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ABSTRACT 

The purpose of the present experiments was to examine dose-response 
relationships for induction of hepatic mRNA following a single adminis- 
tration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to rats. The induc- 
tion of cytochrome P450-1A1 (CYP1A1) mRNA is compared to other 
"dioxin-responsive" genes including UDP-glucuronosyltransferase I, plas- 
minogen activator inhibitor 2, and transforming growth factor a using a 
sensitive reverse transcriptase-polymerase chain reaction-based method. 
Sample-to-sample variability in amplification is a concern in using poly- 
merase chain reaction to quantitate biological responses. However, in the 
present study recombinant RNA templates were synthesized to use as 
internal standards in both the reverse transcription and the polymerase 
chain reaction steps. The induction of CYP1A1 mRNA was extremely 
sensitive to TCDD treatment with increases observed at doses as low as 
1 ng/kg body weight. The induction of CYP1A1 mRNA correlated highly 
(R 2 > 0.90) with an increase in ethoxyresorufin-o-deethylase activity, a 
CYPlAl-associated enzyme activity. However, induction of CYP1AI 
mRNA levels was detected at lower TCDD doses than was ethoxy- 
resorufin-o-deethylase activity, reflecting the greater sensitivity of the re- 
verse transcription-polymerase chain reaction approach to detect tran- 
scriptional activation of the CYP1A1 gene. UDP-glucuronosyltransferase 
I mRNA was increased over control (5-fold) but required 1000-times 
higher TCDD doses (1/zg/kg) to result in a significant increase than did 
CYP1A1. Plasminogen activator inhibitor 2 and transforming growth 
factor a mRNA, both previously shown to be induced by TCDD in human 
keratinocytes, were not increased in rat liver. Hence, these studies reaffirm 
that TCDD acts through classical receptor mechanisms with gene-to-gene 
differences in responsiveness. The reverse transcription-polymerase chain 
reaction method developed to measure mRNA for dioxin-reponsive genes 
in rat liver will allow for measuring multigene and tissue responses to 
TCDD and other xenobiotics with high sensitivity, reproducibility, and 
adaptability and should increase our understanding of various dose- 
response relationships. 

INTRODUCTION 

The ubiquitous presence of polychlorinated dibenzo-p-dioxins and 
polychlorinated dibenzofurans in the environment and the risk of 
accidental exposure has raised concern over their possible threat to 
human health. The most extensively studied and potent isomer is 
TCDD z (dioxin). In laboratory animals, dioxin is one of the most toxic 
chemicals described. The spectrum of toxic responses observed in 
rodents include effects on immune function, reproduction, organogen- 
esis, lipid levels, and glucose metabolism (1). In addition, TCDD is a 
multisite carcinogen (2, 3) in rodents and is classified as a tumor 
promoter in liver and skin (4, 5). Until now, the hepatocarcinogenic 
effects in rodents have been the primary end point used to estimate 
human health risk associated with exposure to these compounds. 
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It is generally believed that TCDD produces its effects by altering 
gene expression in target cells. The binding of TCDD to an intracellu- 

lar protein (Ah; Arylhydrocarbon receptor) is thought to be required 
for most, if not all, of the actions of dioxins. The most studied 

response of cells to TCDD is induction of two members of the cyto- 
chrome P-450 superfamily of enzymes, CYP1A1 and CYP1A2. Al- 
though members of the CYP1A subfamily are involved in the oxida- 
tive metabolism of carcinogenic polycyclic aromatic hydrocarbons 
(6), it is unclear whether induction of this group of enzymes by dioxin 
has a causal relationship with the toxic effects TCDD. Rather, induc- 
tion of CYP1A1 is an extremely sensitive marker for exposure and/or 
responsiveness to polychlorinated dibenzo-p-dioxins and polychlori- 
nated dibenzofurans and may be representative of a battery of genes 
whose expression is altered by the dioxin-Ah receptor complex. 

The purpose of the present experiment was to examine the dose- 
response relationships for CYP1A1 mRNA induction by TCDD, es- 
pecially at low doses. Since CYP1A1 is expressed only in low copy 
number in rat liver, it is often difficult to measure constitutive expres- 
sion using conventional RNA blotting techniques. For this reason, we 
chose to use an extremely sensitive approach to measure mRNA 
levels, RT-PCR. Using this technique, the constitutive as well as 
dioxin-induced expression of CYP1A1 could be easily measured and 
compared to other genes shown to be affected by TCDD. These 
"dioxin-responsive" genes (7) include UGT1, PAI2, and TGFot. We 
will demonstrate the sensitivity of CYP1A1 mRNA levels to TCDD 
exposure and discuss the mechanistic pertinence of this dose-response 
relationship. 

MATERIALS AND M E T H O D S  

Chemicals. TCDD (--99%) was obtained from Research Triangle Labs 
(Research Triangle Park, NC). Corn oil used as a dosing vehicle was purchased 
from Sigma Chemical Co. (St. Louis, MO). All enzymes and cofactors used for 
synthesis of internal standards, reverse transcription, and PCR were purchased 
from Promega Corp. (Madison, WI). Primers used in PCR were synthesized by 
Synthecell Corp. (Rockville, MD). 

Animals and Treatments. Ten-week-old female Sprague-Dawley rats 
(225-275 g) were given TCDD by oral gavage in corn oil (1 ml/kg). The doses 
examined ranged from 0.05 ng TCDD/kg body weight to 10,000 ng TCDD/kg 
body weight. Four days posttreatment, livers were excised and quickly frozen 
in liquid nitrogen and subsequently stored at -70~ Total hepatic RNA was 
extracted using guanidine thiocyanate, and DNA was removed using conven- 
tional phenol-chloroform-isoamyl alcohol partitioning procedures (8). 

Preparation of Internal Standard. Recently we reported a simple, rapid, 
and general PCR-based method for generating rcRNA templates for use as 
internal standards in quantitative PCR (9). The basis for this method is am- 
plification of genomic DNA using primers containing the T7 promoter, target 
(i.e., CYPIA1) (10), and spacer RNA primer sequences and poly(dT)18. Ge- 
nomic DNA is used to generate PCR products of an appropriate size to be 
resolved from the target RNA-PCR products. The T7 promoter and 
polydeoxythymidylic acid sequences are needed to produce a rcRNA with a 
polyadenylated tail following in vitro transcription of the PCR product. Using 
this procedure, we were able to synthesize rcRNA molecules which contained 
target mRNA forward and reverse primer sequences for several genes (see 
Table 1) and produced a RT-PCR product which is easily resolved from that 
generated from the target mRNA. 
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Table 1 Primer sequences used in RT-PCR 
Target Forward Primer Reverse Primer 

CYP1AI a 
/3-actin 
UGT1 
PAI2 
TGF-c~ 

5 ' - CCATGAC CAGGAAC TATGGG- 3' 

5 '-CCTCTATGCCAACACAGT- 3 ' 

5 '- TGACTGCCGATGATTTGGAA-3' 

5'-CCCTTTCTTTTCTTTATCAT- 3' 

5 '-TTTTTCACACAGGGTTTCAC-3' 

5'-TCTGGTGAGCATCCAGGACA-3' 

5'--AGCCACCAATCCACACAG-3' 

5'-CTGATTGGATAAGGGACTAA-3' 

5'-TTTTCTGCTTCTGTAGTGTT-3' 

5'-GAGGGGTCGCTTTCCAGTTT-3' 

a The CYPIA1 primer sequences are specific for this isozyme and have no similarity to CYPIA2. All other primer sequences were chosen using a primer selection program (Oligo; 
National Biosciences, Hamel, MN). A Pearson-Lippman search of the EMBL/Genebank sequence database was performed on each primer using FASTA in GCG (Genetics Computing 
Group; Madison, WI). Primer sets were not utilized if a significant match was seen with any sequence in the database. 

Construction of the rcRNA internal standards was accomplished using the 
following procedure. The forward rcRNA primer contained the T7 promoter, 
target mRNA forward primers, and spacer-gene forward primer (i.e., human 
GSTM1 or/3-globin). The reverse rcRNA primer contained the spacer-gene 
reverse primer, target mRNA reverse primers, and poly(dT)18. The rcRNA 
primers were approximately 60 base pairs in length and were synthesized and 
purified by Synthecell Corp. PCR reactions were conducted in a final volume 
of 50 p,l containing PCR buffer [25 mM Tris-HCl (pH 8.3 at 25~ 50 mM 
(NH4)2504,/3-mercaptoethanol, and 0.1 mg/ml bovine serum albumin], 3 mM 
MgCI2, 0.2 mM each of deoxynucleotide triphosphate, 30 pmol each of rcRNA 
forward and reverse primers, 200 ng human genomic DNA, and 2.5 units Taq 
DNA polymerase. The reactions were assembled at 85~ heated to 94~ for 
3 min, and cycled 30 times through a 10-s denaturing step at 94~ a 30-s 
annealing step at 59~ and a 45-s extension step at 72~ Following the final 
cycle, a 5-min extension step at 72~ was included. The PCR products were 
diluted 1:100 in water, and 2/xl were reamplified using the conditions stated 
above. PCR products from several second amplification reactions were pooled 
and purified (Magic-Prep DNA purification system; Promega Corp.). The 
pooled PCR products were transcribed into RNA by the T7 promoter using the 
Riboprobe Gemini I1 in vitro transcription system (Promega Corp.). The 
rcRNA was subsequently treated with RNase-free DNase to remove the DNA 
template and extracted with water-saturated phenol:chloroform (24:1). The 
upper RNA-containing phase was transferred to a fresh tube, extracted with 
chloroform:isoamyl alcohol (24:1), and followed by precipitation of the aque- 
ous phase with ethanol. The rcRNA pellet was washed with 70% ethanol, 
suspended in nuclease-free water, and quantitated by absorbance at 260 nm. 

Quantitative Competitive RNA-PCR. Competitive RT-PCR was per- 
formed essentially as described by Gilliland et al. (11, 12) and is summarized 
in Fig. 1. For each liver RNA sample, 8 equal aliquots (0.1/~g total RNA) were 
prepared, and a dilution series of the rcRNA internal standard was spiked into 
these aliquots. Reverse transcription of RNA was performed in a final volume 
of 20 /J,1 containing 25 mM Tris-HC1 (pH 8.3 at 25~ 50 m M  (NH4)2804, 
/3-mercaptoethanol, 0.1 mg/ml bovine serum albumin, 5 mM MgCI2, 1 mM of 
each deoxynucleotide triphosphate, 1 unit RNase inhibitor, 2.5 units AMV 
reverse transcriptase, 2.5 /ZM oligo(dT)16, 0.1 /xg total RNA, and varying 
amounts of rcRNA internal standard. The samples were incubated at 45~ for 
15 min, and reverse transcriptase was inactivated by heating to 99~ for 5 min. 
To these complementary DNA samples, a PCR master mix was added to bring 
the final volume to 50/xl. For CYP1A1 analysis, the final concentration in the 
PCR reaction was 3 mM MgCI2, 2.5 units Taq polymerase, and 6 pmol of 
forward and reverse primers. The reactions were heated to 94~ for 3 min and 
immediately cycled 30 times through a 15-s denaturing step at 94~ a 30-s 
annealing step at 54~ and a 60-s elongation step at 72~ Following the final 
cycle, a 5-min elongation step at 72~ was included. For analysis of/3-actin, 
UGT1, PAI2, and TGF-o~, the final concentration in the PCR reaction was 4 mM 
MgCI2, 2.5 units Taq polymerase, and 6 pmol of forward and reverse primers. 
The reactions were heated to 94~ for 3 min and immediately cycled 25 times 
through a 30-s denaturing step at 94~ a 30-s annealing step, and a 60-s 
elongation step at 72~ The annealing temperatures were as follows:/3-actin, 
53~ UGT1, 54~ PAI2, 50~ and TGF-a, 53~ Following the final cycle, 
a 5-min elongation step at 72~ was included. 

Aliquots of the PCR reaction were electrophoresed on 3 or 4% NuSieve:a- 
garose (3:1 w/w) gels, and PCR fragments were visualized with ethidium 
bromide staining. A photographic negative was prepared, and densitometry was 
carried out using a LKB Gel Scan II laser densitometer (LKB, Piscataway, NJ). 
Quantification of the amount of target mRNA present was determined as 
described by Gilliland et aL (12). Briefly, the ratio of the volume of the rcRNA 
to target RNA spots was plotted against the amount of rcRNA (in molecules) 
added to each reaction. The rcRNA concentration where this ratio is equal to 
one, i.e., where the volume of target mRNA PCR product matches that of the 
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Fig. 1. General scheme for quantitation of mRNA using "competitive" RT-PCR. 
rcRNA internal standards are synthesized such that the RT-PCR products derived from the 
rcRNA can be differentiated from those of target RNA. Varying amounts of rcRNA are 
spiked into aliquots of total liver RNA prior to reverse transcription. Preliminary range- 
finding experiments were initiated to determine an approximate concentration of target 
RNA followed by the use of a narrower, linear range of internal standard. 

rcRNA, represents the amount of target mRNA present in the initial RNA 
sample. A large internal standard concentration range (i.e., 101 to 10 s mol- 
ecules/tube) was examined in order to estimate the concentration of target 
mRNA in each sample. In a second set, a much narrower internal standard 
range (i.e., 102 to 103 molecules/tube) was examined in order to more accu- 

rately quantitate the message levels. 
RNA Slot Blot Analysis. RNA was extracted as described above and serial 

dilutions were bound to nylon filters (Zeta Probe) in a slot blot apparatus as 
described by the manufacturer (Bio-Rad, Melville, NY). A CYP1A1 probe was 
synthesized by RT-PCR amplification (see above) and labeled with [32p]CTP 
(Amersham, Arlington Heights, IL) by nick-translation (Gibco BRL, Gaithers- 
burg, MD). Following denaturation of RNA with 10 mM NaOH-1 mM EDTA, 
the nylon filter was removed from the apparatus and washed with 2•  standard 
saline citrate-0.1% SDS. The nylon was prehybridized for 5 min at 65~ in 
hybridization solution (1 mM EDTA-7% SDS-0.5 M NaPO4, pH 7.2). This 
solution was removed and replaced with hybridization solution containing 1 • 
106 cpm/ml CYP1A1 probe and placed at 65~ for 24 h. The hybridization 
solution was removed, and the nylon was washed at 65~ twice with 1 mM 
EDTA-5% SDS-40 mM NaPO4, pH 7.2, and washed twice with 1 mM EDTA- 
1% SDS-40 mM NaPO4. The membrane was exposed to autoradiography film, 
and the bands were analyzed by scanning laser densitometry. 
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EROD Acitivity. Aliquots of microsomal protein were analyzed for EROD 
activity by the method of Pohl and Fouts (13). 7-Ethoxyresorufin (2 ~M; Pierce 
Chemical Co.) was added to the sample; the reaction started with NADPH 
(1 mM) and stopped with methanol following incubation at 37~ for 45 min. 
The samples were centrifuged, and the fuorescence of resorufin was measured 
spectrofluorometrically at 550 nm excitation and 585 nm emission. The for- 
mation of resorufin was found to be linear with increasing amounts of micro- 
somal protein under these assay conditions. 

Tissue TCDD Analysis. Livers (1-g samples) were analyzed for TCDD 
concentration by gas chromatography-mass spectrometry procedures with spe- 
cific ion monitoring at Research Triangle Labs (Research Triangle Park, NC). 
Concentrations of TCDD were determined relative to tissue wet weight and 
expressed as ppt. 

Statistical Analysis and Mathematical Modeling. Differences between 
treatment groups were determined by analysis of variance. Student t test was 
used to compare individual means where analysis of variance indicated dif- 
ferences. The level of significance for all analysis was P < 0.05. 

A mathematical analysis of the induction of CYP1A1 mRNA following a 
single administration of TCDD was examined. The models were based on the 
following chemical reaction scheme: 

Ka 

[TCDD] + [AhR]--~ [AhR - TCDD] 

VmRNA VPROT 

---> CYP1AI mRNA ---> CYPIA1 Protein 

where [TCDD] is the tissue concentration of dioxin (in nmol/g), [AhR] is the 
concentration of free Ah receptor, Kd is the binding constant of TCDD to AhR, 
[AhR-TCDD] is the concentration of the Ah receptor-dioxin complex, VmRNA 
is the rate of mRNA synthesis, and verot is the rate of protein synthesis. Many 
of the parameters used in this model, i.e., concentration of AhR-TCDD and the 
rate of CYP1A1 protein production, have been discussed elsewhere (14). This 
previous biologically based model for effects of TCDD on gene regulation (14) 
was used as the basis for the present model and included tissue distribution of 
TCDD among rat tissues, metabolic clearance of TCDD, induction of AhR and 
CYP1A2, binding of CYP1A1 and CYP1A2 to P450 reductase, binding of 
TCDD to CYP1A2 and blood proteins, and lysis of liver cells that die due to 
TCDD toxicity. The only parameters being fit in the present case are those 
required to calculate VmRNA, the rate of CYP1A1 mRNA transcription. This 
study introduced an AhR-TCDD-dependent mechanism for the production of 
CYP1A1 mRNA, and it assumed linear kinetics for mRNA degradation. A 
half-life of 0.1 day (k = 6.93 days -1) was assumed for RNase activity, although 
this proved not to be critical. The CYP1A1 transcription rates are given by 
algebraic functions of [AhR-TCDD]. The constants in this function are the 
parameters in the current work, and their values are estimated by formal 
optimization. That is, those parameters which permit the model to best repro- 
duce the observed mRNA concentrations are reported herein for the best-fitting 
model. Mathematical optimizations were performed with the SCoP package 
and the SCoPfit program (15, 16) 

RESULTS 

RT-PCR Quant i ta t ion .  The use of internal standards such as those 
described above can greatly reduce the sample-to-sample variability in 
PCR. In addition, these internal standards will also reduce variability 
in the reverse transcription reaction since they are RNA molecules 
with a polyadenylated tail. As shown in Fig. 2, the ratio of the volume 
of the internal standard to target mRNA versus the amount of internal 
standard added is a linear relationship (correlation coefficient, 80-  
95%) for both/3-actin (top) and CYP1A1 (bottom). Similar relation- 
ships were observed for the other target genes examined. Fig. 2 
depicts a standard curve used in determining a single value for a given 
target mRNA species. Quantitation of the amount of CYP1A1 or 

/3-actin mRNA was found to be linear with increasing total RNA (0.1 
to 1/xg), and the ratio of CYP1A1 to/3-actin mRNA was constant with 
increasing total RNA. A linear relationship is seen if the amount of 
internal standard is not greatly increased or decreased, indicating the 
importance of using a narrow internal standard concentration range. 
Replicate CYP1A1 mRNA quantitation of the same RNA sample 
shows a variability of approximately 5-10% (6.7%, n = 6). The 
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Fig. 2. Quantitation of/3-actin (upper panel) and CYPIA1 (lower panel) mRNA using 

competitive RT-PCR. Levels of mRNA for other dioxin-responsive genes were determined 
using identical methods. As the amount of rcRNA in the reaction increases, the volume 
ratio (rcRNA:target mRNA) increases. The molecules of mRNA are estimated by deter- 
mining where the volume of the rcRNA spot equals that of the target mRNA spot 
(rcRNA:target = 1). This graph represents the standard curve for one control rat liver. 

increases in CYP1A1 mRNA as measured by RT-PCR were compared 
to RNA slot blotting for a single RNA sample from several dose 
groups (Fig. 3). A good association was observed between the relative 
induction of mRNA as measured by the two methods (R 2 = 0.76). 
However, in order to detect CYP1A1 mRNA in control rat liver using 
slot blotting, 10/xg total RNA were needed compared to 0.1 /~g for 

RT-PCR. 
CYP1A1 m R N A  induction by TCDD. The induction of CYP1A1 

relative to the dose of dioxin administered is shown in Fig. 4, left 
panel. In the absense of administered TCDD, there was a detectable 

level of CYP1A1 mRNA present, albeit at extremely low concentra- 
tions. There was little induction of CYP1A1 mRNA in the low-dose 
region, followed by a sharp increase in mRNA which plateaus at high 
doses. The lowest dose that leads to a statistically significant differ- 

ence from control (P < 0.05, Student t test) is 1 ng/kg which results 
in a 3-fold increase in CYPIA1 message levels. A slight increase (5.4 
to 7.2 • 10 -5) in CYP1A1//3-actin was observed at the 0.1 ng/kg dose, 
but this was not significant. The statistically significant increase in 
CYPIA1 mRNA at 10 ng/kg (3-fold) is followed by a 130-fold in- 
crease at 100 ng/kg and a 4000-fold and 7000-fold increase at 1 and 
10 ~g/kg, respectively. 

The hepatic dioxin concentration relative to administered dose and 
CYP1A1 mRNA levels is shown in Table 2. The relationship between 

administered TCDD and tissue concentration is roughly linear, as 
expected (14). There was detectable dioxin in control rat liver, and this 
level was not increased significantly at the 0.1 ng/kg dose. However, 
TCDD levels in these two-dose groups were only slightly above the 
detection limit (0.3 ppt) in these samples and hence may have more 
measurement error. CYP1A1 mRNA expression versus hepatic dioxin 
concentration is shown in Fig. 4, right panel. Once again the dose- 
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Fig. 3. Comparison of CYP1A1 mRNA induction by dioxin using two methods for 
quantitation, RNA slot blotting and RT-PCR. The relative induction of CYP1A1 mRNA as 
measured in a slot blot was examined for one RNA sample in each of six dose groups 
(0, 0.1, 1, 10, 1000, and 10,000 ng TCDD/kg) and is compared to relative induction in the 
same RNA sample as examined with RT-PCR. Due to the much lower sensitivity of slot 
blot, 10/xg of total RNA were required to measure CYP1A1 in an uninduced rat liver 
compared to only 0.1 p,g for RT-PCR. 
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Fig. 4. Induction of hepatic CYP1A1 mRNA following a single administration of 
TCDD. Female Sprague-Dawley rats received TCDD or vehicle (corn oil) by oral gavage 
and were sacrificed 4 days later, their livers were removed, and total RNA was isolated. 
The induction of CYP1A1 mRNA is plotted versus log dose (left panel) or log hepatic 
TCDD concentration (right panel). Leftpanel, the mean --. SE (n = 5-15); right panel, 
the individual data points. 

response relationship over the full dose range showed relatively little 
change at low tissue levels, followed by a rapid induction, and finally 
a plateau at high doses. 

CYPIA1 mRNA Levels v e r s u s  EROD Activity. The induction of 
EROD, a CYP1Al-dependent enzyme activity, by dioxin is shown in 
Fig. 5, left panel as a function of administered dose, hepatic concen- 
tration in ppt (Fig. 5, center panel), and molecules CYP1A1 mRNA 
(Fig. 5, right panel). Similar to CYP1A1 mRNA levels, the induction 
of EROD by TCDD showed a sigmoidal dose-response relationship 
when examined relative to dose or hepatic concentration. However, 
EROD activity was approximately 100-fold less sensitive than mRNA 
levels to dioxin exposure with statistically significant increases ob- 
served at 100 ng/kg. Nonetheless, a good correlation between 
CYP1A1 enzyme activity and mRNA levels was observed (R e = 
0.93). 

Induction of Dioxin-responsive Genes. TCDD has been shown to 
increase messenger RNA for several genes (7); however, not all of 
these mRNA have been examined in rat liver. TGFot and PAI2 mRNA 
levels have been shown to be induced in keratinocytes in culture. 
TCDD has been shown to to increase UGT1 activity and mRNA levels 
in rat liver (17); however, sensitivity of UGT1 mRNA relative to 
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CYP1A1 mRNA is not known. As depicted in Fig. 6, dose-response 
relationships for the induction of UGT1, PAI2, and TGFa mRNA 
were dissimilar to that observed for CYPIA1 (as shown in Fig. 4). 
UGT1 mRNA was induced by TCDD, but the dose required (1/xg/kg) 
was much higher than necessary to see an increase with CYP1A1 
mRNA. In addition, the 5-fold maximal induction of UGT1 mRNA 
was much less than the 7000-fold augmentation of CYP1A1. How- 
ever, it is noteworthy that the constitutive level of UGT1 (1.6 • 107 
molecules/0.1 ~g RNA) is much higher than CYP1A1 (500 mol- 
ecules/0.1/xg RNA), which makes it more difficult to detect induction 
of this enzyme in the low dose region compared to CYP1A1. Induc- 
tion of UGT1 mRNA may more closely resemble that of CYP1A2, 
which is also constituitively expressed in rat liver. PAI2 and TGFct 
mRNA were not increased by TCDD in rat liver in this dose range nor 
in studies with doses up to 100 ~g TCDD/kg. These studies indicate 
dioxin-inducible genes have quite disparate dose-response relation- 
ships and indicates that genes induced by dioxin in keratinocytes may 
not be affected similarly in rodent liver. 

Mathematical Modeling of CYP1A1 Induction. The accumula- 
tion of CYP1A1 mRNA was examined using several mathematical 
models including empirical (Hill equation) as well as biologically 
based models. The latter include one binding site on DNA for AhR- 
TCDD (Michaelis-Menten) and two-site ("cooperative") models. The 
goodness-of-fit for several models, reported as least squares error of 
fit, is displayed in Table 3. In general, a two-site model for binding of 
the TCDD-AhR complex to DREs, i.e., low affinity and high affinity 
sites, gave a better fit than did either the empirical or the Michaelis- 
Menten models. The Michaelis-Menten model gave an order of mag- 
nitude greater error while the Hill equation resulted in a 3-times larger 
error than the 2-site models. Of the two-site models, allowing random 
binding of the AhR-TCDD complex to high and low affinity binding 
sites gave a slightly better fit than did a sequential mechanism, al- 
though the differences were insignificant. Fig. 7 depicts the develop- 
ment of a biologically relevant model for CYP1A1 mRNA, assuming 
this two-site DRE mechanism. The basic two-site model, i.e., occu- 
pancy of both populations of DREs, is required for CYP1A1 induc- 
tion, greatly underestimated the mRNA levels in the low-dose region 
but fits adequately at higher doses. When one assumes that there is 

Table 2 Hepatic TCDD concentration and relative CYPIA1 mRNA expression 4 days 
following a single administration 

Dose TCDD concentration Relative CYP1A1 mRNA expression 
(ng/kg) (ppt) (CYP1A1//3-actin • 10 -5) 

0 0.43 _+ 0.06 (4) a 5.4 ___ 1.0 (13) 
0.1 0.49 - 0.05 (3) 7.2 + 2.5 (5) 
1 2.50 -+ 0.20 (3) b 14.8 _+ 4.3 (12) b 
10 21.3 _+ 0.80 (3) b 12.8 + 1.7 (7) ~ 
100 352 _ 48.9 (3) b 536 --- 121 (7) b 
1000 6,860 18,000 ___ 4,590 (11) b 
10,000 {124,000}{913,000} c 36,700 + 9,900 (5) ~ 

" Mean -+ SE, with number of observations within parentheses. 
b Indicates a statistically significant increase over control values (P < 0.05). 
c Indicates duplicate measurement 
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concentration (center panel), or molecules CYP1A1 mRNA (right panel). 
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Table 3 Mathematical modeling of CYP1A1 mRNA accumulation four days following a 
single administration of TCDD 

Least squares errors of fit (nmol/g) 

Added Protected 
Model Basic a transcription b mRNA c 

Michaelis-Menten 5.5 • 10 -4  

Hill 6.9 x 10 -5 
Sequential 2-site 2.0 • 10 -5 2.6 X 10 -5 5.8 X 10 -6  

Random 2-site 2.5 • 10 -5 1.9 • 10 -5 5.6 X 10 -6  

a The CYPIA1 mRNA levels in nmol/g liver were fit to the rate equations discussed 
in "Materials and Methods." Data analysis was performed by SCoPfit (15, 16). 

b Assumes that binding of AhR-TCDD to the first DRE results in a slight increase in 
CYP1A1 transcription but that occupation of both sites are required for maximal induc- 
tion. 

r Assumes that there is protection of low levels of mRNA due to their interaction with 
ribosomes and other cellular macromolecules. 

some transcription if one DRE is bound by AhR-TCDD but that 
efficient transcription requires both sites to be occupied, there 
was little improvement of the fit to the data in the low dose region. 
When constitutive expression of CYP1A1 mRNA or the presense of 
an endogenous AhR ligand in this two-site model is included, there is 
no improvement in the fit to the data (curves not shown). However, if 
one assumes that low levels of mRNA are protected from RNase 

degradation, i.e., through binding to ribosomes or other cellular mac- 
romolecules, the model can adequately predict the CYP1A1 mRNA 
data. 

The best fitting model for the induction of CYP1A1 mRNA by 
dioxin assumes the following: two populations of DREs (low and high 
affinity), no transcription when the first DRE is occupied, random 
order binding of AhR-TCDD to the DREs, and a small level of mRNA 
protected from degradation. The reaction scheme and equations which 
were optimized are shown below: 

Reaction Scheme 
k, 

AhR - TCDD --~ AhR - TCDD �9 DRE 

km VmRNA Vdegrad 
--> (AhR - TCDD " DRE) 2 --> mRNA --> 

Equation 1 

gdegra d = kdegrad([mRNA ] - protected mRNA) 

Equation 2 

Vmax 

+ 1 
- TCDD] / 

Several criteria were met by this equation including a low least 

squares error, fit of data in both the low and high dose regions, and the 

prediction of biologically reasonable parameter estimates. The best 

parameter values following optimization were: Vmax = 771 nmol/g/ 

day, K,  = 18 riM, Km = 30 nM, and protected mRNA = 5.8 X 10 .7  

nmol/g. 

Using quantitative RT-PCR, we have been able to rapidly identify 

genes which are induced by TCDD in rat liver, quantitate expression 

levels of these genes, and fit this data to a mechanistically relevant 

model. The quantitative nature of this RT-PCR method for measuring 

mRNA levels is a significant advance over other RNA methods and is 

the only method to date which allows biologically based models for 

gene expression to be developed. 

DISCUSSION 

In these studies, a RT-PCR method is described to quantitate mRNA 

levels for genes which have a wide range of constitutive expression 
in rat liver (in molecules per 0.1 p,g RNA:/3-actin, 1.4 • 107; UGT1 
1.6 x 107; TGFot, 1.0 x 107; PAI2, 2.6 • 104; and CYP1A1, 500) as 

well as different levels of responsiveness to TCDD. The relative 

increases in mRNA levels for several of these genes in rat liver have 
been examined using other less quantitative methods such as Northern 

and slot blots, both within our lab and e lsewhere)  In all cases, there 
was agreement with the present study. However, the use of RT-PCR 

has several advantages over the more conventional RNA detection 
procedures, including adaptability to examine many genes concur- 

rently, the ability to quantify absolute levels of a given mRNA, and 

high sensitivity. In addition, RT-PCR is at least an order of magnitude 

more sensitive than EROD activity or radioimmunoassay and at least 

two orders of magnitude more senstive than Northern or slot blotting 

for measuring induction of CYP1A1. 

The sensitivity of RT-PCR allows for quantitative examination of 
dose-response relationships over a broad dose range (in this case, 6 

orders of magnitude) and level of induction (5 orders of magnitude). 
We have examined the dose-response relationships of CYP1A1 
mRNA using several mathematical and biological models in order to 

gain a better understanding of the mechanism of gene regulation by 
TCDD. The best model examined for the mechanism of induction of 

mRNA by dioxin assumes the binding of AhR-TCDD to two DREs. In 

fact, it is known that there are 5 DREs which act as inducible en- 

hancers and one DRE which may act synergistically with the other 
sites. Receptor binding to both types of DREs are required for a high 
level of induction of CYP1A1 in transient expression systems (6). Our 
analysis of in vivo induction of CYP1A1 mRNA also supports this 

need for two populations of enhancers with no or only slight expres- 
sion when the high affinity DRE is bound to the AhR-TCDD complex 
and a substantial increase in V,,,,,x when both populations are occupied. 
The two-site model developed in these studies is the minimal model 

which fits the data. It is unlikely that adding additional binding sites 

for AhR-TCDD would improve the fit. This may indicate that at least 

3 CYP1A1 mRNA measured by slot blot, Vanden Heuvel, present paper; PAI2 and 
TGFa mRNA measured by Northern blot, T. Sutter, Johns Hopkins University, personal 
communication; and TGFt~ mRNA measured by Northern blot, T. Goldsworthy, Chemical 
Industry Institute for Toxicology, personal communication. 
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Fig. 7. Development of a biologically based model for the induction of CYP1A1 
mRNA by dioxin. The mean mRNA concentrations for each treatment group (filled 
circles) were fit to several mathematical equations as discussed in "Materials and Meth- 
ods." Dashed line, the basic two-site model, Le., there are two populations of DREs and 
both populations must be bound for CYP1A1 transcription. Dotted line, the shape of the 
curve when a slow rate transcription of CYP1A1 is allowed when one DRE population is 
bound and maximal induction requires both sites to be bound. Solid line, the best fitting 
equation which allows for protection of low level CYP1A1 mRNA by interactions with 
ribosomes and cellular macromolecules. 

two of the 6 DREs must be occupied (i.e., one high affinity site plus 
any of the other five sites), but it certainly does not preclude binding 
at other DREs. 

A negative regulatory DRE in the 5' flanking region of CYP1A1 
has also been suggested. However, in the present studies, assuming the 
existence of such a region cannot better explain the induction of 
CYP1A1 mRNA. At low TCDD concentrations, only the high affinity 
site is substantially occupied, hence there is little CYP1A1 induction. 
At high TCDD, the lower affinity site(s) can also be occupied, leading 
to much more expression of CYP1A1. Only in this sense can the high 
affinty site be considered inhibitory. 

Our studies also predict that there is no constitutive expression of 
CYP1A1 mRNA in control rat liver as supported by previous DNA 
transfection studies (6). The levels of CYP1A1 mRNA in control liver 
can be explained by the presense of dioxin-like compounds in feed 
(estimated at 2 ppt toxic equivalency quotients) and protection of a 
small amount of mRNA from ribonuclease degradation. The mecha- 
nism of the protection of low levels of mRNA is unclear, although it 
may represent the amount bound to ribosomes and other macromol- 
ecules and thus removed from interactions with RNases. 

In addition to CYP1A1 and 1A2, several genes requiring an Ah 
receptor-complex for activation have been described including gluta- 
thione-S-transferase, menadione oxidoreductase, aldehyde dehydroge- 
nase, PAI2, and CYP1B1 (7, 18). Although induction of CYP1A1 
apparently does not directly result in the toxic manifestations of 
TCDD, it does indicate the ability of a cell to form a functional Ah 
receptor-complex and may typify a more critical alteration in gene 
expression. We have hypothesized (19) that TCDD would result in an 
increase in hepatic TGFot, such as that previously observed in cultured 
keratinocytes (20). Increase in this peptide growth factor may lead to 
internalization of the epidermal growth factor receptor, a typical re- 
sponse of hepatocytes to TCDD, which may have biological relevance 
in terms of cell proliferation and hepatic tumor promotion (4). The 
present study indicates that TGFa mRNA is not increased by TCDD 
in rat liver. However, it is worthy to note that TGFc~ has many 
posttranscriptional and posttranslational modifications and that 
mRNA levels for this growth factor may not correlate with mature 
peptide production. 

Similarly, another dioxin-responsive gene in keratinocytes, PAI2 
(19), is not induced at the mRNA level by dioxin in rat liver. This 
indicates a difference between keratinocytes and hepatocytes in re- 
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sponsiveness to dioxin not attributable to Ah receptor levels (both cell 
types contain Ah receptor) and shows the complexity in target tissue 
regulation of the Ah gene battery (21). Several mechanisms are likely 
to be involved in generating the diversity and specificity of Ah re- 
ceptor-mediated events, including involvement of binding proteins, 
receptor isoforms, hetero- or homodimerization, nuclear factors, and 
response elements, as well as gene- and cell-specific transactivation 
factors (22). 

The induction of UGT1 mRNA correlates well with previously 
published augmentation of UGTl-associated enzyme activity (23). 
The dose-response curve for induction of UGT1 is shifted to the right 
of CYP1A1 and therefore more closely resembles overtly toxic re- 
sponses, usually not evident at doses less than 1 /xg/kg. Despite 
dissimilar dose-response curves, UGT1 is regulated by the Ah recep- 
tor (17) in a manner analogous to CYP1A1. UGT1 is a phase II 
metabolic enzyme which converts many aglycones, including thyroid 
hormones, to glucuronide esters prior to their excretion into bile (24). 
Inducers of UGT1 have been shown to reduce thyroid hormone levels 
in rats (25). This reduction in thyroid hormone levels may lead to 
TSH-induced stimulation of the thyroid gland. Interestingly, three 
xenobiotics shown to induce UGT1 activity, phenobarbital, polychlo- 
rinated biphenyls (25), and TCDD (17), have been shown to produce 
thyroid stimulation; phenobarbital and TCDD are known thyroid tu- 
mor promoters. We are currently investigating the association between 
UGT1 mRNA, T3/T4/TSH, and thyroid hyperplasia following TCDD 
administration. 

Induction of CYP1A1 is an extremely sensitive marker for exposure 
and/or tissue responsiveness to TCDD and is often used as a surrogate 
for other dioxin-responsive genes. Using the power of PCR tech- 
niques, we were able to quantitate mRNA levels for several dioxin- 
responsive genes which may have more pertinence to the toxic mani- 
festations of TCDD. The RT-PCR method described herein provides a 
sensitive technique which will increase our ability to detect and quan- 
titate responses of various cell types to TCDD at very low doses and 
with small sample sizes. 
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