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Malonyl-coenzyme A (malonyl-CoA), generated by acetyl-CoA carboxylases 
ACCl and ACC2, is a key metabolite in  the regulation of energy homeostasis. 
Here, we show t h a t A c c Z P /  mutant mice have a normal life span, a higher fatty 
acid oxidation rate, and lower amounts of fat. In comparison t o  the wild type, 
Acc2-deficient mice had 10- and 30-fold lower levels of malonyl-CoA in  heart 
and muscle, respectively. The fatty acid oxidation rate in  the soleus muscle of 
the A c c Z P /  mice was 30% higher than that of wild-type mice and was not  
affected by addition of insulin; however, addition of insulin t o  the wild-type 
muscle reduced fatty acid oxidation by 45%. The mutant mice accumulated 
50% less fat in  their adipose tissue than did wild-type mice. These results raise 
the possibility that pharmacological manipulation of ACCZ may lead t o  loss of 
body fat in  the context of normal caloric intake. 

Acetyl-coenzyme A (acetyl-CoA) carbox- 
ylase (ACC) catalyzes the synthesis of ma- 
lonyl-CoA, a metabolite that plays a pivotal 
role in the synthesis of fatty acids as the 
donor of "C, units" (1-3) and in the oxi- 
dation of fatty acid as the regulator of the 
mitochondria1 shuttle system (4, 5). Hence, 
ACC links fatty acid and carbohydrate me- 
tabolism through the shared intermediate 
acetyl-CoA, the product of pyruvate dehy- 
drogenase. Deciphering the roles of ACC in 
energy metabolism in lipogenic tissues (liv- 
er and adipose) and nonlipogenic tissues 
(heart and muscle) has become the focus of 
many studies (4-11). In animals, including 
humans, there are two isoforms of acetyl- 
CoA carboxylase, ACCl [relative molecu- 
lar mass (Mr) - 265,0001 and ACCZ (M, -
280,000), which are encoded by separate 
genes and display distinct tissue distribu- 
tions (12-16). ACCl is highly expressed in 
liver and adipose tissue, whereas ACC2 is 
predominantly expressed in heart and mus- 
cle, and to a lesser extent in liver (3, 13- 
17). ACC2 is localized in the mitochondria 
and ACCl in the cytosol (6). 

The carboxylases are highly regulated 
by diet, hormones, and other physiological 
factors. Food intake, especially fat-free di- 
ets, induces the synthesis of ACCs and 
increases their activities. Starvation or dia- 
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betes mellitus represses the expression of 
the ACC genes and decreases the activities 
of the enzymes. Malonyl-CoA, the product 
of ACCl and ACC2, is the key metabolic 
signal for the control of fatty acid oxidation 
and synthesis in response to dietary chang- 
es. Among the critical unanswered ques- 
tions are whether malonyl-CoA pools exist 
that differentially control fatty acid oxida- 
tion and synthesis, whether these putative 
pools can be independently manipulated, 
and if so, what would be the physiological 
consequences of such manipulation. To ex- 
amine these issues, we generated ACC2- 
deficient mice. 

A mouse Acc2 genomic clone was iso- 
lated using an Acc2 cDNA probe, and a 
targeting vector was constructed to gener- 
ate embryonic stem cells with one mutant 
copy of the A c c ~ ' " ' . ~ ~  allele (Fig. 1A). 
Heterozygotes did not have any obvious 
abnormalities. Genotype analysis of off-
spring from heterozygous matings were 
consistent with Mendelian inheritance 
[24% Acc2-'- (n = 72), 54% Acc2+'- (n = 
162), and 22% wild type (n = 66); (Fig. 
lB)]. Northern blot (Fig. 1C) and Western 
blot (Fig. ID) analyses indicated that the 
A c c ~ ~ " " ~ ~allele was null. The Acc2-I- 
mutants are fertile and appear to have a 
normal life span. 

Because malonyl-CoA is generated by 
both ACCl and ACC2. we investigated 
whether A C C ~can compensate for the ab-

of activities in wild-type 
and mutant livers were the same (1.3 and 2.4 
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duced mainly by ACCl (Fig. 2). In contrast, 
the ACC activities in the absence and pres-
ence of citrate were 5.5 and 6.3 nmollmidmg 
of protein, in heart and skeletal muscle, re-
spectively, for the wild type and 2.0 and 2.3 
nmollmidmg of protein, respectively, for the 
mutant. Malonyl-CoA levels in heart and 
skeletal muscle were about 10- and 30-fold 
lower, respectively, in the Acc2-/- mice 
compared to the wild type, suggesting that 

malonyl-CoA in skeletal muscle is produced 
primarily by ACC2 (Fig. 2). During fasting, 
the levels of malonyl-CoA dropped compa-
rably in the liver, heart, and muscle of wild-
type and Acc2-/- mice, confirming that 
ACCl is regulated by diet (Fig. 2). Because 
malonyl-CoA in muscle is generated primar-
ily by ACC2 (3), and because there is a 70% 
reduction of malonyl-CoAin fasted wild-type 
mice, ACC2 must also be regulated by diet. 

A ACC2 Locus: B~ Biotin Binding Site 
X K 

Targeting Construct: 

Mutated ACC2 Locus: Bg
K X B  X K 

I -
5' Probe 3' Probe 

5' Probe 3' Probe Skeletal 
$1- +I+ -/-I $I+ -1- +I! Liver Muscle Heart -. - I - +I- +I+ -,- M W " M  W 1  

5.6KbL -10 Kb a 

Fig. 1. Targeted mutation of theACC2 locus. (A) Genomic region [2.5 kilobases (kb)]containing 
the biotin-binding motif, (Met-Lys-Met),was replaced with a hypoxanthine phosphorylribo-
syltransferase (HPRT) expression cassette to generate the targeting construct. The 5' and 3' 
probes used to identify the targeted events by Southern blot analysis are indicated. B, Bam HI; 
Bg, Bgl I I ;  K, Kpn 1; E, Eco R1; 5, Sma 1; X, Xba 1. (B) Southern blot analysis of genomic DNA 
extracted from mouse tails. DNA digested with Bgl I I  was probed with the 5' probe; DNA 
digested with Bam HI and Kpn 1 was probed with the 3' probe. DNA from the wild-type 
(+I+),heterozygous (+I-), and Acc2-'- mutant (-I-) mice gave the expected fragment 
sizes. (C) Northern blot of total RNA prepared from skeletal muscle of wild-t e (+I+),YPheterozygous (+I-), and AccZ-'- mutant (-I-) mice was probed with the [ PI-labeled 
362-base pair cDNA fragment, which was used to screen the genomic library. The probe 
detected a 10-kb transcript in the Acc2+'- and wild-type mice but not in the Acc2-/- mice 
(upper panel). Hybridization of the same filter (after stripping) with a mouse p-actin cDNA 
probe confirmed that equal amounts of RNA were loaded (lower panel). (D) Absence of ACC2 
protein in the Acc2-'- mice. Extracts (50 pg each) from liver, skeletal muscle, and heart were 
subjected to SDS-polyacrylamide gel electrophoresis (6%).The proteins were transferred onto 
a nitrocellulose filter and probed with avidin-peroxidase to detect biotin-containing proteins. 
The positions of the 280-kD ACC2 carboxylase and the 265-kD ACCl carboxylase are indicated. 

Fig. 2. Relative amounts of 
malonyl-CoA in wild-type 
(filled symbol) and 
Acc2-I- mutant (open 
symbol) mice. Malonyl-
CoA in the acid-soluble 
extract of the indicated 
tissues was measured by 
the incorporation of 
[3H]acetyl-CoA into pal-
mitate in the presence of 
reduced nicotinamide ade-
nine dinucleotide phos-
phate (NADPH) and highly 
~urifiedchicken fattv acid 

Muscle 

I n 

kynthase (35, 36): The 
[3H]palmiticacid synthesized was extracted with petroleum ether, and the radioactivitywas measured. 
The mice were either fed normal chow or were fasted for 4 8  hours before they were killed. The data are 
mean 'SD from three animals. 

Because ACC is the rate-determining 
step in fatty acid synthesis (2) and the 
levels of malonyl-CoA in wild-type and 
Acc2-/- livers were similar, we expected 
that fatty acid synthesis would also be sim-
ilar. Indeed, the synthesis of palmitate, as 
measured by the incorporation of 
[14C]acetyl-CoA (18) was the same for 
both groups. However, the livers of wild-
type mice were lighter in color than the 
mutant livers, suggesting that they con-
tained more fat (Fig. 3A). To confirm this, 
we stained liver sections with Oil Red-0 to 
detect lipids and to estimate their lipid and 
triglyceride contents. Wild-type livers con-
tained abundant lipid droplets (Fig. 3B), 
which are primarily triglycerides, whereas 
Acc2-'- livers contained significantly few-
er lipid droplets (Fig. 3C). Extraction and 
analysis of the total lipids by thin-layer 
chromatography showed that the mutant 
livers contained 20% less lipid than wild-
type livers, and the triglyceride content of 
the lipid was 80 to 90% lower than wild 
type (18). 

Since the activities of ACC and fatty acid 
synthase in liver extracts of the wild type and 
the Acc2-/- mutants were the same (It?), the 
difference in the liver lipid content must be 
secondaryto uncontrolledmitochondrialfatty 
acid oxidation in the Acc2-'- livers, rather 
than due to suppression of fatty acid synthe-
sis. Also, because malonyl-CoA is a negative 
regulator of the mitochondrial carnitine 
palmitoyl-CoA shuttle system (5), its absence 
in Acc2-'- livers would be expected to in-
crease fatty acid translocation across the mi-
tochondrial membrane and subsequent p-ox-
idation. Thus, these results suggest that mal-
onyl-CoA, synthesized by ACC2, affects the 
accumulationof fat in the liver by controlling 
fatty acid oxidation. Since ACC1-generated 
malonvl-CoA. which is abundant in the livers 
of both groups of mice, apparently did not 
inhibit the @-oxidationof fatty acids, we con-
clude that the malonyl-CoA produced by 
ACCl and ACC2 exists in two distinct com-
partments of the cell, the cytosol and the 
mitochondria, respectively, and carries out 
distinct functions in these compartments. Be-
cause both ACCl and ACC2 are present in 
both the periportal (zone 1) and perivenous 
(zone 3) hepatocytes of rat liver (19), it is 
unlikely that the two pools of malonyl-CoA 
derive from differential expression of ACCl 
and ACC2 in these discrete regions of the 
liver. 

To examine whether the loss of ACC2 
affects the level of glycogen, an important 
regulator of energy homeostasis, we re-
sected livers from wild-type and Acc2-/-
mutant mice, and frozen sections were 
stained for glycogen (Fig. 3, D and E). In 
the nourished state, the wild-type livers 
contained abundant amounts of glycogen 
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(410 + 10 wmollg of wet liver), whereas Fig. 3. Histological analyses of livers r 
ihe livers if Acc2-l- (325 + 14 of-32-week-old male mice fed stan- 

pmol/g of wet liver) contained 20% less darddiet (A) Liversof wild-ty~e (left) 
and ACCZ-I- mutant (right) mice af- 

glycogen. We that, t' ter 24 houri of starvation. Frozen set- 
the wild-type liver, more glucose is used in tions of the liven were stained with 
the synthesis of fatty acids and their subse- Oil Red-0 to detect lipid droplets and 
quent oxidation in the Acc2-I- liver, thus counterstained with Mayer's hema- 
depleting glycogen. In the 24-hour-fasted 
wild-type liver, glycogen was clearly 
present (Fig. 3D), whereas it was undetect- 
able in the Acc2-/- mutant liver (Fig. 3E). 

We next analyzed the serum levels of 
cholesterol, glucose, triglycerides, free fat- 
ty acids, and ketone bodies in wild-type and 
Acc2-I- mice fed a standard diet. Choles- 
terol levels were similar in both groups of 
mice (92.8 2 3.1 and 95.1 + 7.4 mgldl), 
and glucose levels were 20% lower in mu- 
tant mice (176.6 + 6.5 versus 136.2 + 5.4 
mgldl). Fatty acid levels were lower in 
mutant mice (1.37 + 0.31 versus 0.84 + 
0.12 mM), whereas triglyceride levels were 
30% higher in mutant mice (35.1 + 2.5 
versus 45.2 2 5.9 mgldl), possibly due to 
mobilization of triglycerides and fatty acids 
from liver andlor adipose for their delivery 
to the heart and muscle as substrate for 
oxidation. Serum levels of the ketone bod- 
ies (P-hydroxybutyrate) were nearly unde- 
tectable in both the wild type and the mu- 
tants. However, an overnight fast (10 to 12 
hours) increased the blood P-hydroxybuty- 
rate concen'tration of the Acc2-/- mice 
fourfold over that of the wild type (2.5 2 
0.6 mM versus 0.7 2 0.5 mM, n = 5), 
consistent with a higher degree of fatty acid 
oxidation in the mutant mice. 

We also measured fatty acid oxidation 
in the soleus muscle, which is hornonally 
regulated (10, 11, 19-21). Oxidation of 
[3H]palmitate was 30% higher in the mus- 
cle from Acc2-/- mice than in those from 
the wild type. Addition of insulin, known to 
activate both ACCl and ACC2, thereby 
inducing fatty acid synthesis and suppress- 
ing fatty acid oxidation, respectively, did 
not affect the rate of fatty acid oxidation in 
the Acc2-/- muscle. However, it did sup- 
press palmitate oxidation by 45% in wild- 
type muscle, suggesting that insulin-medi- 
ated inhibition of P-oxidation occurs 
through the activation of ACC2, possibly 
by dephosphorylation (7-10, 22-29). Thus, 
the mitochondria1 P-oxidation of fatty acids 
occurred in the Acc2-/- mice in an unreg- 
ulated, yet sustained, manner. 

To investigate the role of this type of 
fatty acid P-oxidation and its effect on food 
consumption and weight gain, we carried 
out feeding experiments involving three 
groups of mice (each group consisting of 
five wild-type and five Acc2-/- mice) that 
were fed a weighed standard diet ad libera- 
turn. Food consumption for each group was 
measured every week for 27 weeks, and the 

toxylin. The wild-type liver (B) shows 
an abundance of lipid droplets 
(stained red) in com- 
parison to the mutant 
liver (C). Frozen sec- 
tions from the same 
livers were stained for 
glycogen using the 
periodic ad&Schiff me- 
thod and counter- 
stained with hema- 
toxylin. The wild-type 
liver (D) contains gly- 
cogen (stained pink) 
and unstained lipid 
vacuoles, whereas the 
mutant Livers (E) have 
very little or no glyco- 
gen and lipid vacuoles. 
Bar, 50 prn. 

Age (weeks) Age (weeks) 

I -- 
Fig. 4. Food intake, growth (body weight), and adipose tissue in Acc2-I- and wild-type mice. Two 
groups of female mice (numbered 1 and 2; 3 and 6 weeks old, respectively) and one group of 
5-week-old males-with each group consisting of five Acc2-I- mutant (M, filled symbols) and five 
wild-type mice (W, open symbols)-were fed a standard diet for 27 weeks. (A) Food intake was 
measured every week and was expressed as cumulative food intake per mouse over the 27-week 
period. (B) The weight of each mouse within each group was measured weekly; the data are 
presented as means ? SD. (C) Dorsal view of male littermates, aged 32 weeks, fed with standard 
diet. The amount of white fat under the skin of the Acc2-I- mouse (33.6 g weight) was much less 
than that in the wild-type (+I+)  mouse (34.2 g weight). (D) Abdominal view of the fat pad under 
the skin. (E) Epididymal fat pads isolated from the mutant (0.75 g) and the wild-type mice (1.4 g). 
Bar, 1 cm. 
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weight of each mouse was recorded week- 
ly. On average, the Acc2-'- mice con-
sumed 20 to 30% more food than did the 
wild-type mice and attained an average 
body weight of 21 g per mouse compared to 
23 g per wild-type mouse. The Acc2- 
mutant mice were generally leaner, weigh- 
ing about 10% less than the wild-type mice 
throughout the feeding periods (Fig. 4B), 
and they accumulated less fat in their adi- 
pose tissues (Fig. 4, C and D). For example, 
the epididymal fat pad tissue in an Acc2- -
male weighed 0.75 g compared to 1.4 g in 
a wild-type male littermate (Fig. 4E). The 
decrease in the adipose size resulted in a 
decrease in the leptin release to the plasma 
from 53 -C 9 ngiml in the wild type to 36 -C 

3 ngiml in the mutant mice (30, 31). Thus, 
mitochondria1 oxidation of fatty acids reg- 
ulates fat storage in the adipose tissue. 

In conclusion, our analysis reveals that 
mice lacking malonyl-CoA show increased 
oxidation of fattv acids. decreased fat in 
adipose tissue and liver, and decreased 
storage of glycogen in the liver; however, 
they are still morphologically normal, grow 
at the expected rate, and breed normally. 
The A ~ c 2 ~ '  mice consumed 20 to 30% 
more food than did the wild type, yet lost or 
simply maintained body weight. In the ab- 
sence of ACC2, the rate of fatty acid oxi- 
dation increased in heart and muscle, as 
well as the rest of the body. We speculate 
that adipose and liver triglycerides are mo- 
bilized, and their fatty acids are made avail- 
able to the various tissues for oxidation. 
Hence, the reduction in fat contents and 
size of the adipose (Fig. 4E) led to a reduc- 
tion by about 30% of leptin released to the 
plasma (30, 31), similar to that occurring in 
fasted mice, and signaled the hypothalamus 
to produce the appetite-stimulating neu-
ropeptide Y, which promotes feeding (32, 
33). We feel this is the most plausible 
explanation for the observation that 
Acc2- - mice have smaller fat stores even 
as they consumed more food than did the 
wild type (Fig. 4). It has been suggested 
that malonyl-CoA may play a role in sig- 
naling the availability of physiological fuel 
by acting through the hypothalamic neu-
rons (34). This suggestion was based on the 
inhibition of ACC by 5-(tetradecy1oxy)-2 
furoic acid that increased food intake in 
mice treated with fatty acid synthase inhib- 
itors (34). Although this possibility could 
not be ruled out in the A c c 2  mice, the 
lower leptin levels in the plasma may be 
sufficient to increase appetite. Moreover, 
the A c c Z p '  mice appear to be normal, with 
no obvious neurological abnormalities. 

Maintenance of high levels of fatty acid 
oxidation results in reduced fat accumula- 
tion and storage, a physiological state that 
humans try to attain through exercise. If the 

results shown here for mice hold true for 
humans, then pharmacological inhibition of 
ACC2 might allow individuals to lose 
weight while maintaining normal caloric 
intake. 
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Conservation Conflicts Across 
Africa 
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Neil B~rgess ,~  an sen,' Paul Wi l l iam~,~Louis A. 

Carsten RahbekZ 

There is increasing evidence that areas of outstanding conservation importance 
may coincide with dense human settlement or impact. We tested the generality 
of these findings using lo-resolution data for sub-Saharan Africa. We find that 
human population density is positively correlated with species richness of birds, 
mammals, snakes, and amphibians. This association holds for widespread, nar- 
rowly endemic, and threatened species and looks set t o  persist in the face of 
foreseeable population growth. Our results contradict earlier expectations of 
low conflict based on the idea that species richness decreases and human impact 
increases wi th  primary productivity. We find that across Africa, both variables 
instead exhibit unimodal relationships wi th  productivity. Modifying priority- 
setting t o  take account of human density shows that, a t  this scale, conflicts 
between conservation and development are not easily avoided, because many 
densely inhabited grid cells contain species found nowhere else. 

Efforts to stem the ongoing loss of biodi- 
versity are hampered by conflicts between 
conservation and development (1-3). Prior- 
ity-setting exercises for birds have shown 
that such conflicts may be frequent because 
areas of high conservation value are often 
characterized by rapid habitat clearance or 
high human population density (4, 5) .  In 
contrast, Huston ( 6 )has suggested that spe- 
cies richness generally decreases and agri- 

cultural productivity generally increases 
with primary productivity and that there- 
fore conservation and development needs 
can be readily reconciled. Here we test 
these contradictory hypotheses using l0-
resolution databases summarizing the dis- 
tribution of birds, mammals, snakes, am- 
phibians, people, habitat conversion, and 
net primary productivity (NPP) across sub- 
Saharan Africa (7) .  
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