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Germfree and conventional-flora Sprague-Dawley rats were fed sodium nitrate
or sodium nitrite in their drinking water (1,000 ,tg/ml), and various organs, tissues,
and sections of the intestinal tract were assayed for nitrate (NO3-) and nitrite
(NO2-) by a spectrophotometric method. When fed NO3-, germfree rats had
chemically detectable levels ofNO3- (only) in the stomach, small intestine, cecum,
and colon. Conventional-flora rats fed N03- had both N03- and NO2- in the
stomach, but only N03- in the small intestine and colon. When fed N02-, germfree
rats had both N03- and N02- in the entire gastrointestinal tract. Conventional-
flora rats fed N02- had both ions in the stomach and small intestine, but only
N03- in the large intestine. Conventional-flora rats fed N03- or N02 had lower
amounts of these ions in the gastrointestinal tract than comparably fed germfree
rats. Control (non-NO3- or N02--fed) germfree and conventional-flora rats had
trace amounts of N03- (only) in their stomachs and bladders. These results, in
conjunction with various in vitro studies with intestinal contents, suggest that
N03 or N02 reduction is a function of the normal bacterial flora, whereas N02
oxidation is attributable to the mammalian host. In addition, the distribution of
these ions after their ingestion appears more widespread in the body than
previously thought.

The distribution and metabolism of ingested
nitrate (NO3) and nitrite (NO2-)is not wel
understood. Interest in these ions has expanded
in recent years due to their potential toxicity.
Under conditions that exist in the human gas-
trointestinal (GI) tract (6, 18, 35), infected uri-
nary bladder (4, 13), or achlorhydric stomach
(29, 30), nitrites (or nitrates after reduction) can
react with certain primary, secondary, tertiary,
and quaternary amines or amides to produce the
corresponding nitrosamines or nitrosamides.
This nitrosation reaction is catalyzed either by
acid conditions, as found in the nonnal stomach,
or by certain bacteria under more neutral or
alkaline conditions (20, 21). Most nitrosamines
and nitrosamides are extremely potent and effi-
cient carcinogens (19, 28). They can induce tu-
mors in almost every organ of experimental an-
imals tested. N-Nitroso compounds have, there-
fore, been implicated as causative or contribut-
ing agents in certain human tumors.

Since conditions that could allow a nitrosation
reaction to occur exist in the human alimentary
tract, the key question becomes one of locating
where the necessary precursors exist simultane-
ously and whether they are present in optimal
proportions to form the carcinogens. Secondary
amines are present throughout the GI tract and

bladder, mainly due to host and bacterial metab-
olism of ingested food (2). Ingested nitrates and
nitrites are known to be present in the stomach,
bladder, and saliva of humans (12, 32, 33), but
were previously considered to be absorbed from
the stomach or upper small intestine and ex-
creted by the kidneys (14) and hence not to be
present in the lower intestinal tract. Therefore,
in vivo formation of N-nitroso compounds has
been implicated in gastric, esophageal, bladder,
and other cancers, but generally not in colon
cancer.
The present study was initiated to determine

whether ingested N03 or N02 or both could in
fact reach the lower intestinal tract where they
could react to form potentially carcinogenic N-
nitroso compounds. To assess the role of the
microbial flora in the distribution and metabo-
lism of ingested NO3- or N02- or both, conven-
tional-flora (CV) and germfree (GF) rats were
used in these experiments.

MATERIALS AND METHODS
Nitrate and nitrite analysis in GI samples. The

spectrophotometric method used to assay N03 and
N02 (NO.-) in intestinal material was a modification
of an established method for meat and meat product
analysis (3). Only analytical reagent-grade chemicals
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and distilled deionized water (DDW), shown to be free
of NOX-, were used. All glassware and equipment were
precleaned in a sulfuric acid-potassium dichromate
solution.

For analysis of N02- in portions of "processed" GI
tract sections (see below), N02- was first diazotized
with a 0.1% sulfanilamide solution (1.0 g of sulfanil-
amide and 400 ml of 5 N HCl made to 1 liter with
DDW) for 3 to 5 min (solution A). It was then coupled
with a 0.1% (wt/vol) solution of N-1-naphthylethyl-
enediamine dihydrochloride (solution B) for an addi-
tional 15 min at room temperature and away from
direct sunlight to allow formation of the azo dye.
Solutions A and B were stored in brown bottles. The
ratio of solution A to B used in the analysis of GI tract
samples was approximately 5 to 1.

For analysis of N03 in portions of "processed" GI
tract sections, N03- was reduced to N02- via spongy
cadmium. Spongy cadmium was made by adding ap-
proximately 12 clean zinc rods to 500 ml of a 20% (wt/
vol) cadmium sulfate solution. After incubation with
occasional stirring for 3 h at room temperature, the
cadmium deposited on the zinc rods was scraped into
a clean container. The cadmium was washed several
times with DDW and transferred to a blender (Waring
Products, New Hartford, Conn.), covered with 0.2 N
HCl, and macerated in the blender for 15 s or until in
the form of fine, spongy crystals. The cadmium was
then washed at least six times and stored in DDW
until used, when it was "prepared" by regeneration
with the 0.2 N HCl solution and again washed six
times with DDW until free of chloride ion; a silver
nitrite solution can be used to check for residual
chloride. A spatula full of the "prepared" cadmium
was then added to 11-dram (ca. 42-ml) vials along with
10-ml portions of Carrez-cleaned (1) GI tract samples
(see below) in a pH 9.65 buffer (ca. 40 ml of concen-
trated HCI and 95 ml of concentrated ammonium
hydroxide made to 1 liter with DDW) and swirled
gently for 30 min to allow complete reduction of N03-.
In later experiments, cadmium columns (0.8 by 12 cm)
were used to minimize the handling of the cadmium.
In either reduction method, approximately 2 to 3 ml
of the pH 9.65 buffer was added per 10 ml of GI tract
sample. After reduction, N03- was estimated by cal-
culating differences in the concentration of N02- be-
tween the reduced and nonreduced (original) GI tract
samples. These estimates of NO2. (and eventually
NO3-) were made by comparing corrected absorbance
values of the resultant azo dye at 540 nm (A540), using
a double-beam spectrophotometer (Beckman model
25), with standard curves obtained by adding known
concentrations of these ions to Carrez-cleaned GI tract
samples (see below) taken from GF and CV rats in-
gesting DDW. All ion concentrations were expressed
as micrograms of N02- or NO3- per gram or milliliter
of sample. The lower limit of sensitivity of this analysis
ranged from 0.05 jig of ion per g for intestinal tissues
to 0.4 ,ug of ion per g for GF cecum (see Table 1).
Preparation ofGI samples for analysis ofN03

and N02 . All preparation of GI samples was done at
approximately 4°C. The intact GI sections (or tissue
and contents, if separated) were either minced with
scissors and blended in a Vortex mixer for 2 min at

full speed, or they were homogenized in a Waring
blender. Samples were then transferred to centrifuge
tubes and spun at 17,000 x g for 20 min (Sorvall
Superspeed, RC2-B), and the supematant was de-
canted and saved. The pellet was rediluted with 5 to
10 ml of DDW, blended in a Vortex mixer to ensure a
homogenate, and again spun at 17,000 x g for 20 min.
The pooled supernatants were then deproteinated and
clarified with two reagents (1), Carrez I [15%, wt/vol,
aqueous K4Fe(CN)6.3H20] and Carrez II (30%, wt/
vol, aqueous ZnSO4. 7H20) (solution A) to precipitate
out the background absorbing (A54o) material that
remained. Carrez II was added first to the pooled
supernatants and blended at full speed for 15 s in a
Vortex mixer; Carrez I was then added and blended at
full speed for 30 s in a Vortex mixer (NO2 will be
reduced if this mixing is delayed). Two or three drops
of isoamyl alcohol can be added to help reduce foaming
that results from this Carrez addition and mixing. The
ratio of Carrez II to Carrez I was 0.7 to 1.0 ml. The
resultant Carrez-treated suspension was then centri-
fuged at 17,000 x g (4°C) for at least 20 min, and the
supernatant was decanted and saved. The pellet was
rediluted with 5 to 15 ml ofDDW, blended in a Vortex
mixer for 2 min, and centrifuged for 20 min at 17,000
x g (4°C). The two supernatants were pooled. Finally,
all samples were passed through a 0.5-Mum Celotate
(NO3 -free) filter (Millipore Corp., Bedford, Mass.) to
remove small particles of the precipitate that some-
times remained after centrifugation of the Carrez-
cleaned samples. GF cecal and small-intestinal sam-
ples sometimes needed a 1.0-,um prefiltration before
the 0.5-,um filter cleanup.

In vitro and in vivo studies of N03 and N02
metabolism and distribution. GF Sprague-Dawley
rats were supplied by the University of Wisconsin
Gnotobiology Laboratory. CV Sprague-Dawley rats
were obtained from a local supplier (King Rats, Ore-
gon, Wis.). All rats were 60 to 90 days of age at the
start of these experiments.

For in vitro studies of ion metabolism, CV or GF
rats were killed with ether, and the various intestinal
segments were ligated and excised. The intact intes-
tinal section was weighed, intraluminally injected with
NO3- or N02 via a 1-ml syringe and a 27-gauge needle,
massaged to insure thorough distribution of the ion,
and incubated at 4, 37, or 85°C, depending on the
experiment. For some experiments, the intestines were
separated into tissues and contents. This was accom-
plished by manually expressing the intestinal material
and removing the remaining contents by washing with
DDW. After incubation, the samples were then ana-
lyzed for N03 andN02d.

For in vivo studies of N03 and N02 distribution,
GF or CV rats were given these ions in their drinking
water at the concentrations indicated in Tables 1
through 6. When metabolism cages were used, toluene
was added to the urine collector to inhibit microbial
alteration of the samples. After completion of the
feeding experiment, the rats were etherized and bled
via cardiac puncture, and the GI tract and bladder
were removed. The outer intestinal surfaces were
washed repeatedly with DDW before analysis to min-
imize contamination with extraneous blood. For the
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PHARMACOKINETICS OF NOX. IN GF AND CV RATS 863

sake of uniformity, all animals, whether GF or CV,
were killed between 6 and 7 a.m.

RESULTS
Measurement ofNO- in rat GI tract. The

complete and consistent quantitative recovery
of NO.- noted after Carrez treatment of DDW
standards (data not shown) indicated that the
Carrez treatment itself did not remove these
ions. Carrez precipitation, however, did lower
the background As values of the original GF
and CV rat GI supernatant samples. As seen by
the background Auo values in Table 1, CV rat
intestinal samples were more effectively clarified
than similar sections of GF intestine, whereas
the stomach and intestinal tissue of both were
clarified to a similar extent. Although the re-
maining (A54o) material in both GF and CV GI
tract supernatants did not inhibit or interfere
with the quantitation of preformed azo dye and
did not seem to break down the formed dye, it
did seem to interfere with the azo dye develop-
ment after N02- (and N03- after reduction) was
added to the color reagents. Therefore, as indi-
cated by the corresponding recovery values in
Table 1, the ability to detect NO.- in Carrez-
cleaned GI supernatants was not as good as in
DDW. A positive correlation was apparent be-
tween the amount of intestinal (background
A54o) material remaining after Carrez cleanup
and the amount of assay interference in these
intestinal samples. The interfering compound(s)
appeared to be in the intestinal contents rather
than the tissues. Since the assay interference
was greatest in GF intestinal samples, especially

TABLE 1. Relationship of background A54o values to
the recovery ofN02 and N03 from GF or CV

Carrez-cleaned GI samples
N03- or

GI sample Animal(s) Aa NO2- re-
coveredb

Intact stomach GF and CV 0.000-0.010 97.0-94.0
Intact small in- GF 0.007-0.026 75.0-60.0

testine or con- CV 0.000-0.012 94.0-87.0
tents

Intact cecum or GF 0.038-0.115 59.0-36.0
contents CV 0.002-0.013 91.0-84.0

Intact large in- GF 0.005-0.015 89.0-71.0
testine or con- CV 0.000-0.008 97.0-92.0
tents

Tissue only' GF and CV 0.000-0.004 100.0-98.0

a Values represent range of background absorbance values
obtained by using DDW as blank.

bRecoveries (in percent) were calculated by comparing Aw0
values that resulted after the addition of equal concentrations
of NO2- or N03 with those for DDW and the GI samples and
N02- reagents. The original background Aso values were
substracted for each GI sample.

'Representative results of samples from the small intestine,
cecum, or large intestine after the contents were "removed."

cecal samples, and because N03- recoveries from
GF intestinal sections were further reduced in
the presence of high amounts of NO2-, attempts
were made to improve the ion recovery further
by removing either the interfering compounds
or the ions from these GF samples by the follow-
ing procedures: passage through Fuller's earth,
activated charcoal (Norite, grade A), or cation
and anion exchange resins (Bio-Rad Laborato-
ries, Richmond, Calif.); treatment with organic
solvents of different polarities; and treatment
with trypsin. The Norite treatment cleaned GF
intestinal samples to near water quality, but it
also removed various amounts of NOX. Cation
exchange resins partially clarified the samples,
and although anion resins concentrated NOJ
from water samples, ions could not be consist-
ently recovered from GF intestinal samples. Nei-
ther the solvents nor the trypsin treatment im-
proved sample clarity or NO,- recovery. In ad-
dition, a nitrogen oxide electrode (Orion Re-
search, Cambridge, Mass.) reliably and accu-
rately detected NOX- in water samples but
proved unsatisfactory in intestinal samples (with
or without Carrez treatment). Consequently,
even though the "assay interference compo-
nent(s)" in GF samples could not be easily re-
moved, the limits of ion detection were sufficient
for our initial experimental purposes. These
NOX estimates varied from as low as 0.08 ,ug/g
(GF and CV stomach and tissues were approxi-
mately equal to 0.05 ,ug/g) in CV large intestine
to 0.4 ,tg/g in GF cecal material.
NO,- in CV rats housed in metabolism

cages. The distribution of ingested N02 and
N03 was first studied by analyzing the urine
and feces of CV rats that ingested either tap
water (base-line controls) or ion-treated (5,000
,Lg of N02- or NO3/il) water. Metabolism
cages were altered to prevent the drinking water
from contaminating the sample (urine and feces)
collectors. Analysis of the latter samples, which
were collected separately every 24 h for 3 days,
revealed no detectable N03- or N02 in speci-
mens from the control rat (Table 2). On the
other hand, except in the feces of the NO3-
treated rat, which contained only N03 , both
N03 and N02 were detectable in all urine and
fecal samples collected from the treated rats.
The urine ion values of these latter rats (Table
2), besides accounting for most of the ingested
ion, suggested that ingested N03 was partially
converted to N02 and vice versa.
The observation of NO03 and especially N02

in the feces of ion-fed rats was remarkable be-
cause it contradicted the generally held opinion
that N03 and N02 are rapidly absorbed in the
stomach or upper small intestine and excreted
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by the kidneys. To further investigate these fecal
NO2 concentrations and to determine why
NO2 was measurable only in the feces of the
N02 -treated rats, all rats were sacrificed after
day 3, and the large intestine was removed.
Nitrite was undetectable in the large intestine of
rats treated with either ion. After verifying the
latter observation by sacrificing several other
ion-treated CV rats, the metabolism cage studies
were abandoned because of the apparent con-
tamination of the fecal pellet with either urinary
NO3 or N02 as it rolled down the side of the
sample collector. Consequently, for all further
studies on N03 and N02 distribution in the
rats, only samples of freshly excised GI tract and
bladder were analyzed.
NO,- in intact GI tract sections ofGF and

CV rats. To establish base-line values of N03
and N02 in the GI tract and bladder of both
GF and CV rats, they were fed tap water and
standard lab chow and sacrificed after 48 h.
NO3-, but not NO2-, was detectable in the stom-
ach and bladder of both GF and CV rats; ion
levels in GF rats were higher than in their CV
counterparts (Table 3). The diet seemed respon-
sible for these base-line N03 levels, since this
ion was present in the chow and tap water (1 to
2,g/ml). Neither the diet nor the GI tract and
bladder of these rats (GF or CV) contained
detectable N02 (Table 3).

Next, CV and GF rats were allowed 48 h to
ingest NO2-- or N03 -supplemented (1,000 ,ug/
ml) water before sacrifice and analysis. GF and
CV rats that ingested NO2-- or NO3-supple-
mented water had greater concentrations of
these ions in their GI tract and bladder than rats
ingesting unsupplemented tap water (Table 3).
In CV rats, an increase in both ions was noticed

TABLE 2. Quantitation ofN03- and N02- in urine
or feces ofCV Sprague-Dawley rats ingesting ion-

supplemented or control tap water
Ion recovered'

Drinking wa-
ter treat- Day N02 N03
ment'

Urine Feces Urine Feces
NaNO2 1 1.8 x 103 50 4.0 x 104 275

2 800 65 1.9 x 103 180
3 26 213 2.6 x 103 5

NaNO3 1 150 0 2.6 x 105 175
2 40 0 2.4 x 104 40
3 10 0 230 272

Tap water 0 0 0 0
(no ions
added)

aNaNO2 or NaNO3, when present, was at 5,000 ,ug/ml.
b Values for each treatment group represent the total ion

recovered (micrograms) from urine or feces collected over a
24-h time period for 3 consecutive days from a single animal
that was housed in a metabolism cage.

-C

10
a
0

0

1sla
a
0

2

0,
a

r.
C.)

a)

0

0
z

z

0
z

z

z

z

z

z

z

S..

aX

3

.s

.5.

C-C

oa

,aa

Ca

c- a

0 Lo 0C t- Lo
+l +1 +1 +1 +1 +1

sOCbO sr
c-i-t- -)

-H
0C

oc- 00v
0 0

6 6H +1 +1

obslNC

c-

c-

0;

6+1 6665CO

00 0. 0

sO-

6 +1 6 +1+

- -D

c-i a

C 50 C 0

O o o so o

C's

_4 C'i C> o

o) +l +l o +l +l
o otr s

CqCD 5

_-_

_ +_ciC>i
w o

COCSvi o6Cs 0 Cm > 00o

+l+l+l+l+l-

C5

t- toC.
4 4 4

o) O+l o +
0.m l m cq

E ZZE-ZZ

aas
2
a

'4-4
0

0
a

+16

O
a

6' >

0 e
Z"

oW~

z0S6' s

Pk4
0 0

APPL. ENVIRON. MICROBIOL.



PHARMACOKINETICS OF NOx- IN GF AND CV RATS

in the stomach, small intestine, and bladder, and XI4
an increase in N03- (only) was noticed in the 1 +o o c
large intestine. Gastrointestinal tract NO.- con- .Z
centration increases occurred regardless of mE
which ion was initially ingested; this confirmed
that CV rats were able to convert N03- to N02 2 z o
and vice versa. However, the ion concentration b4 X
increases over control levels were not consistent o +1 +1

throughout the GI tract of CV rats, since both :zX
anions were undetectable in the cecum and N02
was not measured in the large intestine of these X o +1 c
ion-treated CV rats. Ion supplementation of the ZZo°
drinking water of GF rats, on the other hand, 4" E
resulted in increases in either N03 or N02 e
concentrations at all levels of the GI tract and z t - 2
bladder (Table 3). The conversion of N02 to
NO3-, noted in CV rats, was also evident in the
N02 -treated GF rats, and this apparently ac- Lo
counted for both these ions being detectable in o
the GI tract, with the notable exception that
N02 was not found in the GF bladder. GF rats o+1+1 X
ingesting N03, however, did not convert it to X - --.
N02 as the CV rats did, since only N03 was N
detectable in the GF GI tract and bladder. In t , + o
both GF and CV rats, there was a tendency for o 2 z
slightly higher concentrations of NO3- or N02-
or both in the lower intestinal tract (i.e., cecum o-H+1
and large intestine) when N02-, rather than Zx 0
N03, was initially ingested. -L. _C
Distribution of NO,- between intestinal I

+
0

tissue and contents ofGF rats. After allowing xz 0 0 _
48 h to ingest either DDW without added ions 0
(controls) or DDW containing 1,000W g of NO3 ec
or NO2 per ml, the small intestine, cecum, and Z

0
-z_

00large intestine oftheseGFratswereexcisedand
separated into tissue and contents. Overall, 0 I 0 0o
NO- analysis on GF intestinal tissue and con- vo H

m Z~~.
tents (Table 4) agreed with the results of ion e3
analysis in GF intact intestinal sections (Table o 2 1-
3). In addition, these ions were found in both the E +1 +1- z
tissues and the contents (Table 4). When GF C1X @ 2
rats ingested either N02 or NO3-, more of these °
ions appeared to be in the lumen or contents of °50 0 Z
the small intestine, whereas in the cecum and e z~ o z
large intestine more ion was apparently in the
tissues. Also, despite the fact that DDW was I , Q E
ingested by the control rats (Table 4), N03 +1 + +1
(though in lower concentration) was again de- Z= 20
tectable in the stomach and bladder, as was seen 2E

0in GF rats ingesting tap water (Table 3). I 0
Experiments with excised intestinal seg- o+ o.

ments. The general absence of detectable N02 zo:Z

or NO3- in the cecum and large intestine of CV .
rats ingesting ion-supplemented water (TablesE
3 and 4) suggested that either these ions did not ..2 V Cc V

reach the lower intestine or they were being >
-E

altered in some way to chemical forms that were 3 z co

not reactive as NO2- or NO3- before or after z z 0 .5
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reaching the lower bowel. In an attempt to un-
derstand which of these possibilities was occur-
ring in vivo, studies were performed by intralu-
minally injecting NO2- or NO3- (500 ,ug of ion)
into the excised (intact) cecum and large intes-
tine of GF and CV rats.
By using these freshly ligated sections of in-

testine, rather than adding the ions to Carrez-
cleaned and centrifuged samples (Table 1), a
marked difference was evident between GF and
CV rats in the amount of NO3- and NO2- re-
coverable after the 30-min incubation (37°C) in
vitro (Table 5). Nearly complete recovery of
added NO3- or NO2 was possible from the
excised cecum and large intestine of GF rats,
whereas the same sections from their CV coun-
terparts showed much lower recoveries (Table
5). Similar results were obtained with GF and
CV small-intestinal samples. Interestingly, intes-
tinal sections from gnotobiotic rats (with one
nitrate-reducing bacterial species present) man-
ifested ion recovery values that were intermedi-
ate between the values obtained in intestinal
sections from GF and CV rats (Table 5).
With intact intestinal segments, it was not

possible to conclude whether the tissues or the
intestinal bacteria were responsible for the me-
tabolism of these ions. This was investigated by
separating the ligated intestinal sections into
tissue and contents, adding NO2- or NO3- to the
resulting samples, and measuring for these ions
after incubation for 30 min at 37°C in vitro. The
data in Table 6 indicate that the CV and GF
cecal and large intestine tissues were unable to
alter added NO2- or NO3-. However, the con-

TABLE 5. Recovery ofN03- or N02- from ligated
intestinal sections of GF, CV, or gnotobiotic

Sprague-Dawley rats that were incubated for 30 min
at 37°C in vitro

Ani- Recovery of added iona
Intestinal section malml N02- N03-
Cecum CVb 11.5 ± 4.2 7.0 + 3.2

GFb 97.3 + 5.9 94.7 + 7.7
GBC 86 39

Large intestine CVb 44.6 + 15.2 21.0 + 10.0
GFb 99.6 ± 2.9 96.3 + 4.8

a Values indicate mean percent ± standard error of
the mean; 500 ,Ug of NaNO3 or NaNO2 was added per

intestinal section. Neither ammonium ion (NH4+) nor

opposite anion (i.e., N03 or NO2-) was detected upon
analysis (qualitatively checked via Nessler's reagent).

b Three animals per treatment group.

GB, Gnotobiotic. Two animals colonized with two
Pseudomonas species; one species was unable to re-

duce N03 , and the other formed gas from N03 but
did not utilize all available N03 as indicated in the
N03 test.

TABLE 6. Effect of microbial status on the recovery
ofN03- or N02- from intestinal tissue or contents of

GF and CV Sprague-Dawley ratsa

Ani- Recovery of added ionbmAni Intestinal section
mal' NN02 N03
CV Cecal tissue 96.0 ± 1.9 99.3 ± 4.3

Cecal contents 16.0 ± 4.2 14.5 ± 1.9
Large-intestine tis- 89.6 ± 5.0 92.1 ± 3.2

sue
GF Cecal tissue 99.0 ± 1.9 95.0 + 1.2

Cecal contents 99.3 ± 4.8 96.7 ± 5.4
Large-intestine tis- 95.0 ± 1.2 98.3 ± 1.8

sue
a Three animals per treatment group.
bValues represent mean percent ± standard error

of the mean; 100 ILg of ion per tissue sample or 500 ,ug
of ion per contents sample was added and then incu-
bated at 37°C for 30 min in vitro. Neither ammonium
ion (qualitatively checked via Nessler's reagent) nor
opposite anion (i.e., N03- or N02 ) was detected.

tents from both GF and CV lower-intestinal
segments gave ion recovery results that mim-
icked those seen with the intact intestinal seg-
ments (i.e., low ion recovery from CV contents
and high recovery in GF contents, Table 5).
These results strongly indicated that the intes-
tinal bacteria rather than the host intestinal
tissues were responsible for the metabolism of
NO3- and NO2-.
To further study the relationship of the intes-

tinal flora of CV rats and the metabolism of
NO2- and NO3-, the following experiment was
performed. Excised ceca from CV rats were
either heated at 85°C or cooled to 4°C, or they
had no prior treatment for 15 min before the
injection of NO3- or NO2-. After addition of 500
jig of NO3- or NO2-, the ceca were incubated for
various times and temperatures before ion anal-
ysis. With no incubation time between injection
of NO- and ion analysis, over 50% of the added
ion was recovered from ceca that had no prior
treatment. Cooling of the ceca to 4°C before
NO2- injection and during the 30-min incubation
period led to an even greater recovery of NO2-
(67%). Heating the ceca to 85°C before injection
of NO3- or NO0- followed by incubation at 37°C
yielded the highest values, which approached a
complete recovery of the ion added (86 to 92%).
These results again indicated that the metabo-
lism of NO3- and NO0- was a function of the
intraluminal bacteria, and this metabolism ex-
hibited characteristics similar to those of an
enzymatically catalyzed reaction.

DISCUSSION
If nitrosamines or nitrosamides are going to

be formed in the lower intestinal tract, precursor
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amines and amides and N03- or N02- must be
present. CV rats given water spiked with 1,000
,ug of N03 or N02 per ml for 2 days manifested
very low to nondetectable levels of these ions in
their intestinal tracts. These low values were
considered to be the result of either a rapid
absorption and excretion of NO.- or the metab-
olism (host or bacteria) of NO.- to a chemically
different form(s). Since the Carrez cleanup sys-
tem allowed quantitation of reasonably low lev-
els of NOX- in intestinal samples from CV rats,
a rapid metabolism of NO.- was assumed to be
the cause of these low in vivo ion values. This
latter assumption was reinforced by the in vitro
studies which showed that large amounts of
NOX- were metabolized within 30 min by the CV
intestinal (cecal) samples. Similar in vitro stud-
ies with GF intestinal segments, on the other
hand, suggested there was no (or little) metab-
olism of these ions in the absence of a bacterial
flora. When GF rats were fed N03-- or N02--
spiked water, they had detectable levels ofNOJ
in the tissues and contents of their intestinal
tracts. From these results, it was concluded that
the nitrogen of ingested NOJ- (and at times the
intact ion) could consistently reach the large
intestine in CV rats. This observation was con-
firmed with 13NO0- in other studies (37). A sim-
ilar finding was noted by C. F. Wang, R. Cassens,
and W. Hoekstra (unpublished data), who found
up to 19% of the '5N from labeled N02 and
N03 (fed as 1.6 and 2.0% of the solid diet,
respectively) in CV rat feces 72 h after its inges-
tion. More than 98% of the '5N in the entire
intestine, however, did not react chemically as
N03 and N02-. Together, these studies tend to
contradict Hill and Hawksworth (14), who at-
tributed the undetectable NOJ- concentrations
in ileostomy samples of patients fed luncheon
meat containing N03 to a rapid upper GI tract
absorption and subsequent urinary excretion of
the ingested NO3-. Although the high levels of
these ions we noted in the urine of CV rats
reinforce the fact that much of the ingested
NOx- is excreted in the urine, it seems probable
that a portion of the NO.- not accounted for in
urine during metabolism studies of these ions in
rats (12), dogs (9), goats, rabbits (16), and hu-
mans (26) is probably due to their presence
(though chemically altered) in feces. Conse-
quently, an accurate estimation of the amount
of ingested NO.- that reaches the lower intes-
tinal tract could not be attempted.
The metabolism of NOJ- noted in these CV

(and GF) rats (i.e., NO3- to N02-, and N02 to
N03- and to unknown intermediates) was also
reported by Wang et al. (unpublished data) and
others, but they could not determine whether

the host or the bacterial flora was responsible
for these chemical conversions. With regard to
N03-, our in vivo study with GF rats ingesting
this ion and our in vitro results with intact and
separated intestinal segments of GF and CV rats
show that N03 reduction was apparently
caused by bacterial nitrate reductases (25),
rather than mammalian host enzymes as sug-
gested by others (23, 24). The N03 -reducing
ability of the normal stomach flora of these CV
rats, however, was apparently not as great as in
the intestinal tract, since stomach NO2- levels in
CV rats ingesting N03- were low. A similar lack
of N03- reduction in the stomach of the rats was
noted by Mirvish et al. (22). The levels of human
gastric N02 have also been found to be low
until the pH, and so the number of bacteria,
increases. The in vitro results with intestinal
segments from GF and CV rats indicated that
endogenous N02 reduction was also due to the
bacterial flora rather than the host.
The end product(s) of these microbial reduc-

tions ofN03 and NO2- was not identified. Other
investigators have found bacteria capable of
forming N-nitroso compounds, from the precur-
sor compounds, both in vitro (5, 20) and in vivo
(11); however, the amounts formed were low.
This suggests that some other compounds, such
as ammonia, could be formed in the CV intes-
tinal tract. The failure to detect significant free
amounts of the latter compound (as compared
with spiked controls) indicates that other nitro-
gen derivatives, such as nitrogen gases (7), may
have been formed or the NH4+ was used by host
or bacteria or both to form organic nitrogen-
containing compounds. These points remain to
be determined.
Although the bacterial flora seemed respon-

sible for NO.- reduction, the host appeared re-
sponsible for oxidation of N02 . The large
amounts of NO03 noted in both CV and GF
stomachs after N02 ingestion and the lack of
measurable N03 after in vitro N02 injection
into either GF or CV intestinal sections (intact
or separated) suggested that the stomach was
the site of this reaction. This assumption corre-
lates with the work of Friedman et al. (8) and
Mirvish et al. (22), who also noted oxidation of
N02- to N03- in the stomach of CV rats and
attributed it to the chemical instability of N02-
in acidic (stomach) conditions.

Oxidation of more reduced forms of nitrogen
(such as NH4+) did not seem to occur in these
CV rats. This was seen especially by the unde-
tectable levels of NO.- in the intestines of CV
rats ingesting tap water or DDW. This finding
suggests that nitrifying bacteria (i.e., those ca-
pable of oxidizing ammonia to nitrite and then
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nitrate) are not a major component of the bac-
terial flora of these CV rats. This assumption is
in contrast with a recent report by Tannenbaum
et al. (31), who attributed basal levels of NO2
and NO3- in intestinal and urinary samples of
humans to nitrification (presumably from NH4+)
rather than to exogenous ingestion of NOJ-. This
is the first recent report of nitrification in hu-
mans, although earlier studies alluded to this
possibility (10); however, contradictory results
have been found (15). The very fact that NO-
was detectable in human feces but was undect-
able in rats given large concentrations of NOx
suggests that differences may exist between hu-
mans and rats with regard to the presence of
either nitrogen-oxidizing (e.g., nitrifying) or ni-
trogen-reducing (e.g., assimilatory, dissimila-
tory, and denitrifying) bacteria in their flora. If
this is the case, it points to very crucial problems
in comparing animal results dealing with endog-
enous formation of N-nitroso compounds with
their formation in humans. Even among humans
there may be differences in the presence of ni-
trogen-oxidizing or nitrogen-reducing bacteria or
both. This is suggested (i) by the observation
that most cases of methemoglobemia have been
seen in infants less than 6 months old rather
than adults (17), which Focht and Verstraete (7)
attribute to greater numbers of nitrate-respiring
bacteria in the intestinal tract, and (ii) by very
early studies by Whelan, who noted methemo-
globinemia only in those persons with constipa-
tion (36).

In our study, the cecal and large-intestinal
NO%- concentrations in GF rats appeared to be
the result of direct passage of these ions down
the intestine from the stomach. This was sug-
gested by the concentrations of NOx- present in
the intestinal contents (after separation from the
intestinal tissues) of GF rats after ingestion of
NO3- or NO2-. In CV rats, however, the NO3-
noted in the large intestine did not appear to be
the result of a direct NO3- (or NO2-) intestinal
passage because these ions, after ingestion, were
never detectable in the CV rat cecum. The co-
lonic NO3- in CV rats, therefore, seemed to be
bloodstream NO3- that was located either in the
vascular supply or ion that was secreted into the
intestine contents. That this could, in fact, be
bloodstream NO3- is supported by the fact that
NO3-, as such, does circulate in the bloodstream
and can be found in the saliva (33) and urine
(26). Due to its reactivity with components in
the blood, such as hemoglobin, it seems unlikely
that significant concentrations of NO2- circulate
freely in the bloodstream. Our observation that
only NO3- was detectable in the GF rat bladder
tends to support this assumption and suggests

the NO2- levels in the CV rat bladder were the
result of a bacterial reduction of NO3- before
final analysis. These data suggest therefore that
ingested NO3-, NO2-, or their intermediates may
reach the lower intestinal tract by passing di-
rectly down the intestine or by being secreted
from the bloodstream into the intestinal lumen
or both. Our further study using '3N indicates
that both these mechanisms operate to distrib-
ute NO.- and metabolites (37). Consequently, a
combination of NO- oxidation in the stomach,
direct intestinal passage or blood (NO3-) distri-
bution or both may explain the concentrations
of NOX- in the lower intestine of GF and CV rats
after ingestion of these ions.
The presence of NO- and NO3- in the lower

intestinal tract may depend on intricate balances
between such things as types and numbers of
bacteria at different levels of the intestinal tract,
amount of NO- and NO3- ingested, the physi-
ological mechanisms that allow these ions (or
intermediates) to reach the lower intestinal
tract, and the immediate status of the intestine
(e.g., constipated, diarrheal, or normal). A recent
report by Wang et al. (34) emphasizes the neces-
sity of understanding the above parameters. Hu-
man fecal concentrations of N-nitroso com-
pounds were suggested to be due to intestinal
formation rather than passage of preformed car-
cinogens from the stomach as suggested by Li-
jinsky (18). The source of these precursor ions,
therefore, is of extreme importance. IfNO- and
NO3- are of endogenous origin (31), intestinal
formation of N-nitroso compounds would seem
unavoidable; if they are of environmental origin,
the formation of carcinogens or co-carcinogens
may be preventable. Since N-nitroso compounds
are effective carcinogens in the lower intestine
of animals (35) and their action can be enhanced
by some compounds (27), a further understands
ing of the fate and form of ingested NO- and
NO3- nitrogen is necessary to critically evaluate
its relationship to human health.
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