
Accelerated Fatty Acid Oxidation in Muscle Averts
Fasting-induced Hepatic Steatosis in SJL/J Mice*

Received for publication, June 16, 2009, and in revised form, July 2, 2009 Published, JBC Papers in Press, July 6, 2009, DOI 10.1074/jbc.M109.034397

Hong-Ping Guan1, Joseph L. Goldstein2, Michael S. Brown3, and Guosheng Liang
From the Department of Molecular Genetics, University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75390-9046

The accumulation of triglycerides (TG) in the liver, desig-
nated hepatic steatosis, is characteristically associatedwith obe-
sity and insulin resistance, but it can also develop after fasting.
Here, we show that fasting-induced hepatic steatosis is under
genetic control in inbred mice. After a 24-h fast, C57BL/6J
mice and SJL/J mice both lost more than 20% of body weight
and �60% of total body TG. In C57BL/6J mice, TG accumu-
lated in liver, producing frank steatosis. In striking contrast,
SJL/J mice failed to accumulate any hepatic TG even though
they lost nearly as much adipose tissue mass as the C57BL/6J
mice. Mice from five other inbred strains developed fasting-
induced steatosis like the C57BL/6J mice. Measurements of
the uptake of free fatty acids (FA) in vivo and in vitro demon-
strated that SJL/J mice were protected from steatosis because
their heart and skeletal muscle took up and oxidized twice as
much FA as compared with C57BL/6J mice. As a result of this
muscle diversion, serum-free FA and ketone bodies rose
much less after fasting in SJL/J mice as compared with
C57BL/6J mice.When livers of SJL/J and C57BL/6J mice were
perfused with similar concentrations of FA, the livers took up
and esterified similar amounts. We conclude that SJL/J mice
express one or more variant genes that lead to enhanced FA
uptake and oxidation in muscle, thereby sparing the liver
from FA overload in the fasting state.

Liver and adipose tissue coordinate metabolic responses to
oscillations in nutrient availability (1, 2). In the postprandial
state, the liver secretes triglycerides (TG)4 into the blood in very
low-density lipoproteins (VLDL). In adipose tissue, lipoprotein
lipase hydrolyzes theTG, producing fatty acids (FA) andmono-
glycerides that enter fat cells for reesterification and storage as
TG (1). The activity of adipose tissue lipoprotein lipase is
enhanced by the postprandial rise in insulin. At the same time,
insulin inhibits lipolysis of stored TG in fat cells, assuring that
the TG will be retained in the cells (3).

Under fasting conditions, insulin falls and the inhibitory
effect of insulin on adipose tissue lipolysis is diminished. The
released FA enters the blood and is used as an energy source in
liver, heart, and skeletal muscle. In the liver, excess FA are
either re-esterified into TG for intracellular storage or oxidized
and secreted as ketone bodies, which become the main energy
source for the brain. In skeletal muscle during fasting, FA are
oxidized to CO2 (1, 2).

We (4–6) and others (7) previously reported that livers of
mice accumulate large amounts of TG after fasting for 6–24 h.
In the current study, we screened 7 strains of inbred mice to
study the genetic control of fasting-induced hepatic TG accu-
mulation. Mice from 6 of 7 strains exhibited fasting-induced
fatty liver. In the uniquemouse strain (SJL/J), hepatic TG failed
to accumulate after a 24-h fast even though the SJL/J mice lost
amounts of body weight and adipose tissue that were similar to
those of the other 6 strains. To trace the mechanism for the
difference in hepatic TG accumulation, we conducted exten-
sive comparisons of SJL/Jmice andC57BL/6Jmice.We provide
evidence that mice from both strains release comparable
amounts of FA from adipose tissue into blood after fasting. In
the SJL/J mice, the bulk of these FA are taken up by muscle and
oxidized. In C57BL/6J mice, FA uptake in muscle is compara-
tively low, and the excess FA are taken up by the liver where
they are converted to TG. Thus, genetic control of muscle FA
uptake determines the level of hepatic TG accumulation in
fasted mice.

EXPERIMENTAL PROCEDURES

Isotopes and Other Materials—We obtained etomoxir,
[1,2,3-3H]glycerol (39.8 Ci/mmol), [carboxy-14C]palmitic acid
(53mCi/mmol), and [9,10-3H]palmitic acid (50 Ci/mmol) from
Sigma and 3H-labeled water (5 Ci/ml) and (R)-2-[9,10-3H]bro-
mopalmitic acid (40 Ci/mmol) from American Radiolabeled
Chemicals. The sodium salts of [14C]palmitic acid, [3H]palmitic
acid, and 2-[3H]bromopalmitic acid were conjugated to bovine
serum albumin as previously described (8). Newborn calf
lipoprotein-deficient serum was prepared as described (9).
Blood Parameters—After mice were anesthetized with halo-

thane, blood was drawn from the retroorbital sinus and col-
lected in either Eppendorf tubes (for serum) or EDTA-coated
tubes (for plasma). Glucose was measured in whole blood with
Glucometer Elite (Bayer Corp.). Serum or plasma levels of the
following substances were measured with commercially avail-
able kits: cholesterol (Sigma), TG (Sigma), free FA (Wako),
�-hydroxybutyrate (Pointe Scientific, Inc.), insulin (Crystal
Chem, Inc.), glycerol (Cayman Chemical Co.), aspartate amin-
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otransferase, and alanine aminotransferase (Ortho-Clinical
Diagnostics), and leptin (Linco Research).
Mice—Male C57BL/6J and male SJL/J mice (5 weeks of age)

were purchased from Jackson Laboratory (000664 and 000686,
respectively). SJL/Bm mice (001902), SWR/J mice (000689),
AKR/J mice (000648), and FVB/NJ mice (001800) were
obtained from Jackson Laboratory at 8 weeks of age. 129SVE
mice (129SVE-M) were purchased from Taconic at 8 weeks of
age. Animals were housed in colony cages with lighting from 10
AM to 10 PM and fed a standard chow diet containing 6% fat
(Teklad Mouse/Rat Diet 7002 from Harlan Teklad Premier
Laboratory Diets) until the time of experiments as described in
the legends to the figures and Table 1. For fasting studies, mice
were housed in individual cages; food was removed at 10 AM,
and the mice were studied at 10 AM the next morning. At the
time of food removal, a wired floor was installed in the bottom
of the cage to prevent ingestion of feces. At the time of sacrifice,
the stomach contents of all fasted animals were examined to
verify fasting. All animal experiments were performed with the
approval of the Institutional Animal Care and Research Advi-
sory Committee of the University of Texas SouthwesternMed-
ical Center at Dallas.
Measurement of TG in Tissues—Lipids were extracted from

tissues by the method of Folch et al. (10). Briefly, a piece of
tissue (100–200 mg) was homogenized in 4 ml of chloroform:
methanol (2:1, v/v) using a PRO200 homogenizer (PRO Scien-
tific), after which 0.8 ml of saline was added to the mixture and
vortexed vigorously. The phases of the Folch extraction were
separated by centrifugation at 3000 � g for 20 min, the organic
phase was transferred to a 5-ml volumetric flask, and the final
volume was brought up to 5 ml with chloroform. TG in the
chloroform phase was measured by enzymatic assay (Thermo
Scientific) (6).
Metabolic Cages—Male C57BL/6J and SJL/J mice were

housed individually in metabolic cages designed by Oxymax
Lab Animal Monitoring System (Columbus Instrument). After
1 day of acclimation, metabolic data on 6 mice in each group
were collected automatically from the Oxymax Monitoring
System at intervals of 39 min. On the fourth day of the experi-
ment, food was removed for a 24-h fasting treatment. These
experiments were carried out in the Animal Phenotyping Core
at UT Southwestern.
Synthesis of TG in Vivo—Mice were fed a chow diet ad libi-

tum or fasted for 24 h. Each mouse was injected intraperitone-
ally either with [3H]glycerol (2.5 nmol/mouse; 88 � 106 dpm/
nmol), sodium [14C]palmitate-albumin (94.5 nmol/mouse;
118� 103 dpm/nmol), or 3H-labeled water (25mCi in 100�l of
isotonic saline per mouse). 30 min after injection, each mouse
was anesthetized, and 500 �l of blood was removed from the
retroorbital sinus for measurement of the serum content of 3H
or 14C radioactivity in duplicate. Portions of liver were removed
for measurement of radiolabeled lipids. For measurement of
TG synthesis from [3H]water, [3H]glycerol, or [14C]palmitate,
portions of liver (200 mg) were homogenized and subjected to
Folch extraction as described above, followed by thin-layer
chromatography (TLC) and scintillation counting as described
(11). For measurement of FA synthesis from [3H]water, 200mg

of liver were subjected to saponification, petroleum ether
extraction, and scintillation counting as described (11).
Infusion of FA—A 24 mM sodium oleate-albumin solution in

phosphate-buffered saline (PBS; final pH, 7.0) was prepared as
previously described (8).Micewere fasted for 24 h and anesthe-
tized by injecting 30 mg/kg sodium pentobarbital intraperito-
neally, after which a catheter was inserted into the jugular vein.
Fasted mice were injected with 100 �l of PBS containing 12%
albumin and either 6 mM or 12 mM sodium oleate-albumin,
followed by 300-�l of the same 6 mM or 12 mM oleate solution
through the jugular vein at 10 �l/min for 30 min (Standard
Syringe Pump, Harvard Apparatus). Aliquots of blood (50 �l)
were taken from the jugular vein prior to and after the infusion.
After 30 min, serum and liver were obtained for measurement
of the content of FA and TG by enzymatic assays.
FAEsterification in Liver—Mice fasted for 24 hwere anesthe-

tized by exposure to isofluorene. The inferior vena cava was
severed to allow blood to escape. The liver was perfused
through the portal vein at 1 ml/min with the following sequen-
tial solutions: 1ml of oxygenatedHank’s Balanced Salt Solution
(HBSS), 1 ml of various concentrations of sodium palmitate-
albumin plus 20 nM sodium [3H]palmitate-albumin (111 dpm/
fmol), and 2ml of oxygenatedHBSS. The liverwas removed and
immediately frozen in liquid nitrogen. Portions of frozen liver
(150 mg) were used for lipid extraction, for quantification of
[3H]palmitate incorporation into TG by TLC, and formeasure-
ment of total TG concentration by enzymatic assay.
FA Uptake in Vivo and in Vitro—For FA uptake by different

tissues in vivo, mice were fasted for 24 h and anesthetized by
injecting 30 mg/kg sodium pentobarbital intraperitoneally. A
catheter was inserted into the jugular vein. Fifty microliters of
blood was taken from the jugular vein for serum FA determina-
tion, after which sodium [3H]bromopalmitate-albumin (39 �
106 cpm; 1 nmol) was injected. 1 min after injection, the right
auricle of each mouse was opened. A needle was inserted into
the left ventricle, and 15 ml of ice-cold PBS was injected under
pressure with a syringe. At the end of this procedure, the liver,
kidney, and other organs were pale and the fluid emerging from
the right atrium was clear. Various tissues were removed and
used for lipid extraction and for measurement of radioactivity
by scintillation counting as described (11).
For uptake of FA in vitro, mice were fasted, anesthetized, and

flushed with ice-cold PBS through the left ventricle as above.
Liver, gastrocnemius muscle, and heart were removed. Tissue
pieces (150 mg for liver and muscle; 50 mg for heart) were
incubated in Krebs-Ringer Bicarbonate Buffer (KRBB) at 37 °C
for 30min. Each tissue piece was then transferred to a new tube
containing 0.5 ml of KRBB and various concentrations of
sodium [3H]bromopalmitate-albumin (2000 dpm/nmol). After
incubation at 37 °C for 0 and 10min, tissues were washed 3� in
1 liter of ice-cold PBS, and residual solution was removed by
blotting with filter paper. Tissues were then subjected to lipid
extraction and measurement of radioactivity by scintillation
counting. Blank values, determined from the zero-time incuba-
tion, were subtracted from experimental values; blank values
were �2% of the highest experimental values.
Oxidation of FA in Vitro—Mice were fasted for 24 h and

whole body perfusedwith 15ml of ice-cold PBS through the left
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ventricle as described above. The gastrocnemius muscle (100–
150 mg) was removed and incubated in 0.5 ml of oxygenated
KRBB. After incubation for 30 min at 37 °C, the muscle was
minced and transferred to 0.5 ml of solution containing 2 mM

ATP, 50 �M CoA, 1 mM dithiothreitol, 0.1 mM NAD�, 1 mM

DL-carnitine, 0.1 mM sodium EDTA, 1 mM MgCl2, 80 mM KCl,
100 mM sucrose, and 50 mM Hepes-NaOH (final pH, 7.3). The
reaction was started by addition of sodium [14C]palmitate-al-
bumin (118 dpm/pmol; final concentration, 11 �M). The tissue
was incubated for 5 min at 37 °C in a 2-ml Eppendorf tube
placed in a sealed 24-ml scintillation vial togetherwith a 21-mm
filter paper (Whatman) saturated with 1� hyamine hydroxide
(12). The reaction was terminated by injecting 0.1 ml of 7%
perchloric acid into the reaction tube. The filter paper with its
trapped [14C]CO2 was dissolved in Insta-FluorTM Plus scintil-
lation mixture (PerkinElmer) and subjected to scintillation
counting. Blank values, determined in parallel reactions con-
taining buffer and [14C]palmitate but no tissue, were subtracted
fromexperimental values; blank valueswere�1%of the highest
experimental values.
TG Synthesis in Primary Hepatocytes—Primary hepatocytes

were isolated from 18-h fastedmice and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (1 g/liter glucose) contain-
ing 10%newborn calf lipoprotein-deficient serum, 100 units/ml

penicillin, and 100 �g/ml strepto-
mycin as described (13). After
attachment for 4 h, hepatocytes
were washed with PBS and then
incubated for various times with
DMEM containing 1.5 mM

[3H]glycerol (14.6 dpm/pmol) in the
presence of various concentrations
of unlabeled sodium oleate-albu-
min. After incubation, the cells were
washed three times with PBS, after
which the cellular lipids were
extracted and the content of
[3H]TG was quantified by TLC as
described above. Protein content
was measured by the BCA method.
Quantitative Real Time PCR—

Total RNA was prepared from
mouse livers using an RNA
STAT-60 kit (TEL-TEST “B”,
Friendswood, TX). Equal amounts
of RNA from 6 mice were pooled
and subjected to quantitative real-
time PCR as previously described
(5). Primer sequenceswere the same
as described (6). All reactions were
done in triplicate. The relative
amounts of mRNAs were calculated
using the comparative CT method.
ApoBmRNAwas used as the invari-
ant control.
NMR Scanning—Total body fat

and total lean weight were meas-
ured in living mice by NMR using a

Bruker Minispec mq7.5 NMR analyzer (Bruker Optics) as
described (14).

RESULTS

SJL/J Mice Resist Fasting-induced Hepatic Steatosis—Fig. 1A
shows the family tree of common inbredmouse strains as deter-
mined by comparative analysis of single nucleotide polymor-
phisms (15). The 7 strains used in the current studies are indi-
cated in blue, black, and red. After fasting for 24 h,mice from all
7 strains lost a substantial amount of total body weight (14–
30%) and white adipose tissue weight (30–60%) (data not
shown). Fig. 1B shows the TG content in livers ofmice from the
7 strains in the fed and fasted states. In the fed state, mice from
all 7mouse strains had comparable levels of hepatic TG. Fasting
for 24 h increased the hepatic TG content in 6 of these strains,
but not in SJL/J. In fasted mice from the 6 responsive strains,
hepatic TG content increased to levels ranging from 29mg/g in
SJL/Bm to 97 mg/g in C57BL/6J (Fig. 1B). In fasted SJL/J liver,
the TG content averaged 5.4 mg/g. The dramatic difference
between fasted C57BL/6J and SJL/J mice was confirmed by oil-
redO staining of liver sections (Fig. 1E). Serum levels of free FA
rose with fasting in the 6 responsive strains (Fig. 1C). No such
increase was seen in the SJL/J mice. The fasting-induced rise in
serum ketone bodies, as reflected by levels of �-hydroxybu-

FIGURE 1. Effects of fasting on TG content in livers of various inbred strains of mice. A, family tree of inbred
mouse strains (15). The 7 strains studied in this report are denoted by the following colors: black, C57BL/6J; red,
SJL/J; and blue, 5 other strains. One additional strain previously reported to manifest fasting-induced fatty liver
(7) is denoted in green. (B–E), different strains of male mice (9 –12 weeks of age) were fed a chow diet ad libitum
(fed) or fasted for 24 h prior to study. B, liver TG content was determined by extraction and enzymatic assay.
C and D, serum levels of free FA (C) and ketone bodies (D) from fed or fasted animals were determined by
enzymatic assays. B–D, each bar represents the mean � S.E. of values from six mice except for SJL/Bm (n � 4).
Asterisks denote the level of statistical significance (Student’s t test) between the fed and fasted mice in each
strain. *, p � 0.05; **, p � 0.01; ***, p � 0.001. E, oil red O-stained histological sections of livers from fed (left) and
fasted (right) C57BL/6J (top) and SJL/J (bottom) mice. Animals were perfused with Hank’s Balanced Salt Solution
and then with 10% (v/v) formalin in PBS through the heart; frozen sections of livers were stained with oil red O.
Magnification, �20.
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tyrate, was also much less in SJL/J mice than it was in the other
6 strains (Fig. 1D). To search for a mechanism for these differ-
ences, we carried out a detailed comparison of SJL/J and
C57BL/6J mice.
Metabolic Changes after 24 h Fasting in Male C57BL/6J and

SJL/J Mice—Table 1 compares a variety of metabolic parame-
ters in male C57BL/6J and SJL/J mice under fed and fasted
conditions. Both strains lost comparable amounts of body
weight after fasting. Total body fat declined by 58 and 66% in
the C57BL/6J and SJL/J mice, respectively, as measured by
NMR. Consistent with this finding, the weight of the epididy-
mal fat pads declined by 68 and 66%, respectively. As deter-
mined by solvent extraction and chemical measurements, the
liver TG content in fasted C57BL/6J mice rose by 14-fold,
reaching a level of 97 mg/g. In sharp contrast, there was no
increase in the hepatic TG content of fasted SJL/J mice (5.4
mg/g). Hepatic cholesterol content increased slightly and to
similar extents in bothmouse strains (Table 1). As noted above,

serum FA did not increase with fasting in SJL/J mice, and
ketone bodies showed a much lower increase than observed in
C57BL/6J mice. Other parameters studied (including blood
glucose, plasma insulin, and plasma leptin concentrations)
were comparable between the C57BL/6J and SJL/J mice in both
the fed and fasted states (Table 1).
TG Levels in Various Tissues of Fasted C57BL/6J and SJL/J

Mice—Whereas fasting caused a dramatic increase in liver TG
in C57BL/6J mice, the TG content of other organs did not
increase appreciably (Fig. 2).
Fasting Leads to Similar Changes in Levels of Lipogenic

mRNAs in Livers of C57BL/6J and SJL/J Mice—In both mouse
strains, fasting caused the expected decrease in hepaticmRNAs
encoding sterol regulatory element-binding proteins (SREBPs)
and Insig-1, which depend on insulin for high levels of expres-
sion (16, 17) (Fig. 3). We also observed the expected declines in
mRNAs encoding enzymes of FA, TG, and cholesterol synthe-
sis, which depend on SREBPs for high level expression (16). All
of these declines were similar in C57BL/6J and SJL/J mice, con-
sistent with the similar fasting-induced drop in insulin in the
two strains (Table 1). The drop in insulin also led to the
expected rise in Insig-2 mRNA in both strains (Fig. 3).
Fasting Leads to Switching of Energy Source from Carbohy-

drate to Fat in Both C57BL/6J and SJL/J Mice—We compared
the metabolic response to fasting in C57BL/6J and SJL/J mice
using theOxymaxLabAnimalMonitoring System.As shown in
Fig. 4A, in the fed stateO2 consumption andCO2 production in
SJL/J mice were slightly higher than in C57BL/6J mice. After
24-h fasting, O2 consumption and CO2 production were
reduced to comparable levels in both strains of mice. The res-
piratory quotient, an indicator of energy source, was 1.0 in both
C57BL/6J and SJL/Jmice under fed conditions and decreased to
0.75 in both strains under fasted conditions, confirming a
switch from carbohydrate to fat oxidation (Fig. 4B). Calculated

FIGURE 2. Effects of fasting on TG content in various tissues of C57BL/6J
and SJL/J mice. Male C57BL/6J and SJL/J mice (13 weeks of age were fed a
chow diet ad libitum or fasted for 24 h and TG content in the indicated tissues
was determined by enzymatic assay. Each bar represents the mean � S.E. of
values from six mice.

TABLE 1
Characteristics of male C57BL/6J and SJL/J mice in fed and fasted conditions
MaleC57BL/6J and SJL/Jmice (10weeks of age) were fed a chowdiet ad libitum or fasted for 24 h prior to study. Each value representsmean� S.E. of values from4–6mice.
Asterisks denote level of statistical significance (Student’s t test) between fed and fasted mice of the same strain, *, p � 0.01; **, p � 0.001.

Parameter
C57BL/6J SJL/J

Fed Fasted Fed Fasted

Total body weight (g) 23.9 � 0.4 17.0 � 0.2* 23.2 � 0.5 18.5 � 0.6*
Total body fat (g)a 1.63 � 0.17 0.69 � 0.12* 1.03 � 0.14 0.35 � 0.03*
Total lean weight (g)a 17.9 � 0.42 14.6 � 0.38* 17.5 � 0.56 14.1 � 0.50*
Liver weight (g) 1.2 � 0.1 1.0 � 0.03* 1.4 � 0.03 0.9 � 0.04*
Epididymal fat pad weight (g) 0.25 � 0.01 0.08 � 0.01** 0.21 � 0.03 0.07 � 0.01**
Total body TG (g)b 1.7 � 0.1 0.58 � 0.1** 1.0 � 0.2 0.47 � 0.1*
Total liver TG (g)b 0.015 � 0.002 0.079 � 0.011* 0.008 � 0.001 0.012 � 0.003
Liver TG content (mg/g)b 7.0 � 0.72 97 � 14** 5.8 � 0.18 5.4 � 0.79
Liver cholesterol content (mg/g)b 2.1 � 0.13 3.5 � 0.31 2.6 � 0.09 3.3 � 0.12
Serum cholesterol (mg/dl) 85 � 6.2 92 � 4.2 107 � 5.3 105 � 3.1
Serum TG (mg/dl) 68 � 2.2 68 � 4.4 141 � 24 33 � 4.7*
Serum free FA (mM) 0.59 � 0.02 1.3 � 0.13* 0.60 � 0.07 0.57 � 0.08
Serum glycerol (mg/dl) 3.4 � 0.55 2.5 � 0.09 3.2 � 0.08 2.2 � 0.40
Serum �-hydroxybutyrate (mM) 0.25 � 0.04 2.5 � 0.15** 0.28 � 0.04 0.81 � 0.22
Blood glucose (mg/dl) 132 � 5 70 � 1* 136 � 8 111 � 6
Plasma insulin (ng/ml) 0.8 � 0.14 0.1 � 0.01** 0.9 � 0.14 0.1 � 0.01**
Plasma leptin (ng/ml) 2.0 � 0.53 0.7 � 0.13** 2.7 � 0.71 0.5 � 0.24**
Plasma ASTc (unit/liter) 94 � 20 143 � 11 130 � 13 114 � 8
Plasma ALTd (unit/liter) 75 � 5.7 96 � 5.1 99 � 9.2 89 � 12

a Value determined by NMR.
b Value determined by extraction and chemical measurement.
c AST, aspartate aminotransferase.
d ALT, alanine aminotransferase.
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heat production, which was based
on the measured O2 consumption
and the respiratory quotient, was
also comparable between fasted
C57BL/6J and SJL/J mice (Fig. 4C).
We noted that horizontal and verti-
cal movements of SJL/J mice were
significantly lower than those of
C57BL/6J mice under both fed and
fasted conditions (Fig. 4D).
Effects of Fasting on FA Synthesis

and Esterification in C57BL/6J and
SJL/J Mice—To determine the rates
of de novo FA synthesis and FA
incorporation into TG, we injected
mice with radioactive tracers and
measured the incorporation into
labeled FA and TG in liver (Fig. 5A).
When [3H]water was injected intra-
peritoneally, the incorporation into
hepatic FA and TG was reduced by
fasting both in C57BL/6J and SJL/J
mice (Fig. 5, B and C), although the
reduction in SJL/J mice was some-
what greater. The incorporation of
[3H]glycerol and [14C]palmitate
into TG increased significantly in

FIGURE 3. Relative amounts of mRNAs encoding SREBP pathway components and SREBP targets in livers from C57BL/6J and SJL/J under fed and
fasted conditions. Male C57BL/6J and SJL/J mice (9 weeks of age) were fed a chow diet ad libitum or fasted for 24 h. Total RNA from 6 livers from each strain
were pooled and quantified by real-time PCR as described under “Experimental Procedures.” Each value represents the amount of mRNA relative to that in the
liver of fed C57BL/6J, which is arbitrarily defined as 1.0. ACS, acetyl-CoA synthetase; G6PD, glucose-6-phosphate dehydrogenase; ACC-1, acetyl-CoA carboxyl-
ase-1; FAS, fatty acid synthase; LCE, long-chain fatty acyl elongase; SCD-1, stearoyl-CoA desaturase-1; GPAT, glycerol-3-phosphate acyltransferase; FDP Syn,
farnesyl diphosphate synthase; LDLR, low density lipoprotein receptor. Similar results were obtained in two other independent experiments.

FIGURE 4. Metabolic responses to fasting in C57BL/6J and SJL/J mice. Male C57BL/6J and SJL/J mice (9
weeks of age) were fed a chow diet ad libitum prior to study. All mice were housed individually in Oxymax
monitoring cages and acclimated for 24 h. Data were then collected every 39 min for 72 h. On the fourth day,
food was removed, and the animals were fasted for the following 24 h, during which the fasted measurements
were made. The indicated parameters are expressed per 24 h period per animal. Each bar represents the
mean � S.E. of values from six mice. Asterisks denote the level of statistical significance between the indicated
groups of animals shown in the figure. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Similar results were obtained in
two other independent experiments.

Fasting-induced Fatty Liver in SJL/J Mice

24648 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 36 • SEPTEMBER 4, 2009



the C57BL/6J livers, but not in the SJL/J livers (Fig. 5,D and E).
In the C57BL/6J livers, the combination of decreased de novo
fatty acid synthesis (Fig. 5B) and increased glycerol incorpora-
tion into TG (Fig. 5D) indicates that blood-derived FA consti-
tute the major source of hepatic TG in the fasted mice.
In the experiments of Fig. 5E, wemeasured the incorporation

of [14C]palmitate into TGwithout correcting for the difference
in dilution attributable to the difference in serum levels of unla-
beled palmitate in fed and fasted C57BL/6J and SJL/J mice. Dif-
ferential dilution did not pose a problemwhen [3H]glycerol was

used as the tracer because the C57BL/6J and SJL/J mice have
similar serum levels of glycerol under both fed and fasted con-
ditions (Table 1). However, when [14C]palmitate was used, the
tracer was diluted to a different extent by the different levels of
serum FA in fasted C57BL/6J mice (1.3 mM) and SJL/J mice
(0.57 mM). If one corrects for this differential dilution of the
isotope, the relative rate of total FA incorporation into TG in
fasted C57BL/6J mice would be increased by 2-fold, enhancing
the difference between the two strains evenmore than shown in
Fig. 5E.
Infusion of FA into Fasted SJL/J Mice Leads to Accumulation

of TG in Liver—We next conducted a fatty acid infusion exper-
iment designed to determine whether the livers of SJL/J mice
are capable of increasing their TG content when the serum FA
level is increased by FA infusion so that it reaches the level
observed in fasted C57BL/6J mice. When no FA were infused,
the fasting concentration of serum FA was 1.5 mM in C57BL/6J
mice and 0.51 mM in SJL/J mice (Fig. 6A). Infusion of a solution
containing 6mM oleate into SJL/J mice failed to increase serum
FA levels (Fig. 6A) and failed to increase hepatic TG levels (Fig.
6B). Increasing the infusion concentration to 12 mM raised FA
levels to 1.3mM in fasted SJL/Jmice, whichwas 87% of the value
seen in non-infused fasted C57BL/6J mice (Fig. 6A). Corre-
spondingly, the liver TG concentration in SJL/J mice rose to
38.9 mg/g, which was 46% of the value seen in non-infused
C57BL/6J mice (Fig. 6B). These data indicate that fasted SJL/J
livers are capable of synthesizingTG if sufficient amounts of FA
reach them.
To test the TG-synthesizing capability of the SJL/J livers

more directly, we used liver perfusion (Fig. 6C). Fasted
C57BL/6J mice and SJL/J mice were killed, blood was flushed
from the liver, and solutions containing varying concentrations
of [3H]palmitate were infused for 1 min into the portal vein.
The livers were then flushed and excised, and the amount of
[3H]palmitate incorporated into [3H]TG was measured. When
equal concentrations of [3H]palmitate were infused, the SJL/J
livers and the C57BL/6J livers synthesized identical amounts of
[3H]TG (Fig. 6C). In a final set of experiments, we isolated hepa-
tocytes from C57BL/6J and SJL/J mice and incubated the cells
in vitro with [3H]glycerol in the presence of various concentra-
tions of oleate. The rate of [3H]glycerol incorporation into
[3H]TG was indistinguishable in the two sets of hepatocytes at
all concentrations of oleate tested (Fig. 6D).
Differential TissueDistribution of FA in FastedC57BL/6J and

SJL/J Mice—To determine the fate of serum FA in fasted
C57BL/6J and SJL/J mice, we infused mice intravenously with
an unmetabolizable FA, [3H]bromopalmitate, and then meas-
ured the 3H-radioactivity in different tissues. As shown in Fig.
7A, when isotope dilution was not considered, the uptake of
[3H]bromopalmitate was comparable in livers from C57BL/6J
and SJL/Jmice. On the other hand, [3H]bromopalmitate uptake
was higher in other tissues (heart, brown adipose tissue, and
skeletalmuscle) in the fasted SJL/Jmice.Whenwe corrected for
isotopic dilution by the different serum levels of FA in fasted
C57BL/6J mice (1.21 mM) and SJL/J mice (0.57 mM), the cor-
rected total FA uptake was 2.3-fold higher in C57BL/6J liver
compared with SJL/J liver (Fig. 7B). Conversely, the corrected
values for FA uptake in heart and skeletal muscle were 1.4- and

FIGURE 5. In vivo rates of FA and TG synthesis in livers from fed and fasted
C57BL/6J and SJL/J mice. A, schematic diagram of the isotopes used to
measure synthesis of FA and TG. B–E, incorporation of [3H]water (B and C),
[3H]glycerol (D), and sodium [14C]palmitate-albumin (E) into FA (C), and TG (B,
D, E) was measured in living male mice (8 –10 weeks of age) as described
under “Experimental Procedures.” Each bar represents the mean � S.E. of
values from four mice. Asterisks denote the level of statistical significance
between fed and fasted mice of the same strain. *, p � 0.05; **, p � 0.01; ***,
p � 0.001. Similar results for D and E were obtained in one other independent
experiment. The [3H]water experiments in B and C were done only once.
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1.6-fold higher, respectively, in SJL/J mice than in C57BL/6J
mice. The corrected FA uptake in white and brown adipose
tissue was not significantly different in the two strains (Fig. 7B).
Fig. 7C shows an experiment in which we measured the

uptake of FA in vitro in liver, gastrocnemius muscle, and heart
from fasted C57BL/6J and SJL/J mice. No significant difference
in the [3H]bromopalmitate uptake was found in the liver (Fig.
7C), whereas in both skeletal and cardiac muscle [3H]bromo-
palmitate uptake was significantly higher in SJL/J than in
C57BL/6J mice (Fig. 7, D and E). Similar results were observed
in an independent experiment.
Elevated FA Oxidation in Skeletal Muscle of SJL/J Mice Cor-

relates with Lack of Fasting-induced Fatty Liver—The results
thus far suggest that FA released from adipose tissue during
fasting have different fates in SJL/J and C57BL/6J mice. In SJL/J
mice, the FA are taken up preferentially bymuscle. In C57BL/6J
mice, a higher fraction of FA escape muscle uptake and reach
the liver where they are re-esterified and stored in TG. To
determine the fate of the FA taken up by muscle, we incubated
skeletal muscle sections in vitro with [14C]palmitate and meas-
ured its oxidation to [14C]CO2 (Fig. 8). The experiment was car-
ried out in the absence and presence of etomoxir, an inhibitor of
carnitinepalmitoyltransferase-1 (CPT-1), the enzymerequired for
uptake of long chain FA into mitochondria for oxidation (1). We
compared these reactions in skeletal muscle fragments frommice
in all 7 strains shown in Fig. 1A. FA oxidation in SJL/J muscle was

2-fold greater than seen in any of the
other strains (Fig. 8). In all strains, FA
oxidation was blocked by etomoxir.
Similar results were observed in an
independent experiment. In data not
shown, we quantified the amount of
mitochondria in liver, skeletalmuscle,
and heart of fasted C57BL/6J and
SJL/Jmice by determining the ratio of
mitochondrial DNA to genomic
DNA (18). No significant difference
was found in any of these tissues
between these two strains, suggesting
that an increase in mitochondria is
not the explanation for the increased
FA oxidation in SJL/J muscle.

DISCUSSION

The current studies began with
the observation that C57BL/6J mice
and SJL/Jmice differ dramatically in
their susceptibility to fasting-in-
duced hepatic steatosis even though
mice frombothstrains loseabout60%
of their total body TG after a 24 h fast
(Table 1). In both strains, the bulk of
the fatty acids are oxidized to CO2.
However, in C57BL/6J mice, but not
SJL/Jmice, a fraction of the fatty acids
accumulate in liver where they
are converted to triglycerides. In
C57BL/6J mice, hepatic TG accumu-

lation is sufficient to cause frank steatosis as documented by a
grossly pale appearance and by oil red O staining (Fig. 1E).

In an attempt to determine which of the twomouse strains is
typical, we examined the occurrence of fatty liver in fastedmice
from 5 additional inbred strains. All 5 of the strains developed
steatosis upon fasting like the C57BL/6J mice. We concluded,
therefore, that the SJL/J mice are atypical and launched a series
of studies to determine the reason for their failure to accumu-
late hepatic fat.
An important clue came from the observation that serum-

free FA failed to increase upon fasting in SJL/J mice as they
did in C57BL/6J mice (Table 1 and Fig. 1). Moreover, the
increase in liver-derived ketone bodies, as indicated by the
serum concentration of �-hydroxybutyrate, was much less in
SJL/J mice than in C57BL/6J mice (Table 1 and Fig. 1). These
data suggested that smaller amounts of adipose-derived FA
were reaching the liver for storage or oxidation to ketones in
fasted SJL/J mice than in C57BL/6J mice. This conclusion
was supported by the finding that SJL/J livers were just as
capable of synthesizing TG when the livers were presented
with equal concentrations of fatty acids, either through in
situ liver perfusion (Fig. 6C) or by incubation of isolated
hepatocytes in vitro (Fig. 6D).
If excess FA were not reaching the liver in SJL/J mice, where

were they going? Studies of FA uptake in vivo, asmeasuredwith
[3H]bromopalmitate, indicated that heart and skeletal muscle

FIGURE 6. Relationship between serum FA concentration and liver TG synthesis in fasted mice. All mice
were 8 –9 weeks of age at the time of the experiments. A and B, serum FA concentration (A) and liver TG content
(B) in fasted male C57BL/6J and SJL/J mice infused for 30 min with 0, 6, and 12 mM sodium oleate-albumin as
described under “Experimental Procedures.” Asterisks denote the level of statistical significance between
groups of animals as shown in the figures. **, p � 0.01; ***, p � 0.001. C, TG synthesis from [3H]palmitate in livers
of fasted C57BL/6J and SJL/J mice perfused for 1 min with 20 nM sodium [3H]palmitate-albumin (111 � 106

dpm/nmol) in the presence of the indicated concentration of unlabeled sodium palmitate-albumin. D, TG
synthesis in primary hepatocytes isolated from fasted C57BL/6J and SJL/J mice and incubated at 37 °C for the
indicated time with 1.5 mM [3H]glycerol (14.6 � 103 dpm/nmol). Each bar represents the mean � S.E. of values
from four mice.
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of fasted SJL/Jmice took up twice asmuch FAas comparedwith
C57BL/6J mice (Fig. 7, A and B). These organs also took up
excess FA when incubated with [3H]bromopalmitate in vitro
(Fig. 7,D andE). Enhanced uptake correlatedwith increased FA
oxidation in muscle from SJL/J mice (Fig. 8).
Considered together, the data suggest that C57BL/6J mice

and SJL/J mice oxidize nearly the same amount of FA upon
fasting, but the sites of oxidation differ. In SJL/Jmice, a substan-
tial proportion of FA oxidation occurs in muscle and heart. In
C57BL/6J, there is less FA uptake into these organs. As a result,
the liberated FA reaches the liver where they are oxidized to
ketone bodies or stored as TG. In the C57BL/6J mice, some of
the hepatic triglycerides are secreted in VLDL. The secreted

VLDL-triglycerides plus the ketone bodies serve as a source of
substrate for oxidation in muscle. Thus, the total amount of
carbons subjected to oxidation inmuscle of C57BL/6Jmice and
SJL/J mice may be similar. The difference is the route by which
these carbons reach the muscle. In the SJL/J mice, the carbons
reach the muscle directly in the form of fatty acids released
from adipose tissue. In the C57BL/6J mice, the fatty acids
bypass the muscle and enter the liver, where they are con-
verted to substances that can be taken up more readily by
muscle. We cannot exclude the possibility that tissues other
than muscle help to direct fatty acids from the liver in fasted
SJL/J mice. Considering the relatively large size of muscle
mass in the mouse (up to 40% of body weight) (19), it seems
clear that the accelerated FA uptake in muscle accounts for
most of the diversion.
SJL mice were developed at the Jackson Laboratory in 1955

from 30 generations of repeated brother and sister matings
from descendants of three different sources of Swiss Web-
ster mice (20). Among other traits, these mice have a late-
onset form of muscular dystrophy, owing to a mutation in
the gene encoding Dysferlin, a muscle protein (21, 22). Mus-
cle weakness becomes apparent after 6 months of age. Our
SJL/J mice were studied before 5 months of age and typically
at 2–3 months of age. We do not believe that the Dysferlin
mutation accounts for the high rate of muscle fatty acid
uptake in SJL/J mice since we found the same mutation by
PCR of genomic DNA from SJL/Bm mice, a closely related
strain (see Fig. 1A). The SJL/Bm mice show a normal
response to fasting in terms of elevated serum FA, serum
ketone bodies, and hepatic TG (Fig. 1, B-D).
A family treeof inbredmouse strainswas constructedbyPetkov

et al. (15) based on an analysis of 1638 polymorphic markers (see
Fig. 1A). SJL/J and C57BL/6J mice reside on widely separated
branches of this family tree (Groups 2 and 6, respectively). They
differ at 734 of the 1638 loci. On the other hand, SJL/J mice are
closely related to FVB/NJ mice, differing at only 328 of the 1638
loci. The SJL/Bm mice are even more closely related to the SJL/J
mice (Fig. 1A). Nevertheless, the FVB/NJ and SJL/Bmmice show
normal hepatic triglyceride accumulation upon fasting (Fig. 1B).
Theall-or-nonedifferencebetween the responseof SJL/Jmice and

FIGURE 7. Uptake of FA in different tissues of fasted C57BL/6J and SJL/J mice
in vivo and in vitro. All mice were 20 weeks of age at the time of the experiments.
A, uptake of [3H]bromopalmitate in different tissues of fasted male C57BL/6J and
SJL/J mice 1 min after injection of 39 � 106 cpm of sodium [3H]bromopalmitate-
albumin (1 nmol) into the jugular vein. Measurements were carried out as
described under “Experimental Procedures.” Each bar represents the mean�S.E.
of values from four mice. BAT, brown adipose tissue; WAT, white adipose tissue.
B, relative FA uptake in different tissues of fasted male C57BL/6J and SJL/J mice
after correction for isotopic dilution. Total FA uptake was estimated based on the
measured uptake of [3H]bromopalmitate in A and the total serum concentration
of FA in each mouse. The mean values for serum FA concentrations in the
C57BL/6J and SJL/J mice were 1.21 and 0.57 mM, respectively. Each value in the
SJL/J mice is expressed relative to that in the C57BL/6J mice, which is set at 1.0.
C-E, uptake of [3H]bromopalmitate in isolated tissues from fasted male C57BL/6J
and SJL/J mice. The indicated tissue (50 or 150 mg) was incubated for 0 and 10
min at 37 °C with the indicated concentration of [3H]bromopalmitate-albumin
(2000 dpm/nmol) as described under “Experimental Procedures.” Measurements
were carried out, and blank values (zero-time incubations) were determined as
described under “Experimental Procedures.” Each data point represents the
mean � S.E. of values from four mice. A–E, asterisks (*) denote the level of statis-
tical significance between fed and fasted mice. *, p � 0.05; **, p � 0.01; ***, p �
0.001.

FIGURE 8. Oxidation of FA in skeletal muscle. Portions of gastrocnemius mus-
cle (150 mg) from the indicated strain of male C57BL/6J and SJL/J mice that had
been fasted for 24 h were incubated with 11 �M sodium [14C]palmitate-albumin
(18 dpm/pmol) in the absence or presence of 100 �M etomoxir for 5 min at 37 °C.
The amount of radioactivity incorporated into [14C]CO2 was determined as
described under “Experimental Procedures.” All mice were 15 weeks of age
except for FVB/NJ (12 weeks) and 129SVE (18 weeks). The 7 strains of mice were
studied in the same experiment. Asterisk (*) denotes the level of statistical signif-
icance (Student’s t test) between SJL/J and other strains of mice. **, p � 0.01. Each
bar represents the mean � S.E. of values from four mice.
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closely related strains raises the possibility that the accelerated
muscle FA uptake and consequent protection from fasting-in-
duced steatosis in SJL/J mice may be due to a mutation at a single
locus.Wearecurrently conductinggenemappingstudies todeter-
mine whether such a locus exists and to identify it.
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