Nutrition 30 (2014) 473-480

Contents lists available at ScienceDirect

Nutrition

journal homepage: www.nutritionjrnl.com

Basic nutritional investigation

Low-protein, high-carbohydrate diet increases glucose uptake
and fatty acid synthesis in brown adipose tissue of rats

Suelem Aparecida de Franca M.Sc.? Maisa Pavani dos Santos M.Sc. ?,
Roger Vinicius Nunes Queiroz da Costa®, Mendalli Froelich M.Sc. ?,
Samyra Lopes Buzelle M.Sc.”, Valeria Ernestania Chaves Ph.D.°,
Morenna Alana Giordani ®, Mayara Peron Pereira M.Sc. ?,

Edson Moleta Colodel Ph.D.d, Claudia Marlise Balbinotti Andrade Ph.D.?,
Nair Honda Kawashita Ph.D.?*

2Department of Chemistry, Federal University of Mato Grosso, Cuiaba, Mato Grosso, Brazil

b Department of Biochemistry and Immunology, School of Medicine, University of Sao Paulo, Ribeirao Preto, Sao Paulo, Brazil
Laboratory of Physiology and Pharmacology, Federal University of Sao Joao Del Rei, Divinopolis, Minas Gerais, Brazil

9 Department of Veterinary Science, Federal University of Mato Grosso, Cuiaba, Mato Grosso, Brazil

article info abstract

Article history:
Received 6 May 2013
Accepted 5 October 2013

Objective: The aim of this study was to evaluate glucose uptake and the contribution of glucose to
fatty acid (FA) synthesis and the glycerol-3-phosphate (G3P) of triacylglycerol synthesis by inter-
scapular brown adipose tissue (IBAT) of low-protein, high-carbohydrate (LPHC) diet-fed rats.
Methods: LPHC (6% protein; 74% carbohydrate) or control (17% protein; 63% carbohydrate) diets
were administered to rats (w100 g) for 15 d. Total FA and G3P synthesis and the synthesis of FA and
G3P from glucose were evaluated in vivo by *H,0 and *C-glucose. Sympathetic neural contribu-
tion for FA synthesis was evaluated by comparing the synthesis in denervated (7 d before) IBAT
with that of the contralateral innervated side. The insulin signaling and b3 adrenergic receptor (b3-
AR) contents, as well as others, were determined by Western blot (Student’s t test or analysis of
variance; P 0.05).
Results: Total FA synthesis in IBAT was 133% higher in the LPHC group and was reduced 85% and
70% by denervation for the LPHC and control groups, respectively. Glucose uptake was 3.5-fold
higher in the IBAT of LPHC rats than in that of the control rats, and the contribution of glucose
to the total FA synthesis increased by 12% in control rats compared with 18% in LPHC rats. The LPHC
diet increased the G3P generation from glucose by 270% and the insulin receptor content and the
p-AKT insulin stimulation in IBAT by 120% and reduced the b3-AR content by 50%.
Conclusions: The LPHC diet stimulated glucose uptake, both the total rates and the rates derived
from glucose-dependent FA and G3P synthesis, by increasing the insulin sensitivity and the
sympathetic ux, despite a reduction in the b3-AR content.

2014 Elsevier Inc. All rights reserved.
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Brown adipose tissue (BAT) is the main site of non-shivering
thermogenesis and it has been recognized since the 1960s as an
important component of the energetic balance in small mam-
mals [1,2]. In recent years, functional BAT has been identi ed in
adult humans [3-5], and observations have been made that
prolonged cold exposure or the b-adrenergic agonist can convert
white adipose tissue (WAT) to a “brown-like” state [6]. Because
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of this nding, the signi cance of BAT in the energetic balance in
humans has been reviewed [7—-9]. These ndings have renewed
an interest in studies that may contribute to a better under-
standing of the role and metabolism of this tissue.

In BAT, the storage of triacylglycerol (TAG) is fundamental to
its physiological role because the fatty acids (FA) from intra-
cellular lipolysis are the main substrates for oxidation while
simultaneously activating uncoupling protein 1 (UCP1). Activa-
tion of UCP1 leads to the dissipation of the proton gradient and
the uncoupling of the oxidative phosphorylation, thus increasing
heat production by mitochondrial respiratory chain [10]. The FA
for TAG synthesis in BAT may be preformed FA or de novo FA
synthesized within tissue. Preformed FA can originate from
lipolysis in the brown adipocytes or taken up ef ciently by li-
poprotein lipase (LPL), which mainly occurs in lipoproteins in the
blood that are rich in TAG. So, the BAT LPL action is important for
blood lipid clearance [11-13]. It is also well established that BAT
is important for blood glucose clearance [14,15]. Studies show
signi cant amounts of glucose in BAT are used for the production
of adenosine triphosphate (ATP) by anaerobic glycolysis, thus
supplying the lower ATP production induced by mitochondrial
uncoupling [15], and by replacement of the citric acid cycle in-
termediates that are important for maintaining the high levels of
FA oxidation when thermogenesis is activated [16]. Glucose may
also be an important carbon source for FA and glycer-
ol-3-phosphate synthesis (G3P) [17] and an essential metabolite
for TAG synthesis. Glyceroneogenesis and glycerol phosphory-
lation by glycerokinase (GyK) are the other two pathways
responsible for the continuous generation of G3P in BAT. In BAT,
the insulin and sympathetic nervous systems stimulate the
glucose utilization and FA synthesis [18].

Previously, our research group used a low-protein, high-car-
bohydrate (LPHC) diet to investigate the nutritional, hormonal
and neural control of energy-linked metabolic processes in adi-
pose tissue and liver from younger rats [19-22]. After 15 d of
being fed an LPHC diet, rats showed an increase in energetic
gain and energy expenditure, noticeable changes in body che-
mical composition, and an increase both in lipid content and in
the sympathetic ux to interscapular brown adipose tissue
(IBAT) suggesting that the thermogenesis can be activated in this
tissue [19].

Several tissue-speci c alterations were observed in LPHC
diet-fed rats, including lower insulin sensitivity in retroperito-
neal [21] and epididymal adipose tissues with similar glucose
uptake when compared with control rats (not-verbal) and a
higher insulin sensitivity in the liver [22]. We have also
demonstrated that FA synthesis from 3H,O (total) and from
glucose is increased in the liver of LPHC-fed rats and glycerol is
more important than glucose for the increase in the levels of de
novo FA and glyceride-glycerol synthesis [22]. Additionally, we
observed that these animals showed lower serum postprandial
insulin and similar glycemia relative to the control diet-fed rats
despite a higher intake of calories from lipids and carbohydrates
(54%) [19].

Due to the high metabolic activity of IBAT and consequently
high ATP production by anaerobic glycolysis, our hypothesis in
this work was that the uptake of glucose and the FA and glycerol-
glyceride synthesis from glucose are increased in IBAT of these
animals, thus contributing to the maintenance of the post-
prandial glycemia in LPHC diet-fed rats. The possible preserva-
tion in the insulin signaling in IBAT and the increase in
sympathetic ux may be contributing to the increase in TAG
storage. To test our hypothesis, we evaluated the following in
IBAT from control and LPHC diet-fed rats:

1 insulin signaling pathway protein content;

2. rate of glucose uptake;

3. rate of in vivo FA and glycerol synthesis from glucose and

from all sources;

4. sympathetic contribution of total FA synthesis and levels of
the b3 adrenergic receptor (b3-AR);

. enzyme activity involved in de novo FA synthesis;

. contribution of preformed FA for TAG synthesis;

. content of the Gyk enzyme; and

. levels of the peroxisome proliferator-activated receptor
gamma (PPARQ) transcription factor that is involved in FA
metabolism.

e IENIN > RN¢) ]

Materials and methods
Animals and treatment

Male Wistar rats (7—12 animals) with an initial body weight of w100 g (30 d)
were randomly divided into two groups: Controls and LPHC. Control rats were
fed a diet composed of 17% protein, 63% carbohydrate, and 7% lipids, whereas the
LPHC rats were fed a diet composed of 6% protein, 74% carbohydrate, and 7%
lipids for 15 d. The decrease in dietary protein was compensated for by an in-
crease in dietary carbohydrates to keep the diets isocaloric (16.3 kl.g 1) (Table 1).
Rats were kept in individual metabolic cages at 22 1 C with a 12-h light—dark
cycle. Rats received water and food ad libitum. Body weight and food intake of
each rat were recorded daily. All of the experiments were performed between
08:00 and 10:00 h, and all of the rats were euthanized on day 15 of treatment.
Rats were housed according to the Brazilian College of Animal Experimentation
Rules, and the experiments were approved by the Ethics Committee of the
Federal University of Mato Grosso (protocol no. 23108.033936/08-3).

Unilateral sympathetic denervation of IBAT

While the rats were under anesthesia, a careful dissection of the IBAT from
the surrounding muscle and WAT was performed. Then, ve branches of the right
intercostal nerve bundles were isolated, and w5-mm sections were removed
from these nerves. Surgical hemidenervation was performed 7 d before the use of
the animals for the experiments. After this period, the norepinephrine content of
the denervated side was reduced to <2% of the values of the control, innervated
side [24].

In vivo lipogenesis

Experimental approach

The rate of conversion of **C from glucose and 3H from 3H,0 (which esti-
mates the total synthesis from all carbon sources) in two fractions (glyceride-FA
and glyceride-glycerol) in the IBAT were determined simultaneously using the
same animal, as previously described [20].

The labeled molecules [U-**C]glucose (10 mCi) and 3H,0 (3 mCi) were dis-
solved in 0.5 mL of saline and injected into non-anesthetized rats, which were
freely moving in their cages, using a catheter inserted under anesthesia into the
right jugular vein 2 d before the experiments. After ushing the catheter with
saline, 0.2 mL blood samples were taken at 1, 5, 15, 30, and 60 min after injection
of the label for determination of [U-**C]glucose-speci ¢ activity (SpA). Each
animal was sacri ced by cervical dislocation immediately after obtaining the

Table 1
Compositions (gskg 1) of the control and LPHC diets

Ingredient Control diet (17%) LPHC diet (6%)
Casein (84% protein) 202 715
Cornstarch 397 480
Dextrinized cornstarch 130.5 159
Sucrose 100 121
Soybean oil 70 70
Fiber (cellulose) 50 50
Mineral mix (AIN 93 G)* B85 35
Vitamin mix (AIN 93 G)* 10 10
L-cystine 3 1
Choline bitartrate 25 25

LPHC, low-protein, high-carbohydrate
* For detailed composition, see [23].
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60-min sample, and this last sample was also used to determine the water SpA
(3H DPM O g atom of water hydrogen). The IBAT was then quickly removed,
weighed, and stored at 80 C for later determination.

The transformation rates of carbon from glucose into tissue glyceride-glycerol
or glyceride-FA were estimated using the semicompartmental approach
described previously [25], which is a modi cation of the non-compartmental
approach [26]; this approach combines features of both non-compartmental
and compartmental analyses. The semicompartmental analysis requires mea-
surement of the SpA time curve for glucose after a single injection of a radioactive
tracer (as described previously [26]) and measurement of the radioactivity of an
“end product” at any point in time (60 min in the present study). The rates of
glyceride-glycerol synthesis from glucose were calculated as described previously
[25,26] using a factor of 0.036 to convert from mg of glucose carbon to nmoles of
synthesized glycerol. Two studies [27,28] previously presented the assumptions
and supportive arguments behind the adequacy of using *H,0 for measuring lipid
synthesis from all carbon sources. Rates of glyceride-glycerol synthesis from 3H,0
were estimated by assuming that each glycerol incorporated into glyceride con-
tains 3.3 atoms of >H when glycerol is formed from glucose via glycolysis [28] and
5 atoms of °H when glycerol is formed from non-glucose substrates via glycer-
oneogenesis [29].

Isolation of tissue glyceride-FA and glyceride-glycerol

Total lipids from the IBAT were extracted with a 2:1 chloroform to methanol
solution using the procedure described previously [30]. Labeled 3H,0 was
removed from the inferior phases (predominantly chloroform) by washing three
times with a saline solution. After each wash, the tubes were brie y centrifuged
to sharpen the phase boundary, and the superior phase was then aspirated and
discarded. The chloroform phase was evaporated to dryness, and the saponi able
lipids were hydrolyzed with ethanolic KOH for 1 h at 70 C. After extraction of the
non-saponi able lipids and acidi cation with 6% H,CIO* the 4C-3H-FA was
extracted with petroleum ether, the extract was evaporated to dryness in a
scintillation vial, and the resulting product was dissolved in SX20 to 5 mL
scintillation liquid. The 14C—3H—glycerol value was obtained by subtracting the
14¢-3H-FA value from the *C-3H-total lipids value.

Determination of plasma glucose and water-speci ¢ radioactivity

Plasma was deproteinized with 6% H,CIO* and after neutralization, the su-
pernatant was applied to a Dowex column (1  8; 100—200 mesh; formate form)
to separate [U-'*C]glucose from [*C][1 to “C]pyruvate and [**C]lactate. The
compounds that were retained in the column were recovered by thoroughly
washing the column with 1 N NaOH. The concentration of plasma glucose was
determined enzymatically using a commercial kit from Labtest (Lagoa Santa,
Brazil). Water SpA was determined directly from aliquots of diluted (1:50) plasma
dissolved in SX20 to 5 mL scintillation liquid. In both the LPHC diet-fed and
control rats, the plasma glucose concentration did not change signi cantly dur-
ing the experimental period [20], which was expected for the technique used.

Radioactivity measurements

The degree of quenching in each sample was obtained to enable the amount
of radioactivity in disintegrations per minute. Simultaneous liquid scintillation
counting of the 3H and *C contents of FA and glycerol was performed using a
channel ratio method [31] on a Packard Tri-Carb 2100 TR spectrometer.

Enzyme activity measurement

Lipoprotein lipase (LPL) activity was assayed as described previously [32] in
supernatants obtained after the suspension of IBAT in 0.25 mol L * sucrose,
1 mmol L 1EDTA, and 20 kU L * heparin, pH 7.4, and centrifugation at 17 000 g.
Both the assay mixture containing glycerol tri[1 to 14(.‘,]—oleatt-:‘ and the protocol
for isolating **C-FA were previously described [33]. Glucose-6-phosphate dehy-
drogenase (G6PDH), malic enzyme (ME), and ATP-citrate lyase (ATP-CLY) activ-
ities were determined in 100 000 g supernatants of tissue homogenates prepared
as previously described [34]. GEBPDH was assayed as described earlier [35], and
ME was assayed using an earlier method [36] with the modi cations proposed in
another study [37]. Both assays were performed by measuring the formation of
NADPH. ATP-CLY was assayed as described previously [38], which involved
measuring the rate of oxidation of NADH. The composition of the assay mixture
for the three enzymes was identical to that of a previous study [34]. The protein
concentration of the homogenates used in the enzymatic assays was determined
by using the method described in a previous study [39].

In vivo rates of tissues glucose uptake

The procedure used to measure the in vivo rate of tissue glucose uptake was
based on a previously described method [40], which was later modi ed [41].

Thirty mCi of 2-deoxy-[**C]glucose (2-DG) in 0.5 mL of 0.9% (p/v) NaCl was
injected in fed, unanesthetized rats through a catheter inserted into the jugular
vein 2 d before the experiment. Serial blood samples were taken before and 1, 3,
5,10, 20, 30, and 60 min after injection for the determination of the 2-deoxy-[**C]
glucose concentrations (in terms of radioactivity). After the last blood sample, the
rats were sacri ced, and IBAT was removed to measure the content of 2-deoxy-
[14C]glucose—6—phosphate (2-DG-P) [41]. The plasma glucose concentration was
determined with the glucose oxidase method. The rates of glucose uptake were
calculated from the 2-DG/glucose ratios versus time curves and tissue 2-DG-P
using an equation derived from a two-compartment (plasma and tissue) math-
ematical model [40].

Western blot for protein analysis

To detection GyK, b3-AR, and a-tubulin contents in total extract, fragments
from IBAT were collected, and the tissue samples were immediately homoge-
nized in 100 mmol L ! Tris-HCI buffer, pH 7.4, containing 1% Triton X-100,
100 mmol L ! sodium pyrophosphate, 100 mmol L ! sodium uoride,
10 mmol L ! EDTA, 10 mmol L ! sodium orthovanadate, 2.0 mmol L * phenyl-
methylsulfonyl uoride, and 0.1 mg mL L aprotinin at 4 C. The IBAT nuclear
extract was obtained as previously described [42] and was used to evaluate the
expression of PPARg and histone. The total protein concentration was deter-
mined by the Bradford method [43]. Samples containing 100 mL of total extract or
nuclear extract from each experimental group were incubated for 5 min at 80 C
with4  concentrated Laemmli sample buffer (0.250 mmol L * Tris-HCI buffer at
pH 6.8, 0.5% bromophenol blue, 50% glycerol, 10% sodium dodecyl sulfate, and
500 mmol L * dithiothreitol) (4:1, v/v). IBAT proteins (100 mg for the detection
GyK, b3-AR, and a-tubulin and 40 mg for the detection of PPARg and histone)
were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes and
blotted with antibodies against GyK, b3-AR, a-tubulin, PPARg, and histone.
Speci c¢ bands were detected with the Super Signal West Pico chemiluminescent
substrate, and the band intensity was quanti ed using the Scion Image Program
(version 4.03, Frederick, MD, USA). The GyK and b3-AR band intensities were
normalized by the a-tubulin band intensity, and the PPARg band intensity was
normalized by the histone band intensity. There was no difference between the
a-tubulin band intensity and the histone band intensity of the different groups.
The results are expressed as a relative ratio.

Insulin signaling studies

To examine the changes in the intracellular insulin signaling pathway in the
IBAT from the control and LPHC groups, rats from both groups were fasted for 5 h
and were then intraperitoneally injected with saline or insulin (10 mU/g body
weight). After 10 min, the animals were sacri ced and the IBAT was quickly
removed. The protein levels of the insulin signaling cascade components insulin
receptor (IRb) and AKT and the phosphorylation levels of AKT (serine-473 res-
idue) were determined through Western blotting, as described above.

Statistical analysis

Levene’s test for the homogeneity of variances was initially used to deter-
mine whether the data complied with the assumptions for a parametric analysis
of variance. When necessary, the data were log transformed to correct for vari-
ance in heterogeneity or non-normality [44]. The sympathetic contribution in the
FA synthesis data was analyzed using a two-way variance analysis followed by
Tukey’s post hoc test. The statistical signi cances of all of the other experiments
were analyzed using Student’s t test for independent samples. The statistical
analysis was performed using the Statsoft software package (Tulsa, OK, USA). All
data were expressed as the mean  SE for the number of rats indicated. P < 0.05
was taken as the criterion of signi cance.

Results

Administration of the LPHC diet induced an increase of 26% in
relative daily food ingestion, followed by similar increases in
weight of the IBAT after 15 d (Table 2), as has been observed
previously [19]. Our data also con rmed that the LPHC diet-fed
rats had a lower body weight (13%) and alterations in the
chemistry of body composition relative to the control rats. The
absolute lipid content in the IBAT was approximately 38% higher
than that of the control diet-fed rats (Table 2).

The evaluation of the insulin signaling pathway showed that
the administration of an LPHC diet resulted in an increase in the
IRb content by approximately 120% (Fig. 1A) but did not alter the
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Table 2
Initial and nal body weight, relative daily food intake, IBAT weight, and lipid
content of rats fed control or LPHC diet for 15 d*

Control diet LPHC
Initial body weight (g) 100.8 1.3 994 19
Final body weight (g) 1483 34 1290 317
Food intake (g 100 g bw * d %) 105 0.2 132 04’
IBAT weight (g) 0.369 0.023 0456 0.031%
IBAT lipid content (g$tissue 1) 0.148 0.014 0.204 0.014°

IBAT, interscapular brown adipose tissue; LPHC, low-protein, high-carbohydrate
* Values are expressed as the means SE of ve to seven animals per diet
group.
Y P < 0.01 versus control, as determined by Student’s t test.
? P < 0.05 versus control, as determined by Student’s t test.

AKT content or the basal level of AKT phosphorylation (Fig. 1B, C).
However, after in vivo insulin administration, the AKT phos-
phorylation increased by w75% in the IBAT of control diet-fed
rats when compared with basal control and increased by 127%
in the IBAT from LPHC diet-fed rats when compared with basal
LPHC (Fig. 1C). The content of b3-AR, the main adrenergic re-
ceptor involved in the lipogenic effect of the sympathetic stim-
ulation, was reduced by 50% compared with the IBAT of control
diet-fed rats (Fig. 2). Total FA synthesis, estimated in vivo from
3H,0 was w140% higher in the IBAT from the LPHC group
(122 14 mmol g * h Y) when compared with that of the
control group (51 0.8 mmol g * h 1). The IBAT denervation
reduced the FA synthesis in control rats by 70% and in LPHC rats
by 85% (Fig. 3). The value of total FA synthesis in denervated IBAT
in control diet and LPHC diet-fed rats were similar
(control ... 14 0.2;LPHC..19 02mmol g ! h Y.

S. Aparecida de Franca et al. / Nutrition 30 (2014) 473-480

IBAT glucose uptake from LPHC diet-fed rats, as estimated
in vivo by 2-deoxy-[14C] glucose, was 3.5-fold higher than con-
trol diet-fed rats and directly re ected the FA synthesis from
glucose (Figs. 4 and 5). In Figure 5, we can observe that the LPHC
diet induced an increase in the de novo total FA synthesis and an
increase in the contribution of glucose to the total FA synthesis.
The contribution of glucose to the total FA synthesis is approxi-
mately 12% in the IBAT of the control diet-fed rats and 18% in the
LPHC diet-fed rats. The increase in FA synthesis was accompa-
nied by higher (42%) ATP-CLY activity in the IBAT from LPHC rats
without changes in the activities of GGPDH and ME, two enzymes
that are involved in the generation of reducing equivalents
necessary for biosynthetic processes in the cell. ATP-CLY is
responsible for the production of activated acetyl units (acetyl-
coenzyme A [CoA]) from several substrates for de novo FA syn-
thesis. LPL activity also did not differ between the two groups
(Table 3), suggesting that the increase in FA uptake from circu-
lating lipoproteins in the IBAT was not determinant on the in-
crease in the lipid content in this tissue. The increase in ATP-CLY
activity reinforces the importance of de novo FA synthesis, more
than that of preformed FA, to TAG synthesis. In the same way, the
protein content of the transcription factor PPARQ is 120% higher
in the IBAT of LPHC compared with that of the control diet-fed
rats (Fig. 6). This result appears to be associated with the in-
crease in FA synthesis in the IBAT of LPHC diet-fed rats.

The rates of G3P generation from glucose and from non-
glucose substrates, as evaluated by the simultaneous adminis-
tration of 3H,0 and 14C-g|ucose, demonstrate adaptation to the
diet after 15 d. LPHC diet-fed rats did not change in vivo
glyceride-glycerol synthesis from non-glucose substrates (glyc-
eroneogenesis) in the IBAT of LPHC diet-fed rats; however, the
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Fig. 1. The effect of the low-protein, high-carbohydrate diet on (A) IRb, (B) AKT protein content, and (C) AKT phosphorylation content in interscapular brown adipose tissue.

The results are expressed as the means
C, control diet; LPHC, low-protein, high-carbohydrate diet.

SE; control (n ... 6) and LPHC (n ... 7). *P < 0.05 versus control group or basal control; P < 0.05 versus basal LPHC (Student’s t test);
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Fig. 2. The effect of the low-protein, high-carbohydrate diet on the b3 adrenergic
receptor (b3-AR) content in interscapular brown adipose tissue. The results are
expressed as the means  SE; C (n ... 7) and LPHC (n ... 8). *P < 0.05 versus control
group (Student’s t test). C, control diet; LPHC, low-protein, high-carbohydrate diet.

IBAT of LPHC diet-fed rats had approximately 270% faster rates of
in vivo glyceride-glycerol synthesis from glucose than did con-
trol diet-fed rats (Fig. 7). The GyK content in the IBAT, which is
responsible for G3P generation from glycerol phosphorylation,
was not altered by the LPHC diet (Fig. 8).

Discussion

This investigation was conducted to better understand the
adaptive mechanisms developed by rats subjected to the LPHC
diet in the growing phase for maintenance of the energetic and
nutrient homeostasis. As previously demonstrated, total FA
synthesis and FA synthesis from glucose was increased in the
liver (an important organ in the reduction of postprandial
glucose levels) of LPHC diet-fed rats; however, glycogen content
was not increased. Glycerol seems to contribute more than
glucose to increases in FA and G3P synthesis [22]. Due to the
importance of the BAT, together with liver and muscle in the
glucose clearance [10] in fed animals, we proposed in this work

20-

101

In vivo fatty acid synthesis
from 3H20 (umoleg-lsh-1)

Fig. 3. The effect of low-protein, high-carbohydrate diet on in vivo fatty acid syn-
thesis from 3H,0 in innervated and denervated interscapular brown adipose tissue.
The results are expressed as the means  SE; control (n ... 10) and LPHC (n ... 12).
Mean values with different letters are signi cantly different (P < 0.05; two-way
analysis of variance). C, control diet; LPHC, low-protein, high-carbohydrate diet.
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Fig. 4. The effect of the low-protein, high-carbohydrate diet on the in vivo glucose
uptake by interscapular brown adipose tissue. The results are expressed as the
means  SE; control (n ... 4) and LPHC (n ... 8). *P < 0.05 versus control group
(Student’s t test). C, control diet; LPHC, low-protein, high-carbohydrate diet.

to study the utilization of the diet glucose by IBAT. The increase
in the glucose uptake by IBAT of LPHC diet-fed rats (w3.5-fold)
compared with the uptake by IBAT of control diet-fed rats shows
the relevance of the IBAT for reduction of postprandial glucose
levels in plasma in these animals. Recent research has shown
that the glucose uptake by BAT is 20-fold greater than that by
visceral WAT (by mg of tissue) and 4-fold greater than that of
gastrocnemius and tibialis anterior muscles in mice in basal
conditions [14]. These ndings, together with our observations,
reveal an important role for BAT in glucose metabolism.

The increase of IRb content and AKT phosphorylation-insulin
stimulated suggest a higher sensitivity of the tissue to insulin
according to the higher glucose uptake in IBAT. However, in BAT,
some processes are regulated by the interplay between insulin
and adrenergic stimulation [45]. Studies show that electrical
stimulation of the sympathetic nerves entering BAT or norepi-
nephrine infusion produced a marked increase in 2-DG uptake
in BAT. The impairment in the 2-DG uptake in BAT by b3-AR
blockade, but not by a-adrenergic receptor blockade, shows that
b3-AR is more involved in this action in BAT. Currently, it is clear
that glucose uptake is activated through two different pathways:
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Fig. 5. The effect of the low-protein, high-carbohydrate diet on in vivo rate fatty
acid synthesis from all sources and from glucose in interscapular brown adipose
tissue. The results are expressed as the means  SE; control (n ... 6) and LPHC
(n ... 7). *P < 0.05 versus control group (Student’s t test). C, control diet; LPHC, low-
protein, high-carbohydrate diet.
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Table 3
Malic enzyme, glucose-6-phosphate dehydrogenase, ATP-citrate lyase, and li-
poprotein lipase activity in the IBAT of rats fed control or LPHC diet for 15 d*

Control diet LPHC

Malic enzyme (nmol mg prot. * min %) 7233 973 6814 852
G6PDH (nmol mg prot. * min %) 1338.8 150.6 1800.9 140.0
ATP-citrate lyase (nmol mg prot. * min ') 5648 43.0 8036 64.3"
LPL (nmol FA g * min %) 3662 544 2928 472

ATP, adenosine triphosphate; FA, fatty acid; G6PDH, glucose-6-phosphate de-
hydrogenase; IBAT, interscapular brown adipose tissue; LPHC, low-protein, high-
carbohydrate; LPL, lipoprotein lipase; prot, protein

= Values are expressed as the means  standard error of six to seven animals
per diet group.

Y P < 0.05 versus control, as determined by Student’s t test.

1) via insulin increasing the expression and translocation of the
glucose transporter (GLUT) 4 isoform and 2) via the sympathetic
nervous system increasing GLUT1 isoform [10,15,46,47]. We
previously demonstrated that the sympathetic ux to IBAT is
increased in the LPHC fed rats [19]. However, our results showed
that b3-AR content in the IBAT of LPHC diet-fed rats is reduced
(50%) relative to that of the control diet-fed rats. However, even
considering the reduction in the levels of the b3-AR, the increase
of de novo FA synthesis in the IBAT of LPHC rats suggests a higher
adrenergic stimulation. Additionally, the FA synthesis in the
denervated side of IBAT of the LPHC diet-fed rats is reduced by
85%, whereas the FA synthesis in the denervated side of IBAT of
the control diet-fed rats is reduced 70% compared with the
contralateral innervated side. The reduction in b3-AR can be
explained by increases in the insulin sensitivity in the IBAT of
LPHC diet-fed rats because its expression is down-regulated by
insulin. Long-term insulin exposure is associated with a reduc-
tion in b3-AR MRNA in WAT and BAT. The reduction in tran-
scription b3-AR was also observed in adipose tissues after 6 h for
euglycemic hyperinsulinemic glucose clamp [48]. It was previ-
ously demonstrated that the fasted/fed transition has been
accompanied by decreases within a few hours in b3-AR mRNA
and in the adrenergic response from a direct effect of the insulin
[48]. This adaptive mechanism is essential to the control of lipid
storage. The results discussed up until now have showed the
importance of the de novo FA synthesis for increases of the TAG
storages in the IBAT of LPHC diet-fed animals. This hypothesis is
corroborated by an increase in the expression of the PPARQ,

Fig. 6. The effect of the low-protein, high-carbohydrate diet on the peroxisome
proliferator-activated receptor gamma (PPARQ) content in interscapular brown
adipose tissue. The results are expressed as the means  SE; control (n ... 6) and
LPHC (n ... 5). *P < 0.05 versus control group (Student’s t test). C, control diet; LPHC,
low-protein, high-carbohydrate diet.

Fig. 7. The effect of the low-protein, high-carbohydrate diet on in vivo TAG-glycerol
synthesis from glucose via glycolysis and non-glucose substrates via glyceroneo-
genesis in interscapular brown adipose tissue. The results are expressed as the
means SE 6 7 rats per diet group. *P < 0.05 versus control group (Student’s t
test). C, control diet; LPHC, low-protein, high-carbohydrate diet.

which is directly related to the expression of the lipogenic pro-
teins [11] and an increase in the ATP-CLY activity that provides
acetyl-CoA for de novo FA synthesis. The similar LPL activity in
the IBAT of LPHC rats and of control rats also supports this hy-
pothesis because this nding suggests that the use of preformed
FA was not altered by the LPHC diet. Studies have demonstrated
the importance of the LPL activity and the ability of the BAT in the
reduction of elevated triacylglycerol concentrations in blood-
stream [13]. However, the LPL activity may be altered in several
situations; for example, as a result of alteration in diet compo-
sition [49,50].

In the same way as FA synthesis, our results showed that the
generation of G3P from glucose is activated to produce G3P in a
rate adequate for the esteri cation of FA. The unaltered content
of GyK and the similar synthesis of G3P from non-glucose sub-
strates suggest that glycerol phosphorylation and glyceroneo-
genesis are not determinants in the increase of TAG in the IBAT of
LPHC diet-fed rats. Despite the direct relation of the GyK activity
with sympathetic ux in the IBAT in animals subjected to
different conditions that have been observed [24,51], the positive
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Fig. 8. The effect of the low-protein, high-carbohydrate diet on the glycerokinase
(GyK) content in interscapular brown adipose tissue. The results are expressed as
the means  SE; control (n ... 6) and LPHC (n ... 6). P < 0.05 versus control group
(Student’s t test). C, control diet; LPHC, low-protein, high-carbohydrate diet.
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relation between these two parameters was not observed in the
IBAT of LPHC diet-fed rats. Reports in the literature show other
situations in which this relation was also not observed [52]. Thus,
future research will be needed to clarify other factors involved in
GyK expression in BAT.

Finally, we concluded that the increase in the adrenergic
stimulation and the higher sensitivity to insulin in the IBAT
resulting from the LPHC diet administration led to a higher
glucose uptake by IBAT, and, consequently, to a higher clearance
of glucose with reduced glycaemia of LPHC diet-fed rats
compared with that of control diet-fed rats. The FA and G3P
synthesis are glucose utilization pathways that are activated in
the IBAT by a LPHC diet.
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