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Abstract—The biotransformation and the hepato- and nephrotoxicity of the mercapturic acids (N-acetyl-
1-cysteine S-conjugates) of three structurally related 2,2-difluoroethylenes were investigated in vivo in
the rat. All mercapturic acids appeared to cause nephrotoxicity, without any measureable effect on
the liver. The mercapturic acid of tetrafluoroethylene (TFE-NAC) appeared to be the most potent
nephrotoxin, causing toxicity upon an i.p. dose of 50 umol/kg. The mercapturic acids of 1,1-dichloro-
2,2-difluoroethylene (DCDFE-NAC) and 1,1-dibromo-2,2-difluoroethylene (DBDFE-NAC) were neph-
rotoxic at slightly higher doses, i.e. at 75 and 100 umol/kg, respectively. In the urine of TFE-NAC-
treated rats significant amounts of diflucroacetic acid (DFAA) could be detected. With increasing doses,
the relative amount of DFAA in urine increased progressively (5-18% of dose). In urine of rats treated
with DCDFE-NAC and DBDFE-NAC, however, the corresponding dihaloacetic acids, dichloroacetic
acid and dibromoacetic acid, could not be detected.

Formation of DFAA and pyruvate could also be observed during in vitro metabolism of the cysteine
conjugate of tetrafluoroethylene (TFE-CYS) by rat renal cytosol. Inhibition by aminooxyacetic acid
(AOA) pointed to a B-lyase dependency for the DFAA-formation. Next to DFAA and pyruvate, also
formation of hydrogen sulfide and thiosulfate could be detected. These results suggest that TFE-CYS
is bioactivated to a significant extent to difluorothionoacyl fluoride, which most likely is subsequently
hydrolysed to difluorothio(no)acetic acid and difluoroacetic acid. According to formation of pyruvate,
the cysteine conjugates derived from DCDFE-NAC and DBDFE-NAC also were efficiently metabolized
by rat renal f-lyase. However, the formation of corresponding dihaloacetic acids, dichloroacetic acid
and dibromoacetic acid, could not be detected in vitro at all. Only very small amounts of hydrogen
sulfide and thiosulfate were detected. These results suggest that bioactivation of the latter two conjugates
to a dichloro- or dibromothionoacyl fluoride represents only a minor route. Because of better leaving
group abilities of chloride and bromide compared to fluoride, rearrangement of the initially formed
ethanethiol to a thiirane might be favoured. Based on the present in vivo and in vitro data, it is concluded
that the nephrotoxicity of the structurally related mercapturic acids of 2,2-difluoroethylenes is dependent
on halogen substitution and presumably the result of at least two different mechanisms of bioactivation.
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A very important pathway in the metabolism of
electrophilic xenobiotics is conjugation to gluta-
thione (GSH) by cytosolic, mitochondrial and micro-
somal GSH-S$-transferases, which are present in vari-
ous tissues [1,2]. Usuvally, GSH conjugation is
associated with detoxification of xenobiotics. How-
ever, it has been shown that conjugation to GSH
may also play a role in several bioactivation reactions
[3]. At present, different bioactivation mechanisms
involving GSH conjugation have been recognized.
Conjugation of GSH to 1,2-dihaloalkanes may lead
to the formation of sulfur half-mustard compounds,
which compounds may form electrophilic episul-
fonium ions by internal displacement of the second
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halogen atom by the thioether sulfur atom. Reaction
of episulfonium ions with biological macromolecules,
such as proteins, DNA or RNA, may result in toxicity
[4, 5], and mutagenicity [6-8]. Another bioactivation
mechanism has been identified for several neph-
rotoxic halogenated alkenes. In this mechanism,
after conjugation of halogenated alkenes to GSH in
the liver, the resulting GSH-conjugates are degraded
to the corresponding cysteine conjugates by biliary
and renal hydrolases. These cysteine conjugates ulti-
mately are bioactivated by a renal cysteine conjugate
B-lyase to presumably reactive thiol-containing com-
pounds, ammonia, and pyruvate [9]. Apart from
bioactivation to reactive metabolites, the cysteine
conjugates of halogenated alkenes may be excreted
unchanged in the urine, or may be converted by N-
acetyltransferases to stable mercapturic acids, which
are rapidly excreted in the urine [10, 11].

Recently, it has been shown that i.p. adminis-
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tration of the mercapturic acids of hexachlo-
robutadiene (HCBD) [12], and 1,1-dichloro-2,2-
difluoroethylene (DCDFE) [13] to the rat at rela-
tively low doses lead to severe nephrotoxicity, similar
to what is observed upon administration of the parent
compounds HCBD and DCDFE. This was explained
by active deacetylation of the mercapturic acids to
the corresponding cysteine conjugates in vivo and
uptake in the proximal tubule cells in the kidney.
The cysteine conjugates generated in turn can be
bioactivated by cysteine conjugate B-lyase. More
recently, it has been shown that mercapturic acids of
halogenated alkenes are also transformed to reactive
intermediates in vitro by rat renal cytosol [14].
Apparently, mercapturic acids are useful model com-
pounds in the study of the reactive intermediates
responsible for the nephrotoxicity of halogenated
ethylenes.

The nature of the reactive intermediate(s) respon-
sible for the nephrotoxicity of fluorinated ethylenes,
like tetrafluoroethylene (TFE), chlorotrifluoro-
ethylene (CTFE) and 1,1-dichloro-2,2-difluoro-
ethylene (DCDFE), is not known. Green and Odum
postulated an electrophilic thiol as being responsible
for the nephrotoxicity of TFE [15]. Dohn et al. [16]
however, suggested that the thiol compound formed
from TFE rapidly rearranges to a thionoacyl fluoride
and/or a thiirane, which would then react with bio-
logically important macromolecules and cause
toxicity. Very recently, in the course of this inves-
tigation, the formation of a chlorofluorothionoacyl
fluoride from the cysteine conjugate of CTFE by a
B-lyase mediated bioactivation mechanism indeed
has been shown in vitro [17].

In the present study, the toxicity of the mercapturic
acids of tetrafluoroethylene (TFE), 1,1-dichloro-2,2-
difluoroethylene (DCDFE), and 1,1-dibromo-2,2-
difluoroethylene (DBDFE) was compared in the rat.
The dose dependency of the nephrotoxicity of these
three mercapturic acids was studied and the influence
of B-halogen substitution on nephrotoxicity of 2,2-
difluoroethylenes. This was expected to give insight
into the possible participation of thionoacyl fluorides
and/or thiiranes in the pathogenesis of nephro-
toxicity of 2,2-difluorinated ethylenes. Rearrange-
ment of the initially formed ethanethiol compounds
to a thiirane is expected to increase in importance
when the f-carbon is substituted with: F < Cl < Br.
In order to explain the chemical nature of reactive
intermediate(s), we also investigated the appearance
of hydrolysis products expected to arise from the
elusive reactive intermediate(s) both in vivo and in
vitro.

MATERIALS AND METHODS

Chemicals. Difluoroacetic acid (DFAA), mono-
chloroacetic acid (MCAA), dichloroacetic acid
(DCAA), and dibromoacetic acid (DBAA) were
purchased from Janssen Chimica (Beerse, Belgium).
1,1-Dibromo-2,2-difluoroethylene (DBDFE) was
purchased from Alfa Products. Tetrafluoroethylene
(TFE) was puschased from Matheson Gas Products
(Oevel, Belgium). Acylase I was purchased from
Sigma Chemical Company (St. Louis, MO).
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N-Acetyl-S-(1,1-dichloro-2,2-difluoroethyl)-1-
cystemne (DCDFE-NAC) was synthesized by react-
ing 1,1-dichloro-2,2-difluoroethylene (DCDFE) with
N- acetyl-1-cysteine according to Commandeur et
al. [13]. N-Acetyl-S-(1,1-dibromo-2,2-difluoro)-1-
cysteine (DBDFE-NAC) was synthesized by a pro-
cedure analogous to the preparation of DCDFE-
NAC. N-Acetyl-5-(1,1,2,2-tetrafluoro-ethyl)-1-cys-
teine (TFE-NAC) was prepared by stirring a meth-
anolic solution of the disodium salt of N-acetyl-1-
cysteine for 20 hr in an autoclave filled with a three-
fold excess of TFE. The reaction mixture was sub-
sequently neutralized with diluted HCI, and the
methanol was evaporated under reduced pressure.
The residue was adjusted to pH2, and finally
extracted three times with ethylacetate. The ethyl-
acetate phases were combined, treated with
charcoal, dried with magnesium sulfate, and ulti-
mately evaporated to dryness. All mercapturic acids
were recrystallized twice from diethylether/pet-
roleum ether. The analytical data (melting point,
mass spectra, and NMR data) of the synthetic mer-
capturic acids are shown in Table 1. According to
'H NMR, GLC and TLC the purity of the com-
pounds was higher than 98%.

Cysteine conjugates of TFE, DCDFE and
DBDFE were prepared both non-enzymatically and
enzymatically.  Non-enzymatical  deacetylation
involved heating a solution of mercapturic acid in
6 N HCI for 16 hr at 80°, analogous to Thomson et
al. [18]. The solution was treated with charcoal,
filtered and repeatedly evaporated to complete dry-
ness under high vacuum to remove HCI. This pro-
cedure resulted in quantitative deacetylation, which
was confirmed by 'F NMR, TLC and GL.C. Enzymic
hydrolysis involved incubation of aqueous solutions
of 10mM of mercapturic acid at 37° for 1 hr with
2000 U/ml acylase I in a 50 mM potassium phosphate
buffer, pH 7.4. According to their '°F NMR spectra,
and their behaviour on silica gel TLC, the products
from acidic hydrolysis of the mercapturic acids of
TFE, DCDFE and DBDFE were identical to those
formed by enzymic hydrolysis using commercial acy-
lase I from porcine kidney. The analytical data (mass
spectra, and NMR data) of the synthetic cysteine
conjugates were consistent with the expected struc-
tures (Table 1).

On silica gel TLC cysteine conjugates were
detected on the plate by spraying with ninhydrin;
while both cysteine and N-acetyl-1-cysteine con-
jugates were detected if sprayed with 0.1 M K,CrO-/
acetic acid (1:1) followed by 0.1 M AgNO;. [19].
The cysteine conjugates were free of mercapturic
acids according to TLC, when developed with 70%
n-propanol/water and according to GLC after
methylation of the product with diazomethane.

The benzyl esters of DFAA, MCAA, DCAA and
DBAA were synthesized by treating the cor-
responding acetic acids with phenyldiazomethane
(PDM). PDM was synthesized as described by Kara-
shima er al. [20]. Mass spectrum of benzyl ester of
DFAA: m/z (intensity %): 51 (72), 65 (17,
CsH?), 90 (25), 91 (100, C,H7), 186 (32, M*).
Mass spectrum of benzyl ester of MCAA: 51 (24),
65 (24, CsHY), 77 (24), 79 (16), 91 (100, C;H7),
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107 (19), 108 (49), 184 (38, ICl, M*"). Mass spectrum
of benzyl ester of DCAA: 65 (21, CsHY), 91 (100,
C;H7), 107 (7), 218-220-222 (10-7-1, 2Cl, M™).
Mass spectrum of benzyl ester of DBAA: 65 (19,
CsH?), 91 (100, C;H{T), 103 (26), 107 (23), 227-
229 (23-23, 2Br, M™).

Animals and treatments. Male Wistar rats (180—
200 g), obtained from TNO (Zeist, The Nether-
lands), were housed in plastic cages in temperature
(22°) and humidity (50% ) controlled rooms equipped
with a 12 hr lighting cycle. Food (Hope Farms) and
water, were provided ad libitum. Groups of four
rats were injected with equimolar doses of DCDFE-
NAC, TFE-NAC, or DBDFE-NAC. The respective
mercapturic acids, dissolved in a saline-DMSO mix-
ture, were administered by i.p. injection in a volume
of 2.5 mi/kg. Doses of mercapturic acids were 25, 50,
75 umol/kg. DBDFE-NAC also was administered at
a dose of 100 umol/kg. Control animals received
vehiculum only.

After treatment the rats were individually housed
in all-glass metabolism cages, designed for separate
collection of urine and faeces. During the experiment
the rats were provided only with water ad libitum.
Urine was collected for 48 hr in portions of 24 hr in
cooled (0°) vessels. Blood was collected by heart
puncture 48 hr after treatment. The blood was sub-
sequently centrifuged (4000g, 10min) to obtain
plasma. The animals were decapitated and their kid-
neys were removed for measurement of kidney-to-
body weight ratios.

Biochemical assessment of toxicity. Plasma urea
and plasma alanine transaminase (ALT) activity
were determined 48 hr after treatment, using J. T.
Baker kits. Urinary protein and glucose excretion
were determined in the 48hr period following
treatment. Urinary protein was determined by Sigma
kit No. 540. Urinary glucose was determined using
the J. T. Baker kit. Statistical significance of dif-
ferences in plasma and urinary parameters was cal-
culated using the two-tailed Student’s r-test.

In vitro metabolism of cysteine conjugates and
dihaloacetic acids. Renal cytosol was prepared from
male Wistar rats according to Wolf ef al. [21]. Incu-
bations of cysteine conjugates or dihaloacetic acids
with renal cytosol were carried out at pH 8.6in 0.1 M
borate buffer according to Banki et al. [22]. Some
incubations were performed in the presence of
0.2 mM aminooxyacetic acid, in order to inhibit g-
lyase. All incubation mixtures contained 1 mg cyto-
solic protein/ml and 4 mM cysteine conjugate or
0.1 mM dihaloacetic acid in a total volume of 3 ml,
and incubations were carried out at 37°. After 15 min
the incubations were stopped by adding 0.5 ml con-
centrated HCI. The determination of halogenated
acetic acids was carried out as described below.
Pyruvic acid was determined spectrophotometrically
by measuring the 2,4-dinitrophenylhydrazone
derivative formed after derivization using 2.,4-
dinitrophenylhydrazine [23]. Formation of hydrogen
sulfide was determined spectrophotometrically by
the method of Siegel [24]. Formation of thiosulphate
was determined spectrophotometrically by the
method of Sérbo [25].

Identification of synthetic products and metab-
olites. The presence of halogenated acetic acids

J. N. M. COMMANDEUR ef al.

(HAAs) in urine and in in vitro incubation mixtures
was investigated by a procedure similar to that
described for the detection of trifluoroacetic acid
(TFAA) in urine [20]. In short, to portions of 5mi
of rat urine, 0.5 umol of monochloroacetic acid
(MCAA) was added as an internal standard. These
portions were acidified to pH 0.5 with concentrated
HCI, and subsequently extracted three times with
5ml portions of diethylether. The diethylether
phases were combined, treated for 30 min with
phenyldiazomethane (PDM) at room temperature,
concentrated by evaporation and ultimately exam-
ined with GC/MS (described below). Standard
curves were obtained by spiking blank urine with
known amounts of the respective HAAs and the
internal standard monochloroacetic acid.

For GC/MS analysis the cysteine conjugates were
first treated with diazomethane and trifluoroacetic
anhydride in order to synthesize the N-trifluoroacetyl
methylester. Methylesters of the mercapturic acids
were prepared by treatment of the mercapturic acids
with diazomethane.

Gas chromatography and mass spectrometry. GC/
MS analyses were carried out on a HP 5890/MSD
system. A CP-Sil-19 capillary column obtained from
Chrompack Ned. B.V. (Middelburg, The Nether-
lands) was used. The operating temperatures were
280° (split injector), 280° (ion source, electron impact
ionization, electron energy of 70 eV). The column
temperature was programmed from 80° (2.5 min) to
280° at 20°/min. The benzylesters of the HAAs were
identified and quantified using selected ion moni-
toring of their respective molecular ions and the
molecular ions of the internal standard MCAA.

Nuclear magnetic resonance. '"H NMR spectra of
mercapturic acids and cysteine conjugates were
measured on a Bruker WH 90 spectrometer
(90 MHz). The compounds were dissolved in deu-
terium oxide and chemical shifts were referenced
with 3-(trimethylsilyl)-propionic acid as an internal
standard. '"F NMR spectra were measured on a
Bruker MSL 400 System (376.43 MHz). For '“F
NMR the compounds were dissolved in potassium
borate buffer pH 8.6 and chemical shifts were ref-
erenced with trifluoroacetic acid as an internal
standard.

RESULTS
Toxicity of mercapturic acids in vivo

The effects of different i.p. doses (25, 50, 75 and
100 umol/kg) of TFE-NAC, DCDFE-NAC and
DBDFE-NAC on various functional blood and uri-
nary parameters, indicative for nephrotoxicity, are
showninFig. 1. All three mercapturic acids appeared
to be nephrotoxins, as indicated by statistically
significant increases of plasma urea, urinary protein,
urinary glucose and relative kidney weights. TFE-
NAC appeared to be the most potent nephrotoxin,
causing nephrotoxicity at doses equal to and higher
than 50 ymol/kg. The first indications of nephro-
toxicity due to DCDFE-NAC appeared at a dose of
75 umol/kg. Urinary data of doses of 100 umol/kg of
TFE-NAC and DCDFE-NAC were not determined
due to some inhibition of urine production at these
doses. DBDFE-NAC was the least potent nephro-
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Fig. 1. Dose dependency of the parameters plasma urea, urinary protein, urinary glucose, and relative

kidney weight, indicative for nephrotoxicity of mercapturic acids of 2,2-difluoroethylenes in the rat

(N =4). TFE-NAC: N-acetyl-5-(1,1,2,2-tetrafluoroethyl)-1-cysteine; DCDFE-NAC: N-acetyl-S-(2,2-

dichloro-1,1-difluoroethyl)-1-cysteine; DBDFE-NAC: N-acetyl-S-(2,2-dibromo-1,1-difluoroethyl)-1-

cysteine. * Denotes statistical significance for differences from data from control rats (P < 0.05, Student’s
t-test).

toxin, causing significant nephrotoxicity only at a
dose of 100 umol/kg. Histological examination of
the kidneys prepared 48 hr after treatment, showed
that all three mercapturic acids caused necrosis in
the region of the inner cortex. The appearance of
this necrotic band paralleled the elevations of the
biochemical parameters indicative for nephro-
toxicity. Plasma ALT activities were not elevated
even at the highest doses, indicating no toxic effect
of the mercapturic acids on the liver [data not
shown].

Urinary excretion of halogenated acetic acids and
mercapturic acids

In urine of rats i.p. treated with different doses of
TFE-NAC considerable amounts of difluoroacetic
acid (DFAA) could be detected by GC/MS (Table
2). At a dose of TFE-NAC of 25 umol/kg, approxi-
mately 5% of the dose of TFE-NAC administered
was excreted as DFA A within 48 hr. At higher doses
of TFE-NAC the percentage of excretion as DFAA
was even higher: 10% at a 50 umol/kg dose and 18%
at a 75 umol/kg dose. For all TFE-NAC doses, the
main fraction (75-80%) of DFA A was excreted dur-

ing the first 24 hr following treatment. DFAA could
also be detected directly in untreated urine of TFE-
NAC treated rats using '°F NMR (Fig. 2).

In the urine of rats i.p. treated with DCDFE-
NAC, and DBDFE-NAC, the corresponding HA As,
dichloroacetic acid (DCAA) and dibromoacetic acid
(DBAA), could not be detected by GC/MS.

The unchanged mercapturic acids administered
could also be identified in urine using '°’F NMR (Fig.
2) and GC/MS. The amount of excretion of the
unchanged compounds was not quantified, however.
Using °F NMR, next to DFAA, TFE-NAC and
fluoride ion, an as yet unidentified fluorine-con-
taining metabolite (41.5 ppm) could be detected in
rat urine. Identification of this metabolite is still
under progress, however.

In vitro biotransformation of cysteine conjugates

The results of the in vitro biotransformation of the
cysteine conjugates of TFE, DCDFE and DBDFE
by rat kidney cytosol are shown in Table 3. All three
cysteine conjugates investigated were metabolized
by cytosolic fB-lyase as indicated by formation of
pyruvic acid. TFE-CYS and DCDFE-CYS were
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Table 2. Dose dependency of the excretion of difluoroacetic acid (DFAA) in urine of rats treated with N-acetyl-S-
(1,1.2,2-tetraflucroethyl)-1-cysteine (TFE-NAC)

Excretion of DFAA

Dose of TFE-NAC 0-24 hr 24-48 hr (48 hr
(umol/kg) umol/kg % of dose umol/kg % of dose umol/kg % of dose
25 1.0x03 40x1.1 0.2x0.1 0.7 0.1 12+0.2 4810
50 43x0.6 87+13 0.7+0.8 1.4+08 5006 10.0+1.2
75 9921 132228 3.3x30 4340 13220 176227

Values are means * SD of groups of four rats,

F F COOH F
£ ¢ |
HC~-C-8~CH-CH
bl 2
F FE NHCOCH
d b 3
TFE-NAC
DFA
unidentified
metabolite
F
a,b Fc,d
(TFE-NAC) (TFE-NAC)
T H | [ T i — H f
~15 -20 -25 -30 -35 -40 -35 -53 -55
PP

Fig. 2. F NMR spectrum of 24-hr urine of rats treated with 75 pmol/kg N-acetyl-S-(1,1,2,2-tetra-
fluoroethyl)-1-cysteine (TFE-NAC). DFA: difluoroacetic acid. Chemical shifts are referred to trifluoro-
acetic acid as an internal standard.

Table 3. In vitro metabolism of cysteine conjugates of 2,2-difluoroethylenes by rat renal cytosol. TFE-
CYS: §-(1,1,2,2-tetrafluoroethyl)-1-cysteine; DCDFE-CYS: §-(2,2-dichloro-1,1-difluoroethyl)-1-cys-
teine; DBDFE-CYS: §-(2,2-dibromo-1,1-difluoroethyl)-1-cysteine

Pyruvate Hydrogen sulfide Thiosulphate Dihaloacetic acid
Substrate {nmol/mg/min) (nmol/mg/min) {nmol/mg/min) (nmol/mg/min)
TFE-CYS 21.6 (0.2) 3.0 (0.1) 7.6 (1.5) 4.0 (0.5)
DCDFE-CYS 20.5 (0.4) 0.4 (0.1) 2.5 (0.5) n.d.
DBDFE-CYS 11.9 (0.4) n.d. 1.9 (0.6) n.d.

Cysteine conjugates (4 mM) were incubated with rat kidney cytosol (1 mg protein/ml) for 15 min at
37°in borate buffer pH 8.6. The formation of pyruvate, hydrogen sulfide, thiosulphate, and dihaloacetic
acid was quantified as described in Materials and Methods.

n.d. = not detectable.
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degraded at approximately the same rate, whereas
DBDFE-CYS was degraded at a slower rate.
Addition of aminooxyacetic acid (AOA) to the incu-
bation medium completely inhibited the formation
of pyruvate from all three cysteine conjugates [data
not shown], indicating that the reaction is indeed
catalyzed by B-lyase. Next to pyruvic acid, in incu-
bations of cytosol with TFE-CYS, significant for-
mation of hydrogen sulfide, thiosulfate and DFAA
could be detected (Table 3). In incubations of
DCDFE-CYS, or DBDFE-CYS with cytosol, on the
other hand, only traces of hydrogen sulfide and thio-
sulfate could be detected. In the latter two cases, the
formation of dichloroacetic acid and dibromoacetic
acid, respectively, could not be detected at all. After
incubation of rat kidney cytosol with authentic
difluoroacetic acid, dichloroacetic acid, or dibro-
moacetic acid no significant reduction of the con-
centration of these HAAs, as a result of secondary
metabolism, could be observed upon an incubation
period of 15 min [data not shown].

DISCUSSION

The nephrotoxicity and the biotransformation of
fluorinated alkenes in vivo has already been subject
to several studies. Kidney damage and fluoride ion
excretion after exposure to fluoroalkenes was
observed as early as 1974 by Dilley er al. [26] and
more recently by Potter et al. [27]. Administration
of fluoride to rats is known to cause nephrotoxicity.
However, the amount of fluoride ions found in urine
upon administration of tetrafluoroethylene (TFE)
were significantly lower than that known to cause
kidney damage {26, 28]. Therefore, another mech-
anism for the nephrotoxicity of fluoroethylenes was
suggested. Recently Odum and Green [29] demon-
strated that TFE was rapidly metabolized by
glutathione conjugation both in vive and in vitro,
presumably by hepatic glutathione-S-transferases.
The glutathione conjugate of TFE was shown to be
excreted in bile, and subsequently to be rapidly
degraded to the corresponding cysteine conjugate.
Oral administration to rats of 100 mg/kg (450 ymol/
kg) of the synthetic cysteine conjugate of TFE, TFE-
CYS, was shown to cause severe nephrotoxicity. The
similarity between the nephrotoxic effects of TFE
and TFE-CYS in vivo, combined with the observed
in vitro toxicity of TFE-CYS in renal kidney slices
[15}, led to the suggestion that TFE-CYS or a metab-
olite of it would be responsible for the TFE-induced
nephrotoxicity. In early studies with S§-(1,2-di-
chlorovinyl)-DL-cysteine (DCVC) it was already
demonstrated that the formation of an unidentified
reactive intermediate was the result of the action of
renal cysteine conjugate f-lyase [30]. Other
nephrotoxic compounds which appear to undergo a
B-lyase dependent bioactivation are hexafluoro-
propene (HFP), chlorotrifluoroethylene (CTFE)
[31], hexachlorobutadiene (HCBD) [12], bromo-
benzene [32] and 1,1-dichloro-2,2-difluoroethylene
{(DCDFE) [13]. At present, the precise chemical
nature of the reactive intermediate(s) potentially
responsible for the nephrotoxic effects still has to
be elucidated. An electrophilic thiol, a thionoacyl
fluoride and a thiirane meanwhile have been pro-
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posed as reactive intermediates which might be
involved in the nephrotoxicity [15, 16]. '

Mercapturic acids are known to be absorbed and
to be deacetylated rapidly by hepatic and renal
acylases, both in vivo and in vitro [33,34], and
therefore they are useful precursors or model com-
pounds in the study of the mechanism of cysteine
conjugate-mediated nephrotoxicity of halogenated
alkenes. The mercapturic acids of HCBD and
DCDFE, for example, appeared to cause a nephro-
toxicity similar to that caused by HCBD ([12] and
DCDFE itself [13]).

In the present study, the nephrotoxicity and
biotransformation of the mercapturic acids of three
structurally related 2,2-difluorinated ethylenes were
investigated in vivo in the male Wistar rat. As indi-
cated by a significant elevation of urinary protein
and glucose and plasma urea levels, the mercapturic
acid of tetrafluoroethylene, TFE-NAC, appeared to
be nephrotoxic in the rat upon i.p. doses as low as
50 umol/kg (Fig. 1). Histopathological examination
of the kidneys pointed to the proximal tubule region
of the kidney as the primary site of toxicity. In urine
of TFE-NAC-treated rats, apart from TFE-NAC
itself, difluoroacetic acid (DFAA) could be detected
as a metabolite. The presence of TFE-NAC in urine
may be the result of direct excretion of unchanged
TFE-NAC and/or of N-deacetylation to TFE-CYS
followed by re-N-acetylation prior to excretion.
DFAA, an ultimate product of a potentially reactive
thiol-metabolite, was excreted in urine up to 18% of
the dose of TFE-NAC. The relative amount of uri-
nary DFAA in TFE-NAC-treated rats increased
more than three-fold at higher doses. An explanation
of the latter observation is difficult to give, because
the amount of reactive thiol generated by B-lyase
from a cysteine conjugate may depend upon a variety
of factors [35]. A cysteine conjugate, once formed,
(a) may be excreted unchanged, (b) may be N-
acetylated to (re)generate the corresponding mer-
capturic acid, or (c) may be bioactivated by S-lyase
to generate a reactive or a non-reactive thiol
compound. Because of the inability to discriminate
between unchanged mercapturic acid and mer-
capturic acid which is regenerated from the cysteine
conjugate, the excretion of mercapturic acids in urine
was not quantified in the present study. The for-
mation of DFAA could also be observed in wvitro
upon degradation of synthetic TFE-CYS by rat kid-
ney cytosol. Inhibition of the formation of DFAA
by aminooxyacetic acid (AQA), a well-known inhibi-
tor of pyridoxal phosphate-dependent enzymes, also
indicated the involvement of renal cysteine conjugate
B-lyase.

Figure 3 shows a likely bioactivation mechanism
for TFE-NAC (X = F), which might be derived from
the in vivo and in vitro data presented in this study
and from previous in vitro studies [16, 17]. Possible
rearrangement products derived from the initially
formed ethanethiol compound are summarized in
this figure. The fact that, both in vive and in vitro,
we could identify with GC/MS and 'FNMR, DFAA
as a metabolite of TFE-NAC suggests that the reac-
tive ethanethiol compound (Fig. 3, I, X = F), result-
ing from a f-lyase-dependent degradation of TFE-
CYS, is converted to difluorothionoacyl fluoride
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Fig. 3. Proposed routes of bioactivation of mercapturic acids and cysteine conjugates of 2,2-difluoro-

ethylenes to reactive intermediates, and proposed mechanisms of degradation of reactive intermediates

to dihaloacetic acids, hydrogen sulfide and thiosulphate. Route A: rearrangement to thionoacyl fluoride;

route B: rearrangement to thiirane. I: 1,1-difluoro-2,2-dihaloethanethiol; II: dihalothionoacyl fluoride;

Ila: dihalothionoacetic acid; IIIb: dihalothioacetic acid; IV: dihaloacetic acid; V: 1,1-difluoro-2-
halothiirane.

(Fig. 3, I, X = F, route A). This mechanism would
be analogous to the in vitro conversion of
chlorotrifluoroethanethiol to chlorofluorothionoacyt
fluoride as proposed very recently by Dekant er al.
[17]. Based on its chemical reactivity, we would
expect difluorothionoacyl fluoride (Fig. 3, II, X =
F) to bind covalently to nucleophilic centra in
biomacromolecules, or to hydrolyse to difluoro-
thionoacetic acid (Fig. 3, IIla, X = F), which would
subsequently rapidly tautomerise to difluorothio-
acetic acid (Fig. 3, IIIb, X = F). Thioacetic acids
are expected to be the predominant forms in the
tautomeric equilibria of this type of compounds and
they are known to be potent acylating compounds
[36]. Difluorothioacetic acid therefore might also
bind covalently to nucleophilic centra or it might
hydrolyse to DFAA (Fig. 3, IV, X =F); in both
steps hydrogen sulfide would have to be released.
Formation of hydrogen sulfide, which in the present
study could indeed be observed during in vitro
metabolism of TFE-CYS, supports this hypothesis.

The mercapturic acids of 1,1-dichloro-2,2-
difluoroethylene (DCDFE-NAC) and 1,1-dibromo-
2,2-difluoroethylene (DBDFE-NAC) also appeared
to be potent nephrotoxins in the proximal tubular
area, causing toxicity upon i.p. doses of 75 umol/kg

and 100 pmol/kg, respectively. However, in contrast
to TFE-NAC, the corresponding dihaloacetic acids,
dichloroacetic acid (DCAA) and dibromoacetic acid
(DBAA), could not be detected in the urine of rats
treated with DCDFE-NAC or DBDFE-NAC. After
incubation of the cysteine conjugates of DCDFE and
DBDFE with rat kidney cytosol, DCAA or DBAA
could not be detected either. Degradation of
authentic DCAA and DBAA by rat kidney cytosol
appeared to be negligible too. Therefore, the lack of
these metabolites after in vitro incubation of rat
renal cytosol with DCDFE-CYS and DBDFE-CYS
apparently cannot be explained by secondary metab-
olism of these dihaloacetic acids. It is not likely either
that DCAA irn vivo is completely biotransformed
[37]. Upon renal cytosolic degradation of the cysteine
conjugates DCDFE-CYS and DBDFE-CYS, the for-
mation of hydrogen sulfide and thiosulfate was only
found to be of minor importance (Table 3). These
results suggest that conversion of DCDFE-CYS and
DBDFE-CYS to the corresponding dichloro- and
dibromothionoacyl fluorides (Fig. 3, route A, X =
Cl, Br) most likely represents only a minor route in
the rearrangement of the 2,2-dihalo-1,1-difluoro-
ethanethiols initially formed from these cysteine
conjugates. An alternative reactive intermediate
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possibly derived from the ethanethiol might be a
thiirane resulting from an intramolecular substitution
reaction {Fig. 3; route B). In the case of DCDFE-
NAC and DBDFE-NAC the formation of a thiirane
(Fig. 3, V, X = Cl, Br; route B) might be favoured
over the formation of the corresponding thionoacyl
fluorides (Fig. 3, II, X = Cl, Br; route A) because
chloride and bromide ions are better leaving groups
than a fluoride ion. Previously, Dohn er al. already
mentioned the formation of a thiirane as a potential
reactive intermediate in the case of bioactivation of
CTFE [16]. At present, however, the formation of a
halogenated thiirane, its chemical reactivity and the
nature of its secondary products still remains to be
further proven and elucidated.

In conclusion, the three mercapturic acids inves-
tigated in this study (i.e. TFE-NAC, DCDFE-NAC
and DBDFE-NAC) all appear to be potent and
selective nephrotoxins. The order of toxicity, pri-
marily located in the proximal tubular area,
decreased slightly but consistently from TFE-NAC
to DCDFE-NAC and to DBDFE-NAC. The identi-
fication of DFAA in urine of rats treated with TFE-
NAC, combined with the formation of DFAA and,
in addition to that, the formation of hydrogen sulfide,
thiosulphate and pyruvate during renal cytosolic
metabolism of TFE-CYS in vitro, point to the for-
mation of difluorothionoacyl fluoride, or difluoro-
thioacetic acid as reactive intermediates. The lack of
excretion of the corresponding dihaloacetic acids
in the urine of rats dosed with DCDFE-NAC and
DBDFE-NAC, in addition to a minor hydrogen sul-
fide and thiosulphate formation observed during in
vitro metabolism of DCDFE-CYS and DBDFE-
CYS, however, strongly suggest that thionoacyl
fluorides and/or thivacetic acids are not likely to be
involved in the nephrotoxicity of these two mer-
capturic acids. Alternatively, the involvement of thi-
iranes in the nephrotoxicity is proposed in the case
of 1,1-dichloro- and 1,1-dibromo-substituted 2,2-
difluoroethylenes.
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