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Abstract

Phosphate is central to bone metabolism and we have there-
fore studied whether parathyroid hormone (PTH) is regu-
lated by dietary phosphate in vivo. Weanling rats were

fed diets with different phosphate contents for 3 wk: low
phosphate (0.02%), normal calcium (0.6%), normal phos-
phate (0.3%), and calcium (0.6%); high phosphate (1.2%),
high calcium (1.2%). The low phosphate diet led to hypo-
phosphatemia, hypercalcemia, and increased serum

1,25(OH)2D3 together with decreased PTH mRNAlevels
(25±8% of controls, P < 0.01) and serum immunoreactive
PTH (4.7±0.8: 22.1±3.7 pg/ml; low phosphate: control, P
< 0.05). A high phosphate diet led to increased PTHmRNA
levels. In situ hybridization showed that hypophosphatemia
decreased PTHmRNAin all the parathyroid cells. To sepa-
rate the effect of low phosphate from changes in calcium
and vitamin D rats were fed diets to maintain them as vita-
min D-deficient and normocalcemic despite the hypophos-
phatemia. Hypophosphatemic, normocalemic rats with nor-

mal serum 1,25(OH)2D3 levels still had decreased PTH
mRNAs. Nuclear transcript run-ons showed that the effect
of low phosphate was posttranscriptional. Calcium and
1,25(OH)2D3 regulate the parathyroid and we now show
that dietary phosphate also regulates the parathyroid by a

mechanism which remains to be defined. (J. Clin. Invest
1995. 96:327-333.) Key words: parathyroid cells * calcium
* 1,25-dihydroxyvitamin D3 * secondary hyperparathyroid-
ism * phosphate * parathyroid hormone

Introduction

Parathyroid hormone (PTH)' gene expression is known to be
regulated by 1,25-dihydroxyvitamin D3 (1,25 (OH)2D3), cal-
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cium, and estrogens (1). 1,25 (OH)2D3 decreases PTH gene
transcription both in vivo in rats (2) and in vitro in primary
cultures of bovine parathyroid cells (3), as well as in a stably
transfected cell line (4, 5). In vivo in rats hypocalcemia in-
creases PTH mRNAlevels (6-8). Estrogens also lead to an
increase in PTHmRNAlevels (9).

Hyperphosphatemia leads to a decrease in serum calcium
and 1,25 (OH)2D3 levels, and hypophosphatemia to an increase
in serum 1,25 (OH)2D3 levels (10). Because of the importance
of the phosphate retention of chronic renal failure to the patho-
genesis of secondary hyperparathyroidism, as well as the impor-
tance of phosphate to normal physiology, we have now studied
the effects of phosphate on PTH gene expression in vivo in
rats. Our present study shows that changes in dietary phosphate
regulate PTH gene expression and serum PTH levels.

Methods

Animals. Weanling male Hebrew University strain rats were maintained
for 3 wk on the following diets (Teklad Premier Laboratory Diets,
Madison, WI): Low phosphate, normal calcium (0.02% phosphate,
0.6% calcium); normal phosphate, normal calcium (0.3% phosphate,
0.6% calcium); high phosphate, high calcium (1.2% phosphate, 1.2%
calcium); vitamin D-deficient, low phosphate, low calcium (0.02%
phosphate, 0.02% calcium). After 1-21 d the thyroparathyroid tissue
was excised under pentobarbital anesthesia, and blood samples taken.
All rat surgery was performed at 9:00-10:00 a.m. The excised tissue
was immediately frozen in liquid nitrogen and stored at -700C until
extraction.

Second generation vitamin D-deficient rats. Female rats were main-
tained on vitamin D-free diets from weaning until maturity and their
offspring fed diets with no vitamin D and low or normal phosphate
concentrations (as above). In another experiment second generation
vitamin D-deficient rats were fed a vitamin D-deficient diet low in
both phosphate and calcium (as above).

Measurement of cellular mRNAlevels. RNAwas extracted from rat
thyroparathyroid tissue and the levels of PTHmRNAwere measured by
Northern blots after extraction with TRI Reagent (Molecular Research
Center, Inc., Cincinnati OH). RNAwas denatured and ethidium bromide
was added to each sample at a concentration of 0.1 mg/ml. The samples
were size-fractionated by electrophoresis on 1.25% agarose gels con-
taining formaldehyde and transferred to Hybond filters (Amersham In-
ternational, Little Chalfont, United Kingdom) by diffusion blotting. The
integrity of the RNAand the uniformity of RNAtransfer to the mem-
brane were determined by ultraviolet visualization of the ribosomal
RNAbands of the gels and the filters. The filters were fixed by ultraviolet
cross-linking and hybridized as previously described (2, 9). Hybridiza-
tion was to a random primed rat PTH cDNA (a gift of H. Meyer,
Gesellschaft fur Biotechnologische Forschung, Braunschweig, Ger-
many) and 18S RNA(gift of M. A. Levine, Johns Hopkins Hospital,
Baltimore, MD).

Nuclear run-on transcription assay. Thyroparathyroid tissue from
10 rats was homogenized with a polytron in 0.25 M sucrose, 10 mM
Hepes pH 0.8, 10 mMMgCl2, 2 mMDTT, and 0.1% Triton X-100
(homogenization buffer). Nuclei were pelleted at 500 g at 4°C for 5
min, then resuspended in homogenization buffer. The nuclear suspension
was layered over a sucrose cushion consisting of 1 Msucrose, 10 mM
Hepes (pH 8.0), 10 mMMgCl2, 2 mMDTT, and 0.1% Triton X-100,
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Table I. The Effects of 3 wk of Diets Given to Weanling Rats

Serum phosphate Serum calcium Serum 1,25(OH)2D3
(meantSE [n]) (meantSE [n]) (meantSE [n])

mg/dl mg/dl pg/mi

Low phosphate,
normal calcium 4.0±0.4 (4)t 12.6±0.6 (4)* > 400 (4)t

Normal phosphate,
normal calcium 9.8±1.2 (4) 10.6±0.4 (4) 68±28.3 (4)

High phosphate,
high calcium 9.4±0.8 (4) 11.1±0.6 (4) 30±5.9 (4)*

n, number of rats. * P < 0.05, or * P < 0.01 compared with normal
phosphate, normal calcium.

and pelleted at 500 g at 4°C for 5 min. Nuclei were resuspended in 40%
glycerol, 5 mMMgCl2, 50 mMTris, and 0.1 mMEDTA (storage
buffer), then frozen in liquid nitrogen, and stored at -70°C ( 11). For
the run-on assay ( 12) nuclei were thawed on ice, then incubated in 200-
ttl reaction mixture containing 30% glycerol, 2.5 mMDTT, 1 mM
MgCl2, 70 mMKCI, 0.5 mMeach of ATP, CTP, and GTP, 1 mg/ml
heparin, 100 ,uCi of [32p] UTP(800 ci/mmol), and 100 URNase inhibi-
tor, for 20 min at 26°C. Nuclear-labeled RNAwas extracted with TRI
Reagent (Molecular Research Center, Inc). RNAwas pelleted and re-
suspended in 200-,LI hybridization buffer (7% SDS, 10% polyethylene
glycol (8,000), 1.5 x sodium chloride sodium phosphate EDTA). Ali-
quots of RNAfrom treated and untreated samples were counted in a
scintillation counter, and an equal number of counts from each condition
(1-2 x 106 cpm) was hybridized to cDNAs (5 1Lg) for PTH, calcitonin,
actin, rat glyceraldehyde-3 phosphate dehydrogenase antisense vitamin
D receptor (VDR) RNA(synthesized from pGEMzf (+) vector using
T7 polymerase), and pBR322 which were immobilized to Hybond filters
(Amersham International) using a slot blot apparatus.

Hybridization was performed at 65°C for 72 h. The filters were
washed three times at room temperature in 2 x SSC, 0.2% SDS for 5
min, then washed once at 55°C for 15 min. The blots were exposed
to CURIX-RP2 film (AGFA Corp., Orangeburg, NY) at -70°C with
intensifying screens for 14 d. In addition, the filters were exposed for
24 h to a Bio Imaging Plate and quantified by a Bio-imaging analyzer
BAS2000 (Fuji Photo Film Co., Tokyo Japan).

In situ hybridization. Formaldehyde fixed paraffin embedded thyro-
parathyroid gland sections (8 Ism) were collected on gelatine-coated
glass slides, dewaxed, and dehydrated in graded ethanol solutions. Sec-
tions were hybridized using DNAcolor kits for nonradioactive in situ
hybridization (Amersham International) using a random primed fluo-
rescein labeled DNA probe for PTH. For detection the slides were
incubated with antifluorescein alkaline phosphatase conjugate followed
by the addition of NBT (nitro blue tetrazolium)/BCIP (5-bromo4-
chloro-3 indolyl phosphate) substrate. The resulting colored precipitate
was visualized by light microscopy. In addition in situ hybridization
was performed using an RNAcolor kit (Amersham International) with
antisense and sense RNAprobes for PTH.

Serum measurements. Serum calcium and phosphate were measured
in a autoanalyzer (Hoffmann-LaRoche & Co., Nutley, NJ). Serum
1,25(OH)2D3 levels were measured by a radioreceptor assay (Incstar
Corp., Stillwater, OK). Serum iPTH levels were measured with a rat
immunoradiomimetric assay (Nichols, San Clemente, CA). Statistical
analysis was performed on the Macintosh program Statview 512+ (Aba-
cus Concepts, Inc., Berkeley, CA), using Students' unpaired two-tailed
t test. The results are presented as the mean ±SEM.

Results

Animal studies. After 3 wk of the diets the serum phosphate
was lower in the rats fed 0.02% phosphate than those fed a

High Non"" Low Figure 1. Effect of di-
1 2 3 4 5 6 7 8 9 10 11 etary phosphate on rat

PTH mRNA(rPTH).
_PYN-~ Weanling rats were fed

the different diets for 3
wk before surgery. Gel

US- blot analysis of total
RNAfrom thyropara-

thyroid tissue from rats hybridized with 32P random primed cDNA for
rat PTHand 18S RNA. Lanes 1-3, high phosphate, high calcium (1.2%
phosphate, 1.2% calcium); lanes 4-7, controls (0.3% phosphate, 0.6%
calcium); lanes 8-11, low phosphate (0.02% phosphate, 0.6% calcium).
Each lane represents total RNAfrom thyroparathyroid tissue of a single
rat.

normal (0.3%) or a high phosphate (1.2%) (Table I), although
there was also an increase in their serum calciums, and a large
increase in their serum 1,25(OH)2D3 levels (Table I). A high
serum phosphate leads to hypocalcemia, therefore the diet with
a high phosphate (1.2%) included a high calcium (1.2%) to
prevent the hypocalcemia. Rats fed this diet had normal serum
phosphate and calcium levels (Table I). Levels of PTHmRNA
were much lower in the rats with the low serum phosphate, as
compared to the normal serum phosphate rats (Fig. 1). The rats
fed a high phosphate, high calcium diet had an increase in their
PTHmRNA(Fig. 1). The filters were hybridized for 18S RNA
to confirm equal loading of the gels. Similar results were found
in three repeat experiments in which rats were fed the different
diets for 3 wk and they are shown quantitatively in Fig. 2. The
PTHmRNAlevels in rats on a low phosphate diet were 25 ±8%
of the control rats (P < 0.01). A high phosphate diet led to an
increase in PTHmRNAlevels (P < 0.01), despite the normal
serum phosphate levels in this group. The effect of low phos-
phate to decrease PTH mRNAlevels was also present after 4,
10, and 14 d of the diet (not shown). Serum iPTH levels at 14
d in control rats were 22.1±3.7 pg/ml, and in rats after 14 d
of a low phosphate diet they were 4.7±0.8 pg/ml (P < 0.05),
which were similar to those of parathyroidectomized rats at 7
d (3.4± 1.0 pg/ml) and 14 d (3.3±0.2 pg/ml). Serum calcium
and phosphate levels in rats fed a low phosphate diet at 14 d
were the same as at 21 d (Table I).

To visualize the effect of a low phosphate diet on PTH
mRNAin situ hybridization studies were performed. Thyropara-
thyroid tissue from a rat fed a normal diet and from a rat fed
a low phosphate diet was fixed to the same glass slide to allow

150 Figure 2. Effect of di-
"IN

*I- etary phosphate on PTH
mRNAlevels of rat thy-

Z~ ot100 _roparathyroid glands.
Weanling rats were fed
the different diets for 3
wk before surgery. The

50-°SO ,", mean ±SE for three dif-
%,_ ferent experiments is

shown, with three to four

-Low Normal High
rats in each dietary group

-Low Normal High in the different experi-
Dietary Phosphate ments. The PTH mRNA

levels are shown for
rats on low, normal, and high phosphate diets (as in Fig. 1). * P
< 0.01 in comparison to normal diet.
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Figure 3. In situ hybridization of
parathyroid-thyroid sections with
PTHprobe. (A) Parathyroid-thyroid
tissue from a control rat with the
parathyroid (P) staining darkly for
the PTH mRNA. There is no stain-
ing of the thyroid (T) (x125). (B)
A higher power view of one A
showing the parathyroid cells (P)
and thyroid follicles (T) (X500).
(C) Parathyroid-thyroid tissue
from a rat which had been fed a low
phosphate diet for 2 wk showing the
much lighter staining for PTH
mRNAin the parathyroid (P) and
none present in the thyroid (T)
(x125). (D) A higher power view
of C (x500).

comparison of the in situ signal. PIH mRNAwas localized
solely to the parathyroid with none present in the surrounding
thyroid (Fig. 3). A high power view showed that PTHmRNA
was localized to the periphery of the parathyroid cells and was
present unformly in all parathyroid cells. In a rat which had
been fed a low phosphate diet for 2 wk there was much less
PITH mRNAin the parathyroid. The PTH mRNAwas still
localized to the periphery of the parathyroid cells and the re-
duced mRNAaffected all the cells. Identical results were found
in four other sets of glands (not shown). In situ hybridization
using an RNAantisense probe for PTHshowed the same result
and there was no labeling with the control sense RNAprobe
(not shown).

To separate the effect of low phosphate from that of a high
serum calcium, groups of weanling rats were fed a diet which
was vitamin D-deficient, with a low content of both phosphate
(0.02%) and calcium (0.02%) for 10 and 14 d (Fig. 4). The
serum phosphates were markedly reduced at 10 and 14 d and
the serum calciums did not increase at both 10 and 14 d (Fig.
4). There was an increase in serum 1,25(OH)2D levels (Fig.
4). PTHmRNAand serum iPTH levels were decreased to the
same degree as for rats fed the low phosphate diet with a normal
calcium content.

Vitamin D-deficient rats. Second generation vitamin D-
deficient rats fed a low phosphate diet for 10 and 21 d had
increased levels of serum calcium, decreased serum phosphates,
and the same levels of serum 1,25 (OH)2D3 (Table H). PTH
mRNAlevels were markedly decreased in the vitamin D-defi-
cient rats fed the low phosphate diets for both 10 d (Fig. 5)

and 3 wk (not shown) despite the normal serum 1,25 (OH)2D3
levels (Table II).

In a further experiment second generation vitamin D-defi-
cient rats were fed diets with both a low calcium (0.02%) and
phosphate (0.02%) or a normal calcium (0.6%) and phosphate
(0.3%). At 1 d there was a low serum phosphate with normal
serum calcium and 1,25(OH)2D levels in the rats fed the low
calcium, low phosphate diet as compared to their controls fed
a normal calcium, normal phosphate diet (Fig. 6). PTHmRNA
levels were markedly reduced (Fig. 6). There was no change
in a control gene 18S RNA(10.9±2.9: 11.8±0.8 ODunits, P
= NS). Therefore hypophosphatemia decreased PTH mRNA
with no change in serum calcium or 1,25(OH)2D.

Nuclear transcript run-ons. Nuclear transcript run-on assays
were performed on nuclei from the thyroparathyroid tissue from
groups of weanling rats fed normal and low phosphate diets for
2 wk. Hybridization of the labeled RNAsynthesized in vitro to
cDNAs immobilized on filters showed that there was no differ-
ence in the transcription of PTH from rats on a low phosphate
diet as compared to a normal diet (Fig. 7). There was also no
difference in the transcription of two control genes actin and
rat glyceraldehyde-3 phosphate dehydrogenase, as well as the
1,25(OH)2D3 receptor (VDR) and calcitonin genes. These re-
sults were confirmed quantitatively by an image analyzer. A
repeat experiment demonstrated identical results.

Discussion

The present study demonstrates that dietary phosphate regulates
PTH gene expression in vivo in the rat. The effect of a low
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Table II. The Effects of 10 and 21 d of Diets Given to Second
Generation Vitamin D-Deficient Weanling Rats

Serum phosphate Serum calcium Serum 1,25(OH)2D3
(mean±SE [n]) (mean±SE [n]) (mean±SE [n])

mg/dl
-Ca -Pi -Ca -Pi
10 days 14 days Normal phosphate,

normal calcium
for 10 d

Low phosphate,
normal calcium
for 10 d

Normal phosphate,
normal calcium
for 21 d

Low phosphate,
normal calcium
for 21 d

mg/dl

12.0±3.0 (4) 10.5±0.3 (4) 56.0±3.0 (4)

4.5±0.5 (4)* 17.2±0.7 (4)*

9.6±0.9 (4) 10.5±0.4 (4)

1.9±0.5 (4)* 16.1±0.6 (4)*

Control Diet Diet
10 days 10 days 14 days

IZ 20T

"T T
10

Control Diet Diet
10 days 10 days 14 days

Figure 4. Effect of a diet with both low phosphate and calcium on

serum calcium, phosphate, 1,25 (OH)2D, and iPTH and PTH mRNA
levels at days 10 and 14. (a) Gel blot analysis of total RNAfrom
thyroparathyroid tissue from rats hybridized with 32P random primed
cDNA for rat PTH and 18S RNA. Lanes 1-4, control at 10 d; lanes
5-9, low calcium (0.02%) low phosphate (0.02%) at 10 d; lanes 10-
13, low calcium low phosphate at 14 d. (b) Bar graph of levels of
serum calcium (0), phosphate (n), and 1,25(OH)2D (01) which are

shown above, and serum iPTH (0) and tissue PTHmRNA(a) below.
The data are represented as day 10 for control diet, and 10 and 14 of
the experimental diet. Each point represents the mean ±SE of four rats.
Where no SE is shown it is because the SE was smaller than the line.
* P < 0.001; **P < 0.05.

phosphate diet was dramatic with a marked decrease in PTH
mRNAlevels and a decrease in serum iPTH levels to levels
similar to those of rats after parathyroidectomy. Rats on the
low dietary phosphate not only had low serum phosphate levels,
but also had increased serum calcium and 1,25 (OH)2D3 levels,
in addition to their decreased PTH mRNAlevels. To separate
the effect of hypophosphatemia from that of hypercalcemia after
a low phosphate diet, weanling rats were fed a diet deficient in
vitamin D and with a low phosphate and calcium content. These
rats developed hypophosphatemia with no increase in serum

n, number of rats. * P < 0.01, or t NS compared with normal phos-
phate, normal calcium for the same time period.

calcium and their serum iPTH and PTH mRNAlevels were

reduced as before (Fig. 4). However serum 1,25 (OH)2D levels
in these rats were increased.

1,25 (OH)2D3 is an important factor in decreasing PTHgene

transcription both in vivo in rats and in vitro in parathyroid
cells. It was, therefore, possible that hypophosphatemia in-
creased 1,25 (OH)2D3 levels which then decreased PTHmRNA
levels. To determine if the effect of phosphate was mediated
by 1,25 (OH)2D3 we performed studies on second generation
vitamin D-deficient rats. These rats fed a low phosphate diet
from weaning had low serum phosphates and high serum calci-
ums and no differences in their serum 1,25 (OH)2D3 levels as

compared to the rats fed a normal phosphate in their diets (Table
II) and their PTH mRNAlevels were still markedly reduced
(Fig. 5). This indicates that the effect of phosphate in decreas-
ing PTH gene expression, was not mediated solely by
1,25(OH)2D3, and the effect of 1,25 (OH)2D3 would therefore
be an additional effect. To determine whether hypophos-
phatemia alone with no hypercalcemia and no increase in serum

1,25(OH)2D regulated the parathyroid gland, weanling rats
were fed a diet deficient in vitamin D and with a low phosphate
and calcium content. After 1 d of this diet there was a decrease
in serum phosphate and thyroparathyroid PTH mRNAlevels
with no change in serum calcium or 1,25 (OH)2D levels (Fig.

I normal I low

PTH-

1lS -*

Figure 5. Effect of di-
etary phosphate on PTH
mRNAlevels in second
generation vitamin D-
deficient rats fed either
normal or low phosphate
diets for 10 d. 18S RNA
is shown as a control for
the amount of RNAon

the filter. Each lane rep-
resents total RNAfrom
thyroparathyroid tissue
of a single rat.

330 R. Kilav, J. Silver, and T. Naveh-Many

a
PTH -

NCa NPi
IO days

185 --a

b
IS -

I lo-S
K S-
C

I I

15W

pg/ml

300 l

200 0

'100 "t
m

54.7±9.3 (4)*

58.2±4.0 (4)

58.0±4.0 (4)t

11 11



T -1s Figure 6. Effect of di-
T X etary phosphate on PTH
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6- .1 _10| generation vitamin D-

deficient rats fed a vita-
4- nus min D-deficient diet
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Control Low Pi Control Low Pi calcium and
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for five rats in each

ControlLow Pi ControlLow Pi 0 group; *P 5 0.01. Data
for 1,25(OH)2D3 repre-
sent pooled serum

from two or three rats with three samples for control rats and two
samples for low phosphate rats.

6). This indicates that hypophosphatemia itself decreases PTH
mRNAlevels without a contribution of calcium or vitamin D.
We provided further evidence that the effect of hypophos-
phatemia was not mediated by vitamin D by showing that the
effect was not transcriptional. The effect of 1,25 (OH)2D3 on
the PTH gene is transcriptional (2) and therefore, if the effect
of phosphate was mediated by its effect on serum 1,25 (OH)2D3
levels, then it would be a transcriptional effect. Wehad pre-
viously shown in vivo in rats injected with single doses of
1,25 (OH)2D3 that PTH transcription rates decreased to 10%
of controls (2). Weperformed nuclear transcript run-ons on
thyroparathyroid tissue from rats fed a normal or phosphate-
deficient diet which showed that the effect of low phosphate
was not transcriptional (Fig. 7). This result further supports the
conclusion that the effect of phosphate on PTHgene expression
is not mediated by 1,25 (OH)2D3.

Weperformed in situ hybridization to visualize the effect
of a low phosphate diet on PTH mRNAlevels (Fig. 3). In a
control rat PTHmRNAwas present in all the parathyroid cells
and localized to the periphery of the cell. This localization of
mRNAswithin a cell is often related to their trafficking within
the cell (13) and the particular position of the PTH mRNA
might represent a stage in its passage onto translation and avail-
ability for secretion. After a low phosphate diet there was a
uniform and marked reduction in PTHmRNA(Fig. 3).

Not only did a low phosphate decrease PTHmRNAlevels
in vivo, but a high phosphate diet led to an increase in PTH
mRNAlevels, despite the finding that the rats were not hyper-
phosphatemic. The effect of the high phosphate diet might pos-
sibly reflect a transient hyperphosphatemia which was not de-
tected in the present study, or a change in intracellular phosphate
which was not studied here. The present studies therefore show
that phosphate regulates PTH gene expression. Phosphate has
been shown to have an effect on serum PTH levels in a number
of studies. Lopez-Hilker et al. have shown in dogs with experi-

low
normal phosphate

PTH

CT

ACTIN

GPDN

pBR322

VDR

Figure 7. Nuclear tran-
script run-ons for PTH,
calcitonin, GPDN5, ac-
tin, VDR, and pBR322 of
rats fed normal and low
phosphate diets for 10 d
after weaning. The thyro-
parathyroid tissue from
10 rats was pooled in
each group, and nuclei
isolated from each of the
two preparations.

mental chronic renal failure that phosphate restriction corrected
their secondary hyperparathyroidism independent of changes in
serum calcium and 1,25 (OH)2D3 levels (14). They did this by
placing the uremic dogs on diets deficient in both calcium and
phosphate, which led to lower levels of serum phosphate and
calcium, with no increase in the low levels of serum
1,25 (OH)2D3. Despite this there was a 70% decrease in PTH
levels. Lopez-Hilker's study on the effect of a low phosphate
diet on serum PTHlevels suggested that phosphate had an effect
on the parathyroid cell by a mechanism independent of its effect
on serum 1,25(OH)2D3 and calcium levels (14). Sherwood et
al. injected phosphate to cows and showed that phosphate
caused no direct effect on PTH secretion, but stimulated the
parathyroid glands by lowering the serum calcium (15). In
those studies the effect of hypophosphatemia was not investi-
gated, nor was the effect of a more prolonged phosphate infu-
sion studied.

Phosphate retention has long been considered to be im-
portant to the pathogenesis of the secondary hyperparathyroid-
ism of chronic renal failure, and the resultant disabling renal
osteodystrophy. In the '70s Slatopolsky and Bricker showed
in dogs with experimental chronic renal failure that dietary
phosphate restriction prevented their secondary hyperparathy-
roidism (16). Clinical studies (17) have demonstrated that
phosphate restriction in patients with chronic renal insufficiency
is effective in preventing the increase in serum PTH levels ( 17-
21). The mechanism of this effect was not clear, although
at least part of it was considered to be due to changes in
serum 1,25(OH)2D3 concentrations. In vitro (10, 22) and in
vivo (17, 23) phosphate directly regulated the production of
1,25(OH)2D3. A raised serum phosphate decreases serum
1,25 (OH)2D3 levels and serum calcium by formation of calcium
phosphate in the serum which is then deposited in bone and
soft tissues. Therefore, phosphate undoubtedly plays a central
role in the pathogenesis of secondary hyperparathyroidism, both
by its effect on serum 1,25 (OH)2D3, calcium levels, and inde-
pendently.

The parathyroids hyperfunction in secondary hyperparathy-
roidism at a number of levels. Firstly, there is an increase in
PTH secretion, which is due to the low calcium of chronic renal
failure. It is also controversial whether there is an alteration in
parathyroid cell sensitivity (set point) to levels of calcium
which would normally decrease PTH secretion (24, 25). PTH
synthesis is increased because of increased PTH gene expres-
sion per cell (8), and also in the long term, because of an
increased number of parathyroid cells. Naveh-Many and Silver
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Regulatlon of PTH Gene Expresslon

low phosphorus low calcium

PTH mRNA

1 ,25(OH)2VitaminD estrogens

Figure 8. The regulation of PTH gene expression. Hypocalcemia and
estrogens increase PTH mRNAlevels. 1,25(OH)2D3 and hypophos-
phatemia decrease PTHmRNAlevels. Not shown is the effect of a high
phosphate to increase PTH mRNAlevels.

showed that weanling rats maintained for 3 wk on diets deficient
in vitamin D and calcium had a 10-fold increase in PTHmRNA
levels, which was mainly due to an increase in PTHgene expres-
sion per cell with a much smaller contribution of increased cell
number (8). They, therefore, demonstrated that changes in PTH
gene expression are an important factor in the pathogenesis of
secondary hyperparathyroidism. The present study indicates that
changes in serum phosphate also regulate PTHgene expression
either by a direct or indirect action on the parathyroid cell, and
a raised serum phosphate would increase PTH mRNAlevels
and contribute to the pathogenesis of secondary hyperparathy-
roidism.

It is not known how phosphate would directly affect the
parathyroid cell. Phosphate equilibrates across cell membranes
by active and inactive transport mechanisms, and the changes
in extracellular phosphate might very well be reflected by
changes in intracellular phosphate, as well as by changes in
membrane phospholipid composition. For example, one phos-
pholipid, inositol triphosphate is an important second messenger
in all cells (26), including the parathyroid (27, 28). Bourdeau
et al. have shown that both calcium and 1,25 (OH)2D3 led to
rapid (5 s) increases in phosphatidinyl metabolites in porcine
parathyroid cells (29). It would be intriguing to determine the
interactions in the parathyroid cell of changes in calcium, phos-
phate, and 1,25(OH)2D3.

The effect of changes in serum calcium on PTHgene expres-
sion and secretion are better understood. We(6, 8) and Yama-
moto et al. (7) have shown that a low serum calcium leads to
marked increases in PTH mRNAlevels. However, we have
increased serum calcium by a number of methods for periods
from 6 h to 3 wk and showed that a high serum calcium had
no effect on PTHmRNAlevels in vivo, despite serum calciums
as high as 25 mg/dl (6, 30) although a modest effect of a
calcium infusion for 48 h has been demonstrated (7). The mech-
anism of calcium sensing by the parathyroid cell is through a
calcium receptor which is G-protein coupled and activates inosi-
tol triphosphate production (31). Studies on the action of phos-
phate on the parathyroid cell in vitro, for instance in primary
cultures of bovine parathryoid cells, have not produced positive
results which would allow studies on a signal transduction path-
way. It is possible that the effect of phosphate is directly on
the parathyroid cell or it is just as reasonable to hypothesize
that it is an indirect effect by a mechanism not involving calcium
or vitamin D. Changes in extracellular phosphate concentration
do directly produce changes in cells. For instance, a low phos-

phate medium leads to an increase in phosphate transport by
renal and other cells in culture (32-34) which is not secondary
to changes in ATPor ADPconcentration (35, 36), and is associ-
ated with a decrease in intracellular calcium concentration (37).
The physiology of phosphate effect on the parathyroid remains
to be elucidated.

In any event it is now clear that the parathyroid cell, and
particularly the expression of the parathyroid gene respond to
a number of factors, such as 1,25 (OH )2D3, calcium, estrogens,
and now phosphate (Fig. 8). Changes in the concentrations of
these factors lead to the altered synthesis and secretion of PTH,
which is important to the pathogenesis of disabling diseases
such as renal osteodystrophy and osteoporosis. The effective
prevention and treatment of these diseases is dependent on ad-
vances in our understanding of their pathophysiology, such as
how the expression of the PTHgene is regulated by phosphate.
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