Y“NO;" data for this period indicates that
endogenous synthesis contributes 7
pmole of urinary NO;™. Since this is less
than the 9 wmole of dietary NOs that do
not appear in the urine, the net excretion
of NO; is now less than the amount
ingested. Thus, although NOs synthesis
occurs at all concentrations of NO;™ in-
take, urinary excretion in excess of in-
take will be apparent only when intake is
low—that is, when the amount of dietary
NO; not appearing in the urine is less
than the amount of endogenously syn-
thesized NO;™ that is excreted.
Synthesis of NOs ™ in humans has been
reported (4) and was attributed to intesti-
nal nitrifying bacteria. Our studies indi-
cate that NO;~ synthesis occurs in the
germfree rat as well as in the convention-
al rat and thus is independent of the
flora. It appears that NO; synthesis is a
mammalian process.
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Nitrogen-13-Labeled Nitrite and Nitrate: Distribution and
Metabolism After Intratracheal Administration

Abstract. Radioactive nitrogen-13 from. nitrite (NO;™) or nitrate (NO3™) adminis-
tered intratracheally or intravenously without added carrier to mice or rabbits was
distributed evenly throughout most organs and tissues regardless of the entry route
or the anion administered. Nitrogen-13 from both anions was distributed uniformly
between plasma and blood cells. We found rapid in vivo oxidation of NO;™ to NO3™ at
concentrations of 2 to 3 nanomoles per liter in blood. Over 50 percent oxidation
within 10 minutes accounted for the similar nitrogen-13 distributions from both
parent ions. The oxidation rates were animal species—dependent. No reduction of

“NOs

to PNO,™ was observed. A mechanistic hypothesis invoking oxidation of

BNO;~ by a catalase~hydrogen peroxide complex accounts for the results. These
results imply a concentration dependence for the in vivo fate of NOy~ or nitrogen

dioxide.

The in vivo fate of nitrite (NO,”) and
nitrate (NO57) is being studied with
radioactive ®N (half-life = 10 minutes)
tracer technology that offers insight into
an enigma of marked contemporary im-
portance. More than 100 years ago,
Gamgee (/) first observed what is now
known to be the conversion of oxyhe-
moglobin (HbO,) to methemoglobin
(MetHb) when NO,~ was added to
blood. The biochemical pathways of this
pharmacologically and toxicologically
important transformation are not fully
understood (2). Newberne’s (3) recent
report that long-term NO,™ ingestion by
rats caused an increased incidence of
cancer in the lymphoreticular system
elicited immediate congressional atten-
tion (4) because removal of NO;™ as a
food additive in accordance with the
Delaney Clause may increase the risk of
food poisoning from botulism. The reso-
lution (5) of this public health dilemma is
complicated by earlier findings (6) that
ingested NO;™, a natural component of
many foods, especially vegetables, is re-
duced to NO,~ by oral microflora to
produce salivary NO,~ concentrations of
several hundred milligrams per liter. The
formation and reactions of NOs;~ and
NO,™ in the intestinal tract are consid-
ered potentially important in understand-
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ing the etiology of human gastric cancer,
but their significance is controversial (7).

The long-term health effects of NO;3~
and NO,™ entering the body through the
respiratory tract are largely unknown.
These anions may form in the atmo-
sphere (8) or in vivo from airborne ni-
trogenous compounds. Inhalation of ni-
trogen dioxide (NO,), the most abundant
nitrogenous air pollutant, can result in
the formation of NO,” and NO;™ (9). Ina
pioneering tracer experiment, Goldstein
et al. (10) found that N inhaled by
rhesus monkeys as NO, gas [0.6 part per
million (ppm)] was rapidly taken up by
the blood and that a substantial portion
was uniformly disseminated to extrapul-
monary sites. They postulated from
chemical arguments that a portion of the
NO, reacted with aqueous vapor and
mucus by disproportionation to form ni-
trous acid (HNO,) and nitric acid
(HNO,), precursors to NO,~ and NO;5™.
Pryor et al. (11) found in vitro evidence
that NO, concentrations below 50 ppm
probably react with lung components to
form only NO,". Svorcova and Kaut (9)
observed both NO;~ and NO;™ in the
blood of rabbits that had been exposed to
22.5 ppm of NO, for 4 hours. Recently,
Igbal and his co-workers (/2) observed
the in vivo formation of a nitrosamine
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product in mice that were gavaged with a
precursor amine, morpholine, and ex-
posed to NO,. They postulated an HNO,
intermediate, although the mechanism
was not determined.

In view of the uncertainty about the
in vivo fate of even simple nitrogenous
compounds, it became clear to us that, to
reach our ultimate scientific goal of ob-
taining information about the long-term
health effects of NO,™, NO3;~, HNO,, and
NO, inhalation, a better understanding
of NO;~ and NO,~ pharmacokinetics was
needed. Uncertainties about the mam-
malian economy of nitrogen compounds
can be attributed in part to the difficulty
of trace NO, and NO; analyses in
biological samples and to the lack of
sensitivity intrinsic to stable *N tracer
and mass-spectrometric detection. The
detection limits require quantities of “N
or N compounds that may perturb nor-
mal biochemical processes. We over-
came these difficulties by using high-
specific-activity (1 x 103 to 7 x 103 Ci/
mmole) ®NO,™ and '*NO;~ for metabo-
lism studies that minimized any pharma-
cological action of the tracer. Dosages
ranged between 10 and 100 ng per kilo-
gram of weight.

The cyclotron target described by
Parks and Krohn (/3) was used to pro-
duce *N-labeled NO;~ directly by bom-
bardment of water with protons. Labeled
NO, was prepared by reduction of NO;3~
with an improved copperized cadmium
reduction technique described by McEIl-
fresh et al. (14). All the experiments
were dore under ‘‘no carrier added’’
(NCA) conditions; however, ubiquitous
contamination reduced the specific ac-
tivity in comparison to that of carrier-
free material -(15). All solutions for ani-
mal experiments were neutralized and
made isotonic with phosphate-buffered
saline (PBS). Chemical separations (Fig.
1) were accomplished with a high-per-
formance liquid chromatograph (HPLC)
fitted with radiation detectors (16).

The experimental animals were Balb/C
mice and New Zealand White rabbits,
which were fed unlimited amounts of
commercial laboratory animal feed and

water. Intratracheal (IT) instillation of 15

pl of tracer into mice was done by the
Sedgwick and Jahn technique (/7). Intra-
venous (IV) injections were made into a
tail vein of the mice or an ear vein of the
rabbits,

Our first measurements consisted of
organ distribution studies of *NO;~ and
BNO,™ in mice; we used 10 to 12 mice
for each combination of anion and route
of administration. Measurements were
made at time intervals of from 5 to 30
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minutes between injection and the killing
of the animal. Organs were excised with-
in 10 minutes after the death of the
animal and weighed. The tracer concen-
trations in the lungs, heart, kidneys, liv-
er, stomach, small intestine, large intes-
tine, bladder, and carcass were deter-
mined by gamma-ray counting.

The time-dependent flux of both trac-
ers achieved transient equilibrium very
rapidly for each route of administration
but was slightly slower for the lung. The
distribution data were relatively constant
within 5 minutes after injection (/8). The
distribution kinetics are time-dependent,
because initially all the tracer was isolat-
ed at the site of administration and none
was in the other organs. However, the
principal factor controlling the initial dis-
tribution of N from NO;~ or NO,™ is
blood flow.

Except for the lungs and carcass, the
percentages of *N-labeled anion admin-
istered per gram (percent A/g) were in-
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Fig. 1. Radiochromatograms illustrating the
oxidation of *NO,™ in mice and rabbits. An-
ions labeled with >N were separated on an
HPLC fitted with a Partisil-10 SAX (Whatman)
strong anion-exchange column (4.6 mm interi-
or diameter by 250 mm long). The eluent was
30 mM phosphate buffer, pH 3.1; the flow rate
was 3.0 ml/min. The 511-keV positron annihi-
lation photons from ®N were detected with
Nal(Tl) crystals. The elution order on this
column is nonanionic (NA) labeled com-
pounds, *NO,~, and *NO;~. The decay-cor-
rected percentages, given as NA, *NO,, and
BNO;™, respectively, for introduced *NO;
material (dotted line) are 0.2, 99.3, and 0.5;
for 10-minute mouse plasma (solid line), they
are 3, 27, and 70 (intratracheal instillation);
for 10-minute rabbit plasma (dashed line),
they are 3, 46, and 51 (intravenous injection).

significantly different at the 5 percent
level for each organ, irrespective of
whether IT or IV administration was
used or the specific anion chosen.
Hence, we combined the 4 percent A/g
data sets for most organs (mean = the
standard error of the mean) to give the
following: heart, 9.1 = 1.6; kidneys, 8.7
+ 1.1; liver, 7.5 = 0.8; stomach, . 10.0
+ 3.0; small intestine, 5.3 = 0.5, large
intestine, 7.3 = 1.2; and bladder, 10.5
* 5.3. The remaining activity varied by
route, and the mean NO, and NO;~
percent A/g values were distributed as
follows: for IV lung, 8.8 + 2.1; IV car-
cass, 4.2 = 0.3; IT lung, 26.3 = 7.3; and
IT carcass, 3.5 = 0.3. The higher lung
values for the IT administration over our
time period were due to the fact that this
organ was the site of IT instillation; low
activity values for the carcass were due
to minimal uptake by the skeleton.

From these >N distribution data in the
mouse, two possibilities emerged. Fither
NO;™ and NO,™ distribute equally into
the same body space, or NO;~ and NO,~
chemically transform into each other or
into sufficiently similar products that no
detectable difference in '*N organ distri-
bution is produced. The even distribu-
tion of *N also indicates that the NO,~
or NOj~ tracer rapidly reaches a steady-
state concentration of no more than 2 to
3 nM in body fluids. ;

We then examined the distribution of
¥N in blood fractions. Blood samples
(0.5 to 1.0 ml) were taken by cardiac
puncture from anesthetized mice 10 min-
utes after IT instillation of “NO;~ or
BNO,. The samples were separated into
cells and plasma by centrifugation. The
plasma was further fractionated by pre-
cipitation of the plasma proteins (PP)
with 50 percent methanol, and the cells
were lysed with distilled water and re-
centrifuged to remove cellular debris
(CD). The lysate was treated with 50
percent methanol and centrifuged to re-
move the intracellular protein precipi-
tates (CP). There were slight differences
in the blood fraction distributions of ®N
from *NO;~ and *NO, (Table 1). Three
washes of PP, CD, and CP precipitates
with PBS solubilized ~ 95 percent of the
BN and indicated minimal irreversible
reaction to form high-molecular-weight
products.

We selected the rabbit as a second
animal species because earlier experi-
ments with rabbits (9) showed increased
blood concentrations of NO5;~ and NO,~
after exposure to NO, and because organ
distributions in rabbits could be conve-
niently obtained with our Auger scintilla-
tion camera. With intravenous *NO,”
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Table 1. Fractional distribution of *N in blood 10 minutes after the administration of *NO,~ or

3NO;". Standard deviations are given in parentheses.
Blood Mice* Rabbitst
fractions NOs NO,€ NO; NO,-
Plasma 0.58 (0.05) 0.49 (0.04) 0.62 (0.10) 0.64 (0.08)
Methanol precipitate, 0.12 (0.03) 0.11 (0.03) 0.18 (0.12) 0.10 (0.04)
. plasma proteins
Supernatant 0.46 (0.03) 0.38 (0.03) 0.44 (0.15) 0.54 (0.06)
Cells 0.42 (0.05) 0.51 (0.04) 0.38 (0.10) 0.36 (0.08)
Water lysate 0.26 (0.06) 0.23 (0.05) 0.21 (0.09) 0.23 (0.05)
Methanol precipitate, 0.07 (0.03) 0.05 (0.03) +0.06 (0.03) 0.05 (0.02)
intracellular protein
Supernatant 0.19 (0.04) 0.18 (0.04) 0.15 (0.03) 0.18 (0.07)
Cell debris 0.16 (0.05) 0.28 (0.05) 0.17 (0.07) 0.13 (0.03)

*Five mice were used for each anion; intratracheal instillation.
four rabbits for the NO,™ data; intravenous injection.

and "*NOs", a rapid homogeneous distri-
bution of the radioactivity throughout
the rabbit was observed as had been seen
in mice. Equilibrium between the intra-
vascular and extravascular compart-
ments was reached within 5 minutes af-
ter injection of either radiochemical. The
activity was distributed evenly through-
out the soft-tissue organs. Only 2 to 3
percent of the BN appeared in the uri-
nary bladder during the first 30 to 45
minutes after injection. The blood frac-
tion data for the rabbits (Table 1) are
very similar for both anions and are
similar to the mouse data. _

The hematocrit was about 0.55 for
mice and about 0.40 for rabbits. These
values were approximately the fractions
of tracer found in the cells, suggesting
that the N from NO;~ or NO,” was
distributed uniformly on a per-volume
basis throughout the blood. Clearly; the
®N-labeled species are not distributed
with the physiological control character-
istic of anions such as chloride, which
has an extracellular : intracellular ratio
of 25 :1(19).

Portions of each supernatant from the .

blood distribution experiments were also
analyzed by HPLC (Fig. 1). The chro-
matographic results obtained from
mouse plasma taken 10 minutes after
IT instillation of *NO,” revealed that
70 = 5 percent (standard deviation) of
the N was converted to *NO;~ and
27 = 2 percent remained as NOj~.

Nonanionic compounds totaled about
3 = 1 percent of the activity. One site of
NO,~ conversion to NO;~ is the erythro-
cyte as demonstrated by chromatogra-
phy of the cell lysate, which showed 100
percent *NO;~, and chromatography of
a PBS cell wash, which showed ~ 80
percent of the activity as *NO;™ and 20
percent as '*NO,~. By comparison, the
product distribution in rabbit plasma 10
minutes after NO,~ IV injection was
46 + 3 percent “NO,", 51 = 3 percent
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tFive rabbits were used for the NO;~ and

BNO;~, and 3 + 1 percent nonanionic;
these values indicate a slower conver-
sion rate in rabbits than in mice.

Ten minutes after IT instillation of
BNO," into mice, 100 percent of the *N
label was found as '*NO,~ in all blood
fractions. The *NO;~ IV injection data
in rabbits exhibited no differences from
the mouse IT data. Thus, any “*NO;
formed by the bacterial reduction of
BNO;~ was not detected in the blood of
either species.

In summary, the very similar organ
distributions of *N-labeled tracer NO,~
and NO5™ after IT introduction into mice
or IV injections into rabbits can largely
be explained in terms of the conversion
of BNO; to ®*NO5™ in blood. We direct-
ly demonstrated that NO,~ was rapidly
oxidized to NO;~ under NCA conditions
in'mice and rabbits, but *NO;~ was not
reduced to ®NO,~ within the 10-minute
observation period. Measurable species
differences were observed in the conver-
sion rates of NO,™ to NO;™.

We hypothesize that under our in vivo
conditions (dosages of 10 to 100 ng of
NO,  per kilogram of body weight;
NO, : HbO, molar ratio in blood of
107%), normal spontaneous oxidation of
HbO; (2) in erythrocytes produces su-
peroxide ion (O,7) and MetHb as demon-
strated in vitro by Misra and Fridovich
(20). The O, is converted by superoxide
dismutase (E.C. 1.15.1.1) to hydrogen
peroxide (H,0,). This in turn forms a
catalase-H,0; complex, for which NO,~
may act as a substrate, as has been
shown to occur in erythrocytes by Co-
hen and co-workers (22). Chance’s earli-
er work (23) showed the rapid reaction of
NO;~ with the catalase-H,O, complex
under physiological conditions and
included a postulated mechanism for the
oxidation of NO,™ to NO5~. This schema
accounts for our observations. In vitro
studies (23) with NO,~ for NO;,™ : HbO,
molar ratios 2 to 20 million times higher

than our in vivo ratios indicate that NO,~
can react directly with HbO, (23).

Our work demonstrates the in vivo
conversion of NO,~ to NO;~ under NCA
conditions, and we have found no reac-
tions of NO;~ under similar conditions.
Hence, evidence (2, 12, 23) suggesting
the direct reaction of NO, with hemo-
globin or other compounds may result
from concentrations of NO,™ or NO; that
lead to a saturation of our proposed
mechanism; that is, the catalase-H,O,
reaction occurs at NO,~ concentrations
below those reported to generate MetHb
directly from hemoglobin. Our observa-
tion of species differences in NO,™ reac-
tion rates under NCA conditions, cou-
pled with preliminary evidence that bio-
transformation mechanisms for NO,™ are
concentration-dependent, suggests that
adequate extrapolation of animal NO,~
or NO, toxicology data to humans must
include interspecies comparison of non-
linear pharmacokinetic phenomena (24).
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Inherited Primary Hypothyroidism in Mice

Abstract. A new autosomal recessive mutation that causes hypothyroidism has
been identified in mice. The gene, herein named hypothyroid (hyt), has been mapped
on chromosome 12 approximately 30 units from the centromere. The mutants are
characterized by retarded growth, infertility, mild anemia, elevated serum cholester-
ol, very low to undetectable serum thyroxine, and elevated serum thyroid-stimulating
hormone. Thyroid glands are in the normal location but are reduced in size and
hypoplastic. Mutant mice respond to thyroid hormone therapy by improved growth
and fertility. These findings suggest that the hyt mutant gene results in primary
hypothyroidism unresponsive to thyroid-stimulating hormone.

Congenital hypothyroidism is a recog-
nized cause of retarded somatic and neu-
rological development in mammals.
Among human beings, this glandular
malfunction occurs once in every 3684
births (/). Approximately two-thirds of
affected infants have primary hypothy-
roidism, indicated by findings of de-
pressed serum thyroxine (Ty), elevated
serum thyroid-stimulating hormone
(TSH), and hypoplastic or, more rarely,
ectopic thyroid glands (2). The resulting
cretinism can be prevented only by im-
mediate hormone replacement therapy.
Although the explanation for the triad of
low serum Ty, elevated serum TSH, and
hypoplastic thyroids is not conclusively
established, three reports provide impor-
tant clues to one possible mechanism:
Stanbury et al. (3) reported on an 8-year-
old boy with congenital hypothyroidism
in the absence of goiter, who was unre-
sponsive to exogenous TSH; Medeiros-
Neto et al. (4) described a 19-year-old
male with identical symptoms and
showed that neither thyroidal radioio-
dine uptake nor function of adenosine 3’,
5'-monophosphate increased with exoge-
nously administered TSH; Codaccioni et
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al. (5) discovered similar features ina 17-
year-old male and showed that TSH
receptors were present, but activation of
thyroid adenylate cyclase was deficient.
These observations support the idea that
thyroid hypoplasia and hypofunction in
some patients may result from failure of
thyrofollicular cells to respond to endog-
enous TSH. That such a situation may
arise from a genetic event has been sug-
gested in reports of nongoitrogenic hypo-
thyroidism in siblings or in parents and
their offspring (6). We now report a new
recessive mutation in laboratory mice
(named hypothyroid, gene symbol hyt)
that causes hypothyroidism in the ab-
sence of goiter.

The mutant phenotype was first ob-
served in a sib-mated pair of RF/J mice
(Animal Resources colonies, the Jackson
Laboratory) when the female failed to
grow or reproduce. A small research
colony was established by mating the
normal male parent to normal RF/J fe-
males, followed by backcrossing female
offspring to the sire and by sibling mat-
ings of the original pair. In addition, we
began the transfer of the mutant gene by
outcrossing to BALB/cByJ mice to cir-

cumvent the poor reproductive perform-
ance of RF/J mice and to test the effects
of the mutant gene on a heterogeneous
background.

The hypothyroid phenotype was due
to an autosomal recessive mutation, be-
cause the mating of a normal individual
to an affected female or male whose
fertility had been restored (see below)

"resulted in all normal young and the

intercrossing of these young produced
approximately 25 percent affected indi-
viduals (1047 normal and 325 mutant).
Positive genetic linkage was found with
the metacentric Robertsonian chromo-
somal translocation Rb(8.12)5Bnr (here-
after Rb5Bnr). First filial generation
(Rb5Bnr +/+ hyt) females were mated
to hyt/hyt males, and the resultant off-
spring were classified visually for the Ayt
phenotype and chromosomally for the
Rb5Bnr translocation (7). Of 141 off-
spring, 102 were of a parental phenotype
(31, Rb5Bnr +; 71, + hyt) and 39 were
of a crossover phenotype (17, Rb5Bnr
hyt; 22, + +). Therefore hyt is linked to
the Rb5Bnr translocation and carried at
the proximal end of chromosome 8 or 12
at a distance of 27.7 =+ 3.8 map units
from a centromere (8). Since hyt did not
show linkage to the Os gene located on
chromosome 8 approximately 25 map
units from its centromere, we' conclude
that Ayt is located on chromosome 12.
Retarded growth was consistently ob-
served in RF/J and BALB/cByJ-N1F2
outcross mutant mice at weaning (3
weeks of age). This deficiency became
more pronounced during the rapid
growth rate of the pubertal period.
Weekly body weight data obtained on 18
BALB/cByJ-N1F?2 litters, toe-clipped at
birth for later genotype identification,
revealed that hyt/hytr mice weighed sig-
nificantly less than their normal litter-
mates by 22 days of age (Fig. 1). A study
of hyt’hyt mice and their normal litter-
mates was conducted to determine
whether a diet supplemented with desic-
cated thyroid powder could initiate
growth and restore fertility, as has been
demonstrated with Snell’s dwarf (dw/dw)
mice (9). Weekly body weight data ob-
tained from weanling N1F2-hyt/hyt and
+/— littermate mice fed either 0.025
percent desiccated thryoid powder or
control diet (Fig. 1) showed that (i) thy-
roid replacement induced rapid catch-up
growth in hyt/hyt mice, (ii) hyt/hyt mice
displayed a very low rate of growth
without thyroid therapy, and (iii) normal
mice were not affected by the treatment.
After 4 to 5 weeks of treatment with
desiccated thyroid, hyt/hyt mice were
phenotypically similar to +/— controls,
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