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Summary. An oral load of medium-chain triglycerides (MCT) (containing fatty acids
ranging from C! to C12) in non-fasting Wistar rats induced a decrease in plasma levels of
lactate, pyruvate and glucose. These variations were more marked in females than in males
of the same age, and were a direct function of the MCT load. Post-MCT hypoglycemia was
also observed in previously fasting rats and was definitely determined in guinea pigs, but
was not proved in genetically obese Zucker rats. This hypoglycemia was preceded by a
slight increase in the plasma insulin level. Long-chain triglycerides (LCT) (containing fatty
acids over Cl2) had no effects on the factors studied. It therefore seemed that the large
increase in ketone-body levels caused by MCT load induced an increase in insulin secretion,
which in turn caused the observed post-MCT hypoglycemia.

Introduction.

Hypoglycemia induced by a load of medium-chain triglycerides (MCT) (contain-
ing fatty acids from C6 to Cl2) has already been reported in humans (Tamir et al.,
1968 ; Pi-Sunyer, Hashim and Van Itallie, 1969 ; Bach, 1970) as well as in dogs (Bach
et al., 1974), and recently in rats (Yeh and Zee, 1976). We have previously demonstrat-
ed the influence of MCT on ketonemia on rats (Bach et al., 1977a). The present paper
reports the effect of certain factors - the amount of fat given, sex, and replacement by
long-chain triglycerides (LCT) containing fatty acids over C12 - on hypoglycemia
after MCT load. Another object of this study was to determine if post-MCT hypoglyce-
mia depended on initial glycemia. Therefore, on one hand, we obtained a low initial
glycemia by using fasted animals, and on the other, we studied obese Zucker rats
which are hyperglycemic animals (Bach, Bauer and Schirardin, 1977b). We also
attempted to define this phenomenon in guinea pigs.

Material and methods.

Animals.

We used male Wistar rats (CESAL, Vigneul-sous-Montmedy) and genetically
obese Zucker rats (Zucker and Zucker, 1961) (CSEAL, CNRS, Orléans). In one case,



we compared female and male Wistar rats of the same age. Male albino guinea pigs
(CESAL, Vigneul-sous-Montmedy) were also used in a series of experiments.

All animals were fed a stock diet ad libitum (UAR, Villemoison-sur-Orge). The
rats were given tap water to drink, and the guinea pigs an ascorbic acid solution. The
animals had access to food until administration of the fat emulsion. In the case of unfed
animals, food was withheld rats for 15 or 40 hrs before the fat load.

- Fats.

Two types of fat were given : MCT (C8:o’ 50.5 p.100 ; C10:o’ 48.0 p. 100 ; C12:o’
1.0 p.100) and LCT in the form of peanut oil (mainly C!!=o, 11.4 p.100 ; C18:0’ 3.0 p.100 ;
C18,1, 46.8 p. 100 ; C18,2, 31.4 p. 100 ; C22:o, 3.3 p. 100).

The fat in the controls was replaced with an equivalent weight of 154 mmol/I
NaCl.

- Experimental design.

1. Unanesthetized animals. - To distinguish the influence of the fat load itself
from that of stress due to handling and to the introduction of the stomach tube, we
used control rats at each sampling time.

Since it was materially impossible to conduct a large simultaneous series using a
factorial design and strictly identical animals, we adopted a plan with a short series of
experiments repeated for several consecutive days. Paired animals (one for each
parameter studied) were used in each series. Based on the results obtained in the first
time-study experiment and on practical manipulative consideration, we chose 35 min.
after fat ingestion as the sampling time for all experiments.

At the beginning of the experiments, the unanesthetized rats were given 1 ml of
fat emulsion (1.5 g fat, 3.5 g 154 mmol/i NaC!, 0.05 g Tween 60) by stomach tube ; this
dose was equivalent to 0.292 g of pure MCT per rat.

To study the effect on hypoglycemia of the amount of fat given, the ratio of fat to
154 mmol/I NaCl in the emulsion was varied so that 1 ml of emulsion contained 0,
0.119, 0.292, 0.348 or 0.460 g of MCT.

The rats were stunned and decapitated for sampling. The blood was partially
collected into cold 0.5 mol/I, HC!0! and partially over heparin (Choay, Paris). In the
latter case, the sample was immediately centrifuged and the plasma stored at - 20 °C
for insulin assay. The blood/HCIO, (w/v) ratio in the mixture of blood and perchloric
acid was adjusted to 3/1 with 0.5 mol/i HC!0!. After centrifugation the supernatant
was neutralized with 7 mol/I KOH and powdered HKC03and cooled.

2. Anesthetized rats. - To sample portal blood, we did an experimental series
using non-fasting Wistar rats anesthetized with pentobarbital (0.10 ml Nembutal/100 g
body weight, given intraperitoneally). One mi of emulsion (1.5 g fat, 3.5 g 154 mmol/I
NaCI, 0.05 g Cremophor EL (BASF Ag, Ludwigshafen am Rhein, W. Germany) was
perfused into the proximal duodenum at a rate of 0.075 ml/min. over 13 min. 20 sec.
The portal vein was exposed as described by Hems et al. (1966). Thirty minutes after
the start of the perfusion, blood samples were collected in cooled syringes by orienting



the needle against the direction of blood flow. The 25 gauge needle was bent into a U
shape (Krebs and Perkins, 1970). About ml of blood was collected over EDTA supple-
mented with 750 Ki units of aprotinin (Novo Industrie Pharmaceutique, Paris). After
centrifugation, part of the plasma was frozen for insulin assay, and the rest was used
for assay of non-esterified fatty acids.

- Analytical methods.

The neutralized extract was enzymatically assayed for glucose (Bergmeyer et al.,
1970), lactate (Hohorst, 1970), pyruvate (Czok and Lamprecht, 1970) and ketone
bodies (Williamson, Mellanby and Krebs, 1962). Non-esterified fatty acids (NEFA)
were assayed by the method of Soloni and Sardina (1973), permitting determination of
medium-chain fatty acids.

Plasma insulin (immunoreactive insulin, IRI) was assayed by single-antibody
radioimmunoassay (insulin antibody raised on the guinea-pig) with separation of
free insulin on charcoal-dextran (CEA-IRE-SORIN assay kit). Rat insulin (Novo
Industrie Pharmaceutique, Paris) was used as a standard. Insulinemia was expressed in
ng per ml of plasma (1 ng is roughly equivalent to 20.7 flU).



- Statistical analysis.

Results were expressed as means ± SEM. Taking account of the chosen experi-
mental model, paired differences were tested by analysis of variance using the 5 p. 100
level for statistical significance.

Percentages of variation given in the test were calculated from the means of the
various results.

Results.

For the sake of clarity, the variations in plasma levels of triglycerides, nonesterifi-
ed fatty acids, and ketone bodies during some of the experiments reported here have
been published elsewhere (Bach et al., 1977a).

Time-dependent variation of glucose, lactate, pyruvate and insulin. - Figures 1 and 2
show that MCT load caused a decrease in blood concentrations of glucose, lactate,
and pyruvate as compared to control rats. MCT also increased the lactate/pyruvate
ratio. There was an increase in IRI 5 min. after ingestion. Although the IRI values
were higher after 15 min. than after 5, the difference was not significant.

LCT, in contrast, had no effect on any of these factors.

Influence of increasing MCT load. - The decrease in glucose, lactate, and pyruvate
blood levels was proportional to the amount of fat given. Figure 3 shows the linear
relation between the amount of MCT administered and the blood levels of these three
substances. The slopes of the three regression lines differ significantly from 0.

At 35 min. the plasma level of IRI remained roughly the same regardless of the
amount of fat given.



Influence of sex. - In response to a MCT load, levels of glucose, lactate and pyru-
vate decreased more in females than in males of the same age (table 1).

Influence of fasting. - An MCT load decreased blood glucose in fasting animals as
compared to the control rats in the same physiological state (fig. 4). LCT had no effect.
A fat load had no effect on lactate, pyruvate, and Iactate/pyruvate ratio, beyond that
induced by fasting.
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Genetically obese Zucker rats. - Lactate, pyruvate and the lactate/pyruvate ratio
(table 2) generally seemed higher, and glucose lower, in the non-obese Zucker

rats than in the obese animals. Fat load did not appear to affect the various levels

studied.

Guinea pigs. - An MCT load induced marked hyperketonemia, slight hypoglyce-
mia (9 p. 100) and an increase of lactate in guinea pigs (table 3). Insulin could not be
assayed, since we had only guinea-pig antibody.



Changes in portal blood insulinemia. - Duodenal perfusion of MCT led to a marked
increase of NEFA and IRI levels in portal blood (table 4). When LCT were given instead
of MCT, neither factor was affected.

Discussion.

Blood glucose.
- Effect of MCT. - Hypoglycemia resulting from MCT load has been reported

in fasting humans upon MCT ingestion (Bach, 1970) and in fasting dogs perfused with
such fats (Bach et al., 1974). These results were confirmed by the drop in glucose level
when octanoate was perfused in dogs (Sanbar et al.,1965,1967 ; Campbell et al.,1966).
Recently, Yeh and Zee (1976) reported similar hypoglycemia in non-fasting rats

ingesting 10 ml of pure MCT per kg of body weight. We obtained the same result
with a physiological load 7 to 8 times less than that of Yeh and Zee.

Figure 1 shows that post-MCT hypoglycemia was rapidly established : while there
was no effect after 5 min, it was well established after 15. Taking into account the
variations observed for the various times studied, the minimum could be estimated to
occur some 20 min. after ingestion of this fat. On the whole, the observed variation
remained slight : - 7 p. 100 after 15 min, -10 p. 100 after 35 min. This may explain
why it was overlooked by some authors (Greenberger, Tzagournis and Graves,
1968 ; McCullough efot., 1971), who were studying it in humans.

The glucose level dropped from 7500 nmol/ml blood in fed rats to 4.810 and
4.310 nmol/ml blood in rats fasting for 15 and 40 hrs, respectively (fig. 4). An MCT
load produced an additional drop in glucose level, which was similar in all cases

(&horbar;10, &horbar; 8, and &horbar;12 p. 100, respectively, as compared with control rats). In Zucker
rats, we could not show that the drop in glycemia after an MCT load was significant
in either the non-obese normoglycemic rats or the slightly hyperglycemic obese



ones. In the latter, this was probably due to the recognized insulin resistance of obese
animals (York, Steinke and Bray, 1972).

Hypoglycemia increased when the oral MCT load was increased from 0 to
0.460 g per Wistar rat. There was an inverse linear relation between the amount of
MCT given and the glucose blood level (fig. 3). At 10 ml MCT per kg body weight,
hypoglycemia was 25 to 40 p. 100 (Yeh and Zee, 1976). Our results obtained in rats
confirmed those previously obtained in dogs perfused with increasing MCT loads
(Guisard et a/., 1972).

Table 1 indicates that after MCT ingestion, glucose level fell slightly less in male
Wistar rats than in females of the same age (&horbar; 9 vs. -14 p. 100). We believe that this
observation might be related to the finding that female organisms are more sensitive
to fasting and show more pronounced hypoglycemia than male organisms (Deuel
and Davis, 1942 ; Merimee and Fineberg, 1973).

Finally, post-MCT hypoglycemia (-9 p. 100) was also found in guinea pigs
(table 3).
- Effect of LCT. - LCT never induced hypoglycemia when used in place of

MCT. This results agreed with that of Yeh and Zee (1976), who could not induce a
drop in blood glucose levels with a very large LCT load.

Some other authors have obtained relevant results. Coran, Cryer and Horwitz
(1972) found no hypoglycemia when fasting baboons were perfused with 0.4 g/kg body
weight of Intralipid (triglycerides with long-chain fatty acids). Pi-Sunyer, Hashim and
Van Itallie (1969) reported a slight hypoglycemia in fasting humans after ingestion of
1 g corn oil/kg body weight. Finally, Greenough, Crespin and Steinberg (1967) and
Bates, Linn and Huen (1976) reported hypoglycemia in fasting dogs and rats, respecti-
vely, after rapid perfusion of long-chain fatty acids.

The two latter results suggest that the observed hypoglycemia was not characte-
ristic of MCT, but might instead be the consequence of a massive and rapid hepatic
oxidation of fatty acids, whatever their lenght. This possibility cannot be definitely
ruled out, although the absence of hypoglycemia in fasting rats given LCT tends to
argue against it.

Blood lactate and pyruvate.

Concomitant with the drop in blood glucose after an MCT load, the levels of
lactic and pyruvic acids fell (fig. 2). The levels of these two compounds even seemed
inversely proportional to the amount of MCT administered : the more the MCT load
rose, the more the levels of lactic and pyruvic acids declined (fig. 3).

Furthermore, the pyruvate decrease seemed more pronounced in females than in
males of the same age (table 1). A similar phenomenon occurred in obese rats as

compared to the controls (table 2), but the changes were not significant, while we
obtained divergent results on guinea pigs (table 3). Finally, hepatic MCT catabolism
increased the lactate/pyruvate ratio (fig. 2 ; tables 2 and 3), a finding that must be
considered in relation to the increase in the P-hydroxybutyrate/acetoacetate ratio

observed simultaneously (Bach et al., 1977a). LCT, whose constituent fatty acids are
much less oxidized in the liver of non-fasting animals, do not affect these ratios.



Plasma insulin.

MCT load causes hypoglycemia, but the cause remains to be found. A priori, two
types of substances can be suspected of playing a role in this phenomenon : non-esterifi-
ed fatty acids (NEFA) and ketone bodies.

According to Balasse and Neef (1974) and Seyffert and Madison (1967), NEFA
play a major role in glucose metabolism, acting either directly on the liver or indi-
rectly via insulin. If this is true in our study, an LCT load should induce hypoglycemia,
since we have established that the ingestion of such fats causes an increase in NEFA
(Bach et al., 1977a). On the other hand, MCT should not induce hypoglycemia, since
they do not induce changes in plasma concentrations of NEFA (Bach et at., 1977a).
Furthermore, it seems that octanoic acid does not stimulate insulin production by rat
pancreas in vitro (Pi-Sunyer, 1975 ; Malaisse and Malaisse-Lagae, 1968) in contrast to
Sanbar and Martin’s earlier findings (1967).

In vivo work in rats (Tidwell and Axelrod, 1948) has demonstrated that ketone
bodies have an hypoglycemia-inducing property. Furthermore, Malaisse and Malaisse-
Lagae (1968) have demonstrated that ketone bodies in rat pancreas incubated in vitro
could trigger insulin release. Unlike LCT, MCT are highly ketogenic : a MCT load
induces a marked and long-lasting hyperketonemia in rats (Bach et al., 1977a).

Results on the effect of MCT on insulin secretion have been reported in the litera-
ture. Hyperinsulinemia was detected after MCT ingestion in humans (Tamir et al.,
1968 ; Pi-Sunyer, Hashim and Van Ita II ie, 1969) and after perfusion of MCT (Bach et al.,
1974) or of sodium octanoate (Sanbar and Martin, 1967) in dogs. On the other hand, no
increase in insulinemia was reported in humans ingesting MCT (Bach, 1970 ; McCul-
lough et al., 1971), or in dogs perfused with either MCT (Campbell et aL, 1966) or
C8:o (Sanbar et al.,1965). The reports on LCT disagree. While they caused hyperinsuli-
nemia in fasting human subjects (Pi-Sunyer, Hashim and Van Itallie, 1969 ; Carroll
and Nestel, 1972) and in fasting dogs (Greenough, Crespin and Steinberg, 1967), they
had no effect in fasting baboons (Coran, Cryer and Horwitz, 1972).

In agreement with the results of Yeh and Zee (1976), we found an increase of
plasma insulin following MCT load. Those authors demonstrated a 180 p. 100
increase in IRI 1 hour after MCT ingestion. Using a much smaller MCT load, we found
an increase that was, naturally, smaller (+ 140 p. 100) but appeared much earlier
(5 min. after ingestion). Thus, in mixed blood, hyperinsulinemia always appeared
before hypoglycemia, at a time when the plasma level of ketone bodies was close
to the maximum (Bach et al., 1977a). This insulin hypersecretion did not last long and
was not present 35 min. after even a high MCT load (Fig. 3).

lntraduodenal perfusion of fat definitively confirmed these results (table 4). MCT
induced an increase of NEFA levels in portal blood : the portal pathway of medium-
chain fatty acids has been reported by Clement et al. (1964). Long-chain fatty acids, on
the other hand, follow the lymphatic pathway, with the result that NEFA levels remain
practically unchanged in portal blood after an LCT load. But the most striking feature
in portal blood is the marked increase in IRI after an MCT load.

Post-MCT hypoglycemia thus seemed to be a result of an increase in insulin

secretion, probably induced by the high levels of ketone bodies formed during hepatic
catabolism of medium-chain fatty acids. Previous failure to demonstrate hyperinsuli-



nemia might be due to the fact that authors looked for it too long after the beginning
of the experiment and, because it represented only a slight increase, it was overlooked
owing to hepatic insulinase which prevented its appearance in the peripheral blood.
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Résumé. Une surcharge orale de triglycérides à chaîne moyenne (MCT) (acides gras
compris entre C6 et Cl2) induit chez le rat Wistar nourri normalement une diminution des
teneurs plasmatiques en lactate, pyruvate et glucose. Ces variations sont plus nettes chez les
femelles que chez les mâles de même âge. Leur intensité est d’autant plus forte que la

charge lipidique est plus abondante. La diminution de la glycémie s’observe également
chez des rats à jeun. Elle a été mise en évidence chez le cobaye, mais pas chez le rat Zucker.

Cette hypoglycémie est précédée d’une faible augmentation de l’insulinémie.
Les triglycérides à chaîne longue (LCT) (acides gras > C12) n’ont pas d’action sur les

paramètres étudiés.
Il semble que l’hypercétonémie induite par les MCT entraîne une augmentation de la

sécrétion d’insuline qui elle, provoque l’hypoglycémie observée.
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