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ABSTRACT

Hepatic changes induced by phenethyl isothiocyanate (PEITC) in the liver of rats were determined by
quantitative microscopy. Groups of male Fischer-344 rats were fed either a standard, cereal-based diet (Wayne
rodent meal) or a purified diet (AIN-76A) containing PEITC at concentrations of 0.75 and 6.0 mmol/kg for
13 wk. Severe hepatic lipidosis was observed in control rats fed the purified diet. Addition of PEITC to the
purified diet significantly reduced lipid content in hepatocytes. In contrast, lipid content in the liver of the
rats fed the cereal-based diet containing PEITC was greater than in control rats maintained on the same diet.
In addition, dose-related reductions in hepatocyte, lipid droplet, peroxisome, and mitochondrial volumes
were observed in PEITC-treated rats fed the cereal-based diet. These results indicate that PEITC exerts
differential effects on the liver of rats fed either the cereal-based or purified diet.
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INTRODUCTION

Phenethyl isothiocyanate (PEITC) occurs natu-
rally as a glucosinolate (gluconasturtiin) in crucif-
erous and other related plants (21, 22). Gluconas-
turtiin yields PEITC upon hydrolysis catalyzed by
thioglucosidase, an enzyme present in these plants
and in the intestinal flora of animals (15). Recent
studies have demonstrated that PEITC has a marked

inhibitory activity toward nitrosamine-induced lung
tumorigenesis in rats and mice and esophageal tu-
morigenesis in rats (13, 14, 20). Ideally, an inhibitor
of chemical carcinogenesis should be effective at
nontoxic concentrations. Previously reported data
on the potential toxic effects of PEITC are limited
(1, 6, 14, 17). An earlier report (1) from this labo-
ratory details the toxicological evaluation of PEITC
in Fischer-344 (F-344) rats after single treatment by

gavage and continuous treatment in the diet for 13
wk. The results of the dietary subchronic study sug-
gested that the liver may be a target organ for PEITC
effects. Any potential toxic effects of PEITC were
difficult to assess because the AIN-76A purified diet,
used extensively in carcinogenesis and chemoprev-
ention research, caused a marked hepatic lipidosis,
predominantly in the periportal region of the liver.
The addition of PEITC to the purified diet resulted
in a reduction of lipids in the periportal region and
a mild to moderate increase of lipid deposition in
hepatocytes around the central vein. Morphometric
analysis of rat liver from this 13-wk study further
demonstrated the attenuated fatty change associated
with the presence of PEITC in the purified diet (6).

Based on these results, a morphometric study was
conducted to evaluate ultrastructural changes in the
liver of rats administered PEITC in the Wayne ce-
real-based diet or in the AIN-76A purified diet. A
random panlobular morphometric sampling scheme
was applied to standardize for the differential lob-
ular response previously observed and to optimize
the chance of detecting significant compound-relat-
ed effects.
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METHODS AND MATERIALS

Chemicals and Diets. PEITC (99% purity, MW
163.24, density 1.094) was purchased from Aldrich
Chemical Company (Milwaukee, WI). The AIN-76A
purified diet was supplied by Teklad Diets (Madi-
son, WI). Wayne rodent meal (#8640), the cereal-
based diet, was purchased from Wayne Research
Animal Care (Chicago, IL).
Animals. F-344 rats were obtained from Harlan

Sprague Dawley, Inc. (Indianapolis, IN). The rats
were 5-6 wk of age and weighed approximately 100
g when the study was initiated. Animals were housed
2 per cage in an environmentally controlled room
(20° ± 2°C; 55 ± 15% relative humidity, 10-12 fresh
air changes per hour; and a 12-hr light/dark cycle).
Rats were acclimated to the laboratory for 7 days
prior to initiation of experimental procedures.

Preparation of Test Diets. Specified amounts of
PEITC were added to the Wayne meal and the AIN-
76A diet and mixed in a Hobart mixer to ensure
proper homogeneity. Test diets were prepared every
2 wk and stored at 4°C until use.

Experimental Design. Groups of 6 male rats were
fed either the AIN-76A purified diet or the Wayne
rodent meal containing PEITC at a concentration
of 0, 0.75, or 6.0 mmol/kg for 13 wk. The dosage
levels of PEITC were selected based on a previous
13-wk study of PEITC in F-344 rats (1, 6, 14). Cal-
culated average daily intake of PEITC was 8 and 67
mg/kg body weight in the groups fed the Wayne diet
containing 0.75 and 6.0 mmol/kg PEITC, respec-
tively. Correspondingly, the average daily intake was
7 and 56 mg/kg body weight of PEITC in the treat-
ment groups fed the AIN-76A diet. Diet and tap
water were provided ad libitum throughout the study.
The rats were observed daily for overt signs of tox-
icity. Body weight and food consumption were mea-
sured weekly.

Tissue Preparation, Electron Microscopy, and

Morphometry. Following 13 wk of treatment, the
rats were sacrificed with carbon dioxide and nec-

ropsies were performed. Livers were weighed and
examined macroscopically. Liver tissue from 4 an-
imals per group was collected and processed for elec-
tron microscopic examination and morphometric
analysis. A small piece of tissue was removed from
the liver of each animal; immersed in a modified
Kamovsky’s fixative consisting of 2% glutaralde-
hyde, 2% paraformaldehyde in 0.2 M cacodylate
buffer at 705 milliosmoles and pH 7.3; minced into
1-mm3 blocks; fixed in 1 % osmium tetroxide; de-
hydrated in a graded ethanol series; and embedded
in Spurr’s resin. Thick sections ( Am) were cut using
a Reichert Om-U2 ultramicrotome with a glass knife
and stained with Toluidine blue. Thin sections were
cut using a diamond knife, poststained with uranyl

acetate and lead citrate, and examined in a Zeiss
EM IOCA electron microscope at 80 kV.
Four tissue blocks from each animal were selected

for the quantitative assessment of liver changes. Cel-
lular parameters were measured by light microscopy
at a final magnification of x 2,830 on 4 randomly
selected fields per thick section per block. A

BioQuant Advanced System IV image analysis sys-
tem with a calibrated video overlay was utilized to
interface with the light microscope. Approximately
8 electron micrographs per block, taken at x 4,000
and enlarged to a final magnification of x 20,000,
were used to determine subcellular parameters. Cal-
ibration was monitored with a grating replica pho-
tographed with each set of negatives. Approximately
384 fields from the thick sections and 750 electron

micrographs were used to generate the data pre-
sented. The morphometric formulas were based on
Weibel et al (23) and adapted for our laboratory
computer (7). Differences between groups were de-
termined using one-way analysis of variance (ANO-
VA) at a significance level of 5%.

RESULTS

Hepatocyte Morphology
Low-magnification electron micrographs of rat

liver from each group are shown in Fig. 1. Hepa-
tocytes from rats fed the control cereal-based Wayne
diet alone or with either 0.7 5 or 6.0 mmol/kg PEITC
are shown in Fig. 1 A-C, respectively. Hepatocytes
from the PEITC treatment groups had a higher lipid
droplet content than the control diet group (Fig. 1 A).
Liver of animals from the 0.75-mmol/kg PEITC
group had more lipid droplets than the 6.0-mmol/
kg PEITC group. Hepatocytes from rats fed the con-
trol purified AIN-76A diet are shown in Fig. 1 D.
The AIN-76A diet produced a marked increase in
hepatic lipid accumulation compared to the Wayne
diet-fed animals. Liver cells from rats fed the pu-
rified AIN-76A diet with 0.75 mmol/kg PEITC are
shown in Fig. 1 E. Addition of 0.7 5 mmol/kg PEITC
reduced the quantity of lipid droplets compared to
the control animals in the same group (Fig. 1 D).
Hepatocytes from rats fed the purified AIN-76A diet
with 6.0 mmol/kg PEITC (Fig. IF) showed a further
reduction of lipid droplets compared to the 0.75-
mmol/kg PEITC dose level or the AIN-76A control
groups. A summary of the hepatic cellular and sub-
cellular morphologic changes is provided in Table I.

Cell and Nuclear Ijolume Morphometric
Parameters

The mean hepatocyte volume was significantly
reduced by 14 and 23% in rats fed the Wayne diet
containing PEITC at concentrations of 0.7 5 and 6.0
mmollkg, respectively (Fig. 2A). Mean hepatocyte
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FIG. 1.-Representative electron micrographs of all treatment groups. x 1,600. A) Hepatocytes from rats fed the cereal-
based Wayne diet. B) Hepatocytes from rats fed the Wayne diet with 0.75 mmol/kg PEITC. C) Hepatocytes from rats
fed the Wayne diet with 6.0 mmol/kg PEITC. D) Hepatocytes from rats fed the purified AIN-76A diet. E) Hepatocytes
from rats fed the purified AIN-76A diet with 0.75 mmol/kg PEITC. F) Hepatocytes from rats fed the purified AIN-76A
diet with 6.0 mmol/kg PEITC.
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FIG. 2.-Morphometric hepatic changes induced by PEITC in F-344 rats. A) Comparison of the effects of PEITC
treatment on mean cell volume (>m3) and mean nuclear volume (AM3) in liver of rats fed either the Wayne or AIN-76A
purified diet. B) Comparison of the effects of PEITC treatment on lipid droplet volume (>m3) per cell and lipid volume
fraction (%) per cell in the liver of rats fed PEITC in the Wayne diet or in the AIN-76A purified diet. C) Comparison
of the effects of PEITC treatment on peroxisome number per cell and the mean volume per peroxisome (gM3) in
hepatocytes of rats administered PEITC in the Wayne diet or in the AIN-76A purified diet. D) Comparison of the effects
of PEITC treatment on peroxisome volume per cell (AM3) and the volume fraction percentage per cell in hepatocytes of
rats administered PEITC in the Wayne diet or in the AIN-76A purified diet. E) Comparison of the effects of PEITC
treatment on the mean number of mitochondria per cell and the mean volume per mitochondria (¡.Lm3) in hepatocytes
of rats exposed to PEITC in the Wayne diet or in the AIN-76A purified diet. F) Comparison of the effects of PEITC
treatment on the mean mitochondria volume (>m3) per cell and the mean mitochondria volume fraction percentage per
cell in hepatocytes of rats fed PEITC in the Wayne diet or the AIN-76A purified diet. Error based on histograms represent
±standard errors of the mean for each parameter measured. *Statistically significant versus the corresponding control
group (p < 0.05; one-way ANOVA); &dquo;Statistically significant versus the Wayne control diet group (p < 0.05: one-way
ANOVA).
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volume in the Wayne diet control animals was 7,085
,urn3 compared to 6,101 and 5454 wm3, respectively,
in the low- and high-dose PEITC-treated animals.
Hepatocyte volume in control rats fed AIN-76A diet
was 5,561 ,um3, a significant reduction when com-
pared to 7,085 wm3 observed in control rats fed the
Wayne diet. The AIN-76A-fed rats treated with
PEITC did not show significant differences in mean
hepatocyte volume from their respective controls.
The mean nuclear volume decreased by 8 and

19% in rats fed the Wayne diet containing PEITC
at 0.75 and 6.0 mmol/kg, respectively; the mean
nuclear volume in the high-dose PEITC group, 285
~.m3, was significantly reduced when compared to
controls, 352 ~,m3 (Fig. 2A). Addition of PEITC to
the AIN-76A diet did not induce significant changes
in the cell or nuclear volume (Fig. 2A). The AIN-
76A-fed group treated with PEITC did not show

significant differences from the control group for
nuclear volume.

Lipid Droplet Morphometric Parameters

Figure 2B summarizes the results of morpho-
metric lipid droplet parameters. Significant differ-
ences in lipid droplet content were observed be-
tween the control Wayne and control AIN-76A diet
groups as well as within groups administered PEITC.
The mean lipid droplet volume per cell in rats fed
the Wayne diet was the lowest of any of the groups,
that is, 2.8 ,m3 per cell or 0.04% of the total cell
volume. The addition of PEITC to the Wayne diet
resulted in differential effects depending on the dose.
At 0.75 mmol/kg PEITC, the mean lipid droplet
volume per cell increased to 17.7 ~,m3, or 0.30% of
the total cell volume. In contrast, at 6.0 mmol/kg
PEITC, the mean lipid droplet volume per cell de-
creased to 10.9 ,m3, or 0.22% of the total cell vol-
ume. The mean lipid droplet volume per hepatocyte
of rats fed the AIN-76A diet was more than 70-fold

greater than that of rats fed the Wayne diet (Figs.
1 A, D, and 2B). The mean lipid droplet volume per
cell increased from 2.8 to 211 ,um3, and the mean
lipid droplet volume fraction increased from 0.4 to
4.2% in rats fed the AIN-76A purified diet.
PEITC in the AIN-76A diet caused an inverse

dose response for lipid droplet formation (Fig. 2B).
The mean lipid droplet volume per cell was reduced
from 211 AM3 in control animals to 45.5 ~m3 in rats
treated with 0.75 mmol/kg PEITC; these changes
correspond to a reduction in mean lipid droplet vol-
ume per cell from 4.20% in controls to 0.80% in the
low-dose group. At 6.0 mmol/kg PEITC, the mean
hepatocyte lipid droplet volume was further reduced
to 12.7 gM3, corresponding to a 0.25% lipid droplet
volume per cell.
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Peroxisome Morphometric Parameters
Peroxisome morphometric parameters are shown

in Fig. 2C and D. In rats fed the Wayne diet, the
mean peroxisome number per cell was not signifi-
cantly different after PEITC treatment. However,
the mean number of peroxisomes per cell showed
slight dose-related increases from 971 in controls to
1,075 and 1,150 in the 0.75- and 6.0-mmol/kg
PEITC dose groups, respectively (Fig. 2C). Mean
peroxisome volume significantly decreased in the
PEITC-treated groups. Mean peroxisome volume
was 0.117 AM3 in control animals and was reduced
by 42 and 45% to 0.068 and 0.066 AM3 in the low-
and high-dose PEITC groups, respectively (Fig. 2C).

In rats fed the AIN-76A diet, the mean number
of peroxisomes per cell was greater than in Wayne
diet animals, 1,306 compared to 971, respectively.
AIN-76A-fed rats treated with PEITC showed a
slight, but not statistically significant, change in the
mean number of peroxisomes per cell, from 1,306
in control to 1,042 and 1,447 in the 0.75- and 6.0-
mmol/kg PEITC dose levels, respectively (Fig. 2C).

In the Wayne-fed groups, the mean volume per
peroxisome was reduced from 0.117 ,um3 in controls
to 0.068 and 0.066,4m’ in the 0.75- and 6.0-mmol/
kg PEITC dose groups, respectively. The mean vol-
ume per peroxisome of the AIN-76A group did not
change with PEITC treatment at either dose (Fig.
2C). The mean volume per peroxisome in control
animals of the AIN-76A diet was 0.057 wm3 com-
pared to 0.117 4m’ in the Wayne-fed control rats
(Fig. 2C). The mean peroxisome volume per cell in
animals fed the Wayne diet showed a reduction from
105 ,um3 in control rats to 72 and 73 AM3 , respec-
tively, in the 0.75- and 6.0-mmol/kg PEITC treat-
ment groups (Fig. 2D). In the AIN-76A-fed control
rats, the mean peroxisome volume per cell was 74
,um3, a significant reduction from the Wayne-fed
animals, 105 Mm3. The mean peroxisome volume
per cell was not significantly different in the rats fed
the AIN-76A diet containing PEITC.
The mean peroxisome volume fraction per cell of

rats fed the control Wayne diet was 1.56% (Fig. 2D).
The peroxisome volume fraction was not changed
by the addition of PEITC to the diet. In the AIN-
76A-fed rats, the 0.75-mmol/kg PEITC treatment
produced a significant decrease in mean peroxisome
volume fraction per cell to 1.11 % compared to 1.47%
in the control group (Fig. 2D). The mean peroxi-
some volume percent fractions per cell of the Wayne
and AIN-76A control groups were not statistically
different.

Mitochondria Morphometric Parameters
The mitochondria morphometric parameters are

shown in Fig. 2E and F. The mean number of mi-

tochondria per hepatocyte in control rats fed Wayne
diet was 3,765 (Fig. 2E). Rats fed the Wayne diet
containing PEITC showed no significant change in
the number of mitochondria per cell. In the Wayne-
fed groups, the mean volume per mitochondria was

significantly decreased from 0.30 ¡.Lm3 in controls to
0.23 and 0.20 AM3 in the 0.75- and 6.0-mmol/kg
PEITC treatment groups (Fig 2E).
Among the AIN-76A-fed rats, the mean number

of mitochondria per hepatocyte was increased in
both PEITC treatment groups; however, only the
0.75-mmol/kg PEITC group showed a significant
increase, that is, 3,109 compared to 2,602 in the
control group (Fig. 2E). The mean number of mi-
tochondria per cell in the AIN-76A control group
was significantly lower than in the Wayne control
group, that is, 2,602 compared to 3,765, respec-
tively.
The mean volume per mitochondria in rats fed

AIN-76A diet decreased from 0.32 ~.m3 in the con-
trols to 0.21 ,um3 in the 6-mmol/kg PEITC (Fig 2F).
No significant differences were observed in the mean
mitochondria volume between the control groups
of the Wayne- and AIN-76A-fed animals.

In rats fed the Wayne diet, PEITC treatment
caused a dose-dependent decrease in the mean mi-
tochondria volume per cell (Fig. 2F). The mean mi-
tochondria volume per cell in the control group was

1,007 4m’ compared to 843 and 690 4m’ in the
0.75- and 6.0-mmol/kg PEITC treated groups, re-
spectively (Fig 2F). In rats fed the AIN-76A diet,
only the 6.0-mmol/kg PEITC dose group showed a
decrease in the mean mitochondrial volume per cell,
669 AM3, compared to 813 ~,m3 per cell in the control
group. The mean mitochondria volume per cell in
the AIN-76A group, 813 UM3, was significantly low-
er than in the Wayne-fed group, 1,007 ,um3.
The mean mitochondria volume fraction per cell

was not significantly changed in any of the Wayne
diet groups (Fig. 2F). The mitochondria volume
fractions were 15.0, 14.7, and 13.3% for the control
and the 0.75- and 6.0-mmol/kg PEITC dose groups,
respectively. In the AIN-76A groups, only the high
PEITC dose group showed a significant decrease in
the mean mitochondria volume fraction, 13.0%
compared to 16.4% observed in the control group
(Fig. 2F). Comparison of the mean mitochondria
volume fraction per cell for the Wayne and AIN-
76A diet control groups revealed no significant dif-
ferences for this parameter.

DISCUSSION

A major observation in this study was severe fatty
change in the liver of control rats fed the AIN-76A
diet compared to the cereal-based Wayne diet. The
percentage of lipid droplet volume per cell was more
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than 100-fold greater in rats fed the purified diet
than in control rats fed the Wayne diet. These results
were consistent with previous reports on periportal
lipidosis in livers of rats fed the AIN-76A diet (8,
12).
AIN-76A purified diet, formulated by the Amer-

ican Institute for Nutrition (3), is widely used in
carcinogenesis and chemoprevention studies. This
purified diet contains 50% sucrose and 15% starch
and is unsuitable for rodent studies in its present
formulation. Apparently, the excess sucrose is me-
tabolized to lipids, leading to an imbalance between
synthesis and secretion of lipoproteins from hepa-
tocytes into circulating blood. Hamm et al (8) dem-
onstrated that substitution of starch for sucrose
eliminated hepatic lipidosis in both F-344 and CD
rats. Addition of PEITC to the AIN-76A diet re-
sulted in a substantial reduction of the lipid content
in hepatocytes. Other ultrastructural changes in-
duced by PEITC in the liver of rats fed AIN-76A
diet included an increased number of mitochondria

per cell associated with a decreased mean absolute
mitochondria volume per cell.

Ultrastructural changes induced by PEITC in the
liver of rats fed the Wayne diet contrasted with those
seen in rats fed the AIN-76A diet. Morphometric
analysis revealed a dose-dependent trend for re-
duced hepatocyte volume in rats fed the Wayne diet
containing PEITC at both low and high concentra-
tions. No significant effects on liver weight were
observed. We also found that the mean lipid droplet
volume per hepatocyte and the percentage of lipid
droplet volume per hepatocyte was significantly in-
creased in the PEITC-treated groups.
The underlying mechanisms responsible for

PEITC-induced changes in the liver are not known.
Fatty change is a common lesion in the liver and is
morphological evidence of excess accumulation of
fat, which appears as intracytoplasmic vacuolation.
Lipids reach the liver mainly as alimentary chylo-
microns or fatty acids from adipose tissue and are
utilized within the liver or are secreted as very low

density lipoproteins. There is evidence that fat ac-
cumulates in the liver when there is an imbalance

among supply, utilization, and secretion of lipids
(18). Different chemicals produce fatty change by
different means (2, 9, 11, 18). For example, carbon
tetrachloride (CC14) and phosphorus impair protein
synthesis, resulting in reduced apoproteins available
for very low density lipoprotein formation and se-
cretion oftriglycerides by the liver (4, 16). In choline
deficiency, phospholipid metabolism is impaired,
resulting in reduced secretion of lipids into the plas-
ma (16). In the current study, it appears that after
hepatic lipids are accumulating (Fig. 2B) above
baseline of the Wayne-fed controls the higher dose

levels of PEITC result in lipid reduction. At the 6.0-
mmol/kg PEITC dose level for both diet groups,
lipid levels are reduced compared to the 0.7 5-mmol/
kg PEITC dose. The exact mechanism of lipid re-
duction or the possible role of PEITC in this re-
duction is not evident from data collected and an-

alyzed in these experiments. The changes could be
due to inhibition of lipid synthesis or an induction
of lipid mobility to reduce the lipid content. In pre-
vious studies (1), decreases in serum triglycerides
observed following administration of PEITC for 7
or 13 wk supports the possible involvement of PEITC
in intracellular lipid reduction.
The mechanisms by which PEITC alters hepa-

tocyte morphology and physiology are not known.
It has been shown that isothiocyanates are reactive
electrophiles, capable of covalent binding to mem-
brane proteins at critical sites where transmembrane
functions may occur (5, 20). Investigations on cy-
tological effects of allyl and benzyl isothiocyanate
in isolated hepatocytes demonstrated that thiol

groups in the plasma membrane and other cellular
membrane systems are the primary target for these
compounds (20). Cytomorphological changes ob-
served in these experiments consisted of swelling
and surface blebbing of mitochondria and dilation
of the endoplasmic reticulum. Alteration of the
membrane proteins appeared to affect the mono-
valent cation and water balance of the cell organelles
rather than divalent calcium homeostasis. It is pos-
sible that PEITC binds to membrane proteins, re-
sulting in reduced protein synthesis, altered lipid
metabolism, and excretory and secretory functions
of hepatocytes. Reduced hepatocyte and organelle
volumes seen in rats fed the Wayne diet containing
PEITC may indicate a reduced metabolic rate in
which turnover of cellular components continues
whereas de novo synthesis decreases.
The accumulation of lipids in hepatocytes of rats

fed the Wayne diet containing PEITC suggests an
impaired hepatic secretory function, possibly due to
a reduced level of lipoproteins. This supposition is
supported by the results of 7- and 13-wk dietary
toxicity studies in which rats fed PEITC in a cereal-
based diet had reduced plasma triglyceride levels at
dose levels of 3.0 mmol/kg and higher (1). Lombardi
and Recknagel (10) reported that an alteration in
triglyceride secretion from the hepatocyte into the
blood is a common factor in toxic liver injury. Sim-
ilarly, diminished hepatic lipidosis observed in rats
administered PEITC in AIN-76A purified diet could
be a result of reduced synthesis of triglycerides as a
consequence of reduced metabolic rate. It is note-

worthy to remark that triglyceride levels in plasma
were reduced in rats fed PEITC in AIN-76A for 13
wk (1).



651

As indicated in the Introduction of this paper, we
conducted a 13-wk study to assess the potential tox-
icity of PEITC in F-344 rats (1) where the PEITC
was administered in AIN-76A diet. Because the diet
itself caused severe hepatic lipidosis, it was not pos-
sible to detect any toxic effects in the liver that may
have been caused by the PEITC. Therefore, we re-
cently conducted a subsequent 13-wk toxicity study
in which PEITC was administered to F-344 rats in
NIH-07 diet (personal communication). The results
of this study showed that the NIH-07 diet itself
produced no observable liver toxicity. Moreover,
PEITC produced no observable hepatotoxicity when
administered in doses ranging from 3 to 15 mmol/
kg diet [i.e., up to 5 times the dose level used in
Adam-Rodwell et al (1)]. Thus, under experimental
conditions where any potential hepatotoxicity could
be ascertained, PEITC produced no apparent tox-
icity. These results suggest that, with respect to the
liver, PEITC can be tolerated at dose levels that far
exceed doses that exhibit effective chemopreventive
activity.
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