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Diets with Beef Tallow Prevent Acute Acetaminophen
Hepatotoxicity Compared to Diets with Soybean Oil in a Rat
Model
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Dietary polyunsaturated fatty acids (PUFA) increase liver injury in response to ethanol feeding. We tested
the hypothesis that diets rich in linoleic acid (18:2 n-6) would also affect acute liver injury after acetaminophen
injection. To determine whether the types and quantity of dietary fats were important, we examined the effects of
feeding diets with either 7 or 15 g per 100 g soybean oil or beef tallow. After the feeding period, animals were
unfed and injected either with 600 mg/kg body weight acetaminophen suspended in gum arabic-based vehicle, or
with vehicle alone. Samples of plasma and liver were taken for analyses of liver-specific enzymes, [glutamate-
pyruvate transaminase (GPT) and glutamate-oxaloacetate transaminase (GOT)] and hepatic glutathione (GSH) and
thiobarbituric reactive substances (TBARS) levels, respectively. Treatment with acetaminophen significantly ele-
vated levels of plasma GOT and GPT as well as hepatic TBARS but reduced hepatic GSH levels in groups fed diets
with soybean oil compared to beef tallow. The feeding regimens changed the ratio of 18:2 n-6 to oleic acid (18:1
n-9) in liver membrane phospholipid approximately 4- to 6-fold, and produced modest changes in arachidonic acid
(20:4 n-6). We conclude that acetaminophen-induced hepatotoxicity can be protected with more saturated fatty
acids (SFA)-rich diet but can be exacerbated with PUFA-rich diet by modulating the tissue fatty acid composition.
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INTRODUCTION

Dietary unsaturated fats such as corn oil, soy-
bean oil, and fish oil influence health and several
disease processes. The average diet in United States
contains 33% of total calories as fat.1) In addition to
a lowering of saturated fat intake, an increase in un-
saturated fats, such as linoleic acid (18:2 n-6), gen-
erally has been recommended due to the ability of
polyunsaturated fatty acids (PUFA) to reduce serum
cholesterol, a risk factor for heart disease. How-
ever, PUFA are the most peroxidizable fatty acids
and may contribute to diseases related to inflamma-
tion in which eicosanoids are released from tissues

∗To whom correspondence should be addressed: Department
of Foods and Nutrition, College of Natural Sciences, My-
ongji University, San 38–2, Nam-Dong, Cheoin-Gu, YongIn,
Gyeonggi-Do 449–728, Republic of Korea. Tel.: +82-31-330-
6205; Fax: +82-31-330-6200; E-mail: jhwang@mju.ac.kr

and contribute to pathologies.
It has been suggested that the type of dietary

fats can influence the extent of the formation of
lipid radicals and hence lipid peroxidation products
in response to oxidative injury because any change
in dietary fats is reflected in membrane composi-
tion.2, 3) For example, PUFA are more prone to oxi-
dation than saturated fatty acids (SFA) and monoun-
saturated fatty acids (MUFA)2, 4, 5) and increase sus-
ceptibility to oxidative injury by affecting antiox-
idant defense systems.6) Under some experimental
conditions, PUFA produce adverse effects that pre-
sumably result from their susceptibility to peroxida-
tion. For instance, PUFA from corn oil and fish oil
augment oxidative stress, hepatic inflammation and
pathology, whereas dietary SFA in beef and pork are
protective against alcohol-induced liver disease in
humans and animals.2, 4, 7–10)

Lands and colleagues11, 12) have built a quantita-
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tive saturation model of the response of membrane
phospholipids to dietary fat composition, which
was presented as a series of mathematical equa-
tions. The model implicates that membranes are
saturated with individual phospholipids when spe-
cific n-3 and n-6 precursors are present at about 0.5–
1.0% of total calories, with half-maximal responses
at about 0.1%. However, the relative proportion of
specific highly unsaturated fatty acids (HUFA) de-
pends on the relative concentration of the precur-
sors in the diet. Therefore, it is not feasible to de-
crease the abundance of arachidonic acid very sig-
nificantly by changing the amount of oil consumed,
even for low-fat rodent diets. But changing the rel-
ative amount of competing n-3 and n-6 PUFA pre-
cursors is highly effective in altering the proportions
of n-3 and n-6 HUFA in membranes. Therefore, ra-
tios of SFA:MUFA:PUFA are more important than
absolute quantities of dietary fats. The American
Institute of Nutrition 93 (AIN 93) rodent diet con-
tains 7% soybean oil by weight, which has 14.4 g
SFA, 23.3 g MUFA, and 57.9 g PUFA per 100 g.13)

Thus, the AIN 93 rodent diet is a high linoleic acid
diet that is not in balance with respect to these con-
stituents. The rodent diet contains 16.7% of its to-
tal energy as fat, and would be low by human stan-
dards.

Hepatotoxicity caused by acetaminophen is due
to the formation of a toxic metabolite by the cy-
tochrome P-450 system, which is known to be
susceptible to dietary manipulation. Some evi-
dence8, 14–16) have shown that increased cytochrome
P-450 levels, cytochrome 2E1, and microsomal
mixed function oxidase (MFO) activity in ani-
mals fed PUFA compared to SFA might account,
in part, for the liver injury. Specifically linoleic
acid as well as the HUFA found in the fish oils
[eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA)] have been shown to be important in
this respect.17) Also, acetaminophen administration
as well as high PUFA intake increase the activ-
ity of hepatic enzymes such as glutamate-pyruvate
transaminase (GPT) and glutamate-oxaloacetate
transaminase (GOT) and cause cell damage that
increases the excretion of these enzymes into
blood.18)

We have chosen a rat model of hepatotoxicity to
test the hypothesis that diets with SFA (beef tallow)
prevent liver injury after acetaminophen challenge
when compared to diets with PUFA (soybean oil) by
changing the fatty acid composition of membrane
phospholipids. We also tested whether protective

effects depend on the quantity of dietary fats.

MATERIALS AND METHODS

Animals and Diets —— Fifty-four male Sprague-
Dawley rats (Charles River, Morrisville, NC,
U.S.A.) weighing 150–190 g were housed individ-
ually in hanging wire-mesh cages with feeding
cups. The room temperature (21± 1◦C), lighting
(on at 06:00, off at 18:00), and humidity (40–
50%) were controlled. Rats had free access to re-
stricted experimental diets (15 g per day) and tap
water. The rats were randomly assigned to five
groups. The semipurified control diet was fed for
one week to acclimate the animals to feed cups
and individual caging and all rats were fed the
same AIN 93G diet13) containing 7% (wt/wt) soy-
bean oil for 2 weeks. Rats in group 0 (n = 6)
were unfed overnight and killed to obtain an ini-
tial fatty acid profile. Rats in group 1 were con-
tinued on the same AIN 93G diet, and rats in groups
2, 3, and 4 were switched to diets containing ei-
ther 15% soybean oil, 7% beef tallow, or 15% beef
tallow for 4 more weeks, respectively. The low
fat diets were made isocaloric by increasing dyet-
rose (Dyets, Bethlehem, PA, U.S.A.). All diets
also contained: Sucrose 100 g/kg, Celufil (Solka-
Floc, North Tonawanda, NY, U.S.A.), 50 g/kg; Min-
eral mix (AIN-93G-MX), 35 g/kg; Vitamin mix
(AIN-93-VX), 10 g/kg; Choline bitartrate, 2.5 g/kg;
L-cysteine, 3 g/kg; and Tert-butylhydroquinone,
0.014 g/kg. Each group was fed the indicated diets
for six weeks to enable membrane phospholipids to
equilibrate with the diet pattern. The fatty acid com-
position of the soybean oil, and beef tallow is shown
in Table 1.

At the end of the 6 weeks feeding period, each

Table 1. Fatty Acid Composition of the Soybean Oil and Beef
Tallow

Fatty acid Soybean oil Beef tallow
(µmole %)

C14:0 — 2.3
C16:0 7.3 29.8
C18:0 3.7 23.3
C18:1 n-9 23.5 34.2
C18:2 n-6 62.1 2.7
C18:3 n-3 3.7 —
ΣSFA 11.0 55.4
ΣMUFA 23.5 34.2
ΣPUFA 65.8 2.7
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group (n = 12) was randomly subdivided into case
(n = 6) and control (n = 6) groups. Each case
group was unfed overnight prior to acetaminophen
challenge and for 2 hr afterwards, and was given
food again before killing.19) Acetaminophen was
given intraperitoneally in a vehicle of gum ara-
bic (2% in saline) at a dose of 600 mg/kg body
weight. After 7 hr, animals were anesthetized
with ketamine : acepromezine : xylazine (3 : 2 : 1) at
a dose of 0.1 ml/100 g body weight and blood sam-
ples were collected by cardiac puncture in tubes
containing 3.2% sodium citrate. Tubes were cen-
trifuged at 2000 rpm for 20 min to obtain plasma for
liver function tests. The animals then were perfused
transcardially with 0.9% NaCl and livers were snap-
frozen. All frozen samples were stored at −80◦C for
later experiments.
Measurement of Plasma GPT and GOT ——
GPT and GOT were measured with the Sigma
transaminase [alanine aminotransferase (ALT)/GPT
and aspartate aminotransferase (AST)/GOT] Diag-
nostic kit (Shigma-Aldrich, St. Luis, MO, U.S.A.).
A standard curve was prepared using the Calibration
Standard Solution with six levels of pyruvic acid.
In brief, 0.2 ml plasma was added to 1.0 ml Sigma
Prepared Substrate for GOT or 1.0 ml Alanine-
alpha-ketoglutarate (α-KG) Substrate for GPT in a
37◦C water bath for 1 hr and for 30 min, respec-
tively. Then 1.0 ml Sigma Color Reagent was added
and incubated at room temperature (18–26◦C) for
20 min, followed by adding 10.0 ml of 0.40 N NaOH
with vigorous mixing. Absorbance at 505 nm was
recorded and the enzyme activities were determined
in Sigma-Frankel (SF) Units/ml from the calibration
curves.
Measurement of Hepatic Glutathione
(GSH) —— Reduced GSH was measured by
the method of Sedlak and Lindsay.20) A standard
curve was prepared using reduced GSH in 0.02 M
EDTA. The curve was linear between 3.0 and
100.0 nmols GSH and data were expressed as
µmole GSH per g tissue. Briefly, 600 µl aliquots
of homogenate were treated with 60 µl of 55%
trichloroacetic acid, shaken well and allowed to
stand on ice for 10 min, followed by centrifuga-
tion at 4000 g for 12 min. Four hundred µl of
the supernatant was mixed with 1.0 ml of 1.2 M
Tris in 0.06 M EDTA (pH 8.9) and 100 µl of Ell-
man’s reagent [5,5′-dithiobis-2-nitrobenzoic acid
(DTNB)]. The samples were allowed to develop
at room temperature for 15 min and absorbance at
412 nm was recorded.

Lipid Peroxidation —— Lipid peroxidation was
evaluated by thiobarbituric reactive substances
(TBARS) according to the method of Ciuffi et al.21)

In brief, frozen tissue samples were homogenized
in ice-cold phosphate buffer (0.05 M, pH 7.4) and
immediately treated with thiobarbituric acid and
placed in a boiling water bath for 12 min. This pro-
cedure was followed by butanol extraction and sub-
sequent reading of the supernatants at 532 nm. The
equivalent malondialdehyde (MDA) concentration
was calculated on the basis of the molar extinction
coefficient of the MDA-thiobarbituric acid complex
(1.56× 105M−1· cm−1). A standard curve was pre-
pared using 1,1,3,3-tetraethoxypropane. The curve
was linear between 0.01 and 1.5 nmoles of MDA.
Data are expressed as nmole MDA per mg protein.
Preparation of Liver Microsomes —— The liver
was suspended in 25% homogenizing buffer in ice-
cold 1.15% KCl/50 mM Tris-HCl/1 mM EDTA (pH
7.4), homogenized and centrifuged at 10000 g at
4◦C for 20 min. The resulting supernatant was cen-
trifuged at 105000 g for 1 hr at 4◦C and the microso-
mal pellet was suspended in 0.1 M potassium phos-
phate buffer (pH 7.4).
Fatty Acid Analysis —— Extraction of fatty acids
from phospholipids of liver microsomes was per-
formed using the method of Folch et al.22) Ex-
tracted fatty acids were applied to silica gel G
Thin layer chromatography (TLC) plates. After
the application, solvent was allowed to dry and the
plate was fully developed to 18 cm in acetone/acetic
acid/water (100 : 2 : 1, by vol.). The lipid classes
were visualized by spraying the plates with rho-
damine 6G (0.02% in 95% ethanol) and exposing
the plates to ultraviolet light. All of the silica in
phospholipid band was scraped into 10-ml screw-
capped tubes (Teflon-lined caps) and refluxed with
3 ml of 6% HCl in methanol and 40 µl of inter-
nal standard (heptadecanoic acid, C 17:0, Nu Chek,
Elysian, MN, U.S.A.) and transmethylated at 75◦C
for 2 hr. The tubes were cooled on ice and 2 ml
of hexane and 1 ml of 0.1 M KCl were added, and
the tubes were vortexed for 1 min and centrifuged
at 1000 rpm for 10 min. The hexane extract (upper
phase) was passed through a sodium sulfate column
and was concentrated under a stream of nitrogen for
gas chromatography (GC) analysis.

Fatty acid analysis was performed with a
Hewlett-Packard 5890 GC using a flexible fused
capillary column [30 m× 0.25 mm internal diame-
ter (I.D.): thickness 0.25µm, J & W Scientific, Fol-
som, CA, U.S.A.]. The column temperature was
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Fig. 1. The Effect of Acetaminophen on GPT (A), GOT (B), Hepatic GSH (C) and TBARS (D) Levels
Abbreviations: Group 1, 7% soybean oil for 6 weeks; Group 2, 7% soybean oil for 2 weeks + 15% soybean oil for 4 weeks; Group 3, 7% soybean

oil for 2 weeks + 7% beef tallow for weeks; Group 4, 7% soybean oil for 2 weeks + 15% beef tallow for 4 weeks; GA, gum arabic vehicle injected to
control group; APAP, acetaminophen injected to case group. Each bar represents the mean ± S.E. (n = 6). Different letters (a, b & c) indicate significant
difference among APAP groups (∗p < 0.05, ∗∗ p < 0.01).

programmed to begin at 205◦C for 20 min and then
increase at a rate of 3◦C/min to a final temperature
of 220◦C, which held for 3 min. The injection port
temperature was 250◦C and the detector was 260◦C.
Fatty acid values were presented as µmole % which
represents the area under the chromatograph identi-
fied as a particular fatty acid based on its retention
time when compared to the internal standard.
Statistical Analysis —— All data were presented
as mean ± S.D. The data were analyzed with non-
parametric method due to small sample sizes us-
ing Statistical Analysis System (SAS) computer-
based statistics programs (SAS Institute, Cary, NC,
U.S.A.). Kruskal-Wallis tests and the Wilcoxon
rank sum tests were performed for one-way analysis
of variance and statistical differences between two
groups, respectively. Correlations between vari-
ables were done using Pearson’s correlation coef-
ficient. Differences with p < 0.05 were considered
statistically significant.

RESULTS

Body Weight and Liver Weight per 100 g Body
Weight

There were no significant differences in the ini-
tial and final body weights between different di-
etary groups, which increased approximately from
226 to 330 g after the 6 week feeding period (data
not shown). There were no significant differences
in liver weight per 100 g body weight, ranged from
2.71 to 3.06 g among the groups (data not shown).

Plasma GPT and GOT Concentrations
Plasma GOT and GPT levels increased signifi-

cantly after acute intoxication with acetaminophen
in animals fed soybean oil (Fig. 1A and 1B). In
contrast, animals fed beef tallow showed no sig-
nificant differences after acetaminophen challenge
compared to gum arabic-injected control animals
(Fig. 1A and 1B). Moreover, diets with beef tal-
low showed significantly reduced levels of GPT and
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Table 2. Fatty Acid Composition of Phospholipids in Liver Microsomes

Fatty acid 2 week 6 weeks
Group 0 Group 1 Group 2 Group 3 Group 4 P value1)

(µmole %)
C14:0 0.51± 0.62 0.52± 0.93 1.44± 1.62 2.37± 1.77 1.15± 0.82 0.153
C16:0 22.6 ± 3.08b 26.2 ± 3.47a 21.1 ± 0.79b 22.7 ± 2.60b 21.6 ± 1.87b 0.029
C16:1 0.54± 0.28b 0.86± 2.49b 0.59± 0.45b 1.34± 1.83ab∗∗ 1.50± 0.69ab∗2) 0.043
C18:0 20.7 ± 3.59b 20.3 ± 1.93b 23.4 ± 0.52a∗ 21.0 ± 2.97ab 23.8 ± 1.78a 0.018
C18:1 2.72± 0.48b 2.15± 0.67b 1.65± 0.30b∗ 5.80± 1.39a∗ 6.71± 0.73a∗∗ 0.0001
C18:2 13.2 ± 0.82a 13.3 ± 1.80a 14.6 ± 0.93a 7.11± 1.28b∗∗∗ 7.76± 1.19b∗∗ 0.0001
C18:2/C18:13) 5.00± 1.22b 5.97± 1.31b 8.43± 1.37a∗∗ 1.74± 1.14c∗∗ 1.37± 0.16c∗∗ 0.0001
C18:3 0.12± 0.13 0.13± 0.17 0.18± 0.15 0.21± 0.23 0.19± 0.19 0.179
C20:4 28.4 ± 5.49a 28.7 ± 4.41a 29.4 ± 2.93a 25.5 ± 2.78b 26.6 ± 1.32ab 0.024
C20:5 n-3 0.96± 0.69 1.07± 0.98 1.27± 1.02 1.63± 1.78 1.53± 0.99 0.169
C22:6 n-3 2.21± 1.96 2.16± 1.63 2.35± 1.36 2.39± 2.35 2.64± 1.89 0.175

Values are means ± S.D. 1) p value by Kruskal-Wallis test. Different superscripts for (a, b, & c) each fatty acid mean significantly different
levels among groups. 2) ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 compared with group 0 (2 weeks) and each group after 6 weeks by Wilcoxon
Rank Sum test. 3) The ratios of linoleic acid to oleic acid.

GOT compared to diets with soybean oil. Regard-
less of the amount of dietary fats, diet with beef tal-
low protected against liver injury as judged by the
increase in plasma activity of liver-specific marker
enzymes after acetaminophen-induced intoxication.

Hepatic GSH and TBARS Concentrations
Within the same diet groups, liver GSH con-

centrations of acetaminophen-injected groups were
significantly lower in animals fed soybean oil
(Fig. 1C). Lipid peroxidation measured by TBARS
was significantly reduced in animals fed beef tallow
compared to soybean oil, irrespective of amounts of
dietary fats (Fig. 1D). Pearson’s correlation analysis
showed that hepatic GSH levels had negative corre-
lation with lipid peroxidation measured by TBARS
in the same animal groups (r = −0.7093, p =
0.0007) (data not shown).

Fatty Acid Composition of Liver Membranes
Because the type and amount of dietary fat are

reflected in tissue fatty acid profiles, fatty acid com-
positions were determined for phospholipids in liver
microsomes (Table 2). Soybean oil-fed rats showed
significantly much higher 18:2 n-6 and much lower
18:1 n-9 than beef tallow-fed animals. Beef tal-
low fed animals showed more than 2-fold increase
in 18:1 n-9 and a 50% decrease in 18:2 n-6 after
4 weeks of feeding. Thus, the feeding regimens
changed the ratio of 18:2 n-6 to 18:1 n-9 in liver
phospholipid approximately 4- to 6-fold and pro-
duced modest changes in arachidonic acid (20:4 n-
6). Change in amounts of soybean oil from 7%

to 15% showed significant higher 16:0 and lower
18:0 and 18:2/18:1 in 7% than 15% soybean oil-fed
group. However, no significant differences were ob-
served in tissue the fatty acid compositions between
7% and 15% diets with beef tallow.

DISCUSSION

This present study hypothesized that diets with
high SFA (beef tallow) prevent liver injury after
acetaminophen challenge when compared to diets
with high PUFA (soybean oil) by changing the fatty
acid composition of membrane phospholipids. We
also tested whether these effects are dependant on
the quantity of dietary fats. The results indicate
that acetaminophen hepatotoxicity was significantly
lower in rats fed diets containing high SFA, that
is, low PUFA compared to rats fed diets contain-
ing high PUFA. This protective effect was mani-
fested in the concentrations of liver-specific mark-
ers. Animals fed PUFA had significantly elevated
plasma GPT and GOT levels as well as TBARS lev-
els and decreased GSH levels after acetaminophen
challenge, which was not dependent on the amounts
of dietary fats. Although the mechanism of these
effects is unclear, these effects may be related to the
observed changes in membrane fatty acid composi-
tion. The feeding of soybean oil changed the ratio of
linoleic to oleic acids in liver phospholipid approxi-
mately 4- to 6-fold higher than beef tallow diet.

Although it is sometimes controversial regard-
ing the relationship between dietary fats and lipid



No. 4 409

profiles such as total cholesterol, triacylglyceride
(TG), low-density lipoprotein (LDL), and high-
density lipoprotein (HDL),23–25) PUFA-rich diets
generally provide better lipid profiles than SFA-
rich diets and have beneficial effects on risk factors
for atherosclerosis and cardiovascular disease.26, 27)

However, in our study, since we focused on SFA
protection and PUFA deterioration in drug-induced
toxicity model by dietary fats we avoided to repeat
the measurement of general lipid profiles.

Fatty acid composition of cellular membranes
and, in particular, the MUFA and PUFA content
are highly dependent on the fat composition of the
diet by de novo synthesis or by elongation from di-
etary precursors.15, 28) This was particularly signifi-
cant with 18:1 n-9 and 18:2 n-6 in our data. In liver
membranes from rats fed soybean oil, levels of 18:2
were 2- to 3-fold those found in liver membrane
from beef tallow fed rats and 18:1 n-9 showed oppo-
site trends. These differences in membrane compo-
sition may cause alterations in enzyme activity and
subsequent differences in drug metabolism and tox-
icity by altering membrane conformation and flu-
idity.29, 30) Moussa et al.31) suggested that lympho-
cyte phospholipid preferentially stimulated the syn-
thesis of MUFA, especially 18:1 n-9, by increas-
ing Δ9-desaturase activity rather than SFA uptake
in SFA-rich coconut-oil diets. Some evidence have
supported suppressive synthesis of 18:1 n-9 by n-
6 PUFA rich diet28) and inhibitory activity of Δ9-
desaturase by an excess of linolenyl-CoA, which
is metabolized from 18:2 n-6.32) Saito et al.33) re-
ported that 14 days feeding of 15% and 25% lard
or sardine oil did not produce any significant differ-
ences in liver microsomal fatty acid composition.

The changes in microsomal fatty acid composi-
tion in rats fed SFA diet, which is low in 18:2 n-
6 may be related to the hepatoprotective effect of
this diet. French et al.7) supported this hypothesis
by showing that a diet low in 18:2 n-6 prevented
the fatty acid changes (e.g., reduction in 20:4 n-6)
seen with ethanol feeding and protected against mi-
tochondrial fragility caused by ethanol ingestion.2)

Several workers have suggested, in part, possible
mechanisms that dietary 18:2 n-6 level was a major
factor in influencing oxidative stress. More intake
of corn oil ( 5–70% of total energy intake) produced
more 18:2 n-6, which easily oxidizes and generates
cytotoxic products, such as linoleic acid hydroper-
oxides,34) or 4-hydroxy-2-(E)-nonenal,35) elevated
oleic acid may exert antioxidant effects on lipid per-
oxidation, acting as a competitive inhibitor of oxida-

tion of PUFA.36, 37) Although oleic acid can undergo
oxidation with one double bond, they can not am-
plify propagative reactions due to their lack of mul-
tiple double bonds and thus their rate of oxidation
is much less than that of PUFA. PUFA are excellent
targets for lipid peroxidation because the formation
of free radical is propagated to amplify the reaction.
Recently mounting evidences have shown that diets
with high 18:1 n-9 and low 18:2 n-6 may be protec-
tive effects against diseases.15, 37–39)

Reduction of 20:4 n-6 may decrease the forma-
tion of eicosanoids and promote less free radical
generation.7, 9) Nanji et al.8, 9) also suggested that
this hepatoprotective effect might be caused by di-
minishing the availability of substrate for lipid per-
oxidation in the liver with substitution of PUFA
with SFA. Therefore, decreased levels of this perox-
idizable fatty acid may account, in part, for the ab-
sence of liver injury. Moreover, 20:4 n-6 might con-
tribute to increased oxidation in animals fed corn oil
rich in 18:2 n-6.6) They also suggested that corn oil-
fed animals had low scavenging capacity to quench
free radicals and the low resistance to peroxida-
tion when compared to animals fed more SFA diets.
Nanji et al.10, 40) showed that both prostaglandin E2

and 6-keto-prostaglandin F1α were reduced in liver
nonparenchymal cell, which was related to patho-
logical liver injury in rats fed corn oil and ethanol.
Acetaminophen-induced liver injury in vivo was
significantly reduced by prostacyclin which is con-
sidered to be cytoptotective.10, 40, 41)

We examined our hypothesis that PUFA may
result in increased levels of lipid peroxidation. In
view of significantly higher values of biochemical
markers of liver damage (e.g. increased plasma lev-
els of GPT, GOT and TBARS) as well as decreased
GSH levels, it is supported that PUFA can induce
liver injury. Models of drug-induced liver toxicity
involve at least four different components, including
increased levels of cytochrome P-450; provision of
substrate that generate free radicals; targets suscep-
tible to free radical damage; and deletion of cellular
antioxidants.

Liver toxicity caused by acetaminophen is due
to the formation of a toxic metabolite by the cy-
tochrome P-450 system, a system known to be
susceptible to dietary manipulation. Some ev-
idence14, 17, 33, 42) have shown that increased cy-
tochrome P-450 levels, especially 2E1, and micro-
somal MFO activity in animals fed PUFA compared
to SFA might account, in part, for the liver injury.



410 Vol. 56 (2010)

This isoenzyme induction by PUFA is involved in
the activation of N-acetyl-p-benzoquinoneimine, an
acetaminophen metabolite, and thus enhances ac-
etaminophen toxicity. In another study, we im-
munoblotted protein levels of cytochrome 2E1 after
15% (wt/wt) corn oil, olive oil, and beef tallow for 6
weeks. Treatment with acute acetaminophen signif-
icantly induced cytochrome 2E1 levels in corn oil-
fed rats (3-fold increase compared to vehicle con-
trol), but not in olive oil- and beef tallow-fed rats
(unpublished data, Hwang et al.). Yoo et al.43) re-
ported that 20% corn oil or linoleic acid equivalent
increased in the concentration of cytochrome P-450
2E1 by 2- to 3-fold. Specifically, 18:2 n-6 as well as
the highly unsaturated, long chain fatty acids found
in the fish oils (EPA and DHA) have all been shown
to be important in this respect.17, 33)

Dietary fat may alter the activity of cytochrome
P-450 by altering its intramembrane positioning,
which may increase its reactivity with substrates.15)

The fatty acid composition of the cell membrane
is highly susceptible to dietary manipulation, and
changes in fatty acid occurred in endoplasmic retic-
ulum after only 1–2 days in rats44) and in red
blood cell membranes after 2 weeks in pigs45) after
switching to experimental diets. Berlin et al.45) also
found that (n-6) fatty acids increased the membrane
fluidity more than (n-3) fatty acids.

PUFA are the principal chemical species vul-
nerable to free radical-initiated lipid peroxidation
damage. Increasing PUFA intake may raise the
cell membrane PUFA content and peroxidizability
and changing PUFA intake resulted in a signifi-
cant change in microsomal lipid peroxidation. Us-
ing an in vitro hepatocyte culture model, Lamb et
al.46) showed that ethanol-dependent decreases in
cell function were potentiated by 18:2 n-6 and re-
duced by SFA (16:0). They proposed that PUFA
but not SFA of membrane phospholipids were crit-
ical targets of active oxygen species such as hy-
droxyl radicals and superoxide anions. Therefore,
increased PUFA intake may partially contribute to
the increased tissue TBARS concentrations in rats
fed a soybean oil diet.

GSH depletion can markedly compromise the
overall antioxidant system because glutathione
metabolism appears to be a crucial component of
the overall defense against oxidative stress within a
cell.25, 37, 47) Our results showed that hepatic GSH,
which was measured after intoxication with ac-
etaminophen, was significantly lower in soy-
bean oil fed animals than counterpart of those

groups (Fig. 1). In fact, liver levels of GSH
were decreased in the same animal groups which
showed increased lipid peroxidation measured by
TBARS (r = −0.7093, p = 0.0007). There
are mounting evidences that GSH levels have
inverse relationship with toxicity markers such
as GPT/GOT/TBARS/MDA as well as lactate
dehydrogenase (LDH).48–53) For examples, El-
Missiry et al.48) reported the reverse relation-
ship between GSH and GPT/GOT/TBARS/LDH
in acute Adriamycin-induced cardiac and hepatic
toxicity rat model and the other colleagues49, 50)

reported the reverse relationship between GSH
and GPT/GOT/LDH in acute carbon tetrachloride-
induced hepatotoxicity mice models.

However, McDanell et al.54) reported that 10%
butter diets were significantly higher toxic ef-
fects of acetaminophen than those from PUFA-rich
margarine-fed rats by measuring leakage of LDH.
Although it is controversial yet, mounting opposite
evidences have been recently accumulated. For ex-
amples, Diniz et al.23) reported that there was no dif-
ference of LDH leakage in SFA- and PUFA-fed rats
for 5 weeks, showing that PUFA diet resulted in the
highest levels of myocardial lipoperoxide and lipid
hydroperoxide and decreased superoxide dismutase
and catalase activities. Using pulmonary artery en-
dothelial cells in vitro, treatment with 0.1 mmol/l
18:1 (beef tallow has more 18:1 than soybean oil) at-
tenuated H2O2-mediated LDH release but the same
dose of 18:2 and 18:3 potentiated cytotoxicity.55)

In addition, Nanji and his colleagues8–10, 29, 50) have
accumulated considerable evidences that SFA pro-
tect against alcohol-induced liver disease, whereas
PUFA augment alcohol-induced hepatic fibrosis and
necrosis in humans and animals. Collectively,
PUFA has dual roles; beneficial effect on cardio-
vascular disease and deleterious effect on oxida-
tive stress. Therefore, despite the study of Mc-
Danell et al.,54) it is not hard to conclude that SFA-
rich diets prevent acetaminophen-induced hepato-
toxicity compared to PUFA-rich diets with only
GPT/GOT/TBARS/GSH data.

Another possible explanation for hepatoprotec-
tive effect of beef tallow is due to changes in TG
levels. A decrease in hepatic phospholipid 20:4 n-6
would allow enhanced TG synthesis, because 20:4
n-6 reduces hepatic TG synthesis.56) The decrease
in 20:4 n-6 in beef tallow fed groups may be one
possible mechanism for hepatoprotective effect in
these groups. Nanji et al.57) supported this evidence
by showing that 20:4 n-6 could not be synthesized
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to act as a target for free radical attack because beef
tallow had very low 18:2 n-6.

In conclusion, data from the present study con-
firm that high PUFA diet can lead to increased in
vivo susceptibility to hepatotoxicity, compared to
rich SFA diet, irrespective of the amount of di-
etary fats. Furthermore, our data suggested that this
high SFA diet had marked protection against the
hepatotoxicity of acetaminophen by changing the
fatty acid composition of membrane phospholipids,
which aggravated the enhanced liver injury result-
ing from feeding diets high in PUFA. Many types
of injury to cells involve production of free radicals
or reactive oxygen species mostly caused by PUFA,
which are now regarded as more healthful for the
cardiovascular system and Reference Daily Intake.
A clear demonstration that the fatty acids present in
beef fat help reduce this kind of injury could lead to
better understanding of what constitutes a healthy
diet. Other types of dietary fats such as olive oils
and/or chronic drug-induced hepatotoxicity need to
be investigated for future study.
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