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Abstract. We studied the characteristics and mechanisms of MNNG (N-methyl-N'-nitro-N-
nitrosoguanidine) intestinal absorption and the interaction between bile acids and fatty acids
and MNNG absorption rate in vivo in male Sprague-Dawley rats. We perfused a segment of the
proximal small bowel with a physiological solution containing MNNG to assess its basic
kinetics and the influence of some physiological and dietary factors on carcinogen absorption.
We found that MNNG was absorbed by simple passive diffusion. Transport of MNNG was the
highest at pH 6.0. The addition of the bile salt, taurocholate by itself, greatly increased MNNG
absorption, while the addition of the long-chain unsaturated fatty acids, oleic and linoleic,
decreased the rate of absorption of MNNG. The phospholipid lecithin addition to the perfusate
did not change the rate of MNNG absorption. Induction of dietary vitamin A deficiency (serum
vitamin A level decreased from 40.9 to 13.7 ug/dl) did not change the absorption rate of
MNNG. These studies demonstrate that bile acids, dietary fatty acids, and the pH of the
intestinal content can modify the rate of absorption of this carcinogen by the small intestine.
Since initial intestinal absorption determines serum levels and subsequent reabsorption and
enterohepatic cycling determines long-term lumenal levels, serum levels, and total body con-
tent, factors which modify the rate of intestinal absorption of MNNG could also modify its

carcinogenicity. © 1988 Society for Experimental Biology and Medicine.

Since MNNG (N-methyl-N'-nitro-N-ni-
trosoguanidine) is formed by nitrosation of
N-methyl-N'"-nitroguanidine in the stomach
(1, 2), both its total body concentration and
its subsequent intestinal lumenal concentra-
tions would depend on its initial rate of ab-
sorption by the small intestine and subse-
quent intestinal reabsorption and enterohe-
patic cycling. Since both initial absorption
and subsequent enterohepatic cycling de-
pend on the underlying rate and characteris-
tics of MNNG intestinal absorption, we in-
vestigated the influence of intestinal pH, bile
acids, and fatty acids on the absorption rate
of MNNG using well-established and vali-
dated intestinal perfusion methods (3-5). In
addition, since vitamin A has been shown to
decrease incidence of some tumors in man
(6) and to counteract the effects of some car-
cinogens (7), we also investigated the possible
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influence of dietary vitamin A intake on the
intestinal absorption rate of MNNG.

Materials and Methods. The basic intes-
tinal perfusion solution contained 0.1 mA/
MNNG and tracer amounts of inulin (a
nonabsorable marker to correct for nonspe-
cific fluid shifts) in a Krebs phosphate buffer
at pH 6.0. Changes in the perfusate were
made by modifying the pH or MNNG con-
centration, adding fatty acids, sodium tauro-
cholate, or lecithin to the perfusate solu-
tion (3).

Male Sprague-Dawley rats ranging in age
from 4 to 8 weeks were given free access to
feed (Lab-Blox, 8604-00, Wayne Laboratory
Animal Diet) and water. In order to study
the role of dietary intake of vitamin A, a sep-
arate group of rats was given either a control
diet composed of vitamin-free casein 20%,
sucrose 32.5%, DL-methionine 0.3%, corn
starch 32.5%, alphacel 5.0%, corn oil 5.0%,
mineral mix 3.5%, vitamin mix 1.0%, and
choline bitartrate 0.2% (ICN Nutritional
Biochemicals) or the same diet without vita-
min A.

After ether anesthesia, an inflow tube was
inserted into the small bowel distal to the bile
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duct entry site. Encircling ligatures pre-
vented the entry of endogenous bile into the
perfused segment. An outflow glass cannula
was then inserted 32 cm distal to the inflow
tubing. The jejunal segment was flushed with
10 ml saline followed by 10 ml air. The peri-
toneal cavity was then closed and the rat was
placed in a Plexiglas restraining cage and al-
lowed to awaken. The rat’s body temperature
was maintained at 37°C by a forced air heat-
ing unit attached to a feedback temperature
controller. A syringe pump was used to in-
fuse the perfusate solution at a constant flow
rate of 0.5 ml/min. Samples of the perfusate
were taken and volumes were measured at
20-min intervals for a period of 2 hr. At the
end of the experiment the perfused intestine
was dried for 48 hr with a 5-g weight sus-
pended at the dependent end of the segment
to ensure constant degree of stretching (3-5).
The length and weight of the dried segment
were recorded.

Triplicate 100-ul aliquots were obtained
from each 20-min collection of the perfusate
and placed in separate scintillation vials con-
taining 4 ml of Ultra-fluor (National Diag-
nostics). All counts were carried to 1.5%
counting error. ["*C]MNNG and [*Hlinulin
counts were separated using standard curves
prepared by counting of a series of corre-
spondingly labeled toluene standards in both
channels. '“C spillage into the *H channel
averaged 10 = 2% while the reverse spillage
was negligible. All *H counts were corrected
for '“C spillage prior to absorption calcula-
tions. The amount of MNNG absorbed was
calculated from its steady-state disappear-
ance rate from the perfusate using standard-
ized methods and calculations (3-5). The
final data were expressed per unit weight and
length of the bowel since there is a lack of
agreement as to the ideal denominator for
expressing intestinal absorption data. The
dilution or concentration of each sample sec-
ondary to intestinal secretion or absorption
of water was corrected by the nonabsorbable
indicator [*H]inulin (4, 5). The 20-min ab-
sorption values from each animal were com-
bined with values of absorption of other ani-
mals in each specific absorption experiment
and a final mean + SEM for each experimen-
tal condition was tabulated (3-5). Statistical
comparison was evaluated with Student’s ¢
test.
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Results and Discussion. N-Methyl-N'-
nitro-N-nitrosoguanidine is a well-estab-
lished gastrointestinal carcinogen. Following
oral administration MNNG can induce
tumors in the stomach and the small intes-
tine (8-11). When given rectally to both
germ-free and conventional rats either alone
(12) or together with promoters such as cho-
lesterol, cholesterol metabolities, and bile
acids (13, 14), MNNG has been shown to
cause colonic carcinomas as well. Man may
be exposed to MNNG-like compounds
through lumenal nitrosylation with dietary
nitrite of naturally occurring guanidine
compounds such as L-arginine or creatine.
This could produce MNNG-like carcino-
genic compounds in the presence of acid in
the stomach (1, 2, 15).

Direct gastric mucosal exposure to
MNNG could result in tumor formation
probably without requiring systemic absorp-
tion of the compounds (11). However, the
formation of tumors in other locations such
as the small bowel, colon, liver, or abdomi-
nal mesentery does require intestinal absorp-
tion of MNNG followed by exposure of the
tissues through the circulation as well as
from the lumenal side. The intestinal ab-
sorption of MNNG will determine both its
initial and subsequent serum concentrations
as MNNG undergoes enterohepatic cycling
and its long-term lumenal concentration
(16). Thus, the absorptive mechanisms and
intralumenal factors which modify MNNG
absorption may affect the carcinogenicity of
MNNG or compounds similar to it, by mod-
ulating the initial rate of intestinal absorp-
tion and subsequent reabsorption and en-
terohepatic cycling.

We used a well-defined and carefully stud-
ied perfusion model in our laboratory (3-5)
in order to study the intestinal absorption of
MNNG in the unanesthetized rat. We per-
fused the proximal small intestine with
MNNG in a wide range of concentrations
(2.25 uM-1 mM). The absorption rate of
MNNG was linear with its perfusate concen-
tration (Table I) indicating that passive dif-
fusion of MNNG is the predominant mecha-
nism of its intestinal absorption. Since pas-
sive diffusion is primarily driven by the
concentration of MNNG in the intestinal
lumen our findings indicate that the small
intestine is unable to restrict the absorption
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TABLE 1. INFLUENCE OF MNNG CONCENTRATION ON ITS ABSORPTION RATE

MNNG absorption
MNNG
concentrations (M) No. rats nmole/g/hr nmole/100 cm/hr
1073 3 43,505.9 + 2691.7 49,4069 + 15,725.1
1074 3 2,724.3 + 122.0 4,355.5 + 789.3
2.25x 10°¢ 3 52.6 £2.6 859 +26
r=0.99 r=0.99

Intercept = —838 Intercept = —304

Note. Values are means + SE. Six samples were assayed per rat with the final value for absorption being the mean of
all values in each series. The slope, intercept, and r values were derived by least-squares analysis of absorption rate

versus concentration.

of MNNG with increasing lumenal concen-
trations. This finding would predict that car-
cinogenicity would be dose dependent over a
wide range of concentrations and fits well
with epidemiological and experimental data
available from a wide range of studies (1, 2,
8-14, 17, 18).

We investigated the influence of intralu-
menal pH on the intestinal absorption of
MNNG. Because MNNG is susceptible to
decomposition in alkaline pH of 7.5 or above
(1), we performed our experiments at pH 6.5
or below. Intestinal absorption rate of
MNNG was maximal at lumenal pH of 6.0
(Table II). MNNG absorption decreased at
more acidic pH of the perfusate probably due
to partial ionization of MNNG at lower pH
(18). Ionization of MNNG will prevent its
absorption through the lipid pathways and
diminish its rate of intestinal absorption.
This finding suggests that even though nitro-
soguanidine compounds are formed in the
stomach in an acidic medium, their systemic
absorption may be more efficient at the more

TABLE II. INFLUENCE OF INTESTINAL PERFUSATE pH
ON MNNG ABSORPTION RATE

MNNG absorption

No.
pH rats nmole/g/hr nmole/100 cm/hr
6.5 3 1882.8 + 72.2 3215.0 + 128.7
6.0 3 2724.3 £ 122.0* 4355.5 £ 789.3*
5.5 3 1530.0 + 87.9* 2987.9 £ 207.9*

Note. Values are means + SE of six determinations per
rat with the final value determined by pooling of all the
data at each pH.

* P < 0.05 when compared to the next higher pH.

alkaline environment of the small intestine.
Thus, small intestinal absorption of MNNG-
like compounds may be an important factor
in the general carcinogenicity of these com-
pounds and could explain tumor formation
in areas other than the stomach.

High saturated fatty acid diets have been
shown 10 increase the tumor incidence asso-
ciated with the administration of some car-
cinogens (18). Therefore, we investigated the
influence of fatty acids with different degrees
of saturation on the intestinal absorption of
MNNG. In this set of experiments we added
the bile acid taurocholate in a 10 mAM con-
centration to the basic buffer perfusate at pH
6.0. We compared the absorption of MNNG
when solubilized in 10 mA/ taurocholate mi-
celles to its absorption following the addition
of fatty acids and lecithin to the taurocholate
perfusate. The absorption rate of MNNG in
the presence of the monounsaturated oleic or
the polyunsaturated linoleic acid decreased
significantly when compared to its absorp-
tion with taurocholate only (Table III). Like-
wise, the natural phospholipid lecithin also
diminished the absorption of MNNG on a
weight basis (Table III). The most likely
mechanisms which could explain the de-
crease in MNNG absorption following fatty
acid additions are increased micellar solubil-
ity of MNNG and increased size of the mi-
cellar particles. In the presence of bile acids,
MNNG with its lipid solubility would parti-
tion into the bile acid micelles. In order to be
absorbed, MNNG would have to leave the
micelles and penetrate the absorptive entero-
cytes as a monomer. The addition of fatty
acids to the intestinal perfusate will cause ex-
pansion of the micelles, increase their diame-
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TABLE III. INFLUENCE OF LIPID ADDITIONS TO THE INTESTINAL PERFUSATE ON MNNG ABSORPTION RATE

MNNG absorption
Add lipid No. rats nmole/g/hr nmole/100 cm/hr
None 3 3353.1 £ 159.7 5646.0 +£ 401.3
Oleic acid 3 1718.6 + 43.7* 3877.8 £ 173.2*
Linoleic acid 3 1961.7 + 121.8* 3970.3 + 881.5*
Lecithin 3 2507.8 + 85.3* 5018.7 £ 143.4

Note. Values are means + SE of three rats with six determinations per rat. To solubilize the added fatty acid, 10
mM sodium taurocholate was added to the perfusate. MNNG concentration was kept at 0.1 mA/ and the perfusate

pH at 6.0.

* P < 0.05 when compared to absorption rate in the absence of fatty acids.

ter, and increase the micellar affinity for
MNNG. These changes would shift the par-
titioning of MNNG away from the absorp-
tive epithelium to the micelles resulting in
the observed decrease in absorption rate.
(Table III). The increased micellar size fol-
lowing fatty acid additions would also slow
the rate of micellar penetration of the un-
stirred water layer and would contribute to
the overall decrease in absorption rate of
MNNG.

Thus, the present experiments indicate
that increased unsaturated fatty acid intake
could decrease the intestinal absorption rate
of carcinogens with high lipid solubility. This
observation is not in conflict with the known
metabolic effects of high fatty acid diets
which could increase tumor incidence by
mechanisms that are not connected with the
intestinal absorption rate of the carcinogens.
Thus, our observation of decreased absorp-
tion of MNNG following the addition of un-
saturated fatty acids may not necessarily di-
minish the carcinogenicity of a compound if
the fatty acids act as promoters because of
metabolic interactions between the fatty
acids and the carcinogen which is unrelated

to the effects of fatty acids on the carcino-
gen’s intestinal absorption rate.

In order to assess the effect of the addition
of bile acids to the perfusate by themselves
on the absorption of MNNG, we added the
common conjugated bile acid sodium tauro-
cholate to the intestinal perfusate. This series
of experiments is somewhat artificial since
under normal physiological conditions, bile
acids would not be present in the intestinal
lumen by themselves without some fatty
acids. Nonetheless, these experiments were
designed to clarify the role of bile acids in the
intestinal absorption of MNNG. Taurocho-
late addition increased the absorption rate of
MNNG by the small intestine (Table IV).
Since bile acids can change the intestinal per-
meability characteristics (20-22), and have
also been shown to increase the carcinoge-
nicity of MNNG (13, 14), our data (Table
IV) suggest that the enhanced carcinogenic-
ity of MNNG by bile acids may be partly due
to bile acid-induced increased absorption of
MNNG by the small bowel.

Bile acid addition to the intestinal perfus-
ate in the absence of fatty acids (as would
take place in the large bowel) could promote

TABLE IV. INFLUENCE OF BILE ACID ON MNNG ABSORPTION RATE

MNNG absorption
Taurocholate
(mM) No. rats nmole/g/hr nmole/100 cm/hr
0 3 1882.8 +72.2 3215.0 £ 128.7
10 3 3353.1 £ 159.7* 5646.0 + 401.3*

Note. Values are means + SE of six determinations per rat. Studies were done at ph 6.0 and at 0.1 mAf MNNG

concentration.

* P < 0.01 when compared to baseline studies without taurocholate.
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TABLE V. INFLUENCE OF DIETARY VITAMIN A DEFICIENCY ON MNNG ABSORPTION RATE

Vitamin A MNNG absorption

serum levels

(ug/100 ml) No. rats nmole/g/hr nmole/100 cm/hr
409 +5.6 3 1620.2 + 84.1 3179.1 £ 175.5
13.7 £ 2.3* 6 1315.7 + 14.9 2546.7 + 157.7

Note. Values are means + SE of six determinations per rat. The rats on vitamin A-deficient diet showed clinical
signs of vitamin A deficiency after 12 weeks on the diet. Perfusions were done with 0.1 mM MNNG at pH 6.0.

* Significant (P < 0.05) difference from baseline.

better transport of MNNG across the intes-
tinal unstirred water layer. This layer, which
is adjacent to the lipid absorptive cell mem-
brane, is a barrier to diffusion of lipid-soluble
compounds. Monomer forms of MNNG
would traverse this layer at a much slower
rate than would micellar particles containing
MNNG (19, 20, 22). By adding bile acids to
the perfusate, we allowed MNNG to incor-
porate into micellar particles and hence to
traverse the unstirred water layer at a much
faster rate, thereby increasing its rate of in-
testinal absorption. Thus, bile acids or other
detergent molecules would enhance the ab-
sorption of MNNG-like carcinogens by the
intestine which could be significant even in
the absence of fatty acids as would occur in
the colon.

Increased dietary vitamin A levels or di-
etary supplementation with vitamin A pre-
cursors, such as beta carotene, has been
shown to diminish the incidence of some
tumors in man (6, 7) or experimental ani-
mals (23-27). We wondered whether the di-
etary status of vitamin A could also affect the
absorption rate of MNNG because of the
known requirement of vitamin A for epithe-
lial structure, integrity, and function (16).
Therefore, we tested the influence of dietary
vitamin A status on the absorption rate of
MNNG. We created clinical and biochemi-
cal vitamin A deficiency in our animals by
feeding them a diet deficient in vitamin A for
3 months. Once the animals became clini-
cally deficient, their serum vitamin A level
was found to be less than half of its level in
pair fed control animals. When MNNG ab-
sorption was assessed in the control as well as
vitamin A-deficient animals, no change in
the absorption rate of MNNG was found
(Table V). Thus vitamin A deficiency does

not appear to influence the absorption rate of
this carcinogen in rats and could not explain
the increase in the incidence of some tumors
with vitamin A deficiency.

These studies demonstrate that intestinal
absorption of a carcinogen can vary under
different lumenal conditions. Bile acids, fatty
acids, and the pH of the intestinal lumen can
influence the rate of intestinal absorption of
some carcinogens. Since initial intestinal ab-
sorption and reabsorption during enterohe-
patic cycling can control the lumenal and
serum concentrations and total body accu-
mulation of carcinogens these factors could
affect the duration and intensity of exposure
of tissues to ingested environmental carcino-
gens and may play some role in the rate of
induced malignancy.
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