III. BIOLOGIC EFFECTS OF EXPOSURE

Although many glycidyl ethers could theoretically be synthesized,
relatively few are used in industry today. The current toxicologic data on
most of these ethers are incomplete, and it is therefore necessary to draw
inferences based on their physical, chemical, and toxicologic
characteristics to assess their potential health hazards.

All glycidyl ethers are characterized by the presence of the 2,3-
epoxypropyl group and an ether linkage to another organic group. They have

the generalized formula:

H H H
Lo
H-C—C—C—O0—R

\O/ |
The monoglycidyl ethers discussed in this document can be represented by
the formula B-0-R, and the diglycidyl ethers by B-(0-R)n-0-B, where B 1is
the 2,3-epoxypropyl group, O is oxygen, R can range from a simple alkyl to
a complex hydrocarbon group, and n = 0 to 3. No polymerized forms, such as
occur in cured epoxy resins, are included. Glycidyl ethers on which
toxicologic data have been found are listed in Table XIV-1l, with names
conforming to the nomenclature of the International Union of Pure and
Applied Chemistry (IUPAC), other synonyms, and structural formulas.
Physical and chemical properties of some glycidyl ethers are presented in
Table XIV-2 [1-5].

The three-membered ring that oxygen forms by bridging between two
adjacent carbon atoms makes up the epoxide or oxirane ring. Because this

ring d4is highly strained, epoxide-containing compounds will react with

25



almost all nucleophilic (electron-donating) substances [6,7]. Ring opening
will occur when the compounds are treated with halogen acids, sulfonic
acids, bisulfite, thiosulfate, carboxylic acids and anhydrides, hydrogen
cyanide, water, alcohols, amines, aldehydes, and the like [7]. These
reactions are described in more detail in Appendix V.

Glycidyl ethers have become important because of their high
reactivity. In organic synthesis, epoxides are used as chemical reagents
in the manufacture of a wide variety of materials [7]. The glycidyl ethers
most commonly used today dinclude allyl glycidyl ether (AGE), n-butyl
glycidyl ether (BGE), o-cresyl glycidyl ether (CGE), isopropyl glycidyl
ether (IGE), phenyl glycidyl ether (PGE), resorcinol diglycidyl ether, 1,4-
butanediol diglycidyl ether, alkyl or aliphatic glycidyl ethers and
diphenylol propane diglycidyl ether. The last compound is the oligomer
with the lowest molecular weight of the diglycidyl ether of bisphenol A,
probably the most common component of uncured epoxy resins. Resorcinol
diglycidyl ether is a solid; the other glycidyl ethers listed are liquids,
but most have low vapor pressures at ambient temperatures. However, most
reactions with glycidyl ethers occur at higher than ambient temperatures,
so that the vapor pressures become appreciable.

Because of its toxicity, di(2,3-epoxypropyl) ether (also called
diglycidyl ether or DGE) does not appear to be generally used outside of
experimental laboratories. It is included in this document, however,
because it is the simplest of the diglycidyl ethers and is therefore
representative of that group of compounds.

Triethylene glycol diglycidyl ether has been used as an

antineoplastic agent [8-16]. Some data concerning this glycidyl ether have
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been included in this chapter to aid in relating the structures and

toxicities of the various glycidyl ethers.

Extent of Exposure

The major use of the glycidyl ethers is as reactive diluents in epoxy
resin systems. After all the components of an epoxy resin system have been
mixed, the epoxide groups react to form cross-linkages within the resin.
In a completely cured epoxy resin, glycidyl ethers no longer exist [17(p
79)1. However, Dbecause epoxy resins have such a wide range of
applications, workers often must handle glycidyl ethers and the uncured
resins containing them in processes like tooling and molding, manufacturing
and using adhesives, roof and floor construction, and applying protective
coatings [17(pp 25,153),18]. Uncured resins used in protective coatings
are often applied by spraying, so that the applicators could be exposed to
large quantities of wvapors and mists containing glycidyl ethers. Work
practices appropriate for handling glycidyl ethers should be adhered to in
processes involving an uncured epoxy resin system.

Glycidyl ethers such as PGE and BGE are synthesized by adding the
appropriate alcohol to epichlorohydrin in the presence of a catalyst. The
intermediate chlorohydrin is not isolated and undergoes dehydrochlorination
to yield a glycidyl ether [17(p 152)]. Commercial manufacture of glycidyl
ethers takes place within an enclosed system, but workers may be exposed to
glycidyl ethers during drumming operations at the end of the process [17(p
154)]. Very small quantities of glycidyl ethers are used for other
purposes, most of which are proprietary in nature [17(pp 25,153)]; in these
instances, identification of exposed workers and estimation of their extent

of exposure become difficult. -



NIOSH estimates that 118,000 workers in the United States are exposed
to glycidyl ethers and that an additional 1,000,000 workers are exposed to
epoxy resins. Occupations involving potential exposure to glycidyl ethers

are listed in Table XIV-3 [17(pp 11,25,153),19-22].

Effects on Humans

The only studies found describing biologic effects on humans of the
glycidyl ethers used commercially in the United States concern dermatitis,
sensitization, irritation, and allergic reactions following skin contact.
No studies of the effects of inhalation of any of the glycidyl ethers by
humans have been found.

In 1956, Hine et al [23] reviewed the medical records of workers
exposed to glycidyl ethers and of all workers requiring first-—aid treatment
at one plant between 1947 and 1956. Exposure to PGE involved approximately
20 workers for about 2 months each year. No worker had more than 600 hours
of cumulative exposure. Exposure to AGE was at about half this rate;
exposure to DGE and IGE had been limited to a few man-months, and exposure
to BGE had involved about eight men for 3 months. Ten cases of
occupational dermatitis resulting from exposure te AGE and 13 resulting
from exposure to PGE were reported in this group of workers. No cases of
dermatitis from IGE, BGE, or DGE were reported.

The symptoms and signs of dermatitis resulting from exposure to AGE
were tenderness, reddening, itching, swelling, blister formation, and
whitish macules [23]. In one instance, there was eye irritation from AGE
vapor. The signs of dermatitis resulting from exposure to PGE were more
severe, consisting of second-degree burns, blister formation, brownish
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lesions, diffuse erythematous rash, erythematous vesicular rash, dry and
defatted areas, watery discharge from the affected area, macular rash and
papules, swelling of connective tissues, and edema.

The 10 patients with dermatitis from exposure to AGE were treated by
the first—-aid nurses a total of 26 times and were referred to physicians a
total of 7 times [23]. The duration of treatment ranged from 1 to 8 days.
The 13 episodes of dermatitis from exposure to PGE required 118 first-aid
visits and were referred to physicians a total of 36 times. The duration
of treatment for these complaints ranged from 1 to 56 days. Three cases of
dermatitis did not respond readily to treatment, and these workers were
referred to dermatologists. In most cases, the absence of immediate pain
or burning resulted in a delay in initial treatment, and, in one case, the
worker's failure to remove socks contaminated with PGE for several days
increased the severity of the burn [23]. Four of the 23 workers with
occupational dermatitis developed sensitivity reactions to AGE or PGE,

Both AGE and PGE caused irritation and sensitization, but the data
presented by Hine et al [23] indicated that the effects of PGE were more
persistent and 1less responsive to treatment. The authors stated that
repeated contact with any of the compounds would probably give rise to
dermatitis, although no human effects have been reported from exposure to
DGE, IGE, or BGE. The severity of injury from PGE was increased when the
compound was mnot immediately removed from contact with the skin. The
authors also pointed out that the vapor of AGE was irritating to the eyes.
The information presented indicates that these glycidyl ethers are
potentially irritating to the eyes and skin after minimal contact and that
they are probably irritating to the respiratory tract as well.

29



Hine and colleagues [23] noticed that they suffered from irritation
of the eyes, nose, and respiratory tract when exposed to the glycidyl
ethers during experiments with animals. These exposures occurred at room
temperature. The investigators used AGE, BGE, IGE, PGE, and DGE in their
studies, and they did not indicate which glycidyl ethers were the most
irritating.

In 1965, Zschunke and Behrbohm [24] observed 15 cases of occupational
dermatitis in workers exposed to PGE, which was being added to
"chloroparaffins" and polyvinyl chloride as a stabilizer, in two cable-
manufacturing plants. In one plant, 12 of 18 workers developed eczema. In
another plant, only the three persons referred to a physician because of
suspected occupational eczema were examined. In these patients, the eczema
had developed on areas of the hands, the lower arms, and the right side of
the abdomen, which had come into contact with cable-coating material
containing PGE. Workers with abdominal skin irritation had carried large
pieces of sheathing material pressed tightly against their torsos while
they were feeding the cable-sheathing machine. The reddened areas
contained papules and papulo-vesicles, and the patients complained of
severe itching. Ten of these 15 cases of occupational dermatitis were
severe enough to cause the workers to miss 11-68 days of work (mean 30.5
days). Eight of the 15 patients reacted positively to 24-hour patch tests
with PGE in concentrations of 1.0-0.001% in 70% ethanol or peanut oil. The
authors conducted further tests with both industrial and high-purity grades
of PGE. The results of these tests were described as identical, leading
the authors to exclude the possibility that impurities in the industrial-

grade PGE might have been the cause of the dermatitis. The authors
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believed that the concentration of PGE used might have been too low to
demonstrate sensitivity in the seven workers whose patch tests were
negative, since the concentration at which they were occupationally exposed
was about 37.

Patch tests with 0.01% PGE were also performed on 58 persons
considered not to have been exposed previously to the glycidyl ether, and
no positive reactions were observed [24]. In seven other patients with
eczema who had contact with epoxy resins but no known exposure to PGE, the
tests were positive. These data indicate either that the epoxy resins to
which the patients were exposed contained PGE as a reactive diluent or that
cross-sensitization to PGE from the reactive diluent used in the resins had
occurred.

Kligman [25], in 1966, tested the sensitization potential of a number
of compounds, including BGE. BGE, 1 ml of a 107 suspension in mineral oil
or petrolatum, was applied to the forearms or lower legs of 25 healthy
adults on a cloth patch, 1.5 inches square, that was covered with plastic
tape for 48 hours. A 24-hour rest period was allowed between each of five
exposures. After the final induction exposure, the subjects were
challenged with 0.4 ml of 10% BGE in petrolatum on a l-inch-square patch on
the lower back or forearm for 48 hours. The author classified BGE as a
strong sensitizer because 19 of 24 subjects became sensitized to it (a
strong sensitizer was defined as one that sensitized 14-20 of 25 subjects)
[25].

Lea et al [26] have also examined the irritating and sensitizing
properties of BGE. Pure BGE was applied to the backs of five persons on

3
cotton patches that were covered with cellophane and held in place with
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adhesive tape for 48 hours, unless discomfort caused earlier removal. They
developed skin irritation characterized by erythema, edema, multiple
vesiculation, and superficial ulceration. When lower concentrations of the
ether were tested, 17 of 25 persons (68%) reacted to a 10%Z suspension of
BGE in petrolatum, 8 of 25 (32%) reacted to a 5% suspension, 1 of 25 (4%)
reacted to a 2.5% suspension, and none of 25 (0%) reacted to a 1.25%
suspension. The reactions to the various dilutions of BGE ranged from mild
erythema to the severe reaction described above and demonstrated that the
irritation potential was dose dependent. Two weeks after these irritancy
studies were completed, sensitization tests were performed with a 1.25%
suspension, the concentration previously determined to be nonirritating.
The results of the patch tests were checked at 24 hours, 48 hours, and 5
days. Five of 25, or 207%, had become sensitized to BGE. The induction
methods reported by Lea et al [26] were less stringent than those reported
previously by Kligman [25], and the challenge concentration was lower.
This probably accounts for the differences in sensitization rates reported
in the two papers. This study [26] provides further evidence that the
sensitizing effects as well as the irritative effects of BGE, and possibly
of all glycidyl ethers, are dose dependent.

In 1964, Fregert and Rorsman [27] tested the allergenic properties of
AGE, BGE, and PGE on people who were known to have contact allergies to
epoxy resins of the diglycidyl ethers of bisphenol A. The test compounds
were diluted to 0.25% in acetone before being used in the patch tests. The
type of patch and the 1length of time it was left in place were not
specified. The authors also performed a study to determine the

concentration of PGE that could be used in a patch %est without producing
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primary irritation in individuals not allergic to epoxy resins, so that
sensitization or allergic response could be distinguished from irritation.

Fourteen of 20 persons reacted to PGE, 3 of 20 to BGE, and 2 of 20 to
AGE [27]. Four persons who reacted positively to PGE were also tested with
CGE to determine whether these two glycidyl ethers, wﬁich were very similar
in structure, had similar effects. All four reacted positively to CGE.
Ten persons not allergic to epoxy resins were patch-tested with 1.0% PGE in
acetone (a concentration at which no primary irritation occurred). Two
became sensitized. The authors classified PGE as a very strong sensitizing
agent. This study shows that persons exposed to epoxy resins, presumably
only in the wuncured state, may develop sensitivities to glycidyl ethers,
and that cross-sensitization between the glycidyl ethers may occur.

Lundin and Fregert [28], in 1977, reported that 34 workers who had
developed allergic contact dermatitis were patch-tested with different
oligomers of the diglycidyl ether of bisphenol A. No experimental details
were given. All of them developed positive reactions to the smallest
oligomer (diphenylol propane diglycidyl ether), with a molecular weight of
340, but none reacted to the oligomer with a molecular weight of 624,
Lundin and Fregert [28] suggested that the oligomer with a molecular weight
of 340 was a stronger allergen and that the workers had been exposed to it
more extensively, since it makes up a large proportion of many low-
molecular-weight resins. Workers who had become sensitized to low-
molecular-weight epoxy resins also had positive reactions to a resin with
an average molecular weight of 1,850 [28]. Lundin and Fregert believed
that these were reactions to the small amounts of the oligomer with a
molecular weight of 340 that were present in the high-molecular-weight
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resin. They noted that the amount of the small oligomer in this resin was
usually not sufficient to induce sensitization but might be sufficient to
produce a reaction in a person who had previously become sensitized.

In 1977, Malten [29] reported that diphenylol propane diglycidyl
ether had been used in a standard European patch-test series since 1974.
Persons éuffering from eczema were patch-tested with this compound, and
about 27 had positive skin reactions. Malten said that most of these
people were women, but it was not clear whether this referred to the
persons with eczema or only to those with positive reactions in the skin
tests. In general, the causes of their sensitivity could not be
identified.

In a 1976 report from Procter and Gamble Limited [30], data were
presented for human sensitization to two alkyl glycidyl ethers. Procter
and Gamble Epoxide No. 7 (R group predominantly C8 and Cl0 alkyl groups)
caused sensitization at concentrations of 10% in mineral oil in ''several"
of 12 persons during a pilot study. Epoxide No. 8 (R group predominantly
Cl12 and Cl4 alkyl groups) was tested on 57 persons. Each subject received
nine induction applications of the glycidyl ether as a 10%Z solution in
diethyl phthalate. A challenge application of the same substance 14 days
later produced a questionable response in one individual. No other
sensitization was reported, and another challenge on this individual and
nine other subjects 6 weeks later produced no evidence of sensitization.
Details of the experimental procedures were not reported in this
communication. These results indicated that the C8-Cl10 alkyl glycidyl
ether was a human skin sensitizer but the C12-Cl4 alkyl glycidyl ether was

not, under these experimental conditions; however, the report noted that
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the latter compound was considered to be a potential skin sensitizer
because of positive results obtained in animal studies by Thorgeirsson et
al [31].

No reports describing systemic effects in humans occupationally
exposed to glycidyl ethers have been found. However, toxic side effects
have been described in patients who received triethylene glycol diglycidyl
ether as an antitumor agent. This substance has been used in cancer
therapy in Europe and Australia since the 1960's. When triethylene glycol
diglycidyl ether was administered by  intravenous (iv) injection,
intraarterial infusion, or bladder infusion in repeated doses totaling 75-
800 mg/kg, leukopenia and bone marrow depression have been the most
consistent effects noted [11-13,15,16]. 1In one study [16], a dose-related
incidence of leukopenia was observed, with the condition occurring in 11 of
13 patients given weekly iv injections of 100 mg/kg, in 4 of 6 treated with
50 mg/kg, and in none of 6 at 10 mg/kg. Hypotension and 1loss of
consciousness [13], drowsiness and lethargy [16], and nausea and vomiting
[13,16] have also been reported. Intraarterial administration has produced
edema [12,32] and hair loss [12,13,15,16] in the region of the injection,
and dysuria has been reported following bladder infusion [11].

The results of the human studies indicate that the glycidyl ethers
are sensitizers and irritants and that these effects are dose dependent.
The relative sensitization potentials appear to be PGE and CGE > BGE > AGE.
There is insufficient information to include DGE, IGE, or diphenylol
propane diglycidyl ether (the diglycidyl ether of bisphenol A) in a series
based on relative potencies. Systemic toxicity was also observed after

high, repeated doses by intrarterial or iv infusion of triethylene glycol
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diglycidyl ether. The systemic effects dincluded nausea and vomiting,
cardiovascular and bone marrow depression, hair loss, and irritation and
edema. These results suggest that all of the lower-molecular-weight
glycidyl ethers are irritants and sensitizers and that they may attack

rapidly dividing tissues.

Epidemiologic Studies

No epidemiologic studies of workers occupationally exposed to

glycidyl ethers have been found in the literature.

Animal Toxicity

Toxicologic data on only a few glycidyl ethers have been found, and
much of this work has been done by the same few investigators. Studies of
carcinogenicity, mutagenicity, and effects on reproduction are especially
scarce.

(a) General Toxicity

Range-finding studies have provided data on the toxicities of several
glycidyl ethers in various animal species. These are summarized in Table
XIv-4. Hine et al [23] evaluated the effects of AGE, BGE, IGE, PGE, DGE,
and, in a separate study [33], resorcinol diglycidyl ether. Smyth et al
[{34] and Czajkowska and Stetkiewicz [35] have also reported acute toxicity
data on PGE, and Soellner and Irrgang [36] compared the toxicities of PGE
and CGE. BGE and butanediol diglycidyl ether were evaluated in a study of
uncured epoxy resins by Cornish and Block [32]. Weil et al [37] also
tested BGE, and a study by Procter and Gamble Limited [30] compared the
toxicities of BGE and of two alkyl glycidyl ethers containing alkyl

radicals in the ranges C8-Cl0 and C12-Cl4. Hine et al [23,33] used Long-
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Evans rats (body weight 89-150 g), Webster mice (16-22 g), and albino
rabbits (2.0-3.2 kg); Smyth et al [34] and Weil et al [37] used Carworth-
Wistar rats (90-120 g)‘ and albino rabbits; Cornish and Block [32] used
Sprague-Dawley rats (150-250 g) and albino rabbits; and Czajkowska and
Stetkiewicz [35] used Wistar rats (280-350 g).

Toxicity was evaluated in single-dose oral studies by administering
the material by gastric intubation. In dermal studies, test material was
kept in contact with the shaved skin under a plastic sleeve for 24 hours
(32,34] or 7 hours [23]. Soellner and Irrgang [36] administered a single
subcutaneous (sc) injection of the test substances to mice. Acute
inhalation hazard was evaluated by determining the longest single exposure
at concentrations near saturation that permitted all animals to survive for
14 days [32,34], or by using nominal concentrations and calculating the
resulting LC50's for 4-hour or 8-hour exposures [23]. Mortality during a
l4-day observation period was the basis for all calculations except those
of Hine et al [33] on resorcinol diglycidyl ether, which were based on
mortality within 10 days of exposure.

DGE and AGE were the most toxic of the glycidyl ethers tested when
administered in a single oral dose (Table XIV-4). LD50 wvalues for other
glycidyl ethers with molecular weights of less than 250 were similar; they
were generally in the range of 2-4 g/kg in rats, indicating that these
compounds are only slightly hazardous by this route [38]. The two alkyl
glycidyl ethers (C8-Cl0 and Cl12-Cl4) and diphenylol propane diglycidyl
ether, which have molecular weights of more than 300, were much less toxic

than the other compounds.
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Hine et al [23,33] also administered two of the glycidyl ethers
intraperitoneally (ip). BGE administered ip to groups of five rats (121-
161 g) and five mice (21-29 g) gave LD50's of 1.14 and 0.70 g/kg,
respectively. These LD50 values showed a relatively small decrease (2.4
and 2.0 times, respectively) by this route, which, according to the
authors, suggested ready absorption from the gastrointestinal tract [23].
However, ip administration of resorcinol diglycidyl ether gave LD50's of
0.178 g/kg in rats and 0.243 g/kg in mice, a decrease of approximately
14.5-fold 1in rats and 4-fold in mice, indicating that this aromatic
glycidyl ether was less readily absorbed when administered orally than when
injected ip [33]. Unfortunately, Hine et al [33] did not present data on
the LD50 of resorcinol diglycidyl ether by percutaneous absorption. The
LD50's obtained by painting glycidyl ethers on the skin of rabbits were
generally similar to the oral LD50's, suggesting that these materials are
readily absorbed through the skin.

In acute inhalation exposures (Table XIV-4), DGE was by far the most
lethal to mice, with an LC50 of 30 ppm (160 mg/cu m), but it was nonlethal
to rats at the highest concentration tested, 200 ppm (1,060 mg/cu m) [23].
BGE was more lethal to rats than to mice, while AGE and IGE showed no
marked species differences; LC50's for PGE were not obtained. Hine et al
[23] reported that the LC50 for PGE was greater than 100 ppm (600 mg/cu m).
However, their calculations were based on a vapor pressure of 0.1 mmHg for
PGE; other investigators have reported that this is an erroneocus figure,
the actual vapor pressure being estimated to be 0.01 mmHg at 25 C [39,40].
The latter figure yields a theoretical saturated air concentration of 13

PpPm (80 mg/cu m) at 25 C. Hence, throughout this document, the
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concentration of PGE vapor obtained by Hine et al is corrected to "about 10
ppm" (60 mg/cu m).

Smyth et al [34] determined that the maximum period for which rats
could tolerate exposure to 'concentrated' PGE vapor with no mortality was 8§
hours; Cornish and Block [32] reported values for butanediol diglycidyl
ether and BGE of 8 and 2 hours, respectively, and Weil et al [37] also
reported 2 hours for BGE. It should be noted that the theoretical
saturated air concentration for BGE at 25 C 1is about 4,000 ppm (21,300

mg/cu m) while that for PGE is only 13 ppm (80 mg/cu m).

(b) Dermal Effects

The dirritant effects of several of the glycidyl ethers have been
studied in single- and repeated-application  experiments [23,30,32-
35,37,41,42]. In the single-application studies, 0.5 ml of the undiluted
compounds was applied to the clipped skin of albino rabbits on two abraded
and two intact sites, according to the method described by Draize [43].
The test compounds were left in contact with the skin for 24 hours. In
repeated-application studies, the undiluted test compounds were applied to
the clipped skin of rabbits for 1 [23] or 7 hours [33]. Applications were
repeated 5 days/week until maximum eschar formation or signs of systemic
toxicity were noted.

Results of these skin application studies are summarized in Table
XIV-5. All the glycidyl ethers tested produced moderate or severe skin
irritation under these conditions. DGE was the most irritating of the
compounds, and it also produced severe irritation in both rabbits and rats
when the duration of skin contact was reduced to 7 hours [23,41]. It was
followed in irritant potential by resorcinol diglycidyl ether [33], AGE and
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IGE (23], butanediol diglycidyl ether [32], and the Cl12-Cl4 and C8-Cl10
alkyl glycidyl ethers [30]. BGE [23,30,32,37,42] and PGE [23,30,34],
produced widely disparate degrees of skin irritation, ranging from very
mild to severe, in tests by different investigators using similar
methodology.

In a 1977 study designed to determine the effects of repeated
exposure to airborne PGE at concentrations close to the 1976 TLV of 10 ppm
(60 mg/cu m), Terrill and Lee [39] found hair loss and associated skin
damage in exposed rats. Groups of 32 rats of each sex and 6 male beagles
were exposed to PGE at 0 (controls), 1, 5, and 12 ppm (6, 30, and 70 mg/cu
m) for 6 hours/day, 5 days/week, for 90 days. Chamber concentrations were
monitored by ultraviolet analysis of impinger samples taken hourly and were
determined as TWA concentrations. Animals were weighed twice weekly, and
blood and urine samples were taken for analysis from 20 rats from each
group and from all dogs on days 30, 60, and 90 of exposure and 30, 60, and
90 days after exposure ended. Twelve rats from each exposure group were
killed at days 30, 60, and 90 of exposure and 28 days after exposure ended,
and three dogs from each group were killed at the end of exposure and 90
days later, for examination of all major organs.

The only effect seen in any of the test animals was hair loss in the
rats exposed at 5 and 12 ppm (30 and 70 mg/cu m), affecting 10% of the
males and 257% of the females by the 90th day of exposure [39]. Microscopic
examination of the skin showed inflammatory cellular infiltration of the
dermis, damaged hair follicles, and hyperkeratosis. The authors concluded
that these conditions were attributable to chemical irritation of the skin

and not to systemic toxicity. They concurred with the observations of Hine
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et al [23] that dermatitis is the principal hazard associated with exposure
to PGE and suggested that a TLV of 1 ppm (6 mg/cu m) might be necessary to
protect workers against skin irritation.

Several glycidyl ethers have been evaluated for their allergenic
activity in skin sensitization tests. Thorgeirsson et al [31,44] and
Lundin and Fregert [28] investigated the allergenicity of several glycidyl
ethers using the guinea pig maximization test described by Magnusson and
Kligman [45]. Groups of 10-20 guinea pigs were exposed to the glycidyl
ethers in a two-stage induction process. In the first stage, test
materials were administered by intracutaneous injection in a shaved area on
the animal's back. Each guinea pig received three pairs of injections:
(1) 0.1 ml of the test substance in propylene glycol at a dilution
previously found not to cause severe irritation or serious systemic
toxicity; (2) 0.1 ml of the glycidyl ether solution mixed with 0.1 ml of
Freund's complete adjuvant; (3) 0.1 ml of Freund's adjuvant blended with
0.1 ml of water. Control animals were inoculated only with Freund's
adjuvant, an emulsion of paraffin o0il and water containing heat-killed
tubercule bacteria [46], which has increased the sensitivity of guinea pigs
to allergens so that it approximates that of humans [45]. In the second
stage of induction, conducted 1 week later, a 2 x 4~cm piece of filter
paper saturated with the 107 glycidyl ether in propylene glycol was placed
on the skin of the animals, covering the original injection sites, and
occluded for 48 hours. Two weeks later, the animals were challenged by
applying 1 drop of the test substances, at a dilution previously found to
be nonirritating, to the shaved skin of the flank, with occlusion for 24
hours ([31]. Some compounds were also tested for their ability to induce
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cross—-sensitization by challenging with glycidyl ethers other than the one
used in the induction procedure. Twenty-four hours after removal of the
patches, the challenge sites were shaved and evaluated for redness and
swelling.

All animals exposed to the alkyl glycidyl ether became sensitized to
the substance; 75% of the test animals were cross-sensitlized to an epoxy
resin of bisphenol A, and 337 were sensitized to BGE and CGE [31].
Diphenylol propane diglycidyl ether (the diglycidyl ether of bisphencl A
with a molecular weight of 340) produced sensitization in 80-100% of the
test animals, but exposure to the oligomer of this glycidyl ether with a
molecular weight of 624 produced only 56-60% positive reactions, and
oligomers with molecular weights of 908 and 1,192 produced no
sensitization. Of the animals sensitized to the oligomer with a molecular
weight of 624, 307 reacted to that having a molecular weight of 340, but no
reciprocal cross-sensitivity was observed. One animal sensitized with the
oligomer having a molecular weight of 908 cross-reacted to that having a
molecular weight of 624, Neopentyl glycol diglycidyl ether produced
sensitization in 877% of the test animals, CGE in 75%, and butanediol
diglycidyl ether in 60% [28]. Only 50% of the animals exposed to BGE had a
positive response to the challenge dose of BGE, but all reacted positively
to the C12-Cl4 alkyl glycidyl ether and 67% to CGE; none reacted to an
epoxy resin of bisphenol A [31].

Thorgeirsson et al [44] also found that, although a single
intradermal injection of the diglycidyl ether of bisphenol A was sufficient
to sensitize 30% of the guinea pigs tested, no sensitization was produced
by topical application alone. However, when the skin was pretreated with
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sodium lauryl sulfate to produce irritation, 47% of the animals were
sensitized, indicating that skin irritation enhanced the development of
sensitization. None of the oligomers of bisphenol A studied were primary
irritants; patch tests with 257 solutions of each of them caused no
irritation. These data suggest that workers who come in ccntact with these
oligomers are much more likely to become sensitized if their skins are
irritated.

Weil et al [37] reported that BGE had sensitized 16 of 17 guinea pigs
tested with the material 3 weeks after being given a series of 8
intracutaneous injections; PGE sensitized 1 of 18 animals in a similar
test, Zschunke and Behrbohm [24] reported probable sensitization to PGE in
guinea pigs induced by repeated topical applications, but they did not
obtain positive reactions to PGE at low challenge concentrations.

Sensitization studies in guinea pigs have shown that all the glycidyl
ethers tested that had molecular weights of 624 or less caused some degree
of allergic response. The sensitizing capacity of oligomers of the
diglycidyl ether of bisphenol A decreased with increasing molecular weight
[44]; however, the oligomer of bisphenol A with a molecular weight of 340
(diphenylol propane diglycidyl ether) and the Cl2-Cl4 alkyl glycidyl ether
were more allergenic than the low-molecular-weight glycidyl ethers tested.
Thorgeirsson et al [31] postulated that one factor making the alkyl
glycidyl ether a more active sensitizer than BGE was its longer aliphatic
chains, which caused it to be more lipid soluble; thus, it could penetrate
the skin more readily.

Although the Cl2-Cl4 alkyl glycidyl ether and diphenylol propane

diglycidyl ether were the most active sensitizers, they are relatively low
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in acute toxicity [30,37] and have low irritation potential [30,44]. The
very limited animal toxicity data available are not sufficient for an
attempted correlation of sensitization and irritation potentials. The most
severe irritant, DGE, has not been examined for sensitization potential.

(c) Eye Effects

The abilities of glycidyl ethers to irritate the eyes have been
evaluated in direct-application studies on rabbits [23,30,32-35,37,41,42].
The wundiluted glycidyl ethers were introduced into the conjunctival sac of
one eye of each animal, while the other eye served as a control. Eye
irritation was scored at intervals after application by the method
described by Draize [43] or by Smyth et al [34].

Results of these studies are presented in Table XIV-5. From these
findings, the eye irritant potentials of the glycidyl ethers tested can be
ranked in descending order as follows: DGE, AGE, butanediol diglycidyl
ether, resorcinol diglycidyl ether, IGE, and the C8-Cl0 and C12-Cl4 alkyl
glycidyl ethers. Irritation produced by PGE in different tests was
reported to range from mild to severe, and that for BGE ranged from mild to
moderate. None of the glycidyl ethers used in these tests caused permanent
damage to the eye.

In 1962, Mettier et al [47] studied the effects of a 4-hour exposure
to DGE at concentrations of 20-27 ppm (106-144 mg/cu m), average 24 ppm
(128 mg/cu m), on intact corneal epithelium, on deepithelialized cornea,
and on the regeneration of corneal tissue of 3-month-old male white
rabbits. Airborne DGE vapor was produced by volatilizing the pure material
at a constant rate. The rate of regeneration of corneal epithelium was

measured by the time required for regeneration of an area (7-10 mm in
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diameter) of cornea denuded of epithelium by trephination. In both
untrephined and trephined rabbits exposed to DGE, there was an almost total
loss of adhesion between the corneal epithelium and the stroma [47]. This
effect was very severe, but it did not seem to increase the regeneration
time of the epithelium. The exposure did produce a dense, milky
opacification of the corneal stroma, resulting in permanent corneal
scarring and new vessel formation. The iritis and keratitis that resulted
appeared to be related to exposure, but the trauma of removal of the
epithelium may also have been a factor.

Hine et al [23] also noted eye irritation from some glycidyl ethers
during exposures to the airborne vapors. Corneal opacity was seen in some
rats after a single 8-hour exposure to AGE and IGE at unspecified
concentrations, but not in rats exposed for 8 hours to BGE, PGE, or DGE.
In rats exposed to AGE for 7 hours/day, 5 days/week, corneal opacity
developed in all 10 animals exposed at 900 ppm (4,200 mg/cu m) for 5 weeks,
in 6 of 10 exposed at 600 ppm (2,800 mg/cu m) for 5 weeks, and in 1 of 10
exposed at 400 ppm (1,870 mg/cu m) for 10 weeks. No eye damage was
reported in rats exposed to AGE at 260 ppm (1,210 mg/cu m) for 10 weeks.
Slight eye irritation was also observed in rats exposed to IGE at 400 ppm
for 10 weeks, but only "minimal signs'" of eye irritation were observed in
rats exposed to PGE at a concentration of about 10 ppm (60 mg/cu m). In
another study [41], rabbits exposed to DGE for 24 hours at 3, 6, 12, or 24
ppm (16-128 mg/cu m) developed erythema and edema of the conjunctiva at all
concentrations. In those exposed at 24 ppm (128 mg/cu m), corneal opacity

appeared by the 3rd day.
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Corneal opacity has also occurred after cutaneous applications of DGE
to the shaved backs of rats at a dose of 125 mg/kg/day, 5 days/week, for 4
weeks [41]. Six such applications at 250 and 500 mg/kg/day also produced
corneal opacity. Animals in this study were not caged individually, and
the application sites were not covered, permitting the eyes of the animals
possibly to touch the application areas on other animals. Thus, the eye
effects may have resulted from direct ocular contact with DGE.

All the glycidyl ethers tested produced some degree of primary eye
irritation when applied directly to the eyes. DGE, AGE, and IGE have been
reported to affect the eyes of animals exposed to their airborne vapors
[23,41].

(d) Systemic Effects

The toxic effects resulting from acute exposure to DGE, AGE, BGE,
IGE, PGE [23], and resorcinol diglycidyl ether [33] were described by Hine
et al. In the former study [23], all the compounds produced labored
breathing and CNS depression when administered orally. This was preceded
by incoordination, reduced motor activity, and, with BGE, by agitation and
excitement. The animals were wusually comatose at the time of death.
Animals that survived exposure to PGE showed reversal of depression, with
increased CNS activity. Watering of the eyes was noted in animals given
AGE. With dermal application, signs of toxic activity were described as
minimal. Depression was noted only with DGE and PGE. Death usually
occurred within 17 hours, but was delayed for up to 5 days in some cases.
The most frequent effect produced by inhalation of the glycidyl ethers was
irritation of the lungs. Microscopic examination of stained sections

showed pneumonitis. Discoloration of the liver and kidneys was frequently
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noted in exposed animals, but microscopic examination of sections of these
organs did not show consistent tissue changes. Focal inflammatory cells
and moderate congestion were seen in the 1livers of some rats after
administration of AGE, BGE, and IGE. Gross examination also showed
hyperemia of the adrenal gland and adhesions of the stomach to adjacent
tissues after oral administration.

Orally administered resorcinol diglycidyl ether also produced few
evident effects [33]. The authors reported moderate CNS depression,
slightly 1labored breathing, and, in surviving animals, loss of weight and
diarrhea. Findings from gross examination of organs were described as
nonspecific, with local irritation being the principal effect. There were
no notable specific differences among rats, mice, and rabbits.

In a study designed to compare effects of different routes of
administration of PGE, Czajkowska and Stetkiewicz [35] described the toxic
effects occurring in rats as a result of single oral and dermal exposures.
The organs of animals that died as a result of exposure or that were killed
6-72 hours or 14 days after exposure were examined for gross changes.
Tissue samples for microscopic examination were taken from the cerebrum,
cerebellum, lungs, heart, spleen, liver, kidneys, stomach, intestines,
bladder, and skin.

In rats given PGE orally, deaths occurred within 6-24 hours, while
those exposed dermally died after 12-48 hours [35]. Narcosis was observed
in both groups. With both routes of exposure, gross and microscopic
examination showed hyperemia of internal organs, especially the liver and
kidneys, hemorrhages in the submeningeal and subpleural regions, and

darkening of the epithelium in the kidney tubules and in 1liver tissue.
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Rats receiving PGE orally also showed necrotic foci in the mucous membranes
of the stomach. The most apparent changes from exposure by this route were
in the 1liver. Rats dying 6-8 hours after oral administration had acute
degenerative changes, including necrosis in the subcapsular region of the
liver where it contacted the stomach wall; after 20-72 hours, the necrosis
in this area of the liver was extensive. After 14 days, adhesion of the
liver to the stomach wall was macroscopically evident; microscopically,
there were necrotic foci in the subcapsular region separated from the
remaining parenchyma by a fibrous band of tissue composed largely of
uninuclear cells and offshoot noduli, which indicated that regeneration was
occurring. After dermal application, the major changes were in the skin,
which showed hyperemia and necrosis involving the subcutaneous layers. In
two rats that died after 18 and 20 hours, extravasation within the
peritoneal cavity indicated sites of damage to the internal organs. One of
these animals had necrosis of the subcapsular region of the liver, and the
other had a hyperemic and hemorrhagic loop of the small intestine. After
14 days, no effects were observed in the internal organs of the surviving
rats, and the skin showed evidence of regeneration and scar formation.

The authors [35] concluded that PGE had a strong toxic effect at the
site of administration, resulting in necrosis of the mucous membranes or
skin, and was able to penetrate such barriers and damage underlying or con-
tiguous tissue. They noted that systemic effects with both routes of admin-
istration included circulatory disorders resulting in hyperemia, increased

permeability of the capillaries, and damage to parenchymatous organs.
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These authors [35] also calculated the rate of skin absorption of
PGE, using a total of eight rabbits and five rats. The material was placed
in contact with the skin for 1-4 hours by one of two methods: (1) Petri
dishes filled with cotton saturated with PGE were applied to the abdominal
skin of rabbits, and the difference in weight of the petri dish at the
beginning and end of exposure was used to calculate the absorption rate;
(2) gauze saturated with 900-1,200 mg of PGE was applied to the skin of
rats and rabbits, and the amount absorbed was calculated as the difference
between the amount applied and the amount determined titrametrically at the
end of the experiment. In both cases, evaporation was prevented by
covering the area with foil and an elastic bandage. The calculated
absorption rates were 4.2 mg/sq cm/hour for rabbits and 13.6 mg/sq cm/hour
for rats. Using the dermal LD50 determined in this study (2.16 g/kg), the
authors calculated that a rat weighing 250 g with an exposed surface of 16
sq cm would absorb a lethal dose within about 2 hours. They postulated
that, assuming 100% absorption from the 1lungs, a rat with a pulmonary
ventilation rate of 73 ml/minute exposed to airborne PGE vapors at 0.6
mg/liter (600 mg/cu m; 100 ppm) for 8 hours would absorb 0.084 g/kg, about
1/30 of the LD50. However, it is very rare for all of an inhaled substance
to be absorbed from the lungs.

Because of its low toxicity and low vapor pressure, the authors [35]
concluded that PGE presents little risk from acute inhalation exposure
under industrial conditions, although they cautioned that this does not
apply where aerosols of PGE are released into the air. They deemed
irritative effects and dermal absorption to be the major risks to workers

occupationally exposed to PGE.
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Effects of repeated exposures to the glycidyl ethers were also
evaluated in the studies by Hine et al [23,33]. For the long-term
inhalation studies [23], groups of 10 rats were exposed to vapors of AGE or
IGE at 400 ppm (1,870 and 1,900 mg/cu m, respectively) for 7 hours/day, 5
days/week, for 10 weeks or to PGE on the same schedule at a concentration
approaching saturation, approximately 10 ppm (60 mg/cu m). In another
experiment, groups of 10 rats received, on the same schedule, exposures to
AGE at 260, 600, and 900 ppm (1,210, 2,800, and 4,200 mg/cu m) [23].
Severe toxic effects made it necessary to terminate the study after 25
exposures to AGE at 600 and 900 ppm, but the group exposed at 260 ppm
(1,210 mg/cu m) received 50 exposures. The rats were observed throughout
the exposure period and were weighed weekly. Control groups were exposed
to uncontaminated air. All survivors were killed at the end of the
experiment, and blood samples were collected for hemoglobin determinatioms.
At necropsy, lung, liver, and kidney weights were recorded, and sections of
these organs and of the brain, thyroid, thymus, heart, stomach, intestine,
pancreas, adrenals, testes, and bladder from alternate animals were
prepared for microscopic examination.

Only AGE was lethal in this inhalation test; at 600 and 900 ppm
(2,800 and 4,200 mg/cu m), 7 or 8 of 10 animals in each group died between
the 7th and 2lst exposures and, at 400 ppm (1,870 mg/cu m), one rat died
after the 18th exposure. [23]. AGE caused decreased weight gain (P<0.01)
at all concentrations. At 260 ppm (1,210 mg/cu m), the only other changes
observed were slight eye irritation and respiratory distress persisting
throughout the exposure period. The only statistically significant change

in organ/body weight ratio was that for the kidneys of the animals exposed
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to AGE at 400 ppm (P<0.0l1)., Because only a few animals survived exposure
to AGE at 600 and 900 ppm, statistical comparisons could not be made.
Animals exposed to IGE showed slight eye irritation and respiratory
distress [23]. They also had a significant decrease in mean weekly weight
gains (P<0.01). Concentrations of hemoglobin in the blood increased in
rats exposed to all compounds except AGE, but there was no evidence that
red blood cell production in the bone marrow or extramedullary hemopoietic
centers had been affected.

Necropsy of rats exposed to AGE at 400 ppm (1,870 mg/cu m) showed a
greater decrease in peritoneal fat than was found in rats exposed to IGE
[23]. Necropsy of one rat that died after the 18th exposure revealed
severe emphysema, a mottled 1liver, and enlarged and congested adrenal
glands; emphysema, bronchiectasis, and bronchopneumonia were each seen in
single rats that survived the entire exposure period. Rats exposed to AGE
at 600 and 900 ppm (2,800 and 4,200 mg/cu m) had more severe abnormal
changes in the 1lungs, including bronchopneumonic consolidation, severe
emphysema, bronchiectasis, and inflammation. Necrotic spleens were found
in two of the rats exposed to AGE at 900 ppm.

Weight gain in rats exposed to PGE was similar to that in controls
[23]. The tissues of these rats did not differ in appearance from those of
control animals, except that two rats showed peribronchial and perivascular
pulmonary infiltration by inflammatory cells and "cloudy swelling" (early
stage of necrosis) in their livers.

The chronic toxicity of resorcinol diglycidyl ether was also
evaluated by repeated inhalation studies in rats [33]. Ten male Long-Evans
rats, 80-104 g, were exposed 7 hours/day, 5 days/week, for 10 weeks to air

51



described as saturated with resorcinol diglycidyl ether. The authors did
not report the concentration of airborne resorcinol diglycidyl ether, but
since it is a solid at room temperature, the concentration at saturation in
air would probably be low. Ten control rats were exposed to uncontaminated
air. The only toxic effect observed in exposed rats was slight
encrustation of the eyelids of some animals. No gross or microscopic
lesions were found, and exposed animals did not differ significantly from
controls in weight gain or organ weight/body weight ratios.

Soellner and Irrgang [36] reported that CGE and PGE had antispasmodic
and muscle relaxant effects in animals. These glycidyl ethers were 3-40
times more effective than their corresponding glycerol ethers in relieving
spasms induced in guinea pig small intestine with barium chloride,
acetylcholine, or histamine. Muscle relaxant effects were investigated in
revolving drum tests with mice. By sc injection, the minimum effective
doses that caused mice to lose their ability to remain in the drum were 430
mg/kg for PGE and 390 mg/kg for CGE, indicating only slight muscle relaxant
effects.

Kodama et al [48] and Hine et al [41] investigated effects on the
hemopoietic system in animals exposed to glycidyl ethers. In the first
study [48], groups of five male Long-Evans rats weighing 151 *32 g received
intramuscular (im) injections of BGE, PGE, or AGE at 400 mg/kg/day or DGE
at 25 mg/kg/day. Rats that served as negative controls received injections
of propylene glycol at 230 mg/kg/day, and positive control animals received
a single im injection of a known alkylating agent, either busulfan at 