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Resolution of dose-response toxicity data for chemicals requiring
metabolic activation: Example - vinyl chloride. Gehring, P. J.
Watanabe, P. G. and Park, C. N. (1977). Toxicol. Appl. Pharmacol. .

, -~ . The toxicity of many chemicals results from biotrans-

— e —

formation products formed from the chemical rather than from the
.chemical per se. In such cases, the incremental response may
become diminishingly smaller with increasing dose or exposure
because activation of the chemical to the toxic form follows
ajepertent Michaedju-Menten rather than dbpdrunt first-order

kinetics.

To 11lusntrate Lhis concept, rats were cexpooed to conccntréticns
ranging from 1.4 to 4600 ppm vinyl chloride for 6 hours and the
total amount metabolized determined. The amount metabolized
followed apparent Michaelis-Menten kinetics. For rats, the
logarithmic probability incidence of angiosarcoma versus the
amount of vinyl chloride metabolized rather than the exposure
concentration of vinyl chloride is linear. Assuming no
threshold inspite of evidence to the contrary, extrapolation

of the data below the range of doses causing experimentally
obLnervable recponses predicted an incidence of 0.01% hepatic
angiosarcoma in rats exposced to 4.6 ppm vinyl chloride.
Theoretical extention of the extrapolaéion to humans after
adjusting for metabolic and body mass differences was under-

taken. The theoretical extrapolation for man exposed daily

for 8 hours to 1 ppm suggests an incidence of 1.5 per

—

100,000,000. This theoretical incidence, although a likely
-
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overestimate because of a less than predicted inéidence in men
exposed to 200 ppm and greater as well as evidence for a
threshold in rats, is less than that expected to occur spontane-
ously. The concepts evolved from this analysis reveals why
pharmacokinetics must be considered in designing toxicology

experiments as well as in interpretation of the resulting data.
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There exists a great deal of uncertainty in predicting the
potential response of exposure to chemicals at concentra-
tions below those producing an experimeﬁtally discernible
response. This 1is particularly true when the response to
the chemical in question is oncogenesis. Statistical
projections recommended for assessing the risk of exposure
té doses of oncogenic chemicals lower than those producing
an observable response include those based on logarithm
probability curves (probit curvee), logistic cucves or
linear curves (one-hit curves), (FDA Advisory Committee on
Protocols for Safety Evalcation, 1971). One of the most
commonly used statistical prcjections for risk assessment
has been that promoted by Mantel and Bryan (1961) in which
a logarithm probability projection with a slope of one is
utilized. A flaw innate to all of these methods is that
the dose-response information used to make the projection
is based on the dose of chemical administered to the animal
rather than the gquantity of the administered dose giving
rise to the response; the latter may either increase or

decrease disproportionately as the administered dose is

increased.

The ucse of high doses to reveal the chronic toxicity incurred

with exposure to a chemical is a common, scientifically
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defensible practicé if judgment and scientific rationale are
used in designing the experiments and in assessing the
resulting data. However, such doses overwhelm frequently the
enzymatic processes for activation of the chemical to the
toxic form or for deactivation of the toxic form to an
innocuous form. In this paper, it is demonstgated how the
dose-dependent activation of vinyl chloride to an oncogenic
product must be considered in resolving the dose-résponse

of rats exposed via inhalation to vinyl chloride.’
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Material.

. . 14 . T o a 14
Vinyl chloride (~ C-labeled) w2z svnthesized from (1,2-"7C)
1,2-dichloroethane {(New Englard Muclear, Lots #819-221 and
819-292, 5.0 and 4.8 mCi/rmmole, respectively) directly prior

to use (Wagner et al., 1975). HNon-labeled VC (Matheson

14

Gas Products) of 99.9% puritv was mixed with the C-material

to obtain the desired spenifiic zctivity.

Animals.
Male, Sprague-Dawley rats (Szartzn Research Laboratory)

weighing 200-250 g were used thrcughout the study. Food and

3

water were provided acé libitun except during the expcsure.

Exposures were conductad bectweszn $:00 a.m. and 3:00 p.m. (EST).
Groups of 3-6 rats were e:iposel to various concentrations of

14C-VC for 6 hours.

Exposure and Procedure.

The rats were exposed by inhalation under dynamic conditions
in a 30 2 glass inhalation zhamber. The mean analyfical
concentrations of VC measurcil v gas chromatograph} were
1.4+0.3 (sD), 9.3:0.2, 24.7=z1.4, 512, 10923, 2502, 51111,
1620+13, and 4600#311 pnm. Dotails of this exposure and

thy rrthod of analvtical ‘izterminazians have been reported

s {(Watanabe o2t al., ViTT7ca).  Immediately following
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the 6-hour excosure to various concentrations of 14C—VC

(1.4-4600 ppm) the rats were killed by a blow to the heagd,

and the carcass was analyzed for total radioactivity
(Watanabe, et al., 1976b). Previous studies have shown that
only a sm#ll percentage of radioactivity (<12%) is excreted as
metakolites other than 14C—VC during 72 hrs fbllowing a 6 hr
inhalation exposure (Watanabe et al., 1976a). The large
proportion of the 122 is comprised of 14C02 erxcretion 72 hrs
af ter oo, b thers e, very Jittle urine is excreted
during the exposure pericd. Thus, the non-volatile radio-
activity determined immeciately after exposure in the

tissue and carcass 1is a good estimate of the total amount

of metabolized VC.
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Consistent with the rasults of uvrevicus studies (Watanabe

ct

1., 13764 and 19740), the wotabo)iom of VO by rats does

&

not inecreasn proportionately with increasing concentrations

ot VO Ledneyg inhaled (Pabde 1) The nonlineea ity ot the amount
of VC metabolized during 6 hou}s of exposure to various
concentrations of VC éppeared to bhe in accordance with

Michaelis-Menten kincticz as dascrined bv the a2cuation:

Vs
3, = = -
’ K+ S (1)
&l

In this equation, v and V_, arz tha velocity and maximum

ol
velocity respvectively for the biotransiormation of VC

expressed as pg eguivalents VC metabolized per 6 hours.

b

S and Km are the concentration eor VC being inhaled and the

3523¢ as ug VC/C air, resnectively.

1)

Michaelis constant expr

To ascertain whether Michaclis-Menten RKinetics were apnlicable,
the data in Table 1 were analvzad in accordance with the

Vinear Vi) C-iovgantinoen oy stoe transformation of the

Michaelis-Menten caquatioca (Cegel, L5067,

vr
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It can be seen from the niot (Fig, 1) that the data appear

to lie along a straight line thus verifvina, at least
visually, the Michaelis-llenton aodel. v, and K, can be
estimated by the ordinate intercant and the slope of the line
or they can be estimated directlv by £itting the nonlinear
Michaelis-Menten model. Both procedures yiela similar
parameter estimates. The estinates derived by fitting the

model directly are 8558x.147 (8) pg VC metabolized and

1=

860%159 (SD) ug VC/2 air for Vﬂ and ¥_ rasnectively.

Once a means is obtained to calculate the amount of VC
metabolized by rats as a function of exposure, it is then
possible to relate the untoward effects associated with VC
exposure to the amount biotransicormed rather than the

exposure concentration of VC per se incurred bv rats exnosed

to VC.

Maltoni and Lefemine (1975) reported the incidence of hepatic

angiosarcoma in rats exposed to different concentrations of

LA

VC, 4 hours/day, 5 davs/weck for 12 menths and subsequently
held frr chocrvation until d2z:h (Tenle 2) . Before attemnting
to relate these data to the anocunt of VC biotransformed in

accordance with the Michaelis-Menten equation using the

previcusly determined values &7 Vo arnd Km’ the value for vm

(93

{r
1)
1]

nr2 duration used by

1)

must be adjusted for the sher

@r oxNr
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Malteond aned Leelecvine, A oo versus 6 lvpars, Thin adjust-
ment 1o acoeots b rahedd by bbby ing Vm bv a/¢. ‘rhus, the
amount of VC biotransformed deilv by rats exnosed to the
various concentrations used in the experiment of Maltoni

and Lefemine can be calculated from the eguaticn:

vg VC ug
v = 5706 (Z*E?—J . S(z ) (3)
wa ua
860 (2._-) + S(—f

The resulting values for v are given in Table 2.

o
Figure ZAdepicts a logarithm probability plot (probit plot)
of the incidence of hepatic anglosarcoma observed in rats
by Maltoni and Lefemine (1975) versus the amount of VC
biotransformed for 4 hours of exposure, v, or the exposure
concentration, S. The incidence of hepatic angiosarcoma in
rats 1s linear with respsct to log v but not log S. The line
drawn for log v versus tunor incidence (Figure 2) was deter-
wigeed by using o taobi b reqression analvsis nrogron, and the
cuuation relating the incidence of hepatic anglosarcoma to

log v was:

probit response = -1.625 + 1,543 log v (1)
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Using the foregoing equation, a projection below the levels
of exposure producing an experimentally discernible response
has been made (dashed line). ZAssuming no threshold for the
induction of angiosarcoma in rats exposed to VC, the exposure
concentration prodhcing one angiosarcoma in 10,000 rats can
be calculated. The probit percent representing an incidence
of 0.01% is 1.28. SuSstitution of this value into the

equation (4) yields:

log v = 1.8827

76.33 g VC metabolizeid/4 hours

<
!

Using equation 3, the concentration of exposure to VC

needed to give this value for v is 11.66 pg/% or 4.6 ppm
(approximate 95% confidence limits obtained by substituting
the upper and lower 95% confidence limits for v in equation
3 and solving for S are 0.03-8.7 ppm). Hence, exnosure of
rats to 4.6 ppm VC for 4 hours daily, 5 days/week for 1 year
can be expected to prcduce one angiosarcoma per 10,000 rats
if the dose-responss curve remains valid at exposures less

than those producina a discernible experimental response.
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DISCUSSION

For many chemicals, toxicity may not be a function of
exposure to the chemical per se, but rather to a biotrans-
formation product of the chemical. Fregquently, p:oduqtion

of a toxic.metabolite is dependent upon'enzymétiéally
mediated reactions which are classically described by
Michaelis-Menten kinetics. Since enzymatically mediated
reactions are concentration-depvendent and saturable, toxicity
resulting from exposures to chemicals requiring activation

to a toxic form cannot be related di;ectly'to the magnitude
of exposure or dose. In such a case, it is necessary to
determine the amount of the chemical undergoing biotrans-
formation as a function of dose or exposure before a meaning-

ful dose-response relationship can be established.

There is considerable evidence that vinyl chloride recuires
bioactivation to produce tumors. Metabolic activation
is required to induce mutations in bacteria exposed to VC

(Bartsch t al., 1975; Malavielle et al., 1975; Rannug

o .14, . '
v oal., 1974, Covalont Lindineg of C to hnpatie macro-

p—

.. ].
coleccutes o rats (Uatanane ot al., 1977) caposed to I(_'—-‘JC

also requires bioactivation. Covalent binding of electro-

philes to bis bas been associated with tumorigenesis.
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For vinyl chloride-induced hepatic angiosarcoma in rats, a
logarithmic probability plot (probit plot) of the incidence
versus the amounrt of vinyl chloride metabolized, v, over a
rangc of exposures from 56 to 10,000 ppm VC gives a classical
sh it Vine, Vige Zea. Chee done-responge retationship is
not a straight line when plotted as a function of the exposure
concoentration, O (Fig. Zb) . hene results cupport further the
coepeterion thet, VO reendiren hiotransformalion Lo an active
I N N R T R LY SN TR TR R SR L P F O LA ORI R [T O S SR o SV SRS T I E VR NP
evaluation of tnhe dose-response data for vinyl chloride

induced tumorigenesis reguires knowledge of the amount of VC

activated as a function of exposure.

After arbitrarilv excluding data acquired from rats exposed

to concentrations of VC exceeding 500 ppm in the experiment

of Maltoni and Lefemine (1975), Schneiderman et al (1975)
extrapolated the remainirg data to predict an incidence of
0.01% hepatic angicsarcoma in rats exposed to 1 ppm VC.

This number is reasonably close to our prediction of 4.6 ppm
vC for the same incidencc. If Schneiderman et al bhad used
all of the data, a dose-response curve with an unrealistically
shallew slope would have resulted and the predicted level

cancing 0.0, hepatic angiosarcona wonld have bheen much

siializr, on the order of 0.00001 opm.
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The concepts developed hercin allow use of all of the data
ferecaentoel by M beany b TeSoangge ()97 ) Vo enapntraet o e -
reuponLe curve onoa o scientitically defennible basis.,  Assuming
that the resulting dose-response curve can be projected beyond
the: rangce of the cxzpoerimertelly discernible responses, the
vzposure coneentration recaired to produce an incidence of

0.01% hepatic angiosarcomi in rats is 4.6 pum.
127

Aside from interpreting toxicity data for chemicals requiring
activation to a toxic form, there are some practical implica-
tions of the concepts presented herein for designing experi-
ments to assess the toxicity, including carcinogenicity, of
such chemicals. For these chemicals, increasing the concen-
tration above the apparent K_ will produce diminishingly
smaller increments in the responsé; no increase in the
response is to be expected when the exposure concentration

is 2 or 3 times K - Since total dose is a function of
exposure time as well as concentration, it is important to
determine the effect of exposure time on the response. Aas
shown in Equation 3, the only pafameter influencefby

exposure time 1is Vm’ which 1s increased linearly with time.
Therefore, after the concentration to which the animals are
eruvosed becomes 2 to 3 tines Km’ the amount metabolized, v,

:

b1 dnerease i arty wich o rncreasineg cexponire vtine, Vor

/



this reason, the gradaticn of incidence of angiosarcoma in
rats exposed to high corncantrations of VC will become a
function of exposure time rather than concentration. This
reasoning makes it imperative that the duration of exposure
at well as cxposurce concentration be censidered in evaluating
Lhe reoults ofF epydcaiolnyical studins of people exposed to

hovojh o mbral i b /0 g Lhe vk cnerionoaunen

Halen e ey denendlonts, Michacl o -Menten Lype pharmaco-
kinetic parameters are resolved prior to designing the

experiment, the results may be robbed of much of their value for
characterizing the dose-response function for the untoward effects
observed. Thus, the currant approach using the maximum tolerated
dose as defined presently and fractions thereof, may be scientifi-
cally unsound if the objective is to assess the potential

toxicity of exposure to mich lower doses or exposures.

For some chemicals detoxification of the chemical per se
or recactive metabolites formed from the chemical may also
be dose-dependent and satarable leading to a build-up of
torxic materials. In such cases, the incremental responses
to increasing doses dr exrosures will become dispropor-

ticat ey darsger rather Com smaller (fee Gohring and Blaa,

1) .
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In the foregoing analysic of the dose-response data for the
induction of angiosarcome: in the rat, no threshold for the

response was assumed. Ac indicated, extrapolation below the
range of doses resulting in an observable response may over-
estimate the response in rats because there is evidencs that
detoxification of recactive mctabolites of VC may occur more

r,.-.‘_fi’:it;nt]y Voo raln ez, te c:onf:r:r:t_rm.iun;'; of VC below 50

(Vatanabe b al o762y . Tndead, further analyveis of
! 7

[]o50
the data reported by Maltonl and Lefcaine (1975) also provides

an indication of a practical threshold. JTn a subsecquernt
proesentation of thene dal o, 1L was revealoed that toce latenocy

for the develoosment of hevatic angiosarcoma was respectiVely

64, 70, 78, 81, 79 and 135 weeks for rats exposed to 10,000,
6,000, 2,500, 500, 250 and 50 ppm VC (Maltoni, 1975). These
results indicate that at some low levels of exposure the time
required for induction mav exceed considerabl& the life

expectancy for rats. Th:s is consistent with the work of

others suggesting that multiples of a lifetime may be required

for expression of cancer 1in response tc low doses of a carcinogen
(Druckrey, 1967 and Albert and Altshuler, 1973). Thus, extrapola-
tion of the data obtained for rats below the range of exposures
caucing a discoernible response may be expected to overestimatn

the projected incidence.

DTH 00001744%
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The ultimate objective of a toxicological study is to
develop data which can be used to assess the potential risk
for man. It is worthwhile to utilize the concepts pressn+ted
herein to achieve this objective realizing fully that such
extraﬁolation is fraught with uncertainties. The basic

assumptions made are:

1) Induction of angiosarcoma 1is related to the amount of

reactive metabolite of VC per unit of mass.

2) Exposure of rats for 12 months aprroximates exposure

of workers for their working life.

3) There is no threshold for the induction of angiosarcoma
in either rats or man which likely overestimates the

assumption of risk as discussed above.

4) The efficiency of the metabolic processes involved in
the conversion of VC to the reactive form is propor-
tional to the body surface area. Since data for the
biotransformation of VC by man are not availabkle, the
most logical basis for translation of the animal data

to man would seem to be on the basis of body surface

arecea.
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Tre last assumption deserves comment. There are considerable
data in the literature shcwing that metabolism in general and
other physiological paramecters as well are relatable directly
to the surface arca of thec body (see Schmidt-Nielsen, 1970
and Pinkel, 1958). lFor this reason, administration of biolo-
gically active chemizals to variocus species frequently gives
an i rabent pecipeancae e thee dezpae o adiminintered in
proportion to the surfacc area of the body, that is dose per
ivare o meter oof bedy s tooo (ke 1OSE) 0 This relation=
ship is gaining recognition in estimating the ris! incurred by
man from exposure tc chemicals in the environment (Committee
on Safe Drinking VWater, National Research Council, 1977). 1In
utilizing this relationship it must, however, be recognized
that the original relatiorshio was developed for biologically
active agents. Since metabolism and other physiological
processes involved in detoxification are more active in
smaller animals, the dose of a biologically active chemical
cer unit of mass reguired to produce a given effect increases
as the body mass decreases, while the dose per unit surface
arca remains relatciwvely constant.  However, for a chemical
peralring activation to the biologically active toxic form,

trme total amount transformed will be roughly nroportional

to the bodv surface area. Since toxicity is a function of

Co cemcontration of the wctive form in tinsue, this total
D v S ot e e o) Lzt Yo imann Lo

. Yoo tee an e bont TP
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Using aforementioned rationale, the maximum velocity, Vm’ for

a 70 kg man can be estimated by calculation using the Vm value

obtained for a 0.250 kg rat. The Vm of man for VC will be :

1.85 sam

0.045 =g m

Vm ({man) = Vm {(rat) (

0Oy
- 1.85 sam
. . [ g ! e —— =
Vm {(man) = (8558 ng,’6 hr)(0.045 55 m) 351829 ug/6 hr
wivore Ui valucs boo, and D045 Ly arve the body surfac

arcas of a 70 kg man and a 0.250 kg rat, respectively
(Pinkel, 1938). For an 3 hour exposure, the value is
469165 ug/8 hr. 1In order to use this number to theoreti-
cally estimate the response in man using data collected in
rats, the Vm for man must be adjusted to a mass eqguivalent
to that of rats since tcoxicity is a function of concentration
in tissue.  To do thie the nunboer is divided by 70 kg/0.25 kg

Gr Z2uG. The renualting bm for man on o mass eyguivalent basis

to that of rats is 1675 ug/8 hr. Using this value, the amount

of VC transformed to a reactive form by man on a mass eguiva-

P

lent basis to rat is given by the eguation:

1675 vg/8 hr . S ua/t
360 wg/~ + S ug/«

V ug/8 hr =

DTH 000017445
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Using this equation, the amocunt of VC transformed by man on

a mass eqguivalent basis to rats was calculated as a furnction

of exposure concentratiorn ard the expected incidence of angio-

sarcoma estimated from ecuation 4 (Table 3)

For men exposed to greater than 200 ppm VC, the incidence

of angiosarcoma has been reported to be 0.02%

(Fox and

Collier, 1977). Hence, the theoretical calculated incidence

using data from rats exceeds that currently detected by

approximately 50 fold. 1This may indicate that people are

less sensitive than rats to the induction of angiosarcoma

or it may indicate that a practical threshold for the .

.. . . o o L .
induaction of anvincarcocra hed beoon atbalned.
J

wilhy Lhan latter posaabidity s that Voon o
basis to rats for men cxroscd to 200 ppm is

Vi below Lhat Tor ot cxgned to L0 pom.,

Concistent

Imess caulvaloent

6

25. This number

AsoLndieot ed

previously, angiosarcoma dbuoerved 1n rats exposed to 50 ppm

occurred only in a rat that lived 135 weeks

(Maltoni 1975).

Further, this rat did not die as a result of thz angiosarcoma

but was killed. Thus, as indicated previously, projection of

the data collected in rats kelow the range of exposures producing

an observable responsc mav overcestimate the incidence.
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Inspite of the likelihood cf cverestimating the incidence of
angiosarcoma in rats or man, the incidence predicted for
people exposed to 1 ppm, the current OSHA (Occupational
Safety and Health Act) standard, is very small (1.5 per 100
million}). This value which 1s likely an overestimate is
bLe:leya the czpected incidence of cponlanceous angiosarcoma
reported to he 20 to 725 oo in the U.5. annually (Makk,
et él, 1976) .

In summary, it has been demonstrated that the incidence of
VC induced angiosarcoma in rats is relatable not to the
ezt ot don of e e bt vathey o the amount of VO
Lilotransformed. PBirotranstformation of VC by rots is a dose-
dependent process characterized by Michaelis-Menten type
kinetics. The concepts evolved from this analysis reveals
why pharmacokinetics must be considered in designing
toxicology experiments as well as in interpretation of the
resulting data. Having characterized the dose-response for
induction:gngiosarcoma in rats as a function of the amount
of VC biotransformed, a tlcoretical estimate of the incidence
expected to occur in exposed men was undertcken using the
dnta collected in rats. For daily 8 hr exposures to 1 ppm,

tiee tredictod jpcidence i 1.5 in 100,000,000 which 15 less

than chat expected to occur spontancously. This predicted
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incidence is likely an over-estimate of that which will occur
as a result of exposure to 1 ppm because there is some
evidence for at least a practical threshold in both rats and
man. There are no illusicns that this estimate by extrapo-
lation of data outside the range of doses causing experi-
megtally observable responses and subsequently to man is
without flaws. However, the rationale used represents a

new approach which utilizes more logic than methods emploved

currently for such extrapclation.
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LEGENDS

Figure 1. Mctabolism of vinyl)l chloride analyuzed in accordance
with the wOolf—Augustinson—uofstec linearized form
of the Michaclio-Menton cquation.  Values of v oand
v/S were taker from Table 1. The line was fit by
1incor regression analysic.,  The eorrelation

cocificient, F, was 0.88.

Figure 2. (a) Metabolisr of vinvl chloride expressed as log v

(ug VC metabolized
4 hr

hepatic angiosarcoma (probability scale). (b)

) versus percent incidence of

Exposure concentration expressed as log S (ppm)
versus the percent incidence of hepatic angio-
sarcoma. The probit equivalents of the vercent
incidence are shown on the right hand ordinant.

The solid line is the best fit for experimentally
observed responses while the dashed line represents
extrapolation below those doses vroducing an

observable respons2 assuming no threshold.
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Concentration
(ocm VC)

Parameters for Describing the Metabolism of Inhaled

Vinyl Chloride

Exposure

(VC) Using Michaelis-Menten Kinetics

TABLE 1

ug VC met’abolizedb

1.4

9

511
1020

4600

a

b

Cc

1 opm VC

Determined from the total radioactivity in the carcass

Mean * standard deviation

2.56 pug VC/% air

(pg VC/2 air) 6 hr

3.6 30+3°

23.0 242i26

61.0 557142

133.6 1181+93
273.0 24061173
647.0 3826+345
1303.2 6263+355
2611.2 4257+765
11775.90 9255+1467

_v/S

8.33
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