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Abstract-Induction of peroxisome proliferator responsive genes is thought to be mediated through 
binding of a peroxisome proliferator-activated receptor (PPAR) to specific peroxisome proliferator 
response elements in the upstream region of these genes. Binding of PPAR to the acyl-CoA oxidase 
promoter requires heterodimerization with the retinoid X receptor (RXR), and subsequent 
transactivation is strongest when ligands for both PPAR and RXR are present. Therefore, we 
hypothesized that depletion of ligand for the retinoid receptor would limit the induction of peroxisome 
proliferation in rats. Hepatic retinol content was reduced by more than 90% by feeding weanling rats 
a vitamin A deficient (VAD) diet for approximately 3 months. Nafenopin treatment for 7 days induced 
peroxisomal poxidation l&fold in VAD rats compared with 16-fold in rats fed a vitamin A sufficient 
(VAS) diet. Nafenopin induced microsomal laurate hydroxylase and mitochondrial Poxidation to 
comparable rates of specific activity in both VAD and VAS rats. However, the activities in VAD 
controls were significantly lower than in VAS controls, so the magnitude of the nafenopin-induced 
increases was greater in the VAD rats. Relative liver weights were increased nearly 2-fold in both VAS 
and VAD rats treated with nafenopin. Ultrastructural examination of the livers demonstrated that 
nafenopin increased the number and size of peroxisomes in both VAD and VAS rats. These data 
demonstrate that rats with severely depleted vitamin A stores remained responsive to the peroxisome 
proliferator nafenopin. Whether critical retinoid pools that supply RXR ligand (9-cti-retinoic acid) are 
spared in the vitamin A deficient rats remains to be determined. 
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Peroxisome proliferation is a phenomenon that is 
produced by a wide variety of chemicals including 
hypolipidemic drugs, fatty acid analogs, pesticides, 
and other agents [l--3]. The phenomenon is 
characterized by an increase in size and number of 
liver peroxisomes, hepatomegaly, and the induction 
of numerous hepatic enzymes in rodents. The 
induction of peroxisome proliferation is now thought 
to be mediated through the activation of the PPAR?, 
a member of the steroid receptor superfamily [4]. 
Recently, this receptor was found to heterodimerize 
with the retinoid receptor, RXR [5,6]. Hetero- 
dimerization was found to be required for binding 
to the peroxisome proliferator response element [5- 
71. Furthermore, stimulation of the acyl-CoA oxidase 
promoter in transactivation assays was strongest in 
the presence of ligands for both PPAR and RXR, 
suggesting a role for retinoids in the induction of 
peroxisome proliferation [S, 61. 

Vitamin A is an essential nutrient and must be 
supplied in the diet [8]. The liver serves as a storage 
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depot for retinol and is involved in the maintenance 
of a constant retinol concentration in the circulation. 
At weaning, vitamin A reserves increase rapidly 
upon consumption of the diet [9]. Therefore, a 
vitamin A deficient state can be induced in weanling 
rats by feeding a diet lacking vitamin A. The liver 
stores become expended to maintain constant plasma 
levels and only when liver stores are severely 
depleted do circulating retinol levels decline [lo]. 

Because of the reported role of retinoids in the 
induction of PPAR responsive genes [5-71, we 
hypothesized that vitamin A deficiency would 
attenuate the peroxisome proliferation response in 
rats. To test this hypothesis, weanling rats were 
made vitamin A deficient by feeding a VAD diet for 
approximately 3 months. The rats were given 
nafenopin for the final week of the experiment. We 
report here that the peroxisome proliferation 
response in rats was not attenuated by vitamin A 
deficiency. 

MATERIALS AND METHODS 

Materials. L-[l-‘4C]Palmitoyl carnitine was 
obtained from New England Nuclear (Boston, MA). 
Sodium l-[14C]laurate was obtained from ICN 
(Irvine, CA). Nafenopin was a gift from Ciba-Geigy 
(Summit, NJ). All other chemicals were of the 
highest quality commercially available. 

Animals. Male weanling Fisher 344 rats were 

915 



916 J. W. LAWRENCE et al 

Table 1. Plasma and hepatic retinal concentrations in vitamin A sufficient (VAS) and 
deficient (VAD) rats 

Feed (n) Treatment 
Plasma retinol 

(Ys/dL) 

Hepatic rctinol 
@g/g tissue) 

VAS 
VAS 
VAD 
VAD 

(8) 

::; 

(7) 

Vchiclc 
Nafenopin. 80 mgikg 
Vehicle 
Nafenopin, 80 mgikg 

82.5 2 12.5 
55.0 2 6.6’ 
12.2 ? 1.3’ 
17.6 2 6.7’ 

410.3 f 3.9 
417.1 -t 26.3 

27.1 ? 4.4’ 
46.8 z 21.9; 

Rats were fed a vitamin A sufficient or vitamin A deficient diet for approximately 3 
months. The rats were then given acacia or 80mg/kg nafenopin by gavagc for the last 7 
days. Values are the means ? SEM of 4-X rats. 

* Significantly different from VAS controls, P < 0.05. 

obtained from Harlan-Sprague Dawley (Indiana- 
polis, IN) at the age of 20 days. All animals were 
housed individually in stainless steel cages with a 
12-hr light/dark cycle and allowed free access to 
water. The weanling rats were fed a vitamin A 
deficient diet (Purina diet No. 5822M) immediately 
upon arrival to prevent any further accumulation of 
retinol in the liver. Body weights and food 
consumption were monitored to aid in determining 
the onset of vitamin A deficiency [IO]. When body 
weight gain ceased (approximately 60 days), the rats 
were anesthetized and plasma samples were taken 
from the orbital sinus to confirm the retinol- 
deficient status. VAS control rats were pair-fed a 
complementary diet containing vitamin A (Purina 
No. 5755M). After 14 weeks, VAD and VAS rats 
were given nafenopin by gavage in acacia at a dose 
of 80 mg/kg for 7 days. At necropsy. animals were 
anesthetized with isoflurane, and blood samples were 
taken from the vena cava. The livers were then 
excised and frozen in liquid nitrogen. 

Analytical. Total retinol concentrations in sapon- 
ified plasma and liver homogenates were measured 
by HPLC analysis as described by Ross [ 111 using 
retinol acetate as an internal standard. Plasma 
cholesterol and triglycerides were assessed on 
a Monarch automated system (Instrumentation 
Laboratory Co.. Lexington, MA). Hepatic neutral 
lipids were extracted by the method of Folch et al. 
[12] and separated by HPTLC as described by 
Schmitz et al. [13]. Lipids were quantified by 
fluorescence densitometry [ 141. Hepatic laurate 
hydroxylase activity was determined by the method 
of Giera and van Lier [15]. using sodium l-[‘“Cl- 
laurate as substrate. Mitochondrial Poxidation was 
determined under conditions described by Turnbull 
er al. [16), using L-[‘4C]palmitoyl carnitine as 
substrate and measuring acid-soluble metabolites 
[17]. Peroxisomal Poxidation was determined as 
described by Lazarow [ 181, using 50 PM palmitoyl 
CoA as substrate. 

Electron microscopy. Liver samples were fixed in 
aldehyde, rinsed in cacodylate (pH 7.4), and stained 
for peroxisomes with DAB solution, pH 9.7, in the 
dark. Samples were rinsed in cacodylate, fixed 
in potassium ferricyanide/osmium tetroxide, and 
dehydrated in ethanol. Sections were embedded in 
epoxy resin, cut, and mounted on copper grids and 
examined by transmission electron microscopy. 

SIufkficul analysis. Statistical analysis was per- 
formed with a two-way analysis of variance method 
(diet and drug). P values less than 0.05 were 
considered significant. 

RESULTS 

Induction of vitamin A deficiency. Fisher 344 
weanling rats were made vitamin A deficient by 
feeding a diet lacking vitamin A. After 60 days, the 
rats displayed the severely reduced weight gain that 
is characteristic of vitamin A depleted rats [lo]. 
After 70 days on the VAD diet, body weight 
declined. Body weight gain in the pair-fed VAS rats 
ceased with no significant loss of body weight. Thus, 
despite pair-feeding, the body weights of VAD rats 
were less than those of VAS rats (65% of VAS 
control). The vitamin A status was confirmed by 
measuring retinol in plasma and liver. The plasma 
retinol concentration in rats fed the VAD diet was 
reduced to 15% of the level observed in control rats 
pair-fed the equivalent diet fortified with vitamin A 
(Table 1). Similarly, hepatic retinol stores were 
severely depleted after 3 months on the VAD diet 
(7% of pair-fed VAS controls). 

Nufenopin-induced peroxisome proliferation. To 

determine if vitamin A depletion would attenuate 
the induction of peroxisome roliferation, VAD and 
VAS rats were given 80m gP kg/day of nafenopin by 
gavage for 7 days. VAS rats had a nearly 2-fold 
increase in relative liver weight after 7 days of drug 
treatment compared with VAS control rats (Fig. 
IA). VAD rats responded to nafenopin with an 
equivalent increase in relative liver weight. Nafenopin 
induced peroxisomal poxidation 16-fold in rats fed 
the VAS diet and 18-fold in rats fed the VAD diet 
(Fig. IB). These findings were reproduced in a 
separate experiment with ciprofibrate (data not 
shown). Liver weight was induced approximately 2- 
fold after treatment with ciprofibrate (25 mg/kg) for 
7 days in both VAS and VAD rats. Similar to the 
nafenopin experiment, the induction of peroxisomal 
@oxidation by ciprofibrate tended to be greater in 
VAD rats compared with VAS rats. 

Mitochondrial fioxidation was increased by 
nafenopin in both VAS and VAD rats (Fig. IC). 
The absolute rates of mitochondrial poxidation after 
nafenopin treatment were comparable in VAS and 
VAD rats. However, the activity in VAD controls 
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Fig. 1. Effect of nafenopin on liver weight and enzyme 
activity in vitamin A sufficient and vitamin A deficient rats. 
Vitamin A sufficient (W) or vitamin A deficient (0) rats 
were given nafenopin (80mg/kg) by gavage for 7 days. 
Liver weight is expressed as g liver/100 g body weight (A), 
peroxisomal poxidation as pmol/g/min (B), mitochondrial 
poxidation as nmol/g/min (C), and laurate hydroxylase 
activity as nmol/mg/min (D). The bars represent the 
means 2 SEM of 4-8 rats. Key: significantly different 
(P < 0.05) vs (*) VAS control, (t) VAD controls, or 

($) nafenopin-treated VAS rats. 

was considerably less than in VAS controls. Thus, 
the magnitude of the nafenopin-induced increase 
was 6-fold in VAD rats and 2-fold in VAS rats. 
Similarly, laurate hydroxylase activity was lower in 
VAD controls compared with VAS controls. 
Nafenopin treatment induced laurate hydroxylase 
activity 9-fold in VAS rats and 16-fold in VAD rats, 
but absolute activities were essentially the same in 
the two groups (Fig. 1D). 

Ultrastructural examination of DAB-stained livers 
showed that both VAD and VAS rats given 
nafenopin had increases in the number and size of 
peroxisomes as compared with the respective controls 
(Fig. 2). There were no other morphological 
abnormalities associated with administration of 
nafenopin. As compared with VAS rats, hepatocytes 
of VAD rats often had enlarged mitochondria that 
were round in shape and had normal cristae and 
matrix. 

Nafenopin effects on plasma and hepatic lipids. 
Nafenopin decreased plasma triglycerides by 20% 
and plasma cholesterol by 30% in VAS rats (Table 
2). The reduction in plasma triglycerides was less 
than expected, which may have been due to the food 
deprivation caused by pair-feeding. VAD controls 
had significantly lower plasma triglycerides and 
cholesterol than VAS controls. Nafenopin did not 
affect plasma triglyceride concentrations in VAD 
rats but increased plasma cholesterol. 

The concentration of hepatic triglycerides was less 
in VAD controls than in VAS controls (Table 2). 
Nafenopin tended to decrease hepatic triglycerides 
regardless of vitamin A status, although the decrease 
was statistically significant only for the VAS rats. 
Nafenopin tended to decrease hepatic cholesterol 
slightly in VAS and VAD rats but the change was 
significant only in the VAD rats. 

DISCUSSION 

We have tested the hypothesis that vitamin A 
deficiency would limit the peroxisome proliferation 
response to nafenopin in rats. The basis for this 
hypothesis is the recently reported role of retinoids 
in the activation of PPAR responsive genes [5-71. 
The markers of peroxisome proliferation that 
were examined, including peroxisomal @oxidation, 
mitochrondrial fioxidation, laurate hydroxylase and 
liver enlargement, were increased to at least an 
equivalent level by nafenopin in vitamin A deficient 
rats and vitamin A sufficient rats. Likewise, the 
morphological evaluation demonstrated increases in 
the size and number of peroxisomes in VAS and 
VAD rats. 

The vitamin A deficiency affected some of the 
parameters independent of nafenopin treatment. 
Plasma triglycerides and cholesterol were decreased 
markedly in VAD controls versus VAS controls. 
Nafenopin treatment produced divergent effects on 
plasma lipids. Plasma triglyceride levels remained 
unchanged in VAD rats after nafenopin treatment, 
possibly because the levels were already maximally 
depressed. Plasma cholesterol was decreased by 
nafenopin in VAS rats. In contrast, nafenopin 
treatment increased the plasma cholesterol in VAD 
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Fig. 2. Electron micrographs of livers from vitamin A deficient rats treated with nafenopin. 
Diaminobenzidine-stained peroxisomes from (A) a VAD control rat or (B) a VAD rat given nafenopin. 

Magnification: 3130. 

Table 2. Effects of nafenopin on plasma and hepatic lipids in vitamin A sufficient (VAS) and deficient 
(VAD) rats 

Feed Treatment 

Plasma lipids 

Cholesterol Triglycerides 
(mg/dL) (mg/dL) 

Hepatic lipids 

Cholesterol Triglycerides 
(mg/g) (mg/g) 

VAS Vehicle 117 2 3 131 2 10 2.01 + 0.06 15.33 + 3.43 
VAS Nafenopin, 80 mg/kg 82 2 3* 104 f s* 1.81 ? 0.07 10.64 2 0.72’ 
VAD Vehicle 43 2 12* 49 2 12* 2.45 -r- 0.15* 8.74 -c 4.91* 
VAD Nafenopin, 80 mgikg 81 * 4t 45 * 5$ 1.86 -+ 0.04t 4.59 ? 1.76 

Vitamin A sufficient and vitamin A deficient rats were given acacia or 80 mg/kg nafenopin by 
gavage for 7 days. Values are the means ? SEM of 4-8 rats. 

Significantly different (P < 0.05) from: *VAS controls, tVAD controls, or Snafenopin-treated VAS 
rats. 

rats. The underlying mechanisms for the divergent 
effects on plasma cholesterol are unclear. 

The vitamin A deficiency also affected hepatic 
enzyme activities. Mitochondrial Boxidation was 
decreased by 70% compared with VAS controls. 
Likewise, microsomal laurate hydroxylase activity 
was 35% lower in VAD control rats than in VAS 
controls. It is possible that the transcriptional control 
of genes involved in these processes is partially 

regulated by retinoid response elements. However, 
the changes in these parameters in VAD controls 
may also have been related to the debilitated state 
of the animals. The VAD animals stopped growing 
after approximately 60 days and their body weights 
were 35% less than VAS controls, despite the pair- 
feeding regimen. Even though the rats were in poor 
physical condition, mitochondrial fioxidation as well 
as the other enzymatic activities were induced 



Peroxisome proliferation in vitamin A deficient rats 919 

markedly by nafenopin in VAD rats. The findings 
demonstrate the enormous expansive capacity of the 
liver in response to peroxisome proliferators even 
in health-compromised rats. This finding is consistent 
with the report that the livers of VAD rats retained 
their regenerative capacity after partial hepatectomy 
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phthalate and clofibrate in the rat. Acta Pharmacol 
Toxic01 54: 167-176, 1984. 

The observation that the response to nafenopin 
was independent of the retinol status in this study 
suggests that a retinoid ligand may not be 
required for the maximum induction of peroxisome 
proliferation in Go. This is not consistent with in 
vitro data from co-transfection assays, which indicate 
that maximal induction of acyl-CoA oxidase 
promotor activity requires both the peroxisome 
proliferator and retinoid ligands [5,6]. In the retinol- 
depleted state, it is possible that induction of 
peroxisome proliferator responsive genes could be 
mediated through other heterodimer partners for 
PPAR [20]. It is also possible that the critical pool 
of retinol used for synthesis of the RXR ligand, 9- 
cis-retinoic acid, may be resistant to depletion. This 
does not seem to be the case for the retinol pools 
required for weight gain, because this index of 
vitamin A status clearly indicated a vitamin A 
deficiency. It is noteworthy that even though the 
livers in the nafenopin-treated VAD rats grew to 
twice the size of the VAD controls, the hepatic 
retinol stores remained about the same on a per 
gram tissue basis. We would have expected the 
retinol concentration in the enlarged livers to be half 
of that found in the control livers since the diet was 
deficient of retinol. The source of the retinol that 
filled these stores is unknown. 
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These data demonstrated that rats with severely 

depleted vitamin A stores remained responsive to 
the hepatic effects of the peroxisome proliferator 
nafenopin. Further studies will be required to 
determine whether there is depletion of the pools of 
vitamin A used for 9-cis-retinoic acid synthesis and 
subsequently for RXR/PPAR-mediated activation 
of gene transcription. 

14. 

15. 

Acknowledgements-The authors gratefully acknowledge 
the technical assistance of Kim O’Malia and Kim Holmes. 
We also thank Jeff Horn for the electron micrographs. 16. 

REFERENCES 
17. 

Gustafsson J-A, Interaction of the peroxisome- 
proliferator-activated receptor and retinoid X receptor. 
Proc Nat1 Acad Sci USA 90: 1440-1444, 1993. 
Underwood BA, The retinoids. In: The Retinoids (Eds. 
Sporn MB and Goodman DS), pp. 281-392. Academic 
Press, Orlando, FL, 1984. 
Lamb AJ, Apiwatanaporn P and Olson JA, Induction 
of rapid, synchronous vitamin A deficiency in the rat. 
.l Nutr 104: 1140-1148, 1974. 
Smith JE, Preparation of vitamin A-deficient rats and 
mice. In: Methods in Enzymology (Ed. Packer L), pp. 
229-236. Academic Press, New York, 1990. 
Ross AC, Separation and quantitation of retinyl esters 
and retinol by high-performance liquid chroma- 
tography. In: Methods in Enzymology (Eds. Chytil F 
and McCormick DB), pp. 68-74. Academic Press, New 
York, 1986. 
Folch J, Lees M and Sloane Stanley GH, A simple 
method for the isolation and purification of total lipids 
from animal tissues. J Biol Chem 226: 497-509, 1957. 
Schmitz G, Assman G and Bowyer D, A quantitative 
densitometric method for the rapid separation of major 
tissue and lipoprotein lipids by high-performance thin- 
layer chromatography. J Chromatogr 307: 65-79,1984. 
Kurantz M, Maxwell RJ, Kwoczak R and Taylor F, 
Rapid and sensitive method for the quantitation 
of non-polar lipids by high-performance thin-layer 
chromatography and fluorodensitometry. J Chromatogr 
549: 387-399, 1991. 
Giera DD and van Lier RBL, A convenient method 
for the determination of hepatic lauric acid o-oxidation 
based on solvent nartition. Fundam ADDI Toxic01 16: 
348-355, 1991. L 

1. 

Turnbull DM. Bartlett K. Younan SIM and Sherratt 
HSA, The effects of 2{5(4chlorophenyl)pentyl}- 
oxirane-2-carbonyl-CoA on mitochondrial oxidations. 
Biochem Pharmacol33: 475-48!, ,l984. 

Lalwani ND, Reddy MK, Qureshi SA, Sirtori CR, 
Abiko Y and Reddy JK, Evaluation of selected 
hypolipidemic agents for the induction of peroxisomal 
enzymes and peroxisome proliferation in the rat liver. 
Hum Toxic01 2: 27-48, 1983. 

18 

Foxworthy PS and Eacho PI, Inhibition of hepatic fatty 
acid oxidation at carnitine palmitovltransferase I bv 
the peroxisome proliferator 2-hydroxy-3-propyl-4-[6- 
(tetrazol-5-vl)hexvloxvlacetonhenone. Biochem J 252: 
40%414, 1988. ’ .1 L 
Lazarow PB, Assay of peroxisomal Poxidation of fatty 
acid. In: Methods in Enzymology (Ed. Lowenstein 
JM), pp. 315-319. Academic Press, New York, 1981. Eacho PI and Feller DR, Hepatic peroxisome 

proliferation induced by hypolipidemic drugs and other 
chemicals. In: Antilipidemic Drugs. Medical, Chemical 
and Biochemical Aspects (Eds. Witiak, DT, Newman 
HA1 and Feller DR), pp. 37.5-426. Elsevier Science 
Publishing, New York, 1991. 
Lake BG, Pels Rijcken WR, Gray TJB, Foster JR and heterodimerization partner for thyroid hormone 
Gangolli SD, Comparative studies of the hepatic effects receptor. Peroxisome proliferator-activated receptor. 
of di- and mono-n-octylphthalates, di-(2-ethylhexyl) J Biol Chem 269: 11683-11686, 1994. 

19. Hu Z, Fujio K, Marsden ER, Thorgeirsson SS and 
Evarts RP, Hepatic regeneration in vitamin A-deficient 
rats: Changes in the expression of transforming growth 
factor. Cefi Growth D$fer 5: 503-508, 1994. I- 

20. Bogazzi F, Hudson LD and Nikodem VM, A novel 


