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Abstract

Objectives A significant association between the trace element selenium and hyper-
cholesterolaemia has been reported. This study was designed to investigate a potential
hypolipidaemic effect of diphenyl diselenide ((PhSe),) in Triton WR-1339-induced
hyperlipidaemia in mice.

Methods Triton was administered intraperitoneally (400 mg/kg) to overnight-fasted mice
to develop acute hyperlipidaemia. (PhSe), was administered orally (10 mg/kg) 30 min
before Triton. At 24 h after Triton injection, blood samples were collected to measure
plasma lipid levels. The hepatic thiobarbituric acid reactive substances and ascorbic acid
levels as well as catalase and glutathione peroxidase activity were recorded.

Key findings (PhSe), administration significantly lowered total cholesterol, non-high-
density lipoprotein-cholesterol and triglycerides, whilst it increased high-density lipoprotein-
cholesterol levels in plasma of hyperlipidaemic mice. Neither oxidative stress nor the
antioxidant effect of (PhSe), was observed in the mouse liver in this experimental protocol.
Conclusions These findings indicated that (PhSe), was able to lower plasma lipid
concentrations. Further studies are needed to elucidate the exact mechanism by which
(PhSe), exerted its hypolipidaemic effect in the management of hyperlipidaemia and
atherosclerosis.

Keywords diphenyl diselenide; hypercholesterolaemia; oxidative stress; selenium; Triton
WR-1339

Introduction

Plasma lipid levels are determined by exogenous lipid absorption and endogenous lipid
synthesis and metabolism in the body.""! The majority of research on hyperlipidaemia has
focused on the effects of a high cholesterol diet on atherosclerosis and coronary heart
disease. However, hypercholesterolaemia could also lead to the accumulation of lipid
droplets in the liver, resulting in hepatic damage, such as steatosis.'

The liver is a key organ for lipid metabolism since hepatic cholesterol uptake from
serum, coupled with intracellular processing and biliary excretion are important features in
the removal of excess cholesterol from the body."™ The transport of excessive cholesterol
from the periphery to the liver by high-density lipoprotein (HDL) (reverse cholesterol
transport) alleviates the accumulation of cholesterol in the arterial wall, a critical step in
atherogenesis.'¥

Taking into account that the liver plays a central role in the maintenance of systemic
lipid homeostasis, it is especially susceptible to damage by reactive oxygen species
(ROS)."”! Studies have demonstrated that hyperlipidaemia reduces the hepatic antioxidant
defence system.!®”) Thus, there is a relationship between hyperlipidaemia and hepatic
oxidative damage.
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demonstrating that 1 ppm Se supplementation down regu-
lated apolipoprotein B and 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase expression, a rate con-
trolling enzyme in the cholesterol biosynthesis in animals,
during hypercholesterolaemia in rats.

The interest in organoselenium pharmacology has
increased in the last decade due to a variety of organosele-
nium compounds that possess biological activity.[ls] In
accordance, a number of novel pharmaceutical agents which
are selenium-based or which target specific aspects of
Se metabolism are under development.[16] In addition to
their antioxidant property, Se compounds have been found to
have neuroprotective, antinociceptive and anti-inflammatory
propeﬂies.[m’lg]

Diphenyl diselenide (PhSe),, an organoselenium com-
pound, has been reported as a potential pharmacological and
antioxidant agent.[lsl Of particular importance, (PhSe),
inhibits lipid peroxidation in human isolated LDL in vitro.
The protective effect of (PhSe), against Cu?*-induced loss of
tryptophan fluorescence indicated that, besides its beneficial
effects against oxidation of lipid moieties of LDL, this
organoselenium compound prevented the oxidation of
protein moieties of human LDL, pointing to an additional
mechanism that could contribute to the inhibition of the
atherogenic process.!'”!

Triton WR-1339 (an oxyethylated tertiary octyl phenol
formaldehyde polymer), one of the well known nonionic
detergents, has been used widely to produce acute hyperli-
pidaemia in animal models.**?"" Thus, this study was
designed to investigate a potential hypolipidaemic effect of
(PhSe), on Triton WR-1339-induced acute hyperlipidaemia
in mice.

An important property of a compound that may affect
hyperlipidaemia is its antioxidant capacity. Considering that
liver is the major organ responsible for cholesterol transport,
metabolism and excretion, it is reasonable to study hepatic
lipaemic-oxidative disturbances in hypercholesterolaemia.
Kumar er al.'”’ demonstrated that there was a significant
increase in hepatic markers of oxidative damage, such as
lipid peroxidation, accompanied by deteriorating enzymatic
and nonenzymatic antioxidant status in rats fed a high
cholesterol diet for 30 days. These findings were suggestive
of signifying heightened oxidative injury in the liver. Thus,
another objective of this study was to evaluate whether
Triton WR-1339-induced acute hyperlipidaemia in mice
altered some parameters of oxidative damage in the hepatic
tissue and to assess whether the antioxidant effect of (PhSe),
was related to this process.

Materials and Methods

Chemicals

(PhSe), was prepared and characterized in our laboratory by
the method previously described by Paulmier.** Analyses of
the "H nuclear magnetic resonance (NMR) and '*C NMR
spectrum showed that (PhSe), obtained presented analytical
and spectroscopic data in full agreement with its assigned
structure. The chemical purity of the compound (99.9%) was
determined by gas chromatography/high-performance liquid
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chromatography. (PhSe), is a solid compound, very stable
and can be stored in the laboratory in a simple flask for a
long time. (PhSe), was dissolved in canola oil. Triton
WR-1339 (Tyloxapol) was purchased from Sigma-Aldrich
(St Louis, MO, USA) and was dissolved in saline solution
(pH 7.4). All other chemicals were of analytical grade and
obtained from standard commercial suppliers.

Experimental animals

Male adult Swiss mice (25-35 g) from our own breeding
colony were used. The animals were kept on a 12 h light/
dark cycle, at room temperature (22 + 2°C), with free access
to food and water. All experiments were approved by and
supervised under ‘The Ethic Committee for Animal and
Human Experiment’ according to the declaration of Helsinki
1975. All efforts were made to minimize suffering and to
reduce the number of animals used in the experiments.

Experimental design

Mice were fasted for 12 h and then divided into four groups.
Group 1, control (n = 6): mice received canola oil (10 ml/kg,
p-0.) 30 min before saline (2.5 ml/kg, i.p.). Group 2, (PhSe),
(n = 6): mice received (PhSe), (10 mg/kg; 10 ml/kg, p.o.)
30 min before saline (2.5 ml/kg, i.p.). Group 3, Triton (n =
5): mice received canola oil (10 ml/kg, p.o.) 30 min before
Triton WR-1339 (400 mg/kg, 2.5 ml/kg, i.p.).[" Group 4,
(PhSe), + Triton (n = 6): mice received (PhSe), (10 mg/kg;
10 ml/kg, p.o.) 30 min before Triton WR-1339 (400 mg/kg,
2.5 ml/kg, i.p.).

All animals remained in a fasted state for the duration of
the experiment (36 h). At 24 h after the Triton injection,
blood samples were collected directly from the ventricle of
the heart in anaesthetized animals, using heparin as the
anticoagulant, and plasma was separated by centrifugation
(2400g) for 15 min. Subsequently mice were killed by
decapitation. The livers were quickly removed and homo-
genized in 50 mm Tris-HCI, pH 7.4 (1/10, w/v). The
homogenate was centrifuged at 2400g at 4°C for 15 min
and a low-speed supernatant fraction (S;) was used for
assays.

Measurement of plasma lipid

Plasma total cholesterol, high-density lipoprotein (HDL)-
cholesterol and triglycerides were determined by enzymatic
colorimetric methods using commercial kits (Labtest Diag-
nostica, MG, Brazil). Non-HDL values were obtained by the
difference between total cholesterol and HDL-cholesterol
levels. Plasma lipid levels were expressed as mg/dl.

Determination of hepatic oxidative stress
parameters

Thiobarbituric acid reactive species

Thiobarbituric acid reactive species (TBARS), a measure
of lipid peroxidation, were determined as described by
Ohkawa er al.”®! A sample of S; was incubated with 0.8%
thiobarbituric acid (TBA), acetic acid buffer pH 3.4 and 8.1%
sodium dodecyl sulfate for 2 h at 95°C. The colour reaction
was measured at 532 nm. TBARS level was expressed as
nmol malondialdehyde (MDA)/mg protein.
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Nonenzymatic antioxidant defence

Ascorbic acid determination was performed as described by
Jacques-Silva er al.®*' S| was precipitated in 10 vol cold 4%
trichloroacetic acid solution. A portion of the sample in a
final volume of 1 ml of the solution was incubated at 38°C
for 3 h, then 65% H,SO, (v/v) was added to the medium. The
reaction product was determined using colour reagent
containing 4.5 mg/ml dinitrophenyl hydrazine and CuSQO,4
(0.075 mg/ml). The colour reaction was measured spectro-
photometrically at 520 nm. Ascorbic acid content was
expressed as pug ascorbic acid/g tissue.

Antioxidant enzymatic defences

The activity of catalase and glutathione peroxidase (GPx)
was determined. Catalase activity in S; was assayed spectro-
photometrically by the method of Aebi®!, which involved
monitoring the disappearance of H,O, in the presence of S,
at 240 nm. A sample of S; was added to 50 mm potassium
phosphate buffer pH 7.0 and the enzymatic reaction was
initiated by adding H,O,. One unit of enzyme was defined as
the amount of enzyme required for monitoring the disap-
pearance of H,O,. The enzymatic activity was expressed as
Unit (U)/mg protein (1 U decomposes 1 umol H,O,/min at
pH 7 at 25°C).

GPx activity in S; was assayed spectrophotometrically
by the method of Wendel?¢!, through the glutathione/
NADPH/glutathione reductase system, by the dismutation
of H,0, at 340 nm. S; was added in the glutathione/NADPH/
glutathione reductase system and the enzymatic reaction was
initiated by adding H,O,. In this assay, the enzyme activity is
indirectly measured by means of NADPH decay. H,0, is
decomposed, generating glutathione disulfide (GSSG) from
glutathione. GSSG is regenerated back to glutathione by
glutathione reductase present in the assay medium at the
expense of NADPH. The enzymatic activity was expressed
as nmol NADPH/min per mg protein.

Protein determination

Protein concentration was measured by the method of
Bradford®”!, using bovine serum albumin as the standard.

Statistical analysis

The results were presented as the means + SEM. The
statistically significant difference between groups was calcu-
lated by means of two-way analysis of variance followed by
Duncan’s test when necessary. Probability values less than
0.05 (P < 0.05) were considered as statistically significant.

Results

Measurement of plasma lipid

Two-way analysis of variance of cholesterol total data
yielded a significant Triton WR-1339 x (PhSe), interaction
(F1.19 = 6.200; P < 0.05). Post-hoc comparisons demon-
strated that Triton WR-1339 increased plasmatic cholesterol
total levels in mice (2.4-times higher than the control group).
(PhSe), pretreatment was effective in preventing the increase
of cholesterol total levels caused by Triton WR-1339
injection in mice (e.g. Figure 1a).

Juliana Trevisan da Rocha et al. 1675

Two-way analysis of variance of HDL-cholesterol levels
showed a significant Triton WR-1339 x (PhSe), interaction
(F1,19=4.585; P <0.05). Post-hoc comparisons demonstrated
that Triton WR-1339 decreased plasmatic HDL-cholesterol
levels in mice (2.0-times lower than the control group).
(PhSe), pretreatment increased HDL-cholesterol levels
reduced by Triton WR-1339 injection in mice (e.g. Figure 1b).

Two-way analysis of variance of non-HDL-cholesterol
levels yielded a significant Triton WR-1339 x (PhSe), inter-
action (Fy 19 = 12.523; P < 0.05). Post-hoc comparisons
demonstrated that Triton WR-1339 increased plasma non-
HDL-cholesterol levels in mice (6.3-times higher than the
control group). (PhSe), pretreatment was effective in
preventing the increase of non-HDL-cholesterol levels
caused by Triton WR-1339 injection in mice (e.g. Figure 1c).

Two-way analysis of variance of triglyceride data re-
vealed a significant Triton WR-1339 x (PhSe), interaction
(F1,19=5.606; P <0.05). Post-hoc comparisons demonstrated
that Triton WR-1339 increased the plasma triglycerides
levels in mice (19.7-times higher than the control group).
Oral administration of (PhSe), in mice avoided the increase
of triglyceride levels induced by Triton WR-1339 injection
(e.g. Figure 1d).

Determination of hepatic oxidative stress
parameters

Two-way analysis of variance of TBARS, ascorbic acid,
catalase and GPx data showed that neither (PhSe), nor Triton
WR-1339 changed any of these parameters in livers of tested
mice (Table 1).

Discussion

The purpose of this study was to demonstrate the
hypolipidaemic effect of oral administration of (PhSe), on
Triton WR-1339-induced hyperlipidaemia in mice. A single
oral dose of (PhSe), was able to prevent the augmentation
of total cholesterol, non-HDL-cholesterol and triglyceride
levels as well as to increase HDL-cholesterol levels in
hyperlipidaemic mice.

The nonionic detergent, Triton WR-1339, has been used
widely to block the uptake of triacylglycerol-rich lipopro-
teins from plasma by peripheral tissues to produce acute
hyperlipidaemia in animal models, which are often used for a
number of objectives, in particular for screening natural or
chemical hypolipidaemic drugs.“’zo’zl’%] Experimental evi-
dence supports the concept that Triton WR-1339 physically
alters very low density lipoproteins (VLDL), rendering them
refractive to the action of lipolytic enzymes of blood and
tissue.!*” This prevents or delays their removal from blood
and secondarily stimulates the hepatic cholesterol biosynth-
esis, enhancing the hyperlipidaemia.m]

In this study, the levels of total cholesterol, non-HDL-
cholesterol and triglycerides were increased 24 h after a
single Triton WR-1339 injection in mice. The results
demonstrated here were in accordance with those reported
by others."'*"1 Moreover, (PhSe),, given by the oral route
to mice, presented a hypolipidaemic effect by preventing
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Figure 1 Effect of Triton WR-1339 and diphenyl diselenide on plasma lipid levels in mice. (a) Total cholesterol, (b) high-density lipoprotein
(HDL)-cholesterol, (c) non-HDL-cholesterol, and (d) triglyceride levels from plasma of male adult mice. (PhSe),, diphenyl diselenide. Data are
reported as means = SEM for five to six animals per group. *Compared with control group; *compared with Triton group, P < 0.05 (two-way analysis

of variance/Duncan).

Table 1 Effect of Triton WR-1339 and diphenyl diselenide on parameters of oxidative stress from liver of male adult mice

TBARS
(nmol MDA/mg protein)

Treatment group

Ascorbic acid
(pg ascorbic acid/g tissue)

Catalase
(U/mg protein)

Glutathione peroxidase
(nmol NADPH/min per mg protein)

Control 33.11 +4.71 328.17 £ 10.78 29.75 +5.68 108.23 £ 5.26
(PhSe), 34.11 £7.88 341.24 £ 22.90 29.03 +3.90 114.13 £ 8.01
Triton 40.18 + 6.44 324.69 + 26.82 3359 +6.15 111.14 +7.33
(PhSe), + Triton 37.18 £ 8.75 364.05 + 11.28 27.65 +4.45 106.92 £ 12.87

(PhSe),, diphenyl diselenide; TBARS, thiobarbituric acid reactive substances. Data are reported as mean + SEM for five to six animals per group.

the augmentation of total cholesterol, non-HDL-cholesterol
and triglyceride levels in a Triton WR-1339-induced hyper-
lipidaemic model.

It has been postulated that high levels of HDL-cholesterol
are associated with a reduced amount of atherosclerotic
disease.!! The HDL-cholesterol fraction may down regulate
the total cholesterol via reverse cholesterol transport to the
liver, i.e. the HDL fraction increases the cholesterol
elimination from tissues and facilitates the cholesterol
transport to the liver. Accordingly, Wojcicki et al B
reported an increase in HDL-cholesterol fraction on Se
supplementation. In this way, it should be plausible to expect
that (PhSe), could augment HDL-cholesterol levels. Despite
this, our data revealed that (PhSe), itself was not capable of
increasing significantly HDL-cholesterol levels, although it

had raised HDL-cholesterol to control levels in Triton
WR-1339-induced hyperlipidaemia in mice.

Oxygen free radicals or, more generally, reactive oxygen
species (ROS), are the products of normal metabolic and
signal-transduction events within a cell but free radical
oxidation is responsible for the degradation of fatty acids and
their esters in biological membranes and lipoproteins.'*!
Consequently, this oxidation may also play a role in
pathologic processes. Stokes er al.**! reported that ROS
levels in hypercholesterolaemia were higher than in the
normal state. In agreement with this, Oh et al.® found that
18 h after Triton WR-1339 administration to mice, the level
of plasma TBARS was increased and the activity of two
hepatic detoxicating enzymes, catalase and GPx, were
decreased compared with the control group. Conversely, in
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this study the hepatic markers of oxidative stress were not
altered in mice treated with Triton WR-1339. The unconfor-
mity between results presented herein and the data from Oh
et al.'® could be attributed to differences in the protocol of
exposure, in other words, the different time of exposure to
Triton WR-1339. In fact, in the experimental protocol carried
out in this study, blood was collected from mice 24 h after
Triton WR-1339 administration.

Although the mechanism involved in the hypolipidaemic
effect of (PhSe), has yet to be fully elucidated, its antioxidant
property in liver was not demonstrated in this experimental
protocol, since results from this study did not show any
oxidative alteration in hepatic parameters tested. It is important
to consider that liver TBARS and antioxidant defences are
likely to have minimal effects on the cholesterol formation or
tissue/vascular uptake of cholesterol because these are
essentially two separate phenotypes with little correlation to
the other. Therefore, we should not rule out that the antioxidant
effect plays a role in (PhSe),-reduced hyperlipidaemia. In fact,
the experimental design assesses no correlation of liver
TBARS/antioxidant defences with altered blood lipids,
indicating that the antioxidant action of (PhSe), could be
discharged in liver, but not necessarily in blood or other tissues.

(PhSe), has been reported as an organoselenium compound,
which presents thiol peroxidase-like activity in vitro.!'®
In-vivo, (PhSe), increased the levels of ascorbic acid and
glutathione and the activity of glutathione S-transferase in lungs
of rats.*>*®! However, in this study the (PhSe), effect on the
basal levels of ascorbic acid were not demonstrated. This lack
of (PhSe), effect could be explained by a possible tissue
specific action, but this study is in accordance with Santos
et al.®"" who verified no changes on ascorbic acid content in
liver of mice after (PhSe), treatment.

Literature data have reported that chalcogen compounds,
containing selenium or tellurium, inhibit human squalene
monooxygenase, the second enzyme in the downstream
pathway for cholesterol biosynthesis.[38’39] The inhibition of
squalene monooxygenase by selenium results from binding
to one or more critical sulfhydryl groups on the enzyme."*”!
Since the mechanism by which Triton WR-1339 caused
hyperlipidaemia in mice involved the prevention or delay of
VLDL removal from blood and secondarily the stimulation
of hepatic cholesterol biosynthesis, it could be speculated
that the inhibition of squalene monooxygenase, which
resulted in reduction of cholesterol biosynthesis, by (PhSe),
could have been involved in its hypolipidaemic effect.2%-30)
In accordance, we have reported that a structural analogue of
(PhSe),, (PhTe),, produced a significant decrease in the
plasma cholesterol levels in rats. ")

Cholesterol homeostasis in the body is maintained
primarily by the liver through the regulation of LDL receptor
(LDL-R) and HMG-CoA reductase that affect exogenous
uptake and endogenous synthesis of cholesterol, respec-
tively.'¥ So, another possible explanation for the hypolipi-
daemic action of (PhSe), is related to HMG-CoA reductase
activity. In fact, HMG-CoA reductase, a rate-limiting step in
cholesterol biosynthesis, possesses cysteine residues and is
subject to regulation by thiol-disulfide exchange. Nassir
et al."*" reported that Se deficiency led to increased HMG-
CoA reductase activity in rats, that in turn resulted in
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increased endogenous cholesterol synthesis. In agreement,
Dhingra and Bansal''*! demonstrated that 1 ppm Se supple-
mentation was responsible for downregulation of HMG-CoA
reductase expression during hypercholesterolaemia.

A balance between therapeutic versus toxicological effects
of a compound is an important parameter when evaluating its
usefulness as a pharmacological drug. The increased selenium
bioaccumulation may be related to its ability to substitute
sulfur in methionine to form the analogue, selenomethionine;
the latter is directly incorporated into protein and so enhances
the chance of its tissue accumulation.**) Moreover, at the
molecular level, selenium toxicity has been attributed to the
oxidation of thiols of biological importance.'** In this sense, it
is important to mention that the liver is the major target organ
of selenium toxicity.**! Presumably this chronic type of
poisoning is the result of prolonged ingestion of 10-30 ppm
selenium, but in this study, (PhSe), was used in a subtoxic dose
(10 mg/kg e.g. 5.1 ppm Se).!**!

Furthermore, it has been known for a long time that
inorganic selenium is highly toxic to several species of
mammals.”’! However the methylated selenium is more
easily excreted than inorganic selenium, resulting in lower
tissue selenium levels and subsequent lower toxicity.ml In
line with this, previous results from our research group have
demonstrated that (PhSe),, an organoselenium compound,
has potential toxic effects only when animals are exposed to
high doses, affecting the central nervous system of mice and
causing impairment of glutamatergic transmission as well as
liver and renal toxicity.[47J Reinforcing this idea, results from
Meotti et al.™®! indicated that subchronic exposure to (PhSe),
at high doses (94 mg/kg) induced minor toxicological effects
in rats. In addition, it is very important to mention that
(PhSe), does not induce toxic effects at doses in which it has
pharmacological effects.

In this context, the toxicity of selenium compounds not
only depends on the chemical form and the quantity of the
element consumed, but also on a variety of other factors
including species, age, physiological state, nutrition and
dietary interactions, and the route of administration.”!

Conclusions

A single oral administration of (PhSe), was able to prevent
the augmentation of plasma total cholesterol, non-HDL-
cholesterol and triglyceride levels as well as to restore the
HDL-cholesterol level in a Triton WR-1339-induced model
of hyperlipidaemia in mice. The antioxidant effect of (PhSe),
in liver was not observed in this experimental protocol.
Further studies are needed to elucidate the exact mechanism
by which (PhSe), exerted its hypolipidaemic effect, and its
effect on atherosclerosis, since this organochalcogen has the
potential to be a candidate for the development of a new
hypolipidaemic drug.
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