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Abstract-Parameters related to hepatic oxidative stress. cell injury, phagocytic activity, and liver histology 
were studied in control rats and in animals subjected to t_-3,3’,%riiodothyronine (Ts) and/or lindane adminis- 
tration. Hyperthyroidism elicited a calorigenic response and increased rates of hepatic 0, uptake, which were not 
modified by lindane treatment. Ts diminished serum lindane levels as well as those in the liver and adipose 
tissue, whereas lindane enhanced serum T, levels in animals given T,. Compared with control rats, lindane 
significantly increased the rate of formation of thiobarbituric acid reactants (TBARS) by the liver, with no 
changes in either the reduced glutathione (GSH) content, the TBARS/GSH ratio as indicator of oxidative stress, 
or in the fractional rates of lactate dehydrogenase (LDH) and GSH efflux from perfused livers as integrity 
parameters. IHyperthyroidism induced GSH depletion in the liver, with a significant enhancement in the TBARS 
formation, the TBARS/GSH ratio, and in the fractional LDH and GSH efflux. These parameters were increased 
further by joint Ts and lindane administration in a magnitude exceeding the sum of the effects produced by the 
separate treatments. In addition, hyperthyroidism led to Kupffer cell hyperplasia and significant increases in 
serum glutamate oxalacetate transaminase (GOT) and in hepatic zymosan-induced chemiluminescence, while 
liver myeloperoxidase (MPO) activity was found unchanged, compared with controls. Rats treated with lindane 
presented normal liver histology, with no changes in biochemical parameters related to cell injury. The joint 
administration of T, and lindane, however, elicited a marked elevation in serum GOT and glutamate pyntvate 
transaminase (GPT), concomitantly with extensive liver necrosis and the presence of granulomas containing 
lymphocytes, Kupffer cells and polymorphonuclear leukocytes (PMN). In this condition. hepatic zymosan- 
induced light emission and MPO activity were enhanced over control values. It is concluded that hyperthy- 
roidism increases the susceptibility of the liver to the toxic effects of lindane, which seems to be accomphshed 
by potentiation of the hepatic oxidative stress status. The latter effect may be conditioned by an enhanced 
phagceytic respiratory burst activity due to the observed Kupffer cell hyperplasia and PMN infiltration, in 
addition to the increased production of reactive oxygen species in parenchymal cells. 
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The understanding of the mechanisms involved in the 
genesis of lethal cell injury has been a major concern of 
biochemical pathology. In the liver, the toxicity of xe- 
nobiotics is usually multifactorial, as shown for either 
carbon tetrachloride [l], acetaminophen [2], or ethanol 
[3], whose interaction potentiates hepatotoxicity [4]. 

The development of an oxidative stress condition in 
the liver by lindane (r_hexachlorocyclohexane) intoxica- 
tion has been consid.ered as a possible hepatotoxic mech- 
anism of the insecticide [5]. Lindane is biotransformed 
by liver microsomal enzymes to a variety of metabolites, 
including polychlorocyclohexenes that are susceptible to 
GSH conjugation for elimination [5]. In addition, induc- 
tion of the liver microsomal cytochrome P450 system is 
also observed, with an enhancement in the rate of 0,.-l’ 

t Corresponding author: Dr. Luis A. Videla, Departamento 
de Bioqufmica, Facultad de Medicina, Universidad de Chile, 
Casilla 70086, Santiago-7, Chile. FAX 56-2-7355580. 

t’ Abbreviations: O;-. superoxide radical; T%, L-3,3’,5-triio- 
dothyronine; PMN, poiymorphonuclear leukocytes; GSH, re- 
duced Elutathione; TBARS. thiobarbituric acid reactants; LDH, 
lactate-dehydrogenase, GOT, glutamate oxalacetate transami: 
nase (aspartate aminotransferase); GPT, ghnamate pyruvate 
transaminase (alanine aminotransferase); and MPO, myeloper- 
oxidase. 

generation [6] and in the magnitude of lipid peroxidation 
indicators [6-81. Concomitantly, lindane alters some an- 
tioxidant mechanisms of the hepatocyte, including de- 
creased superoxide dismutase and catalase activities [6]. 
The changes in these biochemical parameters related to 
oxidative stress are dose [9] and time [6] dependent, and 
coincide with the onset and progression of morphologi- 
cal lesions [6]. Due to the extensive use of lindane for 
public health purposes in developing countries and the 
incidence of toxicity in humans upon its exposure [lo], 
it was considered important to investigate whether lin- 
dane-induced hepatotoxicity could be modulated by an 
additional source of oxidative stress. For this purpose, 
hyperthyroidism was chosen as an example of a condi- 
tion involving an oxidant stress, evidenced in both ex- 
perimental animals and humans [ 111. This hormone dys- 
function leads to an enhanced free radical activity in the 
liver associated with thyroid calorigenesis, with signifi- 
cant increments in the rates of O;- and/or H,O, pro- 
duction at microsomal [ 121 and mitochondrial [ 131 sites. 
In this work, parameters related to oxidative stress were 
measured in the liver of rats made hyperthyroid by treat- 
ment with Ta and subjected to acute lindane intoxication, 
in relation to changes in serum transaminases and struc- 
tural alterations in the liver parenchyma. In addition, the 
possibility that T, and/or lindane administration could 
condition an increased phagocytic activity in the liver 
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was also studied. Different toxic conditions in the liver 
release chemoattractants and activating factors, leading 
to infiltration of PMN into the liver [14-161. Activation 
of PMN infiltrating the liver and its resident macro- 
phages, the Kupffer cells, produces large quantities of 
several reactive oxygen species [17, 181, which could 
constitute an additional source of oxidative stress. 

MATERIALS AND METHODS 

Experimentai groups 

Male Sprague-Dawley rats fed ad lib, received daily 
i.p. injections of 0.1 mg TJkg body weight or equivalent 
volumes of 0.1 N NaOH (T, diluent) for 3 consecutive 
days. At the third day of hormone treatment, animals 
were given either 20 mg of lindane/kg or equivalent 
volumes of lindane vehicle (corn oil) i.p., forming four 
experimental groups: (a) control-control [CC], (b) con- 
trol-lindane [CL], (c) T,-control [T&l, and (d) T,-lin- 
dane [T,L]. Determinations were carried out 24 hr after 
the last treatment in groups of animals exhibiting com- 
parable values of body weight [CC, 243 f 12 g (N = 22); 
CL, 228 f 12 (N = 22); T,C, 235 f 13 (n = 22); T,L, 227 
f 15 (N = 22)] and liver weight/body weight ratios [CC, 
3.77 f 0.12 g/l00 g (N = 22); CL, 4.06 f 0.15 (N = 22); 
T,C, 3.83 f 0.12 (N = 22); T,L, 3.93 f 0.45 (N = 22)]. 
At this experimental time, serum T, levels were mea- 
sured by the GammaCoatTM [iz51]T, Radioimmunoassay 
Kit (Baxter Healthcare Corp., Cambridge, MA), with the 
rectal temperature of the animals measured with a ther- 
mocouple, and the rate of 0, consumption measured 
polarographically in perfused livers as described below. 
Also, lindane levels in serum, liver, and adipose tissue 
were determined by gas chromatography, as previously 
described [ 81. 

Determination of GSH levels and TBARS formation 

Groups of animals were anesthetized with Nembutal 
(50 mg/kg, i.p.) and the livers were perfused in situ with 
200 mL of a cold solution containing 140 mM KC1 and 
10 mM potassium phosphate buffer, pH 7.4, to remove 
blood. Hepatic GSH levels were determined in liver ho- 
mogenates (1: 100) by the catalytic assay of Tietze [19]. 
TBARS formation was assayed in liver homogenates 
(1:4) prepared in 140 mM KC1 containing 10 mM po- 
tassium phosphate buffer, pH 7.4, after centrifugation at 
900 g for 20 min at 4” and incubation for 30 min at 37’ 
[6]. Results are expressed as nanomoles per milligram 
protein per hour. The protein content of liver supema- 
tants was measured according to Lowry et al. [20]. 

Liver perfusion and sinusoidal GSH and LDH eflux 

Livers obtained from rats under Nembutal(50 mg/kg, 
i.p.) anesthesia were perfused with a solution containing 
118 mM NaC14.8 mM KCl, 1.2 mM KH$G, 1.2 mM 
MgSO,, 2.5 mM CaCl,, 25 mM NaHCO,, and 10 mM 
glucose, equilibrated with an O,:CO, mixture (19: 1, v/v) 
to give pH 7.4, at constant flow rates (3.0 to 3.8 nWg 
liver/min). Perfusions were carried out at 36-37” with- 
out recirculation of the perfusate. Oxygen consumption 
was determined polarographically [7] in the effluent per- 
fusate collected via a cannula placed in the vena cava 
and allowed to flow past a Clark-type oxygen electrode. 
Livers were allowed to equilibrate for 15 min, and six 
perfusate samples were taken every 5 min for the deter- 

mination of GSH concentration [19] and LDH activity 
[21] (one unit of LDH activity represents 1 pmol/min at 
25”). The mean of the six determinations and the respec- 
tive perfusion rate were employed to calculate the rate of 
GSH (nanomoles per gram liver per minute) and LDH 
(milliunits per gram liver per minute) efflux. At the end 
of the perfusion, liver samples were taken to determine 
the content of GSH [19] and LDH [21] activity, to ex- 
press the net sinusoidal rates of GSH or LDH release in 
relation to the intrahepatic values (fractional rates of 
efflux, in percent per hour). 

Biochemical parameters related to liver cell injury and 
morphological studies 

Animals were anesthetized with 50 mg Nembutapkg, 
i.p., and serum GOT and GPT activities were determined 
in heparinized serum obtained from blood sampled by 
cardiac puncture, using the GRANUTEST” 25 12162 
and 12185, respectively (E. Merck, Darmstdt, Germany). 

The assessment of PMN infiltration in the liver was 
performed in separate groups of rats, previously perfused 
in situ with 200 mL of a cold solution containing 150 
mM KC1 and 5 mM Tris buffer, pH 7.4, to remove 
blood. For this purpose, MPO activity was determined in 
liver homogenates (20%, w/v) prepared in the above 
buffer, centrifuged at 20,000 g for 15 min at 5’, the pellet 
being resuspended and homogenized in an equal volume 
of 50 mM potassium phosphate buffer, pH 5.4, contain- 
ing 0.5% hexadecyltrimethylammonium bromide [22]. 
After centrifugation at 20,000 g for 15 min at 5’, the 
supematant was diluted 1:l or 1:2 in 182 mM sodium 
phosphate buffer, pH 5.4. Aliquots of 0.01 or 0.02 mL of 
this diluted supematant were added to a reaction medium 
containing 1.6 mM tetramethylbenzidine, 3 mM hydro- 
gen peroxide, 57 mM KCl, 1.9 mM Tris in 182 mM 
sodium phosphate buffer, pH 5.4, in a final volume of 1 
mL [23]. The reaction was followed at 655 nm and 37’, 
and the results were expressed as AA per minute either 
per milligram protein, gram of liver, or 100 g body 
weight. In addition to MPO measurements, hepatic 
phagocytic activity was assayed by the opsonized zymo- 
San-induced luminol-amplified chemiluminescence [24] 
of liver homogenates. For this purpose, liver homoge- 
nates (25%, w/v) were prepared in complete Verona1 
buffer, pH 7.25 (130 mM NaCl, 4.3 mM KCl, 5 mM 
sodium 5,5-diethyl barbiturate, 0.5 mM MgCl, 0.45 mM 
CaCl,, 1 mg/mL albumin, and 5.6 mM D-glucose, ster- 
ilized by filtration). Plasma obtained by centrifugation of 
blood samples at 2500 g for 10 min at 4’ was used to 
opsonize zymosan as described by Allen et al. [24], 
which was resuspended in veronal buffer to give a final 
concentration of 2.5 mg/mL. Visible chemiluminescence 
was measured in a Beckman LS 6000TA liquid scintil- 
lation spectrometer, using single photon monitoring 
(Beckman Instruments Corp., Fullerton, CA), at 25“. 
Measurements were carried out in a reaction medium 
(final volume of 2 mL) containing veronal buffer, 0.05 
mL of 0.8 mM luminol, and 0.02 mL of liver homoge- 
nate (1 mg protein). The reaction was started by the 
addition of 0.05 mI_. of 2.5 mg/mL opsonized zymosan 
(time zero), and light emission was recorded at I-min 
intervals until peak values were obtained (15 min). 
Backgrounds obtained under similar conditions in the 
absence of opsonized zymosan were subtracted from the 
values found in the complete reaction medium. Cor- 
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rected light emission (cpm) between 1 and 15 min was 
integrated and expressed as counts per either milligram 
of protein, gram of liver, or 100 g body weight. 

Light microscopy studies were carried out in liver 
samples from groups (N = 3-4) of control rats and ani- 
mals given Tg. lindane, or T, plus lindane, as described 
above. Livers were fixed in 10% formaldehyde, paraffin 
embedded, and secti.ons were stained with hematoxylin- 
eosin. 

Chemicals and reagents used were obtained from ei- 
ther the Sigma Chemical Co. (St. Louis, MO, U.S.A.), E. 
Merck (Germany) (GOT and Gm kits), or BDH Ltd. 
(England) (lindane). 

Statistical analysis 

Values shown arc means f SEM for the number of 
separate experiments indicated. The statistical signifi- 
cance of differences among multiple groups was made 
by one-way ANOVA and the Newman-Keuls’ test. 

RESULTS 

T3 administration to fed rats for 3 consecutive days 
elicited a significant increment in its serum levels over 
control values; lindane treatment did not alter serum T, 
in control rats, but it significantly enhanced (87%) the 
serum levels of the hormone in T,-treated animals (Ta- 
ble 1). Concomitantly, T, administration increased the 
metabolic rate of the animals, as shown by the signifi- 
cant increment in their rectal temperature, independently 
of lindane intoxication (Table 1). This calorigenic effect 
of T, was accompanied by parallel increases in the rate 
of O2 consumption in the liver compared with control 
values, a parameter that was not modified further by 
lindane treatment (Table 1). Under these conditions, hy- 
perthyroid rats exhibited significantly lower levels of 
lindane in serum, liver, and adipose tissue, than the re- 
spective control group (Table 1). 

The study of the effects of T, treatment on hepatic 
parameters related to oxidative stress revealed a 52% 

Table 1. Serum T, levels. serum and iissue levels of lindane. and parameters related to thyroid calorigenesis. liver oxidative stress 
status, and hepatocellular injury in control rats and animals subjected to T, and/or lindane administration 

Experimental groups* 

Parameters CC (a) CL (b) T,C (c) T,L (d) 

Serum T, 82 + 13t 14 f18 311 k28 582 f97 
(ng/dL) (N = 5) (c.d) (a.b,d) (a,b,c) 

Rectal temperature 37.6 + 0.09 37.9 f 0.09 38.6 + 0.1 38.7 zk 0.07 
(“) (N = 22) (c,d) (a,b) (a,b) 

Liver 0, uptake 1.82 + 0.08 1.85 f 0.06 2.76+ 0.17 2.75 k 0.1 
(pmol/g liverlmin) (N = 6) (c.d) (a.b) (a+b) 

Serum lindane NDS 0.74+ 0.06 ND 0.41 f 0.07 
WmL) (N = 6) (d) (b) 

Liver lindane content ND 2.68 f 0.27 ND 1.97 * 0.09 
Wg) (N = 6) (d) (b) 

Adipose tissue lindane content ND 196 +ll ND 155 k 7 
(P&) (N = 6) (d) (b) 

Liver GSH content 8.17 &- 0.36 7.09f 0.70 3.90 f 0.56 1.97 f 0.25 
(wol/g liver) (N = 6) kd) (a,b,d) (a,b,c) 

Liver TEARS formation 0.56 + 0.03 1.04f 0.06 1.06f 0.19 1.58 f 0.08 
(nmollmg protein&r) (N = 6) (a.d) (ad) (a,b,c) 

Liver TBARS/GSH ralio 0.07 + 0.006 0.15* 0,Ol 0.27+ 0.16 0.80 It; 0.09 
(N = 6) (d) (a,d) (a,b,c) 

Fractional liver LDH effluxs 0.23 I? 0.04 0.17 zk 0.05 3.29 k 0.63 23.2 + 6.3 
(Whr) (N = 6) kd) ta,b,d) (a,b,c) 

Fractional liver GSH effluxs 9.3 f. 1.1 11.1 f 1.9 29.5 k 3.1 67.8 f 8.0 
(%/hr) (N = 6) (c.d) (0.d) (a.b,c) 

Serum GOT 42 43 41 f2 79 k8 173 f 19 
(U/L) (N = 6) (c.d) (a,b,d) (a,b,c) 

Serum GPT 25 +2 26 f5 24 +1 40 + 3 
(U/L) (N = 6) (d) (d) (a,b,c) 

Serum GOTlGPT ratio 1.68 * 0.04 1.58 f 0.24 3.29f 0.31 4.33 f 0.45 
(N = 6) (c.d) (a,b,d) (a,b,c) 

* CC, control rats (a); CL, lindane-treated rats (b); T,C, hyperthyroid rats (c); TgL, hyperthyroid rats treated with lindane (d). 
See Materials and Methods. 

t Results are the means f SEM for the number(N) of animals indicated. The significance of the differences between mean values 
(P c 0.05) is shown by the letters in parentheses under the values for each experimental group. 

$ ND, not detectable. 
SFractional LDH efflux was calculated by dividing the net rates of sinusoidal LDH release in liver perfusion studies [CC, 

17.6 f 3.3 mu/g liver/min (N = 6); CL, 10.8 k 3.4 (N = 6) (c,d); T,C. 181.6 f 43.8 (N = 6) (a,b,d); T,L, 1391.3 k 384.2 (N = 6) 
(a.bc)] by the respective LDH activities in the liver [CC, 463 k 37 U/g liver (N = 6); CL, 426 * 30 (N = 6); T,C, 331 + 33 (N = 
6) (a); T,L, 359 f 34 (N = 6)]. Fractional GSH efflux was calculated by dividing the net rates of sinusoidal GSH efflux [CC, 
11.9 + 1.1 nmoVg liverr’min (N = 6); CL, 11.8 + 1.1 (N = 6) (c,d); T&, 19.6 f 1.1 (N = 6) (a.b,d); T3L, 27.8 f 3.5 (N = 6) (a,b,c)l 
by the respective liver GSH levels assessed after perfusion studies [CC, 7.67 f 0.38 pmotlg liver (N = 6); CL, 6.36 + 0.57 (N = 6) 
{c,d); T,C. 3.98 + 0.20 (N = 6) (a,b,d); T,L, 2.46 f 0.09 (N = 6) (a,b,c)]. 
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reduction in the content of GSH compared with control 
values, which was depressed further to 24% of the con- 
trol value by the concomitant treatment with lindane 
(Table 1); liver GSH was not altered significantly by 
lindane in animals not subjected to hormone administra- 
tion (Table 1). In addition, separate T, and lindane treat- 
ments enhanced liver TBARS formation by 89 and 86% 
over control values, respectively, while the combined 
administration elicited a 182% increment (Table 1). 
From these data, it can be estimated that lindane intox- 
ication in hyperthyroid rats caused a significant 10.6- 
fold increase in the TBARS formation/GSH content ratio 
of the liver, compared with that in control animals (Table 
1). Comparatively, separate lindane (113%; not signifi- 
cant) or T, (294%; P c 0.05) treatments produced lower 
increments in the hepatic TBARSlGSH ratio than that 
observed in control rats (Table 1). In these conditions, 
TBARS formation by the liver, among the different ex- 
perimental groups, exhibited a significant inversed cor- 
relation with the logarithmic content of hepatic GSH 
(Fig. 1). 

The influence of lindane and T, treatments on the 
liver sinusoidal rates of LDH and GSH efflux was stud- 
ied in the isolated perfused rat liver. In these experi- 
ments, control animals exhibited a fractional LDH efflux 
of 0.23 f O.O4%lhr (N = 6) which was not modified by 
lindane intoxication, and significantly increased by 13.3- 
and lOO-fold in the livers of rats given T, alone or T, 
plus lindane, respectively (Table 1). Similarly, the frac- 
tional efflux of GSH in the liver of control rats [9.3 It 
l.l%/hr (N = 6)] was not altered by acute lindane treat- 
ment, whereas it was enhanced significantly by 2.2- and 
6.3-fold by T3 alone or T, plus lindane, respectively 
(Table 1). Rates of liver LDH and GSH efflux correlated 
significantly (r = 0.98; P < 0.0001). Furthermore, both 
parameters exhibited significant correlations with the re- 
spective liver TBARSGSH ratios, calculated for the dif- 
ferent experimental groups studied (Fig. 2). 

The administration of T, to fed rats led to a significant 
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Fig. 1. Correlation between the rate of thiobarbituric acid reac- 
tants (TBARS) formation and the respective glutathione content 
(GSH) in the liver of control rats and animals subjected to T, 
and/or lindane administration. Animals were divided into four 
groups: controls (A), lindane-treated rats (a), hyperthyroid 
rats (v), and hyperthyroid rats treated with lindane (m), as 
described in Materials and Methods. Regression line: Y = 1.83 
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Fig. 2. Correlations between the fractional rates of lactate de- 
hydrogenase (LDH) or glutathione (GSH) efflux from isolated 
perfused livers and the thiobarbituric acid reactants (TBARS) 
formation/hepatic GSH content ratios in control rats and ani- 
mals subjected to T, and/or lindane administration. Animals 
were divided into four groups: control rats (0, 0). lindane- 
treated rats (A, A), hyperthyroid rats (V, v), and hyperthyroid 
rats treated with lindane (0, n ). Regression lines from average 
data presented in Table 1: LDH efflux, Y = -4 + 33.2X (r = 
0.98; P c 0.0001); GSH efflux, Y = 3.1 + 81.6X (r = 0.99; P < 

0.001). 

(89%) increase in the activity of serum GOT over con- 
trol values (Table 1). Acute lindane treatment did not 
modify serum GOT levels when given alone, but it en- 
hanced this enzymatic activity by 3.1-fold in hyperthy- 
roid animals (Table 1). Serum GPT activity was not 
altered in rats subjected to separate lindane or T, treat- 
ments; however, their combined administration pro- 
duced a 45% increment compared with control animals 
(Table 1). Accordingly, the serum GOT/GPT ratio was 
not changed significantly by lindane (net increase of 
0.06), whereas it was enhanced by T, administration (net 
increase of 1.77; P < 0.05) and by the joint T, and 
lindane treatment (net increase of 2.82; P < 0.05) over 
control values (Table I). 

The light microscopy study of the liver from rats sub- 
jected to the different treatments is shown in Fig. 3. As 
can be seen, livers from control animals (Fig. 3A) and 
rats given a single dose of lindane (Fig. 3B) were nor- 
mal. Kupffer cell hyperplasia was present in the liver of 
hyperthyroid animals, in the form of focal aggregates 
within the lobule (Fig. 3C). More severe hepatic lesions 
were observed in hyperthyroid rats treated with lindane, 
including extensive zones of coagulative-type necrosis 
of liver cells (Fig. 3D), and necrosis of isolated hepato- 
cytes with the presence of circumscribed collections of 
inflammatory cells, predominantly Kupffer cells, lym- 
phocytes, and polymorphonuclear leukocytes (Fig. 4). 
These granulomas were observed anywhere within the 
hepatic lobule, without relation to vascular structures 
(Fig. 4). 

Table 2 shows the influence of T, and/or lindane ad- 
ministration on rat liver MPO activity. As can be seen, 
hyperthyroid animals and rats acutely treated with lin- 
dane exhibited liver MPG activities comparable with 
control values. However, the combined T, and lindane 
treatment elicited significant increases in hepatic MPO 
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Fig. 3. Structural characteristics of liver parenchyma in a control rat (CC; hematoxylin-eosin, magnification x30) 
(A) and in animals subjected to either lindane (CL, hematoxylin-eosin, magnification x30) (B), T, (T,C, 
hematoxylin-eosin, magnification x80) (C), or T, and lindane (T,L; hematoxylineosin, magnification x80) (D) 

administration. as described in Materials and Methods. 

activity over controls, either when expressed as AAlmin 
per mg of protein (1157%). per g of liver (67%), or per 
100 g body weight (88%) (Table 2). 

Opsonized zymosan induced a chemiluminescent re- 
sponse in rat liver homogenates, with a maximal light 
emission produced at about 15 min after the addition of 
the chemiluminigenic probe (Fig. 5). Corrected data 
shown in Fig. 5 for control rats were obtained by sub- 

Fig. 4. Histopathology of rat liver after the joint administration 
of T, and lindane (T,L). The section shows a granuloma and 
isolated necrotic hepatocytes (hematoxylin-eosin, magnifica- 

tion x200). 

tracting the luminescence emitted by liver homogenates 
in the absence of zymosan, which slowly increased in 
time (not shown), comprising 10% of that found in its 
presence [integrated chemiluminescence between 1 and 
15 min in the absence of zymosan, 7 f 1 counts/mg 
protein (N = 5); integrated light emission in the presence 
of zymosan, 73 f 8 (N = 5)]. Under these conditions, 
hyperthyroidism achieved a significant enhancement in 
total chemiluminescence of liver homogenates over con- 
trol values (Fig. 5; Table 3), independently of lindane 
treatment (Table 3), either when expressed as counts per 
mg of protein, per g of liver, or per 100 g body weight 
(Table 3). Lindane administration resulted in hepatic op- 
sonized zymosan-dependent light emission not signifi- 
cantly different from that observed in controls (Table 3). 

DISCUSSION 

T3 and linaizne interactions after their 
in vivo administration 

The joint treatment with T, and lindane elicited 
marked changes in their circulating levels, compared 
with those achieved by the separate administration. 
Higher serum T, levels were observed in rats given T, 
and lindane than those found in animals treated with T, 
alone. This effect of lindane could be due to an inhibition 
of the uptake and/or catabolism of T, by the liver, the 
main organ responsible for thyroid hormone metabolism 
[25], thus determining higher levels of T, in serum. 
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Table 2. Myeloperoxidase (MPO) activity of livers from control rats and animals subjected to T, and/or lindane adrniiistration 

Experimental groups* 

MPO activity CC (a) CL (b) T,C (c) T,L (d) 

fWmin/mg protein 0.42 k 0.04t 0.43 + 0.05 0.54f 0.05 1.08 + 0.20 
(d) (d) (a,b,c) 

AA/mitt/g liver 67.7 * 10.4 69.0 + 5.1 65.5 + 3.6 113.1 + 15.3 
(d) (d) (a,b,c) 

AA/mitt/100 g body weight 267 f56 260 *17 243 f 16 502 +82 
(d) (d) (a,b,c) 

* CC, control rats (a); CL, lindane-treated rats (b); TsC. hyperthyroid rats (c); T,L, hyperthyroid rats treated with lindane (d). 
See Materials and Methods. 

I Results are the means It SEM for five animals per group. The significance of the differences between mean values (P c 0.05) 
is shown by the letters in parentheses under the values for experimental group. 

These processes are mediated by membrane-bound sys- 
tems, present either in the plasma membrane of the he- 
patocyte (energy-dependent transport system for iodo- 
thyronines) [26] or in the endoplasmic reticulum (iodo- 
thyronine deiodinases) [25]. In agreement with this sug- 
gestion, lindane is known to perturb the activity of sev- 
eral unrelated membrane-bound enzymes, due to its in- 
sertion into the lipid domains surrounding the integral 
proteins of membranes [27]. However, the findings that 
combined T, and lindane treatment elicited a calorigenic 
response with increased rates of hepatic O2 uptake over 
controls, at values comparable to those observed in rats 
given T, alone, suggest that liver T, uptake is not the 
main process affected by lindane. Also, the effect is 
unlikely to be due to stimulation of the endogenous pro- 
duction of T, by lindane, as animals treated with the 
insecticide have serum T, levels comparable to those in 
control rats. Thus, future studies on the influence of the 
insecticide on T, catabolism in the liver and other target 
tissues [25] are needed to establish the relevance of this 
process, as a major factor enhancing serum T, levels. 

Contrary to the increasing effect of lindane on serum 
T, levels upon their combined treatment, hyperthy- 
roidism resulted in a significant diminution in the serum 
levels of lindane, over values found in rats given lindane 
alone. The development of a hyperthyroid state compris- 
ing an enhanced oxidative activity in the liver results in 
the proliferation of the smooth endoplasmic reticulum, 

TSC 

cc 

0 5 10 15 

Time (mid 

Fig. 5. Opsonized zymosan-induced luminol-amplified chemi- 
luminescence (CL) of liver homogenates from control rats (CC) 
and hyperthyroid animals (T,C). Results are the means f SEM 

for five rats per group. 

with induction of microsomal functions related to 
NADPH-dependent electron transport reactions [ 111. 
Thus, lower levels of lindane in serum and liver by T, 
treatment may reflect an accelerated microsomal 
biotransformation of the insecticide in the liver, leading 
to a diminished availability of lindane for storage in the 
adipose tissue (Table 1). This view is in line with the 
enhanced biotransformation of xenobiotics reported in 
hyperthyroid animals [I l] and humans [28]. Hyperthy- 
roidism also increases cardiac output, hepatic and renal 
blood flow, and the glomerular filtration rate [29], fac- 
tors that may affect drug distribution and elimination, in 
addition to changes in biotransformation. Direct interac- 
tions of T, with the microsomal enzymes involved in 
lindane biotransformation seems unlikely, as both com- 
pounds are catabolized in the liver by different specific 
pathways present in this subcellular fraction [5, 111. 

T3 and lindane interaction, liver oxidative stress 
status, and hepatocellular injury 

Parameters related to oxidative stress were studied in 
the liver of control and hyperthyroid rats, subjected to a 
single dose of 20 mg lindanekg. This dose of lindane 
has been demonstrated previously to produce a 20% in- 
crease in the content of liver microsomal cytochrome 
P450, without significant changes in microsomal O;- 
generation or in the activity of hepatic enzymes afford- 
ing antioxidant protection, compared with higher doses 
(40-80 mg/kg) [9]. Under these conditions, the hepatic 
content of GSH is not altered by lindane, while lipid 
peroxidation is increased, a finding that may be associ- 
ated with a greater production of lindane-derived reac- 
tive metabolites upon cytochrome P450 induction [6]. 
The relationship between the lipid peroxidation rate, as a 
free radical-mediated process, and the content of the 
major antioxidant cellular component GSH, is indicative 
of the oxidative stress status of the hepatocyte. Thus, low 
doses of lindane do not alter the oxidative stress status of 
the liver, as evidenced by the lack of changes in the 
TRARWGSH ratio compared with control values. This 
observation correlates both with the constancy of serum 
transaminases and of the fractional rates of liver sinu- 
soidal LDH and GSH efflux, and with the lack of mor- 
phological evidence of hepatic cell injury. 

As previously demonstrated [ 12,30,31], T, treatment 
led to a significant increase in the rate of 0, consump- 
tion and in the oxidative stress status of the rat liver. 
Under these conditions, hyperthyroid animals exhibit 
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Table 3. Opsonized zymosan-induced luminol-amplified chemiluminescence of liver homogenates from control rats and animals 
subjected to T3 and/or lindane administration 

Experimental groupst 
Integrated 
chemiluminescence* CC (a) CL (b) T,C (c) T,L (d) 

Counts/mg protein (10-j) 66k8$ 62f15 221 k 32 189k24 
(c,d) (a.b) 

Counts/g liver (10”) 
(a,b) 

14+2 12f 3 57* 10 4Of 7 
(c.d) (a,b) 

Counts/100 g body weight (lOd) 
(a.b) 

53+8 53+ 18 189f 41 152 k 28 
(c.d) (a,b) (a.b) 

* Corresponds to tbe area under the time curves of light emission between 1 and 15 min, corrected for backgrounds obtained in 
the absence of zymosan. 

t CC, control rats (a); CL, lindane-treated rats (b); T3C, hyperthyroid rats (c); T,L, hyperthyroid rats treated with lindane (d). 
See Materials and Methods. 

$ Results are the meims + SEM for five animals per group. The significance of the differences between mean values (P < 0.05) 
is shown by the letters in parentheses under the values for each experimental group. 

higher serum GOT activities compared with control val- 
ues, in addition to the elevated sinusoidal efflux of LDH 
(Table 1) [30], GSH (Table 1) [30], and protein [30] 
observed in liver perfusion studies. These observations 
indicate that thyroid calorigenesis leads to a permeabi- 
lization of the plasma membrane of the hepatocyte, 
which may result from the prooxidant condition induced. 
In agreement with this view, increased serum levels of 
liver enzymes, namely alkaline phosphatase [32-341 and 
y-glutamyl transpeptidase [35], have been described in 
patients with hyperthyroidism. The latter changes are 
observed in addition to abnormalities in liver function 
tests (elevated serum bilirubin levels [32, 361 and bro- 
mosulphthalein retention [37] and decreased prothrom- 
bin time [32]) and in circulating and urinary lipid per- 
oxidation indicators [38, 391. Thus, thyroid hormone- 
induced liver oxidative stress may represent a damaging 
mechanism involving a free radical attack of membrane 
phospholipids, that would place the organ in an abnor- 
mal functional state, more susceptible to additional toxic 
aggressions. A major histological finding in this work is 
the appearance of Kupffer cell hyperplasia in the livers 
of rats subjected to ‘I3 treatment (Fig. 3C). These mac- 
rophages residing in the sinusoids of the liver produce 
reactive 0, species, in addition to cytotoxic polypeptides 
such as interferon Cc/[;, interleukin I, and tumor necrosis 
factor by suitable activators [18]. In fact, stimulated 
Kupffer cells have been shown to generate O;- and 
nitric oxide, without production of hypochlorous acid 
due to lack of MPO activity [40]. Kupffer cell hyperpla- 
sia induced by hypetihyroidism correlates with the en- 
hanced opsonized zymosan-induced luminol-amplified 
chemiluminescence of liver homogenates over control 
values. This experimental approach assesses the gener- 
ation of short-lived free radicals and excited states asso- 
ciated with phagocyte respiratory burst activity [24,40]. 
In these studies, the observed luminescent response does 
not seem to be related to infiltration of PMN in the liver, 
as shown histologically and by the lack of changes in 
hepatic MPO activity :In T,-treated rats over control val- 
ues. Thus, hyperthyroidism in the rat leads to an en- 
hancement in the number of Kupffer cells which, upon 
stimulation, would represent an alternative source of re- 
active 0, spe&es to that induced at different subcellular 
sites in parenchymal cells [l l-131. The prooxidant con- 
dition elicited in hepatocytes by hyperthyroidism prob- 

ably reflects an enhancement in aerobic metabolism, 
triggered by the interaction of thyroid hormones with 
nuclear receptors leading to an increased synthesis of 
related enzymatic systems [41]. In this respect, studies 
by Sell&i et al. [42] on the antibody characterization and 
immunofluorescent localization of nuclear thyroid hor- 
mone-binding proteins revealed an intense fluorescence 
in the cells lining the hepatic sinusoids. This observation 
raises the possibility that hyperthyroidism may increase 
the respiratory burst activity of Kupffer cells by induc- 
tion of the enzymatic mechanisms involved, as shown 
for PMN [43], in addition to the enhancement in mac- 
rophage number. However, further studies are needed to 
clarify this view. 

Acute lindane administration to hyperthyroid animals 
further enhanced the oxidative stress status of the liver 
over that induced in rats given T, alone. The observed 
net increases in the TBARS/GSH ratio by lindane (0.08), 
T, (0.20), and T, plus lindane (0.73) (Table 1) indicate 
that hyperthyroidism potentiates the oxidative stress sta- 
tus in the liver of lindane-treated rats, compared with 
that elicited by the separate treatments. This view is in 
line with the significant inversed correlation between 
hepatic TBARS formation and the logarithm of GSH 
content, established for the different experimental 
groups studied (Fig. 1). Furthermore, potentiation of 
liver oxidative stress in the livers of lindane-treated rats 
by hyperthyroidism is produced concomitantly with an 
exacerbation in the derangement of the permeability 
properties of the plasma membrane of the hepatocyte. 
This is evidenced by the drastic elevation in the sinusoi- 
dal efflux of LDH and GSH produced by the combined 
treatment, exceeding the sum of the effects elicited by 
the separate treatments, changes that significantly corre- 
late with those observed in the TBARS/GSH ratio of the 
liver. In these conditions, increments in the sinusoidal 
efflux of GSH are unlikely to occur through the concen- 
tration-dependent carrier-mediated process, character- 
ized by a sigmoidal-type kinetics [44], due to the signif- 
icant diminution in the intrahepatic GSH levels produced 
(Table 1). In agreement with the above findings, hyper- 
thyroid animals given lindane exhibit a significant ele- 
vation in serum GOT and GPT activities, with higher 
GOT/GPT ratios, compared with the respective control 
values, coupled to the incidence of extensive hepatocel- 
lular necrosis. In addition, rats subjected to the combined 
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T, and lindane treatment exhibit an inflammatory type of 
granulomatous liver injury, with aggregates containing 
lymphocytes, PMN, and Kupffer cells (Fig. 4). In this 
situation, infiltration of PMN agrees with the enhance- 
ment in hepatic MPO activity. Furthermore, the in- 
creased number of PMN and/or Kupffer cells in these 
granulomas may explain the elevated hepatic luminol- 
amplified chemiluminescence induced by opsonized zy- 
mosan. Thus, Kupffer cell hyperplasia and PMN infil- 
tration may represent an alternative source of free radical 
activity in the liver of T, and lindane-treated animals, 
besides those previously identified in liver cells after T, 
treatment [11-131. 

In conclusion, data presented indicate that the joint 
administration of T, and lindane to rats alters the avail- 
ability of both agents, compared with the separate treat- 
ments. Increased serum T, by lindane is likely to sustain 
the calorigenic action of the hormone on the liver, 
known to involve an enhanced free radical activity [12, 
131. In addition, decreased serum and hepatic lindane 
levels by T, would imply an accelerated biotransforma- 
tion of the insecticide, known to involve the generation 
of reactive metabolites [5]. These actions may explain 
the increased susceptibility of the liver to the toxic ef- 
fects of lindane in hyperthyroid animals. This seems to 
be accomplished through potentiation of the oxidative 
stress status of the liver, leading to marked increases in 
serum transaminases assessed in vivo and in the sinusoi- 
dal efflux of LDH and GSH measured in liver perfusion 
studies. In these conditions, liver oxidative stress seems 
to be related mainly to an enhanced T,-induced free 
radical generation at hepatic microsomal, mitochondrial, 
and peroxisomal sites [1 l-131, but it could also be me- 
diated secondarily by an increased phagocytic activity, 
coupled to Kupffer cell hyperplasia and PMN infiltra- 
tion. In line with this view, hyperthyroidism in experi- 
mental animals has been reported to increase the sensi- 
tivity of the liver to anoxia 1451, chloroform 1461, and 
carbon tetrachloride [47], and potentiates the toxicity of 
ozone and nitrogen dioxide in the lung [48], conditions 
that involve free radical interactions among other mech- 
anisms of cell injury. The molecular mechanisms under- 
lying the potentiating effect of hyperthyroidism on lin- 
dane hepatotoxicity are currently under study in our lab- 
oratories. 
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