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Nffi'E TO THE READER 

Health Effects Institute 

THE SEPTEMBER 1985 REPORT 

ln July 1984, the Motor Vehicle Manufacturers Association 
(MVMA) requested that HEI undertake a review of existing 
data on the health effects of unburnt gasoline vapors. The 
MVMA asked that HEI evaluate the need, if any, fora research 
program designed to address major unresolved issues, espe~ 
cially in regard to the carcinogenicity of gasoline vapors. 
Because significant differences in interprctal ion of the avail
able scientific data appeared to exist between the U.S. Environ
mental Protection Agency (EPA) and the automotive industry, 
the HEI Board of Directors thought that this was the kind of 
problem for which HEI was established. The Board therefore 
accepted the request that I-lEI act as a neutral, independent 
third party, but asked that the EPA join industry in calling 
for HEI involvement. In Ff:bruary HlB5, the agency formally 
requested that I-lEI consider unburnt gasoline vapors among 
its research priorities. 

The Institute initiated its review of the existing toxicological 
literature on gasoline vapors by obtaining reviews from two 
private consulting firms. These reviews were discussed at a 
workshop held on May 16, 1985, and were subsequently 
revised on the basis of the reviewers' comments. The Health 
Review CommilteH had primary responsibility for prepara
tion and review of the 1985 gasoline vapor report. Dr. Robert 
Kavet prepared the report with the assistance of Dr. Arthur 
Upton, and Dr. I<tm Sexton. On September 3, 1985, H.EI's Board 
of Directors approved publication of the report ''Gasoline 
Vapor Exposure and Human Cancer: Evaluation of Existing 
Scientific Information and Recommendations for Future 
Research.'' 

-ffi 

THE JANUARY 1988 SUPPLEMENT 
-··--·--·--~--·------ ""'" --'" . -... '" - ·-- ---------·---·······~ ----- - "''" --.--· -

On August h), 19137, the EPA published a proposed regula
tory strategy to reduce hydrocarbon emissions from mobile 
sources by requiring (a) manuf~lcturers of gasoline-fueled 
vehicles to make changes in the design of existing refueling 
evaporative emission control systems (i.e., the on--board can
isters to catch gasoline vapors) (52 FederoJ Hegisfer :31162), 
and (b) gasoline refiners to reduce the volatility of commer
cial fuels (52 Federal Hegister :11274). In response to the pro
posed rulemaking, and at the suggestion of its sponsors, HEI 
decided to prepare a supplement to the 19H5 report that would 
summarize the significant research on the health effects of 
gasoline vapors that has been published since HEI issued its 
report in September 1985. 

The HEI Research Commit too and the Review Committee 
reviewed the initial draft of the 1BBB supplement and wore 
in favor of placing HEI's supplement, as well as the HEI 19B5 
report, into the public record.lt was decided that HEI should 
use the same mechanism that it used in producing the first 
document on gasoline vapors, i.e., the document would he 
prepared under the direction of the Institute's scientific com
mittees and be peer-reviewed. Since BEl's Review Commit
tee had primary responsibility for conducting the 1nB5 eval
uation and revim·v, it assumed the same responsibility for the 
1B8H update. 

Dr. Kathleen M. Nauss of HEI's scientific staff was respon
sible for preparing the supplement with the assistance of Dr. 
Arthur Upton and Dr. Rashid Shaikh. Dr. J{ohert Kavet (Envi
ronmental Research Information, Inc.) did some of the library 
research for this document and prepared an earlier draft. This 
draft was reviewed by three outside scientists with expertise 
in the fields of liver and kidney carcinogenesis. Ms. Shirley 
Roses edited the document. A revised draft was circulated to 
members of the Research and Review Committees who de
cided that the HJHB update should be considered as a supple
ment to HEI's original1H85 gasoline vapor report, and the two 
documents should be bound in a single volume. 
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FROM TH!l Hili BOARD OF 
J:llltllCTORS 

[n july 1984 the HE! industrial sponsors who are members of the 
Motor Vehicle Manufacturers Association asked the Health Effects 
Institute to "immediately undertake a review of the issue concerning 
potential adverse health effects from refueling vapor." EPA followed 
with a similar request in February 198:5 vdwn Dr. Bernard Goldstein, 
Assistant Administrator for Research and Development, asked HE! to 
"complete an examination of available and ongoing research on adverse 
health effects from exposure to gasoline vapors" and to "identify 
important gaps that should be addwssed." 

We accepted these requests for several reasons: 

m They are consistent with our continuing responsibility to assess the 
state of the science prior to our own research involvement; 

0! They fit squarely within the charter of HE!, i.e. "to conduct or 
support the conduct of, and to evaluate, research and testing relating 
to the health effects of emissions from motor vehicles, and to provide 
the results of such research and testing and evaluations to the public 
and interested governrnent agencies;" 

II! They spoke directly to former Administrator Ruckelshaus' hopes for 
HE!, that the "goal is simply to gain acceptance by all parties of the 
data that may be necessary for future regulations''. 

Enclosed is the report of the Institute's Health Review Committee, to 
which we gave primary responsibility for conducting the evaluation. 
This Committee is chaired by Dr. Robert I. Levy, Professor of Medicine 
at Columbia University and former Director of the National Hearl, Lung 
and Blood Institute of the National Institute of Health. Development of 
the report was led by a member of that Committee, Dr. Arthur Upton, 
Chairman of the Department of Environmental Medicine at New York 
University, and former Director of the National Cancer Institute. Tho 
report is unanimonsly endorsed by all members of the Health Review 
Committee, as well as by individual members of the HEI Health 
Research Committee, who were also asked to review the document. 

The report was shaped over the last nine months through a process 
that ensnred objectivity and impartiality. We commissioned indepen
dent technical reviews of the existing toxicology to ensure that our 
Committees wonld have the most current information and could 
understand the differing views of outside consultants. A workshop was 
held in May 1985 in Can:tbridge, at which all Committee members had 
the opportunity to review the toxicological and epidemiological data 
relevant to this issue. Independent external reviews were also obtained 
from outstanding scientists in both the United States and Canada. 
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After careful review, we endorse the findings of the report. The 
report fundamentally finds that current scientific information is 
sufficient to classify wholly vaporized gasoline vapors as animal 
carcinogens, according to accepted scientific standards. In the absence 
of evidence to the contrary, it might also be prudent to assume that 
vapors from wholly vaporized gasoline are human carcinogens. 

However, these vapors may be quite different from those to which 
consumers m workers are usually exposed. Accordingly, the 
unanimous scientific view is that the biological and exposure elements 
of the gasoline vapor problem are extremely complicated and, as yet, 
unresolved. Consequently, the usefulness of available animal and 
human data in helping to determine health risks is quite limited. 
Unburnt gasoline vapors may, upon further investigation, prove to 
present significant carcinogenic risks for humans. The evidence is not 
available to make that statement today. Significant additional research 
would have to be undertaken to understand important mechanisms of 
action. physiological differences between test animals and people and 
the extent and nature of exposures. 

Archibald Cox 
Chairman of the Board 

Donald Kennedy 
Member of the Board 

William 0. Baker 
Member of the Board 

September 3, 1985 



Preface 

THE HEALTH EFFECTS 
INSTITUTE AND ITS 
RESEARCH PROCESS 

lmlepemlence in Governance 

Research !'Ianning and 
l'mjec! Evaluation 

The Health Effects Institute is a uon-profit corporation which, 
according to its charter, is "organized and operated ... specifically to 
conduct or support the conduct of, and to evaluate, research and testing 
relating to the health effects of emissions from motor vehicles." 

It is organized to pursue this purpose in the following ways: 

HEI is structured to assure credible scientific investigation on the 
issues it selects. It is governed by a three-member board of directors 
whose members are William 0. Baker, Chairman Emeritus of Bell 
Laboratories and Chairman of the Board of Rockefeller University, 
Archibald Cox, Carl M. Loeb University Professor (Emeritus) at Harvard 
University, and Donald Kennedy, President of Stanford University. 
Professor Cox chairs the Board. These individuals, who select their own 
successors, were initially chosen by then Environmental Protection 
Agency Administrator Douglas M. Castle. The current Administration 
has reiterated its support of the Institution. 

The Institute is financed through a unique mechanism. It receives 
half of its funds from the United States government through the 
Environmental Protection Agency and half from the automotive 
industry. Twenty-four leading manufacturers of vehicles or engines 
that are certified for use on U.S. highways contribute to the Institute's 
budget in shares wbich are proportionate to the number of vehicles or 
engines they sell. 

HEI is structured to define, select, support and review research to 
promote the application of the best in scientific research and to better 
define the possible health effects of mobile source emissions. Its 
research program is devised and selected by the Health Research 
Committee, a multi-disciplinary group of scientists who are 
knowledgeable about the complex problems involved in determining 
the health effects of mobile source emissions. The Committee seeks 
advice from its sponsors, and from other sources prior to independently 
determining the research priorities of the Institute. 

After the Health Research Committee has defined an area of inquiry, 
the Institute announces to the scientific community that requests for 
application are available. Applications are reviewed first for scientific 
quality by an appropriate expert panel. They are then reviewed by the 
Health Research Committee both for quality and for relevance to the 
mission-oriented research program. Studies recommended by the 
Committee undergo final evaluation by the Board of Directors, which 
also reviews the procedures and assures the independence and quality 
of the selection process. 
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Special Reports 

When a study is completed. a draft final report is reviewed by a 
separate Health Review Committee, which has no role in the selection 
process. This group assesses the scientific quality of each study and 
evaluates the contribution of the research to unsolved scientific 
questions. The study is assigned about a year in advance of completi~Hl 
to a member of the Review Committee, who acts as "primary reviewer." 
When the report is received. the primary reviewer directs a peer review 
which involves: (1) the referral of the report to appropriate technical 
experts and. when appropriate. (2] the involvement of the Review 
Committee biostatistician, who reviews the report to determine 
whether the data support the conclusions. The primary reviewer then 
drafts a review which is examined by the full Review Committee, 
revised as necessary. and made available to the sponsors and to the 
public along with the final report after evaluation by the l3oard. All HE! 
investigators are urged to publish the results of their work in the peer 
reviewed literature. The timing and nature of 1-!EI Report release is and 
will be tailored to ensure that the Review Committee's report docs not 
interfere with the journal publication process. The report of the Review 
Committee will be as thorough as necessary to explain any individual 
report. Its nature and content may change from studv to study. 

From time to time, the Institute also undertakes reviews of science 
not directly funded by HE!. These reviews are geoerallv requested by 
the sponsors, but may also be done at the initiative of the Board. the 
Research Committee, or the Review Committee. in order to nwet their 
responsibilities under the bylaws. 

Primary assistance to the Health Revic\.v Committee in the 
development of this report was provided bv Dr. Robert I. Kavet and 
Dr. Ken Sexton. 



GASOLINE VAPOR EXPOSURE AND HUMAN CANCER 

All§'fRACf Gasoline vapors are released into the air at rnany points along the 
chain of fuel transfer operations that begins at the refinery and ends at 
the local service station. Recently, a two-year animal bioassay found 
increased kidney (or renal) tumors in male rats and increased liver 
tumors in female mice, following chronic expotiure to wholly vaporized 
unleaded gasoline. While these findings raise concerns about potentiHl 
human carcinogenicity, several key issues remain to be resolved before 
health risks, if any, from gasoline vapor exposure can be assessed 
accurately: 1) how does the experimental vapor composition compare 
to that typically experienced by humans; 2) to what degree are the 
effects observed in the two species applicable to humans; 3) what is the 
nature and magnitude of human exposure to . gasoline vapors in 
occupational and nonoccupational settings; and 4) how should relevant 
epidemiologic studies be interpreted. This report examines the 
scientific uncertainties surrounding the question of gasoline vapor 
carcinogenicity and points out specific areas where further research is 
needed to reduce those uncertainties. Discussions about whether 
mandatory controls should be implemented on the basis of the available 
estimates of public health risk are matters of policy, and as such, are 
outside the scope of this report. 

5 



Summary 

HEALTH EFFECfS 
INSTITUTE (HE!) 
INVOI.. VEMENT 

STATUTORY CONTEXT 

In july 1984, the EPA's Environmental Health Committee convened 
to consider the Agency's assessment of risk from exposure to gasoline 
vapors. At about the same time, HE! received a statement of concern 
from the Motor Vehicle Manufacturers Association (MVMA). with a 
request that HE! review the existing data base on the health effects of 
unburnt gasoline. HEI's Board of Directors agreed that such a review 
would be appropriate in this instance even though the HE! normally 
evaluates only its own research. The Board also asked that EPA support 
HE! involvement in this issue. In February 1985, the agency formally 
requested that HE! consider unburnt gasoline vapors among its research 
priorities. 

Gasoline vapor emtsswns occur along the chain of fuel transfer 
operations, which begin at the refinery and end at the local service 
station. Atmospheric emissions resulting from bulk loading and 
unloading of gasoline (i.e., from refinery to service station underground 
storage tanks) are referred to as "Stage I" emissions, and vapor recovery 
systems designed to limit airborne releases at these fuel transfer points 
are called "Stage I" controls. Gasoline vapor releases which occur at 
service stations during vehicle refueling are called "Stage II" emissions, 
and systems for the recovery of vapors at the pump nozzle are 
designated" Stage II" controls. Both Stage I and Stage II control systems 
transfer the vapors displaced from the receiving container back to the 
dispensing container and are generally known as "vapor balance" 
systems. In addition. installation of a carbon canister and fill-pipe seal 
on motor vehicles can be used to capture and absorb vapors that would 
otherwise be released during the refueling process. This approach to 
gasoline vapor recovery is known as "onboard control." 

Regulations that are currently in place to control gasoline vapor 
emissions focus on reducing non-methane hydrocarbon emissions that 
participate in ozone-generating reactions. Under Section 3(bi(I)(B) of 
the Clean Air Act, the EPA has promulgated two new source 
performance standards for volatile organic compounds (VOCs). One 
applies to emissions from loading operations at all bulk terminals 
constructed after December 1980. and the other, to storage tank 
emissions at new bulk terminals. EPA has also mandated VOC emission 
reductions in regions that have not attained primary ozone standards by 
requiring 90 percent control of Stage I emissions. 

A number of strategies are available to control vapor emissions in tbe 
gasoline marketing system. The exercise of recommending specific 
regulatory actions or optimal control strategies falls outside the 
purview of the Health Effects Institute. However, Appendix A, which 
briefly describes the available strategies, is included for the interested 
reader. 



EVALUATION OF THE 
HEALTH EFFECTS OF 
GASOLINE VAPORS 

Gasoline Composition: Liquid 
ano:l Vapors 

In june 1984, the EPA released a risk assessment that it conducted on 
exposure to unburnt unleaded gasoline vapor. The EPA's risk 
assessment relics heavily on a single two-year animal carcinogen 
bioassay (the PS-6 study) sponsored by the American Petroleum 
Institute (API). In the API study, Fischer :144 rats and 136C3F1 mice of 
both sexes were exposed to wholly vaporized unleaded gasoline for 
approximately two years. The major findings were increased kidney (or 
renal) tumors in male rats and increased liver turnors in female mice 
(Tables 1, 2, 3). 

The International Agency for Research on Cancer (!ARC) operatos 
under the auspices of the World Health Organization (WHO) and in 
1971 established a program to evaluate potential human cancer risks. 
As a Pilrt of this program, !ARC established criteria with which to 
classify the carcinogenicity of chemicals, groups of chemicals. 
industrial processes, or occupational exposures. These criteri<l 
(Appendix B) have generally gained wide acceptance. According to 
!ARC criteria, gasoline vapors, as generated in this study, are designated 
animal carcinogens and must be presumed to be human carcinogens in 
the absence of specific evidence to the contrary. 

Although the chronic study was well conducted, its relevance to 
human risk assessment is uncertain because a number of key issues are 
yet to be resolved. The issues center on 1) the vapor composition in the 
experiment as compared to ambient compositions and 2) the 
applicability to man of the animal models used in the bioassay. In 
addition to these unresolved questions, uncertainties remain regarding 
3) the magnitude and extent of human exposures to gasoline vapors in 
occupational and nonoccupational settings and 4) the interpretation of 
the epidemiologic studies currently available. 

This paper discusses these unresolved issues and places them in the 
context of the National Research Council's (NRC) framework for risk 
assessment. The NRC divides the risk assessment process into four 
steps: Hazard Identification, Dose-Response Assessment, Exposure 
Assessment, and Risk Characterization. The steps, though identified 
separately, are not mutually exclusive and are conceived as interactive. 

In the API chronic study, the gasoline was entirely vaporized for 
animal exposure, meaning that the inhaled mixture was identical to 
that in the liquid phase. This mixture is not representative of the 
evaporative mix found in ambient situations because of the differential 
volatility of the hydrocarbon compounds present in gasoline. Stated 
simply, gasoline is a complex mixture composed of a number of 
different hydrocarbons and other compounds. The larger hydrocarbon 
molecules are less volatile and will, therefore, be present in lower 
proportion in ambient vapors than in those generated in the API study. 

7 



Animal Models 

8 

This distinction is important because certain subsets of the higher 
molecular weight compounds are the ones that appear most likely to be 
responsible for toxic effects in the kidneys (nephrotoxicity) of male rats 
exposed to wholly vaporized gasoline. for example, branched alkanes 
with eight or more carbons are perhaps the compounds in gasoline that 
are most nephrotoxic in male rats. The proportion of wholly vaporized 
gasoline containing these compounds is roughly 20 times the 
proportion measured in ambient vapors. Thus, for kidney-related 
endpoints, upon which much of tbe issue focuses. experiments such as 
the chronic bioassay described may overstate the toxic potential in 
ambient environments. 

Problems remain concerning the applicabilitv of the experimental 
animal models to humans. 

Mice: The ll6C3Fl mouse strain used in the PS-6 study has a high 
spontaneous incidence of liver tumors. Furthermore, increased 
incidences of mouse liver tumors have been nokd following treatment 
with a broad variety of chemicals, many of them non-genotoxic. (The 
term genotoxic refers to a compound's ability to damage the genetic 
material in a cell. A substance's genotoxicity is often indicative of its 
potential carcinogenicity.) Such lability coupled to high spontaneous 
rates suggests that tumorigenesis in mouse livers may result 
non-specifically from factors that either stimtdate cellular proliferation 
or alter genetic expression. Some scientists belie\'e that increased 
numbers of liver tumors in mice such as those observed in tho PS-6 
study are minimall~' relevant to humans. Others. \\'hi!e recognizing that 
there may be differences in susceptibility to specific substances among 
species, regard the induction of liver tumors in mice as a warning of 
possible carcinogenic risk to humans. 

Rats: T'he uncertainties concerning kidney tumors in exposed 
Fischer 344 male rats arc more focused than those expressed in 
connection with mouse liver tumors. The difficulty with species 
extrapolation in this case lies primaril)' in the male rat's high 
susceptibility to hydrocarbon-induced renal toxicity. The toxic 
mechanisms have been postulated to involve a-2-f-lglobulin, a major 
urinary protein of the male rat. synthesized in the liver. This protein 
has not heen detected at comparable levels in other species. including 
humans, or in the female rat. One hypothesis suggests that. following 
hydrocarbon exposure, a-2-t<globulin accumulates in the kidney 
tubules of the male rat, thereby triggering the pathologic sequelae. 
These include extensive exposure-related damage to renal tubules and 
enhanced old rat nephropathy. (Old rat nephropathy is a degenerative 
condition that frequently occurs in aging rats.) The development of 
renal tumors may also be related to these sequelae. though this has not 



Exposure Assessment 

Epidemiology 

CONCLUSIONS 

been conclusively demonstrated. If it is true that the rat is, indeed, 
uniquely susceptible to renal effects from gasoline vapor, then the 
relevance to humans of the API study is diminished. 

In addition to these species-specific issues, a question remains aboul 
whether the exposure rate in chronic animal studies is relevant to 
humans who are typically exposed to gasoline vapor at the self-service 
pump for only minutes at a time. Also, studies to date on gasoline's 
genotoxicity are negative, suggesting that gasoline hydrocarbons may 
not be directly responsible for initiating carcinogenic processes. 
Finally, benzene, a constituent of the PS-6 blend and a carcinogen in 
humans and rodents, is not believed to have contributed to increased 
incidence of tumors in the PS-6 study. 

Gasoline vapor exposure assessment is an area of great interest and 
increasing activity. This increased focus is in recognition of the limited 
data base currently available and tbe need to fill existing gaps. The data 
accumulated thus far yield order-of-magnitude estimates on perhaps 
the largest sources of population exposures to gasoline vapors. namely 
refineries and gasoline stations. Ongoing and future work will enhance 
our understanding of temporal patterns of exposure and of the chemical 
species reaching the breathing zone; in addition, assessments should 
broaden to include other populations such as tank truck drivers and 
residents downwind of refining or marketing sources. 

Recent analyses of the epidemiologic literature related to petroleum 
operations concentrate on renal cancer. The available studies may 
weakly suggest but do not prove a cause~effoct association behvcen 
exposure to petroleum hydrocarbons and increased renal cancers. 

One of the major deficiencies of the epidemiologic literature relates 
to exposure assessment. Although occupational exposure data bases are 
only now being developed, it is likely that they will have limited value 
in assessing long-term retrospective health trends, since work practices 
have changed and ambient vapor concentrations arc probably lower 
than they used to be. Therefore, establishing exposure estimates for 
previous studies is difficult or not possible, and for most of the 
available studies, job description must serve as an uncertain surrogate 
for exposure. 

The information from the preceding section can be recast into the 
NRC criteria framework for risk assessment as follows: 

Hazani Identification 

Iii According to !ARC criteria, wholly vaporized unleaded gasoline is an 
animal carcinogen and a presumptive human carcinogen. However, 
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the vapor composition in the animal studies is significantly different 
from that of the ambient vapors to which humans are exposed. 

"" Tl.e specific constituents of gasoline responsible for carcinogenicity 
in animals remain to be identified. 

Ill! The epidemiologic literature, although weakly suggesting carcino
genic effects in petroleum workers in several studies, remains 
inconclusive in demonstrating carcinogenicity. 

"' Research to date on the genotoxicity of unleaded gasoline is negative. 
Thus, the carcinogenic effects of gasoline in animals may arise 
through alternate means such as promotion, a possibility thus far 
untested. 

"' Effects unrelated to cancer resulting from exposure to unleaded 
gasoline vapors at atnbient concentrations have not yet been 
thoroughly researched. At high concentrations, however, wholly 
vaporized unleaded gasoline causes nephrotoxicity in male rats. 

Dose .. response Assessment 

11M The key difficulty arises in quantitative extrapolation to humans 
from the mouse and rat animal models, each of which appears to 
have characteristics that render it a questionable surrogate for man. 
The mouse strain used in the PS-6 study is highly susceptible to tho 
induction of liver tumors. and thus may not appropriately represent 
the sensitivity of the general human population. The relevance of the 
male rat kidney tumor model is also questionable, since rats appear 
to metabolize hydrocarbons differently than do other species. 

WJ If the carcinogenic effects of gasoline vapors in animals are not due 
to tumor initiation, but instead to tumor promotion or cocarcinogen
esis, then the multistage model may not apply to the high/low dose 
extrapolation for gasoline vapors. 

oo Human exposure to gasoline vapor, such as may occur in the filling 
of fuel tanks, is typically sporadic and brief, whereas the exposure of 
laboratory animals in the experiments conducted to date has 
generally been sub-chronic or chronic. Such differences in the rate of 
exposure may importantly influence the dose to target tissues. 

Human Exposure Assessment 

"' The temporal and chemical characteristics of the exposures of 
various human sub-populations have not been well defined. 



!II The relevant data base is expanding, bnt the absence of historical 
exposure data complicates interpretation of the available epidemi
ologic literature. 

Summary of Concluding Statement 

The information needed for the adequate characterization of the risk 
to humans of ambient gasoline vapors is not available. The PS-6 study 
and others have shown that some components of gasoline can affect 
rodent species and increase cancer rates in rats and mice. In the absence 
of other evidence, therefore, the possible carcinogenicity of gasoline 
vapors to human beings cannot be dismissed. However, it is not 
possible to draw accurate conc1usions concerning the degree of human 
risk. 

11 
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In july 1984, the Motor Vehicle Manufacturers Association (MVMA) 
requested that HE! undertake a review of existing data on the health 
effects of unbumt gasoline vapors. The MVMA asked that HE! evaluate 
the need, if any, for a research program dc3igned to address major 
unresolved issues, especially in regard to the carcinogenicity of 
gasoline vapors. Because significant differences in interpretation of the 
available scientific data appeared to exist between the U.S. EPA and the 
automotive industry, the HE! Board of Directors thought that this was 
the kind of problem for which HE! was established. The Board therefore 
accepted the request that HE! act as a neutral, independent third party, 
but asked that EPA join industry in calling for HE! involvement. In 
February 1985, the agency formally requested that HE! consider 
unburnt gasoline vapors among its research priorities. 

Acting on recommendations from both the Health Research 
Committee and Health Review Committee, the Institute contracted with 
two private consulting firms (Battelle Pacific Northwest Laboratories 
and Environ Corporation) to provide reviews of the existing 
toxicological literature on gasoline vapors. Draft reports from these 
contractors were reviewed at a workshop held at the HE! offices on May 
16, 1985, and subsequently were revised on the basis of reviewer 
comments. In addition, HE! commissioned outside reviews of recent 
epidemiologic analyses which assessed the existing data on the 
association between occupational exposure to gasoline vapor and 
kidney cancer. 

Staff members of HE! met with the Health and Environment 
Subcommittee of the MVMA on june 12. 1985. to discuss results of the 
May 1985 workshop. On july 12, 1985, HE! staff members met with 
representatives of the U.S. EPA to discuss the specifics of the EPA 
gasoline vapor risk assessment and to review HE! activities on the 
gasoline vapor issue. The Health Review Committee reviewed the 
initial draft of this report on july 22, 1985, and subsequent drafts were 
circulated to members of both the Research and Review Committees. 
On August 27, 1985, the draft final report was transmitted to the Board 
by the Health Review Committee for approval. On September 3, 1985, 
the Board approved HE! publication of this report. 



Statutory Context 

Gasoline vapor emissions occur along the chain of fuel transfer 
operations, which begins at the refinery and ends at the local service 
station [Fig. 1 ). Atmospheric emissions resulting from bulk loading and 
unloading of gasoline (i.e., from refinery to service station underground 
storage tanks) arc referred to as "Stage I" emissions, and vapor recover}.' 
systems designed to limit airborne releases at these fuel transfer points 
are called "Stage I" controls. Gasoline vapor releases which occur at 
service stations during vehicle refueling are called "Stage II" emissions, 
and vapor recovery systems at the pump nozzle are designated "Stage 
II" controls. Both Stage I and Stage II control systems transfer the vapors 
displaced from the receiving container back to the dispensing 
container, and are generally known as "vapor balance" systems (Fig. 2). 
In addition, installation of a carbon canister and fill-pipe seal on motor 
vehicles can be used to capture and absorb vapors that would otherwise 
be released during the refueling process. This approach to gasoline 
vapor recovery is known as "onboard control" (Fig. :J). 

The EPA estimates that for non-occupational exposures, 80 percent 
of the potential gasoline vapor-induced cancers are expected to resnlt 
from exposure dnring self-service refueling, and, therefore, that Stage II 
emissions pose the predominant pnblic health risk (15). EPA and 
various states have already taken certain steps to control refueling 
emissions. Section 3[h)(1)[B) of the Clean Air Act. 42 U.S.C. 
§741l[b)(1)(B). requires the EPA Administrator to promulgate 
regulations establishing federal standards of performance for new 
sources of air pollutants. The Statute defines "standard of 
performance" as a standard "establishing allowable emission 
limitations," and provides that it "shall reflect the degree of emission 
limitation and the percentage reduction achievable through application 
of the best technological system of continuous emission reduction ... ". 
Pursuant to this authority, EPA has promulgated two new source 
performance standards for volatile organic compounds [VOC's). One 
standard applies to emissions from loading operations at all bulk 
terminals constructed after December 1980: the other, to storage tank 
emissions at new bulk terminals. In addition, EPA has promulgated for 
several air quality control regions regulations requiring 90 percent 
control of VOC's for Stage I emissions. [Requirements for control of 
Stage II emissions were also imposed, but in HJ77 were deferred 
indefinitely.) State VOC regulations control (i) storage tank emissions at 
existing bulk terminals, [iii loading operations at 70 percent of existing 
terminals, and (iii) loading operations at 50 percent of existing bulk 
plants and service station storage tanks. Despite the deferral of EPA 
requirements for Stage II controls, California and the District of 
Columbia require Stage II vapor balance systems for ozone control. 

13 
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Figure 1. Gasoline Marketing in the U.S. Adapted from: Evaluation of Air Pollution Hegulatory Strategies for Gosoline Marketing 
lnduslr_v. EPA--l50/3-84-012a, july 1B84. 
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Line of Undergtrouftd Tank 

Figure 2. Service Station Vapor Balance System. Adupled from: E\'flluotion of r\ir 
Pollution Hegulotory Strategies for Gosoline Morketing Jndustr.l'. 
EPA-450/3-84-012a. july 1984. 

A number of strategies are available to control vapor emissions in the 
gasoline marketing system. The exercise of recommending specific 
regulatory actions or optimal control strategies falls outside the 
purview of the Health Effects Institute. However, Appendix A, which 
identifies some of the available strategies, is included for the interested 
reader. 
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Evah.1ation of the Health Effects of Gasoline Vapors 

At issue is the level of human health risks associated with exposure 
to gasoline vapors. The following sections discuss our knowledge of 
gasoline vapor exposures and effects, and considers whether it is 
sufficient to support a valid risk characterization. 

Populations that are exposed to gasoline vapors include workers in 
refineries, at bulk terminals, and bulk plants; tank truck drivers; service 
station attendants; self-service customers; and residents of communi
ties located near fuel transfer operations. 

The EPA is currently considering whether potential health effects, 
primarily carcinogenic, warrant further implementation of gasoline 
vapor controls (i.e., Stage I. Stage II, onboard) (15). The impetus for 
EPA's concern comes primarily from the results of a single two-year 
animal carcinogen bioassay (the PS-6 study) sponsored by the 
American Petroleum Institute (API) (14). 

In the API chronic study (Appendix C). rats (Fischer 344) and mice 
(B6C3F1) of both sexes were exposed to wholly vaporized unleaded 
gasoline for approximately two years (31). Exposures were for 6 
hours/day, 5 days/week for the entire duration of the experiment. Four 
different concentrations were employed to test for a dose-response 
relationship: 0 ppm (control), 67 ppm, 292 ppm, and 2,05ti ppm. 
Animals were sacrificed for interim examination at 3, 6, 12, and 18 
months, and for final analyses at the termination of the experiment 
(Table 1). 

Table 1 
API Protocol Outline for 2-Year Inhalation Study on Gasoline 

Numbers of Test Animals* 

IRa is Mice 

Group ami Concentration M F M F 

Control 100 100 100 100 

0.30 mg!Liter (67 ppm) 100 100 100 100 

1.29 mg/Liter (292 ppm) 100 100 100 100 

9.15 rng/Liter (2,056 ppm) 100 100 100 100 

"Ten animals per sex and species were sacrificed for examination at 3. 6, 12. and Hl 
months of exposure. All animals surviving to 24 months of exposure were sacrificed 
for final analyses. 

Adapted from: "A Chronic Inhalation Study with Unleaded Gasoline Vapor" in f. 
Arn. College Tax. 3:231-240, 1984. 
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According to the investigators, "The most important findings in this 
chronic study are the early and progressive renal [or kidney] tubular 
disease seen in male rats in the first year, the advent and enhanced 
development of old rat nephropathy in the second year with a parallel 
appearance of certain preneoplastic changes, and the final appearance 
of primary renal neoplasms in the male rats [Table 2]." 

Table 2 
API Unleaded Gasoline Blend 2·Year 

Inhalation Toxicity Study Results 

Group and Concentration 

Control 

Low Dose (67 ppm) 
Carcinoma 

Mid Dose (292 ppm) 
Carcinoma 
Adenoma 
Sarcoma 

High Dose (2056 ppm) 
Carcinoma 
Adenoma 

Incidence of Kidney 
Tumors in Male Rats(•l 

49 

59 

56 

45 

#tumors 

0 

1 

2 
2 
1 

6 
1 

(aJ Diagnosed at termination or in those rnts that died after 18 months. One female in 
the mid dose group had a renal sarcoma. 

(b) Sample sizes from ref. 14. p. 5~65. 
Adapted from: "A Chronic Inhalation Study with Unleaded Gasoline Vapor" in f. 

Am. College Tax. 3:231-248, 1984. 

Also of interest was the occurrence of a renal sarcoma in a mid-dose 
female rat and three renal neoplasms in two high-dose female mice. In 
addition, the study reports a significant increase m hepatocellular 
carcinomas and adenomas in female mice (Table 3). The chronic 
exposure did not appear to increase mortality in either species, and the 
tumors were not immediately life-threatening (31). 



UNRESOLVED ISSUES 

Gasoline Composition: Liquid 
and Vapors 

Table 3 
API Unleaded Gasoline Blend 

2-Year Inhalation Toxicity Study Results 

Mice with Liver Tumors (%)(a) 

Group and Concentration 

Control 

Low Dose (67 ppm) 

Mid Dose [292 ppm) 

High Dose [2056 ppm) 

*p < .05 

(a) DiaRnosed from 18 months to final sacrifice 

M 

46 

36 

45 

44 

F 

14 

19 

21 

48* 

Adapted from: "A Chronic Inhalation Study with Unleaded Gasoline Vapor" in]. 
Am. College Tox. 3:231-248, 1984. 

The International Agency for Research on Cancer [!ARC) operates 
under the auspices of the World Health Organization [WHO) and in 
1971 established a program to evaluate potential human cancer risks. 
As a part of this program, !ARC established criteria with which to 
classify the carcinogenicity of chemicals, groups of chemicals, 
industrial processes, or occupational exposures. These critoria 
[Appendix B) have generally gained wide acceptance. According to 
!ARC criteria, the research suggests that gasoline vapors, ac generated in 
this study, are animal carcinogens and presumptive human 
carcinogens. 

Despite these designations and the fact that the chronic study was 
well conducted, a numher of key issues require resolution hefore the 
relevance of the animal results to man can be established and before the 
risks encountered in ambient human environments can be quantified 
with any confidence. The issues center on 1) the vapor composition in 
the experiment as compared to ambient compositions and 2) the 
applicability to man of the animal models used in the bioassay. In 
addition to these unresolved questions, uncertainties remain regarding 
3) the magnitude and extent of human exposures to gasoline vapors in 
occupational and nonoccupational settings and 4) the interpretation of 
the epidemiologic studies currently available. 

Motor vehicle gasoline is a complex mixture composed of a blend of 
various refinery streams [Fig. 4) and consists almost entirely of 
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Figure 4. Typical Fuel and Solvent Products Flow Plan. From: Advances in Modern 
Environmental Toxicology. Vol. VII Renal Effects of Petroleum Hydrocar
bons. (See Heference 11.} 

hydrocarbons: alkanes, alkenes, cycloalkanes, and aromatics (11). Trace 
amounts of sulfur-. oxygen~, nitrogen~. and metal~containing com~ 
pounds are also present. Gasolines are not formulated to chemical 
specification bnt rather to performance criteria, such as freedom from 
knock, qnick starting, fast warm-up, and combustibility. The fuel blend, 
termed PS-6, used in the API study and its hydrocarbon breakdown are 
described on pp. 243-247 of the appended paper (Appendix C). PS-6 is 
considered to be representative of motor vehicle fuels commercially 
marketed in the U.S., and contains benzene (1.7 volnme percent) but no 
lead, ethylene dibromide, or ethylene dichloride. 

In the API chronic study, also called the "PS-6 study", the gasoline 
was entirely vaporized for animal exposure, meaning that the inhaled 
mixture was essentially identical to that in the liquid phase. This 
mixture is not representative of the evaporative mix found in ambient 
situations because of the differential volatility of the hydrocarbon 
compounds present in gasoline. The larger hydrocarbon molecules are 
less volatile and will, therefore, be present in lower proportion in 
ambient vapors than in those generated in the API study. This point is 
reflected in Table 4, which lists the boiling points of selected gasoline 
compounds, and shows that volatility tends to be inversely related to 
molecular size. 



Table 4 
Boiling Points of Selected Componnds in Gasoline 

Carbon# 

C-4 

C-5 

C-6 

C-7 

C-B 

C-9 

C-6 

C-7 

C-8 

Alkanes 

Pt. ('F) 

n-butane 
i-butane 

n-pentane 
i-pentane 

n-hexane 
2,3-dimethylbutane 
2-methylpentane 
3-methylpentane 

n-heptane 
2,3-dimethylpentane 
2-methylhexane 
3-methylhexane 

n-octane 
2,2 ,4-trimethyl pentane 
2 ,2,3-trimethyl pentane 
2 ,3-dimethylhexane 

n-nonane 
2, 2,5-trimethy !hexane 
2 ,2,3-trimethylhexane 

benzene 

toluene 

a-xylene 
m-xylene 
p-xylene 

Aromatics 

Source: CRC Handbook of Chemistry and Physics 

Compot.md l:loiling 

31.1 
10.9 

96.9 
82.1 

156.1 
136.4 
140.5 
145.9 

209.2 
193.6 
194.0 
197.6 

258.2 
210.6 
230.0 
235.4 

303.4 
255.2 
269.1 

176.2 

231.1 

291.9 
282.4 
281.0 

------------·------·--·--··----

The differences in volatility are important because branched alkanes 
with 6 or more carbons (;;eC-6) appear to be the compounds most likely 
responsible for toxic effects in the kidneys (nephrotoxicity) of male rats 
exposed to wholly vaporized gasoline. (To date, hydrocarbon-induced 
renal pathology in male rats is the endpoint of most concern for health 
risk assessment.) Whereas liquid gasoline contains roughly 30-35 
volume percent branched alkanes with 6 carbons or more, the ambient 
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gasoline vapor phase contains less than 10% of these compounds (20, 
35, 38). Moreover, for this class of compounds (?<C-6 branched alkanes), 
the liquid phase is composed of approximately 25% C-6, 14% C-7, and 
60% ?-C-8 species; the vapor phase, in contrast, consists of 
approximately 66% C-6, 25% C-7 and 10% ?-C-8. Extending' this simple 
comparison, 100 ppm of wholly vaporized gasoline is composed of 
roughly 8 ppm C-6, 5 ppm C-7, and 20 ppm ?-C-8, whereas 100 ppm of 
ambient gasoline vapors consists of about 7 ppm C-6, 3 ppm C-7, and 1 
ppm ?-C-8. These facts raise significant questions about the relevance to 
human health of gasoline vapors used in the PS-6 study. 

Realistic hazard identification requires that compounds in mixtures 
be considered in terms of their relative toxicities and their relative 
concentrations in ambient environments. Experiments with wholly 
vaporized fuels do not accurately represent the gaseous hydrocarbon 
mixture likely to be encountered in the real world. For the 
kidney-related endpoints. upon which much of the concern focuses, 
such experiments may overstate the toxic potential of ambient 
environments. 

Problems concerning the applicability of the experimental animal 
models to humans compound the question discussed in the preceding 
section. In the PS-6 study, exposure to gasoline vapors increased liver 
turnors in female mice and renal tumors in male rats. Before 
considering factors related to individual species extrapolation, it 
should be borne in mind that the animals in the PS-6 study were 
exposed for 6 hours/day. 5 days/week. for approximately 2 years, in 
contrast to human exposures at the sclfMscrvicc gas pump, which occur 
typically once or twice weekly for a few minutes at a time. The 
difference in exposure rate is of potential importance when analyzing 
whether mechanisms of effects in chronically exposed animals are 
relevant to humans. If. for example, toxic or tumorigenic effects require 
prolonged exposure, as the rodents received experimentally, then the 
inference of risk to people whose exposure is usually intermittent or 
sporadic becomes questionable. 

Another issue that deserves attention is the presence of benzene in 
the PS-6 blend. Benzene is carcinogenic in humans as well as in both 
sexes of mice and rats. One may, therefore, question whether benzene 
contributed together with the other gasoline hydrocarbons to the 
increased tumor burden in exposed animals. However, the sex- and 
site-specificity for tumorigenesis in the PS-6 study arc not consistent 
with the findings of previous studies in which benzene was 
administered alone and in high doses. Findings from these studies 
indicate that benzene induces tumors at multiple sites in mice and rats 
of both sexes (39). There are no studies showing that benzene causes 
renal cancers, and the eviclence on liver tumorigenesis is ambiguous; a 



number of studies indicate increased incidence of liver tumors 
following benzene exposure (34, 50), while some report no such 
increase (17, 33, 47, 48, 49). The observations of increased incidence of 
liver tumors, therefore, are not consistent across studies, and 
furthermore, fail to sbow a dose-response relationship (39). By contrast, 
in the PS-6 study, increased numbers of tumors occurred in a 
dose-related manner and were restricted to single sites in female mice 
and male rats. If benzene was partially responsible for tumorigenesis in 
the PS-6 study, one would expect involvement beyond the female 
mouse liver and especially beyond the male rat kidney, which is an 
atypical site for a benzene effect. 

Extrapolation issues for 1nice and rats differ and arc considered 
separately: 

Mice: The B6C3Fl mouse strain used in the PS-6 study has a high 
spontaneous incidence of liver tumors. These rates are highly variable, 
and tend to be roughly 3-6 times higher in males (7-58%) than females 
(0-21%) (51, 57). Furthermore, increased incidences of mouse liver 
tumors have been studied following treatment with a broad variety of 
chemicals, many of them non-genotoxic (2, 56). (The term genotoxic 
refers to a compound's ability to damage the genetic material in a cell. 
A substance's genotoxicity is often indicative of its potential 
carcinogenicity.) Such lability coupled with high spontaneous rates 
suggests that tumorigenesis in mouse livers results non-specifically 
from factors that either stimulate cellular proliferation or alter genetic 
expression. One opinion holds that increased numbers of liver tuxnors 
in mice such as those observed in the PS-6 study are of questionable 
relevance to humans (40). Recently, Fox and Watanabe reported finding 
an active cellular oncogene from spontaneous B6C3Fl liver tumors; 
non-tumorous tissue failed to display such activity (16). The 
investigators concluded: "These results indicate that the B6C3Fl 
mouse is dissimilar to the genetically diverse human population in its 
ability to activate, with a very high frequency, a specific tumor 
associated oncogene." The late appearance of the liver tumors in the 
PS-6 study without any other signs of hepatotoxicity compounds the 
difficulty of extrapolating the mouse data to humans. It is also puzzling 
that the changes in incidence occurred only in the female mice, and 
brought the final incidence in the high-dose female group up to the 
level observed in the non-exposed males. 

Despite these problems interpretation of the mouse liver data, the 
potential relevance to humans of increased mouse liver tumorigenesis 
following gasoline vapor exposure cannot be completely overlooked. 
More needs to be known about hydrocarbon-induced carcinogenic 
processes in the mouse liver. 
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Ibis: The key pathological manifestations in rats from the PS-6 study 
are confined to male kidneys, and consist of the following series of 
events: progressive hydrocarbon-induced nephropathy, advanced old 
rat nephropathy, and tumorigenesis (Fig 5 ). 

Hydrocarbon-induced nephropathy originates in the proximal 
tubule, and in its chronic phase includes regenerative epithelium 
(indicative of repair processes), tubular dilatation with intratubular 
protein, and medullary mineralization (6, 55). Separate time course 
gavage studies demonstrate that hyaline droplet formation, the first sign 
of hydrocarbon-induced toxicity, appears within one day, peaks at 
three days, and remains elevated for at least four weeks (the longest 
duration examined in the gavage time-course studies). Within a week of 
hyaline droplet formation, cellular regeneration appears and in turn is 
followed within 2-3 weeks by tubnlar dilatation at the cortico
mednllary jnnction (20). 

"Old-rat nephropathy" is a condition which appears more 
commonly in the male and appears to be accelerated under the 
influence of hydrocarbon-induced nephropathy. It is a progressive 
glomerulonephrosis "characterized by interstitial fibrosis, thickening 
of tubular basement membranes, interstitial chronic inflammation, 
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Figure 5. Progression of Unleaded Gasoline-Induced Renal Lesions. Adapted from: 
Advonces in Modern Environmental Toxicology, Volume VII Renal Effects 
of Petroleum Hydrocarbons. (See Heference 55.) 



vascular thickening in the interlobular and afferent arterioles, 
glomerular hyalinization, and tubular atrophy, particularly in the P1 
[i.e., the initial portion of the] proximal tubules" (55). Old-rat 
nephropathy frequently complicates the assessment of other renal 
pathologies such as hydrocarbon--induced injur~'· but fortunately in the 
PS-6 study did not obscure the detection of preneoplastic changes, 
which included karyomegaly (enlarged nuclei), hyperplasia, and an 
early benign neoplasm. 

In tbe PS-6 study, primary renal tumors appeared in a total of 13 
males, none in the control group, 1 at 67 ppm, 5 at 292 ppm, and 7 at 
2,056 ppm. All of these tumors were observed after 1B months or at 
termination of the experiment. One female at 292 ppm also had a 
primary renal neoplasm. Sarnple sizes at tcrrnination were roughly 50 
rats per dose/sex group. The male tumors consisted of 3 adenomas, 9 
carcinomas, and 1 sarcoma: the female tumor was a sarcoma. 

Spontaneous rates for renal tumors in Fischer F344 rats are 
extremely low, usually well below 1% (3, 18). There is no doubt that 
chronic exposure to wholly vaporized PS-6 fuel caused the elevated 
renal tumor incidence seen in the PS-6 male rats. The major questions 
relate to 1) the rat as a species highly, if not uniquely, susceptible to the 
renal effects of hydrocarbons, 2) the components of gasoline 
responsible for renal effects, 3) the sequence of events and 
mechanisms leading to renal tumorigenesis, and 4) their relationship, if 
any, to the carcinogenic effects on the mouse liver. 

To date, all relevant evidence points to the male rat as unusually, if 
not uniquely, susceptible to the nephrotoxic effects of various 
hydrocarbons (Tables 5 & 6). Kuna and Ulrich studied rats and squirrel 
monkeys of both sexes exposed for 90 days (6 hr./day, 5 days/week) to 
1,552 and 384 ppm atomized unleaded gasoline and 374 and 103 ppm 
atomized leaded gasoline (26). Only male rats at the high dose of 
unleaded gasoline developed renal injury. The U.S. Air Force and U.S. 
Navy have studied rats, mice, hamsters, and dogs exposed to the vapors 
of synthetic jet fuels (5, 32). Although various toxic effects were found 
in these species, only the male rat displayed kidney effects, 
characterized by enhanced tumor incidence in the presence of 
degenerative injury. In motor vehicle gasolines, branched alkane 
compounds appear to be predominantly responsible for nephrotoxicity 
in male rats. This interpretation is also supported by subchronic 
inhalation experiments with rats exposed to different individual 
naphtha streams and by experiments gavaging rats with individual 
compounds, distillate cuts, or naphtha streams. The inhalation 
experiments, conducted by Standard of Indiana around the time of the 
PS-6 study, produced evidence highly suggestive of a structure-activity 
relationship (Appendix D); and the gavage experiments, conducted 
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Table 5 
A l'arlial Listing of Chemicals thai Affect I!J.e 

Male Ral Kidney in Biological Testing 

Chemical 

Vapors of Varnish Makers & 
Painters Naphtha 

Stoddard Solvent 

60 Solvent 

)P-5 Shale jet Fuel 

)P-4 jetFuel 

Methyl Isobutyl Ketone 

Species 
Tested 

Rats (male) 
Harlan 
Wistar 
Dogs 

Rats (male) 
Harlan 
Wistar 
Beagle Dogs 
(male) 

Rat (male) 

Dog (male) 

Rat 
(male/female) 

Dog 
(male/female) 

Mice (female) 

Rat 
(male/female) 

Dog 
(male/female) 

Mice (female) 

Rat (male) 

Dog (male) 

Monkey (male) 

Exposure 
Regimen 

Subchronic 
Inhalation 
Route 

Subchronic 
Inhalation 
Route 

Subchronic 
Inhalation 
Route 

Subchronic 
Inhalation 
Route 

Subchronic 
Inhalation 
Route 

Subchronic 
Inhalation 
Route 

Renal 
Injury 

+ 

+ 

+ 

+I-

+/-

-I-

+ 

Adapted from: Advances in Modern Environmental Toxicology, Vol. VII. Henal 
Effects of Petroleum Hydrocarbons. (See Heference 1.) 



Table 6 
Biological Testing of Decalin, a ll'mlolype 

V olatHe Hydrocarbon 

Species 
Tested 

Rat (male/female) 

Mice (female) 

Dog (male/female) 

Guinea pig (male/female) 

Mice (male) 

Renal 
Injury 

+I-

-1-

-1-

Adapted from: Advances in Modern Environmental Toxicology, Vol. VII, Henal 
Effects of Petroleum Hydrocarbons. (See Reference L) 

under API sponsorship as follow-on to the PS-6 study, allowed the 
analysis of compound-specific toxicity (19, 20). Briefly stated, the 
gavage studies show that the degree of branching within compounds is 
an important determinant of nephrotoxicity, perhaps more important 
than molecular size. Toxicity was observed only in branched alkanes 
with 6 or more carbons. 

Immediately following inhalation or gavage. hydrocarbons reaching 
the bloodstream probably distribute in the body in relation to the lipid 
content of tissue. Rodents and humans of both sexes are probably 
similar with respect to this early passive uptake stage. In the liver, 
hydrocarbons undergo important oxidative and possibly conjugative 
processes that increase the compounds' water solubility, and thus 
facilitate renal excretion. These metabolic-excretory pathways may 
have features unique to species and sex and of relevance to the issue at 
hand. Kloss et al. examined the disposition of radioactively-labeled 
2,2,4-trimethylpentane (TMP) given orally to male and female 
Fischer-344 rats (25). TMP is among the most nephrotoxic compounds 
in gasoline. Within 72 hours, no sex differences were seen in 
disposition of excreted label in expired air, urine, or feces. No 
differences in organ distribution of TMP appeared, with the exception 
of the kidneys which, in males, had 10 times as much label as female 
kidneys, the activity being associated with the renal cortex. 
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The genotoxicity studies conducted to date are negative for whole 
unleaded gasoline and TMP (9, 20, 27, 28, 29). The pathologic process 
in male rats leading from gasoline vapor exposure to neoplasia is not yet 
clear. The evidence collected to date implies, but does not prove, that 
pre-existing hydrocarbon nephropathy is a necessary condition for 
renal tumorigenesis and may be its proximal cause. Thus far, renal 
neoplasia has not been observed in the absence of hydrocarbon
induced injury. The emerging picture suggests that the relatively 
early-appearing damage/repair cycle in the proximal tubule may 
"promote" the development of kidney tumors. The potential influence 
of old rat nephropathy in this process is, thus far, unknown. 

The species/sex specificity of this mechanistic model may be linked 
to a circulating low-molecular weight (16,000-18,000 daltons) protein, 
a-2-fLglobulin, which is synthesized in the liver of mature rats and 
apparently participates in the initiation of renal injury following 
hydrocarbon exposure. The protein has not been detected in 
comparable concentrations in other species, including humans, or in 
female rats. Normally, a-2-fLglobulin is freely filtered in the kidney 
glomerulus and accounts for over 50% of the excreted urinary protein 
in adult male rats. A large fraction of filtered a-2-fLglobulin, however, 
is reabsorbed into the epithelia of the proximal tubule and degraded 
into its amino acids. Degradation occurs within the tubule cells in 
lysosomes, organelles rich in digestive enzymes. The amino acids are 
ultimately released into the bloodstream, available once again for 
protein synthesis at other sites. 

In hydrocarbon-exposed male rats, the normal cycling of 
a-2-fLglobulin in the kidney is disrupted. A number of investigators 
have advanced the working hypothesis that, in the rat liver. certain 
hydrocarbon metabolites bind covalently with a-2-fLglobulin to form 
complexes that the lysosomal apparatus in the kidney cannot degrade. 
Locket al. have shown that administration of TMP to male and female 
rats roroduced no changes in the level of ct-2-fLglobulin in the liver, but 
caused a dramatic increase of a-2-fLglobulin in male kidneys (30). 
Alden et al. gavaged Fischer-344 male rats with decalin, a "volatile 
prototype hydrocarbon", and demonstrated electrophoretically and 
immunohistochemically that the resulting hyaline droplets in the 
proximal convoluted tubule contained a-2-fLglobulin (1). Thus, on the 
basis of the disposition studies of Kloss et al. (above) and those just 
discussed, it can be concluded that metabolites of nephrotoxic 
hydrocarbons (specifically TMP) and a-Z··j~globulin accumulate in male 
rat kidneys. 

Kloss and Bus have proposed a metabolic pathway in the liver 
leading to formation of a TMP-metabolite-a-2-fLglobulin complex, 
which is ultimately trapped in the kidneys (Fig. 6) (25). According to 



TMP 

CH3 Cf\ 
I I 

CH-C-CH-C-CH 
2 I 2 I 3 

CH
3 

H 

CH
3 

~ CH
3 I I 

CH~-CH-C-CH , 
3 I 2 I 3 

CH
3 

OH 

CH
3 

~ CH
3 I I 

CI+.:-C-CH-C-CH 
3 I 2 I I 2 

Conjugation reactions 
_. (Detoxication) 

CH
3 

OH OH 

Ct3 ~ 9H3 C02 Oxidized 
CH-C-CH-C-C = 0-R-COOHL.:.. Metabolites 3 I 2 I I (Detoxication) 

CH
3 

OH H 

~ 0121'-globulin- a 2w-globulin synthesis 

~3 ct3 
CH:;-y-~-T-T = N-protein 

CH
2 

OH H 

. lysosome 
TMP-protem -degradation 

lysosome t 
TOXICITY 

Figure 6. Proposed Metabolism/Bioactivation of 2, 2, 4~trimethylpentane in the Male Rat From: "Hydrocarbon~Mediated 
Nephrotoxicity", CIIT Acrivities 5:1, May 1985. 
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these investigators, "By virtue of its [a-2-fl.globulin] covalent 
association with the TMP metabolite, this 'modified' protein may create 
conditions such that it is no longer degraded by lysosomal peptidases 
to its constitutive amino acids. Over time, this lack of protein 
degradation would manifest itself as an increase in protein deposition 
or hyaline droplet accumulation within the proximal tubule of the male 
rat kidney. This phenomenon, of course, is precisely the hallmark of 
hydrocarbon nephrotoxicity. Continued 'loading' of the lysosomes with 
altered protein may lead to disruption of the integrity of these 
organelles, resulting in intracellular release of catabolic peptidases 
which could cause cell damage or death. Such events could stimulate 
a wave of cell proliferation to repair the dead and damaged cells; this 
proliferative response ultimately may be responsible for the 
hyperplastic and neoplastic kidney lesions seen after chronic exposure 
to hydrocarbon compounds" (24). 

Summary: Thus, the extrapolation to humans of the tumor data in 
the PS-6 study and reliance on the mouse and rat models used in that 
study are both tenuous. In B6C3Fl mice, statistically significant 
exposure-related increases in the incidence of liver tumors appeared in 
high-dose females, with the sugg~stion of a trend in the other two 
female exposure groups. Male livers, more prone than females to 
develop spontaneous tumors, were not delectably affected. Questions 
related to the sex-specificity of the gasoline vapor effect in mouse liver 
remain unaddressed, possibly submerged beneath the larger problems 
of interpreting liver tumorigenesis in this susceptible mouse strain. The 
problems center on the high spontaneous rate of liver tumorigenesis in 
B6C3Fl mice and the liver's high propensity to neoplasia following a 
variety of chemical treatments. Chemically-induced liver tumors in 
mice have historically presented difficulties with interpretation, to the 
point that use of the mouse liver tumor model is under review by the 
National Toxicology Program (40). 

The uncertainties concerning kidney tumors in exposed Fischer 344 
male rats are more narrowly focused than those in connection with 
mouse liver tumors. The difficulty with species extrapolation in this 
case lies primarily in the male rat's high susceptibility to 
hydrocarbon-induced renal toxicity. The toxic mechanisms may 
involve cr-2-fl.globulin, a protein synthesized in the liver of mature rats, 
which, following hydrocarbon exposure, accumulates in the kidney 
tubules of male rats with pathologic sequelae. These include extensive 
exposure-related damage to renal tubules, enhanced old-rat nephropa
thy, and the development of renal tumors. 

Research is currently being conducted to test the hypothesis that the 
initial reaction in the toxic chain occurs in the liver when specific 
hydrocarbon metabolites bind cr-2-fl.globulin to form a complex that the 
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kidney tubule cannot process. A number of other areas require attention 
to help explain the pathogenesis of changes in the male rat kidney. 
These inclnde further comparative studies of gasoline hydrocarbon 
metabolism in the liver, the role of the kidney's mixed function oxidase 
system in further metabolism of hydrocarbons, and the role of 
hydrocarbon-induced renal injury, with the possible interaction of 
exacerbated old rat nephropathy in promoting tumorigenesis. Future 
laboratory research should also concentrate on the temporal aspects of 
tissue injury and recovery to help determine whether chronic toxic 
effects are relevant to humans who typically receive infrequent and 
brief exposure. 

Though such studies will more fully explain the toxic and 
tumorigenic mechanisms in rats, extrapolation to man may still be 
fraught with difficulty. If the ongoing research confirms the 
hypothesized carcinogenic mechanisms in male rats, further efforts will 
be needed to determine whether similar mechanisms are operative in 
humans. 

Detailed and accurate exposure assessments are essential to risk 
characterization. The exposure data apply to the analyses of all health 
endpoints of concern, and help to define the usefulness and 
applicability of results from animal and in vitro studies. 

Gasoline vapor exposure assessment is an area of great interest and 
increasing activity. This increased focus is in recognition of the limited 
data base currently available and the need to fill existing gaps. 
Exposures to gasoline vapors occur in both nonoccupational and 
occupational environments. Nonoccupational populations include 
self-service customers in gas stations, residents downwind of known 
sources such as refineries, and occupants of dwellings with attached 
garages. Occupational cohorts include refinery workers, workers in 
bulk plants and terminals, tank truck drivers, and service station 
attendants. Data collected for a number of scenarios provide a feel for 
the levels of exposure likely to be encountered in some typical 
situations. Data presented earlier on gasoline and vapor composition 
suggest that, as a first order estimate, branched alkanes with 6 carbons 
or more constitute about 10% of the hydrocarbon vapor volatilized in 
refineries and gas stations. Wen eta I. studied workers in refineries and 
marketing terminals (Table 7) (58). For personal sampling periods of 7 
hours or more, mean exposure of refinery workers was 5.4 pprn 
hydrocarbons with 5, 50, and 95 percentile values of 0.15, 1.8, and 20.4 

ppm respectively; for marketing terminals, the mean was 11.2, with 
corresponding percentile values of 0.05, 5.4, and 30.0 ppm. Short-term 
personal sampling (less than 7 hours) in marketing terminals showed 
5% of the exposure exceeding 340 ppm. The Threshold Limit Value for 
total hydrocarbons is 300 ppm. In the same study, Wen et al. reported 
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ll"hour time-weighted average (TWA) exposures of 3.1 ± 2.9 (std. dev.) 
ppm for service station attendants. Halder reported B"hour TWA 
exposures in refineries on the basis of almost 5,000 samples collected 
by API member companies (20): 97.1% of the exposures were less than 
22.5 ppm; 2.4% from 22.5 to 112.3 ppm; 0.27% from 112.3 to 224.6 
ppm; and 0.17% greater than 224.6 ppm. 

Table 7 
Comparison of Measurements of Total Hydrocarbons 

Between Refineries and Marketing Terminals 

Types of 
Samples 

Full 

Partial 

Area 

Full 

Partial 

Area 

1201 

216 

1400 

66 

1491 

390 

(ppm) value at 

Mean 5% 50% 

Refineries 

5.4 0.15 1.8 

13.7 0.10 3.7 

15.2 0.02 2.2 

Marketing Terminals 

11.2 0.05 5.4 

71.5 0.26 13.0 

13.4 0.08 3.1 

!15% 

20.4 

60.0 

50.0 

30.0 

340.0 

46.7 

Adapted from: Advances in Modern Environmental Toxicology, Vol. Vll. Renal Ef
fects of Petroleum Hydrocarbons. (See Heference 5B.} 

Clayton Environmental Consultants measured gasoline vapor 
concentrations during refueling operations at 13 gas stations (7). The 
average geometric mean during unleaded refueling was 44 ppm, with a 
range of 14 to 89 ppm; leaded was 52 ppm average (13-120 ppm); and 
premium was 50 ppm average (18"110 ppm). Clayton's chemical 
speciation included n-pentane, n-hexane, and a number of aromatics 
sucl'i as benzene, hut did not report on higher or branched aliphatics. 
The EPA is in the process of publishing a new study on gas station 
refueling vapors, which should broaden this data base ( 4). 

The data accumulated thus far yield order"of-magnitude estimates 
with respect to the largest suspected sources of population exposures to 
gasoline vapors. Ongoing and future work will ei1hance our 
understanding of temporal patterns of exposure and of the chemical 
species reaching the breathing zone; in addition, assessments should 
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broaden to include other populations such as tank truck drivers and 
residents downwind of refining or marketing sources. 

Perhaps nowhere is the deficiency of adequate exposure data more 
acute than in the epidemiological literature on occupational groups 
exposed to gasoline vapors. Although occupational exposure data bases 
are now being developed, it is likely they will have limited value in 
assessing long-term retrospective health trends, since work practices 
have changed and ambient vapor concentrations are probably lower 
than they used to be. For the most part available studies have used job 
descriptions as surrogates for exposure. 

The recent analyses of the epidemiologic literature related to 
petroleum operations concentrate predominantly on renal cancer, 
owing in large measure to excess cancers in kidneys of rnale rats 
chronically exposed to wholly vaporized gasoline in the PS-6 study (12, 
13, 41, 42). Taken collectively, the available studies may weakly 
suggest, but do not prove, an association between exposure to 
petroleum hydrocarbons and increased renal cancers. This conclusion 
is reached after consideration of the six epidemiological canons for 
causation: 

(1) Strength of association, In those studies with excess kidney 
cancers, the overall relative risk was below 1.75, and, therefore, 
suggests only a weak to, moderate association, if any. None of the 
excesses was statistically significant. 

(2) Consistency. A large proportion of the available studies, 
particularly those with short follow-up times, report relative risks 
below one. For example, in the group of twelve cohort studies' 
reviewed by Enterline and Viren, 6 had standard mortality ratios (SMR) 
above 100, 5 below 100, and one had no kidney deaths with which to 
compute an SMR (12). 

(3) Temporal relationship, Of the six criteria this one is perhaps best 
satisfied. In the Enterline-Viren review, the authors noted a possible 
association between occupationally related kidney cancer and an index 
of age (bladder cancer deaths/kidney cancer deaths). Enterline followed 
up with an analysis of five studies for which temporal data were 
available (13); four showed a positive association of kidney cancer with 
time (36, 44, 54, 58), and one did not (37). Using Wen et al.'s exposure 
data (above), a proportionate adjustment for exposure duration, and 
various techniques to deduce expected deaths from kidney cancer for 
each of the four studies, Enterline calculated each study's estimate of 
the unit risk factor. The factors were similar to the unit risk factor that 

--------
(Ire f. 10, 21, 22, 2.1, 36, 37, 43, 44, 46, 52, 53, 58 
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EPA calculated from the rat data in the PS-6 study (14). In discussing 
the suggestiveness of his findings, Enterline also commented that "the 
close agreement shown here may be only a coincidence." The comment 
appears apt in view of the clear differences between the PS-6 rats and 
humans with respect to the specific vapors they were exposed to and 
their temporal exposure patterns. Moreover, the renal cancers in the 
rats did not shorten life, but in the humans the renal cancers were the 
proximal cause of death. 

A number of caveats require mention, despite the fact that Enterline's 
analyses were thoughtful and careful and possibly suggestive. One 
study of the original five with temporal data was discarded because the 
renal cancer SMR correlated negatively with time (37); within each of 
the four used, the calculated unit risk factors correlated positively with 
estimated exposure duration, but the variation in risk among the four 
correlated negatively with exposure duration. One of the studies 
showed no secular trend when latency rather than length of 
employment was the independent variable (58). Another (54), by 
Enterline's reckoning, was significantly weakened by difficulties 
related to its use of proportionate mortality ratios and to ascertainment 
of death. 

(4) !Jose-response relationship. The scarcity of exposure data 
prevents a serious attempt to analyze for dose-response in the available 
literature. 

(5) Biologic plausibility and coherence. As discussed earlier in 
some detail, the mechanisms of renal toxicity apparently operative in 
gasoline vapor-exposed-rats are of questionable relevance to humans. 
The question remains open whether humans are at increased risk of 
gasoline vapor-induced kidney effects by alternative biological 
mechanisms. 

(6) Specificity. This criterion seeks to determine whether exposure 
is related to a single disease, possibly at a single site. For example, liver 
angioscarcoma is relatively specific to vinyl chloride exposure; and 
mesothelioma, to asbestos inhalation. High specificity in these cases 
helped prove causality. The lack of disease or site specificity does not 
necessarily argue against a causal relationship. but may hamper efforts 
to demonstrate its existence. Renal effects have not been shown 
consistently in human studies. In a recent review of refinery workers, 
however, Savitz and Moure show evidence o' increased risk for kidney 
cancer and other malignancies, including melanoma, leukemia, and 
cancers of stomach, brain, and pancreas (45). Such findings suggest that 
if the putative hydrocarbon effects lack site specificity, the focus on 
renal effects may be too narrow. 
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Therefore, additional study is required to clarify whether there are 
causal links between human exposure to gasoline vapors and diseasew 
or site-specific morbidity and mortality. Due mostly to the PS-6 study, 
the endpoint most studied to date in the context of occupational risk 
from gasoline vapors has been death from kidney cancer. Although 
hydrocarbon nephropathy is well studied in the rat, information on 
potential toxic effects of hydrocarbon vapors in humans is scarce. 
Phillips collected scattered case studies that suggest that a predominant 
injury rnay be of the immune complex type at the glomerular basement 
membrane; hydrocarbon injury in rat kidneys is localized in the 
proximal convoluted tubule (41). However, renal susc~ptibility to 
injury at any site may he as important as the specific site of injury. 
Usually, renal neoplasms in humans. occur in relatively normal 
appearing kidneys, in contrast to hydrocarbon-exposed rats, in which 
injury appears to precede tumorigenesis. In connection with such 
species comparisons, Trumpet al. note: "The only possible equivalent, 
which has not been well characterized in humans, is the apparent 
increase of adenomas and carcinomas in patients with chronic renal 
disease whose lives have been extended through dialysis. This is a 
recent finding which needs much more investigation, but it is 
consistent with the view that any type of chronic renal injury, e.g., 
old-rat nephropathy, may be conducive to increased neoplasia, 
possibly acting as promotor and/or cocarcinogen" (55). It may, 
therefore, be extremely useful in future epidemiologic studies to 
include renal pathology data in addition to cancer and mortality 
statistics. 

Finally, potential effects at other sites are not ruled out. 
Comparatively little !oxicological research has been conducted to 
examine specifically for gasoline vapor effects on other organs. The 
PS-6 study and a number of subchronic animal studies screened for 
biological effects, but, aside from the effects already described and 
some high-dose related toxicity (e.g., weight loss, respiratory irritation), 
were essentially negative. The lung, nervous system, and reproductive 
outcome have been the subject of a small number of studies. However, 
no definitive conclusions emerge from them. Savitz and Moure have 
suggested that sites other than kidney may be at increased cancer risk 
from chemical exposures in the petroleum occupations (45). They 
advise that future studies will improve on the past if they 1) incorporate 
complete exposure assessments, 2) take latency of cancer into account, 
and 3) eliminate confounding factors such as ethnicity and cigarette 
smoking. 

This paper has examined the adequacy of the existing data base on 
health effects from gasoline vapor exposure in terms of quantitative risk 
assessment. The information upon which this paper is based is derived 

35 



36 

mainly from chemical analyses of gasoline, animal toxicology studies, 
exposure assessments, and epidemiological observations. 

The cei1tral issue is whether currently available data on gasoline 
vapors are adequate for quantitative risk characterization. To address 
this question, the material presented is abstracted and recast into the 
National Research Council's (NRC) framework for risk assessment (8). 

The NRC Committee divides the risk assessment process into four 
steps. The steps, though identified separately, are not mutually 
exclusive and are conceived as interactive. 

1) Hazard Identification: This process focuses on determination of 
whether exposure to a substance can alter an individual's state of 
health. This step serves as an alert to potential ambient risk factors and 
may rely on data collected in human, animal. cellular, or even 
sub-cellular studies. 

2) Dose-Response Assessment: This step aims to develop 
quantitative relationships which describe the probability of a health 
outcome (e.g., lung cancer) in humans as a function of dose or exposure 
level for a single agent (e.g., benzo(a)pyrene) or specified mixtures (e.g., 
cigarette smoke). Data are gathered mainly from experiments on 
non-human subjects or test systems (e.g., Ames assay) that usually 
employ exposures in considerable excess of ambient levels. Thus, 
high-to-low-dose extrapolation and species extrapolation are both 
necessary to characterize the human dose-response. 

3) Exposure Assessment: The objective of this step is to charac
terize actual human exposures to chemical or physical agents that occur 
during real-life situations. Exposure assessments rely on ambient 
measurements, personal monitoring data, and modeling approaches to 
provide data on the pattern and extent of exposures experienced by 
individuals. In the case of complex mixtures, chemical analyses to 
elucidate composition should accompany quantitative exposure data to 
ensure that laboratory exposures represent ambient conditions. 

4) Risk Characierizalion: This step derives input from the 
preceding three steps in order to quantify the magnitude of public 
health risks (e.g., exposure-related mortality). Risk assessment, the 
combination of these four steps, obviously requires an extensive and 
multi-faceted data base that permits integration of data from cell and 
animal studies, human clinical and epidemiology studies, and 
exposure evaluations. 

In the following discussion, the three steps leading to risk 
characterization are examined, and recommendations for research to 
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reduce scientific uncertainties are presented; the analysis does not 
explicitly deal with risk characterization. lt is important to emphasize 
that the reco,nmendations represent a broad-based research agenda 
designed to reduce important uncertainties surrounding this issue. The 
cost to implement all of the recommended research is great and might 
not realistically be borne by any single agency or organization. The 
suggestions for research are meant to provide a guideline for future 
investigations that might be undertaken to examine specific issues. 
They do not necessarily reflect-HEI's own research plans, which must 
take into account other research needs as well as resource limitations. 

Ill Based on results of the PS-6 study, and according to !ARC criteria, 
wholly vaporized unleaded gasoline is considered to be an animal 
carcinogen and a presumptive human carcinogen. However, the PS-6 
study used a vapor mix significantly different from the ambient 
vapors to which humans are exposed, and the question remains as to 
whether a realistic mix would have produced comparable responses 
in mice and rats. 

Recommendation: A chronic animal study that uses test atmos
pheres representative of ambient human environments could lessen 
uncertainties concerning toxicity and carcinogenicity. A prelude to 
the conduct of such a study would be research to establish a reference 
gasoline that, when volatilized, represents vapor compositions that 
have been measured at the breathing zone during self-service 
refueling. 

111 The specific constituents of gasoline responsible for toxicity remain 
to be identified. 

Recommendation: Research should continue to identify specifically 
compounds that lead to tissue toxicity and those that ultimately lead 
to tumor production. Identification of the specific ambient toxic 
factor(s]will promote more accurate assessment of the toxic potential 
of different human environments. 

111 The epidemiologic literature, though weakly suggestive of 
carcinogenicity in sevt:lf·al studies~ remains inconclusive in 
demonstrating effects from occupational exposures. 

Recommendation: A feasibility study is needed to determine 
·whether existing data bases might be used to obtain further 
information on kidney or other organ pathologies in refinery or 
distribution personnel. Furthermore, the value of existing epidemi· 
ologic data could be enhanced significantly through improved 
exposure estimates for specific job classifications. 
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Future epidemiologic studies should incorporate quantitative 
exposure assessments, account for latency, and control for 
confounding factors, such as smoking. There is also a critical need to 
study epidemiologically "elusive" or transient populations, such as 
gas station attendants. 

'" The research to date on the genotoxicity of gasoline is negative. Thus, 
the observed carcinogenic effects of gasoline in rodents may have 
arisen through promotion, a possibility thus far untested in animal 
systems. 

Recommendation: Mutagenic assays with greater specificity for 
suspected target organs, especially kidney and liver, need to be 
developed. Results of such assays will clarify future directions in 
studying the mechanisms of effects observed in vivo. If such research 
rules out genotoxicity in target tissue, then other enhancing aspects 
of hydrocarbon injury might be investigated in more detail. 

Ill Effects unrelated to cancer resulting from exposure to unleaded 
gasoline vapors at ambient concentrations have not yet been 
thoroughly researched. At higher concentrations, however, wholly 
vaporized unleaded gasoline causes nephrotoxic effects in male rats. 

Recommendation: Future chronic and subchronic animal studies 
should examine for toxicity in a variety of tissues, including kidney 
and liver. The limited literature available suggests that inhaled 
hydrocarbons possibly cause pulmonary effects and neurotoxicity. 
An expanded data base on toxicology will aid in designing future 
epidemiology studies. 

Ill The key difficulty arises in quantitative extrapolation to humans 
from the mouse and rat animal models, each of which appears to 
have characteristics that render it a questionable surrogate for man. 
The mouse strain used in the PS-6 study is highly susceptible to the 
induction of liver tumors and thus may not appropriately represent 
the sensitivity of the general human population. The relevance of the 
male rat kidney tumor model is also questionable, since rats appear 
to metabolize hydrocarbons differently than do other species. 

Recommendation: Research should continue to elucidate the 
mechanisms of hydrocarbon-induced nephropathy in male rats and 
to determine whether there are analogous toxic processes in bumans. 
Hydrocarbon uptake, disposition and metabolism in liver and kidney 
need to be studied further to help localize the cellular and 
biochemical targets of injury. Such studies, conducted on individual 
suspect compounds, may narrow the list of those that are of potential 
concern to humans. In a more generic sense, research is needed to 
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elucidate the relationships between hydrocarbon nephropathy and 1) 
advanced development of old rat nephropathy and 2) kidney 
tumorigenesis. Finally, the reasons for increased numbers of tmnors 
in female, as opposed to male, mouse livers should be further 
investigated. 

!HI If gasoline vapors are not tumor initiators, but promoters or 
cocarcinogens instead, then the multistage model may not be 
appropriate for high/low dose extrapolation. In such a case, other 
theoretical models may project risks that differ from those of the 
multistage model. 

Recommendation: Alternate dose-response models which comple
ment proposed biological carcinogenic mechanisms and exposure 
patterns should be investigated. 

rn Human exposure to gasoline vapor, such as may occur in the filling 
of fuel tanks, is typically sporadic and brief, whereas the exposure of 
laboratory animals in the experiments conducted to date has 
generally been sub-chronic or chronic. The extent to which such a 
difference in the duration of exposure may influence the 
toxicokinetics of inhaled vapors, and hence the effective dose of 
hydrocarbons to target cells in the liver or kidney cannot be predicted 
with certainty from the available data. 

Recommendation: The inflnence of the duration and intensity of 
exposure on the effective dose to target cells calls for further study in 
efforts to improve the reliability of risk assessments for humans. 

" Temporal and chemical characteristics of exposures for various 
sub-populations are lacking, but the data base is expanding. 

Recommendation: Efforts to characterize ambient vapors and 
exposure patterns for various high expostu-e groups should continue. 
It is especially important to develop the capability to estimate 
(model) the distribution of public exposures in gasoline stations and 
other areas. With such information and better knowledge of toxic 
mechanisms, improved upper-bound limits for health risks can be 
developed. 

ill Absence of historical exposure data complicates interpretation of the 
epidemiologic literature. 
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Recmmnendaliom: As discussed earlier, existing occupational data 
may contain information that will make possible better partitioning 
of workers into high- and low-exposure groups. This possibility 
should be investigated, along with the feasibility of using industrial 
hygiene techniques for developing retrospective exposure histories. 



Conclusion 

Available evidence on the health effects of gasoline vapors suggests 
the possibility of adverse health consequences (e.g., toxicity, 
carcinogenicity} for occupationally-exposed individuals, such as 
refinery workers. tank truck drivers, and service-~ station attendants. 
\Nithin the general population. regular customers at self-service 
gasoline stations may be the segment receiving the most frequent, 
though not necessarily the highest, exposure. The existing data are not 
adequate, however, to provide the basis for a realistic assessment of 
risks (i.e., morbidity, mortality) in exposed populations. According to 
IARC criteria, the API-sponsored PS-6 studv has shown wholly 
vaporized gasoline lo be an animal carcinogen and a presumptive 
human carcinogen. Yet because people rarely, if ever, encounter wholly 
vaporized gasoline vapors during the course of their daily activities, 
findings from the API study do not necessarily meet the informational 
requirements for the first step in quantitative risk assessment, hazard 
identification. Moreover, given the difficulties· discussed earlier in 
extrapolating from the PS-G chronic animal experiments to humans, use 
of the API data to develop dose-response relationships suitable for 
human risk assessment is questionable. In addition, adequate data are 
not currently available to characterize accurately the nature (i.e., 
composition of vapors, pattern of exposures) and extent (i.e., exposure 
distribution) of human exposures to gasoline vapors. Given these 
informational deficiencies, development of a meaningful and realistic 
quantitative risk assessment is very problematic. 

This is not to say. however, that existing scientific uncertainties 
preclude an assumption of risk. Results of the API study might 
reasonably lead one to suspect that gasoline vapors are a human 
carcinogen. This suspicion is not dispelled, moreover, when the 
available epidemiologic studies on kidney cancer are examined. Taken 
collectively, the epidemiologic studies provide weakly suggestive 
evidence in support of, but do not prove, an association between 
exposure to petroleum hydrocarbon vapors and increased kidney 
cancer. The available epidemiologic evidence, thereforn, neither 
negates nor confirms the interpretation that gasoline vapors are a 
potential human carcinogen. Thus, the actual magnitude of associated 
health hazards, if any, cannot be estimated accurately without 
additional data. 

On the hasis of the available animal studies and established scientific 
guidelines, the existing data can be used to calculate a so-called 
"upper-bound" risk factor for gasoline vapor exposure, and the EPA has 
done so. The important issue centers on the fact that the actual risk 
might be anywhere between zero and the upper bound. Whether 
mandatory controls should be implemented on the basis of available 
estimates of health risk, despite the uncertainties discussed in this 
report, or whether additional research should be first undertaken to 

41 



42 

reduce scientific uncertainties concerning hazard identification, 
dose-response relationship, and exposure are policy questions. If it is 
decided on the basis of policy that further research is needed prior to or 
concurrent with regulatory action, then specific projects may be 
developed by the HE! and others from the research recom;:nendations 
presented above. 
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Appendix A 

SOME GASOLINE EMISSION 
CONTROL ST!!.A TEGIES 

There are several strategies available for controlling gasoline vapor 
emissions. They include the following four: 

1. Nationwide Stage I Controls. Section 112 of the Clean Air Act 
["the Act"), 42 U.S.C. §7412, empowers EPA to establish national 
emission standards for "hazardous air pollutants"···· that is, pollutants 
that cause or contribute to air pollution that "may reasonably be 
anticipated to result in an increase in serious, irreversible, or 
incapacitating reversible, illness." 42 U.S.C. §7412[a). Refueling vapors 
include benzene, which was listed as a hazardous air pollutant by EPA 
in 1977. Thus, section 112 authorizes control of Stage I vapor 
emissions. By setting a national standard for loading and unloading 
operations, EPA could effectively require universal adoption of vapor 
balance control systems for bulk terminals, bulk plants, tank trucks, and 
service station storage tanks. Section 112[d)(1), 42 U.S.C. §7412[d)(1), 
provides that the States may develop plans for implementing and 
enforcing emissions standards for hazardous pollutants. The EPA 
retains authority to enforce the standards itself. 42 U.S.C. §7412[d)(2). 
Such a standard would reach approximately 50 percent of existing bulk 
plants and service stations and 30 percent of bulk terminals that are not 
presently covered. Acting pursuant to section 112, however, EPA 
would not be able to require the installation of onboard controls for new 
cars and trucks. EIT)ission standards under section 112 apply only to 
stationary sources of air pollution. 

2. Nationwide Stage II Controls. For the reasons stated above, 
Section 112 also serves as authority to set national emission standards 
for refueling operations at service stations, which are stationary 
sources. Such standards could effectively require the installation of 
vapor balance systems to transfer the displaced vapors from a vehicle's 
gas tank back to the service station's underground storage tank. Thus, 
acting pursuant to section 112, EPA could require the use of vapor 
balance systems at Stage I sources, Stage II sources, or both. 

The same result could be achieved indirectly through defining the 
"best available technology" for controlling refueling emissions. When 
EPA establishes standards of performance for new sources, the States 
may submit procedures for implementing and enforcing those 
standards. 42 U.S.C. §7411[c). But the States are obligated to adopt 
similar standards of performance for existing sources and to provide for 
the implementation and enforcement of those standards. 43 U.S.C. 
§7 411 [d)(1 ). By definition, a "standard of performance" reflects the 
degree of emission reduction that can be achieved through the "best 
system of continuous emission reduction which ... the Administrator 
determines has been adequately demonstrated for that category of 
sources." 42 U.S.C. §7411[a)(1)(C). Thus, EPA can influence 
State-fashioned standards of performance by defining what is the best 
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available technology for emission reduction. Section 10B(f) of the Act. 
42 U.S.C. §740B(f). provides that EPA shall publish information 
regarding methods for controlling various pollutants. specifically 
including "programs to control vapor emissions from fuel transfer and 
storage operations and operations using solvents". By defining vapor 
balance systems as the best available technology for controlling Stage I 
and/or Stage II emissions. EPA could require the installation of such 
systems at either Stage I or II (or both) for existing facilities. 

3. Nationwide Onboard Controls: In addition to. or instead of. 
proceeding under section 112. EPA could promulgate regulations 
requiring onboard controls pursuant to section 202(a)(6) of the Act. 42 
U.S.C. §752l(a)(6). That section. added by the 1977 amendments to the 
Act. authorizes the EPA Administrator to "prescribe. by regulation. 
standards requiring the use of onboard hydrocarbon technology" if he 
finds it is feasible and desirable to employ such technology. There is 
apparently no question that the technology is feasible; the only question 
is its desirability. The legislative history makes clear that that question 
is to be answered "from a cost/effectiveness viewpoint". H.R. Rep. No. 
294, 95th Cong .. 1st Sess .. reprinted in [1977j U.S. Code Cong. & Ad. 
News 1077. 1102. Section 202(a)(6) does mandate. however. that the 
Administrator "compare the costs and effectiveness of such technology 
to that of implementing and maintaining vapor recovery systems 
(taking into consideration such factors as fuel economy. economic costs 
of such technology. administrative burdens. and equitable distribution 
of costs) ... This language means that the Administrator is to conduct a 
broad inquiry, drawing on a wide range of data and subjecting it to a 
searching analysis. The courts are likely to interpret this provision as 
granting EPA substantial discretion to evaluate and make the trade-offs 
among the factors listed as relevant by the statute. If promulgated. 
regulations requiring onboard controls would not take effect until the 
model year when it would be feasible to implement them. taking into 
account "adequate lead time for design and production". 

4. Stage II Controls in Nona!lainment Areas. Section 110(a)(1) of 
the Act requires each State to submit a plan for implementing. 
maintaining. and enforcing national ambient air quality standards. 42 
U.S.C. §7410(a)(l). Section 110(c) gives EPA the authority to correct any 
deficiencies in those plans. The 1977 Clean Air Act Amendments 
recognized that certain areas of the country had yet to achieve the 
national standards. and the amendments required (i) the identification 
of these "nonattainment areas". and (ii) the submission of new State 
plans. Section 172(b) of the Act. 42 U.S.C. §7502(b). requires that the 
revised plans "provide for the implementation of all reasonably 
available control measures as expeditiously as possible". In the past. 
EPA has defined what are the "reasonably available control measures" 
for various sources of pollutants by publishing control techniques 



guidelines [CTG) documents. EPA has not, however, defined Stage II 
vapor balance system controls as reasonably available control 
technology. By doing so in a CTG bulletin, EPA could require Stage II 
controls in ozone nonattainment areas, of which there were 27 in 1983. 
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INTERNATIONAL AGENCY 
FOR RESEARCH ON CANCER 
(!ARC) CRITERIA FOR 
CARCINOGENICITY 

Group 1 

Group 2 

Group :1 
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The following is excerpted from !ARC Monographs on the 
Evaluation of the Carcinogenic Risk of Chemicals to Humans0

, and lists 
the groups according to which carcinogenicity is classified: 

The chemical, group of chemicals, industrial process or occupational 
exposure is carcinogenic to humans. This category was used only when 
there was sufficient evidence from epidemiological studies to support 
a causal association between the exposure and cancer. 

The chemical, group of chemicals, industrial process or occupational 
exposure is probably carcinogenic to humans. This category includes 
exposures for which, at one extreme, the evidence of human 
carcinogenicity is almost 'sufficient', as well as exposures for which, at 
the other extr~me, it is inadequate. To reflect this range, the category 
was divided into higher [Group A) and lower (Group B) degrees of 
evidence. Usually, category 2A was reserved for exposures for which 
there was at least limited evidence of carcinogenicity to humans. The 
data from studies in experimental animals played an important role in 
assigning studies to category 2, and particularly those in Group B; thus, 
the combination of sufficient evidence in animals and inadequate data 
in humans usually resulted in a classification of 28. 

In some cases, the Working Group considered that the known 
chemical properties of a compound and the results from short-term 
tests allowed its transfer from Group 3 to 28 or from Group 28 to 2A. 

The chemical, group of chemicals, industrial process or occupational 
exposure cannot be classified as to its carcinogenicity to humans. 

'from Supplement 4, pp. 13-14, !ARC, October 1982. 
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A Chronic Inhalation Study 
with Unleaded Gasoline Vapor 

H.N. MacFARLAND,' C.E. ULRICH,' C.E. HOLDSWORTH,' 
D.N. KITCHEN,' W .H. HALLIWELL.' and S.C. BLUM' 

ABSTRACT 

A chronic inhalaiion study of uniHded gasoline vapor wms conducted in mice and rats. 
The gasoline employed was typical of gasoline used in the US and contained 21l7o benzene. 
Groups of both sexes of B6CJF 1 mice and Fischer .344 rats were exposed to three concenw 
trations of vapor, 67, 292t and 2056 ppm. Exposures were for 6 hours per day, 5 days per 
week, for periods ranging from 103 to 113 weeks. Interim sacrifices were conducled at 3, 
6, 12, and 18 months. Laboratory studies, including hematological and biochemic~!l deterw 
minations, were periormed on rats at the interim sacrifices and at termination. Histopath~ 
ological studies were conducted on both species ai: every interval. 

No wnsistent compound-related changes were seen in pharmacotoxic signs, mortality, 
hemlitological, or biochemical indlces in either species. Significant depression of body 
weight gain was seen in both sexes of rats and male mice exposed to the highest level of 
gasoline vspor. On groSs necropsy, a compound~related in.cress-e in liver nodules end 
masses was seen in female mice exposed to the high level. 

The most interesting observstions were mmde on histopathological examination of the 
nus' tissues, and, of these, pathological changes in the kidneys were the most striking. 
Renal carcinomas or sarcomas, in the cortex or near the renal poles, were seen in the male 
rats al all dose levels, wHh some evidence of a dose-response rehUionship. One female rat 
in the intermediate dos-e group exhibited a renal sarcoma. Two mice had renal tumors, 
considered to be spontaneous neoplasms. Mention is made of new studies that have been 
prompted by the pre~nt findings. 

INTRODUL'TION 

A LTHOUGH gasoline, a fuel for the internal combustion engine, has been manufactured and used 
for several decades, no chronic investigation of its toxicological properties has been under· 

taken. To rectify this gap in our knowledge, the American Petroleum Institute began in the early 
1970s to sponsor a program of longer term studies. A 90-day inhalation investigation with leaded 

'Consultant in Toxicology, Pittsburgh, Pennsylvania. 
llnternationa.J Research and Development Corporation, Mattawan, Michigan. 
3American Petroleum Institute, Washington. DC. 
~Biolabs, Inc., Las Cruces, New Mexico. 
1Westpath, Inc., Ft. Collins, Colorado. 
~Exxon Research and Engineering Co., Liltden, New Jer.«!y. 
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and unleaded gasoline in rats and monkeys was completed in 1976, and later a paper was written 
for publication (Kuna and Ulrich, 1984). During the long hiatus between the origina190-day )tudY 
report and the later paper of Kuna and Ulrich, a careful reevaluation of the study's kidney ti~sue) 
was undertaken for toxic signs consistent with those being observed for othL":- hydrocarbon solvent~. 
Upon reexamination by pathologists familiar with nephrotoxic lesions, subtle regenerative change~. 
were discovered in the renal tubules. These minimal changes were seen only in male rats. 

Shortly after the completion of the 90-day study in 1976 but before reevaluation of the kidney 
slides from that study, the present chronic study was begun in rats and mice. The study protocol was 
adapted from that recommended by the National Cancer Institute (NCI) (1976). Unleaded gasoline 
was utilized, in an inhalation investigation in which exposures were continued for 24-26 months. 

Nephrotoxic lesions were seen in the chronic study. An unexpected finding was primary renal 
neoplasms in male rats near or at termination of the study. Both nephrotoxic and nephrocarcino· 
genic findings in male rats have stimulated further exploratory programs now in progre-ss. 

MATERIALS AND METHODS 

Gasoline Sample · 

The unleaded automotive motor fuel (gasoline) used in the study was prepared to conform with 
the specifications of unleaded gasoline in u~e in the US in 1976, as determined by a road octane 
survey (DuPont Road Octane Survey, summer 1976), At the time the gasoline was blended for the 
study, benzene concentrations in US ga~olines averaged about I Ufo, with a maximum approaching 
20Jo; therefore. benzene coment of the gasoline was adjusted to the upper limit of US gasolines. The 
specifications are shown in Table I, but more detailed information on chefnical composition i!> pro
vided in the Appendix. 

Animals 

Fischer 344 albino rats and B6C3F, mice, each species equally divided as to sex, were used. After a 
2-week quarantine period just prior to initiation of exposures, weight ranges were as follows: 

Rats, male 95-129 g 
Rat~. female 79- !05 g 
.\1ice, male 1~-26 g 
Mice, female 12-20 g 

At this time, both mice and rats were approximately 6 weeks o( age. They were provided \\llh 

Purina Laboratory Chow No. 5001 up to week )8; thereafter Purina Laboratory Chow No. 5002 \\<I~ 
used. Tap water and chow were available ad !ibi!Um except during the actual exposures. 

Design 

From larger groups of a given species and sex, only animals that appeared healthy were selected. 
They were further restricted as to weight range, using only those rats, both sexes, and female mice 
whose weights were within ± 1.5 standard deviations of the group mean; :.t 1.6 standard deviations 
was permitted for the male mice. The animals were assigned at random, with !00 animals of each 
species and sex, i.e., a total of 400 per chamber in each group, in the design shown in Table 2. In
terim sacrifices of !0 randomly selected animals of each species and sex were performed at 3, 6, 12, 
and 18 momhs. 

Chamber Operations 

Exposures were conducted in 16 ml stainless steel and glass exposure chambers (Figure I) designed 
by Leong (Leong, 1976; Drew, 1978). The supply air was filtered and controlled for temperature and 
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TABLE J, SPECJFICATION'S OF UNLEADED MOTOR GASOLINE 

Sample Unleaded 
Used in Commercial 
Study Average" 

---'----· 
Research octane No. 
Motor octane No. 
(R+M)/2 
Reid vapor pressure, pounds 
Distillation, ASTM 0·86 

!BP 
5 

10 
20 
30 
40 
50 
6() 

70 
80 
90 
95 
EP 
Recovery 
IOOJo e\ap., "F 
SOOJo evap., "F 
9QOJo evap., "F 

API gravity 
Gum, ASTM 0381, mg/gal 
Sulfur, ppm 
Phosphorus, g/gal 
Lead, g/gal 
Stability, hours 
HC analysis, ASTM 01319 

92.0 
84.1 
88.1 
9.5 

93 
105 
116 
138 
164 
190 
216 
238 
256 
294 
340 
388 
428 

97(Jfo 
112 
211 
331 

60.6 
1 

97 
<0.005 
<0.05 
24+ 

Aromatics 26. 1 vol fJ!o 
Olefins 8.4 val CVo 
Saturate 65.5 vo[ iJ!o 

Benzene content 2.007o _:.:.:..:_ ____ __:___ 

•DuPont Road Octane Survey, summer 1976. 
bAverage benz:ene content typical of US gasolines. 

Group 

I 
II 
ll! 
IV 

TABLE 2. 0ESION OF STUDY 

Designation 

Chamber control 
Low concentration 
Intermediate concentration 
High concentration 
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92.1 
83.6 
87.9 
9.9 

92 

124 

220 

332 

412 

59.3 
I 

27C!Jo 
7~o 

66~. 

!.OOJo 0 

Target 
Concentration 

0 ppm 
50 ppm 

275 ppm 
1500 ppm 
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FIG. t. Schematic diagram of vapor generation and exposure system. 

humidity, and now rates between 900 and !900 L/min, depending on the desired chamber concen· 
\rations, were established by the main exhaust pump. Temperature and humidity were measured 
each day at the start of exposure and at I, 3, and 5 hours. Gasoline was delivered from a liquid 
metering pump to /a heated countercurrent vaporization column and completely volatilized. Dry 
nitrogen at 5-6 L!min was used to carry the vapor into the main inlet pipe of the chamber. The ex· 
posure pattern was 6 hours per day, 5 days per week, for periods that ranged from !03 to I I 3 weeks. 
The target concentrations of gasoline were 50, 275, and 1500 ppm. 

Chemical Analysis 

Nominal concentrations were determined daily, and calculations of concentration in ppm were 
made by using weight loss data and assuming an average molecular weight of 108 for the gasoline. 

Analytical concentrations were determined by drawing samples from the chambers into a gas 
chromatograph equipped with a name ionization detector. The operating condilions for the 
chromatograph are shown in Table 3. These conditions resulted in the appearance of a single peak 
for the complex hydrocarbon mixture, thereby facilitating expression of results as total hydrocarbon 
concentration. 
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TABlE 3. CHROMATOORAPH OPERATING CONDITIONS 

Gas chromatog.raph 
Detector 
Column 

Sample loop size 
Column temperature 
Detector temperature 
Injector temperature 
Air nowrate 
N1 nowrate 
H1 flowrate 
Range 
Auenuation 

Chart speed 

Varian 2400 
Flame ionization 
5 feet X 1/8 inch OD 
Stainless Steel 
!.50Jo OV-101 on 100/120 
Mesh Chromosorb GHP 
Sec 
201Y'C 
270°C 
250°C 
300 ml/min 
60 ml/min 
30 mllmin 
w-" 
1024 for 1500 ppm 
8 for 275 ppm 
64 for 50 ppm 
2.5 em/min for 1500 ppm 
0.25 em/min for 275 ppm 
2.5 em/min for 50 ppm 

Standard curves for calibration were prepared by injecting a known volume of liquid gasoline into 
a 25 L Saran bag filled with nitrogen, 1t was found, after the experiment had been in progress for 24 
weeks, that the gas chromatograph responded differently w gasoline standards prepared in nitrogen 
as compared to chamber samples of gasoline vapor in air. The magnitude of the correction factor to 
be applied for each of the three concentrations under investigation was determined; it varied 
nonlinearly depending on the absolute concentration. This showed that the target concentrations of 
50, 275, and 1500 ppm had been, in fact, 67, 292, and 2056 ppm, with standard deviations of ± 3.1, 
! 1.0, and 110.4, respectively, and the study was continued at these concentration~. 

Biologicall:Stimations 

Animals were observed twice daily for signs of toxicity, behavioral changes, general appearance, 
and deaths. Each animal was individually examined for clinical signs and palpable ti~suc mas~cs once 
a month. Individual body weights. were recorded monthly for the first 17 months and biweekly 
thereafter. 

Serum biochemical determinations were performed on 7 male and 7 female rats randomly selected 
from each group at the interim sacrifices (3, 6, 12, and 18 months) and at termination. The rats were 
fasted overnight, blood was withdrawn from the orbital sinus, and the following enzyme activi
ties were determined as recommended by NCI (1976}; alkaline phosphatase, glutamic oxalacetic 
transaminase, glutamic pyruvic transaminase, ornithine carbamyl transferase, and isocitratc 
dehydrogenase. 

Hematological evaluations were conducted at the IB~month interim and terminal sacrifice on the 
same rats used for biochemical determinations at those time points. The following variable-s were 
measured: hemoglobin, hematocrit, erythrocyte count, total and differential leukocyte count, 
platelet count, reticulocyte count, mean corpuscular volume, mean corpuscular hemoglobin, and 
mean corpuscular hemoglobin concentration. 

Gross and microscopic examinations of tissues were performed on animals dying during study, 
those obtained at the interim sacrifice periods, and those sacrificed at termination_ A 400Jo sur
vivability criterion was used to terminate each group; this resulted in the termination times shown in 
Table 4. 
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TABLE 4, Till':tMl:NATION TIMES FOR ANIMAL GROUPS 

Duration. of 
Group Species/ No. of Animals Exposure 
No. Sex at Initiation (Weeks) 

Rat-M 100 107 
Rat-F 100 109 
Mouse-M 100 107 
Mouse-F 100 113 

ll Rat-M 100 107 
Rat-F 100 109 
Mouse-M 100 103 
Mouse~F 100 113 

Ill Rat-M 100 107 
Rat-F 100 109 
Mouse-M 100 103 
Mouse-F 100 113 

IV Rat-M 100 107 
Rat-F 100 109 
Mouse-M 100 107 
Mouse-F 100 113 

103 weeks = 23.9 months. 109 weeks = 25.2 months. 
101 weeks = 24.7 months. 1 !3 weeks= 26.1 months. 

At the 3, 6, and 12 month interim sacrifices, 10 rats and 10 mice of each sex were asphyxiated with 
carbon dioxide, and a complete necropsy was performed. At the 18-momh interim sacrifice and at 
termination, animals were sacrificed by sodium pentobarbital anesthesia and exsanguinated. The 
trachea and lungs were removed at maximum inspiration and examined while inflated and deflated. 
The contents of the abdominal, thoracic, and cranial cavities were examined in situ and after dissec
tion. 

After trimming of fat and connective tissue, the tissues listed in Table 5 were weighed. 
The tissues listed in Table 6 were fixed in phosphate-buffered neutral formalin; hematoxylin and 

eosin-stained paraffin sections were prepared for microscopic examination. 

S!alistica/ Procedures 

Body weight, hematologic, and serum biochemical data were tested for homogeneity of variance 
(Steel and Torrie, 1960), followed by a parametric analysis of variance. When a significant F-ratio 
was obtained, individual group comparisons were performed, utilizing Student's T-test when 
variances were heterogeneous ahd Dunnett's test (1964) when homogeneous. 

TABLE 5. 

Brain 
Heart 
Liver 
Testis 
Ovaries~ 

TiSSUES SELECTED FOR WEIGHING 

Thyroid/parathyroid comp!exa 
Kidneysb 
Pituitary" 
Lung with tracheaA 
Adrenals"' 

aTissues weighed after fixation, 
bTissues weighed in toto, prior to dissection. 
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TABlE 6, TISSUES PREPARED FOR MICROSCOPIC EXAMfNA T!ON 

Both Spi'cies" 
------------·----.. -·---

Gross lesions and tissue masses 
(and regional lymph nodes, if 
possible) 

Blood smear (as required by 
pathologist) 

Mandibular lymph node 
Salivary gland 
Sternebrae, femur, or vertebrae 

including marrow 
Thyroids 
Parathyroids 
Jejunum 
Colon 
Liver 
Gallbladder {mice) 
Prostate 
Testes 
Ovaries 
Lungs and mainstream bronchi 
Larynx 

Nasal cavity 
Heart 
Esophagus 
Stomach 
Uterus 
Brain (three sections, including 

frontal cortex and basal ganglia, 
parietal cortex and thalamus, 
and cerebellum and pons) 

Thymus 
Trachea 
Pancreas 
Spleen 
Kidneys 
Adrenals 
Urinary bladder 
Pituitary 
Spinal Cord 
Eyes 

----------···------·---
Rats Only 

Optic nerve 
Harderian gland 
Zymbal gland 
Oral mucous membrane 
Duodenum 
Ileum 
Cecum 
Mammary gland 

Mesenteric lymph node 
Skeletal muscle 
Sciatic nerve 
Skin 
Epididymides 
Seminal vesicles 
Cervix 
Fallopian tubes 
Head 

-----------------·------
3 As recommended by NCI (!9?6). 

In some cases where the num~r of animals was small and the variances heterogeneous, the non

parametric muhiple-group test of Kruska!-Wallis was applied, and where appropriate, individual 

group comparisons were made with the Mann-Whitney U test (Siegel, !956). 

Data from male rats were analyzed for mortality, all rena! tumors, malignant tumors, and renal 

adenomas, carcinomas, and undifferentiated tumors combined, using procedures outlined in 

Thomas et al. (1977), Life t~ble curves were computed and tested for homogeneity by both approx

imate and exact methods, A pair~wise comparison of groups was made. In addition, each datum set 

was examined for linear trend in the proponions, using both unadjusted and titne-adjus:ed tests. 

The exact test for trend and approximate test for homog~neity and departure from trend were per

formed, Differences in pairs of proportions were examined. 

Chamber Conditions 

As indicated above, the actua! concentrations of gasoline vapor in the chambers (67, 292, 2056 

ppm) were higher than the originally planneu targ~t concentrations (50, 275, 1500 ppm), but when 
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the calibration discrepancy was recognized, it was decided to continue the animal exposures at these 
higher concentrations throughout the study. 

l'he temperatures and humidities in the four chambers ±SO ranged from 24 ±: 1.4 to 26 ± 1.3C, 
and 52 ± 9.5 to 56 ± 7.2, respectively. 

General Animal Observations 

Some minor signs were noted intermittently in the study, including ocular discharge and apparent 
irritation in all 4 groups of rats. In mice, a significant number of animals developed alopecia, rang
ing in size from a small restricted area to a generalized hair loss over as much as two thirds of the 
animals' bodies. The alopecia was seen in a!! groups, including comrols, with approximately equal 
incidence. 

No significant differences in spontaneous death rate were seen in female rats and mice. Ylale con
trol rats, Group I, exhibited a significaiHlY higher death rate after week 80 than any of the exposed 
groups. The male rats in Groups ll, 67 ppm, had a particularly low spontaneous death rate. The 
following significant differences were noted in male mice: Groups ll and Ill, 67 and 292 ppm, had a 
higher death rate than controls, but the Group IV male mice, 2056 ppm, exhibited a lower death rate 
when compared to controls. 

Some statistically significant depressions in body weight were encountered. :vta!e rats in Group IV 
had significantly lower body weights than controls from week !3 to termination. Female rats in 
Group IV showed a similar depression, which was significant from week 26 lO the end of the study. 
Male mice in Group IV exhibited a !ower body weight than controls; the differences were significant 
from week 6610 termination. In addition, changes were noted in relative (in relation to body weight) 
and absolute organ weights in rats. The kidney weights of male rats of Group IV were elevated, both 
absolutely and relatively, from the 3 month interim sacrifice through w termination. At termination, 
the relative kidney weights of Gro'.IP !II male rats and Group IV female rats were also elevated. 
There was a dose-related relative increase in the testes and ovaries of(Jroups !II and IV rats, and a 
slight depression in absolute heart weights was noted in Group IV males and females. 

In mice, statistically significant alterations in organ weights were noted sporadically throughout 
the study, but none of these changes showed consistem trends, and thus they were not considered lO 
be exposure related. Neither kidney nor liver weights were remarkable. 

Clinical Observations 

The usual slight variability in the various hematological indices wa~ noted during the ..:our~e of the 
study but not considered to be related to the gasoline e.xposure. 

The evaluated biochemical variables were unremarkable throughout the study. The serum or
nithine carbamyl transferase values were judged unreliable because of methodological problems and 
were discounted. 

Pathological Findings 

Mice: The microscopic examination of tissues from the mice showed a large variety of neoplastic 
and nonneoplastic changes throughout the study that were not dose-related and were seen in both 
control and treated groups. In the 18 month to final sacrifice period and at final sacrifice, the female 
mice of Group IV exhibited an increased incidence of hepatocellular tumors. The incidence for all 
groups during the 18 month to final sacrifice time period was 45, 36, ~5, and 44 percent in male mice, 
and 14, 19, 2!, and 48 percent in the female mice, Groups I,!!, !II, and JV, respectively 

There was some indication of a trend in the female mice in Groups [, II, and HI; however, the high 
incidence, 48 percent, in the Group IV females was considered to be related to the exposure to 
gasoline. 

The tumors were of 2 types. Hepatocellular adenomas were usually small and Jess than 1 em in 
diameter. They were generally spherical, did not contain distinct sinusoids or portal areas, and were 
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composed of hepatocytes that were usually larger than those of the surrounding parenchyma. The 
juncture of the tumor with the surrounding parenchyma was distinct, and there was usually evidence 
of compression of the surrounding hepatocytes. The hepatocellular carcinomas were characterized 
by great variability of eel! size, some containing large nuc!eL The border of the tumor with the sur
rounding hepatocytes was indistinct, with evidence of invasion of the surrounding parenchyma. The 
pattern of growth varied and included trabecular and solid patterns with areas of necrosis or hemor
rhage. 

S-everal of the hepatocellular carcinomas in mice metastasized to the lungs. In the final sacrifice, 
tumors in 7f1/o of the male mice in Groups III and 2% in Group IV metastasized to the lungs. No 
hepatocellular carcinomas in the final sacrifice female mice metastasized to the lungs. In the mori
bund male mice and those that died on test, tumors in 200Jo in Group I metastasized to the lungs. In 
the moribund female mice and those that died on test, tumors in 61JJo in Group I, 10% in Group III, 
and 7fTJo in Group IV metastasized to the lungs. 

Two female mice in Group IV exhibited renal tumors. One mouse, killed at final sacrifice, had a 
papillary cystic adenoma of the cortex. This adenoma consisted of a cystic space into which pro
je<:ted smaJI papillae composed of cells morphologically similar to renal tubular epithelium. There 
was no evidence of peripheral invasion; it had distinct and discrete morphological !intits. The other 
mouse, which died during the 18 month to final sacrifice period, exhibited bilateral renal tubular 
adenocarcinomas. These wmors replaced large portions of each kidney and contained large coalesc
ing areas of necrosis and hemorrhage. 

Rats: At the 3 month interim sacrifice, dose-related histopathological changes were observed in 
the male rats. These consisted of conical multifocal renal tubular basophilia, protein casts, and 
chronic interstitial inflammation. The basophilia was characterized by the presence of renal tubules 
containing basophilic epithelial cells. The proteinaceous tubular casts occurred within dilated renal 
tubules and were commonly located at the conicomedullary junction. The incidence was 70 and 
lOOOJo in Groups III and IV, respectively. Chronic interstitial inflammatory foci with a predomi
nantly lymphoid cell type were observed at 20 and 70(//o incidence in Groups III and IV, respectively. 
In addition, renal congestion and very small foci of renal cortical mineralization were noted in sev
eral rats. 

In animaJs dying in the 3-6 month interval or sacrificed at 6 months, the renal changes in male rats 
described above were again evident. The incidence of tubular basophilia was 0, 40, 100, and !00% in 
Groups I. II, Ill, and IV, respe<:tively. Proteinaceous casts were observed in 27% of the rats of 
Group l, 80% in Group III, and 100% in Group IV. The incidence of chronic interstitial inf1arnma· 
tion was 18, 20, 100, and 100% in Groups I, Il, Ill, and IV respectively. Mineralization in a radial 
pattern within the renal pelvis, with materiaJ located within tubules or the collecting ducts of the 
renaJ pelves, was observed in 20fTJQ of the males in Group IV. 

Atihe 12 month interim sacrifice, the occurrence of proteinaceous casts in the kidneys of male 
rats was nearly equal in all groups: 20, 30, 30, and 30% in Groups I, II, III, and IV, respectively. 
Mineralization in the renal pelvis occurred in 200Jo of the male rats of Groups Ill and in 80% in 
Group IV. Progressive giomerulonephrosis was diagnosed in I male rat from Group IV. Another 
new finding was karyomegaly, very large nuclei within renal tubular epithelial cells in male rats. 

The compleltity of morphological alterations observed in the kidneys of all rats, espe<:ially males, 
increased after 18 months of exposure. Progressive glomerulonephrosis occurred in higher incidence 
than previously. The lesions was characterized by atrophied or sclerosed glomeruli, dilated renal 
tubules containing proteinaceous casts, tubular damage with regeneration or scarring, and the 
presence of foci of chronic inflammatory ceUs, The incidence of glomerulonephrosis in mule rats was 
2fr% in Group I, 3D6fo in Group m, and 200fo in Group IV; the incidence in femule rats was lightly 
lower. Proteinaceous casts in kidneys of male rats were noted in 50, 50, 40, and 60% in Groups I, II, 
III, and IV, respectively. MineraJ1zation in the renal pelvis was seen in 20% of Group III and 80% of 
Group IV male rats. Renal congestion was commonly seen, and karyomegaly was again noted in 
male rats. A benign renal cortical adenoma was diagnosed in a Group IV male rat. Mononuclear cell 
leukemia was diagnosed in the kidney of a female rat that died during the 12-16 month interval. 
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TABLE 7, PRIMARY RENAL NEOPLASMS IN RATS 

Number of Neoplasms 

Test Group Neoplasm Males Females 

I None 0 0 
II Carcinoma 1 0 
Ill Adenoma 2 0 

Carcinoma 2 0 
Sarcoma 1 1 

IV Carcinoma 6 0 
Adenoma• 1 0 

lQccurred in male rat at 18 months. 

At the final sacrifice, nearly all male rats exhibited progressive g!omerulonephrosis. The incidence 
rates were 100,95, 91, and lOOo/G in Groups I, II, III, and IV, respectively. A slightly lower rate of 
occurrence was seen in female rats. Minerali7..ation in the renal pelvis occurred in 5, 63, and 9! fllo of 
the males in Groups II, Ill, and IV, respectively. Karyomegaly was observed occasionally in the male 
rats. One male rat in Group m had renal tubular epithelial hyperplasia at termination. The lesion 
was characterized by the presence of a large dilated tubule containing a cystic lumen lined by 
epithelial ceUs. Renal cysts, epithelial cell pigmentation, hydronephrosis, chronic interstitial inflam
mation, congestion, cortical and pelvic mineralization in female rats, and necrosis were among the 
nonneoplastic lesions observed in the 18 month to terminal sacritice period. 

Of great interest were primary renal neoplasmas diagnosed at termination or in those rats that died 
after 18 months. The total number of these primary renal tumors was 14, with 0, 1, 6, and 7 in 
Groups I, II, lll, and IV, respectively, as shown in Table 7. All but I of these primary renal 
neoplasms occurred in male rats, making the occurrence in males 3 adenomas, 9 carcinomas, and 1 
sarcoma. The neoplasm in the female was a renal sarcoma or a mixed malignant tumor. 

The renal adenomas were characterized by the presence of cuboidal to columnar epithelial cells, 
generally located in the cortex, which formed tubular or papillary structures. The masses were ~mall 
and circumscribed, and the mitotic index was low. 

The renal carcinomas varied in cellular morphology but generally contained epithelial cells ar
ran.ged in a tubular or acinar pattern. Cellular pleomorphism, cellular anaplasia, central hemor
rhage, and/or necrosis was common. The mitotic index varied but was generally moderate to high. 
The histologic appearance varied greatly within some individual neoplasms and contained well
formed to ill~defined tubules. Other areas contained cells arranged in solid sheets with little struc
tural arrangement and a scanty connective tissue stroma. Figure 2 is a photomicrograph of a typical 
renal carcinoma obtained from a Group rv male rat at termination. 

Histologically, the renal sarcomas displayed a variety of cell types. The predominant type was a 
spindle cell, commonly seen invading the edge of the lesion and infiltrating between normal renal 
tubules. Other areas contained more solid sheets of spindle cells arranged in a whor!like pattern. 
Some areas with.in the neoplasms were very anaplastic and pleomorphic in nature. 

The renal adenomas and carcinomas were generally located in the cortex, but several were located 
near the renal poles. The sarcomas had a central or pelvic anatomical location. 

After 12 months, both sexes of rats exhibited a mild, multifocal, pulmonary innammatory 
response characterized by an accumulation of alveolar macrophages in the alveolar spaces of the 
lungs. At termination, the incidence of these aggregates of macrophages was 19, 5, 43, and 380Jo in 
males, and 40, 46, 34, and 6107& in females, in Groups I, Jl, Ill, and IV, respectively. 
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.l-'!G. 2. Histologic appearance of a renal carcinoma composed of epitheliaJ cells arranged in a 
tubuloacinar pattern. Note cellular pleomorphism and anaplasia. 

IJISCUSS!ON 

Rats exhibited ocular discharge and appeared to be susceptible to the irritant effects of the air
borne gasoline vapor. Death rates in male rats exhibited some differences among groups throughout 
the study, but none of these were considered to be related to the exposure. The depression in body 
weights seen in both sexes of rats exposed to the high concentration, Group IV, is regarded as a toxic 
stress effect of the gasoline exposure. Increases in kidney weights, both absolute and relative, were 
noted particularly in the male rats in the intermediate and high·dose groups. There was also a slight 
increase in the relative weights of gonads in these groups. These changes in gonad weight may be, in 
part, a reflection of decreased body weights. The hematological and biochemical findings in rats 
were unremarkable. 

The nephrotoxic changes seen at the 3 month and 6 month interim sacrifices are in accord with the 
observations of several investigators. Carpenter et al. (l975a,b; 1971) reported renal tubular 
regenerative changes and dilated tubules containing eosinophilic debris at the corticomedullary junc
tion in male Harlan-Wistar rats exposed to the vapor:s of Stoddard solvent, 60 solvent, and high 
naphthenic solvent, aU derived from petroleum. These studies were performed under contract for 
the American Petroleum Institute, as were the 90-day inhalation studies in Sprague-Dawley rats and 
squirrel monkeys with leaded and unleaded gasolines reported to API in 1916 and subsequently writ
ten for publication by Kuna and Ulrich (1984). An initial reading of the slides of the kidney sections 
from this latter investigation revealed no remarkable observations, but after a careful reexamination 
some years later, subtle changes were detected in the male rats exposed to a high concentration (ca. 
1500 ppm) of unleaded gasoline vapor. These consisted of an increase in the incidence and severity of 
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regenerative epithelial changes, and dilated tubules containing proteinaceous material were ob
served. Other investigators have also noted sim.Har alterations following administration of certain 
petroleum solvents. Other characteristics of the early nephropathy in the present study included in· 
terstitial inflanunatory focal reactions and a progressive conical mineralization. At the l2·month 
point, there was a decrease and equaHzation in the incidence of proteinaceous casts, increase in 
mineralization, and occurrence of karyomegaly in the renal tubulcu- epithelial cells of male rats. 

The further progression of the early nephropathy becomes increasingly obscured by the advent of 
"old rat nephropathy," a progressive glomerulonephrosis. This condition was first diagnosed in l 
male rat in the high concentration group at the 12 month interim sacrifice. By 18 months, 20-30% of 
the male nus were affected, and the incidence in the females was only slightly lower. However, the 
mineralization in the renal pelves and karyomegaly in male rats, seen prior to the onset of old rat 
nephropathy, were still readily distinguishable at 18 months. At termination, essentially all male rats 
and nearly all female rats exhibited old rat nephropathy. The incidence of pelvic minerali7..ation was 
increased, and karyomegaly was observed occasionally in the male rats. 

It should be noted that, in the second year, 2 disease processes seemed to be occurring in parallel. 
the old rat nephropatlw and a number of preneoplastic changes that appeared not to be con· 
cornitants of old rat nephropathy. These changes included karyomegaly, hyperplasia, and an early 
benign neoplasm. 

The surprising finding at termination was the primary renal neoplasms, 13 of which were diag~ 
nosed in the male rats with evidence of a dose relationship, and l sarcoma seen in a female rat in the 
intermediate dose group. The spontaneous incidence of primary renal tumors in the Fischer 344 rat is 
extremely low in both sex:es (Coleman et al., 1977; Goodman eta!.. !979). It must, therefore, be con· 
eluded 'that the dose-related incidence of such mmors in male rats in the present study is to be ascrib
ed to the ex:posure to wholly vaporized gasoline. 

The nonneoplastic pulmonary inflammatory response, seen after 12 months and at a slightly 
higher incidence in female rats, may be related to the slight irritant effect of the gasoUne vapor. It is 
interesting to note that no evidence of the progressive focal interstitial fibrosis reponed by Lykke 
and Stewart (1978) was found in the present study. These authors ex:posed rats to 100 ppm of the 
vapors of a leaded gasoline for periods ranging from 6 to 12 weeks. 

In mice, alopecia was a frequent occurrence during the ex:posure phase but was seen in all groups, 
including controls. Thus, it does not appear to be related to the gasoline exposure. No remarkable 
changes in death rate or organ weights were seen in the mice. 

The pathologkal finding of interest- in the mice was an increased incidence of hepatocellular 
tumors, noted in the females in the period from the 18 momh sacrifice to termination. These tumors 
are commonly seen in mice and have a significant spontaneous incidence, which is higher in males 
(Tarone et al., 1981}. Whether the exposure promoted the appearance of additional tumors or even 
initiated them Cannot be determined from the present study. In some cases, metastases 10 the lungs 
and kidneys were noted. 

The most important findings in this chronic study are the early and progressive renal tubulcu
disease seen in male rats in the first year, the advem and enhanced development of old rat ne· 
phropathy in the second year with a parallel appearance of certain preneoplastic changes, and the 
fina.l appearance of primary renal neoplasms in the male rats. The hypothesis has been advanced that 
there may be causal connections between the early nephropathies and the late appearance of renal 
neoplasms, with the preneoplastic changes in the second year as a possible link. New studies are 
planned to explore this question. 

In analyzing the results of this study, attention has been directed to the gasoline, which is a com~ 
plex mixture of several hundred hydrocarbons (Appendix.) There are 5 main classes: n~alkanes, 
isoalkanes, cycloalkanes. alkenes, and aromatics, Some evidence is beginning to accrue that suggests 
that the renotox.ic effect of whole gasoline may be largely due to the presence of I or 2 of the main 
types of hydrocarbons. In particular, the isoalkane:s are suspect (Cockrell et al., 1983; Pitts et al., 
1983). Studies are in progress to examine the relative activity of the 5 hydrocarbon classes and in· 
dividual molecuJs.r species. 
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Finally, the relevance of the results of this study to man is under active investigation. Collectively, 
epidemiological studie~ of populations that are exposed to gasoline in occupational Si(Uations have 
not revealed any statistically significant increase in renal carcinoma, although slight increases have 
been detected in some studies (l-ianis eta]., 1979; Haniset al., 1982). Jt should be noted that, in real
life situations where gasoline vapors are released, the vapors tend to be richer in the !ow-boiling con
stituents. Analyses of such atmospheres reveal total hydrocarbon concentratiom generally les~ than 
60 ppm for approximately 2 minutes (0.28 ppm based on an 8-hour time-weighted average). 
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Ai'PENOIX I: COMPOSITION OF GASOLINE 

The specifications u~ed to define such petroleum products as gasoline are directed t01~ard per for" 
mance chara.cteristics, usually stated in terms of physical properties; little attempt is made to deter
mine detailed chemical composition, as can be seen in the data shown in Table I in the text. The 
gasoline used in the present study was formulated by blending 4 refinery streams, as shown in Table 
AI. 

The antioxidant consisted of 76f1Jo 2,6--ditertiary butylphenol, with the remainder about equal 
parts of 2-tertiary butylphenol and 2,4,6--tritertiary butylphenol. The metal deactivator was a 50% 
solution of N,N'-disalicylidene-1,2-diaminopropane in commercia! xylene. The wncentration of 5 
pounds/1000 bbl corresponds to approximately 20 ppm wt/wt or 14 ppm wt/vol. 

Like gasoline, the 4 refinery streams in Table Al arc specified largely by physical parameters, with 
only minimal chemica! compositional information, as shown in Tables A2, A3, A4, and A5. 

The most detailed comrositional information available on the unleaded gasoline employed in this 
study, based on gas chromatographic and mass spectrometric analyses, covers 151 compounds out 
of over 542 that are possible. These data are provided in Table A6. The specinc individual com
pounds indentified as major contributors in Table A6 are listed in Table A7. 

It should be noted that about 751Jlo of the gasoline is comprised of 42 of the compounds detet·" 

T AD!..E A I. ·FoRMULATION oF UNLEADED GASOLINE 

Generic Streama CAS Number Volume% 

Light catalytic cracked naphtha 
Heavy catalytic cracked naphtha 
Light catalytic reformed naphtha 
Light alkylate naphtha 

Benzene added to bring to 2°/o 

64741-55-5 
64741-54--4 
64741-63-5 
64751-66-8 

Butane added to increase Reid vapor pressure 

Plus: 
Antioxidant 
Metal deactivator 

-----

5 pounds/1000 bb1 
5 pounds/1000 bbl 

7.6 
44.5 
2l.l 
22.0 

0.8 
3.8 

aToxic Substances Control Act (TSCA) PL 94--469: Candid<lte List of Chem1ca! 
Substances, Addendum !, Generic Terms Covering Petroleum Refinery Processed 
Streams, January 1978. 

24.1 
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TABLE A2. SPECIF1CATIONS OF 

LiGHT CATALYTIC CRACKED NAPHTHA 

A complex combination of hydrocarbons produced by 
the distillation of products from a catalytic cracking pro· 
cess. lt consists of hydrocarbons having carbon numbers 
predominantly in the range of C-4 through C-11 and boiling 
in the range of approximately -20"C to 190"C (-4"F to 
374"F). It contains a relatively large proportion of unsaturated 
hydrocarbons. 

Tests 

Gravity, "API 
Sulfur, weight IJfo 
Nitrogen, ppm 
Reid vapor pressure, psia 

Distillation (ASTM D-86), "F 
IBP 
IOIJfo 
501Jfo 
9()~, 

951Jfo 
EP 

Paraffins, IJfo 
Olefins, Ofo 
Naphthenes, IJfo 
Aromatics, IJfo 
Saturates, IJfo 

aBased on data submilted by ll companies. 

Range of 
Company Dataa 

50-75 
0.02-0.3 

10-50 
2-12 

80-125 
103-160 
152-265 
235-4()8 
240-430 
295-460 

21-44 
15-68.5 
10-16 
6-28 
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TABLE A3, SPECIFICATIONS OF 

HEAvY CATALYTIC CRACKED NAPHTHA 

A complex combination of hydrocarbons produced by a 
distillation of products from a catalytic cracking process. It 
consists of hydrocarbons having carbon numbers predomi· 
nantly in the range of C-6 C-12 and boiling in the range of 
approximately 6.5"C to 230"C (148"F to 446"F). It contains 
a relatively large proportion of unsaturated hydrocarbons. 

Tests 

Gravity, "API 
Sulfur, weight IJfo 
Nitrogen, ppm 
Reid vapor pressure, psia 

Distillation, (ASTM D-86 equiv.), "F 
IBP 
IOOfo 
SOIJfo 
90~o 

95<~lo 

EP 
PONA, IJfo by MS 
Paraffins 
Ole fins 
Naphthenes 
Aromatics 
Saturates 

Aniline PL, "F 
MON (Clear) 
RON (Clear) 

•Based on data submitted by 6 companies_ 

Range of 
Company Dataa 

36-47.1 
0.08-0.3 

21-110 
0.3-4.1 

118-275 
245-333 
324-372 
388-412 
412--422 
420-450 

22.8-32.7 
9.8-20.8 

10.6 
45.0-56.6 
4().0 

64.0 
77.6-81.3 
85.0-90.8 



TABU: A4. SPECIFICATIONS OF 

LIOHT C.HALY11C REFORMED NAPHTHA 
---

A complex combination of hydrocarbons produced from 
the distiHation of products from a catalytic reforming process. 
It consists of hydrocarbons having carbon number predomi
nantly in the range of C-5 through C-11 and boiling in the 
range of approximately 35°C to J90"C (95 to 374"F). It con
tains a relatively large proportion of aromatic and ~ranched 
chain hydrocarbons. This stream may contain 10 vo! f!Jo or 
more benzene. 

Tests 

Gravity, (I API 
Sulfur, weight DJo 
Nitrogen, ppm 
Reid vapor pressure, psia 

Distillation (ASTM D-86), oF 
!BP 
IOOJo 
500Jo 
90•• 
9SOJo 
EP 

Paraffins, OJo 
Olefins, OJe 
Naphthenes, ff'/o 
Aromatics, ff/o 
Saturates, OJo 

Benzene, val OJo 

~Based on data submitted by 9 companies. 

Range of 
Comj)(lny Dataa 

40-59 

3.7-11 

74-149 
136-225 
186-299 
229-360 
292-381 
356-448 

28-55 
0-2.4 

0.5-4.4 
30.9-69.9 

0.6-3.97 
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TABLE AS. SPECIFlCAl10NS OF Limtt ALKYl-ATE NAPHTHA 

A complex combination of hydrocarbons produced by 
distillation of the reaction products of isobutane with mono
olefinic hydrocarbons usually ranging in carbon numbers from 
C-3 through C-5. It consists of predominantly branched chain 
sawrated hydrocarbons having carbon numbers predomi
nantly in the range of C-7 through C-JO and boiling in the 
range of approximately 90"C to l60°C (l94"F to 320"F). 

Tests 

Gravity, 0 API 
Sulfur, weight f!Jo 
Nitrogen, ppm 
Flash pt., °F 
Aniline pt., "F 
RVP, pounds 

Distillation, (ASTM D-86}, "F 
IBP 
lOOJo 
500Jo 

90•• 
95<7o 
EP 

Paraffins, qlo 
Olefins, rlfo 
Naphthenes, OJo 
Aromatics, fl/o 
Saturates, OJo 

RON (clear) 
MON (clear) 

~Based on data submiued by 3 companies. 

Range of 
Company Dataa 

70.4-74.1 
0.002-0.01 

1.1 
122 
166 
4.2-6.9 

104-120 
154-175 
208-230 
235-300 

258-335 

99+ 
0.0!-0.5 

1.0 
0.0-1.0 

98.5 

93.8-95.2 
'10.5-92.5 
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TABLE A6. DETAILED COMPOSITION 01' GASOLINE 

No. of Isomers 
Volume No. of 

Carbon Analy:::.ed %in ,\1a;o.r Accounring 
Compound Class No. Range Possible foe Fuel Contributors foe 

AJkanes C-3 through C-10 8 8 11.4() 10.19 9Q07o 

isoa!kanes C-4 I I 1.14 1.14 
C-5 2 2 10.26 !0.26 
C-6 4 4 8.99 8.81 
C-7 8 8 4.77 4 4.54 
C-8 17 ld 16.73 4 11.75 
C-9 34 22 2.01 d !.51 

C-!0 through C-13 > 75 2.65 :--io mformation 

Total !soa!kanes C-4 through C-13 > 141 51 46.55 17 38.01 82UJo 

Cycloalkanes C-5 I 0. I 5 0.15 
C-6 2 2 1.05 0.97 
C" ., 7 7 1.09 0.77 
C-8 23 16 0.7~ 

C-9 76 23 1.03 
C-10 through C-13 > 76 0.62 No information 

Total cycloalkanes C-5 through C-13 > 185 49 4.68 1.89 40UJo 

Alkenes C-2 0.00 
C-3 O.QJ I O.oJ 
C-4 4 4 0.9() 2 0. 75 
C-5 6 6 1.29 3 1.22 
C-6 17 17 lAO 2 1.26 

C-7 through C-12 > 128 5.J4 ~o information 

Total alkenes C-2 through C-12 > 157 29 8.96 8 3.26 .36°lo 

Benzene C-6 !.69 1.69 
AJkylbenzenes C-7 3.99 3.99 

C8 4 4 9.83 4 9.83 
C-9 8 8 7. 7 3 3 5.33 

C-10 22 2.11 :--Ia information 
C-11 >22 0.52 No information 
C-12 ~22 0.21 No information 

Total alkylbenzenes C-6 through C-12 ,. 36 ld 26.08 9 20.84 80UJo 
lndans/Tetralins C-9 through C-13 Large 1.54 No information 
Naphthalenes C-10 through C-12 15 0.74 No information 

Total aromatics C-6 through C-13 >51 14 28.36 9 20.84 73fJ!o 

SUMMARY 

A.Jkanes C-3 through C- !0 8 8 11.4 10.2 9() •• 

Isoalkanes C-4 through C-13 >141 51 46.5 17 38.0 82(1Jo 
Cycloalkanes C-5 through C·l3 > 185 49 4.1 5 1.9 4() •• 
Alkenes C-2 through C-12 > 157 29 9.0 8 3.3 36(1Jo 
Aromatics C-6 through C-13 >51 14 28.4 9 20.8 730Jo 

TOTAL >542 151 100.0 " 74.2 
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TABLE A7. lDENTIDCATION OF MAJOR CONTRJDUTORS 

--
AJka'11" (3) 

n-Butane 
n-Pentane 
n-Hexane 

lsoaJkanes (17) 
!so butane 
Isopentane 
2 .. Meihylpentane 
3-Methylpentane 
2,3-Dimethylbutane 
2-Methy!hexane 
3-Methylhexane 
2,3-.Dimethylpentane 
2, 4-Dimethylpentane 

Cyc!oa/kanes (5) 
Methylcyclohexane 
I ,cis,-3-Dime! hylcyclopcntane 
l ,trans, -3-Dimethylcyclopentane 

A!kenes (8) 
Propylene 
trans-Butenc-2 
cis .. Butene-2 
Pemene-1 

Aromatics (9) 
Benzene 
Toluene 
Ethylbenzene 
a-Xylene 
m-Xylene 

2,2,4-Trimethylpentane 
2,3 ,4- 'frimethylpentane 
2,3,3- Trimethylpentane 
2,2,3-Trimethylpentane 
2-Methyloctanc 
3-Methyloctane 
4-Methyloctane 
2,2 ,5-Trimet hylpen tane 

Cyclopentane 
Methylcyclopentane 

trans-Pentene-2 
cis-Pcntene-2 
2-Methylpentene-1 
2-Methy!pcntene-2 

p-Xylene 
!-Methyl, 3-ethylbenzene 
!-Methyl, 4-ethylbenzene 
I ,2,4-Trimethylbenzene 

mined. In Table AI, benzene adjustment to approach 20Jo is indicated, based on an infrared 
analytical method. However, when the more precise gas chromatographic-mass spectrometric 
analytical procedure was used to obtain the results shown in Table A6, the benzene contem was 
estimated to be 1.690Jo. More recent reanalyses of the gasoline by an improved method indicate that 
the actual benzene coment was 1.80-J. % 0!o, a satisfactory approximation to 20Jo. 

We thank Richard W. King of Sun Tech, Inc., for providing the detailed information on the 
chemical composition of the gasoline. 
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CHAPTER VI 

RENAL 1DXICITY OF GASOLINE 
AND RELATED PETROLEUM NAPHTHAS 

IN MALE RATS 

Clive A. Halder 
Standard Oil Company (Indiana) 

200 East Randolph Drive, Chicago. lllinios 60601 
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Amoco Oil Compan:···· Amoco Research Center 

Warrenville Road and Mill Street, Naperville. Illinois 60566 
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10 West 35rh Street, Chicago, lllinois 60616 

ABSTRACT 

Subchronic inhalation wxicity of seven petroleum naphtha streams and an unleaded 
gasoline blend was studied in Sprague- Dawley rats. The gasoline blend and five 

of the naphthas produced severe renal toxicity in male rats, whereas the two re
maining naphthas induced only mild or no renal toxicity. The lesions consisted 
of excessive hyaJin droplet formation in the epitl1elium of lhe prox..imal convoluted 
tubules, degenerative changes of the proximal convoluted rubules in the renaJ cor
tex, and tubular dilatation and nrxrosis at the corticomedullary junction. These 
effects appeared to be associated with exposure to petroleum-derived hydrocar· 
bans and have been reported in inhalation studies conducted on a number of other 
petroleum materials. A review of lhe chemical composition indicated that chemical 
class was a m.ajor factor in the nephrotoxic potential of the tested materials anJ 
that, as a class, the alkanes (paraffins) appeared to be most effective in producing 
nephrotoxicity. The alkenes (olefins), which in these materials were structurally 
similar to the alkanes, also produced nephrotoxicity. Aromatic hydrocarbons, on 
the other hand, did not produce a nephrotoxic effect. 
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Struclure-Activily RelalioMhip 

l11e naphrha materiaJs. by virtue of their different processing treatments. are com
posed of different classes of compounds and/or proponions of these classes of 
comjXlunds. The predominant chemical classes found in these materials include 
the normal and branched alkanes (paraffins). cycloalkanes (naphthcnes), alkenes 
(olefins). and aromatic compounds. The fact that some naphtha materials did not 
cause r~nal toxicity suggests that cer1ain classes of compounds. or combinations 
of compounds from one or more chemical classes. in sufficient quantities, were 
responsible for the production of these renal lesions. 

The compositions of the test materials were reviewed in an effort to draw some 
correlations between nephrotoxicity and chemical composition (Table XI). Full
range alkylate naphtha. which produced the most severe nephrotoxic response. 
consisted of 98% normal and branched alkanes (paraffins). whereas heavy 
catalytic-reformed naphtha. which produced no effect. was composed of about 
93% aromatics and only 7% alkanes. Both materials had minim<1l amounts of 
alkenes (oiefms). These findings suggested that the alkanes contributed most to 
the nephrotoxicity. while the aromatics did not appear to be involved. The fact 
that both materials contained only minimal amounts of alkcnes suggested that 
a!kcnes may not be necessary for inducing nephrotoxicity. However. since 
polymerization naphtha. which is comprised of approximately 92% a!kcnes. also 
produced nephrotoxicity. it is evident that alkenes arc also involved. It is impor
tant to realize. however. that the alkenes contained in the polymerization naphtha 
are structurally very similar to the n0rmal and branched alkanes comprising full
range alkylate naphtha. and. therefore. it is possible that structural conformation 
plays an important part in the nephropathy rather than functional group. at !east 

TABLE XI 
Summary of Composition and ~cphrotoxic Effects 

Matena! :\ILJ11C~ 1 ·" Alkene~ AniiH<li!C~ Rl'nalttlxh.:Hy 

Lig.ht Stratg.ht·Run 96 0 ·' ·l·-i· 

Ltght Cata!ytic-Crackl'd :-/aphtha w .~~ ~9 

Light Catalytic-Reformed ~aphtha 67 11 ++ 

Heavy Catalytic· Reformed 
:-/aphtha () Y1 
Full Rangs Alkylatc Naphtha "" 0 +++ + ~-

Polymenlation Naphtha " " <I + ~- .,.. 
Thermal-Cracked Naphtha '" .\0 12 ++ + ~-

Unleaded GN1linc Blend -~){!" 1 ~1h1 4 \<ln H 

~~ 1 Includcs cyclo. normal. and branched: cl' 1 E~ttrnatcd 
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as far as the alkanes and alkenes are concerned. Also, the fact that materials that 
contained high proportions of alkanes also induced renal toxicity in male rats fur
ther support.<; the hypothesis that the alkanes were primarily responsible for the 
induction of nephrotoxicity in rats exposed to these petroleum materials. Lastly, 
the unleaded gasoline was a blend of some of the naphtha materials described 
in this report. The exact composition is proprietary, but it did contain a cenain 
proportion of a strongly nephrotoxic naphtha, that is, full-range alkylate naphtha. 
Thus, the nephrotoxjc responses noted in the 21-day and 90·<iay srudies of unleaded 
gasoline probably reflect the compositional makeup of the blend, with the dif.· 
fercnt proportions of naphthas each contributing to the overall nephrotoxicity on 
the basis of their individual potencies. 

It is interesting to note .the almost 100-fold difference in nephrot()Xic p<:~tency 
between full-range alkylate naphtha and light straight-~~n naphtha, even though 
both materials are comprised almost entirely of alkanes. However, by virtue of 
different processing treatments, the composition of the alkane components of these 
two streams differs substantially. For example, fuH¥range alkyl ate naphtha is pro
duced by a!ky!ating 3- through 5-carbon alkenes with isobutane to fonn a 
predominance of highly branched alkanes, particularly 8-carbon isomers such as 
the trimethy!pentanes. 0!1 the other hand. light straight-run naphtha, by virtue 
of being derived from unprocessed distillation cuts of crude oiL contains a much 
larger variety of alkanes in varying proponions than does full-range alkylate 
naphtha. The predominating alkanes in this material consist of straight-chained 
and/or lightly branched alkanes. These facts, in conjunction with the variance 
in relative potency between the two streams, funher suggest that there exists a 
range of potencies among the different normal and branched alkanes within the 
alkane class as a whole and that some of the most potent arc concentrated in the 
full-range alkylate naphtha material. 
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ABSTRACT 

At the request of the U.S, Environmental Protection Agency 
and the motor vehicle manufacturers, the Health Effects Institute 
(HEI; published. a report in 1985 that analyzed the scientifi.c 
evidence for an association between exposure to gasoline vapors 
and cancer. Concern at that time arose from the results of a 
chronic t;~o-year· bioassay (the PS-6 study) that reported 
increased kidney tumors in male Fischer-344 rats and increased 
liver tumors in female B6C3F 1 mice exposed to wholly vaporized 
gasoline. The 1985 HE:I Report concluded that "the tnformation 
needed for the adequate characterization of the risk to humans of 
ambient gasoline vapors is not available. The PS-6 study and 
others have shown that some components o·r gasoline can affect 
rodent species and increase cancer rates in rats and mice. In 
the absence of other evidence therefore, the pos~ible 
carcinogenicity of gasoline vapors to human beings cannot be 
dismissed. However, it is not possible to draw accurate 
conclusions concerning the degree of human risk." 

The purpose of this supplement is to describe the research 
findings that have emerged since the publication of the 1985 HEI 
report that are relevant to the health effects of gasoline 
refueling vapors. Research on the renal effects of petroleum 
hydrocarbons reinforces the earlier conclusion that the kidney of 
the male rat is particularly susceptible to the toxic effects of 
petroleum hydrocarbons, and that the observed renal neoplasms may 
develop by a mechanism that appears to be unique to that species 
and sex. In contrast, little attention has been directed to the 
understanding of the mechanism responsible for increased liver 
tumors in female B6C3F 1 mice exposed to wholly vaporized 
gasoline. During the past two years, a number of reports have 
been pub·11sr1ed that provide useful data on the composition of 
gasoline vapors that are generated during refueling, and on the 
uptake of specific gasoline compounds by the respiratory tract. 
Epidemiologic studies are currently in progress to determine if 
exposure to petroleum vapors is a risk factor for kidney cancer 
in occupationally exposed cohorts. 





AM UPDATE ON GASOLINE VAPOR EXPOSURE AND HUMAN CANCER: 
AN EVALUATION OF SCIENTIFIC INFORMATION PUBLISHED 
BETWEEN 19B5 AND 1987 

PURPOSE 

Prepar•ed by the 
Health Efrects Institute 

January 6, 1988 

In September 1985, the Health Effects Institute (HEI) 
published an analysis that it had conducted of the informational 
basis for quantifying cancer risks from exposure to unleaded 
gasoline vapors (HEI, 1985)o For the general public, this 
exposure occurs most frequently at the self-service gasoline 
pump. Using the National Research Council's framework for risk 
assessment (NRC, 1983), the HEI analysis concluded that important 
information was lacking in the three areas that lead to the 
actual quantification of risk, namely, hazard identification, 
dose-response assessment, and exposure assessment. The purpose 
of this review is to describe research findings that have emerged 
since the publication of the 1985 HEI report that are relevant to 
the issue of the health effects of unleaded gasoline vapors. 

BACKGROUND 

In July 198~, the HEI industrial sponsors, who are members of 
the Motor Vehicle Manufacturers Association, asked the Health 
Effects Institute to "immediately undertake a review of the issue 
concerning potential adverse health effects from refueling 
vapor.• The U.S. Environmental Protection Agency (EPA) followed 
with ·a similar· request in February 1985, when Dr. Bernard 
Goldstein, Assistant Administrator for Research and Development, 
asked HEI to "complete an examination of available and ongoing 
research on adverse health effects from exposure to gasoline 
vapors" and to "identify important gaps that should be 
addressed." These requests were stimulated by EPA consideration 
of regulations for .enactment of controls that would limit 
exposure of the public to refueling vapors (EPA, 1984). The 
technology that is available to limit human exposures to gasoline 
vapors include Stage II pump-nozzle controls, on board absorptive 
canisters, and limitations on fuel volatility. 

Three concerns related to air quality and human health 
provided the impetus for the EPA to consider establishing 
regulations to control exposure to refueling vapors (EPA, 1984): 
(1) these vapors contain benzene, which is recognized as a human 



carcinogen, and is regulated under Section 112 of the Clean Air 
Act (CAA); (2) hydrocarbons in gasoline vapbr contribute to tne 
formation of ozone, a criteria pollutant regulated under Sect.ion 
110 of the CAA; and (3) the results of a chronic bioassay 
conducted in rats and mice (discussed below) indicated that 
exposure to wholly vaporized gasoline resulted in increased 
kidney (or renal) tumors in male rats and increased liver tumors 
in female mice. 

When HEI became involv·ed (in 1984) with the question of the 
potential human health effects that may result from exposure to 
refueling vapors, the major concern driving the issue was the 
third factor cited above, the possibility that the vapors inhaled 
during refueling (exclusive of benzene) are human carcinogens. 
The basic question that HEI posed was: Is the scientific database 
sufficient to accurately and appropriately quantify the public 
health impact, specifically increased cancer incidence, from 
exposure to gasoline vapor during self-service gasoline 
refueling? 

THE HEALTH EFFECTS INSTITUTE 1985 ANALYSIS 

Concern that gasoline vapors may be carcinogenic arose 
primarily from the results of an animal carcinogen bioassay (the 
PS-6 study) sponsored by the American Petroleum Institute (API) 
(MacFarland et aL, 1984). This study was designed and 
implemented for haza~d identification, and not to define a dose
response relationship. Rats (Fischer-344) and mice (B6C_3F 1 ) of 
both sexes were exposed to wholly vaporized unleaded gasoline for 
approximately two years. Exposures were for six hours a day, 
five days a week for the·entire duration of the experiment. Four 
different concentrations of unleaded gasoline vapors were 
employed: 0 mg/m3 (control), 300 mg/m3 (67 ppm), 1,290 mg/mj 
(292 ppm), and 9,150 mg/m3 (2,056 ppm). (During a typical self
service refueling operation, a p!tron is exposed for several 
minutes to between 50 and 150 mg/m of gasoline vapor.) Animals 
were sacrificed for interim examination at three, stx, twelve, 
and eighteen months, and for final analysis at the termination of 
the experiment. 

The most important findings of t~is study were (1) the 
appearance of early (three months) and progressive renal tubular 
disease in exposed male rats; no such effects were seen in female 
rats or mice of either sex; (2) significantly increased incidence 
of renal tumors, including carcinomas, in male rats exposed to 
the middle «nd high exposure levels; and (3) significantly 
increased incidence of hepatocellular carcinomas in female mice 
in the high exposure group. Chronic exposure did not appear to 
increase mortality in either species. 

The 1985 HEI analysis, which was titled "Gasoline Vapor 
Exposure ·and Human Cancer: Evaluation of Existing Scientific 
Information and Recommendations for Future Research, • examined 
the scientific uncertainties surrounding the question of gasoline 
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vaoor .)8rcinogenicity. The report identified the following key 
issues that required resolution before an accurate assessment of 
carcinogenic risk from ambient refueling vapors could be 
conducted (HEI Report, 1985): 

Gasoline composition: The wholly vaporized fuel used in the PS-6 
study contains a greater proportion of higher molecular weight 
paraffin compounds believed to be responsible for hydrocarbon
induced nephropathy in male rats, than do the vapors at self
service gasoline pumps. Exposure to wholly vaporized fuels was 
not considered representative of ambient gaseous hydrocarbon 
mixtures. 

Animal model: Questions were raised regarding the applicability 
of the animal models used in the PS-6 study (the Fischer-344 rat 
and the B6C3P 1 mouse) for direct extrapolation to humans. The 
male rat is unusually, if not uniquely, susceptible to the 
nephrotoxic effects of various hydrocarbons. The B6C3F 1 mouse is 
highly susceptible to the induction of liver tumors. 

Exposure monitoring: The magnitude and extent of human exposures 
to gasoline vapors in occupational and non-occupational settings 
were not well quantified. 

Epidemiology: The epidemiologic literature was, at most, weakly 
suggestive of increased renal cancers in workers exposed to the 
vapors of petroleum products. The results were statistically 
weak, were inconsistent across studies, and lacked acceptable 
estimates or measures of exposure. 

The 1985 HEI report reached the following conclusion: 

The information needed for the adequate characterization of 
the risk to humans of ambient gasoline vapors is not 
available. The PS-6 study and others have shown that some 
components of gasoline can affect rodent species and increase 
cancer rates in rats and mice. In the absence of other 
evidence, therefore, the possible carcinogenicity of gasoline 
vapors to human beings cannot be dismissed. However, it is 
not possible to draw accurate conclusions concerning the 
degree of human risk (HEI Report, 1985, p. 11). 

RESEARCH ACTIVITY IN TRE PAST TWO YEARS 

The issues noted above have been 
degrees, in the research conducted and/or 
1985, but focus has been mainly on 

addressed, to varying 
published subsequent to 
the first and second 

categories. Consequently most of the remainder of this report 
addresses progress in these two areas. 

Gasoline Composition: Liquid and Vapors 

The issue of the sensitivity of animal models to gasoline 
vapor exposure cannot be separated from the distinction that must 
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be drawn between the composition of wholly vaporized gasoline and 
the composition of ambient gasoline vapors. This distinction is 
illustrated in the graphs shown in Figure ·1, taken from a study 
conducted by Bond and co-workers (Bond et al., 1986). Gasolin·e 
vapors consist mainly of C-4 and C-5 compounds, "light-end" 
hydrocarbons, while the higher weight compounds are the most 
abundant species in liquid l<hole blends. In a second study, 
gasoline vapors collected at five distribtJtion terminals 
contained 67 to 74 percent by weight C-4 and C-5 compounds, 13 
percent C-6, 6 percent C-7, and 6 percent C-8+ compounds; 90 
percent of the C-4 and C-5 compounds were n-butane, isobutane, n
pentane, and isopentane (Halder et al., 1986). 

FUEl COMPOSITION 

IG I I 

E'i g. 
!'uel 

1. Hydrocarbon composition of liquid 
vapor at the breathing zone position. 

Source: Bond et aL, 1986 

Dahl and co-workers (Dahl et al., 1987) 
respiratory uptake of the different cl·asses of 
gasoline vapor. The 19 compounds selected for 

characterized the 
compounds found in 
this study contain 



between three and nine carbons, a~d include hydrocarbons that are 
saturated, unsaturated, branched, straight chain, and cyclic. 
Fischer-344/N rats were exposed (nose-only) for SO-minute periods 
to vapor concentration that ranged from 1 to 5,000 ppm. Uptake 
rates were linearly related to exposure level over the dose range 
tested. These investigators found that: "( l) highly volatile 
hydrocarbons are less well absorbed than less volatile 
hydrocarbons; (2) unsaturated compounds are better absorbed than 
saturated ones; and (3) branched hydrocarbons are less well 
absorbed than unbranched ones.'' This type of information is 
helpful in better understanding the ultimate dose-to-target 
tissues for individual gasoline compounds under ambient exposure 
conditions. 

In 1985, it was recognized that differences exist between the 
compositi.on of liquid and volatilized gasoline. More recent 
examination of the hydrocarbon composition of ambient gasoline 
vapors has provided further evidence to support the position that 
wholly vaporized fuels are not representative of the composition 
of refueling gasoline vapors. This difference presents a 
difficulty in extrapolating ·from the PS-6 chronic animal 
experiments to humans. The hydrocarbons responsible for renal 
nephropathy in the rat (higher molecular weight branched alkanes) 
are much less abundant in ambient gasoline vapors than in the 
vapors of wholly volatilized gasoline (discussion to follow), 

Animal Models 

A. Rat Kidney Tumors 

In the past two years, virtually all of the biological 
research conducted to evaluate the toxicity and potential 
carcinogenicity of the hydrocarbons in gasoline vapors has 
focused on furthering our understanding of the mechanisms of 
hydrocarbon nephrotoxicity in the male rat. The main purpose of 
this research has been to determine the extent to which male rat 
kidney tumor induction after exposure to wholly volatilized 
unleaded gasoline, found in the PS-6 study, is relevant to 
humans. At the time HEI issued its report, there was suggestive 
evidence that the renal lesions that develop in the male rat in 
response to hydrocarbon exposure may be unique to that species 
and sex, but several relevant characteristics of their 
development, the mechanisms of in_jury and repair, and their 
potential relationship to renal carcinogenesis had not been 
investigated. 

The descriptive features of hydrocarbon nephropathy in the 
male rat have been summarized, in a review of a 1983 Workshop on 
the Kidney Effects of Hydrocarbons, as including the following 
lesions: "(1) the accumulation of hyaline droplets in the cells 
of the proxJ.mal convoluted tubule, (2) focal degeneration of 
cells throughout the proximal tubule, (3) proximal tubular 
regeneration, (4) granular casts and dilated tubular lumina at 
what appears to be the junction between the proximal tubule and 
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the descending thin limu, (5) degeneration of epithelial cells 
adjacent to the casts, and (6) mineralization of tubules in the 
renal medulla" (Trumpet al., 1984). 

In the PS-6 study, many of these lesions were observed at 90 
days in the kidneys of male rats exposed to unleaded gasoline. 
Similar findings have been reported for male rats exposed to 
paraffins (Halder et al., 1984; Phillips and Cockrell, 1984; Vi au 
et al., 1986) decal in· (Alden et al., 1984; Kanerva et al., 
1987a); petroleum-based and synthetic aviation fuels (MacNaughton 
and Uddin, 1984), military propellants (Bruner, 1984), d-limonene 
(Kanerva et al., 1987b), 2,2,4-trimethylpentane (TMP) (Halder et 
al., 1985) and· 1,4-dichlorobenzene (Charbonneau et al., 1988). 
Some of these compounds also cause a sex-specific increase in 
renal adenomas and/or carcinomas in rats; others have not been 
tested in chronic studies. Three compounds, decalin, d-limonene, 
and TMP, have been used· as model compounds for studying the 
mechanisms of renal toxicity because of their ability to produce 
the characteristic lesions described above. 

The 1985 HEI report discussed the structure-actl. vi ty 
relationship believed responsible for hydrocarbon-induced 
nephrotoxicity in the male rat (see page 25-27 of HEI Report, 
1985). Briefly, branched alkane compounds with six or more 
carbons were suspected of being responsible for the 
nephrotoxicity attributable to whole fuel blends. This 
interpretation was based on subchronic inhalation experiments (21 
days) in which rats were exposed to different fuel-blending 
streams; those ~treams enriched with alkanes conferred the 
greatest renal toxicity (Halder et al., 1984). 

In more recent studies, gavage exposure was utilized to test 
the nephrotoxicity of individual compounds, distillation 
fractions, and blending streams (Halder et al., 1985). Rats were 
gavaged with either 0.5 or 2.0 mg/kg of the ·test substance once 
daily, five days per week, for four weeks. The results of these 
experiments provide confirmatory evidence that the renal toxicity 
of wholly vaporized gasoline resides almost entirely with 
branched alkane compounds with six or more carbons; the lighter 
compounds and those with no branching did not produce renal 
effects. No dose-effect relationship was observed for the two 
levels ·administered, suggesting possible saturation of the 
metabolic systems involved in the toxicity. 

In addition to these gavage experiments, two other studies 
have been published that have evaluated the renal toxicity 
associated with the light hydrocarbons, i.e., those that 
constitute the major fraction of ambient gasoline vapors (Halder 
et al, 1986; Aranyi et al., 1986). Because of the extreme 
volatility of these light-end components, these experiments were 
conducted using inhalation exposure rather than gavage. Exposure 
of male and female Sprague-Dawley rats to a vapor mixture 
consisting of 25 percent each (by weight) of n-butane, n-penJane, 
isobutane, and isopentane, at levels ranging from 120 mg/m ( 44 
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ppm) to 11,800 mg/m3 (4,437 ppm), for six hours a day, five days 
a week, over a three-week period, showed no evidence of 
nephrotoxicity in rats of either sex (Halder et al., 1986). 

Aranyi and co-workers (AJ"anyi et al., 1986) conducted 
subchronic inhalation experiments in which male and female rats 
were exposed to three different test atmospheres for six hours a 
day, five days a week, for thirteen weeks. The test atmospheres 
consisted of ( 1) 50 per·cent (by weight) n-butane and 50 percent 
n-pentane at two exposure levels: 1,000 and 4,500 ppm (equivalent 
to 2,660 and 11,970 mg/m3, respectively); (2) 50 percent 
isobutane and 50 percent isopentane at the same two exposure 
levels used for then-compounds; and (3) a 0 to 1l15° F gasoline 
distillation fraction at 1,200 and 5,200 ppm (equiValent to about 
3,300 and 14,300 mg/m3, respectively). The gasoline distillation 
fraction mixture is representative of the mix of compounds found 
in ambient gasoline vapors. No increased nephropathy was 
observed at the end of the 13-week exposure period in rats of 
either sex exposed to the three test atmospheres. No positive 
control group was included in the experimental design; therefore, 
it was not possible to compare the kidney lesion scores observed 
at the time of the final sacrifice with those induced by a 
hydrocarbon of known toxicity. 

The basis for the species and sex differences in hydrocarbon 
nephropathy are still not fully understood. However, recent 
research has implied that two factors, which may be unique to the 
male rat, have a role in the acute renal response to hydrocarbon 
exposure and may' be related to the production of renal adenomas 
and carcinomas. These factors are: (1) the accumulation of 
hyaline droplet·s and af -globulin 1 in the area in or surrounding 

u ' 
the proximal tubule o the kidney, and (2) the increased renal 
retention of hydrocarbons or hydrocarbon metabolites. 

The earliest histological lesion observed in the kidney of 
the male rat after exposure to unleaded gasoline or other 
volatile hydrocarbons is accumulation of hyaline droplets, which 
appear under the light microscope as abnormal secondary lysosomes 
within the cytoplasm of epithelial cells that line the renal 
proximal tubules (Alden et al., 1984; Busey and Cockrell, 1984; 
Phillips and Cockrell, 1984). In most species, these protein
containing hyaline droplets fnrm in response either to increased 
protein reabsorption in the proximal tubule or to renal cell 
injury. They are found in small numbers in the kidneys of normal 
rats of both sexes, but they increase in number and size in male 
rats after exposure to hydrocarbons and other toxic compounds. 

Alpha 2 u-globulin is the principal urinary ·protein of the 
mature male rat. The nomenclature used for this protein in 
the 1985 HEI repnrt was a-2-~globulin • 
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In humans and in experimental animals, protein-containing hyaline 
droplets form in response to a renal overload of small molecular 
weight proteins such as lysozyme in myelomonocytic leukemia or 
light chain immunoglobulins in light chain disease(Cotran et al., 
1986). 

Kanerva and co-workers (l987a) reported that hyaline droplet 
accumulation was the first morphological alteration in male 
Fischer-344 rats exposed to decalin, followed by the appearance 
of granular casts and chronic nephrosis. A number of 
investigators have advanced the hypothesis that the hyaline 
droplets that accumulate in hydrocarbon-treated male rats contain 
high concentrations of the male rat-specific protein 
~ 2 -globulin. This protein was recently detected by 
imMunohistochemical procedures in the P-2 segment of the proximal 
tubule and was localized in some, but not all, hyaline droplets 
( Stonard et al., 1986b; Olson et al., 1987). 

Alpha 2 u-globulin, the major urinary protein in the mature 
male rat, is synthesized in the liver under multi-hormonal 
control. It has not been detected in comparable concentrations 
in the urine of other species, including humans, or in female 
rats. Normally, a

2 
-globulin , a low-molecular-weight protein 

( 18,700 daltons), isu freely filtered in the kidney glomerulus, 
and accounts for over 50 percent of the excreted urinary protein 
in adult male rats (Neuhaus, 1981). A large fraction of filtered 
a 2 u-globulin, however, is reabsorbed into the epithelium of the 
proximal tubule of the kidney and degraded within lysosomes. 

In hydrocarbon-exposed male rats, the normal cycling of 
a

2 
-globulin is apparently disrupted, resulting in an 

acgumulation of the protein. When HEI issued its 1985 report, a 
limited data base suggested that hydrocarbon-induced renal injury 
in male rats was associated with a breakdown in the renal 
processing of a

2 
-globulin after hydrocarbon exposure, and that 

~ 2 -globulin anau a hydrocarbon metabolite were possibly 
co~alently associated with one another. The leading hypothesis 
on the mechanism of injury at that time was as follows. In the 
rat liver, specific hydrocarbon metabolites form covalent bonds 
(Schiff base adducts) with a 2 u-globulin. The molecular complexe5 
are reabsorbed into the proximal tubules in a form that the 
epithelial lysosomes cannot degradeo This accumulation of 
ingested material leads to the nephrotoxic syndrome described 
earlier, and, with prolonged exposure and progressive injury, may 
lead to renal tumorigenesis. (See pages 28-30 of HEI 1985 
report.) 

Investigations conducted within the past two y·ears provide 
additional evidence in support of the hypothesis that 
a

2 
-globulin is a key factor in the male rat's susceptibility to 

hyHrocarbon-induced nephropathy. The riature of the bond between 
hydrocarbon metabolite(s) and· a

2 
-globulin appears to differ, 

however, from the covalent Sch1ft adduct that was initially 
postulated. The compound that has been used as a prototypical 
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is 2,2,4-trimethylpentane 
both commercial unleaded 

been shown to induce renal 
formation in the male rat 
al., 1985; Stonard et al., 
renal carcinogenicity in a 

hydrocarbon to study this interaction 
(TMP), a highly toxic component of 
gasoline and the PS-6 fuel. TMP has 
lesions, including hyaline droplet 
(MacFarland et al., 1984; Halder et 
l986a), but has not been tested for 
chronic bioassay. 

It was establish.ed in 1985 (Kloss et al., 1985), that there 
were sex-dependent differences in the disposition of orally 
administered radiolabeled TMP in Fischer-344 rats. Female rats 
rapidly metabolize TMP and retain ten times less ·label in their 
kidneys than their male counterparts. Autoradiographic studies 
showed that the label retained in the kidney of the male rats was 
confined to the renal cortex. 
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It was also known that administration of TMP to lllale and 
female rats caused a dramatic increase in the content of 
a 2

u-globulin in male (but not female) rat kidneys, but produced 
no change in hepatic levels of a 2 u-globulin (Lock et al., 
1985). The data also suggested tfiat the TMP-induced 
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a
2 

-globulin accumulation in the male rat kidney is not related 
tau stimulation of hepatic synthesis of this protein. These 
results, now published, are shown in Table 1 (Loak et al 
l987b). Almost all of the renal increase in a

2 
-globulin was 

associated with the cytosolic fraction of the kidne~. 

In a third study available for review in 1985, Alden and co
workers ( 1984), demonstrated that in decalin-treated rats the 
hyaline droplets that accumulated in the proximal convoluted 
tubule of exposed male rats were associated with 
a

2 
-globulin. Thus, a basis had been established for pursuing 

re!tearch on· the metabolism and disposition of gasoline 
hydrocarbons, and on the associated role of a 2 u-globulin in male 
rat hydrocarbon-induced nephropathy. 

A number of investigators have examined 
a

2 
-globulin accumulation after acute or subacute exposure to 

hygrocarbons or hydrocarbon prototypes. Alpha -globulin 
a c cum u l at e s in the k i d n e y s o f m a 1 e ( but no t feum a 1 e ) a d u 1 t r a t s 
after treatment with TMP (Stanard et al., l986a; Charbonneau et 
al., 1987a), saturated aliphatic hydrocarbons (Vi au et al., 
1986), 1,4-dichlorobenzene (Charbonneau et al., 1988), decalin 
(Kanerva et al., l987b, l987c), d-limonene ·c Kanerva et al., 
l987b), and unleaded gasoline (Olson et al., 1987). As 
illustrated in Figure 2, the renal concentration of 
a -globulin starts to increase four to eight hours after 
a~Ministration of a single dose of TMP, peaks at 24-48 hours, and 
then slowly declines (Stanard et al., 1986a; Charbonneau et al., 
l987a). After five weeks of exposure to saturated aliphatic 
hydrocarbons, plasma levels of ct

2
u-globulin· were elevated, but 

the urinary clearance and net fractional reabsorption of the 
protein were similar in exposed and non-exposed animals (Viau et 
al., 1986). Exposed rats, however, accumulated a ten-fold excess 
or· "'? -globulin in their kidneys. Hepatic levels of 
a

2
u-glgbulin were not increased in TMP-treated animals, 

suggesting that the accumulation of the protein in the l<idney 
results from deficient renal processing of a 2 u-globulin rather 
than increased synthesis of this protein in the liver. This 
hypothesis is supported by the fact that unleaded gasoline 
treatment had no effect on the hepatic content of 
ct 2 -globulin nor its mRNA (Olson et al., 1987). In a subsequent 
sEHdy, treatment with estradiol (which inhibits· hepatic 
a

2
u-globulin synthesis) decreased hepatic and renal 

a
2 

-globulin content in unleaded gasoline-treated male rats by 95 
pe~cent and 50 percent respectively, compared to the levels in 
control animals that did not receive the hormone, suggesting that 
renal accumulation of a

2 
-globulin is dependent on the 

bioavailability of the compounud (Garg et al., 1987). 

When the disposition of 14c-labeled TMP, a branched alkane. 
with eight carbons, was compared with 14 c-labeled n-octane, a 
straight-chain compound with eight carbons which is not 
n e ph r o to xi c i n m a l e rat s , i t was f o un d t hat a t 7 2 h o ur s , the 
kidneys of TMP-treated rats had six times the label of those 
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treated with n-octane, and the kidney-to-liver ratio of label was 
17.6 for TMP and 0;35 for n-octane (Peterson et al.., l986a). 
This study confirms the preferential 1•enal retention or 
hydrocarbons that cause nephrotoxicity in male rats. 

··-
" • 0 i a ..,_, 
• 

"' /~~--------,~ 

-/{/ ~~ 
~ ' _,. ,. 
~ 

i 
g; "'""' ~ ,t ~ 

" 20-1 0 
~ 

" ' ;:; 

'', 

" 
B 

0 -,,f,-, T, -,,---,-----,-, ---------/.1, 
0 <(\ g 15 2o!l .a& 98 7d 

TIME AFTEA DOSING lhnl 

Fig. 2. Renal concentration of a £globulin 
in post£puberty male rats at diff~rent time 
periods after a single dose of TMP. 
(A) ~ TMP~treated; (®) ~ control. 

Source: Stonard et al., 1986 

The association of hyaline droplet accumulation with 
increased renal concentr•ations of .a

2 
-globulin was examined in 

the k.idneys of adult male, adult fematte, and immature male rats 
given a single oral dose of TMP (Stonard et aL, 1986a, 1986b). 
(Immature male rats do not synthesize a -globulin.) In the 
adult males, a dose-dependent increase in t~~ renal concentration 
of cr. -globulin corresponded with the accumulation of hyaline 
drople~~ in the proximal tubules: Immunohistochemical procedures 
localized a

2
u -globulin in the 1'"-2 ilegment of the renal proximal 

tubule. The staining intensity increas"d after exposure to 
TMP. Neither female rats nor immature males accumulated hyaline 
droplets or a 2 u-globulin in their kidneys after exposure to 
TMP. In a reJ.ated study, castration diminished, but did not 
abolish, T!iP-induced nephrotoxicity in the male !"at (Hobson et 
al., 1986). 

Increases in renal "zu -globulin 
with hyaline droplet accumulation 
treated with c!ecalin (Kanerva et al., 
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have also been associated 
in male Fischer-344 rats 
1987c), d-limonene (Kanerva 



et al., l987b) and unleaded gasoline (Olson et al., 1987). In 
unleaded gasoline-treated animals, the renal concentration of 
a

2 
-globulin increased over a dose range of 0.04 to 1.0 ml/kg to 

a ~evel five times higher than that 0bserved in sall~e-treated 
controls. The a

2 
-globulin levels returned to control levels 

within three days a~ter gasoline exposure was terminated (Garg et 
al., 1987). Localization of the a

2 
-globulin by immunohisto-

chemical techniques showed that, uwhile many hyali~e droplets 
stained positively for the protein, there were also unstained 
droplets, indicating the presence of other proteins in the 
hyaline droplets (Olson et al., 1987). Other immunohistochemical 
studies have confirmed treatment-rela·ted increases in the levels 
of a

2 
-globulin in the renal cortex of hydrocarbon-treated rats, 

but clhe resolution of the microscopic techniques has not been 
adequate to detemine if the protein is confined to the droplets 
or what fraction of the droplets contain the protein (Kanerva et 
al., l987c). Additional studies are required to establish the 
protein composition of hyaline droplets from normal and gasoline
exposed rats. 

The second factor that has been shown to be important in 
hydrocarbon-induced nephropathy is the elevated retention of 
hydrocarbons or hydrocarbon metabolites ·in male rats (Kloss et 
al., 1985; Peterson, l986a). Earlier studies, using TMP as a 
protoype compound, had indicated that TMP is metabolized 
primarily to trimethylpentanols, pentanoic acids, and 
hydroxypentanoic acids (Olson et al., 1985). Accordingly, it was 
logical to suggest that an aldehyde precursor of the carboxylic 
acid derivatives may form Schiff base complexes with 
a 2 u-globulin (Gibson and Bus, 1987). 

Loury and associates (1987b) 
primary hepatocyte cultures from 
rats. Cells cultured from males 

tested this hypothesis in 
male and female Fischer-344 
demonstrated the ability to 

produce a -globulin in vitro, whereas cells from females were 
incompeten~u. Analyses of hepatocyte cultures after incubation 
with radiolabeled TMP revealed no evidence to suggest that Schiff 
base complexes had been formed. In a second experiment, adult 
male rats were gavaged with three 300 mg/kg doses of labeled TMP 
one day prior to sacrifice. Analyses of liver, blood, kidney, 
and urine showed no signs of covalent interaction between 
~ 2 u-globulin and TMP metabolites. 

Recently, Lock and co-workers (1987a) presented evidence for 
the first time for an association between a metabolite of TMP and 
~ 2 u-globulin , but the binding was reversible rather than 
covalent. Male and female ~ischer-344 rats were treated with 
radiolabeled TMP and sacrificed 24 hours later" Radiolabeled 
material was localized in the cytosolic fraction and resolved 
into two peaks (on Sephadex G-75 columns), one of which contained 
25 percent of the cytosol activity and co-eluted with 
a -globulin. The second peak contained activity that eluted in 
t~hl low-mole·cular-weight range ( <1,000 daltons). Cytosol from 
the kidneys of female rats contained only the low molecular 
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weight peak. Dialysis of cytosol from the males led to removal 
of the low-molecular-weight components and, after treatment with 
sodium dodecyl sulfate (SDS), loss of all of the radioactivity 
previously associated with a

2 
-globulin. (SDS is a mild 

detergent that destroys the secogdary and tertiary structure of 
proteins. SDS does not break covalent bonds.) 

Further analyses demonstrated that the TMP metabolite 
associated with a

2 
-globulin is 2,4,4-trimethyl-2-pentanol 

(2,4,4-TM-2-P) (CharbonKeau et al., 1987a). It is puzzling that 
the radiolabeled metabolite of TMP and its associated 
a -globulin were found in the cytosol fraction, rather than in 
tfl~ fraction containing the lysosomes that are the postulated 
sites for a

2 
-globulin accumulation and degradation. This result 

may be an a-lttifact of homogenization and extraction techniques, 
but it emphasizes the need for further work to localize the 
subcellular site(s) associated with hydrocarbon metabolism and 
oo 2 -globulin accumulation. Male and female rats metabolize TMP 
aEucomparable rates, but ·the females excrete more conjugates of 
2, 4, 4-TM-2-P in urine than males, and they retain none of this 
metabolite in their kidneys. In contrast, 2,4,4-TM-2-P is the 
major metabolite found in the kidney of HlP-treated male rats 
(Charbonneau et al., l987a). 

Recent research has been directed towa1'd understanding the 
long-term consequences of hyaline droplet formation on the kidney 
tubule. In an experiment designed to examine the dose-effect 
response for TMP and to identify the sites in the kidney where 
TMP-induced cell proliferation occurs, male Fischer-344 rats were 
gavaged with 50 to 2,000 mg/kg TMP for 21 days (Short et al., 
1986). The most prominent histopathological change was the 
increased fraction of proximal tubules with accumulated protein 
(or hyaline) droplets in treated groups (50 percent) compared to 
control ani"3als (25 percent). Pulse labeling with (meth31-3H) 
thymidine [( H)TdR] indicated that the greatest amount of ( H)TdR 
incorporation occurred in epithelial cells lining the P-2 segment 
of the proximal tubule, the same region that exhibits hyaline 
droplet accumulation, degeneration, and necrosis. The labeling 
indices, however, were low and did not permit accurate 
quantification. 

In a subsequent study, the same group utilized a continuous 
infusion technique to administer the (3H)TdR, thereby increasing 
the amount of radiolabel incorporated into the renal tissue 
(Short et al., 1987). They examined cell proliferation in the 
kidneys of male F-344 rats after inhalation exposure to 0 to 2000 
ppm wholly vaporized unleaded gasoline and 0. 20 to 50.0 mg/kg 
TMP. After a three-week exposure to TMP, the protein droplet 
score and the number of hyperplastic foci increased in a dose
dependent manner. It should be noted that in a chronic study, 
Viau and co-work~rs observed regenerative foci in kidney tubules 
of rats exposed to hydrocarbons for 5.5 weeks, but not in animals 
treated for 46 or 68 weeks (Viau et al., 1986). Autoradiographic 
analysis demonstrated a significant increase in labeling index in 
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the P-2 segment of the proximal tubule after exposure to both TMP 
and unleaded gasoline (Figure 3), the same region where hyaline 
droplets accumulate (Figure 4). The authors point out a 
similarity in dose response to unleaded gasoline between P-2 cell 
replication rates in their study and the renal tumor response in 
the earlier PS-6 study. 
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Fig. 3. TMP~induced (A) and unleaded gasoline (UG)~induced 
(B) cell proliferation in the P~1, P~2, and Pr3 segments of 
the proximal tubule of the kidney. 

source: Short et al., 1987 

When the animals were allowed to recover for a week after TMP 
exposure there were no signs of increased droplet formation or 
cellular proliferation in the l<idney tubules (Short et al., 
1987). The reversible nature of acute hydrocarbon-induced renal 
lesions in male rats has been observed three days after nine 
daily gavage treatments of Fischer-344 rats with 2.0 ml 
gasoline/kg (Garg et al., 1986), and a week after a single dose 
of TMP to Alderley Park rats (Stanard et aL, 1986b). 
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The effect of the metabolites of TMP on cell proliferation in 
the kidney has been examined by Charbonneau and co-workers 
(l987b), All the major metabolites of TMP that were examined 
stimulated an increase in protein droplet accumulation and renal 
a

2 
-globulin concentration, but only TMP and 2,2,4-TMP acid 

in~reased the incorporation of (3H)TdR into renal DNA. 

Although the research discussed in this section has not 
resolved all of the uncertainties regarding the relevance of 
hydrocarbon-induced kidney tumors in male rats to human cancer, 
it has improved our understanding of the reasons why the male rat 
is particularly susceptible to the nephrotoxic effects of the 
branched alkane compounds found in unleaded gasoline. The 
research conducted in the last two years strengthe-ns the 
hypothesis that unleaded gasoline (or its active components) 
belongs to a class of compounds that induce lesions in a specific 
region of the kidney (in or near the P-2 segment of the proximal 
tubule) that are associated with a common sequence of 
interrelated events. This sequence is characterized by (l) the 
accumulation of ct -globulin and hyaline droplets, (2) tubular 
dilation and mflfer-alization, (3) focal areas of cell 
pr-oliferation, and ultimately, (4) lesions associated with 
chronic nephrosis. Although more research is required to 
understand the relationship of these events to one another and to 
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the carcinogenic process, it is clear at present that these 
a

2 
-globulin-induced events do not occur in female rats or in 

mlge of either sex; nor have they been described in other 
species, including humans. Current knowledge does not allow us 
to exclude the possiblity, however, that humans have proteins, as 
yet unidentified, that may have the capacity to f·orm complexes 
with hydrocarbon metabolites and produce toxic effects. 

B. Genotoxici ty 

The results discussed thus far demonstrate that inhalation or 
gavage exposure of male rats to whole fuel blends, or to specific 
constituents of whole fuel, produces renal tubular injury that, 
amon~ other things, is characterized by increased incorporation 
of ( H)TdR into renal tissue. Also, with cessation of exposure, 
the injury to renal tissue ·reverses, and (3H)TdR incorporation 
returns to background levels. 

Thymidine, a pyrimidine nucleoside, is one of the building 
blocks of DNA. Incorporation of thymidine into DNA occurs most 
commonly as a cell prepares to enter mitosis. Division may occur 
as part of the normal process of cell turnover within tissue, or 
it may occur as a repair process in response to tissue injury. 
DNA synthesis that occurs with the aim of regenerating injured 
tissue is referred to as replicative DNA synthesis (RDS). 
Thymidine incorporation may also occur after DNA damage (e. g., 
strand break, adduct formation), as various repair enzymes in the 
cell nucleus remove the damaged section of the DNA molecule and 
reinstate the correct molecular sequence. This process is 
referred to as unscheduled DNA synthesis (UDS) because it is not 
linked to the cell cycle. 

Given the level of hydrocarbon-induced tubular injury 
observed at the histologic level, there is little doubt that 
renal thymidine incorporation, discussed above, represents cells 
that are proliferating to repair that injury. 1</hen HEI issued 
its 1985 report, no study published up to that·date had indicated 
that· gasoline caused enhanced UDS or was genotoxic (see page 28 
of HEI 1985 report). 

Loury and co-workers (1987a) conducted an experiment to 
determine the extent to which radioactive thymidine incorporation 
in the exposed male rat kidney may also represent repair of 
damaged DNA. In other words, is· there evidence for genotoxic 
activity in ~he kidney of exposed animals that may be linked with 
the renal carcinogenicity that follows chronic exposure to whole 
gasoline vapors? To address this question, an in vivo/in vitro 
system was designed to quantify UDS and RDS in kidney cells. 
Male and female Fischer-344 rats were administered whole unleaded 
gasoline by either inhalation or gavage. At various times after 
exposure the animals were sacrificed, a·nd the kidney cells were 
cultured in the presence of (3H)TdR for subsequent 
autoradiographic analysis. Several other chemicals (e.g., 
dime thyl.ni trosamine, N-ni t·rosomorphol ine) with known genotoxi c 
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proper·ties were used as positive controls. Under no condition 
did exposure to unleaded gasoline at concentrations of up to 2000 
ppm stimulate UDS. In contrast, both gavage and inhalation of 
unleaded gasoline were effective in stimulating RDS in cells from 
male rats. No effects of unleaded gasoline on RDS were observed 
in cells from female rats. No evidence of UDS was observed in 
primary cultures of male fischer-344 rat kidney cells exposed to 
unleaded gasoline in agreement with the absence of a direct 
genotoxic effect of unleaded gasoline on l<idney cells in the in 
vivo assay. 

Additional studies have been conducted to determine if either 
unleaded gasoline or TMP produces gene locus mutations or sister 
chromatid exchange l.n the TK6 human lymphobl.astoid cell line 
(Richardson et al., 1986). Assays were carried out both in the 
pr•esence and absence of S9 activation. Unleaded gasoline was 
administered either in saturated medium to maximize exposure to 
water soluble compounds, or as vapor to maximize exposure to 
volatile components. Under neither condition did unleaded 
gasoline or TMP indu~e mutations or sister chromatid exchange in 
TK6 cells. 

In contrast to the results in kidney cells, unleaded gasoline 
and its metabolites have been reported to induce UDS and RDS in 
liver cells (Loury et al., 1986). Unleaded gasoline produced a 
dose-related increase in UDS in cultured male rat hepatocytes 
treated in vitro while TMP had no effect (Table 2). Positive 
effects on in vitro UDS were also noted for liver cells from male 
mice and from a human. In the in vivo/in vitro system, both male 
and female B6C3F 1 mic·e displayed a small increase in hepatic UDS 
following gavage with unleaded gasoline but only males showed an 
increased RDS response to unleaded gasoline, In mice, both sexes 
showed a positive RDS response to TMP. In ·male rats, neither UG 
nor TMP increased UDS in the in vivo/in vitro assay, but TMP did 
cause a significant increase in RDS. These results differ from 
the predominantly negative results r~ported for genotoxic assays 
of unleaded gasoline in the kidney, and are inconsistent with the 
results of the PS-6 study where unleaded gasoline did not produce 
tumors in rat liver. The negative UDS results in rat liver are 
consistent with the· liver tumor results of the UG inhalation 
study, but the UDS and RDS hepatic responses in mice do not 
correspond to the finding of increased liver tumors in female 
mice. 
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Table 2. Summary of results of Loury et al~, 
'1986) on Unscheduled DNA Synthesis (UDS) in 
:ultured tepatocyteS 9 and UDS and ~eplicative 
DNA Synthesis (RDS) in the in vivo/in vitro 
assay. 

In vi r.ro liDS 

NT 

Mouse 
f NT 

liu.man 1:10 sex g.:.·ren) 

In vivo/ in VLtro rn:JS 

!i 0 0 
Rat 

F NT W!" 

~1 -t( small but Sl.CJ) NT 
Mouse 

f +(small but Sll.CJ) NT 

tm wivo/in vitro !WS 

M t(noc sig) -Rat 
r NT NT 

11 t H 

!iOU!I0 
f 0 f 

m g~ronq effect; ~ e modmraca ~ffec~; 0 ~ no effecc; 
~ !lir rtot:: t:anJ t:@d 

Source: Loury et aL, 1986 

C. Mouse Liver Tumors 

Most of the biological research on gasoline vapors reported 
in the past two years has focused on the nephrotoxicity of' 
gasoline. In the PS-6 study, however, ~emale mice in the high
dose group (2,056 ppm or 9,150 mg/m ) had a significantly 
increased incidence of liver tumors. In contrast to the 
attention given to the rat findings, ·little research has been 
directed toward better understanding the response of mouse liver 
to hydrocarbons, nor has progress been made in identifying the 
active compounds or fractions of unleaded gasoline associated 
with liver tumor production in female B6C3F 1 mice. 
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The 1985 HEI report acknowledged that the relevance to humans 
of increased liver tumors in mice is not clear. The 
uncertainties surrounding the extrapolation of mouse live~ tumors 
to humans, and their implication for carcinogenesis risk 
assessment, have long been a subject of scientific controversy 
that has not come closer to r•esolution in the last two years 
(USISGC, 1986; Maronpot et al., 1987). The B6C3F 1 stra.in of 
mouse used in the PS-6 study deVel6ps liver tumors spontaneously, 
and exhibits a relatively high frequency of hepatic tumors 
followir~g treatment with many compounds, some of which are 
negative in bacterial mutagenicity assays (Pereira, 1985). 
According to current thinking, non-genotoxic chemicalS may 
stimulate the growth of, or confer a growth and survival 
advantage on precursor (!.e., initiated) cells in the liver, and 
thus could serve as tumor j)l'omoter·s (Pereira, 1985; Farber and 
Sarma, 1987). Our current knowledge does not allow a distinction 
to be made among the chemicals that induce mouse liver tumors on 
a mechanistic basis. 

The application of molecular biology techniques to the 
analysis of mouse liver tumors has shown promise for increasing 
our understanding of the neoplastic process. Recently, activated 
oncogenes have been detected in spontaneous (~ox and Watanabe, 
1985; Reynolds et al., 1987) and chemically-i.nduced (Wiseman et 
al., 1986) liver tumors. Reynolds and co-workers (Reynolds et 
al;, 1987) described a strategy for comparing patterns of 
oncogene activation in chemically-induced and spontaneous mouse 
liver tumors. Oncogene expression was evaluated in B6C3F 1 mice 
treated with· furan and furfural, both of which are mouse liver 
carcinogens in two-year bioassays, but neither of which are 
mutagenic in the Ames Salmonella assay. All of the oncogenes 
found in spontaneous tumors from contro·l mice were H-ras. The 
liver tumors from furan- and furfural-treated mice were h·eavily 
represented by H-~, but also contained K-ras and ~. as well 
as non-ras transforming genes of unknown identity. Even within 
the H-ras gene, carcinogen-treated animals exhibited point 
mutations at specific locations that contained no detectable 
mutations in the vehicle-treated controls. 

The authors argue that finding a different spectrum of 
activated oncogenes in chemically-induced tumors, compared to 
those present in spontaneous tumors, suggests that the carcinogen 
activated the proto-oncogene by a genotoxic mechanism, whereas if 
similar oncogenes had been detected, the chemical may have acted 
as a pt•omoter, poss.ibly via a cytotoxic mechanism. While these 
findings are of interest in understanding the mechanism of tumor 
induction, the assays are still in the developmental stages and 
the interpretation of these results in relation to risk 
assessment is uncertain. Integration of information obtained at 
the molecular level wit·h long-term bioassay data should improve 
our understanding of the mechanism of unleaded gasoline and other 
chemically-induced liver tumors in B6C3~ 1 mice. 
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Exposure Monitoring 

In its 1985 report, HEI noted a paucity of information 
regarding gasoline vapor exposure assessment. In the past two 
years, several studies have been conducted to characterize the 
hydrocarbon content of the breathing zone during refueling at a 
service stat ion (Bond et al., 1986; Tironi et al., 1986; Kearney 
and Dunham, 1986; Halder et al., 1986), and in other environments 
where petroleum vapors are present (Halder et al., 1986). 
Additional studies have been undertaken to understand· the many 
factors that can affect the concentration and composition of 
ambient gas vapors (EPA, 1985; Braddock et al., 1986; Furey and 
Nagel, 1986). These factors include temperatur~, the temperature 
difference between dispensed fuel and fuel already in the tank, 
fuel volatility, and the age of the fuel in the tank. 
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Fig. 5. Cumulative distribution of total 
hydrocarbon concentrations from combined 
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Source: Tironi et al., 1986 

Given the potential for large inter-study 
attributable to fuel and vehicle factors, as we.ll 
meteorological conditions such as temperature and 
available data on the average level and compo~ition 
vapors are surprisingly consistent across studies. 
attributable in part to the fact that certain 

variability 
as to local 

winds, the 
of refueling 
This may be 
sources of 

variability counterbalance each other. For example, in summer, 
fuels have lower volatility ratings than in winter, which offsets 
the effects that seasonal changes in temperature would have on 
evaporative emissions during refueling. 
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Williams (1987) has summarized the data from the literature 
concerned with gasoline vapor concentrations during refueling 
(Table 3). The usefulness of Williams' analysis is that the data 
from all the available studies were adjusted to reflect the 
exposure level only during filling, and the results have been 
converted to a common unit of exposure level '(mg/m3 total 
hydrocarbon). For all studies, the geometric mean exposure 
during refueling ranges from 47 mg/m3 to 148 mg/m3, both extremes 
reported by Tironi et al. ( 1986). Desp1 te this consistency in 
the average exposure 1.evels ·across studies, the data indicate 
that, within any specific study, the vapor concentrations during 
refueling cover a wide range. When assessing ambient 
concentrations of any substance ·for the purpose of a health 
evaluation, the high-end tail of the concentration distribution 
curve is important to consider, as well as the measure of central 
tendency. 

The distribution of total hydrocarbons in refueling vapors 
collected in summer and winter in the Detroit, Michigan, area is 
shown in Figure 5 (Tironi et al., 1986). Though the medi~n level 
appears to be about 100 ppmC (equivalent to 56 mg/m ) , the 
extremes ranged to 20 ·to 30 times this value. Much of this 
variability was due to wind conditions, such as ·eddy currents in 
the immediate vicinity of the pump operator. Acknowledging the 
importance of characterizing the high-end tail of the 
distribution, the authors listed the 90th percentile exposure 
concentrations for selected compounds (Table 4). The compounds 
in the table account for 88 percent and 84 percent of the total 
carbon found in winter and summer vapors, respectively. The 
table indicates that, although total hydrocarbon content is 
fairly stable across seasons (about 400 ppmV for the compounds 
listed at the 90th percentile), summer vapors are more heavily 
weighted with the higher molecular weight compounds. 

Table 4. 90th percentile concentration of selected 
hydrocarbons in refueling vapors 

Winter 
Component 

n-Butane 
i-Pentane 
i-Butane 
n-Pentane 
Propane 
trans-2-Butene 
2-Methyl-2-butene 
2-Methylpentane 
2-Methylhexane 
2,2,4-Trimethylpentane 
Benzene 
Toluene 

(ppmV) 

253 
57 
40 
20 
25 
5.9 
5.8 
5.7 
0.91 
0.47 
2. 1 
L3 

Summer 
(ppmV) 

163 
72 
47 
26 
40 
9.7 
EL4 
8.6 
2.4 
1.1 
3.7 
3.5 

Source' Tironi et al., 1986 

22 



:able -· ~ydrocar:on composi:ion c~ ~efueli~g ·tEpor ~~a 
J~spensed gasoi:~e 

4:ydt'Ocarbon 

?ropan~ 

lsobutane 
:§obutyien~ + l-But~ne 

:'l-8ucane 
::r.J.n!!:~Z-Butf'!ne 

dSI-2-Bucene 
3-~ethyl-l-butene 

lsaprUl.tante 
1-Pent:f!ne 
2-Methyl-1-buten~ 
n~Pt!ntane 

t: l:' ~ne-2 -Pent e ne 
d..s-2=Pencene 
2-~echyl-Z~butene 

:,:-otmetnylbutane 
Cyc.l.opentene 
~-Hethyl-1-pentene 

Cyclopentane 
2.3-Di~echylbutane 
c6 Oleftn 
2-:-tet:hyip~ncane 

C6 Olefin 
3-M!!! thy lpe ntane 
C6 Oleftna 
tt""H.®xtane 
c6 oteftne, 
M0thyLcyelop~nt&ne 

2~2-0tmechylpentAne + 
Zt4-Dimethylpentane 

Beru:en~ 

3~3-Di~chylpent:&ne 
Cyclolt«~n..mn.e 

2~3-0imethylp~ntnne 

2-Hetl:lyllteuM 
CyeLoh«~xeMI 
3-M:@ehy Lhmun~ 
Cy Ohfio 
J-Ethylp@nt&ne 
2,2~4-Tri~thylp@ntane 
l:k'"41!iptsne 
c7 OL•Hoo 
Matbyleyel~ph@aan@ 

2~5-0i~thylh§xanm 
%~4-D1mathylhe~a0 
2~3~~wTri~thylpeatB~e 
Talu®n® 
Cs f&<"fH.,. 
Cw Pmt&f fico 
3-Kethylh.rapt§ll.@ 
2~2~3-T~iastl:lylhe~n~ 
l'a"""'ct:&H't@ 

EthyLbeo.t:ene 
p-Xyl.e!ln.r! 
f!"""ltyhn'll& 
a-Xylene 

'fotsl Pmt'c.mnt: 

n WiRtm~ §3~p!Q I 7 
b S~C" wmlilp!ctt II l 

'.' d po r.J. ----
:,. ).2. 
i '76 
LJS 

Sl.l9 
l. 29 
t. )0 

0.[6 
1.~.26 
0. 71. 
t o05 
4.90 
1.27 
0,63 
~ • ~B 
).[9 

0.27 
0.61 

t.77 

l.OO 
0.17 
o.az 

0.66 

0.10 

0.,)7 

O.!B 

o.zo 
o .. t~ 

0.07 

0.40 

0.01 

{o.oz 
o .. ot 

9@.98 

I! CalcuLatl!td b-@f~H'@ E'CI'Uf\ld!fi$ 

·~ass l ::arbon 1 ?ercent o~ '!ocaL HC 

';a.soline 

1Ll4 
0 .. 69'\ 
0.14 
~-21 
0.28 
Q.29 
0.12 
7.31 
0.51 
0.76 
4. 51 
l.ZZ 
0.66 
l. )4 
.) • 32 

0.45 
l.l6 

J .83 

2.86 
0.47 
3.20 

3.16 

2.74 

!.93 

t. 13 

{3.03 
1 .. 44 
~ 

23 

28.6 
!.1 0 2 
9.78 
6. 19 
4.67 
~~55 

t. ZB 
1· 9 5 
[.38 
t.JB 
[.09 
[.04 
o.95 
Q.85 
0.60 

Q.60 
-~.55 

0.46 

o.Js 
o.J7 
o.z6 
0.26 

o.zt 

o. 15 

o.lJ 

(J.LO 
o.o7s 

o.o56 

Q,OOB 
j 
qo.oot 
o.oo6 

·:apoc:;, 

,,32 
9.8) 
0.98 

JO. 9 5 
2.02 
z.o7 
0.56 

18.4 5 
1.05 
1.69 
0.40 
1.89 
0.90 

0.61. 
o.11 

0.26 
0. 74 

2.5) 
0.21 
1.46 
0.33 
!.07 
lol~ 

0.64 

o.ll 
[,07 

a. n 

0.3! 

0.28 
0.25 

0.!6 

a.u 
!.23 

0.08 

{o .u; 
99.78 

Su!Mier S tuciv 
::;a,soline 

1) o09 
0. 7 5 
0.27 
.'.!..06 
0.45 
0.42 
0.17 
7. 55 
0. 55 
0.94 
].41 
[.24 

0.69 
[. 7 5 
0. 50 
0.28 
o.zo 
o. J 5 
t.OJ 
0.!2 
J.JB 
o. 21 
2.25 
0.62 
z.u 
2.68 
t o48 

o.9o 
J,l8 
a. 21 
0 012 
0.15 
]. 46 
0.09 
1. 57 
0.39 
o.zz 
!.57 
'[,0! 
0.94 
0.66 
o.l4 
o.JJ 
[,06 

!l.93 
0.46 
[,02 
o.st 
0.29 
o~s:z 
1.36 
2.70 
!.03 
[.56 

)WJ 

·.• /L.: -
:o.2 
l J • l 
).61 
7.62 
.',. .49 
4.93 
J. 29 
2.44 
l.9l 
1.80 
!.88 
1.52 
1.Jo 
1.)9 
1.22 
1.11 

o. 74 
0.72 

0,75 
1.00 
0.65 
0.53 
o.n 
0.47 
0,4] 

0.34 
0.]4 

0.21 

0.20 

0.!6 
0.25 

source: '1'1ronl et aL, 1936 



The vapor-to-liquid (V/L) concentration ratio for a wide 
range of compounds in gasoline was also calculated (Tironi et 
al., 1986). This analysis (Table 5) demonstrates, again, the 
extent to which wholly vaporized gasoline (used in the PS-6 
study) contains a significantly higher portion of high molecular 
weight compounds (i.e., those with suspect toxicity) than are 
found in ambient gasoline vapors. Figure 1, from Bond et al. 
(1986) (discussed earlier in this document) reaffirms this point. 

Although exposure during refueling is subject to considerable 
variability, there appears to be sufficient data to estimate 
population exposures to gasoline vapot'S during refueling. For 
example, consider an individual who refuels his or her vehicle 
twice a week for five minutes per fill, and is exposed to 
gasoline vapors at a level of approximately 400 ppm (the 90th 
percentile exposure level stated above) which, according to 
Will~ams' conversion factors, would be equivalent to 1,100 
mg/m • For an entire week, average eJposure to refueling 
gasoline vapor would thus be about 1 mg/m ; the composition of 
this exposure would be similar to that in the "Vapor" column of 
Table 4. For reference, the average weeklJ exposure levels in 
the PS-6 study were 54, 230, and 1,630 mg/m , with a composition 
similar to that in the "Gasoline• ~olumn of Table 4. 

The above considerations apply to exposure due to vapor 
generated during the refueling process, primarily as a result of 
vapor displacement from the tank being filled. The exposure 
level and composition of ambient gasoline vapor wnuld be affected 
if, for example, fuel spilled and evaporated during refueling. 
In such a case, .the total vapor level would increase, ·and the 
increment would probably contain a higher percentage of the heavy 
compounds than the displaced vapor contains. 

Epidemiology 

The 1985 HEI report concluded that the epidemiologic 
literature offered only weakly suggestive evidence of a 
correlation between exposure to petroleum vapors and an increased 
incidence of kidney cancer in occupationally-exposed groups (see 
pp. 33-35 of HEI 1985 Report). 

In a recent literature survey, Harrington (Harrington, 1987) 
reviewed 22 cohort studies and 19 case-control studies of the 
health experience of workers in the petroleum manufacturing and 
distribution industry that were published between 1972 and 
1986. He observed a wide variability among studies in population 
size; observation time, person-years at risk, and latency 
induction time. When Harrington examined mortality due to 
malignant diseases of all types, he noted that most studies 
reported a small but insignificant decrease in the standardized 
mortality ratio (SMR). When specific cancer sites were examined, 
statistically significant excesses were found for certain sites, 
but in general these excesses were based on small sample sizes or 
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were isolated observations. An abbreviated summary of the 
epidemiological studies published since 1985, as reviewed by 
Harrington, is presented in Table 6. Some of the papers listed 
under ''cohort studies• are updated analyses of populations 
described earlier. The SMR for kidney cancer was elevated for 
exposed workers i'n two studies~ decreased in four studies and 
unchanged in three studies. In no case was the result 
statistically significant. ·Taken collectively, the recently 
published epidemiological studies do not provide support for an 
association between exposure to petroleum hydrocarbons and renal 
cancero 

An additional study, not revie~<ed by Harrington, examined 
renal cell carcinoma in relation to employment in petroleum
related industries (McLaughlin et al.., 1985). This study «as 
based on data collected in a case-control study of renal 
carcinoma in the f1inneapolis-St. Paul area (McLaughlin et al., 
1984), a study that reported a slight (OR=L4, adjusted for age 
and smoking), but insignificant, increase in· renal carcinomas in 
petroleum workers. These data were based on a total study 
population of 495 cases and 697 controls. The follow-up analysis 
by McLaughlin et al. ( 1985) considered ·only the male portion of 
this population because few women work in petroleum-related 
industries; as a result, 313 cases and 428 controls were 
included. Tloe study produced no evidence of a positive 
association of kidney cancer ~<ith any length of employment in 
petroleum-related occupations. For gas station attendants, 
kidney cancer ~<as increased slightly as a function of employment 
duration; ho~<ever, the data ~<ere not significant. 

A recent pl'OPOJ't ionate mortality ratio ( PMR) analysis of 
autombile mechanics and gasoline service station workers in New 
Hampshire was reported by Sch~<artz (1987). The analysis revealed 
a significant association bet~<een workplace exposure and 
mortality from suicide (automobile mechanics PMR=l77; P<0.05) and 
leukemia (PMR=328; P<0.05). Elevations ~<ere seen for other types 
of neoplasms, but the increases ~<ere not significant. 

T~<o major efforts in this area currently underway are being 
sponsored by API, and are still in progress. One is a case
control study of petroleum company employees·, the majority of 
whom are refinery workers, and the second is a cohort study of 
"downstream 1t workers~ The term "downstream" means downstream of 
the refinery, and re·rers to terminal and petroleum distribution 
~<orkers. The case-control study is being conducted by 
Epidemiology Resources Inc. of Chestnut Hill, MA, and the cohort 
study is being conducted by Environmental Health Associates of 
Oal<land, CA. No data are yet available from either of these 
studies. 
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Table 6. 

Recent epidemiologic studies of the effects of gasoline exposure on 111al iqnant disease 

Cohoct Studies 

Reference 

Divine and Barron, 1986 

Kaplan, 1986 

Wen et al., 1986 

Wong et al., 1986 

McGraw et al., 1985 
Nelson, 1985 
Divine et al., 1985 

Case Control Studies 

Reference 

Austin et al., 1986 

Thorr.as et al., 1986 
Baxter and McDowall, 1986 
Dat,iniano et al., 1985 
McLaughlin et al., 1985 

Population 

18,798 

19,991 

4,080 
3,330 
5,117 

14,179 

3,976 
9,137 

19,077 

Cc:ses 

l4 

718 
1,080 

92 
506 

Nwnber of Obser:va t ion 
Deaths 

l' 771 
2,358 
3' 349 

2,213 
980 
249 

2' 292 

640 
921 

4,028 

Periods 

1947-1977 
1947-1977 
1930-1980 

1937-1978 
1937-1978 
1937-1978 
1950-1980 

1973-1983 
1970-1982 
1947-1947 

Population 
Controls 

50 Refinery workers 

Other causes 
All causes 

1 0 588 Hospitalr non-cancer 
714 Population base 

Significant 
All Cancer .!S_idney Effects 

0.74 0.83 None 
0.86 1.29 None 
0.87 0.68 None 

0.99 'L91 None 
0.97 0.82 None 
0.75 2. 51 None 
0.76 0.88 Non-! fcxl!Jk in~; 

Jyn,rhon.a (SMii"1.27l 
0.41 - Leukerrti a (SMR"2.13) 
0.84 0.99 Ski n/nre 1 an0111D (SMR"2.01 I 
0.75 0.96 None 

Observation 

No si(Jnificant effects of job or benzene 
exposure on HRa of leukenda 

ORa brain can(~er = 
RR bladder cancer 
RR renal cancer 
OR renal cancer = 

1.3 (N.S.)a 
1~7 driver~; 

0.59 (N.S.) 
1.0 

1.9 lorry/vun (ILS.) 

a. Abbreviations: SMR =standardized nortality ratio; RR relative risk; OR odds ratio; N~S~ =not significant 
Adapted fro" Ilarrin~ton, 1987 



Other Relevant Issues: Benzene 

BetHeen and 3 percent (by weight) of typical commercial 
gasoline is benzene, and benzene may account for up to 1 percent 
of the mass of ambient gasoline vapors (Tironi et aL, 1986; 
Furey and Nagel, 1986). The 1985 HEI report considered· Hhether 
benzene Has partially responsible for the tumorigenesis that 
occurred in the PS-6 study, and reached the conclusion that it 
probably Has not: "If benzene Has partially responsible for 
tumorigenesis in the PS-6 study, one Hould expect involvement 
beyond the female mouse liver and especially beyond the male rat 
kidney, which is an atypical site for a benzene effect " (HEI 
Report, 1985, p.23). 

Benzene, however, is a human leukemogen, and has been 
implicated as a human carcinogen in the findings of several 
recent epidemiological studies (McGraH et al., 1985; Rinsky et 
al., 1987; Sch><artz, 1987). Rinsky and associates (1987) 
included retrospective exposure assessments in their study of 
rubber workers, and estimated that leukemia risks from 40 years 
of occupational exposure 40 hours a week to 0.1 ppm (about 0.32 
mg/m3) of benzene would be essentially no different than 
background. For an entire week, this 40-hour exposure level 
averages to about 0.08 mg/m3. The individual in the refueling 
example above was ex~osed for a total ~f 10 minutes per Heek to 
the 90th percentile level of 1,100 mg/m of gasoline vapor. If 1 
percent of the vapor is benzene, the a3erage Heekly exposure of 
this individual to benzene is 0.01 mg/m , eight times lower than 
that of the wor·ker exposed to 0.1 ppm during the entire Horl< 
week. Thus, if (1) the overall average exposure is an 
appropriate exposure estimate for benzene, (2) the risk 
estimates of Ri.nsky et al. are valid, and (3) benzene is not 
biologically interactive wi'th other gasoline hydrocarbons, then 
the increased risk from exposure of the general public to benzene 
during refueling is likely to be very small, and not detectable 
by epidemiologic means. 

EPA 1987 EYALUATIOW OF THE CARCINOGENICITY OF UNLEADED GASOLINE 

Since the publication of HEI 's 1985 report, the EPA has 
completed its evaluation of the carcinogenicity of unleaded 
gasoline (EPA, 1987). The EPA reached the following 
conclusio·ns: "( 1) Although employment in the petroleum 
refineries is possibly associated with cancers of the stomach, 
respiratory system, and lymphopoietic and hematopoietic tissues, 
exposure to gasoline cannot be implicated as a causative agent 
because of confounding exposure to other chemicals and inadequate 
information on gasoline exposure; (2) the occurrence of liver 
cancer in female mice and kidney cancer in male rats provides 
'sufficient' evidence in animals that inhalation of wholly 
aerosolized gasoline is carcinogenic; and (3) gasoline vapors 
from vehicle refueling might be less carcinogenic than indicated 
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by animal experiments using wholly aerosolized gasoline, if the 
less volatile components, which are apparently responsible for 
acute kidney toxicity, also contribute to the observed 
carcinogenic response" (EPA, 1987). 

SUMMARY AND CONCLUSION 

This paper has reviewed recent developments in research 
directed toward evaluating the potential carcinogenicity of 
gasoline vapors. Gasoline vapors were identified as potentially 
hazardous to humans on the basis of a long-term carcinogenesis 
study in rodents conducted by the API, designated as the PS-6 
study (MacFarland et al., 1984). In 1985, the HEI published an 
analysis of the adequacy of the scientific data base for 
quantifying cancer risk from exposure to gasoline vapors (HEI, 
1985). This document describes the research findings published 
subsequent to 1985 that are relevant to the health hazards of 
unleaded gasoline vapors. 

In the PS-6 study, lifetime exposure to wholly volatilized 
gasoline caused renal tumors in male rats (Fischer-344) and liver 
tumors in female mice ( B6C3F 1 ). Interpretation of the results 
was complicated by uncertaint.ie·s regarding the utility of these 
animal models, particularly the male rat, and the 
representativeness of wholly volatilized gasoline for 
establishing quantitative exposure-response relationships for 
humans exposed to ambient gasoline vapors. 

The research conducted since 1985 has reduced some of the 
uncertainty surrounding th2se issues and lends additional support 
to the cautious approach adopted at that time: that the 
information is not available to draw accurate conclusions 
concerning the degree of human risk that results from exposure to 
gasoline vapors. 

Gasoline Composition: Liquid and Vapors. In the PS-6 study, 
animals were exposed to gasoline that was entirely vaporized. 
There were differences, therefore, between the vapor composition 
to which the animals were exposed and that found in ambient 
situations. A recent comparison of the hydrocarbon composition 
of unleade·d gasoline liquid with that of the vapors indicates 
that the vapors consist mainly of c-4 and C-5 compounds, while 
the liquid phase contains the. higher molecular weight 
hydrocarbons. Analysis of gasoline vapors in a workplace 
environment confirmed the relatively high proportion (67-74 
percent) of C-4 and C-5 compounds in typical vapors. Since the 
nephrotoxicity of gasoline appears to reside in higher molecular 
weight hydrocarbons, this difference presents a difficulty in 
extrapolating from the results of the PS-6 study to humans. 

Animal models. In 1985, the HEI noted that the major difficulty 
with direct species extrapolation from the kidney tumor data in 
the PS-6 study lay in the male rat's high susceptibility to 
hydrocarbon-induced renal toxicity. A number of investigators 
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had suggested that the toxic mechanisms involved a
2 

-globulin, a 
major urinary protein of the male rat, which 'had not been 
detected in comparable levels in female rats or other species 
including humans. Accumulation of a

2 
-globulin 11as postulated 

to initiate a sequence of events in matte rats that resulted in 
renal tubular damage; this in turn might be related to the 
subsequent development of tumors. It 11as speculated that if 
kidney tumors were found to develop by a mechanism unique to the 
male rat, then the relevance to humans of the PS-6 study 11ould be 
diminished. 

The biological research reported since HEI issued its report 
has focused almost exclusively on elucidating the nature of 
hydrocarbon injury in the male rat, and the applicability of this 
animal model to assessing the risks of human exposure to gasoline 
vapors. 

The chemical component(s) of wholly volatilized 
responsible for tumor induction in the PS-6 study have 
been identified. Short-term studies have shown that 

gasoline 
not yet 

branched 
alkane compounds· with six or more carbons are responsible for the 
acute renal toxicity observed in male rats. C-4 and C-5 
compounds, which are the most abundant spe~ies in ambient 
gasoline vapors, did not produce kidney lesions in short-term 
toxicity studies. In contrast to the progress that has been made 
in characterizing the components of unleaded gasoline responsible 
for renal toxicity, no progress has been made in identifying the 
active compounds or fractions associated with liver tumor 
production in female mice. 

The mechanistic basis for the species and sex differences in 
hydrocarbon-induced nephropathy has not been fully elucidated. 
Recent research however has indicated that two factors, unique to 
the male rat, have a role in the acute renal response to 
hydrocarbon exposure and may be related to the production of 
kidney tumors. These factors are (l) the accumulation of hyaline 
droplets and a 2 u-globulin in or surrounding the proximal tubule 
of the kidney, and (2) the increased renal retention of 
hydrocarbons or hydrocarbon metabolites. 

The research conducted in the last two years strengthens the 
hypothesis that gasoline vapors belong to a class of compounds 
that induces characteristic lesions in or near the P-2 segment of 
the proximal tubule of the male rat kidney associated 11i th a 
common pathologic sequence that includes (l) the accumulation of 
a?u-globulin and hyaline droplets, (2) tubular dilation and 
mineralization, (3) focal areas of cell proliferation, and 
ultimately, (4) chronic nephrosis. Long-term studies are 
required to determine the relation·ship of these acute toxic 
responses to the carcinogenic process. It is clear, however, 
that these events do not occur in the female rat of the strains 
examined thus far nor in other species of laboratory animals 
studied to date, nor have they been observed in humans. The 
possibility cannot be excluded that humans have proteins, ·as yet 
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unidentified, that respond 
similar to a 2 u-globulin and 

to hydrocarbon exposure 
produce toxic. effects. 

in a manner 

Recent investigations of the mechanism of kidney tumor 
formation support the suggestion that chemically-induced kidney 
tumors in rodents fall into two categories: tumors that form in 
the male rat in or near the P-2 segment of the proximal tubule 
associated with the pathologic sequelae previously described, and 
tumors that appear in other regions of the kidney not associated 
w i t h a ?~u - g l o b u 1 i n or h y a l i n e d r o p l e t s and no t s p e c i f i c t o m a l e 
rats. -me two types of renal tumor may differ in their relevance 
for human risk assessment. 

Exposure monitoring. Efforts to characterize the concentration 
and composition of· refueling vapors have continued. The data 
collected show that, while exposures during refueling are usually 
less than 150 mg/m3, they can range higher by an order of 
magnitude or more. The compositional analyses, however, indicate 
that the high molecular weight compounds that are responsible for 
acute toxic effects in the rat are present in ambient vapors in 
very low quantities. It should also be kept in mind that typical 
human exposures during fueling of private vehicles occur for only 
brief periods of time. 

Epidemiology. Recently 
no evidence ~suggesting 
petroleum products and 
currently underway and 
petroleum workers in 
petroleum distribution 

published epidemiological studies provide 
a link between occupational exposure to 
kidney cancer. Two major studies are 

are expected to provide additional data on 
refineries and terminals as well as 

personne 1. 
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