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Stimulatory effect of insulin on ruminal epithelium cell mitosis
in adult sheep
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1. The rumen adapts to increased food intake by the hyperplasia of epithelial cells.

2. Volatile fatty acids (VFA) stimulate cell mitosis of sheep ruminal epithelium in vivo.

3. Since VFA generally inhibit cell proliferation in vitro insulin was proposed in this study as the possible
mediator of the mitotic stimulation in vivo.

4. Infusions (6 h) of insulin (0-125 U/kg per h) plus glucose (300 mg/kg per h) (1 5), and glucose alone
(300 mg/kg per h) (n 2) resulted in higher mitotic index of biopsied rumen epithelium (MI) during 3 or 6 to
24 h after the start of infusion, and higher plasma immunoreactive insulin (IRI) and higher plasma glucose
(PG) during the infusion.

5. Insulin plus glucose infusion showed higher MI, higher IRI, and lower PG than glucose infusion.

6. Sheep infused with saline for 6 h (n 1) showed no marked changes in ML, IRI, and PG.

7. Increased IRI by insulin plus glucose or glucose alone infusion was considered to stimulate cell pro-
liferation in rumen epithelium.

8. Other possible mediations were discussed.

The rumen adapts to a more than 3-fold increase in the food intake in lactating sheep (Fell &
Weekes, 1975). This adaptation is done by the hyperplasia of the epithelial cells morpho-
logically (Fell & Weekes, 1975) and functionally (Weekes, 1972). On the other hand,
domestic ruminants sometimes fail to adapt to a high-cereal diet suffering from rumenitis
or rumen parakeratosis or both (Jensen & Mackey, 1965; Fell et al. 1968 ; Tamate et al. 1973).
These diseases are speculated to be caused by abnormally accelerated epithelial cell pro-
liferation in the rumen (Tamate & Kikuchi, 1978). Thus the ruminant sometimes fails to
adapt to high nutritional plane, although it has the potential to adapt.

Since the epithelial cell mass is determined by the cell production rate and the rate of
cell death and the latter is primarily determined by the former (Bullough, 1975), the study
of the regulatory mechanism of cell proliferation in thxs eplthehum is important for the
ruminant nutrition.

The higher volatile fatty acids’ (VFA) production rate was considered as the promoter of
the rumen epithelial cell proliferation (Drskov, 1976). Actually VFA (18 mmol/kg per d)
stimulated rumen epithelial cell proliferation in adult sheep (Sakata & Tamate, 19785,
1979). Butyric acid had by far the greatest stimulatory effect (Sakata & Tamate, 1979),
with histological alteration of the epithelium and the underlying tissue (Sakata & Tamate,
1978 ¢).

On the other hand, in vitro studies show that butyric acid (0-5-100 mM in the medium)
generally inhibits mammalian cell proliferation (Ginsburg et al. 1973; Wright, 1973),
usually with alterations in cell shape (Ginsburg et al. 1973; Wright, 1973; Szemerédy &
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Raul, 1976; Macher et al. 1978; Mori et al. 1979) different from those in cells exposed to
butyrate in vivo (Sakata & Tamate, 1978¢).

This contradiction between studies in vivo and in vitro suggests the existence of hormonal
mediation, not present in the in vitro preparations. So far there are two hormones, insulin
and glucagon, known to be released by butyric and propionic acid (Manns & Boda, 1967;
Jordan & Phillips, 1978) (the situation with acetic acid is not clear (Brockman, 1978)),
although the significance of this action remains still questionable (Stern et al. 1970). Insulin
is one of the most essential factors (the four factors (4F): insulin, transferrin, putrescine
dihydrochloride, and progesterone) for mammalian cell proliferation in vitro (Bottenstein
et al. 1979), and thus it was the most likely mediator in VFA-stimulated epithelial cell
proliferation. This is supported by the observation that cell proliferation of oral epithelium
is depressed in alloxan-treated diabetic rats (Hamilton & Blackwood, 1977). Apart from
this there is no available information on the in vivo effect of insulin on epithelial cell mitosis
of the mammalian gastrointestinal tract, though the hormone is very important for the
intermediary metabolism for the mammals including the ruminant (Brockman, 1978).

In the study presented here the stimulatory effect of insulin on epithelial cell mitosis in
the rumen of adult sheep was shown using the mitotic index in biopsied samples before,
during, and after the intravenous infusion of insulin.

MATERIALS AND METHODS

Two adult castrated male sheep (36-40 kg) with permanent rumen fistulas were kept in
individual metabolic cages and were given 700 g orchard hay and 300 g concentrates once
daily at noon. They were allowed free access to water and a mineral mixture. Feed, water
and mineral mixture were withdrawn 1 h before the experiments. Polyethylene catheters
were placed in both jugular veins at least 3 d before the experiments.

In five experiments insulin was infused (0-125 U/kg per h), together with glucose
(300 mg/kg per h) to prevent hypoglycaemia. In two control experiments glucose (300 mg/
kg per h) was infused. In one control experiment only physiological saline (0-154 M-sodium
chloride solution) was given to check the possible influence of the infusion and sampling
procedures. All these solutions were infused into the right jugular vein for 6 h, starting at
12.00 hours, at the rate of o-5 ml/min with a peristaltic pump (Mitsumi Seiki Co. Ltd).

Blood samples were collected with heparinized syringes from the left jugular vein at
—-1,0,1,2,3,4,5, 6,9, 12, 24 and 48 h after the start of the infusion. In the following descrip-
tion all times refer to the period after the start of infusion. Samples were cooled with ice
water and were centrifuged at 0° to obtain plasma. The plasma was frozen and kept at
—20° until analysis. Plasma glucose (PG) and plasma immunoreactive insulin (IRI) were
determined by the glucose oxidase method (Huggett & Nixon, 1957) and by a radioimmuno-
assay technique (Herbert et al. 1965), respectively.

Three to five ruminal papillas were biopsied from the region of the atrium ruminis blindly
with a pair of Chevalier-Jackson type forceps through the rumen fistula as described before
(Sakata & Tamate, 19784) at 0, 3, 6, 12, 24, and 48 h. The correctness of the sampling site
was already confirmed by the post-mortem examinations of the sheep used in previous
experiments (Sakata et al. 1980). Cross sections (approximately 1 mm thick) were taken
from the middle of the papilla and cut into two pieces sagittally at the middle. These blocks
were fixed and embedded as already described (Sakata & Tamate, 1978 ). Five blocks were
randomly chosen for each sample and every cross section (1 zm thick) was cut from them.
The sections were stained with haematoxylin and eosin. The number of basal cell nuclei of
the epithelium and the number of mitotic figures in them were counted and totalled for
these five sections. From 1599 to 3514 nuclei were thus counted in each sampling. The
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Table 1. Plasma immunoreactive insulin level in fasted adult sheep infused with insulin (0-125
U/kg per h) plus glucose (300 mg/kg per h), glucose (300 mg/kg per h) or physiological
saline (30 ml/h) intravenously for 6 h (0 to 6 h) from 12.00 hours

(Mean values with the standard error of the mean)

Plasma immunoreactive insulin (#U/ml)

A
r N

Period of infusion (h)... —1 o I 2 3 4 5 6 9 12 24 48
Infusion

Insulin + glucose Mean 200 200 1918 2085 1595 1458 1478 1471 240 231 187 144
(ns) SEM 30 47 1847 1684 1283 1107 1054 968 58 67 43 20

Glucose Mean 241 1779 585 s§70 633 596 562 756 181 119 160 112
(n2) SEM 98 18 300 359 364 336 342 553 54 51 70 41

Saline Mean 432 21-2 232 219 2I'4 212 2I'T 232 240 236 I79 196
(n1)

counting was limited to the epithelium on the flat side of the papillas, because this side is
considered to be the main site of absorption (Schnorr & Vollmerhaus, 1967, 1968). As a
measure of mitotic activity, the mitotic index (MI) of the rumen epithelium was calculated;
MI(%) = (no. of basal cells showing mitotic figures)/(total basal cell nuclei counted) x 100.

Before statistical treatment all values of IRI, PG and MI were transformed into
logarithms to stabilize the variance (Snedecor & Cochran, 1967). The mean value of each
variable at a specific time point was compared with the mean value of the initial value
(at —1 and o h for IRI and PG, or at o h for MI) by Student’s ¢ test. The mean value of
each variable was also compared between the groups given insulin plus glucose and those
given glucose alone by ¢ test at each time point. Two-way (treatment x time) analysis of
variance for unequal numbers (Snedecor & Cochran, 1967) was also done for each variable.
After this the comparisons were made to find the time points which had significantly higher
values. For the test of PG and MI the individual differences between the sheep were ignored.
Since the individual difference of IRI was large, the analysis was done in each animal.
Therefore, the influence of insulin plus glucose infusion and glucose infusion was tested
with the IRI of one sheep (n 3 and » 1), and the influence of all the three treatments was
tested with the IRI of another animal (n 2, n 1 and n 1) separately. The difference was
considered to be significant at P < 0-05.

RESULTS

Both IRI (Table 1) and PG (Table 2) significantly increased during the infusions of insulin
plus glucose and of glucose alone compared with their initial levels and with the values of
the saline control. The IRI level during the infusion was significantly higher in the sheep
given insulin plus glucose than in those given glucose alone. On the other hand the PG
level during the infusion was significantly higher in the sheep given glucose alone than those
given insulin plus glucose. The increased levels of IRI and PG in these animals returned to
the initial level after the end of infusions. The saline control showed no significant changes
of IRI or PG during the experiment with over-all mean + sem (standard error of the mean)
of 23-5+6-5 £U/ml for IRI and 3-75 + 0-37 mmol/l for PG.

The MI (Fig. 1) in the sheep given insulin plus glucose significantly increased from the
initial value after 3 h. The increased level was maintained until 24 h and then returned to
the initial level. In the sheep given glucose alone the MI also significantly increased during
6 to 24 h. The increased MI in both cases was significantly different from the MI of the
saline control which showed no marked fluctuations during the experiment with the over-all
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Table 2. Plasma glucose level in fasted adult sheep infused with insulin (0-125 U/kg per h)
plus glucose (300 mg/kg per h), glucose (300 mg/kg per h) or physiological saline (30 mi/h)
intravenously for 6 h (0 to 6 h) from 12.00 hours

(Mean values with the standard error of the mean)

Plasma glucose (mmol/l)

Period of infusion (h)... —1 [ I 2 3 4 5 6 9 12 24 48
Infusion
Insulin+glucose Mean 3-60 353 607 692 690 687 680 669 262 3132 321 244
(ns) SEM 017 022 077 127 I 195 146 162 084 020 044 052
Glucose Mean 340 351 769 960 1022 1042 1079 1077 20 340 1339 2'59
(n2) SEM 024 o010 055 074 160 188 272 263 108 036 038 036
Saéine) Mean 413 387 403 402 404 38 381 373 376 355 333 284
n1
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Fig. 1. Mitotic index of the epithelial cells in adult sheep rumen before, during and after the infu-
sion of (A) insulin (0-125 U/kg per h) plus glucose (300 mg/kg per h), (B) glucose (300 mg/kg per h),
or (C) physiological saline for 6 h from 12.00 hours at a rate of 0-5 ml/min. (E), The duration of
the infusion; horizontal short bars show the mean values.
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mean + SEM of 0:60+0-09 9. The increased level of MI in the sheep given insulin plus
glucose was significantly higher than that of the sheep given glucose alone.

DISCUSSION

Mitosis in the rumen epithelium was significantly stimulated both by insulin plus glucose
infusion and by glucose infusion in the present study (Fig. 1). These infusions also resulted
in higher levels of IRI and PG during the infusions (Tables 1 and 2). We may conclude that
the increased IRI caused by these infusions stimulated the mitotic activity in the rumen
epithelium, because both MI and IRI were higher in the sheep given insulin plus glucose
than in the sheep given glucose alone and PG showed a contrary effect. In other words, the
higher the IRI the higher was the MI in three different infusions. Our previous study con-
firmed histologically the validity of MI as the measure of proliferative activity in the rumen
epithelium (Sakata & Tamate, 1978¢). Therefore, we may say that insulin stimulated the
epithelial cell proliferation in the adult sheep rumen.

This stimulatory effect of insulin appeared even though the sheep were fasted in this
study. Thus the stimulatory effect of insulin dominates the suppressive effect of fasting on
rumen epithelial cell proliferation (Tamate et al. 1974). It also suggests that the influence
of food intake on the circadian rhythm of rumen epithelial cell mitosis (Sakata & Tamate,
19784) is more or less influenced by fluctuation in plasma insulin level (Bassett, 1974).

The increased level of the MI after insulin plus glucose infusion was comparable to that
stimulated by intraruminal administration of sodium n-butyrate (18 mmol/kg per d)
(Sakata & Tamate, 19785). The increased level of IRI following insulin plus glucose in-
fusion in the present study was about 50 %, of the IRI level after intravenous administration
of butyrate (2:5 mmol/kg) (Manns & Boda, 1967). Therefore we considered that our
present study well simulated the insulin level after intraruminal administration of butyrate.

Although the physiological significance of VFA was once questioned by Stern et al.
(1970), Brockman (1978) concluded in his review: ‘It appears that while VFA are not only
regulators of insulin and glucagon secretion they certainly play a part.’

Thus it is supposed that the stimulatory effect of intraruminal administration of butyrate
and propionate (and possibly acetate) is mediated at least partly through insulin released by
the acids.

This is consistent with the recent work of T. Sakata (unpublished results) in rats injected
with VFA mixture in the ligated colon pouch, in which VFA stimulated epithelial cell
mitosis in various parts of the gastrointestinal tract including the part that had no direct
contact with the VFA mixture. There should therefore, have been some mediatory mech-
anism for this case, too. This mediatory mechanism must have been carried out by a
microtubule system, because the stimulatory effect of VFA disappeared on the addition of
colchicine and mitotic accumulation by the reagent was observed. This is also consistent
with the result of the present study, because insulin secretion is also carried out by a
microtubule system (Malaisse-Lagae et al. 1971).

However, we should not neglect the other mediator(s), although little information is
available about the mitotic stimulation in the ruminant digestive tract. VFA also stimulate
the release of glucagon (Manns & Boda, 1967; Jordan & Phillips, 1978) which could be one
possible mediator. Gastrin, which stimulates epithelial cell proliferation in various parts of
the digestive tract, does not appear to be the mediator for VFA, because the gastrin level
is not increased in rats in which colon mucosal growth is stimulated by dietary fibre (so
that presumably it is stimulated by microbial fermentation resulting in VFA production)
(Ryan et al. 1979). Some gastrointestinal hormones such as pancreozymine (Baile et al.
1969 ; Trenkle, 1972), secretin (Trenkle, 1972), tetragastrin ( Y. Sasaki, personal communica-
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tion), or cerulein (Y. Sasaki, personal communication) can stimulate insulin release in the
ruminant. Therefore, these hormones could stimulate the rumen epithelial cell proliferation
indirectly through the increase in plasma insulin level. Neural mediation is another possible
mechanism. Sympathetic nerves seem to be more likely for this case than the vagus nerve,
because the former generally stimulate cell proliferation and the latter generally depresses
it in the digestive tract of non-ruminant animals (Eastwood, 1977).

Whatever the mediator is, the mediatory mechanism for the mitotic stimulation by VFA
should have two critical points which determine the sensitivity of the animal against the
stimulation of VFA, One is the sensitivity of the mediator against VFA and another is the
sensitivity of the epithelial cells against the mediator. The different sensitivities may explain
the differing abilities of adaptation to varied nutritional conditions resulting in varied VFA
production at different ages (Tamate, 1957) and reproductive state (Fell & Weekes, 1975).

In conclusion, insulin stimulated epithelial cell proliferation in the rumen and the hor-
mone may, at least partly, mediate mitotic stimulation by VFA in vivo.
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