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Beta oxidation in the brain is required for the effects
of non-esterified fatty acids on glucose-induced insulin secretion
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Abstract

Aims/hypothesis. NEFA play a key role in the setting of
insulin resistance and hyperinsulinaemia, which are
both features of the prediabetic state. In addition to the
direct effects on pancreas and peripheral tissues, NEFA
have been reported to act via changes in autonomic ner-
vous system activity. The present study was aimed at
studying the effects of a local increase in NEFA in the
brain on glucose-induced insulin secretion (GIIS) and
on insulin action. We hypothesised that cerebral NEFA
beta oxidation is a prerequisite for these central effects.

Methods. Male Wistar rats were infused with Intralip-
id/heparin for 24 h through the carotid artery towards
the brain (IL rats), after which we performed the
GIIS test, a euglycaemic—hyperinsulinaemic clamp
and c-fos immunochemistry. In another series of ex-
periments, Intralipid/heparin infusion was coupled

Results. During the infusion period, there were no
changes in plasma NEFA, insulin or glucose concen-
trations. IL rats displayed an increased GIIS com-
pared with control rats (C rats) infused with sa-
line/heparin, and their liver insulin sensitivity was
decreased. Furthermore, lipid infusion induced a sig-
nificant decrease in c-fos-like immunoreactive neu-
rons in medial hypothalamic nuclei, and an increase
in lateral hypothalamus. Neuronal activation profile
was almost normalised in IL rats infused with eto-
moxir, and GIIS was strongly decreased, possibly be-
cause of the concomitant normalisation of hepatic
glucose output.

Conclusions/interpretation. These results strongly
suggest that beta oxidation is required for the central
effects of NEFA on GIIS.
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Among the many aspects of type 2 diabetes in obese
subjects that remain unclear, the mechanisms con-
tributing to the early stages of the dysregulation of in-
sulin secretion and action require further investigation
[1]. Insulin hypersecretion in response to glucose is a
risk factor for obesity and type 2 diabetes in predis-
posed patients. Dyslipidaemia, and particularly in-
creased plasma NEFA concentrations and their ad-
verse effects on autonomic nervous system function,
could be a major contributing factor for this situation
[2]. We have previously shown that an increase in
plasma NEFA leads to a decrease in sympathetic ner-
vous activity, which, in turn, has a role to play in ex-
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aggerated glucose-induced insulin secretion (GIIS)
[3]. Some of the effects of NEFA appeared to be cen-
trally mediated, since intracerebroventricular (ICV)
infusion of triglycerides [4] or oleic acid [5] altered
hepatic glucose output [4] as well as food intake [5].
Furthermore, ICV infusion of lipids was associated
with decreased sympathetic output to the pancreas and
liver [4]. Recently, NEFA have been shown to act on
neurons of the arcuate nucleus of the hypothalamus
[6, 7]. Thus, just like glucose, circulating NEFA ap-
peared to be monitored by hypothalamic areas playing
a critical role in the control of energy homeostasis.
However, the molecular mechanisms by which NEFA
exert their control of neuronal activity remain unclear.
A recent study suggested that changes in the rate of
beta oxidation in specific hypothalamic neurons could
modulate food intake and glucose production [8].

The present study aimed to test the hypothesis that
an increase in beta oxidation caused by uptake of
NEFA in the brain could lead to two early major
events of prediabetic state, an increase in GIIS and a
decrease in insulin sensitivity. To that end, a triglyce-
ride emulsion was infused into male Wistar rats
through the carotid artery for 24 h. This physiological
approach allowed NEFA levels in the brain to be in-
creased without bypassing the blood-brain barrier. To
assess the role of beta oxidation with respect to the ef-
fects of central NEFA, rats were infused intracere-
broventricularly with etomoxir, an inhibitor of CPT1,
before and during intracarotid infusion of NEFA.

Materials and methods

Experimental animals. The experimental protocol was ap-
proved by the institutional Animal Care and Use Committee of
the University of Paris 7. Two-month-old rats (225-250 g)
were used (Charles River, I’Arbresle, France). They were
housed individually in stainless steel cages in a room main-
tained at 24+3 °C with lights on from 07.00 hours to 19.00
hours. They were fed on a laboratory diet (proteins 19.4%; car-
bohydrates 59.5%; lipids 4.6%; vitamins and minerals 16.5%)
and water ad libitum.

Cerebral lipid infusions. The long-term infusion technique un-
der unrestrained conditions was used, as previously described
[9]. Briefly, 5 days before the beginning of the infusion, rats
were anaesthetised with pentobarbital (50 mg/kg i.p.; Sanofi,
Libourne, France) for the insertion of a catheter in the carotid
artery towards the brain. Then, the catheter was exteriorised at
the vertex of the head and attached to a swivelling infusion de-
vice, allowing the animal free access to water and food. Rats
infused with a triglyceride emulsion (Intralipid 20%; KabeVit-
rum, Stockholm, Sweden) plus heparin (20 U/ml) were named
IL rats, whereas control rats (C rats) were infused with sa-
line/heparin. The rate of infusion was 2 ul/h. Blood was re-
moved once daily (~80 ul) from caudal vessels for measure-
ment of plasma NEFA, glucose and insulin concentrations.

Intracerebroventricular infusion of etomoxir. In another series
of experiments, ICV infusion of etomoxir was performed in IL
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rats (IL ETO rats) and C rats (C ETO rats), starting 5 days be-
fore and continuing through the 24 h of intracarotid infusion.
Rats were stereotaxically implanted with a chronic stainless
steel cannula in the right lateral cerebral ventricle using the
following coordinates from Bregma: anterior—posterior —
0.8 mm; dorsal-ventral —3.5 mm; and medial-lateral —1.5 mm.
The cannula was connected via a polyethylene catheter to a
subcutaneously implanted osmotic minipump (model 2001;
Alza Corporation, Palo Alto, Calif., USA). Minipumps were
filled with either etomoxir (100 pmol/l) dissolved in saline
plus 40% beta cyclodextrin to facilitate solubility, or sa-
line/beta cyclodextrin (vehicle). The cannula was fixed to the
skull using cyanoacrylate (Cyanolyt; Eleco Produits, Clichy,
France). Infusions were initiated 4 h after surgery and were
continued throughout the study. The rate of infusion was
0.5 pl/h.

Glucose-induced insulin secretion. Insulin secretion in re-
sponse to glucose was investigated after 24 h of intracarotid
Intralipid/heparin infusion, with or without ICV etomoxir. A
single dose of glucose was injected under anaesthesia into the
saphenous vein (0.5 g/kg body weight) of rats deprived of food
for 4 h. Blood samples were drawn from caudal vessels at 0, 1,
3,5, 10, 15, 20 and 30 min following glucose injection. Gly-
caemia was immediately measured using a glucose analyser
(Roche Diagnostics, Meylan, France). Plasma was then re-
moved and stored at =20 °C until radioimmunoassay of insu-
lin.

Food intake. Daily food intake was measured by weighing the
pellets between 09.00 hours and 10.00 hours.

Glucose turnover rate. The protocol for the measurement of
glucose turnover rate, in the basal state and during eugly-
caemic—hyperinsulinaemic clamp, as well as the analytical
methods have been previously described in detail [4]. Insulin
(0.4 U-kg-1-h-1) was infused during clamp at a constant rate of
20 w/min, following a priming dose of 20 mU.

C-fos immunochemistry. Rats were anaesthetised with pento-
barbital 24 h after the beginning of lipid infusion and transcar-
dially infused with ice-cold 0.9% saline for 10 min followed
by a 20-min infusion of 4% paraformaldehyde in PBS. Brains
were removed and post-fixed in ice-cold 4% paraformaldehyde
for 2 h, after which they were cryoprotected in 30% sucrose in
PBS for 2 to 3 days at 4 °C. They were then frozen and cut into
40-um coronal sections on a freezing cryostat. Sections were
placed on gel-coated slides, rinsed in PBS and exposed to
0.3% hydrogen peroxide for 30 min. They were then preincu-
bated in PBS containing 3% normal goat serum and 0.25% Tri-
ton (blocking solution) for 2 h and incubated for 48 h with rab-
bit polyclonal anti-c-fos serum (1:20,000 dilution; Ab-5; On-
cogene Sciences, San Diego, Calif., USA) in blocking solution.
Subsequently, sections were incubated with biotinylated goat
anti-rabbit IgG diluted at 1:600 (Vector Laboratories,
Burlingame, Calif., USA) for 1 h and with streptavidin
horseradish peroxidase for 30 min, both in blocking solution.
C-fos expression was visualised for fos-like immunoreactivity
(FLI) using diaminobenzidine and hydrogen peroxide in dis-
tilled water. Several PBS rinses were carried out between the
above steps, except between blocking and incubation with pri-
mary antibody. Sections were then transferred onto microscope
slides, dried, dehydrated and coverslipped.

Counting the c-fos-like immunoreactive neurons. A BH2 mi-
croscope (Olympus, Melville, N.Y., USA) connected via a
colour video camera to a PC with Imagenia 2000 software
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Table 1. Basal characteristics of the experimental groups after 24 h of intracarotid infusion

C CETO IL IL ETO
Body weight (g) 2518 25445 242+7 246+6
Food intake (g-kg-!-day-1) 83.4+4a 64.2+2.9b 83.7+6.62 62.9+3.5b
Glucose (mmol/1) 5.4+0.2 5.17+0.1 5.3x0.4 5.1+0.1
Insulin (pmol/l) 390+45 386+41 360+46 372+30
NEFA (mmol/l) 0.31+0.03 0.31+0.06 0.31+0.04 0.32+0.02

C, control rats infused with saline/heparin for 24 h through the
carotid artery; C ETO, C rats ICV infused with etomoxir; IL,
rats infused with Intralipid/heparin for 24 h through the carotid

(Biocom, Les Ullis, France) was used for cell counting. Each
stained section was screened for visualisation of FLI in neu-
rons. In regions of interest, fos-positive nuclei were counted
following the area outlined, on numerous sections and on both
sides, according to a stereotaxic atlas of the rat brain [10].
Each value represents an average number of FLI neurons in a
given area.

Statistical analysis. Statistical analyses were performed using a
two-factor repeated measures ANOVA. Comparisons between
groups were carried out using a non-paired Student’s # test. A p
value of less than 0.05 was considered statistically significant.

Results

Plasma parameters. Neither plasma insulin nor glu-
cose concentrations were modified in IL rats com-
pared with in controls during the infusion period. Sys-
temic plasma NEFA concentration was not modified
by infusion of lipid/heparin solution. In both groups,
ICV infusion of etomoxir before and during 24 h of
carotid infusion had no effect on plasma insulin, glu-
cose or NEFA concentrations (Table 1).

Food intake. 1L/heparin infusion had no effect on
body weight or food intake, but ICV infusion of eto-
moxir significantly decreased food intake to a similar
extent in control and IL rats without affecting body
weight (Table 1).

C-fos immunochemistry. In rats infused with IL/hep-
arin, the number of FLI neurons was found to be sig-
nificantly decreased in four of the five hypothalamic
nuclei studied: arcuate nucleus (ARC), dorsomedial
hypothalamus (DMH), ventromedial hypothalamus
(VMH) and paraventricular nucleus (PVN). In con-
trast, the number of FLI neurons in lateral hypothala-
mus (LH) was increased in IL rats (Figs. 1 and 2).
The concomitant infusion of etomoxir in IL rats re-
stored the normal neuronal activation in ARC, LH,
PVN and VMH, but had no effect on DMH
(Fig. 1d—f). In control rats, ICV infusion of etomoxir
had no effect on the nuclei observed, except in VMH
where a small but significant increase was evident
(data not shown).

artery; IL ETO, IL rats ICV infused with etomoxir. Values are
means + SEM of eight rats in each group. Groups with differ-
ent letters are significantly different (p<0.01 by ANOVA)

No. of FLI neurons / area

ARC DMH LH PVN VMH

Fig. 1. Number of c-fos-like immunoreactive neurons per hy-
pothalamic area in C rats (open bars), IL rats (solid bars) and
IL ETO rats (grey bars). Values are means + SEM of four cases
in each group. * p<0.05 vs C rats

Glucose-induced insulin secretion. The time course
associated with glycaemia after glucose loading was
similar after 24 h of IL/heparin infusion and after sa-
line/heparin infusion in the absence or presence of
etomoxir (Fig. 3). In contrast, the glucose-induced in-
crease in plasma insulin concentration was greater in
IL rats than in C rats (Fig. 3b). In the presence of eto-
moxir, IL ETO rats displayed a normalisation of the
GIIS, whereas etomoxir had no effect on GIIS in C
ETO rats.

Glucose turnover rate. As shown in Figure 4, neither
IL/heparin infusion nor ICV etomoxir administration
affected GTR in the basal state. During hyperinsuli-
naemic clamp, plasma insulin concentrations were in-
creased to a similar extent (~6-fold above basal val-
ues, from ~250 pmol/l to ~1500 pmol/l) in all four
groups. The decrease in HGP was attenuated in IL rats
compared with in control rats infused with saline/hep-
arin (p<0.01). Intracerebral administration of etomoxir
had no effect on HGP in C ETO rats but strongly de-
creased hepatic glucose output in IL ETO rats
(»<0.001), thus restoring hepatic insulin efficiency. In
contrast, the insulin-induced increase in glucose up-
take was similar in all four groups.
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Fig. 2. Photomicrographs showing c-fos-like immunoreactive
neurons in five hypothalamic nuclei of C rats (left), IL rats
(middle) and IL ETO rats (right). a, b and c¢ represent ARC;
d, e and f represent DM hypothalamus; g, h and i represent
LH; j, k and I represent the PVN; and m, n and o represent the
VMH. Magnification x120. 3V, third ventricle

Discussion

We showed that intracarotid infusion of NEFA into the
brain for 24 h increased GIIS and decreased hepatic
insulin sensitivity, and that these effects were blocked

by the inhibition of brain CPT1 by etomoxir infusion.
In addition, increasing brain NEFA concentrations for
24 h inhibited baseline c-fos expression in medial hy-
pothalamic areas but increased expression in the later-
al hypothalamus, all areas involved in the regulation
of energy homeostasis. Such changes could, in part,
explain exaggerated GIIS and decreased liver insulin
sensitivity induced by increasing brain NEFA levels.
These results are consistent with the concept of central
lipotoxicity, which postulates that high levels of cen-
tral lipid exposure contribute to the aetiology of type 2
diabetes [11, 12]. We propose that NEFA produced by
hydrolysis of triglycerides is the main candidate in
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Fig. 3. Time course of plasma glucose (a) and insulin (b) con-
centrations in response to glucose load in C rats (full squares),
C ETO rats (empty squares), IL rats (full triangles, dotted line)
and IL ETO rats (empty triangles, dotted line). ICV infusion
(etomoxir 100 nmol/l or solvent saline/beta cyclodextrine) last-
ed for 6 days, and infusion through the carotid artery towards
the brain lasted for 24 h. Values are means = SEM of eight cas-
es in each group. ** p<0.01, * p<0.05 vs controls

terms of exerting an effect in central areas controlling
insulin secretion, as well as its action on glucose me-
tabolism in the liver.

Since there was no increase in plasma NEFA con-
centration, dysregulation of insulin secretion and insu-
lin action in IL/heparin-infused rats is probably medi-
ated by changes in autonomic nervous system activity
and/or hypothalamic—pituitary—adrenal (HPA) axis ac-
tivity as we previously showed [3, 4]. Regarding aeti-
ology of diabetes, it must be pointed out that such
changes have been described in prediabetic states [13,
14]. For example, Pima Indians have a low sympathet-
ic nervous system (SNS) activity, which may con-
tribute to their increased risk of obesity and type 2 di-
abetes [15]. Furthermore, it is now assumed that, like
glucose, NEFA or their metabolites could modulate
neuronal activity as a means of directly monitoring
ongoing fuel availability by CNS nutrient-sensing
neurons involved in the regulation of energy homeo-
stasis [16, 17].
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Fig. 4. Glucose turnover rate in the basal state (open bars) and
during euglycaemic—hyperinsulinaemic clamp (solid bars) in
control rats treated with placebo or etomoxir (respectively C
and C ETO rats) and in IL rats treated with placebo or eto-
moxir (respectively IL and IL ETO rats). a. Glucose utilisation
rate (GUR). b. Hepatic glucose production (HGP). Values are
means + SEM of eight cases in each group. * p<0.01 IL vs C
rats; § p<0.001 IL ETO vs IL rats

C-fos immunostaining was performed to identify
areas involved in NEFA effects and to provide an in-
dex of neural activity in those areas. Infusion of
lipids/heparin for 24 h was associated with increased
LH and decreased medial hypothalamic (ARC, VMH,
PVN, DMH) numbers of expressing FLI neurons, in-
dicating modifications of nervous activity in these ar-
eas. The decrease in FLI neurons observed in the arcu-
ate nucleus of IL rats, which is associated with an in-
creased HGP, is consistent with the results of studies
indicating that neuronal activation of this area is a
contributing factor in the decrease in HGP [16, 18]. In
addition, the decreased number of FLI neurons in
VMH indicated a lower activity in this nucleus, which
is likely to promote a decreased sympathetic tone, as
both VMH and ARC are known to activate the sympa-
thetic nervous system via polysynaptic efferent path-
ways [19]. This is consistent with a study reporting a
decrease in spontaneous neuronal activity in VMH
subsequent to an injection of NEFA in this area [20].
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Regarding LH, which is part of the hypothalamic area
controlling parasympathetic activity, it has been re-
ported to promote insulin secretion in the presence of
a simultaneous rise in glucose [21].

Altogether, data suggest that NEFA could act at the
level of central nervous system areas controlling SNS
and/or HPA axis and consequently controlling insulin
secretion and action [22].

Enzymes involved in NEFA metabolism, such as
fatty acid synthase (FAS), have been shown to be
present and active in hypothalamic neurons [23]. Fur-
thermore, carnitine palmitoyl transferase I (CPT-I), a
key enzyme in beta oxidation, is also expressed in
some brain areas, including the hypothalamus [24],
and its inhibition decreases food intake and hepatic
glucose output [8]. Thus, the effects of a central
NEFA overload could presuppose their beta oxidation.
As the beta oxidation depends upon the entry of
NEFA into the mitochondria through the CPT1, we in-
fused etomoxir, an inhibitor of CPT1 into the right lat-
eral ventricle. Neuronal activities in IL rats infused
with etomoxir were normalised in ARC, LH, PVN and
VMH, as assessed by c-fos immunostaining, and the
effect of NEFA on GIIS and hepatic insulin sensitivity
was blunted.

This is consistent with the results of some studies
indicating that NEFA may alter the synthesis or the re-
lease of neuropeptides [25]. The effect of a NEFA
overload could be partially mediated by an increase in
ATP production, which could inactivate ATP-sensitive
K+ channels and trigger cell exocytosis. In contrast, in
the presence of a block of CPT1 activity during the
lipid infusion, one could expect decreased ATP pro-
duction and a concomitant increase in intracellular
FA-CoA esters [8]. Such an increase could directly ac-
tivate ATP-sensitive K+ channels as has been shown
for oleyl-CoA [5, 26], opposing the inhibitory effects
of ATP [27].

Etomoxir also decreased food intake by the same
amount in IL rats and C rats. This is consistent with the
results of studies revealing the potent anorectic effect
of FAS inhibitors, a situation that increases malonyl
coenzyme A (malonyl-CoA), an endogenous inhibitor
of CPT1 [28, 29, 30]. This anorectic effect of etomoxir
could be explained by the likely intracellular increase
of NEFA subsequent to CPT1 inhibition, which acted
as a central signal of “nutrient abundance” and activat-
ed a chain of neuronal events leading to food intake in-
hibition [8]. Elevated intracellular NEFA could also be
responsible for the decrease of HGP [5], as a physio-
logical way of reducing peripheral glucose availability.
It is possible that the increased number of FLI neurons
in VMH of C and IL rats treated with etomoxir is relat-
ed to the decrease in food intake, as VMH activation is
known to stimulate food consumption [31]. It should
be pointed out that IL/heparin infusion alone does not
lead to a decrease in food intake, consistent with the
idea that, in this situation, NEFA oxidation prevails
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over the intracellular accumulation of FA-CoA. Final-
ly, a decrease in food intake is not associated with a
concomitant decrease in body weight; this could be re-
lated to changes in metabolic rate.

In conclusion, increased central NEFA oxidation is
likely to be involved in the setting of insulin hyperse-
cretion in response to glucose and hepatic insulin re-
sistance, as the inhibition of beta oxidation blunted in-
sulin hyper-response and restored normal hepatic glu-
cose output. It is likely that when CPT1 is inhibited,
NEFA accumulate in the cell and act as a satiety sig-
nal that inhibits food intake and decreases HGP. Thus,
depending on their fate in the cell, i.e. oxidation or ac-
cumulation, NEFA could have adverse effects on ener-
gy homeostasis.
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