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Abstract Glutathione-dependent bioactivation is a
common pathway in nephrotoxicity caused by
haloalkanes and haloalkenes. Glutathione conjugation
forms the link between halogenated hydrocarbons,
based on the formation of an episulfonium ion (vicinal
halomethanes) or a cysteine conjugate (haloalkenes).
Herein, we review the metabolic pathways underlying
the nephrotoxic effects of the three well-known
haloalkenes trichloroethylene, tetrachloroethylene, and
hexachloro-1:3-butadiene to emphasize the role of
cysteine-conjugate {3-lyase and the oxidative metabo-
lism in renal toxicity. Activation by cysteine-conjugate
[3-lyase is the best-characterized mechanism causing
toxicity due to haloalkene treatment in experimental
models. However, the severity of toxicity differs con-
siderably, with S-(1,2,2-trichlorovinyl)-L-cysteine being
more toxic than S-(1,2-dichlorovinyl)-L-cysteine, which
is in turn more toxic than S-(1,2,3,4,4-pentachloro-1:3-
butadienyl)-L-cysteine. Moreover, two oxidative path-
ways involving cysteine S-conjugates (mediated by
flavin-containing monooxigenase 3) and N-acetyl-L-
cysteine conjugates (mediated by cytochrome P-450
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3A) form derived sulfoxides, which represent alterna-
tive metabolites with toxic effects. In vitro and in vivo
studies showed that sulfoxide metabolites are more toxic
than cysteine-conjugate derivates. The cytochrome
P-450 3A family, on the other hand, is sex specific,
and its expression has only been reported in adult male
rats and rabbits. In summary, haloalkenes are highly
nephrotoxic in vivo and in vitro and their toxicity mech-
anisms are well documented experimentally. However,
little information is available on their toxicity in
humans, except for the carcinogenic effects established
for high exposure levels of trichloroethylene and
tetrachloroethylene.
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Introduction

An interesting feature of renal toxicology is the meta-
bolic fate of certain chemicals, which are converted into
nephrotoxic metabolites in the liver and subsequently
disposed of in the kidney or directly activated in this
organ (Dekant and Vamvakas 1996). The former meta-
bolic pathway is mediated by glutathione (GSH) conju-
gation, giving rise to GSH conjugates and subsequently
cysteine conjugates, by loss of glutamic acid and gly-
cine. Acetylation into mercapturic acids is the final
metabolic conjugation step in the kidney.
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Cysteine S-conjugates enter an alternative pathway in
the kidney, which is mediated by cysteine-conjugate [3-
lyase (BL). Tateishi et al. (1978a, b) first used the term
“cysteine-conjugate [3-lyase” to define an enzyme cata-
lyzing (-elimination from a cysteine S-conjugate.
Subsequently, several pyridoxal 5'-phosphate (PLP) en-
zymes with 3L activity have been identified in the
kidney cell cytosol (Cooper et al. 2011 and references
therein). L activity was also demonstrated in rat kidney
mitochondria (Cooper et al. 2001). PLP enzymes may
be inhibited catalytically by covalent binding of by-
products of BL reactions to PLP coenzymes (Adams
et al. 2005). The final metabolites derived from this AL
pathway are pyruvate, ammonia, and a
chlorothioketene, which is responsible for the toxic
and carcinogenic effects of halogenated alkenes in the
kidney.

GSH-conjugate formation is the first step in the
bioactivation of nephrotoxic halogenated alkenes
(Elfarra and Anders 1984; Dekant 2003), and excretory
processes play a pivotal role in the conversion of S-
conjugates into their final metabolic products. In the
kidney, BL activity leads to thioketene formation from
cysteine S-conjugates (Elfarra and Anders 1984; Dekant
et al. 1991), which causes nephrotoxicity in renal prox-
imal tubule cells. Tubular cell damage is well
established in the S; segment (pars recta) of the proxi-
mal tubule (Terracini and Parker 1965), although local-
ization of BL can be detected along the entire proximal
tubule (Kim et al. 1997; Trevisan et al. 1998).

As described for S-(1,1,2,2-tetrafluoroethyl)-L-cyste-
ine, haloalkene S-cysteine derivates likely follow the
“covalent binding hypothesis.” Hence, a reactive me-
tabolism intermediate might covalently modify lysyl -
amino groups of neighboring proteins, thereby produc-
ing aberrant lysine-modified proteins (Nelson and
Pearson 1990 and references therein). The altered pro-
tein conformation of these proteins may lead to the
collapse of the inner mitochondrial membrane potential,
changes in permeability, and cell death (James et al.
2002). Overall, S-conjugates strongly react with water,
proteins, and nucleic acids (Dekant 2001).

Not only alkenes but also several alkanes, specifical-
ly halomethanes based on mustard formation via GSH
(Rannug et al. 1978; Livesey et al. 1982; Koga et al.
1986), are nephrotoxic and mutagenic. In fact, 3L-
mediated metabolites were detected in the urine of sub-
jects accidentally exposed to dihaloethanes (sulfur mus-
tards) (Black and Read 1995).
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The aim of this review is to summarize the toxic
effect of cysteine conjugates derived from three selected
halogenated alkenes on the kidney with regards to com-
mon metabolic pathways, not only related to L activa-
tion. The reviewed haloalkenes trichloroethylene (TRI),
tetrachloroethylene (TETRA), and hexachloro-1:3-buta-
diene (HCBD) are three-, four-, and hexa-chlorinated
aliphatic hydrocarbons, which are relevant both in in-
dustrial and environmental settings.

Trichloroethylene

Trichloroethylene (TRI), also known as trichloroethene
(CASRN 79-01-6), is a halogenated alkene widely used
as industrial solvent and metal degreaser (30 % of total)
Moreover, it is an intermediate product during fluoro-
carbon manufacturing (its main use) and a component of
commercial stain removers, which are used for textile
cleaning in laundries or drycleaners.

Metabolism

Figure 1 schematically summarizes the TRI metabolism.
TRI is highly lipophilic and rapidly undergoes systemic
distribution in animals and humans (Simmons et al.
2002). It is metabolized in the liver via cytochrome
P-450 (Cyp450) 2E1 (Kim and Ghanayem 20006), as
well as other Cyp450 isoforms (Nakajima et al. 1990).
The first step is oxidation through an unstable epoxide
into chloral and subsequently into trichloroethanol
(TCE, about 30 %) or trichloroacetic acid (TCA, about
10 %), which are the main TRI metabolites in animals
and humans (Lock and Reed 2006).

An alternative pathway, which operates in the kidney
when the oxidative pathway becomes saturated, is via
GSH conjugation to form S-(1,2-dichlorovinyl)-L-cyste-
ine (DCVC) and then into other reactive metabolites via
BL activity (Lock and Reed 2006). In humans, the
GSH-mediated conversion probably accounts for
<0.01 % of the administered TRI dose (Lock and Reed
2006). Whereas in mice, metabolites derived by oxida-
tive metabolism are about 3600-fold greater than those
derived from GSH conjugation (Kim et al. 2009).

The final step of the alternative pathway is acetyla-
tion of DCVC into N-acetyl-S-(1,2-dichlorovinyl)-L-
cysteine (N-acDCVC), which is detectable in human
urine (Bernauer et al. 1996). N-acDCVC is accumulated
in the S,—S5 segments of the kidney by the organic anion
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Fig. 1 TRI metabolism. Abbreviations: 7R/ trichloroethylene;
TCE trichloroethanol; 7CA trichloroacetic acid; DCVG S-(1,2-
dichlorovinyl)-L-glutathione; DCVC S-(1,2-dichlorovinyl)-L-cys-
teine; DCTK dichlorothioketene; N-acDCVC N-acetyl-S-(1,2-
dichlorovinyl)-L-cysteine; DCVCS S-(1,2-dichlorovinyl)-L-cyste-
ine sulfoxide; Cyp450 cytochrome P-450; GST glutathione S-
transferases; GGT y-glutamyltransferase; CGlyase
cysteinylglicinase; Glu glutamic acid; Gly glycine; (L cysteine-
conjugate -lyase; NAT N-acetyltransferase; FMO3 flavin-
containing monooxigenase 3. Adapted from Barshteyn and Elfarra
(2009)

system. Reaction with GSH produces not only mono-
GSH but also di-GSH adducts as result of the addition of
two molecules of GSH but elimination of only one
molecule of hydrochloric acid (Irving et al. 2013).

Rat hepatic (not kidney) Cyp450 3A is further able to
oxidize N-acDCVC to form N-acetyl-S-(1,2-
dichlorovinyl)-L-cysteine sulfoxide (N-acDCVCS)
(Werner et al. 1996). Alternatively, DCVC may be oxi-
dized in the liver by flavin-containing monooxigenase 3
(FMO3) to form a Michael acceptor S-(1,2-
dichlorovinyl)-L-cysteine sulfoxide (DCVCS) (Krause
et al. 2003).

Toxicity

It is well established that several metabolisms are re-
quired for manifestation of TRI-induced toxicity
(Elfarra 1997). TRI effects in the liver are attributed to
the oxidative metabolism (Bull 2000), whereas renal
effects are commonly associated with GSH conjugation
(Lash et al. 2000).

Nephrotoxicity is commonly due to DCVC and well
documented in rats or primary cultures of human kidney

cells (Terracini and Parker 1965; Elfarra 1997). DCVC
is activated by BL to form a chlorothioketene (Dekant
et al. 1994; Lock and Reed 2006). Moreover, DCVCS
formed via FMO3 is a reactive electrophile able to
modify cellular molecules (Barshteyn and Elfarra
2009). The role of DCVCS in nephrotoxicity may par-
tially be explained by an incomplete protection by
aminooxiacetic acid (AOAA) (Lash et al. 1994).
Recently, N-acDCVC and N-acDCVCS were shown to
be similarly nephrotoxic in rats (Irving et al. 2013).
These results differ from a previous study, in which N-
acDCVCS was found to be more nephrotoxic in isolated
rat kidney epithelial cells (Werner et al. 1996).

N-acDCVC and N-acDCVCS impact on the S,—S;
segments of the cortico-medullary proximal tubule,
whereas DCVCS mainly affects the S;—S, segments of
the outer cortical area (Irving et al. 2013). De-
acetylation into DCVC is one of the hypothetical mech-
anisms supporting N-acDCVCS nephrotoxicity, but N-
acDCVCS also reacts with endogenous sulthydryl-
containing molecules that are directly involved in cova-
lent modification of cortical kidney proteins (Irving
et al. 2013). Moreover, sulfoxidation of DCVC into
DCVCS is a bioactive process converting DCVCS into
a more potent nephrotoxin than DCVC in rats (Lash
et al. 1994).

Further, DCVC and DCV homocysteine reduce ATP
concentrations intracellularly, thereby affecting thiol con-
tent and several energy-dependent processes, such as
biosynthetic reactions, active transport, maintenance of
cellular ions, and metabolite gradients (Jones et al. 1986).
DCVC can directly act as Michael acceptor with cellular
nucleophiles to form covalent adducts not only in prox-
imal but also in distal tubules (Lash et al. 1994). Chronic
TRI exposure causes cytomegaly, karyomegaly, and tox-
ic nephrosis of tubular epithelial cells in the cortico-
medullary junction in rats (Lock and Reed 20006).
Transient effects on the kidney were also observed after
an acute, nonfatal TRI exposure of a worker in a metal-
degreasing machine (Carrieri et al. 2007).

Gender-related TRI toxicity was observed in rats,
humans, and guinea pigs. Male rats were reported to
be more sensitive to renal toxicity than female rats (Lash
et al. 2001). After treatment with TRI, the excretion of
TCA is significantly higher in female than in male
guinea pigs, whereas no sex difference was observed
in total TCA+TCE amount. This observation might be
explained by the fact that constitutive expression of
Cyp4502E1 in the liver is greater in female than in male
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rats (Hibino et al. 2013). Finally, some findings in
humans exposed to TRI suggest that women are more
susceptible to kidney diseases and diabetes than men
(Davis et al. 2005).

Genotoxicity and carcinogenicity

TRI was recently recognized as carcinogenic in humans
(Guha et al. 2012) and has therefore been inserted in
group 1 (previously group 2A) by the International
Agency for Research on Cancer (IARC) (volume 106,
in preparation). A positive correlation was found be-
tween TRI exposure and renal-cell carcinomas, whereas
epidemiological evidence for an association between
TRI exposure and non-Hodgkin’s lymphoma or liver
cancer was limited. In animals (mice and rats), TRI is
a multisite carcinogen with an increased incidence of
liver, kidney, lung, testes, and hematopoietic cancers
(Guha et al. 2012).

The Environmental Protection Agency (2011) has
not recognized TRI as genotoxic itself. However, recent
research indicates that TRI-spiked water at high doses is
mutagenic in the metabolic-activated Ames test (Tabrez
and Ahmad 2012). Among TRI metabolites, chloral/
chloral hydrate is genotoxic with and without metabolic
activation, inducing mutations, chromosomal aberra-
tions, micronuclei formation, and cell transformation
(Rusyn et al. 2014 and references therein). DCVC
Irving and Elfarra 2013), DCVCS (Daoud and Irving
1977), and N-acDCVC (Vamvakas et al. 1987; Birner
et al. 1993) have strong, direct-acting mutagenic poten-
tial. TCA has no genotoxic properties, whereas
dichloroacetic acid (DCA) shows only moderate evi-
dence. No data are available on TCE and S-(1,2-
dichlorovinyl)-L-glutathione (DCVG).

In addition to the potential genotoxic effects of TRI
to induce kidney cancer, several non-genotoxic mecha-
nisms such as (1) o,,-globulin-associated nephropathy,
(2) cytotoxicity not associated with o,-globulin, and
(3) peroxisome proliferation activated receptor o
(PPARx) activation have been described. There is no
evidence that TRI directly causes o,,-globulin accumu-
lation or induces cell proliferation in rats. However, rats
dosed with TCE accumulate hyaline droplets in the
kidney with a dose-related incidence and severity
(Green et al. 2003a). The second mechanism is due to
the accumulation of toxic metabolites such as DCVC
and DCVCS. In addition, cytotoxicity could be caused
by formic acid formation from the oxidative metabolites
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TCA and TCE (Green et al. 2003a, b). Finally, TCE and
its metabolites may activate PPARx and peroxisome
proliferation in the kidney (Zhou and Waxman 1998;
Goldsworthy and Popp 1987).

Regulatory context

Health assessment information for TRI was reviewed by
the EPA (cfpub.epa.gov); the latest revision is dated
September 28, 2011. Reference dose (RfD oral) and
reference concentration (RfC inhalation) assessments
are summarized in Tables 1 and 2, respectively.

Chronic RfD was estimated as a total of
0.0005 mg kg day™', whereas RfC was extrapolated
route-by-route as 0.002 mg/m® (0.0004 ppm) using a
physiologically based pharmacokinetics (PBPK) model.

In summary, TRI is carcinogenic by its mutagenic
effect on the kidney. The lifetime exposure (0—70 years)
risk levels are in the lower range of the concentration
estimate in Table 3. Table 4 shows the route-to-route
extrapolation of inhalation unit risks to oral slope factors
for kidney cancer, non-Hodgkin’s lymphoma, and liver
cancer.

Tetrachloroethylene

Tetrachloroethylene (TETRA), also known as perchlo-
roethylene or perchlorothene (CASRN 127-18-4), is one
of the most widely used halogenated hydrocarbons.
Similarly to TRI, TETRA is prevalently used as de-
greaser in metallurgy and as substitute of TRI in laun-
dries and drycleaners (Trevisan et al. 2000).

Metabolism

Figure 2 schematically represents the TETRA metabolism.
TETRA is poorly metabolized in the liver via Cyp450 2E1
into an epoxide (Dekant et al. 1987). The parent com-
pound may also be directly GSH-conjugated to form
S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC) and, via L,
is converted into a reactive thioketene (Lash and Parker
2001). The amounts of formed TCVC are relatively small,
but higher than those formed by TRI exposure.

Similarly to TRI, the Cyp450 3A family and FMO3
are involved in the oxidation of TCVC and N-acetyl-
S-(1,2,2-trichlorovinyl)-L-cysteine (N-acTCVC) into the
Michael acceptor S-(1,2,2-trichlorovinyl)-L-cysteine
sulfoxide (TCVCS) (Krause et al. 2003) and N-acetyl-
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Table 1 RfD for chronic oral exposure to TRI reviewed by the EPA (last revision September 28, 2011)

Critical effect

Point of departure UF

Chronic RfD

Decreased thymus weight in female mice, 30-week
drinking water study (Keil et al. 2009)

HEDoo oapr™ 0.048 mg kg day’ 100

Candidate: 0.00048 mg kg day™

Decreased plaque-forming cell (PFC) response, LOAEL: 0.37 mg kg day™ 1000 Candidate: 0.00037 mg kg day™
increased delayed-type hypersensitivity in mice,
drinking water exposure from gestation day 0 to
3 or 8 weeks of age (Peden-Adams et al. 2006)

Increased fetal cardiac malformations in rats, drinking HEDgg gvpro;: 0.0051 mg kg 10 Candidate: 0.00051 mg kg day'1
water exposure from gestation day 1-22 day”
(Johnson et al. 2003)

Multiple® Multiple Multiple  0.0005 mg kg day™

2 The estimate supports an RfD of 0.0005 mg kg day™" and reflects the midpoint among similar RfD candidates

® Ninety-ninth percentile human equivalent dose (HED) to lowest observed adverse effect level (LOAEL) per mouse (0.35 mg kg day™)

using the internal dose metric of metabolized TRI/kg** /day

¢ Ninety-ninth percentile HED for rat internal benchmark dose associated with a 1 % extra risk on a pup basis (BMDL;) 0of 0.0142 mg TRI

oxidized/kg>* /day

S-(1,2,2-trichlorovinyl)-L-cysteine (N-acTCVCS)
(Guyton et al. 2014) in rat (Elfarra and Krause 2007)
and rabbit liver microsomes (Werner et al. 1996; Ripp
et al. 1999). In humans, the GSH metabolic pathway is
relevant for the detection of the mercapturic acid N-
acTCVC in exposed individuals (Birner et al. 1996).

Toxicity

Acute effects of TETRA on the liver and kidney have been
reported in humans and animals. However, even high
doses induce only minimal hepatic damage (Klaassen
and Plaa 1966) caused by the oxidative metabolism
(Buben and O’Flaherty 1985). After GSH conjugation,
the TETRA metabolites are translocated to the kidney

and (as the majority of haloalkenes) are further processed
into nephrotoxic thioketene (Lash and Parker 2001).

The oxidation of TCVC into the reactive metabolite
TCVCS causes a different kind of nephrotoxicity (Elfarra
and Krause 2007), which, both in vivo and in vitro, is
more potent than TCVC (Elfarra and Krause 2007).

Few studies are currently available, which assess
gender differences in the TETRA metabolism. An
in vitro study showed that the §-1,2,2-
trichlorovinylglutathione (TCVG) formation rate
was higher in tissue from male than that from female
rats, thereby suggesting that this initial step contrib-
utes to the degree of renal injury and greater sensi-
tivity of male rats to TETRA nephrotoxicity (Lash
et al. 2002).

Table 2 RfC for chronic inhalation exposure to TRI reviewed by the EPA (last revision September 28, 2011)

Critical effect

Point of departure

UF Chronic RfC

Decreased thymus weight in female mice,
30-week drinking water study (Keil et al. 2009),
route-to-route extrapolation using PBPK model

Increased fetal cardiac malformations in rats,
drinking water exposure from gestation day
1-22 (Johnson et al. 2003), route-to-route
extrapolation using PBPK model

Multiple® Multiple

HEDgo 1 0ap™: 0.19 mg/m® (0.033 ppm) 100

HED99,BMDLOIC: 0.021 mg/m3 (00037 ppm) 10

Candidate: 0.0019 mg/m®
(0.00033 ppm)

Candidate: 0.0021 mg/m’
(0.00037 ppm)

Multiple 0.002 mg/m® (0.0004 ppm)

?The estimate supports an RfD of 0.0005 mg kg day™'

and reflects the midpoint among similar RfD candidates

® Ninety-ninth percentile human equivalent dose (HED) to lowest observed adverse effect level (LOAEL) per mouse (0.35 mg kg day™)

using the internal dose metric of metabolized TRI/kg** /day

¢ Ninety-ninth percentile HED for rat internal benchmark dose associated with a 1 % extra risk on a pup basis (BMDLg;) 0of 0.0142 mg TRI

oxidized/kg>* /day
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Table 3 Drinking water concentrations at specific risk levels for
TRI (source: EPA)

Risk level Lower range of concentration
estimate (pg/l)

1x107* 50

1x107° 5

1x10°° 0.5

Genotoxicity and carcinogenicity

TETRA itself is not recognized as genotoxic (Bartsch
et al. 1979). However, some metabolites such as TCVC
(Vamvakas et al. 1989), TCVG (Vamvakas et al. 1989),
and tetrachloroethylene oxide (Kline et al. 1982) induce
genetic mutations in Sa/monella typhimurium. In mice,
TETRA has been reported to induce DNA damage in
the liver but not in the kidney, hence suggesting an
involvement in genotoxicity and carcinogenicity
(Cederberg et al. 2010). In fact, TETRA causes hepato-
cellular carcinomas in mice and renal tubular cell carci-
nomas in rats (National Toxicology Program 1986).

Recently reviewed epidemiological studies on
TETRA carcinogenicity (Guha et al. 2012; Vlaanderen
et al. 2014) found a positive correlation between expo-
sure and kidney, cervix, bladder, esophagus cancer, as
well as non-Hodgkin’s lymphoma. Furthermore,
TETRA was shown to induce cancer in the hematopoi-
etic system, testes, kidney, and brain of rats (Guha et al.
2012). TETRA was therefore considered as likely carci-
nogenic to humans (Guha et al. 2012), and its classifi-
cation in group 2A was confirmed (International Agency
for Research on Cancer 1995).

Regulatory context

Health assessment information was reviewed by the
EPA (cfpub.epa.gov); the latest revision is dated

October 2, 2012. RfD and RfC assessments for
TETRA are summarized in Tables 5 and 6, respectively.

Chronic RfD was estimated as 0.006 mg kg day ™,
whereas RfC was extrapolated route-by-route as
0.04 mg/m’ using a PBPK model.

In summary, TETRA is carcinogenic by its mutagen-
ic effect on several organs and tissues. The lifetime
exposure (0—70 years) risk levels are in the lower range
of the concentration estimate in Table 7 for oral and
Table 8 for chronic inhalation exposure. Data in Table 8
are from a multistage model with linear extrapolation
from the point of departure (BMCL,,), followed by
extrapolation to humans using the PBPK model of
Chiu and Ginsberg (2011). Table 9 shows the estimated
dose-response incidence of hepatocellular carcinomas
in male mice after TETRA inhalation (EPA, by Japan
Industrial Safety Association 1993).

Hexachloro-1:3-butadiene

HCBD is an olefin (CASRN 87-68.3) prevalently ob-
tained as by-product during the manufacturing of chlo-
rinated solvents and is also used as a vineyard fumigant.
HCBD is detectable in ambient and drinking water, in
aquatic organism, birds, and mammals indicating bioac-
cumulation. However, no biomagnification was ob-
served (World Health Organization 1994).

Metabolism

Figure 3 shows the schematic representation of the HCBD
metabolism. HCBD is GSH-conjugated by liver glutathi-
one S-transferases (GST) to form S-(1,2,3,4,4-pentachloro-
1:3-butadienyl)-L-glutathione (PCBG), which is then
removed to the bile, reabsorbed by the intestine,
and subsequently translocated to the kidney (Birner
et al. 1998). In the kidney, PCBG is metabolized
by renal +y-glutamyltransferase (GGT) and

Table 4 Route-to-route extrapolation of site-specific inhalation unit risks to oral slope factors (source: EPA)

Kidney Non-Hodgkin’S lymphoma Liver
Inhalation unit risk (risk per ppm) 549x107 1.10x1072 549x10°°
ppm per mg kg day™’ 1.70 1.97 2.82
Oral slope factor (risk per mg kg day™) 9.33x107° 2.16x1072 1.55x1072
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Fig. 2 TETRA metabolism. Abbreviations: TETRA tetrachloro-
ethylene; 7CA trichloroacetic acid; 7CVG S-(1,2-trichlorovinyl)-L-
glutathione; T7CVC S-(1,2-trichlorovinyl)-L-cysteine; DCTK
dichlorothioketene; N-acTCVC N-acetyl-S-(1,2-trichlorovinyl)-L-
cysteine; TCVCS S-(1,2-trichlorovinyl)-L-cysteine sulfoxide;

cysteinglycinase into S-(1,2,3,4,4-pentachloro-1:3-
butadienyl)-L-cysteine (PCBC). Its acetylation pro-
duces the final metabolite N-acetyl-S-(1,2,3,4,4-
pentachloro-1:3-butadienyl)-L-cysteine (N-
acPCBC). Both PCBC and N-acPCBC are accumu-
lated by the organic anion transport system in the
kidney. The former may be cleaved by renal (3L,
producing a reactive thioketene with nephrotoxic
effects, whereas the latter is excreted into the
urine. Two diastereomers, (R) and (S)-N-
acPCBCS, respectively, have also been reported,
but only (S) diastereomer is conjugated to GSH
(Birner et al. 1998).

In male rats, the predominantly produced metabolite
is N-acetyl-S-(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-

Cyp450 cytochrome P-450; GST glutathione S-transferases; GGT
v-glutamyltransferase; CGlyase cysteinylglicinase; Glu glutamic
acid; Gly glycine; L cysteine-conjugate 3-lyase; NAT N-acetyl-
transferase; FMO3 flavin-containing monooxigenase 3. Adapted
from Guyton et al. (2014)

cysteine sulfoxide (N-acPCBCS) derived from the sex-
specific oxidation of N-acPCBC by Cyp450 3A1/2
(Birner et al. 1998).

Toxicity

Insufficient data are available on HCBD toxicity in
humans. However, in general, each metabolic step is
an order of magnitude lower in humans than in rats
(Green et al. 2003b).

Several experimental studies have been conducted to
assess HCBD toxicity in animals. Ishmael et al. (1982)
established that HCBD causes necrosis of the pars recta of
the proximal tubule in the kidney. This initial observation
was confirmed by several other studies (Trevisan et al.

Table 5 RfD for chronic oral exposure to TETRA reviewed by the EPA (last revision October 2, 2012)

Critical effect Point of departure® UF Chronic RfD

Neurotoxicity (reaction time, cognitive effects) LOAEL: 9.7 mg kg day™ 1000 Candidate: 0.0097 mg kg day™
in occupationally exposed adults
(Echeverria et al. 1995)

Neurotoxicity (color vision) in occupationally LOAEL: 2.6 mg kg day™ 1000 Candidate: 0.00026 mg kg day™
exposed adults (Cavalleri et al. 1994)

Multiple® Multiple Multiple 0.006 mg kg day™

4 Midpoint supported by the two principal studies

® Route-to-route extrapolation from inhalation exposure using PBPK model (Chiu and Ginsberg 2011)
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Table 6 RfC for chronic inhalation exposure to TETRA reviewed by the EPA (last revision October 2, 2012)

Critical effect Point of departure UF Chronic RfC

Neurotoxicity (reaction time, cognitive effects) in LOAEL: 56 mg/m’ 1000 Candidate: 0.056 mg/m®
occupationally exposed adults (Echeverria et al. 1995)

Neurotoxicity (color vision) in occupationally exposed LOAEL: 15 mg/m’ 1000 Candidate: 0.015 mg/m?
adults (Cavalleri et al. 1994)

Multiple® Multiple Multiple 0.04 mg/m’

#Midpoint supported by the two principal studies

1998, 1999, 2001; Cristofori et al. 2007, Maguire et al.
2013). Transcriptome studies showed a dose-dependent
down-regulation of regucalcin, a calcium-binding protein
(Chiusolo et al. 2008) and an up-regulation of kidney
injury molecule-1 (KIM-1), a type I cell membrane protein
(Chiusolo et al. 2010). In young adult rats, the accumula-
tion of hyaline droplets was observed in tubular cells
independently from the administered dose (Birner et al.
1995; Pahler et al. 1997; Cristofori et al. 2013).

HCBD reduces p-aminohippurate accumulation
(Berndt and Mehendale 1979) and induces lipid peroxida-
tion in renal cells (Sadeghnia et al. 2013). According to the
metabolic pathway of halogenated alkenes into nephrotox-
ic thioketenes, nephrotoxicity of HCBD is commonly
attributed to PCBC. Similarly to TRI and TETRA metab-
olisms, N-acPCBCS is directly cytotoxic for proximal
tubular cells (Birner et al. 1998). This effect is independent
from L activation, as demonstrated by cytotoxicity also
in the presence of a 3L inhibitor such as AOAA (Birner
et al. 1995). Interestingly, administration of low doses of
HCBD to mildly hyperoxaluric rats induces crystalluria
(Gambaro et al. 2006).

Studies on the sex-related nephrotoxicity of HCBD
have remained inconclusive. Birner et al. (1995) found
that HCBD-induced renal effects are more severe in
male than in female rats in accordance with sex-
specific sulfoxide metabolite formation. Whereas other

Table 7 Drinking water concentrations at specific risk levels for
TETRA (EPA)

Risk level Lower range of
concentration estimate (j1g/1)

1x107 2000

1x107° 200

1x10°° 20

Unit risk assuming 2 | of water consumption/day by a 70-kg
human

@ Springer

authors found that female rats were about four times
more sensitive to HCB than male rats (Hook et al. 1983;
Kuo and Hook 1983; Ishmael and Lock 1986; Trevisan
et al. 2005). These findings might be due to differences
in hepatic and renal enzymes, which are responsible for
the detoxification and/or activation of HCBD. In partic-
ular, female rat kidneys show a marked dose-related
decrease in non-protein sulthydryl content (Hook et al.
1983). Consistently, HCBD is more and earlier nephro-
toxic in female than male rats (Trevisan et al. 2005),
while aging does not increase susceptibility (Zanetti
et al. 2010). No sex-dependent differences in nephro-
toxicity were observed in mice (Lock et al. 1984).

Genotoxicity and carcinogenicity

Chlorovynyl-substituted cysteine conjugates are muta-
genic in the Ames test even in the absence of activating
enzymes (Dekant et al. 1986), whereas HCBD itself is
not recognized as genotoxic (reviewed in Dekant et al.
1990). IARC classified HCBD in group 3 for not having
a recognized carcinogenic potential in humans or ani-
mals (International Agency for Research on Cancer
1999). However, available research indicates that ade-

Table 8 Air concentration at specific risk levels for TETRA
(EPA)

Risk level Lower range of
concentration estimate (ug/m*)
1x107* 400
1x107 40
1x107° 4

Multistage model with linear extrapolation from the point of
departure [benchmark concentration associated with a 10 % extra
risk (BMCL,)], followed by extrapolation to humans using the
PBPK model (Chiu and Ginsberg 2011)
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Table 9 Estimated dose—response incidence for hepatocellular
carcinomas in male mice by TETRA inhalation (EPA, Japan
Industrial Safety Association 1993)

Concentration Total liver oxidative Tumor

(ppm) metabolism incidence
(mg kg‘ms day™)

0 0 13/46

10 2.25 21/49

50 8.25 19/48

250 33.6 40/49

nomas and adenocarcinomas of the kidney are induced
by this olefin (Kociba et al. 1977). Hence, HCBD was
reviewed by the EPA for its carcinogenic potential (see
next section and Tables 10 and 11).

Regulatory context

Health assessment information was reviewed by the
EPA (cfpub.epa.gov); the latest revision for RfD assess-
ment (status withdrawn) is dated January 5, 1993. No

HCBD
24
lGST g
]
PCBG _
GGT (-Glu) )
CGlyase (-Gly)
BL NAT >
PCTK < PCBC > N-acPCBC g
=)
4
FMO3
l or
Cyp450 3A
PCBCS ???
N-acPCBCS

Fig. 3 HCBD metabolism. Abbreviations: HCBD hexachloro-
1:3-butadiene; PCBG S-(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-
glutathione; PCBC S-(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-
cysteine; PCTK pentachlorothioketene; N-acPCBC N-acetyl-S-
(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-cysteine; PCBCS S-
(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-cysteine sulfoxide; N-
acPCBCS' N-acetyl-S-(1,2,3,4,4-pentachloro-1:3-butadienyl)-L-
cysteine sulfoxide; Cyp450 cytochrome P-450; GST glutathione
S-transferases; GGT <y-glutamyltransferase; CGlyase
cysteinylglycinase; Glu glutamic acid; Gly glycine; 5L cysteine-
conjugate (3-lyase; NAT N-acetyltransferase, FMO3flavin-contain-
ing monooxigenase 3. Adapted from Birner et al. (1998)

Table 10 Drinking wa-

ter concentrations at spe- Risk level Concentration (pg/l)
cific risk levels for

HCBD: data for carcino- 13107 50

genic risk after oral ex- 1x107° 5

posure (EPA) 1x10°¢ 05

data are available for RfC assessment. The carcinoge-
nicity assessment was revised on January 4, 1991 and is
summarized in Tables 10 and 11.

Concluding remarks

GSH-dependent bioactivation is a common pathway of
nephrotoxicity caused by haloalkanes (Guengerich
2003) and haloalkenes (Anders 2004). GSH conjugation
is the common link between halogenated hydrocarbons
with the formation of an episulfonium ion as possible
fate of vicinal halomethanes and cysteine conjugate
formation by PL-mediated cleavage of haloalkenes
(Anders 2004).

The aims of this review were to summarize the met-
abolic pathways involved in the nephrotoxic effects of
the three well-known haloalkenes TRI, TETRA, and
HCBD and to emphasize the role of BL and the oxida-
tive metabolism for renal toxicity.

“Lethal cleavage” by BL is the best-characterized
event underlying the toxic effects of haloalkenes in
experimental settings. However, the severity of toxicity
may vary considerably. As assessed by histopathologi-
cal examination, TCVC is more toxic than DCVC,
which in turn is more toxic than PCBC. These results
correlated with an increase in mercapturic acid secretion
and toxicity was more pronounced in male rats (Birner
et al. 1997). Moreover, two alternative oxidative path-
ways involving cysteine S-conjugates (mediated by
FMO3) and N-acetyl-S-conjugates (mediated by

Table 11 Dose-response data (carcinogenic oral exposure) for
renal tubular adenomas and adenocarcinomas in rats (Kociba et al.
1977)

mg kg day™ HED (mg kg day™) Tumor incidence
0 0 1/90
0.2 0.04 0/40
2.0 0.4 0/40
20.0 4.0 9/39
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Cyp450 3A) form derived sulfoxides, which represent
additional factors underlying toxic effects. Among the
three haloalkenes, the TRI and TETRA metabolisms
form sulfoxides both through DCVC (or TCVC) and
N-acDCVC (N-acTCVC), whereas HCBD forms only
N-acPCBDS. It is important to note that sulfoxide me-
tabolites were shown both in in vitro and in vivo studies
to be more toxic than cysteine-conjugates derivates
(Birner et al. 1998; Elfarra and Krause 2007; Irving
et al. 2013). The Cyp450 3A family, on the other hand,
is sex specific and its expression has been reported in
adult male rats (Wemer et al. 1995) and rabbits only
(Ripp et al. 1999).

In conclusion, haloalkenes are highly nephrotoxic
in vivo and in vitro, based on three common metabolic
pathways. Their mechanisms are well documented;
however, little information is available on toxicity in
humans, except for high levels of exposure and the
carcinogenic effects well established for TRI (group 1,
carcinogenic for humans) (Guyton et al. 2014) and
TETRA (group 2A, probably carcinogenic for humans).
On the contrary, HCBD is not recognized as carcino-
genic in humans.
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