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Abstract. Effects of n-butyrate on nuclear thyroid hormone receptors and on thyroid hormone-
responsive nuclear protein were investigated by means of a perfusion system in rat liver. Treatment with 
5 mM n-butyrate resulted in an increase (150%) in the maximal binding capacity of 3,5,3'-L-triiodo-
thyronine (T3) nuclear receptors without altering the affinity of receptor for T3. However, further 

perfusion for 4 h decreased the number of the receptors to the control level. n-Butyrate increased the 
amount of acetylated histone H4. The ability of nuclear T3 receptors to bind to core histones was 
diminished by acetylation of the core histones. Thyroid hormone-responsive nuclear protein (n protein) 
was increased by T3. The induction of the n protein by T3 was augmented by n-butyrate. These results 
suggested that n-butyrate modulates thyroid hormone-responsive gene expression in rat liver via the 
increased number of nuclear receptors or changes in the chromatin constitution.
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POST-SYNTHETIC modifications of histones 
may play an important role in transcriptional 
regulation [1-5]. All reversible histone acetylations 
are located within the N terminal basic domains of 
the core histones H2A, H2B, H3, and H4 [6]. 
Acetylation of the lysine residues of H3 and H4 
may induce supercoil of the gene and modulate 
transcription [7]. Samuels et al. reported that 
n-butyrate reduces the levels of thyroid hormone 
nuclear receptors in GH 1 cells possibly by inhibit-
ing the deacetylation of histones [8]. They found 
that n-butyrate increased the levels of prolactin 
and growth hormone mRNA [9]. On the other 
hand, n-butyrate increases the levels of thyroid 
hormone nuclear receptors in non-pituitary cells, 
such as rat hepatoma cells (H35) [10] and rat 

glioma cells (CL6) [11]. It therefore seems that
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n-butyrate induces cell specific modulation of 

nuclear thyroid hormone receptors. 
 In this study we examined the effect of n-

butyrate on the levels of nuclear thyroid hormone 
receptors in rat liver. We also measured the levels 

of thyroid hormone responsive rat hepatic protein 

[12, 13] in order to investigate whether the 
modification of the receptors by n-butyrate alters 

thyroid hormone action.

Materials

Materials and Methods

 [125I]triiodo-L-thyronine ([125I]T3) (3400 .tCil 

µg) was obtained from New England Nuclear 
(Boston, MA). Sodium n-butyrate and unlabeled 
T3 were obtained from Sigma Chemical Co. (St. 

Louis, MO). Histones were purchased from 
Boehringer Mannheim (Mannheim, Germany). 

William's medium E was obtained from Flow
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Laboratories (McLean VA). Dithiothreitol (DTT) 
and silver nitrate were obtained from Nakarai 
Chemical Co. (Kyoto, Japan). Peroxidase-
conjugated antirabbit immunogloblin G (heavy 
chain and light chain) was obtained from Cappel 
Laboratory (Cochroranville, PA). CNBr-activated 
Sepharose 4B was obtained from Pharmacia Fine 
Chemical Co. (Rockland, IL).

Perfusion o f rat liver 

  Male Wister rats (200g) were rendered 
hypothyroid by throidectomy as described before 

[12]. The serum levels of T3 and T4 (0.4 nmol/l 
and 6.4 nmol/l, respectively) were markedly lower 
in the thyroidectomized animals than those (1.5 
nmol/l and 70.8 nmol/l, respectively) in control 

(sham-operated) rats. Perfusion of the liver was 

performed according to the method of Sugano et 
al. [14]. The livers were perfused for 1-h with 
William's E medium which did not contain n-
butyrate. The right lobes of the perfused livers 
were then excised. Perfusion of the left and caudal 
lobes was then done with William's E medium in 
the absence (control) or presence of 5 mM n-
butyrate. Two and 6-h after the beginning of the 

perfusion, the left and caudal lobes were removed. 
The excised tissues were stored at -70°C until 
used.

Preparation o f nuclear extract 

  Rat liver nuclei were prepared as described [15]. 
The nuclei which had been perfused with n-
butyrate were prepared in the presence of 5 mM 
n-butyrate. The protein/DNA ratio of the nuclei 
was 2.7. Nuclear extracts which contained nuclear 
T3 receptors were prepared as described previous-
ly [15]. 

Estimation o f n-protein 

  The amount of T3 responsive nuclear protein (n 

protein) was quantitated by Western blotting with 
anti n protein antibody as described before [12]. 

Preparation o f histones 

  Rat liver core histones were purified according 
to the method described previously [17]. Nuclei 
were extracted with 5% trichloroacetic acid (TCA)

to obtain H 1 histone. After extraction with TCA, 

the nuclei were further extracted with 0.25 M HC1 
to obtain core histones. When histones were 

prepared from n-butyrate-treated liver, 5 mM 
n-butyrate was included in the extraction buffer. 
After extensive dialysis against distilled water, the 

histones were usually concentrated by lyophiriza-

tion because the recovery of histones by lyophiriza-
tion was higher than that by ethanol precipitation. 

Electrophoresis of histones with discontinuous 
acetic acid-urea-Triton X-100 gel was performed 

as described by Bonner et al. [18]. The gels were 
stained with Coomassie Brilliant Blue-R250 and 
scanned at 550 nm in Shimadzu spectrophoto-

meter.

T3 binding to nuclear receptors 

  Assay of nuclear T3 binding was performed as 
described previously [19]. The nuclei were sus-

pended in 0.25 M sucrose, 1 mM MgCl2, 20 mM 
Tris-HC1 pH 7.85, 1 mM dithiothreitol (DTT) 

(SMTD buffer). The nuclear suspension contain-
ing 10-25 µg DNA was incubated for 2 h at 22°C 

with various concentrations of T3 (0-0.3 nM) and 
30 pM of [125I]T3 in a total volume of 0.5 ml of 
SMTD buffer. After the incubation, the nuclei 

were immediately cooled in an ice bath and 
subsequent procedures were performed at 2°C. 

The nuclei were collected by centrifugation, and 
the supernatant (0.4 ml) was kept in an ice bath to 

determine the number of the receptors released 

during incubation [20]. The nuclei were, there-
after, washed twice with SMTD buffer containing 
0.25% Triton X-100, and radioactivity was 

counted. For determination of the number in 
released receptors, 0.4 ml of Dowex 1 x 8, Cl, 200 

to 400 mesh anion exchange resin in SMTD 
containing 0.8 M KCl was added to the 0.4 ml 
supernatant to separate bound and free hor-

mones. After the centrifugation, an aliquot of 
supernatant was removed and radioactivity was 

counted for bound hormone determination.

Binding assay of ['251]T3-receptor complex to core 
hi stone-Sepharose 

  Core histone-Sepharose was prepared by cou-

pling purified core histone to CNBr-activated 
Sepharose 4B [21]. For the binding assay, [125I]T3-
labeled receptor and histone-Sepharose were incu-
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bated at 2°C with 0-200 µg of histones prepared 
from n-butyrate or vehicle perfused liver in 90 
mM KG!, 1 mM EDTA, 0.3 mM MgG12, 10 mM 

Tris HG!, pH 8.0 and 1 mM DTT in glass tubes 

(0.2 ml total volume) [21]. During the incubation, 
the assay tubes were shaken every 5 min. After the 
incubation, 1 ml of ice cold 50 mM NaGI, 10 mM 

Tris-HG!, pH 7.4 and 1 mM EDTA were added. 
The tubes were vortexed and centrifuged at 1,000 
x g for 10 min. The pellet was washed with 1 ml of 

the same buffer, and the radioactivity was deter-

mined. Parallel tubes containing plain ethanola-
mine-blocked Sepharose were always included to 

determine non-specific binding. Binding of 

['251]T3-receptor to histones was calculated by 
subtracting non-specific binding from total 

binding. 

Miscellaneous

  The protein concentration was measured by the 
method of Lowry et al. with bovine serum albumin 

as the standard [22]. The DNA concentration was 
measured by the method of Burton with calf 

thymus DNA as the standard [23]. Statistical 
significance of the difference between two groups 
was assessed by Student's t-test. P values of less 

than 0.05 were considered statistically significant.

                Results 

Effect on n-butyrate on thyroid hormone-responsive rat 
hepatic nuclear protein 

  In order to examine the effect of n-butyrate on 
the induction of n-protein by T3, hypothyroid rat 
livers were perfused with or without n-butyrate 
and/or T3 for 6 h. The amount of n protein was 
estimated by Western blotting. When thyroidecto-
mized rat liver was perfused, 100 nM of T3 
markedly increased the amount of rat hepatic 
n-protein. Induction of the n protein was en-
hanced when 5 mM n-butyrate was present in the 

perfusate (Fig. 1). 

Effect o f n-butyrate on the levels o f rat hepatic nuclear 
T3 receptors 

  We next evaluated the effect of n-butyrate on 
rat hepatic nuclear T3 receptors by T3 binding

assay. Because nuclear receptor was released into 

the incubation medium during the assay, the 
released receptor as well as the chromatin-

associated receptor was measured by Scatchard 
analysis (Fig. 2). Bernal et al. reported that as the 
receptor release is higher in the presence of EDTA 

which would inhibit Ca2+ and Mgttdependent 
endonucleases, the receptor release seems to be 

dependent upon the integrity of the nuclear 
membrane [20]. Affinity constants (ka) treated 
without n-butyrate (open circles) were 0.8 x 109 

liter/M (Panel A) and 1.0 x 109 liter/M (panel B) 
for chromatin associated receptors and released 

receptors, respectively, whereas those treated with 
n-butyrate (closed circles) were 0.8 x 109 liter/M 

(Panel A) and 1.1 x 109 liter/M (Panel B), 
respectively. n-Butyrate did not significantly affect 

the affinity for T3 or maximal T3 binding capacity
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(MBC) of the receptors associated with the nuclear 

pellet. However, the MBC of the released recep-
tors was higher in the n-butyrate-treated rat liver 

than in the control, whereas the affinity for T3 was 
not affected. As shown in Fig. 3, the total MBC

(MBC in the nuclear pellet + MBC recovered in 
the incubation medium) was significantly in-

creased to 150% after perfusion for 2 h with 
n-butyrate. The levels of nuclear receptors, 
however, were decreased to the control level after

Fig . 2. Scatchard analysis of T3 binding to nuclear receptors. Nuclear receptors 

    prepared from rat livers which had been perfused with control medium (open 
    circle) or with medium containing 5 mM n-butyrate (closed circle) for 2-h were 
    incubated with [125I]T3 (30 pM added) in the presence of various concentra-
    tions of unlabeled T3 for 2-h at 18°C. After incubation the mixture was 

    centrifuged at 1,000 x g at 2°C, and the [125I1T3 bound to the receptors was 
    measured in the nuclear pellet (Panel A) and in the supernatant (panel B). Each 

    point indicates the mean of triplicate assays. In two additional experiments, 
    similar results were obtained.

Fig . 3. Changes in the levels of rat hepatic nuclear T3 receptors during perfusion with 
    n-butyrate. After preperfusion with control medium for 1-h, livers were further 

    perfused for 2 or 6 h in the absence (open bar) or presence (closed bar) of 5 mM 
    n-butyrate. After the perfusion, nuclear T3 bindings in the supernatant (RL) and 

    pellet (RM) were assessed by Scatchard analysis. Total MBC (T) indicates the 
    sum of the receptors in the nuclear pellet and in the supernatant. Each value is 
    the mean ± SD of four determinations. One hundred percent indicates the MBC 

    value in the right lobes which were preperfused with William's E alone for 1-h. 
    In two additional experiments, similar results were obtained. *P<0.05 compared 

    with MBC of the liver perfused with control medium for 2-h after 1 h 

    preperfusion.
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perfusion of the liver for 6 h.

Effect o f n-butyrate on the acetylation o f histones

  Acetylated histones were analyzed by acid-urea-
Triton x 100 polyacrylamide gel electrophoresis 

(Fig. 4A). H4 Histone (lane 5 and 6) from 

perfused liver was scanned in a spectrophotometer 
in order to estimate the histone acetylation. Rela-
tive amounts of tri-acetylated, bi-acetylated, mono 

acetylated and non-acetylated H4 histones were 
6.4%, 13.0%, 52.8%, 27.8% of the total H4 
histone, respectively, in n-butyrate treated liver, 

whereas those of control liver were 3.3%, 7.2%, 
49.7%, 39.8%, respectively. Tri, bi and mono-

acetylated histones were increased in the presence 
of n-butyrate (Fig. 4B).

Nuclear receptor-T3 complex binding to histones 

 When nuclear T3 receptor [125I]T3 complex was 
incubated with the histone-Sepharose in the pre-

sence of core histones prepared from liver which

had been perfused with or without n-butyrate, 
core histone prepared from n-butyrate-treated rat 
liver displaced the receptor-[125I]T3 complex 

binding to histone-Sepharose less potently than 
those prepared from control liver (Fig. 5).

               Discussion 

  Previous studies showed that rat hepatic n-

protein was increased after the administration of 
T3 to thyroidectomized rats [12, 13]. In this study, 
the effect of T3 on n protein was evaluated by 

perfusion of rat liver followed by Western blotting. 
The amount of n protein was increased after the 

addition of 100 nM of T3 in the perfusate. The 
induction of n protein was enhanced when 100 M 

T3 and 5 mM n-butyrate was simultaneously 
added to perfusate. There are several possible 
mechanisms by which n-butyrate enhanced the 

effect of T3 on the n protein. n-Butyrate is known 
to induce acetylation of core histones, activate 

some gene expression, inhibit cell growth and alter

Fig . 4. Analysis of histones by polyacrylamide gel electrophoresis. 
    Histones obtained from liver which was perfused in the 

    absence (lanes 2, 4, 6) or presence (1, 3, 5) of 5 mM 
    n-butyrate for 6 h were analyzed electrophoretically on acid 
    urea Triton polyacrylamide gels (Panel A). H 1 histone was 
    extracted by 5% TCA (lanes 1 and 2) and core histones by 
    0.25% HCl (lanes 3-6). They were then concentrated with 

   ethanol (lanes 3 and 4) or by lyophyrization (lanes 5 and 6). 
    Standard histones which were purchased were applied to 

    lane 7. The gels were stained with Coomassie Brilliant Blue 
    R-250 and lanes 5 and 6 were scanned at 550 nm in a 
    Shimadzu spectrophotometer (Panel B). A0, Al, A2, A3 

    indicates non-, mono-, di-, tri-acetylated H4 histone, respec-
    tively.
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the structure of chromatin [24]. In fact acetylation 

of histones by n-butyrate induces unfolding of 
DNA [7] and changes the chromatin structure, 

which consequently increases the accessibility of 
transcription factors to their responsive elements 

[25]. It is therefore possible that n-butyrate en-
hances T3 action at the nuclear level via changes in 
chromatin structure, although further studies are 

required to confirm this. 
 It was shown previously that core histones bind 

nuclear receptors [21]. The present study showed

that core histories prepared from n-butyrate-
treated liver bound less tightly to nuclear T3 
receptor complex. We previously demonstrated 
that H4 histone bound to the nuclear receptor 
most strongly among subfractions of core histones 

[26]. The present results agreed with previous 
reports by others in that treatment with n-butyrate 

promoted the acetylation of H4 histone [8, l0]. It 
is therefore possible that acetylated H4 histone 
binds less strongly to the receptors than unacety-
lated H4 histone and that receptors dissociate 
from core histone after treatment with n-butyrate. 
This could also be the reason for the higher rate of 
release of the receptors from nuclei during the 
binding assay. Thyroid hormone action could 

possibly be modified by such an alteration in the 
localization of the receptors in nuclei as well as 
changes in chromatin structure elicited by treat-
ment with n-butyrate. 
 Another possibility was that the transient in-

crease in the level of nuclear receptors enhanced 
the thyroid hormone action. However, n-butyrate-
induced increase in the level of nuclear receptors 
was not so great as enhancement by n-butyrate on 
thyroid hormone dependent n protein induction, 
suggesting that the other factors may be also 
involved. The increase in the number of nuclear 
receptors by n-butyrate was also reported by 
Mitsuhashi et al. and they found that the increase 
in the receptor was due to the prolongation of its 
half life [l0]. The increase in the receptor caused 
by n-butyrate was also observed in rat glioma cells 

[1 1 ], rat hepatoma cells and human skin fibroblasts 
[10]. Samuels et al. reported that n-butyrate re-
duced the number of nuclear thyroid hormone 
receptors in GH 1 cells which were derived from 
rat pituitary tumor [8]. Further Lazar found that 
n-butyrate abolished the induction of growth 
hormone gene expression by T3, which was associ-
ated with the reduction in T3 receptor (beta) 
mRNA in GH3 cells [27]. So the effect of n-
butyrate on the nuclear T3 receptors and on the 
T3 action seems to differ according to the type of 
tissue.
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