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Cycloheximide Effect on Vitamin B,;, Absorption and Intrinsic Factor
Production in the Rat* (33768)

S.D.J. YEn aND M. E. SHiLS
Division of Medical Research, Sloan-Kettering Institute, New York, N. Y. 10021

Investigations of the effects of various inhi-
bitors of protein synthesis on gastrointestinal
function has revealed impairment of vitamin
B, absorption in rats treated with actinomy-
cin D or colchicine (1) but not with tetracy-
cline (2). Cycloheximide which is a potent
and rapidly acting inhibitor of protein syn-
thesis (3) was found to impair absorption of
iron and of long-chain triglycerides and fatty
acids (4-6). Its effect on vitamin B,;» absorp-
tion and on intrinsic factor production is re-
ported below.

Materials and Methods. Leucine-1-*C in-
corporation into tissue protein (7) and vita-
min B;» absorption in vive (2) were deter-
mined by previously described methods. In
these experiments the term vitamin B;» con-
notes B;,-*"Co. Absorption was also studied
in rat isolated intestinal loops. These were
prepared under light ether anesthesia by liga-
ting the pylorus and ileocecal region with silk
sutures. Intrinsic factor preparations were
made either from neutralized gastric juice (as
described in appropriate tables) obtained
from pylorus-ligated rats or by homogenizing
gastric mucosa from normal rats in 4 parts of
0.9% NaCl. Vitamin B;.-intrinsic factor
complex was prepared by introducing 100
mpg of vitamin Bj; into pylorus-ligated
cycloheximide-treated and control rats. Four
hr later the contents were aspirated and
treated as indicated in Table IV prior to
testing in isolated loops. The various intrin-
sic factor preparations with vitamin B,s were
introduced into the duodenal lumen through
a 27-gauge needle and the abdomen was
closed with silk sutures. Four hr later, the
animals were sacrificed and the entire gas-
trointestinal tract or the isolated loops were
quickly removed and washed with 50 ml of
0.9% NaCl. Luminal contents and washings,

* Supported in part by PHS Grant CA-08748
from the National Cancer Institute.

intestinal wall and various organs were mea-
sured for 57Co radioactivity (2). Uptake of
vitamin B;, was also measured in the everted
sacs of hamster intestine by the method of
Strauss et al. (8). Specimens of pooled gas-
tric juice collected from cycloheximide-
treated or control rats were dialyzed and lyo-
philized as indicated in Table V and their
intrinsic factor activities were tested in iso-
lated loops of normal rats.

Results. Cycloheximide resulted in a
marked inhibition of leucine incorporation
into the proteins of various tissues including
stomach and small intestine (Table I). When
vitamin B,» was given intragastrically, rats
given cycloheximide were noted to have a
significant delay in the passage of the vitamin
out of the stomach. This was apparent 1 hr
after B,2 was given and 3 hr after cyclohex-
imide (0.5 mg/kg); however, between the
third and sixth hours almost all of the vita-
min had entered the small intestine (Table
I1). When the dose of cycloheximide was
increased fivefold, 34.6 = 4.7% of the vita-
min radioactivity was present in the stomach
6 hr later (8 hr after cycloheximide) as com-
pared to 0.03 == 0.01% in the controls. The
delayed gastric emptying was associated with
decreased radioactivity in the liver and kid-
neys (Table II). In this experiment with 0.5
mg of cycloheximide, the organ radioactivity
in the treated rats at 6 hr was only about
one-third that of the controls despite the fact
that almost all of the vitamin had entered
the small intestine (Table II). This observa-
tion suggested that a reduction of vitamin By,
absorption had occurred in addition to
delayed gastric passage. Balance studies com-
bined with measurements of residual activity
in the luminal contents of various portions of
the GI tract indicated that in the 8 hr follow-
ing B;» administration (10.5 hr after cyclo-
heximide) the absorption of the vitamin was
only two-thirds that of control rats (43.5 =
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TABLE I. Effect of Cycloheximide on Leucine Incorporation.

Specific activities of proteins (dpm/mg)

Cycloheximide
(mg/kg) Plasma Liver Kidneys Stomach Small bowel Large bowel
0 (6) 944 + 53 666 + 44 437 + 22 1500 + 95 1205 + 65 846 + 52
0.5 (6) 392 + 14 269 + 9* 116 + 10° 594 + 27 719 &+ 27° 451 4- 247

¢ ( ) = number of rats; females of 200 g were given cycloheximide i.p. 3 hr prior to the i.p.
injection of 5 uCi of dl-leucine-1-*C and were sacrificed 4 hr later (7-hr posteycloheximide).

bp <0.01.

3.249, versus 29.3 = 5.31% in 6 control and
6 treated rats, respectively, p < 0.05). Radi-
oactivity in the liver and kidney was propor-
tionately less in the treated rats. Uptake of
labeled vitamin B, by liver and kidneys was
not influenced by cycloheximide when vita-
min B, was injected intraperitoneally and
animals sacrificed 4 hr later; 5.8 = 0.49%
and 4.5 £ 0.24% of the injected dose was
present in the livers of 6 control and 6
treated rats, respectively, and 16.2 = 0.55
and 17.4 *+ 0.39%, respectively, in the kid-
neys.

The effect of cycloheximide upon the ab-
sorption of vitamin B;s by the small bowel
was investigated utilizing the isolated small
intestine #n situ. Vitamin B;» alone or with
sources of intrinsic factor (either gastric mu-
cosa homogenate or gastric juice) from wun-
treated rats was introduced into the duo-
denum of the isolated loops of control and
cycloheximide-treated rats. The latter had
significantly less vitamin B;, absorption on
the basis of radioactivity present in the

lumen, liver, and kidneys (Table III). The
absorption of some vitamin B, by the first
two groups in this experiment which were not
given intrinsic factor is attributed to the
presence of some endogenous intrinsic factor
in the loop. The data in this experiment indi-
cate that cycloheximide had an inhibitory
effect on small bowel absorption unrelated to
intrinsic factor production.

Quantitative aspects of intrinsic factor pro-
duction were investigated by comparing the
potency of gastric juice obtained from cyclo-
heximide-treated and control rats in enhanc-
ing vitamin By, absorption from the isolated
loops of small bowel of normal rats. In the
first type of study, intrinsic factor-vitamin
B,» complex was obtained from donor rats
previously given cycloheximide or saline as
described in Table IV. Two ml of this prepa-
ration equal to 20% of the gastric contents
were introduced into duodenum of normal
rats with isolated loops to test the potency of
the intrinsic factor produced by both groups
of animals. The gastric juice from the treated

TABLE II. Effect of Cycloheximide on Gastric Emptying and Absorption of Vitamin B,..

5Co radioactivity (% dose)

Cycloheximide After By,
(mg/kg) (hr) Stomach content Liver Kidneys
0 (4)° 1 5.91 + 2.10 0.19 + 0.03 0.03 = 0.01
0.5 (4) 1 30.61 =+ 9.08*? 0.10 + 0.01* 0.03 -+ 0.01
0 (4) 3 0.08 = 0.02 1.59 = 0.07 1.70 + 0.13
0.5 (4) 3 21.80 + 4.40** 0.39 + 0.06** 0.30 =+ 0.06**
0 4 6 0.07 + 0.03 2.03 + 0.52 3.87 + 0.55
0.5 (4) 6 0.62 + 0.10** 0.64 + 0.12* 1.27 + 0.32%*

¢ ( ) = number of rats; females of 200 g were used and sacrificed at various hours after in-
tragastric administration of 20 mug of vitamin B,,*Co which was given 2 hr after cyclohexi-
mide injection. The percentage dose in the liver and kidneys was calculated after subtracting

the labeled vitamin remaining in the stomach.

®*p <0.05; ** p <0.01 in comparing control and treated rats at same time interval.



1262

CYCLOHEXIMIDE AND Bjy ABSORPTION

TABLE III. Effeet of Cycloheximide on Vitamin B,, Absorption from Intestinal Loops with
Intrinsic Factor (IF) from Normal Rats.

Cyeclo- %Co radioactivity (% dose)

heximide

(mg/kg) IF Loop content Loop wall Liver Kidneys
0 (6)° 0® 77.0 = 4.77 15.0 + 2.78 0.49 + 0.057 0.60 + 0.073
0.5 (7) 0 85.6 + 2.29 10.6 + 2.09 0.27 & 0.029**¢ 0.40 + 0.052*
0 (6) Mucosa® 58.3 + 3.93 28.1 + 3.83 0.98 + 0.204 0.86 + 0.114
0.5 (6) Mucosa 74.1 + 2.33** 24.2 + 1.77 0.26 + 0.042** 0.44 + 0.092*
0 (8) Gastrie juice? 59.0 + 2.86 20.9 + 1.31 1.94 + 0.206 1.67 + 0.268
0.5 (8) Gastric juice 72.1 + 1.22%* 171+ 0.77*  0.77 == 0.070%* 0.70 + 0.047**

¢ () = number of rats; fasted females of 200 g.
®Two hr after eycloheximide injection 20 mug of vitamin B,,Co were introduced into duo-

denal Iumen of isolated small intestine in situ.

¢ A 20-mug dose of vitamin B,,-Co and mucosal homogenate from normal rat stomach were

given.

4 A 17.4-mug dose of vitamin B,,-*Co and 0.6 ml of gastric juice from normal rats were used.
Animals were sacrificed 5 hr after introduction of vitamin B,, into the intestinal loops.

¢ * ** game as footnote b in Table II.

rats was consistently less effective in promo-
ting vitamin B, absorption as compared to
controls as indicated by the various parame-
ters tested (Table IV).

When similar absorption experiments were
conducted with the intrinsic factor-B;, com-
plex being administered on the basis of equal
amounts of solids rather than percentage of
gastric secretion, there was less difference be-
tween control and treated animals in the po-
tency of their respective intrinsic factors
(Table V). While there was usually no sig-
nificant difference in any parameter tested in
experiments of this type, there was a consis-
tent trend for liver and kidney radioactivity
to be less when the gastric juice from the

cycloheximide-treated rats was utilized. The
pooled data of liver uptake of 18 controls and
19 treated rats from 3 such experiments was
significantly different (1.24 =% 0.127 vs 0.89
=+ 0.064%, p < .05). The potency of these
lyophilized gastric juice preparations was also
tested in everted sacs of hamster distal small
intestine incubated in 10 ml Krebs-Ringer
bicarbonate buffer at pH 7 at 37° for 1 hr.
When this system was tested with gastric
juice from control rats at 0, 0.05, 0.1, and
0.25 mg of solids and 0.4 mug of vitamin B;,-
57Co per ml, the uptakes were 0.69, 0.70,
1.15, and 1.90%, respectively. In a typical
experiment with 0.1 mg/ml the control mate-
rial resulted in 1.28 & 0.123% uptake where-

TABLE IV. Intrinsic Factor (IF) Aectivity in Gastric Juice Obtained from Control and Cyeclo-
heximide-Treated Rats (as tested in normal rats with isolated loops).

Co radioactivity (% dose)

Souree of IF Loop content Loop wall Liver Kidneys
Control (6)° 53.6 + 2.81 29.9 + 1.26 2.61 = 0.190 2.91 + 0.340
Treated (6) 70.7 + 3.84® 25.8 + 2.32 1.37 + 0.109° 1.40 = 0.117°

¢ () = number of rats; females of 150 g. Intrinsic factor—vitamin B,; complex was obtained

from domnor rats by introducing 100 mug of vitamin B,,-¥Co into their stomachs following py-
lorus ligation and aspirating the gastrie juice 4 hr later; the pH was adjusted to 12 with 2 N
NaOH for 20 min to inactivate pepsin and then to pH 7 with 1 N HC], a uniform volume of 10
ml was made with water and the material was stored at —20° until used. Two ml were injected
into the duodenum of normal rats with isolated loops.

®p <0.01.
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TABLE V. Potency of Lyophilized Gastric Juice (IF) on Equi-weight Basis from Normal and
Cycloheximide-Treated Rats.

5Co radioactivity recovered (% dose)

Source of IF Loop content Loop wall Liver Kidneys
Control (7)° 70.6 + 2.84 16.9 = 1.70 1.23 =+ 0.123 1.17 % 0.159
Treated (7) 72.0 +- 2.48 19.1 + 2.01 0.89 = 0.137 0.85 + 0.186

8 () = number of rats; males of 200 g. Gastric juice was collected from control and cyclo-
heximide-treated rats for 4 hr after pylorus ligation; the pH was adjusted to 12 with 2 N NaOH
for 20 min and brought to 7 with 1 N HCL. The material was dialyzed against distilled water
for 18 hr at 4° with 4 changes of the bath, then centrifuged at 3000 rpm at 4° for 10 min; the
supernatant was lyophilized. Twenty mug of vitamin B,, were added to 5 mg of lyophilized
gastric juice in a total volume of 1 ml of water and introduced into the duodenum of normal
rats with isolated loops which were sacrificed 4 hr later.

as that from cycloheximide-treated rats had
0.84 == 0.055% uptake (p < 0.01).

Discussion. Cycloheximide reduced the ab-
sorption of 57Co, presumably as intact vitam-
in Bys, by three different actions; namely,
slowing the normal rate of gastric emptying,
decreasing the amount of intrinsic factor
secreted in a given time and interfering with
absorption in the small intestine.

The cause of delayed gastric emptying
with cycloheximide is unknown. As might be
expected, it occurred to an even greater ex-
tent when fat was present (6) and is associ-
ated with decreased gastric volume, pepsin,
and acidity (9). Gastric juice from cyclohex-
imide-treated rats is less active in its intrinsic
factor activity than that from controls. This
is most clearly revealed in the studies where
proportional volumes were used. However,
the trend was the same but to a lesser degree
when equal amounts of a lyophilizate of gas-
tric solids were compared. These data are
interpreted as indicating that intrinsic factor
was a smaller proportion of the material;
however, synthesis of inactive intrinsic factor
cannot be ruled out. Cycloheximide appears
to have an inhibitory effect on both parietal
and chief cell functions which may involve
decreased protein synthesis on a general scale
by virtue of its interference with transfer of
activated amino acid from amino acyl-sRNA
into ribosomes (10). Synthesis of intrinsic
factor—a glycoprotein of molecular weight of
about 60,000 (11)— may be inhibited by
this same mechanism.

The basis of the inhibitory action of cyclo-
heximide on vitamin absorption in the small
bowel is also speculative. The mechanism of
transfer of vitamin B;s into and across the
mucosal cells is unknown. Interference with
the production of a carrier or transport pro-
tein is possible and recently a protein differ-
ing in its properties from intrinsic factor was
reported to occur at the receptor site during
active vitamin Bj, absorption (12). It will be
of interest to determine whether this protein
occurs in normal amounts following cyclohex-
imide administration.

Cycloheximide is added to actinomycin D
and colchicine as powerful inhibitors of pro-
tein synthesis capable of interfering with vi-
tamin B;, absorption. Whether these actions
are directly related requires further study.

Summary. Cycloheximide given parenteral-
ly to rats delays gastric emptying of vitamin
B;2-57Co, decreases the secretion rate of in-
trinsic factor and inhibits absorption of the
vitamin in the small intestine even in the
presence of intrinsic factor.

1. Yeh, S. D. J. and Shils, M. E., Federation
Proc. 25, 322 (1966).

2. Veh, S. D. J. and Shils, M. E, Proc. Soc.
Exptl. Biol. Med. 123, 367 (1966).

3. Young, C. W., Robinson, P. F,, and Sacktor,
B., Biochem. Pharmacol. 12, 855 (1963).

4. Sabesin, S. M. and Isselbacher, K. J., Science
147, 1149 (1965).

5. Greenberger, N. J. and Rupert, R. D., Science
153, 315 (1966).

6. Yeh, S. D. J. and Shils, M. E,, Proc. Intern.



1264

Congr. Biochem., 7th, Tokyo 5, 923 (1967).

7. Yeh, S. D. J. and Shils, M. E., Proc. Soc.
Exptl. Biol. Med. 121, 729 (1966).

8. Strauss, E. W.,, Wilson, T. H,, and Hotchkiss,
A, Am. J. Physiol. 198, 103 (1960).

9. Yeh, S. D. J. and Shils, M. E, Federation
Proc. 27, 359 (1968).

SODIUM EFFLUX IN FROG MUSCLE

10. Siegel, M. R. and Sisler, H. D., Biochim.
Biophys. Acta 87, 70 (1964).

11. Grisbeck, R., Simons, K., and Sinkkonen, I.,
Biochim. Biophys. Acta 127, 47 (1966).

12. Frentz, G. D., Miller, O. N., and Hansen, H.
J., Federation Proc. 27, 359 (1968).

Received July 30, 1968. P.S.E.B.M,, 1969, Vol. 130.

Effect of External Potassium and Ouabain on Sodium Efflux from
Frog Sartorius Muscle* (33769)

W. McD. ArMsTRONG (Introduced by E. E. Selkurt)

Department of Physiology, Indiana University School of Medicine,
Indianapolis, Indiana 46202

It is well known that the efflux of Na ions
from frog skeletal muscle depends upon the
external K concentration (1). It is also well
established that this K stimulated efflux of
Na, as well as the net exchange of Na and K
ions in this tissue, is inhibited by the cardiac
glycoside ouabain (G-strophanthin) and its
aglycone strophanthidin (2-7). The inhibito-
ry effects of cardiac glycosides and aglycones
on Na and K transport appear to be quite
general and have been demonstrated in a
large variety of cells and tissues (8).

In several instances, it was found that the
inhibitory effects of cardiac glycosides and
related substances can be reversed by in-
creasing the external K concentration (9-
12). It has been suggested that, in some
cells at least, cardiac glycosides in low con-
centrations compete with K for a site in the
cell membrane which is implicated in the
active transport of Na, though quantitative
demonstration of a competitive relationship
has proved difficult (9-11).

Despite the widespread use of cardiac gly-
cosides in studies of Na and K transport in
frog skeletal muscle, comparatively few

* Supported by U. S. Public Health Service Grant
GM-10971 and by facilities provided by Indiana
University Heart Research Center Grant H-6308
from the National Heart Institute, U. S. Public
Health Service. Statistical computations were per-
formed at the Research Computation Center, Indi-
ana University Medical Center, and supported by U.
S. Public Health Service Grant FR 00162.

studies were made of the interrelationship
between the K. concentration of the external
medium and the inhibitory effect of these
substances. The present paper is concerned
with some aspects of this interrelationship.

Materials and Methods. Pairs of freshly
dissected sartorius muscles weighing about
70-80 mg from a single frog (Rana pipiens)
were immersed overnight at 5° in K-free
Ringer’s containing 120 meq of Na/liter. The
Na was labeled with a tracer amount of 2‘Na
(obtained as 2*NaCl in HC! solution from
the Oak Ridge National Laboratory). Follow-
ing this immersion, the muscles were careful-
ly blotted, weighed, and washed out for 3 hr
at room temperature (K25°) in 5-ml aliquots
of nonradioactive Ringer’s solutions contain-
ing 104 meq of Na/liter. These aliquots were
subsequently assayed for 2¢Na using a well
scintillation detector.

The washout procedure for each pair of
companion muscles was as follows. One mem-
ber of the pair was kept in K-free Ringer’s
throughout. Its companion was first washed
out in an identical K-free solution for 1 hr.
During the second hour it was transferred to
successive aliquots of a solution containing
104 meq of Na/liter together with a constant
amount of KCl. Finally it was washed out
for a third hour in a solution containing 1 X
10—% M ouabain' but identical in other re-

1 This concentration of ouabain was chosen be-
cause, although it is high enough to cause virtually



