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type 2 were confusing. If correctly ab- 
sorbed human cancer serums should 
contain a specific tumor antibody re- 
acting only with specific herpesvirus- 
coded nonvirion antigens, this finding 
would also help to prove that the tumor 
cell contains herpesvirus genetic infor- 
mation and indicate an etiological rela- 
tionship between the HSV and the 
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inorganic phosphate in kidney and gut. 

A reduced serum concentration of 
inorganic phosphate (Pi) is the most 
constant biochemical hallmark of famil- 
ial hypophosphatemic rickets (FHR), a 
human X-linked dominant trait. Af- 
fected hemizygous males exhibit hypo- 
phosphatemia and severe rickets; heter- 
ozygous females tend to have a higher 
serum Pi concentration and less severe 
bone disease (1). For more than 30 
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years investigators have sought a unify- 
ing biochemical and genetic defect 
which would explain the findings that 
characterize this disorder: hypophos- 
phatemia, hyperphosphaturia, reduced 
intestinal absorption of calcium and 
phosphorus, and rickets (2). 

Two conflicting theories of patho- 
genesis have evolved. One view holds 
that a primary defect in endogenous 
conversion of vitamin D to its active 
metabolite is responsible for intestinal 
malabsorption of calcium (3); this in 
turn leads to secondary hyperpara- 
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Fig. 1. Relation between weight of jejunal 
biopsy specimens and distribution ratio 
for radioactive inorganic phosphate (PPi). 
Specimens were obtained from eight con- 
trols and were incubated for 20 or 40 
minutes at a 'Pi concentration of 0.003 
mM. Distribution ratios, corrected to 20 
minutes of incubation, are expressed as 

., counts per minute of a'Pi per milliliter of 
6 cell water divided by counts per minute 

of 3Pi per milliliter of incubation medium. 
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thyroidism resulting in decreased renal 
tubular reabsorption of Pi, hypophos- 
phatemia, and rickets. Recent evidence 
has weakened this argument. Hadded 
et al. reported that the concentration of 
25-hydroxycholecalciferol in serum of 
patients with FHR was normal (4). 
Furthermore, Arnaud et al. (5) and 
Roof et al. (6) showed that serum 
parathyroid hormone concentrations 
were normal or reduced in affected 
patients, not increased. 

The alternate view proposes a primary 
membrane transport defect for Pi in 
the proximal renal tubule (7). This hy- 
pothesis has been challenged because it 
fails to explain either the capacity of 
calcium infusion to reverse the hyper- 
phosphaturia (8), or the intestinal 
malabsorption of calcium. Glorieux and 
Scriver (9) have resolved the objection 
raised by calcium infusion studies. Their 
data indicate that renal tubular re- 
absorption of Pi is normally accom- 
plished by two discrete mechanisms. 
The first is a parathyroid hormone- 
sensitive system responsible for reclama- 
tion of about two-thirds of filtered Pi; 
this system is defective in FHR. The 
second is a parathyroid hormone-re- 
sistant but calcium-responsive system 
that mediates reabsorption of the re- 
maining Pi and accounts for the aug- 
mented Pi reabsorption observed in 
FHR patients during calcium infu- 
sion. 

Intestinal calcium malabsorption in 
FHR can also be explained if one pro- 
poses that the functionally similar jeju- 
nal mucosal cell shares with the renal 
tubule cell the defect in phosphate 
transport (10). Such a primary dis- 
turbance in intestinal absorption of Pi 
might lead to the formation of insoluble 
calcium-phosphate complexes in the in- 
testinal lumen, and, hence, to malab- 
sorption of calcium. In vivo evidence 
for impaired intestinal absorption of Pi 
in FHR is derived from metabolic 
balance studies (11) and estimation of 
serum Pi during an oral phosphate 
tolerance test (12). Such in vivo studies, 
however, cannot distinguish primary in- 
testinal malabsorption of Pi from malab- 
sorption secondary to a defect in 
calcium transport. Therefore, the pres- 
ent in vitro studies of intestinal Pi 
transport were undertaken to examine 

Pi transport directly. 
Inorganic phosphate flux and ac- 
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cumulation by rat intestine in vitro has 
been studied (13), but, to our knowl- 
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Familial Hypophosphatemic Rickets: Defective Transport of 

Inorganic Phosphate by Intestinal Mucosa 

Abstract. Uptake of inorganic phosphate is impared in intestinal mucosa from 
hemizygous males and heterozygous females with X-linked familial hypophosphate- 
mic rickets. Considerable intrafamilial and interfamilial variation in uptake of 
inorganic phosphate is observed in affected patients. Uptake by normal mucosa is 
concentrative and energy-dependent, and is mediated by at least two systems with 
widely different affinities. These results lend direct support to the thesis that the 
primary metabolic disturbance in this disease results from impaired transport of 
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by human intestine has not been re- superna 
ported previously. We examined Pi and tiss 
uptake by jejunal mucosa from five modifics 
adult normal volunteers and from five and Tul 
adult patients with FHR (two females fined as 
and one male in pedigree C; two males millilite: 
in pedigree T). Four of these patients per mi] 
had not been treated with either vitamin for tota 
D or phosphate supplements for several lated t 
years before study; the fifth had re- method! 
ceived vitamin D until 3 weeks before Upta] 
biopsy. mals w< 

Peroral specimens of jejunal mucosa, sue wei 
obtained from the region of the liga- was no 
ment of Treitz with a hydraulic biopsy amino a 
tube (14), were placed in chilled, Pi- mucosa 
free saline-bicarbonate buffer (pH 7.4) creased 
containing 1.25 mM Ca2+ for no more present 
than 45 minutes before transport studies an artif 
were initiated. Single specimens were tion rn 
then incubated for 10 to 40 minutes at weighin 
37?C in fresh buffer containing 0.003 yielded 
mM Pi as [33P]NaH2PO4. Uptake 
studies were terminated by homogeniz- 
ing the tissue in 8 percent trichloroacetic 
acid. Portions of trichloroacetic acid 
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Fig. 2. Time course of uptake of rad 
tive inorganic phosphate (3Pi) by hu 
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rickets (FHR). Biopsies were incul 
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of closely agreeing separate studies in 
affected patients in each kindred. 
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tants from incubation medium 
sue were extracted for Pi by a 
ation of the method of Lippman 
ttle (15). Distribution ratios (de- 

the ratio of radioactivity per 
r of cell water to radioactivity 
Ililiter of incubation medium) 
al 33P and for 33Pi were calcu- 
by using previously described 
s (16). 
ke of Pi by mucosa from nor- 
as inversely proportional to tis- 
ght (Fig. 1). This result, which 
t noted in previous studies of 
acid or glucose uptake by jejunal 

(14, 17), suggests that the in- 
weight of submucosal tissue 

in the larger specimens produces 
factual lowering of the distribu- 
atio. Since biopsy specimens 
g more than 2 mg routinely 
a distribution ratio of 1, only 

pieces weighing less than 2 mg were 
analyzed in the subsequent studies. 

Uptake of Pi by mucosa from con- 
trols increased linearly during the 40- 
minute interval, reaching a maximal 
mean distribution ratio of 7.4 (Fig. 2A). 
Uptake of Pi by mucosa from patients 
with FHR was considerably less than 
that in controls at each of the three time 
points tested, these differences being 
statistically significant at 20 minutes (P 
< .05) and 40 minutes (P < .005). Al- 
though no significant difference in mean 
Pi uptake was noted between female 
and male controls or patients, mucosa 
from the affected male in pedigree C 
accumulated much less Pi than did tis- 
sue from his affected mother and sister 
(Fig. 2B), or did that from the two af- 
fected males in pedigree T whose values 
differed significantly from controls only 
at 40 minutes. In controls and patients, 
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Fig. 3. (A) Double reciprocal plot of 'Pi 
transport by jejunal mucosa in normal B20 
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diffusion constant could not be calculated E 

by the method of Akedo and Christensen 
ioac- (17) because diffusion equilibrium had 
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emic fore, mediated velocity (Y) was calculated E 
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males in pedigree T are again the means of closely agreeing studies in two affected patients. 
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addition of sodium cyanide reduced 33Pi 
distribution ratios after 40 minutes of 
incubation to 1 (mean + standard devia- 
tion: 1.1 ? 0.6 for controls and 0.9 ? 
0.2 for FHR patients), results indicating 
that Pi uptake was energy-dependent 
as well as concentrative in both groups. 
Since the ratio of 33P, to total 33P after 
40 minutes of incubation was the same 
in control tissue (0.8 ? 0.04) as in that 
from patients with FHR (0.9 ? 0.1), 
the reduced Pi uptake observed in FHR 
is not explained by a more rapid rate 
of conversion of Pi to organic phos- 
phate derivatives in tissue from affected 
patients. 

When the uptake of Pi was examined 
in mucosa from controls over a 1500- 
fold range of substrate concentration 
(0.002 to 3.0 mM), saturation kinetics 
were observed (Fig. 3A). The sharp 
break in the double reciprocal plot sug- 
gests the presence of two transport 
systems for Pi: a high-affinity system 
(I) identified at substrate concentrations 
below 0.03 mM, and a low-affinity sys- 
tem (II) observed at substrate concen- 
trations greater than 0.03 mM. These 
systems have apparent Michaelis con- 
stants that differ by a factor of 100. 

Kinetic analyses were also attempted 
in the patients with FHR (Fig. 3B). 
Insufficient tissue was obtained for con- 
clusive results, but the data suggest that 
the high-affinity system has been lost in 
the affected male in pedigree C and 
impaired in the two heterozygous 
females in this kindred. In pedigree T, 
kinetic analyses failed to show any 
significant deviation from normal. 

These data provide the first in vitro 
demonstration of a transport defect for 
Pi in patients with FHR. The observed 
defect, although incomplete in all af- 
fected patients, was of considerably 
greater magnitude in the hemizygous 
male in pedigree C than in his heterozy- 
gous female relatives. Such results are 
consistent with the X-linked dominant 
pattern of inheritance in FHR and with 
previous data on Pi reabsorption in 
the renal tubule (9). Mucosal Pi uptake 
was much less in the affected male in 
pedigree C than in the two males in 
pedigree T. This difference, which could 
not be attributed to previous treatment, 
may well be a manifestation of genetic 
heterogeneity so commonly observed in 
other inherited metabolic diseases. These 
observations, in conjunction with those 
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defect in both renal and intestinal 
transport of Pi underlies FHR. The 
molecular nature of this long-elusive de- 
fect should now be open to direct 
examination. 
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There is disagreement about the ef- 
fects of vitamin C on cholesterol me- 
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concentrations in blood and tissues (4), 
increased cholesterol biosynthesis (5), 
decreased cholesterol catabolism (6), 
and atheromatous changes in their 
blood vessels (7). Many other research- 
ers did not find similar changes [see (8)]. 
The contradictions in results may be 
explained by the fact that acute scurvy 
is, metabolically, a very complicated 
state, primarily evoked by vitamin C 
deficiency, but secondarily by other 
factors, such as a refusal of food, de- 
crease in body weight, negative nitro- 
gen balance, hemorrhaging, and so 
forth. Moreover, the model of acute 
scurvy does not reflect the nutrition 
situation in developed countries, where 
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Cholesterol: Vitamin C Controls Its Transformation 
to Bile Acids 

Abstract. Cholesterol accumulates in the blood serum and in the liver of 
guinea pigs with chronic latent vitamin C deficiency. The reason for this is the 
decreased rate of transformation of cholesterol to bile acids in the liver of animals 
deficient in vitamin C. A significant direct correlation exists between the vitamin 
C concentration in the liver and the rate of cholesterol transformation to bile 
acids. 
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