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Abstract

Background: The metabolic inhibitor rotenone inhibits hepatocellular proliferation and the
incidence of liver cancer resulting from exposure to the PPARa agonist Wy-14,643, via unknown
mechanisms. Since the absence of thyroid hormones diminishes hepatomegaly, an early biomarker
for the hepatocarcinogenicity induced by PPARa agonists, this study was undertaken to investigate
whether rotenone might interference with the ability of Wy-14,643 to alter the animal thyroid
status.

Methods: Male B6C3F| mice were given Wy-14,643 (100 ppm), rotenone (600 ppm) or a mixture
of both, in the feed for 7 days. Bromodeoxyuridine (BrDU), marker of cell replication, was
delivered through subcutaneously implanted osmotic mini-pumps. At the end of the experiment,
sera were collected and corticosterone and thyroid hormone levels were measured by solid-phase
radioimmunoassay kits. In addition, liver tissue samples were stained immunohistochemically for
BrDU to determine percentages of labeled cells. Further, cell surface area was determined from
images generated by a Zeiss Axioplan microscope equipped with a plan Neofluar x40 0.75 na
objective. Tracings of individual hepatocyte perimeters were then analyzed and cell-surface areas
were calculated using MicroMeasure FL-4000.

Results: Wy-14,643 caused a significant increase in liver weights, hepatocyte BrDU labeling index
(L), and hepatocyte surface area. In animals which received both Wy-14,643 and rotenone
simultaneously, all of these effects were significantly less pronounced compared with mice that
received Wy-14,643 alone. Rotenone alone decreased liver weights, LI and surface area. The Free
Thyroid Index (FTI), which provides an accurate reflection of the animal's thyroid status, was 5.0 +
0.3 in control mice. In animals exposed to rotenone, these values decreased to 2.0 £ 0.9, but in
animals which received Wy-14,643, levels increased significantly to 7.7 + 0.9. FTI values decreased
to 3.4 £ 0.8 in mice receiving both rotenone and Wy-14,643.

Conclusion: A strong correlation was observed between the animal thyroid status and both,
hepatocyte proliferation (r2= 0.62), and hepatocyte surface area (r2= 0.83). These results support
the hypothesis that the thyroid status of the animal plays a role in PPARo-induced hepatocellular
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proliferation and liver cell enlargement. Both these events are known to contribute to the
expression of liver cancer in response to the activation of PPARa.

Background

Although hepatocellular neoplasms occurred in wild-
type, but not in PPARa-null mice upon exposure to
PPARa agonists [1,2], molecular mechanisms involved in
this effect remained unknown. However, important fac-
tors involved in this hepatocarcinogenic effect are thought
to include: (i) enhanced hepatic oxidative stress due to
elevated peroxisomal and nonperoxisomal oxidative
metabolism, (ii) inhibition of apoptosis in livers of
exposed animals, and/or (iii) increased hepatocellular
proliferation [3,4].

Thyroid hormones have been shown by our laboratory [5]
as well as by others [6] to alter hepatic responses to PPARa
agonists, including hepatomegaly, an early biomarker for
the hepatocarcinogenicity induced by these compounds
[7,8]. Hepatomegaly was blunted in thyroidectomized
animals treated with PPAR agonists, compared with intact
animals [5,6]; however, the contribution of hyperplasia
and hypertrophy to this effect is not known. Furthermore,
agonists of PPARo impart a thyromimetic effect in
exposed animals [9]. This effect is significantly more pro-
nounced in intact animals compared with thyroidect-
omized counterparts [5]. These findings suggest that
thyroid hormones may play a role in the effects attributed
to the activation of PPARa, including hepatocellular
cancer.

Previously, our laboratory [10], as well as others [11] have
reported that the pesticide rotenone inhibited hepatocel-
lular proliferation induced by the PPARa agonist Wy-
14,643, and also reduced the incidence of liver cancer
resulting from exposure to Wy-14,643 [11]. Conse-
quently, this study was undertaken to investigate whether
rotenone blocks the hepatic effects of the PPARa agonist
Wy-14,643 by potentially interfering with its ability to
modulate the animal thyroid status. The results demon-
strate that rotenone and Wy-14,643 produced opposing
effects on thyroid hormone levels. They also show a
strong correlation between the animal thyroid status and
both hepatocyte proliferation (r2= 0.62), and hepatocyte
surface area (r2 = 0.83). In conclusion, the results suggest
that thyroid hormones play a major role in the events
known to contribute to the expression of liver cancer in
response to the activation of PPARa. These events include
hepatocellular proliferation and hepatocyte enlargement.

Methods

Animal treatment

Male B6C3FI mice (Charles River, Potage, Michigan)
weighing 25 + 2 gram were maintained on a daily cycle of
alternating 12 h periods of light and darkness, with room
temperature set at 22 + 2°C and on a standard Purina diet
for seven days prior to experiment. Mice were then fed
Wy-14,643 (100 ppm), rotenone (600 ppm) or a mixture
of both blended in the feed for 7 days. Water was supplied
ad labitum. Our experimental protocol was approved by
the Institutional Animal Care and use Committee, and
experiments were performed in accordance with estab-
lished guidelines for care and use of animals.

Measurement of cell proliferation

Osmotic minipumps (Alza Cooperation, palo Alto, CA,
model 2002) were implanted subcutaneously into the
backs of the mice to deliver bromodeoxyuridine (30 mg/
ml) which is incorporated into DNA of replicating cells.
Seven days later, animals were euthanized by CO, inhala-
tion. Following determination of liver weights, a mid-lobe
radial section of the right anterior lobe was fixed in neu-
tral buffered formalin for 24 h. A cross section of small
intestine was also fixed as a positive control for the proper
operation of the mini-pump and the staining technique
because these cells are constantly in S phase. Tissues were
embedded in paraffin and serial sections were mounted
onto poly-l-lysine-coated slides. After deparafination and
rehydration, slides were stained immunohistochemically
for BrDU incorporation [12]. Random areas of the slides
were chosen for counting stained and unstained hepato-
cyte nuclei (>1000 hepatocytes/animal).

Determination of cell surface area

Mice were fed control diet or a diet containing rotenone
(600 ppm), Wy-14,643 (100 ppm) or a mixture of both
for 7 days prior to these experiments. Using a Zeiss Axio-
plan microscope equipped with a plan Neofluar x40 0.75
na objective (Carl Zeiss, Inc., Thornwood, NJ), individual
hepatocyte perimeters were traced by a mouse-driven
pointer. Generated images were analyzed and cell-surface
areas were calculated using a commercial software (Micro-
Measure FL-4000, Georgia Instruments, Inc., Rosswell,
GA), as described previously [13,14].

Serum corticosterone and thyroid hormone levels

Hormones were quantified in sera. Corticosterone levels
were measured using a solid-phase radioimmunoassay kit
(Diagnostic Products Corporation, Los Angeles, CA). In
this assay, 125I-labeled rat corticosterone was allowed to
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compete with serum corticosterone for antibody sites in
the sample. Since corticosterone levels follow diurnal var-
iations, assays were done at the same time periods for the
different treatment groups. Both, T3 and T4, as well as T3
value uptake were detected using a solid-phase chemilu-
minescent enzyme immunoassay kits (Diagnostic Prod-
ucts Corporation, Los Angeles, CA). The Free Thyroxine
Index of Clark and Horn, which provides a more accurate
picture of thyroid status [15], was calculated according to
the manufacturer's instructions [(T3% Uptake/100) x T4

ng/dl].

Statistical Analysis

Data were analyzed by ANOVA (Stat Work™), and statisti-
cal significance was defined as p < 0.05. All data reported
are means + SEM of 4-7 mice per group.

Results

Liver/body weight ratios, hepatocyte proliferation and
surface area in treated mice

Liver/body weight ratios in control mice were 5.3 + 1.02%
(Fig. 1A). These ratios did not change in animals treated
for seven days with rotenone (Fig. 1A). However, as
expected in mice treated with Wy-14,643, ratios increased
significantly to 8.8 + 0.17% (Fig 1A). In animals treated
with a mixture of Wy-14,643 and rotenone, the ratio was
increased to only 7.5 + 0.9%, which is significantly lower
than those obtained with Wy-14,643 alone (Fig. 1A).

The BrDU labeling index in control mice was 6.7 + 1.4%
(Fig. 1B). Treatment with Wy-14,643 increased labeling
indices significantly to 27.2 + 4.30% (Fig. 1B). However,
animals treated with a mixture of rotenone and Wy-
14,643 had a BrDU labeling index which was significantly
lower compared to those which received Wy-14,643
alone, nonetheless they were higher than control values
(Fig. 1B). Rotenone alone decreased the BrDU labeling
index by 50% (Fig. 1B).

Hepatocyte surface area in control mice was 318 + 18 pm?
(Fig. 1C). Seven days following treatment with Wy-
14,643, cell size increased significantly to 765 + 36 ptm?,
while feeding mice a diet containing a mixture of Wy-
14,643 and rotenone resulted in a cell size of 387 + 17
pm?2 which is approximately that of the control mice and
significantly less than values observed in mice treated
with Wy-14, 643 alone (Fig. 1C). Animals treated with
rotenone alone showed a 24% reduction in cell surface
area, compared to control animals (Fig. 1C),

Perturbation of serum hormone levels by rotenone

Feeding mice diets containing rotenone, Wy-14,643, or a
combination of both compounds did not alter serum T3
levels. These levels ranged from 42.4 + 1.7 U% to 49.5 +
1.2 U% among all tested groups (Fig 2A). However, when
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given separately, rotenone and Wy-14,643 produced
opposing effects on serum T4 levels. While rotenone
decreased these levels significantly by 60% (from 10.5 +
0.65 pg/dlto 4.2 + 0.5 pg/dl), Wy-14,643 almost doubled
serum T4 to 18.0 + 1.6 pg/dl (Fig 2B). Mice which simul-
taneously received rotenone and Wy-14,643 showed
serum T4 levels of 6.1 + 1.2 mg/dl (Fig 2B). The Free Thy-
roid Index (FTT), which accurately reflects the animal thy-
roid status [15], closely followed changes in serum T4
levels. FTI was 5.0 + 0.3 in control mice (Fig 2C). These
values decreased following exposure to rotenone to only
2.0 + 0.9, but increased significantly to 7.7 + 0.9 in ani-
mals which received Wy-14,643 alone (Fig 2C). Similar to
T4, FTI values were lower in mice receiving rotenone and
Wy-14,643 simultaneously (3.4 + 0.8), compared with
control mice (Fig 2C).

Mice which received drug-free diet had serum corticoster-
one levels of 159 + 33 ng/ml (Fig 3). These levels were
increased by 3 fold in mice fed rotenone-containing diet
(Fig 3). However, Wy-14,643 failed to alter serum corti-
costerone levels significantly, where levels remained at
181 + 3 ng/ml (Fig 3). The diet containing both rotenone
and Wy-14,643 resulted in animal serum corticosterone
levels which were 27% lower than those in mice exposed
to rotenone alone, yet 2-fold higher than detected in sera
of control mice (Fig 3).

Correlation between serum hormone levels and hepatic
changes

There was a strong correlation between the animal thyroid
status and both, hepatocyte proliferation (12 = 0.62, Fig
4A), and hepatocyte surface area (r2= 0.83, Fig 4B). While
diet containing Wy-14,643 significantly elevated the Free
Thyroid Index (Fig 2C), and increased hepatocyte BrU
labeling indices (Fig 1B), and hepatocyte surface area (Fig
1C), co-administration of rotenone with Wy-14,643
reduced all parameters toward control values (Figs 1&4).
Rotenone alone decreased all parameters to levels below
control values (Figs 1&4).

Conversely, there was a poor correlation (12 = 0.26)
between serum corticosterone levels and hepatocyte BrU
labeling indices (Fig 4C). For example, while diet contain-
ing Wy-14,643 did not significantly alter serum corticos-
terone levels (Fig 3), labeling indices in animals receiving
this diet were 4 folds higher compared with control mice
(Fig. 2B).

Similarly, serum corticosterone levels did not correlate
well (12 = 0.35) with changes in hepatocyte surface area
(Fig 4D).
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Figure |

Liver/body weight ratios, hepatocellualr proliferation and surface area. Mice were fed control diet or a diet contain-
ing Wy-14,643 (100 ppm), rotenone (600 ppm), or a mixture of both for seven days. Animal body and liver weights were
recorded, and ratios were calculated (A). Bromodeoxyuridine incorporation into hepatocyte DNA (B), and hepatocyte sur-
face areas (C) were determined as detailed under "Materials and Methods". Data are means £ SEM from 4—6 mice per group. *
P < 0.05 compared to control values. **p < 0.05 compared to rotenone values, and **p < 0.05 compared to Wy-14,643

values.
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Perturbations of serum thyroid levels by rotenone and Wy-14,643. Animals were treated, and sera were collected,
and analyzed, as detailed under "Materials and Methods", for T3 (A), and T4 (B). Free Thyroxine Index (C) was calculated
[(T3% Uptake/100) x T4 ug/dl]. Data are means + SEM from 4—6 mice per group. * P < 0.05 compared to control values. *p <
0.05 compared to rotenone values, and ***p < 0.05 compared to Wy-14,643 values.
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Figure 3

Increase in serum corticosterone levels by rotenone. Corticosterone was quantified in sera from various animal groups
as described under "Materials and Methods". Data are means + SEM from 4—6 mice per group. * P < 0.05 compared to control
values. **p < 0.05 compared to rotenone values, and ***p < 0.05 compared to Wy-14,643 values.

Discussion

The non-genotoxic hepatocarcinogens, PPARa agonists,
elicit marked liver enlargement; encompassing an
increase in both, cell number (hyperplasia) as well as cell
size (hypertrophy). Hyperplasia results from the stimula-
tion of DNA synthesis and subsequent cell division [16].
A probable causal link between the hyperplasia and the
subsequent development of liver tumors in rodents has
been suggested [17-19]. The potential role of hypertrophy
in the hepatocarcinogenic effect of PPAR agonists is not
clear, and differential mechanisms controlling these two
phenomena are not understood.

Rotenone inhibits hepatocellular proliferation and
reduces the incidence of liver cancer resulting from expo-
sure to the PPARa agonist Wy-14,643 [10,11]. Con-
versely, thyroid hormones are known to mediate hepatic
responses to PPARa agonists [5,6]. Hepatomegaly, which
is considered an early biomarker for the hepatocarcino-
genicity induced by these nongenotoxic hepatocarcino-

gens [7,8], is blunted in thyroidectomized animals [5,6],
and PPAR agonists impart a thyromimetic-like effect in
exposed animals [9]. Accordingly, we sought to investi-
gate whether rotenone alters the animal thyroid status, in
a manner that may explain its antagonistic effects of hepa-
tocellular responses to the PPARa agonist Wy-14,543
[10,11].

In this study, the hepatocarcinogen Wy-14,643 and the
antihepatocarcingen rotenone produced opposing effects
on hepatocellular proliferation (Fig 1B), hepatocyte sur-
face area (Fig 1C), and Free Thyroid Index (FTI; Fig 2C).
While rotenone decreased all three parameters signifi-
cantly, Wy-14,643 caused remarkable increases in these
parameters. These values were lower in mice receiving
rotenone and Wy-14,643 simultaneously, compared with
mice that received Wy-14,643 alone. There was a strong
positive correlation between FIT and both BrDU labeling
(r2=0.62; Fig 4A), as well as with hepatocyte surface area
(r2=0.83; Fig 4B).

Page 6 of 8

(page number not for citation purposes)



Journal of Carcinogenesis 2004, 3

304 A

20+

104

Hepatocyte Bromodeoxyuridine
Labeling Index (%)

Free Thyroid Index

30 C
Q
1=
5
ig
8% 204 ©
TT
Qe
5o 2
o= o r°=0.26
Q
25 o
5
s o
(]
T o
0 T T 1
0 200 400 600

Serum Corticosterone (ng/ml)

Figure 4

http://www.carcinogenesis.com/content/3/1/9

804 B
6001

400

200+

Hepatocyte Area, pm?

<

Free Thyroid Index

8004 D

600

400

Hepatocyte Area, pm?

200

<

T T 1
0 200 400 600

Serum Corticosterone (ng/ml)

Correlation between serum hormone levels and hepatocellular changes. Relationship between serum thyroid hor-
mone and corticosterone levels and either hepatocye BrDU labeling (A,C), or hepatocyte surface area (B,D) were evaluated.
Regression coefficient analyses were performed using the Prism Software (GraphPad Software, Inc., San Diego, CA).

In contrast to thyroid hormone levels, and in agreement
with a recent study from our laboratories [20], rotenone
increased serum corticosterone levels (Fig 3). Wy-14,643,
on the other hand, failed to alter these levels (Fig 3). Based
on these findings, we previously suggested that increasing
serum glucocorticoid levels by rotenone may, at least in
part, explain the anticarcinogenic effect of this compound
[20]. Results of the current study support the hypothesis
that decreasing serum thyroid hormone levels may play a
more prominent role, compared with that of glucocorti-
coids, in the mechanism of antihepatocarcingenicity
attributed to rotenone. Animals receiving diet containing
both rotenone and Wy-14,643 showed serum corticoster-

one levels which were 27% lower than those caused by
rotenone alone, yet 2-fold higher than detected in sera of
control mice (Fig 3). Yet, poor correlation was found
between serum corticosterone levels and either BrDu (12 =
0.26; Fig 4C), or hepatocyte surface areas (12 = 0.35; Fig
4D). In previous studies [21,22], it was shown that while
corticosterone mediated hepatomegaly and liver hyper-
trophy due to the organochlorine mirex, thyroid hor-
mones exclusively mediated liver hyperplasia due to this
compound. The current studies, however, show that
increasing serum corticosterone levels by rotenone was
accompanied by a decrease in hepatomegaly as well as
diminished hypertrophy in response to Wy-14,643 (Fig
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1). Furthermore, exposure to rotenone alone, which
increased serum glucocorticoid levels remarkably (Fig 3),
diminished hepatic hypertrophy (Fig 1C). It is possible
that the simultaneous effect of rotenone on thyroid hor-
mone levels, in addition to corticosterone, is responsible
for this observation.

In conclusion, thyroid status appears to regulate PPARa.-
controlled increases in hepatocellular proliferation and
liver cell enlargement; events known to contribute to the
expression of liver cancer. Further, diminishing Wy-
14,643's induction of serum thyroid hormone levels may
represent an important aspect of the mechanism by which
rotenone reduces the formation of hepatocellular cancer
in response to Wy-14,643.

Authors' Contributions

CW conducted hepatocyte surface area measurements. JY
performed cell proliferation experiments. MLC measured
serum hormone levels, and participated in the hepatocyte
BrDU labeling experiments. MB conceived, designed and
coordinated the study. JY, MC, and MB participated in
writing the manuscript.

Acknowledgements

The authors are grateful to Dr. Bibie Chronwall for sharing her expertise
and laboratory equipment in experiments dealing with cell surface area
determinations. We are also indebted to Dr. Barbour S. Warren for his val-
uable comments on the manuscript.

References

I.  LeeSS, Pineau T, Drago J, Lee EJ, Owens JW, Kroetz DL, Fernandez-
Salguero PM, Westphal H, Gonzalez FJ: Targeted disruption of
the alpha isoform of the peroxisome proliferator-activated
receptor gene in mice results in abolishment of the pleio-
tropic effects of peroxisome proliferators. Mol Cell Biol 1995,
15:3012-3022.

2. Peters |M, Cattley RC, Gonzalez FJ: Role of PPAR alpha in the
mechanism of action of the nongenotoxic carcinogen and
peroxisome proliferator WYy-14,643. Carcinogenesis 1997,
18:2029-2033.

3. Badr M, Birnbaum L: Enhanced potential for oxidative stress in
livers of senescent rats by the peroxisome proliferator-acti-
vated receptor Alpha agonist perfluorooctanoic acid. Mech
Ageing Dev 2004, 125:69-75.

4. Youssef |, Bouziane M, Badr M: Age-dependent effects of nonge-
notoxic hepatocarcinogens on liver apoptosis in vivo. Mech
Ageing 2003, 124:335-342.

5. Badr M: Induction of peroxisomal enzyme activities by di-(2-
ethylhexyl) phthalate in thyroidectomized rats with parath-
yroid replants. | Pharmacol Exp Ther 1992, 263:1105-1110.

6.  Eliassen K, Osmundsen H: Factors which may be significant
regarding regulation of the clofibrate-dependent induction
of hepatic peroxisomal (-oxidation and hepatomegaly. Bio-
chem Pharmacol 1984, 33:1023-1031.

7. Moody D, Reddy J: Morphormetric analysis of the ultrastruc-
tural change in rat liver induced by the peroxisome prolifer-
ator SaH 43-348. | Cell Biol 1976, 71:768-780.

8.  Takagi A, Sai K, Umemura T, Hasegawa R, Kurokowa Y: Hepatome-
galy is an early biomarker for hepatocarcinogenesis induced
by peroxisome proliferators. | Environ Pathol Toxicol Oncol 1992,
11:145-149.

9.  Youssef ), Badr M: Extraperoxisomal targets of peroxisome
proliferators: mitochondrial, microsomal, and cytosolic

http://www.carcinogenesis.com/content/3/1/9

effects. Implications for health and disease. CRC Crit Rev Toxicol
1998, 28:1-33.

10. Cunningham M, Soliman M, Badr M, Matthews H: The anticarcino-
gen rotenone inhibits cellular proliferation but not peroxi-
some proliferation in mouse liver. Cancer Lett 1995, 95:93-97.

1. Isenberg ], Kolaja K, Ayoubi S, Watkins ]B, Klaunig JE: Inhibition of
WYy-14,643 induced hepatic lesion growth by rotenone. Car-
cinogenesis 1997, 18:1511-1519.

12. Cunningham M, Maronpot R, Thompson M, Bucher |: Early
Responses of the Liver of B6C3FI Mice to the hepatocarcino-
gen Oxazepam. Toxicol Appl Pharmacol 1994, 124:31-38.

13.  Beatty D, Chronwall B, Howard D, Wiegmann T, Morris S: Calcium
regulation of intracellular pH in pituitary intermediate lobe
melanotropes. Endocrinology 1993, 133:972-974.

14.  Chronwall B, Beatty D, Sharma p, Morris S: Dopamine D2 recep-
tors regulate in vitro melanotrope L-type Ca,* channel activ-
ity via c-fos. Endocrinology 1995, 136:614-617.

I15. Clark F, Horn D: Assessment of thyroid function by the com-
bined use of serum protein-bound iodine and resin uptake of
1'25-triiodothyronine. | Clin Endocrinol Metab 1965, 25:39-45.

16. Bentley P, Calder |, Elcombe C, Grasso P, Stringer D, Wiegand H:
Hepatic peroxisome proliferatin in rodents and its signifi-
cance for humans. Fd Chem Toxic 1993, 31:857-907.

17. Marsman D, Cattley R, Conway ], Popp J: Relationship of hepatic
peroxisome proliferation and relative DNA synthesis to the
hepatocarcinogenicity of the peroxisome proliferators
phthalate and Wy-14, 643 in Rats. Cancer Research 1988,
48:6739-6744.

18. Eacho P, Lanier T, Brodhecker C: Hepatocellular DNA synthesis
in rats given peroxisome proliferating agents: comparison of
WY-14,643 to clofibric acid, nafenopin and LY 171883. Car-
cinogenesis 1991, 12:1557-1561.

19. Cunningham M, Matthews H: Relationship of hepatocarcino-
genicity and hepatocellular proliferation induced by muta-
genic noncarcinogens vs carcinogens. Toxicol Appl Pharmacol
1991, 110:505-513.

20. Youssef ), Elbi C, Warren B, Yourtee D, Nagarur R, Molteni A, Cun-
ningham ML, Badr M: Glucocorticoid-like effects of antihepato-
carcinogen rotenone are mediated via enhanced serum
corticosterone levels: molecular fitting and receptor activa-
tion studies. | Carcinogenesis 2003, 2:2.

21. William D, Yarbrough JD: The relationship between mirex-
induced liver enlargement and the adrenal glands. Biochem
Physiol 1983, 19:15-22.

22. Yarbrough D, grimley JM, Thottassery JV: Mirex-induced adaptive
growth in rats subjected to thyroidectomy. Hepatology 1992,
15:923-927.

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime.

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7539101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7539101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7539101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/carcin/18.11.2029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/carcin/18.11.2029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/carcin/18.11.2029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9395198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/j.mad.2003.10.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14706239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1469623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1469623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1469623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0006-2952(84)90509-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6424681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1083/jcb.71.3.768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1083/jcb.71.3.768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1083/jcb.71.3.768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=993270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1625184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1625184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1625184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0304-3835(95)03869-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0304-3835(95)03869-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0304-3835(95)03869-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7656250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/carcin/18.8.1511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/carcin/18.8.1511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9276624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/taap.1994.1005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/taap.1994.1005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/taap.1994.1005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8291059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1210/en.133.3.972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1210/en.133.3.972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1210/en.133.3.972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8396024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1210/en.136.2.614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7835295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14252286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0278-6915(93)90225-N
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0278-6915(93)90225-N
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0278-6915(93)90225-N
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1893515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1893515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1893515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1949017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1949017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1949017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1477-3163-2-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1477-3163-2-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1477-3163-2-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1568733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1568733
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animal treatment
	Measurement of cell proliferation
	Determination of cell surface area
	Serum corticosterone and thyroid hormone levels
	Statistical Analysis

	Results
	Liver/body weight ratios, hepatocyte proliferation and surface area in treated mice
	Perturbation of serum hormone levels by rotenone
	Correlation between serum hormone levels and hepatic changes

	Discussion
	Authors' Contributions
	Acknowledgements
	References

