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bstract

The present studies characterized the influence of dietary selenium (Na2SeO3) on the duration of pentobarbital (PB) induced hypnosis
sleep) in the rat. Rats were fed semipurified diets varying from 0.01 to 2.0 mg Se/kg for up to 4 weeks. Consumption of diets containing
.0 and 2.0 mg Se/kg significantly prolonged PB induced hypnosis. Hepatic selenium, but not hepatic glutathione peroxidase activity,
orrelated with the length of PB induced hypnosis. The prolongation of hypnosis caused by diets containing 1.0 mg Se/kg was substantially
educed or eliminated by repeated exposure to PB. Although single exposure to increasing quantities of PB (60–100 mg/kg body weight)
ed to a progressive increase in sleep duration, the proportional increase caused by supplemental selenium (2.0 vs 0.1 �g Se/g) remained
elatively constant (�25%). Increasing maturity was inversely related to the duration of PB induced hypnosis, regardless of dietary selenium
rovided. Consumption of the 2.0 mg Se/kg diet prolonged PB induced hypnosis to a greater degree in immature than in mature rats (P �
.05). Consumption of the selenium enriched diet (2 �g Se/g) resulted in an increase in cytochrome 2B, but had no effect on cytochrome
A compared to controls (0.1 �g Se/g). Pretreatment of rats with P450 enzymes activators (i.e., PB, Aroclor 1254, or 3-methylcholanthrene)
hortened the duration of PB induced sleep and masked the effects of dietary selenium. The current studies document that dietary selenium
an influence the response to pentobarbital induced hypnosis and likely relates to changes in drug detoxification enzymes. © 2004 Elsevier
nc. All rights reserved.
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. Introduction

The microsomal cytochrome P450 superfamily of re-
ated isoenzymes is recognized to catalyze the oxidative
etabolism of a wide variety of endogenous and foreign

ompounds [1]. Literally hundreds of natural and syn-
hetic modifiers of the production and activity of these
ixed function oxidases (MFOs) and associated compo-

ents are known to occur. Enhanced liver metabolism and
onjugation of pentobarbital (PB) is accompanied by a
runcation of the duration of hypnosis caused by this
rug. The aliphatic hydroxylation by cytochrome P450

ependent monooxygenases, mainly the CYP2B isoform,
s the key to biotransformation of pentobarbital and to
ermination of its biological effects.

Several dietary factors are recognized to influence

* Corresponding author (current address is the National Cancer Insti-

cute). Tel.: (301) 496-8573; fax: (301) 480-3925.
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entobarbital induced sleep time. For example, increased
olyunsaturated fatty acid consumption in the rat is rec-
gnized to stimulate liver MFO activity and to decrease
entobarbital induced hypnosis [2]. Providing a diet en-
iched in �-tocopherol not only lowers lipid peroxidation
ut also enhances hepatic cytochrome pentoxyresulfin
-dealkylase (PROD) activity in phenobarbital treated

ats compared to those fed a diet low in vitamin E [3].
xposure to compounds such as perfluorochemicals (i.e.,
erfluorodecalin and perflourooctylbromide) prolong
entobarbital induced sleep, presumably by suppressing
FO activity [4]. Consumption of furoquinolines present

n alkaloid fraction of leaves from the Helietta apiculata
ree has also been observed to prolong pentobarbital
nduced sleep in the rat. Animals treated with this alka-
oid extract have reduced microsomal protein and de-
reased activity of aminopyrine-N-demethylation and
,4-benzpyrene hydroxylation [5]. Exposure to herbi-

ides such as 3-amino-1,2,4,-triazol (3-AT) can not only
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lock the induction of cytochrome P450 by pentobarbital
ut also inhibit the synthesis of heme [6].

Variation in the intake of several minerals can also in-
uence MFO activity. For example, zinc deficiency is rec-
gnized to decrease total concentration of microsomal cy-
ochrome P450 [7]. Selenium deficient rats treated with
henobarbital exhibited an increased cellular heme pool,
ossibly because of enhanced rate of cytochrome P450 deg-
adation [8]. Selenium depletion is also recognized to im-
air cytochrome P450 induction caused by barbiturates in the
at [9]. Schnell and Early [10] noted that giving sodium
elenite intraperitoneally (2.4 mg/kg body weight [BW])
ncreased hepatic MFO ethylmorphine demethylase and an-
line hydroxylase activity. Accompanying these increases
as a prolongation of hypnosis in rats given pentobarbital

11]. Nevertheless, it remains to be determined whether
ietary selenium at more physiological exposures can lead
o similar changes in drug induced hypnosis. This uncer-
ainty serves as the primary aim of the current investigation.
everal variables were examined including the influence of
ariation in selenium intake, quantity and duration of Pento-
arbital provided, age/maturity of the rat model, and agents
nown to modify cytochrome P450 activity.

. Methods and materials

All experiments were performed with male Sprague-
awley rats (Harlan Industries, Indianapolis, IN). Rats
ere housed separately in stainless steel cages in a room
ith controlled temperature (22°C) and lighting (12-hour

ight– dark cycle). Rats had free access to food and water.
he basal diet contained the following: 37% saccharose,
1.5% corn starch, 15% casein, 10% corn oil, 2% cellu-
ose, 3.5% AIN-76 mineral mixture, and 1% of AIN-76
itamin. The basal diet was found to contain 0.011 �g Se/
g according to the method of McCarthy et al. [12]. The
mount of supplemental selenium was experimentally
anipulated up to 2.0 �g/g using sodium selenite.
Liver selenium and glutathione peroxidase (GPx) activ-

ty were determined by the methods of McCarthy et al. [12]
nd of Paglia and Valentine [13], respectively. Hydrogen
eroxide was used as the substrate for GPx. One unit of GPx
ctivity was defined as 1 mmole of NADPH oxidation per
inute per mg protein. The concentration of cytochrome P

50 was determined in liver microsomal fractions by the
ethod of Omura and Sato [14]. Liver protein was esti-
ated using the Lowry method.
In the first experiment 56 rats weighing initially 106 �

g were randomly assigned to a diet containing 0.01, 0.5,
.0, or 2.0 �g Se per g. After 4 weeks of experimental
eeding all rats were given an intraperitoneal injection of
entobarbital (Nembutal sodium solution, Abbott Labo-
atories, West Chicago, IL) (60 mg/kg BW) for 3 suc-
essive days. Sleep duration was determined after each

B treatment. The sleep time was defined as the time R
ecessary to regain the righting reflex after PB treatment.
eturn of this reflex was defined by the ability to place

he forefeet for standing. Rats were killed by spinal cord
isplacement immediately after righting occurred. At the
ermination of each study liver from each rat was per-
used in situ with ice cold 1.15% KCl solution, excised,
lotted dry, and weighed. Se content and GPx activity
ere determined in liver homogenate (20%) prepared in
.15% KCl.

The second study examined the influence of increased
B exposure on the duration of hypnosis in male rats, (n �
2) initially weighting 110 � 1 g and fed a diet containing
ither 0.1 or 2.0 �g Se/g. In this study rats were treated with
0, 80, or 100 mg PB/kg BW. Experiment three evaluated
W (age) as a variable influencing PB induced hypnosis. In

his study, 42 rats weighing 53 � 2, 103 � 3, and 204 � 5 g
ere fed a diet containing 0.1 or 2.0 �g Se/g for 2 weeks.
he duration of hypnosis was estimated after single PB

reatment (70 mg PB/kg BW). In the fourth study, various
ytochrome P450 modifiers were examined for their ability
o influence the response to dietary selenium. In this study,
0 rats initially weighing 74 � 2 g were fed a diet contain-
ng 0.1 or 2.0 �g Se/g for 2 weeks. Sixteen hours before
valuating PB induced hypnosis (70 mg PB/kg BW), rats in
ach treatment were given an intraperitoneal injection with
aCl (90 mg/kg BW control treatment), pentobarbital (70
g/kg BW), Aroclor 1254 (500 mg/kg BW), 3-methylchol-

nthrene (20 mg/kg BW), or 3-amino-1,2,4-triazol (3 g/kg
W). The amount of cytochrome CYP1A and CYP2B in the

iver of these rats was determined. Data are expressed as
mol cytochrome per mg of protein.

All data were evaluated statistically by analysis of vari-
nce and the application of a least significant difference test
or mean comparisons. Mean differences were considered
ignificant at P � 0.05.

. Results

In experiment 1, increased dietary selenium intake did
ot consistently affect BW gain (16.3 � 4.9, 20.8 � 4.6,
2.1 � 7.4, and 15.1 � 3.8 g/week for rats fed 0.01, 0.5, 1.0,
r 2.0 mg Se/kg, respectively). However, rats consuming
he diet containing 2.0 �g Se/g gained significantly less than
hose fed 1.0 mg/kg during the 4 wk of feeding. Liver GPx
ctivities were significantly elevated with increasing intake
f selenium (0.046 � 0.013, 1.011 � 0.054, 1.250 � 0.034,
nd 1.04 � 0.132 units, for rats fed 0.01, 0.5, 1.0 and 2.0 mg
e/kg, respectively). Liver Se concentrations in rats were
.175 � 0.012, 1.664 � 0.081, 2.354 � 0.084, and 3.551 �
.144 ng/mg protein, respectively. Each intake was associ-
ted with a progressively higher liver selenium content (P �
.05). In experiment 1, PB induced hypnosis was signifi-
antly increased in rats receiving diets containing 1.0 and
.0 �g Se/g compared to those fed 0.1 �g/g (Fig. 1).

epeated PB exposure was associated with a decrease in
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ypnosis (day 3 vs day 1) and elimination of prolongation of
leep resulting from exaggerated selenium intake.

In experiment 2, consumption of the diet containing 2.0
g Se/g diet prolonged hypnosis compared to that in rats fed
.1 �g Se/g, regardless of the quantity of PB provided (Fig.
). Again, PB induced hypnosis differences among dietary
e treatments disappeared by day 3 of PB treatment.

Experiment 3 examined the influence of age and dietary

ig. 1. The influence of feeding dietary selenium (0.01, 0.5, 1.0, and 2.0
g/g) on pentobarbital (PB) induced hypnosis in male rats. All rats were
iven an i.p. injection of PB (60 mg/kg body weight) to induce hypnosis.
pen bars are after 1 day of PB treatment and solid bars are after 3

uccessive days of PB treatment. Values are means of seven rats per
reatment. Bars not sharing a common superscript letter are statistically
ifferent (P � 0.05).

ig. 2. Interaction between pentobarbital (PB) treatment (60, 80, and 100
g/kg body weight [BW]) and dietary selenium (0.1 and 2.0 �g/g) on

uration of hypnosis in rats. PB was administered for 1 or 3 successive
ays. Values are means for seven rats. Bars not sharing a common super-

cript letter are statistically different (P � 0.05). w
e on hepatic Se, activity of GPx, and duration of PB (70
g/kg BW) induced hypnosis. In rats weighing 200 g the
Px activity in liver was 0.678 � 0.134 U/mg protein (0.1
g/g) and 0.917 � 0.116 (2.0 �g/g), 0.759 � 0.101 and
.944 � 0.107 in the rats weighing 100 g, and 0.760 �
.075 and 0.881 � 0.088 in those weighing 50 g, respec-
ively. The Se concentration in the liver of largest rats was
.17 � 0.16 ng/mg protein (0.1 Se �g/g) and 2.97 � 0.39
2.0 �g Se /g), in the medium-sized rats 1.60 � 0.06 and
.69 � 0.408, and in smallest rats 1.741 � 0.275 and 4.88

0.357, respectively. The youngest (50 g) rats slept longer
ompared to the oldest (200 g) rats (Fig. 3). Selenium
upplementation caused a significant prolongation in hyp-
osis 164.7 � 45.7 vs 201.9 � 65.6 minutes. However the
esponse in the oldest (200 g) rats was not statistically
ifferent. A highly significant negative correlation between
ypnosis and BW was observed (R2 � �0.80, P � 0.0001)
Fig. 4). No significant correlation was observed between
epatic GPx and hypnosis (R2 � 0.48). Duration of sleeping
ime was positively related to hepatic Se concentration. This
orrelation was significant in all groups of animals and for
ll rats R2 � 0.66, P � 0.0001. A stronger relationship was
bserved in younger rats (R2 � 0.79) than in older ones
R2 � 0.54) (Fig. 4).

ig. 3. Influence of body weight (BW) on pentobarbital (PB) induced
ypnosis in rats fed a diet containing 0.1 or 2.0 mg �g/g. PB was admin-
stered i.p. (70 mg/kg BW).

ig. 4. Correlation between liver selenium concentration and pentobarbital
PB) induced hypnosis in rats. Data are from rats ranging in final weight
rom 100 to 230 g and receiving either 0.1 or 2.0 mg Se/kg diet. All rats

ere given an i.p. injection of PB (70 mg/kg body weight).
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In experiment 4, pretreatment with cytochrome P450 ac-
ivators (PB, ARO, 3-MC) or the inhibitor (3-AT) 16 hours
efore use of PB markedly influenced the duration of PB
nduced sleep time (Fig. 5). Treatment with 3-AT resulted in
he greatest duration of hypnosis regardless of selenium
ntake. Pretreatment with ARO significantly shortened PB
nduced hypnosis. Treatment with the cytochrome modifiers
liminated differences between Se-adequate (0.1 �g Se/g)
nd Se-supplemented (2.0 �g Se/g) rats (Table 1). Use of
B or the polychlorinated biphenyls mixture (Aroclor 1254)

ncreased CYP2B without changing CYP1A. Rats given
-MC exhibited the highest CYP1A activity and only
lightly higher CYP2B activity compared to saline treated
ontrols. The use of 3-AT significantly decreased hepatic
YP2B. Rats fed the 2.0 �g Se/g diet had the same con-
entration of CYP1A but higher concentration of CYP2B
han those provided 0.1 �g Se/g and given NaCl. The
ffects of selenium supplementation were not significant in
ats given with any of the cytochrome modifiers.

. Discussion

The present studies demonstrate that dietary selenium
an significantly influence PB induced hypnosis in the rat.
nimals fed enriched diets containing 1 or 2 �g Se/g had a
rolongation of PB induced sleep. This effect is consistent
ith observation by Schnell and Early [11] that showed that

n acute selenite injection enhanced hypnosis in rats treated
ith phenobarbital. Elevating dietary selenium to 1 �g/g or
ore was required to increase PB induced hypnosis. The

xpansion of hypnotic effect of pentobarbital was observed
nly after the first day of barbiturate treatment. As the effect
f selenium disappeared with multiple PB treatments, the
esponse likely points to a shift in drug detoxification.

ig. 5. The influence of cytochrome P-450 modifiers (pentobarbital [PB],
roclor 1254 [ARO], 3-methylcholanthrene, and 3-amino-1,2,4-triazole

AT]) on the sleep time of rats followed i.p. injection of pentobarbital (PB)
70 mg/kg body weight [BW]). Rats were given 0.1 or 2.0 mg Se/kg diet.

eans are given for seven rats. Bars with different superscript letters differ
ignificantly at level of P � 0.05.
The mode of action of barbiturates is recognized to be t
omplex and can involve a host of confounding factors.
entobarbital is known to have a relatively low partition
oefficient and thus enters the brain rather slowly and before
inding to GABAA receptors. Multiple uses of this barbi-
urate are recognized to cause tolerance and dependence,
hich has been found to correlate in the brain with fluni-

razepam binding sites [15], adenylate cyclase and protein
inase activity [16] and NMDA receptor up-regulation
17,18]. Thus the variation in sleep time with increasing
xposure to PB may not only reflect induction of cyto-
hrome P450 metabolism but also fluctuations in brain re-
eptors number and/or their affinity.

The half-life of PB is determined mainly by inducible
ytochrome P450 activity in the liver. In the present studies,
retreatment of rats with PB 16 hours before estimating
leep cause a significant increase of CYP2B without chang-
ng CYP1A (Table 1). Roe at al. [19] reported that rats
iven phenobarbital increased the binding to putative AP-1
ite in CYP2B2 promoter region. Ganem and Jefcoate [20]
ave shown that phenobarbital induction as evident by in-
reased mRNA of CYP2B1 and CYP2B2 was also linked
ith thyroid hormone suppression. In the present studies the
ecrease in hypnosis was connected with increased hepatic
YP2B (Table 1).

In the current studies a relationship between the he-
atic Se concentration and PB induced hypnosis was
bserved in selenium adequacy (0.1 �g/g) and after Se
upplementation (2.0 �g/g) (Fig. 4). Increased dietary
elenium given to male rats increase CYP2B in untreated
ats and in rats given a single PB treatment (Table 1)
ompared to those provided a selenium-adequate diet (0.1
g/g). In rats pretreated with PB, ARO, 3-MC, or 3-AT,

he difference caused by selenium supplementation dis-
ppeared.

We observed that PB induced hypnosis was highly de-
endent on the age (weight) of the rat examined (Fig. 3).
ypnosis in the youngest rats (42 days) was about twice as

ong as that occurring in the oldest (80 days) rats. Consistent
ith this observation, Agrawal and Shapiro [21] found that

ytochrome P450 was expressed in both young (65 days) and
dult (150 days) rats, but that the phenobarbital induction
as about 4 times higher in the adult animals. These authors

uggested these differences in induction related to GH se-
retion patterns. However, using aged rats (�12 months of
ge), Groen at al. [22] reported that hexobarbital and phe-
obarbital induction of cytochrome P450 enzyme sensitivity
o phenobarbital was significantly reduced in such rats com-
ared to younger animals. The influence of dietary Se on
rolongation of sleeping time induced by pentobarbital was
uch more efficient in young rats. Age appears to be an

mportant factor influencing the response to PB and to
elenium in rats.

The ability of Se to prolong PB induced hypnosis in
ats is consistent with a depression in metabolism of
oreign compounds. Selenium supplementation is known

o modify the detoxification of several carcinogens, in-
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luding shifts in oxidation of 7,12-dimethylbenz(a)an-
hracene and 3,2�-dimethyl-4-aminobiphenyl [23,24].
he mechanism by which selenium likely brings about

his effect is multifactorial, but P450 involvement seems a
ogical component [25]. Many chemicals, including car-
inogens, are bioactivated to reactive intermediates by
ytochrome P450 enzymes (phase I) and/or conjugated as
lutathione or glucuronide metabolites (phase II). It is
nown that selenium may influence both phases of xeno-
iotic biotransformation. Changes in phase I
nd II enzymes may also explain the present hypnosis
ndings.

Overall, the current studies provide for the first time clear
vidence that dietary selenium intake can influence PB
nduced hypnosis in rats. However, the response was found
o be highly dependent on the duration of PB treatment and
n several factors influencing the physiological state. More
nformation is needed to determine whether variation in
elenium intake influences the response in humans to a
ariety of foreign compounds, including those associated
ith sleep.
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