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I. SUMMARY

Introduction

The monohaloacetic acids are extfemely foxic substances; Althouéh
‘structurally very similar to one another, these compounds have quité
different modes of action. For example, fluoroécetic acid very
specifically inhibits the enzyme aconitase in the ‘tricérboxylic acid
(TCA)vcycle, while iodoacetic acid reacts with and inhibits sulfhydryl

groups necessary for the function of many enzymes.

The specifics of the toxic effects of the monohaloacetic acids
differ depending‘oﬁ,the‘particularvcompound. The only apt generalization
is that these substances inhibit various metabolic pathways, resulting in
the progressive metabolic 'turning off" of the organism until death

occurs.

The exposure of,‘workers to . these compounds is difficult to-
document. The ‘National Océupatioﬁal Hézard ‘Survey (NOHS) estimated
almost 700,000 occupational exposurés_po chloroacetic acid. Only about
5,000-poténtial-exposhres were estimated when only actual or fradename
ingredienté were considéréd. Fluoroacetic acid and its salt, sodigm
flugroacetate, are sold worldwide as compdund 1080, yet accurate

information on exposure is currently minimal.



Historical Perspective

The history of man's use of the monohaloacetic acids was relatively
uneventful until World War TII. Man's first synthesis of the
monohaloacetic acid compounds was carried out during the late 19th

century (NO1524, NO1467).

During Wofld War II, thé belligerent‘governments conducted‘exténsive
research in atteﬁpts to find effective pest control and chemical warfarg
agents. One of the compoﬁnds‘fouﬁd to be the most lethal was sodium
fluorocacetate, which is in many ways a perfect poison. The results of.
this research were published as they were‘declassified’by the vafiousf
governments (N01541). Resea?ch déiving into ' the mechanism of‘ sodium
fluoroacetate poisoning 0ccupied‘ﬁhe immediate poszar research effort on
the monohaloacetic acids. By the mid-1950{s iit was found that the
fluoroacetate ion mimicked thé acetate ion’ to the aegree that the
halogenated compound would enter the tricarboxylic (TCA) acid cycle. -A
me;abolid synthesis converted fluofoacetate into fludrocitrate,'a potenf

-inhibitor of the enzyme aconitase.

Near the end of World War II fluoroacetate was discovered to be the

toxic agent of t%e péisonous plant gifblaar (Dichopetalﬁm‘ cvmosum).
Gifblaar is>é serioué threat to cattle g?azing in South Africa (N0O1467).
A search fdr an‘effective‘antidote to fluqroécefate poisoﬁing‘hgs'also
been conducteé, but with 1little success. Du;iné the late 1970's the-

Environmental Protection Agency (EPA) placed severe restrictions on the



use of sodium fluoroacetate (commercially known as compound 1080) as a

rodenticide.

Iodoacetic acid is a wéll‘recognized inhibitor of sulfhfdryl (-SH)
‘'groups, which are essential for the activity of many enzymes.
Accprdingly, fhis property of iodoacetic acid has made it a popular‘
experimenéal‘tool forkselectively inhibiting‘gl&colysis aﬁd examining the
role of -SH groups in vafious enzymes. The ability of bromoacétic acid
to inhibit free -NH2 groups has led to its usage in inhibiting épegific

enzymes in biochemical experimentation.

Chloroacetic acid is used extensively as a precursor to aivariety of
defolianfs, drugs, and pesticides. Unfil recently vefy little reséarch
on the mechanism of toxicity was knowﬁ. Hayes et al (NO1274) recently
"diséovered thét chloroécetic acid -is ﬁnique in its toxic‘ action.-

However, the exact mechanism remains to be elucidated.

Extent of Exposure

Table IV-1 lists actual and tradename‘exposufe to bromoacetic and
chloroacetic:aeid as estimated By the National Institute for Occupational
Safety and Heélth (NIOSH) from .the NOHS study. However, the actual
exten;.ofneiéoéure of the'working éopulation to monohaloacetic acids is
difficult to determine. For instanée, although large amoupts of
chloroacetic acid are impé;ted to the US, transportation workers are not

listed in the NOHS study.



Threé of the compounds included in the scope of this dOCUmen;,:
bromoacetic‘ acid, chloroacetic acid, and sodium fluoroacetate, 'Qere
* included in the National Occupational Hazérd‘SurQey. Chloroacetic acid
had the highest estimated ‘numbef of exposures, approximately 677:547}
This eétimate included generic, actual, aﬁa tradename ‘exposures.
‘However, when the data are restricted to fhe actual compound and
tradenames.for which the contents are known to contain chioroa¢etic acid,
only 4,39]~exposures were identified, or 0.65% of the NIOSH 1976 NOHS
estimafe. The remainder of the estimated generic éxpdsure is due to the
classification of chloroacetic acid, along with Eh'othef chemicals, as a
potential component of disinfectants V(K Kreitel, telephonic
communication, May 1980). Howeyer; chloroacetic acid is not used as a
disinfectant. The estimated exposures vary over two orders of magnitude,‘
indicating that an accurate éstimate of ‘the number of exposures will be

difficult to determine.

~ Table 1v-2 lists‘US import‘figureé for chloroacetic acid during the
last 5 years. Since 1976 the impoft' poundage has 1increased by 57%
(11,530,000 1bs). In ligﬁt:of‘tﬁese figures, the potential exposure to
'chloroacetic acid méy includg workers 1involved in its unloading “and
shipping. 'fhese cafegories of workers‘were‘not included as éxéosures-in
the NOHS data. No information 1is. currently available on ports of entry

or the number of workers exposed to chloroacetic acid-.

The NOHS sfudy provides far better estimates of exposure for the

haloacetic compound, bromoacetic acid, which is identified by either its



actual name or by a tradename. A total of 42 exposures was estimated by

the survey.

NOHS data on sédium fluoroacetate, one 6f the most effective
mammalian pest control agents known, is undoﬁbtedly inaccurate. Only 31
eXposures ‘were eétimated and all the information was derived from generic
names . Potential'occupatiénaliand gpcidgntal exposure of the work farce
to sodium fluoroacetate is unquestionably larger than the estimate in the

NOHS study.

Sodium fluéroacetatg is “sold worldwide. Mr. Tull Allen, President
of Tull Chemical Company (Oxf;rd, Alabama), stated that he sells sodium
fluoroacetate (éompound 1080) td 3,500-cu§tomers in all 50 states and in
33 countries (telephonic commuhicatibn, March 28, 1980). Within the US
sodium fluoroacetate is shipped by commercial ﬁruCking fifms in sealed

containers.

. Data provided by.EPA indicate that sodium fluoroacetate is widely
used‘in the US, éspecially in the West. .Iﬁ‘1979 33 county agficultural
commissioners in. the Soufhweét appiied for perﬁits to produée small
mammal baits containing sodium ‘fluo?oacegate. In. regions of southern
Caiifornia, >airﬁ1anes 'spread‘ bait containing sodium fluoroacetate; the
bait redpées the small-rodent population wﬂich harbors bubonic plague;
For aﬁthorized use of témppuhd,lOSQ in California, the ayérége‘number of
exposure man—hours per count& per year 1in 1979 ayeraged 154.21 hrs (réﬁge
3.0—1;056) for persons mixing the bait; the number of exp03u¥e man-hours

per county per year averaged 2,634.33 hrs (range 8.0-12,000) for persons



Vapplyihg the bait' (N02498). 'The Montana Department of Agriculture

(Federal Pegister 45:15647, March 11, 1980) has applied for an exemption

to use sodium fluoroacetate to control Columbian ground squirrels.
A;cofding to EPA, ‘there are QQer 1,165,000 licensed private users of
pesticides and 176,000, éommercial users . (J McDbnald, written
communication, April 2, ]9?0). Tﬁe ' vast majority éf the :private

pesticide users .are farmers.

Despite EPA's restrictions on sodium flﬁoroacetate use, the possible
exposures- to the“cbmpound are widespread. Workers involved _in the
shipping?'handling, and aﬁplieation of the compound apparently include:
truckers, agricultural pilots, ulongshoremen, and 1icepsed pesticide
apélidators.‘ The potential fof exposurertp 503ium fluorbacététe is no

doubt much larger than the NOHS occupational data indicate.

Physical Properties

’

The monohaloacetic acids are a group of compounds derived from
acetic acid with a hydrogen replaced by a hélogen; bromine, chlorine;'
fluorine, or iodine. For example, the compound fluoroacetic acid has the

structure: .

H O

| I
'F-C-C - OH

!

H

Sodium chloroacetate, sodium fluoroacetate, and sodium iodoacetate,

‘the’ commonly produced sodium salts of the monohaloacetic acids, are



structurally similar to their respective acids. _However; hydrogen_in‘the
hydroxyl group is absent, giving the molecule sufficient charge so that

it is ionically bonded to the Nat ion:

ks

The physical properties of the monohaloacetic acids are very similar
to one éﬁother (see fable 1v-3). The melting points ‘of the
monohaioacetic acids are fairly high, with a maximum of 83 C. The salts
have much higher melting points Fhan the acids, but they tend to
decompose before a boiling point can be at;aihed. The densities of the.

monohaloacetic acids and salts are greater than that of water.

- The unique pﬁysiologic;aﬁtions df tﬁe$e grdups of compounds require
-,that they be discussed-singiy in the remainder of this report. The three
groups are: chloroacetic acid aqd sodium chloroacetate; fluoroacetic acid
and-‘its salt,‘ sodium fluoroacetate; and iodoacetic acid, sodium

iodoacetate, and bromoacetic acid.

Chloroacetic Acid and Sodihm Chloroacetate

(a) Human Effects

Human effects of exposure to these‘tﬁo>compounds are not documented

"in the primary literature. This reflects the fact that human exposure to



these éompounds is quife limited when compared to fluoroacetic acid (see
Table IV—A). An exception to this lack of infofmation occurg in the
Soviet 1iteratufe, which contains two reporgs (NO1195, N01257) of
epidemiologic surveys of ‘wérkefs‘ chronically exéosed to chloroacetic
acid, trichloroethylené,‘ tetrachloroethane, and perchloroethylene.
Uﬁfortunateiy, the éffects observed cannot be attributed to chloroacetic
acid alone. The only reported gross human effects of exposure appear in
The Merck TIndex (N0O0896), which sfates that‘ chloroacetic acid is

irritating.
(b) Epidemiologic Studies

Two epidemiologic studies of worker populations‘ simultaneously
‘exbosed to chloroadetic‘acid, tricholoroethylene and a number of other
rawilnaterials; intefmédiates, and byproducts were found in the deiet
1iferature (N01195, N01257).  Symptoms of intoxication included
1ist1essne§s, changes in the gastrointesfinél tract,‘ insomnia, pain in
'thg epigastric regioﬁ, dyspeptic disorders, ané catarrhal manifestations
of the mucous ﬁémbraﬁes of the nasopharnyx. . However, because the
population studied wés exposed to a number of different chemigals, it
would _beA'inaCCUrate to - assume that all of the observed pathologic

symptomstére caused by exposure to chloroacetic acid.
(c) Animal Toxicity

The toxicity of chloroacetic acid (Table IV-7) to rats varies from a

reported LDc, of 277.5 mg/kg (oral) (N01238) to an LD50 of 5 mg/kg



(subcutaneous) (N01520 Abst). Cysteine, administered subcutaneously to
rats in.doses of 200 mg/kg, was found to be an effective antidote for

chloroacetic acid poisoning.

Chloroacetic acid is eliminated primarily through the urine (88%)
and expired air (8%) (NO1186). The principal metabolites are
S-carbokYmethyl-L-cysteine, thiodiacetic acid, and a minor metabolite,

glycolic acid.
(d) Biochemistry

The toxic activity vof the éhloroécetic acid molecule is poorly
understood. Apparently, -SH é%oups are affected énd acetate éxidagionjis'
. inhibited, but rthe kinetics Qf .the reactions are different from that
which would be expected if iodoacetate or fluordacétate was tﬁe inhibitor
‘(N0127&). Hayes et al (NO1274) conﬁluded that,chloroaéetate jons act by

a mechanism different from that of fluoroacetate or iodoacetate.
(e) Mutagenicity, Carcinogenicity, and Teratdgenicity

The ability of chloroacetic acid to cause mutation in the bacteria

Salmonella typhimurium has been explbred (using the Ames test). The

results demonstrated no mutagenic activity in bacteria exposed to

chloroacetic acid (NO1254, NO1232, NO1271).



Fluoroacetic Acid and Sodium Fluoroacetate

(a) Human Effects

Scientific reports on the exposure of humans to monohaloacetic acids

.and their salts are limited, with the exception of‘thé widely used sodium

fluoroacetate (compound 1080).

The effects of fluoroacetic acid and sodium fluéroacetate on humans
are well documented by case histo;iés of accidental and willful
poisonings (Table IV-4). The effects of poisoning by these compounds are
related primarily to the centr&l nefvous system (CNS) and the heart. CNS'
effects includé agitatio&, debfessed consciousness, geizure;, and coma;
heart effects include ‘téchycardié, irregular rhythm with premature
ventricular - contractions, and véqtribular tachycardia ;nd
'fibriilation——which genefally lgad to death. More often than not, death
is attributed fo cardiovascular (CVS) effecté as opposed té CNS effects,
and in poisoned children death is usually attributed to ﬁeart failure and
cardiac sténdétil¥‘(N01495, N0O1516, N02891). It has been ext;apolated
" from data coilected in animal ‘studies that 5 mg/kg of sodium
.fluoroa;efate‘ is lethal to humans (NOi495, N02891). The Merck Index
(N00896)‘re§9rts that the oral human lethal dose of the sodium salt of
flupfoacetic aéid ig '2;5 ‘mg/kg. Merck also reports that fluoroacetic

acid is a skin irritant (N0O0896) .

10



(b) Epidemiologic Studies

No. epidemiologic studies on either fluoroacetic acid or sodium

fluoroacetate have been published.
(¢) Animal Toxicity

Fluoroacetic acid and its salt, sodium‘fluoroacetaté, are very toxic
to warm-blooded animals (Tables IV-6 and IV-9). The LDy, for these
agents in albino rats is_S.O‘mg/kg (NO1516). After poisoning, a latent
period occurs that is éeldomrless than 2 hours long (NO1516). Although
the site of toxicity varies from ome speéies to another,‘ the central
nervous system and the heart are tﬁe main target organs for fluoroacetate
toxicfty (ND1501). Cases of the accidental poisonihg of domestiéated
animals exboséd.to low levels of sodium fluoroacetate have been reported

;(N02852). E

Fluoroacetate inhibits the tricarboxylic acid (TCA) cycle at the
 stagé catalyzed by the enzyme aconitase (N0O1276). Although no antidote
exists for fluoroacetic poisoning, monocacetin is promising. Monoacetin
p:ovidés an " available supply of acetate that ‘competes with the

fluoroacetate ion for incorporation into the TCA cycle (NO1775).
(d) Biochemistry

The "mode of the toxic action of sodium - fluoroacetate and

fluoroacetic acid is through the inhibition of the tricarboxylic acid

11



cycle. The TCA cycle takes place in the mitochondria and is essential to
the storage of energy in the form of ATP. The cycle also provides the
initial building blocks for many cellular macromolecules (see Figure I-1)

(N02813).

- The toxic agent of sodium fluoroacetate And fluoroacetic'acid is the
fluoroacetate‘ ion, which physiologically mimics the acetate  fon. The
mimicry is possible because flporine is a compact atom with roﬁghly the
same diameter as a hydrogén Atom. In fact, fluoroacetate can be
activated‘to fluérbacetyl;CoA, the aqalogue‘of acetyl-CoA,vand‘ﬁhus‘eﬁtér
‘the TCA cyﬁlé. Fluoroaceﬁyl-CoA is converted to fluorocitric acid in the
TéA cycle.’ Howevef, this is where any resemblance between the metabolism 
of the acetate and thaﬁ‘ éf the fluoroacetate ion ceases. Apparently
,flﬁorocitric acid forms an irreversible combination Qith the next enzyme
in the TCA cycle, aconitase. Aconitase is the enzyme that catalyzes the
addition of water to Ehe ‘douﬁle bond of the metabélic interhédiate

cis-aconitic -acid,  forming isocitric acid.

.It geems_likely'thaé ﬁhe resemblance of fluorocitric acid to citric
vacid‘ailpws fludrécitric'acid to bind to thelactive site of aconitase.
Hoﬁéver, »Ehea electrochemical ‘prbpérties of the carbon-fluorine ' bond
apparentlyr‘ihﬁibit the ‘dislodgehent or fur@hér breakdown of the
‘flﬁoroqitric—acid_molecuié, réndering the»enzyme inoperative; ihe TCA
vcyqle is thefefére blocked,‘resulfing in a decreése of energy within thé
céli. Thé cell's pérmeability barriers are destroyed, cellular funCtiOpS‘

cease, and cellular death follows (N01467, NO1155).

12
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FIGURE I-1. TRICARBOXYLIC ACID CYCLE

The tricarboxylic acid cycle provides essential building
blocks for the macromolecules of a cell and is essential
in the production of ATP.- The enzyme affected by the
fluorocitrate ion is aconitase. Aconitase catalyzes the
. conversion of citric acid to isocitric acid as the enzyme
adds water to the double bond in cis-aconitic acid.
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(e) Mutagenicity, Carcinogenicity, and Teratogenicity
No information is currently available on the mutagenicity,
carcinogenicity, or teratogenicity of either sodium fluorocacetate or

fluorocacetic acid.

Iodoacetic Acid, Sodium Iodoacetate, and Bromoacetic Acid

‘(a) Human Effects

No gross human effects resdlting from exposure to iédoacetic acid
have‘beeﬁ‘reported in the scientific literature; howéver, the literature
does contain a sizable amount of info;mation on the ability éf iodogcetic
acid to inhibit various human enzymes and induce or inﬁibit various
biochemical reactions and.g;owth of human cell cultures. For a review of
the enzymatic inhibitions and the biochemical and cellular effects caused

by iodoacetic acid, see Table IV-5.

Bromoacetic acid is both -irritating and corrosive to the skin and
mucous membranes (NO0O896). Also, bromoacetic acid has been shown to
reversibly inactivate the enzyme carbonic anhydrase B, which is found in

‘human erythrocytes (N01223) (Table IV-5).
(b) Epidemiologic_Studieé

No epidemiologic studies on iodoacetic acid or sodium iodoacetate

_are currently available.

14



(¢c) Animal Toxicity

The acuLe toxicity of iodoacetic acid ranges from an LDSO of 55.5
mg/kg in miée‘ and 45.3 mg/kg in dogs to 108 mg/kg in rats (NO1666).
\ Iodoaqg;ic acid  also can cause cataracts in rabbits (N01543, NO1172,
NO1201). The cataractogenic effect 1is intensifiéd‘ by simultaneous
exposuré to ultraviolet radiation (NO1259). Retinal degeneration can
also be caused by 1iodoacetic acid (N01273, NO1269). Smooth  musc1e
effec;s, such as depreésion of contractile activity due to exposure to
iodoacetic acid,‘havé Beenvnoted in.rabbit detrusor muscles (N01215),lrat
uterus V(N01222, N0O1199), and rat aorta ‘(N01166, NO1213, NO1153).
Increased mineraliéation of bone has also been noted (NO1198) afterf

iodoacetic acid exposure.
(d) Biochemistry

Iodoacetic acid‘iﬁhigits suifhydryl gr&ups (=SH) that aet as proton
donors in enzyme catalyzed reactions (N02813). Todoacetic acid does not
compete witﬁ an enzyme's normgl substrate for a particular active site. :
Instead, the action of iodoacetic acid affects a much broader spectrum of
enzymes; alli thét is necessa%y for inhibition of the enzyme 1is ;he‘

presence of -SH groups vital to the enzyme's function.
Since iodoacetic acid inactivates sulfhydryl groups, a great variety

of enzymes and metabolic pathways is affected (Table IV-8). An example

of an enzyme  affected is phosphoglyceraldehyde  dehydrogenase

15



V(N01188, N01543), an enzyme vital to glycolysis. Iodoacetic acid is also
suspeﬁted' .of drastically inhibiting the enzyme t;iisophosphate
dehydrogenase in the retinae of rats, causing severe retinal degenerétion
(N01273). Consequences of the block of glycolysis by iodoacetic acid
include depression of contractile activity‘ in rat and frog hearts

(NO1164, NO1154) and the breakdown of the mitotic processes (NO1263).

The toxic activity of bromoacetic acid is due to its inhibition of
‘enzymes by 1its reaction to —NHZ groups that are essential for the
enzyme's activity. An example of such an enzyme is guinea pig ileum

monoamine oxidase (NO1174).
(e) Mutagenicity, Carcinogehicity, and Teratogenicity

" The mutagenic activify of iodoacetic'acia is apparent in conjunction.
with electromagnetic radiation such As gamma or x-rayé‘(N01264, N01268).
The effect is likely. due to the iodoacetate inhibition of glycolysis, .
whi;h‘provides energy-for aerobic repair an& the general inhibition of

enzymes with active -SH groups.

The carciﬁogenic acfiyity of the iodoacetic ioﬁ is questibnablé.
Tagashira (ND1514) claiﬁed that iodoacetic acid caused fibrosarcomas in -
rats. 'Howeéef, controls were not prdvided, a hybrid strain of rat was .
used, and on 3 of 20 rats é fibrosarcoma deve}oped but no ﬁumor appeared
until the énimalé were 450 days old. These considerations weaken the
" case for iodoacétic acid’'s oncpgenicityf Gywnn and Salaman (N01665)

determined’ that iodoacetic acid may be a weak ‘co-carcinogen in
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combination with’ 9,10~dimethyl-1,2-benzanthracene. Further research 1is

~mnecessary to determine the possible carcinogenicity of iodoacetic acid.

‘ Ioaoacetic acid is téfatogeni; in mice. Miller (NO1159) showed that
injection of pregnant mice during days 11-13 6f ge;tation inéreésed the
proportion of cleft palates in‘the offspring. Skeletal def&rmities wvere
also increased by the injectioﬁ of iodoacetic acid {N01508). No data are

currently available on primates.

" No information on the mutagenic ability of bromoacetic acid has been

discovered. -
(£) Current Research

- Research is being conducted ﬁsing iodoacetic acid to study the
adhesion of eye membranes and neuromuscular‘diseaseg. Pilkerton et al
(NO1282 Abst) used iodoacetate to gxamine the electrostatic adhesion
bé;veen tﬁe retina and the pigment epithelium, and_‘are preparing to
publish results. Bromback (N01281 Abst) wi11 study the effects of the
iﬁhibitiqn of glfcolysis én rat muscléé to Jéimuiate human muscle
pho;pho;yyage‘ défiéién;y aﬁd" phosphofructokinase deficiency. ; These
stﬁdies faééin  i11ustfaté the wusefulness of iodoacetic aqid and
iodoacetate’ as;‘a fool for stﬁdying the metabolism and physiology éf

' tissues.
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Comparative Toxicity of Monohaloacetic Acids

Hayes et al (N01274) compared the toxicity of chloroacetate,
fluoroacetate, and iodoacetate in rats. The 24-hour LD50 values for
chloroacetate, fluorcacetate, and iodoacetate were 108, S5, and 60-mg/kg,

90 dosés‘ ’(162 mg/kg for

respectively. The‘ ﬁaioacetates, in LD
‘chloroacetate, 7.1 mg/kg for fluproacetate, and 72 hg/kg for iodoace;ate)‘
weré édministered fo rats and the tiﬁe until death‘(LT)'wés determined.
The LT50 for chloroacétate, fluoroacetate, and iodpacetate was 136,
BLQ,mand 480 miﬁutes; respectively. Based upon these results, it seems
‘that fluoroaéetate is tﬁe mést toxic of the‘tﬁreé, chloroacetate is fhe
least toxic, and iodbacétate is of intermediate téxicity. ‘Relafive

potency ratios were - 12 (iodoacetate/fluoroacetate), 1.8

(chloroacetate/iodoacetate), and 21.6 (chloroacetate/fluoroacetate).

Structﬁre—Activity Relationships among the Monohaloacetic Acids

“‘Although the monohaloacetic acids have similar chemical propérties
" and structure, the unique>properties of fﬁe haloéen cause very differeﬁt
physiologic effects.‘ Figure I-2 is a spatial reptesentétion of the four
monohaloécétic acids - aﬁd acetic acid. As“shown in the figuré,
fluoroacetic,acid and acetic.afid are §ery similar in cénfigurétion. The
small size of the fluorine afqm enables fluoroacetic acid to mimic acetic
acid (inlphe tricarboxylic agid cycle) to the point whére‘flubrocitric“‘
acid is synthesized in the place of‘citric acid.‘ However,‘the enzyme
aconitase 1is inhibitéd by fluorocitric acid. Aconitase ‘éccepts the

~molecule into its active site 'but the strong electronegativity of the
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FIGURE I-2. RELATIVE SIZES OF ACETIC ACID AND THE MONOHALOACETIC
‘ ACIDS BASED ON THE COVALENT RADIUS OF THE ATOMS
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fluorine prevents the enzyme from.catalyzing the reaction or dislodging
the molecule. (See Fluoroacetic Acid and Sodium Fluordacetéte,

jBiochemistfy, p‘37.)

Iodoacetic and bromoacetic écids inhibit enzyﬁes‘ Sy, akalgting
sulfhydryl (-SH? and amino (-NH,) groups. ”This involves repfaéement éf
the hydrogeﬁ atom by the acetic acid group -CHZCOOH. This prevents the
hydrdgen molecules from acting as proton donors :in the biochemical
reactions which the various enzyﬁes coﬁtaining these‘ two groups
catalyze. (See Iodéaéétic Acid, Sodium lodoacetate and Bromoacetic‘Atid,
Biocﬁemistry, P AS.)“Iodoacetic and bromoacetic acid are unable to enter
" the tricarboxylic acid cycle, however, because of the large structural

differences between these compounds and acetic acid.

Chloroacetic‘ acid méy be an intermediate case. Apparently =-SH
groups and acetate o#idation are affected (NO1274). LBe;ause of the
relative size of the chiérine atom, chloroacetic acid may‘be able to
.parﬁially enter the TCA cycle and at the same time alkylaté some -SH
groués.‘ Further research 1is warranted and ‘may  shed 1light on the

structure-activity relationships of other groups of compounds.
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IT. 1IN DEPTH REVIEW AND ANALYSIS OF THE BIOLOGIC EFFECTS‘OF
MONOHALOACETIC ACIDS

Chloroacetic Acid and Sodium Chloroacetate
(a) Human Effects

Daté on the human effects of expoéure to both chloroacetic acid and
'sodium chloroacetate are limited. Unlike fluoroacetic acid and its
sodium salt, no case histories of human exposure to the above compounds.’
wefe found. The Merck Index (NOO896) reports that chloroacetic acid is
irritating;‘ Documentation of these effects on humans was not found in

any of the primary sources reviewed.

Only two papers (N01195, NO1257) addressing the human effects of
exposure to chloroacetic . acid were found. These papers reported on two
Soviet studies which examined workplace exposure to this compound from an

épidemiologic viewpoint; these studies are discussed below.
(b) Epidemiologic -Studies

“Two epidemiologic studies of worker populations exposed to
monochloroacetic acid appear in the Soviet literature (N01195, NO1257).
' Unfortunately, the workers examined in these two studies were émﬁloyed in

the manufacture of both chloroacetic acid and trichloroethylene, and were



“therefore exposed to a handful of various raw materials, intermediates,

and byproducts used and produced by these manufacturing‘processes.

The first of these studies, conducted and written by Sukhotina
(N01195), appeared in 1969. Sukhbtiﬁa exaﬁined the urine of 166 workers
for trichloroacetic acid and trichloroefhanql content. All of the
workefs were known to have been‘ exposed to trichloroethyléne;
tetrachloroethane, perchloroethylene, and monochloroacetic acid. An
interrelationship> was suggestéd between urinary trichloroethanol and
metaboli;e éoncgntrationﬁ‘(of trichloroacetic acid and .trichloroethanol)
and the’statg of the nervous system in workers with specific intoxication
signs. The indicated intoxication signs includedllistléssﬁess, change§
in the‘gastrbintestinal tract, énd‘catarrhal manifestations in the muco;s
membranes of. the nasopharyhx. It must be noted that it would‘ be
inaccurate to assume that chloroacetic aéid piayed a méjor part‘:in
inducing these symptoms.

-The §ecohd study, conducted by Sukhotina et al ‘(N01257), was
published in 1973. Clinical observations were made Iof 26 patients
suffering from éhrohic péiséning,by chlorinated hydrocarbons, inclﬁding
tricﬂloroetﬁyiene and chloroacetic acid. ‘ These osservations revealed
complaints sf generél wéakness, increased fatigue,mhéadaches, impairment
of sleep in the form of drowsiness during the déy and insomnia at night,
increased perspiratio;, pain 1in ‘the. epigastric region, aﬁd dyspeptic
disorders. ‘Objective investigation revealed-aptonomic dysfgﬁc;ion with
asthenia and, more rarely, hyperasthenic syndrome, with a predominance of

'a parasympathetic direction of autonomic reactions. Again, it must be
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" stressed that it would be inaccurate to assume that these symptoms are

~the result of monochloroacetic acid exposure.
(¢) Animal Toxicity

fhe acute toxicity of chloroacetic acid has been determined by
various authors (see . Table 1IV-7). Kurchatov and Vasilleva (N01238)
reported an‘LD50 of 277.5 mg/kg when chloroacetic acid was given ora;ly
to' rats. Maksimov and Dubinina  (NO125Q) found that the LDsd of
chloroaceti; acid (sodium salt solution) is 580 mg/kg when given by
lavage fo ?ats;. Given intravenously, the LDSO of chlorbacetic‘ aciq
sodium salt was found to be 55 mg/kg. Earlier studies by Hayes ef al
((NO1520 Abst) showed that it is highly toxic, with the LDy of
chloroacetic acid (given subcutaneously to r;tsj reported to be 5 mg/kg.
Rats, equséd ‘to chloroacetic écid by inhalatibn showed signs of
irritation aﬁd the LC., was found by‘Maksihov and Dubinina (NO1250) to
be 180 mg/m3. Cysteine administered subcutaneously to rats in doses of
200 mg/kg was found Ey Kuréhatov ‘and Vasilleva (N01238) to be' an

effective antidote for chloroacetic acid poisoning.
‘BasedvonvLDSO,values, chloroacetic acid was found to be 21.6 times

less toxic ‘than the closely‘reléted compound, fluoroacetic acid (N01520

Abst).
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(1) - Absorption, Distribution, Metabolism and Excretion

Studies by Yiine? (N61186) showed thét chloroacetic acid given
to female albino mice ‘is eliminated ﬁainly via .urine. Radioaétive
chloroacetic-l;lac acid was injected intrape;itonealiy in a dose of 2
mg (fadioactivity of 2-4 uCi), and radioactivify was foilowed for 3 days
after the administration. Eighty-two to 882‘ of the radioactivity was
foﬁnd in the urine, 8% in expired air, 0.2 to 3% in feces (con;aminéted
with urine), and about 2 to 3% ;emained in the animal. Examination of
urine’ showed that 6 to 22% of the radfoactivity in urine was due to
chloroacetic acid, 33 to 43%7 due to ‘free-'rand 1 to 6% due to
conjugated-S-carbbxymeﬁhyl-L-cysteine, 33 to 427 due to> thiodiacétic
acid, 3 to‘SZ‘due to glycolic acid, and 0.1 to 0.2% dug to oxalic‘acid.>
Two metabolic .pathways were suggested for chloroacetic acid: a major
route thaf,entaiis'the férmétion of S-carboxymethyi glutathione which 1is
then  converted to S—carboxymgthyl-L—cysteine and  ultimately to
thiodiacetic vaéid; and a route that involvgs enzymatic hydrolysis of

chloroacetic acid to glycdlic acid and ultimately to carbon dioxide.
(d)  Biochemistry

" The :toxiév action ‘of chloroéce;ic acid is not fplly understood.
Hayes ef‘ ai‘ (NO1274) have Eompared ‘thé - physiologic aCﬁivity of
fluofoacetate; _iodpacetate, and chloro;cetate in rats. Cﬁlo;oacetate
ions did not significéntly alkylate -SH groups of cysteine in vitro.
However, tesfs with rat liver and kidney indiéa:ed a marked inhibition of

' total sulfhydfyls. Acetate 'oxidation in vitro was inhibited by
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chloroacetate ions but the kinetics of inhibition were different from
those of fluoroacetate poisoning. Hayes et al (NO1274) concluded that
chloroacetate acts by a mechanism different from that of either

fluorocacetate or iodoacetate.
(e) Mutagenicity, Carcinogenicity, and Teratogenicity

Testing of chloroacetic acid for poésible mutagenic or carcinogenic
activity has occurred in conjunction with testing métabolites of
‘polyvinyl chloride for ‘mutagenic acfivity. Chlorocacetic acid is a
metabolite of vinyl Chlofide (NO1244). The tests are basic Ames tesfs,

exposing chloroacetic acid to Salmonella typhimurium. Bartsch et al

(N01254) used a microsomal fraction added to the plates of S typhimurium
tfeated with‘chloréaéetic acid. No increase in the ﬁumber of bacteriai
fevertants was observed. Only low concentrafions (1.1 x 10_6 M/plate)
(M = molar) could be tes;ed because of the toxicity of chloroacetic aﬁid
to the bacteria. Lambach et al (N01232) tested chloroacetic acid for
mutagenic activity in S typhimurium (strain TA100) aﬁd B subfiiis, and
detécted'no reactioﬁ. :Chlorﬁacetic acid aiso aid not cause a direct or

tissue mediated response in the S typhimurium strain TA1530 (NO1271).

Fluoroacetic Acid and Sodium Fluoroacetate

(a) ‘Human Effects

Case history reports on fluoroacetic acid and sodium fluoroacetate

poisonings abound in the scientific literature. Six of these reports
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(three fatal and three nonfatal poisonings) have been collected and
reviewed in a monogr%ph by Pattison on industrial toxic agents (NO1467).
In his review:Pattison stated that it is apparent that the major toxic
effects of the vfluéfoacetates in mén involve the CNS  and the heart.
Specific CNS poisoning symptoms include epileptiform convulsions which
altefnate with coma and depression. Heart related sympﬁom; include
cardiac irregularities and sudden cardiac arrest. These éevere symptoms
~are usualiy preceded by a latent period of up to six hours during which
time there  may Be nausea, vomiting, excessive salivation, nuﬁbness,
tingling sensa;ions, epigasﬁric pain, and mental apprehension. According
to Pattison, other signs of\;ymptoms which may develop subsequent ta‘the
latent period include muscular twitching, 16W‘biOOd pressure, and blurred
vision. Pattison quantified all of these symptoms, stating Fhat
convulsions are often,geveré‘and death can result from cardiac arrest,
which may occur suddenly along with ventricular fibrillatiqn, and/or from
asphyxia during_a convulsion or respiratory failure. He also warned‘that
'secondary infec&ion (especially of the iungs) or shock may play a part in’
fatal cases, but the primary ca@se of deaﬁh'is cohsidered'to‘be cardiaé

difficulties.

‘Pat;isoﬁ (N01467)‘reportgd thét as of 1959 there had been éf least
30 c;ses ofv fluoroacetate poisoning, of whicﬂ at least 16 had been
fatal. Some of the‘poisoning; had beéﬁ éﬁe result of aets of suicide bu;
- most were caused by a;cidental ingestion of‘compound 1030, the sodium
salt of fluoroacetic acid. One poisoning occurred when a gust of wind
blew sodium fluoroacetate into the‘féce of a US Naval Sanitation Officer

conducting field tests with the substance (N02890).
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As mentioned‘abové,‘Pattison (N01467).reported in symptomatic detail
case histories  of three fatal and three nonfatai human éxposures to
sodium monofluorcacetate (N02893, N02811, N02892, N02891, NO02890). In
these six cases, all patiénts were male and ranged in age frém 13 months
to 40 years. Pattison did not review the methods of treatment for every'
,éése because they were generally symptomatig and sometimes valueless.
Similarly, he concluded that reports of pathologic and microscopic
examinations contained no~ characteristic signs indicative of

fluoroacetate poisoning.

Pattison (NO1467) also discussed the therapy of‘poiéonéd‘individuéls
and made -recommendations for first aid and clinical treatment. On the
baéis of monkey experiments Pattison wrote that intramuscular injection
of 1large doses of 'ménoacetin (glycerol ‘ﬁonoacetaté and glyceryl
moﬁoacetafe) may be beneficial because the monoacetin acts as a specific
antagonist to f]uoroacetaﬁe. Pattison noted that although some pain. and
edgma may be expected as a fesult of such treatment, the thicity éf
monoécetin is very low and the side effects which maf occur need not

cause alarm.

‘In 1975 Reigart'et al (NO1495) reﬁérted-in considerable detail a
ca;é of "sbdium‘ flﬁoroacetate poisoning 1in whicﬁ the patient was an
é;month-old giri‘who was found chewing oﬁ % rat baitcup that had been
placeé in her hoﬁe 10 months earlier. According to the authors this
nonfatal case was unusual beéause of the mild nature of‘the poisoning énd

the remarkably delayed onset of serious CNS symptoms. "With respect to
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. the latter point, the authors stated that most investigators have
emphasized that this symptomatic delay usually lasts 1 to 2 hours and can’
be as short as 30 minutes. In this particular case, however, definitive

symptoms did not occur until about 20 hours after ingestion of the poison.

‘In the same paper Reigarg et al (NO1495) discusse& the applicabilit&
and practical use Qf monoacetin as an antidote for sodium fluoroacetate
poisoning. The authors considered monoacetin because it‘héd been the
subject of extensive animal experiments conducted by Chenoweth . et al.
(N02898) ‘ana because,‘ after careful review‘ of a gamut of ‘acetate
‘compounds, monoacetin proved to be the 1east‘toxic in animals. Reigart
et al (N01495) repofted thét although the animal studies of Chenowgth et
'ali (N02898) indicatéd that monoacetin would pfobably prove ugeful“in
treating acute poisonings, the effective dose appears to Ee qﬁite'ciose
to the toxic dose. Unfortunateiy, monoacgtin‘in pharmaceutical dosage
form is unavailabie‘commercially; instead the substance is available as a
95% active ingredient with no assay on the-reﬁaining 5%. This presénts
the problem of ensqriﬁg that the monoacetin is sterile‘so that it can be
adm;ﬁistered:‘intramuscdlarly without danger of secondary infection or
other pathogenic effects. Since sterilization by filtration of practical
grade monoa;etin is difficulf, due to the compound's viscous nature, and
because autqciaQing may- result in hydrolysig, Reigart et al (N0O1495)
recommend that an aéep#ically colleéted sample from the sealed ;ommercial
coﬁtainer‘ be ‘cultured_fin an léppropriate medium to test for pathogenic
microorganisms. .Unfortunateiy, time wusually does ﬁﬁt allow for an
adeduate examination of the sterility ‘6f‘ ﬁonoacetin ‘using standard

culture methods. However, if a secondary infection does occur, a
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microbiology lab should be able to identify the pathogen responsible for
the infection, ipso facto. Reigart et al (N01495) suggested that the
following therapy and management, as recommended by Chenoweth et al

(N02898), be utilized in cases of fluorcacetate poisoning:

1.. Administer monoacetin intramuscularly in repeated hourly doses
of 0.1 to 0.5 ml/kg as soon after ingestion as possible, and
continue until a clinical response is noted. ‘

2. Conduct continuous cardiac monitoring.

3. Protect against and control seizures by administration of
anticonvulsant medications.

4. Avoid infusion of calcium or potassium salts as well as sodium
chloride, bicarbonate, or acetate.

5. Replace fluid with plasma in a cautious manner .

6. Avoid cardiac glycosides.

The rationale for points 4-6 is that Chenoweth et al (N02898) have
shown through their animal research that the above-mentioned salts and

cardiac glycosides enhance the toxicity of sodium fluoroacetate.

) »In-1978 Guynn>and Faillace (N01277) s?ated that the cﬁronic effects
of ‘low concentrations of fluoroacetic acid are unknown but perhaps
deserve‘attentiop. Their reasoning was that the?e is a poséibility Ehgf
fluoroacetic acid may be formed in minute amounts by the biodegradation
of the ahesthe;iéé, halothane and fluoroxene, and that these coﬁpoqnds
have beenrimplicatea in an increased incidence of subtle neﬁfologié and
psychiatric symptéms aﬁong‘énesthesiOIOgists. '0f course, such reasoning
is purely speculative and there is no scfentifi; evidence vto' link

chronic, low-level exposure to fluorocacetic acid or fluoroacetate with
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the observed neurologic and psychiatric disturbances noted in

anesthesiologists.

(b) Epidemiologic Studies

No epidemiologic studies on either fluorocacetic acid or sodium

fluoroacetate have been pubiished.

(c)

Animal Toxicity

Because of its use in pest control, sodium fluoroacetate (also known

as compound 1080) has been widely investigated. Investigations of its

toxicity have been summarized in two reviews: the first (by Chenoweth)

appeared in 1949 and included 124 references (NO1516), and the second (by

Atzert) appeared in 1971 and included 54 references (NO1501).

The toxicity of sodium fluoroacetate salt to various species is

summarized in Table IV-6. The prominent features of sodium fluoroacetate

toxicity are as follows:

Ro@te' of3 Administration: There is no major difference‘ in
toxicity when sodium fluoroacetate is aﬁministered‘ by wvarious
roQﬁes of édministration. For instance, . ﬁhe LD, in alﬁino
réts is 5.0 mg/kg after subéutaneoué, int;ape:itoneal, or
intramus;uiar“administation (see Table 1IV-9). TheJ LDy in
ﬁice i§ 19.3 and 17;0 mg/ﬁg‘when the cémpqund is administéfed

subcutaneously or orally, respectively. This phenomenon is
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quite uncommon, and is attributable to the fact that sodium

fluoroacetate is very soluble in aqueous solutions and is stable.

Latenf Period: Toxicity .is manifested aftef a "long and
irreducible latent period which is independent of the route of
administration (N01501, NO1516). This latent period is seldom
less than é hours (N0O1516). An increase in the administered
dose of sodium fluoroacetate brought about a shortening of the
refractory period but failed to induce an immediate response.
For instance, Chenoweth (N01516) injected 0.5 mg/kg (LDgs)‘ of
sodium fluoroacetate intravenously in white rabbit;; ventricular
fibrillatién and death‘ensuedv125 minutes later. Increasing the
dose to 250 mg/kg (500 times the LD95) reducéd the 1aten§

period by approximately one-sixth (20 minutes). -

Prior ,administration of sodium chloride; bicarbonafe, or
fumarate appreciably shértened the latent period but did not
abbiish it completely. .Neostigmine (0.25 mg/kg) greatly
shortened the létent period of fluoroacetéte in mice but not in

dogs and rabbits (NO1516).

The latent period is related to the mechanism of action of
fluoroacetate. It was explained‘by Chenoweth (NO1516) on the
basis of the follbwing‘biochemical actions: (a) the time needed

to hydrolyze sodium fluoroacetate to fluoroacetic acid;.(b) the

. time necessary for the accumulation of a sufficient amount of

sodium ~ fluorocitrate; and (¢) the time required for the
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diéruption of 'the delicate intracellular balance to be

manifested as gross organ dysfunction.

Site: The sité of toxicity varies from one species; to the
other. The central nervous'system and the heart are the ﬁain
tafget organs for fluoroacetate toxicity. Witﬁ the exceptiop of
the. guinea ﬁig, herbivores seem to manifest cardiac effects,
whereas‘carnivores show CNS convulsions or depression. Death by
fluoroacetate poiéoning is dué to: ta) gfadual depression of the
heart that culminates in ventriéulaf‘ fibfiila;ion, ,(B)
fespira;ory faiiure, or (c) progressive CNS depression that ends

in respiratory or cardiac failure (NO1501).

4.  Species Sensitivity: ' Cold-blooded vertebrates are _generally
less‘sensitivé to fluoroacetate pois;ning than the warm-blooded
species. Thus, an ,LD50 of more than 500 mg/kg was. reported
for the South African clawed toéd,.whereas thét fér»a dog was
0.06 mg/kg (NO1516). ‘There: is also a great variation in

>‘toxicity‘ among the wérm—blooded animals. For 1instance, an
‘intraperitoneal injection of 0.05 mg/kg of fluéroacetate was
lethgl to thg Texan pocket gopher, while 10 mg/kg.was needed to
kill an albino ﬁouse,(N01516). | |

5. Effect of Sex and. Temperature: A differgnce ip toxicity of-

.fluoroacetate that 1s attributable to sex differences was

noticed only in certain wild ducks, but not in other species

(NO1516). An 1increase in the environmental temperature was
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found to increase the sensitivity of mice to fluorocacetate

toxicity (NO1516).

Télerance: The - administration of sublethal. doses of sodium
fluoroacetate to certain animal species reéﬁlted‘in tolerance to
subsequent larger ‘doses. This effect was observedi in golden
eagles, rats, mice, and possibly rhesus monkeys (NO1501), but

not in dogs and rabbits (NO1516).

Conversely, the administration of several sublethal doses at

short intervals might 1lead to the ‘aCCUmulatioﬂ of sodium

fluoroacetate until it reaches a lethal level (NO1501).
interestingly, thfs responsevwaé noticed in species that do not
develop tolerance, §uch as dogs and rabbits; those that develop

tolerance, such as mice and rats, do not exhibit this cumulative

response (N01501).

Tolerance is a time-dependent phenomenon. Chenoweth (NO1516)
stated that rats that received 0.5 mg/kg of sodium fluoroacetate
became resistant to the toxic effects of 5.0 mg/kg of the same .

substance, 1f the latter dose was given within 4 to 24 hours

~after the first one. This increase in resistance lasted only 48

hours.
(1) Absorption, Distribution, Biotransformation, and Excretion
Fluoroacetic acid and its sodium salt are readily absorbed
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through theiigastrointgstinal tréct, muﬁous membranes, aﬁd pulmonary
epithelium‘(N01516). Intact skin is quite impervious to these compounds,
élthough they can be absorbed through open wounds (NO1501). As mentioned
above, there is ﬁo noteworthy difference between the toxicity of sodium
fiuoréacetate after oral, subCQtaneous, intramuscular, or inrravenoﬁs
‘adminiétration (NO1516), ndr is the toxicity gffected by the :rype of
vehicle used (water, oil, gum acacia suspensioh; ﬁeat; grain, or gelatin

capsule) (NO1501).

Chenoweth (N01516) assumed that the‘water soluble acetate is evenly
distributed throughout body water. Howerer, in the absence of actual
determination of fluorocacetate in tissues, the author questioned whether
the distribution of fluoroacetate is different in those species in which
the heart or the Eentral nervous system is primarily affected.Experiments
performed by Gal et al and cited by Atzert (NO1501) vrevealed th;t
radiocactive sodium monofluoro—z—lac-acetate injected intraperitonealiy
in rats was found in highest concentratioﬁs in the brain,‘liver, heart,

and kidney.

Fluoroacetate 1is partially metabolized to fluorocitrate and 'is

excreted mostly unchanged in urine (NO1516).
(2) Mechanism of Fluoroacetate Toxicity

Fluoroacetic acid is metabolized in the bddy‘to fluorocitrate,
which blocks the TCA at the citrate stage (N01276, NO1516). This leads

to the inhibition of citrate and succinate metabolism (N0O1501). In the
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TCA cycle, acetic acid combines with coenzyme A (CoA) in the presence of
adeﬁosine-s‘-triphosphate (AT?) to form acetyl-CoA, which then reacts
with> éxaloacetate aﬁd water to form citrate. Likeﬁise, fluoroacetate
will follow the same p;ttern, resulting in the formation of
fluorocitrate. ' But, whereas citrate continues through the TCA cycle,
fluorocitrate does not; in fact, it inhibits several enzymes such -as
aconitase and succinic dehydrogenase by competing with the citrate
molecule. The inhibition of these enzymes results in the accumulation of:
citrate which in turn blocks glucbse metabolism by inhibiting
" phosphofructokinase. This gltimately leads to the interruption of énergy
supply to cells; when the energy shortage reaches a. certain level,
cellular permeability barriers 'are destroyed, resulting in 1o$s of-

. function and cellular death.

(3) Antidotes for Fluoroacetate Poisoning

So 'far there is no specific antidote for fluoroacetate
poisoning; treatment is largely symptomatic. The objective of first 4id
treatment is to prevent. further absorption of fluoroacetate from the
gastrointestinal tract. This could be achieved by gastric lavage

followed by a cathartic, such as sodium or magnesium sulfate.

Investigations Qith fluoroacetate poisoned animais showed that
ethanol (800 ﬁg/kg) injected subcutaneously (10% by volume in normal
saline) within 30 miﬁutes of poisoning with fluoroacetate‘significanfly
feduced‘mortality among mice, guinea pigs, and rabbits (N01512). The

‘authors speculated that ethanol acts by catalyzing the oxidation of
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.acetate by fluoroacetate ‘pbisoned cells. - A1though ethanol was not
effective in treating dogs poisoned bv fluoroacetate, light peﬁtobarbital
anesthesia maintained for 18 to 24 hours significantly reduced morfdlity

among animals péisoned'by 0.1 mg/kg of fluoroécetate (NO1512).

In another“study (N01775), -monoacetin was found to provide
' protection against the lethality of fluoroacetate. Moﬁqacétin provides a
feadily_available supply of intracellular acetate ions to inhibit the
lethal synthesis of fluoroacetate to fluorocitrate. Arena (N02897)
suggested the use of monoacetin (100 ml administered orally, reéea;ed
every‘ hour) and/or slow, intravenous injection of procainamide (to
. restore normal rhythm of the heart in vehtrjcular fibrillation) to treat

fluoroacetate poisoning.
(4) Diagnosis of Fluoroacetate Poisoning in Animals

Egyed and Shlosberg (N0i497) have identified .av method to
diagnose the cause of acgidenﬁal pbisoning of 1livestock that ingest
ﬁoisén baits or poisoned animal carcasses. The method involves -the
injection into guinea pigs of an aqueous extract of the heart and kidney
from suspééted anima1§ or of suspected bait. “Examination of the éicrate.‘
level of tﬁe kidneys‘of:guinea pigs showed an elevated citrate 1eve1 in
80 ‘of ‘thé 1143‘ suspected péisonings. Kirson et al (N0O1498) found an
increase in the citric acid congents of blood, heart, bfain, and kiﬁney
of rabbits. and ;atsA‘poisoned by sodium fluoroacetate. An increase in
‘braiﬁ citric acid content was also found by Goldberg et al (N02784).- The

differential diagnosis in the pathogenesis and symptométology cof

36



fluoroacetate poisoning and of acute and chronic fluoride intoxication in
cattle was discussed by Grander (NO1255). Stevens et al (N01240)
described . a rapid method for the extraction and identification of

" fluoroacetic acid from tissues by gas chromatography.
(5) Organ Toxicity

Chenoweth  (NO1516) désc;ibed in 1949 the toxicity of
fluofoacetate to various systems such as the cardiovascular system and
the central nervous system. Since then only a few articles have appeared
that describe the toxic effectsl of fluoroacetate on other organs;
Articles by Yates and Yates (NO1760 Abst, NO1272) included the results of
experiments designed to study alterations in the endoplasmic reticulum of
rat hepatocytes after ‘fluoroacetate’ administration. Animals ‘injécted
with 5 mg/ﬁg of sodium fluoroacétate‘and killed after 3 houré éxhibited
an increase iﬁ the aﬁount of tubular agranular endoplasmic reticulum, and

aberrant shaped mitochondria were noted. ‘ ‘ : ‘_
(d) Biochemistry

The Bioéhemical action of sodium'fluoroacetate and fluorqacetic acid
and its elucidétion have been reviewed by Pattison (N01467). According
to Pattiéon: tiebecq and Peters, Marcus and Elliott, and Kalnitsky
suggested that the fluqroacetaté ion was not resbonsib}e for the toxic
properties of the compounds ‘and thati the 1ion was converted to

- fluorocitrate. The fluorocitrate was responsible for the deactivation of

the TCA cycle. The evidence was primarily the finding that citrfc‘acid
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accumulation occurred after pqisoning wifh fluorogcetate, suggesting that
the citric acid oxidation was blocked (N02877, NO03242). Elliott and
Kalﬁitskyv(NOQSOA) demonstrated thé synthesis of fluorocitric acid during
fluoroacetate poisoning. Peters et al (N02881) showed that a
fluorotficarboxylic compound, with properties suggesting that 1it- was
fluorocitric acjd, was responsible for the toxic effects of fluoroacetic
acid poisoning. Judah and Rees (N02879), Morrison and Peters (NOZSSO),
Buffa 'énd Peters (N02878),‘ Peters and Wilsoﬁ (N02819), and LofsPeich
(N02808) isolated -aconitase and showed that f1uorocitrafe {5 a

competitive inhibitor of aconitase.

Aconitase catalyzes the addition of water as citric acid converts to
the metabolic intermediate cis-aconitic acid, forming isocitric acid.
The deactivation of aconitase is dué to the size and electronegativity of

the fluorine atom as compared with hydrogen.

Tﬁé CH3- and FCHé- radicals are spatially very similar. Acetic
acid and fluoroacetic acid the:efore bear a strong st;uctural resemblance
to each other, and fluoroacetic acid can mimic acetic acid in undergding
activation and incorporation‘into the TCA cycle. Inéerestingly, there is
évidgnce fhat the activation of fluoroacetic acid to fluoroacetyl-CoA may
be a process different from that of Vacetic acid (N03240). After
fluoroacetyl-CbA‘venter; thev‘cycle, fluorocitrig acid ‘is forﬁed. The
mimicry ceases as fluorocitric acid inhibits aconitase. The structure of
fluorocitrate allows the compound'fo epter‘the énzyme matrix, but the
physiochemical properties of the-fluoriné atoms hinder the dislodgement'

.of the substrate. The inhibition of aconitase blocks the TCA cycle;
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energy to the cell is decreased; permeability barriers are destroyed;
and cellular death occﬁ;s ‘(N01467; 'NO1155). Berlinguet and Lalibarte
(N01209) and Benjamin and Quastral (N0O1169) haQe exémined the inhibition
of amino acid metabolism caused by fluoroacetate in pancreatectomized
dogs and diabetic rats, respectively. Berlinguet and Laliberte (N01209)
.found‘that 1évels of N-acetyl;L-as?a¥tic acid in brain tissue increased
after,treatmenf‘with fluoroacetate} Benjamin and Quastral (NO1169) fodnd‘
‘that when brain éliées from rats were poisoned by fluoroacetate, the
contenf of glutémine decreased and that qf glutamate and
gamma~aminobutyrate increased. Interestingly, Maude (N01203) found that
fluoroacetate did not inhibit proiimal tubular flgid‘Fransport within éheu
rat renal cortex in the presence of oxaloacegate; *Apparen;ly the rate of
ATP production from oxaloacetate remained sufficient for transport across’

the cell membrane to occur.

‘A decrease in the rate of DNA synthesis in mouse lymphosarcoma LS/BL
cells exposed to’ fluofopitrate was observed by‘ Novak and Juraskova
(N01502).  Inhibition ‘of DNA synthesis by ~injection of sodium’
fluérqacgtate was éléo noted in vitro and in cells cultured in the
abdomihal‘cévi;y of host mice. DNA synthesis requires ATP as an energy
‘source. The decrease of ATP Productibn due to the inhibition of the TCA

cycle was the likely cause of the decrease in the rate of DNA synthesis.
(e) Mutagenicity, Carcinogenicity, and Teratogenicity

No material has been published on the mutagenic, carcinogenic, or

teratogenic properties of sodium fluoroacetate or fluoroacetic acid.
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Todoacetic Acid, Sodium lIodoacetate, and Bromoacetic Acid
(a) Human Effects

No case histories of human exposure to iodoacetic acid, sodium
iodoacetate, or bromoaceticAacid‘and no primary documenfation of gross or
‘symptqma;ic effects resulting from exposure were found. The only
reported gross human gffects resulting from iodoacetic acid exbosure
appear in Sax'é Dangerous Propérties of Industrial Materials (N00919),
which states that monoiodoacetic acid is highly irritating to skin, eyes,
and‘mucous membranes. 'The Merck Index (N00896) reports that bromoacetic

acid is both irritating and corrosive to skin and mucous membranes.

A considérablefamount_of data has been collected on the ability of
‘bromoacetic and iodoacetic acid to- inhibit various human> enzymes and
inhibit of induce various biochemical reactioﬁs. These biochemical
effects are summarized in Table IV-5. Several examples of the effe;ts af

' bromoacetic and iodoacetic acid follow.

In 1967 Whitney et al (N01223)-reported that bromoacetic acid in 5
mM conceﬁ;?ations, incubated with human erythrocyteé for 0.87 hours,
causea é .50Z revérsible inactivation of the erythrocyte carbonic
anhydrase ﬁ. Accbrding to the‘author§, this inactivation wa§ caused by
reaction at the 3'-imidazole nitrogen of a histidine residue. Wﬁén the
" enzyme was altered by the replacement of a zinc atom with a cobalt atom,

the rate of inactivation of the. apoenzyme was found to be only 1 to 2% of
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the native—enzyme inactivation rate.  Because of this reduction ‘and
because the réte of inactivation of the nétive-enzyme is ‘directly
préportionalrto the fraction of the enzyme which is reversibly inhibited
by the bromoacetate, the authors‘postulated that the enzyme's metal atdm

seems. to be involved in the inhibitor binding process.

In 1967 Yamada (N01224) studied the effects of several inhibitors,
including iodoacetic acid, on the metabolism and transfer of glucose in
tHe human term placenta. He found that placenta tissue, when incubated
for‘20 minutes in'a nutrient medium containing 10.-4 M iodoace;ic acid,
increased 1its glucose uptake slightly and 'iﬁcreased its fructose

production slightly.

‘In‘1969 Murer (N01214) ekamined the éffects and mechanisms of action
of a nﬁmber of‘mefabolic inhibitors on the rétraction of human blood
clots and the energy metabolism of human platelets. He found that
iodoacetic acid;‘ when placéd in ‘a nutrient’ solution‘ at ‘0.1 M
copcentration, almogt completely‘inhibited thé rétractioﬁ of humaﬁ blood

clots incubated for a period of 5 minutes.

Iﬁ 197QﬂPrasad and Callaghan (N01197) investigated the influence of
glucose metébolism\ on oﬁabain;induced changes in -the‘ transmembrane
‘potential and contraction of the human heart in vitro. They utilized the
inhibiting éffect‘ of 1iodoacetate as an investiéative tool in ;Heir
research, ana found thaf iodoacetate in concentrations of 10—5 M caused

partial to complete inhibition of the positive inotropic effects of
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ouabain. Monoiodoacetate 1in 10 M concentrations also enhanced the

ouabain-induced shortening of action potential duration.

In fb71 Feddersen and Gormsen (N01194) investigated the plasmin
digestion of 'stabilized and ﬁohstabilized fibrin. They found that
‘monoiodoacetate in 10-2 M conéentrations inhibited the stabilization of
human fibrin ‘and reduced the maximal amplitude of fibrin in

thrombelastography.
(b) Epidemiologic Studies

No reports of epidemiologic studies on iodoacetic acid, sodium

iodoacetate, or bromoacetic acid have been discovered in the literature.

(¢c) Animal Toxicity -

No acute toxicity information on bromoacetic acid from primary

sources is currently available.

Like iodoacetic acid,  bromoacetic acid produces eataracts when
inje;;ed, into the eyes of male albino rabbits. Saline controls and
.injéctioﬂsv of‘ chloroacetate and fluoroacetate showed no ‘cataract'
producipglaﬁiiity (N02837). Also 1iké iddbacetic acid, bromoacetic acid

increases the radiosensitivity of rabbit red blood cells (N02849).

The acute toxicity of iodoacetic acid has been studied by various

authors.  The LD, values -were determined 'in various species . via
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different routes of administration. The LD50 values are 55.5 mg/kg
when given intraperitoneally to mice, 45.3 mg/kg in dogs (route of
administration unreported), and 108 mg/kg when giVeﬁ subcutaneously to

‘rats (NO1666).

The toxicity of iodoacetic acid is discussed below under the
following topics: ocular toxicity, foxicity to smooth muscles,

hemotoxiqity,'and toxicity to bone.
(1) Oculotoxicity

The cataractogenic effect of iodoacetic acid is well documented .
(N01543, N02837). Usually, the development of a cataract following
exposure to iodoacetic acid is delayed for a few weeks to a few months,

and is similar to that produced by irradiation (N0O1543).

Normally, thg lens contains high concentrations of ascorbic acid and
glgtathioﬁe, whicﬁ_suggests that these two compounds are essential for
the normal function of the lens. Todoacetic acid acts by combining with
the sulfhydryl group in -SH-containing enzymes (see Siochemistry section,
p 48). Iq&ﬁacetic acid's cataractogenic effect can be predicted in light
of the high concentration in the lens of glutathione, an -SH group amino

acid.

Several biochemical changes are known to occur in the later stages

of the development of a cataract: (a) irreversible change in the
constituents of lens proteins, (b) progressive decrease in the
glutathione content of the lens, and (c) change in the <cation

43



distribution of the lens; normally the lens contains high potassium and

low sodium concentrations.

To‘inﬁestigate the cataractogenic effect of iodoacetic acid, Ikemoto
(N0O1172) used an in Qitro rabbit lens preparation. Various
concentrations of iodoacetic acid were incubated with lens homogenates
for 15 hours. Anrinc;ease in the potassium efflux and sodium influx, as
. well as swelling ;f the lens, were observed, Lactate formation was
inhibited under the influence of iodoacetic acid (NO1172). An in vivo
study by Milano et al (N01201) was conducted in which 25 mg of iodoacetic
acid was injected into the carotid artery of rabbits. However, the
experiment failéd to demonstrate a decrease in the lactic acid content of
the crysfalliné lens isolated at various times before the appearance‘of

cataracts.

An iodoacetate—inducédrcataract can be intensified by simultaneous
exposuré to ultraviolet radiation (N01259). Inhibition of lens
metabolism by i;doacetic acid renders the lens less resistant to the
deléterious effect of ultraviolet radiation. In fact, Kuck (N01259)
considered exposure to ultraviolet light over many decades, potentiated
by environmental toxicants, to be a factor 1in human senile

cataractogenesis.

The ocular effects of iodoacetic acid involve not only the lens but
also the wvisual cells of the retina. The retina appears to be
selectively affected by low doses of iodoacetic acid compound. As in the

case of the cataractogenic effect on the lens, the effect on the retinal
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cell was attributed to the interference Of, iodoacetic acid with some
—SH-depeﬁdenf'enzymes that are necessary to retinal metabolism (N0O1273).
Furthermore, a difference was found between the effect of iodoacetic acid
upon the rbds and cones of the retina{ with Ehe rod system being more

susceptible to poisoning than the cones (N01269).

(2) Effect on Smooth Muscles

Iodoacetate, when added to rabbits' isolated dét;usor muscles,
brought about depression of the contractile response of the muscle to
acetylcholine (N01215). Because this depressant effect was reversed
-(although incompletely) by pyruvate, the observed effect may be due at

least partially to imhibition of glycolysis.

A similar effect of iodoacetic acid was observed on the smooth
muscles of the rat uterus. Paton and Daniel (N01222) showed that

. S -3
exposure of the uterine horns to 10

M of 1iodoacetic acid for~- 5
minutes abolished the contractile response induced by acetylcholine and
prostaglandin El' In a later study from the same laboratory (N01199),
3

it was found that incubation of rat uterus in 10 ° M of iodoacetic acid
resulted (in the first hour) in the loss of potassium and a gain in the

sodium content; there was no change in either calcium or water content.

After 2 hours, the calcium and water content was increased.
The effect of iodoacetic acid on the smooth muscles of the aorta was
studied by various authors. Balansard et al (NO1166) found that

iodoacetic acid partially suppressed adrenaline-induced contractions of
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isolated rabbit aorta. Byts and Korkach (N01213) found that intravenous
injection of iodoacetic acid (20‘mg/kg)‘in dogs induced a decrease in the
rate of glycolysis and in the oxygen tension in the vascular walls.

In another study, Sidorenkov and Sharaev (NO1153) 1injected
iodoacetic aéid (7 mg/kg/d) eitﬁer intravenously or subcutaneously‘into
rabbits for 3 months, producing an increase in the concentration of

hexosamine and hexuronic acid in the aortic wall.

The above studies demonstrate the various effects of iodoacetate on
smooth muscles. However, the studies are all linked by the property of
iodoacetate to inhibit a broad range of enzymes. In every case the

effect observed in the study was due to inhibition of glycolysis.
(3) Hemotoxicity

Mason (N01275) studied the effect of iodoacetic acid on the
blqod of rabbits and sheep. A 0.05 M solution of iodoacetate in a dose
of 19.5 to 26.5 mg/kg was injected intravenously in rabbits; sheep
received between 18.5 and 22.5 mg/kg of iodoacetate intraven0gsly. No -
effect oﬁ"the rabbits' erythrocytes was seen for 10 days after the

. /
administration of iodoacetate, although retinal degeneration due to the
iodoacetate poisoning was observed on ophthalmoscopic _examihation.

Sheep, on the other hand, developed profound hemolytiC'anehia and died.

" The author attributed this effect to changes in red cell membrane.
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Biaﬁchi et al (N02849) discovered that iodoacetic acid increased the
radiosensitivity of rabbit red blood cells in vitro by up to &4 times.
This increase in radiosensitivity occurred only when the iodoacetic acid
was presentr at the time of irradiation. The sensitivity effect
aéparently is not due to the alkylating ability of iodoacetic acid.
Experiments Qith labelled iodoacetic acid-1—14C demonstrated that a
significant amount of iodoacetic acid binds to the red blood cells
(N02849). After irradiation with x-rays the amount of labelled compound

attached to the red blood cell membrane was markedly reduced.
(4) Effect on Bone

Concéptually, there seems to be a functional membrane
separating bone exfracellular fluid (ECF) from blood ECF. The cellular
membrane acts as a controlling system for the.iénic composition of bome
ECF. This membrane concentrates potassium and decreases sodium, calcium,
and magnesium concentrations in the bone ECF. Disruption,of‘the fUnction‘
of this membrane could result in a change in the composition of bone ECF

and hence mineralization of bones.

'Experimenfs‘éonducted to study the factofs affecting mineraliéatioh
of bone in tissue culture showed that treatment of bones with iodoacetic
acid caused a méfked incrgase in bone minerals and severe depression of
lactate _production, nitrogen incorporation, and potassium rétention‘ by
the bones. Iodoaéetic aéid is a powerful inhibitor of glycolysis, and
bone is quite dependent on this pathway for its energy needs. Ramp and

Neuman's experiments (N0O1198), in which the mineral content of the
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iodoacetic acid-treated bones more tﬁan doubled, strongly support the
argument that liviﬁg cells are necessary to control mineralization in
bone.‘ Similar studies performed on guinea pigs and dogs by Urist
(NO1167) shpwed that Qndemineralized bone pretreated in iodoécetic acid
haé ostgoinductive properties after implantation in muscle in allogeneic

animals.
(5) Miscellaneous Effects

Inhibition of‘glyﬁolysis by iodoacefic acid leads to a variety
of pharmacologic responses, such as inhibition of norepinephrine release
from postganglionic sympathetic nerves (N01208), decrease in the
vasopressor response due to renin (NOIZQS), and blockade of transmission
of fast axoplasmic transport in mammalian nerve (N01189). The inhibitory
effect of iodoacetic acid on the rate of afferent discharges from muscle
fibers was, ﬁowever,' attributed to its effect on the sodium-pump in

fibers of nerve terminals (N01239).
(d) Biochemistry

The toxic action of bromoacetic acid is probably due to its ability
to react with -NH, free residues. It has been shown that bromoacetic

acid inhibits the enzyme monoamine oxidase in guinea pig ileum (NO1174).

lodoacetic acid is a well known inhibitor of sulfhydryl groups
(-SH). Sulfhydryl groups are essential to the activity of many enzymes,

as they are proton donors. Iodoacetic acid acts directly on the -SH
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group and not on the enzyme's active site. -The reaction of the
sulfhydr&l group of the enzyme (E) with the iodoacetic acid molecule
renders the enzyme inactive (N02812):

E-SH + ICH,COOH —>E-S—CH2C_OOH + HI

2

Active form Inactive form

Iodoacetate may also deactivate -SH groups in a photéchemical‘reaction
that has not yet been elucidated (N02783). Todoacetic acid does not
compete with a specific enzyme's normal substrate fof the active site,
but the compound inhibits a broad variety of enzymes in various metabolic
pathwéys (see Table 1V-8). Researchers often use iodoacetic acid to
examine the presence of -SH groups in an enzyme, creating a wealth of"
data on the effect of iodoacetate on various metabolic pathways (see

Table IV-8). A cross section of these studies is presented below.

Cox and Gunburg (N0O1164) examined the effect of iodoacetate on

isolated 12-day rat embryo hearts. Todoacetate at a concentration of
3 x 10‘-5 M completely depressed heart activity. However, the

introduction of pyruvate (10_2 M) reversed the effect. This result

suggests a 'very specific action on glycolysis.

de Boer et al (NO1154) also examined the effect of iodoacetate on

hearts, but wused the adult frogs Rana temporaris and R esculenta.

Iodoacetic acid was 1ntroduced at a concentration of 10_6 M and

depression of heart activity occurred.
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Laszt (N02802), in a 1936 paper, used iodoacetic acid administered
at sublethal doses to young rats to simulate Gee-Herter's disease.
Anemia, hypertrophy of the adrenal cortex, demineralization of the bone,

and overall stunting of growth were observed.

Wilson and Morrison (NO1263) used the mitotic process as an
indication of chemical effect on Pisum root tips. In this étudy
‘iodoacetate 'mérkedly inhibited ehé movement of chromosomes from
prometaphase to metaphase. The effect of iodocacetate on the movement of .
the chromosomes was dose dependent. Np specific target of the mitotic
apparatus except perhaps the kinetochore was affected by iodoacetate.
Apparently a‘general lack of energy due to the blockage of glycolysis

caused the lack of chromosomal movement.
(e) Mutagenicity, Carcinogenicity, and Teratogenicity

The mutagenic activity of iodoacetic acid has been examined in
conjunction with gamma and x-rays in unicellular organisms. WNair and
Pradhan (NO1264) found that 1iodoacetic acid (concentration: IO-A'M)

-slowed the repair of DNA that had been damaged by gamma irradiation under

‘aerobic conditions, - in Escherichia coli. The inhibition of glycolysis

apparently reduced the effectiveness of the DNA.repair system.

No inhibition of the slow repair process under anaerobic conditions
was observed. . However, under anaerobic conditions the radiation-induced
cellular lethality was increased by the presence of iodoacetic acid

during irradiation. Apparently, iodoacetic acid either increases the
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~attack on the DNA by the radiolytic products produced by the gamma
radiation or inhibits either the ultra-fast or fast cellular repair

systems.

Kimball et al (NO1268) examined the effect of iodoacetic acid on the

mutation rate of x-ray irradiated Paramecium tetraurelia. Surprisingly,
the number of muﬁational effects decreased with the addition of
iodoacetic acid (concentration: 1074 M). This was due to the slowing
of the rate of‘fission of the pa?amecia, which allowed more of the damage
to be repaired before being permanently incorporated into the genome.
Apparently the decrease in the rate of the thé pathways necessary for

fission to occur was greatér than that of the DNA repair system, allowing

fewer mutations than the controls.

Few reports exist on the carcinogenicity of iodoacetic acid.
Tagashira (N01514) claimed that iodoacetic acid caused tumors in rats.
In two sets of exberiments with a combined tofal of 20 rats, 3 animals
devgloped‘fibrosarcoma. The rats did not develop the tumors Before 450
days after the beginning of the experiment. The rats used in the study
were hybrid strains and neither a spontaneous rate of tqmor fo;mation nor
adequate controls wére provided. Therefore, the results . of ‘the
experiment;_ are inconclusive. Guwynn and 'Salaman (ﬁ01665) found that
iodoacetic ‘acid may bé‘ a co-carcinogen in mice when ‘applied dermally
after treatment with 9,10-dimethy1-1,2—benzanthfacene. Eight of the 10
mice surviving the duration of the experiment deQeloped tumors.
Apparently iodoacefic acid may have a wéak cancer-causing ability‘ in

rodents, but further research is necessary.
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Lodoacetic acid can also cause cleft palate in mice. Miller
(N0115§) injécted pregnant mice with iodoacetic acid during days 11-13 of
gestation. Significant increases in cleft palate fprmation were noted in
. the rats that were injected with iodoacetic acid. The 1ike1y'ﬁechani§m
is the inhibition of glycolysis during‘ palate formation by iodoacetic
acid. If the multiplicatién and growth of the cells forming the
embryonic palate is slowed by the lack of energy due to the inhibition of

glycolysis, a cleft palate can result.

Skeletal deformities of embryos in strains of 129/RrJ mice have been
induced by injection of 1.0 mg of iodoacetic acid on the ninth day of
pregnancy. Sixty-two to 66%Vof the fetuses in the experiments developed

some type of skeletal abnormality (N0O1508).

While iodoacetic acid has a teratogenetic effect in mice, data on
higher primates are not currently available. Considering the mechanism
of enzyme inhibition employed by iodoacetic acid, it could be postulated

that teratogenic effects would be observed in primates.

No data on the mutagenicity, carcinogenicity, or teratogenicity of

bromoacetic acid has been published.
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