The effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on the mRNA expression of key heme metabolic enzymes in rats 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a widespread, persistent and highly toxic environmental pollutant. TCDD is known to disturb heme metabolism in at least two ways: it causes porphyria and jaundice (Kociba et al, 1976; Cantoni et al. 1987; Buu-hoi et al., 1972; Greig et al., 1973, Pohjanvirta and Tuomisto, 1994). In addition, we have shown in our previous work that TCDD causes accumulation of heme degradation product biliverdin and its derivative biliverdin monoglucuronide in the livers of certain intermediately TCDD-resistant rat lines (Niittynen et al. 2003). Accumulation of biliverdin in mammalian tissue is a very rare phenomenon: in an undisturbed heme catabolism biliverdin is rapidly and quantitatively reduced to bilirubin by biliverdin IX( reductase (BVR-A; viite). There are few reports of biliverdin found in human serum in pathological conditions like acetaminophen intoxication and POEMS syndrome (Wardle and Williams, 1981; Yasuda et al. 1994) but no other cases in experimental mammals like rats or mice have been reported.

The syndrome is genotype-dependent and thus belongs to type II dioxin effects (Simanainen et al. 2002). Most cases of pigment accumulation have been recorded in line B, which is homozygous for the two genes mediating resistance/sensitivity against TCDD: it harbours the wild-type (sensitive) alleles of the aryl hydrocarbon receptor (Ahr) and the resistant alleles of the yet unidentified gene B. Gene B contributes to TCDD sensitivity (Tuomisto, 1999) by possibly interacting with AHR. Functional transactivation domain in AHR seems to be necessary for the development of the syndrome since biliverdin accumulation has never been recorded in rats homozygous for the mutated, resistant allele of the Ahr (genotype Ahrhw/hw).  

One hypothesis for the accumulation is that the inducible form of the enzyme forming biliverdin, heme oxygenase 1, is induced due to TCDD exposure. Reactive oxygen species are one of the many agents that induce the expression of HO-1. This induction is thought to act as a defense mechanism in cellular stress. On the other hand, TCDD is known to cause oxidative stress (Stohs, 1990). Despite this obvious connection there is only one report showing HO-1 (protein) induction related to TCDD exposure (Nishimura et al., 2001). On the other hand, HO-1 induction is mediated by the Nrf2/ARE signalling pathway, which is not used directly by TCDD (Nguyen et al., 2003) but might be used by the ROS produced by TCDD. Thus it is interesting to study whether TCDD exposure in fact results in induction of HO-1. Also a few other genes in the heme metabolic pathway seemed interesting in relation to this syndrome, namely the nonspecific form of aminolevulinic acid synthase 1 (ALAS1) and biliverdin reductase (BVR-A). The former is the rate-limiting step in the heme biosynthesis. TCDD and many other CYP inducers have been shown to induce it. Hepatic ALAS1 activity reflects first of all the synthesis of heme for hepatic heme proteins like cytochromes. BVRA is an enzyme that is normally present in markedly excessive amounts in regard to HO. It is not an inducible enzyme. However, because in this case biliverdin is accumulated in the liver also its expression was studied for possible derailments. Uroporphyrinogen decarboxylase (UROD) was studied as well, since it is well known that TCDD inhibits UROD activity causing porphyria, however, the exact mechanism of inhibition is still unknown. 

The aim of this study was to analyze whether TCDD has effect on the expression of key heme metabolic genes ALAS1, HO-1 and BVRA and find out if this would elucidate the molecular basis of the exceptional syndrome in which biliverdin is accumulated in the liver. We used the rat strains line B, line A and Long-Evans. Of these, line B (genotype Ahrwt/wt Bhw/hw) exhibits biliverdin accumulation after TCDD exposure. In line A (Ahrhw/hw Bwt/wt), the phenomenon has never been detected, neither in sensitive Long-Evans rats. Intermediately TCDD-sensitive line B was the main interest, but we wanted to see whether the effects are the same or whether they differ in a more resistant/sensitive strain. 

In addition to liver, the expression of HO-1, ALAS1 and BVRA was studied in spleen. This was suggested by the fact that spleen is the major organ functioning in heme catabolism. CYP1A1 and CYP1A2 were used as positive controls of induction.

MATERIALS AND METHODS

Animal husbandry

All rats were obtained from the breeding colony of the National Public Health Institute, Kuopio, Finland. They were housed in groups in stainless-steel wire-mesh cages with pelleted (study A) or powder (study B) R36 feed and tap water available ad libitum, except the feed-restricted group in study B (see later). The temperature in the animal room was 21+-1C, relative humidity 50+-10% and lighting cycle 12/12 h light/dark.

Study design

Adult line B and line A female rats were used in the study A. They were 15-20 weeks old at the time of exposure and weighed 196-287 g and 184-231 g, respectively. Rats were dosed with 300 (g/kg TCDD intragastrically and killed 2, 7, 14, 32 or 35 days later by decapitation. Controls received vehicle (corn oil) and were decapitated 2 or 35 days later. The dose 300 (g/kg TCDD was chosen because it is large enough to cause the syndrome with somewhat high incidence in line B rats and has been used before when studying this syndrome (Niittynen et al. 2003). Usually, the development of the syndrome takes 3-5 weeks. Thus we wanted to study the changes in heme metabolic gene expression during this time period, starting from the early time point (2 days) when no macroscopical changes yet exist, to the day 35 when the syndrome usually is fully developed when using this dose.

In study B, 10-13 weeks old male Long-Evans rats were used. They received 100 (g/kg TCDD i.g. or vehicle and were killed 10 days later by decapitation. Since these rats are very sensitive to TCDD, we had to use lower dose than with A- and B-line. In order to reassure that the effects seen were caused by TCDD and not due to the wasting syndrome, study B included also a feed-restricted control group, in which the rats received feed the same amount as TCDD-treated rats ate voluntarily. 

In both studies the animals were killed by decapitation, spleen and a piece of liver were rapidly cut off, flash-frozen in liquid nitrogen and stored at –80 C for subsequent analysis.

RNA-isolation and RT-PCR

Total RNA was isolated from homogenized liver and spleen samples using GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO). Isolated total RNAs were subjected to DNAse1 –treatment (Ambion, Austin, TX). 1.2 (g of this RNA was then used for the RT-PCR in a 20 (l reaction that was performed with Omniscript reverse transcriptase (Qiagen, Hilden, Germany) using random hexanucleotides (Roche) as primers. Resulting cDNA was diluted in 1:6 ratio with RNase-free water and used in subsequent analysis.

Cloning of ALAS1, HO-1, UROD and BVRA gene fragments 

About 150-190 nt long fragments of ALAS-1, ALAS-2, UROD and BVRA genes were cloned using line A rat cDNA as a template. The primers used are shown in the table 1. Primers were designed to span at least one intron. Gene fragments were cloned to pCR-Script cloning vector and their correctness was verified by sequencing. 

Real-time quantitative PCR

The expression levels of heme metabolic genes were analyzed using Quantitect Kit (Qiagen) and Rotor Gene 2000 -equipment (Corbett Research, Mortlake, NSW, Australia). The relative amounts of unknown samples from control and TCDD-treated animals were calculated by setting their cross-points to the standard curves generated by the serial dilution of linearized pCR-Script plasmid harboring the relevant gene fragment The expression levels were not normalized since (-actin expression was influenced by TCDD. 

Statistical analysis

Groups of the same rat strain were compared using the one-way analysis of variance (ANOVA). If this test showed a significant difference, the least significant difference (LSD) test was used as a post-hoc test. In case of non-homogenous variances (according to Levene´s test, p<0.05), the non-parametric Kruskal-Wallis ANOVA was used and followed by the Mann-Whitney U test.

RESULTS

Overall changes in mRNA expression levels were similar in line A and B rats (fig. 1), in both liver and spleen. Also study B with L-E rats gave similar results.  (-Actin is often used for normalization of the mRNA levels. However, we observed time-dependent increase in its hepatic expression due to TCDD in line B and L-E rats (fig. 2). In line A, the increase was seen only at the latest time-point. Based on this and our other unpublished observations, it seems that increased (-actin expression possibly correlates to liver toxicity, which is a strain-dependent effect of TCDD (viittaus ALAT, ASAT). In spleen, (-actin expression remained stable. Due to the TCDD´s potential to affect hepatic (-actin expression, we did not normalize the values; instead their comparability is based on the fact that always the same amount of total RNA (1.2 (g) was used for cDNA synthesis. 

CYP1A1 and CYP1A2, which were used as a positive control of induction, showed the characteristic induction after TCDD (fig). However, CYP1A1 induction was about 1000-fold, whereas CYP1A2 expression increased only about 15-fold. Thus, there is a large quantitative difference in the TCDD caused induction of these two enzymes.

Liver

HO-1

HO-1 was not induced by TCDD. Rather, in line B, hepatic HO-1 expression showed downward tendency on day 2 (mRNA level 38 % of the control, p=0.075), yet the difference was not statistically significant (fig). In line A, same phenomenon was seen except that the return to the control level happened more slowly than in line B. In addition, in line A groups from post exposure days 2, 7, and 14 part of the samples had HO-1 mRNA content less than the detection limit. Overall, HO-1 had the lowest basal expression level of all the mRNAs measured, only about 1/10000 of the expression level of (-actin mRNA, and the largest standard deviations between individuals.

In L-E rats, no significant changes were seen in HO-1 expression after TCDD exposure or feed-restriction (fig). In conclusion, it seems that TCDD had no significant effect on hepatic HO-1 expression although hints of possible repression on day 2 were seen.

BVRA

In both rat lines, BVRA was slightly induced on postexposure days 7 and 14 (line B: 1.5 and 1.8 fold increase; line A: 1.9 and 1.7 fold, respectively). In line A, the induction was on the same level also on day 35 (1.7-fold), whereas in line B it had decreased to the control level on day 32. BVRA induction may be a secondary effect related to increased need for biliverdin turnover. According to Baranano et al. (2002), bilirubin is oxidized to biliverdin during intracellular oxidative stress. BVRA then reduces biliverdin back to bilirubin. If bilirubin oxidation is increased, also reduction of biliverdin should be enhanced in order to keep the homeostasis. On the other hand, this could suggest that there indeed is increased production of BR due to TCDD exposure. Our unpublished results suggest that hepatic BVRA enzymatic activity is not changed by TCDD in line B.

The BVRA effect was slower than HO-1 effect; also it was slower in line A than in line B. The former showed effect on day 2 whereas in the latter it could be seen from day 7 on. The SD was smallest in line A on day 35, which might reflect the gradual change to the new balance in BVRA expression. In line B this change seemed to happen between days 2 and 7. 

ALAS1

The most dramatic effect was the downregulation of ALAS1 by TCDD (figs). In line B, already on postexposure day 2 it was 45 % of the control value, and day 7 only ~18 %. The effect was similar in lines A and B and also in L-E, so it is not dependent on the AHR genotype. In feed-restricted L-E rats, ALAS1 expression increased, which suggests that the repression is specifically related to TCDD and not caused by the wasting syndrome. 

Generally, many drugs that induce members of the cytochrome P450 family also induce ALAS1. TCDD is a potent inducer of ALAS1 in the chick embryo (Poland and Glover, 1973). However, in mammalian species ALAS1 induction by TCDD is not well established. For example, Woods (1973) and Kitchin and Woods (1978) demonstrated that TCDD (2 (g/kg or 25 (g/kg) did not alter ALA synthetase activity in rat liver even after 28 or ? days, respectively. Four weekly oral doses (25 (g/kg) were required to cause increased activity of the enzyme in mouse liver (Goldstein, 1973). Nonetheless, there are no previous reports of TCDD caused ALAS1 repression.

UROD

TCDD did not influence UROD mRNA expression in any rat strain. TCDD is one of the most potent porphyrinogenic agents known (Cantoni et al., 1987), which effect was first detected in rats by Kociba et al. (1976) and Cantoni et al. (1987). The main accumulating porphyrin is uroporphyrinogen as hepatic UROD activity is inhibited (Jones and Sweeney, 1977; Smith et al., 1985; Cantoni et al., 1987). However, the exact mechanism by which inhibition occurs is unknown. Iron and induction of some forms of CYP450 seem to be required. Our results support the theory that probably the inhibition is unrelated to gene expression and happens at the level of enzymatic activity. Indeed, there are a number of studies pointing to a formation of an inhibitor of UROD by TCDD (Smith and De Matteis, 1990; Smith and Francis, 1987; Sweeney, 1986; Cantoni et al., 1986; De Verneuil et al. 1983 abstraktit printattu yhdessä).

Spleen

In spleen, HO-1 mRNA expression was dramatically and surprisingly decreased already 2 days after TCDD exposure in both rat lines A and B (figs). The expression level was only 20-40% of the control in all measured time points. Compared to liver, the basal HO-1 expression is about 6 (line B) – 80 (line A) times larger in spleen. This is logical as spleen is the major site in destroying the old reticulocytes and thus is exposed to a large amount of heme that must be degraded. The reason for HO-1 repression is obscure but two hypotheses can be made. If the amount of heme in splenic cells would decline for some reason, then HO-1 expression might be lowered. An interesting aspect is also the transcription factor and HO-1 repressor Bach1. If TCDD would induce Bach1, it would lead to HO-1 repression. No significant changes were seen in BVRA or ALAS1 mRNA expression in the spleen. 

DISCUSSION

The changes in the ALAS1, HO-1 and BVRA mRNA expression levels may be primary or secondary effects of TCDD. Since these changes were similar in line B, line A and L-E rats, their mechanism is not affected by the difference in the AH receptors of these lines. They also do not explain the accumulation of biliverdin in line B, but reflect the state of hepatic and splenic heme metabolism after TCDD exposure and during the development of the syndrome in line B. Since these effects were unrelated to wasting syndrome, they seem to be specific to TCDD toxicity. Thus, knowing their molecular mechanism might help in revealing TCDD toxic mechanism. Below some hypothesis are given. 

ALAS1

In normal conditions, the well-known regulator of ALAS1 expression and activity is heme molecule (Granick 1966; Yamamoto et al. 1988; Srivastava et. al 1988; Cable et al. 2000). Heme negatively regulates ALAS1 expression and activity by decreasing mRNA half-life (Hamilton et al. 1991) and the transfer of the enzyme to the mitochondria (Lathrop et al. 1993) and may also inhibit gene transcription at least in rats (Srivastava et al. 1988). Thus, one possibility for the observed ALAS1 repression could be an increase in hepatocellular free heme content, although there is no other evidence of that. Even so, excess heme would be in agreement with the other endpoint of TCDD toxicity, namely increased serum bilirubin (Buu-hoi et al., 1972, Greig et al., 1973, Unkila et al., 1994). It has not yet been shown whether BR increase is due to its decreased elimination or increased formation. Excess heme in hepatocytes would suggest the latter source. The other possibility for ALAS1 repression is a direct effect of TCDD. Also insulin has been shown to inhibit ALAS1 gene expression in rat hepatocytes (Scassa et al. 1998 abstrakti on) but TCDD causes hypoinsulemia (viite).

Hemin vapautuminen kudosvauriossa, ALAS1 repressio, viitteitä? Decreased ALAS1 activity has previously been connected to oxidative stress state in one study (Kaliman and Barannik, 1999), where the metal ions caused increased ROS production. In this case the mediator of ALAS1 repression was again heme, whose source was not identified, one possibility being hemolysis. 

If TCDD would cause hemolysis, it would explain the accumulation of hemolysis products in the liver, where they then would inhibit ALAS1. However, our unpublished experiments suggest that TCDD does not affect the life span of erythrocytes. 

HO-1

HO-1 is an inducible enzyme sensitive to oxidative stress (Maines and Kappas, 1974, Maines, 1992, 1999). Female rats have been demonstrated to develop an oxidative stress –state after TCDD exposure (Stohs, 1990). One marker of oxidative stress, namely lipid peroxidation, has been shown to be a strain-dependent effect of TCDD, as L-E rats were more sensitive to it than H/W rats (Pohjanvirta et al. 1990). On the basis of this, it is somewhat peculiar that no HO-1 induction was seen. In spleen, HO-1 mRNA expression was even repressed to a level of about 30 % when compared to control. In spleen HO-1 is normally induced due to the great number of heme liberated from senescent erythrocytes (viite). It would be interesting to study whether TCDD influences the expression of transcription factor Bach1 (viitteitä), which is a HO-1 repressor. If this would be the case, it might lead to decreased splenic HO-1 expression and increased amount of free heme in the circulation. Free heme would be taken up by the hemopexin into the liver.

BVRA

A possible molecular route for BVRA induction by TCDD is the TCDD induced induction of transcription factor AP-1 (Puga et al. 2000), as BVRA gene has an AP-1 binding site in its promoter (McCoubrey et al. 1995). AP-1 is activated by the changes in cellular redox state. BVRA is usually considered as a housekeeping enzyme, but also an enzyme related to antioxidative response (Baranano et al., 2002). There are not many environmental factors known to affect its expression.

Conclusion

On the basis of results presented here, a high dose of TCDD seems to cause derailments in heme balance. However, this is not dependent on the Ahr-genotype
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