged 

ionization pattern as that obtained for hPTH (1-34). The 7+ and 6+ charged states at 

m/z 580.7 and 677.1, respectively, being the most intense precursor ions for IS, 

which is in agreement with findings reported by MacNeill et al. (137). 

Fragmentation of m/z 589.2 and 687.1 yielded selective product ions at m/z 656.1 

and 787.1 respectively.  Precursor-to-product mass transition 589.2>656.1 was 

observed to give higher peak area count for hPTH (1-34) compared to 687.1>787.1. 

Therefore, 589.2 > 656.1 was chosen as the primary transition used for quantitative 

analysis, whilst 687.1 > 787.1 was allocated as the qualitative transition to confirm 

quantitative peak. This finding contrasts with Chambers et al. (136), where it was 

stated that fragmentation of the 7+ precursor ion did not yield a usable fragment. 

However, the current results support the finding of Kay et al. (138). The reasons why 
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two transitions were allocated to quantify non-oxidized hPTH (1-34) in this assay are 

firstly, because the various charge states of the peptide may fragment differently, and 

secondly to ensure the specificity of the peak obtained for the quantitative transition.  

With regard to IS, fragmentation of precursor ions at m/z 677.1 and 580.7 produced 

product ions at m/z 777.9 and 649.1 respectively. 677.1>777.9 was used for 

quantification of IS as it gave slightly higher signal yield compared to 580.7 > 649.1.  

The N-terminal PTH (1-34) interacts with PTHR1 and produces biological 

effect equivalent to that of full-length PTH (1-84) hormone and has been 

demonstrated in humans that it enhances bone growth, particularly when 

administered intermittently in low subcutaneous doses.  Because it is a peptide and 

thus far more labile than the traditionally small molecular weight drugs, the 

formulation of PTH (1-34) presents a challenge not commonly encountered by the 

pharmaceutical industry. Like other protein/peptides that have been formulated 

successfully, PTH (full-length and PTH (1-34)) is particularly sensitive to oxidation, 

deamination, and hydrolysis, and requires that its N-terminal and C-terminal 

sequences remain intact in order to preserve bioactivity. Development of a 

formulation that is acceptable in terms of storage stability is one of the major 

challenges facing commercial exploitation of PTH-based drugs. Also development of 

more convenient, non-invasive administration of drug (e.g. oral or nasal) is another 

important area of research. Exploring the possibility of detecting/quantifying 

oxidized forms of PTH (1-34) side by side with non-oxidized form, will be helpful 

for drug development studies.   

To specify MRM transitions for oxidized hPTH (1-34), hPTH (1-34) peptide 

in solvent treated with H2O2 was scanned and then the precursor and product ions 

allocated.  Full ion scan of oxidized PTH (1-34) solution revealed two more peaks at 

each charge state in addition to the one observed with non-oxidized hPTH (1-34) 

form, which reflects location of the oxidized methionine residue on hPTH (1-34) 

structure. MRM chromatography of the oxidized hPTH (1-34) shows four different 

peaks representing the non-oxidized hPTH (1-34), the single-oxidized hPTH (1-34) 

at Met8 and at Met18 and the double- oxidized hPTH (1-34) at both methionine 

residues. Peaks for non-oxidized, single-oxidized and double-oxidized hPTH (1-34) 

are nicely resolved from each other. The peaks for the two single-oxidized hPTH (1-
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34) are not completely resolved due to similarity in molecular mass. However, they 

can be separated by increasing the run time.  These peaks are corresponding to intact, 

single oxidized at Met 8, single oxidized at Met 18, and double oxidized at both 

methionine residues hPTH (1-34) (figure 3-7 and 3-8). This finding is consistent 

with those HPLC chromatography results previously reported (132, 276). 591.4 > 

658.8 and 593.7 > 661.5 were designated as quantitative MRMs, while 689.7 > 790.3 

and 692.4 > 793.5 were designated as qualitative/confirmatory MRMs for single- 

and double-oxidized PTH (1-34) respectively.   

hPTH (1-34) is a hydrophobic molecule with hydrophobicity index and 

isoelectric point (pI) of -0.65 and 9.1 respectively. This was reflected in its LC 

behaviour in RP C18 column where experiments have shown that it is eluted off 

between 22 and 25% in low pH mobile phase (MP)-B (0.2% FA in ACN). A shallow 

LC gradient was used that starts with 10% MP-B changed to 20% soon (0.3 min) 

after loading on the column and increased to 30% over 2.5 min. This allowed 

reduction in the ion suppression from material eluting before the peptide and gave 

better MS response for the PTH (1-34) peptide. Further precautions that were taken 

in order to reduce ion suppression include, eluent injection time was set up between 

1 to 2.5 min so that most of the ion suppression materials diverted to waste rather 

than injected into the MS. The common observation with all RP C18 analytical 

columns, including the BEH column, was broad PTH (1-34) peaks with severe 

tailing, which impacted on resolution and consequently on the consistency of results. 

This could be caused by the strong secondary interaction between PTH (1-34) 

peptide and the free silanol groups in all silica-based reversed-phase columns (277, 

278). The ACQUITY UPLC CSH C18 column with a controlled, low-level positive 

surface charge produces a neat symmetrical peak and enhances peak intensity under 

formic acid conditions. hPTH (1-34) is positively charged under low pH mobile 

phase employed (0.2% FA in ACN), has a reduced secondary interaction with the 

positively charged stationary phase surface of CSH column, which resulted in 

improved peak shape and intensity. The use of a column packed with smaller particle 

size (1.7 µm) and wider pore size (170 – 300 Å) contributes to improved resolution 

and intensity. It is well documented that resolution and peak height increase 

markedly as particle diameter decreases and large pore sorbent gives higher 

recoveries for large peptides because size exclusion effects will be excluded (277). It 
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was noted that adding 0.01% of carrier protein (e.g. BSA, calf serum, rat plasma) to 

aqueous solvent has given a 2-fold increase in peak intensity. A possible explanation 

for this might be that carrier proteins help to reduce adsorption of the peptide to 

surfaces (i.e. vial, tube, column) and facilitate its elution and improve its recovery 

(136). 

Microelution solid-phase extraction (SPE) 96-well plate format was the 

preferred method for sample preparation and clean-up in this thesis. Many 

advantages were achieved with the use of µElution SPE plates with their small 

sorbent bed mass (2 mg). Firstly, analyte could be eluted off with a small volume of 

solution (25 µL), so no dry down/evaporation of solvent was required, which 

consequently minimized the possibility of NSB of peptide that is likely to occur 

during this step. Secondly, this SPE sorbent format allowed concentration of eluted 

analyte and yielded x4 enrichment of hPTH (1-34). Concentration of analyte in a 

smaller volume prior loading into LC-MS/MS is important to achieve quantification 

at low picomolar concentrations.  All components of the SPE method for hPTH (1-

34) extraction were systematically evaluated and studied in order to establish 

optimum SPE sorbent chemistry, sample loading volume, wash solution, and eluting 

solution. The overall result of this thesis  shows that hPTH (1-34) is better recovered 

on either HLB or MAX under high pH conditions and analyte recovery on HLB was 

superior to that on MAX. Both human and rat PTH (1-34) are composed of a 

sequence of acidic, basic and aromatic amino acid residues (table 2.1). Figure 4-1 

explains the behaviour of acidic and basic residues under certain pH conditions. 

Acidic residues tend to be in ionized form under high pH, while they are in a neutral 

state under low pH.  In contrast basic residues tend to be in an ionized state under 

low pH and in neutral state under high pH. Under high pH conditions, basic residues 

become neutral (unionized) and acidic residues become negatively charged (ionized). 

Neutral state of basic residues promotes hydrophobic/RP interaction. Negatively-

charged residues enhances ionic interaction in mixed-mode sorbent. So, while the 

interaction between PTH (1-34) and HLB sorbent is hydrophobic only, PTH (1-34) 

molecules interacts ionically and hydrophobically with MAX sorbent, which 

explains the need for a second elution cycle to elute off the entire PTH (1-34) from 

MAX.   This observation is in agreement with Chambers et al. (136) who stated that 
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precipitation with base-modified ACN gave higher recovery than acid modified 

ACN on both HLB and MAX SPE plates.   

 

Figure 4-1 Effect of pH in charge-state of acidic and basic molecules. 

 

Elution step optimisation experiments showed that the use of 70% 

acetonitrile in water as the eluting solution is optimal giving higher peak area yield 

without the need for a second elution cycle (figure 3.16 & 3.17). 0.2% FA was added 

to the eluting solution to provide a degree of retention orthogonality relative to the 

basic loading condition. 

The inclusion of a protein precipitation/protein crash step in sample 

preparation was studied and a comparison between the recovery yield of hPTH (1-

34) from a group of samples precipitated with acetonitrile (sample: ACN, 1:1) 

followed by dilution of supernatant with 1 mL 5%NH4OH with that from a group of 

samples have only been diluted by 0.5 mL 5% NH4OH. The steps following sample 

pre-treatment were exactly the same for both groups. Figure 3-19 shows samples 

diluted with 0.5 mL NH4OH gave a 2-fold higher response yield compared to 

samples that underwent protein precipitation. This finding indicates that hPTH (1-

34) may partially precipitated by acetonitrile or possibly adheres to vial surfaces 

during evaporation. This may explain the quadratic fit calibration curve obtained by 

Chambers et al. (136). The sample preparation method developed by Kay et al. (138)  

for extraction of PTH (1-34) from porcine plasma involves a protein precipitation, 

where 900 µL of solvent (75:25:0.1 ACN: H2O: FA v/v) added to 150 µL of plasma 

followed by evaporation of the supernatant to dryness at 50 
o
C, which I believe takes 

a long time to dry (138). The sample preparation method described herein is simple 
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and easy to be set up for automation on the Biotage® Extrahera™ automated plate 

processor, which is a big advantage when high throughput is required. 

Before loading the eluent into the LC-MS/MS, it was diluted with water in order to 

lower the organic content (70%) to a reasonable value (≈35%) close to the organic 

ratio of LC gradient start (10%) and consequently efficient separation of the peptide 

in the LC column. 

4.1.2 PTH (1-34) Method Validation 

The calibration curve of the hPTH (1-34) assay demonstrated a good linearity over 

the range of 10 -2000 pg/mL. The LLoD and LLoQ of the assay were 2.1 pg/mL and 

10.0 pg/mL respectively. The assessment of the precision and accuracy of the 

method showed the LC-MS/MS assay generated high-quality measurement data. The 

inter-assay precision was <9.8% and the inter-assay accuracy was <14.9%. While, 

the intra-assay precision and accuracy were <7.8% and <6.9% respectively.  The 

mean recovery of hPTH (1-34) was 107.2% (range 98.6-112.9%), which indicates 

that the extraction method is able to efficiently extract hPTH (1-34) from human 

plasma. The assay was found to have an insignificant matrix effect of <6.1%, while 

ion-suppression assessment revealed that hPTH (1-34) and the IS do not co-elute 

with suppression and enhancement ions. The assay did not show cross-reactivity 

with hPTH (1-86), rat PTH(1-34), hPTH (13-34), hPTHrP (1-86) and hPTHrP (1-36) 

and was found to have high selectivity across all blank samples tested, where no 

peak at the elution time of hPTH (1-34) or IS were detected in all blank samples 

tested. Also the assay was not susceptible to carry-over contamination when samples 

with very high PTH (1-34) concentrations were analysed. One of the major 

advantages of this LC-MS/MS assay is its ability to measure oxidized forms of PTH 

(1-34) alongside non-oxidized PTH (1-34), which means that the assay measures the 

true bioactive form of the peptide-drug. This will have a positive impact on drug 

development studies and patient drug monitoring testing.  

4.1.3 PTH (1-34) Methods Comparison 

The validated LC-MS/MS assay was compared against a validated two-site PTH (1-

34) IDS-iSYS immunoassay. Other immunoassays for PTH (1-34) measurement are 

also available and have been used in some published studies such as Immutopics 

(San Clemente, CA, USA) (53, 279). Comparison of hPTH (1-34) values of 390 

samples measured using the validated LC-MS/MS assay with the IDS immunoassay 
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showed high correlation (r
2
= 0.95) (figure 3-24). A concentration-dependent, 

negative bias of 35.5% was observed across the concentration range of 0-800 pg/mL. 

This finding is expected given the high selectivity of LC-MS/MS in comparison to 

the immunoassay which is subject to interferences. Several studies have reported 

similar finding when LC-MS/MS results compared with immunoassay results for 

several analytes. Tang et al. (280) demonstrated the same finding for urine free 

pyridinoline (PYD). The authors reported a negative bias (mean bias = -7.94 

nmol/L), which is greater at higher concentrations for PYD values generated by LC-

MS/MS in comparison to MicroVue immunoassay. Similarly, Farrell et al. (281) had 

the same observation when they compared two LC-MS/MS methods for Vitamin D 

against five automated immunoassays and an established RIA.  Oe et al. (116) also 

reported higher Amyloid β peptide (Aβ1-40) concentrations in CSF of Alzheimer‟s 

disease patients measured by ELISA compared to that measured by immunoaffinity 

purification and stable isotope dilution liquid chromatography negative electrospray 

tandem mass spectrometry assay. The two assays showed relatively poor correlation 

(r
2
 = 0.644). The authors attributed this difference to the possibility of presence of 

post-translational modified forms of Aβ1-40 or cross-reactivity of the assay‟s 

antibodies with truncated forms of Aβ1-40. 

There are several possible explanations for the observed correlation results 

between LC-MS/MS and IDS immunoassay hPTH (1-34) in this thesis. First, the 

immunoassay is prone to cross-reactivity to endogenous intact PTH (1-84) and other 

truncated PTH fragments compared to the high specificity of the LC-MS/MS assay. 

The LC-MS/MS assay has shown zero cross-reactivity with hPTH (1-84), rat PTH 

(1-34), hPTH (13-34), hPTHrP (1-86), and hPTHrP (1-36). In contrast, the IDS 

immunoassay showed mean (SD) 6.5% (0.3), 44.2% (0.8) cross-reactivity with 

hPTH (1-84) and rat PTH (1-34), respectively. Similarly, Satterwhite et al. (53) 

indicated severe cross-reactivity of their PTH (1-34) immunoassay to PTH (1-84) in 

addition to other smaller N- and C-terminus PTH fragments. The authors argued that 

endogenous PTH secretion was dramatically suppressed following teriparatide 

injection (53). However, endogenous PTH may be metabolised or truncated to 

smaller fragments that cross-react with immunoassays and a rebound of PTH (1-84) 

secretion has been observed following PTH (1-34) administration. The LC-MS/MS 

assay has been shown to be highly selective when blank plasma/serum from different 
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sources was analysed and no peak was detected at the elution time of hPTH (1-34) or 

the IS. Second, matrix type (plasma vs serum) has a severe effect on hPTH (1-34) 

results using the immunoassay, whereas matrix effect is negligible on LC-MS/MS. 

hPTH (1-34) values of calibration standards spiked in charcoal-stripped human 

plasma and in fetal bovine serum were similar using LC-MS/MS assay, whereas  

IDS Immunoassay showed higher concentrations of hPTH (1-34) spiked in charcoal-

stripped human plasma compared to that spiked in bovine serum (figure 3-26 and 3-

27). Moreover, when the known concentration standards provided with the IDS-

immunoassay kit were analysed using LC-MS/MS method, true concentration values 

were obtained, which proves the LC-MS/MS method accurately measures hPTH (1-

34). Third, data from this thesis have shown that the immunoassay is unable to 

differentiate oxidized from non-oxidized hPTH (1-34), which have different 

biological activity, whereas the LC-MS/MS assay is capable of measuring oxidized 

and non-oxidized PTH (1-34) separately. Therefore, it is likely that oxidized forms 

of PTH (1-34) are contributing to the total concentration of PTH (1-34) in the 

immunoassay. There might be an assay sensitivity-related issue with regards to the 

ability of the LC-MS/MS assay to pick up oxidized-PTH (1-34) as it is converted 

into several forms in little concentrations. This remains to be investigated in future. 

 Ursem et al. (282) studied whether oxidation of PTH occurs in vivo, or whether 

it is mainly an in vitro artefact. The authors provided evidence that PTH oxidation 

occurs mainly in biological systems and does not occur after venesection, which 

supports the value of the LC-MS/MS assay. The capability of LC-MS/MS assay to 

measure the true bioactive form of PTH (1-34) is of high importance for therapeutic 

peptide-drug development. Reliable pharmacokinetic (PK) and pharmacodynamic 

(PD) data is a prerequisite for successful PK/PD modelling and simulation in drug 

development (283). The LC-MS/MS assay would be helpful in optimizing dose and 

frequency of PTH (1-34) dosing in the treatment of hypoparathyroid patients. 

4.1.4 PK analysis 

PK analysis was conducted to assess the ability of our validated LC-MS/MS to 

conduct comparative PK analysis of the two oral PTH (1-34) doses and the standard 

Forsteo
®
 injection. The assay was capable of detecting the change in PTH (1-34) 

concentrations of both oral and subcutaneous treatments. 
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Rapid absorption was observed upon oral administration of PTH (1-34) and 

subcutaneous injection of Forsteo
®
 with maximum concentrations being observed 

around 20 min post dose. The complete elimination of PTH (1-34) from the 

circulation takes about 3 h following sc administration, whereas it takes less than 2 h 

after oral administration (figure 3.30). The slower elimination of sc injected PTH (1-

34) compared to oral PTH (1-34) more likely to be due to continued slower 

absorption from  muscle/subcutaneous tissue compared to more rapid absorption 

from the stomach (279). The pharmacokinetic data for sc Forsteo
®
 administration are 

consistent with published data (53, 279). The data indicate that Cmax and AUC0-last 

values are proportional to oral PTH (1-34) doses. The two doses (0.69 mg and 2.07 

mg) of oral PTH (1-34) brackets the Forsteo
®
 PTH (1-34) Cmax indicating the relative 

bioavailability.  Although, the 2.07 mg oral PTH (1-34) gives significantly higher 

(p=0.009) Cmax than Forsteo
®
, they both give statistically similar AUC (p=0.871), 

which indicates similar overall exposure to PTH (1-34). The PK profile of the oral 

PTH (1-34) treatment showed a pulsatile peak with a periodicity less than 2 h, which 

is consistent with the requirement for optimal anabolic bone activity, and thus for 

osteoporosis treatment (47, 48, 56). Using a total daily dose of 80 µg/kg body weight 

of hPTH (1-34) is appropriate to treat osteoporosis, Dobing and Turner (56) 

demonstrated that the daily sc injection and 1 h/day infusion dramatically increased 

osteoblast number and bone formation in the proximal tibial metaphysis in rats, 

whereas longer infusion resulted in systemic side-effects, including up to a 10% loss 

in body weight, hypercalcemia, and histological changes in the proximal tibia 

resembling abnormalities observed in patients with chronic primary 

hyperparathyroidism, including peritrabecular marrow fibrosis and focal bone 

resorption. Infusion for as little as 2 h/day resulted in minor weight loss and changes 

in bone histology that were intermediate between sc and continuous administration. 

The results demonstrated that the therapeutic interval for hPTH exposure is brief but 

prolonged exposure can result in adverse effects. As it is shown in the PK profile 

(figure 3-31) for each treatment, both treatments remain above the typical basal 

endogenous PTH(1-84) concentration for postmenopausal women (>28 pg/mL) for 

less than 2 h, which may indicate appropriate drug exposure time for osteoporosis 

management.  
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A single high-amplitude pulse of PTH (1-34) that was demonstrated following a 

2.07 mg oral PTH (1-34) dose may not provide acceptable treatment for chronic 

hypoparathyroidism patients as it does not mimic normal physiology, which involves 

frequent low-amplitude pulses superimposed on an underlying circadian rhythm. 

Frequent daily-doses of a low (e.g. 0.69 mg) oral PTH (1-34) or an intermediate dose 

given multiply during the day would be a better choice of treatment. However, safety 

and efficacy of oral PTH (1-34) treatment needs to be studied and dose adjustment 

based on individual pharmacokinetic assessment should be considered before 

starting oral PTH (1-34) therapy giving the large variability in Cmax and AUC 

between individuals. Oral formulations of PTH (1-34), will likely improve patient 

acceptance and compliance by providing a convenient and painless delivery route 

compared to current repeated sc therapy. 

4.1.5 PTH (1-34) LC-MS/MS Method Applications 

The data shows that the LC-MS/MS method is capable of performing PK analysis 

and monitoring the time-point response to various hPTH (1-34) doses and formulae. 

The high selectivity and sensitivity of the assay with its ability to detect oxidized and 

non-oxidized forms of PTH (1-34) qualify it to be a method of choice in drug 

development studies. As discussed previously, teriparatide has shown potential as a 

replacement therapy in hypoparathyroidism. Recently, the European Commission 

(EC) has granted conditional marketing authorization for Natpar
®
 (rhPTH[1-84]), the 

first recombinant human protein with the full length 84-amino acid sequence of 

endogenous parathyroid hormone (PTH). Natpar
®
 is the first and only approved 

hormone therapy for chronic hypoparathyroidism. It is available as a 25, 50, 75 and 

100 micrograms once-daily injection as adjunctive treatment for adult patients with 

chronic hypoparathyroidism who cannot be adequately controlled with standard 

therapy alone. However, hypoparathyroidism is still the only classic endocrine 

deficiency disease for which the missing hormone, PTH, is not yet available as an 

oral replacement therapy (81). Our LC-MS/MS could play an important role in 

moving research into PTH (1-34) therapy forward. Once oral PTH (1-34) is 

approved as a replacement therapy for hypoparathyroidism, individual-based PTH 

(1-34) dose and frequency will need close monitoring before settling on a long-term 

treatment regimen. The LC-MS/MS method is capable of providing data to allow 

this type of personalised medicine approach.  
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Low-dose PTH (1-34) administered intermittently is proven to have an anabolic 

effect on the skeleton. It is used in treatment of osteoporosis and for accelerating 

bone fracture healing. PTH (1-34) is used as a stimulating agent to assess end organ 

resistance to PTH in pseudohypoparathyroidism and a reformat of the EHT, by 

adding measurement of plasma PTH (1-34) alongside urine and plasma cAMP and 

urinary phosphate can help improve the diagnostic value of this test. The addition of 

PTH (1-34) measurement allows confirmation that a suitable concentration of PTH 

(1-34) has been achieved that is required to stimulate a diagnostic plasma/urine 

cAMP and urine phosphate response. This format of the EHT should facilitate the 

study of disease to determine the appropriate administration dose of PTH (1-34) by 

SC injection and define the criteria of positive urinary and plasma cAMP excretion 

in healthy and diseased populations.  

 

4.2  LC-MS/MS Method for quantification  of Human PTHrP (1-

36) 
 

This study describes development and validation of a LC-MS/MS assay for 

quantification of hPTHrP (1-36) using the same platform employed for hPTH (1-34) 

described earlier in this thesis.  Full MS scan spectra of hPTHrP (1-36) in aqueous 

solution has shown intense multi-charged ions with the 6+ molecule [M+6H]
6+

, 7+ 

molecule [M+7H]
7+ 

and 5+ molecule [M+5H]
5+

 under the positive ESI at m/z 711.1, 

609.5 and 853.1, respectively, corresponding precisely to the molecular mass of 

hPTHrP (1-36). Surprisingly, only 7+ precursor molecules produced useful product 

ions with adequate intensity to be used in hPTHrP (1-36) measurement. Two product 

ions were obtained by collision-induced fragmentation of the 7+ precursor, namely 

at 682.7 and at 689.2. Precursor to product mass transitions 609.5>682.7 and 

609.5>689.2 were designated as quantifier and qualifier transitions for hPTHrP (1-

36) MS/MS monitoring, respectively.  

The calibration curve of hPTHrP (1-36) assay shows a good linearity over a 

concentration range of 25-2000 pg/mL. The LLoD and LLoQ are 2.5 and 25 pg/mL, 

respectively. The inter- and intra-assay precision was <11.8 and <12.4%, 

respectively, while inter- and intra-assay accuracy were <9.1 and <10.7%, 

respectively at four QC concentrations (50, 100, 200, and 800 pg/mL). The assay 
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showed efficient recovery of hPTHrP (1-36) from plasma with an average recovery 

of 103.7% (range 96.7-113.7%) and no carry-over observed throughout the 

validation period of the assay. The calculated percentage matrix effect at the two 

concentrations used for testing for matrix effect on the assay (100 and 1000 pg/mL) 

were 14.4% and 1.7%, respectively. No ion suppression/enhancement affects the 

chromatography of hPTHrP (1-36) as PTHrP (1-36) does not co-elute with ion-

suppression/enhancement species. The results of the validation study indicate that 

the extraction and LC method used with hPTH (1-34) is suitable to adequately 

extract and separate hPTHrP (1-36) from a complex biological matrix such as human 

plasma. The analytical sensitivity of the LC-MS/MS PTHrP (1-36) assay (25 

pg/mL= 5.9 pmol/L) is sufficient for measurement of N-terminal PTHrP (1-36) in 

clinical setting of MAH as defined by RIAs for N-terminal PTHrP with affinity 

purification (167, 284-286).  

Unlike hPTH (1-34), hPTHrP (1-36) does not contain methionine residues 

hence no oxidative effect was expected or detected after prolonged exposure with 

H2O2. Resistance to oxidation is an advantage for PTHrP (1-36) and PTHrP (1-34) 

analog drugs, such as abaloparatide, when used to treat metabolic bone disease and 

may result in enhanced drug stability and hence greater efficacy.  

The LC-MS/MS assay for hPTHrP (1-36) may help in better understanding of the 

physiology and pathophysiology of PTHrP in human, animal models and even in cell 

culture extracts. The assay can be tuned/optimised for the quantification of PTHrP 

(1-34) analog (abaloparatide) given the significant homology between the native 

hPTHrP (1-36) and hPTHrP (1-34) analog, which will aid studies in the therapeutic 

use/efficacy of this osteoanabolic agent. It was recently reported that exogenous 

PTHrP (1-36) significantly enhances beta cell regeneration through increased beta 

cell proliferation and beta cell mass after partial pancreatectomy (219). This may 

indicate the potential therapeutic effectiveness of PTHrP (1-36) for diabetic-related 

pathophysiological conditions. Our assay for native hPTHrP (1-36) could be a good 

tool in future studies of the therapeutic use of PTHrP and its analogs. Although 

PTHrP was initially discovered as a PTH-like factor in context of hypercalcemia 

associated with malignancy and was first characterized in tumour tissues, subsequent 

studies showed that it is also expressed by various normal tissues (287). Because 

PTHrP was undetectable in the circulating blood of normal volunteers using high 
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sensitive immunoassays, a local paracrine/autocrine role was suggested in normal 

physiology outside the skeleton. It is now well-known that PTHrP is produced in a 

paracrine/autocrine fashion during fetal and adult life by a number of normal cells 

and tissues and likely plays an expanding number of physiological roles through 

these autocrine/paracrine pathways (287). PTHrP is also able to act through an 

intracrine pathway, which involves the translocation of the nascent protein into the 

nucleus via the NLS in its 88-107 region. PTHrP, signaling via the PTHR1, has been 

shown to be a critical regulator of chondrocyte differentiation during endochondral 

bone formation (193, 223, 288), to participate in epithelial- mesenchymal 

interactions during the formation of epithelial organs such as the skin (289), 

mammary glands (197-199) and teeth (212). The full-length PTHrP (1-39) and the 

N-terminal PTHrP (1-36) peptides also enhance beta cell function, proliferation and 

survival in mice (216, 219, 290, 291).  

PTHrP also plays important role in carcinogenesis, tumour growth, 

differentiation and progression of breast cancer (244), prostate cancer (251), lung 

cancer (256), renal cancer (259), oral squamous cell carcinoma (260) and colorectal 

and gastric carcinoma (258). PTHrP or/and PTHR1 expression correlates 

significantly with tumour grade and its aggressiveness. PTHrP expression and 

localization in primary breast and prostate tumours is associated with increased 

incidence of bone metastases (249, 252).  

It is widely accepted that the nascent PTHrP isoforms generated by 

alternative splicing of PTHrP gene are further processed by members of prohormone 

convertase to, at least, three fragments: N-terminal PTH-like PTHrP (1-36), a mid-

region (38-94) and a C-terminal PTHrP (107-139). However, the lack of specific 

assays to detect the various isoforms of PTHrP and their products still limits the 

clear understanding of this complex molecule and our concept is about the 

circulating forms of PTHrP in plasma, so far, is based on various immunoassays 

using different region-specific antibodies produced by injecting synthetic fragments 

of PTHrP into different animal species. Several RIAs with region-specific antibodies 

directed against the N-terminus and C-terminus of PTHrP indicated that short 

truncated forms of PTHrP are likely to exist in the blood circulation of normal 

volunteers, renal failure patients and patients with malignancy-associated 

hypercalcemia (MAH) (166, 167) alongside longer peptide forms, e.g. PTHrP (1-86) 
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and PTHrP (1-74). For routine clinical practice, two-site IRMAs are the method of 

choice for measurement of PTHrP in MAH patients because of their clinical 

superiority to detect elevated PTHrP using direct methods without prior plasma 

extraction. LC-MS/MS should be the most appropriate alternative method for 

measurement of short PTHrP fragments like PTHrP (1-36) and PTHrP (109-136), 

that have molecular masses within the mass range and resolution capacity of MS. 

LC-MS/MS is superior in its ability to measure multiple PTHrP metabolites in a 

single run from the same sample. The assay developed in this thesis is a step towards 

producing a LC-MS/MS assay capable of measuring multiple forms of PTHrP. 

Recently, Kushnir et al. (171) reported a high sensitive LC-MS/MS method for 

quantification of PTHrP-specific digested peptide after PTHrP was  enriched by 

extraction using a  rabbit polyclonal antibody. The antigenic determinant/epitope 

portion of the polyclonal antibody used for immunoenrichment of PTHrP was not 

specified by the authors. Also the digested peptide selected as surrogate peptide for 

quantification of PTHrP was in the C-terminal of PTHrP and may not represent the 

bioactive peptide. Combination of immunoextraction with the assay developed in 

this thesis may offer an opportunity to improve detection of bioactive fragments of 

PTHrP acting via the PTHR1. 

PTHrP blood concentrations have been examined in MAH patients using 

specific two-site IRMAs and it is estimated 50-80% of patients with solid tumours 

(166, 168, 285, 292), and 20-60% of patients with hematological malignancies (168, 

292, 293), have high circulating concentrations of PTHrP. Elevated PTHrP is found 

to be strongly correlated with NcAMP in MAH patients (166, 168). It was 

demonstrated that the concentrations of circulating PTHrP decreased in some 

patients after the tumours were resected (166) and the chemotherapeutic intervention 

with concomitant reduction in tumour burden was associated with a reduction in 

circulating PTHrP and correction of hypercalcemia (285).  PTHrP expression and 

localization in primary breast (245-248) and prostate (252, 292) tumours was 

associated with increased incidence of bone metastases and skeletal morbidity in 

patients. PTHrP maintains tumour burden within bone by activating bone turnover 

and hence the production of local cytokines by the bone microenvironment. These 

local growth factors then accelerate the tumour cell growth in a vicious cycle of 

mutually activating factors (292). PTHrP appears to be a prognostic indicator in 
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patients with MAH, where elevated PTHrP concentration is associated with a more 

advanced tumour state, a significant decrease in survival, poorer response to 

treatment and therefore poor prognosis (294, 295). PTHrP also seems to play an 

important role in treatment response with bone anti-resorptive agents such as 

bisphosphonates (294, 296, 297) and the proportion of recurrence of hypercalcemia 

following calcium normalization is higher in MAH patients with elevated PTHrP 

concentrations than in MAH patients with normal concentrations of PTHrP (296, 

297). Onuma et al. (298) demonstrated that HHM refractory to osteoclastic bone 

resorption inhibitors such as bisphosphonates and calcitonin is caused by increased 

renal calcium reabsorption stimulated by high circulating PTHrP concentrations and 

the development of anti-osteoblastic bone resorption-refractory HHM can be 

reversed by a neutralizing antibodies against PTHrP. 

PTHrP has clearly been identified as the major mediator of MAH in solid 

tumours and, at least in part, in a number of hematologic malignancies. It also may 

play an important role in controlling the metastatic process and can be a valid target 

in cancer therapy. PTHrP demonstrates multifunction and appears to acts 

systemically and locally in cancer and mostly locally in normal physiology.  

However, the lack of specific assays to detect the various isoforms of PTHrP and 

their products still limits our clear understanding to this complex molecules and may 

underestimate the expected benefits of its utility in tumour diagnosis and prognosis.  

This chapter of the thesis reports a LC-MS/MS assay for quantification of one of the 

widely reported PTHrP products, the PTHrP (1-36) fragment, whose measurement in 

future studies will undoubtedly contribute to the clarification of the common  

circulating forms of PTHrP in human plasma, tissue extracts and even in enriched 

culture-media extracts..   
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5. Conclusions 

5.1 Summary 

The main purpose of this thesis was to develop highly-sensitive LC-MS/MS assays 

for quantifying two human peptides: PTH (1-34) and PTHrP (1-36) which can 

achieve LLoQ at low picomolar concentrations. As part of the thesis, investigations 

were undertaken to develop a simple, yet highly selective and readily automatable 

sample preparation method using µElution 96-well SPE plates. The results of the 

LC-MS/MS assay validation experiments for both peptides show good 

reproducibility, specificity, sensitivity and recovery. The methods achieve a LLoQ of 

10 pg/mL for hPTH (1-34) and 25 pg/mL for hPTHrP (1-36) using a 200 µL human 

plasma sample. The LC-MS/MS methods were evaluated for measurement of the 

analytes in human plasma. However, the assays are also suitable for analysis in 

animal plasma and aqueous solutions such as cell culture media. Importantly, the 

LC-MS/MS method for PTH (1-34) is able to differentiate non-oxidized PTH (1-34) 

and oxidized PTH (1-34) forms, which is, to the best of author knowledge, addressed 

for the first time. Measurement of non-oxidized and oxidized forms of PTH (1-34) 

may offer new insights into the physiology and pathophysiology of PTH and may aid 

in the therapeutic use/efficacy of PTH (1-34) as an osteoanabolic agent and facilitate 

the development of optimised therapy in many metabolic bone disease and 

combination therapy with other anti-resorptive/anti-remodeling agents. The study 

was unable to assess the true accuracy of endogenous PTH (1-34) and PTHrP (1-36) 

concentrations in humans due to the lack of reference standard material and external 

proficiency schemes available for PTH (1-34) and PTHrP (1-36). Data on LC-

MS/MS precision and accuracy were based on assessment performed using in-house 

prepared calibration standards and quality control materials. Correlation and 

regression analysis revealed that hPTH (1-34) results from the validated LC-MS/MS 

assay and the IDS immunoassay were highly correlated with a concentration-

dependent bias observed across the concentration range of 0 – 800 pg/mL. However, 

our data showed that the LC-MS/MS method gave the correct measurements for 

hPTH (1-34) and the immunoassay was positively biased. These results confirming 

that standardisation issues will need to be addressed in future for these analytes.  

The PK analysis study has shown that the LC-MS/MS for PTH (1-34) is capable 

of detecting the change in hPTH (1-34) concentrations after oral and subcutaneous 
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administration. The PK analysis results show that the oral delivery technology used 

for hPTH (1-34) administration in this study enhances rapid peptide absorption from 

stomach and rapid elimination from the circulation, which produces sharp pulsatile 

peaks favouring an anabolic bone response of major value in the treatment of 

osteoporosis. This study was not designed to fully evaluate the pharmacodynamics 

of the oral hPTH (1-34) or to investigate correlates with adverse effects of the 

treatment on participants. Therefore, a conclusion with regard to the efficacy and 

safety of the oral drug cannot be provided in this thesis.    

5.2 Limitations/Area of improvements 

Here are some procedures that should be done to improve the quality of  LC-MS/MS 

method validation results, which have been missed in this thesis: 

 Matrix effect experiments should not have included internal standard. 

 Water blank should be added in ion-suppression experiments. 

 Six replicates of each sample should have tested for matrix and recovery 

experiments. 

5.3 Future direction 

Further experimental investigations are needed to estimate the amount of hPTH (1-

34) that gets oxidized from the total amount which has been administered, and 

whether oral or subcutaneous hPTH (1-34) drugs are both vulnerable to the oxidation 

process during drug production and storage or during metabolism within the human 

body.  This thesis has highlighted the tools and techniques for understanding, 

identifying and addressing the challenges associated with peptide analysis by LC-

MS in routine bioanalytical laboratories. The combination of µElution SPE and high 

mass resolution ESI-MS/MS or ESI-Time of flight (TOF) MS may enable detection 

of several circulating PTH fragments. The analysis of intact PTH (1-84) is useful in 

the diagnosis of many bone and calcium disorders including hyper- and 

hypocalcemia, hyperparathyroidism, and in the prevention of bone mineral disorders 

in renal patients. The current immunoassays for PTH (1-84) can be susceptible to 

interference by cross-reacting PTH fragments, especially in renal failure patients 

with reduced renal clearance of C-terminal PTH fragments. So, the question is: can 

the lessons learnt from this thesis be applied to develop a sensitive and reliable LC-

MS/MS for quantifying PTH (1-84) by cleaving it enzymatically into reasonable-size 

peptide fragments without the need of immunocapture antibody? High-specificity 
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chymotrypsin is the best enzyme candidate. Chymotrypsin is a proteolytic enzyme, 

which preferentially cleaves peptide at tryptophan (W), tyrosine (Y) and 

phenylalanine (F) in position P1 (High specificity) and to a lesser extent at leucine 

(L), Methionine (M) and histidine (H) at P1. Chymotrypsin-high specificity enzyme 

can cleave PTH (1-84) 

(SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNFVALGAPLAPRDAGSQR

PRKKEDNVLVESHEKSLGEADKADVNVLTKAKSQ) at two cleavage positions: 

amino acid 23 (W) and amino acid 34 (F) and produces fragments with peptide 

length of  23, 34, 11 and 50 amino acid and masses of 2738.1, 4117.8, 1397.6 and 

5325.0 Da, respectively (https://web.expasy.org/cgi-bin/peptide_cutter). All 

chymotrypsin digestion fragments have masses within the detection range of either 

ESI-MS/MS or ESI-TOF MS. Any of the fragments that provides sufficient 

sensitivity and stability and  are specific for human PTH can be used as a surrogate 

peptide for measurement of PTH (1-84).  Designation of surrogate peptide will 

minimise the number of synthetic standard peptides for a calibration curve, which is 

necessary for accurate quantification. The use of isotopically-labelled PTH (1-84) as 

an internal standard and its incorporation with endogenous PTH (1-84) during the 

digestion process will empower the method and make the quantification more 

reliable. 

The findings from PK analysis study of oral hPTH (1-34) also lead to several 

directions for further investigations into the possibility of using oral hPTH (1-34) as 

a replacement therapy for PHP. A more frequent daily regimen of low-dose oral 

hPTH (1-34) can give a response that will mimic the normal physiology of PTH and 

may provide more convenient and non-invasive way of treatment.   

The PTHrP (1-36) LCMS/MS assay is an important initial step towards producing 

PTHrP fragment assays that could significantly expand our knowledge about PTHrP 

physiology and pathophysiology. The assay developed should readily be adapted to 

measure abaloparatide and help the development of this treatment in metabolic bone 

disease particularly osteoporosis. The current assay will now be utilised in the study 

of cancer biology, pregnancy related calcium homeostasis and chondrocyte biology 

contributing significantly to advances in knowledge in these areas of scientific 

investigation. 

https://web.expasy.org/cgi-bin/peptide_cutter
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