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Parathyroid Hormone: New Assays, New Receptors

By Kevin J. Martin, Irme Akhtar, and Esther A. González

ccurate measurements of parathyroid hormone (PTH) in plasma are necessary for the assessment, monitoring,
nd therapy of disorders of bone and mineral metabolism including renal osteodystrophy. Assays for PTH have
volved to provide 2-site immunometric assays that are highly specific for the intact 84 amino-acid peptide, PTH

1-84). With the advent of such assays, it has been shown that the prior generation of assays, thought to measure
ntact PTH, in fact, also detected a PTH peptide that was truncated at the N-terminus and that appeared to be
imilar to PTH (7-84). There has been renewed interest in such circulating PTH fragments in view of the demon-
tration that PTH (7-84) (and other PTH peptides) might have biologic effects. These effects include an action to
ppose the calcemic effect of PTH in vivo and to inhibit bone resorption and osteoclast generation in vitro. These
ffects appear to be mediated by actions of a receptor for PTH peptides with specificity for the C-terminal region
f PTH and distinct from the PTH receptor known to be responsible for all of the classic actions of PTH. Although
he C-PTH receptor has not yet been cloned, the observations have opened a new field of research in parathyroid
hysiology. Clinical applications of the assay of such PTH fragments in relation to the amount of circulating PTH

1-84) concentrations are being sought actively as the new PTH assay methodology is applied to the clinical arena
nd as the biology of the C-PTH receptor and C-terminal PTH fragments are investigated.

2004 Elsevier Inc. All rights reserved.
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ECAUSE PARATHYROID hormone (PTH)
plays a major role in the regulation of bone

nd mineral metabolism, an accurate assessment of
he activity of the parathyroid glands is necessary
n a variety of clinical circumstances, including
hronic kidney disease. In kidney disease, as kid-
ey function declines, alterations in PTH activity
ontribute to the complex disorders of bone, which
s referred to as renal osteodystrophy. Increased
evels of PTH as a result of secondary hyperpara-
hyroidism are associated with increased bone
urnover, and in severe cases, osteitis fibrosa. In
ome patients with renal failure, however, bone
urnover is abnormally low and is termed ady-
amic bone and is associated with relatively low
evels of PTH. Some other patients show features
f hyperparathyroidism together with evidence of
efective mineralization and is termed mixed renal
steodystrophy. Because of this spectrum of skel-
tal abnormalities in chronic renal failure and the
mportant role of PTH, accurate measurements of
TH levels are essential for the diagnosis, moni-

oring, and treatment of these skeletal disorders.

ASSAY OF PTH

The first radioimmunoassay for PTH was de-
cribed in 1963 by Berson et al.1 This demonstra-
ion sparked the development of several such as-
ays, most of which used polyclonal antisera
enerated against intact PTH, an 84-amino acid
eptide, which was purified from parathyroid
lands. The region of the PTH molecule recog-
ized by these assays varied considerably, but

any were located toward the middle, or C-termi-

eminars in Nephrology, Vol 24, No 1 (January), 2004: pp 3-9
us, of the PTH sequence, giving rise to assays that
ere termed midregion or C-terminal PTH as-

ays.2 By using such assays, the presence in the
irculation of fragments of PTH, in addition to
ntact PTH 1-84 soon was shown,3 and it was
iscovered that these PTH fragments were derived
rom direct secretion from the parathyroid
lands,4-7 as well as being generated by peripheral
etabolism of PTH 1-84 in organs such as the liver

nd kidney.8-13 Although these initial radioimmu-
oassays provided valuable clinical diagnostic
bility, and allowed for characterization of the
ecretion and metabolism of PTH and the patho-
hysiology of renal osteodystrophy, there was con-
iderable heterogeneity of results obtained by
ifferent investigators.2 This was especially prob-
ematic in the setting of renal failure because it was
iscovered that fragments of PTH from the middle
nd C-terminal regions of the PTH molecule de-
ended on glomerular filtration for elimination
rom the body, and therefore accumulated to
arked degrees in the setting of renal failure.13

hus, in advanced chronic renal failure, intact PTH
1-84) may represent only approximately 5% of
otal C-terminal or midregion immunoreactivity.14
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MARTIN, AKHTAR, AND GONZÁLEZ4
fforts then were directed toward the development
f radioimmunoassays directed toward the N-ter-
inus of the PTH molecule, the region of PTH that
as associated with the known biologic actions of
TH, which had been shown to reside within the
rst 34 amino acids of the peptide. Although such
ssays had theoretic benefits, in practice, relatively
oor sensitivity severely limited their clinical use.2

he shortcomings of these radioimmunoassay
echniques resulted in the development of 2-site,
andwich-type assays, which offered the possibil-
ty of selecting PTH (1-84) from the complex
ixture of intact hormone and fragments that ex-

sted in the circulation.15-17 This strategy used 2
ifferent affinity-purified antibodies directed to-
ard different regions of the PTH molecule. The
sual format was to use one antibody directed
oward the C-terminal region of PTH, immobilized
o a solid support, to capture PTH from plasma.
onbinding PTH fragments and other proteins
ould then be washed away, and a second anti-
ody, usually directed toward an amino terminal
pitope of PTH, was used as a detection antibody
hen either radiolabeled, biotinylated, or enzyme-

inked. This assay strategy (2-site immunometric
ssay) allowed high sensitivity and increased spec-
ficity compared with the prior radioimmunoas-
ays, and thus enabled the detection of intact PTH
nd excluded PTH peptides that did not have an-
igenic determinants in both the N- and C-terminal
egions of the PTH molecule. Thus, this assay
ystem was termed an intact PTH immunoradio-
etric assay if radioactive tracer was used, or an

mmunochemiluminescent assay if chemilumines-
ence was used as a detection system. This assay
echnique also eliminated nonspecific serum ef-
ects, had excellent performance characteristics,
nd was adapted easily to more automated proce-
ures suitable for broad clinical use. A variety of
uch 2-site assays for PTH have been in use all
ver the world for the past decade.
However, in 1993, during studies to evaluate the

ffect of calcium on circulating PTH levels, Bros-
ard et al,18 using high-performance liquid chro-
atography (HPLC) to separate the molecular

orms of circulating PTH, noted that the 2-site
mmunometric assay, described earlier, which was
hought to measure intact PTH 1-84, also appeared
o react with an additional molecular form of PTH

hat eluted on HPLC just before the intact PTH 5
eak. They termed this PTH molecular form non–
1-84) PTH, and these observations led to a search
or the impact of such peptides on PTH physiology
nd assay. This non–(1-84) PTH appeared to rep-
esent 12% to 25% of total intact PTH immunore-
ctivity and appeared to be regulated in a similar
ashion to PTH (1-84).14 Because the 2-site intact
TH assay did not recognize large PTH fragments
uch as PTH (39-84), or PTH (53-84), because
hese would not be recognized by the detection
ntibody, and it did not react with PTH (1-34),
ecause this was not captured by the capture anti-
ody, it was proposed that the non–(1-84) PTH
eak was a large PTH fragment with a sufficiently
reserved N-terminal structure to allow interaction
ith the detection antibody. Subsequent experi-
ents with synthetic PTH (7-84) indicated that this

eptide eluted in a similar position on HPLC and
as detectable in the 2-site intact immunometric

ssay.19 Thus, it is likely that the non–(1-84) PTH
eak represents a PTH peptide similar to, if not
dentical to, PTH (7-84). It subsequently was
hown that this non–(1-84) PTH fragment accumu-
ated in renal failure in a similar fashion to other
-terminal fragments, and in patients with chronic

enal failure, the non–(1-84) PTH could represent
5% to 55% of intact PTH immunoreactivity. This
mount, however, only would represent approxi-
ately 1% to 2% of total C-terminal immunoreac-

ivity under the same circumstances14 (Fig 1).
These observations then led to the refinement of

he assay technique, such that the detection anti-
ody for a 2-site immunometric assay was directed
oward the precise N-terminus of the PTH mole-
ule, and because of the specificity of this detection
ntibody for the very N-terminal end of the PTH
olecule, this PTH immunometric assay showed

o cross-reactivity with PTH (7-84), and thus ap-
eared to be specific for intact PTH (1-84).20-22

onsistent with the characteristics of this assay,
his second-generation PTH immunometric assay
etected only a single species of intact PTH on
PLC fractionated serum samples whereas the
lder immunometric assay revealed 2 peaks of
TH immunoreactivity.21

Correlations between first-generation immuno-
etric assays and second-generation assays spe-

ific for PTH (1-84) are highly significant in all
linical circumstances and, in general, it appears
hat assays specific for PTH (1-84) give values

0% to 60% of those achieved with the first-
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PTH: NEW ASSAYS, NEW RECEPTORS 5
eneration immunometric assays (Fig 2). Any di-
gnostic advantage of the second-generation im-
unometric assays over the predecessor appears to

e slight at the present time. However, additional
dvantages may be relevant in that the second-
eneration immunometric assays may offer im-
roved standardization of results between different
aboratories throughout the world because current
ntact assays have not been standardized for the

Fig 1. The proportions of PTH (1-84) and PTH (“7-8
mmunoreactive PTH in normal and uremic patients’ pl
grey) together account for approximately 20% of total
pproximately 25% of PTH (1-84) concentration. In u
arkedly owing to accumulation of PTH fragments.

oncentration but together only represent 2% to 4% of
DOTS], Mid/C PTH.

Fig 2. Correlation be-
ween a PTH assay specific
or PTH (1-84) (Bio-Intact
TH; Nichols Institute Diag-
ostics, San Clemente, CA)
nd the older intact PTH
ssay that detects both PTH

1-84) and PTH (“7-84”). The
esults are highly correlated
ith PTH (1-84) values being
pproximately 50% of the
lder assay. (Personal com-
unication, Dr. K. Ramki,
ichols Institute Diagnos-

ics, San Clemente, CA.) y �
2
52 � �2; R � .97; n � 995.
bility to detect the non–PTH (1-84) peptide(s),
erhaps explaining the differences in results ob-
ained with standard plasma samples in clinical
aboratories. This may be extremely relevant to the
eld of renal osteodystrophy as the appropriate
ange for desired target PTH values becomes re-
ned. An example of the excellent correlation be-

ween 2 assays specific for PTH (1-84) and the vir-
ually identical results obtained is shown in Figure 3.

relation to the total circulating midregion/C-terminal
In normal subjects, PTH 1-84 (black) plus PTH (”7-84”)
noreactive PTH peptides and PTH (“7-84”) represents
, total immunoreactive PTH peptides are increased
(1-84) and PTH (“7-84”) are approximately equal in
irculating PTH peptides. ■ , 1-84; [GREY], PTH “7-84”;
4”) in
asma.
immu
remia
PTH
total c
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MARTIN, AKHTAR, AND GONZÁLEZ6
The difference between the values obtained with
he first-generation and second-generation immu-
ometric assays can, by subtraction, give a value
or the non–(1-84) PTH circulating. This can,
herefore, provide an estimate of the amount of
uch fragments that circulate without the necessity
or HPLC fractionation.

The as yet not definitively characterized non–(1-
4) PTH peptide(s), presumably PTH (7-84), re-
ently has attracted considerable interest because
f several observations both in vivo in experimen-
al animals and in vitro that have suggested that
here may be hitherto unrecognized biologic activ-
ties attributable to such PTH peptides. Thus, in the
at in vivo, parathyroidectomy leads to a decrease
n blood calcium levels and administration of PTH
1-84) can increase serum calcium levels.23,24

owever, it was shown that if PTH (7-84) was
iven to the animal together with PTH (1-84), the
alcemic effect of PTH (1-84) was abolished. It
as further recognized that PTH (7-84) given

lone resulted in a decrease in serum calcium lev-
ls, suggesting independent biologic activity attrib-
table to this PTH peptide. These observations,
hown by 2 groups of investigators, suggest the
ossibility that circulating non–(1-84) PTH may
otentially have significant biologic effect by op-
osing the calcemic actions of PTH (1-84). If in-
eed PTH (7-84) has significant biologic actions,

Fig 3. Values for PTH (1-84) in patients on hemo-
ialysis measured in 2 different PTH assays, both of
hich are specific for PTH (1-84). CAP (cyclase acti-

ating PTH) (Scantibodies, Santee, CA) and Bio-Intact
TH (Nichols Institute Diagnostics). The values are
ighly correlated and the results are virtually identical.
hese observations support the potential for excellent
tandardization with such specific assays. R � .97;
� .92 � �1.75; N � 23.
hen it is necessary to understand the mechanisms
f action and to define with which receptors this
TH peptide is interacting. PTH (7-84) does not
ind to the PTH-1 receptor in kidney-derived cells
r in osteoblast-like cells.25-27

RECEPTORS FOR PTH

The receptors for PTH peptides are listed in
able 1.
The classic biologic actions of PTH are medi-

ted by binding to the type 1 PTH receptor, also
nown as the common receptor for PTH and PTH-
elated peptide (PTHrP), which has been cloned
nd characterized.28 The binding of PTH to the
TH-1 receptor is mediated by the N-terminal re-
ion of the PTH (1-84) peptide. This is also the
ase for PTHrP, which is identical to PTH for 8 of
he first 13 N-terminal amino acids. These 2 pep-
ides are equivalent in their ability to activate the
TH receptor. Several sites of importance in the
inding of PTH to this receptor have been shown.
hus, it has been shown that modifications of the
mino acid composition of the N-terminus of PTH
r deletions of a few amino acids at the N-terminus
ubstantially diminishes the ability of such pep-
ides to bind to the PTH-1 receptor, whereas sim-
lar deletions at the C-terminal end of PTH do not
ppear to affect receptor binding.29 Thus, PTH
1-34) and PTH (1-84) are equivalent in terms of

Table 1. Receptors for PTH Peptides

Receptor Ligands Distribution Actions

Bone kidney Classic actions of PTH
1-84 Vasculature

TH1R 1-34 Liver 1 Ca, 2 P
PTHrP Lung 1 Bone turnover

Other

TIP 39 CNS
TH2R 1-34 Pancreas ?

1-84 Testis
Placenta

TH3R PTH Zebra fish ?
PTHrP

1-84
7-84

19-84 Bone 2 Bone resorption
-PTHR 24-84 ?Kidney 2 Osteoclast generation

35-84
39-84
53-84
NOTE. 1, increased; 2, decreased.
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PTH: NEW ASSAYS, NEW RECEPTORS 7
igand-binding affinity for the PTH-1 receptor and
he ability to initiate receptor signaling. All of the
lassic actions of PTH appear to be mediated
hrough this receptor.

Additional PTH receptors also have been iden-
ified. The PTH-2 receptor, originally isolated from
he cerebral cortex, and that appears to be ex-
ressed throughout the nervous system, binds PTH
1-34) but not PTHrP.30 Recent observations indi-
ate that the endogenous ligand for this receptor is
uberoinfundibular protein, TIP-39, however, the
unctional role for this PTH-2 receptor remains
nclear.31 An additional PTH receptor, the PTH-3
eceptor, has been identified in zebra fish, but little
s known about this receptor at the present time.32

Relevant to the recent observations regarding
otential biologic actions of PTH that may be
ttributed to non–(1-84) PTH, are data reported in
he past few years suggesting that there may be yet
nother PTH receptor, this one having binding
pecificity for the C-terminal region of PTH.26,33-36

uch a receptor has been shown by radioligand
inding studies in osteoblast-like cells and in cells
esembling osteocytes but has not yet been cloned
nd has been called C-PTH receptor.26,37 High-
ffinity radioligand binding can be shown using
TH 19-84, which does not bind to the PTH-1
eceptor and can be competed effectively by PTH
1-84), PTH (24-84) and PTH (39-84). The pres-
nce of such a receptor shown by radioligand bind-
ng studies has taken on greater significance in
iew of the additional observations of Divieti et
l,38 who showed the presence of these receptors
n osteocyte-like cells and went on to show func-
ional effects of PTH (7-84) in vitro. Thus, these
nvestigators have shown that PTH (7-84) can in-
ibit calcium release from prelabeled neonatal
ouse calvariae, both in the basal state and when

one resorption is stimulated by PTH (1-84), PTH
1-34), calcitriol, prostaglandin E, or interleukin
1. Thus, PTH (7-84) appears to be an inhibitor of
asal and stimulated bone resorption and it appears
hat these effects occur independently of PTH.
hese investigators have further shown that PTH

7-84) and PTH (39-84) appear to inhibit the for-
ation of osteoclast-like cells in murine bone mar-

ow cultures.38 Thus, PTH (7-84) and other large
-terminal fragments may have a role in regulating
steoclastogenesis by acting through a C-terminal
TH receptor. The observation by radioligand

inding studies that this receptor may be expressed t
n high levels in osteocytic-type cells, suggests an
dditional target for such PTH-derived peptides
nd may potentially impact on osteocytic osteoly-
is. The existence of such a receptor conceivably
ould explain the observations of blunting of the
alcemic effect of PTH (1-84) by PTH (7-84) seen
n experimental animals.23,24

IMPLICATIONS OF RECENT FINDINGS

The observations of a receptor for C-terminal
egions of PTH with potential biologic actions
pens a new area of research in parathyroid phys-
ology, such that the possibility exists that a true
ndex of PTH activity may require an integrated
ssessment of the actions of PTH at the PTH-1
eceptor as well as any actions of PTH peptides at
he C-terminal PTH receptor, which might have a
iologic response that is opposite in direction.
hus, the balance between the positive effects of
TH might need to be weighed against the oppos-

ng actions of PTH and PTH peptides at the C-
erminal receptor.39-41 In this regard, then it is
ecessary to understand the regulation of non–(1-
4) PTH concentrations in plasma. Studies by sev-
ral investigators have shown in the past that the
roduction of PTH fragments within the parathy-
oid glands is a calcium-regulated process, and
hus more PTH fragment generation occurs in the
arathyroid gland in states of hypercalcemia.42,43

ecause such fragments are secreted from the
arathyroid gland, in addition to intact hormone,
hen in hypercalcemia the ratio of intact PTH to
on–(1-84) PTH fragments would decrease.44 This
as been shown to be the case by several investi-
ators.24,45 Thus, the interpretation of results of
easurements of such non (1-84) PTH peptides in

lood would require a knowledge of the ambient
alcium concentration for correct interpretation.
ther factors also potentially might influence the

elative amounts of PTH (1-84) and PTH frag-
ents in the circulation and therefore much needs

o be learned before clinical interpretations of a
TH/fragment ratio are on firm ground (Table 2).
An additional consideration might be that the

roduction of excessive amounts of non–(1-84)
TH fragments in relation to PTH (1-84) might
ave an influence on the state of bone turnover, and
n this regard, it has been suggested that the utili-
ation of a ratio of intact PTH to non–(1-84) PTH
ragment may be valuable in determining bone

urnover noninvasively in patients with renal fail-
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MARTIN, AKHTAR, AND GONZÁLEZ8
re on hemodialysis.45 Other investigators have not
een able to confirm this and considerable contro-
ersy exists with this hypothesis at the present
ime.46-50 The reasons for this controversy need to
e evaluated carefully and much further work must
e performed before the clinical utility of this
pproach can be clarified. It is possible that exper-
mental differences, different patient populations,
nd other covariates explain the different results by
he different investigators, and as we begin to
nderstand the biology and actions of PTH frag-
ents at the C-PTH receptor and the regulation of

uch actions, it is likely that the explanation will
ecome clear. An additional consideration is to
nderstand the actions of other PTH fragments that
irculate in very high concentrations in renal fail-
re for their potential actions at this receptor, and,
s we understand which fragments can interact
ith the C-PTH receptor and learn more about

heir biologic actions of the C-PTH receptor, it
ay be that additional assays may need to be

eveloped to properly assess the appropriate spec-
rum of biologic activity. Only when these aspects
re understood will we be able to utilize the ratio of
TH to non–(1-84) PTH fragments to define the
linical utility of such measurements. In the mean-
ime, the improved assays for PTH (1-84) should
rovide the means to obtain meaningful target thera-
eutic ranges that are reproducible across different
aboratories throughout the world for the control
nd treatment of secondary hyperparathyroidism.
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