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Abstract There has been a growing interest in controlling

body weight by increasing dietary levels of leucine

recently. By contrast, we have focused on studying the

effect of deficiency of branched-chain amino acids

(BCAAs) leucine on lipid metabolism. We previously have

shown that mice fed a leucine-deficient diet for 7 days

exhibit significant changes in lipid metabolism as demon-

strated by suppressed lipogenesis in the liver and increased

fat mobilization in white adipose tissue, the latter of which

was found to be caused by increased lipolysis in WAT and

uncoupling protein 1 expression in brown adipose tissue.

The goal of our current study is to investigate whether the

above effects of leucine deficiency can be generalized to

the deficiency of other BCAAs including valine and iso-

leucine. In our current study, we show that valine or iso-

leucine deficiency has similar effects on reducing fat mass

to leucine deprivation, in a similar manner as those

observed during leucine deprivation.
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Introduction

Obesity and its associated diseases including type 2 dia-

betes and fatty livers are serious global problems that

greatly threaten human health. A common pathological

change leading to these metabolic diseases is a disorder in

lipid metabolism, which includes increased synthesis and

decreased utilization of fatty acids in tissues such as liver,

white adipose tissue (WAT) and brown adipose tissue

(BAT) (Fujioka et al. 1987; Marchesini et al. 2001;

Trayhurn 1979). Though extensive studies have been

conducted concerning different aspects of metabolic dis-

eases, molecular mechanisms underlying are still not fully

understood and effective treatments are still missing.

Amino acids serve as precursors in protein synthesis

(Loftfield and Harris 1956). In addition, they are important

signaling regulators (Kimball and Jefferson 2006). Bran-

ched-chain amino acids (BCAAs) are the most noticed

essential amino acids that have non-linear aliphatic side-

chains, which include leucine, isoleucine and valine.

Recent studies have shown that increasing intake of

BCAAs has significant impact on lipid and glucose

metabolism (Layman and Walker 2006; Doi et al. 2005).

The effect of increasing dietary BCAAs content, however,

is controversial. Some studies show that increased BCAAs

prevent high-fat diet-induced obesity (Zhang et al. 2007;

Nishimura et al. 2010), whereas others report that it either

has no effect or leads to insulin resistance (Nairizi et al.

2009).

By contrast, we have focused on studying the effect of

deficiency of BCAAs, for example leucine, on lipid

metabolism. We unexpectedly discovered that mice fed a

leucine-deficient diet for 7 days exhibit significant changes

in lipid metabolism as demonstrated by suppressed lipo-

genesis in the liver (Guo and Cavener 2007) and increased

fat mobilization in WAT (Cheng et al. 2010), the latter of

which was found to be caused by increased lipolysis in

WAT and uncoupling protein 1 (UCP1) expression in BAT

(Cheng et al. 2010). However, it remains unclear if defi-

ciency of other BCAA, isoleucine and valine, would have
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similar effects as leucine. A previous study showed that

levels of fatty acid synthase (Fas) mRNA are suppressed in

HepG2 cells in medium deficient of any essential amino

acid, but not by non-essential amino acids (Dudek and

Semenkovich 1995), suggesting that deficiency of isoleu-

cine or valine may produce similar effects on fat loss and

suppression of lipogenesis in the livers. The goal of present

study is to investigate this possibility by measuring various

metabolic parameters and examining changes in lipid

metabolism in the liver, WAT and BAT.

Methods

Animals and diets

Wild-type male C57BL/6J mice were obtained from

Shanghai Laboratory Animal Co., Ltd. (SLAC, Shanghai,

China). Eight- to ten-week-old mice were kept on a 12-h

light/dark cycle at 25�C and were provided free access to

commercial rodent chow and tap water before experiments.

Control (nutritionally complete amino acid), (-) Ile (iso-

leucine-deficient) and (-) Val (valine-deficient) diets were

obtained from Research Diets, Inc. (New Brunswick, NJ).

All diets were isocaloric and compositionally the same in

terms of carbohydrate and lipid component. At the start of

the feeding experiment, mice were acclimated to a control

diet for 7 days and then randomly divided into either

control, (-) Ile or (-) Val diet group with free access to

either control, (-) Ile, or (-) Val diet, respectively, for

7 days, a duration that is comparable to experiments per-

formed with leucine deprivation (Guo and Cavener 2007;

Cheng et al. 2010). Food intake and body weight were

monitored daily. Before mice were sacrificed by CO2

inhalation, the total body fat content of each mouse was

quantified in vivo by a mini-spec nuclear magnetic reso-

nance (NMR) spectrometer (Bruker Corp.), according to

manufacture’s protocol. Liver, WAT and BAT weight was

recorded at the time of sacrifice. Tissues were isolated and

snap-frozen and stored at -80�C for future analysis. These

experiments were conducted in accordance with the

guidelines of the Institutional Animal Care and Use

Committee of the Institute for Nutritional Sciences, Sibs,

CAS.

Indirect calorimetry

After 6 days feeding with either control, (-) Ile, or (-) Val

diet, mice were maintained in a comprehensive lab animal

monitoring system (Columbus Instruments, Columbus,

OH) for 24 h according to the instructions of the manu-

facturer. Volume of O2 consumption and CO2 production

was continuously recorded over 24-h period.

Rectal temperature measurement

The rectal temperatures of the mice were measured using a

rectal probe attached to a digital thermometer (Physitemp.

Inc., NJ, USA).

Serum measurements

Serum was obtained by centrifugation of clotted blood and

then stored at -80�C. Blood glucose levels were measured

by a Glucometer Elite monitor (Medisense). Serum tri-

glyceride (TG), cholesterol, free fatty acids (FFA) and

glycerol were determined using triglyceride kit (BTKH

Clinical Reagents, Beijing, China), cholesterol kit (BTKH

Clinical Reagents, Beijing, China), NEFA kit (Jiancheng

Biotechnology, Nanjing, China) and Glycerol Assay kit

(SinoPCR, China), respectively. All of these assays were

performed according to manufacturer’s instructions.

Western blot analysis

Whole-cell lysates from frozen tissues were isolated using

RIPA lysis buffer (150 mM Tris–HCl, 50 mM NaCl, 1%

NP-40, 0.1% tween-20). Protease and phosphatase inhibi-

tors were added to all buffers before experiments. Western

blot was performed as previously described (Cheng et al.

2010). Protein concentrations were assayed with BCA Kit

(Pierce). Primary antibodies [anti-FAS antibody (BD Sci-

entific), anti-p-HSL, anti-p-PKA substrate antibodies (Cell

Signaling), and anti-actin antibody (Sigma), anti-SREBP1c

and anti-UCP1 antibodies (Santa Cruz Biotechnology)]

were incubated overnight at 4�C and specific proteins were

visualized by ECL Plus (Amersham Biosciences). Band

intensities were measured using Quantity One (Bio-Rad

Laboratories) and normalized to actin or non-specific

proteins.

RNA isolation and relative quantitative RT-PCR

RT-PCRs were performed as described previously (Cheng

et al. 2010). Total RNA was prepared from frozen tissues

with TRIZOL (Invitrogen) reagent. One microgram of

RNA was reverse transcribed with PrimeScript RT reagent

kit (Takara). Quantitative amplification by PCR was car-

ried out using SYBR Green I Master Mix reagent by ABI

7500 system (Applied Biosystem). PCR products were

subjected to a melting curve analysis. Cycle numbers of

both GAPDH (as an internal control) and cDNAs of

interest at a specific threshold within the exponential

amplification range were used to calculate relative

expression levels of the genes of interest. The sequences of

primers used in this study are available upon request.
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Statistics

All data are expressed as mean ± SEM. Significant dif-

ferences between (-) Ile or (-) Val and control group were

assessed using the two-tail student t test. p \ 0.05 was

considered statistically significant.

Results

Isoleucine or valine deprivation significantly decreases

body and fat weight

We previously have shown that mice maintained on a

leucine-deficient diet undergo rapid loss of abdominal fat

(Cheng et al. 2010). The goal of present study is to

investigate whether isoleucine or valine deficiency has

similar effects on mice. For this purpose, mice were fed

control, isoleucine-deficient or valine-deficient diets for

7 days, a period that is comparable to those we examined

during leucine deprivation (Cheng et al. 2010). Isoleucine

or valine deprivation for 7 days resulted in about 24 or

16% reduction in body weight compared with mice main-

tained on a control diet (Fig. 1a). Consistent with those

observed during leucine deprivation (Cheng et al. 2010),

we found that the weights of tissue mass, including liver,

epididymal fat and brown fat, were also significantly

decreased (Fig. 1b). Furthermore, the total body fat was

significantly decreased by isoleucine or valine deprivation

in comparison with the control mice, while there was a

little increase in the proportion of lean mass in isoleucine-

or valine-deprived groups as measured by NMR (Fig. 1c),

though the amount of lean mass was decreased (Fig. 1d).

Therefore, the decreased body weight is caused by the

reduced fat and lean mass, as well as the decreased amount

of body fluid (Fig. 1d).

Similar to those observed during leucine deprivation, we

found that serum levels of triglyceride (TG), cholesterol,

free fatty acid (FFA) and glycerol were lower in isoleucine

or valine-deprived mice compared with those maintained

on a control diet (Table 1).

Isoleucine or valine deprivation decreases food intake

and increases energy expenditure

As decreased fat mass is caused by decreased food intake

and/or increased energy expenditure, we compared food

intake among different groups. In contrast to the 15%

reduction in food intake by leucine deprivation (Cheng

et al. 2010), isoleucine or valine deprivation has much

more profound impact on food intake reduction (39% for

isoleucine and 25% for valine), compared with mice

maintained on a control diet (Fig. 1e). A pair-fed (pf)

group was included in our preliminary experiments to

control for the reduction in daily food intake in (-) iso-

leucine or valine group. Mice in the pf groups were pro-

vided with 39 or 25% less food compared to mice in the

control diet group (Fig. 1e). Pf groups for isoleucine and

valine decreased body weight 16 and 10%, respectively,

compared with mice maintained on a control diet (Fig. 1f).

In every case, mice maintained on an isoleucine or valine-

deficient diet lost more weight compared with those in

control or pf group, suggesting a specific effect of isoleu-

cine or valine deprivation on body weight reduction.

We previously showed that mice maintained on leucine-

deficient diet exhibit increased energy expenditure (Cheng

et al. 2010). Therefore, we measured energy expenditure by

indirect calorimetry in mice under control, isoleucine-

deficient or valine-deficient diets for 7 days. The total

energy expenditure (24-h O2 consumption, normalized to

lean body mass) was markedly increased in isoleucine or

valine-deprived mice, compared with mice maintained on a

control diet (Fig. 2a). The respiratory exchange ratio (RER,

VCO2/VO2) was also lower in isoleucine or valine-

deprived mice during both dark and light phases (Fig. 2b).

Consistent with those observations obtained during leucine

deprivation (Cheng et al. 2010), we found that rectal

temperatures measured at 3 p.m. in the afternoon (basal

metabolic state) were significantly higher in isoleucine-

deprived mice, compared with mice maintained on a con-

trol diet (Fig. 2c). By contrast, rectal temperature was

significantly lower in valine-deprived mice (Fig. 2c). Dif-

ferent from those observed during leucine deprivation, the

physical activity was significantly increased in isoleucine-

deprived mice as measured in a metabolic cage (Fig. 2d).

Similar to leucine, valine has no effect on physical activity

(Fig. 2d).

Isoleucine or valine deprivation regulates genes

and proteins related to lipolysis, b-oxidation

and lipogenesis in WAT

To investigate whether isoleucine or valine deprivation has

similar regulatory effects on lipid metabolism in WAT as

leucine deprivation, we examined changes in genes and

proteins related to lipolysis, b-oxidation and lipogenesis in

WAT of mice maintained on diet deficient for isoleucine or

valine. mRNA levels of adipose triglyceride lipase (Atgl),

the first enzyme regulating lipolysis (Schoenborn et al.

2006), were significantly increased by either isoleucine or

valine deprivation compared with those maintained on a

control diet (Fig. 3a). Levels of phosphorylated hormone

sensitive lipase (HSL), the second enzyme regulating

lipolysis (Greenberg et al. 2001), were significantly

increased in WAT of isoleucine or valine-deprived mice

compared with mice fed a control diet (Fig. 3b). Consistent
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with increased levels of phosphorylated HSL, levels of

phosphorylated substrate for PKA, the kinase that phos-

phorylates HSL (Watt et al. 2006), were also elevated in

WAT of isoleucine or valine-deprived mice (Fig. 3b).

It has been shown that b-oxidation is regulated by the

transcription factor peroxisome proliferators-activated

receptor (Ppar)a, and its downstream target gene carnitine

palmitoyltransferase 1 (Cpt1) (Ferre 2004; Lee et al. 2002),

expression of which has been shown to be increased by

leucine deprivation (Cheng et al. 2010). Consistent with

these results (Cheng et al. 2010), we found that the

expression levels of Ppara were significantly increased in

WAT of mice maintained on an isoleucine-deficient diet

compared with mice maintained on a control diet (Fig. 3c).

Levels of Cpt1 mRNA also show increased tendency in

these mice (Fig. 3c). Expression levels of both Ppara and

Cpt1, however, were significantly increased in WAT of

mice maintained on a valine-deficient diet compared with

those maintained on a control diet (Fig. 3c).

Consistent with effects of leucine deprivation (Cheng

et al. 2010), levels of the critical enzyme for lipogenesis

Fas mRNA (Nogalska et al. 2005), and its upstream regu-

lator sterol regulatory element-binding protein (SREBP)-1c

protein (Nogalska et al. 2005), were also greatly reduced

in WAT of mice maintained on a isoleucine or valine-

deficient diet compared with mice maintained on a control

diet (Fig. 3d).

To investigate whether autophagy is involved in isoleu-

cine or valine-induced fat loss, we examined the mRNA

levels of genes encoding autophagy-related proteins

including ATG4a, ATG5, ATG7, ATG8/LC3 (Scherz-Shou-

val et al. 2007; Noda et al. 2010; Komatsu et al. 2005;

Yousefi et al. 2006). All of these genes were up-regulated in

WAT of mice maintained on an isoleucine or valine-deficient
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Fig. 1 Body and fat weight are decreased in isoleucine- and valine-

deprived mice. Mice were fed a control, isoleucine-, or valine-

deficient diet for 7 days. Pf group for isoleucine or valine group, (-)

Ile-pf and (-) Val-pf, respectively, was also included. Data are

mean ± SEM of at least two independent experiments with mice of

each diet for each experiment (control diet [n = 6]; (-) Ile diet

[n = 6]; (-) Ile-pf diet [n = 6]; (-) Val diet [n = 6]; (-) Val-pf diet

[n = 6]). Statistical significance was determined by the two-tail

student t test for the effect of either (-) Ile, (-) Ile-pf, (-) Val (-)

Val-pf diet versus control diet (*p \ 0.05). a Body weight reduction,

b tissue weight (liver, WAT and BAT) in proportion to body weight,

c body composition measured with NMR, d lean mass and body fluid,

e food intake change, f body weight reduction of pair-fed groups

Table 1 Serum measurements in mice maintained on different diets

Control (-) Ile (-) Val

(mmol/L)

Glucose 10.23 ± 0.57 7.72 ± 0.46* 9.07 ± 0.63

TG 0.32 ± 0.02 0.17 ± 0.05* 0.07 ± 0.01*

Cholesterol 2.15 ± 0.05 1.29 ± 0.08* 1.31 ± 0.05*

FFA 0.49 ± 0.10 0.16 ± 0.02* 0.21 ± 0.05*

Glycerol 0.162 ± 0.019 0.075 ± 0.016* 0.093 ± 0.010*

Two- to three-month-old mice were fed a control-, isoleucine-, or

valine-deficient diet for 7 days. Number of mice used: n = 6 in each

group. Values represent data mean ± SEM. Statistical significance

was determined by the two-tail student t test for the effect of either

(-) Ile or (-) Val diet versus control diet (*p \ 0.05)
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Fig. 2 Oxygen consumption is

increased in isoleucine- and

valine-deprived mice. The

energy expenditure was

measured by indirect

calorimetry in mice fed a

control, isoleucine-, or valine-

deficient diet for 7 days. Data

are mean ± SEM of at least two

independent experiments with

mice of each diet for each

experiment (control diet

[n = 6]; (-) Ile diet [n = 6];

(-) Val diet [n = 6]) over

24–48 h after 6 h acclimation to

the metabolic chamber.

Statistical significance was

determined by the two-tail

student t test for the effect of

either (-) Ile or (-) Val diet

versus control diet (*p \ 0.05).

a 24-h Oxygen consumption,

b respiratory exchange ratio

(RER), c rectal temperature,

d physical activity
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proteins related to lipogenesis,

b-oxidation, lipolysis in WAT

of isoleucine- and valine-

deprived mice. Mice were fed a

control, isoleucine-, or valine-

deficient diet for 7 days. Data

are mean ± SEM of at least two

independent real-time PCR

experiments (a, c) or western

blot (b, d) with mice of each

diet for each experiment

(control diet [n = 6]; (-) Ile

diet [n = 6]; (-) Val diet

[n = 6]). Statistical significance

was determined by the two-tail

student t test for the effect of

either (-) Ile or (-) Val diet

versus control diet (*p \ 0.05).

a Atgl mRNA, b p-HSL and

p-PKA substrate proteins (left,
western blot; right, p-HSL and

p-PKA substrate proteins

relative to actin), c Ppara and

Cpt-1 mRNA, d SREBP-1c

protein (top western blot,

bottom SREBP-1c protein

relative to non-specific band)

and Fas mRNA, e Atg4a,
Atg5,Atg7 and Atg8/Lc3 mRNA
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diet compared with mice maintained on a control diet

(Fig. 3e).

Isoleucine or valine deprivation increases UCP1

expression in BAT

Lipolysis is increased in isoleucine or valine-deprived mice

compared with control groups. Increased lipolysis is nor-

mally accompanied by increased levels of serum TG and

FFA. Serum levels of TG and FFA, however, were

decreased in these mice compared with control groups, as

shown in our current work (see Table 1). Our observation

that serum TG and FFA levels are decreased in isoleucine

or valine-deprived mice could be due to increased b-oxi-

dation in WAT (Fig. 3c), and/or the FFA released from

WAT is going to other tissues, including BAT and muscle

as observed in leucine-deprived mice (Cheng et al. 2010).

We therefore examined the changes of lipid metabolism

related genes in BAT.

The main function of BAT is for thermogenesis, which

is mediated by upregulation of UCP1 (Matthias et al.

2000). Consistent with our previous results during leucine

deprivation (Cheng et al. 2010), isoleucine deprivation also

increases levels of Ucp1 mRNA and protein in BAT

compared with mice maintained on a control diet (Fig. 4a,

b). mRNA levels of peroxisome proliferators-activated

receptor gamma coactivator (Pgc)1a, which regulates the

expression of UCP1 (Handschin and Spiegelman 2006),

were also increased in the BAT of these mice (Fig. 4a, b).

Similar results were obtained in mice under valine depri-

vation (Fig. 4a, b).

Isoleucine or valine deprivation supresses FAS

expression in the livers

We previously have shown that genes and proteins related

to lipogenesis were significantly decreased in the livers of

leucine-deprived mice (Guo and Cavener 2007), therefore,

we examined expression of FAS in the livers of mice under

isoleucine or valine deprivation. Similar to those observed

during leucine deprivation (Guo and Cavener 2007), we

found that Fas mRNA and protein levels were significantly

decreased in the livers of mice under isoleucine or valine

deprivation compared with those maintained on a control

diet (Fig. 5a, b).

Discussion

In our current study, we observed that isoleucine or valine

deficiency has similar effects with leucine deprivation,

including increases in lipolysis and expression of b-oxi-

dation genes, and decreases in expression of lipogenic

genes in WAT. In addition, UCP1 expression was also

increased in BAT, which is consistent with increased

oxygen consumption as measured by metabolic cages.

Furthermore, valine or isoleucine deficiency also sup-

presses lipogenesis in liver. Taken together, BCAAs may

regulate lipid metabolism via common mechanisms.

Isoleucine is an isomer of leucine. It has been shown

that isoleucine supplement could prevent the tissue tri-

glycerides accumulation (Nishimura et al. 2010) and bal-

ance blood glucose (Ikehara et al. 2008). For example,

gavage administration of isoleucine has been shown to

decrease the accumulation of tissue triglyceride via

increasing expression of PPARa and UCPs (Nishimura

et al. 2010). Moreover, oral administration of isoleucine

significantly decreased the plasma glucose concentration

via stimulating glucose uptake in skeletal muscle (Doi et al.

2005), in addition to decrease gluconeogenesis in liver (Doi

et al. 2007). By contrast, deficiency of isoleucine has been

shown to synchronize growth of cells in G1 phase (Jakesz

et al. 1984; Wynford-Thomas et al. 1985) and declines the

sterol and fatty acid de novo synthesis in cells (Maltese

et al. 1981). The effect of isoleucine deficiency on mice,

however, is much less unknown. In current study, we show

that, similar to those observed during leucine deprivation,

isoleucine deficiency also significantly reduces body

weight and abdominal adipose mass, which is further

confirmed by much decreased fat content measured by

NMR. In contrast to the effect of leucine deprivation,

isoleucine deprivation increases slightly the proportion of

lean mass, which could also be due to the significant

reduction of fat mass in isoleucine-deprived mice. Con-

sistent with the effect of leucine deprivation, isoleucine

also significantly decreases food intake and increases

energy expenditure. Furthermore, isoleucine deprivation

results in similar changes in lipid metabolism in WAT,

BAT and liver as those observed during leucine deprivation

(Guo and Cavener 2007; Cheng et al. 2010).

The extent for the fat loss, however, is much more

significant by isoleucine deficiency compared with leucine

deprivation. One reason is because of its much more sig-

nificant inhibitory effect on food intake (39% reduction)

compared with leucine deprivation (15% reduction). The

different extent in decreasing food intake, however, sug-

gests a differential regulation on activities of orexigenic

neurons that express agouti-related peptide (AgRP) and

neuropeptide Y (NPY), and anorexigenic neurons that

express proopiomelanocortin (POMC) and cocaine- and

amphetamine-regulated transcript (CART) in the hypo-

thalamus (Meister 2007; Cota et al. 2006; Lopez et al.

2010), by isoleucine compared with leucine deprivation.

Another reason may come from the differences in

increased energy expenditure between isoleucine and leu-

cine deficiency. Though both isoleucine and leucine
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(Cheng et al. 2010) increases body temperature, the effects

of isoleucine and leucine on physical activity, however, are

different. We previously showed that leucine deprivation

had no effect on physical activity, as measured by meta-

bolic cages (Cheng et al. 2010). By contrast, isoleucine

deficiency significantly increased physical activity, which

may largely contribute to much more increased energy

expenditure in these mice. These results suggest that iso-

leucine may be a more potent regulator for energy

homeostasis. It is also possible that isoleucine stimulates

certain neuron activities to increase physical activities. It

has been shown that physical activity can be regulated by

the ventromedial hypothalamus (VMH) (Tou and Wade

2002). For example, studies show that VMH-lesioned rats

exhibit hypoactivity (Teitelbaum 1957) and hyperactivity

associated with food deprivation is attenuated or absent in

VMH-lesioned DIO mice (Greenwood et al. 1974; Challet

et al. 1995). Moreover, Amino acid imbalanced diets,

including limiting isoleucine content could affect certain

neurochemical concentrations in VMH (Gietzen et al.

1989). We therefore speculated that isoleucine deprivation

may serve as a signal to affect VMH directly to increase

physical activity. This possibility will be investigated in the

future study.

As predicted, we found that lipolysis in WAT was

substantially stimulated by isoleucine deprivation, which is

consistent with leucine deprivation (Cheng et al. 2010).

Based on the observation that both isoleucine and leucine

A B

Cont diet (-) Ile diet (-) Val diet

PGC-1α UCP1
0

100

200

300

400

* *
*

*

R
el

at
iv

e 
m

R
N

A
 (

%
)

UCP1

actin

Cont. (-) Ile (-) Val

UCP1
0

100

200

300

400

* *

A
rb

it
ra

ry
U

n
it

s

Fig. 4 UCP1 expression is increased in BAT of isoleucine- and

valine-deprived mice. Mice were fed a control, isoleucine-, or valine-

deficient diet for 7 days. Data are mean ± SEM of at least two

independent real-time PCR experiments (a) or western blot (b) with

mice of each diet for each experiment (control diet [n = 6]; (-) Ile

diet [n = 6]; (-) Val diet [n = 6]). Statistical significance was

determined by the two-tail student t test for the effect of either (-) Ile

or (-) Val diet versus control diet (*p \ 0.05) a Ucp1 and Pgc1
mRNA, b UCP1 protein (top western blot, bottom UCP1 protein

relative to actin)
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Fig. 5 FAS expression is suppressed in the livers of isoleucine- and

valine-deprived mice. Mice were fed a control-, isoleucine-, or valine-

deficient diet for 7 days. Data are mean ± SEM of at least two

independent real-time PCR experiments (a) or western blot (b) with

mice of each diet for each experiment (control diet [n = 6]; (-) Ile

diet [n = 6]; (-) Val diet [n = 6]). Statistical significance was

determined by the two-tail student t test for the effect of either (-) Ile

or (-) Val diet versus control diet (*p \ 0.05) a Fas mRNA, b FAS

protein (top western blot, bottom FAS protein relative to actin)
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increase expression of genes and proteins related to lipol-

ysis and b-oxidation, and decreases expression of genes

and proteins related to lipogenesis in WAT, we hypothesize

that isoleucine deficiency shares similar mechanisms to

leucine deprivation in regulating fat loss.

BAT oxidizes fat to produce heat via increasing

expression of UCP1, the major isoform expressed in BAT

(Feldmann et al. 2009). Ablation of UCP1 results in obese

phenotype in mice (Feldmann et al. 2009), whereas

upregulation of UCP1 expression results in increased

thermogenesis, which helps to protect from fat accumula-

tion and obesity (Li et al. 2000). Thus, UCP1 plays an

important role in regulating thermogenesis. Due to

increased UCP1 expression, fat is oxidized to produce heat

instead of ATP. In BAT of isoleucine-deprived mice, the

expression of UCP1 and its upstream gene PGC-1a
(Handschin and Spiegelman 2006; Lowell and Spiegelman

2000) are also upregulated, which consistent with the

increased body temperature of isoleucine-deprived mice.

This suggests that isoleucine deprivation is also able to

enhance the function of BAT just like leucine deprivation

(Cheng et al. 2010).

Consistent with previous observations in liver (Guo and

Cavener 2007), we found that isoleucine deficiency also

suppressed lipogenesis in the liver. Our results not only

extend a previous in vitro results showing that expression

of Fas mRNA is suppressed in HepG2 cells incubated in

medium deficient of isoleucine (Dudek and Semenkovich

1995), but also suggest the possibility that deficiency of

any essential amino acid may inhibit lipogenesis in the

liver. Furthermore, we previously showed that decreased

lipogenesis in liver is mediated by activation of amino acid

sensor general control non-repressed 2 (GCN2) (Guo and

Cavener 2007), the mechanism which could also be applied

to isoleucine deficiency, as GCN2 is activated by defi-

ciency of any essential amino acid, including isoleucine

(Hinnebusch 1994).

The other member of BCAAs is valine. Valine depri-

vation has almost the same effects on mice as leucine

deprivation (Cheng et al. 2010), including body weight, fat

mass, food intake, oxygen consumption, and the molecular

level changes in WAT, BAT and Liver. The major differ-

ence is the significantly decreased body temperature in

valine-deprived mice, in contrast to the increased body

temperature in either leucine- or isoleucine-deprived mice.

Even though we did not see an increase in body tempera-

ture, however, we could not exclude the possibility that

thermogenesis (as indicated by UCP1 expression) may also

contribute to the increased energy expenditure in valine-

deprived mice, as the change of body temperature is not

always consistent with the change of energy expenditure.

For example, even though body temperature is not

increased compared with control mice, energy expenditure

is increased in high-fat diet-fed mice with ectopic UCP1

expression in the liver (Ishigaki et al. 2005). In addition,

mice exhibit increased body temperature while no altered

energy expenditure is observed following chronic central

amylin treatment (Wielinga et al. 2010). Furthermore,

increased UCP1 expression and thermogenesis are not

always accompanied by increased body temperature, as

those observed in hypoxic/cold acclimated mice (Beaudry

and McClelland 2010). Alternatively, it may also be pos-

sible that valine deprivation has a direct effect on ther-

motaxic center. Thus, one of the adaptive changes occurs at

this case is to increase UCP1 expression in BAT, thereby to

maintain normal body temperature, as many studies

reported for the function of UCP1 (Watanabe et al. 2008;

Enerback et al. 1997). Both possibilities, however, will be

investigated in the future.

It has been shown that insulin and glucagons play

important roles in determining the levels of pHSL and

p-PKA in WAT (Nishino et al. 2007; Cochet et al. 1999).

Insulin levels were much lower in mice maintained on an

isoleucine or valine-deficient diet (data not shown), sug-

gesting the possible effect of insulin on the increased levels

of pHSL and p-PKA in WAT of these mice. The regulation

of these changes in WAT by isoleucine or valine depri-

vation could be very complicated, requiring further inves-

tigation, including the possible effect of glucagon.

Autophagy has been shown to be induced by amino acid

deprivation (Mordier et al. 2000) and we found increased

autophagy-related markers in WAT of mice maintained on

an isoleucine or valine-deficient diet. These results suggest

that autophagy could at least partially contribute to the

decreased fat mass by isoleucine or valine deficiency.

The regulatory mechanisms, however, require further

investigation.

In summary, isoleucine or valine deprivation has similar

effects on decreasing fat mass, which are caused by

decreased food intake and increased energy expenditure,

thus our current study provide important evidence dem-

onstrating a general effect of BCAAs on body weight and

fat mass reduction. BCAAs deficiency may occur during

malnutrition in human under protein-restricted diet (Sch-

teingart et al. 1979) or in certain diseases (Malgorzewicz

et al. 2008; Qureshi et al. 1998; Canepa et al. 1996).

Studies have shown that short-term BCAAs deficiency

decreases protein synthesis and stimulates protein break-

down in tissues including liver, WAT and muscle via

GCN2 (Anthony et al. 2004; Talvas et al. 2006). Deficiency

of essential amino acids last for very long periods, how-

ever, may cause serious damage in human. Mechanisms

underlying adaptive changes to deficiency of essential

amino acids, however, are not fully understood. Our study

therefore helps to understand the molecular mechanisms

underlying adaptive changes during deficiency of essential
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amino acids. Another important issue remains to be inves-

tigated is the specificity of our results for BCAAs as opposed

to a general deficiency in other non-BCAA essential amino

acids. We plan to conduct a systematic analysis to examine

the effects of dietary deprivation of other non-BCAA

essential amino acids, and furthermore, if these changes are

also under control of similar mechanisms.
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