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Preface

In November 1983, the Food and Drug Administration (FDA) asked the National
Research Council to conduct a comprehensive review of the evidence on the carci-
nogenicity of cyclamate. In response, the Committee on the Evaluation of Cycla-
mate for Carcinogenicity was established in June 1984 under the auspices of the Food
and Nutrition Board (FNB) in conjunction with the Board on Toxicology and
Environmental Health Hazards (BOTEHH), both of the Research Council’'s Com-
mission on Life Sciences. The committee was asked to evaluate all the data on this
subject, including data from animal bioassays, epidemiological studies, and short-
term tests, to determine whether or not cyclamate and its derivatives are carci-
nogenic. In the event that the data were found to be inconclusive, the committee was
asked to recommend test protocols that would be sufficient for determining con-
clusively whether or not these substances are carcinogenic. In addition to the general
charge to the committee, the FDA asked for answers to 11 specific questions relating
to the interpretation of animal bioassays, including the advisability of combining
data from different generations, tests, histogenic sites, and animal strains; the impact
of bladder parasites and bladder stones on the interpretation of test results; the
selection of significance levels; and weighting of negative and positive results in
studies of differing quality.

To ensure that the committee included members with all the requisite expertise for
the study, a multidisciplinary group was formed. Among the members are special-
ists in toxicology, animal bioassays, pathology, metabolism, genetic toxicology,
biostatistics, and epidemiology. The committee reviewed all data on cyclamate
relevant to its charge. Sources of these data included reports and reviews as well as
published reports of original research relating to metabolic studies, animal bioas-
says, short-term tests, and epidemiological studies. The committee also contacted
researchers directly to obtain information too new to have been incorporated in the
open literature. In July 1984, a widely publicized public meeting was held at the
National Academy of Sciences in Washington, D.C., to obtain the views of all
interested individuals and organizations.

The committee is aware that the subject of this study is of interest not only to
scientists but also to the public, to the food industry, and to the agencies responsible
for regulating food additives. In particular, it recognizes the importance of the
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possible carcinogenicity of cyclamate as a food safety policy issue and that public
health can be protected adequately through consideration not only of carcinogenic-
ity but also of all other possible adverse health effects such as reproductive abnormal-
ities, teratogenicity, testicular atrophy, and gastrointestinal, neurobehavioral, and
dermatological effects. Although the committee has considered in detail only those
effects that may bear on its charge, i.e., the evaluation of data on carcinogenesis, its
members are aware that important questions about other possible adverse health
effects, particularly testicular atrophy in animals fed cyclohexylamine, may need to
be considered in detail before the safety of cyclamate can be fully assessed.

Several subgroups of the committee were formed to study and evaluate data on
cyclamate metabolism, short-term tests, animal bioassays for carcinogenicity, and
epidemiological studies. Although each subgroup was given primary responsibility
for one aspect of the study, all members of the committee contributed to each area of
the study through discussions, comments, and shared report writing. The entire
report was discussed, revised many times, and approved by all the committee
members.

The Executive Summary (Chapter 1) describes the major findings, conclusions,
and recommendations of the committee. Background information on the use of
cyclamate and its regulatory status are given in the second chapter. The metabolism
of cyclamate and the evidence from short-term tests are evaluated in the third and
fourth chapters, respectively. Chapter 5 is an examination of the results of animal
bioassays in mice, rats, hamsters, dogs, and monkeys. Epidemiological studies are
reviewed in Chapter 6. Appendix A contains tables summarizing carcinogenicity
bioassays of cyclamate in animals. The answers to the 11 specific technical questions
posed to the committee by the FDA are included as Appendix B. Appendix C
contains brief descriptions of the affiliations and major research interests of the
committee and the Research Council staff.

The committee is grateful to all who contributed to this report. Special acknowl-
edgments are due to John S. Wassom and Elizabeth S. von Halle of the Environmen-
tal Mutagen, Carcinogen, and Teratogen Information Program at Oak Ridge Na-
tional Laboratory, Oak Ridge, Tenn., who conducted information searches on
short-term tests and provided reference material; to Steven Hecht of the American
Health Foundation; to Michael Waters and Ann Brady of the U.S. Environmental
Protection Agency at Research Triangle Park, N.C., who generated spectra of the
genetic activities of cyclamate and its derivatives from the tabulations made by the
committee; and to R. Marian Hicks of the Middlesex Hospital Medical School in
London, Andrew G. Renwick of the University of Southampton Faculty of Medi-
cine in Southampton, and the staff of the Calorie Control Council, who provided
requested background material.

The people listed below presented useful information and participated in the
public meeting held on July 31, 1984: James Emerson of the International Life
Sciences Institute, Washington, D.C.; William Havender, William Havender
Associates, Berkeley, Calif.; Robert H. Kellen, Calorie Control Council, Atlanta,
Ga.; Albert Kolbye, Jr., The Nutrition Foundation, Washington, D.C.; Rodney E.
Leonard, Community Nutrition Institute, Washington, D.C.; and Robert W. Mor-
gan, Environmental Health Associates, Oakland, Calif.

Thanks are also due to members of BOTEHH and FNB, and to Devra Davis,
James A. Frazier, Stephen L. Brown, and Alvin G. Lazen, CLS staff who provided
advice and assistance in planning the study.
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In addition, the committee commends the assistance and the support of the FNB
staff, including Sushma Palmer, Farid E. Ahmed, Virginia Hight Laukaran, Mari-
anne E. La Veille, and Frances M. Peter. The dedicated secretarial and administrative
assistance provided by Drusilla E. Alston, Janet J. Crooks, Susan G. Barron, and

Shirley Ash are especially acknowledged.

Richard Havel

Chairman

Committee for the Evaluation of
Cyclamate for Carcinogenicity

ix


http://www.nap.edu/catalog.php?record_id=19268

Contents

1 EXECUTIVE SUMMARY ...t R
2 HISTORICAL PERSPECTIVE .. .cuiveviveswionininismdysaneass 9
Use of Artificial Sweeteners in the United States .................... 12
References ............oiiiiiiiiiiii it 16

3 METABOLISM :.:.:cuvuesusemss i as s ana v e viivaiv Fia e nadisyel 19
Chemical and Physical Properties ...............ccoiiiiiiinennn... 20
Absorption and Excretion ......... ..o 20
Conversion to: Cyclohexylamine .. . c e smmvam s s aweess 23
The Intestine as the Conversion Site ...................cciiinaa.... 28
Other Metabolites of Cyclamate . ...iv.iiiiiivaiisisnisnrscssssens 32
Metabolism of Cyclohexylamine ..................coiiiiiiiina.... 34
Site of Cyclohexylamine Metabolism ............................... 36
Effects of Cyclamate on Biochemical Systems ....................... 37
SUMMIALY 5o b s 605050 5005, 5 e, 050, m3, 5%, 255, 3, 0 s 0 s b mmrem e 39
References . ........c.uiiiinniiiiit it 40

4. 'EVIDENCE FROM SHORT-TERM TESTS ... iswuwnviavsviassmos 49
Data COICCHION = 5iav i 553 553, 5500, 5005 0108 e, H513, 7008, 5.0 0 3 i m e 52
Gene-Tox DataBase .......... ... . cciiiiiiiiiiiiiiiiinnnnnn.. 52
TROCREIIEE BARES o oo vats oo rwsisn vt e sttt 5 A 52
Committee’s Approach to Data Evaluation ........................ 52
Cyelamate: o o i B iin 555, 5 whs, fns S5 as Eam Ak s snm e 54
Bacteria ... .v i e e 54
Host-Mediated Assay .......... 0 G e R R AR 54
DominanitLethal "FesE oo v v wow o imass sas i pan s s Sev s 54
Drosophila melanogaster . ........ ... .. ... .. .o, 54

Cell Transformation . ..........cuiuieennneeennnnrennnneennnnnn.. 55
Spetin - MOPUOIOBY: « c.vv s s snvm wnn sramsiamias s wias siab o osacmiesies 55

In Vit CIoRBHens: 5 vusvus sivvmi ok §o 050 T60 GhE 885 Samvansie 55

In Vivo CytOZenetiCS ... ... ...ccuuureensauneennuneennnneannnnens 59
Metabolic Cooperation . .............couiieeeniiniinueneeeenennn. 61
CycloBERFRIMIAE. .. vonivmumemim s s s s e 62
T s - R T T 62
Host-Mediated Assay .........cviiiiiiiiiiniinniiniennnnnnnn. 62

X


http://www.nap.edu/catalog.php?record_id=19268

Drosophtla melasopaster: ;s isuas s v apa sis s s w v s A s iEn Lam s 62

Gene MUtation .....covenvnenessisransaneensessssanssssnneasass 62
In Vitro CYtOBenertics .. ..« eosmanssinesinnssmmsme sniemiamms s 62
I Vivio CytOROnetion oo v anssmm s v siia wem s sais o daes 63
Doiminant Eethal Test: .o s s s v s 65
Cell Transformation .. ........uveiiiiuunereriennneeeaeceenan 66
NeHydroxycyclohBRYIAMINE o .coimmimmminsomasicnmmmmss v mmsnmsssss 66
Bacteriophage IBductiol - oo sm s s sw e eas 66
Drosophila melanogaster: ..ovvivavisnissisus s ies v e e s 66
Gene MUtation .. .....uunuuuntteteiniiiereannanneneaaaeenas 66
T WAIH0 P UOPRIEELCS 0005505005005t s 88 03 AR5 A S 66
Dot ol TEE .oocvmanvammmmmmmimisss svssessee-ommmaess 67
Representation of the Test Results: Genetic Spectra .................. 67
Interpretation of Results .......................... e 70
Decision Point Approach Analysis ................ccoiiiiiiienn, 72
International Agency for Research on Cancer Criteria .............. 73
The Carcinogenicity Prediction and Battery Selection Method (CPBS) 73
Conclusions . ..........iiiiii e 73

Appendix 4A: Summary of the Data on the Mutagenicity and

Genotoxicity of Cyclamate and Its Metabolites .. ...... 75

Appendix 4B: The Carcinogenicity Prediction and Battery Selection
Method (CPBS) ... .o s san onn s s s sraisssase 79
Application of CPBS Method to Gene-Tox Data Base .. 80
CPBS Method Applied to Consensus Data Base . ...... 83
References . ....... ..o 86
ANIMAL BIOASSAYS FOR CARCINOGENICITY ............... 9
Evidence for Sodium and Calcium Cyclamate ....................... 102
T 102
FRAES w575 A S 5t i A TR TR 106
HAMSEERS  wnsromwsauss s e /et v ss S0 S e i e S e es 112
Noahuman POmaes: . .. i ems oo i sde 5 5 lis smn dnn ranr s s 112
Summary and Conclusions ...ttt 113
Evidence for Carcinogenicity of Cyclamate-Saccharin Mixtures ....... 115
MICE  comii s s o s S e T R R R N 115
RRAIR = s v 50, i 6 S S B L B B S AT A F R P s i 115
Summary and Conclusions ..............oiiiiiiiiiiniiiineannn. 117
Evidence for Carcinogenicity of Cyclohexylamine ................... 118
Mite oo s S S L S R TR S R R 118
FRALS 5055, 0ma b et s e e IR o ot R Ay B 57 o L s P e o 119
DOgS o e 123
Stsrtiaiy and Conclusions .« s 123
Combined Effects of Cyclamate with Other Substances .............. 125
Enhancement of Carcinogenesis ..............ccovieiuieniennnnnn. 125
Inkibivion: ot Carcogeneste ., . «vswrmmvmammemsmmmammnmssmaass s 131
Sumimiaty dnd Conclusions «.q.cmvavmmnvemamnaemm s s e 132
Complicating Factors in Bladder Carcinogenesis ..................... 133
Trichosomoides crassicauda ................c..ccouiiiiiuinnennennann. 134
Usinayicalonll ..oomaemsmommamm e smessms oo s s 134


http://www.nap.edu/catalog.php?record_id=19268

Chapter 1

Executive Summary

Historical PerspectivVe.cecccesccssccccssces
Metabolism of Cyclamat@..secsscesscccscsss
Short-Term TeStS.ccsccsssssscsssssssssssssns
Animal Bioassays for CarcinogenesiS..c..ss
Epidemiological StudieS.cscscsccccscssscse
RecommendationNS..csesesssssccsccsesssscscse

SNl WU U


http://www.nap.edu/catalog.php?record_id=19268

Executive Summary

The National Research Council Committee on the Evaluation of
Cyclamate for Carcinogenicity concludes that the weight of
experimental and epidemiological evidence does not indicate that
cyclamate by itself is carcinogenic.l However, there is suggestive
evidence from in vivo and in vitro studies in animals that cyclamate
has cancer-promoting or cocarcinogenic2 activity, and from
epidemiological studies in humans that the use of cyclamate-saccharin
mixtures may be associated with a small increase in risk of bladder
cancer.

The committee was asked by the Food and Drug Administration to
focus exclusively on carcinogenicity. During the course of its
evaluation, however, the committee noted that other adverse effects
such as testicular atrophy had been observed in laboratory animals
exposed to cyclohexylamine. Some of these observations are mentioned
in the report. Although they were not evaluated in this study, the
committee recognizes that they would need to be considered in detail
in the overall evaluation of cyclamate for widespread use.

1 By carcinogenesis the committee means the capacity of cyclamate
to increase the risk of cancer. The measures of increased risk for
carcinogenicity in animal experiments include the induction of
neoplasms that are not usually observed, the earlier induction of
neoplasms that are usually observed, and the induction of more
neoplasms than are usually found.

2 By cocarcinogenesis is meant augmentation of the neoplastic
response brought about by a noncarcinogenic factor operating in
conjunction with a carcinogen. Operationally, cocarcinogenesis is
defined here as enhancement of carcinogenicity resulting from
administration of the noncarcinogenic modifying factor (cyclamate)
either just before or together with the carcinogenic agent. Tumor

romotion, on the other hand, is used operationally herein to refer
to enhancement of the tumorigenic response to an agent when the
second agent (cyclamate) is administered later.



http://www.nap.edu/catalog.php?record_id=19268

Following is a brief description of the committee's major
findings and recommendations. The remainder of this chapter contains
a historical perspective on cyclamate use, a more complete description

of the major areas of inquiry, and the overall recommendations of the
committee.

® The epidemiological evidence indicates that cyclamate-saccharin
mixtures, as they have been consumed in the past, have not resulted in
a clear increase in risk of bladder cancer in most categories of
users. A small increase in risk among nonsmoking women and among
users of unusually large amounts has been observed. These observations
could be due to chance, but they are compatible with weak carcino-
genicity for the human bladder. Data are insufficient to separate the
effects of cyclamate from those of saccharin. There is also insuffi-
cient information to assess the carcinogenic effects of these
substances at sites other than the bladder. The committee recommends
that in those countries where cyclamate is being used or has been
used, epidemiological monitoring should be continued to determine
whether the risk of human cancer is increased in heavy or long-term
users or after a long period since first exposure. In such monitor-
ing, consideration should be given to other cancer sites in addition
to the bladder.

® Despite a few earlier studies in rodents suggesting tumori-
genicity, the totality of the evidence from studies in animals does
not indicate that cyclamate or its major metabolite cyclohexylamine is
carcinogenic by itself. In one bioassay, rats dosed with a 10 to 1
cyclamate-saccharin mixture were reported to develop urinary bladder
cancer. Two replicate studies by others, however, did not confirm
this result, and there is no clear evidence for a synergistic effect
of cyclamate on saccharin-induced bladder cancer. The committee
concluded that no further animal bioassays of this type are necessary.

@ Two studies in rodents suggest that cyclamate possesses
tumor-promoting and cocarcinogenic activity in the urinary bladder.
The committee recommends that one and, possibly, both of these studies
be repeated. Whether or not the results are confirmed, a wider
analysis will be required to learn the significance of studies of this
type to human health.

e Overall, the short-term test data indicate that the likelihood
of cyclamate or cyclohexylamine being DNA-reactive carcinogens is
small. Nevertheless, positive results for cytogenetic and certain
other effects were considered to be consistent with the possibility
that cyclamate could be a promoter of neoplasia. Many tests have been
performed, but there have been no assays for mammalian cell DNA damage
or gene mutation for cyclamate and no DNA damage tests for cyclohexyl-
amine. These should be done. More definitive cytogenetic studies
should also be conducted.
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® The evidence from metabolic studies does not indicate that
potentially hazardous metabolites are formed in humans. The committee

recommends, therefore, that no further studies on the metabolism of
cyclamate are necessary for evaluating carcinogenicity.

HISTORICAL PERSPECTIVE

The committee was formed in June 1984 at the request of the Food
and Drug Administration (FDA) to determine whether or not there is
sufficient evidence to establish the carcinogenicity of cyclamate.
This substance has been the subject of controversy for several decades
because of reports that it may have some carcinogenic potential.

Cyclamate was initially marketed as a nonnutritive sweetener in
1949. 1In 1953, a mixture of 10 parts cyclamate to 1 part saccharin
replaced the cyclamate-only product. During the 1960s, cyclamate-
sweetened soft drinks were first marketed, and there was a rapid
increase in cyclamate use. Results of one test conducted in the 1960s
suggested possible increases in tumor incidence in rats fed the
cyclamate-saccharin mixture. Pending confirmation of these results,
however, cyclamate continued to be used. Because of concern about
gastrointestinal effects, it was suggested that its use in the United
States be limited to 70 mg/kg body weight per day for adults.

In 1968, a Research Council committee concluded that there was no
evidence for the carcinogenicity of cyclamate in rats. One year
later, however, that committee reconvened to review new data and
concluded that the cyclamate-saccharin mixture used in the study was
carcinogenic in rats, while noting the possibility that saccharin may
have been responsible for the carcinogenicity. Later in 1969 the FDA
banned the use of cyclamate in foods. The data on carcinogenicity
were reexamined in 1976 by a National Cancer Institute committee,
which concluded that the evidence had not demonstrated that cyclamate
is carcinogenic. 1In response to a petition from the manufacturers to
allow cyclamate to be used as a food additive, the FDA Commissioner in
1980 concluded that "cyclamate has not been shown not to cause cancer;
and ... cyclamate has not been shown not to cause heritable genetic
damage."3

Considering new data generated after the 1980 decision, an FDA
Cancer Assessment Committee in 1984 concluded that "no newly
discovered toxic effects of cyclamate were likelx to be revealed if
additional standardized studies were performed." Later that year,

3 Pederal Register, p. 61475, September 16, 1980.

4 scientific Review of the Long-Term Carcinogen Bioassays Performed
on the Artificial Sweetener, Cyclamate. FPood and Drug Administra-
tion, April 1984.
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the FDA approached the Research Council with a request for the present
study, which was conducted under the auspices of the Food and
Nutrition Board in conjunction with the Board on Toxicology and
Environmental Health Hazards.

METABOLISM OF CYCLAMATE

There is a substantial body of information on the absorption and
excretion of cyclamate and its major metabolite cyclohexylamine in
humans and several other mammals. No major differences have been
observed among species. Cyclamate is absorbed only partially from the
intestine, and a variable but usually small amount is converted to
cyclohexylamine by microorganisms in the large bowel. 1In humans, the
conversion of cyclamate to c¢yclohexylamine is usually very limited
(less than 1%), but varies markedly from person to person and in the
same person from time to time. Absorbed cyclamate and cyclohexylamine
are both rapidly excreted as such by the kidneys, and there is little
accumulation in body fluids, even during long-term administration.
Both cyclamate and cyclohexylamine can cross the placental barrier,
thereby exposing the fetus.

In some mammals, trace amounts of another cyclamate metabolite,
N-hydroxycyclohexylamine (which is structurally similar to certain
activated carcinogens), may be found in the urine. However, there is
no credible evidence that this metabolite is formed in humans.

SHORT-TERM TESTS

Cyclamate and its major metabolite cyclohexylamine have been
extensively evaluated in a variety of short-term tests for DNA damage,
gene mutations, and chromosome aberrations. Positive results from
these tests would provide some indication for carcinogenicity as a
result of DNA damage or reactivity, but negative results do not
exclude carcinogenicity by other mechanisms.

Tests for gene mutations in bacteria have been uniformly negative
for cyclamate and cyclohexylamine. A significant deficiency in the
data, however, is the absence of assays for mammalian cell DNA damage
and gene mutation for cyclamate and a gene mutation assay for
cyclohexylamine. Positive results have been obtained in mammalian
cytogenetic tests and in some tests for recessive lethals and
chromosome abnormalities in fruit flies (Drosophila melanogaster).
Many of these cytogenetics tests had limitations that indicate a need
for more refined studies. The combined evidence from short-term
tests, as evaluated by two different techniques, indicates that there
is little likelihood that cyclamate or cyclohexylamine could be
DNA-reactive carcinogens. The positive cytogenetic effects taken by
themselves are of uncertain significance with regard to carcinogenic-
ity, but they are consistent with the possibility of a neoplasm-promot-
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ing action. Likewise, the committee also noted that results of five
in vitro studies conducted to explore effects associated with tumor-
promoting properties were positive for cyclamate. The observations
made in these studies are described on pages 37-38 and 61-62.

ANIMAL BIOASSAYS FOR CARCINOGENESIS

The committee evaluated animal bioassays by assessing the design,
conduct, and reporting of results in light of contemporary standards
for the performance of such assays. Included in the evaluation were
22 long-term studies in which cyclamate alone was fed to rats and
mice. A few positive results were reported in some of the earlier
studies, but taken together with more recent studies, these long-term
studies do not indicate that cyclamate or cyclohexylamine by themselves
are carcinogenic in rats and mice. Multigeneration studies designed
specifically to evaluate the production of tumors of the urinary
bladder provided no evidence for carcinogenicity.

In studies of cyclohexylamine, no evidence for carcinogenicity
has been obtained in rats or mice. This compound has not been as
extensively studied in animals as has cyclamate.

Studies of cyclamate-saccharin mixtures were also examined. 1In
one older study, there was an increased incidence of bladder tumors in
rats, but in two more detailed recent studies, an increase in bladder
tumors was not obtained. Overall, the studies conducted with mixtures
of cyclamate and saccharin do not provide convincing evidence that
such mixtures are carcinogenic in rats.

Two studies, one in rats and one in mice, suggest that cyclamate
may enhance the carcinogenic effect of other substances in the urinary
bladder. In one study, cyclamate was incorporated into a cholesterol
pellet and implanted into the bladders of mice; in the other, it was
fed to rats after a carcinogen, N-methyl-N-nitrosourea, had been
instilled into the bladder. In both experiments, more bladder cancers
formed in animals receiving cyclamate in combination with other agents
than in those receiving the other agent alone, suggesting that
cyclamate has cocarcinogenic and tumor-promoting activities,
respectively. The committee recommends repetition of the experiment
that suggested tumor promotion and, perhaps, the study that suggested
a cocarcinogenic effect. If the findings are confirmed, uncertainty
would still exist about the assessment of risk of cyclamate use for
humans, because there are no data bases for extrapolating results
obtained in these model systems of promotion or cocarcinogenesis in
the urinary bladder to natural human exposures. The committee also
recommends that more research be carried out to gain an understanding
of the predictive value for human health of results from such test
systems and that generic research should be performed to develop
well-validated, relevant systems for the assessment of cancer-promoting
agents.
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EPIDEMIOLOGICAL STUDIES

Most epidemiological studies to examine the association between
cyclamate use and human neoplasms have involved mixtures of saccharin
and cyclamate and have dealt almost exclusively with cancer of the
urinary bladder. Overall, studies in which the effects of cyclamate
and saccharin could not be distinguished were judged to be incon-
clusive. Most showed no significant increase in the risk of bladder
cancer for persons who had ever used artificial sweeteners, and most
failed to show a relationship between the risk of bladder cancer and
the amount consumed per day or duration of use. However, in otherwise
low risk (nonsmoking) women in four studies, an increase in risk was
found among users of nonnutritive sweeteners. In the largest of these
studies, the risk of bladder cancer in female nonsmokers increased
with the total amount of artificial sweetener consumed. In the same
study, the risk of bladder cancer was increased in those persons who
consumed unusually high doses of artificial sweeteners.

Since there have been practically no investigations of human
cancer sites other than the urinary bladder, it is impossible to
estimate what effect cyclamate may have on other parts of the body.
There is little reason to assume that cyclamate, if it were
carcinogenic in humans, would affect the bladder specifically or
exclusively.

In three studies of mixtures, attempts were made to examine the
effects of cyclamate alone on risk of bladder cancer. The data in
these studies were judged to be too limited to be used for this
purpose.

Since cyclamate was used by large numbers of people only during
the 1960s and was banned in the United States in 1969, data are
insufficient to rule out an elevated risk associated with long-term
use. In addition, the data are inadequate to rule out excess risk
long after initial exposure. Because saccharin and cyclamate were
often used together, it is impossible to separate the effects of
cyclamate from saccharin in the epidemiological studies conducted to
date.

RECOMMENDATIONS

® In countries where cyclamate is or has been used, epidemio-
logical monitoring should be continued to determine whether the risk
of human cancer is increased in heavy or long-term users or after a
long period since first exposure. In such monitoring, consideration
should be given to other cancer sites in addition to the bladder.

® The committee does not recommend further animal bioassays to
test for the carcinogenicity of cyclamate by itself.
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@ The committee recommends repetition of one and, possibly, both
studies in rodents that suggested a promotional or cocarcinogenic
effect of cyclamate. Because the significance to humans of a positive
outcome of such studies is uncertain, the committee also recommends
that additional research be carried out to gain an understanding of
the predictive value for human health of such results, and also that
generic research be performed to develop properly validated, relevant
systems for the assessment of cancer-promoting agents.

® Although many short-term tests have been conducted, there have
been no assays for mammalian cell DNA damage and gene mutation for
cyclamate and no DNA damage test for cyclohexylamine. The committee
recommends that those tests be done. In addition, more definitive
cytogenetic studies should be carried out.

e Evidence from metabolic studies does not indicate that
potentially hazardous metabolites of cyclamate are formed in humans.
The committee recommends, therefore, that no further studies on
metabolism be conducted for the purpose of evaluating the
carcinogenicity of cyclamate.
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Historical Perspective

Cyclamate was accidentally discovered in 1937 by Michael Sveda, a
University of Illinois graduate student at the time. This substance,
which proved to be approximately 30 times sweeter than sugar, was
first marketed in 1949 as sodium cyclamate in tablet form for use by
diabetics. In 1953, a mixture of 10 parts cyclamate to 1 part sac-
charin largely replaced the cyclamate-only product, because taste
panels had judged that combination to be more palatable. Apparently,
the 10:1 cyclamate-saccharin mixture masked the bitter aftertaste that
had been experienced by some people with the use of either product
alone. In November 1959, cyclamate was placed on the Food and Drug
Administration's (FDA) list of GRasl (Generally Recognized as Safe)
substances.

In the early 1960s, the FDA began to require testing of new
substances for effects on reproduction, fertility, and teratogenic-
ity. 1In accordance, a multigeneration study was initiated at a
private laboratory, the Food and Drug Research Laboratory (FDRL), to
investigate effects of cyclamate in rats. When it was discovered in
1966 that some humans metabolize a portion of ingested cyclamate into
cyclohexylamine, the protocol for the study was changed to add cyclo-
hexylamine to the diet of half the rats during the last 6 months of
observation.

Before any results of the FDRL study were available, an Ad Hoc
Committee on Nonnutritive Sweeteners was established in 1968 within
the Food and Nutrition Board of the National Research Council to
review the status of research on cyclamate. This group concluded that
there was no evidence for carcinogenicity, but judged that only the
studies in rats had been adequate (NRC, 1968). 1In 1969, the FDRL
reported that an increased incidence of bladder tumors had been
observed in both male and female rats at the high-dose level. The ad
hoc committee reconvened and, on the basis of the FDRL study,
concluded that the mixture of saccharin and cyclamate was carcinogenic

1 GRAS refers to all food additives that because of years of
widespread use in food are generally recognized by qualified
experts as safe for their intended use (Wodicka, 1980).

10
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(NRC, 1969). The committee reported, "Although ... the evidence
strongly suggests that cyclamate or cyclohexylamine is the active
substance, the most persuasive experiment was done using the
cyclamate-saccharin mixture. There is, therefore, a slight possi-
bility that saccharin is involved® (NRC, 1969).

Cyclamate was removed from the GRAS list in October 1969 and was
limited to use as a therapeutic drug. 1In 1970 cyclamate was taken off
the market completely after the Medical Advisory Group of the
Department of Health, Education, and Welfare concluded that there was
no valid evidence that cyclamate had therapeutic value in the treat-
ment of obesity or diabetes (Egeberg et al., 1970).

In 1975 the National Cancer Institute (NCI) convened a committee to
review the data on the carcinogenicity of cyclamate. This group
examined evidence from human studies, animal studies, short-term
tests, and in vitro assays. To assess the animal studies, committee
members visited key laboratories to validate the experimental methods.
In its report of this study, the NCI committee concluded that "the
present evidence does not establish the carcinogenicity of cyclamate
or its principal metabolite, cyclohexylamine, in experimental animals"
(NCI, 1976). 1t also expressed concern about the increased incidence
of urinary tract cancers in some animal studies, but could not judge
the meaning of these findings because the increases were not statis-
tically significant. The NCI group noted several studies in which
chromosome damage was found in human and rodent cells treated with
cyclamate or cyclohexylamine.

The manufacturer, Abbott Laboratories, requested a formal hearing
by the FDA, which was held in 1977. After written and oral testimony,
an initial decision was issued in 1978 by the Administrative Law
Judge, who ruled, "It has not been shown to a reasonable certainty
that cyclamate does not cause cancer in man or animals®" (FDA, 1980).
This order was remanded to the Administrative Law Judge by FDA
Commissioner Donald Kennedy in 1979, and the hearing was reopened.
After further written and oral testimony, another decision was issued
in Pebruary 1980. Again the judge ruled that cyclamate had not been
demonstrated to be noncarcinogenic.

The final FDA decision on this series of hearings was published in
the Federal Register in September 1980 by RKennedy's successor, Jere
Goyan. The commissioner also concluded, "The data ... do not
establish to a reasonable certainty that cyclamate does not cause
cancer®" (FDA, 1980).

At the time cyclamate was banned in the United States, many other
countries followed suit. Some countries continued the unrestricted
use of cyclamate, however, and others enacted special restrictions on
its sale or distribution, e.g., by requiring a medical prescription or
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limiting sales to pharmacies (IARC, 1980). Since that time, several
countries have lifted their ban on cyclamate and others are currently
reviewing their position on its use (R. Haigh, Commission of the
European Communities, personal communication, 1984).

In 1982, the FDA was once more petitioned for approval of cycla-
mate as a food additive. An internal Cancer Assessment Committee (CAC)
appointed by the FDA again reviewed the data on cyclamate and drew
a conclusion different from that reached by the commissioner (FDA,
1984) . The CAC committee stated, "The collective weight of many
experiments intending to discriminate between the carcinogenicity and
non-carcinogenicity of cyclamate indicates that cyclamate is not
carcinogenic.” It is in this context of examination and reexamination
that the Research Council was asked to evaluate the data on cyclamate.

USE OF ARTIFICIAL SWEETENERS IN THE UNITED STATES

Information on the consumption of cyclamate would be helpful in
estimating artificial sweetener use during the period before cyclamate
was banned and in estimating the levels of use that would be antici-
pated if cyclamate was again approved. Although it is known that
artificial sweetener use has increased considerably in the United
States since diet soft drinks were introduced in the 1950s, data on
artificial sweetener consumption during the 1960s are limited.
Unpublished data from the USDA Nationwide Food Consumption Survey
indicate that 3% of the U.S. population had used artificially
sweetened soft drinks during a 24-hour recall period in 1965 (NRC,
1978). No other data were available to the committee to permit
compar ison of sweetener consumption in the 1960s with later patterns
for which considerable information is available.

The percentage of persons using artificial sweeteners in the form
of saccharin during the 19708 was determined in two surveys conducted
by the Market Research Corporation of America (MRCA, 1978a,b).
Although these data are derived from saccharin use, they can be
regarded as an indication of the extent to which artificial sweeteners
in general are used, i.e., by about one-third of adults. Table 2-1
provides data on artificial sweeteners used by different age groups as
determined by surveys conducted in 1972-1973 and 1977-1978 (MRCA,
1978a,b). In each age group except the elderly, the percentage of use
increased between the two surveys. There also seemed to be an
increase over time in the average amount consumed by each person.
There was little variation in percentage of use by race, income,
education, and region (Table 2-2), and the increase in use over time
was relatively consistent within each of these categories. Since more
than one artificial sweetener is currently being marketed, it would be
difficult to predict the level of exposure to cyclamate if it were to
be approved for use.
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TABLE 2-1. Percentage of Adults Currently Using Saccharin by Age,
1972-1973 and 1977-19782

1972-1973 1977-17783

Mean Mean
Age Group, Consumption, Consumption,
years N $ mg/da N $ mg/d::E
18-24 993 23 20.1 685 28 35.7
25-34 1,713 28 32.6 1,272 35 35.5
35-44 1,284 28 29.0 875 31 39.7
45-54 1,453 28 32.2 909 33 36.0
55-64 1,402 35 33.6 969 33 33.7
>65 1,342 33 31.1) 1,239 33 30.9

¥ Based on two surveys conducted by Market Research Corporation
of America (MRCA, 1978a,b). Includes both food and beverage sources.
® One artificially sweetened beverage contained approximately 125 mg
of saccharin in 1975.

A different picture is given in Table 2-3, which is based on the
foods reported in a 3-day recall period in the USDA's Nationwide Food
Consumption Survey. Only information on diet beverages is given
because tabletop artificial sweeteners were not included in the USDA
data. The percentages here are much lower than in Tables 2-1 and 2-2,
reflecting actual use over a 3-day period during the 1977-1978 survey
rather than the percentage of the population that uses artificial
sweeteners. These figures thus reflect frequency of use and reveal,
when compared with the previous table, that there is a substantially
higher frequency of use among women than among men and, thus, a much
greater lifetime exposure. This difference between sexes becomes
evident at about age 10. The data also indicate a substantial amount
of use by children beginning in infancy (Pao et al., 1982).

In a study conducted by the American Cancer Society in 1982 on 1.2
million adult men and women, similar estimates were obtained, i.e.,
approximately one-third of adults used artificial sweeteners at that
time (S. Stellman, American Cancer Society, personal communication,
1985). This study, although it was not based on a random sampling
scheme, confirms that the levels of use for adults in 1977-1978 did
not change substantially until 1982.
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TABLE 2-2. Percentage Currently Using Saccharin, According to
Selected Demographic Characteristics®

Demographic 1972-1973 1977-1978
Characteristic N $ N $
Race:

White 3,271 29 2,647 35
Nonwhite 221 23 274 36

Income/year:

<$4,000- $6,999 476 26 250 33
$ 7,000~ $9,999 658 27 355 33
$10,000-3$14,999 1,089 28 615 32
$15,000-$24,999 830 33 1,113 37
>$25,000 149 29 446 37
Education:

<9th grade 530 26 343 32
9th-12th grade 1,640 27 1,356 34
Some college 1,322 31 1,222 37
Region:

Northeast 819 28 719 36
North central 1,007 26 813 33
South Atlantic 497 29 494 39
Mountain 161 28 111 30
Pacific 481 33 376 35

4 pata from MRCA, 1978a,b. Includes both food and beverage
sources.

It can thus be assumed that if cyclamate were again approved for
use, exposure would occur primarily through its incorporation into
existing or similar products. Therefore, recent patterns of artifi-
cial sweetener use provide a reasonable guide to expected future
patterns of cyclamate consumption. Like other artificial sweeteners,
they would probably again be used in diet drinks, in foods, and as
tabletop sweeteners.

Diabetics are by far the heaviest users of artificial sweeteners.
Market Facts, Inc. (1978) estimated that 91% of diabetics use tabletop
artificial sweeteners and foods containing nonnutritive sweeteners.
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These products are not restricted to use by diabetics, however, but
are widely used by all major segments of society.

The marked increase in artificial sweetener consumption during the
19608 was due largely to the increased use of diet drinks, and until

1970 many of them contained cyclamate. Women generally consume more
artificial sweeteners than do men (MRCA, 1978a,b). Past and current
consumption patterns suggest that, if reintroduced, cyclamate would
probably be used widely by large numbers of people. Thus, even if
cyclamate were to exert only a weak carcinogenic effect, its use would
alter risk in millions of people.

TABLE 2-3. Consumption of Artificially Sweetened
Soft Drinks in a 30-Day Period, by
Age and Sex 2

Age Group, Sample Percent

years Size Sex Using
1 498 Both 0.4
1-2 1,045 Both 2,5
3-5 1,719 Both 3.8
6-8 1,841 Both 3.1
9-14 2,089 Male 3.0
2,158 Female 4.7

15-18 1,394 Male 3.4
1,473 Female 11.4

19-34 3,928 Male 5.2
5,346 Female 15.7

35-64 4,929 Male 7.0
7,069 Female 14.2

1,738 Female 5.1

275 536 Male 2.2
993 Female 4.1

2 Data from the USDA Nationwide Food Consumption
Survey 1977-1978 (Pao et al., 1982).
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Metabolism

Whether administered to animals or to humans as cyclamic acid or
as a sodium or calcium salt, cyclamate (CHS) is largely excreted
unchanged. A generally much smaller but highly variable amount is
converted to cyclohexylamine (CHA) and thence to cis and trans 3- and
4-aminocyclohexanol, trans-cyclohexane-1,2-diol, cyclohexanone, and
cyclohexanol. Some evidence indicates that it is also converted to
N-hydroxycyclohexylamine (N-hydroxyCHA) and dicyclohexylamine
(diCHA). However, not all metabolites have been observed in all
species., In humans only cyclohexanol, cyclohexanone, and cyclo-
hexane-1,2-diol have been found and diCHA and N-hydroxyCHA have been
reported but not confirmed. No other products have yet been
identified, and numerous experiments with 14C-1abeling have shown
that it is not appreciably converted to carbon dioxide or other
volatile products. The patterns of metabolism in humans are similar
to those in the animals that have been studied.

CHEMICAL AND PHYSICAL PROPERTIES

The chemical and physical properties of cyclamate compounds and
derivatives (cyclamic acid, sodium cyclamate, calcium cyclamate,
cyclohexylamine, and dicyclohexylamine) are described in detail in a
number of publications (e.g., IARC, 1980; National Formulary Board,
1970; NRC, 1966; wWade, 1977; and Windholz, 1983). Their chemical
structure is illustrated in Pigure 3-1.

In addition, IARC (1980) has provided information on impurities
of cyclamate manufactured in the United States and abroad, and on
their production, use, occurrence, and analysis. The metabolic
products of cyclamate and the presumed order of their formation are
shown in Figure 3-2.

ABSORPTION AND EXCRETION

Many studies with varied dosages and periods of administration
have been conducted in human subjects. Results have shown that orally

20
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= —Ca
NHSO,H NHSO; Na NHSO,;
e - 2
Cyclamic acid Sodium cyclamate _
(Cg H];NO; S, (Cg H; 1 NH503 Na, Calcium cyclamate
mol wt 179.24) mol wt 201.2) (C12H,4N2 5,04 Ca,
mol wt 396.50)
NH,
Cyclohexylamine Dicyclohexylamine
(C;,Hl;N,molwl99.l7) (CHH;;N, mol wt 181.3‘1)

FIGURE 3-1. Chemical structure of cyclamate and related substances.

administered CHS is readily and rapidly excreted in both urine and
feces, but the relative amounts can vary widely (Renwick and Williams,
1972a,b; Richards et al,, 1951; smith, 1971; Williams, 1971; Wills et
al., 1981). After intravenous injection, clearance is very rapid;
from 708 to 90% appears in the urine within 3 hours (Schoenberger et
al., 1953).

Absorption from the gut is incomplete, but total excretion in
urine and feces is virtually comglete in 1 to 2 days. Ninety-six
hours after a 5-g oral dose of l4c-1abeled CHS was administered to
two human subjects, total recovery was 98% and 102%, respectively, of

.which 52% and 74% was excreted as such in the urine (Sonders and
Wiegand, 1967, 1968; Sonders et al., 1967). Plasma CHS reached a peak
of 20 mg/ml between 6 and 8 hours and declined with a half-life
(ty/2) of 8 hours. The t)/; of oral CHS in rats and dogs was 6.8
and 8 hours, respectively (Miller et al., 1966).

In rats and dogs, more than 95% of an oral dose of 35g_1abeled
CHS was excreted unchanged in the urine and feces (Taylor et al.,
1951). The balance had been distributed in very small amounts to all
tissues except the brain; less than 0.5% was retained after 24 hours.
Only 0.158% was converted to urinary 35S sulfate. Miller et al.
(1966) also found nearly complete excretion of oral CHS in the urine
and feces of rats and dogs. Accumulation in tissues was negligible.
Renwick and Williams (1972b) reported that 80% to 1008 is excreted
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from various species 2 to 3 days after administration. The
percentages found in the feces and urine were 30% and 658%,
respectively, in the guinea pig, 50% and 40% in the rat, 5% and 90% in
the rabbit, 50% and 30% in one human, and 60% and 40% in another
human. 1In rats, 46% of the CHS in the plasma was bound to plasma
protein (Postorino and Estep, 1967); binding to bovine serum albumin
has been observed in vitro (Kojima and Ichibagase, 1968a). BY
ligation of renal arteries, the volume of CHS distribution in rats was
determined to be 0.57 liter/kg, corrected for protein binding. This
value is approximately the same as total body water (Posterino and
Estep, 1967).

Intravenously injected CHS equilibrates rapidly in plasma and
milk of lactating rats (Ward and Zeman, 1971), dogs (Sonders and
Wiegand, 1967, 1968), and pigs (Derse, 1971). CHS also traverses the
placental barrier to a somewhat limited extent in early human
pregnancy (Pitkin et al., 1969), in the pregnant rat (Schechter and
Roth, 1971; Taylor et al., 1951), and in the pregnant rhesus monkey
(Pitkin et al., 1969). Because of the rapid excretion, accumulation
in organs, milk, blood, and fetus is generally extremely low. 1In
humans, urinary excretion occurs both by glomerular filtration and
tubular excretion (Schoenberger et al., 1953).

In six rabbits given an intravenous injection of sodium cyclamate
(NaCHS) in a dose of 100 mg/kg body weight (bw), the urinary output
over 24 hours ranged from 81.5% to 98.0% (mean, 91.8%). The half-life
of 3.9 hours was not affected appreciably by simultaneous administra-
tion of caffeine, theophylline, theobromine, albumin, casein, or
citric acid in doses ranging from 150 to 2,000 mg (Kojima et al.,
1966a,b). Absorption from the isolated small intestine of the rat was
rapid at pH 5 and 7 and was linear with time over 2 hours. It was not
affected by the other substances administered. Absorption from the
isolated rat stomach was rapid at pH 1.0, was nil at pH 3.0, and was
enhanced by all the other substances administered.

CONVERSION TO CYCLOHEXYLAMINE

Hydrolysis of the sulfamide bond of CHS,
R-NHSO3H + H20 ———0 RNHZ + sto‘;

yields CHA, which was first detected by Kojima and Ichibagase (1966)
in the urine of a human subject given oral CHS. Although the amount
wasg only 0.7% of the administered dose, this observation was the first
evidence of CHS metabolism and stimulated a host of further
confirmatory studies in humans and animals (Asahina et al., 1971;
Davis et al., 1969; Glogner, 1970; Golberg et al., 1969; Hengstmann et
al., 1971; Rojima and Ichibagase, 1966, 1968b, 1969; Kojima et al.,
1966a,b; Litchfield and Swan, 1971; Pawan, 1970; Renwick and Williams,
1972a,b; Sonders, 1968; Sonders and Wiegand, 1967; Sonders et al.,
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1969; Wills et al., 1981). CHA was absent from the urine of control
subjects receiving no CHS (Renwick and Williams, 1972a).

A property common to all species studied was the wide range in
the degree to which CHA was formed. Only a small percentage of humans
converted CHS to CHA in appreciable quantities. Of those that were
converters, i.e., those that excreted at least 0.2% of the administered
dose, the degree of conversion ranged widely and tended to increase
markedly with chronic ingestion, then fell off gradually after
cessation of feeding. Although nonconverters or low converters
generally maintained their status, there were frequent exceptions.

For example, Sonders et al. (1969) fed 1.5 g of CHS to one subject
each day for 14 days. During that time, urinary CHA rose from 1l.4% to
41% of the daily dose and fecal CHA rose from 1.7% to 6.0% of the
dose. In another subject, 30% of the dose was converted after 5 days
on CHS, but dropped to 1.5% after 5 days of abstinence. Renwick and
Williams (1972b) found that one human subject excreted as CHA 5.2% of
a l-g dose of CHS administered on 10 consecutive days, whereas two
others excreted only 0.02% after 30 days of treatment. As the dose of
CHS increases, the amount converted increases, but the percentage
conversion decreases (Collings, 1971; Davis et al., 1969; Litchfield
and Swan, 1971).

The accumulated data indicate that humans convert appreciable
amounts of CHS to CHA only when CHS is given orally. The degree of
conversion depends upon the individual, but not necessarily on the
dosage and the duration of feeding.

Wills et al. (1981) have reported extensive data on CHS ingestion
in 32 male inmates of a correctional institution given daily doses of
up to 16 g for as long as 213 days. No untoward effects were
observed, except for softening of the stool, diarrhea, frequent bowel
movements, and some perianal irritation in subjects ingesting more
than 5 g/day. These symptoms disappeared quickly when the dose was
reduced. Diarrhea also occurred in rats fed diets containing 10% CHS
(Wallace et al., 1970).

All subjects excreted some CHA at some time after administration,
and the excretion was not affected either by basification with sodium
bicarbonate or acidification with ammonium chloride (Wills et al.,
1981). No changes were observed in hematocrit, in hemoglobin, in
erythrocyte or white cell number, or in number and type of white blood
cells. There were also no differences in routine blood chemistry,
prothrombin time, glutamate-pyruvate aminotransferase, or protein-
bound iodine. No significant changes were observed in sperm count or
motility, in ratio of urinary amino nitrogen to creatinine (indicating
proper kidney tubular functions), or in other parameters of kidney
function. No changes were observed in total chromosomes or in the
proportion of abnormal chromosomes in leukocytes cultured from the
circulating blood. However, no data were provided by these authors
(see Chapter 4).
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Among 300 urine samples from 32 humans assayed for both CHS and
CHA, 215 contained CHA. Of 148 samples from excreters of 0.25% of the
administered dose or more, CHA concentration was as high as 75.4% of
the total urinary CHA and CHS output. The average was 17.2% (Wills et
al., 1981). 1In 55 urine samples, CHS was detected, but no traces of
CHA were found. The concentration of CHA in the urine ranged from
0.03 to 3,490 mg/100 ml.

Pive consistent excreters of CHA were given 3.3 g of CHS per
day. In a single collection of urine during the second hour after the
second dose of the day, samples from four of these subjects contained
CHA in concentrations ranging from 0.8 to 5.8 mg/100 ml, but one
sample contained 103 mg/100 ml (Wills et al., 1981).

The extreme range of conversion can be seen in Table 3-1. Over a
26-week period, one volunteer consuming 3 g of CHS per day excreted
urine containing CHA in concentrations varying from 2 mg/100 ml to

TABLE 3-1. Urinary Excretion of CHS and CHA by a Man
Receiving Three 1-g Doses Daily for 26 Weeks?

Urinary Excretion, mg/100 ml morning urine

Weeks of CHS Proportion of Urinary

Administration CHA CHS CHA to CHS, %
8 3 1,443 0.4

14 2 350 1.1

16 6 1,318 0.9

17 103 1,480 12.2

20 7 1,690 0.8

22 139 580 38.9

23 23 1,699 2.7

24 24 740 6.1

25 140 1,760 13.7

26 27 1,840 0.3

®Adapted from Wills et al., 1981.
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140 mg/100 ml. The proportion of CHA to CHS in the urine ranged from
0.3% to 38.9% (Wills et al., 1981). Despite the large chronic daily
dosages, conversion to CHA was low and variable in this long-term
study.

Among 141 subjects given 0.5 g of NaCHS per day for 4 days,
Collings (1971) found that CHA excretion was less than 0.15% of the
administered NaCHS dose in 105 subjects (including the only three
children in the study), 0.15% to 1.0% in 14 subjects, 1% to 20% in 15
subjects, 20% to 60% in 5 subjects, and more than 60% in 2 subjects.
Thus conversion was 1% or less in 84% of the subjects tested.

Davis et al. (1969) administered 1 to 3 g of CHS daily to 11
subjects and found that maximal CHA excretion ranged from 0.04 mg to
154 mg. Leahy et al. (1967) measured CHA excretion in 35 subjects
given 1 g of NaCHS daily for 3 days. The urine samples collected
during the subsequent 3 days indicated that only four people excreted
from 0.2%8 to 3.1% of the administered dose as NaCHA; the others
excreted no detectable CHA. Litchfield and Swan (1971) screened 69
subjects given 2 g of NaCHS for 7 or 8 days. The only eight
converters found in this group excreted from 0.26% to 1.5% CHA. The
others excreted less than 0.1%, the limit of detection. Only five of
the eight were converters in a repeated experiment (Leahy et al.,
1967).

In several studies of acute exposures, Pawan (1970) reported CHA
excretions ranging from 0.4 to 2.6 mg in the 8-hour urines of only 9
of 104 volunteers receiving 45 mg of NaCHS per kilogram of body
weight. None was present in urine of the 95 others. 1In another group
of 52 subjects receiving 50 mg/kg bw, CHA was present in eight samples
in amounts ranging from 0.5 to 4.6 mg, but was absent from the other
44, Ten volunteers, including three excreters, were given 1 g of
NaCHS per day for 38 days. Peak urinary excretion of 7 to 8 mg over a
24-hour period occurred by 9 days, but only in the excreters; it
plateaued at approximately 6 mg. Of the seven nonexcreters, three
sporadically excreted 0.6 to 1.7 mg, whereas the other four subjects
had no detectable excretion over the 28-day period.

Renwick and Williams (1972b) administered calcium cyclamate
(CaCHS) to three volunteers at a dosage of 3 g/day for 17 to 30 days.
Each subject was then given a single dose of 1 g of l4c-cacHs. 1In
each case 96% to 99% of the radioactivity was recovered in urine and
feces. One of the subjects excreted 8% of the l4c_1abeled dose as
CHA over the next 4 days after the 17 or 30 days, whereas the two
others excreted only 0.02%.

In four separate studies, Sonders and Wiegand (1967) found that
urinary CHA excretion after CHS ingestion was generally low in the sub-
jects, except for a small number of excreters. In the first study, 13
subjects were given a 5-g single dose of NaCHS. 1In the urine samples
collected over the next 2 days, CHA was found for only one of these
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subjects as 2.1% of the administered dose. In a similar experiment
extending over 9 days, there were no CHA excreters. In a third study,
the one excreter ingesting 3 g/day for 15 days excreted increasing
amounts of CHA, reaching 41.4% on the fourth day, while 23% was
excreted in the stool. In the fourth study, 84 subjects were given 3
g/day for 4 days. Urinary assay for CHA on the fourth day revealed
that 71 (or 85% of the subjects) excreted less than 0.02%, 9 (or 11%)

excreted between 0.02% and 0.38%, and 4 excreted 1.15%, 14.8%, 38.0%,
and 42.6%.

Renwick (1983b) summarized data on metabolism of CHS to CHA in
humans. Of 480 subjects who received a single oral dose of CHS, 76
(or 16%) excreted measurable amounts of CHA in the urine during the
subsequent 25 hours. A more reliable figure for CHS metabolism was
obtained by assaying the urine of subjects who received CHS regularly
for at least 3 days. The 219 subjects studied in this way exhibited a

wide range of CHA excretion. As shown in Figure 3-3, approximately
76% excreted 0.1% or less of the CHS ingested, and less than 10%

excreted 1% or more. Only about 4% excreted 20% or more. Wide
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humans receiving cyclamate regularly for at least 3 days.
From Renwick, 1983a,b.
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variability has also been observed among 50 Japanese subjects
regularly using CHS as a food additive (Asahina et al., 1971).

From these data it is clear that conversion to CHA is generally
low in most individuals, but highly variable in those that do
convert., Although convertibility generally requires chronic feeding
of CHS, the duration of administration does not appear to affect the
conversion capability.

In a study of CHS metabolism in 255 patients suffering from
diabetes or obesity, Hengstmann (1971) found that during 2 days after
oral administration of 1 g of NaCHS, the urinary excretion of CHA was
less than 100 pg in 65% of the subjects and between 1 and 100 mg in
17% of them. Eleven percent excreted between 1 and 10 mg, and 8%
excreted more than 10 mg. Thus only 8% of these diabetic subjects
excreted more than 1% of the dose as CHA.

In a study of children belonging to employees of Abbott
Laboratories, 24 boys and 25 girls aged 3 to 18 years were given 507
mg of CaCHS in a soft drink daily for 4 days, after which 24-hour
urine samples were collected and assayed (Sonders, 1968). Four (8%)
of the children converted trace amounts, 1.4%, 8.8%, and 21.6% of CHS
to CHA; the others exhibited no urinary CHA. Although one girl
converter was the daughter of a converter, three of her siblings were
nonconverters. A l0-year-old boy was a converter, but his 5-year-old
sister was not. The presence of 8% converters among the children and
the wide range of activity are comparable with the results of studies
in adult populations.

In summary, these studies indicate that in most healthy humans

ingesting 5.0 g of CHS or less daily, the conversion of CHS to CHA is
very low or negligible.

THE INTESTINE AS THE CONVERSION SITE

The overwhelming preponderance of evidence points to the
microflora of the colon and cecum as the site where CHS is hydrolized
to CHA (Renwick, 1977). Although Davis et al. (1969) and Leahy et al.
(1967) were unable to establish the gut flora as a conversion site,
Drasar et al. (1972) later demonstrated that conversion occurs in
feces of men who chronically ingest CHS and that conversion in vivo is
markedly suppressed by oral treatment with the antibiotic ampiciilin
(Collings, 1971). Drasar et al. (1972) found that three samples of
feces from three subjects unable to convert CHS to CHA failed to yield
CHA when incubated anaerobically with CHS. When one of the subjects
became an active converter after chronic CHS ingestion, however, his
feces were active in forming CHA from CHS.

Much of our detailed knowledge of CHS metabolism has been derived
from experiments in rats. A number of investigators have shown that
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under various conditions nearly 100% of administered oral CHS dosages
is excreted unchanged in the urine and feces in an approximate ratio
of 1 to 3. Only a fraction of a percent of labeled CHS is retained
after 5 days (Klaverkamp and Dixon, 1969; Miller et al., 1966;
Renwick, 1977; Renwick and Williams, 1972a,b; Sonders et al., 1968b;
Taylor et al., 1951; Wallace et al., 1970; Ward and Zeman, 1971). The
half-life for excretion after oral ingestion is approximately 6.6
hours (Miller et al., 1966). Only about 0.04% is excreted in the bile
(Wallace et al., 1970).

As with humans, some rats are converters and others produce
little or no CHA from oral CHS (Collings, 1971; Dalderup et al., 1970;
Kojima and Ichibagase, 1966; Oser et al., 1968; Renwick and Williams,
1972a,b; Sonders et al., 1968a,b, 1969; Wallace et al., 1970). This
trait persists but with much variability through repeated tests.
Again, as in humans, however, the conversion can be greatly increased
(up to 62% of the dose) by chronic dietary inclusion of CHS and
lowered after its removal (Bickel et al., 1974; Renwick and Williams,
1972a,b; Sonders et al., 1969). Several detailed studies described

below are representative of the many investigations on CHS metabolism
in the rat.

Wallace et al. (1970) studied the excretion and conversion of
l4c-1abeled CHS in rats that had been fed CHS in the diet for a year
or more. The labeled compound was administered in three levels:

0.4%, 2.0%, and 10.0% of the diet. Both the sodium and calcium salts
were given to both male and female rats. Urine and feces were
collected each day for 3 days. For all three levels of both salts and
for both sexes, more than 95% was excreted--approximately one-third in
the urine and two-thirds in the feces.

Of 63 rats on CHS for at least 1 year and given the labeled
material, 12 excreted from 1% to 38% as CHA in the urine, 18 excreted
0.1% to 1.0%, and 22 excreted less than 0.1%. As a striking example
of conversion variability, one rat converted 38% the first week, but
only 0.33% 9 weeks later. Another rat converted 8% the first week and
29% 9 weeks later.

The bile is not an_important route of excretion for CHS, since
less than 0.05% of the 14C-labeled CHS dose and no CHA appeared in
the bile of bile-duct cannulated rats. Taylor et al. (1951) found
less than 0.5% of 335-CHS in the bile of dogs given oral doses.

A detailed and informative study was conducted by Bickel et al.
(1974) , who followed CHA formation in four groups of six rats each and
one group of two rate for 6 to 15 months. Each rat received 100 mg of
CHS daily in drinking water, and urine was assayed periodically for
CHA. Of the 26 rats studied, none metabolized more than 0.2% of a
single oral dose of CHS. More than half was excreted as CHS in the
feces. However, 24 of the animals became converters within 1 to 7
months, excreting from 1% to 70% of the dose as CHA. Ability to
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convert was lost within 2 weeks after withdrawal of CHS, but was

regained within 1 week after resumption of CHS feeding. The addition
of the antibiotics neomycin or gentamycin to the drinking water

inhibited CHA formation, and the ability to convert required 10 to 58
days after stopping antibiotic treatment, depending on the dose of
antibiotic. Incubation of feces with CHS yielded CHA. This also was
prevented by low doses of neomycin, gentamycin, or polymixin,
consistent with the activity of gram-negative species.

Intragastric administration of feces from converters to normal
rats resulted in conversion in 1 to 2 weeks, but not if feces from
normal or preconverter rats were used, or if feces from converter rats
were heated to destroy the microflora. The fecal microflora did not
change with respect to Clostridium, Enterococcus, Lactobacillus,
Bacteriaceae, Escherichia c¢oli, and Proteus content during the
long-term course from nonconverter to converter. In converter rats
given intraperitoneal injections of 14c-1abeled CHS, negligible
conversion occurred.

In nonconverter rats given a single 2.5-g dose of CHS per
kilogram of body weight, accumulation of CHS in tissues 24 hours later
ranged from 8 ug/g in the lung to 91 ug/g in the small intestine,
with 10 ug/g in the liver, 28 ug/g in the kidney, 35 ug/g in the
subcutaneous and abdominal fat, and 55 ug/g in the adrenal glands.

In two converter rats after long-term chronic treatment, approximately
8% of a daily dose of CHS was present in the tissues, 41.4% in the
urine, 8.2% in the feces, and 13.0% in the gut contents. CHA was
present at 108 in the tissues, 63.1% in the urine, 0.4% in the feces,
and 0,.5% in the gut contents. The amount of CHA in the individual
tissues ranged from 28 ug/g in the liver to 178 ug/g in the

kidney. Evidently there is little chronic buildup of either CHS or
CHA in the tissues during a long period of daily CHS administration.

Additional experiments in rats confirm the conversion site as the
gastrointestinal tract. After 10 months on a 5% CHS diet, two rats
excreted 39% and 62% of the compound in the urine as CHA (Sonders et
al., 1969). When given intraperitoneally, however, from none to only
2% was converted to urinary CHA. Intravenous CHS also was excreted
quantitatively unchanged in the urine of high converters of oral CHS
(Sonders et al., 1969). When high converter rats were given neomycin
for 3 or 4 days, the yield of CHA was markedly reduced (Bickel et al.,
1974; Sonders et al., 1969).

Tesoriero and Roxon (1975) found that bacteria isolated from
feces of converter rats but not of nonconverters metabolized CHS to
CHA in vitro. Using 355—1abe1ed CHS they found that approximately 2%
of the sulfate moiety is reduced and incorporated into the bacterial
protein within 50 hours. Incorporation of 35S is inhibited by
cysteine in the medium, presumably through the inhibi;gon of its
assimilation by sulfate-metabolizing anaerobes. The “~S was present
in cysteine and methionine. A significant portion, up to 11%, was
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converted to volatile material absorbed by sodium hydroxide, but this
substance was not identified.

When nonconverters are caged together with converters, they
become converters (Collings, 1971; Dalderup et al., 1970), presumably
by exchanging intestinal microflora through coprophagia. Intestinal
contents of converters form CHA from CHS under anaerobic conditions
(Collings, 1971; Drasar et al., 1971, 1972). Clostridia, the
apparently responsible organisms, multiply rapidly upon chronic oral
CHS feeding (Drasar et al., 1971, 1972).

In dogs, the pattern of CHS metabolism is similar with regard to
rapidity and routes of its excretion and conversion to CHA (Golberg et
al., 1969; Kojima and Ichibagase, 1966; Miller et al., 1966; Taylor et
al., 1951). Conversion in canine intestinal contents incubated
anaerobically in vitro has been attributed to Clostridium perfringens
(Golberg et al., 1969).

In general, guinea pigs are low converters, but they respond
somewhat to chronic oral administration of CHS (Asahina et al.,
1972a,b; Drasar et al., 1972; Renwick and Williams, 1972b). Excretion
decreases upon the feeding of antibiotics or by intraperitoneal
injection of CHS.

Fifteen strains of Pseudomonas and Corynebacterium isolated from
the feces of converter guinea pigs had assimilated CHS, even when they
had been grown with CHS as their sole source of carbon and nitrogen
(Asahina, 1972; Asahina et al., 1972a,b). When these microorganisms
were fed to guinea pigs in drinking water, conversion was promoted.
CHA injected directly into the cecum of guinea pigs was absorbed
readily and excreted in the urine. One of the Pseudomonas strains
served as the source of a purified sulfamatase--an enzyme that
converts CHS to CHA and also hydrolyzes other sulfamates with 3 to 8
carbons (Niimura et al., 1974).

Rabbits also follow similar patterns of CHS metabolism, namely,
rapid excretion of oral CHS (Audrieth and Sveda, 1944; Kojima et al.,
1966a) , rapid clearance of intravenously injected CHS with a half-life
of 3.9 hours (Kojima et al., 1966a), and variable conversion to CHA
accompanied by trace amounts of cyclohexanol and cyclohexanone
(Ichibagase et al., 1972; Kojima and Ichibagase, 1968a,b; Kojima et
al., 1966a,b; Renwick and Williams, 1972b). In accord with the weight
of other evidence, the wide variation in CHA conversion occurs in the
cecum and colon of the rabbit and is associated with Clostridium and
Enterobacterium (Drasar et al., 1972; Matsui et al., 1980). According
to Kojima and colleagues, however, the low response to chronic CHS
administration in rabbits was not affected by antibiotics (Ichibagase
et al., 1972; Kojima and Ichibagase, 1968b; Suenaga et al., 1972).
They provided evidence to suggest that conversion occurs in the liver.
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Kojima and Ichibagase (1968b) and Ichibagase et al. (1972)
reported that liver homogenates from converter rabbits and, to a
lesser extent, converter rats are able to convert CHS to CHA and to
produce trace amounts of cyclohexanone and cyclohexanol., However,
these data were reported in extremely sketchy fashion and without
appropriate control data. Wallace et al. (1970) gave l4c-labeled
CHS to 11 good converter rats with ligated urethras and cannulated
bile ducts. The collected bile contained only 0.01% to 0.11% of the
administered dose (mean, 0.04%). The authors also stated, without
experimental details, that various rat tissues incubated for 0.2 and 4
hours with l4c-labeled CHS exhibited no evidence of CHA formation
either by radioactivity or paper chromatography; only a single band
characteristic of CHS was observed. The authors also reported that
there was no volatile radioactivity and that no 14C02 was released
by rats given l4c-labeled CHS. Other investigators were unable to
produce in vitro conversion in the tissues of rats (Drasar et al.,
1972; Tokieda et al., 1979), guinea pigs (Asahina, 1972; Asahina et
al., 1972a,b; Drasar et al., 1972), rabbits (Drasar et al., 1972). or
in perfused rat liver () (Prosky and O0'Dell, 1971).

The rhesus monkey is also reported to be a converter, but after
long-term CHS feeding, only 0.1% to 0.2% of the oral dose was
converted to CHA, and only trace amounts to cyclohexanol, cyclohexa-
none, and N-hydroxyCHA (Parekh et al., 1970). Monkey feces contain
microbial strains that assimilate CHS and convert it to CHA (Hayashi
et al., 1973; Matsui et al., 1980).

In a recent study of CHS conversion in 12 male monkeys (rhesus,
cynomolgus, and African green) given single CHS doses ranging from 100
to 500 mg/kg, Bopp and Patterson (1985) observed a pattern of urinary
excretion similar to that of rats and humans. One monkey excreted
none, five excreted less than 0.1%, and another five excreted between
0.1% and 1%. Only one monkey excreted 3%. After six consecutive
daily doses, three monkeys still converted less than 0.1% and three
converted less than 1%. Two converted 2.5%, and two others excreted
13.5% and 36.6%.

The pig also converts oral (but not subcutaneous) CHS to CHA, and
the conversion is reduced by administering antibiotics. The contents
of a pig's colon were also found to convert CHS in vitro (Collings,
1971).

OTHER METABOLITES OF CYCLAMATE

Using gas-liquid chromatography, Kojima and Ichibagase (1968b)
identified low levels of cyclohexanone and cyclohexanol in the
accumulated urines of rabbits and rats fed CHS for 7 days. In a
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subsequent paper, Kojima and Ichibagase (1969) identified these two
deaminated products in 24-hour urines of three men and two women, who
voluntarily ingested 2 g of NaCHS. CHA excretion ranged from 40 mg
to 10.8 mg, whereas cyclohexanol and cyclohexanone were all less than
216 ug, equivalent to approximately 0.02% of the dose. Most
prevalent was conjugated cyclohexanol, which ranged from 1,710 to
5,140 ug or from 0.3% to 0.9% of the dose. Trace amounts of
cyclohexanol in addition to CHA have also been detected in the urine
g two human converters who ingested single oral 5-g doses of
~-labeled CHS (Sonders and Wiegand, 1968; Sonders et al., 1968a).

Trace quantities of these deaminated products were observed to
accompany CHA formation in the urines of guinea pigs (Asahina et al.,
1972b) , monkeys (Parekh et al., 1970), and men (Golberg et al., 1969).
After oral ingestion of CHS, N-hydroxyCHA has also been found in very
small amounts in the urine of men (Golberg et al., 1969) and rabbits
(Elliott et al., 1968), but not in the rat (Prosky and O'Dell, 1971).

DiCHA has been reported as a trace CHS metabolite in the rat
(Prosky and O'Dell, 1971; Suenaga et al., 1972) and in the rabbit
(Suenaga et al., 1983), but it was not found by Oser et al. (1968) in
the rat or by Leahy et al. (1967) or Sonders et al. (1967) in the
urine of humans. 1Its absence from urine may not signify absence of
formation, however, since Suenaga et al. (1983) found that diCHA
administered orally to rats and rabbits or injected directly into the
small intestine is rapidly absorbed but that only 0.04% is excreted by
the rat and only 0.14% by the rabbit. The same low yield of fecal or
urinary diCHA occurred after intravenous injection. These results
suggest that this metabolite is transformed in vivo. This was
confirmed by experiments in which diCHA was incubated in vitro with
the microsomal fraction (10,000 x g supernatant) of rabbit and rat
liver. Aerobically, diCHA disappeared rapidly in the rabbit
preparations, but much more slowly in those of rat liver. No
metabolism occurred anaerobically. These findings leave open the
possibility that diCHA may be formed from CHS and further metabolized
in higher amounts than might be anticipated from its extremely low
excretion after CHS ingestion.

The toxicity and carcinogenicity of diCHA have been reported
(Pliss, 1958), and N-hydroxyCHA is structurally similar to certain
activated carcinogens (Miller and Miller, 1977). The carcinogenicity
of AiCHA is questioned by the committee in Chapter 5. Renwick failed
to find a trace of either compound in the urine of humans who had
consumed CHS during an extensive search using various techniques of
chromatography, radiocactivity labeling and carrier addition, and
gas-liquid chromatography (A. G. Renwick, University of Southampton,
personal communication, 1984). Renwick (1983a) pointed out that the
CHS used in the earlier experiments might have contained diCHA
sulfamate as an impurity.
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METABOLISM OF CYCLOHEXYLAMINE

CHA administered orally to humans is rapidly absorbed and
excreted. Its plasma tj/ is 4 to 5 hours, and peak blood levels of
0.08 to 0.1 ug/ml are reached 1 to 2 hours after feeding (Sonders et
al., 1968a). Approximately 88% to 97% appears in the urine by 48
hours; 98% of this amount is unchanged CHA. Only about 2% is excreted
in the feces. At a plasma concentration of 1.7 ug/ml, only 8% was
bound to protein.

According to Renwick and Williams (1972a), ‘4c-labeled CHA fed
to humans at doses of either 25 mg or 200 mg was rapidly excreted
nearly entirely unchanged in the urine within 24 hours and only 1%
appeared in the feces. In humans, therefore, urinary excretion must
account for nearly all CHA formed from CHS. Only 1% to 2% is
converted to two products--0.2% cyclohexanol and 1.4% trans-
cyclohexane-1,2-diol. These are excreted in both free and conjugated
forms. Metabolites have been sought and identified by radiocactivity
after carrier addition and purification, paper chromatography and mass
spectrometry, gas-liquid chromatography and mass spectrometry, and
color reactions. No N-hydroxyCHA was detected. Rats, rabbits, and
guinea pigs fed proportionately much larger doses (50 to 500 mg/kg bw)
also excreted nearly all the compound in the urine; only 1% to 7% was
present in the feces. Approximately 4% to 5% is metabolized in the
rat and guinea pig, but 30% is converted to other products in the
rabbit. Five rat metabolites were identified in the 24-hour urine:
cyclohexanol, 0.05%; trans-3-aminocyclohexanol, 2.2%; cis-4-aminocyclo-
hexanol, 1.7%; trans-4-aminocyclohexanol, 0.5%; and cis-3-aminocyclo-
hexanol, 0.1%. Eight metabolites were identified in the rabbit:
cyclohexanol, 9.3%; trans-cyclohexane-1l,2-diol, 4.7%; cyclohexanone,
0.2%; trans-3-aminocyclohexanol, 11.3%; cis-3-aminocyclohexanol, 0.6%;
trans-4-aminocyclohexanol, 0.4%; and cis-4-aminocyclohexanol, 0.2%.
N-hydroxyCHA was also found to account for 0.2% of the dose by carrier
addition and crystallization to constant specific activity, by
infrared spectroscopy, and by gas-liquid chromatography. In the
guinea pig, six urinary metabolites were identified: cyclohexanol,
0.5%; trans-cyclohexane-l,2-diol, 2.5%; trans-3-aminocyclohexanol,
1.2%; cis-3-aminocyclohexanol, 0.2%; trans-4-aminocyclohexanol, 0.2%;
and cis-4-aminocyclohexanol, 0.2%. The hydroxy metabolites were
excreted in part as glucuronides.

The only reaction observed in humans is oxidative deamination,
but all other species form amino alcohols. The authors (Renwick and
Williams, 1972a) suggest that this may be due simply to our inability
to detect the small amounts that would be formed by the much lower
dose of CHS ingested by humans, i.e., 3 mg/kg bw. If amino alcohols
are formed by humans, the amount produced must be too small to detect.

According to Collings (1971), 23 mg of CHA was rapidly and nearly

completely excreted by the rat within 16 hours after oral administra-
tion. The blood levels of CHA reached a peak of approximately 12
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ug/ml in about 20 minutes and decreased to 2 pg/ml in 2 hours.

The author pointed out, however, that CHA formed by the metabolism of
CHS in the gut would enter the blood at a relatively slow, steady rate
without the marked peak in concentration observed after the oral

administration of CHA itself.

Litchfield and Swan (1971) fed 5 g of NaCHS to human converters
who produced CHA in amounts ranging from 0.1% to 0.9% of the daily
intake for 7 or 8 days. However, they were unable to detect CHA in
the blood at a detection limit of 0.1 ug/ml. It appears unlikely
therefore that a significant buildup of CHA could occur in human users
ingesting anticipated dietary levels of CHS.

A number of reports have indicated that l4c-1abeled CHA orally
administered to dogs at 5 mg/kg bw was excreted nearly completely as
such in the urine. Its tj/, was 3 hours, and a peak plasma
concentration of 1.7 pg/ml was reached 1 hour after dosing (Estep,
1967; Estep and Wiegand, 1967; Sonders, 1969; Sonders and Wiegand,
1968; Sonders et al., 1968a). Eight hundred micrograms of
cyclohexanol and 200 ug of cyclohexanone were produced in the
urine. Pitkin et al. (1970) observed the same pattern in rats fed
l4c_jabeled CHA in doses of 54 mg/kg bw. Radioactivity in volatile
matter and respired carbon dioxide were negligible. Plasma concen-
tration peaked in 1 hour at 0.5 to 0.7 pyg/ml, and 17% of the
administered dose was bound to plasma proteins. In both dogs and
rats, unknown urinary products were detected by gas-liquid chroma-
tography. These products accounted for approximately 17% of the
administered dose of CHA in dogs and 1% in rats.

These results indicate that CHA is absorbed and excreted
extremely rapidly, presumably from its site of formation in the colon
and cecum. This has been confirmed by direct insertion of CHA in the
intestine of rats (Elliott et al., 1968) and guinea pigs (Asahina,
1972). Rapid excretion was also demonstrated by intravenous injection
of l4c-labeled CHA. 1In rats, the l4c was rapidly distributed
throughout the tissues, the highest concentrations collecting in the
liver, kidney, spleen, and lung (Drasar et al., 1972; Sonders et al.,
1968a). The possibility of CHA retention has been raised by Leighty
and Fentiman (1983), who found that in vitro rat liver microsomes
fortified with coenzyme A formed an amide linkage with the nitrogen of
CHA and also conjugated with both the nitrogen and oxygen of
N-hydroxyCHA. The conjugates were identified by mass spectrometric
and gas chromatographic comparison with the synthetic substances. In
view of the rapid and nearly quantitative excretion of injected CHA,
however, such conjugates are not likely to be formed in appreciable
quantity or are hydrolyzed rapidly.

After feeding l4c-1abeled CHA to rabbits, Elliott et al. (1968)

identified 0.2% of the dose as N-hydroxyCHA in the urine and 2.5% as
cyclohexanone oxime, which they regarded as an artifact arising from

the glucuronide of N-hydroxyCHA during the hydrolysis. However, the


http://www.nap.edu/catalog.php?record_id=19268

36

oxime was also detected during oxidative deamination of CHA by rabbit
liver microsomes (Kurebayashi et al., 1979). Approximately 0.5% of
the initial radioactivity was respired: 0.3% as carbon dioxide and
0.2% as alcohol-soluble volatile material.

Hengstmann et al. (1971) administered CHA orally in doses of 2.5,
5.0, and 10.0 mg/kg bw to 11 normal humans and observed rapid
absorption, reaching peak blood levels at 90 minutes. This was
followed by a rapid decline at a rate of 0.026 to 0.037 mg/minute,
corresponding to a tj/; of 206 to 288 minutes. More than 95% was
excreted as CHA, and neither cyclohexanol, cyclohexanone, nor
N-hydroxyCHA was detected.

Pitkin et al. (1969) studied the transfer of CHS and CHA across
the hemochorial placenta of four rhesus monkeys during the last
trimester of pregnancy (140th to the 160th day of gestation) to assess
a possible risk during pregnancy. l4c_1abeled CHS (4 mg) and CHA
(10 mg) were infused into the internal antecubital veins of two
animals over 110 minutes and two animals over 180 minutes.
Radioactivity of l4c-labeled CHS peaked in maternal blood at about
60 minutes and dropped by 75% in 140 minutes, whereas fetal blood
peaked at about 110 minutes at only 25% of the maternal blood peak,
then dropped to approximately 75% by 140 minutes. Radioactivity in
the amniotic fluid rose slowly and at 110 minutes was only about 5% of
that in the maternal blood. In contrast, CHA radioactivity in
maternal and fetal bloods rose identically, reaching a peak at 180 to
190 minutes and dropping by approximately one-third in 230 minutes.
Activity in amniotic fluid was low, plateauing within 10 minutes at
approximately 15% of the peak activity in the maternal and fetal
blood. Thus, although both substances could traverse the placental
barrier, CHS transmission was limited, whereas CHA diffused freely.
The pathways of CHA metabolism are shown in Figure 3-2.

SITE OF CYCLOHEXYLAMINE METABOLISM

The site of CHA metabolism is not entirely certain. Ichibagase
et al. (1972) found that rabbit and rat liver homogenates convert CHA
to cyclohexanol and cyclohexanone. In the rabbit liver preparation,
the conversion rate is high, increasing two- to threefold upon
prolonged chronic feeding of CHA. 1In rat liver, however, the
conversion rate is extremely low and is not affected by chronic CHA
administration. Kurebayashi et al. (1979) reported that in the
presence of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and molecular oxygen, rabbit liver microsomes oxidatively
deaminated CHA to cyclohexanone, presumably by a cytochrome
P450-dependent monooxygenase. This system also reduces cyclohexanone
to cyclohexanol. The cyclohexanone oxime detected by these
investigators was assumed to be the primary oxidation product.


http://www.nap.edu/catalog.php?record_id=19268

37

On the other hand, Tokieda et al. (1979) reported that urinary
excretion of cyclohexanol by rabbits fed CHA is suppressed by oral
administration of neomycin or metronidazole. When the cecal contents
of rabbits chronically exposed to CHA in drinking water were incubated
with CHA, both cyclohexanone and cyclohexanol accumulated. Further-
more, cyclohexanone was converted to cyclohexanol and other products
not identified, and various isolated and cultured cecal microbial
species, anaerobes, and facultative anaerobes possessed the ability to
deaminate CHA or to desulfate CHS.

EFFECTS OF CYCLAMATE ON BIOCHEMICAL SYSTEMS

In view of the strong current interest in growth factors as
putative products of oncogenes (Hunter, 1984), it is noteworthy that
CHS as well as saccharin are reported to inhibit both the binding of
the nerve growth factor to embryonic chick sensory ganglia cells and
the outgrowth of dendrites in a dose-dependent manner (Ishii,
1982a,b). These effects, according to the author, are shared by tumor
promoters and are presumed to support a suspected promoter action of
these sweeteners.

Lee (198la,b) found that saccharin and CHS inhibited binding of
the epidermal growth factor (EGF) to 18 cell lines of various
species--an effect shared by tetradecanoylphorbol-l3-acetate (TPA).
However, he cautioned against the assumption that TPA and the
sweeteners act by a common mechanism and the corollary assumption that
the latter are tumor promoters. He pointed out that the receptor for
TPA is distinct from that for the sweeteners, which inhibit EGF
binding only at extremely high concentrations. Although TPA did not
inhibit the binding of multiplication stimulating activity (MsA),
insulin, concanavalin A, or human growth hormone to various cell
lines, saccharin and cyclamate did inhibit the binding of insulin and
MSA at very high concentrations (Lee, 198lb). At saccharin and CHS
concentrations between 7 and 10 mg/ml, inhibition of insulin and MSA
binding to Hela cells was 50%.

Boyland and Mohiuddin (1981) pointed to the tumor-promoting
action of surface-active compounds, such as Tweens and bile salts, and
noted that saccharin and cyclamate, which they regard as tumor
promoters, and CHA have a surfactant effect in reducing the
interfacial tension between water and n-octanol. The same effect was
shown also for ethanol and for sodium salts of various bile acids and
fatty acids. The authors speculated that all surface-active
substances, including saccharin and cyclamate, may therefore have
tumor-promoting activity.

Knowles et al. (in press) reported that a 0.25% CHS solution
induced marked epithelial cell hyperplasia in rat bladder organ
culture. This was characterized by small granular cells with large,
often multinucleated polymorphic cells at the advancing edge of the
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outgrowth, and by 60 to 70 days, large areas of the dishes were
covered by pure epithelium. Explant cultures of rat urothelium
treated on day 4 with N-methyl-N-nitrosourea (MNU) at 250 ug/ml and
maintained for at least 120 days developed proliferating epithelial
foci of two morphological types (squamous and nonsquamous) that were
identified from day 45 and were 2 cm in diameter by day 60.
MNU-treated cultures, in contrast to untreated controls, had foci that
appeared earlier, in higher incidence, and were primarily of the
sguamous type. In cultures treated with MNU and CHS, nonsquamous foci
were more frequent in 70-day cultures treated with a combination of
MNU and CHS than in those treated with CHS alone and were two- to
threefold higher in the CHS-treated group than in controls. The
authors indicated that the ability to induce hyperplasia in vivo in
the target organ, even without prior initiation, is a property of
promoting agents, including saccharin, in the various systems.
Evidence for promotion of carcinogenesis by CHS is discussed in
Chapter 5.

CHS and saccharin have been reported to inhibit glucose-6-
phosphate phosphohydrolase in beef liver microsomes, affecting both
its hydrolase and pyrophosphate-glucose phosphotransferase activities
(Lygre, 1974). However, the concentrations required for inhibition
(Kj of 26 mM and 68 mM, respectively) were so high for both
substances and for both activities, the committee believes that they
are unlikely to be physiologically significant.

Parvu and Sendrea (198l1) fed NaCHS via stomach catheter to 10
guinea pigs at a daily dosage of 1 g/kg bw for 6 weeks and measured
indices of toxicity in liver and serum. 1In the serum, lactate
dehydrogenase increased by 56%, alkaline phosphatase decreased by 52%,
aldolase increased by 74%, and choline esterase decreased by 11%. 1In
the liver, aldolase decreased by 38% and alkaline phosphatase
decreased by 33%, but there were no changes in lactate dehydrogenase
or choline esterase. In the serum, total lipids, triglycerides, and
cholesterol increased by approximately 22%, whereas phospholipids fell
by 16%. In the liver, total lipids decreased by 15%, cholesterol
remained constant, and phospholipids increased by 58%. Histologic
examination revealed no structural changes in liver, and none of the
internal organs (liver, kidney, heart, and spleen) differed in weight
from those of control animals. Considering the massive doses fed, the
impact is minimal--perhaps a minor hepatotoxicity.

Carr et al. (1970) studied effects of CHS and CHA on the
metabolism of cultured embryonic lung cells from humans. Five hours
after exposure to CHS at 100 pg/ml or higher and to CHA at 10
ug/ml or higher, levels of cytidine deaminase, thymidine kinase, DNA
polymerase, and uridine kinase increased, but by 24 hours they fell to
control levels. At CHS concentrations of 750 ug/ml or at CHA
concentrations of 500 ug/ml, no changes were observed in total DNA,
in total protein, or in de novo DNA and RNA after periods as long as
48 hours. No quantitative data were given.
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Kitchin and Ebron (1983) adapted the system of whole rat embryo
culture in vitro coupled with a microsomal preparation of rat liver to
study embryotoxicity and teratogenicity. Concentrations of saccharin
up to 1 mM and CHA up to 0.3 mM had no significant effects on growth
or morphology or on DNA content of yolk sac or embryo after a 48-hour
exposure. When CHA was 1.0 mM, however, the DNA content of the yolk
sac was decreased by 51% and the DNA content of the embryo by 69%. In
the presence of the activating system, the same CHA concentration

caused greater decreases in DNA content--60% in the yolk sac and 84%
in the embryo. At 1 mM, CHA caused profound deleterious effects on

growth and morphogenesis. This exposure level is extremely high,
approaching the LDgg level for CHA, and is not likely to be
encountered at the usual cyclamate (or saccharin) dosages, which the
authors conclude are without significant embryotoxicity or

teratogenicity.

SUMMARY

In humans and a variety of animal species, CHS has been shown to
be incompletely absorbed from the intestinal tract. The absorbed CHS
is rapidly excreted in the urine without appreciable buildup in the
blood or tissues. Most of the unabsorbed CHS is usually excreted in
the feces, but a variable amount is converted to CHA by a variety of
microbial organisms dwelling in the colon and cecum. CHA thus formed
is rapidly absorbed and excreted by the kidneys, with little if any
fecal excretion. The urinary excretion rates of both CHS and CHA
indicate that little if any of either compound remains in the tissues
or body fluids even after long periods of chronic administration of
high doses. This is borne out by the rapid and virtually complete
urinary excretion of parenterally administered CHS and CHA. Both CHS
and CHA are transported across the placental barrier. Humans exhibit
heterogeneity in their ability to convert CHS to CHA, a property
dependent on the intestinal flora. About three-fourths of regular
users convert less than 0.1% of an ingested dose of CHS, approximately
8% to 10% of them convert 1% or more, and 4% of them convert 20% or
more.

In humans, several products of CHA metabolism have been
identified, namely, cyclohexanol, cyclohexanocne, and trans-
cyclohexane-1l,2-diol. The presence of trace amounts of diCHA and
N-hydroxyCHA in human urine have also been reported, but has not been
substantiated by more thorough investigations. A series of amino
alcohols have been identified as CHA metabolites in rats, rabbits, and
guinea pigs; their formation in humans is possible, but has not yet
been demonstrated.

The preponderance of evidence points to the colon and cecum as
the only site of CHS metabolism. The site of further oxidative
metabolism of CHA is uncertain, but both tissues and intestinal
contents have been reported to be active.


http://www.nap.edu/catalog.php?record_id=19268

40

Results of some short-term tests described in this chapter
(Boyland and Mohiuddin, 1981; Ishii, 1982a,b; Knowles et al., in
press; Lee, 198la,b) were considered by the committee to support a
role of cyclamate as a promoter of carcinogenesis.
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Evidence from Short-Term Tests

Effects of cyclamate and its derivatives in short-term tests were
evaluated by the committee. Many chemical carcinogens have the
ability to act as electrophilic reactants either in their parent form
or following biotransformation and, therefore, produce DNA damage,
gene mutations, and chromosome mutations in such tests (de Serres and
Ashby, 1981; Upton et al., 1984). Carcinogens of this type have been
designated as DNA-reactive or genotoxic (Weisburger and wWilliams,
198l1) or as primary (Kolbye, 1980). For this reason, the activity of
chemicals in short-term tests for genotoxic effects has been used to
measure their potential carcinogenicity. Although positive results do
not prove carcinogenicity, they can indicate the existence of an
important biochemical property that may be relevant to the carcino-
genicity of the compound being tested.

For a number of carcinogens there is no evidence of DNA
reactivity nor have there been consistent positive findings in
short-term tests for genotoxic effects (IARC, 1983; Upton et al.,
1984). Among these are agents that modify endocrine systems such as
hormones and amitrole, neoplasm promoters such as phenobarbital and
saccharin, and diverse synthetic materials such as nitrilotriacetic
acid. These substances may enhance the formation of neoplasms by
mechanisms not involving their reaction with DNA. Agents of this type
have been called epigenetic carcinogens (Weisburger and Williams,
1981) or secondary carcinogens (Kolbye, 1980). Thus, the lack of
activity in short-term tests does not constitute proof that a chemical
is without carcinogenic potential.

One proposed epigenetic mechanism of particular relevance to
assessment of the cyclamate data is the enhancement of carcinogenesis
through a promoting action. For example, Ashby et al. (1978) have
suggested that saccharin produces neoplasms through such a process.
Assays of in vitro effects, especially the inhibition of metabolic
cooperation (Murray and Pitzgerald, 1979; Williams, 1980; Yotti et
al., 1979), are being developed to identify promoters (Sivak, 1982).

There is extensive literature on the effects of cyclamate,
cyclohexylamine, and N-hydroxycyclohexylamine in short-term tests.
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(See review by Cattanach, 1976.) Cyclamate and cyclohexylamine were
also among the chemicals included in the U.S. Environmental Protection
Agency Gene-Tox Program. In its review, the committee drew upon the
Gene-Tox data base as well as on all the literature available. The
results of all the studies that were reviewed were interpreted by
several approaches to determine whether cyclamate and its deriva-
tives might have carcinogenic potential, either through production of
genetic effects or by other mechanisms.

DATA COLLECTION

Gene-Tox Data Base

The Gene-Tox reports (Waters, 1979; Waters and Auletta, 1981) are
summaries of published data up to about 1981 that had to satisfy

rigorous criteria with respect to experimental design and peer review.
Table 4-1 lists the information on cyclamate and cyclohexylamine
contained in these reports.

Total Data Base

The committee reviewed papers on short-term tests containing
usable primary information, including abstracts with minimum data.
Whenever possible, the end points were enumerated and designated in a
manner analogous to the one used by the Gene-Tox working groups. The
completeness of the search was checked by comparing the references
collected with reviews on cyclamate and its metabolites by Bungard
(1976) , Cattanach (1976), and IARC (1980).

Papers containing redundant information, i.e., either previously
published information or reconfirmation of previous results by the
same investigators, were not entered separately in the data base.
Rather, they were either listed as co-entries with the earlier report
(see Appendix 4A) or were removed from further consideration.

Committee's Approach to Data Evaluation

For its analysis, the committee first dealt with the results
contained in the Gene-Tox data base, in view of its rigorous nature.
The analysis was then extended to all the data found acceptable by the
committee. Finally, although not described in this report, the
committee examined the information contained in the excluded
sources--even though they contained no quantitative data--and concluded
that consideration of these reports did not affect the interpretation
of the results or the final evaluation.

There are three major differences between the Gene-Tox data base
and the total data base. (1) The Gene-Tox data compilation did not
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TABLE 4-1. Summary of Data in Gene-Tox Reports of the

Environmental Protection Agency.

Assay System

Reference Describing
Criteria in Gene-Tox
Data Base

Specific References Included in Gene-Tox Reports

Cyclohexylamine

Sodium Cyclamate Calcium Cyclamate

Result Reference

Result Reference Result Reference

Bscherichia coli plA

Drosophila chromosome
mutations

Drosophila nondisjunctions

Drosophila recessive lethal

In vitro mammalian cyto-

genetics

In vivo cytogenetics--
spermatogonia

In vivo cytogenetics--
bone marrow

In vivo cytogenetics--
spermatocytes

1n vivo cytogenetics--
leukocytes

Host-mediated
Mouse micronucleus

Transformation, virus-
enhanced

Leifer et al., 1981

Valencia et al., 1984

Valencia et al., 1984

Lee et al., 1983

Preston et al., 1981

Preston et al., 1981

Preston et 1981

[
=
.
-

Preston et 1981

'b
=
.
-

Preston et al., 1981

Legator et al., 1982
Heddle et al., 1983

Heidelberger et al.,
1983

ia

Fluck et al., 1976

Felix and de la Rosa,
1971b

Knaap et al., 1973

Vogel and Chandler,
1974

Green et al., 1970

Legator et al., 1969

Brewen et al., 1971

Brewen et al., 1971

Buselmaier et al.,
1972

Casto, 1981

i Felix and de la Rosa,
1971a,b

i Vogel and Chandler, ! Majumdar and Preedman,
1974 1971

€S

- Leonard and Linden,

1972
+ Majumdar and Solomon,
1971a
- Buselmaier et al.,
1972
i Bruce and Heddle,
1979

2 | = inconclusive. Bach Gene-Tox working group set its own criteria for listing a chemical as *+," "-,® or "i.°


http://www.nap.edu/catalog.php?record_id=19268

54

continue after 1981. (2) The committee interpreted results from the
total data base in report or abstract forms, whereas only approximately
258 to 30% of the published data met the rigid standards for inclusion
used in the Gene-Tox Program. Thus, the Gene-Tox data base contains
information on only approximately 2,700 chemicals of the 11,000
published in the open literature. (3) Not all Gene-Tox reports have
been published. One example is a report on Salmonella mutagenesis.

The experimental results from all studies reviewed by the
committee are summarized in the next section of this chapter. Greater
descriptive emphasis has been given to the reports of cytogenetic
studies because they comprise the majority of positive results.

CYCLAMATE

The committee evaluated genetic bioassay data on the calcium and
sodium salts of cyclamate.

Bacteria

Salmonella. Negative results were obtained when cyclamate was
tested in Salmonella typhimurium strains TA1535, TA1537, TA98, and
TAl00 with and without metabolic activation (Bruce and Heddle, 1979;
Herbold, 198l; J. McCann, University of California, Berkeley, personal
communication, 1976).

Host-Mediated Assay

Sodium cyclamate did not cause mutation in S. typhimurium or
Serratia marcescens in the host-mediated assay (Buselmaier et al.,
1972).

Dominant Lethal Test

Dominant lethal mutations were not produced in mice by either
calcium cyclamate (Epstein et al., 1972) or sodium cyclamate (Lorke,
1973; Lorke and Machemer, 1975; Machemer and Lorke, 1975b).

Drosophila melanogaster

Most workers reported that cyclamate did not induce sex-linked
recessive lethals in Drosophila melanogaster (Rotter and Mittler,
1973; Sram and Ondrej, 1968; Vogel and Chandler, 1974). Majumdar and
Freedman (1971) cited positive results in the same test.

Heritable translocations were not observed in D. melanogaster
treated with calcium cyclamate (Rotter and Mittler, 1973). When
treated with sodium cyclamate in another study, crossing-over occurred
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(Chinnici, 1975). After Drosophila were fed high doses of sodium
cyclamate, nondisjunction did not occur (Felix and de la Rosa, 197la).

Cell Transformation

Cyclamate without metabolic activation (Styles, 1979) and sodium
cyclamate with metabolic activation (Styles, 1977) did not induce
transformation in BHK21/Cl3 (baby hamster kidney) cells.

Sperm Morphology

Abnormal morphology was not observed in studies of sperm from
mice treated with calcium cyclamate (Bruce and Heddle, 1979; Wyrobek
and Bruce, 1975) or sodium cyclamate (Topham, 1980).

In Vitro Cytogenetics

Human leukocytes. Cytogenetic effects have been studied in
cultures of human leukocytes from whole peripheral bloocd in which cell
division is stimulated by phytohemagglutinin to induce mitotic
figures. In most studies the cells were cultured for 3 to 4 days with
cyclamate present for part or all of the time.

In 1969, Stone et al. reported the effect of sodium and calcium
cyclamates (source and purity not given) on cultures from more than 20
persons. The cultures were exposed to doses of 50, 100, 250, and 500
ug/ml for 72 to 84 hours. The authors scored as a break both single
chromatid or isochromatid (chromosome) breaks. Breaks in control
cultures ranged from 0 to 12.3% of the cells (average, 5.2%). In
cultures exposed to 50 or 100 ug/ml, the average incidence of breaks
was 106% and 112% of controls, respectively. Combining the exposures
at 250 and 500 uyg/ml, 11% of cells had breaks, representing 212% of
the average incidence of breaks in controls. Very few quadriradial
figures or double fragments were noted. Toxicity was not studied. A
negative control compound was not included. The authors concluded
that cyclamate induced breaks at a minimum concentration of 200

ug/ml.

Stoltz et al. (1970) studied human leukocytes from a 25-year-old
male exposed to sodium cyclamate (source and purity not given) at
10~3, 1074, and 1075 M for either the final 5 or 25 hours of a
72-hour culture period. The data were reported as total chromosome
abnormalities, including gaps and breaks. The authors mentioned, but
did not quantify, exchange figures and unusual chromosomes, which were
observed infrequently and only in exposed cultures. However, the
study contained data on effects of cyclamate, cyclohexylamine, and
N-hydroxycyclohexylamine without specifying which of the chemicals
produced the exchanges or unusual chromosomes. In the control
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cultures, there was an approximately 6% incidence of cells with
chromosome abnormalities. The results after a 5- or 25-hour exposure
to cyclamate were comparable. The incidence of chromosome
abnormalities was approximately as follows: at 10-5 M, 9%; at 10~4

M, 10%; and at 103 M, 158. Toxicity was not studied. A negative
control compound wag not included. The authors concluded that high
concentrations of cyclamate can induce chromosome aberrations, but
noted that either cytotoxicity or mutagenesis could be involved.

The effect of sodium cyclamate (source and purity not given) on
leukocytes from 15 people was studied by Ebenezer and Sadasivan
(1970) . After 2-day exposures, gaps and breaks were counted as one
aberration and acentric fragments as two aberrations. At four doses
between 0.01 mg/ml and 0.08 mg/ml, cyclamate produced a dose-dependent
inhibition of mitosis. At 0.08 mg/ml of culture, the mitotic index
was too low for assessment of aberrations. The range of aberrations
was as follows: 6 to 10 per 100 cells in control cultures, 7 to 10 at
a cyclamate concentration of 0.1 mg/ml, 12 to 15 at 0.2 mg/ml, and 18
to 27 at 0.4 mg/ml. A negative control compound was not included.

The authors concluded that cyclamate concentrations of 0.2 mg/ml or
higher increased aberrations. They interpreted these findings as
evidence that humans are susceptible to cyclamate.

Tokumitsu (1971) studied the effect of 0.01 M sodium cyclamate
(source and purity not given) in 3~ or 6-day cultures of leukocytes
from a male donor. This concentration was chosen because it did not
inhibit growth of an established cell line. At 3 days, two chromatid
breaks were found in 176 cells (l1.1%) but none in controls. At 6
days, 27 chromatid breaks were present in 149 cells (18.1%) and none
in controls. At 3 days, 3.4% of the nonexposed cells were aneuploid,
and at 6 days, 4.4% were aneuploid. This was increased by cyclamate
to 22.7% at 3 days and 38.3% at 6 days. A negative control compound
was not included. The author concluded that breaks were increased by
cyclamate at 6 days and that aneuploidy was produced by cyclamate. He
considered it likely that cyclamate has some mutagenic and carcinogenic
action.

In a study by Collin (1971a), who exposed human leukocyte
cultures (number not specified) to doses of the compound ranging from
1l mg to 500 mg per culture of a 22-ml medium, sodium cyclamate (source
and purity not given) doses of 200 and 500 mg were found to suppress
mitoses. The incidence of breakage per 20 cells was as follows: 1 mg,
none; 5 mg, 1; 10 mg, 4; and 100 mg, 4. The incidence of achromatic
regions per 20 cells was as follows: 1 mg, 2; 5 mg, 47 10 mg, 6; and
100 mg, 11. 1In 100 control cells, two breaks and nine achromatic
regions were observed. Saccharin at 0.2% produced no cytogenetic
effect. The author concluded that the number of chromosome aber-
rations was correlated with the concentration of cyclamate in the
medium.
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Perez-Requejo (1972) studied leukocyte cultures from both males
and females between the ages of 25 and 45 years. All types of
chromosome aberrations were scored. In control cultures, the
incidence of anomalies was 1.25% of mitoses. In cultures exposed to
sodium cyclamate (source and purity not given), the incidence was
1.15% at 0.9 mg/ml, 5.3% at 4.5 mg/ml, and 9.96% at 9 mg/ml. Glucose
at the same concentration as cyclamate did not produce anomalies. The
author concluded that only excessively high doses induce chromosome
alterations.

In a study not specifically concerned with cyclamate, Shamberger
et al. (1973) scored all types of chromosome abberations in leukocytes
from one male subject exposed to sodium cyclamate. Most of the
aberrations were gaps and breaks, which were apparently scored
together. Breaks were found in 23 (10.9%) of 211 leukocytes from this
person. After exposure to 100 mM sodium cyclamate (Sigma Chemical
Co., purity not given) for 15 hours, 26 breaks were present in 222
metaphases (11.6%). In this and a later publication of the same data
(Shamberger, 1973), the investigators stated that cells exposed to
cyclamate had only a slightly higher percentage of breaks than
unexposed ones, but no statistical evaluation was performed.

Jemison et al. (1984) studied exposure of human leukocytes to
10~4, 1073, and 10~2 M calcium cyclamate (source and purity not
given). After exposure during the culture intervals of 24-48 hours,
48-72 hours, and 72-96 hours, 10™3 and 10~2 M cyclamate substan-
tially inhibited DNA synthesis, as measured by cell number and
tritiated thymidine incorporation. At an unspecified duration of
exposure, the percentages of cells with chromosome changes were 1.82
at 104 M, 1.54 at 10~3 M, and 3.00 at 102 M. In an experi-
mental group for which the concentration and duration of exposure to
cyclamate were not given, the types of aberrations in cells were more
numeroug and different than in a control group. A negative control
compound was not included. The authors concluded that cyclamate
increased chromosome aberrations.

Human fibroblasts. Stone et al. (1969) reported the effect of
200 pg/ml concentrations of sodium cyclamate (source and purity not
given) for an unspecified duration on monolayer cultures of 'skin from
a human subject. Scoring both chromatid and chromosome breaks as
breaks, these investigators reported an approximate doubling in the
presence of cyclamate. A negative control compound was not included.
The authors concluded that cyclamate in a minimum concentration of 200
ug/ml can stimulate chromosome breakage in human cells in vitro.

In a study by Meisner and Inhorn (1972), sodium cyclamate was
added to cultured fibroblasts of unspecified origin from two persons.
After 3 days, the compound was removed and metaphase spreads were made
at a later interval. Chromatid and isochromatid breaks were scored
together; rearrangements were scored separately. Breakage in control
cultures ranged from 0.5% to 4.0% (mean, 2.2%). Exposure to 500
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ug/ml concentrations of cyclamate (source and purity not given) for

3 days followed by 5 days of culture resulted in 3.2% of cells with
breaks, compared to 2.0% in controls. When cultures were maintained
for 12 days after exposure, 0.8% of the cells had breaks. 1In cultures
exposed to 500 pg/ml and then 1 week later to 250 yg/ml for 3

days, 5.0% of the cells had breaks after 5 days, compared to 4% in
controls. Similar exposure to 500 pg/ml followed by a second
exposure to 500 ug/ml produced breaks in 6.0% of the cells, compared
to 4% in controls., No increase in aberrations was found with any of
these treatments. In cultures exposed only to 500 ug/ml for 3 days
followed by 5 days of maintenance, chromatid breakage was similar to
that for controls. Similar effects were observed with alcohol and
benadryl, and aspirin produced chromosome rearrangements. The authors
suggested that the concentration of cyclamate at the time of harvest
is critical to obtaining a high incidence of breakage. Since the
breaks did not result in aberrations, the genetic significance of the
breaks was considered to be uncertain. The authors suggested that
nonspecific cytotoxicity may be involved.

Chinese hamster fibroblasts. Chinese hamster (Cricetulus
griseus) fibroblasts were exposed to sodium cyclamate or calcium
cyclamate for up to 124 days (Dixon, 1973). The growth rate of cells
was not significantly affected by the presence of cyclamate (source
and purity not given) for 72 hours at concentrations up to 1,000
ug/ml. Metaphase indices showed that concentrations as low as 1
ug/ml for periods longer than 90 days caused a greater than 50%
decrease in growth rate. Exposures for 72 hours to sodium cyclamate
at 500 yg/ml or to calcium cyclamate at 100 yg/ml caused a statist-
ically significant increase in breaks. Extended periods of exposure
to sodium cyclamate at 10 ug/ml also produced breakage. A negative
control compound was not included.

Chinese hamster cells. Monolayer cultures of embryonic lung
cells from a Chinese hamster were exposed to sodium cyclamate
(technical product, source not given) concentrations between 100 and
1,000 ug/ml for 1 to 3 days (Kristoffersson, 1972). The main goal
of the study was to identify chromosome breaks and gaps and to
localize them to individual chromosome segments. Control cells
displayed a 9.2% incidence of breaks and a 6.3% incidence of gaps. 1In
the presence of cyclamate (concentration not specified), the inci-
dences were: breaks, 12.8% and gaps, 8.4%. Toxicity was not
recorded. The percentages of cells with at least one break or gap for
the different exposures were as follows: no cyclamate, 17.9%; 100
ug/ml, 23.0%; 250 ug/ml, 25.3%; 500 ug/ml, 32.8%; 1,000 ug/ml,

37.8%. Saccharin produced similar effects. The authors concluded
that there was a correlation between the breaks and the concentration
of cyclamate but not with the duration of treatment.

Rat kangaroo cells. The effect of cyclamate on a cell line
derived from the rat kangaroo (Potorous tridactylis) kidney was
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reported by Green et al. (1970). On the first day of the culture,
calcium cyclamate (City Chemical Corp., purity not given) was added
for 24 hours at concentrations of 100 or 200 pyg/ml. The chromosomes
of the cells were examined 48 hours after removal of the cyclamate.
Cyclamate did not inhibit mitosis or cause chromosome breaks.

Human larynx carcinoma cells. The effect of cyclamate on
chromosomes of human larynx carcinoma cells was reported by Stone et
al. (1969). In two separate experiments, exposure to 200 ug/ml
concentrations of sodium cyclamate (source and purity not given) for
an unspecified period produced a two- to threefold increase in
combined breaks of the chromatid and chromosome type. A negative
control compound was not included. The authors concluded that a
mininum concentration of 200 pg/ml caused chromosome breaks.

In Vivo Cytogenetics

Rat bone marrow. Collin (1971la) fed 5% sodium cyclamate (source
and purity not given) to four adult female rats for 2 to 6 months. An
examination of the femoral bone marrow from these animals indicated an
absence of the satellite of chromosome 3 in three rats; fragmentation
and a double centromere of chromosome 1 in one animal; small fragmen-
tation of chromosome 3 in one animal; and one fragmentation of the
large chromosomes of one animal. In the same report, Collin (197la)
also noted that leukocytes from l3-day fetuses whose mothers were fed
5% sodium cyclamate had breakage in their large chromosomes. A
negative control compound was not included. The authors concluded
that cyclamate exerts a deleterious effect on chromosomes.

As part of a study on the toxicity of cyclamate in rats, Friedman
et al. (1972) fed calcium cyclamate (City Chemical Corp., purity not
given) at 0.5 g/kg bw per day (1% of diet) to male Holtzman rats in a
semisynthetic diet for 75 weeks. At the end of the study, bone marrow
cells from 6 controls and 10 treated rats were examined by the method
of Legator et al. (1969). Only chromatid breaks were observed. The
range of these breaks was 0 to 3% for the control rats and 0 to 5% for

the treated rats. Thus, no difference in chromosome aberrations were
found.

Mouse bone marrow micronucleus. As part of the evaluation of 61
chemicals in different assays, Bruce and Heddle (1979) studied the
production of micronuclei by cyclamate. At the age of 1l to 14 weeks,
female B6C3F; [(C57BL/6 x C3H/He)F;)] hybrid mice were exposed to
the following doses of calcium cyclamate: 300, 600, 1,250, and 2,500
mg/kg. The highest dose was an approximate LDg5g for these animals.
The doses were injected intraperitoneally for 5 days to eight mice per
group. Controls (three animals per group) were injected with water
and dimethyl sulfoxide (DMSO). On the last day, femoral bone marrow
cells were harvested. Cyclamate did not increase the percentage of
micronuclei above that of controls.
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Chinese hamster bone marrow sister chromatid exchange. 1In a
study on the cytogenetic effects of saccharin in hamsters, Renner
(1979) mentioned results with cyclamate. Five Chinese hamsters 10 to
11 weeks of age (30 g bw) were given 10 g/kg doses of sodium cyclamate
(source not given; stated to be "pure quality®) by stomach tube. The
frequency of sister chromatid exchanges in femoral bone marrow cells
from controls was 3.82 + 0.16 per cell; in treated animals, it was
3.99 + 0.08 per cell. The authors concluded that there was no
evidence of a mutagenic effect.

Gerbil bone marrow. In a study by Majumdar and Solomon (1971a),
calcium cyclamate (Ruger Chemical Co., purity not given) doses of 10,
30, 50, 70, and 100 mg/kg were injected intraperitoneally into 75- to
80-g adult Mongolian gerbils (Meriones unguiculatus) of both sexes
daily for 5 days. There were 10 animals in each of the treatment
groups and in the control group. At the end of the 5-day period,
chromosome preparations were made from bone marrow cells following the
procedure of Legator et al. (1969). Breaks and hyperaneuploidy were
scored. Approximately 0.6% of the control cells had breaks. At the
50 mg/kg dose, 1.1% of the cells had breaks; at 150 mg/kg, 5.8%; at
250 mg/kg, 6.3%; at 350 mg/kg, 6.8%; and at 500 mg/kg, 7.4%. The
percentage of hyperaneuploid cells in controls was 0.3%; at 50 mg/kg,
0.9%; at 150 mg/kg, 4.8%; at 250 mg/kg, 5.7%; at 350 mg/kg, 6.2%; and
at 500 mg/kg, 6.8%. A negative control compound was not included.
The authors concluded that cyclamate produced chromosome aberrations
in bone marrow cells.

Human leukocytes. Dick et al. (1970, 1974) studied the
cytogenetic effects of cyclamate in three groups of two men and two
women: controls (Group 1), subjects who did not convert cyclamate to
cyclohexylamine (Group 2), and subjects who did convert cyclamate to
cyclohexylamine (Group 3). Groups 2 and 3 were given sodium cyclamate
(Abbott Laboratories, 99% pure with 9.4 ppm cyclohex