
It’s been over 100 years since the discov-
ery of parathyroid hormone (PTH), yet
the in vivo mechanisms of action of PTH
at the cellular and molecular levels are
still not well understood. Despite a
wealth of in vitro studies, none predicted
the anabolic effect of PTH on the skele-
ton. The anabolic effect of PTH was ini-
tially observed using parathyroid gland
extract (PTE) in young rats and rabbits
(1, 2). At the time, the models were
thought to reproduce, in part, the patho-
logic processes of hyperparathyroidism,
in which an early destructive phase was
followed by an ebullient reparative phase
of bone formation (1). After the success-
ful synthesis of hPTH 1-34 in the early
1970s (3), its anabolic phenomenon was
revisited, and small clinical trials sug-
gested that PTH could be used as an ana-
bolic therapy for osteoporosis (4, 5). The
data were viewed with scepticism,
because the literature at the time was
dominated by the notion that PTH was a
hormone controlling calcium homeosta-
sis, in part by stimulating bone resorp-
tion. In vitro, embryonic bone organ cul-
ture studies confirmed the original in
vivo studies with PTE, by showing that
PTH initially stimulated resorption and
had a delayed, stimulatory effect on the
rate of matrix synthesis (6). These data
supported the concept of “coupling”
between resorption and formation, with
PTH as a key stimulator of bone turnover
(6). However, in vivo data from rats and
humans showed that PTH stimulated
bone formation de novo, without a prior
episode of resorption (7, 8).

The need to better understand how
once-daily injections of PTH increase
bone mass in osteoporotic humans has
intensified as we have realized the mag-
nitude of the health care challenges and
costs in caring for osteoporosis. The
most recent clinical studies of the effects
of PTH on bone of osteoporotic women
(9–11) show increases in bone mass
superior to those induced by known
anti-resorptives (4, 5). Studies of ovariec-
tomized monkeys show that the rapid
increases in bone mass induced by PTH
at the spine and hip are associated with

increases in biomechanical strength (12,
13). Rabbits, one of the smallest animal
models with osteonal cortical bone, were
used to explore the effects on cortical
bone (14). However, it is rodents that are
the preferred model for exploring the
PTH-induced anabolic mechanisms of
action (5). In this issue of the JCI, Jilka et
al. (15) report the use of a mouse model
to support the hypothesis that increased
longevity of osteoblasts, due to inhibi-
tion of their apoptosis by PTH, may
explain the significant increase in bone
forming surfaces that is a prerequisite
for new bone matrix accrual.

There is prior evidence that anabolic
agents may work through stimulation
of cell proliferation and differentiation
(16). In vitro, the effects of PTH on pro-
liferation are inconsistent and depend
on the bone cell or organ model used
(17–20). Some cell lines, such as the
osteoblast-like osteosarcoma cells, may
lack cell-cycle genes, such as p53 and
Rb, or may express mutant forms of
these genes. Bone organ culture, or
bone cells isolated from fetal or neona-
tal animals, may not respond to hor-
monal stimulation under the same con-
straints as those from postnatal and
mature rodents (21). In vivo, there is
currently no evidence to support PTH
as a stimulator of proliferation. In
young rodents, proliferating cells in
bone are located subjacent to the
growth plate, the cortical endosteum of
the metaphysis, and the cortical perios-
teum of the diaphysis (22–24). These
are all locations in which PTH exerts its
stimulatory effect on bone formation
(25–28). In young rats with abundant
proliferating cell populations, PTH
appears to select proliferating cells in S-
phase, and commits an increasing num-
ber to the osteoblast lineage within 24
hours after the first injection (25, 29).
In mature rats, PTH stimulates lining
cells on quiescent surfaces to function
as osteoblasts (30, 31). The concept of
regulation of progenitor cell differenti-
ation by PTH is also supported by com-
parisons of the effects on bone histol-
ogy of once-daily PTH injections with

continuous infusion. In contrast to the
increase in osteoblasts associated with
once-daily PTH injections, continuous
infusion of PTH favors a fibroblastic
pathway in PTH-responsive cells, as
marrow fibrosis is observed close to
bone surfaces (32), and there is modu-
lation of IGF-binding proteins (33).
The mechanisms that lead to increased
bone formation or increased fibrosis by
different regimens of PTH in rodents
are unknown.

In considering the interplay between
proliferation, differentiation, and apop-
tosis, differences between rodent mod-
els should be recognized. Unlike the
effect in rats, little is known of the ana-
bolic effect of PTH in mice. The effects
on calcium homeostasis in mice given
PTH have still to be characterized. PTH
does not increase bone mass in many
mouse strains (M. Sato et al., unpub-
lished data). The SAMP6 and SAMR1
mouse strains are therefore of interest,
as PTH increased bone mass. Evidence

that PTH regulates osteoblast differen-
tiation and function in vivo is abundant
and, up to now, has been widely accept-
ed as the mechanism of action for PTH
(4, 5). Histomorphometry of bone in
humans and a number of animal
species, including the mouse study by
Jilka et al., shows increased osteoblast
numbers and bone forming surface, in
the absence of a concomitant increase in
resorption. However, the histomorpho-
metric changes and dose of PTH
required to demonstrate this anabolic
outcome in the SAMP6 and SAMR1
mice suggest that there may be differ-
ences in the mechanisms by which bone
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mass is increased in rats and mice. The
dose of 400 µg/kg per day is far in excess
of that used in rats, in which doses as
low as 2 µg/kg per day increase trabecu-
lar bone mass (34). Bone histomor-
phometry of the PTH-treated mice
demonstrated a surprising increase in
osteoid surface area, which has not been
reported in most rat studies.

The studies by Jilka et al. were done
after 1 month of treatment, equivalent
to exposure of bone to PTH for 4 bone
turnover cycles, when the cellular mar-
row milieu may be significantly differ-
ent from that in the early stages of treat-
ment. Thus, it is possible that other
mechanisms come into play during an
extended phase of treatment. Mature
osteoblasts and cells within the
hematopoietic bone marrow synthesize
a wide array of cytokines, and express
receptors for many of these factors (15,
35). The bone growth factors IGF-1,
TGF-β, and bFGF, and their receptors,
can be expressed by osteoblasts and may
mediate some PTH-induced responses
in vitro (15, 36). These factors could
mediate the late events to represent an
alternate mechanism by which PTH
retains osteoblasts and stimulates their
function over longer periods of time.

The increase in osteoid surfaces may
be associated with a delay in apoptosis
and increased osteoblast longevity in
mice, as the final phase of osteoblast
differentiation depends upon matura-
tion of the underlying matrix and its
mineralization. In young PTH-treated
rats that do not exhibit increased
osteoid surfaces (7), PTH rapidly stim-
ulates synthesis of matrix metallopro-
teinases (MMPs), such as MMP13 (col-
lagenase I) and MMP9 (gelatinase B), as
an integral component of its early
mechanisms of action (37, 38). One
hypothesis holds that MMPs are
required to recondition unmineralized
bone surfaces, resulting in the detach-
ment of mature cells and the recruit-
ment and differentiation of additional
osteoprogenitors (39, 40). Given that
detachment of mature cells from their
extracellular matrix is a signal for apop-
tosis, these events would imply
increased apoptosis of mature
osteoblasts. Preliminary data suggest
that such an event may be an early event
in the response to PTH (41).

Based on work in growth and devel-
opment fields, the accepted concept
that osteoblasts cover the bone surface
as sheets of cells, and the relatively

short life of osteoblasts, apoptosis with-
in this cell population is unlikely to be
a random event. Because the rodent
skeleton continues to develop through-
out most of life, owing to at least 1
active growth plate in most bones,
experimentally induced responses in
rodents may reflect effects on growth
processes and bone morphogenesis. In
rats, PTH stimulates bone formation at
sites of development of the new meta-
physeal bone to modify trabecular 3-
dimensional geometry by increasing
trabecular thickness and connectivity.
These effects can be attributed to
effects on both growth processes (42)
and stimulation of bone modeling in
which de novo bone formation occurs
without prior resorption on that sur-
face. An effect on apoptosis would pro-
vide a cellular mechanism to explain
the alterations in trabecular geometry
attributed to PTH. The region of inter-
est in which apoptotic cells were evalu-
ated by Jilka et al. is contained within
an area of the metaphysis that appears
to undergo trabecular remodeling in
mice. However, there were differences
between what was observed and what
has been reported by others for large
animal models, where remodeling has
been more extensively characterized. In
large animals and humans, PTH stimu-
lates significant restructuring of bone
by intratrabecular tunneling and intra-
cortical remodeling (effects not
observed in rodents), in addition to
stimulating apposition of new matrix
on endosteal surfaces (43). Although it
is possible that increased osteoblast
longevity due to inhibition of apoptosis
would prolong the bone formation
period, there is no evidence that PTH
modifies the formation period of a
bone turnover cycle (44).

Caution is necessary in interpreting
results of a single in vivo model.
Apoptosis was a rare event in the
study by Jilka et al., affecting less than
2% of the cells in controls, and identi-
fication of apoptotic cells by TUNEL
staining often requires a second,
apoptosis-oriented method for con-
firmation. The published literature
has consistently shown PTH rapidly
induces bone formation by increasing
the numbers of functional
osteoblasts, consistent with a pro-
nounced effect on osteoblast differ-
entiation (4,5). These observations,
together with the limitations of in
vitro and rodent models in predicting

mechanisms that may be relevant to
humans, infer that apoptosis is
unlikely to be the exclusive mecha-
nism by which PTH increases bone
mass in vivo. However, Jilka et al. have
contributed to our understanding
that apoptosis may have a role in the
varied mechanisms by which PTH
regulates in vivo anabolic effects.
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