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Dietary sucrose is essential to the development of liver
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steatohepatitis®
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Abstract Methionine-choline-deficient (MCD) diets cause
steatohepatitis in rodents and are used to study the
pathophysiology of fatty liver disease in human beings. The
most widely used commercial MCD formulas not only lack
methionine and choline but also contain excess sucrose and
fat. The objective of this study was to determine whether
dietary sucrose in the MCD formula plays a role in the
pathogenesis of MCD-related liver disease. We prepared
two custom MCD formulas, one containing sucrose as the
principal carbohydrate and the other substituting sucrose
with starch. Mice fed the sucrose-enriched formula devel-
oped typical features of MCD-related liver disease, includ-
ing hepatic steatosis, hepatocellular apoptosis, alanine
aminotransferase elevation, lipid peroxidation, and hepatic
inflammation. In contrast, mice fed MCD-starch were sig-
nificantly protected against liver injury. MCD-sucrose and
MCD-starch mice displayed identical diet-related abnormal-
ities in hepatic fatty acid uptake and triglyceride secretion.
Hepatic de novo lipogenesis and triglyceride synthesis, how-
ever, were 2 times higher in MCD-sucrose mice than MCD-
starch mice (P < 0.01). Hepatic lipid analysis revealed
accumulation of excess saturated fatty acids in MCD-sucrose
mice that correlated with hepatocellular injury.ll Overall,
the results indicate that dietary sucrose is critical to the
pathogenesis of MCD-mediated steatohepatitis. They sug-
gest that saturated fatty acids, which are products of de
novo lipogenesis, are mediators of hepatic toxicity in this
model of liver disease.—Pickens, M. K,, J. S. Yan, R. K. Ng,
H. Ogata, J. P. Grenert, C. Beysen, S. M. Turner, and J. J.
Maher. Dietary sucrose is essential to the development of
liver injury in the methionine choline-deficient model of ste-
atohepatitis. J. Lipid Res. 2009. 50: 2072-2082.
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Diets devoid of methionine and choline [methionine
choline-deficient (MCD)] cause hepatic steatosis and in-
flammation that mimics nonalcoholic steatohepatitis in
human beings (1-3). MCD feeding reportedly induces he-
patic steatosis through a dual process involving enhanced
uptake of fatty acids by the liver as well as impaired secre-
tion of hepatic triglyceride (TG) (2). Stimulation of fatty
acid uptake in MCD-fed animals correlates with hepatic
upregulation of fatty acid transport proteins. Suppression
of hepatic TG secretion is due to the reduced availability
of methionine and choline for phospholipid synthesis,
which is critical to the formation of TG-rich VLDL parti-
cles (4, 5). Notably, commercial MCD formulas (MP Bio-
medicals, Harlan Teklad, and Dyets) not only lack
methionine and choline but are also enriched in sucrose
and fat. These nutrients can themselves stimulate hepatic
lipid accumulation (6-8); thus, they may accentuate the
hepatic lipid accumulation caused by methionine and
choline deprivation alone.

The role of dietary fat as a determinant of liver injury in
the MCD model has been the subject of recent investiga-
tion. Somewhat unexpectedly, studies have shown that the
fat content of the MCD formula can be varied over a wide
range (10% to 40% of calories) without any impact on the
amount of TG that accumulates in the liver (9, 10). Even
more surprising is that dietary fat does not affect MCD-
mediated hepatocellular injury based on biochemical or
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histologic criteria (10). Dietary fat does influence MCD-
mediated hepatic lipid peroxidation and inflammatory
cytokine induction. As would be expected, MCD formulas
enriched in polyunsaturated fat cause the highest levels
of lipid peroxidation and provoke hepatic inflamma-
tion (10).

The role of dietary sucrose in the pathogenesis of MCD-
mediated liver disease is unknown. Sucrose stimulates de
novo lipogenesis (11-13) and thus has the potential to
contribute to hepatic steatosis and steatohepatitis in the
MCD model. The objective of this study was to determine
the importance of dietary sucrose to the hepatotoxicity of
the MCD formula. We addressed this by feeding mice two
different MCD formulas, one that contained sucrose as the
principal source of carbohydrate and the other containing
starch in place of sucrose. Mice fed the sucrose-based MCD
formula developed the characteristic MCD-related fea-
tures of hepatic steatosis and steatohepatitis. By contrast,
mice fed the starch-based MCD formula exhibited some of
the features of MCD-fed mice but developed no steatosis
or steatohepatitis. The principal difference between the
two groups was that the starch-based diet suppressed he-
patic lipogenesis and TG synthesis. This was accompanied
by reduced hepatic accumulation of saturated fatty acids
and significant protection against hepatocellular injury.

MATERIALS AND METHODS

Dietary studies

Adult male C3H/HeOuJ mice (The Jackson Laboratory, Bar
Harbor, ME) were fed methionine-choline-sufficient (MCS) or
MCD formulas as described in Table 1 for 21 days. All formulas
were custom manufactured to include 18% protein, 64% carbo-
hydrate, and 10% fat by weight (Dyets, Bethlehem, PA). Two of
the four formulas used sucrose as the principal dietary carbohy-
drate (590 g/kg; designated MCS-sucrose and MCD-sucrose); the
other two used cornstarch in place of sucrose (590 g/kg; desig-
nated MCS-starch and MCD-starch). Paired MCS and MCD for-
mulas were matched in all nutrients except L-methionine and
choline chloride. Mice were fed the custom formulas ad libitum
and had free access to drinking water for the 21-day study period.
At the end of the experiment, mice were fasted for 4 h prior to
killing in cages designed to prevent coprophagia. All animals re-
ceived humane care according to guidelines set forth by the US
Public Health Service. All experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee at
the University of California, San Francisco.

Serum chemistries

Alanine aminotransferase (ALT), glucose, cholesterol, and
TG were measured in mouse serum using an ADVIA 1800 au-
toanalyzer (Siemens Healthcare Diagnostics, Deerfield, IL) in
the clinical chemistry laboratory at San Francisco General Hospi-
tal. Serum insulin, leptin, and adiponectin were measured by
ELISA (Millipore-Linco, St. Charles, MO).

TG and fatty acid analysis

Lipids were extracted from fresh liver tissue using the Folch
method (14). Extracts were evaporated under a stream of nitro-
gen and resuspended in chloroform:methanol (2:1) containing
0.01% butyrated hydroxytoluene. Aliquots were dried and resus-

pended in 1-butanol containing 0.01% butyrated hydroxytoluene
for measurement of total TG (TR0100; Sigma Chemical, St.
Louis, MO). Results were reported as milligrams of TG per gram
liver.

Fatty acid analysis was performed on flash-frozen liver tissue.
Lipid extraction and TrueMass® neutral lipid analysis were per-
formed by Lipomics Technologies (West Sacramento, CA). Tis-
sue samples were subjected to a combination of liquid- and
solid-phase extraction procedures to separate neutral lipids from
phospholipids, followed by thin-layer chromatography to sepa-
rate neutral lipid classes and gas chromatography to quantitate
individual fatty acids. All samples were processed in the presence
of internal standards to monitor extraction efficiency and verify
measurement accuracy.

Measurement of hepatic lipid peroxidation

Lipid peroxidation was evaluated by measuring thiobarbituric
acid-reactive substances (TBARS) in liver homogenates. Liver tis-
sue was homogenized in 1.15% potassium chloride containing 2
mM deferroxamine; TBARS were measured as described by
Jozwik etal. (15). Results were expressed as nanomoles of TBARS
per milligram of liver.

Measurement of hepatic fatty acid uptake

Fatty acid uptake by the liver was monitored in vivo using ra-
diolabeled oleic acid as a tracer. After an overnight fast with free
access to drinking water, mice were gavaged with 200 pl olive oil
containing 2 w.Ci 1-"*C-oleic acid (57 mCi/mmol; GE Healthcare,
Piscataway, NJ). Blood was collected at 0, 30, and 240 min to ver-
ify absorption. At 240 min, the mice were killed for collection
of liver tissue. Radioactivity was measured in serum and liver ho-
mogenates by scintillation counting. Uptake was expressed as
cpm "'C/liver/4 h.

Measurement of hepatic TG secretion

Hepatic TG secretion was measured by monitoring the rise in
serum TG resulting from administration of Triton WR-1339,
which blocks lipoprotein lipase (16). After an overnight fast with
free access to drinking water, mice were injected with 500 mg/kg
Triton WR-1339 [10% (w/v), 5 ml/kg IV]. Blood was collected at
0 and 6 h. TG was measured in serum using an ADVIA autoana-
lyzer as described above.

Measurement of de novo lipogenesis, hepatic TG
synthesis, and glycolytic contribution to hepatic
TG-glycerol

De novo lipogenesis (DNL), TG synthesis, and the contribu-
tion of glycolysis to TG-glycerol synthesis were measured in the
liver in vivo by the use of *H,O labeling combined with mass iso-
topomer distribution analysis as described previously (17-19).
Mice were injected with saline prepared with 99.8% *H,O (30
ml/kg IP) and maintained at steady state by administration of
drinking water containing 8% 2HQO. After 3 days of heavy water
labeling, mice were fasted for 4 h and euthanized. Lipids were
extracted from fresh liver tissue by the Folch method (14). TGs
were separated by TLC and transesterified by incubation with 3 N
methanolic HCI. Fatty acid methyl esters were separated from the
glycerol fraction, and both fractions were analyzed by GC-MS.

Methyl palmitate and its isotopes (m/z 270-272 representing
My-M,) were quantified under the selected ion-monitoring mode,
and mass isotopomer distribution analysis calculations were
based on 22 possible sites for deuterium incorporation (20, 21).
The proportion of deuterium-labeled palmitate in hepatic
TG was reported as fractional DNL. The absolute amount of
palmitate retained in the liver over the 3-day labeling period was
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calculated by multiplying fractional DNL by the total amount of
palmitate in the TG fraction of the liver.

Glycerol was converted to glycerol triacetate by incubation
with 2:1 acetic anhydride:pyridine and then analyzed using a DB-
225 fused silica column with methane chemical ionization and
selected ion monitoring (m/z 159-161 represented My-M,). The
fraction of newly synthesized hepatic TG molecules was deter-
mined from the measured body 2HQO enrichment and the
experimentally determined number of hydrogen atoms incorpo-
rated into the C-H bonds of the glycerol moiety. The absolute
amount of newly synthesized TG retained in the liver over the
3-day labeling period was calculated by multiplying fractional TG
synthesis by the total amount of TG present in the liver (22).

The number of hydrogen atoms (n) incorporated from 2HQO
into the C-H bonds of the liver TG-glycerol moiety was used to
determine the metabolic source of liver a-glycerol phosphate
(and hence liver TG-glycerol) (23). The relative contribution of
glyceroneogenesis to liver TG-glycerol was determined by the
equation [(n — 3.5) /1.5], and the relative contribution of glyco-
lysis calculated as [1 — glyceroneogenesis] (23). Data were re-
ported as the percentage of TG-glycerol in the liver originating
from glycolysis.

Evaluation of gene expression by real-time quantitative
PCR

Total RNA was extracted from mouse liver by homogenization
in TRI reagent (Molecular Research Center, Cincinnati, OH),
followed by chloroform extraction and ethanol precipitation.
RNA was incubated with DNase (Qiagen, Valencia, CA) to re-
move contaminating DNA; the enzyme was then inactivated and
removed according to the manufacturer’s specifications (RNeasy;
Qiagen). cDNA was synthesized from 1 ng RNA in a reaction
mixture containing 2.5 U/pl M-MLV reverse transcriptase
(Invitrogen, Carlsbad, CA) and 5 uM random hexamer primers
(Invitrogen).

Real-time PCR analysis was performed using an AB Prism 7900
sequence detection system (Applied Biosystems, Foster City, CA).
Assays-on-Demand® primer and probe sets (Applied Biosystems)
were used for all the genes of interest. The expression of each
test gene was normalized to that of mouse B-glucuronidase.
Quantitative detection of specific nucleotide sequences was
based on the fluorogenic 5’ nuclease assay (24). Relative
gene expression was calculated using the method of Livak and
Schmittgen (25).

Liver histology and quantitative scoring system

Paraffin sections of liver tissue were stained with hematoxylin
and eosin. Slides were blindly evaluated and scored for steatosis,
ballooning, and inflammation. Steatosis (0—4): 0 = <5%; 1 =
5-25%; 2 = 25-50%; 3 = 50-75%; 4 = 75-100%. Ballooning (0-3):
0 = absent; 1 = mild (focal involving fewer than three hepato-
cytes); 2 = moderate (focal involving more than three hepato-
cytes or multifocal); 3 = severe (multifocal with more than two
foci of three or more hepatocytes). Inflammation (0-4): 0 = ab-
sent; 1 = minimal (zero to one focus per 20x field); 2 = mild (two
foci); 3 = moderate (three foci); 4 = severe (four or more foci). A
combined activity score was calculated as the arithmetic sum of
all individual scores.

Quantitation of apoptotic cells in mouse liver sections

Apoptotic cells were identified in tissue sections by terminal
deoxynucleotide transferase-mediated deoxyuridine triphos-
phate nick end-labeling (TUNEL) (ApopTag Plus peroxidase in
situ apoptosis detection kit; Millipore, Billerica, MA). Sections
were counterstained with methyl green for viewing and photog-
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raphy. TUNEL-positive cells were counted in five randomly se-
lected 10x microscopic fields per liver. The results were reported
as the average number of positive cells per field.

Statistical methods

Experiments included 4-10 mice per study group. Mean val-
ues were compared by two-way ANOVA. Pvalues < 0.05 were con-
sidered statistically significant.

RESULTS

The carbohydrate composition of the MCD formula does
not affect its influence on body weight, serum glucose or
serum lipids

Commercial MCS and MCD formulas (e.g., MP Biomed-
icals #960439 and Harlan Teklad #90262) typically contain
65% carbohydrate by weight, provided as a 70:30 mixture
of sucrose and cornstarch (46% sucrose and 19% starch).
In this experiment, we prepared custom MCS and MCD
formulas in which nearly the entire carbohydrate fraction
(59%) was composed of either pure sucrose or pure corn-
starch. A small amount of complex carbohydrate was re-
tained in each formula to permit compounding into
pellets (Table 1). Mice fed the sucrose- or starch-enriched
formulas exhibited many typical responses to MCS and
MCD feeding. Specifically, MCS-fed mice gained weight
and MCD-fed mice lost weight, respectively, and exhibited
serum leptin levels that paralleled their adipose tissue
mass (Table 2). In addition, MCS-fed mice developed hy-
perglycemia and hyperlipidemia, whereas MCD-fed mice
remained normoglycemic and developed hypolipidemia,
and MCD-fed mice were more insulin sensitive than MCS
controls (1, 26, 27). For the most part, the biochemical
abnormalities caused by the MCS and MCD formulas were
comparable regardless of their carbohydrate content. The
only exception was serum cholesterol, which was dimin-
ished to a lesser degree in MCD-starch mice than MCD-
sucrose mice. Serum cholesterol was lower in starch-fed
control (MCS) mice than sucrose-fed control mice, consis-
tent with previous reports documenting the hypocholes-
terolemic nature of complex dietary carbohydrate (28-30).
Why this same effect was not observed in the MCD groups
with different dietary carbohydrate is unknown.

The MCD-sucrose formula, but not MCD-starch, induces
steatohepatitis

As has been shown previously with commercial MCD
formulas containing 46% sucrose (1, 2, 27, 31), our cus-
tom MCD formula with 59% sucrose caused steatohepati-
tis. Mice fed MCD-sucrose displayed several features of
hepatic steatosis, including a high liver weight/body
weight ratio, elevated hepatic TG content, and prominent
fat accumulation by histology (Table 2; Fig. 1). They also
exhibited substantial hepatocellular injury, as shown by a
markedly elevated serum ALT level as well as histologic
ballooning and apoptosis (Table 2, Fig. 1). Liver histology
in MCD-sucrose mice also revealed hepatic inflammation.
The combined histologic activity score in MCD-sucrose
mice was 4.6 + 0.5 compared with 0.6 + 0.2 in MCS-sucrose
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TABLE 1. Composition of the custom MCS and MCD formulas

Nutrient MCS-Sucrose MCS-Starch MCD-Sucrose MCD-Starch
L-Amino acids (g/kg) 175.7 175.7 175.7 175.7
1-Methionine (g/kg) 2.0 2.0 0.0 0.0
Choline chloride (g/kg) 2.0 2.0 0.0 0.0
Sucrose (g/kg) 587.9 0.0 591.9 0.0
Dextromaltose (g/kg) 50.0 50.0 50.0 50.0
Cornstarch (g/kg) 0.0 587.9 0.0 591.9
Cellulose (g/kg) 30.0 30.0 30.0 30.0
Corn oil (g/kg) 100.0 100.0 100.0 100.0
Salt mix (g/kg) 35.0 35.0 35.0 35.0
Sodium bicarbonate (g/kg) 7.4 7.4 7.4 7.4
Vitamin mix (g/kg) 10.0 10.0 10.0 10.0
Total (g/kg) 1000.0 1000.0 1000.0 1000.0

controls (P < 0.0001). In striking contrast to the liver dis-
ease that developed in mice fed the MCD-sucrose formula,
hepatic abnormalities were much less prominent in mice
fed the starch-enriched MCD formula for 21 days. MCD-
starch mice accumulated more hepatic fat than MCS-
starch controls, but much less than MCD-sucrose mice.
Serum ALT was only mildly elevated in MCD-starch mice,
and they displayed almost no hepatocellular ballooning,
apoptosis, or inflammation, achieving a combined histologic
activity score of only 0.8 + 0.3 (P< 0.0001 vs. MCD-sucrose).

Hepatic steatosis in MCD-sucrose mice is attributable to
de novo lipogenesis

In an effort to explain why the MCD-sucrose and MCD-
starch formulas led to such marked differences in hepatic
lipid accumulation, we investigated whether the two diets
have divergent effects on hepatic lipid transport. As ex-
pected, MCD feeding stimulated fatty acid uptake by the
liver, but there was no difference in uptake between the
MCD-sucrose and MCD-starch groups (Fig. 2A). MCD
feeding also suppressed hepatic TG secretion (Fig. 2B);
again, there was no difference between the sucrose- or
starch-enriched MCD groups. We then explored whether
MCS-sucrose and MCS-starch formulas have distinct ef-
fects on hepatic lipogenesis. Previous studies have shown
that methionine and choline deprivation does not stimu-
late lipogenic gene expression in the liver, and, in some

instances, suppresses lipogenic genes (27). To test whether
dietary carbohydrate influences the effect of MCD feeding
on lipogenic gene expression, we measured mRNA encod-
ing carbohydrate-responsive element binding protein
(ChREBP), sterol regulatory element binding protein-1
(SREBP-1), X-box protein-1 (XBP-1), FAS, and stearoyl-
CoA desaturase-1 (SCD-1) in the livers of MCD-fed mice
and their respective controls (Fig. 2C-G) (32-34). Each of
these genes was less abundant in MCD mice than MCS
controls, and some (SREBP-1, XBP-1, and SCD-1) were
suppressed even below the levels measured in chow-fed
mice. Notably, these genes were expressed similarly in
MCD-sucrose mice and MCD-starch mice despite their dif-
ference in dietary carbohydrate composition. This was
true for all except ChREBP, which paradoxically was less
abundant in MCD-sucrose than MCD-starch mice. In con-
trast to lipogenic gene expression, hepatic DNL, measured
as the amount of newly synthesized palmitate accumulat-
ing in the liver over a 3-day period, was significantly higher
in MCD mice than controls (Fig. 2H). The high values for
DNL in MCD-fed mice may be due in part to their defect
in hepatic lipid export, which promotes the retention of
newly synthesized palmitate in the liver and contributes to
an elevation in the measurement over the labeling inter-
val. This does not affect comparisons between MCD-
sucrose and MCD-starch mice because both groups share
the same abnormality in hepatic lipid secretion. Despite

TABLE 2. Clinical and biochemical data from mice fed MCS and MCD formulas

MCS-Sucrose MCS-Starch MCD-Sucrose MCD-Starch

Body weight change (%) 21.8+24 15025 —-29.1+0.7" —93.4 + 0.8
Liver weight/body weight (%) 48+0.2 4.3+0.1 6.3+0.3" 4.3+0.5"
Adipose weight/body weight (%) 46x0.2 43x0.3 0.5+0.1" 0.5+0.1°
Serum TG (mg/dl) 158.3 +12.2 135.9 +11.2 75.4+2.1" 84.1+6.7°
Serum cholesterol (mg/dl) 261.7 £ 18.6 162.8 +5.3" 85.7+2.8" 101.6 + 3.0
Serum glucose (mg/dl) 385.6 + 42.3 284.3 +11.1 173.8 +20.0" 209.2 £9.7°
Serum insulin (ng/ml) 1.04 +0.28 1.07 £ 0.23 0.2+0.1" 0.1+0.0°
QUICKI 0.18+0.0 0.19 +0.01 0.23+0.01" 0.23 +0.0°
Serum leptin (ng/ml) 26.68 + 3.96 16.88 + 2.65 0.3+0.1" 0.2+0.1°
Serum adiponectin (ug/ml) 42+0.2 4.3+0.2 5.3+0.4" 47+0.3
Hepatic TG (mg/g liver) 42.9+8.9 23.2+3.3 1152+ 11.3° 34.4 + 2.9%
Serum ALT (IU/1) 56.2 + 6.2 59.6+ 7.0 5713+ 747 93.0 + 8.8

Values represent mean + SEM for n = 10. QUICKI, qualitative insulin sensitivity check index = (log insulin;g/m, +

log glucose,,,/a1) -
“ P< 0.05 for MCS-starch versus MCS-sucrose.

? P< 0.05 for MCD-sucrose versus MCS-sucrose.
“ P<0.05 for MCD-starch versus MCS-starch.
? P<0.05 for MCD-starch versus MCD-sucrose.
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Fig. 1. Liver histology and scoring in mice fed custom MCS and
MCD formulas. A: Photomicrographs illustrate liver sections from
mice fed MCS or MCD formulas for 21 days, stained with hema-
toxylin and eosin or a peroxidase-based TUNEL reagent. Mice fed
the two control formulas (MCS-sucrose and MCS-starch) showed
mild vacuolization of hepatocytes but no obvious steatosis and no
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comparable levels of lipogenic gene expression, DNL mea-
sured by metabolic labeling was twice as high in
MCD-sucrose mice as MCD-starch mice (P < 0.01) (Fig.
2H). Hepatic TG synthesis in MCD and control mice ex-
hibited the same pattern as DNL. MCD-fed mice accumu-
lated more new TG than any of the control mice, again
probably due to their impairment in TG secretion. Still,
MCD-sucrose mice accumulated twice as much new TG as
MCD-starch mice, indicating a true difference in TG syn-
thesis between these two groups (Fig. 2I). MCD-sucrose
mice also demonstrated significantly greater utilization of
glycolysis than MCD-starch mice in the production of he-
patic glycerol, which suggests they are actively using carbo-
hydrate for all aspects of acylglycerol synthesis (Fig. 2]). In
aggregate, these results suggest that a significant propor-
tion of fat that accumulates in the livers of MCD livers
derives from carbohydrate and that the reduced carbohy-
drate utilization in MCD-starch mice limits their hepatic
lipid accumulation. Finally, to exclude the possibility
that MCD-starch mice avoid hepatic steatosis by upregu-
lating fatty acid oxidation, we measured serum levels of
B-hydroxybutyrate in the four dietary groups. MCD-starch
mice showed no evidence of enhanced fatty oxidation, as
their B-hydroxybutyrate levels were well below those in MCD-
sucrose mice and no higher than MCS controls (Fig. 2K).

MCD-sucrose mice accumulate more saturated fatty acids
in the liver than MCD-starch mice

DNL yields palmitate, a long-chain saturated fatty acid
that has been implicated as a mediator of hepatic lipotox-
icity (35-38). This is particularly relevant in the MCD
model because MCD feeding also suppresses SCD-1, the
enzyme that converts long-chain saturated fatty acids to
less toxic monounsaturated species (39). The combina-
tion of enhanced DNL and suppressed SCD-1 should re-
sult in significant accumulation of saturated fatty acid in
the liver, an outcome that may be exacerbated even fur-
ther by the inability of MCD-fed mice to effectively export
hepatic TG. This buildup of saturated fatty acid could be
the cause of hepatocellular injury in the MCD model.
MCD-starch mice are similar to MCD-sucrose mice in
SCD-1 expression and hepatic lipid secretion (Fig. 2B, G).
DNL in MCS-starch mice, however, is significantly reduced
(Fig. 2H). Consequently, MCD-starch mice may exhibit a
less saturated hepatic lipid profile than MCD-sucrose mice,
which may be an important factor in their protection

TUNEL-positive cells. Mice fed the MCD-sucrose formula displayed
prominent hepatic steatosis and inflammatory foci, as well as scat-
tered TUNEL-positive cells. MCD-starch mice showed no signifi-
cant steatosis, slight inflammation, and rare TUNEL-positive cells.
Original magnification: x10. B: Histograms depict the quantitative
histology scores from mice in the four treatment groups. Steatosis,
ballooning, and inflammation were all increased in MCD-sucrose
mice compared with MCD-starch mice and MCS controls, yielding
a high composite histology score. TUNEL-positive cells were sig-
nificantly more numerous in MCD-sucrose mice than in the other
three treatment groups. Values represent mean + SEM for n = 10.
* P < 0.05 for MCD versus carbohydrate-matched MCS. 1 P < 0.05
for MCD-starch versus MCD-sucrose.
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against liver injury. We analyzed hepatic lipids in MCS and
MCD mice and found that MCD-sucrose mice accumu-
lated excess fatty acid in three lipid compartments: FFA,
diacylglycerol (DAG), and triacylglycerol (TAG) (Fig. 3A).
In contrast, MCD-sucrose mice had diminished levels of
hepatic phospholipid, as did MCD-starch mice, consistent
with their deficiency in methionine and choline. We then
analyzed individual fatty acids in MCS and MCD livers and
found that MCD-sucrose mice accumulated excess satu-
rated fatty acid (SFA) in all three lipid compartments with
excess total fatty acid (FFA 140%, DAG 140%, and TAG
250%) (Fig. 3B). The individual SFAs that accumulated in
these livers were the long-chain species palmitate (C16:0)
and stearate (C18:0) (see supplementary Fig. I). Lastly, we
calculated the ratio of saturated to monounsaturated long-
chain fatty acids in the liver, which increases in mice fed

commercial MCD formulas and has been postulated to
play a role in MCD-mediated liver injury (27). The saturated-
to-monounsaturated fatty acid ratios were no higher in
MCD-sucrose mice than MCD-starch mice (Fig. 3C). This
suggests that an absolute, rather than relative, increase in
long-chain SFAs in the liver coincides with the develop-
ment of MCD-mediated liver injury.

Polyunsaturated fat, oxidative stress, and cytokine
induction in MCD-sucrose and MCD-starch mice

Our fatty acid analysis demonstrated that in addition to
SFA, MCD-sucrose mice accumulated excess PUFA in the
liver (FFA 160%, DAG 210%, and TAG 476%) (Fig. 3B).
The individual PUFA that increased most significantly in
MCD-sucrose mice in comparison to the other dietary
groups were linoleate (C18:2) and arachidonate (C20:4)
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(see supplementary Fig. I). These fatty acids could come
either from the diet or from adipose tissue, although the
diet is more likely, due to the high linoleate content of
corn oil used as fat in the MCS and MCD formulas. PUFA
may play a role in MCD-related liver disease because of
their ability to act as substrates for cytochrome P450-medi-
ated lipid peroxidation. PUFA metabolism causes oxidant
stress in the liver, which in turn can stimulate the local
production of pro-inflammatory cytokines. To determine
the influence of MCD-sucrose and MCD-starch formulas

2078 Journal of Lipid Research Volume 50, 2009

on these processes, we measured the hepatic expression of
cytochrome P450 4al10 (CYP4al0) in mice fed MCD and
control diets as well as hepatic lipid peroxidation and the
expression of several pro-inflammatory genes (Fig. 4).
CYP4al0 mRNA was strongly induced in the livers of all
MCD mice, without any difference resulting from modula-
tion of dietary carbohydrate. Lipid peroxidation (mea-
sured as TBARs), however, was much more evident in
MCD-sucrose mice than MCD-starch mice, presumably
due to their abundance of hepatic PUFA. Genes involved
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in inflammation (tumor necrosis factor-a, CD14, CXC
chemokine ligand-2, and cyclooxygenase-2) were also up-
regulated more strongly in the livers of MCD-sucrose mice
than MCD-starch mice. When inflammatory gene expres-
sion and hepatic lipid peroxidation were compared di-
rectly, a linear relationship was observed (P = 0.01-0.09;
data not shown), substantiating previous reports that in-
flammatory gene expression correlates with hepatic lipid
peroxidation in MCD-fed mice (10).

DISCUSSION

Although methionine and choline deprivation is known
to cause a number of disturbances in hepatic lipid metabo-

lism (2, 5, 27), the reason why MCD diets provoke signifi-
cant liver injury has remained elusive. Emerging data
indicate that specific dietary nutrients, when coupled with
methionine and choline deprivation, can influence MCD-
mediated liver disease. This study demonstrates that MCD-
mediated steatohepatitis is absolutely dependent on the
presence sucrose in the MCD formula. Dietary sucrose is
in fact more important than dietary fat, which can modu-
late hepatic lipid peroxidation and hepatic inflammation
in the MCD model but has no impact on MCD-mediated
steatosis or hepatocellular injury (10).

The importance of sucrose to the pathogenesis of MCD-
mediated steatohepatitis was established by removing it
from the MCD formula. Substituting this simple sugar with
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complex carbohydrate significantly diminished all the fea-
tures of MCD-mediated liver disease, including hepatic
steatosis, hepatocellular apoptosis, lipid peroxidation,
and inflammation. This was true even though the starch-
enriched MCD formula still provoked several characteris-
tic features of MCD-fed animals, including weight loss and
hypolipidemia. Most importantly, mice fed MCD-starch
diet never developed overt hepatic steatosis. In the ab-
sence of steatosis, there was little additional evidence of
liver injury or inflammation.

Substituting sucrose with starch in the MCD formula
did not prevent hepatic steatosis by interrupting any of the
derangements in hepatic lipid metabolism that are known
to be precipitated by MCD feeding. Specifically, dietary
starch did not suppress MCD-mediated stimulation of he-
patic fatty acid uptake nor did it reverse MCD-related im-
pairment of hepatic TG secretion. Starch also caused no
apparentincrease in hepatic fatty acid oxidation that could
potentially reduce steatosis. Instead, the principal conse-
quence of including starch in the MCD formula was a re-
duction in hepatic DNL. Sucrose is a much more potent
stimulus to DNL than starch (40-42); thus, the difference
in hepatic DNL between MCD-sucrose mice and MCD-
starch mice is not surprising. More noteworthy is that the
difference was not accompanied by a disparity in lipogenic
gene expression between the two dietary groups. This dis-
cordance between the metabolic and molecular data indi-
cates that flux through the lipogenic pathway in the liver
cannot be predicted solely by gene expression, as noted
recently in a study involving adipose tissue (43). Impor-
tantly, our metabolic experiments revealed that DNL plays
a dominant role in MCD-mediated liver disease. Substitut-
ing sucrose with starch in the MCD formula decreased
DNL by 53% and hepatic TG synthesis by 55%, resulting in
a 66% reduction in hepatic lipid content.

The reduced hepatic DNL in MCD-starch mice coin-
cided with a significant reduction in the amount of long-
chain saturated fatty acid present in the liver. This, in turn,
was accompanied by a significant diminution of hepato-
cyte apoptosis and ALT release. These findings point to
long-chain saturated fatty acids, produced from dietary su-
crose via DNL, as mediators of hepatocyte injury in the
MCD model. Long-chain saturated fatty acids are highly
toxic to hepatocytes. They Kkill cells by inducing endoplas-
mic reticulum stress (38) and activating mitochondrial
apoptosis pathways (35-37, 44). Given the prominent he-
patocyte apoptosis and the striking ALT elevation that
occurred after 21 days of MCD-sucrose feeding, these
abnormalities are likely due to saturated fatty acid-induced
lipotoxicity. It should be noted that long-chain saturated
fatty acids were not the only fatty acids to accumulate in
MCD-sucrose livers. PUFAs were also disproportionately
increased. Although we cannot entirely exclude a contri-
bution of PUFA to hepatocyte injury based on the current
experiments, other studies from our laboratory suggest
that this is not the case. We previously employed dietary
means to reduce the PUFA content of MCD livers to the
levels found in MCS controls. This did not result in any
improvement in MCD-mediated ALT release or apoptosis

2080 Journal of Lipid Research Volume 50, 2009

(10). Taken together, these findings suggest that excess
SFAs rather than excess PUFAs are responsible for hepato-
cellular injury in mice fed sucrose-enriched MCD formu-
las. PUFAs may play a separate role in MCD-mediated liver
injury, specifically as inducers of cytokines and inflamma-
tion. In this study as well as others, the induction of pro-
inflammatory cytokines in the livers of MCD mice parallels
hepatic lipid peroxidation, which is directly related to he-
patic PUFA content (10). Overall, these findings suggest
that dietary sucrose is the driving force behind MCD-medi-
ated hepatic lipid accumulation and liver injury, whereas
dietary PUFA regulate MCD-mediated hepatic inflamma-
tion. In combination, the two nutrients produce the com-
plete picture of MCD-mediated steatohepatitis.

Although the suppression of DNL in MCD-starch mice
can explain why they accumulated less hepatic SFA than
MCD-sucrose mice, there is no ready explanation why
MCD-starch mice also accumulated less hepatic PUFA.
This observation suggests that in MCD-sucrose mice, the
accumulation of SFA and PUFA is somehow connected,
and both are downstream of DNL. One can envision the
following scenario: because the saturated fatty acids pro-
duced by DNL in MCD-sucrose livers cannot be desatu-
rated due to low SCD-1 activity, the mice are at high risk of
hepatocellular lipotoxicity. Esterification into TG could
reduce this toxicity (45), but SFA cannot effectively com-
bine with each other to form TG due to fluidity constraints
(46). Unsaturated fatty acid is needed to package the SFA
into TG; dietary PUFA can be used for this purpose. If di-
etary PUFAs are in fact used to shunt newly synthesized
SFA into the TG compartment, the end result would be
TG that contains excess SFA as well as excess PUFA. This
fits our experimental observations but requires further
study for confirmation. In support of this theory, hepatic
TG synthesis has already been shown to be an important
defense against MCD-mediated hepatotoxicity. When mice
fed a sucrose-rich MCD formula were prevented from pro-
ducing hepatic TG by suppressing the enzyme diacylglyc-
erol acyltransferase 2, they developed an unusually severe
form of MCD-mediated steatohepatitis characterized by
extremely high ALT levels (47).

Noteworthy in our experiments was that MCD-sucrose
and MCD-starch mice exhibited markedly different out-
comes despite similar degrees of methionine and choline
deprivation. This indicates that methionine and choline
deprivation by itself is not hepatotoxic, at least over a
3-week interval. Indeed, it is remarkable that hepatic phos-
pholipids in MCD mice remain at near-normal levels de-
spite a complete cutoff of exogenous precursors. This
implies the existence of strong homeostatic mechanisms
to preserve cellular phospholipids under conditions of
stress, which could be achieved by regulation of VLDL se-
cretion, biliary phospholipid secretion, or both (48, 49). Ip
etal. (50) made a similar observation previously. They noted
that MCD-fed mice treated with a peroxisome proliferator-
activated receptor o agonist to stimulate fatty acid oxida-
tion did not develop hepatic steatosis or steatohepatitis.
In this situation as well, all features of steatohepatitis were
eliminated from MCD-fed animals without influencing the
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underlying methionine and choline deficiency. Together,
these studies confirm that methionine and choline defi-
ciency is necessary, but not sufficient, to promote steato-
hepatitis in the MCD model. A second insultin the form of
excess sucrose represents the essential first step to the de-
velopment of hepatic steatosis and ultimately more serious
liver disease in the MCD model.

In summary, our experiments demonstrate that dietary
sucrose is essential to the pathogenesis of steatohepatitis
in the MCD model of liver disease. Sucrose provokes DNL,
which yields saturated fatty acids that become trapped in
the liver due to an MCD-related defect in hepatic lipid se-
cretion. The accumulation of excess SFA coincides with
hepatocellular injury, manifest as ALT release and histo-
logic apoptosis. Dietary PUFAs also accumulate in the
liver, possibly in an effort to reduce SFA-induced lipotox-
icity. They contribute to MCD-mediated liver disease by
promoting lipid peroxidation and pro-inflammatory cy-
tokine induction. Substituting sucrose with starch in the
MCD formula prevents all the features of MCD-mediated
liver disease, including steatosis, apoptosis, lipid peroxida-
tion, and cytokine induction. Starch likely reduces hepa-
tocellular injury in MCD-fed mice by reducing hepatic
DNL. The mechanism by which it prevents PUFA accumu-
lation and hepatic inflammation is currently unknown. In
human beings with nonalcoholic fatty liver disease, as
much as 26% of hepatic lipid is produced by DNL (51).
This study emphasizes the harmful potential of DNL, par-
ticularly when the saturated fatty acids produced by this
process cannot be detoxified or exported from the liver. It
also demonstrates that eliminating simple sugar from the
diet can reduce DNL and its toxic consequences in the
liver Bl
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