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ABSTRACT

Ourattempts to confirm reports of low-dose /hormetic effects in rodentendocrine
toxicity studies are reviewed. It is concluded that our present failure to confirm any
such effects is due, in large part, to a general lack of understanding of confounding
influences and the failure of most investigators to confirm their findings before
publication. The major potential confounding factor is suggested to be variability of
the parameters under study within control groups, a factor that assumes increased
iimportance when attempting to demonstrate weak low-dose effects. This is illustrated
by our studies with bisphenol A in the mouse uterotrophic assay and of finasteride
in the Hershberger antiandrogenicity assav. In both of these cases our ability to
demonstrate a low-dose effect is dependent on whether concurrent or recent control
values are used.

Key Words: low dose, control variability, endocrine disruption, hormesis, antiandro-
gen, estrogen

DISCUSSION

The available literature on hormetic dose-response effects for chemicals has been
reviewed (Calabrese, 2002). These usually involve a stimulatory effect at low doses
and an inhibitory effect at high doses, albeit the reverse can sometimes be ob-
served. Few of these reports relate to classical. toxicology, but the prospect that
effects may been seen for a chemical below its classically derived “no adverse ef-
fect level” (NOAEL) is of obvious interest. Our experiences over the past 6 years
when attempting to confirm examples of effects reported for chiemicals in rodents
exposed at doses below the previously accepted NOAEL value (low-dose effects) are
reviewed in the following text.
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Figure 1. The low-dose effects of BBP (black stars) and octylphenol (OP, open circles) on
rat testes. The vertical and horizontal lines segregate the three individual studies
discussed.

Initial Attempts to Replicate Low-Dose Effects

The first example of an apparent low-dose hormetic effect concerned the report
that butyl benzyl phthalate (BBP) was capable of reducing rat testes weight at dose
levels orders of magnitude below its previously defined reproductive toxicity NOAEL
value (Sharpe et al.,, 1995). We were unable to confirm this example of low-dose en-
docrine disruption (ED) in two independentrepeat experiments (Ashby et al, 1997);
neither, subsequently, were Sharpe et al. (1998). Those datasets are shown in Figure 1,
the eventual issue being the failure of either group of investigators to understand
the differences in control testes weights within laboratories over time and between
laboratories (Sharpe et al., 1998). This problem will be developed later herein, but
it provided a salutary start to our evaluation of low-dose toxicities of chemicals.

Low-Dose Effects and Adverse Effects

Figure 2 illustrates current difficulties in defining the difference between an ad-
verse effectand a biological response. Most of toxicology is concerned with evaluating
the induction of recognized adverse effects such as the chemical induction of can-
cer. However, there is active consideration of the use of surrogate precursor events
to reduce animal usage and to save both time and money. For example, the induc-
tion of altered liver foci may represent a short-term alternative to the conduct of a
2-year carcinogenicity bioassay in rodents, and so on, sequentially, across Figure 2.
However, the difficulty arises that the effects described on the left-hand side of Fig-
ure 2 may bear no functional relationship to cancer, and their use may therefore
be inappropriate for its prediction. Furthermore, the events on the right-hand side
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Figure 2. Range of effects that can be induced, and the problem of when to define an effect
as adverse.

of Figure 2 may occur at a higher frequency and at lower dose levels than would
the classical adverse effect—in this case cancer induction. This issue is not pursued
further here, but it alerts to the need to specify the toxicological significance of bio-
logical changes, such as in the levels of mRNAs, especially if hormetic dose-response
relationships are observed.

Nonlinear Dose-Response Relationships in Chemical Endocrine Toxicity

The complexity of endocrine control mechanisms in mammals indicates that
nonlinear dose-response relationships should be expected to occur, especially in
cases where a chemical is capable of interacting with more than one aspect of en-
docrine homeostasis. An example of such nonlinear toxicity was recently described
by Almstrup ef al. (2002; see Figure 3). These investigators demonstrated that stim-
ulation of estrogen-responsive MCF7 cells 1o divide could be¢ induced by the phy-
toestrogen genistein and also by testosterone, following its conversion to estradiol
via the intrinsic aromatase activity of the cells. Co-administration of the aromatase
blocking agent anastrozole countered this activity of testosterone (Figure 3). It was
then shown that a range of phivteestrogens, such as biochanin-\, possessed aro-
matase inhibiting activity at low doses and estrogenic activity at higher doses—the
net effect being the production of a hormetic (U-shaped) dose-response curve. Such
examples indicate that nonlinear dose-response relationships can be expected to oc-
cur with chemical ED, but that significant experimentation is required to establish
such effects. Furthermore, the endpoints under studyv in chemical ED are themselves
subject to natural variability—cansed, aiong other nnknown factors, by stress. An
example of the latter is provided by the loss of sperm motility among survivors of
the Kobe earthquake whose dwellings collapsed. as opposed to those whose houses
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Figure 3. Illustration of how competing mechanisms may produce nonlinear net effects
(based on data of Almstrup ef al,, 2002). T = testosterone.

remained intact (Figure 4; Fukada et al., 1996). In fact, control variability probably
represents the single greatest current challenge to the study of low-dose ED effects,
as discussed in the remainder of this article.

Concerning Our Failure to Confirm Reported Low-Dose ED Effects of Chemicals

Over the past 6 years we have attempted, without any success, to replicate re-
ports of low-dose ED effects for chemicals. These studies were conducted to define a
low-dose effect within our laboratory as a precursor to understanding its molecular
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Figure 4. Time course of individual human sperm motility values expressed as % of original
values, before and after the Kobe earthquake of Jan 17, 1995. Data based on Fukada
et al. (1996).
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Figure 5. The effect of intrauterine position (IUP, open circles; Nonneman et al., 1992)

and BPA on the CF1 mouse prostate gland. Data for BPA were taken from three
independentstudies: Nagel ef al. (1997; black circles), Cagen et al. (1999; light grey
circles) and Ashby ef al. (1999; dark grey circles). A statistically significant increase
in prostate weight was observed by Nagel ef al (1997) and is indicated by*.

mechanism. The data shown in Figure 5 represent the unsuccessful attempts of two
groups (Ashby et al, 1999; Cagen et al, 1999) to replicate the trophic effect of ex-
tremely low doses of bisphenol A (BPA) on the mouse prostate gland (Nagel ¢f al,
1997). The possible reasons for these disparate findings have been discussed else-
where (Ashby, 2001). Mindful of the control variability discussed earlier for rat testes
weights, it is suggested that the most significant aspect of these studies on BPA is the
unaccounted variability of control prostate weights among the several studies—levels
of variability that encompass the effects originally claimed for BPA. This control vari-
ability is made more interesting given that the observaton that initiated concerns
over BPA was the demonstration by Nonneman et al. (1992) thatintrauterine position
affected subsequent prostate weight (Figure 5). Thus, aniinals adjacent to 2 males in
utero (2M) developed lighter prostate glands than those adjacent to 2 females (0M).
This observation led Nagel et al. (1997; of the same laboratory as Nonneman ef al.)
to evaluate the possible effects on prostatic weight of exposure of mice in utero to
the weak estrogen BPA. However, the control group for that BPA evaluation showed

- lower prostate weights than had been reported by Nonneman et al. (1992) and a
lower variance. The lower variance is surprising given the lack of knowledge of in-
trauterine position in the BPA study. Thus, the initially intcresting fact is the failure to
replicate the oviginal findings for BPA, vet the scientifically most interesting finding
is the intrinsic and unaccounted variability in the test parameter—conurol prostate
weights.

Figure 6 illustrates similar problems encountered when we failed to confirm
(Ashby et al, 2003) the finding by Sakaue et al. (2001) that siiilarly low doses of
BPA are able to reduce daily sperm production (DSP) in mature Sprague Dawley
rats. The data shown in Figure 6 list control IDSP data from both laboratories, each
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Comparison of control DSP data. Three strains of rat were used: Holtzman (white
columns); AP rats (black columns). and SD rats (grey columus). The hatched
column indicates the mean of 32 control datasets taken from the literature. The
data shown as Ashby et al 03, and those to the right of them, are comparable
in terms of age of animal, etc. The other data are shown for interest and do not
appear to be significantly different from the data shown as Ashby et al. *03 despite
differences in the age of the animals, etc.

using a range of animal diets and strains of rat, and values taken from 38 studies

reported in the literature from other laboratories. Thus, again, the magnitude of
the effects reported by Sakaue et al. (2001) for BPA fell within the range of control

variability

within and between laboratories.

Figure 7 demonstrates an even more marked example of the dangers inherent in
interpreting apparent chemically induced effects in the absence of full knowledge

Figure 7.

444

8 mg/kg
pnd 6-24 NP
Prostate wt 50 * 8 mg/kg
at pnd 31 l pnd 13-30
(mg/100g ;| T
body wt)
+SD
3 F
o .
101
o]

704

60 NP

(<]

(=]

Rat prostate weights of five identical control groups (black columns; Lee, 1998).
All rats had similar body weights at pnd 31. Effects were concluded for NP (white
columns) in the fourth study, but not in the fifth study.
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of the sources and extent of control variability of the parameter under study. Thus,
Lee (1998) reported that relatively low doses of nonylphenol were able to reduce
the prostate weight of rats exposed between postnatal day (pnd) 6-24, but not when
exposed between pnd 13-30. We were unable to confirm those findings (Odum
and Ashby, 2000), but the thing of greater interest was that no account was taken
by Lee (1998) of the dramatic difference between the first 4 and the fifth of what
should have been 5 identical control group prostate weights (Figure 7). Until the
sources of such variability (Figures 5-7) are recognized and controlled it seems to
be of lesser interest to be concerned about chemically induced changes within those
same control ranges.

Uterotrophic Activity of Low Doses of BPA in the Rat

Two reports exist on the uterotrophic activity of BPA. Gould et al. (1998) reported
inactivity at doses up to 150 mg/kg/day whereas Ashby and Tinwell (1998) reported
activity at higher doses. Both sets of data probably form part of the same dose re-
sponse, with one laboratory ceasing the testing at lower doses (Figure 8). Gould et al
also reported induction of the progesterone receptor (PR) at all of the doses eval-
uated, and for which no uterotrophic activity was seen. Gould et al. quantitated PR
levels by receptor isolation 20 h after the third of the three daily doses of BPA. These
data therefore raised the prospect of estrogen-dependent protein changes (here PR)
occurring at dose levels that failed to migger a phenotypic change in the animals.

PR determined 20h after last dose of BPA
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Figure 8. Activity of BPA in the immature rat uterotrophic assay.
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Figure 9. Uterotrophic activity of BPA and estradiol (Eg) in the immature rat, and related
gene expression effects (Odum and Ashby, unpublished 2003}.

We have therefore extended the observations made by Gould et al. by using real-time
polymerase chain reaction (rtPCR) for evaluation of PR mRNA and the mRNAs for
two other estrogen-responsive genes (Complement C3 and lipocalin 2). Time course
data for a high dose of BPA and for estradiol are shown in Figure 9. It is clear that
there is no optimum time for evaluation of all of the genes, so a time course is being
determined for both the uterotrophic effects and the gene expression changes. It is
of interest that the 20 h time point chosen by Gould et al. to evaluate PR levels was
not optimum—24 h is the optimum time (Figure 9). The dose range of BPA being
evaluated (2 ug/kg-800 mg/kg) should reveal whether changes in gene expression
can occur at doses below any phenotypic change. As such they will contribute to
the discussion of low-dose effects in general and hormesis in particular. The data in
Figure 9 are shown here to illustrate the commitment of effort required to establish
low-dose effects with confidence when surrogate markers, such as proteins, are used
in place of recoguized toxicity endpoints.

Uterotrophic Activity of Low Doses of BPA in the Mouse

Despite the clear uterotrophic activity of BPA in the rat, great difficulties were
encountered when assessing this activity in the mouse (Tinwell et al, 2000). A total
of eight experiments were conducted, as shown in Table 1. When all of the data were
merged no significant uterotrophic effects were seen (Table 1). However, the few
positive responses observed were statistically significant and considered unlikely to
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Figure 10. . Mouse control body weight vs. mouse control uterine weight (taken from 8 sc
injection studies on BPA, Tinwell ez al., 2000).

have arisen by chance, and the first experiment gave evidence of a possible biphasic
response—thus, the many repeat experiments conducted to reach a clear outcome to
the studies. However, when the data are rearranged in order of increasing concurrent
control uterine weight (Table 2), it becomes clear that BPA gives positive responses
when the control weights are low and negative when they are high. In fact, the control
values within these eight studies are within an acceptable range, so, formally, all of
the responses are of equal biological weight. These observations raise the question of
whether the sensitivity of the assay is directly related to the control uterine weights;
however, there is no apparent wayv to regulate these control weights because they
are not obviously related to the initial body weights of the test animals (Figure 10).
These data therefore echo the mouse prostate data discussed earlier in so much as
they suggest the following: some low-dose effects may only be discernable when the
parameter under study is at the lower end of the acceptable control range observed
between and within experiments.

A Possible Example of Hormesis for Finasteride?

The Hershberger castrated male rat assav (Hershberger ef al, 1953; Ashby and
Lefevre, 2000) is currently the primary rodent assav for the detection of antian-
drogens. The data derived from this assay, and the method of data presentation,
are shown in Figure 11 (based on Ashiby and Lefevre, 2000; and unpublished data,
2003). Finasteride is an inhibitor of tlie enzsme that converts westosterone to di-
hydrotestosterone (ba-reductase), the agent being required for the growth of the
androgen-dependent tissues evaluated in the Hershberger assav. The data shown
in Figure 12 represent a composite of three experiments conducted on finasteride,
each experiment probing lower doses than in the previous experiment. Only the
prostate gland is shown, but all of the tissues were scnsitive to the antiandrogenic
effects of finasteride at doses above 8 ug/kg. At first sight, these data support the
existence of a classic inverted-U hormetic dose response induced by finasteride in
the prostate gland. However, when the individual experiments are separated and
expressed in terms of absolute prostate weight, the picture becomes more clouded
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Figure 11. Tissue weights at termination of the Hershberger assay (FLU = flutamide;
TP = testosterone propionate; C=Cowpers gland, SV=seminal vesicles;
P = prostate; GP = glans penis; and LA/BC is the levator ani/bulbocavernosus
muscle. Tissue weights for intact animals at the end of the experiment are shown,
together with those for castrated rats, and castrated rats exposed for 10 days to
TP. An antiandrogen such as FLU reduces the TP-induced tissue growth. Data
are expressed as % TP control.

(Figure 13). The only statistically significant increase in prostate weight occurred in
the second of the three experiments, and that response was similar to the control
prostate weight in the first of the three experiments. As with all of the examples
discussed, further experimentation will be required to determine with confidence
whether or not a hormetic effect has been established in this case. The particular
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Figure 12. Hershberger assay data of finasteride showing only prostate weight data (ex-
pressed as % control; see Figure 11; Ashby e al,, unpublished 2003).
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Figure 13. Absolute prostate weights in Hershberger assays on finasteride based on
Figure 12; Ashby ef al., unpublished 2003).

danger is that reporting the second experiment in isolation would have added,
perhaps spuriously, to the literature of hormesis. This example illustrates the cur-
rent need to evaluate how historical control data should influence interpretation of
chemical ED test data.

CONCLUSIONS

The possible induction of hormetic/low-dose effects in the field ED represents
an interesting and potentially important area of study. However, experience to date
indicates that progress will only be made when greater attention is paid to the confir-
mation of effects before they are reported in tlhe literature, coupled with acquisition
of control databases for the parameters under study linked 10 an understanding of
the experimental influences that affect control variability.
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