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Response of Hepatic Mitochondrial
a-UlvceroDnhosnhate Dahvdroannase
and Malic Enzyme to Constant Infusions
of L-Triiodothyronine in Rats
Bearing the Walker 256 Carcinoma
Evidence for Divergent Postreceptor Regulation
of the Thyroid Hormone Response
Joseph M. Tibaldi, Naima Sahnoun, and Martin 1. Surks
Division of Endocrinology and Metabolism, Department
of Medicine, Montefiore Medical Center and The Albert Einstein
College of Medicine, Bronx, New York 10467

Aatract. To characterize the hepatic response
to L-triiodothyronine (T3) in an experimental nonthy-
roidal disease, we determined the activity of hepatic
mitochondrial a-glycerophosphate dehydrogenase (a-
GPD) and cytosol malic enzyme (ME) as a function of
the saturation of the nuclear T3 receptor during constant
T3 infusions in rats bearing the Walker 256 carcinoma.
Groups of control and tumor-bearing rats were infused
by minipumps (Alza Corp., Palo Alto, CA) with vehicle,
1.2 or 4.5 Ag T3/100 body wt per day for 3 d. The range
for serum T3 was 47.2±4.1 to 165±17.3 ng/dl for the
control rats and 13.2±1.3 to 135±14.3 ng/dl for the
tumor-bearing rats. Nuclear T3 receptor concentration
was between 0.41±0.06 and 0.47±0.02 ng/mg DNAin
control rats and was decreased in tumor-bearing rats to
between 0.23±0.03 and 0.26±0.03 ng/mg DNA. Nuclear
T3 receptor concentrations were not influenced by the
T3 infusions. Specifically bound nuclear T3, determined
by radioimmunoassay of extracts of isolated nuclei, was
decreased nearly 50% in the tumor-bearing rats. However,
the calculated percentage saturation of the T3 nuclear
receptor remained similar in control and tumor-bearing
rats at each level of T3 infusion. Dose-response curves
for a-GPD and MEwere curvilinear and showed an
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exponential increase in enzyme activity with progressive
receptor saturation. In tumor-bearing rats, the activity
curves or calculated appearance rate curves for a-GPD
were shifted significantly upward and to the left, indi-
cating greater sensitivity to T3, and those of MEwere
shifted downward and to the right, indicating decreased
responsiveness to T3. Our findings suggest that cellular
factors result in postreceptor amplification of the a-
GPDresponse and diminution of the ME response to
T3 in tumor-bearing rats. Augmentation of the a-GPD
response may be a prototype for other hormonal re-
sponses that enable the tumor-bearing rat to maintain
an apparent euthyroid state in association with decreased
serum T3.

Introduction

In the human being, nonthyroidal illness results in marked
alterations in thyroid hormone concentrations and binding to
serum proteins (1-12). Many patients with a variety of non-
thyroidal disorders have normal circulating L-thyroxine (T4)'
with an increase in free T4. This change is associated with a
fall in serum L-triiodothyronine (T3) and free T3. The decrease
in serum T3 probably results from a decrease in T3 production
from T4 under these conditions. Since T3 is responsible for at
least 80% of the biological activity of iodothyronines in human
beings (13-15), it is surprising that sick patients do not appear
hypothyroid. Such patients are usually judged to be euthyroid
upon clinical evaluation, and this impression is supported by
the finding of a normal serum thyrotropin (TSH). We have
recently reported that many patients who have nonthyroidal
diseases (16) or who are of advanced age (17) may have a

1. Abbreviations used in this paper: GPD, glycerophosphate dehydro-
genase; ME, malic enzyme; T3, L-triiodothyronine; T4, L-thyroxine;
TSH, thyrotropin.
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blunted thyrotropin-releasing hormone-induced TSH response
to an experimental decrease in serum T4 and T3. These
findings suggest that a normal serum TSH may not be a
reliable index of the euthyroid state in some individuals with
nonthyroidal illness. Thus, both biological and practical clinical
implications of a low serum T3 in sick patients remain unclear
at the present time.

To resolve the paradox of decreased serum T3 without
apparent hypothyroidism in nonthyroidal disease, we have
measured the concentration of thyroid hormones, T3 receptor
binding, and biological responses in rats bearing a Walker 256
carcinoma in the thigh. Recent reports suggest that rats with
these tumors may be a useful experimental model of nonthy-
roidal disease of human subjects (18-21). Tumor-bearing rats
have decreased circulating total and free T4 and T3. The
decrease in T4 results from the much more rapid rate of T4
metabolism in the rat (t1/2 = 12 h) (20) in comparison with
human subjects (t1/2 = 6 d) (22), and from the further
acceleration of T4 metabolism in tumor-bearing rats (20).
Similar to sick patients, tumor-bearing rats have a normal
TSH concentration (21). Although hepatic nuclear T3 receptor
levels were uniformly decreased in tumor-bearing rats, the
activities of two thyroid hormone-responsive hepatic enzymes,
mitochondrial a-glycerophosphate dehydrogenase (a-GPD) (L-
glycerol-3-phosphate/cytochrome c-oxidoreductase [EC
1.1.99.5]) and cytosol malic enzyme (ME) (L-malate/NADP+
oxidoreductase decarboxylating [EC 1.1.1.40]), were variable
(19). Basal a-GPD activity remained normal, suggesting that
there is normal thyroidal activity under these conditions. In
contrast, MEactivity was decreased. Since the decrease in ME
activity antedated significant changes in concentration of cir-
culating iodothyronines and nuclear T3 receptors, the decrease
in MEactivity was considered not to be a primary effect of
thyroid hormone. Both enzymes were induced by doses of T3
sufficient to saturate all nuclear T3 receptor sites, although the
absolute increment in MEactivity of tumor-bearing rats was
significantly less than in control animals. Pair-feeding experi-
ments suggested that these findings were not due to malnutri-
tion (19).

In our previous studies, we did not measure the concentra-
tion of T3 that was specifically bound to nuclear T3 receptors.
Hence, we were unable to compare the enzyme response of
tumor-bearing rats with that of control rats as a function of
the fractional occupancy of nuclear receptor sites. Moreover,
our results did not distinguish between potential changes in
the rate of appearance and degradation of these enzymes.
Accordingly, we undertook the present studies to assess the
appearance rate of a-GPD and MEas a function of fractional
occupancy of the nuclear T3 receptor. The data to be presented
below suggest an augmentation in the appearance rate of a-
GPDand a reduction in the appearance rate of MEin tumor-
bearing rats in comparison with control animals. Augmentation
of a-GPD appearance in tumor-bearing rats may be a prototype
of other augmented hormonal responses that enable the rat to

maintain an apparent euthyroid state despite decreased serum
and nuclear T3.

Methods

Male Sprague-Dawley rats (Charles River Breeding Laboratories Inc.,
Wilmington, MA) were used in all studies. They were maintained on
the Wayne Laboratory Rat Diet (Allied Mills, Inc., Memphis, TN)
and were allowed tap water ad lib. Rats usually weighed between 180
and 200 g at the start of each experiment. There was no significant
difference between the mean body weight of control and experimental
groups.

The dose-response relationship between mitochondrial a-GPD and
cytosol ME activities as a function of nuclear T3 and nuclear T3
receptor saturation was determined in control and tumor-bearing rats.
At the beginning of each experiment (day 0), groups of rats were
placed under light ether anesthesia and injected in the right quadriceps
with either 0.2 ml of a Walker 256 carcinoma suspension or with an
equivalent volume of 0.9% NaCl, as previously described (18). The
tumors usually became palpable after 3 d. At that time (day 3), both
control and tumor-bearing animals received a minipump (Alzet Osmotic;
Alza Corp., Palo Alto, CA) subcutaneous in the intrascapular area.
Groups of control and tumor-bearing rats were given pumps containing
either vehicle, 0.01 N NaOH, 5% rat serum (23), or vehicle containing
enough T3 (Sigma Chemical Co., St. Louis, MO) to provide a T3
infusion rate of 1.2 or 4.5 gg/100 g body wt per d. A tracer amount
of ['251]T3 was added to each minipump that contained T3. The
counting rate of each pump was determined before implantation and
after the rats had been killed (see below). The volume of vehicle
delivered to each animal was then calculated as the product of the
percentage difference in counting rate of individual pumps and the
initial volume of each pump. Each dose-response study was carried
out twice. Data for most variables were pooled from six animals at
each level of T3 infusion.

Additional groups of four control and four tumor animals were
studied to determine the maximum response of a-GPD and ME to
T3. 3 d after injection of Walker 256 carcinoma suspension or 0.9%
NaCI, rats received an intrascapular minipump in order to establish a
T3 infusion rate of 4.5 ,ug/I00 g body wt per d. On the fourth and
fifth days after tumor injection, rats were also injected with 1,000 yg
T3 i.p. This dose was judged sufficient to effect 100% saturation of
hepatic nuclear T3 receptors (24).

Rats were killed 6 d after injection of Walker 256 carcinoma
suspension or 0.9% NaCl and 72 h after implantation of the minipumps.
The animals were killed by exsanguination through the abdominal
aorta under light ether anesthesia. Tumor size was measured with a
caliper and the tumor weight was estimated by the formula developed
by Schrek (25). Wehave previously demonstrated an excellent corre-
lation between estimates of tumor weight by this method and tumor
weight determinations by dissection and weighing (19). Plasma was
obtained for measurement of the concentrations of T3 (26) and T4
(Clinical Assays Kit; Travenol Laboratories, Inc., Cambridge, MA).
The liver was quickly removed and placed on ice. Weighed samples
were taken for preparation of nuclei, mitochondria, and cytosol. The
liver parenchyma and lymph nodes of the porta hepatis were free of
tumor by gross examination. We have previously demonstrated the
absence of liver parenchymal carcinoma by light microscopy (18).

Nuclear T3 binding capacity was measured in isolated nuclei by a
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method previously described by this laboratory (27). Wealso determined,
in the same samples of nuclei, the concentration of specifically bound
nuclear T3 by a modification of the method of Surks and Oppenheimer
(28). Nuclei isolated from 2 g of liver were suspended in 2 ml of 0.32
Msucrose, 3 mMMgCI2, and washed with an equal volume of cold
(50C) 0.25 Msucrose, 20 mMTris-HCl, 1.1 mMMgCl2 (STM-buffer),
which contained 1% Triton X-100, pH 7.0, at 250C to remove T3 that
was nonspecifically bound. Triton X-100 was obtained from Packard
Instrument Co., Inc., United Technologies (Downers Grove, IL).
Nuclei from rats infused with 4.5 Ag T3/I00 g body wt per d were
washed twice with 10 ml of STM-0.5% Triton X-100 buffer in order
to minimize nonspecific T3 binding. Nuclei were pelleted by centrifu-
gation at 800 g for 15 min. Nuclei were then washed with 2 ml H20
at 5PC and again centrifuged at 800 g for 15 min. T3 was extracted
from the washed nuclei by three successive treatments with 3 ml of
absolute ethanol. Parallel studies that used ['251IT3 indicated that this
procedure resulted in extraction of >98% of the nuclear T3. The
ethanol extracts were then evaporated to dryness under a stream of N2
at 370C and the T3 was taken up in 0.3 ml of 0.4% bovine serum
albumin in 0.075 Mbarbital buffer, pH 8.6. The concentration of T3
in these solutions was then determined by radioimmunoassay (26).
Nuclear and plasma T3 were measured in the same assay for each
experimental group. The intraassay coefficient of variation was 9.1%
and the interassay coefficient of variation was 14.6%. Plasma protein
binding of T3 was measured by a charcoal method and free T3 index
was calculated as previously described (3).

Cytosol MEactivity was determined by the method of Ochoa (29)
as modified by Hsu and Lardy (30), and mitochondrial a-GPD activity
was determined by the method of Lee and Lardy (31). DNA was
measured by a modification of the Burton procedure (32). Protein
concentrations were determined by the method of Lowry et al. (33).
Data are expressed as mean±SEMand were analyzed statistically by
analysis of variance (34).

The rate of appearance of MEand a-GPD activities per milligram
of protein was estimated by a modification of the method described
by Oppenheimer and Schwartz (35). This method requires determination
of the half-life of each enzyme activity. To determine the half-life of
cytosol MEand mitochondrial a-GPD activities in control and tumor-
bearing rats, groups of rats were injected with either a suspension of
Walker 256 carcinoma or 0.9% NaCl, as described above. These groups
were equally subdivided and, at the same time, equal numbers of
tumor-injected and 0.9% NaCl-injected rats were given either vehicle
or 2,000 gg T3/100 g body wt i.p. On the third day, when enzyme
induction was judged to be maximal (24, 35), groups (n = 4) of control
and tumor-bearing rats who had received either T3 or vehicle were
killed for determination of activities of mitochondrial a-GPD and
cytosol ME. Similar determinations of enzyme activities were made in
comparable groups 6 d after the start of the experiment. This experi-
mental protocol provided both baseline and induced enzyme activities
for control and tumor-bearing animals. The data obtained allowed
calculation of the half-life of enzyme activity that was induced over
baseline values. The appearance rate of each enzyme activity could
then be calculated in the basal state as well as in T3-infused tumor-
bearing and control animals by the method of Oppenheimer and
Schwartz (35). For these calculations, 48 h was assumed to be the
period of enzyme induction for animals who received continuous T3
infusions by means of the minipumps.

Since little stimulation of cytosol ME activity occurred in the
tumor-bearing rats, the half-life of MEwas estimated as follows: groups

of rats were injected intraperitoneally with either vehicle or T3 (1,500
Mg/I00 g body wt) on day 0 and day 1. Because of the report of
Oppenheimer et al. (24), the activity of cytosol MEwas judged to be
maximal on day 4. At that time, groups of rats injected with T3 or
vehicle were killed for determination of the cytosol MEactivity. Walker
256 carcinoma suspension or 0.9% NaCl was then injected into the
quadriceps as described above. The MEactivity was again determined
5 d after tumor implantation in groups of control and tumor-bearing
animals.

Results

Preliminary experiments (not illustrated) suggested that plasma
T3 concentration became relatively constant 16-24 h after the
insertion of osmotic minipumps containing T3. This finding
confirmed the observations of Connors and Hedge (23). To
determine whether plasma T3 remained constant during the
next 2 d, plasma T3 was measured before and 2 and 3 d after
T3 infusion by osmotic minipump was started (Fig. 1). Plasma
T3 remained relatively constant 2 and 3 d after pumps were
implanted and no significant difference between control and
tumor-bearing rats was noted.

Mean plasma T3 concentrations of control and tumor-
bearing rats are shown as a function of the T3 infusion rate in
Fig. 2. Plasma T3 of tumor-bearing rats was markedly dimin-
ished in vehicle-injected animals but was restored to the
normal range (40-80 ng/dl) when tumor-bearing rats were
infused with 1.2 Ag T3/I00 g body wt per d. The greater T3
infusion rate, 4.5 ,ug/I00 g body wt per d, resulted in a further
increase in mean plasma T3 to values greater than those found
in euthyroid rats but below those estimated to result in >95%
saturation of nuclear T3 receptor sites (24). Mean plasma T3
concentration of tumor-bearing rats (13.2±2.5 ng/dl) was
significantly lower than the control group (47.2±4.1 ng/dl) in
the vehicle-infused rats (P < 0.005). In accordance with previous
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Figure 1. Plasma T3 in control and Walker 256 carcinoma-bearing
rats. Plasma was collected before and 2 and 3 d after minipumps
were implanted subcutaneously in the intrascapular space. The mini-
pumps contained enough T3 to infuse 4.5 lig/I00 g body wt per d.
Results are mean±SE for groups of six rats.
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Figure 2. Plasma T3 in control and Walker 256 carcinoma-bearing
rats. Plasma was collected 3 d after minipumps were implanted
subcutaneously in the intrascapular region. The minipumps con-

tained either vehicle (0.01 N NaOH, 5% rat serum) or vehicle supple-
mented with enough T3 to establish an infusion rate of 1.2 or 4.5 ;g/
100 g body wt per d. Results are mean±SE of values pooled from
two separate experiments. (n = 6).

observations (18), plasma protein binding of T3 was decreased
in the vehicle-infused tumor-bearing rats. The T3 binding
index of the tumor-bearing rats, 1.68±0.04, was significantly
greater than for control rats, 1.10±0.04 (P < 0.005). However,
the free T3 index of the tumor-bearing rats infused with vehicle,
22.4±5.3, was significantly less than the control group, 51.9±2.3
(P < 0.01). Mean plasma T3 was also decreased in the group

infused with the higher T3 dosage, 4.5 ,ug/100 g body wt per d

(P < 0.01). The decrease in mean plasma T3 concentration
noted in tumor-bearing rats at this T3 infusion rate may result
from an increase in the metabolic clearance rate of this
iodothyronine. An increase in metabolic clearance rate of T4
has been reported previously for animals bearing Walker 256
carcinoma (20). The mean serum T4 concentration of the
control group that was infused with vehicle was 3.4±0.4 ,ug/
dl. Serum T4 levels were <1 jsg/dl in all other animals.

The tumor-bearing rat has been proposed as a model for
the syndrome of nonthyroidal illness with decreased serum T3
(18). Previous pair-feeding experiments suggested that food
deprivation was not responsible for altered thyroid hormone
economy in tumor-bearing rats (19). Since Oppenheimer and
Schwartz (35) have reported that starvation alters the appearance
rate of mitochondrial a-GPD and cytosol ME, we reinvestigated
the putative relationship between malnutrition, altered thyroid
hormone concentrations, and biological responses in tumor-
bearing rats by determining the liver weight and concentrations
of cytosol protein and DNA(Table I and Fig. 3). Mean body
weight of the tumor-bearing rats increased at about the same
rate as that of controls during infusion of vehicle or T3 (Fig.
3). At the end of the experiments, mean body weight of tumor-
bearing rats was decreased only 7.5% from their respective
control groups at all T3 infusion rates (P < 0.05-<0.025)
(Table I). In contrast, the mean liver weight of tumor-bearing
rats was significantly greater than in the respective control
groups. The mean percentage increase in liver weight was
23.1±2.1% for all tumor-bearing rats and this change appeared
to be independent of the T3 infusion rate. The increase in
hepatic weight of tumor-bearing rats was associated with a
significant increase in mean hepatic DNA content. Mean
cytosol protein content was not altered in tumor-bearing rats
and was not influenced by the T3 infusion rate. Since Oppen-
heimer and Schwartz (35) have reported that a 28-40% decrease

Table I. Effect of T3 Infusion on Body and Liver Weight and Liver DNAand
Protein Content in Control and Walker 256 Carcinoma-bearing Rats*

Body Tumor Liver Cytosol
T3 infusion Rats weight size weight protein DNA

sg/OlO g body Wt per d g %body wt g/lOO g body wt mg/liver mg/liver

0 C 247.2±4.0 4.29±0.17 747.1±25.2 27.8±1.9
T 233.0±3.7t 5.2 4.90±0.15t 737.2±33.8 32.4±2.5§

1.2 C 265.3±9.7 3.73±0.05 776.7±31.8 23.5±0.3
T 236.3±4.41 7.8 4.95±0.28¶ 746.7±61.8 34.2±3.5t

4.5 C 259.5±5.2 4.15±0.06 779.7±24.7 28.1±1.1
T 243.6±1.6* 6.1 5.14±0.251 817.8±26.7 37.6±45**

* Results are mean±SE from groups of six rats. Data are pooled from two separate experiments. Statistical analyses were performed using analy-
sis of variance. C, control; T, tumor-bearing rats. Comparisons are T vs. C for each T3 infusion rate. t P < 0.025. § P > 0.05 (not significant
statistically). 11 P < 0.05. ¶ P < 0.001. ** P < 0.005.
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in body weight, hepatic weight, and content of DNA and
protein occurs during starvation, the results in Table I and
Fig. 3 suggest that malnutrition was not a significant factor in
the present studies.

In order to determine the relationship between hepatic
nuclear T3 receptor occupancy and induction of a-GPD and
ME, nuclear T3 receptor concentration and specifically bound
nuclear T3 were determined in control and tumor-bearing rats
at different T3 infusion rates (Table II). Mean nuclear T3
receptor concentration of tumor-bearing rats was significantly
decreased to 63, 50, and 51% of the values for the respective
control groups infused with vehicle, 1.2 and 4.5 Ag T3/100 g
body wt per d. In agreement with our previous study (19),
there was no significant difference in mean dissociation constant
between control and tumor-bearing animals. Moreover, mean

Table II. Effect ofT3 Infusion on Nuclear T3 and
Nuclear T3 Receptor Concentration and Percentage Saturation in
Control and Walker 256 Carcinoma-Bearing Rats*

Nuclear T3 receptor

T3 infusion Rats Nuclear T3 ng/mg DNA %saturation

g/I100 g ng/mg DNA
body vw per d

0 C 0.21±0.01 (6) 0.41±0.06 (5) 52.6±6.6 (5)
T 0.10±0.01 (5)t 0.26±0.03 (5)§ 42.1±5.5 (5Y'

1.2 C 0.36±0.03 (6) 0.46±0.02 (6) 79.8±5.3 (6)
T 0.20±0.02 (6)t 0.23±0.03 (6)t 82.1±10.3 (6)I

4.5 C 0.38±0.07 (3) 0.47±0.02 (6) 87.4±17.6 (3)
T 0.20±0.01 (3)t 0.24±0.01 (6)t 88.3±12.1 (3)"

*Results are mean±SE for data pooled from two separate experi-
ments. Number of samples is in parentheses. C, control; T, tumor-
bearing rats. Statistical analyses were performed by analysis of vari-
ance. Statistical comparisons listed are T vs. C for each T3 infusion
rate.
P< 0.001.

§ P < 0.005.
P > 0.05 (not significant statistically).

nuclear T3 receptor concentration of the control or tumor-
bearing rats did not change significantly at any of the T3
infusion rates employed. Thus, nuclear T3 receptor concentra-
tion did not appear to be influenced by the different T3
infusion rates used in these studies. In the groups infused with
vehicle alone, the mean concentration of T3 bound specifically
to the nuclear T3 receptor was also decreased significantly in
tumor-bearing rats (P < 0.001), from 0.21±0.01 to 0. 10±0.01
ng/mg DNA. Infusion of T3 raised the mean nuclear T3
concentration both in control and tumor-bearing rats (P
< 0.005). However, the mean nuclear T3 concentration of
tumor-bearing rats remained significantly lower than that of
the control groups at each of the two T3 infusion rates. The
percentage saturation of the nuclear T3 receptor was calculated
by dividing the nuclear T3 concentration by the nuclear T3
receptor concentration. For control and tumor-bearing rats,
respectively, mean receptor saturation was 52.6±6.6 and
42.1±5.5% in vehicle-infused groups, and it increased to
-80% in groups infused with 1.2 Ag T3/100 g body wt per d,

and to -88% in groups infused with 4.5 Mg T3/ 100 g body wt
per day. The differences observed in mean percentage receptor
saturation between control and tumor-bearing rats at each T3
infusion rate were not significant statistically.

The dose-response curves for mitochondrial a-GPD activity
in control and tumor-bearing rats are presented in Fig. 4.
Although the abscissa expresses percentage saturation of the
nuclear T3 receptor, similar dose-response relationships were
obtained when the abscissa showed either serum T3 or T3 that
was specifically bound to the nuclear T3 receptor. Similarly,
although the a-GPD activity is expressed per milligram of
mitochondrial protein, similar curves were developed when a-
GPDactivity was expressed per milligram of DNAor per total
liver. The principal finding of this study was that mean a-
GPDactivity of tumor-bearing rats was significantly greater
than that of control rats at all levels of saturation of the
nuclear T3 receptor between 40 and 100%. The differences

_0.4
0

CD-lE

0.2
0

a-o 0.1_
0~0f

I
0 20 40 60 80 100
NUCLEART3 RECEPTOR(% saturation)

Figure 4. Dose-response of mitochondrial a-GPD in control and
Walker 256 carcinoma-bearing rats. Results are mean±SE of values
pooled from two separate experiments (n = 6).
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between the mean a-GPD values of the control and tumor-
bearing rats that were infused with vehicle or T3 (1.5 and 4.5
jug/100 g body wt per d) were significant statistically (P < 0.05,
0.001, and 0.001, respectively). The nonlinear dose-response
curves for a-GPD of both control and tumor-bearing rats agree
with the observations of Oppenheimer et al. (24, 36). It is also
notable that the maximal induction of GPDactivity (100%
saturation) in tumor-bearing rats was 50% greater than in
control groups (P < 0.001).

The dose-response curve for cytosol MEactivity is shown
in Fig. 5. Although the abscissa is presented as percentage
saturation of the nuclear T3 receptor, similar dose-response
relationships were obtained when the abscissa expressed serum
T3. When the abscissa expressed T3 specifically bound to the
nuclear T3 receptor, differences between the control and tumor-
bearing rats were noted only at maximal nuclear T3. Moreover,
although ME activity is expressed per milligram of cytosol
protein, similar curves were developed when MEactivity was
expressed per milligram DNAor per total liver. In contrast to
the dose-response relationships for a-GPD (Fig. 4), a marked
depression in ME response to T3 was observed in tumor-
bearing rats in comparison with control animals. As shown in
Fig. 5, the dose-response curve for MEactivity of control rats
was nonlinear and qualitatively similar to the results of Op-
penheimer et al. (24, 36). For the control animals, a marked
amplification of enzyme activity was noted at high levels of
receptor saturation. The MEdose response of tumor-bearing
rats appeared qualitatively similar to the controls, but values
of enzyme activity at high levels of receptor saturation were
considerably lower than the controls. The differences between
the mean MEactivities of control and tumor-bearing rats were
significant statistically, P < 0.01 and P < 0.001, in the groups
infused with 1.5 and 4.5 Ag T3/100 g body wt per d, respectively.

30 -
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Figure 5. Dose-response of cytosol MEin control and Walker 256
carcinoma-bearing rats. Results are mean±SE of values pooled for
two separate experiments (n = 6).

To investigate further the mechanism underlying the dif-
ferences in the dose-response curves for ME and a-GPD
activities between control and tumor-bearing rats, we estimated
the appearance rate of these enzymes by the method of
Oppenheimer and Schwartz (35). The half-life for a-GPD
activity was 2.1 d for both control and tumor-bearing rats.
Thus, the increase in a-GPD activity in tumor-bearing rats
(Fig. 4) did not appear secondary to a decrease in the rate of
metabolism of this enzyme. The half-life for MEactivity was
2.3 d in control rats and 4.5 d for tumor-bearing rats. Since
the determination of half-life for ME and a-GPD required
pulse injection of T3 to augment initial enzyme activities (5),
these results cannot be assumed to be completely representative
of the euthyroid rat. However, the half-life of MEand a-GPD
activities by this method has been employed in similar studies
previously (35). The half-lives of a-GPD and ME activities
were used in the equation derived by Oppenheimer and
Schwartz (35) in order to calculate the appearance rate of
these enzymes in control and tumor-bearing rats under the
present experimental conditions. In this analysis, we assumed
a 48-h period of enzyme stimulation by T3. The resulting
curves for enzyme appearance rate (Fig. 6) suggest that the
calculated GPD appearance rate of tumor-bearing rats was
-100% greater than that of control rats in the absence of T3

infusion. Moreover, the enhanced a-GPD appearance rate was
maintained as receptor saturation progressively increased. The
curve for a-GPD appearance rate was exponential. In contrast,
the appearance rate of MEactivity was markedly decreased in
tumor-bearing rats. The MEappearance rate of tumor-bearing
rats was only 5% of the control rats at all levels of T3 receptor
saturation that were studied. Tumor-bearing rats demonstrated
only a slight increase in the appearance rate of MEin response
to exogenous T3 infusion.

Discussion

The present studies provide new insights into the regulation
of a-GPD and ME in animals bearing the Walker 256 carci-
noma. In our earlier study (19), we measured a-GPD and ME
activities only in the basal state and in rats injected with
enough T3 to occupy >95% of nuclear T3 receptors. The
present study provides a limited characterization of the dose-
response curve for both enzymes in control and tumor-bearing
rats. In control rats, the dose-response curve for each enzyme
appeared nonlinear, with an exponential increase in enzyme
activity apparent as receptor sites were progressively saturated.
These findings agree with the earlier observations of Oppen-
heimer et al. (24, 36). A curvilinear dose-response curve for
these enzymes was also noted in the tumor-bearing rats.
However, the a-GPD curve was shifted upward and to the
left, indicating greater a-GPD sensitivity to T3, whereas the
MEcurve was shifted downward and to the right, indicating
lower sensitivity of ME to T3 in tumor-bearing rats. These
findings differ somewhat from our previous study in which we
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Figure 6. Calculated appearance rate
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did not show a significant increase in maximal a-GPD response
to T3 in tumor-bearing rats (19). One reason for the difference
between the two studies may be the smaller number of animals
in each experimental group in our earlier work. When data
from the two previously reported experiments are combined
(Table 2 in reference 19), the maximal a-GPD response of
tumor-bearing rats is significantly increased (P < 0.025) in
comparison with that of control groups. Compared with vehicle-
injected groups, mean percentage increase in maximal a-GPD
activity was 48% in the earlier study (19) and 71% in the
present experiments.

The possibility that some of the changes observed in tumor-
bearing rats are due to starvation has been considered previously
(19) and in the present studies. When control rats were pair-
fed with tumor-bearing rats, no changes were apparent in any
thyroidal parameters that were measured (19). This observation
suggested that food deprivation was not a major contributor
to the alterations in thyroid hormone economy and biological
responses that were observed in tumor-bearing rats. In the
present studies, tumor-bearing rats gained weight almost at the
same rate as controls and showed an increase in liver weight
and DNA content and unchanged cytosol protein content.
Since Oppenheimer and Schwartz reported that each of these
parameters was significantly decreased in starved rats (35),
significant food deprivation probably was not a factor in our
studies. Moreover, the changes in the dose-response curves of
tumor bearing rats shown in Figs. 4 and 5 were also evident
when the enzyme activities were calculated on the basis of the
total protein of the respective subcellular fractions, or in terms
of total liver protein or DNA. Thus, it seems reasonable to
conclude that the present findings resulted from the presence
of the tumor and not food deprivation.

An important aspect of the present studies was the simul-

taneous measurement of a-GPD and MEactivities and nuclear
T3 and T3 receptor concentrations. The range of nuclear T3
receptor concentrations of control rats, 0.41-0.47 ng/mg DNA,
agrees with published reports (18, 19, 27, 37), and the 50-63%
decrease in nuclear T3 receptor concentration observed in
tumor-bearing rats confirms our previous findings (18, 19).
Although published reports indicate either increased (38) or

unchanged (39) nuclear T3 receptor concentrations in liver of
hyperthyroid rats, the present data suggest that neither the
decreased T3 nuclear receptor concentration of tumor-bearing
rats nor the T3 receptor concentration of control rats was
influenced by a range of plasma T3 between 10 and 163 ng/
dl. In addition, the nuclear T3 concentration of tumor-bearing
rats remained significantly decreased from control at each level
of T3 infusion. The fact that the MEand a-GPD response
curves were plotted as a function of T3 nuclear receptor
saturation (Figs. 4 and 5) does not imply a specific biological
determinant of receptor saturation. If the a-GPD response to
T3 is plotted as a function of nuclear T3, the difference between
tumor-bearing and control rats becomes even more marked
than illustrated in Fig. 2. In contrast, a similar plot for the
MEresponse to T3 shows little difference between the groups
except at the dosage of T3 calculated to occupy >95% of T3
nuclear receptor sites. At this maximal level of nuclear T3, the
ME response in tumor-bearing rats was significantly smaller
than in controls. The MEappearance rate (see below), however,
remained significantly decreased in tumor-bearing rats even
when expressed in terms of specifically bound nuclear T3 (see
below).

Since the activities of a-GPD and MEobserved in these
studies are a consequence of the rates of appearance and
degradation for each enzyme, we measured the degradation
rate and estimated the appearance rate of both enzymes by
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the method described by Oppenheimer and Schwartz (35).
Assumptions made for the study of enzyme decay rates have
been discussed by those investigators (35). The half-life of a-
GPD, 2.1 d, and ME, 2.3 d, determined in control rats, agree
with values reported by Oppenheimer et al. (24). In tumor-
bearinqg rats, the half-life of a-GPD was the same as control
but the half-life of MEwas prolonged to 4.5 d. Since Oppen-
heimer and Schwartz (35) reported a significant increase in
the rate of decay of both MEand a-GPD in starved rats, these
findings support further the conclusion that nutritional depri-
vation either of the entire animal or, specifically, of the liver,
was not a significant factor in the current studies. Calculations
made according to Oppenheimer and Schwartz (35) suggest
that the appearance rate of MEwas markedly decreased in
tumor-bearing rats. Since the decreased MEappearance rate
in tumor-bearing rats could be due to the decrease in specifically
bound nuclear T3, we also estimated the specific appearance
rate of ME (appearance rate divided by specifically bound
nuclear T3) according to equation V of Oppenheimer and
Schwartz (35). These calculations suggest that the specific
appearance rate of MEin tumor-bearing rats is only 10% that
of control rats both at nuclear T3 levels present in the basal
state and when nuclear T3 receptors are maximally saturated.
Thus, similar to conclusions from studies of starved rats (35),
as yet undefined postreceptor factors appear to inhibit the ME
response to T3 in tumor-bearing rats. In contrast, calculations
suggest a twofold increase in the appearance rate of a-GPD in
tumor-bearing rats in the basal state. The a-GPD appearance
rate is further augmented to fourfold when calculated on the
basis of specifically bound nuclear T3. These calculations
suggest that, in the tumor-bearing rat, the major portion of
the increase in a-GPD appearance rate results from postreceptor
amplification of the hormone signal in association with a
significant decrease in plasma T3, nuclear T3, and T3 nuclear
receptor concentrations.

The complex nature of the biological response to T3 in
tumor-bearing rats highlights the difficult problem of assaying
the thyroidal status of animals with nonthyroidal disease. The
results of the present studies clearly indicate that as yet
undefined postreceptor factors may modulate the biological
response to T3 in different directions: the a-GPD response was
enhanced but the MEresponse was depressed. The regulation
of TSH in tumor-bearing rats appears to be another example
of an enhanced response to thyroid hormone in nonthyroidal
disease. We have demonstrated normal regulation of TSH
secretion in tumor-bearing rats which have decreased concen-
trations of pituitary nuclear T3 (21). Our finding of postreceptor
regulation of thyroidal response in Walker 256 carcinoma-
bearing rats is similar to that reported in starved rats (35) and
in rats fed a high carbohydrate diet (40, 41). In the latter, both
ME activity (40, 41) and ME messenger RNA activity (41)
were increased in comparison with levels in control animals.
Thus, dietary factors may under some conditions contribute
to the cellular regulation of thyroidal response. Other factors

may include alterations in the concentration of hormones
different from those of the thyroid system. Thus, glucagon
concentration is increased in starvation (42), and this results
in a decrease in concentration of nuclear T3 receptor sites as
well as in the activity of ME(43). Other examples of multi-
hormonal regulation of cellular responses include the regulation
of a2U globulin messenger RNA in rats by testosterone and
glucocorticoids, in addition to thyroid hormones (44, 45) and
the synergistic regulation of growth hormone production by
glucocorticoid and thyroid hormones in cultured growth hor-
mone-producing pituitary tumor cell lines (46, 47). The pos-
sibility exists that products from the tumor itself may have
influenced cellular metabolism in the present studies.

In view of the data from the present studies, the finding of
a euthyroid clinical state in association with decreased serum
T3 in patients with nonthyroidal disease should not be surpris-
ing. In the rat with nonthyroidal disease, we have shown that
the a-GPD and ME response to T3 cannot be predicted a
priori from the plasma T3 or even the nuclear T3 concentration.
Thus, in patients with nonthyroidal disease, enhancement of
those responses to T3 important, for the clinical manifestations
of the euthyroid state may account for the normal clinical
findings. Since the response of individual biological parameters
may be either enhanced or depressed by cellular factors that
affect postreceptor mechanisms, probably no single measure-
ment will provide guidance as to the thyroidal state of the
entire animal. Indeed, even within individual tissues, postre-
ceptor factors may result in divergent regulation of different
T3-sensitive biological responses.

Acknowledgments

The authors thank Ms. Carla Dawson for the preparation of this
manuscript and M. K. Kumara-Siri for his help in determination of
enzyme activity.

This work was supported by National Institutes of Health grants
CA 24604-04 and CA 16463-09.

References

1. Reichlin, S., B. A. Bollinger, I. Nejad, and P. Sullivan. 1973.
Tissue thyroid hormone concentration of rat and man determined by
radioimmunoassay: biologic significance. Mt. Sinai J. Med. 40:502-
505.

2. Carter, J. N., C. J. Eastman, J. M. Corcoran, and L. Lazarus.
1974. Effect of severe chronic illness on thyroid function. Lancet.
II:971-974.

3. Bermudez, F., M. I. Surks, and J. H. Oppenheimer. 1975. High
incidence of decreased serum triiodothyronine concentration in patients
with nonthyroidal disease. J. Clin. Endocrinol. Metab. 41:27-40.

4. Burrows, A. W., R. A. Shakespear, R. D. Hesch, E. Cooper,
C. M. Aickin, and C. W. Burke. 1975. Thyroid hormones in the
elderly sick: "T4 euthyroidism." Br. Med. J. 4:437-439.

5. Chopra, I. J., D. H. Solomon, U. Chopra, R. T. Young, and

712 J. M. Tibaldi, N. Sahnoun, and M. I. Surks



G. N. Chua Teco. 1974. Alterations in circulating thyroid hormones
and thyrotropin in hepatic cirrhosis: evidence for euthyroidism despite
subnormal serum triiodothyronine. J. Clin. Endocrinol. Metabol.
39:501-511.

6. Burger, A., P. Suter, P. Nicod, M. B. Vallotton, A. G. Vagenakis,
and L. E. Braverman. 1976. Reduced active thyroid hormone levels
in acute illness. Lancet. 1:163-166.

7. Ramirez, G., W. O'Neil, W. Jubiz, and H. A. Bloomer. 1976.
Thyroid dysfunction in uremia: evidence for thyroid and hypophyseal
abnormalities. Ann. Intern. Med. 84:672-676.

8. Spector, D. A., P. J. Davis, J. H. Helderman, B. Bell, and R. D.
Utiger. 1976. Thyroid function and metabolic state in chronic renal
failure. Ann. Intern. Med. 85:724-730.

9. Lim, V. S., V. S. Fang, A. Katz, and S. Refetoff. 1977. Thyroid
dysfunction in chronic renal failure. J. Clin. Invest. 60:522-534.

10. Gavin, W. L., F. A. McMahon, J. N. Castle, and R. R.
Cavalieri. 1978. Alterations in serum thyroid hormones and thyroxine
binding globulin in patients with nephrosis. J. Clin. Endocrinol. Metab.
46:125-130.

11. Burrows, A. W., E. Cooper, R. A. Shakespear, C. M. Aickin,
S. Fraser, R. D. Hesch, and C. W. Burke. 1977. Low serum L-T3
levels in the elderly sick: protein binding, thyroid and pituitary
responsiveness, and reverse T3 concentrations. Clin. Endocrinol. 7:289-
300.

12. Walfish, P. G., H. Orrego, Y. Israel, J. Blake, and H. Kalant.
1979. Serum triiodothyronine and other clinical and laboratory indices
of alcoholic liver disease. Ann. Intern. Med. 91:13-16.

13. Ingbar, S. H., and L. E. Braverman. 1975. Active form of
thyroid hormone. Annu. Rev. Med. 26:443-449.

14. Schimmel, M., and R. D. Utiger. 1977. Thyroidal and peripheral
production of thyroid hormones: review of recent findings and their
clinical implications. Ann. Intern. Med. 87:760-768.

15. Chopra, I. J., D. H. Solomon, U. Chopra, W. Sing Yung,
D. A. Fisher, and Y. Nakamura. 1978. Pathways of metabolism of
thyroid hormones. Recent Prog. Horm. Res. 34:521-567.

16. Maturlo, S. J., R. L. Rosenbaum, C. Pan, and M. I. Surks.
1980. Variable thyrotropin response to thyrotropin-releasing hormone
following small decreases in plasma free thyroid hormone concentrations
in patients with nonthyroidal diseases. J. Clin. Invest. 66:451-456.

17. Ordene, K. W., C. Pan, U. S. Barzel, and M. I. Surks. 1983.
Variable thyrotropin response to thyrotropin releasing hormone after
small decreases in plasma thyroid hormone concentrations in patients
of advanced age. Metab. Clin. Exp. 32:881-888.

18. Surks, M. I., M. M. Grajower, M. Tai, and C. R. DeFesi. 1978.
Decreased hepatic nuclear L-triiodothyronine receptors in rats and
mice bearing transplantable neoplasms. Endocrinology. 103:2234-
2239.

19. Grajower, M. M., and M. I. Surks. 1979. Effect of decreased
hepatic nuclear L-triiodothyronine receptors on the response of hepatic
enzymes to L-triiodothyronine in tumor-bearing rats. Endocrinology.
104:697-703.

20. Rosenbaum, R. L., S. J. Maturlo, and M. I. Surks. 1980.
Changes in thyroidal economy in rats bearing transplantable Walker
256 carcinoma. Endocrinology. 106:1386-1391.

21. Kumara-Siri, M. H., K. Y. Lee, and M. I. Surks. 1981.
Regulation of thyrotropin release in tumor-bearing rats. Endocrinology.
109:1760-1768.

22. Sterling, K., J. C. Lashof, and E. B. Man. 1954. Disappearance
from serum of I131 labeled L-thyroxine and L-triiodothyronine in
euthyroid subjects. J. Clin. Invest. 33:1031-1035.

23. Connors, J. M., and G. A. Hedge. 1981. Effect of continuous
thyroxine administration on thyrotropin secretion in thyroidectomized
rats. Endocrinology. 108:2098-2102.

24. Oppenheimer, J. H., E. Silva, H. L. Schwartz, and M. I. Surks.
1977. Stimulation of hepatic mitochondrial a-glycerophosphate dehy-
drogenase and malic enzyme by L-triiodothyronine. Characteristics of
the response with specific nuclear thyroid hormone binding sites fully
saturated. J. Clin. Invest. 59:517-527.

25. Schrek, R. 1935. A quantitative study of the growth of the
Walker rat tumor and the Flexner-Jobling rat carcinoma. Am. J.
Cancer. 24:807-822.

26. Surks, M. I., A. R. Schadlow, and J. H. Oppenheimer. 1972.
A new radioimmunoassay for plasma L-triiodothyronine: measurements
in thyroid disease and in patients maintained on hormonal replacement.
J. Clin. Invest. 51:3104-3113.

27. Surks, M. I., D. H. Koerner, and J. H. Oppenheimer. 1975. In
vitro binding of L-triiodothyronine to receptors in rat liver nuclei:
kinetics of binding, extraction properties, and lack of requirement for
cytosol proteins. J. Clin. Invest. 55:50-60.

28. Surks, M. I., and J. H. Oppenheimer. 1977. Concentration of
L-thyroxine (T4) and L-triiodothyronine (T3) specifically bound to
nuclear receptors in rat liver and kidney: quantitative evidence favoring
a major role of T3 in thyroid hormone action. J. Clin. Invest. 60:555-
562.

29. Ochoa, S. 1955. Malic enzyme. Methods Enzymol. 1:739-753.
30. Hsu, R. Y., and H. A. Lardy. 1969. Malic enzyme. Methods

Enzymol. 13:230-235.
31. Lee, Y.-P., and H. A. Lardy. 1965. Influence of thyroid

hormones on L-a-glycerophosphate dehydrogenases and other dehy-
drogenases in various organs of the rat. J. Biol. Chem. 240:1427-1436.

32. Giles, K. W., and A. Myers. 1967. An improved diphenylamine
method for the estimation of deoxyribonucleic acid. Nature (Lond.).
206:93.

33. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193:263-275.

34. Snedecor, G. W., and W. G. Cochran. 1967. Statistical Methods.
Iowa State University Press, Ames, Iowa. Sixth ed.

35. Oppenheimer, J. H., and H. L. Schwartz. 1980. Factors
determining the level of activity of 3,5,3'-triiodothyronine-responsive
hepatic enzyme in the starved rat. Endocrinology. 107:1460-1468.

36. Oppenheimer, J. H., P. Coulombe, and H. L. Schwartz. 1978.
Nonlinear (amplified) relationship between nuclear occupancy by
triiodothyronine and the appearance rate of hepatic a-glycerophosphate
dehydrogenase and malic enzyme in the rat. J. Clin. Invest. 61:987-
997.

37. Oppenheimer, J. H., H. L. Schwartz, and M. I. Surks. 1974.
Tissue differences in the concentration of triiodothyronine nuclear
binding sites in the rat: liver, kidney, pituitary, heart, brain, spleen
and testis. Endocrinology. 95:897-903.

38. Hamada, S., H. Nakamura, M. Nannon, and H. Imura. 1979.
Tri-iodothyronine-induced increase in rat liver nuclear thyroid-hormone
receptors associated with increased mitochondrial a-glycerophosphate
dehydrogenase activity. Biochem. J. 182:371-375.

39. Oppenheimer, J. H., H. L. Schwartz, and M. I. Surks. 1975.

713 Response of Hepatic Enzymes to T3 in Tumor-bearing Rats



Nuclear binding capacity appears to limit the hepatic response to L-
triiodothyronine (T3). Endocr. Res. Commun. 2:309-325.

40. Mariash, C. N., F. E. Kaiser, H. L. Schwartz, H. C. Towle,
and J. H. Oppenheimer. 1980. Synergism of thyroid hormone and
high carbohydrate diet in the induction of lipogenic enzymes in the
rat: mechanisms and implications. J. Clin. Invest. 65:1126-1134.

41. Towle, H. C., C. N. Mariash, and J. H. Oppenheimer. 1980.
Changes in the hepatic levels of messenger ribonucleic acid for malic
enzyme during induction by thyroid hormone or diet. Biochemistry.
19:579-585.

42. Ohneda, A., A. Guilar-Parada, E. M. Eisentraut, and R. H.
Ungar. 1969. Control of pancreatic glucagon secretion by glucose.
Diabetes. 18:10-17.

43. Dillman, W. H., and J. H. Oppenheimer. 1979. Glucagon
influences the expression of thyroid hormone action: discrepancy

between nuclear triiodothyronine receptor number and enzyme re-
sponses. Endocrinology. 105:74-79.

44. Roy, A. K. 1973. Androgen-dependent synthesis of a-2uglobulin
in the rat: role of the pituitary gland. J. Endocrinol. 56:295-302.

45. Kurtz, D. T., and P. Feigelson. 1978. Multihormonal control
of messenger RNA for hepatic protein a-2uglobulin. In Biochemical
Actions of Hormones. G. Litwack, editor. Vol. 5. Academic Press,
New York. 433-455.

46. Martial, J. A., P. H. Seeburg, D. Guenzi, H. D. Goodman, and
J. D. Baxter. 1977. Regulation of growth hormone gene expression:
synergistic effects of thyroid and glucocorticoid hormones. Proc. Natl.
Acad. Sci. USA. 74:4293-4295.

47. Samuels, H. H., Z. D. Horowitz, F. Stanley, J. Casanova, and
L. E. Shapiro. 1977. Thyroid hormone controls glucocorticoid action
in cultured GHcells. Nature (Lond.). 268:254-257.

714 J. M. Tibaldi, N. Sahnoun, and M. I. Surks


