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Background: Deleting the acetyl-CoA carboxylase 2 gene (ACC2) in mice results in continuous fatty acid oxidation.
Results: Less fat accumulates in the liver, despite up-regulation of the de novo lipogenic pathway and dietary induction of fatty

liver.

Conclusion: Continuous fatty acid oxidation results in a futile metabolic cycle.
Significance: ACC2-specific inhibitors could be a viable treatment against fatty liver disease.

Hepatic fat accumulation resulting from increased de novo
fatty acid synthesis leads to hepatic steatosis and hepatic insulin
resistance. We have shown previously that acetyl-CoA carbox-
ylase 2 (Acc2™/~) mutant mice, when fed a high-fat (HF) or high-
fat, high-carbohydrate (HFHC) diet, are protected against diet-
induced obesity and maintained whole body and hepatic insulin
sensitivity. To determine the effect of an ACC2 deletion on
hepatic fat metabolism, we studied the regulation of the
enzymes involved in the lipogenic pathway under Western
HFHC dietary and de novo lipogenic conditions. After complet-
ing the HFHC regimen, Acc2™/~ mutant mice were found to
have lower body weight, smaller epididymal fat pads, lower
blood levels of nonesterified fatty acids and triglycerides, and
higher hepatic cholesterol than wild-type mice. Significant up-
regulation of lipogenic enzymes and an elevation in hepatic per-
oxisome proliferator-activated receptor-y (PPAR-y) protein
were found in Acc2”/~ mutant mice under de novo lipogenic
conditions. The increase in lipogenic enzyme levels was accom-
panied by up-regulation of the transcription factors, sterol reg-
ulatory element-binding proteins 1 and 2, and carbohydrate
response element-binding protein. In contrast, hepatic levels of
the PPAR-y and PPAR-« proteins were significantly lower in
the Acc2™/~ mutant mice fed an HFHC diet. When compared
with wild-type mice fed the same diet, Acc2™/~ mutant mice
exhibited a similar level of AKT but with a significant increase in
PAKT. Hence, deleting ACC2 ameliorates the metabolic syn-
drome and protects against fatty liver despite increased de novo
lipogenesis and dietary conditions known to induce obesity and
diabetes.
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The accumulation of excessive triglycerides (TGs)* in animal
tissues, including the liver, is strongly associated with insulin
resistance, a major component of the metabolic syndrome (1,
2). The intracellular pooling of hepatic TGs results from
increased uptake and esterification of exogenous fatty acids
from dietary sources, increased de novo synthesis from acetyl-
CoA, and/or a decrease in fatty acid oxidation (3, 4).

An unresolved question in this process is whether the isoen-
zymes of acetyl-CoA carboxylase, ACC1 and ACC2, play dis-
tinct and separate roles in the synthesis of fatty acids and the
regulation of fatty acid oxidation, respectively. Another unre-
solved question is how these isoenzymes are interrelated. Both
ACC1 and ACC2 are highly homologous and share the serine
residues implicated in their inactivation by AMP kinase-medi-
ated phosphorylation (5, 6). Such tight, coordinated regulation
of the ACC1 and ACC2 activities would likely prevent simulta-
neous fatty acid oxidation and synthesis, resulting in a futile
metabolic cycle.

A key to a viable cycle may be the possible compartmental-
ization of ACC1 and ACC2 and their malonyl-CoA products in
the cytosol and mitochondria, respectively (7). ACC1-synthe-
sized malonyl-CoA is the two-carbon donor in the synthesis of
fatty acids by the fatty acid synthase (FAS); ACC2-synthesized
malonyl-CoA is the regulator of mitochondrial fatty acid oxi-
dation through its inhibition of carnitine palmitoyltransferase 1
(7, 8). Both ACC1 and ACC2 are expressed at significant levels
in the liver (5, 6), making this organ unique in its ability to
synthesize fatty acids (lipogenesis) in nourished animals and to
oxidize them (ketogenesis) in starved animals. Under lipogenic
conditions, such as when starved animals are fed a fat-free,
high-carbohydrate (FFHC) diet, the hepatic levels of ACC and
FAS are increased severalfold, resulting in increased de novo
fatty acid synthesis (9, 10).

“The abbreviations used are: TG, triglycerides; ACC, acetyl-CoA carboxylase;
ACL, ATP citrate-lyase; ChREBP, carbohydrate responsive element-binding
protein; FAS, fatty acid synthase; FFHC, fat-free, high-carbohydrate; HFHC,
high-fat, high-carbohydrate; NEFAs, nonesterified fatty acids; PPAR, perox-
isome proliferator-activated receptor; SCD1, stearoyl-CoA desaturase 1;
SREBP, sterol regulatory element-binding protein; VLDL, very low-density
lipoprotein.

VOLUME 287+NUMBER 15-APRIL 6, 2012



Acetyl-CoA Carboxylase 2 Affects Hepatic Lipid Metabolism

Under dietary conditions that promote obesity and insulin
resistance in humans and other mammals, free fatty acids are
elevated in the blood and enter the liver where they are esteri-
fied to form TGs instead of being oxidized. On the other hand,
de novo fatty acid synthesis is markedly increased under these
pathological conditions as a result of the activation of transcrip-
tion factors, such as sterol regulatory element-binding protein 1
(SREBP-1) and peroxisome proliferator-activated receptor 7y
(PPAR-7), in lipogenic tissues (11).

As we have shown previously, Acc2™/~ mutant mice are pro-
tected against obesity and type 2 diabetes as induced by an
HFHC diet (12). We subsequently showed that because of con-
tinuous fatty acid oxidation, Acc2™’~ mutant mice fed an HF
diet were protected against fat-induced peripheral and hepatic
insulin resistance (13). The improvement in insulin-stimulated
glucose metabolism resulted in part from enhanced insulin sig-
naling in the liver, as evidenced by a significant increase in insu-
lin-induced repression of hepatic glucose production (13).
Herein, we report our findings from a study of the effects of a
chronic ACC2 deletion on liver lipogenesis in Acc2~/~ mutant
mice under different dietary conditions.

EXPERIMENTAL PROCEDURES

Animals and Dietary Conditions—Male Acc2™/~ mutant
and wild-type mice (Sv/129) were housed under controlled
environmental conditions (12-h light/dark cycle; 25 °C temper-
ature) in the Animal Care Center at Baylor College of Medicine.
Animal experiments were conducted in accordance with the
NIH guidelines (32). Five mice, either all Acc2™/~ mutants or
all wild-type, were housed per cage and had free access to stan-
dard laboratory chow (Purina Mills, Richmond, IN). To study
the effects of an HFHC diet (59% of calories derived from fat
and 24% from carbohydrates; Bioserv, Frenchtown, NJ), 3—4-
month-old Acc2™/~ mutant mice were fed this diet for 2
months. To create lipogenic conditions, wild-typeand Acc2 ™/~
mutant mice between 4 and 5 months of age underwent a 48-h
fast and were subsequently fed an FFHC diet for 48 h. Under
fasting conditions, food was removed for 48 h, and the mice had
access to water only.

Measurement of Blood Constituents—Whole blood was with-
drawn from the tails of the Acc2 ™/~ mutant and wild-type mice
after a brief fasting period of 4 -5 h, and the serum constituents
were determined as described previously (7, 12). Serum levels of
glucose, TGs, total cholesterol, high-density lipoprotein cho-
lesterol, low-density lipoprotein cholesterol, and very low-den-
sity lipoprotein cholesterol were measured by technicians in
the Comparative Pathology Laboratory at Baylor College of
Medicine. Serum nonesterified fatty acids (NEFAs) were mea-
sured by using a NEFA Ckit (Wako Chemicals, Richmond, VA).

Liver Analyses—All mice were sacrificed after completing
their respective dietary regimens, and the livers and epididymal
fat pads of the individual animals were weighed. All the livers
were surgically sectioned. For each liver, some of the sections
were stained with Oil Red O to visualize the TGs as previously
described (8); the remaining sections were frozen in liquid
nitrogen and kept at —80 °C for further analysis. The tissue
concentrations of TGs and cholesterol were measured by using
a Cholesterol E Kit (Wako Chemicals) and an Infinity Triglyc-
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eride Kit (Thermo Electron, Melbourne, Australia) as described
previously (14).

Enzymatic Activities and Western Blot Analyses—The prep-
aration of liver extracts for enzyme activities and Western blot
analyses was carried out as described previously (15). A portion
of the frozen liver was ground to powder in liquid nitrogen. The
powder was suspended in 10 ml of PBS containing 0.1 mm phe-
nylmethanesulfonyl fluoride, 5 mm benzamidine, and 5 mg/ml
of a protease inhibitor mixture. The suspension was homoge-
nized using a Polytron homogenizer (3 X 30 s at high speed) and
was sonicated briefly to degrade the DNA. The extracts were
clarified by centrifugation at 16,000 X g for 20 min. The con-
centrations of the proteins in the supernatant were measured,
and the protein precipitate was subjected to Western blot anal-
ysis by using antibodies against FAS, ACC, p-ACC, ACL,
PPAR-vy, PPAR-a, AMPK-a, pAMPK, AKT, pAKT, and SCD1.
The intensities of specific bands of the proteins of interest were
scanned and normalized against Ponceau staining for quantifi-
cation. The FAS and ACC activities in the liver extracts were
determined as described previously (15).

Real-time Quantitative PCR—Total RNA was isolated from
liver tissues using an RNeasy Plus Micro kit (Qiagen). The
¢DNA was synthesized in a 20-ul volume containing 5 ug of
RNA, 0.25 ug of random hexamer, 200 um dNTPs, 10 mm DTT,
20 units of RNase inhibitor, and 0.5 ul of Superscript II enzyme
(Invitrogen). Real-time quantitative PCR was performed with a
DNA Engine Opticon 2 system by using Dynamo "™ HS SYBR
Green qPCR (New England Biolabs), as described previously
(15, 16). Specific primer sequences for the cDNAs of ACCI1,
FAS, mevalonate pyrophosphate decarboxylase, ATP citrate-
lyase (ACL), stearoyl-CoA desaturase 1 (SCD1), 3-hydroxy-3-
methylglutaryl-CoA reductase, SREBP-1, SREBP-2, carbohy-
drate response element-binding protein (ChREBP), PPAR-¢,
and PPAR-y were described previously (15-17) and are avail-
able upon request. RNA samples were normalized for compar-
ison by determining the 18 S levels with real-time quantitative
PCR. The relative quantity of each gene was calculated by using
the 27427 formula, in which AAC, equals the difference
between the C,-values of mRNA from Acc2 /~ mutant mice
and wild-type cohorts (16 —18).

Northern Blot Analysis—Total RNA (6 -8 ug) was subjected
to electrophoresis on a 1% agarose gel in the presence of forma-
lin. The fractionated RNA was transferred to Hybond N filters
(Amersham Biosciences), which were hybridized with 3*P-la-
beled cDNA probes for PPAR-« and PPAR-Yy.

RESULTS

Effects of Different Dietary Conditions on Blood Constituents—
To determine the role ACC2 plays in the metabolic changes
that occur in serum under different dietary conditions, we
measured and compared the levels of these metabolites in 4 —5-
month-old male Acc2 ™/~ mutant and control mice. When both
groups of mice were fed normal chow after a brief fast (~4-5
h), there was little difference in the total cholesterol levels
between the groups; however, the serum levels of TGs and
VLDL cholesterol were about 30% less than in wild-type con-
trols (p < 0.05; Table 1). In addition, serum glucose levels in the
Acc2”/” mutant mice were 10% lower than those in the wild-
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TABLE 1

Serum metabolite data from wild-type and Acc2 ™/~

mutant mice under different dietary conditions

Blood was withdrawn from tails after a 5—6-h fasting period, and serum was separated and kept at 20 °C for further analysis of the blood constituents.

ND“ FFHC HFHC Fast

Blood constituents wT Mut wWT Mut WwWT Mut wT Mut
Glu (mg/dl) 205 + 23 182+9 151 + 10 151 9 233 + 19 186 + 137 74 * 13 71 + 11
Cholesterol (mg/dl) 145 + 22 154 + 22 92 + 15 123 + 9* 204 * 38 270 *+ 26 177 + 11 149 + 10°
HDL cholesterol (mg/dl) 131 + 33 140 *+ 22 83 + 10 104 + 6” 186 + 31 242 + 35 165 + 11 145 + 10
LDL cholesterol (mg/dl) 14 +2 18+ 3 12+ 11 21 + 4% 17 = 4 29 = 7° 12+2 11+3
TG (mg/dl) 157 + 52 101 + 15° 91 + 20 61 + 4 137 + 41 93 + 15° 160 *+ 40 80 + 6”
VLDL cholesterol (mg/dl) 32+ 11 20 = 9% 18 + 4 12 +1° 28+ 8 18 = 3% 38 =12 16 + 1°
NEFA (mEq/dl) 3.1+03 2.3 +0.2° 1.1*0.1 0.8 +0.1 2.1+ 04 1.5 +0.2¢ 1.7 0.1 1.2 *0.1°

“ND, normal diet; FFHC, fasted-refed; Fast, fasted for 48 h; HFHC, high-fat, high-carbohydrate diet; mut, mutant; NEFA: nonesterified fatty acids; VLDL, very low-density

lipoprotein.
?Values are mean + S.D. (1 = 5), p < 0.05.

type mice (p = 0.1; Table 1). When both groups of mice were
fed an HFHC diet, the Acc2 ™/~ mutants had significantly lower
serum glucose levels (p = 0.01; Table 1). In addition, the serum
levels of TGs and VLDL cholesterol were about 40% lower in
the Acc2™/~ mutants (Table 1). Interestingly, however, the
serum levels of total, HDL, and LDL cholesterols were about
30% higher in the Acc2™/~ mutant mice (p < 0.05; Table 1).

When both groups of mice fasted for 48 h, the serum levels of
total cholesterol were 17% lower (p < 0.05; Table 1) and those of
TGs were 50% lower (Table 1) in the Acc2™/~ mutants. No
significant differences were found in serum glucose and LDL
cholesterol levels between both types of mice (Table 1).

To determine serum levels of the various metabolites under
lipogenic conditions, both groups of mice underwent a 48-h fast
and a 48-h feeding with an FFHC diet. This dietary regimen
resulted in 30% lower serum levels of TGs and VLDL choles-
terol (p < 0.05; Table 1) and 30, 25, and 75% higher serum levels
of total, HDL, and LDL cholesterols, respectively, in the
Acc2™/” mutants (p < 0.05; Table 1). The serum levels of glu-
cose were similar in both groups of mice.

The presence of NEFAs in blood serum is an indicator of
lipolytic activities and fat mobilization in adipose tissue and in
fat-oxidizing tissues such as muscle. In addition, a high serum
level of NEFAs has been linked to insulin resistance and indi-
cates a slower fatty acid oxidation rate. When we measured the
serum levels of these fatty acids in both groups of mice under
different dietary conditions, we found that the levels of the
NEFAs were lower in the Acc2™/~ mutants no matter the die-
tary condition (Table 1): normal diet (p = 0.02), fasting and
refeeding (p = 0.3), starvation (p = 0.006), and an HFHC diet
(p = 0.04; Table 1). These results suggest that although white
adipose tissues have higher lipolytic activity (16), NEFAs are
lower in the blood, most likely because of increased delivery of
free fatty acids to different tissues.

Reduced Body Weight and Smaller Epididymal Fat Pads and
Livers in Acc2™’~ Mutant Mice under Different Dietary
Conditions—We have previously shown that Acc2™/~ mutant
mice are protected against obesity and diabetes even when fed
HF or HFHC diets (12, 13). In this study, we determined the
effects of different dietary conditions, including those charac-
teristic of a Western HFHC diet, on the morphology of
Acc2™/~ mutant and wild-type mice. When fed a normal diet,
the Acc2™/~ mutant mice weighed about 25% less (p = 0.0005;
Fig. 1A); and the livers and epididymal fat pads of the Acc2™/~
mutant mice weighed about 20% less than those of the wild-
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type controls and were significantly lower when calculated per
body weight (p = 0.001; Fig. 1, B and C). We also measured
morphological changes after 48 h of starvation and after refeed-
ing with an FFHC diet for another 48 h. Before fasting, the body
weight of the Acc2 ™/~ mutant mice was about 25% lower than
that of the wild-type controls (Fig. 1D; p = 0.005). Although
both groups lost about 14% of their body weight after the star-
vation period (Fig. 1D), this loss was not statistically signifi-
cantly different (p = 0.15). By the end of the 48-h refeeding, the
Acc2™/” mutants consumed about 22% more food than the
wild-type controls (7.9 versus 6.2 g/mouse, respectively; data
not shown). After the 48-h refeeding, both groups of mice
regained about 90% of their initial body weight before starva-
tion (28.88 * 4.4 versus 32.16 = 4.5 g/mouse and 21.4 = 1.2 g
versus 22.5 = 1.9 g/mouse, respectively; Fig. 1D). The weights of
the livers were similar for both groups of mice after the 48-h
refeeding (1.02 = 0.15 versus 0.96 = 0.12 g; Fig. 1E), but, the
epididymal fat pads of the Acc2 ™/~ mutants weighed about 65%
less (1.19 = 0.31 versus 0.45 * 0.09 g; p = 0.04; Fig. 1, E and F).
These results suggest that the wild-type mice regained most of
their white adipose tissue after being refed the FFHC diet,
whereas the Acc2™/~ mutants mice only partially regained this
tissue.

When both groups of mice were fed the HFHC diet, the
Acc2™/” mutant mice weighed about 20% less before eating
the diet and 42% less after eating the diet (Fig. 1G). On average,
the Acc2™/~ mutants gained about 7.5 g/mouse (range: 20.88 =+
0.98 to 28.3 * 1.3 g/mouse), whereas the wild-type controls
gained about 22 g/mouse (range: 26.34 = 2.05 to 48.42 = 5.3
g/mouse; Fig. 1G).

Under these feeding conditions, the livers of Acc2™/~
mutants weighed about half the weight of the livers of the wild-
type controls (0.88 £ 0.09 versus 1.75 = 0.5 g; p = 0.018; Fig.
1H). However, when the ratio of liver weight to body weight was
calculated for both groups, the ratio was similar (p = 0.14; Fig.
11). On the other hand, the size of the epididymal fat pads of the
Acc2™/~ mutant mice was about 38% of that of the wild-type
controls (p = 0.0005) and about 50% less when the ratio of
adipose tissue weight to body weight was calculated (p = 0.001;
Fig. 11).

Under prolonged fasting (48 h), the wild-type controls lost an
average of 2.9 = 1.01 g of their body weight, and the Acc2™/~
mutants lost an average of 1.6 = 0.40 g (Fig. 1)). The livers of the
Acc2”’” mutants weighed about 44% less (p = 0.003) and their
epididymal fat pads weighed about 50% less than those of the
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FIGURE 1. Body and tissue weights of Acc2™/~ mutant and control mice under different feeding conditions. The weights of 4-5-month-old male mice
(n = 5) in each different feeding group, as indicated at the right of each panel, were measured. ND, mice that were maintained on a normal diet for 4-5 mo;
FRFD, mice that fasted for 48 h and then fed a fat-free, high-carbohydrate diet for an additional 48 h; HFHC, 3- 4-month-old male mice that were fed a high-fat,
high-carbohydrate diet for an additional 2 months; FAST, 4-5-month-old mice that fasted for 48 h. Before the mice were sacrificed, blood was collected from
their tails after a 4-5-h fasting period to determine the blood constituents. At the end of each experiment, the mice were weighed and sacrificed, and the

extracted tissues were weighed and kept at —80 °C for further analyses.

wild-type controls (p = 0.02; Fig. 1K); when calculated per body
weight, the weight of the epididymal fat pads of the Acc2™/~
mutants was significantly less (p < 0.05; Fig. 1L).

Effects of ACC2 Deletion on Accumulation of Hepatic Lipids
and Function of Lipogenic Enzymes After Normal Diet—In addi-
tion to its central role in glucose homeostasis, the liver is a
metabolically active tissue in both fatty acid synthesis and oxi-
dation. Disturbing the balance between the lipogenic pathway
and fatty acid oxidation could result in fatty liver. We deter-
mined the activities and levels of lipogenic enzymes and the
levels of TGs and cholesterols in the livers of Acc2™/~ mutant
and wild-type mice fed normal chow. The FAS and ACC activ-
ities in the liver extracts were not significantly different
between the groups of mice (data not shown), a finding that
affirms our previous discovery that ACC1 is the dominant iso-
form in the liver and the major contributor to ACC activity and
its product malonyl-CoA (3). The protein levels of ACC1, FAS,
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and ACL were also similar, suggesting that the lipogenic path-
way does not change under normal feeding conditions (Fig. 2, A
and B). The level of hepatic TGs in the Acc2™/~ mutants was
lower (~30%; p = 0.09; Fig. 2C), the level of hepatic cholesterol
was about 23% lower in the wild-type controls (p = 0.008; Fig.
2D).

Effects of ACC2 Deletion on Accumulation of Hepatic Lipids
and Lipogenic Enzymes after an HFHC Diet—Acc2™'~ mutant
mice are protected against obesity and diabetes when fed an
HFHC diet, which induces these pathological conditions (12).
To compare weight gains after extended feeding, we fed
5-week-old Acc2™/~ mutant mice and wild-type controls an
HFHC diet for 16 weeks. As shown in Fig. 34, the Acc2™/™
mutants gained significantly less weight during the feeding
period. Afterward, the Acc2™/~ mutants weighed 32.30 = 0.56
g/mouse and the wild-type controls weighed 39.65 = 1.06
g/mouse. To determine the combined effect of the ACC2 dele-
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FIGURE 2. Representative Western blots of lipogenic enzymes, and TG and cholesterol levels in liver extracts from control and Acc2~/~ mutant mice
fed a normal diet. In Western blot analyses, crude liver extracts (“Experimental Procedures”) were separated by 4-12% NuPAGE MES gels. A, 30-u.g protein
samples of liver extracts from control and Acc2™/~ mutant mice were separated by gel electrophoresis. Antibodies against ACL, ACC1, and FAS were used to
detect their respective levels with ECL. The bottom panel shows a representative Western blot after staining with Ponceau S to indicate equal loading. B, the
respective bands in the blots in A were scanned and quantified. Cand D, activities of ACC and FAS in liver crude extracts, respectively. £ and F, triglyceride and
cholesterol levels in liver extracts from the two groups of mice were determined as described under “Experimental Procedures.”
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FIGURE 3. Body weights, representative Western blots, enzyme activities of ACCand FAS, and levels of TGs and cholesterol in samples of liver extracts
from control and Acc2 ™/~ mutant mice fed a high-fat, high-carbohydrate diet. A, body weights of 5-week-old male mice fed a high-fat, high-carbohydrate
diet for 16 weeks (n = 20). B-H, represent data from 3-4-month-old male mice fed a high-fat, high-carbohydrate diet for 2 months. B and G, representative
Western blots of liver extracts and the quantification of the respective bands as described for Fig. 2. For detection of ACC, we used ACC1 antibodies, as we
described previously (3). D and E, enzyme activities of ACC and FAS, respectively. F and G, levels of TGs and cholesterol in liver extracts, as determined by
enzymatic methods. H, Oil Red O staining of frozen liver tissues showing the accumulation of oil droplets in orange; the bar indicates 20 um.

and FAS activity was about 60% lower (p = 0.01; Fig. 3E) in
Acc2”/~ mutant mice. When the effects of the HFHC diet were
compared with those of the normal diet (Fig. 2), hepatic TGs
were elevated in both the wild-type and Acc2™/~ mutants, with

tion and an HFHC diet and other dietary conditions, we fed
3—4-month-old Acc2™/~ mutant mice an HFHC diet for 2
months. We found a significant decrease in the protein levels of
the key enzymes in the lipogenic pathways as follows: 65% for

ACC1, 30% for ACL, and 40% for FAS (Fig. 3, B and C). In liver
extracts, ACC activity was about 30% lower (p = 0.019; Fig. 3D)
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the level of TGs being statistically significantly lower in the
Acc2™ /" tissues (p = 0.001; Fig. 3F). Interestingly, although the
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level of hepatic cholesterol was higher in the liver extracts of the
Acc2™/~ mutants, this difference did not reach statistical sig-
nificance (p = 0.09; Fig. 3G). Consistent with these low levels of
hepatic TGs, staining of the liver tissues with Oil Red O showed
that the wild-type livers were very fatty with large oil droplets,
whereas the Acc2™/~ mutant livers were less fatty and had
small oil droplets (Fig. 3H).

Increased Hepatic AKT Activity after an HFHC Diet—Under
hyperinsulinemic/euglycemic conditions, hepatic glucose pro-
duction is suppressed in Acc2”/~ mutant mice, suggesting
increased insulin sensitivity (13). Because AKT and its active
form, pAKT, play an important role in insulin signaling, we
decided to measure the levels of AKT and pAKT (Ser*”?) in
the livers of 3—4-month-old male, Acc2™/~ mutant and wild-
type mice fed an HFHC diet for 2 months. The AKT level was
very similar in both groups of mice, but the pAKT (Ser*”?) level
was about 40 to 50% higher in the livers of the Acc2 /™ mutants
(p = 0.05; Fig. 4). These results suggest that insulin sensitivity
was maintained in the Acc2™/~ mutants, partly because of
improved insulin signaling through AKT activation.

Significantly Fewer Hepatic Lipids Accumulate with Fasting
and Refeeding—To determine the effect of continuous fatty
acid oxidation on hepatic lipogenesis as a consequence of the
ACC2 deletion, we followed a standard dietary protocol: a 48-h
fast followed by a 48-h feeding with an FFHC diet. Under these
conditions, the activities and levels of the enzymes involved in
the lipogenic pathway, ACC1, ACL, and FAS, were induced in
the livers of both the wild-type and the Acc2™/~ mutant mice
(Fig. 5A), yielding a 2-fold increase in the ACC1 protein, a 1.8-
fold increase in the ACL protein, and a 3.5-fold increase in the
FAS protein in the Acc2™/~ mutant livers (Fig. 5B).
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Interestingly, despite the 2-fold increase in the level of ACC1
in the livers of Acc2~/~ mutants, the ACC activity was similar
in the livers of both the Acc2 ™/~ mutant and the wild-type mice
(p = 0.29; Fig. 5C). This similarity can be attributed to a parallel,
2-fold increase in phosphorylated ACC (pACC) that, in turn,
led to reduction of these activities (Fig. 54). These results also
underscore the importance of the acute regulation of ACC
by a phosphorylation/dephosphorylation mechanism, which
results, respectively, in activation and inhibition of ACC activ-
ity. FAS activity, which is not known to be regulated at the
post-translational level, was about 4-fold higher in the livers of
the Acc2™/~ mutant mice when compared with the wild-type
controls (58.6 = 7.3 and 14.9 = 5.1 nmol/min/mg, respec-
tively), which is consistent with the increase in FAS protein
(Fig. 5, A-D). Unexpectedly, despite significant increases in the
protein levels and activities of the key enzymes in the lipogenic
pathway, the level of TGs in the Acc2™/~ mutant mouse livers
was about 65% lower than that in the wild-type livers (16.03 =
5.75 versus 4.63 = 1.29 mg/g of tissue, respectively; p = 0.017;
Fig. 5 E). On the other hand, total cholesterol was about 20%
higher in the Acc2™/~ mutant livers than the wild-type livers
(4.11 £ 0.23 versus 3.35 = 0.53 mg/g, respectively; p = 0.05; Fig.
5F). These results suggest that newly synthesized fatty acids
may be oxidized and therefore less likely to be esterified and
converted to TGs, as was the case in the wild-type livers. On the
other hand, increased hepatic cholesterol may suggest
increased de novo cholesterol synthesis due to increased levels
of acetyl-CoA in the Acc2”/~ mutant mice, because cholesterol
cannot be oxidized in the B-oxidation pathway.

Effects of ACC2 Deletion on Metabolic Changes after Pro-
longed Fasting—During prolonged fasting, the activities of lipo-
genic enzymes are significantly lower than during feeding,
where the synthesis of fatty acids is limited and fatty acid oxi-
dation increases to serve the energy demand. For this reason,
we investigated the effect of the chronic ACC2 deletion on fatty
acid enzymes and lipids. As expected, when the Acc2™/~
mutant mice fasted for 48 h, the expression levels of ACC1 and
ACL were not statistically significantly different from those of
the wild-type mice (Fig. 6, A and B). In addition, the ACC activ-
ity tended to be higher in the Acc2™/~ mutant livers than in
wild-type livers (0.84 = 0.1 versus 0.66 £ 0.05 nmol/min/mg;
p = 0.1; Fig. 6C). Furthermore, FAS protein and FAS activity
were about 30% higher in the Acc2 /"~ mutant livers than in the
wild-type livers (2.42 * 0.18 versus 1.82 = 0.0.25 nmol/min/mg;
p = 0.005; Fig. 6, B and D).

The cholesterol profiles of both groups of mice were similar,
as were the levels of hepatic TGs (~65 mg/g; Fig. 6E). Although
the hepatic total cholesterol level was slightly lower in the wild-
type livers (11.82 *+ 2.15 mg/g) than in the Acc2™/~ mutant
livers (14.52 = 2.30 mg/g), this difference in elevation was not
statistically significant (p = 0.13; Fig. 6F).

Up-regulation of Transcription Regulators of Fatty Acid
Metabolism and Their Gene Targets— The lipogenic and oxida-
tion pathways are under transcriptional regulation by the
SREBPs. To determine the effects of the ACC2 deletion on
these transcriptional regulators, we used the quantitative RT-
PCR method to determine their mRNA levels. Under the lipo-
genic conditions of fasting and refeeding, which produce the
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bands shown in A. Cand D, ACC and FAS activities, respectively, in liver extracts. E and F, levels of TGs and cholesterol, respectively.

greatest up-regulation of FAS, ACC1, and ACL, we found a
significant 2.5-fold increase in the mRNA levels of SREBP-1 and
SREBP-2 and about a 2-fold increase in the mRNA ChREBP
level (Fig. 7A). Consistent with up-regulation of these tran-
scription factors, we found that the levels of their target genes
were also up-regulated significantly, being between 1.5- and
3.5-fold (Fig. 7B). These target genes included FAS,ACC1,ACL,
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and SCD1 (all of which are under the control of SREBP-1 and
ChREBP) and MVD (mevalonate pyrophosphate decarboxy-
lase) and HMGR (3-hydroxy-3-methyl-glutaryl-CoA reduc-
tase) (which are regulated by SREBP-2 and involved in choles-
terol synthesis).

Effect of ACC2 Deletion on Expression of PPARs—Under the
fasting-refeeding dietary regimen, the level of PPAR-vy protein
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was about 2-fold higher in livers of Acc2™/~ mutant mice than
in those of the wild-type controls (Figs. 8, A and B), but there
were no significant differences in the level of PPAR-«
between the two groups (Figs. 8, A and C). Interestingly, the
mRNA levels of both PPAR-y and PPAR-« were similar in
both groups of mice (Fig. 8, D and E), suggesting that up-reg-
ulation of PPAR-vy in the livers of the Acc2 ™/~ mutants was
at the translational level. When both groups of mice were fed
the HFHC diet, the hepatic PPAR-y level in the Acc2™/~
mutants was about 30% lower than in the wild-type controls
(Fig. 9, A and B).

With the HFHC diet, we also unexpectedly found that the
hepatic level of PPAR-« in the Acc2™/~ mutant mice was
70% lower than that in the wild-type controls (Fig. 9, A and
C). The down-regulation of PPAR-vy occurred at the tran-
scriptional level, because the mRNA level, as measured by
real-time PCR, was significantly lower (Fig. 9D). The mRNA
level of PPAR-a did not change with the HFHC diet (Fig. 9D),
suggesting that PPAR-« is down-regulated at the transla-
tional level.
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=5;*% p <0.05).

DISCUSSION

We assessed the impact of a chronic ACC2 deletion, and its
consequential unregulated mitochondrial fatty acid oxidation
on hepatic lipid metabolism under different dietary conditions.
Under all of the experimental dietary conditions used, includ-
ing a normal chow diet, fasting and refeeding an FFHC diet, an
HFHC diet only, and prolonged fasting, there were significant
decreases in body weights, the weights of epidydimal fat pads,
and hepatic levels of TGs in Acc2™/~ mutant mice (Figs. 1-3
and 5). Interestingly, few changes occurred in the fat synthesis
pathway under normal dietary conditions, which was reflected
in similar levels of ACC, FAS, and ACL. Both ACC1 and ACC2
have little physiological impact during prolonged fasting
because of their very low expression levels under this dietary
condition. Consequently, and as we expected, we did not
observe major differences in the lipogenic pathway between the
Acc2”/~ mutant and wild-type mice (Fig. 6). These results sug-
gest that the ACC2 deletion alone did not cause chronic remod-
eling of the lipogenic pathway. However, under dietary condi-
tions that induce fatty liver, Acc2™/~ mutant mice were
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protected against hepatic fat accumulation, which involved dif-
ferent regulatory mechanisms (Fig. 10).

Eating an FFHC diet after prolonged fasting is known to
induce the lipogenic pathway, including master transcription
regulators such as SREBP1, SREBP2, and ChREBP (19). As a
result, the livers of mice fed an FFHC diet become very fatty
because of the high levels of TGs. Surprisingly, in the livers of
Acc2”/” mutant mice, there was an even greater increase (2—3-
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fold) in the levels of SREBP1, SREBP2, and ChREBP that led to
similar increases in the transcription levels of the genes (ACC,
ACL, and FAS) controlled by these transcription factors (Figs.
1-3, 5, 7, and 10). Despite significant up-regulation of the de
novo lipogenic pathway in Acc2™/~ mutant livers, however,
there were significantly lower hepatic levels of TGs. These
results suggest that newly synthesized fatty acids were oxidized
instead of esterified and accumulated as TGs, a futile metabolic
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cycle. The lower levels of intracellular fatty acids in Acc2™/~
mutant livers may signal the cells that there is a need for newly
synthesized fatty acids, which will result in up-regulation of the
lipogenic pathway.

Another intriguing finding from our study is the effect of
different diets on the regulation of PPARs in the livers of wild-
type and Acc2™/~ mutant mice. PPAR-+y, which is known to be
moderately expressed in mammalian livers (20), was induced
more than 2-fold in the livers of Acc2™/~ mutant mice under
lipogenic conditions (Fig. 8). These results support our previ-
ous findings that PPAR-y is partially responsible for the up-reg-
ulation of hepatic glucose and lipid metabolism in the livers of
Acc2™/" mutant mice (12, 13, 16, 17). Additional support
comes from a study by Way et al. (21) in which diabetic rats
were treated with PPAR-vy agonists, which resulted in increased
lipogenic gene expression in addition to up-regulation of glu-
cose transporter 2 (GLUT?2) in the rat livers.

On the other hand, we found no change in PPAR-« expres-
sion with an FFHC diet, suggesting that the increased mito-
chondrial fatty acid oxidation in the livers of the Acc2™/~
mutant mice did not occur because of up-regulation of the
mitochondrial fatty acid oxidation genes controlled by
PPAR-a. Interestingly, with an HFHC diet, we observed a sig-
nificant reduction in PPAR-vy protein and mRNA and a similar
decrease in PPAR-« protein. The down-regulation of PPAR-vy
in the livers of Acc2™/~ mutant mice is consistent with the
significant decrease in the levels of enzymes involved in the
lipogenic pathway, specifically ACC1, FAS, and ACL (Fig. 3).
However, despite down-regulation of PPAR-q, fatty acid oxida-
tion was still higher in tissues of the Acc2 ™/~ mutant mice than
those of the wild-type mice, a finding consistent with our earlier
reports (12, 13, 16, 17). For this reason, we suggest that in the
absence of the inhibitory effect of mitochondrial malonyl-CoA,
fatty acid oxidation will increase despite significant down-reg-
ulation of PPAR-a. Moreover, it is conceivable that down-reg-
ulation of PPAR-« in the Acc2™/~ mutant mice livers is an
adaptive physiological mechanism that prevents excessive lev-
els of fatty acid oxidation that may harm the liver.

Excessive accumulation of TGs causes fatty liver and is linked
to the development of insulin resistance. Liver-synthesized
fatty acids and exogenous NEFAs will either be oxidized or
esterified to produce TGs. The size of the lipid droplets is con-
trolled by the net result of lipid degradation and synthesis,
which involves lipases and enzymes that catalyze the synthesis
of TGs (22, 23). Based on our current findings, we propose that
hepatic free fatty acids are continuously oxidized in Acc2™/~
mutant mice, making these fatty acids less likely to be esterified
and stored as TGs, ultimately leading to the formation of
smaller lipid droplets.

Fat accumulation in animal tissues, including the liver, is
associated with insulin resistance (24). Our previous studies of
Acc2™/~ mutant mice have not demonstrated insulin resis-
tance, even after prolonged HFHC diet feeding (12) or an HF
diet that was associated with insulin-stimulated glucose uptake
and reduced lipid accumulation (13). The results of our present
study are consistent with these findings; even when the
Acc2™/~ mutant mice were fed an HFHC diet for 4 months,
they maintained insulin sensitivity (Fig. 4). Insulin sensitivity
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was most likely preserved because of an increase in pAKT, a key
player in insulin signaling.

Other investigators have developed strains of Acc2 knock-
out mice in which the knock-out is mediated by Cre recombi-
nase (25, 26). Hoehn et al. (25) found a metabolic phenotype
that was similar to our null Acc2 knock-out mouse, but did not
observe a similar effect of their Acc2 knock-out on adiposity.
Olson et al. (26) did not find a significant reduction in total
malonyl-CoA content in their Acc2 knock-out mice, even in
muscle tissues where ACC2 is the dominant and main isoform,
and observed no change in fatty acid oxidation. Their results are
surprising, not only because they contradict our findings and
those of Hoehn et al. (25), but also because they are inconsistent
with reports that showed significant lowering of malonyl-CoA
by selective inhibitors against ACC2 (2, 27). As for the discrep-
ancies between our findings and those of Hoehn et al. (25)
despite the similar biochemical phenotypes of our Acc2 knock-
out mice, these can be attributed to several factors. 1) Differ-
ences in the genetic background of the ES cells and transgenic
mice. In our studies, we used littermates both of mixed genetic
background (129/SvEv/C57BL/6]) and inbred genetic back-
ground (129/SvEv). In addition, the ES cells we used are of 129/
SvEv origin. Hoehn et al. (25) used Bruce4 ES cells in mice with
a C57BL/6 genetic background. It is noteworthy that the
C57BL/6] mice showed heterogeneous phenotypes, that is, lean
normoglycemic, lean diabetic, and obese diabetic, when fed HF
diets (28, 29). 2) Differences in the methods used to achieve the
ACC2 deletion. Hohen et al. (25) used Cre recombinase to
mediate the deletion. Side effects related to Cre recombinase
have been reported, such as impairments of pancreatic 3-cell
function, which could further complicate the effect of the ACC2
deletion on mouse physiology when using the Cre recombinase
system (30, 31). 3) Differences in the dietary regimens used in
the feeding experiments and the duration of the feedings.

In summary, we have shown that the ACC2 deletion protects
against fatty liver, despite increased de novo lipogenesis and a
diet that induces obesity, fatty liver, and diabetes. The adapta-
tion of the liver to these metabolic conditions involves different
mechanisms, such as down-regulation of the lipogenic path-
way, as occurs with an HFHC diet, or an increase in fatty acid
oxidation and synthesis, as occurs with fasting and refeeding an
FFHC diet. Moreover, it is noteworthy that the metabolic
changes that occurred with a normal diet were minor, suggest-
ing that there are no major chronic physiological changes in the
livers of Acc2™/~ mutant mice under normal dietary condi-
tions. These findings suggest that ACC2 could be a useful target
for ameliorating the metabolic syndrome.
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