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SUMMARY 

Sodium butyrate (NAB), a 4-carbon fatty acid, has been reported to activate the metallothionein (MT) gene in certain 
carcinoma cell lines. Because the effects of NaB are dependent on the cell type investigated, this study was conducted to 
determine if NaB and its homologues induce MT in rat primary hepatocyte cultures. Hepatocytes were grown on mono- 
layer for 12 h and subsequently treated with formate, acetate, propionate (NAP), NaB, and valeric acid for 10 to 58 h. To 
examine their interaction with known MT inducers, cadmium (Cd), zinc (Zn), or dexamethasone (Dex) were added to some 
cultures. MT protein in the cells was quantitated by the Cd-hemoglobin assay; MT-1 mRNA was analyzed by Northern blot 
hybridizations with oligonucleotide probes, and quantitated by slot-blot analysis. Among the 1 to 5 carbon carboxylic 
acids, only NaP (3 carbon) and NaB (4 carbon) induced MT. NaP and NaB alone produced a moderate increase in MT 
two- to fourfold over control), but when combined with Cd or Dex, an additive increase was observed. However, when 
combined with Zn, a synergistic increase was detected. NaB and Zn synergistically increased MT protein, but produced 
only an additive increase in MT mRNA, suggesting the involvement of some posttranscriptional event(s) in the NaB-Zn 
induction of MT. In conclusion, NaP and NaB induced MT in normal cultured rat hepatocytes, producing an additive 
increase in MT protein with Cd and Dex, and a synergistic increase in MT protein with Zn. 
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INTRODUCTION 

The metallothioneins (MT) are small, cysteine-rich, metal-bind- 
ing proteins that play an important role in the homeostasis of essen- 
tial metals (zinc and copper), and in the detoxification of heavy 
metals such as cadmium (10,14,32). MT can be increased by a 
variety of factors including metals, glucocorticoid hormones, acute 
stress such as inflammation and endotoxin, and some organic chemi- 
cals (3,13,14). 

Sodium butyrate, a 4-carbon fatty acid, produces a wide variety 
of effects on cells in culture (19,23,24). These effects include the 
regulation of gene expression, cell growth, and differentiation, as 
well as the induction of proteins and enzymes. Recently it has been 
shown that butyrate selectively stimulates the MT gene in rat hepa- 
toma, teratocarcinoma, and osteosarcoma cell lines (2,5,6,29). The 
effect was specific, as no changes in the expression of several other 
genes was detected (2). More interestingly, the induction of MT by 
known inducers, such as metals and dexamethasone, was enhanced 
by butyrate co-treatment (2,5,31). 

The major effect of butyrate on the cells is believed to be me- 
diated through histone hyperacetylation and changes in chromatin 
structure (19,24,30). Effects of butyrate homologues (2-6 carbon) 
on the levels of histone acetylation correlate with their biological 

1 To whom correspondence should be addressed. 

effects on the cells (19). However, there is no information on MT 
induction by other monocarboxylic acids. 

Most studies on the effects of butyrate have utilized malignant 
cell lines or embryonic cells in culture, and their response to buty- 
rate-induced changes varies depending on the cell type investigated 
(19,23,24). The most consistent effect of butyrate on these trans- 
formed cells in culture is their differentiation into more mature or 
"normal" cells (19,24). In contrast, studies on the effects of buty- 
rate on nontransformed normal cells is limited (16). Primary cul- 
tures of adult rat hepatocytes represent a normal cell type that 
resembles many in vivo metabolic and morphologic characteristics 
of liver parenchymal cells (7,17,22), and provide a good model for 
studying the cellular effects of butyrate (16,27), as well as the 
induction of MT (8,21). 

The present study was therefore designed to answer the follow- 
ing: a), to determine if butyrate increases MT in normal rat primary 
hepatocyte cultures, b), to determine the effects of butyrate homo- 
lognes (formate, acetate, propionate, and valerate) on the induction 
of MT, and c), to examine the interactions between butyrate, its 
homologues and known MT inducers (zinc, cadmium and dexameth- 
asone) on MT gene expression and MT protein induction in rat 
primary hepatocyte cultures. 

MATERIALS AND METHODS 

Chemicals. Sodium formate (NaF), sodium acetate (NaA), sodium pro- 
pionate (NAP), sodium butyrate (NAB), valeric acid (Va), and dexametha- 
sone (Dex) were purchased from Sigma Chemical Co. (St. Louis, MO). 
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FIG. 1. Dose-dependent MT induction by butyrate and its homolognes 
in rat cultured hepatocytes. Hepatocytes were grown on monolayer for 12 h 
and subsequently treated with 0 to 15 mM formate (NaF), acetate (NaA), 
propionate (NAP), butyrate (NAB), and valerate (Va) for 34 h. Results are 
mean + SE of four to six rats. 

CdCI2 and ZnCI 2 were obtained from Fisher Scientific Company (Fairlawn, 
NJ), and carrier-free radioactive CdC12 (l~ was obtained from New 
England Nuclear (Boston, MA). All other chemicals were reagent grade. 

Animals. Male Sprague-Dawley rats (Sasco, Omaha, NE) weighing 250 
to 350 g were housed in plastic cages maintained at 70 ~ + 2 ~ F with a 12-h 
light/dark cycle. Food (Purina laboratory rodent chow, St. Louis, MO) and 
tap water were provided ad libitum. 

Preparation and culture of hepatocytes. Hepatocytes were prepared by 
a two-stage single pass perfusion method (4) as modified by Bissell and 
Guzelian (7). Briefly, an oxygenated Hanks' balanced salt solution (Ca ++, 
Mg++-free) supplemented with Tris-HCl (25 mM) and EGTA (0.5 raM) was 
perfused through the liver via the portal vein for 15 min at 37 ~ C. The liver 
was then perfused with 200 ml serum-free media containing 0.05% collage- 
nase type 1I (Worthington Biochemical Co. Freehold, N J) at a flow rate of 
12 to 15 ml/min. After enzymatic digestion, the liver was removed, minced 
with scissors and filtered through four layers of sterile gauze. Hepatocytes 
were separated from nonparenchymal cells and debris by centrifugation (50 
g, 1 min) and the cell pellet washed 3 times with culture medium, and 
purified by Percoll centrifugation (18). Cell viability exceeded 90% as 
determined by trypan blue dye exclusion. 

Primary cultures were established by seeding 3 X 106 cells onto 60-mm 
cultures coated with collagen (Collagen Corp. Palo Alto, CA) and incubating 
at 37 ~ C (5% CO2:95% humidity) for 60 min. Medium was changed after 
cell attachment, and the cultures incubated in fresh medium for an addi- 
tional 22 h before treatment. The medium was changed every 24 h thereaf- 
ter. The culture medium was a modified Waymouth 752/1 serum-free 
medium as previously described (8). Insulin (1.0 #M), ornithine (20 mg/ 
liter), ascorbic acid (0.25 mM), methionine (0.3 mM), and cysteine (0.5 
raM) were added. 

Experimental treatment. Twelve hours after hepatocyte isolation, treat- 
ments were initiated by adding various concentrations of NaF, NaA, NaP, 
NaB, or Va for 10 to 58 h. To examine their interactions with known MT 
inducers, ZnCI 2 (20 #M), CdCI 2 (1.0 #M), and Dex (1.0/.tM) were added 
10 h after butyrate or its homologues. All treatments were 1% volume of 
medium and renewed every 24 h together with medium changes. 

Quantitation of MT protein. At various time points after treatment, 
cells were rinsed with isotonic saline 3 times, then collected in 2.0 ml 
Tris-HCI buffer (10 mM, pH 7.4) and sonicated with a W-10 cell disrupter 
(Ultrasonics Inc., Plainview, NY). Aliquots of sonicated cell suspensions 
were assayed for MT by the Cd-hemoglobin assay (15), and total cellular 
protein was assayed by a protein dye-binding method (9). 

HepatoceUular uptake of Cd and Zn. Ten hours after butyrate (10 mM) 
treatment, medium was removed and fresh medium containing Cd (1.0 #M, 
0.2 gCi l~ or Zn (20 #M) was added to cultures and incubated for 
1, 2, 4, 6, 8, 12, and 24 h. At the end of each incubation, medium was 

removed and washed 3 times with isotonic saline. For assessment of Cd 
uptake, cells were collected in 2 ml of 10 mM Tris-HCl buffer, and metal 
content was determined by gamma scintillation spectrometry (Packard 
model 5000, Downers Grove, 1L). For the examination of Zn uptake, cells 
from four to five dishes were collected in 1.0 ml of 10 mM Tris-HCl buffer, 
followed by sonication and centrifugation (10 000 g, 5 min), and Zn content 
in the supernatant was determined by atomic absorption spectrometry (Per- 
kin-Elmer, model 2380, Norwalk, CT). 

Isolation of RNA from hepatocyte. Total RNA was isolated from cul- 
tured hepatocytes using RNAzoI-B as previously described (11). Briefly, at 
various times after treatment, cells were washed 3 times with isotonic saline 
and lysed by adding 1.0 ml of RNAzoI-B (CINNA/BIOTECX, Friendswood, 
TX) directly to the cells. RNA was solubilized by passing the lysate several 
times through a sterile syringe with a 18-gauge needle, extracted with chlo- 
roform, precipitated with isopropanol, washed with 75% ethanol, and dis- 
solved in 0.5% sodium dodecyl sulfate (SDS). All solutions were treated 
with 0.1% diethylpyrocarbonate (DEPC) and autoclaved before use. RNA 
yield and purity were determined by absorbance at 260 nm and A260/ 
A280 ratios (1.6 to 1.9). 

Northern blot analysis. Denaturation of RNA, agarose gel electrophore- 
sis, and Northern transfer were done essentially as described by Lehrach et 
al. (20). RNA (8 #g) was denatured in a solution containing 50% form- 
amide, 2.2 M formaldehyde, 20 mM 3-(N-morpholino) propanesulphonic 
acid, 5 mM sodium acetate, 1 mM Na2EDTA, pH 7.0, by heating at 65 ~ C 
for 15 rain. RNA was then cooled on ice before loading a 1.2% (5 X 7.5 
cm) agarose gel. After 3 h electrophoresis, the gel was washed in deionized 
water before capillary transfer of RNA in 10X sodium chloride-sodium 
citrate (SSC) to a Zeta-probe membrane (Bio-Rad, Richmond, CA). Gel 
loading, transfer efficiency, and RNA integrity were monitored by methy- 
lene blue staining of 28S and 18S ribosomal RNA (25). 

Slot-blot analysis. Slot-blot analysis of RNA was done using a Bio-Rad 
slot-blot vacuum apparatus (Richmond, CA). RNA (8/.tg) was denatured 
with 0.5 ml of 10 mM NaOH containing 1 mM EDTA just before loading on 
the Zeta-probe membrane. 

Labeling MT-I probe. Oligonucleotide MT-I probe (20 mers) was pre- 
pared using known rat MT cDNA sequences (1) from a nontranslated region 
to obtain probe specific for MT-I ('5-GAGGGCAGCAGCACTGTTCG-3'). 
The probe was 3'-end labeled (12) with deoxyadenosine [a-a2P]triphos - 
phate (6000 Ci/mmol) using a DNA tailing kit (Boehringer Mannheim, 
Inc.). The tailing reaction (15 #1) contained 3.0 #1 tailing buffer, 4.5 #1 
CoCI 2, 3.4 pmol of probe, 45 pmol deoxyadenosine triphosphate (270 #Ci 
on reference date), and 55 U terminal deoxytransferase. The reaction was 
initiated with addition of enzyme and allowed to incubate for 25 min at 37 ~ 
C. The reaction was stopped by adding 10 gl of ice-cold 0.5 M EDTA. 
Unincorporated label was removed using G-25 Sephadex quick-spin col- 
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F,G. 2. Interaction of butyrate and its homologues with Dcx, Cd, and 
Zn. Hepatocytes were pretreated with butyrate (NAB), propionate (NAP), 
acetate (NaA), formate (NaF) at 10 mM and valerate at 5 mM for 10 h, 
followed by adding Dex (1 #M), Cd (1 gM), or Zn (20 #M) for an additional 
24 h. Results are mean _+ SE of four rats. Asterisks indicate significantly 
different from inducer-controls (P < 0.05). 
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Fig. 3. Time-course of MT induction by butyrate and propionate in combination with MT inducers. Hepatocytes were pretreated with 

10 mM butyrate or propionate for 10 h, and subsequently exposed to Zn (20 #M), Cd ( 1 ~tM), or Dex (1 ttM) for an additional 6 to 48 h. 
Results are mean + SE of four rats. 

umns (Boehringer Mannheim, Inc.). This procedure yielded a tail length of 
approximately five bases with a specific activity of 8.0 • 109 dpm//.tg DNA. 

Hybridization of labeled probes. Prehybridization and hybridization re- 
actions were identical for Northern and slot-blots. Prehybridization (20 mM 
NaPO4, pH 7.0, 7% SDS, 20% formamide, 5)< SSC, 5• Denhart's solu- 
tion, 100 #g/ml salmon sperm DNA, 250/.tg/ml d[pA]s ) was at 47 ~ C for 
8 to 12 h. Hybridization incubations were similar, except that the Denhart's 
solution was 1 X, and the incubation was 18 to 20 h. The membranes were 
washed at 47 ~ C in 200 ml of 3)< SSC and 2% SDS for 30 rain, and then in 
four subsequent washes with decreasing salt and increasing temperature to 
final conditions of 0.5• SSC, 2% SDS at 55 ~ C. Autoradiographs were 
developed by exposing film in conjunction with a high-plus intensifying 

screen at - 8 0  ~ C for an appropriate time. Semiquantitative comparisons 
were made by cutting slots from the membrane to quantitate 32p in each 
hybrid by liquid scintillation spectrometry. 

Statistical analysis. The 0.05 level of probability was used as the crite- 
ria for significance. Comparisons between control and treatment were made 
by a one-way analysis of variance (ANOVA) followed by Duncan's test for 
multiple unplanned comparisons (28). 

RESULTS 

The dose-response for MT induction by NaB and its homologues 
is shown in Fig. | .  Twenty-four hours after the incubation with 2.5 
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Flc. 4. Effect of butyrate on the uptake of Cd and Zn into cultured 
hepatocytes. Hepatocytes were pretreated with butyrate (10 mM) for 10 h, 
and subsequently exposed to Cd (1 #M, 0.2 #Ci/dish) or Zn (20 uM, four 
to five dishes pooled for atomic absorption spectrometry detection) for an 
additional 1 to 24 h. Results are mean + SE of three to six rats. 

to 15 mM NaB and 5.0 to 15 mM NaP there was a dose-related MT 
induction, but the increase was small (two- to fourfold). A maximum 
effect was achieved with a 15-mM concentration of NaB; higher 
concentrations produced cytotoxicity in the cells (data not shown). 
NaA and NaF were ineffective at these concentrations. Va had a 
slight effect at low concentrations (2.5 to 5.0 mM); however, higher 
concentrations were toxic to cells. 

Based on the data of this dose-response study, we chose 10 mM 
NaF, NaA, NaB, NaP, and 5 mM Va to examine their interactions 
with known MT inducers, such as Dex (1.0 #M), cadmium (Cd, 1.0 
#M), and zinc (Zn, 20 #M). NaB and NaP pretreatment (10 h) 
followed by the addition of Dex seemed to produce an additive 
increase in MT protein, whereas a synergistic effect was observed 
with Zn. Va (5 raM) also produced an additive increase in MT 
protein with Zn, whereas NaF and NaA had no interactions with MT 
inducers (Fig. 2). 

To obtain more information about the interactions between NaB 
or NaP and MT inducers, a time course of MT induction by NaB or 
NaP in combination with Zn, Cd, or Dex was examined (Fig. 3). 
NaB (10 mM), or NaP (10 mM) alone produced mild increases in 
MT, with peak concentrations observed around 24 h (plus 10 h 
pretreatment). Pretreatment of cells with NaB or NaP (10 h) en- 

Fie. 5. Northern-blot analysis of MT-I mRNA. Lane 1, control; lane 2, 
NaB (10 mM, 16-h treatment); lane 3, Zn (20 #M, 6-h treatment); lane 4, 
NaB + Zn; lane 5, Cd (1 gM, 6-h treatment); lane 6, NaB + Cd. 

hanced the MT increases produced by Zn, Cd, and Dex, with a peak 
concentration of MT observed 48 h after the addition of MT in- 
ducers. Both NaB and NaP produced synergistic effects with Zn, 
whereas additive effects were observed with Cd and Dex. 

From the above studies, it seems that NaP had similar effects on 
MT as did NaB, but to a lesser degree. Therefore, we chose NaB for 
additional studies that were aimed at describing the possible mecha- 
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FIc. 6. Time course of MT-! mRNA induction. Hepatocytes were grown 
on monolayer for 12 h and subsequently treated with butyrate (10 raM, -10 
to 36 h), Zn (20/.tM, 0 to 36 h), or butyrate plus Zn. Results are mean + 
SE of three rats. 
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by the addition of known MT inducers, seemed to produce an addi- 
tive increase in MT-I mRNA. The inductive and enhanced effects of 
NaB on MT-I mRNA and protein are summarized in Table 1. NaB 
produced approximately a fourfold increase in both MT-I mRNA 
and protein; however, when combined with Dex, NaB produced 
approximately an additive increase in both MT protein and MT-I 
mRNA. Although butyrate produced a synergistic effect with Zn in 
MT protein (from 11-fold to 27-fold), it only produced an additive 
increase on MT-I mRNA (from 5-fold to 8-fold). 

DISCUSSION 

FIG. 7. Slot-blot analysis of MT-I mRNA induction by butyrate, Zn, Cd, 
and Dex. Hepatocytes were pretreated with butyrate (10 raM) for 10 h and 
subsequently exposed to Zn (20 gM), Cd (1 #M), or Dex (1 #M) for an 
additional 6 h. Results are from three to four rats. 

nism(s) of this interaction. First, the ability of NaB to enhance the 
uptake of Cd and Zn into cultured hepatocyte were examined (Fig. 
4). NaB (10 mM) pretreatment (10 h) had no appreciable effect on 
the uptake of Cd or Zn, especially at the early incubation times (1 to 
8 h, i.e. before MT was induced). At 24 h of incubation, both Cd 
and Zn accumulation in the NaB pretreated cells were higher than 
controls; however, this might be due to the increase in MT concen- 
tration observed at this time point. The increase in MT could bind 
metals in the cytosol, thus more metals would accumulate in the 
cells to associate with MT. 

It was important to determine if increases in MT following NaB 
and MT inducers could be due to an increase in MT mRNA. North- 
ern hybridizations were done to determine probe specificity, mRNA 
size, and appropriate stringency conditions. The data in Fig. 5 
clearly shows that MT-I mRNA is significantly increased over con- 
trois after all the treatments, and that hybridization procedures were 
satisfactory. To quantitate MT-I mRNA expression, slot-blot analy- 
sis was used. The time course of MT-I mRNA induction is shown in 
Fig. 6. The maximum MT-I mRNA induction seems to be obtained 
after 10 h treatment with butyrate, 6 to 12 h treatment with Zn or 
Zn plus butyrate pretreatment. 

Based on the data in Fig. 6, we used 6-h exposure time (after the 
addition of MT inducers) to quantitate MT-I mRNA in control cells 
and cells treated with NaB, Zn, Cd, or the combinations. The slot- 
blot is shown on Fig. 7. Butyrate alone produced a mild increase in 
MT mRNA; however, NaB pretreatment (10 mM, 10 h), followed 

The present studies demonstrate that butyrate can induce MT in 
rat primary hepatocyte cultures. In this nontransformed cell type, 
butyrate only produced a mild increase in MT (2- to 4-fold) as 
compared to marked increase in MT (up to 20 fold) reported in 
some carcinoma cell lines (2,5). Butyrate treatment of cultured cells 
leads to multiple changes in chromatin. Some of these changes such 
as hyperacetylation of histone, inhibition of histone deacetylase, and 
changes in MT gene regulatory factors (2,5,19) may be responsible 
for the observed effects of butyrate on MT gene expression. How- 
ever, some effects such as changes in nuclease sensitivity of chro- 
matin (6) are not correlated with enhanced transcription of the MT 
gene. 

Among the short-chain fatty acids there is a good correlation 
between their ability to inhibit histone deacetylase and their biologi- 
cal effects (19,24). The 3 and 5 carbon fatty acids are less effective 
than butyrate, whereas the others had little effect (19). In the rat 
primary hepatocyte cultures, both propionate (3 carbon) and buty- 
rate produce similar effects by increasing levels of histone acetyla- 
tion (26,27). In the present study, the induction of MT by butyrate 
and its homologues correlated well with earlier studies showing their 
ability to produce histone hyperacetylation (19,24,26,27). The rela- 
tive abilities of butyrate and its homologues to induce MT were NaB 
> NaP > Va, and NaF and NaA bad no effect. These data support 
the hypothesis that the production of more "open" chromatin by 
histone hyperacetylation may be responsible for the MT gene acti- 
vation. Although propionate had not been shown to increase MT 

TABLE 1 

EFFECT OF BUTYRATE ON MT PROTEIN AND MT-I mRNA 
IN COMBINATION WITH Zn, Dex, OR Cd 

MT, gg/mg protein" MT-I mRNA, cpm b 

Control 0.31 + 0.03 87 + 13 
NaB (10 mM) 1.29 + 0.33 (4.20) c 340 + 31 (3.9) 
Zn (20 ttM) 3.52 + 0.37 (11.4) 429 + 18 (5.0) 
NaB + Zn 8.37 -+ 0.83 (27.0) 719 + 59 (8.3) 
Cd (1/.tM) 2.87 + 0.36 (9.30) 550 + 35 (6.0) 
NaB + Cd 3.35 + 0.38 (10.8) 583 + 35 (6.7) 
Dex (1 gM) 1.40 + 0.40 (4.50) 260 + 76 (3.0) 
NaB + Dex 2.37 _+ 0.42 (7.60) 481 + 70 (5.5) 

Values represent mean + SE of four rats at 24 h exposure. 
b Values of cpm are mean + SE of three to four rats from slot-blot data 

(Fig. 7). 
c Values in parentheses indicate fold increase over controls. 
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gene expression in tetracarcinoma cell lines (2), it did increase MT 
proteins in rat primary hepatocyte cultures in the present study. 

Increases in histone acetylation have been correlated with 
changes in transcription and differentiation, such as replicative 
DNA synthesis (19). In rat hepatocyte cultures, both propionate and 
butyrate stimulate DNA synthesis at low concentrations (0.5 to 1.0 
mM); however, at high concentrations (> 5.0 mM), DNA synthesis 
was inhibited (27). In fact, both butyrate and hydroxyurea (a known 
inhibitor of DNA synthesis) are of similar potency in the inhibition of 
DNA synthesis. For example, at 5.0 mM, each agent reduces DNA 
synthesis to about 5% of that of controls; however, only butyrate 
seemed to induce MT (29). In the present study, both propionate 
and butyrate produced a dose-related (2.5 to 15.0 mM) induction of 
MT, but this effect was probably unrelated to DNA synthesis. 

Butyrate and propionate alone only produced a mild induction of 
MT in rat cultured hepatocytes; however, when combined with 
metal ions, they produced additive, and even synergistic increases 
in MT. One possible explanation for this observation is an increased 
metal ion transport into the cells following butyrate pretreatment, 
and the metal ions then stimulate the MT gene. In the present 
studies, however, butyrate had no effect on either Zn or Cd uptake 
during early exposure times (before MT is induced), suggesting that 
the enhanced induction was not due to an increased metal uptake 
into cells. This conclusion is also in agreement with previous obser- 
vations (5,29,31). However, we do not rule out the possibility that 
butyrate may alter the intracellular distribution of metals. 

To better understand the enhanced inductive effects of butyrate 
with the known MT inducers, we examined the interaction of bury- 
rate with Dex, Cd, or Zn. This approach differs from previous stud- 
ies that used a mixture of metals (2). Both MT-I mRNA and total 
MT protein were measured and compared. The time-course of MT 
mRNA expression after the various inducers is comparable with 
previous observations (2,5). As expected, butyrate stimulated MT-I 
mRNA, with increases comparable to increases in MT protein (Ta- 
ble 1). Butyrate produced additive effects in both MT protein and 
MT-I mRNA when combined with Dex or Cd, suggesting that buty- 
rate may regulate the expression of MT by mechanism(s) other than 
those for Dex or Cd. Although butyrate produced synergistic in- 
creases in MT protein with Zn, an additive increase in MT-I mRNA 
was observed. These data suggest that some posttranscriptional 
events may be involved in the butyrate-Zn interaction for the induc- 
tion of MT. The processes involved in the posttranscriptional regula- 
tion of MT genes require further investigation. 

In summary, butyrate induces MT in normal rat primary hepato- 
cyte cultures. Propionate produced similar effects to those seen with 
butyrate. Valerate had a mild induction effect, whereas formate and 
acetate were ineffective. Butyrate in combination with Zn produced 
a synergistic induction of MT protein but an additive increase in MT 
mRNA. In comparison, when butyrate was combined with Cd or 
Dex, the induction was additive. The mechanism(s) by which bury- 
rate and propionate induce MT and potentiate other MT inducers 
may be related to histone acetylation, as well as the regulatory 
effects on the translation of MT mRNA. 
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