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Abstract-The functional thyroid status of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-treated rats is 
unknown. Therefore, activities of certain thyroid-responsive enzymes were examined in the livers of 
adult male Sprague-Dawley rats 1 week after treatment with TCDD (6.25, 25 or 100 pg/kg). Activity 
of the thyroid-responsive flavin L-glycerol-3-phosphate dehydrogenase (per mg mitochondrial protein) 
was decreased slightly in livers of TCDD-treated rats, while that of succinate dehydrogenase remained 
unchanged. In contrast, activities (per mg supernatant protein) of three thyroid-responsive NADP- 
dependent cytosolic enzymes, mafic enzyme, glucose-6-phosphate dehydrogenase and 6-phospho- 
gluconate dehydrogenase, were increased by TCDD treatment in a dose-dependent manner. Lactate 
dehydrogenase (activity per mg supematant protein) was also augmented slightly 1 week after TCDD 
administration. Liver mass was increased by TCDD treatment in a dose-dependent manner, but DNA 
content per liver was similar at all doses examined. Total hepatic protein, expressed per liver or mg 
hepatic DNA, was increased in TCDD-treated rats when compared to their pair-fed counterparts. 
The decreased activity of the mitochondrial L-glycerol-3-phosphate dehydrogenase, in contrast to the 
increased activities of the supernatant enzymes, malic enzyme, glucose-6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase, is not consistent with a shift in functional thyroid status following 
TCDD treatment. 

2,3,7,8-Tetrachlorodibe~o-~-dioxin (TCDD-$) is 
the prototype for certain h~ogenated aromatic 
hydrocarbons which effect a similar pattern of tox- 
icity [l, 21. Treatment of rats with TCDD decreases 
circulating levels of L-thyroxine (T4) while either 
decreasing, not affecting or increasing those of 
3,5,3’-triiodo-L-thyronine (Ts) [3-6]. The divergent 
effects of TCDD on T4 and T3 plasma concentrations 
in rats and the lack of information on thyroid horm- 
one-modulated responses in these animals have 
caused uncertainty regarding their functional thyroid 
status. The presence of goiter [3] and depressed 
circulating levels of total and free T4 [3-6] in TCDD- 
treated rats led Rozman and coworkers to propose 
that the animals are h~othyroid (7, S]. On the other 
hand, the proposition by McKinney and associates 
[9] suggesting that TCDD acts as a potent and per- 
sistent T4 agonist raises the possibility of TCDD- 
treated rats being hyperthyroid. Recently, adminis- 
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tration of TCDD to rats was found to increase the 
hepatic activity of malic enzyme, a thyroid-respon- 
sive enzyme [lo, 111. From this effect, Roth et al. 
[lo] have suggested that TCDD-treated rats are 
hyperthyroid. 

The present investigation is the second segment of 
a three-part study from our laboratory [6,12], the 
purpose of which is to determine the functional thy- 
roid status of TCDD-treated rats at the level of the 
target tissue. Circulating levels of thyroid hormones, 
thyroid histology and a number of thyroid hormone- 
modulated responses have been evaluated in rats 1 
week after vehicle or TCDD treatment f6]. The 
rationale for this protocol was that, if altered thyroid 
status contributes to the development of overt 
TCDD toxicity, then thyroid dys~n~tion should be 
present 1 week after TCDD ad~~stration because 
overt toxicity is present at this time [6, 13, 141. 
TCDD doses ranging from nonlethal to lethal have 
been investigated in order to compare potential dose- 
related effects on thyroid function to those associated 
with overt toxicity. Since TCDD treatment results 
in a dose-dependent decrease in feed intake [II?], 
vehicle-treated rats pair-fed to individual TCDD- 
treated animals have been used to determine whether 
an alteration in a thyroid hormone-modulated 
response is secondary to hypophagia. Findings in our 
laboratory have indicated that rats given doses of 
TCDD sufficient to cause overt toxicity remain func- 
tionally euthyroid in spite of severe alterations in 
circulating levels of thyroid hormones [6,12]. This 
conclusion is based on the comparison of basal meta- 
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bolic rate, thyroid histology, atria1 sensitivity to the 
chronotropic and inotropic effects of the padreno- 
receptor agonist (-)-isoproterenol, ventricular pyru- 
vate kinase and citrate synthase activities and cardiac 
ventricular weights in TCDD-treated rats, their pair- 
fed counterparts, and a group of animals with unlimi- 
ted access to feed. 

This second segment of our on-going study of the 
functional thyroid status in TCDD-treated rats inves- 
tigates the activity of certain thyroid-responsive hep- 
atic enzymes in rats following administration of 
TCDD. Hepatic activities of both mitochondrial L- 

glycerol-3-phosphate dehydrogenase [L-glycerol-3- 
phosphate: (acceptor) oxidoreductase; EC 1.1.99.51 
and cytosolic malic enzyme [L-malate:NADP+ 
oxidoreductase (decarboxylating); EC 1.1.1.40] are 
increased in hyperthyroid rats but decreased in hypo- 
thyroid animals [16-191. Activities of two NADP- 
dependent dehydrogenases of the pentose phosphate 
pathway [glucose-6-phosphate dehydrogenase (D- 

glucose-6-phosphate:NADP+ l-oxidoreductase; EC 
1.1.1.49) and 6-phosphogluconate dehydrogenase 
(6-phospho-D-gluconate:NADP+ 2-oxidoreductase; 
EC 1.1.1.43)] in liver are also affected by thyroid 
status in a manner similar to those of L-glycerol3- 
phosphate dehydrogenase and malic enzyme [20]. 
The activities of these thyroid-responsive enzymes, 
as well as those of constitutive (non-hormone depen- 
dent) enzymes, will be compared in TCDD-treated 
rats, their pair-fed counterparts, and a group of 
vehicle-treated rats with unlimited access to feed. 
Thereby, further insight as to the functional thyroid 
status of TCDD-treated rats should be achieved. 

METHODS 

Chemicals. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
(TCDD; > 99% pure) was obtained from the Dow 
Chemical Co. (Midland, MI). Mazola corn oil was 
purchased locally. Cytochrome c, sodium pyruvate, 
and L-glycerol-3-phosphate were obtained from the 
Boehringer Mannheim Corp. (Indianapolis, IN), 
where succinic acid and phenazine methosulfate 
(PMS) were from the Aldrich Chemical Co. (Mil- 
waukee, WI). Coomassie blue G-250 was acquired 
from the Pierce Chemical Co. (Rockford, IL). The 
remaining substrates and cofactors necessary for the 
assay of liver enzyme activities, as well as crystalline 
bovine serum albumin, calf thymus DNA, and 
diphenylamine, were purchased from the Sigma 
Chemical Co. (St. Louis, MO). All other chemicals 
were of reagent grade. 

Animals and treatments. Adult (275-300g) male 
Sprague-Dawley rats, purchased from Harlan 
Sprague-Dawley (Indianapolis, IN), were indi- 
vidually housed in stainless steel cages with stainless 
steel mesh floors in a room maintained at 22 * 1” 
and lighted from 6:00 a.m. to 6:00 p.m. All rats 
were entrained to a 14-hr feeding schedule where 
ground feed (Purina Rat Chow no. 5012, Ralston 
Purina Co., St. Louis, MO) was available from 
6: 00 p.m. to 8 : 00 a.m. and tap water was available 
ad lib. The chow was presented to the animals in 
glass screw-capped feeders (Hazleton Systems, 
Aberdeen, MD) fastened to the inside of the cages, 
which prevented feed spillage [15]. Rats were 

acclimated to the 14-hr feeding schedule for at least 
5 days prior to initiation of the experiment. 

Following the acclimation period, a pair of rats 
was matched based on similar body weights. A single 
dose of TCDD (6.25, 25 or lOOpg/kg, p.0.) was 
administered to one of these animals. Twenty-four 
hours following the dosing of its TCDD-treated part- 
ner, the weight-matched counterpart was given the 
e uivalent volume of vehicle (acetone/corn oil, 
5 9 95, v/v; 2 ml/kg, p.0.). These vehicle-treated rats 
received the same amount of feed that their TCDD- 
treated counterparts consumed during the previous 
14-hr feeding period and were designated as pair-fed 
animals. A group of vehicle-treated rats allowed 
unlimited access to feed during the 14-hr feeding 
period was also examined. 

Rats were exsanguinated by decapitation 7 days 
post-treatment between 1:00 and 2:30 p.m. A thora- 
cotomy was then performed, the heart was removed 
[12], and a portion of liver was frozen by a freeze- 
stop technique [21]. The frozen tissue was weighed 
and ground to the consistency of find sand in the 
presence of liquid nitrogen with a mortar and pestle 
precooled to the temperature of dry ice. The frozen 
liver powder was stored in cryogenic vials under 
liquid nitrogen until the time of assay. The remaining 
liver tissue was excised and weighed. Total liver 
weight represents the combined weights of these two 
portions. 

Preparation of subcellularfractions. Liver powders 
were fractionated according to a modification of the 
method described by de Duve [22]. One gram of rat 
liver was assumed to have a volume of 1 ml of 0.25 M 
sucrose, and was homogenized in 9 vol. of 0.25M 
sucrose. A nuclear pellet was separated following 
centrifugation of the homogenate at 600 g for 10 min. 
The resulting supernatant fraction was centrifuged 
at 12,000 g for 10 min and yielded the mitochondrial 
pellet. The supernatant fraction from the 12,OOOg 
spin was centrifuged at 100,OOOg for 30 min and 
yielded the microsomal pellet. The supernatant frac- 
tion from the 100,OOOg spin was used for the assay 
of the “supernatant” enzymes. All operations were 
carried out at 4”. Each particulate fraction was sus- 
pended in 0.25 M sucrose in a volume which was & 
of the starting homogenate and repelleted at the 
same g force. This second supernatant was then 
combined with the original supernatant obtained for 
the respective fraction and subjected to the next 
higher g force to obtain the subsequent fraction. 
All particulate fractions were finally suspended in a 
volume of 0.25 M sucrose equal to that of the starting 
homogenate. To obtain a more homogeneous sus- 
pension, the nuclei and mitochondrial pellets were 
agitated briefly on a Vortex mixer, while the micro- 
somal pellet was mechanically suspended with a Tis- 
sumizer (Tekman Co., Cincinnati, OH). 

In the assay of glucose-6-phosphate dehydro- 
genase and 6-phosphogluconate dehydrogenase, 
homogenates of liver powders were prepared as 
described above. However, the particle-free super- 
natant was obtained directly from centrifugation of 
the whole homogenate at 100,OOOg x 30 min. 

Assay of enzyme activity. Enzyme activity was 
determined at 30”. All absorbances were measured 
with a 1 cm path in a Beckman DU-7 spectro- 
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photometer. For the assay of malic enzyme, lactate 
dehydrogenase, succinate dehydrogenase, glucose- 
&phosphate dehydrogen~e and ~phosphoglu~on- 
ate dehydrogenase, activity was determined with the 
Water Regulated Kinetics System. 

Lactate dehydrogenase activity (L-lactate:NAD+- 
oxidoreductase; EC 1.1.1.27) in the supernatantfrac- 
tion was assayed with a reaction mixture containing 
50 mM TES [sodium ~-t~s(hydroxymethyl)methyl- 
2-aminoethanesulfonic acid], 0.1 mM dithiothreitol 
and 0.2 mM NADH [23]. After recording the base- 
line, the reaction was initiated by adding sodium 
pyruvate in an end concentration of 1 mM and the 
change in absorbance was determined at 340 nm. 

Malic enzyme activity in the supernatant fraction 
was assayed with a reaction mixture containing 
50 mM TES (pH 7.4), 4 mM MnCl*, 0.2 mM NADP 
and 0.12 mM dithiothreitol [24-261. After recording 
the baseline, the reaction was initiated by adding L- 
malic acid (disodium salt) in an end concentration of 
0.5 mM. Change in absorbance was then measured 
at 340 nm. 

The activities of glucose-Qphosphate dehydro- 
genase and 6-phosphogluconate dehydrogenase in 
the supernatant fraction were assayed with a reaction 
mixture containing 120mM Tris buffer (pH8.0), 
7.5mM MgC12 and 0.9mM NADP [27]. Enzyme- 
containing supernatant fraction was added to each of 
two cuvettes. After recording the baseline at 340 nm, 
the reaction was initiated by adding a mixture of 
glucose-6-phosphate and 4-phosphogluconate in an 
end concentration of 2.0 and 0.6 mM, respectively, 
to the first cuvette, while 6-phosphogluconate alone 
was added to the second cuvette. The activity in the 
first cuvette minus that of the second gave the activity 
for glucosed-phosphate dehydrogenase, whereas the 
activity for 6-phosphogluconate dehydrogenase was 
determined by the change in absorbance in the 
second cuvette alone. 

Succinate dehydrogenase [succinate: (acceptor) 
oxidoreductase; EC 1.3.99.11 activity in the mito- 
chondrial fraction was determined in a total reaction 
volume of 2 ml containing 10 mM potassium phos- 
phate (pH 7.4), 10 mg/ml bovine albumin, 1 mM 
KCN and 5 mM sodium succinate [28]. To an assay 
mixture of 1.8 ml containing the enzyme, cytochrome 
c (2mg in 0.2ml H20) was added to initiate the 
reaction. Change in absorbance was measured at 
550nm against a blank reaction that contained all 
the above components except succinate. 

L-Glycerol-3-phosphate dehydrogenase in the 
mitochondrial fraction was assayed using PMS and 
p-iodonitrotetrazolium violet (INT) as artificial elec- 
tron acceptors 1161. The reaction mixture contained 
125 mM phosphate buffer (pH 7.5), 5 mM KCN and 
150 mM L-glycerol-3-phosphate in 0.02 ml. Enzyme- 
containing solution (0.04 ml) was added to the reac- 
tion mixture and preincubation was carried out for 
10 min at 30”. Then, PMS-INT solution (O.O4ml), 
prepared by dissolving 5 mg PMS and 8 mg INT in 
2 ml of 50 mM phosphate buffer (pH 7.5), was 
added. The reaction mixture was protected from 
light during the assay. The incubation was stopped 
after 15 min by adding 0.02ml of 10% (w/v) tri- 
chloroacetic acid solution followed by 1 ml of 95% 
(v/v) ethanol, and the reaction mixture was centri- 

fuged to remove the precipitate. Absorbance was 
read at 500 nm. 

Enzyme actiuity. A unit of enzyme activity was 
defined as a pole of substrate consumed or product 
generated per min under conditions given, Enzyme 
activity has been presented on a primary unit basis 
(i.e. g wet weight). Several other bases, including 
those of protein, DNA and total liver, were also 
utilized in the expression of enzyme activity. 

Liver protein and DNA. Protein was determined 
by the dye-binding method of Bradford [29] using 
crystalline bovine serum albumin as the standard. 
For the determination of DNA, a liver homogenate 
(lo%, w/v) was prepared in water by mechanically 
disrupting the tissue (2 X 15 set; Tissumizer) with a 
30-set pause between bursts. Samples were cooled 
in an ice-water mixture during the homogen~ation 
procedure. Following extraction of interfering lipids 
[30], DNA was estimated by a micro-adaptation of 
the procedure described by Richards [31] using calf 
thymus DNA as the standard. 

~t~t~tica~ ~na~y~~. The main effects of treatment 
and dosing were tested by two-way analysis of vari- 
ance (ANOVA) through the use of unweighted cell 
means [32]. Significance of differences between 
TCDD-treated rats and their pair-fed counterparts 
was detected by pairwise comparison [33]. Effects of 
dosing within the TCDD-treated or pair-fed regi- 
mens, including comparison to the vehicle-treated 
group of rats with unlimited access to feed, were 
tested by one-way ANOVA. This was followed by 
evaluation of contrasts using Scheffe’s method [34]. 
Linear function was examined, following significance 
of a dosing effect, by testing for trends using orthog- 
onal coefficients [33]. The computations were per- 
formed with a VAX-750 computer using BMDP [33]. 
All significance levels were set at P < 0.05. 

RESULTS 

Body weight and feed intake. TCDD-treated rats 
and their pair-fed partners exhibited a similar, dose- 
related reduction in body weight in comparison to 
the vehicle-treated group with unlimited access to 
feed (Table 1). Body weights of the TCDD-treated 
rats and their pair-fed counterparts were similar at 
day 7 post-treatment except at the lowest dose used 
(6.25 pg/kg), where rats receiving TCDD were sig- 
nificantly heavier. Feed intake on day 7 following 
treatment was also depressed in a dose-dependent 
manner following administration of TCDD (Table 
1). At the highest dose of TCDD (lOOpg/kg), this 
reduction amounted to approximately 50% of the 
amount consumed by the vehicle-treated group with 
unlimited access to feed. Rats pair-fed to their 
TCDD-treated counterparts had comparable feed 
intakes. 

Liver mass, DNA andprotein. TCDD-treated rats 
exhibited marked hepatomegaly by day 7 post-treat- 
ment (Table 1). At this time, absolute and relative 
liver weights of TCDD-treated rats were significantly 
greater than those of pair-fed animals and of vehicle- 
treated rats with unlimited access to feed. Absolute 
liver weight was increased similarly in TCDD-treated 
rats at all doses tested. Yet, one-way ANOVA 
among the various TCDD doses indicated a signifi- 
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Table 1. Effects of TCDD treatment on body weight, feed intake and liver weight* 

Liver weight 

TCDD dose Body weight Feed intake Absolute Relative 
&g/kg) Treatment (g) (g/14 hr) (g wet wt) (g wet wt/lOO g body wt) 

0 Unlimited-fed 323 2 6t 22.7 + 0.9t 11.4 * 0.4t 3.5 -t 0.1: 
6:25 TCDD 312 2 5$, 1 19.8 * 1.41 13.9 t 0.4$, fi 4.4 It O.l$, g 

Pair-fed 301 2 4$ 18.3 t 1.4$ 9.8 f 0.5$ 3.2 ir 0.1t, f 
2.5 TCDD 293 2 49 15.4 2 1.4s 13.9 2 0.6$, 9 4.7 -+ 0.2$, 1 

Pair-fed 293 f 4$ 15.4 +- 1.4j: 8.9 + OS$, D 3.0 fr O.l$ 
100 TCDD 273 r 411 10.9 ‘- 0.911 13.1 + 0.41, fl 4.8 ?z O.l$. 1! 

Pair-fed 274 c 4J 11.0 ” I.O§ 8.1 + 0.3§ 3.0 +- O.l$ 

* Values in the table were determined 7 days after administration of TCDD or vehicle. Vehicle-treated rats were 
allowed unlimited access to feed during the 14-hr feeding period or were pair-fed to a TCDD-treated rat. Each value 
represents the mean tSE of eight to fourteen animals. 

t-11 Mean value in a column not followed by the same superscript are significantly different from other dose levels in 
the same treatment group (TCDD or pair-fed) using Scheffk’s methodology (P < 0.05). The unlimited-fed group serves 
as the 0 dose level for both treatment groups. 

1 Significantly different from pair-fed group at the same dose level by pair-wise comparison (P < 0.05). 

cant linear trend to increase relative liver mass when 
expressed per unit of body weight. In contrast, rats 
pair-fed to TCDD-treated animals exhibited a 
significant linear decrease in both absolute and rela- 
tive liver weights. 

Hepatic DNA concentration (mg/g wet weight) 
increased linearly in the pair-fed animals as the dose 
of TCDD received by their TCDD-treated counter- 
parts increased (Fig. 1). The increase in DNA con- 
centration in the livers of rats pair-fed to rats treated 

DOSE (/kgAgf 

Fig. 1. Effects of TCDD treatment of hepatic DNA con- 
centration and content in rats. Livers were removed on day 
7 following administration of either TCDD or vehicle. 
Vehicle-treated rats were allowed either unlimited access 
to feed or were pair-fed to individual TCDD-treated rats. 
The height of each bar and associated vertical line rep- 
resents the mean and SE of four to six animals. An asterisk 
indicates a significant difference between a TCDD-treated 

group and its respective pair-fed group (P < 0.05). 

with 100 hg/kg TCDD was significant when com- 
pared to rats with unlimited access to feed. Also, 
hepatic concentration of DNA in the corresponding 
group of pair-fed rats was significantly higher than 
that in their TCDD-treated partners at doses of 25 
and 100 @g/kg. In TCDD-treated rats at ail doses 
examined, the concentration of DNA per gram wet 
liver was similar to that found in the unlimited-fed 
group. When differences in liver mass were taken 
into account (Table I), the total DNA per liver in 
the pair-fed rats and their respective TCDD-treated 
partners was similar (Fig. 1). Total liver DNA con- 
tent increased across the doses investigated in both 
TCDD-treated and pair-fed rats, yet this trend was 
statistically significant only with pair-feeding. 

DOSE (~g/hg) 

Fig. 2. Effects of TCDD treatment on hepatic protein 
concentration and content in rats. Other conditions were 

as in Fig. 1. 
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Hepatic protein concentration (mg/g wet liver) 
was similar in all treatment groups (Fig. 2). AS a 
result of a diminution of liver mass (Table l), a 
significant linear decrease in total protein per liver 
of pair-fed rats with increasing TCDD dose in the 
treated counterparts was detected by one-way 
ANOVA (Fig. 2). Total protein content was sig- 
nificantly greater in the livers of TCDD-treated rats 
at all dose levels than in their pair-fed counterparts 
by pair-wise comparison following two-way 
ANOVA. When total hepatic protein was expressed 
per mg DNA, one-way ANOVA indicated a signifi- 
cant linear decrease in the pair-fed rats as the dose 
of TCDD received by the treated counterparts 
increased (Fig. 2). Liver protein expressed on a DNA 
basis was higher in the TCDD-treated rats than in 
their pair-fed counterparts (Fig. 2), and this overall 
treatment effect was statistically significant when 
tested by two-way ANOVA. Despite these signifi- 
cant differences between TCDD-treated and pair- 
fed rats in total liver protein (Fig. 2), the percent 
distribution of protein in the various subcellular frac- 
tions was similar when liver homogenates were frac- 
tionated according to the scheme presented in 
Methods (data not shown). 

DOSE @l/kg) 

Fig. 3. Effects of TCDD treatment on hepatic succinate 
dehydrogenase activity in rats. Other conditions were as in 

Fig. 1. 

Mitochondrial enzyme activities. Succinate 
dehydrogenase activity in an isolated mitochondrial 
fraction, expressed per g wet liver, was similar in all 
treatment groups (Fig. 3). When expressed per total 
liver, the activity of hepatic succinate dehydrogenase 
in the various groups of pair-fed rats was similar to 
that observed in the unlimited-fed group. However, 
the activity per liver in the TCDD-treated rats was 

DOSE 0(9/kq) 

Fig. 4. Effects of TCDD treatment on hepatic L-glycerol-3- 
phosphate dehydrogenase activity in rats. Other conditions 

were as in Fig. 1. 

DOSE 0(9/kd 

Fig. 5. Effects of TCDD treatment on hepatic lactate 
dehydrogenase activity in rats. Other conditions were as in -. 
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Fig. 6. Effects of TCDD treatment on hepatic malic enzyme 
activity in rats. Other conditions were as in Fig. 1. 

elevated significantly in comparison to their pair-fed 
counterparts at all doses examined (Fig. 3). A linear 
decrease in the activity of succinate dehydrogenase 
per mg total hepatic DNA in pair-fed animals, as the 
dose of TCDD received by their treated counterparts 
increased, was demonstrated in the one-way 
ANOVA. In the TCDD-treated rats, its activity was 
also elevated when expressed on a DNA basis in 
relation to that found in pair-fed partners at all doses 
tested (Fig. 3). When succinate dehydrogenase was 
expressed per mg mitochondrial protein, a reduction 
in activity was found in both the TCDD-treated rats 
and their pair-fed counterparts at the 100 @g/kg dose. 
However, only the latter difference was statistically 
significant in comparison to the unlimited-fed rats 
with ScheffC’s method. 

r_-Glycerol-3-phosphate dehydrogenase activity 
per g wet liver was similar in all treatment groups 
(Fig. 4). However, when activity was expressed per 
liver, taking into account changes in hepatic mass 
(Table l), L-glycerol-3-phosphate dehydrogenase 
activity was increased in livers from TCDD-treated 
rats in relation to their pair-fed partners at doses 
of 6.25 and 25pg/kg, with the difference being 
statistically significant at the latter dose (Fig. 4). 
L-Glycerol-3-phosphate dehydrogenase activity 
expressed on a DNA basis was also higher in TCDD- 
treated rats than in their pair-fed counterparts (Fig. 
4), and this overall treatment effect was statistically 
significant when tested by two-way ANOVA. How- 
ever, two-way ANOVA indicated that its activity per 
mg mitochondrial protein was significantly lower in 

TCDD-treated rats than in their pair-fed partners. 
The activity of L-glycerol-3-phosphate dehydro- 
genase per mg mitochondrial protein in TCDD- 
treated rats decreased significantly in a linear trend 
across doses. When compared to rats with unlimited 
access to feed, the reduction in hepatic activity of 
this enzyme in rats treated with 6.25 and 100 pg/ 
kg was significant by evaluation of contrasts using 
Scheffk’s method. 

~ffper~~t~fft enzyme activities. Lactate dehydro- 
genase activity determined in a high-speed super- 
natant of liver homogenate and expressed per g 
wet liver was increased in TCDD-treated rats when 
compared to their pair-fed partners, and this overall 
treatment effect was statistically significant in the 
two-way ANOVA (Fig. 5). When expressed per 
total liver, its activity in TCDD-treated rats was 
augmented, and the magnitude of the increase over 
that of the respective pair-fed counterparts was simi- 
lar at all TCDD doses examined. In the two-way 
ANOVA, lactate dehydrogenase activity per mg 
total hepatic DNA was found to be augmented by 
TCDD treatment, and pair-wise comparison to 
respective pair-fed partners indicated this difference 
to be significant at the 25 pg/kg dose (Fig. 5). In the 
TCDD-treated rats, the activity per mg supernatant 
protein of hepatic lactate dehydrogenase was also 
elevated, and a significant linear trend was detected 
across the doses examined. 

Malic enzyme activity exhibited a dose-related 
increase in livers from TCDD-treated rats when 
expressed per g wet liver. Whether expressed on the 

I 

0 L 4- 
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; 
0 Pair-fed 
m Unlimited 
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* 

DOSE @/kg) 
Fig. 7. Effects of TCDD treatment on hepatic glucose-& 
phosphate dehydrogenase activity in rats. Other conditions 

were as in Fig. 1. 
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basis of total liver, mg DNA, or mg supernatant 
protein, its activity was also elevated in the rats 
receiving TCDD (Fig. 6). Activity of malic enzyme 
in livers from rats pair-fed to the TCDD-treated 
animals was not significantly different from that 
observed in livers of vehicle-treated rats with unlimi- 
ted access to feed no matter how activity was 
expressed. 

Hepatic glucose-6-phosphate dehydrogenase 
activity was increased by TCDD treatment in a dose- 
related manner (Fig. 7). This response of the enzyme 
to the administration of TCDD was similar whether 
its activity was expressed on the basis of g wet liver, 
total liver, mg DNA or mg supematant protein. The 
activity of glucose-6-phosphate dehydrogenase in 
rats pair-fed to TCDD-treated animals was not only 
similar across the various doses examined, but was 
also comparable to the activity observed in vehicle- 
treated rats with unlimited access to feed. 

The activity of 6-phosphogluconate dehydro- 
genase in liver was also augmented by a~inistra~on 
of TCDD in a dose-dependent manner (Fig. 8). 
Whether the enzyme activity was expressed on the 
basis of g wet liver, total liver, mg DNA or mg 
supernatant protein, the response to the doses of 
TCDD examined was similar. The activity of 6- 
phosphogluconate dehydrogenase in livers obtained 
from rats pair-fed to TCDD-treated animals 
decreased in a linear manner that was statistically 
significant irrespective of whether its activity was 
expressed on the basis of g wet liver, total liver, mg 
DNA or mg supernatant protein. 

DOSE @/kg) 

Pig. 8. Effects of TCDD treatment on hepatic (i-phos- 
phogluconate dehydrogenase activity in rats. Other con- 

ditions were as in Fig. 1. 

DISCUSSION 

Assessment of a possible alteration of thyroid 
status by TCDD treatment of rats is complicated by 
the toxic effects of this compound. For instance, 
TCDD is known to elicit a wasting response that is 
caused by a reduction in feed intake [13-15,351. To 
account for alterations in the activities of thyroid- 
responsive hepatic enzymes that are secondary to 
reduced feed intake and body weight rather than a 
primary effect upon thyroid status, vehicle-treated 
animals pair-fed to TCDD-treated counterparts were 
examined. In the present study, pair-fed vehicle- 
treated rats lost nearly the same amount of weight 
as their TCDD-treated partners so, in this regard, 
pair-feeding accomplished its purpose. While TCDD 
treatment resulted in hepatomegaly, the liver mass of 
pair-fed rats was decreased. These divergent effects 
were shown to be due to hypertrophy and atrophy 
of the hepatocyte, respectively, since total hepatic 
DNA content remained unch~ged. Similar findings 
have been reported by our laboratory follo~ng 
TCDD treatment of mature Sprague-Dawley rats 
[36]. To account for these differences in liver size 
between the experimental groups, activities of both 
constitutive and thyroid-responsive hepatic enzymes 
were expressed on the basis of g wet liver, total liver, 
mg DNA and mg supernatant or mitochrondrial 
protein. 

Activities of the constitutive enzyme, succinate 
dehydrogenase, and the thyroid-responsive enzyme, 
L-glycerol-3-phosphate dehydrogenase, in an iso- 
lated mitochondrial fraction were increased in 
TCDD-treated rats relative to their pair-fed counter- 
parts when expressed per liver or per mg DNA. 
These differences in enzyme activity were the result 
of differences in liver mass between the two groups. 
When succinate dehydrogenase activity was ex- 
pressed per mg mitochondrial protein, its activity in 
TCDD-treated and pair-fed animals was similar. On 
the other hand, the activity of L-glycerol-3-phosphate 
dehydrogenase was decreased significantly in livers 
from TCDD-treated rats in comparison to their pair- 
fed counterparts. Also, the activity of L-glycerol- 
3-phosphate dehydrogenase per mg mitochondrial 
protein in the livers of TCDD-treated rats decreased 
in a linear manner across the doses examined. This 
finding could be interpreted as a shift in the func- 
tional thyroid status of these animals towards a hypo- 
thyroid state. A marked reductionin hepaticL-glycer- 
ol3-phosphate dehydrogenase activity is found in 
hypothyroid rats 116, IS]. Other signs which might 
suggest hypothyroidism in TCDD-treated rats 
include a slightly reduced basal metabolic rate [6], 
elevated serum TSH concentrations [3,6] and goiters 
[3]. Other effects of TCDD such as decreases in 
serum T4 concentration, free T, index, feed intake, 
growth, hepatic Na+, K+-ATPase activity and 
increased serum cholesterol concentrations [3-6,13- 
15, 37, 381 are also found in hypothyroid rats f39- 
421. However, the increased activity of the cytosolic 
malic enzyme in livers of TCDD-treated rats strongly 
argues against a functional shift towards hypo- 
th~oidism in these animals. 

Activity of the constitutive cytosolic enzyme, lac- 
tate dehydrogenase, was increased in TCDD-treated 
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rats relative to their pair-fed counterparts when 
expressed per liver or per mg DNA. This aug- 
mentation of lactate dehydrogenase activity was 
associated with the increase in both liver mass and 
total protein content in TCDD-treated animals, and 
the increases were similar at all TCDD doses used. 
In contrast to lactate dehydrogenase, activities of the 
three cytosolic enzymes (malic enzyme, glucose-6- 
phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase), which are thyroid-responsive and 
NADP-dependent, were found to be increased by 
TCDD treatment in a dose-dependent manner. 
When considered in isolation from other effects of 
TCDD treatment on thyroid hormone-modulated 
responses, the increases in thyroid-responsive cyto- 
solic enzyme activities could be interpreted to mean 
that there is a functional shift towards hyper- 
thyroidism in TCDD-treated rats {lo], The increase 
in hepatic mahc enzyme activity in TCDD-treated 
rats in the present study is similar in magnitude to 
that reported for rats made hyperthyroid by T3 or T4 
treatment [X3, 19, 431. Also, the augmentation of 
the activities of glucose-6-phosphate dehydrogenase 
and 6-phosphogluconate dehydrogenase in the livers 
of TCDD-treated rats in the present study is similar 
to that reported in rats made hyperthyroid by chronic 
T3 treatment [20]. However, the overall pattern of 
thyroid hormone-modulated responses in TCDD- 
treated rats does not support the contention that 
TCDD-treated rats are hyperthyroid. In particular, 
it is difficult to resolve the discrepant responses 
of hepatic L-glycerol-3-phosphate dehydrogenase 
and malic enzyme activities to TCDD treatment. 
The activities of both enzymes are decreased by 
hypothyroidism but increased by hyperthyroidism 
[16-191, yet in TCDD-treated rats the activity of 
L-glycerol-3-phosphate dehydrogenase fell whereas 
that of malic enzyme rose. Other arguments against 
h~e~hyroidism are that basal metabolic rate is 
decreased by TCDD treatment [6] and that various 
cardiac indices of thyroid status are not altered in 
a way which would suggest that the animals are 
hyperthyroid [12]. The activities of two cardiac 
enzymes, pyruvate kinase and citrate synthase, and 
heart ventricular weight are not affected by TCDD 
treatment 1121. In hype~hyroid rats, the activities of 
these two ventricular enzymes are increased along 
with ventricular weight [4&47]. Therefore, the lack 
of effect of TCDD on these thyroid-responsive par- 
ameters further mitigates again a functional shift 
towards hyperthyroidism in rats following TCDD 
treatment. 

The NADPH generated by malic enzyme and the 
pentose phosphate pathway provides reducing equiv- 
alents for hepatic monooxygenation. The supply of 
NADPH is not rate-limiting for monooxygenation in 
livers of normal rats, but may become rate-limiting 
following monooxygenase induction [48-501. Mono- 
oxygenase inducers of the 3-methyl~holanthrene [Sl] 
and phenobarbital [SZ, 531 type enhance NADP’- 
dependent enzyme activity in rat liver, and the 
increased demand for NADPH associated with 
induction of monooxygenases has been proposed 
to be the impetus for induction of the NADP+- 
dependent enzymes [54, ,551. The dose of TCDD 
needed to maximally induce rat microsomal mono- 

oxygenases has been reported to be lower [56] than 
that found to increase NADP+-dependent enzyme 
activities in the present investigation, yet in other 
studies it was found to be similar 1.571. Thus, the 
increase in NADP~-dependent enzyme activities 
might be secondary to monooxygenase induction by 
TCDD. However, it is entirely possible that this 
effect of TCDD is not initiated by an augmentation 
of NADPH utilization by the hepatocyte but rather 
by an interaction of the compound with gene 
expression. That is, TCDD might induce these 
NADP+-dependent enzymes by modulating the 
expression of a functional gene unit [ZO, 58,591 which 
simultaneously codes for the synthesis of all three 
enzymes. This seems reasonable because TCDD and 
other positive effecters as well as negative effecters 
of these enzymes alter their activities in parallel [20, 
58, 591. 

In summa~, the pattern of thyroid-responsive 
hepatic enzyme activities in livers of rats treated with 
TCDD was not compatible with a functional shift in 
thyroid status. This was particularly true when the 
results were interpreted in the context of other effects 
of TCDD on thyroid-modulated responses. 
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