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Thyroid hormone-independent regulation of mitochondrial glycerol-3-phosphate
dehydrogenase by the peroxisome proliferator clofibric acid
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Mitochondrial glycerol-3-phosphate dehydrogenase [EC
1.1.99.5]  (sn-glycerol-3-phosphate :acceptor  2-oxido-
reductase) is regulated by thyroid hormone in vivo [1-5]
and in vitro [6,7]. Thyroid hormone treatment of rats
stimulates glycerol-3-phosphate dehydrogenase activity in
a number of tissues [1-3], with the largest increase occurring
in the liver. This activity is aiso increased by treatment of
animals with a number of hypolipidemic drugs [8-11]
and structurally unrelated compounds such as di(2-
ethylhexyl)phthalate (DEHP)* [12]. The term peroxisomal
proliferator is applied to these hypolipidemic drugs [11, 13]
and DEHP [14] since they increase peroxisomal S-oxidation
activity.

From the in vivo results, it was inferred that peroxisomal
proliferators  increase  hepatic  glycerol-3-phosphate
dehydrogenase activity through thyroid hormone based on
the known thyroid hormone-dependent regulation and the
observation that the stimulation with either clofibrate [9]
or DEHP [12] was attenuated in hypothyroidism.
Interpretation of in vivo data is hazardous, however, since
assessment as to whether hepatic effects are primary or
secondary to actions of thyroid hormone (or its lack) on
other tissues is problematic. Primary cultures of hepatocytes
have been used to show that clofibric acid (the active
metabolite formed upon absorption of clofibrate [15])
stimulates glycerol-3-phosphate dehydrogenase activity
[16], but the culture medium employed was supplemented
with fetal bovine serum which contains thyroid hormone
so that rigorous testing of a thyroid hormone requirement
was not undertaken.

We have previously used a fully defined medium with
primary cultures of rat hepatocytes to show that thyroid
hormone is not required for stimulation of peroxisomal g-
oxidation activity by clofibric acid [17] and now have
applied this system to the study of the role of thyroid
hormone in the stimulation of mitochondrial glycerol-3-
phosphate dehydrogenase by clofibric acid and the
relationship of this activity to that of peroxisomal g-
oxidation.

Materials and Methods

Biochemical reagents including collagenase (Sigma Type
IV) were obtained as previously described [17). Hepatocytes

* Abbreviations: DEHP, di(2-ethylhexyl)phthalate;
EGTA, ethylenebis(oxyethylenenitrilo)tetraacetic acid;
GPD:CS, ratio of glycerol-3-phosphate dehydrogenase
activity to citrate synthase activity; Hepes, N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic  acid; Tris, tris-
(hydroxymethyl)aminoethane; and T,;, 3,5,3'-triiodo-
thyronine.

from adult (200-300g) male Fischer F344 rats (Charles
River, Wilmington, MA) were isolated and cultured as
reported previously [17] with some modifications. Primaria-
coated culture dishes (Baxter Scientific, Romulus, MI)
were used. The attachment medium consisted of the basal
medium, described below, with the following changes.
Dimethyl sulfoxide was omitted, 10% (v/v) fetal bovine
serum was added, and antibiotic levels were 100 units/mL
penicillin G, 100 ug/mL streptomycin, and 50 ug/mL
gentamicin. After 1hr in 7 mL of attachment medium,
nonadhering cells and medium were removed, and culturing
was continued using 10 mL of basal medium.

The basal medium consisted of L-15 (modified) with L-
glutamine supplemented as follows: 75 units/mL of
penicillin G, 75ug/mL of streptomycin, 30 ug/mL of
gentamicin, 1 uM insulin, 1 uM dexamethasone, 10 mM
glucose, 1 mM succinate, 2mM L-carnitine, 0.4% (v/v)
dimethyl sulfoxide, and 25 mM Hepes (pH 7.4). A sample
of cells was collected after attachment and designated as
Time 0. Unless noted otherwise, clofibric acid was added
immediately following attachment using dilutions of a
250 mM clofibric acid stock solution in 500 mM sodium
carbonate. 3,5,3'-Triiodothyronine (T,) additions were
made using a 1 mM stock solution of the sodium salt in
0.5mM NaOH. Control media contained equivalent
volumes of vehicle. All media were replaced every 24 hr.
The harvesting of cells and isolation of an organellar pellet
are described elsewhere [17].

Glycerol-3-phosphate  dehydrogenase activity was
assayed in organellar fractions as described previously [17].
Data are expressed as the ratio of glycerol-3-phosphate
dehydrogenase : citrate synthase rates (GPD : CS). The ratio
was used since organellar specific activity of citrate synthase
declined with time in culture whereas homogenate citrate
synthase specific activities were constant, indicating that
the proportion of non-mitochondrial protein in the
organellar fraction increased with time in culture. Citrate
synthase and fatty acyl-CoA oxidase (the rate-limiting
enzyme for peroxisomal fatty acid B-oxidation [18])
activities and protein were determined as described
previously [17].

Results and Discussion

Addition of clofibric acid increased mitochondrial
glycerol-3-phosphate dehydrogenase activity in a time-
dependent manner in the absence of exogenous thyroid
hormone and serum (Fig. 1). The time course paralleled
that for the peroxisomal marker, fatty acyl-CoA oxidase,
with both activities reaching their maximum after 144 hr
of exposure.

Although thyroid hormone was not added, the possibility
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Fig. 1. Time course for the effects of clofibric acid on fatty
acyl-CoA oxidase and glyceroi-3-phosphate dehydrogenase
activities. Cells were cultured for the indicated times either
in the presence (@, @) or in the absence (O, ) of 300 uM
clofibric acid. Data are expressed as percent of the value
at Time 0 and are plotted as mean * range for two separate
hepatocyte preparations. Key: (O, @) fatty acyl-CoA
oxidase activity, and (O, @) GPD: CSratio in the organellar
fraction. The cellular specific activity [nmol-min™'-(mg
protein)~'] at Time 0 was 9.15 + 0.65 for fatty acyl-CoA
oxidase, and the organellar GPD: CS ratio at Time 0 was
0.0348 + 0.0039. Citrate synthase activity was unchanged
with either time in culture or treatment with clofibric acid.

existed that the effects of clofibric acid could have been
mediated by endogenous thyroid hormone. Because
primary cultures of hepatocytes rapidly metabolize T,
(T, of 3.5hr [6]), culturing for 24 hr should aliow for
essentially complete metabolism of residual T;. Whether
clofibric acid was added immediately or after 24 hr in
culture did not alter either the extent or the kinetics of
stimulation of glycerol-3-phosphate dehydrogenase activity
(data not shown). These results indicate that thyroid
hormone does not mediate, and is not required for, the
clofibric acid-induced stimulation of glyceroi-3-phosphate
dehydrogenase activity.

To characterize further the effects of clofibric acid
on glycerol-3-phosphate dehydrogenase activity, the
concentration-dependence of the stimulation by clofibric
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Fig. 2. Effect of various concentrations of clofibric acid on
fatty acyl-CoA oxidase, glycerol-3-phosphate dehydro-
genase, and citrate synthase activities at 144 hr. The cells
were cultured in the indicated concentrations of clofibric
acid for 144 hr. Data are expressed as percent of the value
at Time 0 and plotted as mean + SEM for three hepatocyte
preparations. The fatty acyl-CoA oxidase (@) specific
activity at Time 0 was 7.93 = 0.58 nmol min~!-(mg
protein)~'. The organellar GPD:CS ratio (@) at Time 0
was (0.0493 + 0.0038. The cellular citrate synthase (A)
specific activity at Time 0 was 105 = 7 nmol-min~!- (mg
protein)~!.
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Table 1. Effect of combined treatment with T'; and clofibric
acid on glycerol-3-phosphate dehydrogenase activity

GPD: CS ratio (% of Time 0)

Clofibric acid Ts (uM)
(uM) 0.00 0.01 10.0
0 85.7 (1.0x) 146 (1.7x) 375 (4.4x)
500 274.0 (3.2x) 465 (5.4x) 796 (9.3x)

Cells were cultured for 96 hr in basal medium with the
indicated concentrations of T and clofibric acid. Data are
the result of a typical experiment and are expressed as
percent of GPD : CS ratio at Time 0. Values in parentheses
show data expressed as fold of control activity (absence of
both clofibric acid and T;). The value of the GPD:CS
ratio at Time 0 was 0.0545.

acid was studied in the absence of thyroid hormone.
Peroxisomal fatty acyl-CoA oxidase was also studied since
the time courses for the clofibrate-dependent stimulations
had been found to be similar (Fig. 1). An exposure duration
of 144 hr was chosen since the increases in both activities
were complete by this time. As shown in Fig. 2, the
stimulations of glycerol-3-phosphate dehydrogenase and
fatty acyl-CoA oxidase activities showed similar con-
centration dependencies, with ECs, values around 70 uM.

The decreases in these activities at clofibric acid
concentrations exceeding 300 uM were not due to a
generalized cytotoxicity as indicated by the lack of effect
on citrate synthase activity (Fig. 2). In addition, no
concentration-dependent effects of clofibric acid on total
protein or DNA were observed (data not shown). Although
the cause is unknown, biphasic concentration-response
curves have been observed previously with the peroxisomal
proliferators, mono(2-ethylhexyl)phthalate and DEHP
[19].

To test for independence of actions on glycerol-3-
phosphate dehydrogenase, T and clofibric acid alone and
in combination were studied. If these agents act
independently, addition of either agent to a maximally
stimulating concentration of the other should yield a further
increase in activity; no further increase should be seen if
a single, saturable mechanism is shared by the agents.

Clofibric acid at 300uM was found to yield the
observed maximal stimulation of glycerol-3-phosphate
dehydrogenase activity (Fig. 2). As shown in Table 1, when
10puM T;, a maximally stimulating concentration {7, 17],
was combined with 500 uM clofibric acid, the resulting
activity was greater than that produced by either agent
alone at its maximally stimulating concentration. These
results strongly suggest that peroxisomal proliferators
and thyroid hormone stimulate glycerol-3-phosphate
dehydrogenase actiyity through independent mechanisms.

As noted above, previous results had been interpreted
as indicating that peroxisomal proliferators stimulate
glycerol-3-phosphate  dehydrogenase activity through
actions on thyroid hormone because the absolute level of
activity attained after treatment with these agents was
reduced considerably in hypothyroid animals. However,
hypothyroidism itself caused a large decrease in basal
activity. OQur results in Table 1 indicate that the level of
activity is the sum of the thyroid hormone-dependent and
the peroxisomal proliferator-dependent stimulations. Thus,
to evaluate effects of a peroxisomal proliferator under
differing thyroid conditions, the data should be expressed
as fold-stimulation of the appropriate basal activity. When
the previous data [9, 12} were expressed in this manner as
shown in Table 2, clofibrate and DEHP were seen to
produce 3- to 5-fold stimulations of dehydrogenase activity
in both hypothyroid and euthyroid states, in agreement
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Table 2. Comparison of fold-increases in hepatic, mitochondrial glycerol-3-phosphate dehydrogenase
activity induced by peroxisomal proliferators with differing thyroid states

Glycerol-3-phosphate dehydrogenase activity

Fold-
Treatment Basal Treated increase
Data of Westerfeld et al. [9] with clofibrate
None 25 118 4.7x
Thyroidectomy 4 (3-5) 12 (5-18) 3.0x
Thyroidectomy + T, 35 (25-45) 103 (80-125) 3.0x
Triac 130 184 1.4x
Data of Nair and Kurup [12] with DEHP
None 17.3 60.3 3.5x
Thyroidectomy 8.2 29.2 3.6x
Propylthiouracil 6.7 30.8 4.6x
Data of this report with clofibric acid
0nM T, 85.7 274 3.2x
10nM T, 146 465 3.2x
10uM T, 375 796 2.1x

Data of Westerfeld ez al. [9] were obtained in male Holtzman rats fed 0.3% (w/w) clofibric acid
for 2 weeks. With thyroidectomy, the midpoint of the range in parentheses was used to calculate
fold-increase. Nair and Kurup [12] used inbred, male, albino rats fed 2% (w/w) DEHP for 21
days. Our in vitro data are taken from Table 1. Other units are as follows: Westerfeld ef al., uL
O, consumed- (150 mg tissue)~'- (10 min)~!; Nair and Kurup, nmol-min~!:(mg mitochondrial

protein) ™.

with our observations in vitro. When basal activity was
greatly elevated as with triac or 10 uM T3, the lower fold-
stimulation seen may be an indication that another factor
(such as the maximal velocity for transcription) eventually
limits the absolute response. The observation that the
peroxisomal proliferators produced similar fold-increases
under varying thyroid hormone conditions is consistent
with the notion that these agents ultimately act through a
nuclear peroxisomal receptor separate from the thyroid
receptor regulating the glycerol-3-phosphate dehydro-
genase gene [20].

Our results support the previous suggestion [16]
that stimulation of mitochondrial glycerol-3-phosphate
dehydrogenase activity is part of the primary response to
peroxisomal proliferators. This conclusion is based on
similarities in both the time-courses (Fig. 1) and
concentration-response curves (Fig. 2) for the stimulations
of the peroxisomal marker fatty acyl-CoA oxidase and
glycerol-3-phosphate dehydrogenase activities by clofibric
acid. A strong correlation between these activities has been
found with a large number of peroxisomal proliferators
including the hypolipidemic drugs [8-11], the plasticizer
DEHP [12,19)] and its metabolite mono(2-ethylhexyl)-
phthalate [16, 19], and perfluorocarboxylic acids [21]. In
an apparent exception, Kéhdnen and Ylikahri [22] found
no effect of the hypolipidemic drug gemfibrozil on glycerol-
3-phosphate dehydrogenase activity, but the data of
Foxworthy and Eacho [23] suggest that the doses used were
below those needed to stimulate peroxisomal S-oxidation
and glycerol-3-phosphate dehydrogenase activities.

Because only enzymatic activity was measured in this
investigation, the molecular basis for the increased glycerol-
3-phosphate dehydrogenase activity with peroxisomal

* Present address: Sinai Hospital, Center for Cell
Biology, 6767 West Outer Drive, Detroit, MI 48235.

+ Address correspondence to: Dr. Russell K. Yamazaki,
Department of Pharmacology, Wayne State University
School of Medicine, 540 East Canfield, Detroit, MI 48201.

proliferators cannot be determined. Stimulation of
transcription appears most likely, however, since this has
been demonstrated to be the primary mechanism leading
to increased pP-oxidation activities with peroxisomal
proliferators [24-26]. With T, treatment, an increase in
translatable mRNA for glycerol-3-phosphate dehydro-
genase has been demonstrated [27].

In summary, primary cultures of adult rat hepatocytes
using a serum-free, fully defined medium were used to
show that the peroxisomal proliferator clofibric acid
stimulates mitochondrial glycerol-3-phosphate dehydro-
genase activity by a mechanism distinct from the well-
known thyroid hormone-dependent response. Addition of
clofibric acid produced an increase in enzyme activity in
the absence of added thyroid hormone; experimental
conditions designed to deplete endogenous thyroid hormone
did not alter the response to the peroxisomal proliferator.
In the presence of T coricentrations yielding maximal
stimulation of glycerol-3-phosphate dehydrogenase activity
as determined previously, addition of clofibric acid
produced a further increase in glycerol-3-phosphate
dehydrogenase activity. Both the concentration-depen-
dence and time-course for the stimulation of mitochondrial
glycerol-3-phosphate dehydrogenase by clofibric acid were
found to be similar to those of the peroxisomal marker,
fatty acyl-CoA oxidase. These results indicate that
mitochondrial glycerol-3-phosphate dehydrogenase activity
is controlled independently by thyroid hormone and the
peroxisomal regulatory system.
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