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  Pref ace   

 This book is designed to highlight the best-characterized aspects of trichloroethyl-
ene (TCE) toxicity. These include both cancer and non-cancer endpoints. 
Epidemiologic data concerning the effects of TCE on human health are presented, 
as well as results obtained in animal models. When available, mechanistic informa-
tion was provided, and future research directions were outlined. 

 As noted in recent toxicological reviews of trichloroethylene by the National 
Research Council and the US Environmental Protection Agency, the evidence on 
human health hazards from TCE exposure has strengthened in recent years. Among 
other things, this has led to TCE being upgraded as a carcinogen. Based on the like-
lihood of exposure together with likely negative health impact, TCE is ranked 16th 
out of 275 chemicals on the CERCLA (Comprehensive Environmental Response, 
Compensation, and Liability Act) list of hazardous chemicals. TCE use in the work-
place has declined in recent years. However, due to improper disposal methods TCE 
is a common water contaminant. Although TCE levels in community water systems 
are generally monitored, TCE levels in private wells (a common source for irriga-
tion, and the source of drinking water for about 10 % of Americans) are often 
unknown. Contact with TCE may be elevated for people living near waste facilities 
where TCE is released, residents of some urban or industrialized areas, or individu-
als using TCE-containing products. 

 The book begins with a history of TCE use in the US. Chapter   1     highlights the 
many commercial uses of TCE and explains why its use as a solvent, spot remover, 
defatting agent in food processing, and even anesthetic, was so wide-spread. 
Chapters   2    ,   3    , and   4     characterize TCE immunotoxicity. Chapter   2     discusses the 
autoimmunity associated with adult TCE exposure in both human and mouse mod-
els. Chapter   3     focuses on dermal and systemic hypersensitivity caused by occupa-
tional exposure to TCE. Chapter   4     discusses TCE-induced protein oxidation and its 
role in immunotoxicity. Chapters   5     and   6     characterize neurotoxicity linked to TCE 
exposure, namely Parkinson’s disease and other persistent and neurological changes. 
Most epidemiological and experimental studies of TCE toxicity have focused on 
adult exposure. However, the developing organ systems appear to be especially 
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sensitive to environmental perturbation. Along these lines, Chaps.   7     and   8     discuss 
developmental toxicity associated with TCE exposure during gestation and/or early 
life. Chapter   7     focuses on the effects of TCE on the brain and immune system, while 
Chap.   8     centers on how TCE impacts the developing heart. Chapter   9     discusses the 
connection between TCE and kidney cancer, and highlights the regulatory pathway 
taken to have the chemical classifi ed as a carcinogen. The last two chapters in the 
book discuss aspects of TCE toxicity that represent important future directions in 
TCE research. Chapter   10     discusses the possible role that TCE-induced epigenetic 
changes, specifi cally DNA methylation, plays in the toxicity of the chemical. Lastly, 
Chap.   11     focuses on mathematical modeling of TCE toxicity, and goes beyond 
pharmacokinetics to discuss use of pharmacodynamic modeling to tease out contri-
butions to etiology. 

 We would like to acknowledge the chapter authors for their efforts in creating 
this book. Even though they all have many demands on their time, they generously 
contributed toward this effort to publicize the toxicity of this threat to human health. 

 Little Rock, AR, USA  Kathleen M. Gilbert 
 Little Rock, AR, USA  Sarah J. Blossom 
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    Abstract     The use of trichloroethylene (TCE) spans a period beginning in the early 
twentieth century and continuing to the present day. Although the largest use of 
TCE in terms of volume was in the degreasing of metals, it was also used in dry 
cleaning, textile processing, food processing, medical applications, chemical pro-
duction, and a variety of consumer products. The use and production of TCE evolved 
signifi cantly over time in response to market conditions, historical events, economic 
climate, technology development, environmental regulations, toxicity concerns, and 
the availability of competing products. The spillage and disposal of TCE resulted in 
the contamination of countless groundwater supply wells, the cleanup of which will 
likely continue for decades to come.  

  Keywords     Trichloroethylene   •   History   •   Trichloroethene   •   TCE  

1.1         Introduction 

 Trichloroethylene (TCE, C 2 HCl 3 ), also known by its IUPAC 1  name of trichloroeth-
ene and a host of other chemical and trade names (see Table  1.1 ), has been used for 
a variety of industrial, commercial, medical, and consumer applications. Its wide-
spread use, particularly in the mid-twentieth century, stemmed from its powerful 
solvent action on fats, greases, oils, resins, waxes, and a variety of other natural and 
synthetic substances. The use of TCE as an industrial metal cleaning agent, 

1   IUPAC, the International Union of Pure and Applied Chemistry, is recognized as the world 
authority on chemical nomenclature. 

    Chapter 1   
 History of TCE 

                Richard     E.     Doherty     

        R.  E.   Doherty ,  PE, LSP      
  Engineering & Consulting Resources, Inc. ,   966 ,  Acton ,  MA   01720 ,  USA   
 e-mail: rdoherty@alum.mit.edu  
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  Table 1.1    Synonyms for 
trichloroethylene 
(Doherty  2000 ; IARC  1997 ; 
Barbalace  2013 )  

  Chemical names:  
  1,1,2-trichloroethylene 
  1,2,2-trichloroethylene 
  1,1-dichloro-2-chloroethylene 
  1-chloro-2,2-dichloroethylene 
  Acetylene trichloride 
  Ethinyl trichloride 
  Trichloroethene 
  Ethylene trichloride 
  Trade names (manufacturer names in italics):  
  Algylen 
  Alk-Tri  (Dow Chemical)  
  Anamenth 
  Benzinol 
  Blacosolv (industrial grade) (G.S. Blakeslee) , Blancosolv 
  Cecolene 
  Chlorylen, Chlorilen, Chlorylea 
  Circolsolv 
  Crawhaspol 
  Densinfl uat 
  Dow-Tri  (Dow Chemical)  
  Dukeron 
  Ethyl Trichloroethylene (industrial grade) 
  Ex-Tri  (Dow Chemical)  
  Fleck-Flip, Flock Flip 
  Fluate 
  Gemalgene, Germalgene 
  Hi-Tri  (Dow Chemical)  
  Lanadin 
  Lethurin 
  Narcogen, Narkogen 
  Narcosoid, Narkosoid 
  NCI-C04546 
  Neu-Tri  (Dow Chemical)  
  Nialk, Nialk Trichlor ( Hooker Chemical)  
  Perm-A-Clor ( Hooker-Detrex, Inc. ) 
  Petzinol 
  Philex, Phillex (industrial grade) 
  Stauffer Trichloroethylene  (Stauffer Chemical)  
  Threthylen, Threthylene, Trethylene 
  Triad, Triad-E  (Hooker-Detrex, Inc.)  
  Tri, Trial, Triasol 
  Trichlooretheen, Trichloorethyleen 
  Trichloraethen, Trichloraethylen 
  Trichlor Type 113/114/115/122 (industrial grade) 
  Trichloran, Trichloren 
  Tricloretene, Tricloroetilene 
  Triclene, Tri-Clene ( DuPont, Diamond Shamrock ) 

R.E. Doherty



3

primarily in the vapor degreasing process, was undoubtedly its largest use in terms 
of quantity. However, other important uses existed. This chapter explores major 
uses of TCE and how they evolved over time, and briefl y discusses TCE’s role as an 
environmental contaminant.

   TCE was fi rst prepared in 1864 by Dr. E. Fischer of Neustrelitz, Germany 
(Fischer  1864 ). However, TCE was not utilized for commercial or industrial pur-
poses until over 40 years after Dr. Fischer’s work. Potential commercial applica-
tions in dry cleaning, textiles, varnishes, and as an extraction agent for fats led to the 
construction of production facilities in Yugoslavia in 1908 (Gerhartz  1986 ) and 
Germany in 1910 (Mellan  1957 ). In the United States, limited production by Dow 
Chemical and the Carbide and Carbon Chemicals Corporation (a predecessor of 
Union Carbide) began in 1921. The Roessler & Hasslacher Company (a predecessor 
of DuPont) began production in Niagara Falls, New York in 1925 (Doherty  2000 ). 

 TCE was produced by a variety of methods that evolved over time. The primary 
production process, developed in Austria in approximately 1905, involved the chlori-
nation of acetylene to produce 1,1,2,2-tetrachloroethane, which was then dehydro-
chlorinated to produce TCE (Hardie  1964 ). During the 1970s, the rising price of 
acetylene gradually rendered this method uncompetitive, and the last major manufac-
turing plant in the United States (US) that utilized the acetylene process was closed 
by Hooker Chemical in 1978. More recent widely-used production processes include 
high-temperature chlorination of ethylene or 1,2-dichloroethane, and the oxychlori-
nation of ethylene or C 2  chlorinated hydrocarbons (Mertens  1991 ). All three of these 
major production methods yield tetrachloroethylene (PCE) in addition to TCE. 

 Pure TCE slowly auto-oxidizes in the presence of air, and rapidly degrades when 
in contact with aluminum. Beginning in approximately the mid-1930s, commercial 
grades of TCE included low concentrations (typically 0.1–0.5 %) of stabilizing 
chemicals to counteract the deleterious effects of acids, certain metals, oxygen, 
heat, and/or light. Stabilizers used for TCE generally fall into one of three classes: 

  Trielina, Trielene, Trielin, Trieline 
  Triklone (industrial grade) 
  Trilene, Trilen, Triline (anesthetic grade) 
  Trimar 
  Triol 
  Tri-Paint Grade (industrial grade) 
  Tri-Plus, Tri-Plus M 
  Trisan 
  Trivec 
  Tromex 
  Un 1710 
  Vapoclean 
  Vapoclor 
  Vestrol 
  Vitran 
  Westrosol 

Table 1.1 (continued)

1 History of TCE
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acid acceptors to neutralize hydrogen chloride, metal stabilizers to form complexes 
with metal salts, and antioxidants to retard formation of oxidation products. Acid 
acceptors used prior to 1954 commonly included trimethylamine, triethylamine, 
and diisopropylamine, which were of limited effectiveness because they were con-
sumed in the neutralization process. The introduction of a neutral, pyrrole-based 
stabilizer formulation by DuPont in the mid-1950s began the transition away from 
amine-based formulations. Other chemicals used as TCE stabilizers included alco-
hols, esters, ethers, substituted phenols and epoxides (primarily epichlorohydrin 
and butylene oxide). TCE used as an analgesic contained 0.008–0.012 % thymol as 
an anti-microbial agent. Dyes such as waxoline blue were sometimes added to help 
distinguish TCE from chloroform (Aviado et al  1976 ; Doherty  2000 ). 

 Production volumes of TCE in the United States are shown on Fig.  1.1 . TCE 
production reached a short-term peak in the mid-1940s to meet World War II 
demands for production and cleaning of military equipment. Similar to nearly all 
industrial materials, TCE’s production and distribution were strictly controlled by 
the United States government during the World War II years to allow military and, 
to a lesser extent, essential civilian demands to be met. The evolution of the various 
US government orders that restricted the use of TCE and allocated available sup-
plies are described by Doherty ( 2012 ).

   After World War II, TCE production continued to increase, primarily in response 
to its use in metal degreasing. Civilian and Korean War-related demand led to a 
December 1950 US ban on hoarding of TCE and 54 other scarce materials (J City 
Post Tribune  1950 ). Although TCE producers signifi cantly expanded production 
capacity in the post-war years, supplies remained relatively scarce until the economic 
slowdown of the late 1950s. During the 1960s, decreased imports, high demand for 
vapor degreasing solvent, and military demand associated with the Vietnam War 
caused TCE’s production in the US to increase signifi cantly, reaching a peak in 1970 
when approximately 600 million pounds were produced (US Tariff Comm  1971 ). 
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  Fig. 1.1    US production of TCE (Doherty  2000 ; Lee et al.  2003 ; Leppart  1945 )       
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 One of the fi rst environmental regulations to signifi cantly affect demand for 
TCE was California’s Rule 66, a law intended to control the use of smog-promot-
ing chemicals. Enacted in August 1966, Rule 66 caused many TCE users in 
California to switch to alternative solvents such as PCE or 1,1,1-trichloroethane 
(C&EN  1969 ). On a national level, the 1970 Clean Air Act regulated TCE as an 
air pollutant and set emission limits on users in ozone non-attainment areas. In 
March 1975, the National Cancer Institute (NCI) released its fi nding that TCE 
caused cancerous tumor growth in mice livers (NCI  1976 ). In 1976, the US 
Environmental Protection Agency (EPA) added TCE to its Hazardous Substances 
List. These and other factors (including the shutdown of TCE plants utilizing the 
acetylene process) led to signifi cant reductions in production and use of TCE 
throughout the 1970s. 

 While environmental regulations contributed to a continued decline in TCE pro-
duction and use in the 1980s, they resulted in a minor resurgence in use in the 1990s. 
The 1990 Clean Air Act Amendments and the 1990 amendments to the Montreal 
Protocol set dates by which the use of 1,1,1-trichloroethane, 1,1,2-trichloro-1,2,2- 
trifl uoroethane, and carbon tetrachloride (among other chemicals) would be severely 
restricted. Many users of these chemicals turned to TCE as a substitute, contributing 
to a reported 10 % annual increase in TCE consumption in the US between 1993 
and 1996 (Leder  1999 ). 

 Between 1996 and 2012, annual US exports of TCE ranged from a low of 36.8 
million pounds in 2005 to a high of 84.4 million pounds in 1998. In 2011 and 2012, 
over 50 million pounds were exported each year. Major importers were Korea, the 
Netherlands, and China, each of whom imported over 100 million pounds from the 
US over the 17-year period (USITC  2013 ). Global consumption of TCE in 2011 
was estimated at 945 million pounds, of which 255 million pounds was in the US 
(Glauser and Funda  2012 ).  

1.2     TCE Uses 

1.2.1     Dry Cleaning and Textile Processing 

 TCE, along with carbon tetrachloride, was one of the fi rst chlorinated solvents to be 
used in dry cleaning as a substitute for petroleum-based cleaners. While the chlori-
nated solvents were historically more expensive than petroleum cleaners, they 
offered two major advantages: they had essentially no risk of fi re or explosion, and 
they did not leave a residual odor on dry-cleaned clothing. TCE’s use in dry clean-
ing began in approximately 1930, and increased throughout the decade. However, 
dry cleaning use decreased after it was found to cause bleeding of dyes on cellulose 
acetate fi bers (Chem Wk  1953 ). 

 TCE formulations prepared for use in the textile industry were available in 
England as of 1912 (Chem Tr J Chem Eng  1912 ). TCE was used to scour wool, 
cotton, and other fabrics, and as a solvent in dyeing and fi nishing operations. 

1 History of TCE
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In the years following World War II, TCE was used to remove waxes and oils 
from natural and artifi cial fabrics in preparation for desizing, bleaching, dyeing, 
printing and fi nishing (Hardie  1964 ). As of the early 1990s, it was in use as a 
carrier solvent for spotting fl uids, and in waterless dyeing and fi nishing opera-
tions (Mertens  1991 ). The 1990 restrictions on the use of 1,1,1-trichloroethane 
prompted the textile industry to use TCE to remove oil and grease stains from 
fabrics (Mirza et al.  2000 ).  

1.2.2     Metal Cleaning and Degreasing 

 TCE’s predominant use was as a degreasing agent, an application for which the 
chemical was remarkably well-suited due to its solvent action, noncorrosivity, 
rapid evaporation, lack of fl ammability, and ease of recycling. TCE was used for 
this purpose by a variety of industries, including electronics, defense, aerospace, 
aviation, rail, shipbuilding, and automotive, among others. Among the many hun-
dreds of TCE’s cleaning applications was the fl ushing of liquid oxygen tanks, liq-
uid hydrogen tanks, and associated piping systems by the aerospace industry (PPG 
Ind  1999 ). 

 Although TCE was utilized for so-called “cold cleaning” (i.e., cleaning using 
room-temperature TCE), its major metal cleaning use was in vapor degreasing 
machines, the use of which dates back to the 1920s. By the mid-1930s, vapor 
degreasing technology had evolved to the point where these machines were used by 
many leading manufacturers of metal products (Davidson  1938 ). By the 1940s, the 
largest use of TCE was in the vapor degreasing of metals (Kirk and Othmer  1949 ). 
As of 1952, 92 % of TCE produced in the US was used in vapor degreasing (Chem 
Wk  1953 ). This percentage remained relatively constant until the mid-1970s, when 
it dropped to approximately 80 % due to the increased use of the less toxic 
1,1,1- trichloroethane in vapor degreasers (Doherty  2000 ). 

 In its simplest form, a vapor degreaser consists of a metal rectangular container 
with an open top. A shallow layer of liquid TCE 2  at the bottom of the container is 
heated, causing TCE vapors (which are heavier than air) to rise into the middle and 
upper portions of the container. Near the top of the container are cooling coils that 
cause TCE vapors in the upper portions to condense, thereby inhibiting their escape 
from the container. Objects to be cleaned are placed in the TCE vapor zone that 
exists above the liquid TCE and below the cooling coils. Because the objects are 
initially at a lower temperature than the TCE vapors, TCE condenses on the objects, 
and dissolves oils, greases, and other soluble materials that may be present. The 
condensed TCE, along with dissolved materials, drips off the objects into the liquid 
layer below. When the objects reach the temperature of the vapors, condensation 

2   The most widely used vapor degreasing solvents other than TCE were PCE and 
1,1,1- trichloroethane. The latter compound did not see signifi cant use in vapor degreasing until 
roughly the mid-1960s due to diffi culties with stabilization. 

R.E. Doherty
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ceases. When the objects are removed from the degreaser, residual TCE quickly 
evaporates, leaving the work clean, dry and ready for further processing, such as 
painting, welding, inspection, or shipment. 

 Oils, greases, and other materials removed in the vapor degreasing process accu-
mulated in the TCE reservoir at the bottom of the degreaser. As the concentrations 
of these impurities increased, the effectiveness of the solvent decreased. Therefore 
the TCE needed to be periodically replaced with fresh solvent, or distilled to remove 
impurities. The spent TCE and accumulated materials (or the still bottoms left after 
distillation) needed to be removed for recycling or disposal. Historical disposal 
practices of these wastes led to the introduction of TCE into soil and groundwater, 
as discussed further below. 

 Variations on the typical vapor degreasing process included the addition of 
steps where objects were immersed in liquid solvent, or subjected to a solvent 
spray. Some models included a distillation unit to recover used solvent. Because 
the vapor degreasing process involved exposure to metals at elevated tempera-
tures, vapor degreasing grades of TCE included stabilizers to help prevent solvent 
degradation. 

 TCE, as well as other solvents, were used in ultrasonic cleaning machines that 
combined the solvent power of TCE with the agitation caused by high-frequency 
sound waves. These machines typically employed solvent in liquid rather than vapor 
form, and were best-suited to cleaning small parts with openings or recesses that 
were diffi cult to clean by other methods. The use of TCE in ultrasonic cleaners dates 
back to approximately 1953 (Business Week  1953 ).  

1.2.3     Other Industrial, Commercial and Military Uses 

 In addition to its primary use as a metal cleaning agent, TCE was also used to a 
lesser degree as a refrigerant; a heat transfer medium; a cleaner for optical lenses 
and fi lm; a solvent for fats, waxes, resins, oils, perfumes, greases, rubber, paints, 
and varnishes; and an ingredient in printing inks, paint strippers, lacquers, lubri-
cants, pesticides, paints, adhesives, and rust preventors (Hardie  1964 ; Huff  1971 ; 
Doherty  2000 ). 

 During World War I, TCE was used extensively in Germany as a substitute for 
benzene and alcohol in the dissolution of fats. Four cases of poisoning at a German 
munitions plant were reported by Plessner in 1916. Exposure to TCE used as a sub-
stitute for carbon tetrachloride in the preparation of brake linings was cited as the 
cause of death of a New Jersey worker in 1923 (Hamilton  1925 ). 

 Carbon tetrachloride-based fi re extinguishers, used for fi ghting liquid and elec-
trical fi res throughout the early-to-mid-twentieth century, could be utilized in con-
ditions below carbon tetrachloride’s −9 °F (−23 °C) freezing point by adding 
TCE. During World War II, the US Army Air Force recommended that TCE be 
added to carbon tetrachloride fi re extinguishers to be used in cold conditions (HQ 
AAF  1944 ). 

1 History of TCE
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 TCE was used by the chemical industry in the production of polyvinyl chloride, 
chloroacetic acid, hydrofl uorocarbons, pharmaceuticals, insecticides, fungicides, 
fi re retardants, fertilizer, and synthetic rubber (Leppart  1945 ; USEPA  1979 ; Doherty 
 2000 ). One of the major current uses for TCE is as a feedstock in the production of 
refrigerants (ICIS  2010 ).  

1.2.4     Medical Uses 

 The use of TCE in the medical fi eld included use as a general anesthetic and an 
analgesic in dental extractions, childbirth and other short surgical procedures 
(NIOSH  1975 ). Veterinary applications included use as an anesthetic for dogs, pigs, 
and cats, and as a disinfectant and detergent for surgical instruments and minor 
wounds (Huff  1971 ). 

 Reports of TCE’s use in medicine date back to 1915, when it was used on a trial 
basis in Europe as an inhalant for the treatment of trigeminal neuralgia (Oppenheim 
 1915 , cited in Parkhouse  1965 ). Reports of similar trials in the US date to 1928 
(Oljenick  1928 , cited in Parkhouse  1965 ). Due to the limited success of these trials 
and the fi nding that TCE had no specifi c effect on the trigeminal nerve, TCE was not 
widely used in the treatment of trigeminal neuralgia. 

 The use of TCE to anesthetize dogs was reported by Jackson in 1933 (Jackson  
 1934 ). In 1934, a pharmaceutical grade of TCE became available in England, 
and was recommended for cleaning wounds and burns (Hardie  1964 ). In 1935, 
Striker et al. reported on the use of TCE as an anesthetic and analgesic in over 
300 cases (Striker  1935 ). In 1936, the Council on Pharmacy and Chemistry of 
the American Medical Association concluded that “the available evidence does 
not justify the acceptance of trichloroethylene for use as a general anesthetic” 
(JAMA  1936 ). However, the wartime need for a non-fl ammable anesthetic led to 
additional trials, and TCE became widely used for this purpose during the World 
War II years. 

 The use of TCE as an anesthetic was generally more common in Europe than 
in the US (Bundesen  1953 ). However, an estimated 35,000 l of TCE were used as 
an anesthetic and analgesic in the US in 1958 (Huff  1971 ). TCE’s use as a general 
inhalational anesthetic decreased after the introduction of halothane in 1956 but it 
continued to be used throughout the 1960s (Aviado et al  1976 ). By 1975, it was 
estimated that no more than 60,000 patients per year were anesthetized using TCE 
(Seltzer  1975 ). 

 TCE was found to be an effective analgesic during proctoscopic examinations, 
for post-operative pain relief, for narcohypnosis, for angina pectoris, and for preg-
nant women in early stages of labor (Aviado et al  1976 ). TCE was used as an 
anesthetic during the birth of Queen Elizabeth’s fi rst child (Stafford  1952 ). 
Methods for self-administration of TCE by expectant mothers in labor were in use 
in the mid- 1950s (Miles  1954 ). The widespread use of TCE in obstetrical analge-
sia was described by Parkhouse ( 1965 ), who described it as “the most convenient 
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form of inhalation analgesia in terms of apparatus; it is certainly more effective 
that nitrous oxide/air, and involves less danger of maternal and fetal hypoxia.”  

1.2.5     Food Processing 

 TCE was used in the food processing industry primarily for extraction of fats, oils, 
and other substances from fi sh meal, meat meal, oil-containing seeds, soybeans, and 
coffee beans (Hardie  1964 ). Additional applications as of the mid-1950s included 
the extraction and purifi cation of olive, maize, linseed, and other edible oils (Mellan 
 1957 ). It was also used as a fumigant for grains and other foodstuffs (OPM  1941 ), 
and in the preservation of eggs and fruit. The use of TCE for fat extraction dates 
back to at least 1916, when cattle poisonings were attributed to the use of TCE in 
defatting soybean oil meal animal feeds (Huff  1971 ). Extensive losses of cattle in 
Europe between 1923 and 1925 were attributed to the same source. Nevertheless, by 
1927, “large and ever-increasing quantities” of TCE were being used by the food 
processing industry as an extraction solvent for natural fats and palm, coconut and 
soybean oils (Mertens  1991 ; Ind Chem  1927 ). In the US, the attribution of hemor-
rhagic diseases in cattle fed with TCE-treated soybean meal led to the voluntary 
withdrawal of the product in 1952 (Chem Wk  1953 ; Huff  1971 ). 

 Other reported uses of TCE included hop extraction and removal of oleoresins 
from spices (Mertens  1991 ; Seltzer  1975 ). TCE was one of a number of chemicals 
historically used to extract caffeine from coffee beans to produce decaffeinated 
coffee. As of 1975, the US Food and Drug Administration (FDA) limited TCE 
concentrations to 10 parts per million (ppm) in decaffeinated instant coffee, 
25 ppm in decaffeinated ground coffee, and 30 ppm in spice oleoresins (Seltzer 
 1975 ). After NCI released its fi nding that TCE caused cancerous tumor growth in 
mice, the General Foods Corporation announced in July 1975 that it would substi-
tute methylene chloride for TCE in the production of its decaffeinated coffee 
brands (C&EN  1975 ). 

 In 1977, the US FDA proposed a ban on the use of TCE in direct or indirect food 
production, cosmetics, and drug products (Mertens  1991 ; Conlon  1976 ). However, 
the ban was not enacted, and the 1975 residual concentration limits for TCE in 
decaffeinated coffee and spice oleoresins remain in effect (21 CFR 173.290  2012 ). 
The current allowable TCE residual in modifi ed hop extract used in beer is set by 
the FDA at 150 ppm (21 CFR 172.560  2012 ).  

1.2.6     Consumer Products 

 TCE was used in a wide variety of consumer products, including cleaning fl uids, 
disinfectants, deodorizers, and adhesives. Huff ( 1971 ) provided a table of 26 
commercially- available products that contained TCE, including spot remover, 
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rug cleaner, air freshener, tree wound healer, chimney sweep cleaner, and false 
eyelash cleaner. Use as a wig cleaner, typewriter correction fl uid, septic system 
cleaner, and mildew preventer has also been reported (Aviado et al  1976 ; US 
DHHS  1997 ; Kaplan  1983 ). 

 TCE was an ingredient in one formulation of Carbona, a widely-used house-
hold spot remover. Carbona, along with other cleaning and adhesive products 
that contained TCE, were commonly misused as narcotics during the 1950s, 
1960s, and early 1970s by inhaling the vapors in an enclosed space. The resulting 
euphoric effects were often followed by nausea, vomiting, and in some cases, 
death (Huff  1971 ).   

1.3     Environmental Impacts and Regulatory Development 

 The widespread use of TCE in degreasing coupled with the disposal practices preva-
lent during most of the twentieth century resulted in substantial releases of TCE to 
the environment. According to the Agency for Toxic Substances & Disease Registry 
(ATSDR), TCE is one of the most common contaminants found at Federal Superfund 
sites, having been detected at 852 of 1,430 sites as of 1997 (US DHHS  1997 ). The 
presence of TCE in soil, groundwater, and soil vapor at impacted locations has in 
some cases resulted in prolonged human exposure through both inhalation and 
ingestion routes. Due to TCE’s relatively high persistence in the subsurface environ-
ment, it will likely continue to be present in these media (particularly groundwater) 
for decades to come. 

 Early instances of TCE contamination of groundwater were reported in the 
Reading, England area by Lyne and McLachlan ( 1949 ). Their short article 
described two cases of TCE contamination in wells near areas where TCE was 
released to the environment, and correctly noted that “it is evident that contamina-
tion by compounds of this nature is likely to be very persistent.” A 1950 summary 
of Lyne and McLachlan’s article in the American Chemical Society’s  Chemical 
Abstracts  noted that “It often happens that wells near factories which use large 
quantities of C 2 HCl 3  are rendered unfi t for drinking by contamination by this liq-
uid” (Hall  1950 ). 

 In addition to regulations mentioned in this chapter’s Introduction (Rule 66 and 
the 1970 Clean Air Act), many other regulations affected the use of TCE. On 
October 21, 1976, the Resource Conservation and Recovery Act (RCRA) was 
enacted. EPA’s press release announcing the act noted that “the contamination of 
groundwaters by substances leaching from disposal sites is a primary concern” 
(USEPA  1976 ). The original regulations promulgated under RCRA in 1980 included 
TCE in waste categories F001, F002 and U228. A fourth category (D040) was 
added by the Hazardous and Solid Waste Amendments of 1984. 

 TCE was one of the original 65 priority pollutants included in the 1977 Clean 
Water Act, which amended the 1972 Water Pollution Control Act to provide better 
control of discharges of toxic chemicals (Arbuckle et al  1991 ). Reportable 
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quantities for spills of TCE and a variety of other chemicals were established under 
the 1980 Comprehensive Environmental Response, Compensation & Liability Act 
(CERCLA), which created the “Superfund” for the cleanup of the most serious 
hazardous waste sites, the majority of which were impacted to some degree by TCE. 

 To comply with the 1974 Safe Drinking Water Act’s requirement to establish 
regulations for public water supplies, EPA proposed non-enforceable Maximum 
Contaminant Level Goals (MCLGs) for TCE and seven other chemicals on June 12, 
1984 (USEPA  1984 ). Enforceable Maximum Contaminant Levels (MCLs) for the 
eight chemicals including TCE were proposed on November 13, 1985, and became 
effective January 9, 1989 (USEPA  1985  and USEPA  1987 ). The MCL for TCE was 
set at 5 parts per billion (ppb), and remains at that level to this day. 

 TCE contamination of groundwater has led to the closure of, or the need to pro-
vide treatment for, countless public and private water supply wells. Although a few 
notable examples of TCE contamination in the US are discussed herein, the scope 
of the problem is so broad that it is impractical to provide a comprehensive sum-
mary. While the number of Superfund sites impacted by TCE releases numbered 
less than 1,000 as of 1997, it is likely that the number of non-Superfund sites in the 
US (i.e., those regulated under state programs) far exceeds that number. 

 TCE was the primary contaminant in Wells G and H in Woburn, Massachusetts, 
the story of which was documented in the book (Harr  1995 ) and 1998 fi lm “A Civil 
Action.” A cluster of childhood leukemia cases, along with complaints of chemical 
tastes and odors from tap water, prompted residents to unsuccessfully lobby for 
shutdown of the Wells G and H in 1969. Ten years later, after 184 drums of polyure-
thane resin waste were found and removed from a nearby vacant lot, Massachusetts 
offi cials tested the wells and detected TCE in wells G and H at 267 and 183 ppb, 
respectively (Harr  1995 ). The wells were shut down in 1979, and the cleanup of the 
site is currently in its eighteenth year (USEPA     2013a ). 

 In 1979, groundwater contamination by TCE, and, to a lesser degree, PCE and 
other chemicals, was discovered in wells in California’s San Gabriel valley. The 
state’s Department of Health Services (DHS) initiated a sampling program that led 
to the identifi cation of 59 contaminated wells and, beginning in 1984, the inclusion 
of four locations on the Superfund National Priorities List (NPL). Cleanup at these 
Superfund sites is on-going and, based on the extent and diffi culty of removing TCE 
from contaminated aquifers, is likely to continue for decades (USEPA  2011a  and 
USEPA  2013b ). 

 In the following year, DHS initiated a sampling program in the San Fernando 
Valley, a nearby area that is similar in terms of both geology and a history of heavy 
industrial usage. Large areas of the valley’s aquifer were found to be contaminated, 
primarily with TCE and PCE. As a result, numerous water supply wells were taken 
out of service, and water was purchased from the Metropolitan Water District of 
Southern California. In 1986, four locations within the valley were declared 
Superfund sites (USEPA  2013b ). 

 Beginning in 1980, testing of water supplies at the US Marine’s Camp Lejeune 
in North Carolina for trihalomethanes (by-products of chlorination of water) indi-
cated the presence of high levels of halogenated hydrocarbons (Barrett  2010 ). 
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By 1982, PCE, TCE, benzene and lesser concentrations of other chemicals had been 
identifi ed, and the fi rst of the impacted water supply wells was shut down in 1984. 
Cleanup activities are on-going (USEPA  2013c ). 

 In recent years, increased attention has been focused on the impact of TCE- 
contaminated groundwater on indoor air. Migration of TCE vapors into buildings 
and subsurface structures has been noted at many sites impacted by TCE and other 
volatile organic compounds. 

 While the historic volume of TCE released to ambient (outdoor) air undoubtedly 
exceeded that released to soil and groundwater, TCE’s half life in air is approxi-
mately 7 days, far shorter than typical half-lives in subsurface environments. 
According to the Toxics Release Inventory database (USEPA  2011a ), TCE releases 
to air were 2.7 million pounds in 2011, down from a reported 9.8 million pounds in 
2000 and over 40 million pounds in 1990. To a large extent these values refl ect a 
decades-long trend of decreased TCE use by industry. 

 In September 2011, after nearly 25 years of evaluation and debate, EPA formally 
revised toxicity factors for TCE in response to data that indicated that previous fac-
tors underestimated risks to human health (USEPA  2011b ). The revised toxicity 
factors may lead to a lowering of cleanup levels at TCE sites and a lowering of 
TCE’s drinking water standard. The future effect of EPA’s revisions may be even 
further reductions in the use of what once was a widely-used and readily available 
industrial, commercial, and household chemical.     
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    Abstract     Based on likelihood of exposure and potential health impact 
 trichloroethylene (TCE) is consistently ranked 16th out of 275 chemicals on the 
annual CERCLA (Comprehensive Environmental Response, Compensation, and 
Liability Act) list of hazardous substances. Although environmental contact with 
TCE in the water, air or soil, is generally thought to be risk-free, there is evidence 
that chronic exposure to TCE at levels too low to be overtly toxic can generate 
 autoimmune diseases including lupus, scleroderma, and autoimmune liver disease. 
This chapter examines human exposure data. It also discusses the mechanistic 
 information that has been provided by animal studies, and identifi es some important 
gaps in our understanding. Since human exposure to TCE will continue for the 
 foreseeable future, we need to understand and prevent the autoimmune-promoting 
effects of this toxicant.  

  Keywords     Autoimmune disease   •   Immunotoxicity   •   CD4 +  T cells  

2.1         Introduction to Autoimmune Disease 

 The immune system is supposed to be restricted to recognizing and attacking 
 foreign antigens such as disease-causing micro-organisms. If the immune system 
instead attacks self-antigens chronic incurable disorders characterized as autoim-
mune diseases occur. There are over 80 different autoimmune diseases, and at least 
one for every organ system in the body. The NIH estimates up to 23.5 million 
Americans have at least one type of autoimmune disease. In comparison, cancer 
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affects up to 9 million and heart disease up to 22 million. The most prevalent of the 
more than 80 autoimmune diseases identifi ed include Type 1 diabetes, rheumatoid 
arthritis, multiple sclerosis, systemic lupus erythematosus, Sjogren’s Syndrome, 
and the several types of autoimmune thyroid disease. Most of these diseases are 
found much more often (3–10 fold) in women. Some autoimmune diseases are life- 
threatening; all are debilitating and require lifelong medical care. 

 There is much we do not know about autoimmune disease. We have been most 
successful at identifying the type of immune pathology (e.g. autoantibody vs T cell- 
mediated) associated with a particular autoimmune disease, and sometimes charac-
terizing the specifi c autoantigens targeted. This information has been used to 
classify autoimmune diseases as type II, III or IV hypersensitivity reactions. 
However, this is only somewhat useful, since many autoimmune diseases involve 
more than one type of immune pathology. Even if we can document the type of 
immune pathology associated with a particular autoimmune disease, we don’t know 
what initiates this pathology. Studies involving identical twins have provided some 
useful hints in this regard. Even though autoimmune diseases as a group affect 
between 5 and 8 % of the population in the US, the incidence for any one autoim-
mune disease is relatively rare. Thus, the fact that the concordance rate for develop-
ing a particular autoimmune disease in identical twins is much higher than the 
general population demonstrates the involvement of genetic susceptibility (He et al. 
 2001 ). On the other hand, the fi nding that the concordance rate is not 100 %, and is 
indeed usually much less than 50 % for any autoimmune disease, demonstrates that 
environmental factors also contribute to disease etiology. The environmental contri-
bution to autoimmune disease is a relatively vague and wide-ranging concept that 
has come to include lifestyle (e.g. diet) and history of bacterial and/or viral infec-
tion. It also includes exposure to environmental chemicals which impact the immune 
system. One such chemical, trichloroethylene (TCE), will be examined here for its 
contribution to autoimmune disease. The current state of knowledge will be out-
lined as will the information gaps that need to be fi lled.  

2.2     TCE and Autoimmunity/Hypersensitivity in Humans 

 As noted by a National Research Council report evidence on human health hazards 
from TCE exposure, either occupational or environmental, has strengthened in 
recent years (Committee on Human Health Risks of Trichloroethylne  2006 ). One of 
the predominant non-cancer outcomes associated with TCE exposure in humans is 
immunotoxicity, most notably the development of hypersensitivity responses. 
Although not all types of TCE-induced hypersensitivity has been classifi ed as auto-
immune, at least some of the hypersensitivity responses induced by TCE clearly 
mimic idiopathic autoimmune diseases. 

 The links between autoimmune disease and TCE were originally described in 
humans exposed to the chemical at work. Going back to the 1970s numerous case 
reports have correlated sometimes fatal systemic or localized sclerosis or diffuse 
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fasciitis with industrial TCE exposure (Czirjak et al.  1994 ; Flindt-Hansen and Isager 
 1987 ; Karamfi lov et al.  2003 ; Lockey et al.  1997 ; Pralong et al.  2009 ; Saihan et al. 
 1978 ; Waller et al.  1994 ). Systemic sclerosis, also known as scleroderma, is an 
autoimmune disease of normally unknown etiology. The autoimmune response tar-
gets connective tissue of the skin, internal organs and the walls of blood vessels. It 
is characterized by alterations of the microvasculature and by massive deposition of 
collagen and other matrix substances in the connective tissue. At least three case 
control studies of men or women with scleroderma identifi ed TCE exposure in 
occupational or hobby settings as a likely risk factor (Diot et al.  2002 ; Garabrant 
et al.  2003 ; Nietert et al.  1998 ). Possible mechanisms by which TCE triggers sclero-
derma are not known. 

 Scleroderma is not the only autoimmune disease associated with TCE exposure. 
A cohort study of people living near a TCE-contaminated Superfund Site in New 
York demonstrated an increased prevalence of the autoimmune disease primary bili-
ary cirrhosis (Ala et al.  2006 ). In another study TCE-exposed individuals from 
metal industries were shown to have increased urine levels of N-acetyl-beta-D-
glucosaminidase, a marker of autoimmune lupus nephritis (Brogren et al.  1986 ). 
Case reports from around the world have also linked chronic occupational TCE 
exposure to sometimes fatal non-viral hepatitis that is worsened by rechallenge 
(Anagnostopoulos et al.  2004 ; Joron et al.  1955 ; McCunney  1988 ; Pantucharoensri 
et al.  2004 ; Schattner and Malnick  1990 ). Although the rechallenge exacerbation of 
this TCE-induced hepatitis suggests an immune component, this aspect of the dis-
ease was not tested. 

 There are several studies which have linked TCE exposure to the generation of 
autoantibodies, biomarkers of an autoimmune response if not actual autoimmune 
disease. Between 1964 and 1979 domestic water supplies in East Woburn, MA, 
were unknowingly contaminated with industrial solvents, with TCE as the main 
volatile organic found (267 ppb). Five years after the wells were closed individuals 
from East Woburn demonstrated increased numbers of total T cells (both CD4 +  and 
CD8) and increased incidence of anti-nuclear antibodies compared to controls 
(Byers et al.  1988 ). A cohort study of individuals exposed to TCE in contaminated 
well water in Arizona demonstrated signifi cantly increased levels of anti-nuclear 
antibodies and increased ARA (American Rheumatism Association) scores for 
lupus (Kilburn and Washaw  1992 ). A recent serological proteome analysis showed 
that sera from patients with active TCE-induced hypersensitivity, unlike control 
sera, contained antibodies specifi c for several ontologically diverse self antigens 
including NM23 (nucleoside disphosphate kinase), and lactate dehydrogenase B 
(Liu et al.  2009 ). Interestingly, although TCE appeared to increase the levels of 
specifi c autoantibodies, it has also been shown to decrease serum levels of total IgG 
and IgM (Zhang et al.  2013 ). The mechanism by which TCE exposure activates 
specifi c antibodies or alters total immunoglobulin, and their functional signifi cance, 
remains to be determined. 

 Even if overt autoimmune pathology was not revealed (in many cases not exam-
ined) other epidemiological studies have demonstrated TCE-induced immunotoxic-
ity. Data collected from subjects who had worked at least 3 years in the in the 
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printing industry showed that levels of TCE in the breathing zone and levels of a 
TCE metabolite in urine correlated with increased serum levels of T cell-derived 
cytokines IL-2 and IFN-γ and decreased levels of IL-4 (Iavicoli et al.  2005 ). TCE 
has also been shown to induce a hypersensitivity disorder that targets the skin and 
liver (Bond  1996 ; Xu et al.  2009a ). The number of patients suffering from occupa-
tional TCE-related severe skin disorders has been increasing in areas where TCE is 
still widely used as a solvent, including the Philippines, Taiwan, Singapore, and the 
Guangdong Province, China. The clinical manifestations are different from irritat-
ing contact dermatitis caused by TCE defatting action. Instead, the subjects experi-
ence a relatively long period of exposure before disease onset, rash, fever, 
lymphadenopathy, liver dysfunction and recurrence after just minimal re-exposure 
(Nakajima et al.  2003 ). The TCE-induced dermatitis is considered to be a T cell- 
mediated type IV hypersensitivity disease. Although the pathology appears to be 
immune mediated, it is not clear whether the immune response is directed toward 
self. More information about this type of TCE-induced hypersensitivity will be pro-
vided in Chap.   3    .  

2.3     Xenobiotics and Autoimmunity in Animal Models 

 Defi ning toxicant exposure as a risk factor for a particular type of human disease, 
autoimmune or otherwise, is diffi cult. Many times people do not realize they have 
been in contact with a particular chemical such as TCE, and there are often few if 
any biomarkers of exposure. In addition, since people are never exposed to a single 
chemical how do you accurately assess the contribution of a single toxicant? These 
challenges make it diffi cult to defi ne a direct cause and effect relationship between 
toxicant exposure and autoimmune disease. This has led to the popularity of animal 
models in which toxicant exposure can be controlled and monitored. Several animal 
models have been used to test the immunotoxicity of environmental chemicals. 
When testing chemicals such as TCE that are thought to inappropriately stimulate 
rather than suppress the immune system animal models with a genetic susceptibility 
to hypersensitivity are often selected. This is designed to mimic the similar ill- 
defi ned predisposition thought to be important for human idiopathic disease, and to 
increase the likelihood that toxicant-induced hypersensitivity can be detected. 

 There are several well-characterized mouse strains that are genetically predis-
posed to develop autoimmune disease. In some cases the diseases occur spontane-
ously, and in some cases they need to be triggered by administration of antigen or 
mitogen. Of the mouse models that develop disease spontaneously the most widely 
studied include NOD mice (type 1 diabetes), BXD1/TyJ (rheumatoid arthritis) and 
MRL/lpr, NZBWF1/J and BXSB/MpJ mice (lupus). Several of these models have 
been used to test the role of xenobiotics in autoimmune disease etiology. A recent 
excellent review describes the different animal models, and discusses environmen-
tal agents that have been shown to trigger or exacerbate autoimmune disease in 
these models (Germolec et al.  2012 ).  
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2.4     TCE-Induced Autoimmunity in Mice 

2.4.1     Disease Characterization 

 In terms of TCE, its capacity to promote autoimmunity has been studied most 
extensively in the model consisting MRL+/+ mice. MRL+/+ mice are related to 
MRL/lpr mice which have a defect in Fas expression and spontaneously develop 
lupus within 3–4 months of age. Due to the rapidity of disease development in 
MRL/lpr mice, it can be diffi cult to test whether exposure to a toxicant exacerbates 
the response. In contrast to MRL/lpr mice, the genetically-similar but not identical 
MRL+/+ mice have normal Fas expression and spontaneously develop a relatively 
mild lupus-like disease late in life (50 % mortality at 17 months). MRL+/+ mice can 
also spontaneously develop other autoimmune disorders such as Sjogren’s syn-
drome and T cell-infi ltrating pancreatitis (Qu et al.  2002 ; Skarstein et al.  1997 ). The 
basis for the autoimmune predisposition in MRL+/+ mice is not known. Before they 
reach 1 year of age most female MRL+/+ mice do not exhibit autoimmune tissue 
pathology and indications of autoimmunity are minor. Thus, young adult female 
MRL+/+ mice, with their propensity for autoimmunity but absence of overt disease, 
make a good model to test whether TCE can boost autoimmunity. 

 In our initial study we expected TCE to accelerate the development of lupus in 
young adult female MRL+/+ mice. Instead, adding TCE at concentrations lower 
than sanctioned occupational exposure to drinking water at for 26 or 23 weeks 
generated a T cell-mediated liver disease commensurate with human idiopathic 
AIH (Griffi n et al.  2000c ). The TCE-induced AIH in the MRL+/+ mice was associ-
ated with several alterations in CD4 +  T cells, an immune subset that play a large 
role in driving autoimmune disease. One such alteration included decreased sensi-
tivity to activation-induced apoptosis (Gilbert et al.  2006 ). Activation-induced 
apoptosis is supposed to keep CD4 +  T cells in check and thus help prevent autoim-
mune disease. This process occurs when autoreactive CD4 +  T cells repeatedly stim-
ulated with self antigen co-express death receptors such as Fas as well as the ligand 
for the death receptor (e.g. FasL). Cross-linking of death receptors on the surface 
of susceptible T cells promotes the release of active caspase-8 thereby initiating 
apoptosis (Crispe  1994 ; Kischkel et al.  1995 ). Activation-induced cell death is 
widely believed to help the host protect itself against repeated stimulation and 
expansion of autoreactive CD4 +  T cells (Green et al.  2003 ; Marrack and Kappler 
 2004 ; Van Parijs et al.  1998 ). 

 Supporting the important protective effects of activation-induced apoptosis is the 
fact that defects in this process has been linked to the development of several idio-
pathic autoimmune diseases such as systemic lupus erythematosus, multiple sclero-
sis, and rheumatoid arthritis in both humans and mice (Bona et al.  2003 ; Kovacs 
et al.  1996 ; Semra et al.  2002 ; Sneller et al.  1997 ; Szodoray et al.  2003 ; Waiczies 
et al.  2002 ). On the other hand, therapies that facilitate Fas-mediated T-cell apopto-
sis can ameliorate autoimmune disease (Hong et al.  1998 ; Nishimura-Morita et al. 
 1997 ; Zhou et al.  1999 ). Events such as TCE exposure that inhibit this protective 
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mechanism could thus promote autoimmunity by promoting the expansion of 
 autoreactive CD4 +  T cells. Perhaps because of its ability to decrease susceptibility 
to apoptosis TCE exposure in MRL+/+ mice also increased expansion of an 
 activated/memory population (CD62L lo  and/or CD44 hi ) of CD4 +  T cells that 
 produced more of the pro-infl ammatory cytokine IFN-γ (Griffi n et al.  2000c ). 
Compared to naïve CD4 +  T cells activated/memory CD4 +  T cells have been shown 
to have a more robust effector function and cytokine production. Thus, work in our 
laboratory showed that chronic exposure of female MRL+/+ mice to TCE in drink-
ing water induced T cell-mediated autoimmune hepatitis in association with several 
alterations in CD4 +  T cells that align with increased autoreactivity. 

 Other laboratories have also studied the effects of TCE on autoimmune disease 
in the MRL+/+ mouse model. A series of important studies conducted by research-
ers at the University of Texas at Galveston showed that long term exposure to TCE 
(0.5 mg/ml) in drinking water increased production of lupus-associated autoanti-
bodies as well as promoting the generation of autoimmune hepatitis (Cai et al.  2008 ; 
Khan et al.  1995 ). The autoantibodies induced by TCE encompassed nuclear pro-
teins as well as lipid peroxidation products (Khan et al.  2001 ; Wang et al.  2007 ). 
More about these TCE-induced antibodies will be described in Chap.   4    .  

2.4.2     Need for Metabolism 

 The toxicity of many chemicals requires their metabolism. TCE can be metabolized 
by a glutathione-dependent pathway in the kidney. However, in both mice and 
humans the majority of TCE absorbed into the circulation is metabolized by an 
oxidative pathway in the liver (Lipscomb et al.  1996 ). In this pathway cytochrome 
P450s (CYPs) rapidly converts TCE to trichloroacetaldehyde (TCAA; also known 
as chloral), which in solution is in equilibrium with trichloroacetaldehyde hydrate 
(TCAH ;also known as chloral hydrate) (Fig.  2.1 ). Once formed, TCAA and TCAH 
are converted to trichloroacetic acid (TCA), or trichloroethanol (TCOH) which is 
excreted as the alcohol glucuronide [see review(Lash et al.  2000 )]. This later path-
way is regulated by alcohol dehydrogenase that works to convert TCOH back to 
aldehyde. Thus, the level of TCAH depends on the activity of several metabolizing 
enzymes, all of which display considerable genetic variation in both humans and 
mice. For example, MRL+/+ mice have much higher levels of alcohol dehydroge-
nase than C3H/HeJ mice (Teichert-Kuliszewska et al.  1988 ), and may therefore be 
expected to have an increased steady-state level of TCAH if exposed to the 
chemical.

   It appears that many of the CD4 +  T cell modulating effects of TCE are in fact 
induced by its metabolite TCAH. It was shown that immune dysfunction induced by 
TCE in MRL+/+ mice could be blocked by suppressing the activity of CYP2E1 
(Griffi n et al.  2000a ). Similarly, MRL+/+ mice exposed to TCAH instead of TCE in 
their drinking water developed the same alterations in CD4 +  T cells as mice exposed 
to the parent compound (Blossom et al.  2007b ). In humans, TCE-induced 
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hypersensitivity dermatitis has been linked to single nucleotide polymorphisms of 
TCE metabolizing enzymes CYP2E1 and CYP1A1 (Xu et al.  2009b ). CYP2E1 was 
also shown to be the main enzyme involved in TCE-induced hepatoxicity in mice 
(Ramdhan et al.  2008 ). Taken together, it seems likely that similar to many of its 
other toxic effects TCE-induced immunotoxicity requires its metabolism.  

2.4.3     Mechanisms of Immune Alteration 

 How TCE, seemingly via TCAH, alters CD4 +  T cell function is not clear. However, 
the structure of TCAH may provide a clue. As an aldehyde TCAH has the capacity 
to form a chemical reaction known as Schiff base, a transient covalent bond between 
nucleophiles on proteins (e.g. amino group on lysine) and electrophilic carbonyl 
carbons of aldehydes. As it turns out, Schiff base formation is the foundation for 
some of the stimulatory interactions that normally occur between specifi c molecules 
on the CD4 +  T cell surface and associated ligands on the surface of accessory cells 
such as dendritic cells or endothelial cells (Chen et al.  1997 ). These interactions 
between CD4 +  T cell and accessory cells are crucial for many aspects of CD4 +  T cell 
activation and effector function. The role of Schiff base formation in these interac-
tions means that certain small Schiff-base-forming compounds may be able to 
bypass the need for ligand-bearing accessory cells and co-stimulate CD4 +  T cells 
directly. One such compound, tucaresol, is being clinically tested as a drug capable 
of stimulating T cells to combat neoplasia and opportunistic infection (Charo et al. 
 2004 ; Rhodes et al.  1995 ). The ultimate effect of Schiff base formation on CD4 +  T 
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  Fig. 2.1    Metabolism of trichloroethylene       
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cells may depend on the existing baseline immune response; in immunosuppressed 
individuals this event may be benefi cial, while in individuals with a predisposition 
for hypersensitivity, it may be enough to trigger autoimmune disease. 

 The stimulatory Schiff base-forming compounds identifi ed thus far are alde-
hydes, similar to TCAH. Schiff base formation by TCAH should be a major reac-
tion because of the electron withdrawing of the three chloro groups on the adjacent 
carbon.  In vitro  experiments demonstrated that TCAH could form a functionally- 
active Schiff base with molecules on the surface of CD4 +  T cells (Gilbert et al. 
 2004 ). This interaction triggered signaling events in the CD4 +  T cells similar to 
those initiated by interaction with ligand-bearing accessory cells. A better under-
standing of the signaling events triggered in CD4 +  T cells by this chemical interac-
tion is required. This includes identifying the molecules on the CD4 +  T cell surface 
that are altered by the TCAH-induced Schiff base formation. In addition, the pos-
sibility that these signaling events encompass epigenetic alterations by TCE in 
CD4 +  T cells is being studied, and will be discussed in more detail in Chap.   10    .  

2.4.4     Liver Events 

 Although TCE appeared to induce CD4 +  T cells alterations commensurate with 
autoimmunity, it was not clear why the pathology targeted the liver instead of some 
other organ in the MRL+/+ mice. Simultaneous events in the liver such as nitrosa-
tive/oxidative stress and/or adduct formation which are induced by TCE may repre-
sent a second requirement for disease pathology that involves protein modifi cation 
(Fig.  2.2 ). It has been proposed that formation of chemically-modifi ed self-proteins 
capable of triggering an immune response represents a mechanism by which chemi-
cals could initiate autoimmunity.
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  Fig. 2.2    Possible mechanism of TCE-induced autoimmune hepatitis       
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   Very early in its metabolism in the liver (prior to TCAH formation) TCE 
 produces a highly reactive intermediate (TCE-O-CYP) that can form adducts with 
nearby proteins. TCE has been shown to form adducts with a number of liver pro-
teins, most predominantly CYP2E1 (Halmes et al.  1997 ). Some of these adducted 
proteins are immunogenic; antibodies specifi c for TCE-protein adducts have been 
found in TCE-treated MRL+/+ mice (Griffi n et al.  2000b ). We have demonstrated 
a time-dependent increase in the repertoire of liver microsomal proteins recog-
nized by antibodies in the sera of TCE-treated MRL+/+ mice as compared to age-
matched untreated MRL+/+ mice. Interestingly, the antibodies in the sera 
recognized liver microsomal protein from control mice. This indicated that even if 
chemically-altered liver protein was required to initiate the autoimmune response, 
the resulting antibody reaction recognized non-modifi ed liver protein. The liver 
protein epitopes targeted by the TCE-induced autoantibodies, and the specifi city 
of the CD4 +  T cells that promote the autoantibody production remains to be 
determined. 

 TCE-induced nitrosative/oxidative stress may also increase the immunogenicity 
of liver proteins. Nitrosative/oxidative stress occurs when the generation of reactive 
oxygen species (ROS) and/or reactive nitrogen species (RNS) is not balanced by the 
appropriate detoxifi cation by various antioxidant compounds (e.g. glutathione or 
vitamin E) and enzymes (e.g. glutathione peroxidase). One important consequence 
of nitrosative/oxidative stress is the generation of the superoxide anion which can 
interact with another free radical nitric oxide to form the extremely reactive per-
oxynitrite. Peroxynitrite can trigger a variety of cellular responses ranging from 
lipid peroxidation, protein tyrosine nitration, DNA damage and cell death. Tissue 
damage associated with increased levels of inducible nitric oxide synthase (iNOS) 
(an enzyme which produces nitric oxide), and/or the accumulation of nitrotyrosine 
residues has been found in a variety of autoimmune diseases in humans, including 
autoimmune hepatitis (Pemberton et al.  2004 ; Sanz-Cameno et al.  2002 ). Similarly, 
both iNOS and nitrotyrosine accumulation in the liver have been found in TCE- 
treated mice (Wang et al.  2007 ). In addition, investigators have shown that sera from 
TCE-treated MRL+/+ mice contain antibodies specifi c for lipid peroxidation- 
derived aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) 
(Khan et al.  2001 ). More about these antibodies, and the CD4 +  T cells that support 
their production, will be discussed in Chap.   4    .   

2.5     Susceptibility Factors for Toxicant-Induced 
Autoimmunity 

 It has not been possible for researchers to defi ne a single causative agent for idio-
pathic autoimmune disease. Even those linked to contact with a particular toxicant 
only occur in a fraction of people with the seemingly same level of exposure. 
Consequently, etiology is largely suspected of having several contributing factors 
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which may be additive or synergistic in nature. Defi ning these factors, and 
 estimating their relative contribution to autoimmunity is proving to be a huge 
 challenge. Some of the susceptibility factors that appear to contribute to 
 TCE-induced autoimmune disease (Fig.  2.3 ) are described below.

2.5.1       Genetics 

 As mentioned above the high concordance rate for identical twins developing the 
same autoimmune disease demonstrates the importance of genetic susceptibility in 
human idiopathic autoimmune disease (Jarvinen and Aho  1994 ; Tomer and Davies 
 1997 ). If one assumes that some idiopathic autoimmunity is actually triggered by 
undetected chemical exposure this implies that genetics also plays a role in toxicant- 
induced autoimmune disease and other forms of hypersensitivity. Genetic predispo-
sition has also been found in certain hypersensitivity disorders such as asthma, 
atopic eczema, drug hypersensitivity and food allergies that represent a response to 
exogenous irritants (Dreskin  2006 ; Pirmohamed  2006 ; Mohrenschlager et al.  2006 ; 
Meurer et al.  2006 ). The mechanism for this increased sensitivity is not known. 

 Aside from MRL+/+ mice, other strains of mice [i.e. (NZBxNZW)F1, and 
female BXSB] with ill-defi ned genetic patterns that make them “autoimmune- 
prone”, have been used to test the disease-promoting capacity of xenobiotics. The 
insecticide chlordecone was shown to accelerate the development of lupus in 
(NZBxNZW)F1 mice, but had no effect in non-autoimmune-prone BALB/c mice 
(Sobel et al.  2006 ). Similarly, exposure to low doses of mercuric chloride has been 
shown to promote autoimmunity in female BXSB mice, but not in MHC-compatible 
non-autoimmune-prone C57BL/6 mice (Pollard et al.  2001 ). Thus, a propensity 
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  Fig. 2.3    Possible contributors to TCE-induced autoimmune disease       
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for autoimmunity appears to be a requirement for at least some types of 
 xenobiotic- induced autoimmunity in mice. 

 The need for genetic susceptibility in TCE-induced autoimmunity in mice is still 
being debated. Keil et al. reported that chronic exposure to TCE in drinking water 
slightly increased renal pathology in non-autoimmune-prone B6C3F1 mice but not 
autoimmune-prone NZBWF1 mice (Keil et al.  2009 ). Similarly, TCE was shown to 
increase serum levels of lupus-related autoantibodies (i.e. anti-ds and anti-ss DNA) 
at only early time points in NZBWF1 mice, but at multiple time points in B6C3F1 
mice. However, the levels of autoantibodies and renal pathology at every time point 
were higher in the untreated NZBWF1 mice than in the TCE-treated B6C3F1 mice. 
Since the levels of lupus-associated autoantibodies increase spontaneously in most 
lupus-prone strains of mice as they age, a high baseline response may mask a 
 TCE- induced effect on this type of autoantibodies. Regardless of the effect of TCE 
in the NZBWF1 mice, the immunotoxicity of the pollutant could be observed in 
non-autoimmune- prone mice. 

 Although we have not examined the effects of TCE itself in non-autoimmune- 
prone mice we have examined whether its metabolite TCAH required a genetic 
predisposition to be effective. Chronic exposure to TCAH induced autoimmunity 
and CD4 +  T cell alterations in female MRL+/+ mice, but had much more modest 
effects when added to the drinking water of non-autoimmune-prone but genetically- 
related female C3H/HeJ mice (Blossom et al.  2007a ). This result would suggest that 
at least in terms of some parameters, an autoimmune-predisposition increased sus-
ceptibility to TCE immunotoxicity. 

 In order to better defi ne a possible autoimmune-predisposition to TCE we per-
formed a transciptomic analysis comparing unstimulated splenic CD4 +  T cells from 
untreated female age-matched MRL+/+ and C3H/HeJ mice. Table  2.1  provides a 
list of some of the most robustly altered functionally signifi cant genes fl agged in the 
transcriptomic analysis, and confi rmed by qRT-PCR. Also included in Table  2.1  are 
qRT-PCR results for genes examined as specifi city controls for the fl agged genes, or 
because they that had been identifi ed through other assays. The expression levels of 
some genes were not surprising; a mutation in  Tlr1  is a hallmark of C3H/HeJ mice. 
Not as predictable, CD4 +  T cells from female MRL+/+ mice expressed higher con-
stitutive levels of  Stra6 , which acts as a high-affi nity cell-surface receptor for the 
complex comprised of retinol (main metabolite of Vitamin A) and retinol-binding 
protein. Stra6 removes retinol from the complex and transports it across the cell 
membrane where it has been shown to promote CD4 +  T cell differentiation and 
recruitment to infl ammatory sites (Pino-Lagos et al.  2011 ). CD4 +  T cells from the 
MRL+/+ mice also expressed higher baseline levels of  Spp1 , a gene that encodes for 
pro-infl ammatory cytokine osteopontin (OPN). Interestingly, quantitative trait loci 
(QTL) analysis conducted by others revealed that the locus for susceptibility to 
lupus nephritis in MRL mice corresponded to the OPN gene, and that allelic poly-
morphism of OPN caused the functional differences in antibody production between 
MRL and C3H strains (Miyazaki et al.  2005 ). 

 Also fl agged by the transcriptomic analysis was the differential expression of a 
member of the tumor necrosis factor receptor superfamily (Tnfrsf). The CD4 +  T 
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cells from MRL+/+ mice expressed comparatively lower levels of  Tnfrsf21 , a gene 
that encodes for a protein known as death receptor 6 (DR6). Interestingly, a decrease 
in DR6 in CD4 +  T cells has been shown to enhance proliferation and production of 
IL-2 (Liu et al.  2001 ), effects which may enhance expansion and effector function 
of autoreactive CD4 +  T cells.  Tnfrsf14  was not differentially expressed in CD4 +  T 
cells from MRL+/+ and C3H/HeJ mice. On the other hand,  Tnfrsf19  was highly 
increased (>10 fold) in CD4 +  T cells from MRL+/+ mice. The protein encoded by 
 Tnfrsf19  is highly expressed during embryonic development, but in adults is primar-
ily expressed in pulmonary and ductal epithelium, but can be detected in lympho-
cytes. The functional signifi cance of its increased expression in the CD4 +  T cells 

     Table 2.1    Differential gene expression in T cells from MRL+/+ and C3H/HeJ mice   

 Gene ID  Gene name  Gene description 

 Transcriptomics 
fold change 
(p-value) 

 qRT-PCR fold 
change ± SD 

  Splenic CD4  +   T cells  
 NM_030682   Tlr1   Toll-like receptor 1  11.221 (0.0001) 
 NM_009291   Stra6   Stimulated by retinoic acid 

gene 6 
 9.0145 (0.0002)  1.89 ± 0.30 

 NM_009263   Spp1   Secreted phosphoprotein 1; 
osteopontin 

 7.6511 (0.0001)  4.18 ± 1.34 

 NM_011838   Lynx1   Ly6/neurotoxin 1  5.2374 (0.0001)  13.24 ± 6.52 
 NM_013599   Mmp9   Matrix metallopeptidase 9  4.6446 (0.0007)  5.34 ± 0.51 
 NM_007399   ADAM10   A disintegrin and metallopro-

teinase domain- containing 
protein 10 

 1.14 ± 0.26 

 NM_178589   Tnfrsf21   Tumor necrosis factor 
receptor superfamily, 
member 21 

 0.3198 (0.0001)  0.32 ± 0.10 

 NM_013869   Tnfrsf19   Tumor necrosis factor 
receptor superfamily, 
member 19 

 16.406 ( 0.0001)  10.88 ± 5.70 

 NM_178931   Tnfrsf14   Tumor necrosis factor 
receptor superfamily, 
member 14 

 1.79 ± 0.88 

  Lap   Intracisternal A particle  0.04 ± 0.02 
 Y12713   Muerv   Murine endogenous retrovirus  1.1 ± 0.18 
 NM_010066   Dnmt1   DNA methyltransferase 1  1.05 ± 0.26 
 NM_007872   Dnmt3a   DNA methyltransferase 3 

alpha 
 0.83 ± 0.35 

  Thymocytes  
 NM_013869   Tnfrsf19r   Tumor necrosis factor 

receptor superfamily, 
member 19 

 3.24 ± 0.52 

 NM_054039   Foxp3   Forkhead box P3  1.85 ± 0.44 
 NM_009646   Aire   Autoimmune regulator  1.51 ± 0.26 

  All shaded results were statistically different from results obtained from control CD4+ T cells or 
thymocytes  
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from MRL+/+ mice is not known. However, the cell-inappropriate expression of 
 Tnfrsf19  suggests some kind of epigenetic mechanism. 

 Several epigenetic mechanisms have been shown to regulate CD4 +  T cell activity 
and autoimmune pathology in MRL/lpr mice (Pan et al.  2010 ; Sawalha and Jeffries 
 2007 ; Yang et al.  2013 ). Although distinct from the MRL+/+ mice used to test the 
effects of TCE, MRL/lpr are closely related. Consequently, as a preliminary look at 
epigenetics in our model we compared expression of the retrotransposon  Iap  (intra-
cisternal A particle) in the CD4 +  T cells from MRL+/+ mice and C3H/HeJ mice. 
Since  Iap  expression is largely dependent on DNA methylation, its expression is 
often used as an indirect measurement of this epigenetic process. As shown in 
Table  2.1  expression of  Iap  was dramatically suppressed in CD4 +  T cells from the 
MRL+/+ mice. This fi nding suggests that epigenetics plays a role in at least some of 
the differential gene expression in CD4 +  T cells from the MRL+/+ and C3H/HeJ 
mice. The effects of DNA methylation on susceptibility to toxicant-induced autoim-
munity is currently being investigated in and will be described in more detail in 
Chap.   10    . 

 Taken together, the results demonstrated that CD4 +  T cells from MRL+/+ mice 
differentially express several genes which may make them more likely to be autore-
active. Defi ning the relative contribution of these alterations to the autoimmune- 
prone phenotype of the MRL+/+ mice, not to mention determining how they impact 
the response to TCE exposure, constitutes an important challenge.

2.5.2        Gender 

 Aside from an ill-defi ned genetic predisposition autoimmune disease in humans is 
also regulated by sex. At least 75 % of people with autoimmune disease are women, 
with the male/female ratios varying among disease. For example, type 1 diabetes is 
found in both sexes at about the same ratio, while most thyroid autoimmune dis-
eases (e.g. Graves’ disease) occur ten times more often in women. In most mouse 
models of spontaneous lupus nephritis females are more susceptible. In the MRL+/+ 
mouse model both sexes develop lupus, but the disease is more robust in females 
which die at about 73 weeks of age compared to males which die at about 93 weeks 
of age. There is not much known about the role of sex differences in toxicant- 
induced autoimmune disease in humans. This is largely due to the fact that in epide-
miology studies the particular exposure being studied is often gender biased, either 
toward men (e.g. occupational exposure to toxicants such as silica) or women (e.g. 
exposure to cosmetics). Animal studies have also been conducted primarily using 
females except in those few cases in which autoimmunity primarily occurs in males 
(e.g. BXSB mice). A recent review highlights what is known about gender differ-
ences in autoimmunity induced by chemical exposure (Pollard  2012 ). 

 In terms of TCE, very little is known about sex-specifi c immunotoxicity. With 
regard to adult exposure one meta-analysis of case–control studies concluded 
that although scleroderma affected women predominantly, among subjects with 
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occupational exposure to solvents (which included TCE) men were at higher risk 
for developing the disease (Kettaneh et al.  2007 ). Developmental exposure to 
TCE at 14,000 ppb reportedly decreased all thymic T cell subsets in male but not 
female MRL+/+ mice (Peden-Adams et al.  2008 ). Developmental exposure to 
lower levels of TCE has been shown to induce subtle differences in double-neg-
ative lineage thymocytes in male and female MRL+/+ mice (Blossom and Doss 
 2007 ). How the sex-specifi c thymocyte alterations induced by developmental 
TCE exposure impact the peripheral immune phenotype during the lifespan of 
the mice is not clear. Based on the paucity of information, it is currently impos-
sible to predict whether TCE does in fact induce sex-specifi c alterations in 
immune function. This represents a gap in the knowledge base that needs to be 
fi lled.  

2.5.3     Age of Exposure 

 Most epidemiological studies of immunotoxicity have focused on adult occupa-
tional contact with the particular chemical since it is easier to document and often 
involves relatively higher exposure levels. However, the developing immune system 
is especially sensitive to environmental perturbation. A recent review compared 
early vs adult exposure to several immunosuppressive toxins including lead and 
tributyltin in animal models (Luebke et al.  2006 ). In all cases sensitivity was greater 
if exposure occurred during development. In fact, immune suppression in develop-
mentally exposed offspring often occurred at doses that were ineffective in adults. 
Developmental sensitivity to toxicants has also been found in humans. For example, 
prenatal exposure to polychlorinated biphenyls decreased the immune response to 
standard immunizations (Heilmann et al.  2006 ). Prenatal exposure to polybromi-
nated diphenyl ethers produced a persistent decrease in lymphocyte numbers (Leijs 
et al.  2009 ). Aside from immune suppression, there is increasing evidence that adult 
onset autoimmunity can be triggered by pre- and early post-natal toxicant exposure 
to environmental factors such as cigarette smoke or organochlorines (Colebatch and 
Edwards  2011 ; Langer et al.  2008 ). 

 Developmental exposure to TCE is not uncommon; one study showed that 100 % 
of breast milk samples from 4 US urban areas had detectable levels of TCE 
(Pellizzari et al.  1982 ). TCE exposure is also a possible concern for bottle-fed 
infants because they ingest more water on a bodyweight basis than adults. Gestational 
and early-life TCE exposure has primarily been examined for its neurotoxicity 
rather than immunotoxicity (Gist and Burg  1995 ). However, children continuously 
exposed for 3–19 years beginning  in utero  to a water supply contaminated with 
solvents [with TCE being the predominant toxicant (267 ppb)] had altered ratios of 
T cell subsets and increased levels of autoantibodies (Byers et al.  1988 ). Autoimmune 
disease was not assessed. Blossom et al. have shown that continuous exposure to 
TCE in mice (gestation, lactation and early life) generated CD4 +  T cell alterations 
and early signs of tissue infl ammation (Blossom and Doss  2007 ). More information 
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about the effects of developmental exposure to TCE is available in the Chap.   7    . The 
published experiments concerning developmental effects of TCE on immunotoxic-
ity in MRL+/+ mice to TCE were not extended past 6–8 weeks of age, and although 
they detected early signs of liver infl ammation, they did not assess actual autoim-
mune disease. The experiments to make such an assessment are currently underway 
in our laboratory.  

2.5.4     Toxicant Co-exposure 

 In addition to genetics, gender and age of the immunotoxic response to TCE may 
also be infl uenced by chemical co-exposure. Anyone exposed to TCE, either as an 
adult or during development, is also exposed to other chemicals with defi ned or 
potential immunotoxicity. Co-exposure to another immunotoxicant with additive or 
synergistic effects may promote autoimmunity at concentrations that would be 
harmless for either chemical alone. One such toxicant is mercury. 

 Human exposure to mercury (#3 CERCLA Priority List of Hazardous sub-
stances) is common due to its existence as a natural element and its anthropogenic 
release from industrial use. Blood mercury analyses in the 1999–2000 National 
Health and Nutrition Examination Survey for 16–49 year old women showed that 
approximately 8 % of women in the survey had blood mercury concentrations 
greater than 5.8 μg/L (which is a blood mercury level equivalent to the current RfD). 
TCE and mercury are often found together; 44 % of the active Superfund sites on 
the National Priorities List contaminated with TCE also list mercury as a contami-
nant. In addition, since both are listed in the top 20 chemicals of the almost 300 
chemicals on the CERCLA list based in part on the likelihood of human contact, 
co-exposure is probable. Mercury has been implicated as a co-factor in systemic 
human autoimmunity, where studies showed that mercury exposure increased levels 
of anti-nucleolar antibodies (Cooper et al.  2004 ; Gardner et al.  2010 ). The ability of 
mercury to promote autoimmunity has been especially well-documented in mice 
where it promotes autoantibodies specifi c for fi brillarin and other nuclear antigens 
such as chromatin, and induces immune complex-mediated lupus nephritis (Hultman 
et al.  1996 ; Pollard et al.  2001 ). 

 A recent study examined the combined effects of mercury and TCE exposure on 
the induction of autoimmune disease in adult female MRL+/+ mice. Mice received 
either 0, 0.1 or 2.0 mg/ml TCE in their drinking water for 8 weeks. Some mice were 
injected sc twice per week for 8 weeks with 40 μg HgCl 2 . Exposure to TCE alone at 
these concentrations for only 8 weeks was not expected to induce autoimmune hep-
atitis. And indeed the livers of mice exposed to HgCl 2  or TCE alone exhibited no 
signifi cant pathology. However, based on cumulative scores of mononuclear cell 
infi ltration, fi brosis, and hepatocellular enlargement, liver pathology in mice 
exposed to HgCl 2  and either 0.1 or 2.0 mg/ml TCE was signifi cantly increased from 
that of control mice, indicating the early stages of autoimmune hepatitis. In addi-
tion, TCE and heavy metals have been shown by others to have an additive effect on 
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antioxidant endpoints (Tabrez and Ahmad  2011 ), an effect that can promote 
immunotoxicity. 

 Documenting the ability of TCE to augment the activity of other known or 
 suspected immunotoxicants is needed to accurately evaluate the role of TCE in 
promoting seemingly idiopathic autoimmune disease. This however, represents a 
large challenge. There seems to be little consensus in how to study mixtures 
 regardless of the outcome measured. Should we use a labor-intensive and expensive 
full-factorial design in a mouse model starting with TCE-containing binary mix-
tures and expanding to include other immunotoxicants? Or, should we study the 
murine effects of complex TCE-containing mixtures selected because they include 
those found most commonly in ground water or Superfund sites? Alternatively, 
should we identify the chemical mixtures to which a particular patient subset (e.g. 
children recently diagnosed juvenile autoimmune hepatitis) are most commonly 
exposed, and test those mixtures for immunotoxicity in mice? The fact that there are 
pros and cons associated with all of these approaches should not preclude selecting 
one to further this important area of toxicity assessment.   

2.6     Challenges 

 Both epidemiological studies and work with animal models provide evidence that 
TCE exposure contributes to autoimmunity. However, as mentioned in the text 
there are several aspects of TCE-induced immunotoxicity that remain to be 
explored. Studying the ability of a toxicant such as TCE to promote autoimmune 
disease is complicated by the diffi culty of determining exposure in humans, and by 
the contribution of risk factors such as ill-defi ned genetic susceptibility, differential 
sensitivity based on sex or age, and possible augmentation or antagonism by co-
exposure to other environmental triggers (e.g. additional chemicals, diet, infec-
tions, changes in the microbiome or obesity). Similarly, determining which of the 
TCE-induced alterations in CD4 +  T cells (e.g. susceptibility to apoptosis, expan-
sion of memory/activated populations, and skewing of cytokine production) are 
actually required for pathology represents another challenge. Nevertheless, in view 
of the increased prevalence of certain autoimmune diseases in humans, and the 
widespread nature of TCE exposure, determining the contribution of the later to the 
former should remain a priority. Once the mechanism(s) of action have been more 
clearly defi ned it should be possible to circumvent at least some of these processes, 
and thereby decrease the likelihood of TCE-induced autoimmunity. For example, 
dietary interventions that combat DNA methylation could be used until TCE reme-
diation is more advanced. The changes induced in CD4 +  T cells by often unde-
tected TCE exposure may make the host more sensitive to a variety of 
hypersensitivity/autoimmune responses. Instead of focusing on a few specifi c syn-
dromes such as scleroderma we should consider the possibility that TCE and other 
immunotoxic chemicals contribute to a wide array of idiopathic chronic infl amma-
tory diseases.     
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    Abstract     Occupational exposure to trichloroethylene (TCE) rarely induces severe 
generalized hypersensitivity dermatitis accompanying grave hepatitis, referred to as 
occupational TCE hypersensitivity syndrome (HS), in susceptible workers. TCE HS 
resembles delayed-type severe cutaneous adverse reactions to drugs and is totally 
different from solvent-induced irritating contact dermatitis. Importantly, human 
herpesvirus 6, which remains latent within the body after primary infection during 
infancy, is reactivated in most patients, and the reactivation affects the clinical 
course of this disease. Lines of evidence have established the current notion that 
TCE has sensitization potency. Though human leucocyte antigen (HLA)-B*13:01 
has been identifi ed as a marker of individual susceptibility, appropriate occupational 
hygiene practices to reduce the exposure and the biological monitoring of urinary 
TCE metabolites can be crucial to preventing this disease. Since the causal relation-
ship between TCE exposure and this life-threatening occupational disease can be 
overlooked, the disease needs special attention from occupational health profes-
sionals and clinicians.  
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3.1         Occupational Trichloroethylene Hypersensitivity 
Syndrome: Hypersensitivity Dermatitis Due 
to Trichloroethylene Exposure 

 Trichloroethylene (TCE) (CAS number: 79-01-6) is still an important industrial 
solvent today, used for degreasing during production of metal parts. Although the 
production volume of TCE has been decreasing, especially in developed countries, 
health problems related to TCE exposure remain an important occupational health 
issue at least in some Asian countries since there are a large number of exposed 
workers. The annual production of TCE in China and Japan was 160,900 and 
47,745 t in 2010, respectively. 

 In workshops where organic solvent is used, skin problems, mostly irritant 
contact dermatitis, are in general the frequently encountered occupational health 
issues. The dermatitis is primarily attributable to irritation due to the local defat-
ting action of the solvent, in which skin surface lipids, the lipid material in the 
stratum corneum, and the fatty fraction of the cell membranes are dissolved 
(Wahlberg and Adams  1999 ). However, workers engaging in a job exposed to 
TCE could also suffer from idiosyncratic generalized dermatitis accompanying 
grave hepatitis, which is totally different from the irritant contact dermatitis 
(Huang et al.  2002 ; Kamijima et al.  2007 ). The mortality rate of this disease is 
surprisingly high, i.e., 9–13 %. Liver failure, infections, and the resulting sepsis 
are the principal causes of fatalities (Phoon et al.  1984 ; Pantucharoensri et al. 
 2004 ; Kamijima et al.  2007 ). 

 This generalized dermatitis resembles severe drug hypersensitivities, and is 
designated as occupational TCE hypersensitivity syndrome (HS). It is mediated 
by a delayed-type hypersensitivity mechanism, but is not classifi ed as allergic 
contact dermatitis, which only involves the areas of skin directly contacting TCE 
liquid. It could involve whole body surface, even the mucous membrane in the 
oral cavity and genitalia. In addition to the characteristics of the rash, about a 
1-month duration from the commencement of exposure to the disease onset, 
fever, abnormally increased leukocyte number, lymphadenopathy, liver dysfun-
ction and the resulting fatalities, and the recurrence just after the minimal 
 re-exposure overlap characteristics of a disease entity referred to as severe cuta-
neous adverse reactions to drugs, namely drug-induced hypersensitivity syn-
drome (DIHS) or drug reaction with eosinophilia and systemic symptoms 
(DRESS) (Huang et al.  2006 ; Watanabe et al.  2010 ; Watanabe  2011 ; Kamijima 
et al.  2013 ). Since TCE still plays a signifi cant role as a degreasing solvent today 
and this life-threatening occupational disease can be misdiagnosed as generalized 
drug eruptions, the disease needs particular attention of occupational health pro-
fessionals and clinicians.  
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3.2     Epidemiology of Trichloroethylene Hypersensitivity 
Syndrome 

 The incidence rate of TCE HS is by far lower than TCE-induced irritant contact 
dermatitis. Though the exact incidence rate of the disease remains unclear today, the 
disease prevalence estimated from previous reports ranges between 0.25 and 12.5 % 
(Kamijima et al.  2007 ), which suggests that the prevalence depends on exposure 
dose and the existence of one or more certain individual susceptibility factors. The 
fi rst description of TCE HS can be found in an American textbook on occupational 
skin disorders that was published in 1947 as follows: “It (TCE) is also a sensitizer 
and can cause a more or less generalized acute eczematoid type of dermatitis which 
begins as an erythema, becomes papular, then vesicular, and is followed by oozing, 
crusting, and desquamation” (Schwartz et al.  1947 ). However, the authors did not 
mention the possibly accompanying hepatitis, fever, hematological abnormalities, 
lymphadenopathy and mucosal lesions, which are important features of this disease 
and will be described in more detail later in this chapter. After this publication, less 
than ten cases of TCE HS were reported in each decade between 1960 and 1990 
from a limited number of industrialized countries, i.e., USA, Japan, Singapore and 
Spain (Bauer and Rabens  1974 ; Conde-Salazar et al.  1983 ; Phoon et al.  1984 ; Goh 
and Ng  1988 ; Nakayama et al.  1988 ; Hisanaga et al.  2002 ). In contrast, the reported 
number increased dramatically after the mid-1990s mainly in industrializing Asia, 
particularly in China where more than 300 cases have been reported (Huang et al. 
 2002 ; Dai et al.  2004 ; Kamijima et al.  2007 ). In China, patients were found in some 
provinces, but the number of reported cases was by far the largest in a southern part 
of China, Guangdong Province. This growing number of disease occurrences was 
considered to be partly attributable to the rapid economic development in that area 
and the resulting increase in the use of TCE and exposed populations (Huang et al. 
 2002 ), especially after the conclusion of the Montreal Protocol to phase out the use 
and production of chlorofl uorocarbons and 1,1,1-trichloroethane. Patients were also 
reported in Korea, Singapore, Thailand, Philippines, USA, and Japan until this day 
(Bond  1996 ; Chittasobhaktra et al.  1997 ; Tan et al.  1997 ; Estrella-Gust et al.  1999 ; 
Goon et al.  2001 ; Pantucharoensri et al.  2004 ; Kamijima et al.  2007 ; Ikeoka et al. 
 2009 ; Watanabe et al.  2010 ; Jung et al.  2012 ). Those patients were mostly engaged 
in degreasing, especially cleaning metal-made products, machines, plastic toys, or 
electronics parts. Degreasing work using TCE thus seems to carry a higher risk of 
suffering from this disease. 

 It should be noted that an occupational history linked to TCE exposure can be 
overlooked in a patient exhibiting generalized rash if the clinician does not ask the 
patient questions focusing on solvent exposure (Watanabe et al.  2010 ). There may 
be more latent patients even in developed countries today. However, the number of 
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workers engaging in solvent-exposed work in factories is generally small in these 
countries, and poor working environments in terms of TCE exposure are encoun-
tered in small-scale enterprises rather than in large-scale ones. Given the very low 
incidence rate of TCE HS, workplace-based epidemiological studies to clarify the 
precise rate are practically diffi cult to carry out.  

3.3     Characteristics and Pathophysiology 
of Trichloroethylene Hypersensitivity Syndrome 

3.3.1     Clinical Features Common to Severe Cutaneous 
Adverse Reactions to Drugs 

 As mentioned in the introductory part of this review, TCE HS shows characteristics 
common to delayed-type severe drug hypersensitivities. The characteristics of the 
disease are summarized in Table  3.1 . Duration of exposure is one of the most impor-
tant features of this disease. The duration is 4 weeks on average, and almost all 
within 3 months. If a heavily-exposed worker does not suffer from the disease dur-
ing this period, he/she is not susceptible. The initial symptom is fever (>38 °C) or 
rash, or both. The fever is often considered a sign of any infectious disease, and an 
antibiotic and/or an antipyretic can be prescribed, following which a generalized 
rash appears and possibly be misdiagnosed as drug eruption. Jaundice is often seen 
from the early stage of the clinical course (Kamijima et al.  2007 ).

   The dermatitis starts as a diffuse erythematous maculopapular rash on the 
extremities, face, neck or trunk, and spreads to the entire body surface within one to 
several days. Chinese researchers in the fi eld of occupational and clinical medicine, 
focusing on the rash’s similarity to generalized drug eruption based on their cumu-
lative experience of treating many patients, classifi ed the rash phenotypes observed 
during the clinical course into the following categories: exfoliative dermatitis (ED), 
erythema multiforme (EM), and Stevens-Johnson syndrome (SJS)/toxic epidermal 
necrolysis (TEN) (Ministry of Health of the People’s Republic of China  2007 ) 
(Fig.  3.1 ). Though the rash was the same as that of severe cutaneous adverse reac-
tions to drugs, 3/4 of the patients did not receive medication before the onset of the 
rash. The remaining 1/4 took medicines for cold because of the initial feverish 
symptoms (Huang et al.  2006 ). Of the rash phenotypes most prevalent one is ED. In 
severe cases, the rash develops into generalized edematous erythema, with facial 
swelling accompanied by exudates and incrustation, sometimes involving the oral 
mucous membrane. The rash darkens with increasing desquamation; the scales may 
be thick on the palm, and can be exfoliated like torn gloves (Ministry of Health of 
the People’s Republic of China  2007 ).

   Importantly, human herpesvirus 6 (HHV6) is reactivated in patients suffering 
from TCE HS. HHV6 is a causative of exanthema subitum during infancy, and 
remains latent within the body after the primary infection in most persons in all 
healthy populations (Yoshikawa et al.  1989 ; Asano et al.  1989 ; Yamanishi et al.  1988 ). 
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The reactivation frequency in TCE HS patients has been reported to be at least about 
90 % (Kamijima et al.  2013 ). This fi nding indicated that the pathophysiology of 
occupational TCE HS was exactly the same as that of DIHS or DRESS (Huang et al. 
 2006 ; Watanabe et al.  2010 ; Watanabe  2011 ; Kamijima et al.  2013 ). DIHS is charac-
terized by (1) maculopapular rash developing >3 weeks after starting with a limited 
number of drugs, (2) prolonged clinical symptoms 2 weeks after discontinuation of 

     Table 3.1    Clinical characteristics of trichloroethylene hypersensitivity syndrome   

 Clinical features  Note 

 Incidence  Less than 1–13 % of the occupationally exposed population 
(Kamijima et al.  2007 ). What determines the incidence remains 
unclear. Both exposure dose (average and peak exposure 
concentration) and susceptible gene polymorphism (see below) 
may be involved 

 Interval from commence-
ment of exposure to 
disease onset 

 Four weeks on average, mostly 2–6 weeks, and almost all within 
3 months (Huang et al.  2002 ,  2006 ; Kamijima et al.  2007 ) 

 Initial symptoms  Fever and/or rash (Huang et al.  2002 ,  2006 ; Kamijima et al.  2007 ) 
 Fever  Frequent (>38 °C) (Huang et al.  2002 ,  2006 ; Kamijima et al.  2007 ) 
 Rash  Different phenotypes were reported: exfoliative dermatitis (ED) 

type, erythema multiforme (EM) type, Stevens-Johnson 
syndrome (SJS)/toxic epidermal necrolysis (TEN) type. ED type 
is most frequently observed (Huang et al.  2002 ,  2006 ; Kamijima 
et al.  2007 ). ED and TEN are associated with higher-level 
human herpesvirus 6 (HHV6) reactivation and stronger 
proinfl ammatory cytokine responses (Kamijima et al.  2013 ) 

 Mucosal lesion  Possible (Huang et al.  2002 ,  2006 ; Kamijima et al.  2007 ) 
 Lymphadenopathy  Frequent (cervical nodes, axillary nodes, inguinal nodes and others) 

(Huang et al.  2002 ,  2006 ; Kamijima et al.  2007 ) 
 Eosinophilia (>1.5 × 10 9 /L)  Possible. In cases whose eosinophilia is not evident, leucocytosis 

(>11 × 10 9 /L) is frequently observed (Kamijima et al.  2007 ; 
Huang et al.  2006 ) 

 Hepatitis  Most patients suffer and it can be a cause of fatality. Jaundice is 
frequently observed (Huang et al.  2002 ,  2006 ; Kamijima et al. 
 2007 ) 

 Possible other organ 
involvement 

 Heart, lung, spleen, adrenal gland, larynx and brain (encephalitis) 
(Kamijima et al.  2007 ; Huang et al.  2006 ) 

 Reactivation of latent 
viruses/co-infection 

 HHV6 and cytomegalovirus following HHV6 reactivation (Huang 
et al.  2006 ; Watanabe et al.  2010 ; Watanabe  2011 ). Other 
betaherpesvirinae of which the reactivation has been reported in 
DIHS/DRESS patients can be reactivated (Watanabe et al.  2010 ; 
Watanabe  2011 ; Yanagiba  2007 ). Increase in IgM antibody titer 
against measles virus was also reported (Huang et al.  2006 ) 

 Percent fatal  9–13 % (Kamijima et al.  2007 ). Extensive use of corticosteroid can 
decrease the fatality(Kamijima et al.  2013 ) 

 Factor(s) determining 
individual susceptibility 

  HLA - B * 13 : 01  and  HLA - B * 44  are the reported major determinant 
(Li et al.  2007 ). See Table  3.2  for more details 

 Positive skin patch test 
results 

 Trichloroethanol (0.005 %) (Watanabe et al.  2010 ; Nakayama et al. 
 1988 ), trichloroacetic acid (5 %) (Watanabe et al.  2010 ), chloral 
hydrate (5 %) (Watanabe et al.  2010 ) 

  Milder cases may lack the above typical features  
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the causative drug, (3) fever (>38˚C), (4) liver abnormalities, (5) leucocyte abnor-
malities being exhibited as either leucocytosis, atypical lymphocytosis or eosino-
philia, (6) lymphademopathy, and (7) HHV6 reactivation. A patient is diagnosed as 
typical DIHS when these seven criteria are met and as atypical DIHS when fi ve 
(1–5) criteria are met (Shiohara et al.  2007 ). Thus, most of the cases reported in the 
past meet the diagnostic criteria of DIHS (Watanabe  2011 ), although our previous 
study was the fi rst to detect HHV6 reactivation (Huang et al.  2006 ). The notion has 
been fully established that TCE is a causative agent of DIHS (Huang et al.  2006 ; 
Watanabe  2011 ; Kamijima et al.  2013 ).  

3.3.2     Human Herpesvirus 6 Reactivation 
and Infl ammation- Related Cytokines 

 Interestingly, HHV6 viral load in the blood was associated with the rash pheno-
type; its viremia was more frequently observed and the maximum HHV6 DNA copy 
 numbers were higher in patients with ED than in those with EM type. Patients with 
TEN type rash also showed a higher-level of reactivation (Kamijima et al.  2013 ). 

  Fig. 3.1    Representative cutaneous manifestations of trichloroethylene-induced generalized 
hypersensitivity dermatitis. ( a ) Exfoliative dermatitis type, ( b ) Erythema multiforme type, ( c ) 
Stevens-Johnson syndrome type, ( d ) Toxic epidermal necrolysis type. Rash phenotypes were clas-
sifi ed according to the ‘Diagnostic criteria of occupational medicamentose-like dermatitis due to 
trichloroethylene’ (GBZ 185–2006) developed by the Ministry of Health of the People’s Republic 
of China ( 2007 ) (This fi gure originally appeared in a previous article (Huang et al.  2006 ) and was 
reproduced with permission)       

 

M. Kamijima et al.



43

The reactivation of HHV6 in the clinical course of DIHS/DRESS is one of the major 
concerns for achieving a better treatment outcomes since the prognosis of the dis-
ease depends on whether or not the reactivation can be controlled (Hashimoto et al. 
 2003 ; Shiohara et al.  2006 ). In patients with TCE HS, levels of blood cytokines, 
i.e., tumor necrosis factor (TNF) -α, interferon (IFN)-γ, interleukin (IL)-5, IL-6, 
and IL-10, are signifi cantly and remarkably higher than in healthy TCE-exposed 
workers (Kamijima et al.  2013 ; Okamura et al.  2007 ; Ito et al.  2007 ). Jia et al. also 
reported that serum levels of TNF-α, IL-1β, IL-6 and IL-8 in TCE HS patients were 
signifi cantly higher than in TCE-exposed workers and non-exposed controls (Jia 
et al.  2012 ). Their team found that a TCE metabolite trichloroethanol, but not tri-
chloroacetic acid (TCA), increased the release of IL-1α and IL-6 in a keratinocyte 
cell line in a dose-dependent manner (Jia et al.  2012 ). In contrast, healthy workers 
occupationally exposed to TCE reportedly showed lower IL-4 and higher IFN-γ and 
IL-2 levels in their serum (Iavicoli et al.  2005 ). IL-10 concentrations in exposed 
workers were also lower than in unexposed controls whereas there were no signifi -
cant differences for TNF-α and IL-6 (Bassig et al.  2013 ). In infl ammatory responses 
of TCE HS, a contribution by the gene polymorphism of TNF-α (G-308A) to dis-
ease predisposition was reported (Dai et al.  2004 ). A TNF-α concentration upon 
hospitalization higher than 3 standard deviations above the mean value of healthy 
exposed workers was signifi cantly associated with a subsequent or simultaneous 
increase in HHV6 DNA in the clinical course (odds ratio 22.4) (Kamijima et al. 
 2013 ). Elevation of TNF-α and IL-6 levels reportedly preceded HHV6 reactivation 
in DIHS (Yoshikawa et al.  2006 ). It was also shown that HHV6 upregulates the 
production of TNF-α in peripheral blood mononuclear cells (Flamand et al.  1991 ). 
Thus, it may be likely that TCE exposure affects the immunological condition of 
exposed workers, and that once the TCE HS has occurred in a susceptible worker, 
the increased TNF-α might induce HHV6 reactivation, or vice versa, resulting in the 
manifestation of a specifi c rash phenotype. In addition to the reactivation of HHV6, 
that of cytomegalovirus (Watanabe et al.  2010 ) and HHV7 (Yanagiba  2007 ) can be 
detected as well. However, co-infection/reactivation of viruses other than betaher-
pesvirinae is not usually observed. In patients with DIHS, fl aring of symptoms such 
as fever and hepatitis was closely related to HHV6 reactivation during the clinical 
course after cessation of the causative medication (Tohyama et al.  2007 ). The same 
phenomenon is observed in the clinical courses of patients suffering from TCE HS, 
even after TCA has become undetectable in their urine.  

3.3.3     Liver Dysfunction 

 Another important characteristic of TCE HS is liver dysfunction that is observed in 
most of the patients. Systematic investigation of possible risk factors for hepatitis, 
e.g., hepatitis A, B, and C viruses, alcohol consumption, drug abuse, use of sanitary 
chemicals, drinking unsanitary water, and past and family history of allergic, immu-
nological or hepatocystic diseases, ruled out the involvement of these factors in the 
disease. C-reactive protein and the erythrocyte sedimentation rate usually show 
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negative results (Huang et al.  2006 ), as does the antinuclear antibody detection test 
(Kamijima et al.  2013 ), which is different from those of active autoimmune diseases 
such as systemic lupus erythematosus. 

 Some of the chlorinated hydrocarbons are known to have hepatotoxicity although 
their inherent toxicity varies depending on the chemicals. Exposure to high concen-
trations of TCE in the air could induce liver dysfunction (World Health Organization 
(WHO)  1985 ), but the effects on the liver are generally not massive in those who 
were anesthetized with TCE or who were occupationally exposed to TCE (Agency 
for Toxic Substances and Disease Registry  1997 ), which could have been due to 
activation of peroxisome proliferator-activated receptor α (Ramdhan et al.  2008 ; 
Ramdhan et al.  2010 ). In contrast, the hepatitis observed in TCE HS is induced by 
exposure at much lower concentrations and can be a life-threatening fulminant one; 
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels can 
increase to several thousand U/L. Unfortunately, biopsy results which could address 
the immune-mediated component of the hepatotoxicity have not been reported in 
the literature. 

 The two types of TCE-induced hepatitis mentioned above have different patho-
physiologies. An experimental rodent study clearly showed that TCE can induce 
two different types of hepatitis in guinea pigs, i.e., acute-type toxic hepatitis and 
immune-mediated hepatitis (Tang et al.  2008 ). The former type was observed in a 
dose-dependent manner; in an experiment where guinea pigs received intradermal 
TCE injections of 0, 167, 500, 1,500 or 4,500 mg/kg, the increase in AST was 
signifi cant at and above TCE dosages of 1,500 mg/kg, and the increase in ALT 
and evident fatty degeneration, hepatic sinusoid dilation and infl ammatory cell 
infi ltration were observed at 4,500 mg/kg (Tang et al.  2008 ). A mechanistic study 
using knockout mice lacking cytochlome P450 (CYP) 2E1 suggested that CYP 
2E1-mediated bioactive TCE metabolite(s) might induce nuclear factor kappa B 
(NFκB) (p52), leading to hepatic infl ammation due to the high TCE exposure 
(Ramdhan et al.  2008 ). Some intermediate metabolite of TCE to chloral hydrate 
is considered to play a major role in the hepatotoxicity (Nakajima et al.  1988 ). In 
contrast, histopathological fi ndings of the animals sensitized with TCE in guinea 
pig maximization test (GPMT) were different from the above fi ndings; they were 
characterized by diffuse ballooning changes without lymphocyte infi ltration and 
necrotic hepatocytes. In addition, 90.9 % (30/33) of sensitized guinea pigs 
revealed either ALT or AST levels higher than the upper limits of reference val-
ues, while 88.2 % (15/17) of guinea pigs without sensitization showed both AST 
and ALT levels below the limits (Tang et al.  2008 ). Thus, it appears that low-dose 
exposure to TCE can induce hepatic damage only by means of immune-mediated 
mechanisms, which is under investigation in ongoing studies. This experimental 
evidence suggests that the mechanisms of hepatotoxicity due to TCE are not 
unique, and that the hepatitis observed in TCE HS, which can be life-threatening, 
should be treated from the viewpoint of an immune-mediated mechanism. Use of 
an extensive dose of corticosteroid is reportedly effective (Table  3.1 ). For exam-
ple, a series of patients have been treated with methylprednisolone at an initial 
daily dosage of 80–250 mg with progressive tapering, depending on the clinical 
severity and response to the treatment (Kamijima et al.  2013 ).   
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3.4     Trichloroethylene as a Causative Agent 
of Hypersensitivity Syndrome 

 Although a considerable number of reported cases suggested a causal relationship 
between TCE exposure and the disease, the question of whether the causative agent 
was TCE itself or the impurities/stabilizers/contaminant(s) of the solvent was a con-
troversial issue, because commercial solvent products used in workplaces are gener-
ally not 100 % pure. Impurities depend on the manufacturing route, the type and 
quality of feed stock used, the type of distillation equipment, and the level of com-
pliance with technical specifi cations (World Health Organization (WHO)  1985 ). 
Stabilizers, some of which have skin sensitization potency (Wahlberg and Adams 
 1999 ), are added to prevent the solvent from breaking down into hydrochloric acid, 
which can corrode the parts being cleaned and the cleaning equipment itself (Mohr 
 2001 ). However, today there are the following lines of evidence establishing the 
causal relationship between TCE itself and TCE HS (Kamijima et al.  2008 ). First, 
TCE metabolites, especially TCA, were detected in all the patients’ urine when 
urine was sampled within the period of several times its biological half-life of 57.6 h 
(Ikeda and Imamura  1973 ). Second, a comprehensive survey of the solvent constitu-
ents including impurities, stabilizers, and metals, as well as the airborne chemicals, 
showed that no chemical except for TCE was commonly detected in the patients’ 
workplaces. Third, it was confi rmed that TCE had a strong sensitization potential in 
GPMT. This model for type IV hypersensitivity (Kimber et al.  2002 ) revealed sensi-
tization rates of 66–71 %, showing erythema and skin edema and immune- mediated 
liver injury at doses below those inducing acute toxic liver injury (Tang et al.  2002 ; 
Tang et al.  2008 ). Skin patch test conducted in a limited number of patients showed 
positive results at least for TCE metabolites at low concentrations (0.005 % trichlo-
roethanol) (Table  3.1 ) (Watanabe et al.  2010 ; Nakayama et al.  1988 ). 

 One important viewpoint in the fi eld of occupational health is that some patients 
themselves did not use TCE but worked close to degreasing tubs (Goon et al.  2001 ; 
Kamijima et al.  2013 ). In a case in China, a patient after recovery suffered from rash 
again only from a short-time visit to the person’s workplace to pick up the belongings. 
This indicates that skin contact with liquid TCE is not essential for the onset of this skin 
disorder, which is completely different from solvent-induced irritant dermatitis due to 
its defatting action (Kamijima et al.  2007 ). This notion is supported by the fact that oral 
administration of chloral hydrate, a metabolite of TCE used as a sedative, could also 
induce generalized skin eruption equivalent to TCE HS (Lindner et al.  1990 ).  

3.5     Susceptible Population 

 An important feature of TCE HS is the remarkable difference in individual suscep-
tibility to the disease. When an exposed worker does not suffer from it within 
3 months after commencement of an extensive exposure to TCE, it can be said that 
he/she is tolerant to TCE HS. Thus, there should be genetic risk factors leading to 
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ways to search for a biomarker of individual susceptibility, focusing on gene poly-
morphisms (Dai et al.  2004 ; Nakajima et al.  2003 ; Li et al.  2007 ). One approach was 
to focus on polymorphisms of drug-metabolizing enzymes (Nakajima et al.  2003 ). 
The polymorphisms investigated so far were CYP1A1, CYP2E1, glutathione 
S-transferase (GST), alcohol dehydrogenase (ADH), aldehyde dehydrogenase 
(ALDH), and two genes ( NAT1  and  NAT2 ) that encode  N -acetyltransferases (NATs) 
(Table  3.2 ). Another focus was human leukocyte antigen (HLA). Associations of 
HLA-DM and HLA-B with TCE HS have been reported, and the investigation of 
the latter revealed remarkable success. Li et al. reported HLA-B*13:01 and HLA-
B*44 as biomarkers of individual susceptibility with an odds ratio of 36.8 in a 
patient group having either of the HLA loci (Table  3.2 ) (Li et al.  2007 ). This is a 
fi nding analogous to carbamazepine-induced SJS/TEN and allopurinol-induced 
severe cutaneous adverse reactions in which strong associations with HLA-B*15:02 
(Chung et al.  2004 ) and HLA-B*58:01 (Hung et al.  2005 ), respectively, were 
reported. Today, candidate peptides bound to the HLA-B*13:01 molecule have been 
identifi ed (Zhang et al.  2013 ).

3.6        Preventive Measures of Trichloroethylene 
Hypersensitivity Syndrome from the Viewpoint 
of Dose–Response Relationship 

 Generally speaking, ambient air monitoring is a good measure for assessing exter-
nal exposure to a solvent. In 2007, the Time-Weighted-Average (TWA) Threshold 
Limit Value (TLV) of TCE, set by the American Conference of Governmental 
Industrial Hygienists (ACGIH), was reduced from 50 ppm (270 mg/m 3 ) to 10 ppm 
(54 mg/m 3 ) to protect against effects on the central nervous system (CNS), as well 
as other potential effects including renal toxicity and cancer. A TLV-short-term 
exposure limit (STEL) of 25 ppm (135 mg/m 3 ) was also recommended because the 
CNS effects of TCE appeared to be related to peak exposures (American Conference 
of Governmental Industrial Hygienists  2007 ). However, prevention of TCE HS is 

     Table 3.2    Genetic factors reported as candidate biomarkers of individual susceptibility   

 Gene polymorphisms  OR (95 % Cl)  Note  References 

  HLA - B * 13 : 01   27.5    (13.5–55.7)       B * 13 : 01 or B * 44  : OR 
36.8 (95%CI 17.8–76.1) 

 Li et al. ( 2007 ) 
  HLA - B * 44   20.1 (2.6–157.5)   
  NAT1  (SS)  1.10 (0.52–2.34)       NAT1  (SS) and  NAT2  

(FS + SS): OR 2.71 
(95%CI 1.29–5.70) 

 Dai et al. ( 2009 ) 
  NAT2  (FS + SS)  2.01 (1.14–3.54)   

  ALDH2  *  1 / *  2  and 
 ALDH2  *  2 / *  2  

 0.5 (0.29–0.85)  Li et al. ( 2006 ) 

  TNF   A I/II  
(TNF-α  - 308  site) 

 0.398 (0.164–0.967)   TNF A I : wild-type allele  Dai et al. ( 2004 ) 

   Abbreviations. ALDH  aldehyde dehydrogenase,  95 % CI  95 % confi dence interval,  FS + SS  interme-
diate or slow acetylators,  HLA  human leucocyte antigen,  NAT  N-Acetyltransferases,  OR  odds ratio  
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not considered in the current documentation. Thus, this section aims to primarily 
address TCE exposure dose that could elicit hypersensitivity skin reactions. 

 In the previous case reports, airborne personal exposure concentrations of each 
patient were usually not available. The only way to directly assess a patient’s per-
sonal exposure was to measure TCE metabolites in urine. However, measurements 
were not conducted in most of the case reports published in the last century proba-
bly because the importance of biological monitoring at the initial clinical stage of 
the disease was overlooked. Another problem was that urine available from patients 
were usually not end-of-shift, so as to enable a comparison of the metabolite con-
centration with its biological exposure index (BEI). Then we investigated airborne 
personal exposure concentrations of TCE and TCA concentrations in end-of-shift 
urine of the healthy workers who worked in the same workplaces as the patients 
(Fig.  3.2 ) (Kamijima et al.  2008 ). On the other hand, we estimated the end-of-shift 
concentration of hospitalized patients’ urine based on information of the time period 
between the end of shift and the urine collection, on the assumption that the 
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  Fig. 3.2    End-of-shift trichloroacetic acid (TCA) concentrations (mg/L,  vertical axis ) in urine of 
patients (n = 42,  bars ) and healthy workers (n = 59,  circles ) occupationally (directly or indirectly) 
exposed to TCE. For healthy workers, 8-h time-weighted average personal exposure concentra-
tions (ppm,  horizontal axis ) were also shown, but concentrations were not available for patients. 
End-of-shift TCA concentrations of the patients were estimated from the concentrations on the day 
of hospitalization (Kamijima et al.  2008 ; Kamijima et al.  2013 )       
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biological half-life of urinary TCA did not vary between patients. The estimated 
average urinary TCA concentration at the end of their shift was 206 mg/L (95 % 
confi dence interval 78–542 mg/L) (Kamijima et al.  2008 ). Another estimation from 
a different patient group showed similar results: 238 mg/L (arithmetic mean) or 
153 mg/L (geometric mean) (Kamijima et al.  2013 ). Thus, it was revealed that many 
of the patients suffering from TCE HS were extensively exposed to TCE. However, 
Fig.  3.2  clearly shows that the concentration ranges of the patients and healthy 
workers widely overlap. The mechanism by which susceptible individuals suffer 
from the disease should be clarifi ed further.

   The next discussion is about the threshold TCA concentration of the patients, 
which provides useful information for preventing TCE HS. As shown in Fig.  3.2 , 
the lowest end-of-shift concentrations estimated using the reported biological half-
life of 57.6 h (Ikeda and Imamura  1973 ) was 17 mg/L (Kamijima et al.  2013 ). It is 
recommended that urinary TCA concentrations be kept below the ACGIH BEI 
value of 15 mg/L to better prevent TCE HS in susceptible workers.  

3.7     Future Directions: Issues Remaining to Be Solved 

 As discussed above, substantial knowledge about TCE HS has accumulated during 
this century. The following are examples of the remaining questions. The fi rst  con-
cerns the threshold exposure dose that could elicit the disease. More comprehensive 
studies may be necessary to answer the question of whether the current BEI value is 
effective to protecting susceptible individuals, especially according to the HLA- 
B*13:01 status. The second question is whether or not TCE exposure is the only 
trigger of the sensitization process in susceptible individuals. This question remains 
to be answered since clusters of disorder occurrence in a workshop during a short 
period, even within a half month in some cases, have been reported from several 
countries so far (Hisanaga et al.  2002 ; Lin et al.  2003 ; Kamijima et al.  2007 ). 
Unrevealed work-related factor(s) other than TCE exposure and genetic factors 
might have played a supplementary role in causing or developing the disease.  

3.8     Conclusions 

 Occupational diseases are theoretically preventable. It is a great pity that dozens of 
predisposed workers lost their lives due to TCE HS. The fatalities resulted from lack 
of knowledge that this disease is immune-mediated. The sensitized victims contin-
ued working in the same workplace even after onset of the disease, i.e., they contin-
ued being exposed to TCE, or returned to the same work after they recovered from 
the illness. Such a tragedy should not be repeated in any part of the world. 

 At present, if replacement of TCE by a safer substitute is not a realistic measure, 
the best preventive strategy for this disease is to control the exposure under the 
understanding that TCE is an allergen. A sensitizer notation is necessary for the 
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occupational hygiene standards of TCE. Available evidence suggests that biological 
monitoring of urinary TCA, which is superior to trichloroethanol because the bio-
logical half-life of TCA is longer, is preferable to environmental measurement. It is 
recommended that the exposure be controlled so as to keep the urinary TCA con-
centration below the ACGIH BEI value of 15 mg/L in the end-of-shift urine in order 
to reduce the risk of TCE HS. Education to enforce better occupational hygiene 
practices is also necessary to reduce the exposure. 

 For early detection of the disease, occupational health professionals should pay 
careful attention to initial symptoms of the disease, especially fever, rash and jaun-
dice. Exposed workers should be informed of the initial symptoms of the disease as 
well. Clinicians are requested to ask about solvent exposure history from patients 
who suffer from generalized rash like drug hypersensitivities.     
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    Abstract     Trichloroethylene (trichloroethene, TCE) is a widely used organic sol-
vent and a common environmental and occupational contaminant. Apart from 
diseases like cancer and heart defects, TCE exposure has also been implicated in 
the development of various autoimmune diseases (ADs), such as systemic lupus 
erythematosus (SLE), systemic sclerosis and fasciitis, both from occupational 
and environmental exposures. Experimental studies using MRL+/+ mice as an 
animal model also support an association between TCE exposure and autoim-
munity. Increasing evidence suggests that free radical-mediated reactions could 
play a potential role in the pathogenesis of ADs, and TCE exposure is known to 
cause oxidative stress both in vivo and in vitro. Recent studies have contributed 
to the understanding of the role of oxidatively modifi ed proteins, especially lipid 
peroxidation-derived aldehyde (LPDA)-modifi ed proteins in TCE-induced auto-
immune response. These studies support that oxidative modifi cation of endoge-
nous proteins leads to structural alterations, resulting in the formation of 
neoantigens which elicit autoimmune responses by stimulating T and/or B lym-
phocytes, particularly Th1 and Th17 lymphocytes. More detailed studies to 
understand the distinct pathways by which oxidative stress contributes to auto-
immunity, especially mapping of gene expression, analyzing proteome, block-
ing/inhibiting specifi c signal transduction pathways will also unravel critical 
mechanisms in TCE-mediated autoimmunity.  
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4.1         Introduction 

 Trichloroethylene (trichloroethene, TCE) is a widely used organic solvent and a 
common environmental and occupational contaminant (Diot et al.  2002 ; Hardin 
et al.  2005 ; Bakke et al.  2007 ; Moran et al.  2007 ; ATSDR  2010 ; Purdue et al.  2011 ). 
About 3.5 million people are occupationally exposed to TCE in the United States 
mainly through its use in degreasing operation, but also through dry cleaning, textile 
scouring, and in handling adhesives, drugs, paints, leather and other products (Wu 
and Schaum  2000 ; Bakke et al.  2007 ; ATSDR  2010 ). 

 Environmental exposure to TCE occurs through air, contaminated ground water 
and drinking water. Most TCE used in the United States is released to the atmo-
sphere from vapor degreasing operations, and its release to air also occurs at sewage 
treatment and disposal facilities, water treatment facilities, and landfi lls (Wu and 
Schaum  2000 ; Bakke et al.  2007 ; ATSDR  2010 ). TCE has been detected in the air 
throughout the United States, and the 1998 air levels across all 115 monitors ranged 
between 0.01–3.9 μg/m 3  with a mean of 0.88 μg/m 3  (Wu and Schaum  2000 ; Bakke 
et al.  2007 ; ATSDR  2010 ). TCE was detected in 28 % of 9,295 surface water report-
ing stations nationwide, and it is the most frequently reported organic contaminant 
in groundwater with up to 34 % of the drinking water supplies in USA contaminated 
with TCE (IARC  1995 ; Wu and Schaum  2000 ; ATSDR  2010 ). 

 TCE has also been identifi ed in 72 food items in the US Food and Drug 
Administration’s Total Diet Study, including fruits, beverages and many foods pre-
pared with oils and fats (Wu and Schaum  2000 ; ATSDR  2010 ). Because of its wide-
spread commercial use and improper disposal, TCE has become a major occupational 
and environmental toxicant, and is one of the most abundant organic contaminants 
(NTP  1990 ; Bourg et al.  1992 ; Ashley et al.  1994 ; Hardin et al.  2005 ; Moran et al. 
 2007 ; ATSDR  2010 ). Therefore, there is clearly a need to extensively study the 
potential adverse health effect of TCE.  

4.2     TCE Exposure and Autoimmune Response: 
Human Studies 

 TCE exposure has been associated with a variety of human diseases. Apart from dis-
eases like cancer and heart defects (Boyer et al.  2000 ; Rhomberg  2000 ; Caldwell and 
Keshava  2006 ; Drake et al.  2006 ; Purdue et al.  2011 ), TCE has also been implicated 
in the development of various autoimmune diseases (ADs), such as systemic lupus 
erythematosus (SLE), systemic sclerosis and fasciitis, both from occupational (Phoon 
et al.  1984 ; Flindt-Hansen and Isager  1987 ; Lockey et al.  1987 ; Yáñez Díaz et al. 
 1992 ; Waller et al.  1994 ; Nietert et al.  1998 ; Cooper et al.  2009 ) and environmental 
exposures (Haustein and Ziegler  1985 ; Byers et al.  1988 ; Kilburn and Warshaw  1992 ; 
Hayashi et al.  2000  ; Albert et al.  2005  ; Cooper et al.  2009 ). The involvement of TCE 
exposure in ADs was fi rst reported as early as in 1957 (Reinl  1957 ), and in recent 
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years an increasing number of reports have further implicated TCE in the develop-
ment of various ADs. Kilburn and Warshaw ( 1992 ) examined the prevalence of con-
nective tissue disease symptoms and ANA, by comparing 362 residents of Tucson to 
158 residents of another area of Southwest Arizona. The prevalence of some self-
reported symptoms (malar rash, arthritis/arthalgias, Raynaud syndrome, skin lesions, 
and seizure or convulsion) and ANA levels were higher in Tucson residents (Kilburn 
and Warshaw  1992 ). Reports have shown that occupational TCE exposure is also 
associated with scleroderma (Flindt-Hansen and Isager  1987 ; Lockey et al.  1987 ; 
Yáñez Díaz et al.  1992 ; Nietert et al.  1998 ; Diot et al.  2002 ; Pralong et al.  2009 ) and 
fasciitis (Waller et al.  1994 ). Some case-control studies provided data specifi cally 
about TCE exposure, based on industrial hygienist review of job history data. Three 
of these studies are of scleroderma (Nietert et al.  1998 ; Diot et al.  2002 ; Garabrant 
et al.  2003 ), one is of undifferentiated connective tissue disease (Lacey et al.  1999 ), 
and one is of small vessel vasculitis involving anti-neutrophil cytoplasmic autoanti-
bodies (Beaudreuil et al.  2005 ). Occupational TCE-induced Stevens-Johnson syn-
drome and other skin disorders have also drawn attention (Phoon et al.  1984 ; Huang 
et al.  2006 ; Kamijima et al.  2008 ; Jia et al.  2012 ).  

4.3     TCE Exposure and Autoimmune Response: 
In Vivo Studies 

 Khan and his colleagues were fi rst to propose and use MRL+/+ mice as an animal 
model to provide direct evidence of an association between TCE exposure and auto-
immunity (Khan et al.  1995 ). This association was further substantiated by their 
subsequent studies and reports from other laboratories using MRL+/+ mice (Gilbert 
et al.  1999 ; Griffi n et al.  2000a ; Khan et al.  2001 ; Wang et al.  2007a ,  b ,  2008 ,  2009 , 
 2012a ; Cai et al.  2008 ). MRL+/+ mice, therefore, have been the most often used 
animal models in experimental studies of TCE exposure. 

 Several studies in MRL+/+ mice have reported autoimmunity-related effects fol-
lowing exposure to TCE via drinking water (Blossom et al.  2004 ,  2007 ; Cai et al. 
 2008 ; Gilbert et al.  1999 ; Griffi n et al.  2000a ,  b ,  c ; Wang et al.  2007a ) or ip injection 
(Cai et al.  2006 ; Khan et al.  1995 ; Wang et al.  2007b ,  2008 ,  2009 ,  2012a ). The initial 
drinking water studies used relatively high TCE concentrations of 2.5 and 5 mg/mL, 
with serologic measurements of ANA and IgG levels and assays for the activation of 
CD4 +  T cells from spleen (Gilbert et al.  1999 ; Griffi n et al.  2000a ). Subsequent stud-
ies focused on examining TCE effects at lower exposure levels (0.1, 0.5, and 2.5 mg/
mL) (Griffi n et al.  2000b ; Wang et al.  2007a ,  2012a ; Cai et al.  2008 ), also showed an 
accelerated autoimmune response. The effects observed by Griffi n et al. ( 2000a ) with 
respect to formation of TCE-protein adducts and CD4 +  T cell activation was blocked 
by inhibiting CYP2E1 metabolic pathway (Griffi n et al.  2000b ), suggesting the role 
of TCE activation and its metabolites. In another chronic exposure study (0.5 mg/mL 
TCE in drinking water), Cai et al. ( 2008 ) found evidence of systemic infl ammation 
as determined by serum cytokines measured after 36–48 weeks of exposure. 
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 Some chronic oral exposure studies in the MRL+/+ mice, with exposure periods of 
32–48 weeks, reported the presence of distinct clinical effects in exposed mice. One 
of these effects was characterized as an autoimmune hepatitis (Griffi n et al.  2000b ; 
Cai et al.  2008 ). Griffi n et al. ( 2000b ) found an infl ammatory focal areas in the 0.5- 
and 2.5-mg/mL TCE-treated mice, with a dose-related effect on severity hepatic infi l-
trate in the portal tracts and lobular scores seen at 32 weeks. Cai et al. ( 2008 ) found 
similar liver lymphocytic infi ltrates at 36 and 48 weeks in a study using 0.5 mg/mL 
TCE exposure through drinking water, and also infi ltrates in the pancreas, lungs, and 
kidneys at 48 weeks. Wang et al. ( 2007a ) observed increased autoantibodies in another 
study using 0.5 mg/mL TCE via drinking water for 48 weeks. In a 40-week study 
using trichloroacetaldehyde hydrate, Blossom et al. ( 2007 ) reported diffuse alopecia 
and skin infl ammation and ulceration. Studies with other animal models also demon-
strated the potential of TCE in inducing autoimmune response. For example, a chronic 
(26-week) drinking water exposure study in NZB × NZW mice reported increased 
level of proteinuria and prevalence of renal pathology with TCE exposure of 
10,000 ppb via drinking water (Gilkeson et al.  2004 ). Production of anti-dsDNA and 
other antibodies was increased following 1,400 ppb TCE exposure for 19 weeks. 

 Several studies also evaluated the involvement of one or more metabolites of 
TCE in the induction of an autoimmune response observed in MRL+/+ mice. These 
include studies of dichloroacetyl chloride (Khan et al.  1995 ,  2001 ; Cai et al.  2006 ), 
trichloroacetaldehyde hydrate (Blossom et al.  2004 ,  2007 ; Blossom and Gilbert 
 2006 ; Gilbert et al.  2006 ), and trichloroacetic acid (Blossom et al.  2004 ). Effects 
were similar to those found with TCE in terms of accelerated autoantibody expres-
sion, T cell activation, and secretion of infl ammatory cytokines.  

4.4     Role of Oxidative Stress in Autoimmune Diseases 

 ADs such as SLE, rheumatoid arthritis and scleroderma are chronic and life- 
threatening disorders that affect ~3 % of United States population, and contribute 
disproportionately to morbidity and mortality among young to middle-aged women 
(Jacobson et al.  1997 ; Walsh and Rau  2000 ). Despite high prevalence of these dis-
eases, molecular mechanisms underlying systemic autoimmune response remain 
largely unknown. In recent years, increasing evidence suggests that free radical- 
mediated reactions could play a potential role in the pathogenesis of ADs (Khan 
et al.  2001 ; Hadjigogos  2003 ; Frostegard et al.  2005 ; Kurien and Scofi eld  2008 ; 
Wang et al.  2008 ,  2010a ; Vasanthi et al.  2009 ; Iuchi et al.  2010 ). Indeed increased 
oxidative stress is reported in various ADs (Grune et al.  1997 ; Frostegard et al. 
 2005 ; Tam et al.  2005 ; Morgan et al.  2009 ; Vasanthi et al.  2009 ; Shah et al.  2010 ; 
Wang et al.  2010a ; Al-Shobaili and Rasheed  2012 ; Al-Shobaili et al.  2013 ). 

 Reactive oxygen species (ROS) including superoxide anion (O 2  
.− ), hydrogen per-

oxide (H 2 O 2 ), hydroxyl radical (.OH) and other reactive molecules containing oxy-
gen formed during aerobic metabolism in cells as well as due to phagocyte and 
neutrophil activation during infl ammation, have potential to initiate cellular damage 
to lipids, proteins and DNA (Biemond et al.  1984 ; Halliwell and Gutteridge  1984 ; 
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Finkel  2011 ). A variety of ROS-mediated modifi cations of proteins have been 
reported in ADs and aging (Stadtman and Berlett  1998 ; Oates et al.  1999 ; Beal 
 2002 ; Morgan et al.  2005 ; Sheikh et al.  2007 ; Wang et al.  2010a ; Al-Shobaili and 
Rasheed  2012 ; Al-Shobaili et al.  2013 ). Sheikh et al. ( 2007 ) observed increased 
protein carbonyls and recognition of ROS-modifi ed human serum albumin by circu-
lating SLE autoantibodies in SLE patients. Recently, Al-Shobaili et al. ( 2013 ) 
reported higher level of anti-oxidized-catalase (CAT)-antibodies in SLE patients 
with varying levels of disease activity according to SLE Disease Activity Index 
(SLEDAI). These antibodies showed strong relation with the SLEDAI, disease 
induction and progression (Al-Shobaili and Rasheed  2012 ; Al-Shobaili et al.  2013 ), 
suggesting oxidized protein may be a useful biomarker in evaluating the progres-
sion of SLE and in elucidating the mechanisms of disease pathogenesis. 

 Reactive nitrogen species (RNS) are nitrogen-containing molecules, i.e., nitric 
oxide (.NO), peroxynitrite (ONOO  −  ) and nitroxyl anion (HNO  −  ) (Hill et al.  2010 ). Like 
ROS, RNS could also play a signifi cant role in the pathogenesis of SLE and other ADs, 
and have drawn considerable attention in recent years. .NO, generated by the enzyme 
inducible nitric oxide synthase (iNOS), is one of the most important and widely studied 
RNS. The potential of .NO in disease pathogenesis lies largely to the extent of its pro-
duction and generation of O 2  

.−  ,  leading to formation of peroxynitrite (ONOO − ). ONOO −  
is a potent nitrating and oxidizing agent which can react with tyrosine residues to form 
nitrotyrosine (NT; Weinberg et al.  1994 ; Xia and Zweier  1997 ; Khan et al.  2003 ). In 
addition, ONOO − -mediated modifi cations of endogenous proteins and DNA may 
enhance their immunogenicity, leading to a break in immune tolerance (Khan et al. 
 2003 ; Ohmori and Kanayama  2005 ; Kurien et al.  2006 ). Accumulating evidence in 
murine lupus shows increasing iNOS activity with the development and progression of 
ADs, and studies using competitive inhibitors suggest that iNOS could play a patho-
genic role in murine ADs (Weinberg et al.  1994 ; Xia and Zweier  1997 ; Karpuzoglu and 
Ahmed  2006 ; Wang et al.  2009 ). Also elevated presence of nitrated proteins, particular 
NT, a stable end product of increased RNS production, has been found in many dis-
eases including ADs (Oates et al.  1999 ; Morgan et al.  2005 ; Khan et al.  2006 ; Ohmori 
and Kanayama  2005 ). Growing observational data in humans also suggest that overex-
pression of iNOS and increased production of ONOO −  may contribute to glomerular 
and vascular pathology and in the pathogenesis of many other ADs (Wanchu et al. 
 1998 ; Nagy et al.  2007a ; Morgan et al.  2009 ). There is appreciable evidence that NT 
and other markers of protein oxidation are enhanced in diabetes and many other ADs, 
and may contribute to the pathogenesis of these diseases (Stadtman and Berlett  1998 ; 
Oates et al.  1999 ; Martín-Gallán et al.  2003 ; Morgan et al.  2005 ; Ohmori and Kanayama 
 2005 ; Khan et al.  2006 ; Khan and Ali  2006 ; Renke et al.  2007 ; Wang et al.  2010a ). 

 Reactive lipid species (RLS) are usually derived from unsaturated lipids, including 
lipid peroxidation-derived aldehydes (LPDAs) and reactive prostaglandins of A- and 
J-series (Higdon et al.  2012 ). LPDAs such as malondialdehyde (MDA) and 
4-hydroxynonenal (HNE) are highly reactive and can bind covalently to proteins result-
ing in their structural modifi cations and may elicit an autoimmune response and contrib-
ute to disease pathogenesis (Khan et al.  1997 ,  1999 ; Januszewski et al.  2005 ; Reed et al. 
 2009 ; Wang et al.  2010a ; Ben Mansour et al.  2010 ). Indeed higher levels of MDA-/
HNE-modifi ed proteins have been observed in AD patients (Grune et al.  1997 ; Kurien 
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and Scofi eld  2003 ; Frostegard et al.  2005 ; D’souza et al.  2008 ; Ben Mansour et al.  2010 ; 
Wang et al.  2010a ), suggesting a potential role for these oxidatively modifi ed proteins in 
ADs. Wang et al. ( 2010a ) analyzed the sera from 72 SLE patients with varying levels of 
disease activity (according to the SLEDAI) and 36 age- and gender-matched healthy 
controls for oxidative stress markers and showed signifi cantly higher levels of both 
MDA/HNE protein adducts and anti- MDA/anti-HNE protein adduct antibodies in SLE 
patients compared with healthy controls. Interestingly, not only was there an increased 
number of subjects positive for anti-MDA or anti-HNE antibodies, but also the levels of 
both of these antibodies were signifi cantly higher among SLE patients whose SLEDAI 
scores were ≥6 as compared with SLE patients with lower SLEDAI scores (<6). In 
addition, a signifi cant correlation was observed between the levels of anti-MDA or anti-
HNE antibodies and the SLEDAI score, suggesting a possible causal relationship 
between these antibodies and SLE. The stronger response observed in serum samples 
from patients with higher SLEDAI scores suggests that markers of oxidative stress may 
be useful in evaluating the progression of SLE and in elucidating the mechanisms of 
disease pathogenesis. Recently, Wang et al. ( 2012b ) observed age-related increases in 
the formation of MDA-/HNE-protein adducts, their corresponding antibodies and 
MDA-/HNE-specifi c immune complexes in MRL/lpr mice, the widely used model for 
SLE. Interestingly, HNE-MSA adducts mimic nuclear antigens and cause signifi cant 
inhibition in ANA binding to nuclear antigens (Fig.  4.1 ; Wang et al.  2012b ), suggesting 
that LPDA-modifi ed proteins could be important sources of autoantibodies and CICs in 
these mice, and thus contribute to autoimmune disease pathogenesis.
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  Fig. 4.1    Inhibitory effect of HNE-mouse serum albumin ( MSA ) on ANA binding to nuclear anti-
gens. Serum from 18-week MRL/lpr mice was pre-incubated with HNE-MSA followed by ANA 
determination using ELISA kit. The values are means ± SD. *p < 0.05 vs. controls (serum only) 
(Adapted from Informa Healthcare)       
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4.5        TCE Exposure and Oxidative Stress 

 Free radical-mediated reactions have drawn increasing attention as the potential 
mechanism in the pathogenesis of ADs and other diseases (Khan et al.  2001 ; 
Hadjigogos  2003 ; Karpuzoglu and Ahmed  2006 ; Kurien et al.  2006 ; Cuzzocrea 
 2006 ; Nagy et al.  2007b ). TCE has been shown to generate free radicals and induce 
oxidative stress both in vivo and in vitro (Ogino et al.  1991 ; Channel et al.  1998 ; 
Khan et al.  2001 ; Zhu et al.  2005 ; Wang et al.  2007a ,  b ,  2008 ,  2012a ). A list of stud-
ies leading to TCE-induced oxidative stress are summarized in Table  4.1 . Several 
studies have reported an association between TCE exposure and increased oxidative 
stress, especially lipid peroxidation (Ogino et al.  1991 ; Channel et al.  1998 ; Khan 
et al.  2001 ; Zhu et al.  2005 ; Wang et al.  2007a ,  b ,  2008 ,  2012a ). Most of earlier 
studies (Cojocel et al.  1989 ; Ogino et al.  1991 ; Channel et al.  1998 ; Toraason et al. 
 1999 ) used high doses of TCE (125–2,000 mg/kg) to demonstrate TCE-induced 
lipid peroxidation which contributes to toxic response in the livers or kidneys. Wang 
et al. ( 2007b ,  2008 ) reported that TCE exposure for 6 or 12 weeks led to signifi -
cantly increased formation of MDA-/HNE-protein adducts in the livers of TCE- 
treated female MRL +/+ mice at both 6 and 12 weeks, but with greater response at 
12 weeks. Further characterization of these adducts in liver microsomes showed 
increased formation of MDA-protein adducts with molecular masses of 86, 65, 56, 
44, and 32 kD, and of HNE-protein adducts with molecular masses of 87, 79, 46, 
and 17 kD in TCE-treated mice (Wang et al.  2007b ). In addition, signifi cant induc-
tion of anti-MDA- and anti-HNE-protein adduct-specifi c antibodies was observed 
in the sera of TCE-treated mice, and showed a pattern similar to MDA- or HNE- 
protein adducts. TCE-induced formation of MDA-/HNE-protein adducts and their 
respective antibodies were also observed in mice exposed to a relatively lower dose 
of TCE (Wang et al.  2007a ,  2012a  ). 

   The potential of TCE in inducing nitrosative stress has also drawn attention 
recently (Wang et al.  2007a ,  2009 ; Blossom et al.  2012 ). TCE exposure resulted in 
increased formation of NT and induction of iNOS in the serum of female MRL +/+ 
mice. TCE treatment also led to greater NT formation, and iNOS protein and mRNA 
expression in the livers and kidneys (Wang et al.  2009 ). TCE-induced formation of 
NT was also observed at relatively lower dosages of TCE (Wang et al.  2007a ; 
Blossom et al.  2012 ), which could potentially contribute to TCE-induced autoim-
mune response. 

 The potential of TCE exposure leading to carbonylation of proteins has also been 
examined. TCE exposure (10 mmol/kg, i.p., every fourth day) in female MRL+/+ 
mice resulted in increased (~3 fold) serum protein carbonyls (a marker of protein 
oxidation) at both 6 and 12 weeks. Increased protein carbonyls were also observed 
in the livers and kidneys (2.1 and 1.3 fold, respectively) at 6 weeks, and to a greater 
extent at 12 weeks (3.5 and 2.1 fold, respectively) following TCE treatment (Wang 
et al.  2009 ). Increased protein carbonyls were also observed in ovaries, oocytes, 
sperms and kidneys if rats or mice exposed to TCE via drinking water (DuTeaux 
et al.  2004 ; Wu and Berger  2007 ; Fan et al.  2012 ). Fan et al. ( 2012 ) analyzed and 
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characterized the carbonylated proteins by using two-dimensional (2D) gel electro-
phoresis, Western blot along with matrix-assisted laser-desorption ionization time-
of- fl ight mass spectrometry (MALDI TOF/TOF MS/MS) in the kidneys following 
TCE exposure in female MRL+/+ mice (2 mg/ml via drinking water) for 36 weeks. 
TCE treatment led to signifi cantly increased protein carbonyls in the kidney protein 
extracts. Interestingly, among 18 identifi ed carbonylated proteins, 10 were found 
only in the kidneys of TCE-treated mice, whereas other eight were present in the 
kidneys of both control and TCE-treated mice. The identifi ed carbonylated proteins 
represent skeletal proteins, chaperones, stress proteins, enzymes, plasma protein, 
and proteins involved in signaling pathways. Huang    et al. ( 2012 ) examined the 
serum proteome in the TCE-induced hypersensitivity dermatitis patients via 2D gel 
coupled with MALDI-TOF-TOF/MAS and also found that infl ammatory responses 
and oxidative stress might contribute to TCE-induced hypersensitivity dermatitis. 

 In vitro studies (Chen et al.  2002 ; Zhu et al.  2005 ; Shen et al.  2007 ; Hu et al. 
 2008 ) using a variety of human cell lines such as human epidermal keratinocytes, 
human lung cancer H460 and p54-null H1299 cells have shown that TCE can induce 
oxidative stress, particularly lipid peroxidation in a time- and concentration- 
dependent pattern, and GSH, an intracellular antioxidant, provided protection 
against TCE-induced oxidative damage.  

4.6     TCE-Induced Oxidative Stress and Induction 
of Autoimmunity 

 The role of oxidative stress in the TCE-induced autoimmune response was fi rst 
proposed by Khan and his colleagues (Khan et al.  2001 ). That led to a series of stud-
ies examining the contributions of oxidative stress, especially the LPDAs, in TCE- 
induced autoimmune response by his research group (Wang et al.  2007a ,  b ,  2008 , 
 2009 ,  2012a ; Fan et al.  2012 ). Their observations led them to hypothesize (Fig.  4.2 ) 
that TCE-induced oxidative stress leads to a variety of RONS-mediated structural 
modifi cations of the endogenous proteins, such as increased formation of LPDA- 
protein adducts (e.g. MDA-/HNA-protein adducts), carbonylation and nitration of 
proteins, which could potentially lead to generation of neoantigens. After antigen 
processing, these neoantigens could elicit autoimmune response by stimulating T 
and B lymphocytes, especially Th1 and Th17 cells (Wang et al.  2008 ,  2012a ).

   Wang et al. ( 2007b ) detected increased formation of MDA- and HNE-protein 
adducts in the livers of MRL+/+ mice treated with TCE (10 mmol/kg, i.p., every fourth 
day) for 6 and 12 weeks. Signifi cant induction of anti-MDA- and anti-HNE- protein 
adduct specifi c antibodies was also observed in the sera of TCE-treated mice, which 
showed a pattern similar to MDA-/HNE-protein adducts. More importantly, the 
increases in anti-MDA- and anti-HNE-protein adduct antibodies were associated with 
signifi cant elevation in serum anti-nuclear (ANA)-, anti-ssDNA- and anti-dsDNA-anti-
bodies at 6 weeks and, to a greater extent at 12 weeks. Those studies, even though at a 
relatively high dose, served as the basis for further evaluation of TCE-induced oxidative 
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modifi cation of proteins at occupationally relevant doses. Wang et al. ( 2007a ,  2012a ) 
observed that occupationally-relevant doses of TCE (0.5, 1.0 or 2.0 mg/ml in drinking 
water for 12, 24, 36, 48 weeks) led to dose- and time-related increases in MDA-/HNE-
protein adducts and their corresponding antibodies in the sera. Furthermore, strong rela-
tionship between the increases in MDA-/HNE-protein adducts and signifi cant elevation 
in serum ANA and anti-ssDNA- antibodies, suggested an association between TCE-
induced oxidative stress and autoimmune response. Interestingly, stimulation of cul-
tured splenic lymphocytes from both control and TCE-treated female MRL +/+ mice 
(10 mmol/kg, i.p., every fourth day for 4 weeks) with MDA-adducted mouse serum 
albumin (MDA- MSA) or HNE-MSA for 72 h showed signifi cant proliferation of CD4 +  
T cells in TCE-treated mice as analyzed by fl ow cytometry. Also, splenic lymphocytes 
from TCE-treated mice released more IFN-γ and IL-2 into cultures when stimulated 
with MDA-MSA or HNE-MSA, suggesting a Th1 cell activation (Wang et al.  2008 ). 
Similarly, after female MRL +/+ mice were orally exposed to TCE (0.5, 1.0 or 2.0 mg/
ml in drinking water) for 12, 24, 36 weeks, the splenocytes from mice treated with TCE 
for 24 weeks secreted signifi cantly higher levels of IL-17 and IL-21 than did spleno-
cytes from controls after stimulation with MDA-MSA or HNE-MSA adducts. The 
increased release of these cytokines was dose-dependent and more pronounced in mice 
treated with TCE for 36 weeks (Wang et al.  2012a ; Fig.  4.3 ). These studies provide 
evidence that MDA- and or HNE-modifi ed proteins contribute to TCE-mediated auto-
immunity, which may be via activation of Th1, Th17 cells (Wang et al.  2008 ,  2012a ). 
Recent studies in groups of female MRL +/+ mice treated with TCE, NAC or TCE plus 
NAC for 6 weeks (TCE, 10 mmol/kg, i.p., every fourth day; NAC, 250 mg/kg/day 
through drinking water), showed that NAC supplementation not only attenuated the 
TCE-induced formation of anti-MDA/-HNE-protein adduct antibodies and increased 
carbonylation of serum proteins, but also increases in serum levels of ANA, anti-Sm- 
and anti-dsDNA-antibodies, evidenced by their reduced levels in the sera of TCE plus 
NAC treated mice, further supporting a role of oxidatively modifi ed proteins in TCE-
induced autoimmune response (Wang et al.  2010b ).

Trichloroethylene

Oxidative stress

Neoantigens

Autoimmune response

Autoimmune diseases

LPDA modified proteins
(MDA-/HNE-adducts)

Oxidized proteins
(Protein carbonyls, NT)

  Fig. 4.2    Projected sequence 
of events leading to ADs 
following TCE exposure       
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   Recent studies have also explored the contribution of protein oxidation (carbon-
ylation and nitration) in the induction of TCE-induced autoimmune response (Wang 
et al.  2007a ,  2009 ,  2010b ,  2013 ). TCE exposure (10 mmol/kg, i.p., every fourth day) 
in female MRL +/+ mice for 6 or 12 weeks (10 mmol/kg, i.p., every fourth day), led 
to time-dependent increases in carbonylation and nitration of proteins with enhanced 
iNOS activity. More importantly, the increases in TCE-induced protein oxidation 
(carbonylation and nitration) were associated with signifi cant increases in Th1-
specifi c cytokine (IL-2, IFN-γ) release into splenocyte cultures (Wang et al.  2009 ). 
These data along with the evidence that TCE induces autoimmune response (Khan 
et al.  1995 ; Wang et al.  2007a ,  2008 ), suggest an association between oxidative 
modifi cation of proteins and autoimmunity. The modifi cation of proteins, such as 
nitration or carbonylation, may alter immunogenicity of self-antigens (converting 
them to neoantigens), and may lead to an autoimmune response by stimulating T 
cells (especially activation of Th1 cells; Wang et al.  2009 ). Lower dose of TCE 
exposure (0.5 mg/ml via drinking water) also led to signifi cant increases of serum 
NT along with elevation of ANA and anti-dsDNA antibodies (Wang et al.  2007a ). 
Interestingly, TCE treatment in iNOS-null female MRL+/+ mice even though still 
led to increases in serum ANA and anti-dsDNA, but the increases in these autoanti-
bodies induced by TCE were signifi cantly less pronounced compared to that in 
MRL+/+ mice (Wang et al.  2013 ). These results suggest an association between 
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  Fig. 4.3    IL-17 release in the culture supernatants of splenocytes from control and TCE-treated 
mice (0.5, 1.0, 2.0 mg/ml of TCE in drinking water for 36 weeks). Splenocytes were stimulated 
with MSA alone, HNE-MSA, MDA-MSA or anti-CD3 antibody for 72 h.  US  un-stimulated cells. 
*p < 0.05 vs. US;  # p < 0.05 vs. stimulated control group;  + p < 0.05 vs. stimulated lower dose groups 
(0.5 and 1 mg/ml) (Adapted from Elsevier)       
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protein oxidation and induction/exacerbation of autoimmune response, and present 
a potential mechanism by which oxidatively modifi ed proteins could contribute to 
TCE-induced autoimmune response (Wang et al.  2007a ,  2009 ,  2010b ,  2013 ).  

4.7     Conclusions and Future Direction 

 Recent studies have contributed to the understanding of the role of oxidatively mod-
ifi ed proteins, especially LPDAs modifi ed proteins, in TCE-induced autoimmune 
response. These studies support that oxidative modifi cation of proteins (e.g., MDA-/
HNE-protein adducts, nitration and carbonylation of proteins) cause structural alter-
ations to endogenous proteins, resulting in the formation of neoantigens which elicit 
autoimmune responses by stimulating T and/or B lymphocytes, particularly Th1 
and Th17 lymphocytes (Khan et al.  2001 ; Wang et al.  2007a ,  b ,  2008 ,  2009 ,  2012a ). 
These studies not only demonstrated that TCE exposure leads to increased forma-
tion of MDA-/HNE-protein adducts, nitration and carbonylation of proteins, and 
formation of anti-MDA-/HNE-protein adduct antibodies, but more importantly, 
observed a signifi cant association between formation of these modifi ed proteins, 
corresponding antibodies and increased autoantibodies. Furthermore, MDA-/HNE- 
MSA stimulated greater release of IFN-γ, IL-2, IL-17 and IL-21, suggesting the 
contribution of oxidatively modifi ed proteins in TCE-mediated autoimmune 
responses. Further detailed studies to unravel the distinct pathways by which oxida-
tive stress contributes to autoimmunity, especially mapping of gene expression, ana-
lyzing proteome, blocking/inhibiting specifi c signal transduction pathways, 
knocking out/down target genes and exploring the epigenetic involvement will also 
provide critical mechanisms in TCE-induced autoimmunity.     
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    Abstract     Trichloroethylene (TCE) exposure results in central nervous system 
(CNS) effects in experimental animals that can result from acute, subchronic, or 
chronic exposure. This chapter focuses on the behavioral and neurological changes 
that have been observed, to date, in rodent models (primarily rat and mice). Some of 
the neurological changes such as hearing impairment (ototoxicity) and nerve 
 degeneration are classifi ed as persistent and/or non-reversible. Other impairments 
such as vision and motor movement have been classifi ed as primarily reversible or 
non- permanent neurological changes. The neurological changes that are observed 
include nerve conduction changes, sensory effects, cognitive defi cits, changes in 
psychomotor function, and changes in mood and sleep behaviors. In addition, 
 general pathological and neurotransmitter changes in the brain are discussed and 
may be relevant to the observed behavioral changes. 

  Disclaimer : The views expressed in this book chapter are those of the author and 
do not represent the policy of the US EPA.  

  Keywords     Neurotoxicity   •   Rodents   •   Trichloroethylene   •   Brain   •   CNS depressant  

5.1         TCE Exposure to Rodents and the Nervous System 

 Several studies with TCE exposure in rodents have been conducted to better 
 understand the neurological effects that have been observed in humans. 
Neurotoxicological effects have been studied in humans and, briefl y, the major 
 neurological impairments are changes in nerve function, some observations of 
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 hearing and vision impairment, decreased cognitive function and impaired vestibu-
lar function. Many studies found that humans exposed to TCE present  abnormalities 
in trigeminal nerve function (Feldman et al.  1988 ,  1992 ; Kilburn and Warshaw 
 1993 ; Kilburn  2002 ; Ruijten et al.  1991 ). Auditory impairments in humans, with 
children under 9 years of age being particularly susceptible, were reported in three 
studies that were conducted on the population in the TCE Subregistry from the 
National Exposure Registry (NER) developed by the Agency for Toxic Substances 
Disease Registry (ATSDR) (Burg and Gist  1995 ,  1999 ; ATSDR  2003 ). Human stud-
ies have also reported visual impairment resulting from TCE exposure including 
color discrimination (Kilburn  2002 ), contrast sensitivity (Reif et al.  2003 ) and visual 
depth perception (Vernon and Ruff  1969 ). TCE exposure on psychomotor response 
in humans have been studied primarily as the impact on reaction times (RT), and 
generally it has been found the RT is increased with exposure (Kilburn  2002 ; 
Kilburn and Warshaw  1993 ; Reif et al.  2003 ; Kilburn and Thornton  1996 ). However, 
there are signifi cant limitations in the human neurotoxicity studies with TCE. 
Including lack of exposure information and duration, inability to determine effect 
levels. 

 To circumvent to the inherent limitations of studies involving TCE-mediated 
neurotoxicity in humans, rodent models allow investigators to better characterize 
the potential neurological targets that may be associated with TCE exposure. For 
most of the neurological effects associated with TCE, there has been a high degree 
of concordance between the rodent models and the observed effects in humans. In 
vivo studies in rodents and in vitro models have demonstrated that TCE produces 
functional and physiological neurological changes. Documenting changes in brain 
pathology and neurotransmitter signaling in rodents exposed to TCE may help ver-
ify that the observed behavior changes are due to TCE exposure. Overall, these 
effects collectively indicate that TCE has CNS depressant-like effects at low level 
exposures and causes anesthetic-like effects at high exposures.  

5.2     Persistent Neurotoxic Effects of TCE 

5.2.1     Auditory Effects 

 Perhaps the most carefully assessed persistent and/or permanent neurotoxic effect 
of adult TCE exposure in laboratory animals is a loss in auditory sensitivity that 
occurs preferentially for mid-frequency sound. The ability of TCE to permanently 
disrupt auditory function and produce abnormalities in inner ear histopathology has 
been demonstrated in several rodent studies using a variety of test methods. At least 
four independent research groups have replicated the fi nding that subacute TCE 
inhalation exposures in the range of 2,000–4,000 ppm produce a preferential impair-
ment of mid-frequency hearing in several strains of rats (see Table  5.1  for study 
details and fi ndings). The effects have been well-characterized using a broad range 
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of well validated test methods including brainstem auditory evoked response 
(BAER) (Rebert et al.  1993 ,  1995 ; Albee et al.  2006 ), a behavioral method known 
as refl ex modifi cation audiometry (Jaspers et al.  1993 ; Muijser et al.  2000 ; Crofton 
et al.  1994 ; Crofton and Zhao  1997 ; Boyes et al.  2000 ), and electrophysiological 
assessment of cochlear potentials (compound action potential threshold, compound 
action potential growth functions, and cochlear microphonic isopotential curves) 
(Fechter et al.  1998 ). In one study (Fechter et al.  1998 ), multiple methods were used 
to document qualitatively similar auditory impairments within the same subjects 
through collaborative investigations among laboratories. In addition, there are lim-
ited histopathological data to support a loss of sensory receptor cells and neuronal 
cells in the cochlea that are consistent with the functional impairment and document 
an irreversible effect (Albee et al.  2006 ; Fechter et al.  1998 ). Collectively, TCE has 
been shown to produce ototoxicity in rodents at mid-frequency tones (4–24 kHz) 
and no observed changes in auditory function were observed at either the low 
(<4 kHz) or high (>24 kHz) frequency tones. Additionally, defi cits in auditory 
effects were found to persist for at least 7 weeks after the cessation of TCE exposure 
(Rebert et al.  1991 ; Jaspers et al.  1993 ; Crofton and Zhao  1997 ; Fechter et al.  1998 ; 
Boyes et al.  2000 ). For example, Jaspers et al. ( 1993 ) exposed Wistar rats to 1,500 
and 3,000 ppm TCE for 18 h/day, 5 days/week, for 3 weeks. Selective hearing loss 
at the 20 kHz tone in the rats exposed to 3,000 ppm TCE, but not in the 1,500 ppm 
TCE group, was reported for up to 6 weeks after cessation of exposure. Similarly, in 
male Long-Evans hooded rats, animals had increased hearing thresholds at a 16 kHz 
tone for up to 5 weeks following a acute, short-term, or subchronic exposures (up to 
13 weeks) (Crofton and Zhao  1997 ). 

 Decreased amplitude and latency were noted in the BAERs (Rebert et al.  1991 , 
 1993 ,  1995 ) suggesting that TCE exposure affects central auditory processes. 
Decrements in auditory function following refl ex modifi cation audiometry (Jaspers 
et al.  1993 ; Crofton et al.  1994 ; Crofton and Zhao  1997 ; Muijser et al.  2000 ) com-
bined with changes observed in cochlear histopathology (Fechter et al.  1998 ; Albee 
et al.  2006 ) suggest that ototoxicity is occurring at the level of the cochlea and/or 
brainstem.

5.2.1.1       Refl ex Modifi cation 

 Refl ex modifi cation was used in several studies to evaluate the auditory function in 
TCE-exposed animals (Jaspers et al.  1993 ; Muijser et al.  2000 ; Fechter et al.  1998 ; 
Crofton and Zhao  1993 ; Crofton et al.  1994 ; Crofton and Zhao  1997 ; Boyes et al. 
 2000 ; Yamamura et al.  1983 ). In these studies, tones of different kHz were pre-
sented at increasing decibels (sound intensity). The decibel level at which the rodent 
became startled (e.g. acoustic startle response) was recorded. A decrease in auditory 
function is noted when an increased decibel level is needed to elicit a startle 
response. These studies collectively demonstrate signifi cant decreases in auditory 
function at mid- frequency tones (8–20 kHz tones) for TCE exposures greater than 
1,500 ppm after acute, short-term, and chronic durations. Only one study in guinea 
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pigs (Yamamura et al.  1983 ) did not demonstrate impairment in auditory function 
from TCE exposures as high as 17,000 ppm for 4 h/day over 5 days. However, audi-
tory testing was not performed in an audiometric sound attenuating chamber and 
extraneous noise could have infl uenced the outcome, and the guinea pig has been 
reported to be far less sensitive than the rat to the effects of ototoxic aromatic hydro-
carbons such as toluene.  

5.2.1.2     Brainstem Auditory Evoked Responses (BAERs) 

 Brainstem auditory-evoked potentials (BAERs) were also measured in several stud-
ies (Rebert et al.  1991 ,  1993 ,  1995 ; Albee et al.  2006 ) following TCE exposures 
ranging from 3 to 13 weeks. BAERs were generally measured by presenting tones 
to the rodents and measuring the responses using an electrode that was placed over 
the brainstem area. Rebert et al. ( 1991 ) measured BAERs in male Long Evans rats 
(n = 10) and F344 rats (n = 4 − 5) following stimulation with 4, 8, and 16 kHz sounds. 
The Long-Evans rats were exposed to 0, 1,600, or 3,200 ppm TCE, 12 h/day for 12 
weeks and the F344 rats were exposed to 0, 2,000, or 3,200 ppm TCE, 12 h/day for 
3 weeks. BAER amplitudes were signifi cantly decreased at all frequencies for F344 
rats exposed to 2,000 and 3,000 ppm TCE and for Long Evans rats exposed to 
3,200 ppm TCE. In subsequent studies Rebert et al. ( 1993 ,  1995 ) again demon-
strated TCE signifi cantly decreases BAER amplitudes and also signifi cantly 
increases the latency of appearance. Similar results were obtained by Albee et al. 
( 2006 ) for male and female F344 rats exposed to TCE for 13 weeks.  

5.2.1.3     Pathology Changes in the Auditory System 

 Notable pathology changes were also reported in a few auditory studies. Histological 
data from cochleas in Long-Evans rats exposed to 4,000 ppm TCE indicated that 
there was a loss in spiral ganglion cells (Fechter et al.  1998 ). Similarly, there was an 
observed loss in hair cells in the upper basal turn of the cochlea in F344 rats exposed 
to 2,500-ppm TCE (Albee et al.  2006 ).   

5.2.2     Neuronal Degeneration and Neuronal Impairment 

 There is evidence of persistent and/ or permanent neurological effects from TCE 
exposure on neuronal degeneration. The available studies primarily demonstrate 
selective neuronal injury following TCE administration. 

5.2.2.1     Dopaminergic Neurons 

 In two separate animal studies, subchronic administration of TCE has resulted in a 
decrease of dopaminergic (DA) cells in both rats and mice. 
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 Gash et al. ( 2008 ) assessed the effects of subchronic TCE administration on 
dopaminergic neurons in the central nervous system. Fischer 344 male rats were 
given 1,000 mg/kg TCE in olive oil by gavage, 5 days/week for 6 weeks. Degenerative 
changes in DA containing neurons in the substantia nigra were reported as indexed 
by a 45 % decrease in the number of tyrosine hydroxylase positive cells. Additionally, 
there was a decrease in the ratio of 3,4-dihydroxyphenylacetic acid (DOPAC), a 
metabolite of DA, to DA levels in the striatum. This shift in ratio, on the order of 
35 %, was signifi cant by Students t test, suggesting a decrease in release and utiliza-
tion of this neurotransmitter. While it is possible that long-term adaptation might 
occur with regard to release rates for DA, the loss of DA cells in the substantia nigra 
is viewed as a permanent adverse effect. The exposure level used in this study was 
limited to one high dose and more confi dence in the outcome will depend upon 
replication and development of a dose-response relationship. If the results are repli-
cated, they might be important in understanding mechanisms by which TCE pro-
duces neurotoxicity in the central nervous system. The functional signifi cance of 
such cellular loss has not yet been determined through behavioral testing. 

 Guehl et al. ( 1999 ) also reported persistent effects of TCE exposure on DA neu-
rons. In this study, OF1 male mice (n = 10) were injected ip daily for 5 days/week 
for 4 weeks with TCE (400 mg/kg/day). Following a 7 day period when the subjects 
did not receive TCE, the mice were euthanized and tyrosine hydroxylase immuno-
reactivity was used to measure neuronal death in the substantia nigra pars compacta. 
Treated mice presented signifi cant dopaminergic neuronal death (50 %) in compari-
son with control mice based upon total cell counts conducted by an examiner 
blinded as to treatment group in six samples per subject.  

5.2.2.2     Gamma-Aminobutyric Acid (GABA) and Glutamatergic Neurons 

 Disruption of GABAergic and glutamatergic neurons by environmental agents can 
represent serious impairment as GABA serves as a key inhibitory neurotransmitter 
while glutamate is equally important as an excitatory neurotoxicant. Moreover, 
elevations in glutamatergic release have been identifi ed as an important process by 
which more general neurotoxicity can occur through a process identifi ed as excito-
toxicity. Consequently, GABA and glutamatergic neurons represent potentially 
important targets of TCE neurotoxicity. 

 Briving et al. ( 1986 ) exposed Mongolian gerbils to 50 and 150 ppm TCE con-
tinuously for 12 months via inhalation and reported changes in amino acids levels 
in the hippocampus and cerebellar vermis, and on high affi nity uptake of GABA and 
glutamate in those same structures. An elevation of glutamine in the hippocampus 
of approximately 20 % at 150 ppm was reported, but no other reliable changes in 
amino acids in either of these two structures. With regard to high affi nity uptake of 
glutamate and GABA, there were no differences in the hippocampal uptake between 
control and treated gerbils although in the cerebellar vermis there was a dose related 
elevation in the high affi nity uptake for both of these neurotransmitters. Glutamate 
uptake was increased about 50 % at 50 ppm and 100 % at 150 ppm. The correspond-
ing increases for GABA were 69 and 74 %. It is unclear if this fi nding in cerebellar 
vermis is also present in other brain tissues and should be studied further. 
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 Shih et al. ( 2001 ) provided indirect evidence in male Mf1 mice that TCE 
 exposure by injection might alter GABAergic function. The mice were injected ip 
with 250, 500, 1,000 and 2,000 mg/kg TCE in corn oil and the effect of these 
treatments on susceptibility to seizure induced by a variety of drugs was observed. 
Shih et al. reported that doses of TCE as low as 250 mg/kg reduced signs of sei-
zure induced by picrotoxin, bicuculline and pentylenetetrazol, all GABAergic 
antagonist drugs. TCE treatment had a more limited effect on seizure threshold 
induced by non- GABAergic convulsant drugs such as strychnine (glycine recep-
tor antagonist), 4-aminopyridine (alcohol dehydrogenase inhibitor) and N-methyl-
d-aspartate (glutamatergic agonist) than was observed with the GABAergic 
antagonists. While these data suggest the possibility that TCE could act at least 
acutely on GABAergic neurons, there are no direct measurements of such an 
effect.   

5.2.3     Demyelination Following TCE Exposure 

 Because of its anaesthetic properties and lipophilicity, it is hypothesized that TCE 
may disrupt the lipid-rich sheaths that cover many central and peripheral nerves. 
This issue has also been studied both in specifi c cranial nerves known to be targets 
of TCE neurotoxicity (namely the trigeminal nerve) and in the central nervous sys-
tem including the cerebral cortex, hippocampus and cerebellum in particular. For 
peripheral and cranial nerves, there are limited nerve conduction velocity studies 
that are relevant as a functional measure. For central pathways, the most common 
outcomes studied include histological endpoints and lipid profi les. 

 A signifi cant diffi culty in assessing these studies concerns the permanence or 
persistence of effect. There is a very large literature unrelated to TCE which dem-
onstrates the potential for repair of the myelin sheath, and at least partial if not full 
recovery of function. In the studies reviewed, where nerve myelin markers were 
assessed, it was not possible to determine if the effects were transient or persistent. 

5.2.3.1     Trigeminal Nerve Demyelination 

 Rodent studies that have examined nerve function focused on the trigeminal nerve, 
or the fi fth cranial nerve, that mediates facial sensations and motor functions includ-
ing chewing and biting. Rodent studies have focused on impaired trigeminal nerve 
function because there are several human studies that have associated TCE exposure 
to decreased functionality in this nerve. Recent fi ndings have also suggested that 
dichloroacetylene (DCA), an ex vivo TCE degradation product, may also be respon-
sible for the impairment of trigeminal nerve function. The overall published infor-
mation from the rodent studies suggest that the breakdown product of TCE, DCA, 
may be responsible for the trigeminal nerve effects. 
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   Morphological Changes 

 Rodent studies have found that exposure to TCE results in morphological changes 
following a 3 day or a 10 week oral dose of 2,500 mg/kg-day (Barret et al.  1991 , 
 1992 ). Examination of the pathology of the nerve revealed that TCE exposed ani-
mals had thinner trigeminal nerve fi bers. Specifi cally, the thickness of the myelin 
sheath was signifi cantly decreased. Also, it was observed that the internodal length 
was decreased. Effects were also evaluated with DCA (17 mg/kg) and it was found 
that the morphological changes were more severe than with TCE alone. TCE-dosed 
animals only exhibited changes in the smaller Class A fi bers where internode length 
increased marginally (<2 %) and fi ber diameter increased by 6 %. Conversely, 
DCA-treated rats exhibited signifi cant and more robust decreases in internode 
length and fi ber diameter in both fi ber classes A (decreased 8 %) and B (decreased 
4 %). Although the changes were noted, the administered doses in these studies 
were signifi cantly higher than an incidental human exposure to TCE. Thus, DCA, a 
degradation product of TCE, was found to produce more severe morphological 
changes, but in animals exposed to TCE only the smaller nerve fi bers (class A) were 
impacted.  

   Functionality 

 In order to verify the observed morphological changes in the trigeminal nerve, eval-
uations of trigeminal nerve functionality were conducted in rodents following inha-
lation exposures to TCE. Rats were exposed to various concentrations 
(250–2,500 ppm) of TCE for 13 weeks, and the trigeminal sensory evoked poten-
tials (TSEPs) were measured (Albee et al.  2006 ). Stimulation of the trigeminal 
nerve was accomplished by sending electrical signals at the vibrissae pads (whis-
kers of the rat), and the evoked potentials were measured with electrodes placed 
over the somatosensory cortex where responses from the trigeminal nerve would 
traverse. TSEPs were not changed with TCE exposure, but when rodents were 
exposed to DCA, there were signifi cant disruptions in the TSEP (Albee et al.  1997 , 
 2006 ). 

 Kulig ( 1987 ) also measured peripheral (caudal nerve) nerve conduction time in 
male Wistar rats and failed to show an effect of TCE with exposures as high as 
1,500 ppm for 16 h/day, 5 days/week for 18 weeks.   

5.2.3.2     Demyelination in Central Nervous System 

 There are two studies (Isaacson and Taylor  1989 ; Isaacson et al.  1990 ) that docu-
ment selective hippocampal histopathology when Sprague Dawley rats are exposed 
to TCE within a developmental model. Both of these studies employed oral TCE 
administration via the drinking water. 
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 Isaacson and Taylor ( 1989 ) examined the development of the hippocampus in 
neonatal rats that were exposed in utero and in the preweaning period to TCE via 
their dam. TCE was added to the drinking water of the dam, and daily maternal 
doses were estimated based upon water intake of the dam as being 4 and 8.1 mg/day. 
Based upon body weight norms for 70 day old female Sprague Dawley rats, which 
would predict body weights of about 250 g at that age, such a dose might approach 
16–32 mg/kg/day initially during pregnancy. Even if these assumptions hold true, it 
was not possible to determine how much TCE was received by the pups although 
the authors did provide an estimate of fetal exposure expressed as μg/ml of TCE, 
trichloroethanol, and trichloroacetic acid. The authors reported a 40 % decline in 
myelinated fi bers in the CA1 region of the hippocampus of the weanling rats where 
the dams were exposed to a daily dose of 4.0 or 8.1 mg/day TCE. Since there was 
no effect of TCE treatment on myelination in several other brain regions including 
the internal capsule, optic tract or fornix, this effect appeared to be restricted to the 
CA1 region of the hippocampus at the tested exposures. 

 In a second publication by that group (Isaacson et al.  1990 ), weanling rats were 
exposed to TCE via their drinking water at doses of 5.5 mg/day for 4 weeks or 
5.5 mg/day for 4 weeks, followed by a 2 week period with no TCE, and then a fi nal 
2 weeks of exposure to 8.5 mg/day TCE. Spatial learning was studied using the 
Morris water maze and hippocampal myelination was examined histologically start-
ing 1 day post exposure. The authors reported that the subjects receiving a total of 6 
weeks exposure to TCE showed  better  performance in the Morris swim test (p < .05) 
than did controls while the 4 week exposed subjects performed at the same level as 
did controls. Despite this apparent improvement in performance, histological exam-
ination of the hippocampus demonstrated the hippocampal myelin was signifi cantly 
reduced in the TCE exposed groups, while normal myelin patterns were found in the 
internal capsule, optic tract and fornix. The authors did not evaluate the signs of 
gross toxicity in treated animals such as growth rate which might have infl uenced 
hippocampal development. 

 Ohta et al. ( 2001 ) administered 300 or 1,000 mg/kg TCE, i.p., to male ddY mice. 
Twenty-four hours after TCE administration, the mice were sacrifi ced and hippo-
campal sections were prepared from the excised brains and long term potentiation 
was measured in the slices. A dose related reduction in the population spike was 
observed following a tetanic stimulation relative to the size of the population spike 
elicited in the TCE mice prior to tetany. The spike amplitude was reduced 14 % in 
the 300 mg/kg TCE group and 26 % in the 1,000 mg/kg group. Precisely how such 
a shift in excitability of hippocampal CA1 neurons relates to altered hippocampal 
function is not certain, but it does demonstrate that injection with 300 mg/kg TCE 
can have lingering consequences on the hippocampus at least 24 h following ip 
administration. 

 A critical area for future study is the potential that TCE might have to produce 
demyelination in the central nervous system. It is realistic to imagine that an anaes-
thetic and lipophilic agent such as TCE might interact with lipid membranes and 
produce alterations, for example, in membrane fl uidity at least at anaesthetic levels. 
However, from the available data it appears that chronic lower doses of TCE (50 and 
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150 ppm for 12 months, 320 ppm for 90 days, 510 ppm 8 h/day for 5 months) might 
alter fatty acid metabolism in the brains of Sprague Dawley rats and Mongolian 
gerbils (Kyrklund et al.  1983 ,  1986 ,  2002 ; Kyrklund and Haglid  1990 ; Kyrklund 
 1992 ). High doses were not included in these studies. Because the lower doses pro-
duced only sporadic signifi cant effects and those tended to be of small magnitude 
(5–10 %) it is not certain that they are truly observing events with biological signifi -
cance, or whether they are observing random effects. It could be hypothesized that 
the alterations in fatty acid metabolism could be an underlying mechanism for 
demyelination. However, it is not apparent that one brain region is more vulnerable 
to the effects of TCE than is another region. Signifi cant changes in levels of choles-
terol, neutral and acidic phospholipids or total lipid phospholipids were reported 
throughout the brain regions that have been measured and suggested a shift in lipid 
profi les between treated and untreated subjects.    

5.3     Nonpersistent Neurotoxic Effects of TCE 

5.3.1     Vestibular Function 

 The effect of TCE on vestibular function in animals has been evaluated by either (1) 
promoting nystagmus (vestibular system dysfunction) and comparing the level of 
effort required to achieve nystagmus in the presence and absence of TCE, or (2) 
using an elevated beam apparatus and measuring the balance of subjects exposed to 
TCE. Overall, it was found that exposure to TCE disrupts vestibular function. 
Impairment of vestibular function in male and female pigmented rats was observed 
after an acute inhalation exposure to TCE (2,700–7,200 ppm; Niklasson et al.  1993 ). 
An increased ability to promote nystagmus (fast and uncontrollable movement of 
the eyes related to vestibular function) was observed with acute TCE exposure. 
Complete recovery of the vestibular function in rats was reported within minutes of 
terminating a direct arterial infusion of TCE (Tham et al.  1979 ,  1984 ).  

5.3.2     Visual Effects 

 Changes in visual function have been demonstrated in rodent studies during acute 
(Boyes et al.  2003 ,  2005 ) and subchronic exposure (Rebert et al.  1991 ; Blain et al. 
 1994 ) to TCE. In these studies, the effect of TCE on visual evoked responses to 
patterns (Boyes et al.  2003 ,  2005 ; Rebert et al.  1991 ) or a fl ash stimulus (Rebert 
et al.  1991 ; Blain et al.  1994 ) were evaluated. Overall, the studies demonstrated that 
exposure to TCE results in signifi cant changes in the visual evoked response, which 
is reversible once TCE exposure is stopped. All of the rodent studies evaluated 
central visual function by measuring changes in evoked potential response 
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following a visual stimulus that was presented to the animal. Two acute exposure 
inhalation studies (Boyes et al.  2003 ,  2005 ) exposed Long Evans rats to TCE based 
on a concentration × time schedule (Haber’s law), and reported decreases in visual 
evoked potential amplitude and indicated decreased visual function. Additionally, 
Boyes et al. ( 2003 ,  2005 ) found that brain TCE concentration was best correlated 
with changes in visual function as measured by evoked potentials under acute 
exposure conditions. Two subchronic exposure studies (Rebert et al.  1991 ; Blain 
et al.  1994 ) demonstrated visual function changes as measured by pattern reversal 
evoked potentials (Rebert et al.  1991 ) or electroretinograms/oscillatory potentials 
(Blain et al.  1994 ). In one of these studies changes in ERGs and oscillatory poten-
tials were noted following a 12-week exposure at 350 ppm (LOAEL) in rabbits 
(Blain et al.  1994 ). In the second study rats exposed to 3,200-ppm TCE for 12 
weeks showed decreases in pattern reversal evoked potentials but no effect was 
noted in the 1,600- ppm exposure group (Rebert et al.  1991 ). Both subchronic stud-
ies examined visual function following an exposure-free period of either 2 weeks 
(Rebert et al.  1991 ) or 6 weeks (Blain et al.  1994 ) and found that visual function 
returned to pre-exposure levels, thus demonstrating that the TCE effects were 
reversible.  

5.3.3     Cognitive Function 

 Many rodent studies have demonstrated signifi cant differences in performance of 
learning tasks such as the speed to complete the task following TCE exposure. 
Impairment in operant-conditioning cognitive tasks has been reported following 
TCE exposure in both rats and mice (Kulig ( 1987 ); Umezu et al.  1997 ; Bushnell and 
Oshiro  2000 ). Wistar rats exposed to 250–4,000 ppm TCE and higher showed a 
signifi cant decrease both in the total number of lever presses and in avoidance 
responses compared with controls. The rats did not recover their pre-exposure per-
formance until about 2 h after exposure (Kulig ( 1987 )). Likewise, a depressed rate 
of operant responding in male ICR strain mice intraperitoneally injected with 
1,000 mg/kg TCE was observed in a conditioned avoidance task. Increased respond-
ing during the signal avoidance period at lower doses (250 and 500 mg/kg) sug-
gested an impairment in ability to inhibit responding or failure to recognize the 
signal. 

 Rats trained in an operant visual signal detection task and then exposed to TCE 
(2,000 or 2,400 ppm, inhalation, 70 min daily for 9 days) had signifi cant decrements 
in the accuracy of signal detection and response time (Bushnell and Oshiro  2000 ). 
In a follow-up, repeated exposure study with the operant visual signal detection task 
rats were inhalationally exposed to TCE (0, 1,600, 2,400) for 6 h/day for 20 days 
(Oshiro et al.  2004 ). No signifi cant differences were observed among the exposure 
groups with respect to acquisition of the visual discrimination response or in the 
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reaction times. Therefore, it was suggested that TCE exposure with this cognitive 
task does not result in persistent effects since repeated inhalational exposure to TCE 
(Oshiro et al.  2004 ) did not result in the same impairments that was observed in the 
acute exposure study (Bushnell and Oshiro  2000 ). 

 Although cognitive impairments were noted in some studies, other studies indi-
cated no change, or even improvement, in cognitive tasks with continuous TCE 
exposure. No decrements in cognitive function as measured by the radial arm maze 
were observed in Mongolian gerbils exposed continuously by inhalation to 
320 ppm TCE for 9 months (Kjellstrand et al.  1980 ). Improved performance, 
despite a loss in hippocampal myelination, was noted in a Morris swim test for 
weanling rats orally dosed with 5.5 mg/day for 4 weeks followed by 2 weeks of no 
exposure and an additional 2 weeks of 8.5 mg/day (Isaacson et al.  1990 ). Overall, 
cognitive function is impaired by TCE exposure primarily in tests that measure 
working memory (e.g., avoidance, operant responding, visual signal detection 
task). For spatial learning and memory tasks, such as the radial arm maze and the 
Morris swim test, TCE exposure in animals does not result in impaired 
performance.  

5.3.4     Psychomotor Effects 

 Several animal studies have demonstrated that TCE exposure produces changes in 
psychomotor function. At high doses (≥2,000 mg/kg) TCE causes mice to lose their 
righting refl ex when the compound is injected intraperitoneally (Shih et al.  2001 ; 
Umezu et al.  1997 ). At lower exposures (inhalation and oral), TCE produces altera-
tions in neurobehavioral measures including locomotor activity, gait, operant 
responding, and reactivity. However, these effects may also be due to anesthetic 
properties associated with TCE exposure. 

5.3.4.1    Loss of Righting Refl ex 

 Impaired righting refl exes have been primarily tested in mice. Acute intraperitoneal 
(i.p.) injections of TCE in male ICR mice resulted in a dose-dependent disrupted 
righting refl ex at doses of 2,000 mg/kg and higher (Umezu et al.  1997 ). Similarly, 
impaired righting refl exes at exposure doses of 5,000 mg/kg (i.p.) in male Mf1 mice 
were observed (Shih et al.  2001 ). When mice were pretreated with a CYP2E1 inhib-
itor, dimethyl sulfoxide or disulfi ram, the TCE-induced loss of the righting refl ex 
was delayed in a dose related manner. In contrast, the alcohol dehydrogenase inhibi-
tor, 4-metylpyradine, did not delay the loss of the righting refl ex following TCE 
(5,000 mg/kg) treatment. These data suggest that the anesthetic properties of TCE 
involve its oxidation via CYP2E1 to an active metabolite.  
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5.3.4.2    Activity, Sensory-Motor and Neuromuscular Function 

 TCE exposure in animals has resulted in changes in sensory-motor and 
 neuromuscular function primarily following acute or short-term exposure (Kishi 
et al.  1993 ; Moser et al.  1995 ,  2003 ). Male Wistar rats inhalationally exposed to 
250–4,000 ppm TCE for 4 h showed a signifi cant decrease both in the total number 
of lever presses and in avoidance responses at 140 min of exposure compared with 
controls (Kishi et al.  1993 ). In adult female Fischer 344 rats acute and short-term 
(14 day) administration of TCE resulted in decreased performance in the neuro-
muscular and sensorimotor function tests which were conducted as part of a func-
tional observational battery (general battery of behavioral observations and tests; 
Moser et al.  1995 ). Acute exposure to TCE produced the most signifi cant effects in 
motor activity (activity domain), gait (neuromuscular domain), and click response 
(sensorimotor domain). In the 14-day study, only the activity domain (rearing) and 
neuromuscular domain (forelimb grip strength) were signifi cantly different from 
control animals. In a separate 10-day study, TCE administration signifi cantly 
reduced motor activity, tail pinch responsiveness, reactivity to handling, hind limb 
grip strength and body weight (Moser et al.  2003 ). 

 Although signifi cant changes in neuromuscular and sensorimotor function have 
been observed following a shorter term exposure to TCE, longer term exposures 
(13–18 weeks) have not been able to establish an association between TCE expo-
sure and impairment in this neurological domain. Male and female Fischer 344 rats 
inhalationally exposed to TCE (250–2,500 ppm) for 13 weeks did not have any 
impairments in the neuromuscular and sensorimotor tests conducted as part of the 
functional observational battery (Albee et al.  2006 ). No treatment related differ-
ences in grip strength or landing foot splay were demonstrated in this study. 
Similarly, in an 18 week exposure study with TCE (500–1,500 ppm), no changes in 
spontaneous activity, grip strength, or coordinated hind limb movement were 
reported (Kulig ( 1987 )). Measurements were made every 3 weeks during the expo-
sure period and occurred between 45 and 180 min following the previous TCE 
inhalation exposure. Therefore, it appears that acute or short-term exposures to TCE 
result in neuromuscular and sensorimotor function defi cits and there may be some 
development of tolerance in longer term exposures since these neurological func-
tions were not impaired for the longer exposure durations even though the exposure 
concentrations were comparable.  

5.3.4.3    Locomotor Activity 

 The observed effects of TCE on locomotor activity in rodents are inconsistent. 
Several studies showed that TCE exposure can decrease locomotor activity in mice 
and rats (Wolff and Siegmund  1978 ; Moser et al.  1995 ,  2003 ). Reduced locomotor 
activity was reported in including AB mice (n = 18) treated acutely 182 mg/kg TCE, 
i.p. at one of four time points during a 24-h day (Wolff and Siegmund  1978 ) and in 
female Fischer 344 rats (n = 8 − 10) gavaged with TCE over an acute 
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(LOAEL = 5,000 mg/kg TCE) or subacute period (LOAEL = 500 but no effect at 
5,000 mg/kg) (Moser et al.  1995 ,  2003 ). Rats were also reported to have an increased 
response latency (potentially an indication of decreased locomotor activity) to a two 
choice visual discrimination following 1,000- and 1,500-ppm TCE exposures for 18 
weeks. However, no signifi cant changes in grip strength, hindlimb movement, or 
any other motor activity measurements were noted (Kulig ( 1987 )). 

 There are also a few studies (Fredriksson et al.  1993 ; Waseem et al.  2001 ) gener-
ally conducted using lower exposure doses that failed to demonstrate impairment of 
motor activity or ability following TCE exposure. Male Wistar rats dosed with TCE 
(350, 700, and 1,400 ppm) in drinking water for 90 days or exposed to 500, 1,000, 
and 1,500 ppm for 16 h/day, 5 days/week, for 18 weeks did not have any changes in 
locomotor activity (Waseem et al.  2001 ). No changes in locomotor activity were 
observed for 17-day-old male NMRI mice that were dosed postnatally with 50 or 
290 mg/kg/day from Day 10 to 16 (Fredriksson et al.  1993 ). However, rearing activ-
ity was signifi cantly decreased in the NMRI mice at Day 60.  

5.3.4.4    Mood Effects and Sleep Disorders 

 Evaluating mood changes in rodents is diffi cult, but some investigators have reported 
in rats that exposure to TCE results in increased handling reactivity. The increased 
handling reactivity or hostility in rats was reported in male and female Fischer 344 
rats following either an oral gavage of TCE (Moser et al.  2003 ) or an inhalation 
exposure (Albee et al.  2006 ). 

 Sleep disturbances with TCE exposure have been demonstrated in male Wistar 
rats exposed to 50–300 ppm TCE inhalation for 8 h/day, 5 days/week, for 6 weeks. 
Electroencephalographic (EEG) responses were measured and used to determine 
the number of awake (wakefulness hours) and sleep hours. TCE exposure signifi -
cantly decreased amount of time spent in wakefulness (W) during the exposure 
period (Arito et al.  1994 ). The sleep changes in rodents are a highly sensitive effect 
in comparison to other observed neurological changes.    

5.4     Summary 

 Exposure to TCE results in several neurological effects in rodent models. The most 
studied TCE-mediated neurotoxicological effect in the rodents was hearing impair-
ment. The major fi ndings are that hearing loss occurs at mid frequency tones 
(8–20 kHz), at inhalation exposures starting at 2,000 ppm. These effects persist as 
measured by loss in spiral ganglion and focal hair cells in the cochlea in addition to 
the lack of recovery in the hearing function tests. Neuronal degeneration and neuronal 
impairment was also reported in rodent models and these fi ndings may be extended 
to numerous human reports of TCE exposure and nerve (specifi cally trigeminal 
nerve) impairment. Changes in vestibular function, decrements in visual, cognitive, 
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and psychomotor effects were also observed in the rodent models and consistent with 
human fi ndings. Sleeping disorders were also observed with TCE exposure in rodents, 
but have not been studied, to date, in humans and may represent a neurological hazard 
for humans. Overall, the rodent models help to strengthen the association between 
TCE exposure and neurotoxicity in humans. In addition, further behavioral studies 
with these rodent models may help to uncover more neurological changes and mecha-
nistic events that might be occurring in humans with TCE exposure.     
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    Abstract     Parkinson’s disease (PD) is the second most common neurodegenerative 
disorder, primarily affecting older adults. Given the projected growth and aging 
trend of the population, the prevalence of PD is expected to double by the year 2040, 
highlighting the imperative need for a better understanding of the disease. It is gen-
erally accepted that the development of idiopathic PD is multifactorial, involving 
both genetic and environmental factors; however, relatively little is known about 
specifi c exposures. An association between TCE exposure and increased PD risk 
has been suggested by several case reports/clusters, and recently, the fi rst epidemio-
logic study found a signifi cant six-fold increased risk of PD associated with occu-
pational TCE exposure. Data from animal studies also support a plausible 
mechanistic pathway, with rodent models demonstrating TCE-induced neurotoxic 
effects similar to those occurring in PD. Given that TCE is ubiquitous, even a mod-
est increased risk could have enormous population-level neurological health 
implications.  
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6.1         Introduction 

 This chapter summarizes the potential role of trichloroethylene (TCE) in Parkinson’s 
disease (PD), a debilitating progressive neurodegenerative disorder affecting 
approximately ten million people worldwide, including one million in the U.S. 
(Parkinson’s Disease  2013 ). The sections that follow provide an introduction to the 
etiology, clinical features, and known and suspected risk factors for PD, focusing 
on the role of trichloroethylene (TCE). Specifi c topics include PD case reports and 
clusters thought to be associated with TCE exposure, epidemiologic evidence sup-
porting an association between PD and TCE, animal models of TCE and parkin-
sonism, potential biologic mechanisms, and limitations of current research. By the 
end of this chapter, the reader should have an understanding of PD epidemiology, 
and how exposure to TCE may increase risk of PD, including likely disease 
processes.  

6.2     Parkinson’s Disease: Background and Epidemiology 

6.2.1     History, Clinical Features, and Etiology of PD 

 Parkinson’s disease (PD) is a disabling and progressive neurodegenerative disorder 
of aging. Features suggestive of PD were described as early as several thousand 
years ago in Indian texts (Manyam  1990 ; Gourie-Devi et al.  1991 ), and by twelfth 
century Spanish Jewish philosopher Maimonides (Rosner and Muntner  1970 ), but 
the full syndrome was not described until 1817, during the height of the industrial 
revolution. In “An Essay on the Shaking Palsy” (Parkinson  2002 ), British apothe-
cary surgeon James Parkinson documented the constellation of features that now 
bear his name (Goetz  1986 ) — coined several decades later by French neurologist 
Jean-Martin Charcot (Goetz  1986 ; Charcot  1892 ). The cardinal clinical features of 
PD include a classic low frequency “pill rolling” tremor at rest, slowness and pau-
city of movements and gait (bradykinesia, akinesia), muscular rigidity, and 
impaired balance. Over the last few decades, it has become increasingly recog-
nized that PD also includes many other “non-motor” features such as hyposmia 
(decreased sense of smell) and autonomic and cognitive dysfunction (Bonnet et al. 
 2012 ; Stern et al.  2012 ; Postuma et al.  2012 ; Chaudhuri et al.  2006 ; Lang  2011 ). In 
contrast to PD, the term “parkinsonism” more generally describes the presence of 
some of the motor impairments associated with PD, and may result from a number 
of causes (e.g. medications, vascular insults), of which PD is the most common 
(Baldereschi et al.  2000 ). 

 Pathologically, PD is marked by the loss of pigmented dopaminergic neurons in 
the substantia nigra pars compacta (SNpc), with distinctive intracytoplasmic pro-
teinaceous inclusions known as Lewy bodies, as well as Lewy neurites, seen in 
neuronal processes. In the late 1990s, Spillantini and colleagues identifi ed the pro-
tein α-synuclein as the primary component of the Lewy body and Lewy neurite 
(Spillantini et al.  1998 ), and specifi c stains were developed that showed that 
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synuclein pathology was widely distributed throughout the nervous system. 
Although most of the motor symptoms of PD result from degeneration of nigral 
dopaminergic neurons, synuclein pathology can be found in the olfactory bulb, in 
the enteric and autonomic nervous systems, and throughout the brainstem and cor-
tex, and this pathology correlates with the non-motor features of the disease (Braak 
et al.  2003 ; Langston  2006 ). 

 Diagnosis of PD is based on clinical examination and recognition of motor defi -
cits (Gelb et al.  1999 ), as there is currently no diagnostic test. Post-mortem studies 
have found that diagnostic accuracy by neurologists with specialty training in move-
ment disorders is high, but non-specialist accuracy may be much lower (Hughes 
et al.  1992 ). Unfortunately, by the time clinical signs and symptoms are suffi cient to 
meet diagnostic criteria, substantial neurological damage has already occurred, with 
an estimated 60–80 % loss of striatal dopamine (Bernheimer et al.  1973 ). Because 
putative disease-slowing therapies are much less likely to be effective at this point 
(Chen  2010 ), intensive efforts are focused on identifying biomarkers for detecting 
early disease. 

 PD is thought to have a long pre-clinical “prodromal” period estimated at years 
to decades (Koller et al.  1991 ), and early recognition of associated non-motor fea-
tures may provide a window of opportunity to intervene with treatments to slow or 
halt disease progression. Seminal work by Braak et al. developed a model of PD 
progression based on a large autopsy series (Braak et al.  2003 ). In this model, PD 
begins in lower brainstem autonomic nuclei and olfactory bulb, or even in the gut, 
and slowly advances through susceptible regions upward to the midbrain (motor 
PD) and cortex (cognitive impairment, dementia). They propose that this process 
could potentially be triggered by a toxin or infection gaining access via the gastro-
intestinal tract. 

 This staging model is supported by prospective epidemiologic studies, which 
have found that reduced bowel movement frequency may occur decades before 
diagnosis, and correlates with Lewy pathology (Abbott et al.  2001 ,  2007 ; Ross et al. 
 2006 ,  2012 ). Similarly, impaired olfaction may develop at least 5 years before the 
onset of motor symptoms (Ross et al.  2008a ,  2012 ). Other features associated with 
prodromal PD include cardiac autonomic dysfunction (CAD) (Kallio et al.  2000 ; 
Devos et al.  2003 ; Miyamoto et al.  2008 ), and idiopathic REM sleep behavior dis-
order (iRBD) (Schenck et al.  1996 ; Boeve et al.  2003 ; Iranzo et al.  2006 ; Postuma 
et al.  2009 )—a condition associated with an approximately 50 % risk of PD. 
Research is currently underway to identify the most predictive combinations of tests 
and measures, with population-level screening as an ultimate goal.   

6.3     Disease Causation: Theories and Mechanisms 

 Theories regarding the causes of PD have been debated for well over 150 years 
(Goetz  1986 ; Factor et al.  1988 ; Keppel Hesselink  1989 ), but like other chronic 
diseases of aging, it is now generally accepted that most PD results from a combina-
tion of genetic and environmental factors (Warner and Schapira  2003 ; Tanner  2003 ; 
Chade et al.  2006 ). 
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6.3.1     Genetics 

 Despite the long-held suspicion that PD occurred more commonly in family 
 members of affected individuals (Charcot  1892 ; Mjones  1949 ; Gowers  1900 ; Bell 
and Clark  1926 ), the fi rst causal genetic mutation wasn’t identifi ed until 1997. 
Polymeropolous et al. identifi ed the highly penetrant autosomal dominant A53T 
mutation in the  SNCA  gene encoding α-synuclein protein (Polymeropoulos et al. 
 1997 ). Two other  SNCA  mutations have since been identifi ed, but these are 
exceedingly rare, occurring in only a few families worldwide. Individuals with 
multiple copies of the  SNCA  gene (i.e., duplications or triplications) have also 
been identifi ed, and they tend to have young onset rapidly progressive disease 
(Ross et al.  2008b ). This, and observations that common variants that increase 
α-synuclein expression are associated with modestly increased risk (Maraganore 
et al.  2006 ; Mata et al.  2010 ) suggests that over-production of α-synuclein is 
likely to be an important mechanism. Additional research has associated at least 
11 genes and 16 genetic loci with increased risk of PD (Corti et al.  2011 ). The 
most common mutation is the G2019S variant in the  LRRK2  (leucine-rich repeat 
kinase 2) gene, which accounts for 1–2 % of typical PD in the general population, 
with the frequency being much higher among certain subgroups (e.g. North 
Africans, Ashkenazi Jewish) (Correia Guedes et al.  2010 ; Hulihan et al.  2008 ; 
Ozelius et al.  2006 ). 

 Despite the evidence for the role of genetics in PD risk, Mendelian mutations 
explain only a few percent of PD cases (Martin et al.  2011 ; Klein and Ziegler  2011 ). 
Although some of the very rare genetic variants are highly penetrant, the more com-
mon  LRRK2  G2019S mutation (Goldwurm et al.  2005 ) is only 30–40 % penetrant 
(Bonifati  2007 ), suggesting an important role for environmental factors. Perhaps 
even more striking is the observation that monozygotic twins (who share 100 % of 
their genetic makeup) are no more likely to be concordant for PD than are dizygotic 
twins (who share only 50 % of their genetic makeup) (Tanner et al.  1999 ; Wirdefeldt 
et al.  1923 ,  2004 ). Together these observations argue for a major etiologic role for 
environment, a notion that was fi rst supported by anecdotal evidence and later 
explored more systematically in animal and human studies.  

6.3.2     Environment 

6.3.2.1     The MPTP Discovery 

 Although there had been reports of acute parkinsonism resulting from large toxicant 
exposures (Rodier  1955 ; Tetrud et al.  1994 ; Pezzoli et al.  1989 ; Klawans et al. 
 1982 ), the PD environmental hypothesis was propelled by the discovery of a cluster 
of acute parkinsonism among intravenous drug users. Unlike the previous cases, 
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which were highly atypical, these individuals presented with a syndrome nearly 
identical to typical PD. They showed classic PD motor signs including rest tremor, 
rigidity, impaired balance and severe bradykinesia, and were highly responsive to 
treatment with L-dopa, the standard PD therapy. The toxicant was identifi ed as 
MPTP (N-methyl-4-phenyl-1,2,3,6 tetrahydropyridine), which had been inadver-
tently created during the synthesis of a meperidine analog (Langston et al.  1983 ). 
Toxicologically, MPTP is lipophilic and readily crosses the blood brain barrier 
(BBB). Once in the brain, it is oxidized by glial monoamine oxidase B (MAO-B) to 
the proximate toxin MPP +  (1-methyl-4-phenylpyridinium; Fig.  6.1 ). The organic 
cation transporter-3 (Oct-3) then shuttles the MPP +  out of the astrocytes (Cui et al. 
 2009 ). MPP+ is taken up by the dopamine transporter, and that which is not seques-
tered in vesicles accumulates in mitochondria where it inhibits Complex 1 of the 
electron transport chain. This causes oxidative stress, reduced ATP synthesis, per-
turbed calcium homeostasis and subsequent cell death (Singer et al.  1988 ; 
Przedborski and Jackson-Lewis  1998 ; Heikkila et al.  1985 ), and like PD, in primate 
models, toxicity is highly specifi c for nigral dopaminergic neurons (Langston et al. 
 1984 ). The discovery of MPTP propelled investigations into both disease mecha-
nisms and other environmental agents, particularly those with similar molecular 
structures.

6.3.2.2         Disease Mechanisms 

 Dopaminergic neurons may be particularly susceptible to certain types of toxic 
insults. This is likely due to their high energy needs, dopamine oxidation that results 
in highly reactive oxygen radicals, and the presence of neuromelanin—which binds 
pro-oxidant metals (Halliday et al.  2005 ; Uversky et al.  2001a ; Fahn and Cohen 
 1992 ; Carlsson and Fornstedt  1991 ; Guzman et al.  2010 ). Based on observations in 
PD patients, the discovery of genetic variants, and the MPTP experience, important 
pathogenic mechanisms have been identifi ed; these include mitochondrial dysfunc-
tion, oxidative stress, infl ammation, aggregation of α-synuclein protein, and 
impaired autophagy. The sequence of initiation versus propagation of the disease 
process is not understood. 

 Impaired mitochondrial function is believed to play an important role in PD 
pathogenesis (Di Monte  1991 ; Sherer et al.  2007 ). Patients have reduced 
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mitochondrial function in brain and in peripheral tissues, and impaired 
 mitochondrial  transport (Perier and Vila  2012 ). MPTP is toxic to mitochondria, 
and several of the rare genetic forms of PD involve proteins essential to mitochon-
drial function (Martin et al.  2011 ). These include Parkin, an E3 ubiquitin ligase, 
PINK1, a mitochondrially- targeted kinase, and DJ-1, a mitochondrial peroxidase 
(Bonifati et al.  2003 ; Abbas et al.  1999 ; Kitada et al.  1998 ). 

 Mitochondrial dysfunction leads to oxidative damage, which in turn damages 
mitochondria. Patients manifest high levels of oxidative damage to membranes and 
proteins (Jenner  2003 ; Dexter et al.  1989 ), as well as depletion of anti-oxidants such 
as reduced glutathione (GSH) (Sian et al.  1994 ). Oxidative stress also increases 
α-synuclein aggregation (Souza et al.  2000 ). Enzymatic and non-enzymatic metab-
olism of dopamine generates hydrogen peroxide, and neuromelanin, a breakdown 
product of dopamine metabolism, binds pro-oxidant metals such as iron, producing 
highly reactive hydroxyl radical via the Fenton reaction (Lloyd and Phillips  1999 ). 
PD patients also manifest microglial activation early in the course of disease 
(Gerhard et al.  2006 ). Activated microglia produce infl ammatory cytokines, which 
are increased in PD brain (Whitton  2007 ), trigger immune effectors and further 
increase oxidative stress (Collins et al.  2012 ). 

 α-synuclein aggregation plays a fundamental role in PD pathogenesis (Lashuel 
et al.  2013 ). It is the major component of Lewy bodies, and genetic variants that 
increase its expression are associated with increased PD risk (Ross et al.  2008b ; 
Linnertz et al.  2009 ; Kay et al.  2008 ; Mata et al.  2010 ). Factors that increase its 
production or that enhance its propensity to misfold and aggregate are likely to 
increase PD risk (Freundt et al.  2012 ; Luk et al.  2012 ). Chaperone-mediated autoph-
agy and lysosomal degradation are required to clear protein aggregates and dam-
aged organelles from cells. PD patients manifest impairments in these systems, and 
genetic forms of PD may also cause impairment of autophagy (Alvarez-Erviti et al. 
 2010 ; Mak et al.  2010 ; Chu et al.  2009 ; Orenstein et al.  2013 ; Dehay et al.  2010 ). 

 The discovery of MPTP toxicity and the elucidation of potential etiologic and 
pathogenic mechanisms has sparked research into environmental factors that may 
act via similar pathways, including lifestyle factors, metals, polychlorinated 
 biphenyls (PCBs), pesticides, and solvents (TCE being one example).   

6.3.3     Epidemiology of PD 

6.3.3.1     Challenges 

 PD has no diagnostic test, is relatively rare, has a long pathologic evolution, and 
important environmental exposures may occur decades before motor symptoms 
manifest. Thus, misdiagnosis is common (Schrag et al.  2002 ) and inconsistent over 
time and place, patients with underlying early disease may die from other causes 
before they are diagnosed, and accurate characterization of potential causative 
 factors is very diffi cult (Ross et al.  2004 ,  2006 ). Furthermore, self-reporting of 
 environmental exposures is subject to recall bias—whereby individuals with disease 
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are prone to report exposures more frequently than are control subjects. Despite 
these barriers, the past few decades have seen great progress in identifying potential 
environmental causes of PD.  

6.3.3.2     Descriptive Epidemiology 

 PD is the second most common neurodegenerative disorder behind Alzheimer’s 
disease, affecting approximately 1 % of the population over age 60 (Tanner and 
Goldman  1996 ). In the United States, there were approximately 630,000 people 
 living with  diagnosed  PD in 2010 (Kowal et al.  2013 ); however, many cases go 
undetected, and prevalence may be closer to one million, with approximately 60,000 
incident (new) cases per year (Parkinson’s Disease  2013 ). Enumerating the true 
burden of the illness in the population is challenging given the lack of a comprehen-
sive disease registry. With the aging of the population (Census US  2011 ), the preva-
lence of PD is expected to increase dramatically (Parkinson’s Disease  2013 ; Kowal 
et al.  2013 ), possibly even doubling by 2040 (Kowal et al.  2013 ). As a result, 
PD-related costs in the U.S., currently estimated at $23 billion annually, will soar to 
$50 billion by 2040 (Huse et al.  2005 ). 

   Age, Gender, Race 

 Age is the strongest risk factor for PD. Incidence rates increase drastically, from 
approximately 2.5 per 100,000 person-years at age 50 to more than 100 per 
100,000 person-years by age 80 (Van Den Eeden et al.  2003 ). Incidence in men is 
nearly twice that in women (Tanner and Goldman  1996 ). Possible explanations 
include the role of hormones, differential exposure to occupational environmental 
toxicants, and higher stores of fat-soluble toxicants. Rates may be highest in 
Caucasians, intermediate in Asians, and lowest in persons of African descent (Van 
Den Eeden et al.  2003 ).  

   Geographic and Temporal Trends 

 Prevalence and incidence estimates vary widely (Tanner and Goldman  1996 ). 
Several studies reported higher incidence in more industrially developed nations 
compared to Africa and pre-industrial China (Okubadejo et al.  2006 ; Chen et al. 
 2001 ), suggesting a role of industrial toxicants. This is further supported by ecologi-
cal evidence of higher than expected PD rates in farming and industrial areas 
(Rybicki et al.  1993 ; Barbeau  1986 ; Willis et al.  2010 ). In addition, PD incidence 
may be higher among people living at the northernmost latitudes, which may refl ect 
exposure to environmental toxicants bioaccumulated in fi sh and marine mammals 
(Bjerregaard and Hansen  2000 ; Chiu et al.  2004 ; Wermuth et al.  2008 ). 

 If environmental factors related to industrialization affect PD risk, age-specifi c 
incidence should increase over time. However, because of changing diagnostic 
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criteria and improved diagnostic accuracy, temporal changes are diffi cult to assess. 
Two studies using data from a county-wide medical database in Rochester, 
Minnesota, found that incidence did not change from 1967 to 1990 (Rajput et al.  1984 ; 
Rocca et al.  2001 ); however, these studies may have failed to detect a change over 
time due to overestimation of rates earlier in the period, since exclusions were not 
made for parkinsonism resulting from causes other than PD. A Finnish study found 
that rates increased by 50 % in men but decreased by 30 % in women between 1971 
and 1992; (Kuopio et al.  1999 ). One possible explanation is that, as for the Minnesota 
studies, earlier rates were falsely elevated, and true rates may have increased 
 substantially among men. 

 The totality of temporal and geographic evidence suggests that industrial- 
associated exposures may increase PD risk. Nonetheless, geographic and temporal 
data must be interpreted with caution given that comparisons may be compromised 
by a number of factors, including access to medical care, inconsistent reporting, and 
differences in study design.   

6.3.3.3     Analytic Epidemiology: Assessing Risk Factors for PD 

 In order to understand the possible role of TCE as a risk factor for PD, it is impor-
tant to briefl y review other environmental associations with PD, since xenobiotics 
are likely to act via common or related mechanisms. 

   Lifestyle Factors 

 Providing further evidence for the role of environment, many lifestyle and behav-
ioral factors are associated with PD risk. Cigarette smoking is consistently associ-
ated with a  reduced  risk of PD. In a meta-analysis of 44 case–control studies and 
four cohort studies, risk reductions were 61 % in current-smokers, 41 % in “ever” 
smokers, and 20 % in former smokers, compared to never-smokers (Hernan et al. 
 2002 ). Dose–response effects have also been observed (Ritz et al.  2007 ). Nicotine is 
neuroprotective in some animal models (Ryan et al.  2001 ; Park et al.  2007 ), although 
potential mechanisms are not well-understood, and cigarette smoke contains thou-
sands of other compounds that could directly or indirectly reduce risk (Ross and 
Petrovitch  2001 ). Caffeine and coffee consumption are also consistently associated 
with  reduced risk  of PD, with magnitudes and dose–response effects similar to 
those of smoking (Hernan et al.  2002 ). Antagonism of the adenosine a2a receptor 
by caffeine is a proposed mechanism (Ross and Petrovitch  2001 ). 

 Evidence for other lifestyle factors is more limited and less consistent. Non- 
steroidal anti-infl ammatory medications (Gao et al.  2011 ; Samii et al.  2009 ), dihy-
dropyridine calcium channel blocking drugs (Marras et al.  2012 ), and 
 cholesterol-lowering statins (Huang et al.  2007 ; Wolozin et al.  2007 ) have been 
associated with reduced risk. Diets high in fruits and vegetables (Gao et al.  2007 ; 
Sofi  et al.  2008 ), low in animal fat (Gaenslen et al.  2008 ; Kyrozis et al.  2013 ), high in 
polyunsaturated fat (Kyrozis et al.  2013 ), and high in antioxidants (Miyake et al.  2011 ) 
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and fl avonoids (Gao et al.  2012 ) may be associated with reduced risk. Mild trau-
matic brain injury has been associated with increased risk with some consistency 
(Goldman et al.  2006 ).  

   Metals and PCBs 

 Mechanistically, several metals have been linked to PD pathogenesis. Dysregulation 
of iron homeostasis in PD is well described (Sofi c et al.  1988 ; Griffi ths and 
Crossman  1993 ; Dexter et al.  1991 ; Martin  2009 ; Zhang et al.  2010 ). Individuals 
with PD have increased nigral free iron, which binds to neuromelanin and can gen-
erate large amounts of highly reactive hydroxyl radical through the Fenton reaction 
(see Sect.  6.3.2.2 ). This in turn damages lipid membranes and mitochondria (Huang 
et al.  2006 ; Mehta et al.  2006 ) and leads to increased oxidative stress (Berg et al. 
 2004 ; Stohs and Bagchi  1995 ). Copper, manganese, nickel and other metals may 
act via similar mechanisms (Lloyd and Phillips  1999 ; Cavallo et al.  2003 ; Leonard 
et al.  2004 ). Lead and mercury are well-recognized neurotoxins (ATSDR  2007 ). 
They alter dopaminergic neuronal function in cellular and animal models, impair 
mitochondrial electron transport and autophagy, and generate reactive oxygen spe-
cies (Farina et al.  2011 ; Yamin et al.  2003 ). In addition, most metal ions can cata-
lyze the fi brillization and aggregation of α-synuclein protein (Yamin et al.  2003 ; 
Uversky et al.  2001a ,  b ; Santner and Uversky  2010 ). Despite the mechanistic evi-
dence, there is limited epidemiologic data to support an association with environ-
mental exposure to these metals and PD risk (Logroscino et al.  2008 ; Tanner et al. 
 2009 ; Firestone et al.  2010 ; Feldman et al.  2011 ; Miyake et al.  2011 ; Ngim and 
Devathasan  1989 ; Petersen et al.  2008 ; Ohlson and Hogstedt  1981 ; Seidler et al. 
 1996 ; Semchuk et al.  1993 ; Gorell et al.  1999 ; Thygesen et al.  2011 ; Park et al. 
 2005 ). Of note, although exposure to very high levels of manganese can induce a 
parkinsonian syndrome that shares some clinical characteristics with PD (“man-
ganism”), a recent systematic review concludes that manganese exposure is not 
associated with risk of PD (Mortimer et al.  2012 ). Data are strongest for lead; two 
studies found that individuals in the highest quartile of bone lead levels, a cumula-
tive measure of decades of exposure, had twice the risk of PD (Coon et al.  2006 ; 
Weisskopf et al.  2010a ). 

 Polychlorinated biphenyls (PCBs) were extensively used as lubricants and cool-
ants. Despite their banning in 1977, these lipophilic compounds persist in the envi-
ronment, particularly in fatty tissues of circumpolar fi sh and marine mammals 
(Welfi nger-Smith et al.  2011 ; CDC  2009 ; Carpenter  2006 ; Hardell et al.  2010 ; 
ATSDR  2000 ; Chiu et al.  2004 ). Rates of PD may be higher in Inuit peoples who 
consume large amounts of these foods (Petersen et al.  2008 ; Wermuth et al.  2000 ). 
Post-mortem studies have found higher levels of PCBs in PD striatum and nigra 
compared to controls (Corrigan et al.  1998 ; Corrigan et al.  2000 ), but studies of 
serum levels are not consistent (Weisskopf et al.  2012 ; Petersen et al.  2008 ). 
Mechanistically, cellular and animal models have shown that PCBs damage dopa-
minergic neurons (Wolff et al.  1982 ; Richardson and Miller  2004 ; Seegal et al. 
 1991 ,  1994 ) and increase oxidative stress (Lee et al.  2012 ).  
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   Pesticides 

 Epidemiologic evidence for environmental toxicants and PD risk is strongest for 
pesticides. Rural living has been associated with increased risk of PD for decades 
(Tanner and Goldman  1996 ), and farming occupation is also consistently associated 
with increased risk of PD (Priyadarshi et al.  2000 ; Goldman et al.  2005 ; Dick et al. 
 2007a ; Kamel et al.  2007 ). Exposure to pesticides is a likely explanation, and epide-
miologic and animal studies provide strong support for a direct causal relationship 
between pesticide exposure and increased risk of PD (Petrovitch et al.  2002 ; 
Ascherio et al.  2006 ; Dick et al.  2007a ; Kamel et al.  2007 ; Hancock et al.  2008 ; 
Tanner et al.  2009 ,  2011 ). A meta-analysis of 19 studies estimated that a history of 
pesticide exposure is associated with an approximately two-fold increased risk 
(Priyadarshi et al.  2000 ), and even greater risk (2.5-fold) in studies that used job- 
based exposure classifi cation rather than self-reported exposure (1.5-fold risk) (van 
der Mark et al.  2012 ). 

 Few studies have examined associations with specifi c pesticides, but evidence is 
most convincing for rotenone (Drolet et al.  2009 ; Greene et al.  2009 ; Pan-Montojo 
et al.  2010a, b ; Tanner et al.  2011 ), paraquat (Tanner et al.  2011 ; Kamel et al.  2007 ; 
Hertzman et al.  1990 ; Liou et al.  1997 ), and the organochlorines (Hancock et al. 
 2008 ; Elbaz et al.  2009 ; Seidler et al.  1996 ). Specifi c organochlorines associated 
with increased PD risk include dieldrin, γ-HCH (hexachlorohexane; lindane) 
(Corrigan et al.  2000 ; Richardson et al.  2009 ,  2011 ) and β-HCH (Richardson et al. 
 2009 ,  2011 ; Weisskopf et al.  2010b ; Petersen et al.  2008 ). Like MPP + , rotenone 
(Sherer et al.  2007 ; Greenamyre et al.  1999 ) is a potent inhibitor of mitochondrial 
Complex 1 activity (Di Monte  1991 ; Sherer et al.  2007 ). Paraquat (Fig.  6.1 ) is a 
structural analog of MPTP that potently induces oxidative stress through redox 
cycling (Dinis-Oliveira et al.  2006 ; Kuter et al.  2010 ; McCormack et al.  2002 ). Both 
rotenone and paraquat produce animal models of PD, recapitulating PD features 
and pathology, with selective loss of nigrostriatal dopaminergic neurons and aggre-
gation of α-synuclein (Cannon et al.  2009 ; McCormack et al.  2002 ). In addition, 
several organochlorine pesticides are known dopaminergic toxins (Kanthasamy 
et al.  2005 ).     

6.4     TCE and Parkinson’s Disease (PD) Risk: Human Studies 

6.4.1     Solvents 

 Over the past several decades, there have been a handful of case reports of acute 
parkinsonism resulting from very large exposures to hydrocarbon solvents. However, 
these cases differed clinically and pathologically from PD (Guggenheim et al.  1971 ; 
Pezzoli et al.  1989 ; McCrank and Rabheru  1989 ; Tetrud et al.  1994 ; Uitti et al. 
 1994 ; Melamed and Lavy  1977 ). The epidemiologic literature examining solvents 
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and PD is inconsistent, with some studies reporting no association, and others 
 fi nding increased risk or younger disease onset (Hertzman et al.  1994 ; Pals et al. 
 2003 ; McDonnell et al.  2003 ; Tanner et al.  2009 ; Dick et al.  2007b ; Seidler et al. 
 1996 ; Firestone et al.  2010 ; Pezzoli et al.  2000 ; Rango et al.  2006 ). This inconsis-
tency may result for several reasons. First, most historical epidemiologic studies did 
not investigate specifi c compounds, instead considering solvents as a single expo-
sure variable. The term “solvent” is exceedingly broad, encompassing a huge range 
of compounds whose only common characteristic is the ability to dissolve other 
substances. Although most solvents are oxidative stressors (Lam et al.  1995 ; Mattia 
et al.  1993 ), there is little reason to assume these disparate compounds share a com-
mon neuronal toxicity (Mutti and Franchini  1987 ). This approach may obscure dis-
ease relationships with any particular etiologic agent. Second, most studies relied 
on self-reporting of past solvent exposures, and many individuals do not know to 
which specifi c solvents they were exposed. Furthermore, self-reporting of expo-
sures is subject to recall bias. Third, exposures were typically characterized as 
ever/never, without considering dose or duration in analyses (Hertzman et al.  1994 ; 
Pals et al.  2003 ; McDonnell et al.  2003 ; Tanner et al.  2009 ; Dick et al.  2007b ; 
Seidler et al.  1996 ; Firestone et al.  2010 ; Pezzoli et al.  2000 ). Fourth, etiologically 
important exposures may have occurred years or even decades prior to disease onset.  

6.4.2     TCE Overview 

 In contrast to the very general approach of most epidemiologic studies of solvent 
exposure and PD, recent work has implicated a specifi c association with TCE. 
Observations in humans, though limited, are supported by in vitro and animal mod-
els, and given what is known about PD pathogenesis, the association has consider-
able biological plausibility. In the following sections we review and critically 
evaluate the literature on TCE and PD, parkinsonism, and related pathogenetic path-
ways, and synthesize the evidence to date. 

 TCE is a ubiquitous hydrocarbon that has been used globally in a wide range of 
industrial and household applications since the 1920s (EPA  2009 ; IARC  1995 ); 
NIOSH  1978 ; WHO  1997 ; ATSDR  1997a ). It is still commonly used today, most 
importantly as a vapor degreasing of metal parts in the automotive and metals indus-
tries, but also in adhesives, cleaning products, lubricants, paints and pesticides, and 
in the manufacture of plastics, automobiles, textiles, and paper and glass. As many 
as 3.5 million workers may have been exposed to TCE on a full or part-time basis 
(NIOSH  1978 ), and currently an estimated 400,000 workers are regularly exposed 
(IARC  1995 ); ATSDR  1997a ). Occupational TCE exposure, which may be 100–
1,000-fold higher than non-occupational exposure, is through both inhalation and 
dermal routes (Bogen et al.  1992 ,  1998 ). Although TCE is not thought to bioaccu-
mulate in the food chain, it is detected in air, soil, and food, and is the common 
organic contaminant in groundwater, found in 30 % of U.S. drinking water supplies 
(EPA  2009 ; ATSDR  1997a ; Wu and Schaum  2000 ;  EPA United States Environmental 
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Protection Agency ). Additional details of TCE use and human exposure are 
described in Chap.   1     of this textbook. 

 Tetrachloroethylene (perchloroethylene, PERC), a chemical with a very similar 
molecular structure and shared industrial uses, will be briefl y discussed below. 
PERC was introduced in the 1930s, and by the 1960s was the predominant dry 
cleaning solvent (Andrasik  1990 ; ATSDR  1997b ; EPA and Offi ce of Compliance 
 1995 ). Like TCE, PERC is also widely used for metal cleaning and vapor degreas-
ing, textile processing and as a chemical intermediate. At least 600,000 workers are 
likely exposed to PERC on a daily basis (ATSDR  1997b ; National Center for 
Environmental Assessment and EPA  2001 ), primarily through inhalation. Secondary 
exposure to workers’ family members can occur given that absorbed PERC is slowly 
exhaled (Aggazzotti et al.  1994a ,  b ). Similar to TCE, PERC is not thought to bioac-
cumulate in the food chain, but it can persist in subsurface groundwater for many 
years.  

6.4.3     Case Reports 

 The fi rst report of a potential association between occupational TCE exposure and 
PD was published by Guehl and colleagues in 1999 (Guehl et al.  1999 ). The report 
described a single case, a woman who had been heavily exposed to TCE (among 
other solvents) for an unknown period of time before being diagnosed with PD. The 
woman was fi rst exposed to TCE around age 27, while working as a house cleaner 
in small rooms with poor ventilation for several months. Immediately following this 
acute period of exposure, she worked for 6 years in the plastics industry in a small 
unventilated offi ce, where she was exposed to TCE and other volatile compounds. 
Three years after leaving this position, she was diagnosed with PD (around age 37). 
Presenting signs and symptoms included gait disturbance and asymmetric rigidity, 
and consistent with typical PD, although disease features became bilateral, they 
remained asymmetric after 10 years of disease. She had fairly typical progression of 
her symptoms, but developed a pronounced “on-off” response to dopaminergic ther-
apy and severe dyskinesias. While this was a compelling seminal case report, the 
potential effects of TCE cannot be isolated from those of the other volatile com-
pounds to which she was exposed. Nonetheless, the complementary rodent experi-
ment described in the same report, and discussed in further detail below (see 
Sect.  6.5 ), provides additional supportive evidence of an association specifi cally 
with TCE. 

 The next case reports were published by Kochen and colleagues several years 
later, in 2003 (Kochen et al.  2003 ). They described three unrelated patients with PD 
being seen for various reasons in their clinic. The fi rst, “patient M”, presented with 
elevated blood cholesterol, and possibly hepatitis. The authors were developing a 
method to detect exhaled volatile compounds associated with lipid peroxidation, 
and were studying patients with “hepatic lesions”. They were surprised to fi nd a 
TCE level of 128 ng/L. A review of the patient’s history revealed that he had been 
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occupationally exposed to TCE for 20 years, and was ultimately forced to retire due 
to the onset of unspecifi ed neurological symptoms and hepatitis. He developed par-
kinsonian features at age 67, 6 years after terminating TCE exposure. Details 
regarding the nature or intensity of his occupational exposure or his clinical features 
are not provided. The authors note that the fi rst exhalation measurement was made 
at least 3 years after cessation of exposure, and TCE was detectable in exhaled air 
up to 6 years after cessation of exposure. They concluded that TCE must persist in 
adipose tissue, and estimated a total body burden of 24 g at the time of exposure 
cessation—an extraordinary fi gure given the time-weight average (TWA) permis-
sible exposure level (PEL) of 270 mg/m 3  in effect in Germany. 

 The second case reported by Kochen et al. ( 2003 ), “patient T”, was identifi ed in 
an attempt to elucidate potential mechanisms using blood samples, which were not 
available for “patient M”. “Patient T” had PD onset approximately 11 years after 
initial exposure to TCE, and experienced two major unspecifi ed solvent accidents 
during his/her last occupational year (at age 58). PD onset age or features were not 
reported, but he was retired due to “encephalopathy type IIB”. TCE was detected in 
exhaled air at a concentration of 70 ng/L 2 months after termination of exposure, 
and was detectable up to 30 months after cessation. Importantly, blood levels of the 
TCE metabolite 1-trichloromethyl-1,2,3,4-tetrahydro-beta-carboline (TaClo) were 
also detectable up to 18 months post-exposure (see Sect.  6.6 ). 

 The third and fi nal case reported by Kochen et al. ( 2003 ), “patient 11”, was iden-
tifi ed among 12 workers with high TCE exposures. No recruitment details are pro-
vided. Patient #11 developed PD 2 years after being forced to retire due to 
“encephalopathy grade IIB”. He/she had worked as a painter with long-term, 
chronic exposure to TCE and PERC, including several “TCE accidents.” One month 
after retiring, he had high blood levels of TaClo. 

 Although these four case reports are intriguing, they have some major shortcom-
ings, and provide only anecdotal support for an association of TCE exposure and 
PD. First, exposure data and occupational conditions are not provided. Second, with 
the partial exception of the report by Guehl et al., there is little or no information 
regarding clinical features of parkinsonism or the criteria used to diagnose PD. 
Third, most cases had diagnoses of “encephalopathy,” implying very broad neuro-
logical damage more consistent with some of the other reports of severe acute par-
kinsonism secondary to large solvent exposures. The relevance of this non-specifi c 
neurological damage to idiopathic PD is unclear.  

6.4.4     A PD Cluster 

 Temporal and geographic clusters of PD are extremely rare (Kim et al.  2008 ). A 
major development occurred in 2008. Gash and colleagues were conducting a clini-
cal trial for a PD medication (Gash et al.  2008 ), and one of their patients (the “index 
case”) reported that he had worked with TCE for many years, suspecting this may 
have played a role in his PD. He informed them that two of his coworkers from a 
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small manufacturing plant also had developed PD, prompting the authors to 
 investigate a possible cluster of TCE-related PD. They mailed questionnaires 
regarding movement abnormalities to 134 former employees of the factory. Twenty-
one of the 65 respondents reported three or more signs of parkinsonism (e.g. stooped 
posture, trouble with balance, rigidity or stiffness), and 23 additional individuals 
reported one or two symptoms. 

 Thorough clinical and occupational histories were collected for the three indi-
viduals with suspect PD. PD diagnosis was confi rmed using standard diagnostic 
criteria, including at least two of: rest tremor, rigidity and bradykinesia, as well as a 
clear response to dopaminergic therapy. Fourteen individuals who self-reported 
three or more parkinsonian symptoms, and 13 who reported no symptoms agreed to 
undergo a clinical evaluation. The three patients with confi rmed PD were diagnosed 
at age 42 (the index case), 68 and 53; they had worked directly with TCE for dura-
tions of 25, 25, and 29 years, respectively. The 14 individuals reporting parkinso-
nian symptoms ranged from 31 to 66 years of age and had been exposed for durations 
of 11–35 years. 

 The index case had worked in a degreasing area with large vats containing TCE. 
He regularly fully submersed his arms in the vats without using any gloves or other 
personal protective equipment. Although he met diagnostic criteria for PD, he had 
some atypical features including tics and L-dopa-responsive dystonic movements of 
his face. The second PD case had worked alongside the index case for 25 years, 
performing the same degreasing tasks without any protective equipment. His clini-
cal course was also somewhat atypical, with disturbed cognition, impaired balance 
and oral dyskinesias as presenting symptoms. The third case worked near the other 
two adjacent to the TCE vat, and handled wet parts provided to her by the other two 
cases immediately after degreasing. Her clinical features were also somewhat 
 atypical, with rapid progression, early freezing, disequilibrium and tongue 
movements. 

 Although they manifested parkinsonian signs or symptoms, none of the other 14 
symptomatic employees who were evaluated met formal diagnostic criteria for PD. 
Workstation mapping revealed that they had also worked near the vat containing 
TCE for many years (11–35 years), and the severity of their symptoms appeared to 
be related to proximity to the vat. Interestingly, even those individuals who reported 
no symptoms, who ranged in age from 46 to 63 years and had exposure durations 
ranging from 8 to 33 years, had signifi cantly slower fi ne motor hand movement 
times than age-matched healthy controls (p < 0.001)—although the control popula-
tion is not described in the paper. 

 Rodent experiments reported in the same publication are summarized below 
(see Sect.  6.5 ). 

 The strengths of this paper are the in-person movement evaluations, the applica-
tion of standard diagnostic criteria for PD, and more detailed occupational histories. 
However, subjects manifested an array of atypical parkinsonian features, it is 
unclear if a true control population was used, and subjects were likely aware of 
study hypotheses, and thus might have some motivation for possible secondary 
gain. Most importantly, this is not an analytic study, i.e., subjects were not 
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systematically enrolled to test a pre-specifi ed hypothesis, and thus causal inferences 
are limited. Nonetheless, this report and the four prior case reports suggest a possi-
ble association of TCE exposure and PD, and data from animal and in vitro studies 
provide further support.  

6.4.5     Analytic Epidemiological Studies 

 Several studies that examined specifi c occupations have reported increased risk of 
PD associated with occupations that might expose individuals to TCE or PERC 
(Schulte et al.  1996 ). Dry cleaning workers more frequently reported neurological 
symptoms, had slower reaction times and slower cognitive processing (Seeber  1989 ; 
Ferroni et al.  1992 ; NIOSH  1976 ). Working in cleaning and textiles occupations has 
been associated with an increased risk of PD (Fall et al.  1999 ; Tuchsen and Jensen 
 2000 ). Others have reported increased frequency of subtle neurological features 
suggestive of possible parkinsonism associated with TCE or PERC exposures, 
including hand tremor (Murata et al.  2010 ; Bruning et al.  1998 ; Liu et al.  1988 ; 
McCunney  1988 ). 

 Despite these observations, several case reports, and mechanistic plausibility 
(reviewed below), only a single analytic epidemiologic study of TCE exposure and 
PD risk has been published. Goldman and colleagues (Goldman et al.  2012a ) stud-
ied PD risk associated with exposure to six solvents specifi ed a priori: n-hexane, 
xylene, toluene, CCl 4 , TCE, and PERC. These solvents were selected because they 
had either been associated with parkinsonism in case reports, or occupational stud-
ies had raised the possibility of an association with PD. By specifying the solvents 
a priori, they helped to mitigate recall bias to some extent. 

 The study was conducted in a 20,000 member cohort of elderly male twins, the 
National Academy of Sciences – National Research Council World War II-Veteran 
Twins Cohort (Jablon et al.  1967 ). A major strength of this truly population-based 
cohort is that it was established from military records in the 1960s when the twins 
were quite young, and subjects were unselected for diseases of old age or other fac-
tors that might bias results. In addition, twins constitute an ideal population in which 
to study environmental risk factors, because they are either genetically identical 
(monozygotic), or they share approximately 50 % of their nuclear genome (dizy-
gotic). Thus, differences in health outcomes between twins are more likely to repre-
sent differential environment rather than differential genetics. The investigators 
identifi ed 198 twin pairs discordant for PD using a multi-stage screening process 
and in-person examinations, and applying standard diagnostic criteria. Detailed 
methods are described by Tanner et al. ( 1999 ). Risk factor interviews were con-
ducted by telephone, and included questionnaires on numerous lifestyle factors 
including residence, diet, smoking, head injury, and occupation. 

 Lifelong occupational and hobby histories were obtained by interview using job-
task- specifi c structured questionnaires that collected detailed information on years 
of employment, company name and location, products made, job titles, and task, 
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process and material-specifi c data for all jobs and hobbies held at least 6 months 
from age 10 onward. Fifty occupation-specifi c questionnaires were developed. 
Querying subjects with specifi c closed-ended responses for each job task minimized 
recall bias. Industrial hygienists blinded to disease status reviewed job histories and 
inferred exposure likelihood, intensity and duration for the 6 solvents of interest 
using probability databases and multiple reference sources. This provided a method 
for estimating exposures that avoided possible recall bias. Ninety-nine twin pairs 
discordant for PD completed all interviews. 

 Case and control exposure frequencies for TCE were 10 and 3 %, respectively, 
with 12 % of all pairs having at least one twin exposed. The most frequent occupa-
tions or hobbies with TCE exposure were electrician, dry cleaner, industrial machin-
ery repairer, and health worker. Strikingly, after adjusting for potential confounding 
factors such as smoking, “ever” exposure to TCE was associated with a signifi cant 
sixfold increased risk of PD (odds ratio (OR): 6.1; 95 % confi dence interval (CI): 
1.2–33.0; p = 0.034). Risk was even greater for exposure to  either  TCE or PERC, 
which was associated with a signifi cant nine-fold increased risk (OR: 8.9; 95 % CI: 
1.7–47; p = 0.010). Consistent with prior case reports, exposures occurred several 
decades prior to disease onset. With the exception of a borderline increased risk for 
carbon tetrachloride, none of the other solvents were associated with PD, suggest-
ing that the association with TCE and PERC was specifi c and not due to recall bias 
or other types of bias. A dose–response was seen for exposure duration and cumula-
tive exposure estimates. 

 This study has several important strengths. First, it was a population-based sam-
ple—selected decades before disease onset. Second, twins are a unique and power-
ful epidemiologic population. Because twins have very similar lifestyles and genes, 
observed differences are more likely to represent a true biological effect of differen-
tial environment. Third, exposures were estimated by industrial hygienists unaware 
of disease status, minimizing recall bias. The major weaknesses of this study are its 
relatively small size and the imprecision of exposure estimates. Nonetheless, this 
seminal analytic study strengthens evidence from the prior case reports, and sug-
gests a possible causal association of PD and TCE (Table  6.1 ).

6.5           TCE and PD: Animal Studies 

 The case reports described above provided a basis for conducting animal studies, 
and two of these reports simultaneously presented results from complementary 
experimental rodent models (Guehl et al.  1999 ; Gash et al.  2008 ). 

 Guehl and colleagues modeled TCE exposure in rodents to observe neurological 
effects (Guehl et al.  1999 ). They intraperitoneally (i.p.) exposed ten 28-week-old 
OF1 male mice to 400 mg/kg of TCE per day for 5 days/week for a duration of 
4 weeks. Although they observed no parkinsonian motor symptoms, the average 
number of tyrosine hydroxylase-positive (TH+) neurons in the substantia nigra pars 
compacta (SNpc) was 50 % lower in TCE-treated mice compared to controls 
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(p < 0.001). As the authors noted, the neuronal degradation observed in their model 
was similar to that associated with a mid-range dose of MPTP in a similar model 
(Bezard et al.  1997 ). 

 Gash and colleagues ( 2008 ) also published a rodent experimental model in con-
junction with their human case series. They exposed nine 5-month-old Fischer 344 
male rats to 1 g/kg of TCE per day for 5 days/week for 6 weeks by oral gavage. 
Dopamine (DA) and its metabolites, which included DOPAC (dihydroxyphenylace-
tic acid) and HVA (homovanillic acid), were measured in the SNpc and striatum. 
Within the SNpc, TCE-treated rats had a 20 % lower DA concentration (p < 0.01) 
and 25 % lower DOPAC concentration (p < 0.01) compared to controls. HVA con-
centration in the SNpc did not vary between TCE-treated rats and controls. Within 
the striatum, signifi cant differences were not observed for DA, but TCE-treated rats 
had 30 % lower DOPAC concentration compared to controls (p < 0.001), and 10 % 
lower HVA (p < 0.01). Of note, the DOPAC/DA ratio was 0.113 in TCE-treated rats, 
compared to 0.176 in controls, suggesting that the normal concentration of DA may 
have resulted from a compensatory reduction of DA metabolism. Similar to Guehl 
et al. ( 1999 ), they observed a 45 % decrease in SNpc TH+ positive neurons. They 
also investigated mitochondrial bioenergetics, and observed that the respiratory 
control ratio (state III/state IV oxygen consumption) was signifi cantly lower for 
TCE-treated rats compared to controls in the SNpc (p < 0.01), indicating selective 
inhibition of mitochondrial Complex 1. Finally, they observed α-synuclein-positive 
cytoplasmic inclusions in the SNpc and dorsal motor nucleus of the vagus nerve in 
the TCE-treated animals, mirroring pathological changes in PD patients according 
to Braak staging (Braak et al.  2003 ); similar inclusions were either absent or rarely 
observed in the control animals. 

 In a more detailed follow-up study that used a similar experimental protocol, the 
same research group exposed 5-month-old Fischer 344 male rats to 1 g/kg, 0.5 g/kg 
or 0.2 g/kg of TCE per day by oral gavage for 5 days/week for either 2 weeks or 
6 weeks (Liu et al.  2010 ). They measured mitochondrial enzyme activity and oxida-
tive damage in SN, levels of monoamines and their metabolites in SN and striatum 
(DA, DOPAC, HVA), and used silver staining and immunohistochemistry to detect 
dopaminergic neurons (TH+), cholinergic neurons (choline acetyltransferase), 
GABAergic neurons (dopamine and cAMP-regulated phosphoprotein 32; 
DARPP- 32), microglia (OX-42), nitrative stress (3-nitrotyrosine), apoptosis 
(cleaved caspase 3), and α-synuclein. Neuronal counts were determined using unbi-
ased stereology. They also used a Rotarod treadmill test to assess functional motor 
defi cits. The Rotarod test requires animals to stay on a rotating cylinder as it 
accelerates. 

 At 6 weeks, there was a dose-dependent loss of SN TH+ neurons, with loss of 20, 
25, and 40 % for 0.2, 0.5 and 1 mg/kg respectively. At the 1 mg/kg dose there was 
also a 34 % reduction in total neuron counts in SN. Remarkably, TH+ neuron counts 
were not reduced in the ventral tegmental area, indicating selectivity for SN. 
However, unlike typical PD, there were no differences in TH+ cell counts in the 
dorsal motor nucleus of the vagus nerve (a site of very early pathology during PD 
pathogenesis).(Braak et al.  2003 ) There were no differences in counts of striatal 
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cholinergic or GABAergic neurons, nor of cerebellar GABAergic Purkinje cells, 
further demonstrating the specifi city of TCE for dopaminergic neurons. Similar to 
their prior study (Gash et al.  2008 ), after 6 weeks dosing at 1 g/kg, striatal DOPAC 
levels decreased 33 %, HVA by 11 % and DA was unchanged. No changes were 
seen for serotonin or its metabolite, again highlighting the dopaminergic specifi city 
of TCE. 

 Behavioral and mitochondrial functions were tested only at the 1 mg/kg treat-
ment group. Rotarod treadmill duration, tested weekly, was signifi cantly reduced 
relative to control animals at weeks 5 and 6, although there was no difference in 
spontaneous locomotor activity. 

 As measured by NADH substrate oxidation, mitochondrial Complex I activity 
was signifi cantly reduced at both 2 and 6 weeks, and was correlated with increases 
in caspase 3-positivity, consistent with apoptosis. In addition, they observed 
increased lipid peroxidation, tyrosine nitration, and nigral microglial activation. In 
contrast, mitochondrial Complex II-driven respiration was unchanged, suggesting 
that TCE toxicity derives from specifi c inhibition of Complex I and an associated 
infl ammatory cascade. Further recapitulating PD pathogenesis, they also observed 
marked intracellular α-synuclein accumulation in TH+ neurons in the dorsal motor 
nucleus of the vagus nerve, and modest increases in SNpc, but no cortical 
accumulation. 

 The fi nal animal model discussed here examined the effects of TCE exposure 
alone and in combination with traumatic brain injury (TBI) (Sauerbeck et al.  2012 ). 
TBI is associated with increased risk of PD, and is known to perturb CNS function 
in numerous ways. It impairs the BBB, increases infl ammatory cytokines, activates 
microglia, enhances oxidative and nitrative stress, inhibits proteosomal function, 
increases expression and aggregation of α-synuclein, and impairs mitochondrial 
function (Goldman et al.  2012b ). Because TBI and TCE affect many of the same 
mechanistic pathways, both are associated with PD risk, and both are extremely 
common, Sauerbeck et al. ( 2012 ) hypothesized that they might have important syn-
ergistic effects. 

 The investigators exposed 5-month-old Fischer 344 male rats to 1 g/kg of TCE 
daily by oral gavage for either 1 or 2 weeks. Following exposure they were sub-
jected to sham (craniotomy, but no impact), mild or moderate unilateral cortical 
impact injury, and sacrifi ced 6 h afterward. They examined effects on mitochondrial 
function (Complex I dependent oxygen consumption), TH+ and total cell counts in 
SN and striatum, and motor function. 

 After 2 weeks of TCE exposure, in contrast to fi ndings of Gash et al. ( 2008 ) and 
Liu et al. ( 2010 ), there were no reductions in SN mitochondrial function in TCE 
only, TBI only, or in the TCE and TBI groups. However, in striatum, moderate TBI 
alone caused a non-signifi cant 30 % decrease, TCE alone caused a signifi cant 75 % 
decrease, but TBI and TCE together did not cause any additional reduction in mito-
chondrial function. The authors concluded that the failure to see synergism might be 
because of the severity of the defi cit, and repeated the experiment after only 1 week 
of TCE exposure. In this model, TCE caused minimal reduction in striatal mito-
chondrial function, but TCE and TBI together caused a signifi cant 50 % reduction. 
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The authors concluded that this shows evidence of a synergism between TCE and 
TBE-induced injury. 

 Motor impairment was tested after 2 weeks of TCE exposure using a Rotarod 
model with accelerating rotation (12 days after TBI), and a cylinder test where ani-
mals were placed in a plastic cylinder and paw touches contralateral to the cortical 
impact were counted (30 days after TBI). In the Rotarod model, neither mild nor 
moderate TBI, or TCE alone had an effect. However, TCE and moderate TBI caused 
a signifi cant 50 % reduction in performance. In the cylinder model, TBI or TCE 
alone did nothing, but TCE+ moderate TBI caused a signifi cant 30 % reduction in 
paw touches. 

 Finally, they looked at neuronal cell counts in SN and striatum using unbiased 
stereological counting. TCE and mild or moderate TBI caused a signifi cant 13–17 % 
loss of TH positivity in SN, while either alone did nothing. However, neuronal 
counts were not decreased, unlike the results of Gash et al. ( 2008 ) and Liu et al. 
( 2010 ). No effects were observed in striatum in any models. 

 In total, these experiments suggest a biologically plausible synergism between 
TCE and TBI. 

 Synthesizing the evidence from animal studies, it is clear that TCE exposure can 
impair mitochondrial function and specifi cally damage dopaminergic neurons in the 
SN. However, these effects have been observed at relatively high doses (Lock et al. 
 2013 ), and although α-synuclein accumulation was observed selectively in SNpc 
and dorsal motor nucleus of the vagus, the authors did not measure aggregated 
phosphorylated synuclein—which is thought to more specifi cally represent the 
pathological form of α-synuclein (Cavallarin et al.  2010 ). As discussed in the limi-
tations and future directions section below, it will be important to expand the current 
evidence to incorporate doses which would be encountered by  occupationally- exposed 
workers, as well as those persons in the general population (Table  6.2 ).

6.6         TCE and Parkinson’s Disease (PD): Potential Biological 
Mechanisms 

 Although many solvents increase oxidative and nitrative stress, TCE and PERC 
more specifi cally affect mechanisms of primary importance to PD, mirroring the 
actions of MPTP. Most importantly, three animal studies reviewed here found that 
TCE exposure was associated with inhibition of mitochondrial Complex I (Gash 
et al.  2008 ; Liu et al.  2010 ; Sauerbeck et al.  2012 ). 

 TCE metabolism is reviewed in detail elsewhere in this text, and by Lash et al. 
( 2000 ). TCE is lipophilic and readily crosses the blood brain barrier. CYP2E1- 
mediated oxidation of TCE generates chloral, which spontaneously reacts with 
tryptamine to produce 1-trichloromethyl-1,2,3,4-tetrahydro-β-carboline (TaClo) 
(Bringmann et al.  1995 ; Riederer et al.  2002 ; Heim and Sontag  1997 ) (Fig.  6.2 ). 
PERC metabolism, reviewed by Lash and Parker ( 2001 ), can also generate chloral 
and thus TaClo, in a similar pathway. Tryptamine is a trace biogenic amine present 

S.M. Goldman and S.W. Cash



111

   Ta
bl

e 
6.

2  
  A

ni
m

al
    m

od
el

s 
of

 T
C

E
 e

xp
os

ur
e 

in
 r

el
at

io
n 

to
 d

efi
 c

its
 in

 n
eu

ro
lo

gi
ca

l f
un

ct
io

ni
ng

 a
nd

 m
ot

or
 a

bi
lit

ie
s   

 St
ud

y 
 D

es
ig

n 
 E

xp
os

ur
e 

 R
es

ul
ts

 

 Sa
ue

rb
ec

k 
et

 a
l. 

( 2
01

2 )
 

 4-
m

on
th

-o
ld

 m
al

e 
Fi

sc
he

r 
34

4 
ra

ts
; f

ou
r 

ex
po

su
re

 
ar

m
s 

fo
r 

ea
ch

 o
f 

st
ri

at
um

 
an

d 
SN

pc
 e

xp
er

im
en

ts
 

 5–
6 

ra
ts

 in
 e

ac
h 

of
 f

ou
r 

ar
m

s:
 

 1.
 T

C
E

 &
 T

B
I 

 2.
 T

C
E

 &
 s

ha
m

 
 3.

 T
B

I 
&

 v
eh

ic
le

 
 4.

 V
eh

ic
le

 &
 s

ha
m

 

 T
C

E
 1

 g
/k

g/
da

y,
 7

 d
ay

s/
w

ee
k 

fo
r 

ei
th

er
 

1-
w

ee
k 

or
 2

-w
ee

k.
 

O
ra

l a
dm

in
is

tr
at

io
n 

 T
B

I 
fo

llo
w

ed
 T

C
E

 
ad

m
in

is
tr

at
io

n 

 M
ito

ch
on

dr
ia

l C
om

pl
ex

 I
 a

ct
iv

ity
: 

  
SN

: n
o 

ef
fe

ct
s 

an
y 

tr
ea

tm
en

t a
rm

 
  

 St
ri

at
um

: 1
 w

ee
k 

T
C

E
 n

o 
ef

fe
ct

, T
B

I 
30

 %
↓,

 T
C

E
 +

 T
B

I 
50

 %
 ↓

 
 M

ot
or

 im
pa

ir
m

en
t: 

  
R

ot
ar

od
 ti

m
e 

(1
2 

da
ys

 p
os

t T
B

I)
: n

o 
ef

fe
ct

 2
 w

ee
ks

 T
C

E
 o

r 
T

B
I,

 
T

C
E

 +
 T

B
I 

50
 %

 ↓
 (

p 
<

 0
.0

1)
 

  
C

yl
in

de
r 

te
st

 (
30

 d
ay

s 
po

st
 T

B
I)

: n
o 

ef
fe

ct
 2

 w
ee

ks
 T

C
E

 o
r 

T
B

I,
 

T
C

E
 +

 T
B

I 
34

 %
 ↓

de
cr

ea
se

d 
us

e 
co

nt
ra

la
te

ra
l f

or
ep

aw
 (

p 
<

 0
.0

5)
 

 N
eu

ro
ns

: 
  

SN
 T

H
 +

 n
eu

ro
ns

: n
o 

ef
fe

ct
 T

C
E

 o
r 

T
B

I,
 T

C
E

 +
 T

B
I 

15
 %

 ↓
 

  
St

ri
at

um
: n

o 
ef

fe
ct

 a
ny

 a
rm

 
 L

iu
 e

t a
l. 

( 2
01

0 )
 

 5-
m

on
th

-o
ld

 m
al

e 
Fi

sc
he

r 
34

4 
ra

ts
; t

w
o 

ex
po

su
re

 
ar

m
s 

fo
r 

ea
ch

 o
f 

st
ri

at
um

 
an

d 
SN

pc
 e

xp
er

im
en

ts
 

 6 
T

C
E

-e
xp

os
ed

, 6
 c

on
tr

ol
s 

 T
C

E
: 1

 g
/k

g/
da

y,
 

5 
da

ys
/w

ee
k 

fo
r 

ei
th

er
 2

-w
ee

k 
or

 
6-

w
ee

k 
du

ra
tio

n.
 

O
ra

l a
dm

in
is

tr
at

io
n 

 M
ito

ch
on

dr
ia

l C
om

pl
ex

 I
 a

ct
iv

ity
: 

  
SN

pc
: 2

-w
ee

k 
T

C
E

 2
5 

%
 ↓

 
 M

ot
or

 im
pa

ir
m

en
t: 

R
ot

ar
od

 ti
m

e 
~5

0 
%

 ↓
 a

ft
er

 5
 w

ee
ks

 T
C

E
 

 N
eu

ro
ns

: 
  

SN
pc

 6
-w

ee
k 

T
C

E
: 4

0 
%

 ↓
 T

H
+

 n
eu

ro
ns

, 3
5 

%
 ↓

 to
ta

l n
eu

ro
ns

, 
do

se
 d

ep
en

de
nt

 
  

V
en

tr
al

 te
gm

en
tu

m
 o

r 
do

rs
al

 m
ot

or
 n

uc
le

us
 v

ag
us

: n
o 

ef
fe

ct
 

  
C

ho
lin

er
gi

c,
 G

A
B

A
er

gi
c 

ne
ur

on
s 

in
 s

tr
ia

tu
m

: n
o 

ef
fe

ct
 

 D
A

 &
 m

et
ab

ol
ite

s 
in

 s
tr

ia
tu

m
: 

  
2-

w
ee

k 
T

C
E

: D
O

PA
C

 ↓
 3

0 
%

, D
A

 n
o 

ef
fe

ct
 

  
6-

w
ee

k 
T

C
E

: D
O

PA
C

 ↓
 3

3 
%

, H
V

A
 ↓

 1
1 

%
, D

A
 n

o 
ef

fe
ct

 

(c
on

tin
ue

d)

6 Role of Trichloroethylene in Parkinson’s Disease



112

 St
ud

y 
 D

es
ig

n 
 E

xp
os

ur
e 

 R
es

ul
ts

 

 G
as

h 
et

 a
l. 

( 2
00

8 )
 

 5-
m

on
th

-o
ld

 m
al

e 
Fi

sc
he

r 
34

4 
ra

ts
; t

w
o 

ex
po

su
re

 
ar

m
s 

 17
 T

C
E

-e
xp

os
ed

, 1
7 

co
nt

ro
ls

 
in

 h
is

to
pa

th
ol

og
ic

 a
ss

ay
s.

 
M

ito
ch

on
dr

ia
l a

ss
ay

s 
ha

d 
9 

an
im

al
s 

po
ol

ed
 in

to
 3

 
sa

m
pl

es
 

 T
C

E
: 1

 g
/k

g/
da

y,
 

5 
da

ys
/w

ee
k 

fo
r 

6-
w

ee
k 

du
ra

tio
n.

 
O

ra
l a

dm
in

is
tr

at
io

n 

 M
ito

ch
on

dr
ia

l C
om

pl
ex

 I
 a

ct
iv

ity
: 

  
SN

pc
: ~

 4
0 

%
 ↓

 (
p 

<
 0

.0
1)

 
  

St
ri

at
um

 o
r 

liv
er

: n
o 

ef
fe

ct
 

 N
eu

ro
ns

: 
  

SN
pc

: 4
5 

%
 ↓

 T
H

+
 n

eu
ro

ns
 

  
α-

sy
nu

cl
ei

n 
in

cl
us

io
ns

 in
 S

N
pc

, d
or

sa
l m

ot
or

 n
uc

le
us

 o
f 

va
gu

s 
 D

A
 &

 m
et

ab
ol

ite
s 

  
SN

: D
A

 2
0 

%
 ↓

, D
O

PA
C

 2
5 

%
 ↓

 
  

St
ri

at
um

: D
A

 u
nc

ha
ng

ed
, D

O
PA

C
 3

0 
%

 ↓
 (

p 
<

 0
.0

1)
 

 G
ue

hl
 e

t a
l. 

( 1
99

9 )
 

 28
-w

ee
k-

ol
d 

O
F1

 m
al

e 
m

ic
e;

 
tw

o 
ex

po
su

re
 a

rm
s 

 10
 T

C
E

-e
xp

os
ed

, 1
0 

co
nt

ro
ls

 

 T
C

E
: 0

.4
 g

/k
g/

da
y,

 
5 

da
ys

/w
ee

k 
fo

r 
4-

w
ee

k 
du

ra
tio

n.
 

In
tr

ap
er

ito
ne

al
 

ad
m

in
is

tr
at

io
n 

 N
eu

ro
ns

: 
  

SN
pc

 5
0 

%
 ↓

T
H

+
 n

eu
ro

ns
 (

p 
<

 0
.0

01
) 

 M
ot

or
 im

pa
ir

m
en

t: 
no

ne
 o

bs
er

ve
d 

   A
bb

re
vi

at
io

ns
 : 

 D
A

  d
op

am
in

e,
  S

N
pc

  s
ub

st
an

tia
 n

ig
ra

 p
ar

s 
co

m
pa

ct
a,

  D
O

PA
C

  d
ih

yd
ro

xy
ph

en
yl

ac
et

ic
 a

ci
d,

 a
 d

op
am

in
e 

m
et

ab
ol

ite
,  H

V
A

  h
om

ov
an

ill
ic

 a
ci

d,
 a

 
do

pa
m

in
e 

m
et

ab
ol

ite
,  T

H
 +

 ty
ro

si
ne

 h
yd

ro
xy

la
se

 p
os

iti
ve

,  T
B

I  
tr

au
m

at
ic

 b
ra

in
 in

ju
ry

  

Ta
bl

e 
6.

2 
(c

on
tin

ue
d)

S.M. Goldman and S.W. Cash



113

throughout the brain (Berry  2004 ). It is formed from L-tyrosine by the enzyme 
 aromatic L-amino acid decarboxylase (AADC). Although present at very low lev-
els, its rate of synthesis is comparable to that of other biogenic amines such as 
dopamine, and levels may be highest in the striatum (Berry  2004 ).

   TaClo is structurally similar to MPTP. Like MPTP, it freely crosses the BBB 
(Bringmann et al.  2006 ), and it specifi cally inhibits mitochondrial Complex 1—
though TaClo and its metabolites are at least an order of magnitude more potent 
(Janetzky et al.  1995 ; Bringmann et al.  1995 ). TaClo is a dopaminergic toxin both 
in culture and in vivo (Rausch et al.  1995 ; Bringmann et al.  1995 ,  1996 ; Riederer 
et al.  2002 ; Heim and Sontag  1997 ; Grote et al.  1995 ). Injection of TaClo into the 
SNpc of rats resulted in a 15 % decrease in neuronal count (Bringmann et al.  1995 ). 
TaClo and its metabolites also inhibit the activity of tyrosine hydroxylase 
(Bringmann et al.  2002 ). However, there is some evidence that it is less specifi c for 
dopaminergic neurons than is MPP+ (Storch et al.  2006 ). The specifi city of TaClo 
toxicity for SN dopaminergic neurons could result from the selective expression of 
CYP2E1 in SNpc TH+ neurons (Shahabi et al.  2008 ; Watts et al.  1998 ). However, 
unlike MPTP, which produces an acute parkinsonian syndrome, TaClo can initiate a 
slowly progressive motor defi cit in a rat model, more closely recapitulating human 
PD (Sontag et al.  1995 ; Heim and Sontag  1997 ). 

 The TaClo hypothesis of TCE-associated PD is further strengthened by observa-
tions of Kochen et al. ( 2003 ), who were able to detect TaClo in PD “patient T”, and 
recorded levels that decreased from 45 ng/5 ml blood at 2 months post-exposure to 
only trace amounts 30 months after cessation of exposure. They also were able to 
detect TaClo in 4 of 12 other workers exposed to high doses of TCE, one of whom 
later developed PD (Kochen et al.  2003 ). 

 Additional hypotheses of potential PD-related TCE toxicity have been proposed, 
including other major metabolites of TCE, such as trichloroethanol (TCE-OH) and 
trichloroacetic acid (TCA) (Lock et al.  2013 ; Zaheer and Slevin  2011 ). Because 

TCE

CI

CI

CICI

CI CI

PERC

NH

Tryptamine

NH2 NH
NH

CCI3

TaCIo

CYP2E1

CI

  Fig. 6.2    Generation of TaClo from TCE and PERC.  Abbreviations :  TCE  trichloroethylene; 
C 2 HCL 3 ,  PERC  tetrachloroethylene; C 2 Cl 4 ,  CYP2E1  cytochrome P450 2E1,  Tryptamine  
3-(2- aminoethyl)indole/2-(1H-indol-3-yl)ethanamine; C 10 H 12 N 2 ,  TaClo  1-trichloromethyl-1,2,3,4-
tetrahydro- beta-carboline; C 12 H 11 Cl 3 N 2        
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CYP2E1 is expressed in SNpc TH+ neurons, Lock and colleagues ( 2013 ) suggest 
that SNpc-specifi c metabolism of TCE could produce regionally specifi c oxidative 
stress (Liu et al.  2010 ; Shahabi et al.  2008 ), without requiring the presence of TaClo. 

 Additional mechanisms may also contribute to oxidative stress. Consistent with 
the observation that PD patients have reduced nigral levels of the anti-oxidant glu-
tathione (GSH) (Sian et al.  1994 ), Blossom et al. showed that TCE exposure in mice 
decreases cerebellar GSH (Blossom et al.  2013 ). Specifi cally, the concentration of 
GSH in cerebellar tissue of mice exposed to 0.01 and 0.1 mg/ml TCE in drinking 
water was signifi cantly decreased by 12 and 20 %, respectively. Although the levels 
of GSSG (inactive oxidized disulfi de form) were not signifi cantly affected by TCE 
exposure, the high-dose TCE exposure resulted in a signifi cant 27 % decrease in the 
GSH/GSSG ratio and a 25 % increase in oxidized GSH. The results of this study 
indicate that oxidative stress may be one mechanism by which TCE could increase 
risk of PD.  

6.7     Limitations and Future Directions 

 There are a number of limitations that are important to consider when assessing the 
evidence to date regarding TCE and PD risk. Solvents have most often been exam-
ined epidemiologically as a single, aggregate category, and the effects of particular 
solvents have rarely been assessed; given that solvents represent a very large group 
of disparate compounds, any true association between PD and a particular agent 
(e.g. TCE) could be obscured (Goldman  2010 ; Goldman et al.  2012a ). Exposure 
assessment methods are very limited, and are likely to misclassify exposed indi-
viduals. Recall bias is a major concern. Because PD manifests clinically after a long 
evolutionary process, there is likely a long latent period between exposure and dis-
ease, and many relevant exposures may occur years or even decades prior to disease 
onset. Exposure misclassifi cation also presents a problem, as recognition and/or 
recollection of exposures may be poor. Estimation of dose can also be challenging 
(Goldman  2010 ), limiting our ability to detect any dose–response effects. In addi-
tion, solvent exposures are unlikely to occur in isolation, making it diffi cult to tease 
apart effects specifi cally attributable to TCE. Finally, current animal models do not 
fully refl ect the complex motor, non-motor, and pathologic syndrome of PD 
(Martinez and Greenamyre  2012 ). 

 In light of these limitations, it will be important for future studies to focus on 
single solvents, and to measure exposures as accurately as possible. Specifi cally, 
future animal models should consider doses and exposure durations that refl ect 
 real- work human exposures. The rodent model used by Gash et al. ( 2008 ) exposed 
animals to doses that may have resulted in peak blood levels at least 35 times greater 
than that of typical industrial workers. Another major concern, as noted by Lock 
et al. ( 2013 ), is that most of the animal studies modeling TCE effects and parkinson-
ism originated from the same investigator group at a single institution (Gash et al. 
 2008 ; Liu et al.  2010 ; Sauerbeck et al.  2012 ), and it will be important for other 
groups to confi rm their fi ndings. 
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 Future research should also consider potential interactions between TCE and 
other genetic and environmental risk factors. Environmental toxins, specifi cally 
those that inhibit mitochondrial Complex I, are good candidates. As shown by 
Sauerbeck et al., environmental insults that affect common pathways may interact 
synergistically (Sauerbeck et al.  2012 ). Genetic factors that affect TCE metabolism 
or PD-related pathogenic pathways should also be investigated, but will likely 
require very large epidemiologic studies, or pooling of data across studies. 

 As with all epidemiologic studies, results require replication across populations, 
research groups, and using a variety of study designs. Although animal and in vitro 
data are compelling, the human epidemiologic literature investigating TCE and PD 
risk is extremely small, consisting of a single retrospective analytic study (Goldman 
et al.  2012a ), and case reports comprising a total of seven individuals—some of 
whom are not well characterized clinically (Guehl et al.  1999 ; Kochen et al.  2003 ; 
Gash et al.  2008 ). Parkinson’s disease (PD) represents a major societal burden that 
is expected to increase rapidly in the coming decades. Identifying potentially 
 modifi able risk factors is of the utmost importance.     
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    Abstract     Exposure to certain chemical, biological or physiological risk factors 
prior to adulthood can alter developmental processes and may in some instances 
enhance disease risk. This chapter will concentrate on the known effects of expo-
sure to trichloroethylene (TCE) during gestation, lactation, and/or early life on the 
brain and immune system and discuss how this persistent environmental pollutant 
may impede immunologic and neurologic development to promote developmental 
pathology. Possible neuroimmune mechanisms and therapeutic interventions to cir-
cumvent the neurotoxic and adverse neurobehavioral effects of developmental TCE 
exposure are proposed.  

  Keywords     Trichloroethylene   •   Neurotoxicity   •   Immunotoxicity   •   Oxidative stress   • 
  Developmental exposure   •   Locomotor behavior   •   CD4 +  T cells   •   Cerebellum   • 
  Hippocampus   •   Neuroimmune   •   Autoimmune-prone mice  

7.1         Neurologic and Immunologic Sensitivity 
to Environmental Exposures During 
Developmental Periods 

 The effects of environmental toxicant exposures occurring during fetal development 
and early life has become an important research focus based on a fetus/child’s 
unique exposure patterns. There is strong evidence to suggest that humans at early 
stages of development may be more susceptible to environmental exposures than 
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adults. This differential sensitivity is due, in part, to the fact that key developmental 
processes (e.g., cellular maturation, differentiation and organ development) occur 
primarily during gestation and postnatally rather than during adulthood. 

 Humans develop in various stages spanning throughout gestation and postna-
tally. Human gestational development includes three general stages; peri- conception 
(2 weeks post-fertilization), embryogenesis (   3–7 weeks post conception), and the 
fetal growth period (8–38 weeks gestation) (Fetal Growth and Development  2010 ). 
Postnatally, the neonatal period extends from birth to 1 month. Infancy begins at 
1 month and continues to approximately 2 years of age. Childhood begins at 2 years 
of age and lasts until adolescence. The onset of the adolescent age is extremely vari-
able but typically begins at around 12–13 years of age and ends with the beginning 
of adulthood (~18 years of age). Aging or senescence is characterized by changes in 
immunologic and neurological processes over time including a generalized decline 
in function and activity (McEwen and Morrison  2013 ; Wong and Goldstein  2013 ). 
Generally speaking, most major organ systems fully develop during embryogenesis. 
The heart, for example, is fully formed by 8 weeks gestation in humans (Bogin 
 1999 ). In contrast, the brain and immune system have extensive developmental 
growth periods that begin during gestation and continue postnatally well into child-
hood (Bayer et al.  1993 ; Dietert  2008 ). Therefore, this extended period of immuno-
logic and neurologic development may increase the likelihood of negative effects 
due to toxic environmental exposures.  

7.2     Developmental TCE Exposure 

 Most epidemiological studies of TCE toxicity have focused on adult occupational 
exposure since it is relatively easy to document and often involves relatively high 
level exposure. In humans the occupational 8 h exposure limit for TCE is 100 ppm 
or approximately 80 mg/kg/day (A.T.S.D.R.U.S  1995 ). Human exposure to TCE 
can occur at low levels in instances of environmental contamination. Aside from 
occupational exposure, the most common source of human exposure includes inges-
tion of contaminated drinking water (A.T.S.D.R.U.S  1995 ). Although TCE levels in 
water systems are generally monitored, TCE levels in private wells that comprise 
10 % of US drinking water supply are often unknown. In addition, exposure to TCE 
may be elevated for people living near waste facilities where TCE is released, resi-
dents of urban or industrialized areas, or individuals using TCE-containing 
products. 

 Although adult exposure to TCE has received the most attention, human contact 
with TCE can occur at all stages of life. TCE and its metabolites can cross the pla-
centa and reach the developing fetus. The United States Environmental Protection 
Agency has identifi ed quantifi cation of TCE in breast milk as a high priority need 
for risk assessment. Due to its lipophilic nature, TCE can accumulate in the breast 
milk (Pellizzari et al.  1982 ). It is possible that a nursing infant whose mother is 
exposed to the occupational exposure limit for TCE could receive greater than 80 % 
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of the daily limit advisable for lifetime exposure for adults (Fisher et al.  1997 ). In a 
recent study conducted in a TCE-contaminated area in Nogales, Arizona, TCE was 
detected in 35 % of the mothers' breast milk samples with the maximum concentra-
tion of 6 ng/ml (Beamer et al.  2012 ). Because TCE concentration in the breast milk 
was signifi cantly correlated with the concentration in household water, TCE expo-
sure is also a potential concern for bottle-fed infants who also ingest more water on 
a bodyweight basis than adults. In addition to infants, TCE exposure has been docu-
mented in school-aged children. The School Health Initiative: Environment, 
Learning, and Disease (SHIELD) study, studied school-age children from two 
inner-city schools in Minneapolis, MN. Samples obtained from the home as well as 
personal samples using organic vapor monitors attached to the clothes in the breath-
ing zone of the child to detect TCE vapors reached the level of detection in approxi-
mately 7 % of subjects 6–10 years of age (Adgate et al.  2004 ; Sexton et al.  2005 ). 
Together these studies confi rm that children are exposed to TCE at multiple levels 
during development. 

 In terms of functional consequences, studies of mothers exposed to TCE occupa-
tionally or in instances of industrial spills have documented increased adverse birth 
outcomes including low birth weight and cardiac defects (Forand et al.  2012 ). 
Although epidemiologic studies have typically focused on birth outcomes, other 
health effects not studied as extensively may manifest from maternal or early-life 
exposure.  

7.3     Developmental Neurotoxicity of TCE 

 One system known to be vulnerable to environmental exposures during develop-
mental periods is the central nervous system (CNS). While outside of the focus of 
this chapter, the development of the brain and its cellular components is a complex 
process that that extends across the lifespan. The CNS begins to develop during the 
early embryonic period and continues well into postnatal life. During the third tri-
mester in humans the hippocampal region of the brain involved in learning and 
memory undergoes a dramatic increase in size and synaptic plasticity by the end of 
the second postnatal week (Dumas and Foster  1998 ; Dumas  2005 ). In the hippo-
campus, neuronal migration, cell proliferation, and synapse formation continue 
postnatally from birth through 3 years of age. The process of myelination that 
involves the development of cellular insulation around nerve fi bers continues well 
into childhood (Rice and Barone  2000 ). Neurogenesis continues to occur through-
out adulthood, albeit to a lesser degree as compared to early development (Semple 
et al.  2013 ). In humans, microglia, which are a group of monocyte-derived cells 
associated with immune and macrophage-like properties, colonize the brain as early 
as the mid-late trimester (Harry and Kraft  2012 ). This event corresponds to vascu-
larization, neuronal migration, and myelination. Postnatally, microglia, as well as 
neuronal and glial cells, continue to disseminate and mature into all regions of the 
brain including cerebellum and hippocampus (Ponti et al.  2008 ). Taken together, the 
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dynamic nature and cellular plasticity of the brain throughout gestational and post-
natal development and beyond is well established. This unique feature undoubtedly 
enhances its susceptibility to environmental infl uences to toxicants like TCE. 

 TCE was once used as an anesthetic at doses of around 2,000 ppm. Consequently, 
signifi cant information is available on the acute neurotoxicity of high-level TCE expo-
sure and its metabolites on the brain. A comprehensive assessment of adult neurotox-
icity with occupational exposure to TCE in humans and acute, high-level doses in 
rodents was reviewed in the National Academy of Sciences document and will not be 
repeated here (Chiu et al.  2006 ). As far as human populations exposed to lower levels 
of TCE, one study reported that environmental TCE exposure through consumption 
of contaminated drinking water by residents living near the TCE- contaminated Rocky 
Mountain Arsenal Superfund site was associated with higher mean scores for depres-
sion, lower intelligence scores, and impaired memory recall, as compared to individu-
als who did not ingest contaminated water (Reif et al.  2003 ). Overall, less is known 
about chronic and/or lower dose exposures on the developing neurologic system 
(Laslo-Baker et al.  2004 ; Till et al.  2001a ,  b ). One study found that subjects who were 
children at the time of TCE exposure by contaminated well water had enhanced cog-
nitive defi cits over subjects exposed as adults (White et al.  1997 ) More recently, stud-
ies have shown that children of mothers working with TCE who were exposed both 
gestationally and postnatally through lactational exposure had poorer visual acuity, as 
well as impaired motor coordination and behaviors characterized by inattention and 
hyperactivity (Laslo-Baker et al.  2004 ; Till et al.  2001a ,  b ). 

 Experimental studies of developmental TCE-induced neurotoxicity in rodents 
have focused on adverse effects in the hippocampal region of the brain. In two 
reports, selective hippocampal damage was documented in rodents exposed devel-
opmentally to ~16–32 mg/kg/day of TCE via the drinking water. Both combined 
prenatal and neonatal, as well as neonatal-only exposure was associated with a 
decrease in myelinated fi bers in the CA1 region of the hippocampus at weaning age 
(Isaacson et al.  1990 ). Other studies have reported signifi cant changes in neuronal 
plasticity in hippocampal slices in vitro with TCE exposure (Altmann et al.  2002 ; 
Ohta et al.  2001 ). Although the exact nature of TCE’s mode of action in the brain is 
not understood, studies in our lab found that TCE-induced alterations in metabolic 
pathways important in the control of oxidative stress and cellular methylation rep-
resent an important feature of developmental TCE-induced neurotoxicity (Blossom 
et al.  2008 ,  2012 ,  2013 ).  

7.4     TCE and Neurologic Redox Imbalance and Oxidative 
Stress During Development 

 The cellular maturational processes that occur in the brain during gestation through-
out early life increase the need for cellular oxygen, which can result in enhanced 
free radical and reactive oxygen species (ROS) production leading to an increased 
sensitivity to cellular damage and oxidative stress. To compensate for this 
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vulnerability, the brain utilizes mechanisms involving the glutathione system to 
restore redox balance and combat oxidative stress. The tripeptide glutathione (γ-L- 
glutamyl-L-cysteinylglycine) derived from the transsulfuration pathway functions 
as the major intracellular antioxidant against oxidative stress and plays an important 
role in the detoxifi cation of reactive oxygen species (ROS) in the brain (Biswas 
et al.  2006 ; Jain et al.  1991 ). Additional insults such as pro-oxidant environmental 
exposures have the potential to enhance an already sensitive redox imbalance by 
decreasing the active form of glutathione (GSH) and increasing the inactive oxi-
dized disulfi de form (GSSG) leaving the cell vulnerable to oxidative damage. 

 Alterations in glutathione redox potential have been shown to modulate the fate 
of oligodendrocyte precursor cells and maturing cortical neurons in the fetus (Maffi  
et al.  2008 ; McLean et al.  2005 ). This suggests that altered brain redox status and 
increased oxidative stress resulting from pro-oxidant environmental exposures, 
including toxicant exposures, could hinder neural development and promote behav-
ioral pathology. Therefore, maintenance of redox status by restorative glutathione 
levels in the brain is a critical protective mechanism during developmental periods 
where the brain is more vulnerable to oxidative stress. The clinical signifi cance of 
these studies is underscored by the presence of altered redox regulation and oxida-
tive stress biomarkers in patients with neurologic disorders including Parkinson’s 
disease (Mythri et al.  2011 ) Alzheimer’s disease (Butterfi eld et al.  2006 ) and autism 
(James et al.  2004 ; Sajdel-Sulkowska et al.  2011 ). 

 In an effort to determine whether TCE impairs glutathione redox imbalance and 
promotes oxidative stress during developmental periods, our laboratory conducted 
studies with the MRL+/+ strain of mice. MRL+/+ mice are “autoimmune-prone” 
but also develop several behavioral defi cits and neuropathological changes with age 
and are considered to be a model of idiopathic neurological lupus (Sakic  2012 ; 
Kapadia et al.  2012 ; Marcinko et al.  2012 ). In addition, the MRL+/+ strain has been 
recently identifi ed as a novel model to study hippocampal neurogenesis. MRL+/+ 
mice apparently display an enhanced response to pharmacologic agents that target 
neuroplasticity in the hippocampus over the response observed in non-autoimmune 
C57BL/6 mice (Balu et al.  2009 ; Hodes et al.  2010 ). Therefore, this strain of mice 
may represent a unique and relevant mouse model to examine the neurological 
impact of TCE exposure. 

 In the MRL+/+ mouse model, our lab demonstrated that exposure to TCE in the 
drinking water from birth (postnatal day 0) through early adulthood (postnatal day 42) 
caused decreased levels of glutathione and an increase in the reduced glutathione 
(GSH) to oxidized glutathione (GSSG) ratio in both hippocampus and cerebellum 
indicating cellular redox imbalance (Blossom et al.  2012 ,  2013 ). These metabolic 
changes were accompanied by alterations in the inter-related transmethylation path-
way metabolites in the plasma. Figure  7.1  shows the folate-dependent interrelated 
methionine transmethylation and transsulfuration pathways involved in redox 
potential cellular methylation. Arrows in the fi gure demonstrate the effect of TCE 
(increased or decreased) on key pathway metabolites in plasma, hippocampus, and 
cerebellum. Also observed in cerebellum, but not hippocampus, was a global 
decrease in DNA methylation. This fi nding may implicate potential epigenetic 
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mechanisms in TCE neurotoxicity. The decreased methionine observed with TCE 
exposure could indicate a decrease in methyl donors available for cellular methyla-
tion events which may have wide-ranging and long-term impacts on behavior.

7.5        Behavioral Changes Associated with Developmental 
TCE Neurotoxicity 

 Due to the observed TCE-related effects in cerebellum, a brain region functionally 
important for coordinating motor activity, including exploratory and social approach 
behaviors, we examined behavioral parameters using the EthoVision TM  video track-
ing system from Noldus Information Technology (Leesburg, VA). MRL+/+ mice 
exposed to 28 mg/kg/day postnatally until 6 weeks of age showed signifi cantly 
increased locomotor activity in the open-fi eld test, as well as increased  novelty/
exploratory behavior in the novel object/novel mouse testing paradigm (Blossom 
et al.  2013 ). Studies by others found that unlike MRL+/+ mice, CD-1 mice exposed 
to much higher levels of TCE (2,000–8,000 ppm via inhalation) for 6 days in utero 
did not demonstrate decreased motor activity (Jones et al.  1996 ). However, TCE 
levels at this range reach doses that are associated with its anesthetic properties even 
though the authors did not report a decline in motor function as would be expected. 
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The discrepancy between the results of these studies and ours could be explained by 
a number of factors including route of exposure, developmental exposure period, 
duration of exposure, and strain differences. Thus, the presence of attention defi cits 
and increased hyperactivity with gestational TCE exposure that has been reported in 
humans points to the relevance of the MRL+/+ model for studying TCE-induced 
developmental neurotoxicity (Laslo-Baker et al.  2004 ; Till et al.  2001a ,  b ).  

7.6     Effects of Early Postnatal TCE Exposure 
on Gene Expression in the Brain: Possible Role 
of Neuroprotective in the Control of Oxidative Stress 

 From a functional standpoint, redox imbalance, impaired methyl metabolism and 
epigenetic mechanisms could impact key cellular processes including gene expres-
sion in the brain. In particular, epigenetic mechanisms are important for the func-
tional expression of neurotrophic genes (Branchi et al.  2011 ; Fuchikami et al.  2011 ; 
Roth et al.  2011 ). Changes in the expression of these genes can lead to impaired 
behavior (Chestnut et al.  2011 ; Lubin et al.  2008 ; Numata et al.  2012 ). Neurotrophic 
factors including Brain Derived Neurotrophic Factor (BDNF), Nerve Growth Factor 
(NGF), and Neurotrophin-3 (NT-3) are classically recognized as important media-
tors of neural growth and plasticity promoting neuronal survival and differentiation 
(Reichardt  2006 ). Emerging evidence suggests that neurotrophic factors can main-
tain control of infl ammation in the brain by regulating glutathione redox status 
(Kapczinski et al.  2008 ; Sable et al.  2011 ; Wu et al.  2004 ). Developmental exposure 
to the solvent, toluene increased biomarkers of oxidative stress and decreased neu-
rotrophic factors leading to neuroinfl ammation (Win-Shwe et al.  2010 ). Similar 
fi ndings in offspring with mouse models of maternal infection have been demon-
strated (Pang et al.  2010 ). Along this line, antioxidant therapy increased BDNF 
levels in hippocampus (Xu et al.  2011 ) and in neurodevelopmental disorders of the 
CNS, including autism, oxidative stress appear to be linked to the loss of neuro-
trophic support (Sajdel-Sulkowska et al.  2009 ,  2011 ). Thus, normal functioning of 
the brain appears to involve a positive feedback loop between anti-oxidant pro-
cesses and neurotrophic expression and function in response to pro-oxidant 
exposures. 

 Our lab reported that hippocampal tissue from mice exposed to TCE postnatally 
expressed lower levels of key neurotrophic factors (e.g., BDNF, NGF, and NT-3) 
relative to controls confi rming the experimental link between impaired redox sta-
tus, increased oxidative stress with a decrease in neurotrophins observed in our 
model (Blossom et al.  2012 ). Based on these intriguing results, we extended our 
study to include an analysis of gene expression in cerebellum from TCE-treated 
MRL+/+ mice. We expanded the study to include functionally important gene fam-
ilies that might be impacted by TCE including chemokines/receptors, cytokines/
receptors, astrocyte/microglial specifi c markers, and neurotrophins and receptors. 
Fluorescence-based quantitative real-time PCR (qRT-PCR) was conducted using 
methods previously described (Blossom et al.  2012 ). Gene expression changes in 
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both hippocampal and cerebellar tissues from individual mice (n = 6/treatment 
group) were compared among mice exposed to TCE (0, 2, or 28 mg/kg/day) from 
postnatal day 1–42. Interestingly, ~50 % of the genes evaluated in the hippocampus 
were signifi cantly down regulated, as compared with no signifi cant change, with 
the highest dose of TCE treatment relative to controls (Table  7.1 ). Expression of 
glial fi brillary acidic protein (GFAP), a marker associated with astrocyte differen-
tiation was signifi cantly decreased in hippocampal tissue isolated from TCE 
exposed mice (1.4-fold and 1.7-fold; 2 and 28 mg/kg/day, respectively). It is note-
worthy to mention that neurotrophins play an important role in maturation of neu-
rons and glial cells (Abe et al.  2010 ). Thus, the decrease in neurotrophic factors 
may represent a plausible explanation for the decreased expression GFAP. Further 
study to address this question is necessary in order to fully understand develop-
mental neurotoxicity of TCE.

   Similarly, in the cerebellum, ~41 % of the genes examined were signifi cantly 
down regulated in TCE-treated mice (higher dose) relative to control as compared 
with no change relative to control values. TrkC, the receptor for the neurotrophin, 

   Table 7.1    qRT-PCR    was performed using hippocampus and cerebellum samples from 6 mice per 
treatment group collected at postnatal day 42   

 Gene family  Gene name  Hippocampus  Cerebellum 

 Chemokines  Chemokine (C-C motif) receptor 2 
( CCR2 ) 

 NC  NC 

 Chemokine (C-C motif) ligand 2 
( MCP-1 ) 

 NC  NC 

 Chemokine (C-C motif) ligand 3 
( MIP1-α)  

 NC  NC 

 Chemokine (C-C motif) ligand 4 
( MIP1-β)  

 NC   2.7     b  

 Astrocyte marker  Glial fi brillary acidic protein ( GFAP )  −1.4 a   −2.1 b  
 –1.7 b  

 Microglial activation  Allograft infl ammatory factor 1 
( Iba-1 ) 

 −1.4 b   −1.6 b  

 Neurotrophins/receptors  Brain derived neurotrophic factor 
( BDNF ) 

 −2.5 b,c   −2.5 b  

 Neurotrophin 3 ( NTF3 )  −1.8 b,c   NC 
 Nerve growth factor ( NGF )  −1.9 b,c   NC 
 Neurotrophic tyrosine kinase, 

receptor type I ( TrkA ) 
 NC  NC 

 Neurotrophic tyrosine kinase 
receptor, type 2 ( TrkB ) 

 NC  NC 

 Neurotrophic tyrosine kinase 
receptor, type 2 ( TrkC ) 

 −2.0 b   −4.2 a  
 −3.5 b  

  Numbers in the table represent fold change (increase or decrease) difference in gene expression 
 NC indicates no difference in gene expression between TCE and control mice. N compared with a 
standardized control sample 
  a Statistically different (0.01 mg/ml TCE vs. control) 
  b Statistically different (0.1 mg/ml TCE vs. Control) 
  c Some results have been published previously  
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NGF, was also down regulated in the low TCE exposure groups. Collectively, our 
data supports an inverse association between increased oxidative stress and altered 
methyl metabolism with decreased expression of neurotrophic genes and their 
receptors. A positive correlation between increased oxidative stress and expression 
of proinfl ammatory markers would be expected. Studies to explore the proinfl am-
matory cytokines expressed by cultured and activated microglial cells in mice 
developmentally exposed to TCE are currently underway in our laboratory, and 
could provide insight and possible mechanisms concerning the role of proinfl amma-
tory cytokines in TCE-induced neurotoxicity. 

 Opposed to all other genes tested, the highest dose of TCE signifi cantly  increased  
expression of MIP-1β, but not other important chemokines, relative to controls in 
the cerebellum. MIP-1β is a chemokine that is expressed in epithelial cells impor-
tant in regulating traffi c of recently activated peripheral T cells across the blood 
brain barrier (BBB) during infl ammation. The functional implication of this fi nding 
is not known, but methylmercury exposure has been shown to selectively increase 
expression of MIP-1β, but not other chemokines, in the cerebellum of mice 
(Lee et al.  2012 ). It is possible that TCE and methylmercury alter a common path-
way that increases the production of this chemokine in the cerebellum possibly 
leading to impaired blood brain barrier permeability and enhanced neuroinfl amma-
tion and/or oxidative stress. This mechanism has not yet been tested in our model, 
but may represent a plausible mechanism, together with the decrease in neuropro-
tective factors, leading to effects observed following developmental TCE exposure. 
Collectively, based on our evidence, many of these neurologic events could repre-
sent an effect downstream of TCE’s ability to promote immune hyperactivity fol-
lowing developmental exposure as demonstrated by our lab.  

7.7     Increased Susceptibility of Developing Immune 
System to Toxicity 

 The role of developmental immunotoxicity in the etiology of childhood disease is 
becoming an important public health concern. The immune system has several well- 
characterized age-specifi c developmental stages. The major maturational events 
occurring during immune system development in humans includes (1) hematopoi-
esis (gestational week 8–10), (2) stem    cell migration and cellular expansion (gesta-
tional week 10–16), (3) colonization of the bone marrow and thymus (gestational 
week 16-birth), (4) maturation to imunocompetence (birth to 1 year), and (5) estab-
lishment of immunologic memory (1–13 years) (Dietert  2008 ). 

 There is increasing evidence that the developing immune system is more sensi-
tive to toxicant exposure than the adult immune system. More severe effects tend to 
occur at lower doses and often persist into adult life (Dietert and Piepenbrink  2006 ). 
Examples of the more commonly studied developmental suppressive immunotoxi-
cants that induce more severe or persistent immune effects in offspring include the 
heavy metals (e.g., lead), polycyclic hydrocarbons (e.g., benzo [a] pyrene) and 
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polyhalogenated hydrocarbons (dioxin). A recent review compared early life vs. 
adult exposure to several immunosuppressive chemicals including lead and tribu-
tylin in animal models (Luebke et al.  2006 ). In all cases, sensitivity was greater if 
exposure occurred during development. In fact, immune suppression in develop-
mentally exposed offspring often occurred at doses that did not alter adult immune 
responses. 

 The immune system’s extended period of maturation may leave it especially vul-
nerable to environmental infl uences. Thus, in this way, the immune system is simi-
lar to the developing brain in terms of vulnerability to environmental insults. 
Developmental sensitivity to toxicants has also been demonstrated in humans. For 
example, prenatal exposure to polychlorinated biphenyls decreased the immune 
response to standard immunizations (Heilmann et al.  2010 ). Prenatal exposure to 
polybrominated diphenyl ethers produced a persistent decrease in lymphocyte num-
bers (Leijs et al.  2009 ). These studies focused on the ability of toxicants to promote 
immunologic hyporesponsiveness. Aside from immune suppression, there is 
increasing evidence that adult onset autoimmune disease can be triggered by pre- 
and early post-natal toxicant exposure (Colebatch and Edwards  2011 ; Langer  2010 ). 
Children continuously exposed for 3–19 years beginning  in utero  to a water supply 
contaminated with solvents (including TCE at levels reaching 267 ppb) had altered 
ratios of T cell subsets and early signs of tissue infl ammation (Gist and Burg  1995 ). 
Human TCE exposure was associated with a proinfl ammatory IFN-γ CD4 +  T cell 
response in cord blood isolated from neonates (Lehmann et al.  2002 ). Thus, unlike 
the majority of immunotoxicants which tend to suppress the immune system, TCE 
promotes T cell hyperactivity and proinfl ammatory responses.  

7.8     Immunotoxicity with Developmental TCE Exposure 
in MRL+/+ Mice 

 Our lab and others have conducted several studies concerning the immunostimula-
tory effects of TCE in MRL+/+ mice (Griffi n et al.  2000a ,  b ; Khan et al.  1995 ). 
Adult female MRL+/+ mice exposed to TCE (0.5 mg/ml) developed autoimmune 
hepatitis. This pathology was accompanied by expansion of activated (CD62L lo ) 
CD4 +  T cells that secreted increased levels of the proinfl ammatory cytokine, IFN-g. 
Based on the increased sensitivity to toxicants by the developing immune system, 
our lab used the MRL+/+ mouse model to examine the effects of continuous devel-
opmental and early life exposure (gestation through ~6–8 weeks of age) to a sub-
stantially lower dose of TCE. 

 Studying the impact of developmental exposure to different concentrations of 
TCE is a lengthy and complex process involving multiple breeding pairs. As a fi rst 
step most likely to demonstrate effi cacy, the effects of continuous (gestational 
throughout adulthood) TCE exposure was examined. This developmental expo-
sure to TCE (126 mg/kg/day) calculated from maternal and direct water consump-
tion increased the production of IFN-γ by CD4 +  T cells from the pups as early as 

S.J. Blossom



141

4 weeks of age (Blossom and Doss  2007 ). TCE exposure also impacted the thy-
mus, the site of T cell development, as early as postnatal day 20, causing an 
increase in thymus cell numbers as well as an increase in the percentage of mature 
(CD24 lo ) single- positive CD4 +  T cells indicating increased maturational events in 
the thymus. In a subsequent study, mice continuously exposed to a 5–25-fold 
lower, more environmentally- relevant dose of TCE showed similar thymus and 
CD4 +  T cell IFN-γ responses in 6 week old mice (Blossom et al.  2008 ). In addi-
tion, TCE enhanced CD4 +  T cell TNF-α production in these mice. TNF-α is an 
infl ammatory cytokine secreted by activated T cells and macrophages that plays 
an important role in many pathological conditions including neurologic disorders. 
Together these fi ndings suggest that a continuous developmental exposure alters 
the threshold (decreases the concentration or exposure-time) for TCE-induced T 
cell hyperactivity. 

 Other investigators reported that a continuous gestational and early-life exposure 
to 14,000 ppb TCE in the drinking water of  non-autoimmune  mice induced signifi -
cantly increased T lymphocyte-mediated delayed-type hypersensitivity (DTH) 
responses, decreased antibody-mediated responses, and enhanced thymus cellular-
ity in 8 week old mice (Peden-Adams et al.  2006 ). This group also reported that 
“life-time” exposure to TCE did not increase the level of anti-dsDNA antibodies in 
female MRL+/+ mice (Peden-Adams et al.  2008 ). Their assessment did not start 
until the mice were 4 months of age, however; a time point at which constitutive 
production of autoantibodies in untreated MRL+/+ mice can obscure a TCE-induced 
effect. In addition, since that study was confi ned to lupus-associated autoantibodies, 
the effects of lifetime TCE exposure on other types of disease (e.g. autoimmune 
hepatitis), are unknown.  

7.9     Increased Susceptibility of Developing Brain 
to Neurotoxicity by Peripheral Immune Activation 
as a Mechanism for TCE’s Effects in the Brain 

 There is emerging evidence that altered neuroimmune mechanisms might play a 
role in the development of certain neurologic disorders. The brain, once thought 
to be an immune privileged site, allows small molecules (e.g. cytokines) and lym-
phocyte traffi cking in healthy individuals for immune surveillance during infec-
tion or immune responses to a CNS injury (Schwartz et al.  1999 ). This passage is 
tightly controlled and regulated by the blood brain barrier (BBB). The BBB pro-
vides diffusion restraint in order to control ionic gradients between blood and 
cerebrospinal fl uid (Bito  1969 ). This restraint is provided by tight junctions 
located in the BBB interface. The BBB in the embryo, fetus, and newborn is 
believed to be immature and has been described as poorly formed, “leaky.” or 
even absent (Siegenthaler et al.  2013 ). Thus a certain level of “cross talk” between 
the brain and the peripheral immune system occurs during both developmental 
periods and during adulthood. 
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 During development, an emerging role for peripheral T cells in regulating nor-
mal neuronal differentiation and synaptic plasticity has been described 
(Ziv et al.  2006 ). In contrast to the positive effect of low level immune interaction in 
the brain, infl ammatory conditions at sites outside of the CNS can lead to neuro-
logic disorders. One of the best characterized peripheral infl ammatory insults in this 
context is maternal and early-life infection. In humans, maternal infection has been 
linked to autism (Atladottir et al.  2012 ) attention defi cit hyperactivity disorder 
(ADHD) (Mann and McDermott  2011 ) and adult-onset schizophrenia in the off-
spring (Anderson and Maes  2013 ; Khandaker et al.  2013 ). Several pieces of evi-
dence in rodent models of linking maternal infection using live virus, viral mimics, 
the bacterial endotoxin, lipopolysaccharide, and selected infl ammatory cytokines 
with adverse neurologic outcome in the offspring occurring later in life support this 
human evidence (reviewed in Meyer  2013 ). Mechanisms for these effects are cur-
rently being explored. However, recent evidence suggests that developmental LPS 
exposure alters neurotrophic factors leading neurobehavioral alterations similar to 
what is observed in our model (Xu et al.  2013a ,  b ). Whether or not developmental 
exposure to environmental toxicants, like TCE, that promote immune hyperactivity 
mediate neurologic effects in a similar manner have not been examined.  

7.10     Neuroimmune Impact of TCE and Implications 
for Neurodevelopmental Disorders 

 A mechanism involving the pro-infl ammatory effect of TCE on the peripheral 
immune system during developmental periods may be an important consideration 
in the etiology for some neurologic disorders including autism and ADHD. One 
specifi c set of initiating or triggering events in these disorders may involve the 
immune system. Onore, et.al., indicated in a recent review that suffi cient evidence 
was available to implicate altered immune responses in autism (Onore et al.  2012 ). 
There is plenty of supportive evidence of neuroinfl ammation and oxidative stress 
in the brains of autistic children involving a marked increase of the infl ammatory 
chemokines together with reduced neurotrophic support (James et al.  2004 ; Sajdel- 
Sulkowska et al.  2009 ,  2011 ; Ashwood and Wakefi eld  2006 ). Thus, many of the 
characteristics observed in our mouse model of TCE exposure mirror what is 
observed in autism. One additional compelling link between our model and autism 
is the association of this disorder with autoimmunity with more than 40 % of autis-
tic children having two or more fi rst-degree family members with an autoimmune 
disease (Sweeten et al.  2003 ). The association between autism and parental auto-
immunity was recently confi rmed in a case-control study (Money et al.  1971 ). 
Serological evidence of autoimmunity in the form of anti-brain antibodies have 
been detected in both mothers of autistic children as well as in the children them-
selves (Braunschweig et al.  2013 ; Nordahl et al.  2013 ; Bauman et al.  2013 ; 
Fox et al.  2012 ). In terms of TCE and neurodevelopmental disorders, one epide-
miologic study highlighted the possibility that maternal TCE exposure may be an 
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environmental risk factor for autism (Windham et al.  2006 ). This study reported 
increased incidence of autism in children living in areas with the highest quartile 
(25 %) of TCE in air using EPA HAPS data. Although this linkage needs to be 
confi rmed by a larger more quantitative study, it raises an intriguing possibility that 
developmental TCE exposure may be a risk factor for the development of autism. 
We reported and increased exploratory and motor activity in developmentally 
exposed offspring (Blossom et al.  2013 ). At this time, studies to address the link-
age between TCE exposure and ADHD in humans have not been conducted. The 
possibility of this association is underscored by reports in the literature showing 
hyperlocomotor and increased exploratory effects with perinatal alcohol exposure 
(Brady et al.  2012 ; Schneider et al.  2011 ). Both alcohol and TCE share an impor-
tant metabolite, acetaldehyde. The system that transforms ethanol to acetaldehyde 
is even more robust in the perinatal rodent, and acetaldehyde itself is capable of 
enhancing motor activity (March et al.  2013 ). Thus, the presence of attention defi -
cits and hyperactivity in association with developmental exposure to TCE needs to 
be studied further.  

7.11     Neuroimmune Mechanisms and Future Directions 

 Collectively our fi ndings demonstrate that developmental exposure to TCE pro-
moted increased maturation of T cells in the thymus, T cell hyperactivity, and 
increased production of proinfl ammatory cytokines in association with neurobehav-
ioral alterations. We observed increased locomotor activity and increased novelty/
exploratory behavior with TCE exposure. These effects were associated with neural 
alterations in metabolites in the transsulfuration and transmethylation pathways 
indicating redox imbalance and altered methylation capacity (Blossom et al.  2008 , 
 2012 ,  2013 ; Blossom and Doss  2007 ). 

 The neurologic effects of TCE could be a result of a direct effect of TCE and 
its metabolites in the brain. One potential mechanism may involve the activity of 
TCE’s reactive metabolite trichloroacetaldehyde hydrate (TCAH). TCE is 
metabolized primarily by the cytochrome P-450 s isoform CYP2E1 to a trichlo-
roethylene oxide intermediate, which spontaneously rearranges to form TCAH. 
TCAH is a highly reactive aldehyde that has been proposed to spontaneously 
condense with the biogenic amine tryptamine to produce an alkaloid-type neuro-
toxin (Bringmann and Hille  1990 ). Our lab has extensively studied the ability of 
TCAH to form adducts with T cells and promote their activation in vitro and in 
vivo (Blossom et al.  2004 ,  2007 ). The ability of reactive aldehydes (i.e., from 
ethanol metabolism) to inhibit methionine synthase activity and subsequently 
lower glutathione has been documented (Waly et al.  2004 ,  2011 ). Decreased 
methionine synthase activity would therefore result in an accumulation of SAH 
and inhibition of SAM, and a depletion of GSH similar to what is observed in our 
model. Therefore it is plausible to hypothesize that TCE, via TCAH, acts in a 
similar manner. 
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 One other attractive hypothesis that will be investigated further is that adverse 
neurologic and neurobehavioral effects may be secondary to the  early  effects of TCE 
on CD4+ T cells in early life following developmental exposure. We reported that 
TCE enhances thymic T cell maturation and CD4 +  T cell -oxidant activation (at post-
natal day 20–28) in MRL+/+ mice. In contrast, the neurologic effects were only 
evident 6 weeks of age. It is therefore plausible that activated peripheral CD4 +  T cells 
and/or the cytokines they produce cross the BBB that may already be in a fragile state 
due to direct effects of TCE or metabolites or possibly by increased cerebellar 
MIP1β. The cytokines/cells cross the BBB to promote generalized infl ammation and 
decrease the production of neurotrophins which leads to impaired redox status and 
methylation potential and increased oxidative stress resulting in abnormal behavior. 
The decrease in neurotrophic factors may also be a consequence of impaired DNA 
methylation based on our metabolic profi le The role of peripheral T cells in adverse 
neurobehavior could be easily tested in CD4 +  T cell depleted mice. This possible 
scenario is depicted in Fig.  7.2 .

   Evidence to support our hypothesis is strengthened by emerging evidence that 
altered neuroimmune mechanisms might play a role in the development of certain 
neurologic disorders. The brain, once thought to be an immune privileged site, 
allows small molecules (e.g., cytokines) and CD4 +  T cell traffi cking in healthy 

  Fig. 7.2    Proposed mechanism. Activated CD4+ T cells from TCE-treated mice may cross a compro-
mised blood brain barrier and promote infl ammatory/oxidative stress which could dysregulate neuro-
nal cells or astrocytes leading to adverse behavior. (Illustration courtesy of Mr. Dustyn A. Barnette)       
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individuals for immune surveillance during infection or immune responses to a 
CNS injury (Schwartz et al.  1999 ). This passage is tightly controlled and regulated 
by the blood brain barrier (BBB). The BBB provides diffusion restraint in order to 
control ionic gradients between blood and cerebrospinal fl uid (Bito  1969 ). This 
restraint is provided by tight junctions located in the BBB interface. The BBB in the 
embryo, fetus, and newborn is immature and has been described as poorly formed, 
leaky, or even absent (Siegenthaler et al.  2013 ). Thus a certain level of so-called 
“cross-talk” between the brain and the peripheral immune system occurs during 
developmental periods in particular. 

 Pivotal work has shown that mice deprived of mature CD4 +  T cells (but not B 
cells or CD8 +  T cells) manifested hippocampal-dependent cognitive defects and 
behavioral abnormalities that were reversed by replenishing T cells (Kipnis et al. 
 2012 ; Marin and Kipnis  2013 ). A later study found that at the interface between the 
BBB, the epithelial layers of the choroid plexus are populated with CD4 +  T cell 
effector memory cells with a T cell receptor repertoire specifi c to CNS antigens 
(Baruch and Schwartz  2013 ; Baruch et al.  2013 ). This type of immunological con-
trol may be lost as a normal part of aging/senescence leading to cognitive decline. 
As far as development, an emerging role for peripheral CD4 +  T cells in regulating 
normal neuronal differentiation and synaptic plasticity has been described (Ziv 
et al.  2006 ). Despite these intriguing fi ndings, the interactions between T cells and 
microglia and/or neurons in the brain and what this may mean in neurodevelopmen-
tal disorders where immunological function is abnormal remains a mystery. 

 In contrast to the positive benefi t of low-level immune interaction in the brain, 
peripheral infl ammation has been shown to contribute to the development of neuro-
logic disorders. One of the best characterized peripheral infl ammatory insults in this 
context is infection. In humans, maternal infection has been linked to ASD, ADHD, 
and adult onset schizophrenia in the offspring (Atladottir et al.  2012 ; Mann and 
McDermott  2011 ; Anderson and Maes  2013 ). Mechanisms for these effects are cur-
rently being explored in animal models (Meyer  2013 ). In humans, increased periph-
eral T cells in the brain of Alzheimer’s patients have been detected (Liu et al.  2010 ). 
Whether developmental exposure to toxicants like TCE that promote CD4 +  T cell 
hyperactivity and mediate neurologic and adverse behavioral effects in a similar 
manner have not been examined. 

 Additional future experiments to address therapeutic strategies could involve 
experiments designed to implement a dietary intervention to circumvent the neuro-
logic effects we observe in our model. Methyl-supplemented diets are designed to 
provide increased amounts of cofactors and methyl donors to support methyl metab-
olism. The diet will most likely include B12 and folic acid; essential nutrients and 
cofactors for the production of methyl groups, betaine; a methyl donor to regenerate 
methionine, choline; an essential nutrient and precursor of betaine, zinc; a cofactor 
for the mouse DNA methyltransferase and other key enzymes involved in DNA 
methylation. The diet will provide more methionine which can (via cysteine) 
increase glutathione production and through effects on SAM and SAH levels affect-
ing DNA methylation (Melnyk et al.  2011 ; Mosharov et al.  2000 ; Vitvitsky et al. 
 2006 ). Because available data do not indicate that increasing methionine levels will 
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enhance glutathione levels suffi ciently (Powell et al.  2010 ), N-Acetylcysteine 
(NAC) will be added to the special diet at previously described levels (Filosto et al. 
 2011 ; Conaway et al.  1998 ; Parachikova et al.  2010 ). NAC is a thiol anti-oxidant 
form of the amino acid cysteine and is used as a precursor of glutathione. These sets 
of experiments could potentially lead to novel therapies with real clinical value. 

 The literature reporting enhanced risk of neurodevelopmental disease after early- 
life insult to infl ammatory insults is still evolving. We have used MRL+/+ mice to 
model these associations in the context of TCE exposure, and have demonstrated 
that these mice are sensitive to TCE’s neuroimmune effects. Expanding this work to 
other strains of mice, including knockout mice, and other toxicants that may pro-
mote infl ammation would truly further our understanding of how toxicant exposure 
and infl ammation increases the risk of neurodevelopmental brain disorders.     
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    Abstract     Epidemiological reports fi rst suggested a specifi c teratogenicity of 
 trichloroethylene (TCE) in drinking water but due to other potential contaminants, 
uncertain exposure levels and selection of controls, these reports were controver-
sial. Early animal studies explored the effects of high doses of TCE on heart 
 development and a drinking water model was established that showed the ability of 
TCE to produce cardiac malformations. However, these doses were well above 
typical levels of environmental exposure and the signifi cance of TCE as a cardiac 
teratogen remained controversial. Using molecular and functional measures of 
 cardiac development, several laboratories began to examine the effects of TCE in 
animal models at relevant exposure levels. This work demonstrated a non-mono-
tonic dose response where signifi cantly more effects on gene expression and car-
diac function were seen just above the current maximum contamination level 
(5 parts per billion) than at much higher dose levels. An examination of early heart 
valve formation showed that formation of valve progenitors was impaired. 
Molecular studies pointed towards changes in expression of several muscle genes 
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involved in calcium homeostasis and myocardial contraction. Further studies 
showed that calcium-mediated contraction in the heart was impaired and that this 
corresponded to changes in intracellular calcium fl ux and cardiac output. To explore 
the non-monotonic dose curve, expression of phase I metabolic enzymes were 
examined. The early heart was found to be a specifi c site of cytochrome p450 
expression prior to the development of the liver and CYP2C expression was 
 elevated with TCE exposure. Surprisingly, the CYP expression pattern replicated 
the non-monotonic dose response and did not explain it. This suggests that a 
 metabolite of TCE is likely to be the teratogen. To explore the teratogenicity of 
TCE, microarray data from exposed chick hearts were analyzed by utilization of 
interactome analysis. This analysis identifi ed a subset of highly-linked genes that 
were perturbed by TCE exposure. The most centrally linked gene in the interac-
tome was the transcription factor HNF4a. Though not previously known in the 
heart, HNF4a expression was confi rmed. Its level of expression was unchanged 
with TCE exposure but its level of phosphorylation was altered. Ongoing studies 
are investigating the hypothesis that HNF4a is a proximal target of TCE exposure 
and that misregulation of gene expression by this transcription factor is a signifi -
cant mediator of congenital heart defects produced by TCE.  

  Keywords     Embryonic heart   •   Epithelial mesenchymal transition   •   Gene expression   • 
  Cytochrome P450   •   Hepatocyte nuclear factor 4 alpha  

8.1         Introduction 

    Recent epidemiological studies reinforced earlier controversial fi ndings indicating 
that TCE exposure during pregnancy increased the frequency of congenital heart 
disease (CHD) in newborns. Every year, approximately 1 % of all children are born 
with heart defects around the world. This number includes 0.6 % of newborns with 
severe and moderate defects with additional measures of 0.3–6.9 % of newborns 
with lesser defects as determined by various protocols (Hoffman and Kaplan  2002 ). 
It is estimated by the Children’s Heart Foundation that inpatient surgery to repair 
heart defects in the US exceeds $2.2 billion/year. Estimates in TCE-exposed popu-
lations show an odds ratio of 2.5–3.0 compared to control groups ( The Toxicological 
Review of TCE ; Goldberg et al.  1990 ; Bove et al.  1995 ). That only a small propor-
tion of these CHDs can be attributed to specifi c genetic defects, highlights the 
apparent importance of environmental factors in embryonic heart maldevelopment. 
The most convincing data attesting to TCE cardiotoxicity derive from mechanistic 
studies, conducted in chick embryos, using a wide range of doses during different 
phases of heart differentiation. In vitro studies unraveled likely mechanisms of 
action by which TCE may interfere with normal heart development. As the heart is 
the fi rst functional organ in the embryo, and must continue to develop and remodel 
throughout embryonic and fetal life, it utilizes a number of specifi c cellular and 
molecular processes that are sensitive to TCE. Endothelial-mesenchymal transition 
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is a cellular process that produces the progenitors of the valves and septa while a 
regulated calcium fl ux is required to mediate muscle contraction and produce blood 
fl ow. As described below, both processes are altered by TCE exposure. Although 
independent groups have confi rmed similar fi ndings in different species, outstand-
ing questions to be addressed remain the bi-modal behavior of TCE dose–response, 
the role of P450 cytochromes in TCE metabolism in the embryonic heart, and the 
role of TCE metabolites in determining cardiac toxicity in mammals and avians. In 
this chapter we review data from epidemiologic, animal and in vitro studies support-
ing the notion that sensitivity of the embryonic heart to TCE exposure may be 
responsible for the increased number of congenital heart defects observed in con-
taminated areas. Lastly, we present a new hypothesis suggesting the role of a nuclear 
transcription factor in mediating, at least in part, the negative effects of TCE in the 
developing heart.  

8.2     Epidemiological Studies 

 Very few epidemiological studies analyzed the effects of maternal TCE exposure on 
the incidence of CHD in children and these show mixed results ( The Toxicological 
Review of TCE ). Reports of cardio-teratogenicity fi rst came from human studies 
(Goldberg et al.  1990 ) that were later verifi ed by Bove et al. ( 1995 ). The spectrum 
of defects seen in children exposed to up to 270 parts per billion (ppb) TCE in drink-
ing water  in utero  included aortic stenosis, valvular, septal and muscular defects and 
the odds ratio (OR) for all heart defects was between 3.0 (Goldberg et al.  1990 ) and 
2.5 (Bove et al.  1995 ). In a retrospective study, looking at ambient air exposure to 
TCE, Yauck et al. ( 2004 ) reported an increase in heart defects among mothers ≥38 
years of age living within 1.33 miles of a TCE-emitting site (OR = 3.2; 95 %). More 
recently, Forand et al. ( 2012 ) reported that both birth and cardiac birth defects 
approximately doubled in populated areas of Endicott, New York that were found to 
be contaminated with TCE and perchloroethylene (PCE). When the analysis was 
limited to the conotruncal defects, these, although rare, were nearly fi ve times more 
prevalent in both the PCE and TCE exposed areas. A few community-based studies 
have looked at the association between TCE exposure and incidence of birth defects 
other than cardiac malformations. Lagakos et al. ( 1986 ), using a health survey of 
~5,000 residents of Walburn (MA), observed an increased rate of eye anomalies 
(OR = 14.9) and perinatal deaths (OR = 10) associated with exposure to TCE- 
contaminated water wells. Other studies using the same populations were not con-
clusive, although a retrospective analysis looking at hospital records reported 
increased OR for many birth defects including congenital heart diseases (NAS 
Report  2006 ). 

 Studies performed at the US Marine Corps Base at Camp Lejeune, NC, where 
residents had been exposed to TCE, DCE and PCE for as long as 30 years, found 
that TCE exposure was associated to smaller male, but not female infants (Agency 
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for Toxic Substances and Disease Registry  1998 ; Sonnenfeld et al.  2001 ). Risk was 
higher for women older than 35 and those with a history of fetal loss. Limitations of 
these studies included misclassifi cation of the groups (i.e. exposed vs nonexposed, 
and long term vs short term exposure) lack of information about water consump-
tion, dermal and inhalation exposure, tobacco and alcohol usage. Taken altogether, 
data collected from available studies provide robust indication that environmentally 
relevant doses of TCE exposure through drinking water increased the risk of intra-
uterine growth reduction. These fi ndings are similar to those reported for maternal 
alcohol consumption (alcohol has a metabolism similar to TCE), and are confi rmed 
by observations gathered from animal studies (Johnson et al.  1998a ,  b ; Fisher et al. 
 2001 ; Smith et al.  1992 ,  1989 ). In summary, epidemiological studies were compli-
cated by several factors including chemical co-exposure, diffi culty in establishing 
the doses and duration of TCE exposure, small number of cases, aggregation of a 
wide range of malformations, and the unknown role of genetic variations in deter-
mining sensitivity to TCE. However, considered as a whole, these studies indicate a 
relatively consistent elevation for cardiac defects in the range of 2.5–3.0-fold (Chiu 
et al.  2013 ), and other birth defects including eye malformations and low birth 
weight.  

8.3     In Vivo Studies 

 While the timing varies between species, the developmental processes of heart 
development are consistent. The embryonic heart develops as a hollow tube consis-
tent of two cellular layers, the inner endothelium and the exterior myocardium, 
separated by extracellular matrix (Fig.  8.1a–c ). The heart tube then loops as part of 
a developmental process to bring the infl ow and outfl ow portions of the heart to their 
adult orientation. During the looping process, there is a signal derived from the 
myocardium that initiates valve formation by endothelial cells lining the atrioven-
tricular canal (Runyan and Markwald  1983 ). A subset of endothelial cells in this 
region loses cell-cell adhesions and migrates into the adjacent extracellular matrix, 
becoming mesenchymal cells. This process, called epithelial-mesenchymal transi-
tion (EMT) produces the progenitors of the valves and membranous septa of the 
mature heart. Factors altering this process of valve and septa formation would affect 
the size and shape of the mitral and tricuspid valves and/or produce septal defects 
between the right and left sides of the heart. Valve or septal defects would, in turn, 
impair normal hemodynamics and produce muscular malformations. Additional 
developmental processes include muscular protrusions that divide the atria and ven-
tricles into right and left sides. Fusion between the intraventricular muscle tissue 
and the fused cardiac cushions normally closes the septum between the two ventri-
cles and separates the function of the right and left chambers. The atrial muscular 
septum is comprised of two layers with offset openings that permit blood to pass 
from the right to the left side of the heart during fetal life. Changes in blood pressure 
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at birth cause the two layers to fuse and functionally separate the pulmonary and 
corporeal blood fl ows. By the end of the embryonic period of development, the 
heart is largely in its fi nal form. In the rodent model, the heart starts contracting 
around 8.5 days, begins looping to bring the infl ow and outfl ow of the heart together 
around day 9 and the valvular primordial begin to develop around day 9.5. Much of 
the early morphogenesis of the heart is complete by day 12. In the human, the heart-
beat begins about day 18 and looping and early valve formation take place between 
day 21 and 30. The equivalent period in the chick embryo is between days 2 and 3.5. 
Studies showing cardio-teratogenic effects of TCE in each of these species appear 
to consistently target this early organogenic period of heart development.
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  Fig. 8.1    Heart Development and Gene Expression. ( a ) The early embryonic heart is seen at this 
stage as a single tube E2 (HH14)- chick, E9.25-mouse, and E20- human. The outer layer is the 
myocardium and the inner layer is endothelium. The intervening space is fi lled with extracellular 
matrix and protrudes into the lumen in the canal between the single atrium and the single ventricle 
( arrow ) as paired cardiac cushions. ( b ) By HH17 in the chick and E9.5 in the mouse the atrium has 
continued to rotate and shift towards the head. Endothelial cells lining the AV canal have begun to 
undergo an epithelial-mesenchymal transition to form the progenitors of the valve fi broblasts 
within the cushions ( arrow ). ( c ) Later in development, the four-chambered heart has developed 
from the heart tube. The striped area of the valves and septa in this cross section are derived from 
the cells that invaded the cushions in ( b ). ( d ) An embryonic chick heart stained for CYP2C after 
8 ppb exposure to TCE. A single cardiac cushion is outlined by a  light yellow line . Staining ( green ) 
is seen in the myocardium and in a subset of endothelial cells proximal to the atrium. ( e ) A segment 
of the heart stained for HNF4a ( green ) and cardiac myosin ( orange / red ). HNF4a is seen through-
out the embryonic heart. Abbreviations-  A  atrium,  V  ventricle,  OT  outfl ow tract,  Myo  myocardium, 
 Endo  endothelium,  Mes  mesenchyme,  C  cushion       
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8.4        Rodents 

 After the original epidemiological studies in humans, Goldberg and his group 
(Johnson et al.  1998a ,  b ,  2003 ; Dawson et al.  1990 ,  1993 ) reported on TCE cardiac 
teratogenicity in rat embryo studies that were controversial largely because of very 
high exposures (1,100 parts per million, ppm, which approximates the maximum 
solubility of TCE in water) and atypical dose response curves (Dawson et al.  1993 ; 
Johnson et al.  2003 ). These authors found a correlation between TCE exposure in 
rat embryos through maternal drinking water and congenital heart defects, but it was 
statistically signifi cant only for the highest doses and appeared to be protective at 
the lowest dose tested of 2.5 ppb. Conversely, in an independent study similar high 
doses of TCE (500 mg/kg) provided by gavage to pregnant rats from day 6 to 15 of 
pregnancy, produced no defects in embryos (Fisher et al.  2001 ). The contrasting 
results were attributed to differences in modality and time of exposure that included 
maternal drinking water vs. gavage in soybean oil, and exposure starting at gesta-
tional day (GD) 0 vs 6. A few studies investigated the effects of TCE metabolites on 
cardiac malformations in exposed embryos. In humans and other mammals TCE is 
partially excreted by expiration. The ingested TCE is converted into trichloroetha-
nol (TCEtOH) through an unstable chloral compound by CYP2E1. Conversely, 
ALDH1 mediates the conversion of the intermediate chloral into trichloroacetic 
acid (TCA), which is eliminated through the urine, unaltered or after dechlorination 
in form of di- or mono-chloroacetic acid (DCA and MCA, respectively). TCEEtOH 
is excreted either as a free compound or as a glucoronide conjugate (Davidson and 
Beliles  1991 ). TCE can cross the placenta and CYP2E1 has been detected in rat 
placenta and embryos. 

 Smith et al. ( 1992 ,  1989 ) reported that both TCA and DCA administered by 
gavage to Long-Evans dams between GD 6 and 15, produced signifi cant increase 
in levocardia at doses of TCA equal or >330 mg/kg-day, and intraventricular sep-
tal defects at >800 mg/kg-day. The same types of defects were observed at doses 
of DCA equal or >900 mg/kg-day for levocardia and equal or >1,400 mg/kg-day 
for intraventricular septal defects. Epstein et al. ( 1992 ) reported that GD between 
9 and 12 was particularly sensitive to TCA exposure (one dose of 2,400 mg/kg-
day) in Long-Evans rats and produced intraventricular septal defects. The authors 
explained their fi ndings as a failure of the proliferating intraventricular septal tis-
sue to fuse with the tight tubercle of the atrioventricular (AV) cushion tissue. 
Subsequent studies from Johnson et al. ( 1998a ,  b ) found that TCA induced signifi -
cant increases in cardiac defects at the highest dose (2,730 ppm = 291 mg/kg-day) 
when administered by maternal drinking water during GD 1–22. Of all the other 
TCE metabolites tested, only dichloroethylene (DCE) produced cardiac defects in 
a similar model of exposure at either 0.15 or 110 ppm (= .015 and 10.64 mg/kg-
day, respectively), when administered pre- and during pregnancy. No particular 
type or grouping of cardiac anomaly was observed in these studies. 

 The same animal model of TCE exposure described by Johnson et al. ( 1998a ), 
was used to identify proteins whose expression is affected by TCE in embryonic 
hearts. Using a differential display approach, Collier et al. ( 2003 ) reported that 
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moderate doses (100 ppm) of TCE in maternal drinking water altered the expression 
of genes critical for heart development, including vimentin, a marker of mesenchy-
mal differentiation, and the calcium ATP-ase Serca2a.  

8.5     Chicks 

 Original observations regarding TCE cardiac teratogenicity in avians were made by 
Loeber et al. ( 1988 ) who reported that in ovo exposure of chick embryos led to 
several cardiac malformations including conotruncal, AV cushion and myocardium 
abnormalities. Although this study suffered from lack of accurate information con-
cerning time and concentration of TCE used, it provided a solid rationale for using 
chick embryos as a sensitive model for TCE cardiac sensitivity. 

 Mishima et al. ( 2006 ) provided additional data using a chick whole-embryo cul-
ture system in which they were able to determine the TCE concentration in the 
medium, and pin-point the stage of embryonic development most sensitive to TCE 
cardiotoxicity. In particular, they observed that when cultures were prepared con-
taining initial concentrations between 25 and 250 ppm of TCE, after equilibration 
(1 h), about 70 % of the added TCE was lost and none was detected after 24 h. 
Under these conditions, the authors estimated the chick embryos were exposed to 
TCE for an average of 6 h and the most sensitive stages were at 2 days when the 
heart began to loop. After 24 h, more than 80 % of 3 day embryos exposed to 
80 ppm TCE were apparently normal. However, a closer examination at the cellular 
level revealed a signifi cant reduction in the number and altered distribution of mes-
enchymal cells in the AV cushion. 

 These results were independently confi rmed by Drake et al. ( 2006a ), using low 
doses of TCE (4 nM = 8 ppb) injected into chick eggs between HH stages 13 and 20 
(2–3.5 days), corresponding to the time of development of cardiac cushions. The 
authors reported a signifi cant reduction in mesenchymal cells and cardiac function, 
using pulsed-Doppler ultrasound, when embryos were exposed to 8 ppb TCE and 
similar concentrations of metabolites TCA and trichloroethanol (TCOH). Interestingly, 
these effects were not observed when embryos at earlier and later stages of cardiac 
morphogenesis (HH 3+ and HH20) were exposed to TCE (Drake et al.  2006b ). In 
contrast, 4nM TCE or TCA increased myocyte proliferation in these embryos exposed 
at an early developmental time. The conclusion from these studies is that cardiac 
sensitivity to TCE in chick is dependent on specifi c stages of heart development.  

8.6     Mechanisms of Action 

 The notion that TCE can disrupt the early events of cardiac differentiation emerged 
in an earlier in vitro study (Boyer et al.  2000 ) looking at the effects of TCE on EMT 
in chick AV explants by collagen gel assays. Results from Boyer et al. ( 2000 ) 
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indicated that the EMT process was impaired by doses of TCE between 50 and 
250 ppm in vitro. As these doses refl ected starting levels in plastic dishes with some 
airspace above each culture, the actual effective dose was likely far lower than 
reported. In the dose range tested, TCE inhibited the expression of Mox-1 and fi bril-
lin2, which are components of the EMT process during the AV canal formation. 

 Ou et al. ( 2003 ) reported that, in differentiated bovine coronary endothelial cells 
(BCEC), TCE altered the function of endothelial nitric oxide synthase (eNOS) by 
inhibiting its interaction with the heat shock protein hsp90, and inducing an 
increased production of O 2  −  in a dose–response fashion. The reduced synthesis of 
NO in favor of O 2  −  may have a negative impact on endothelial cell proliferation and 
lead to defects in valve and septa development. Consistent with this analysis, Feng 
et al. ( 2002 ) observed that eNOS-KO mice had increased incidence of congenital 
heart defects. In a microarray analysis looking at changes in gene expression caused 
by TCE exposure, our group found that molecules involved in regulation of calcium 
signaling (e.g. CamKII and Ryr2) were affected by TCE exposure as low as 1 and 
10 ppb, in mouse embryonal carcinoma cell line P19. These cells were used as a 
model of undifferentiated cardiac myocytes and provided important clues regarding 
possible molecular mechanisms mediating TCE action (Selmin et al.  2008 ). In par-
ticular, we observed that many transcripts affected either by TCE or its metabolite, 
TCA, encoded for calcium-responsive proteins or are dependent on cellular DNA 
methylation for their function (e.g. rhodopsin-G-proteins). 

 The importance of molecules involved with regulation of calcium fl ux during 
early cardiogenesis was confi rmed by subsequent studies looking at the effects of 
low (10–1,000 ppb) and moderate (10–100 ppm) doses of TCE on vasopressin- 
induced calcium fl ux in rat myoblasts, using FURA2 measurements. Using the 
H9c2 cell line, Caldwell et al. ( 2008 ) observed a dose-dependent response in which 
doses of TCE between 10 and 100 ppb inhibited calcium fl ux, whereas higher doses 
(10 ppm TCE) did not alter either calcium fl ux or expression of proteins involved in 
calcium regulation (e.g. Serca2a and Ryr2). This bimodal behavior of cell response 
to low versus high doses of TCE has been confi rmed in numerous studies using dif-
ferent systems (Mishima et al.  2006 ; Drake et al.  2006a ) but the reasons have not 
been elucidated. Makwana et al. ( 2013 ) recently proposed a role for p450 cyto-
chrome oxygenases in TCE metabolism as essential to explain this phenomenon, 
and their fi ndings will be discussed below. 

 Numerous lines of evidence from research groups examining TCE carcinoge-
nicity in liver and kidney (Tao et al.  1999 ,  2000 ; Dow and Green  2000 ) suggested 
that TCE might exert its negative action by disrupting the folate/homocysteine 
pathway and ultimately altering the normal methylation status of proteins and 
nucleic acids. To test this hypothesis Caldwell et al. ( 2010 ) analyzed the transcrip-
tome of mouse embryonic hearts isolated from dams that had been exposed to 
10 ppb TCE through maternal drinking water and a diet containing 0, 2, or 8 mg/
kg folate. The goal of this study was to identify cellular pathways altered in the 
developing heart following exposure to low, environmentally signifi cant doses of 
TCE and to determine whether folic acid supplementation might counteract the 
effects of TCE. Standard chow for pregnant rats usually contains 5–8 mg of folate 
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per kg of pellet and provides ~200 ug/day of folate. The recommended daily 
 allowance (RDA) for pregnant women is 600 ug/day. A gross examination of the 
embryos collected from the three folate groups indicated that both high (8 mg/kg) 
and low (0 mg/kg) folate in the maternal diet lead to similar morphological out-
comes. In fact, in both groups we observed an increased rate of resorbed and devel-
opmentally delayed embryos, accompanied by a reduced number of normally 
developed embryos. However, when compared with the TCE exposed groups, we 
observed an almost perfect inversion of phenotypic outcome, suggesting that (i) 
any alteration from the optimal level of folate in the pregnant rats may alter fetal 
development, and (ii) low levels of TCE may facilitate developmental progress 
through otherwise restrictive developmental checkpoints. In fact, we observed no 
change in percentage of embryos resorbed or delayed in dams exposed to TCE and 
low folate supplementation (0 mg/kg) compared with those not exposed to TCE 
and receiving a normal (2 mg/kg) folate level in their diet (Dow and Green  2000 ). 
In addition, results from these studies showed that exposure to the low dose of TCE 
caused extensive alterations in transcripts encoding proteins involved in transport, 
ion channel, transcription, differentiation, cytoskeleton, cell cycle, and apoptosis. 
Exogenous folate did not offset the effects of TCE exposure on normal gene 
expression, and both high and low levels of folate produced additional signifi cant 
changes in gene expression. We concluded that a mechanism in which TCE induced 
a folate defi ciency did not explain altered gene expression patterns in the embry-
onic mouse heart. The data further suggested that use of folate supplementation, in 
the presence of TCE, might be detrimental and not protective of the developing 
embryo. 

 A possible mechanism behind these effects is suggested by recent fi ndings 
reported by our laboratory (Palbykin et al.  2011 ). We found that TCE affects DNA 
methylation of the Serca2 promoter region both in rat myoblasts H9c2 cells, and in 
murine embryonic hearts exposed to TCE via maternal drinking water. The Serca2 
gene encodes for a calcium ATPase that is essential for regulation of the calcium 
fl ux in myocyte. In particular, we observed a modest increase in CpG methylation 
across the Serca2 proximal promoter, accompanied by a dramatic hypermethylation 
of a CpG dimer adjacent to a SP1 binding site, which had been previously described 
as involved in Serca2 transcriptional activity (Brady et al.  2003 ). These changes 
were paralleled by reduced levels of Serca2a protein both in TCE exposed H9c2 
cells and embryonic hearts. Methylation of CpG dinucleotides is catalyzed by DNA 
methyltransferases and uses S-adenosyl-methionine (SAM) as the methyl-donor 
group. The reduced amounts of SAM observed in this study were explained by the 
fact that TCE-induced hypermethylation of the Serca2 promoter, and likely other 
actively transcribed genes, may deplete the cellular content of SAM, which in turn 
may lead to delayed embryonic development and possible congenital birth defects, 
including heart defects (Ifergan and Assaraf  2008 ). Although these fi ndings reported 
a cellular depletion of SAM, the methylation status of each promoter is regulated by 
dynamic and complex processes that determine gene activation or repression during 
embryonic development. Therefore, in order to better understand the mechanisms 
of action of TCE, it is necessary to investigate the nature of the interactions between 
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TCE and crucial transcription factors that mediate gene expression during critical 
phases of embryonic development. 

 The hypothesis that TCE exposure may cause a reduction in calcium homeosta-
sis in myocytes and directly impact cardiac morphology, was tested by Makwana 
et al. ( 2010 ) using chick embryos exposed to TCE in ovo. Cardiac myocytes were 
isolated from E18 embryos exposed to either 8 or 800 ppb TCE at HH stage 13 (E2) 
by in ovo injection into the yolk. Sarcomeric function was assessed by measuring 
the rate of contraction after electrical stimulus. A reduced half-width of contraction 
by the sarcomere was observed in myocytes exposed to 8 ppb, whereas sarcomere 
length itself was not affected, suggesting the change was due to an alteration in 
Ca++ handling and not to changes in sarcomere structure. Despite the compara-
tively early exposure of these myocytes in development, sarcomere function 
remained altered in these cells 16 days later. The functional loss of sarcomeric con-
traction was also seen by reduced expression of markers of shear stress, NOS-3 and 
KLF2 in the heart. These data are consistent with observations that altered Ca++ 
homeostasis can reduce blood fl ow and the loss of fl ow can lead to congenital heart 
defects (Hogers et al.  1997 ). Independent observations from Rufer et al. ( 2010 ) 
confi rmed these ideas with further experimental data. In their study, chick embryos 
exposed to 8 ppb TCE in ovo, between HH15 and 17, displayed high embryonic 
mortality and functional dysmorphologies. In particular, a signifi cant high fre-
quency of ventricular septal defects (VSDs) was observed. These defects occurred 
in 37.5 % of the exposed embryos, and in none of the controls, exposed to vehicle 
only. The authors concluded that since cardiac hemodynamics are a major contribu-
tor to VSDs, their fi ndings support a mechanism of TCE cardiac teratogenesis based 
on altered calcium handling and blood fl ow. 

 In a recent study, Makwana et al. ( 2013 ) explored the possibility that the non- 
monotonic dose–response curve could refl ect issues on cardiac metabolism of 
TCE. Previously, Lash et al. ( 2000 ) had identifi ed specifi city of the cytochrome 
P450 CYP2 family for TCE metabolism in human liver microsomes and in murine 
systems. Makwana et al. ( 2013 ) showed the presence of two members of the CYP2 
family in embryonic chick hearts (2H1and 2C45), and more importantly, exposure 
to 8 ppb TCE, but not 800 ppb, induced the expression of CYP2H1 in particular in 
myocardial cells and in AV canal endothelial cells most proximal to the atrium. No 
detectable expression of cytochrome p450s was observed in extracardiac tissues 
(Fig.  8.1d ). These results indicate that the earliest embryonic expression of phase I 
detoxifi cation enzymes are in the developing heart, which may explain its distinct 
sensitivity to TCE. Later, cytochrome p450 expression in the heart drops and devel-
ops in the newly-formed liver. This roughly coincides with the period of TCE 
 sensitivity observed by Rufer et al. ( 2010 ). While the bi-modal response curve 
remains poorly understood, Makwana et al. ( 2013 ) suggest that low doses of TCE 
are metabolized, causing toxic effects, whereas at higher TCE doses, CYPs 
are degraded faster than can be synthesized. The question whether in the latter 
case, TCE metabolites cause any cardiac toxicity in the embryonic heart, is still 
unanswered.  
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8.7     Current Studies 

 Altering the expression of proteins that regulate myocyte calcium fl ux may be a 
signifi cant mechanism by which TCE causes heart defects. Consistent with the 
notion of altered gene regulation is the fi nding that numerous transcription factors 
involved in early embryonic cardiac differentiation (e.g. brachyuryT, NFATc1, 
Hoxa1, Foxa1) were down-regulated in mouse embryonic hearts exposed to TCE 
(Caldwell et al.  2010 ). The central question remains: what are the proximal signals 
induced or inhibited by TCE exposure and how do they regulate the expression of 
these structural and regulatory proteins? In an attempt to address this question, our 
group returned to the chick system to explore microarray analysis of embryos 
treated with 8 ppb TCE. The microarray data were subjected to analysis using a 
chick interactome database (Konieczka et al.  2009 ). The chick interactome is a 
compendium of seven databases derived from biological data across many species. 
The nodes in the database (Fig.  8.2 ) are molecules converted to a consistent species 
nomenclature (avian) and the edges are connections derived from public databases 
on transcriptional regulation, yeast two hybrid screens, protein interaction immuno- 
precipitation data and other evidence of biological interaction. Of the approximately 

  Fig. 8.2    TCE interactome. Circles represent nodes (molecules) and connecting lines are edges 
showing an identifi ed interaction in one or more of the core databases. The data are displayed in a 
circular pattern by Cytoscape and the most highly linked nodes were moved to the center of the 
circle. HNF4a is shown in  red  and directly linked nodes are shown in  maroon        
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4,000 genes signifi cantly altered in the chick arrays by TCE exposure, 1,345 genes 
were found in the interactome dataset that linked to each other. This subset was 
identifi ed as the TCE interactome. As shown in Table  8.1 , we ranked, within the 
TCE interactome, the set of genes with the highest levels of interconnections in the 
dataset. The most highly linked molecule was the hepatocyte nuclear factor 4 alpha, 
HNF4a. In fact, 76 % of the 1,345 molecules included in the TCE interactome are 
directly or indirectly linked to HNF4a through 1 partner. The transcription factor 
HNF4a (bright red) and the transcriptional co-activator EP300 (bright green) are 
shown as highly linked genes. Interestingly, although the HNF4a transcript, itself, is 
not altered by TCE, in both mouse and chick, the expression of the coactivator 
EP300, which has acetyl transferase activity, is reduced by TCE, along with other 
cofactors including HDAC11, HNF1b, and Ppargc1a and 1b (Caldwell et al.  2010 ). 
This is consistent with a hypothesis that HNF4a protein is a proximal target of a 
TCE or its metabolite and that alteration of HNF4a activity would perturb expres-
sion of molecules normally regulated by HNF4a.

    We used PCR and Western analysis to investigate the expression of HNF4a in 
mouse heart (embryonic and maternal) and in rat cardiomyoblasts, H9c2 cells. The 
results illustrated in Fig.  8.3  indicate that HNF4a protein is expressed in both 
embryonic and maternal heart, and that TCE exposure in H9c2 cells inhibits HNF4a 
phosphorylation but does not affect its protein level. We had previously shown that 
Serca2a expression is altered by TCE. Examination of the promoter region of 
Serca2a showed a candidate HNF4a binding site. After an acute low dose exposure 
of TCE on H9c2 rat cardiomyocytes at two intervals a CHIP analysis was carried 

   Table 8.1    Mostly highly 
linked nodes in interactome 
analysis of TCE   

 Name  1′ Neighbors  2′ Neighbors  1′ Sig DN  1′ Sig UP 

 HNF4A  159  866  35  55 
 TRAF6  116  778  12  43 
 IKBKE  100  621  11  28 
 14-3-3z  89  670  9  25 
 14-3-3 g  80  555  14  20 
 EIF1B  63  431  5  16 
 PRKAB1  56  518  8  13 
 MAP3K3  54  646  6  17 
 HSPA8  54  540  4  16 

  HNF4a shows 159 directly linked (1′ Neighbors) nodes in the 
TCE dataset and indirect linkage to a further 866 nodes (2′ 
Neighbors). The combined 1′ and 2′ linkage represents approxi-
mately 76 % of the total 1,345 nodes found in the TCE interac-
tome. Of the 159 directly linked nodes, 35 were signifi cantly 
down-regulated and 55 were up-regulated by 8 ppb TCE. Thus 
HNF4a is the most highly linked node and is central to the great-
est number of regulated targets in the dataset. Most of the regu-
lated primary targets of HNF4a were also found in the mouse 
dataset. Cytoscape analysis is heuristic and begins randomly in 
the dataset. Linkage was determined after 5 reiterations. After 
20 repeats, EP300 moved to 12th in rank and is not shown in 
table despite a retained involvement  
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out to verify an increased HNF4a expression after TCE exposure. H9C2 cells were 
fi xed, the genomic DNA was sheared and an immunoprecipitation was performed 
with anti-HNF4a antibodies. The eluted DNA was then measured by quantitative 
real time PCR to measure changes in HNF4a bound Serca2 promoter region com-
pared to untreated control cells. In Fig.  8.4 , we show that 10 ppb TCE exposure after 
30 min and 1 h results in an increase in HNF4a transcription factor binding to this 
region. These data confi rm that HNF4a is found in cardiomyocytes and confi rm an 
alteration of activity consistent with a proximal role for HNF4a in mediating some 
of the effects of TCE on cardiomyocytes. We followed this up by collecting stage 
embryonic chick heart material from the early, looped heart through a stage nearing 
completed septation into the 4-chambered heart. These stages are all before a func-
tional liver has developed in the embryo. Quantitative PCR showed a variable pat-
tern of expression during development but a loss of signal about the time that the 
liver begins to form (data not shown). Immunostaining with the HNF4a antibody 
(stage 18 hearts) showed that endothelia lining the heart are positive for HNF4a and 
that there is a slight loss during the transition into valvular mesenchyme in the 
region where the mitral and tricuspid valves will form. There is also expression in 
the myocardial cell layer that is heaviest in the outermost (epicardial) layer of mus-
cle and in clusters of myocardial cells that stain poorly for myosin (Fig.  8.1e ). These 
cells that are positive for HNF4a staining likely represent undifferentiated myo-
blasts. Thus, HNF4a is found in the heart early in development and could be the 
target of TCE exposure.

65KD

52KD

β−Actin

ML

a b

EH MH C TCE C TCE
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  Fig. 8.3    Expression of HNF4a. ( a ) Tissue homogenate from mouse maternal liver ( ML ), Day 18 
embryonic heart ( EH ), and maternal heart ( MH ), was analyzed by Western blot using anti HNF4a 
antibodies which recognized in all tissues a major band of ~52 kD, and a minor band of ~65 kD 
band in maternal liver and heart only. Lower levels of HNF4a are present in EH, as expected. ( b ) 
Equal amounts of H9c2 cell lysates were analyzed by Western blot using the same HNF4a anti-
body in panel  a  ( left panel  in  b ) or antibodies against the phosphorylated form of HNF4a ( right 
panel  in  b ). H9c2 cells exposed to 10 ppb TCE for 24 h (TCE) show reduced levels of phosphory-
lated HNF4a compared to control, not exposed cells       
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8.8         Conclusions 

 Earlier studies were controversial, in large part, due to a poorly understood non- 
monotonic dose curve. In the last 10 years fi ndings from chick and murine models 
of TCE exposure unequivocally support the embryonic heart sensitivity to low, 
environmentally relevant doses of TCE. In addition, the embryonic heart is particu-
larly susceptible to TCE toxicity during the phase of transition between a looped 
heart divided in two compartments separated by the AV cushion and a 4-chambered 
functional heart. The most current hypothesis corroborated by several independent 
groups is that TCE affects the ability of the cardiac tissue to regulate calcium fl ux, 
thus altering myocyte contraction and maintenance of normal blood fl ow. Altered 
hemodynamics likely lead or contribute to development of the variety of congenital 
heart malformations observed in humans and animal models. Although the molecu-
lar mechanisms are still unclear, our current studies suggest a nuclear transcription 
factor, HNF4alpha, as a most proximal target of TCE action. Future studies will 
focus on elucidating the mechanisms by which TCE may disrupt transcriptional 
regulation of HNF4a target genes involved in heart differentiation and metabolism, 
including CYP2 members found in the embryonic heart (Table  8.2 ). While the bi-
modal or non-monotonic behavior of TCE dose–response is not unique and has 
been observed for other compounds, including serotonin, opiates, alcohol, and 
formaldehyde (Calabrese  2001 ; Calabrese and Baldwin  2003 ; Gaylor and Aylward 
 2004 ; Sari and Zhou  2003 ), the mechanism underlying this effect is still unclear. 
However, the fi nding that low doses of TCE can be metabolized in the embryonic 
chick heart by members of the CYP2 family, highlight the possibility that cardiac 
toxicity from TCE and other teratogens may be infl uenced by a transitory localized 
metabolizing ability.
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  Fig. 8.4    ChIP analysis of HNF4a binding to the Serca2 promoter. H9c2 cells were exposed to 
10 ppb TCE for 30 min or 1 h before chromatin was isolated for immunoprecipitation using HNF4a 
specifi c antibodies, and primers specifi c for Serca2 proximal promoter region fl anking a HNF4a 
putative binding site for real time PCR analysis. The graph represents the average of three PCR 
runs in which each sample was run in quadruplicate. HNF4a binding was normalized by subtract-
ing non specifi c IgG binding from each sample and value were expressed as average fold change 
compared with control, non exposed cells. The bars represent standard error       
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    Abstract     This chapter describes the process by which trichloroethylene (TCE) has 
now been characterized as “reasonably anticipated to be a human carcinogen.” 
It also summarizes the animal studies and human epidemiological results 
 associated with TCE exposure and kidney cancer that have led to that conclusion. 
The contribution of TCE metabolism to kidney cancer etiology is discussed, as is 
some speculation concerning the mechanism of action.  

  Keywords     Risk assessment   •   Kidney   •   Nephrotoxicity  

9.1         Introduction 

 In September 2011 the United States Environmental Protection Agency 
(USEPA) fi nalized its Toxicological Review for Trichloroethylene (TCE) as part 
of its Integrated Risk Information System (IRIS   http://www.epa.gov/iris/
toxreviews/0199tr/Chapter6_0199tr.pdf    ). IRIS was developed in 1985 to provide 
the agency’s best science-based judgment concerning health effects for individual 
substances to be used as a basis for regulation and to characterize the health risks of 
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human exposure. The full review of TCE was protracted and contentious, pitting 
one federal agency against another. In addition to an extensive review and assess-
ment of non-cancer effects, both acute and chronic, USEPA also concluded that 
TCE was a cause of human kidney cancer, paving the way for regulating the chemi-
cal as a human carcinogen. This outcome represents a signifi cant event in the public 
health history of TCE. This chapter presents background and context for this 
judgment.  

9.2     Background 

 TCE is a chlorinated ethylene, a group of six closely related chemicals all built on a 
common chemical framework, or backbone, which consists of two carbon atoms 
connected by a double-bond. This leaves room for four more atoms, two on each 
carbon. When these spots are occupied only by hydrogen atoms, we have the parent 
hydrocarbon, ethylene. As we successively replace each hydrogen with a chlorine 
atom we generate in turn, vinyl chloride (VC or monochloroethylene), dichloroeth-
ylene (DCE, three different forms), trichloroethylene (TCE) and tetrachloroethyl-
ene (PCE). Vinyl chloride (VC) has long been characterized as a confi rmed human 
carcinogen. PCE is characterized by the IRIS database as “likely to be carcinogenic 
in humans by all routes of exposure.” The data for various forms of DCE were insuf-
fi cient to characterize its carcinogenicity. Thus at least half of the chlorinated ethyl-
enes have now been characterized as human carcinogens or likely to be human 
carcinogens. 

 TCE was fi rst discovered in 1864 and patented in 1906 by Imperial Industries 
(ICI) in Great Britain (Waters et al.  1977 ). In its heyday, ICI was the largest manu-
facturing company in the British Empire, and commonly regarded as a “bellwether” 
of the British economy. TCE dissolves in water and itself dissolves a variety of 
organic materials. Its fi rst industrial uses were to extract oils from vegetable crops 
like soy, palm and coconut. It was later used to decaffeinate coffee, as a surgical 
anesthetic and in the dry cleaning industry, although its role there was almost 
entirely supplanted by its higher chlorinated cousin, PCE. TCE’s main use, how-
ever, has been as a degreasing agent, mainly to remove dirt and oils in small 
machined parts. It was used in facilities of all sizes, including both large factories 
and small machine shops and garages. Once the degreasing solvent became dirty it 
was often carelessly disposed of in pits or surfaces. As a result it TCE became one 
of the most prevalent groundwater contaminants in the US and elsewhere. In spite 
of the growing body of evidence documenting the health hazards associated with 
exposure to TCE, the recognition of the potential impacts of the reported health 
risks were idiosyncratic and slow in garnering acceptance. 

 The consequences of TCE exposure encompass a wide variety of venues, such as 
workplace exposures such as those experienced by workers at degreasing plants, 
those making commercial goods, (e.g., workers at the View Master Facility in 
Beaverton Oregon) (Environmental and Occupational Epidemiology Oregon 
Department of Human Services  2004 ), and those in military service or living at 
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military bases (e.g., soldiers and other personnel at the Marine Corps Base Camp Le 
Jejune, North Carolina) (Board on Environmental Studies and Toxicology. National 
Research Council  2013 ). Unsuspecting home owners also were exposed to TCE via 
contaminated drinking water, or through a process called vapor intrusion, where 
TCE in subsurface soils and groundwater evaporates and makes its way into living 
spaces. 

 A notorious example of this contamination and suspected health effects was 
documented in the book,  A Civil Action  by Jonathan Haar (ref. Haar  1996 ) and a 
1998 major motion picture of the same name starring John Travolta (  http://www.
imdb.com/title/tt0120633/    ). It chronicled events in Woburn Massachusetts, where 
the incidence of childhood lymphocytic leukemia between 1964 and 1986 was four- 
times greater than expected (Cutler et al.  1986 ). The Woburn cluster appeared just 
as concern about the carcinogenicity of TCE was beginning to ramp up. TCE was 
originally viewed as a major industrial breakthrough because of its effectiveness in 
a range of industrial activities at a variety of workplaces, but in the half century prior 
to the Woburn cluster, reports and concerns about health effects associated with 
exposure to TCE continued to be raised and expanded, particularly with respect to 
cancer. Beginning in 1940 some US state health agencies, such as New York State 
and the State of California raised concerns about the health issues, although overall 
actions and interventions were relatively slow to be implemented. 

 The fi rst major break regarding cancer effects came in 1975 when the US 
National Cancer Institute (NCI) published a “memorandum of alert” in the 
 Chemical Engineering News  which stated that “ preliminary tests on mice impli-
cated TCE as the cause of hepatocellular carcinoma with some metastases ” 
(National Cancer Institute  1975 ). This unusual alert stirred up considerable con-
troversy among TCE producers, users and federal regulatory agencies (Seltzer 
 1975 ). The NCI alert was backed up with fi nal results consisting of more numbers 
and experimental details published in 1976 (National Toxicology Program  1976 ). 
Surprised by the report on what many had been thought to be a relatively benign 
compound, the Manufacturing Chemists Association (later known as the Chemical 
Manufacturers’ Association and currently called the American Chemistry Council) 
initiated and conducted a series of inhalation studies to assess the carcinogenic 
potential of TCE (Bell et al.  1978 ). But now there was enough evidence to insure 
that spent or discarded TCE was recognized as a hazardous waste that needed 
to be managed and should also be subject to regulation under the 1974 Safe 
Drinking Water Act, where it is currently listed with a maximum contaminant 
limit of 5 μg/L. 

 The next milestone in the story of TCE and cancer was reached in 1995, when 
the International Agency for Research on Cancer (IARC) conducted a full review of 
the available data on exposures to TCE and cancer incidence, noting that TCE had 
already been shown to be associated with liver and kidney cancer in experimental 
animal studies (International Agency for Research on Cancer  1995 ). IARC is a part 
of the World Health Organization. Its purpose is “to identify the causes of cancer so 
that preventive measures may be adopted and the burden of disease and associated 
suffering reduced.” Based on their review of more than 80 published papers and let-
ters that reported on the investigation of the cancer epidemiology of people and 

9 Trichloroethylene and Cancer

http://www.imdb.com/title/tt0120633/
http://www.imdb.com/title/tt0120633/


174

animals exposed to TCE, an IARC Working Group of independent international 
experts concluded that “( TCE )  was   probably carcinogenic to humans  ( and for-
mally declared TCE a Group 2A carcinogen )” based on limited evidence in humans 
for the carcinogenicity of TCE and suffi cient evidence in experimental animals. 

 With continued use of TCE occupationally into the 1990s, and in light of reports 
of adverse health effects among those exposed in the community, public concern 
became an increasingly serious issue. In response, USEPA initiated a “State of the 
Science” review to evaluate the possible health impact of exposure to TCE. USEPA 
solicited scientifi c perspectives from a range of groups and individuals to provide a 
broad summary of the post-IARC (1995) epidemiology literature on potential can-
cer risks, and non-cancer endpoints from various types of TCE exposures. As sum-
marized by Scott and Cogliano ( 2000 ) this outreach effort culminated in 2000 with 
the publication of 16 state-of-the-science (SOS) papers in  Environmental Health 
Perspectives  (Supplement 2) under the combined sponsorship of the US EPA, the 
US Air Force, the US Department of Energy, the National Institute of Environmental 
Health Sciences and the Halogenated Solvents Industry Alliance. The contributing 
teams focused primarily on human studies, rather than animal or mechanistic stud-
ies, identifying more than 80 published papers that evaluated the possible associa-
tions of exposures to TCE and any of the cancers under consideration. Study designs 
included more than 20 reports on worker cohorts, 40 case-control studies, more than 
a dozen community-based studies, and several commentaries and reviews on the 
possible association of exposure to TCE and cancer (Wartenberg et al.  2000 ). 

 The complexity of the results from the review, involving different exposures, dif-
ferent cancers, and different study designs from the initial IARC Report and the 
SOS reports commissioned by the US EPA was considerable. One group of research-
ers included in their report a statistical approach for summarizing this type of data 
using a technique known as meta-analysis. To simplify, they averaged the results of 
individual studies of the same type of exposure and same type of cancer, weighting 
the results by the number of subjects and combining them into a single measure of 
the strength of the association. This enabled even those with limited statistical expe-
rience to make comparisons across results of the TCE- cancer assessments. 

 The US EPA used the SOS papers to develop its 2001 draft “Trichloroethylene 
Health Risk Assessment: Synthesis and Characterization” (US  2001 ). The 2001 US 
EPA draft report on TCE laid the groundwork for new regulations that would limit 
human exposure to the chemical but also triggered a dispute between the US EPA 
and the Department of Defense, the Department of Energy and NASA. TCE had 
been used in large quantities by the US Armed Forces and NASA to de-grease 
rocket and airplane engines. These agencies also constituted some of the main pol-
luters. DOD alone faces the daunting task of cleaning up thousands of military 
bases and other installation across the country with TCE-contaminated soil, water 
or storage containers (US Government Accountability Offi ce  2007 ). 

 In part to stave off costly remediation, DOD, DOE and NASA (with USEPA 
participating) contracted the National Research Council, a component of the 
National Academy of Sciences, to produce yet another independent review of the 
TCE issue. This resulted in the comprehensive 2006 report entitled “Assessing the 
Human Health Risk of Trichloroethylene; Key Scientifi c Issues” (Committee on 
Human Health Risks of Trichloroethylene, N. R. C  2006 ). The report found the 
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evidence for carcinogenic risk to be even stronger in the few years since the 2001 
draft: “ The committee found that the evidence on carcinogenic risk and other 
health hazards from exposure to trichloroethylene has strengthened since 
2001. Hundreds of waste sites in the United States are contaminated with tri-
chloroethylene and it is well documented that individuals in many communi-
ties are exposed to the chemical ,  with associated health risks. Thus ,  the 
committee recommends that federal agencies fi nalize their risk assessment 
with currently available data so that risk management decisions can be made 
expeditiously .” 

 It is not just USEPA that has come to this conclusion. In 2012 IARC upgraded 
TCE carcinogenicity to Class 1 based on suffi cient evidence in both humans and 
animals (International Agency for Research on Cancer  2013 ). TCE has been reclas-
sifi ed as a category 2 carcinogen under the European Union Dangerous Substances 
Directive. The U.S. Department of Health and Human Services National Toxicology 
Program has TCE on the list of toxicants “reasonably anticipated to be human car-
cinogens.” In addition to regulatory agencies, the American Conference of 
Governmental Industrial Hygienists (ACGIH) have recently reclassifi ed TCE to cat-
egory A2: suspected human carcinogen. 

 The long chapter that began with the 2001 Draft Report was fi nally brought to a 
close with the USEPA’s exhaustive report Toxicological Review of Trichloroethylene; 
In Support of Summary Information on the Integrated Risk Information System 
(IRIS) (US  2011 ):

  The available epidemiologic studies provide convincing evidence of a causal association 
between TCE exposure and cancer. The strongest epidemiologic evidence consists of 
reported increased risks of kidney cancer, with more limited evidence for NHL and liver 
cancer, in several well-designed cohort and case-control studies. 

   The basis for the causal judgment about TCE and kidney cancer is described 
below. In addition to the agency reports there are several recent and comprehensive 
reviews that describe in some detail the various human and animal studies used in 
the TCE carcinogenicity designations (Chiu et al.  2013 ; Purdue  2013 ; Karami et al. 
 2012 ). We briefl y summarize the earlier work, and will confi ne more in-depth dis-
cussion to newly published studies.  

9.3     TCE and Kidney Cancer 

9.3.1     The Role of Metabolism 

 It is generally believed that TCE needs to be metabolized in order to elicit toxicity 
in the kidney or other tissues. TCE is metabolized in humans and experimental 
 animal species by both oxidation and glutathione (GSH)-conjugation pathways. 
Both produce several toxic metabolites (Chiu et al.  2006 ; Lash et al.  2000 ). TCE 
oxidative metabolism by CYP450s, predominantly CYP2E1, yields chloral and 
chloral hydrate which are in turn metabolized to trichloroethanol (TCOH), trichlo-
roacetic acid (TCA), and dichloroacetic acid (DCA). The glutathione conjugation 
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pathways produces metabolites dichlorovinyl glutathione and dichlorovinyl 
 cysteine (DCVC). The complex assortment of TCE metabolites generated can be 
transported across multiple tissues, making it diffi cult to attribute a particular effect 
to a specifi c metabolite (Caldwell and Keshava  2006 ). However, TCE liver toxicity 
is generally associated with the oxidative pathway (Buben and O’Flaherty  1985 ; 
Bull  2000 ), whereas kidney toxicity is more often correlated with metabolites 
resulting from GSH conjugation (Lash et al.  2000 ). 

 In numerous studies, DCVC has been shown to induce acute kidney toxicity in 
rats and mice. Mice receiving a single dose of 1 mg/kg DCVC exhibited karyolytic 
proximal tubular cells in the outer stripe of the outer medulla, and moderate desqua-
mation of the tubular epithelium (Eyre et al.  1995 ). Although there is not enough in 
vivo data to assess the relatively sensitivity of different species, it is apparent that 
multiple species experience DCVC-induced nephrotoxicity (Krejci et al.  1991 ; 
Wolfgang et al.  1990 ; Jaffe et al.  1984 ; Terracini and Parker  1965 ). 

 Only a few studies have examined chronic rather than acute exposure to DCVC. 
DCVC given in drinking water to rats at a concentration of 0.01 % for 12 weeks 
(approximately 10 mg/kg-day), produced consistent and time-dependent pathologi-
cal and histological changes in the kidney (Terracini and Parker  1965 ). These 
included tubular necrosis and dilation, and tubular cells exhibiting karyomegaly. 
Importantly, the histological changes and their location in subchronic and chronic 
experiments with DCVC are quite similar to those reported in chronic studies of 
TCE, particularly the prominence of karyomegaly and cytomegaly in the pars recta 
section of the kidney. Although DCVC appears to induce both acute and chronic 
nephrotoxicity, it is still not clear whether suffi cient DCVC is formed from TCE 
exposure to account for TCE nephrotoxicity. 

 In summary, it appears that DCVC and related GSH conjugation metabolites are 
the active agents of TCE-induced nephrotoxicity. A role for oxidative metabolites 
from TCE cannot be ruled out, as it is known that substantial TCOH and TCA are 
formed from TCE exposure, and that TCOH exposure leads to toxicity in the renal 
tubules. However, TCOH-induced nephrotoxicity does not generate the range of 
effects observed after TCE exposure, while those of DCVC-induced nephrotoxicity 
do. Also, TCOH exposure alone does not induce the same pathology as TCE or 
DCVC. TCA has also been demonstrated to induce peroxisomal proliferation in the 
kidney, but this has not been associated with kidney cancer (Goldsworthy and Popp 
 1987 ). Therefore, although TCOH and TCA may contribute to TCE-induced neph-
rotoxicity, their contribution is likely to be small compared to that of DCVC. 
However, the precise metabolic yield of these DCVC following TCE exposure 
remains uncertain.  

9.3.2     Animal Studies 

 There is evidence that TCE can cause kidney cancer in rodents. Especially 
 noteworthy was the fi nding of TCE-induced kidney tumors in multiple strains of 
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male rats exposed by gavage (National Toxicology Program  1990 ). The admittedly 
low increases in incidence were still considered biologically signifi cant in view of 
the very low historical incidence of renal tumors in control rats. Others have also 
noted a low incidence of renal tubule carcinoma in male rats chronically exposed to 
TCE (Lock and Reed  2006 ). In inhalation studies TCE was not found to increase 
kidney tumor incidence in mice or hamsters (Henschler et al.  1980 ), but did appear 
to increase renal adenocarcinomas in male rats (4/130) at the high dose (600 ppm) 
after 2 years of exposure (Maltoni et al.  1988 ). Thus, TCE has been shown to pro-
mote neoplastic lesions in the kidney of rats (mainly in males, with less evidence in 
females), treated via inhalation and gavage. Although the TCE-induced increase in 
incidence was low, because of the rarity of these tumors in controls and the 
 repeatability of this result the fi nding was judged biologically signifi cant.  

9.3.3     Human Epidemiology 

 Given the clear evidence of kidney toxicity and the carcinogenic potential of TCE 
in animals, it is a natural question to ask if humans exposed to TCE are similarly 
affected. The available evidence is entirely consistent with a TCE cancer risk in 
humans. TCE is used in a variety of workplaces, many of them diffi cult to study 
epidemiologically because of concomitant exposure to other toxins. 

 With this in mind, the U.S. EPA reviewed multiple human epidemiologic studies 
on TCE and cancer (US  2011 ; Chiu et al.  2013 ; Scott and Jinot  2011 ), each evalu-
ated for specifi c characteristics of epidemiologic design and analysis in order to 
evaluate whether chance, bias, or confounding might have skewed the study’s 
results. The epidemiologic evidence for TCE-induced kidney cancer was described 
according to key concepts in a recent summary by Chiu et al. ( 2013 ). These con-
cepts include consistency and strength of observed association, specifi city, exposure- 
response relationship, and biological plausibility and coherence. Once stratifi ed by 
these primary components the epidemiological database for TCE supported a causal 
association between TCE exposure and kidney cancer in humans. Kidney cancer 
risk from TCE exposure has been studied related to TCE exposure in cohort, case- 
control, and geographical studies. These studies have examined TCE in mixed 
exposures as well as alone. Elevated risks are observed in many of the cohort and 
case-control studies examining kidney cancer incidence in occupations with histori-
cal use of TCE (Moore et al.  2010 ; Bruning et al.  2003 ; Dosemeci et al.  1999 ; 
Charbotel et al.  2006 ; Zhao et al.  2005 ). 

 Especially convincing was the consistency of increased relative risk (RR) esti-
mates for kidney cancer across the 15 independent epidemiologic studies of differ-
ent designs and populations from different countries that met the criteria for 
inclusion in a meta-analysis (Chiu et al.  2013 ). As suggested by speakers at the 
2009 Society for Risk Analysis and followed up by publications from the IARC and 
the Federation of American Societies for Experimental Biology (FASEB) similar 
sets of objective study inclusion criteria have been developed (Conrad and Becker 
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 2011 ). Using updated criteria to strengthen the meta-analysis process, the U.S. EPA 
conducted new analyses of the epidemiologic data on TCE (US  2011 ; Scott and 
Jinot  2011 ). In addition, the meta-analysis fi t the data to both fi xed-effect and 
random- effects models, evaluated statistical heterogeneity across the studies, per-
formed sensitivity analyses, and conducted tests for potential publication bias 
(which may occur if positive studies are more likely to be published). 

 The revised meta-analysis by the US EPA provided strong support for a causal 
association between TCE exposure and kidney cancer. The summary meta-relative- 
risk (RRm) estimate for kidney cancer was modest: 1.27 [95 % confi dence interval 
(CI): 1.13, 1.43] with a higher RRm for the highest exposure groups (1.58, 95 % CI: 
1.28, 1.96). A meta-analysis of TCE-exposed workers by Kelsh et al. similarly 
showed a positive association across various study groups with an RRm of 1.42 
(95 % CI = 1.17–1.77) (Kelsh et al.  2010 ). However, the possibility of unmeasured 
potential confounding and lack of quantitative exposure assessment were raised as 
cautionary notes. A detailed examination by the U.S. EPA of potential confounding 
by lifestyle factors or other occupational exposures concluded that confounding was 
not a likely explanation for the observed excesses. A very recent meta-analysis of 
occupational TCE exposure and kidney cancer reviewed studies published from 
1950 to 2011 (Karami et al.  2013 ). They were stratifi ed by assessment of occupa-
tional exposure to TCE specifi cally, and exposure to any chlorinated solvent. The 
results revealed that signifi cant and stronger estimates of TCE carcinogenicity were 
observed in studies that evaluated TCE exposure specifi cally, while estimates were 
lower in studies that assessed exposure to a more broad-based category of chlori-
nated solvents. 

 A recent study of kidney toxicity in Chinese factory workers exposed to TCE at 
levels below the current US OSHA permissible exposure limit showed that kidney 
injury molecule-1 and Pi-glutathione S transferase alpha were elevated among the 
exposed subjects as compared to unexposed controls (Vermeulen et al.  2012 ). This 
fi nding suggested that even at relatively low occupational exposure levels, TCE 
induced measurable kidney toxicity. It may also provide biomarkers of early TCE 
nephrotoxicity that can be used for early detection and reverse this process before it 
transitions to neoplasia.   

9.4     Potential Mechanisms by Which TCE Induces Kidney 
Cancer 

 Based primarily on similarities found in studies conducted in animals or  in vitro  
(Fig.  9.1 ), several mechanisms have been proposed for TCE-induced kidney carci-
nogenicity. These include mutagenicity, cytotoxicity and regenerative proliferation, 
peroxisome proliferation, α2μ-related nephropathy, and formic acid-related 
nephropathy. Although cytotoxicity was considered as an alternative mechanism 
there are inadequate data to suggest it is suffi cient to induce kidney tumors. 
Similarly, potential mechanisms of action relating to peroxisomal proliferation, 
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α2μ-globulin nephropathy and formic acid-related nephrotoxicity were also deemed 
unlikely due to limited evidence and/or insuffi cient experimental support. Although 
it may not be the only mechanism by which TCE and its metabolites trigger and 
promote neoplasia, existing evidence supports the conclusion that mutagenesis 
mediated by the TCE GSH-conjugation metabolites (predominantly DCVC) can 
induce kidney cancer. This conclusion is supported by evidence of kidney-specifi c 
genotoxicity following in vivo exposure to TCE or DCVC. Also consistent with this 
conclusion, Moore et al. found a statistically signifi cant association between TCE 
exposure and renal carcinoma risk among TCE-exposed persons with an active 
GSTT1 (glutathione- S -transferase theta-1) enzyme [odds ratio (OR = 1.88; 95 % CI: 
1.06, 3.33]) but not among subjects with two deleted alleles for GSTT1 (OR = 0.93; 
95 % CI: 0.35, 2.44) (Moore et al.  2010 ). Although cytotoxicity caused by DCVC 
may not be suffi cient to cause renal carcinogenesis, it may contribute to it by 
increasing the survival or expansion of mutated cells via regenerative proliferation. 
A genetic signature for functional effects of an environmental exposure would make 
the case for a causal association very compelling. In the case of TCE and kidney 
cancer this approach has focused on the Von Hippel-Lindau (VHL) protein and gene.

   Von Hippel-Lindau Disease is a rare autosomal dominant genetic condition that 
predisposes individuals to a variety of benign and malignant tumors, among them 
kidney cancers. The mutated gene is called the VHL tumor suppressor gene. Since 
VHL mutations and loss of heterozygosity have been identifi ed in the majority of 
renal cancers VHL protein inactivation via germ line sequence alterations is 
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  Fig. 9.1    Similarities between data obtained from in vitro and in vivo studies of TCE-induced 
kidney cancer       
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considered a biomarker of early renal carcinogenesis (Gnarra et al.  1994 ). 
Homozygous inactivation of the  VHL  gene is linked to the occurrence of renal clear 
cell carcinoma, the renal carcinoma preferentially induced by trichloroethylene. 
Bruning et al. ( 1997 ) and Brauch et al. ( 2004 ) have reported that increase of VHL 
missense mutations, including a hot spot mutation at nucleotide 454, were correlated 
with TCE exposure. Three reports from the same group concluded that TCE increases 
VHL mutations which in turn triggers the development of renal cell carcinomas. 

 Although the fi ndings are of great interest, a similar study in a French population 
was not able to reproduce the VHL mutation spectra (Charbotel et al.  2007 ). 
Different methods of tissue fi xation and DNA extraction may explain some of the 
discrepancies and leave open the possible association between TCE-induced kidney 
cancer and VHL alterations. So far the discordant results have not been explained. 
None of the studies showed mutations in all TCE-exposed individuals, or in all 
kidney tumors, but other possible means of  VHL  inactivation, and other targets of 
TCE mutagenesis have yet to be examined. 

 Although little information is available concerning VHL mutations in TCE- 
treated animals one study did examine VHL alterations in rats exposed to TCE 
metabolite DCVC (Mally et al.  2006 ). This study used the Eker rat model ( Tsc - 2 ±) 
which is at increased risk for the development of spontaneous renal cell carcinoma 
carcinogenesis (Everitt et al.  1995 ). Another group showed pathway activation in 
Eker rats similar to that seen in humans with  VHL  mutations leading to Renal Cell 
Carcinoma (RCC), suggesting that  Tsc - 2  inactivation is analogous to inactivation of 
 VHL  in human RCC (Liu et al.  2003 ). However, in Mally et al. ( 2006 ), male rats 
carrying the Eker mutation were exposed to TCE (0, 100, 250, 500, or 1,000 mg/kg 
body weight by gavage, 5 days/week) for 13 weeks. No increase in pre-neoplastic 
lesions or tumor incidence was found in Eker rat kidneys compared to controls. In 
addition, no  VHL  gene mutations were found. However, once again it is possible 
that DCVC inactivates  VHL  by some other method or that  VHL  alterations are 
caused by other TCE metabolites.  

9.5     Summary and Future Challenges 

 Animal studies have showed that TCE exposure by both gavage and inhalation 
exposure caused renal toxicity in the form of cytomegaly and karyomegaly of the 
renal tubules in male rats. Thus kidney cells and the kidney are a target organ for 
TCE toxicity. Further studies with TCE metabolites have demonstrated a potential 
role for DCVC, and perhaps TCOH, and TCA in TCE-induced nephrotoxicity. Of 
these, DCVC induces the renal effects that are most like TCE. 

 Kidney cancer risk from TCE exposure has been studied in cohort, case-control, 
and ecological studies. Elevated risks are observed in many of the cohort and case- 
control studies examining kidney cancer incidence in professions involving occupa-
tional exposure to TCE. Greater susceptibility to TCE exposure and kidney cancer 
is observed among subjects with a functionally active GSTT polymorphism. 
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The fi nding of a mutation in the  VHL  gene is potentially supportive, although it 
would be useful if this fi nding were replicated in other settings. In terms of mecha-
nism of action it seems most likely that mutagenicity increases the rate of mutation 
in response to TCE, while regenerative proliferation may enhance the survival or 
clonal expansion of the mutated cells. 

 Challenges for the future include a better assessment of the extent to which 
 S -(1,2-dichlorovinyl)-L-cysteine and  N -acetyl- S -(1,2-dichlorovinyl)-L-cysteine 
sulfoxides are formed in human tissues (liver and kidney) following exposure to 
TCE. The enzymes involved in this process, and their interindividual variability 
need to be included in this assessment. The contribution of VHL gene mutations to 
TCE-induced renal carcinogenesis needs more study. This includes validation in 
other populations and geographic areas. 

 Identifi cation of additional risk factors including chemical co-exposures that 
modify the effects of TCE on kidney cancer development needs to be pursued. 
Aside from mutagenicity, the effects of TCE on epigenetic alterations in oncogenes 
or other genes that may regulate renal cancinogenesis need to examined. More epi-
demiological studies with more accurate TCE exposure indices would be helpful. 
Occupational exposure to TCE is still common in many countries, and the slow pace 
of remediation means that environmental exposure to TCE is expected to continue 
for the foreseeable future. This adds urgency to the need for future studies. 

 These are indeed stiff challenges, but they are challenges related to the details of 
a broad picture whose outlines are now easily discernible: TCE is a cause of human 
cancer, specifi cally kidney cancer. Enough details are now visible to give confi -
dence in this judgment. A number of other cancers have also shown a relationship 
to TCE exposure, some stronger than others. They include non-Hodgkin’s 
Lymphoma and other hematopoietic cancers, cancer of the liver and biliary tract, 
breast cancer, bladder cancer and lung cancer. These may be next chapters in the 
history of TCE-related cancer.     
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    Abstract     Trichloroethylene (TCE) is a volatile, water soluble, chlorinated hydro-
carbon used as an intermediate in chemical synthesis. Wider use in the past and 
inappropriate disposal has resulted in large amounts of TCE in soil and water pollu-
tion including in hundreds of Superfund hazardous waste sites. Most TCE in human 
exposure comes through inhalation and drinking water where the main sources are 
occupational as well as contaminated ground water and soil. 

 As heritable modifi cations of DNA and chromatin, epigenetic changes can occur 
near the time of toxic exposure and remain for years, eventually contributing to 
overt disease such as cancer or autoimmunity. TCE could affect epigenetics through 
effects on metabolism, mitochondrial function, cellular signaling and formation of 
protein adducts. In this chapter, we mainly consider the epigenetic modifi cations of 
DNA and histone methylation and histone acetylation. 

 TCE can be toxic to many different organ systems in humans and animal models. 
Epigenetic effects have been demonstrated in animal models of TCE induced can-
cer, autoimmunity, neuropathy and congenital heart defects. TCE causes DNA 
hypomethylation in rodent models of liver cancer and interventions that restore 
methylation can also prevent the cancer. We showed that TCE exposure in a mouse 
model of autoimmune hepatitis causes increased expression of endogenous 
retrovirus- like sequences, changed expression of DNA methyltransferases and 
global DNA hypomethylation in CD4+ cells. Findings in this mouse model are dis-
cussed in light of the long-established activation of endogenous retrovirus expres-
sion in autoimmune diseases. We also studied the effects of TCE on behavior, gene 
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expression, metabolism and epigenetics in the plasma and brains of mice. TCE 
caused a more oxidized cellular environment, compromised methyl metabolism and 
lower DNA methylation. 

 Parallel analyses in multiple tissues and the development of biomarkers of TCE 
exposure are just some of the approaches that will help us understand the long-term 
health risks of TCE. This should also assist the development of effective interven-
tions to reverse the epigenetic effects of TCE exposure with the goal of preventing 
diseases such as cancer and autoimmunity.  

  Keywords     Trichloroethylene   •   Epigenetics   •   Methylation   •   Acetylation   •   Cancer   
•   Autoimmunity   •   Heart defects   •   Neuropathy   •   S-adenosylmethionine   •   Acetyl 
coenzyme A   •   Endogenous retrovirus   •   Ethanol   •   Bisphenol A  

  Abbreviations 

   5MC    5-methylcytosine   
  Ac    Acetyl group   
  AcCoA    Acetyl-coenzyme A   
  AIH    Autoimmune hepatitis   
  ATSDR    Agency for Toxic Substances and Disease Registry   
  B6C3F1    C57B6 strain x C3H strain F1 generation mice   
  BHMT    Betaine-homocysteine methyltransferase   
  BPA    Bisphenol A   
  BPS    Bisphenol S   
  CH3    Methyl group   
  DCA    Dichloroacetate   
  DNMT    DNA methyltransferase   
  EPA    Environmental Protection Agency (US)   
  ERV    Endogenous retrovirus   
  FAS    Fetal alcohol syndrome   
  GSH    Glutathione (reduced)   
  GSSG    Glutathione (oxidized)   
  H4K12    Histone H4 lysine 12   
  HAT    Histone acetyltransferase   
  HCY    Homocysteine   
  HDAC    Histone deacetylase   
  HERV-K    Human endogenous retrovirus virus K   
  IAP    Intracisternal A particle   
  MPTP    N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   
  MuERV    Murine endogenous retrovirus   
  NTP    National Toxicology Program   
  PD    Parkinson’s Disease   
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  RT-PCR    Real time PCR   
  SAH     S -adenosylhomocysteine   
  SAM     S -adenosylmethionine   
  TaClo    1-trichloromethyl-1,2,3,4-tetrahydro-β-carboline   
  TCA    Trichloroacetate   
  TCE    Trichloroethylene   

       Trichloroethylene (TCE) is a volatile, water soluble, chlorinated hydrocarbon now 
used primarily as an intermediate chemical for the production of refrigerants. In the 
past, TCE was used for a wide variety of additional purposes including industrial 
degreasing, anesthesia, dry cleaning and food processing (including coffee decaf-
feination) (Doherty, Chap.   1    ). Despite its declining use, TCE is still widely used as 
a metal degreaser and in some other applications. The US Environmental Protection 
Agency (EPA) estimated that 2.7 million pounds of TCE were disposed of, or 
released, in the United States in 2011 (  http://iaspub.epa.gov/triexplorer/tri_release.
chemical    ). According to the Agency for Toxic Substances and Disease Registry 
(ATSDR), large amounts of TCE remain in soil and water pollution including in 
over 800 National Priorities List (Superfund) hazardous waste sites (ATSDR  1997  
and 2013). 

 Aside from occupational exposures, most current human exposure comes from 
contaminated ground water used for drinking, from inhaling TCE while using con-
taminated water (e.g. showering) or from contaminated indoor air caused by soil 
vapor intrusion (Forand et al.  2012 ). Many United States military personnel and 
their families have been exposed to TCE through drinking water at Camp Lejeune, 
North Carolina and elsewhere (ATSDR  1997  and 2013,   http://www.atsdr.cdc.gov/
sites/lejeune/tce_pce.html    ). 

 Remediation of TCE-contaminated soil and ground water is costly and time con-
suming. Thus, existing pollution and the continued production and use of TCE- 
containing consumer products means that human exposure to this chemical will 
continue, at least at low levels, for the foreseeable future. This makes understanding 
the long-term health effects of chronic TCE exposure particularly important. As 
described in other chapters in this book, TCE has many adverse health effects in 
humans. These include cancer and probably also neuropathy, heart defects and auto-
immunity. Some of these effects are most obvious in animal models where the 
effects of controlled, intentional exposure can be quantifi ed (Chiu et al.  2013 ). The 
effects of toxic compounds on long-term health can include epigenetic changes 
which occur near the time of toxic exposure but remain for years and contribute to 
the later overt presentation of disease (Poirier  2002 ; Waalkes et al.  2004 ; Cooney 
 2007 ; Cooney and Gilbert  2012 ; Ray and Richardson  2012 ; Blusztajn and Mellott 
 2013 ). Toxicant exposures just before and during gestation are of particular concern 
since the embryo and fetus are especially sensitive to epigenetic alterations (Wolff 
et al.  1998 ; Waalkes et al.  2004 ; Cropley et al.  2006 ; Cooney  2009 ; Davison et al. 
 2009 ; Downing et al.  2011 ). 

10 Epigenetic Alterations due to Trichloroethylene

http://dx.doi.org/10.1007/978-1-4471-6311-4_1
http://iaspub.epa.gov/triexplorer/tri_release.chemical
http://iaspub.epa.gov/triexplorer/tri_release.chemical
http://www.atsdr.cdc.gov/sites/lejeune/tce_pce.html
http://www.atsdr.cdc.gov/sites/lejeune/tce_pce.html


188

10.1     Epigenetics 

 Epigenetics consists of heritable chromatin modifi cations that affect gene expres-
sion and help guide the development and health of plants and animals throughout 
their lifecycles. A broad range of factors affect epigenetics. These include exposure 
to certain toxicants such as TCE. However, there are few data on the effects of TCE 
on DNA methylation and fewer yet on some other epigenetic modifi cations such as 
histone methylation and histone acetylation. The available data will be discussed 
later in this chapter. Epigenetics has been extensively reviewed (Cooney  2007 , 
 2010 ; Cooney and Gilbert  2012 ; Dawson and Kouzarides  2012 ), so only a few gen-
eral points will be discussed here. Epigenetics has been much studied in cancer and 
the knowledge and many of the approaches from that work can be applied to toxi-
cology research. 

 For vertebrates, CG dinucleotides (called CpGs) are the principal targets of DNA 
methyltransferases (DNMTs) which use the methyl group donor 
S-adenosylmethionine (SAM) to methylate DNA at the fi ve position of cytosines to 
form 5-methylcytosine (5MC, Ooi et al.  2009 ). This reaction also yields the metab-
olite S-adenosylhomocysteine (SAH) which is often recycled back to SAM by 
methyl metabolism. Because the CpG sequence is a palindrome, methylation pat-
terns on parental DNA strands can be copied onto daughter strands during cell divi-
sion by DNMT1. This process is sometimes called maintenance methylation. DNA 
is also sometimes  de novo  methylated by DNMT1 and by the dedicated  de novo  
DNMTs, DNMT3a and DNMT3b. These heritable DNA methylation patterns can 
propagate long-term changes in gene expression in generations of daughter cells 
and sometimes in generations of animals (Cropley et al.  2006 ; Cooney  2007 ; 
Champagne and Curley  2009 ; Li et al.  2011 ). 5MC near transcription start sites and 
other nearby regulatory regions tends to silence gene expression (Weaver et al. 
 2005 ; Ooi et al.  2009 ). This works in part by preventing transcription factor access 
and attracting methylated DNA binding proteins. Silence is maintained by protein 
complexes that also modify histones to reinforce transcriptional silence in some 
cases or “poise” a region for activation in other cases (Dawson and Kouzarides 
 2012 ). DNA demethylation can occur when 5MC is removed by base excision 
repair and/or oxidation of the methyl group. A series of increasingly oxidized prod-
ucts of 5MC, namely 5-hydroxymethylcytosine, 5-formylcytosine and 
5- carboxycytosine are all found in mammalian DNA (Seisenberger et al.  2013 ). 
Demethylation is especially prominent post-fertilization and in primordial germ 
cells, both times when DNA methylation patterns are extensively rewritten (Hackett 
et al.  2013 ; Seisenberger et al.  2013 ). 

 Some of the major DNA binding proteins of chromatin, the histones, are also 
enzymatically methylated using SAM (Kooistra and Helin  2012 ; Dawson and 
Kouzarides  2012 ). Whether histone methylation promotes or silences gene activity 
depends on the specifi c methylation site(s). Most histone methyltransferases, 
demethylases and histone binding proteins are site and methylation specifi c. There 
are greater varieties and specifi cities of histone methyltransferases, histone 
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demethylases and methylated histone binding domains than there are for corre-
sponding enzymes and binding domains for histone acetylation or methylation 
of DNA. 

 Gene activity can also be regulated by histone acetylation which depends on 
histone acetyltransferases (HATs), histone deacetylases (HDACs) and the acetyl 
donor acetyl-coenzyme A (AcCoA, Cooney  2010 ). Gene activity is nearly always 
promoted by histone acetylation. Figure  10.1  shows the dependence of DNA meth-
ylation on methyl metabolism and of histone acetylation on carbon and energy 
metabolism and illustrates how DNA methylation and histone acetylation have 
largely opposite roles in regulating gene expression.

   Epigenetic alterations are primarily mediated by covalent modifying enzymes 
that add or remove methyl groups, acetyl groups and other groups from chromatin 
in combination with enzymes and other proteins that recognize these modifi ed sites 
and recruit protein complexes that then facilitate transcription or silencing. The 
known epigenetic modifi cations of DNA are 5MC and its methyl oxidized forms, as 
described above. In contrast, there are many histone modifi cations in addition to 
methylation and acetylation (Dawson and Kouzarides  2012 ) and some RNAs have 
prominent roles in epigenetics (Kurokawa et al.  2009 ; Collins et al.  2010 ; Lee 
 2012 ). Although histone methylation has high specifi city and is often thought to 
lead in epigenetic processes, gene expression is often linked to DNA methylation 
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  Fig. 10.1    Histone acetylation and DNA methylation: two major epigenetic factors affecting gene 
expression. Histones in chromatin (nucleosomes) are shown as short cylinders with histone H3 and 
H4 tails projecting up. Acetyl groups from acetylCoA are used by histone acetyltransferases 
( HATs ) to acetylate these histone tails and promote gene expression. This process is reversed by 
HDACs that remove the acetyl groups. DNA in chromatin (nucleosomes) is shown looping around 
the histones. Methyl groups from SAM are used to by DNMTs to methylate DNA and silence gene 
expression. This process is reversed by DNA demethylation processes that result in unmethylated 
cytosine (Adapted from Cooney ( 2010 ))       
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and/or histone acetylation, and gene expression can often be changed by metabo-
lites or drugs targeting DNA methylation or histone acetylation (Weaver et al.  2005 ; 
Eilertsen et al.  2008 ; Champagne and Curley  2009 ; Peleg et al.  2010 ; Cooney  2010 ). 

 Many genes will have DNA and histone modifi cations consistent with their tran-
scriptional activities; however some “bivalent” genes have modifi cations or com-
plexes with silencing and activating features at the same time (Dawson and 
Kouzarides  2012 ). These “bivalent” genes are poised to become transcriptionally 
active. As discussed in the rest of this article, most epigenetics work to date on TCE 
has been done on DNA methylation and histone methylation and acetylation.  

10.2     Effects of TCE on Metabolism and Other 
Mechanisms for Epigenetic Change 

 The likelihood that TCE impacts DNA methylation is bolstered by its previously 
identifi ed effects on pathways that regulate epigenetic alterations. For example, TCE 
has been shown to affect methyl metabolism which in turn regulates SAM levels and 
is important for epigenetics (Gilbert et al.  2009 ; Blossom et al.  2012 ,  2013 ). 

 TCE affects antioxidant defenses where it depletes reduced glutathione (GSH) 
and cysteine and causes other changes all consistent with TCE producing oxidative 
stress (Blossom et al.  2012 ,  2013 , discussed below in Sect.  10.6 ). Oxidative stress 
can compromise methyl metabolism when homocysteine (and indirectly methio-
nine via SAM and SAH) is drawn through the transsulfuration pathway to make 
cysteine for glutathione synthesis and antioxidant defenses. Examples of this have 
been described in liver (Mosharov et al.  2000 ), brain (Vitvitsky et al.  2006 ) and 
plasma (Melnyk et al.  2012 ). Compromise of methyl metabolism occurs because 
production of cysteine for glutathione synthesis depletes levels of SAM and its pre-
cursors methionine, homocysteine (HCY) and SAH. This leaves less SAM available 
for cellular methylation reactions such as DNA and histone methylation. 

 TCE also affects mitochondrial function including oxidative phosphorylation 
(Lash et al.  2001 ; Gash et al.  2008 ; Sauerbeck et al.  2011 ) which would be expected 
to affect overall energy metabolism. Energy metabolism and mitochondrial function 
could also have effects on epigenetics by, for example, affecting the levels of AcCoA 
available for histone and transcription factor acetylation and gene activity (Cooney 
 2008 ,  2010 ; Wallace et al.  2010 ). Zeisel ( 2013 ) discusses numerous connections 
between energy metabolism and methyl metabolism and potential effects on epi-
genetics. Thus, there are multiple pathways by which TCE could impact the pathways 
that affect epigenetics. Signifi cant effects of TCE on a variety of normal, endogenous 
metabolites measured in plasma, serum and urine (Blossom et al.  2012 ; Fang et al. 
 2013b ) suggest that TCE’s effects are systemic and likely affect multiple organs. 

 When evaluating the effects of TCE on epigenetic pathways, TCE metabolites 
must also be considered (Lash et al.  2000 ; Kim et al.  2009 ; Chiu et al.  2013 , 
Gilbert, Chap.   2    ). TCE metabolism is complex and has multiple steps including 
oxidation (by cytochrome P450 enzymes and alcohol dehydrogenase), 
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glucuronidation (by UDP- glucuronosyltransferases) and glutathione conjugation 
(by glutathione S-transferases) (Lash et al.  2000 ). Major metabolites include tri-
chloroacetate (TCA), trichloroethanol and chloral hydrate (Lash et al.  2000 ). 
However metabolism and therefore metabolite levels differ with routes of expo-
sure, tissue, species, sex and other factors (Abbas and Fisher  1997 ; Lash et al. 
 2000 ; Clewell et al.  2000 ; Kim et al.  2009 ). Just a few TCE metabolites are dis-
cussed in this chapter because they relate to diseases caused by TCE (such as 
cancer and Parkinson’s disease). 

 For example, the TCE metabolite dichloroacetate (DCA) has important effects 
on energy metabolism, mitochondrial function and apoptosis (Bonnet et al.  2007 ) 
and tends to activate mitochondria in cancer cells. Because of this, DCA is studied 
as an anticancer agent (Sun et al.  2010 ; Strum et al.  2013 ). Because DCA activates 
mitochondria and opens the pathway to burn AcCoA (Bonnet et al.  2007 ) it may 
well affect epigenetics (especially histone acetylation, Cooney  2008 ). On the other 
hand, when given to healthy mice, DCA is a liver carcinogen (Bull et al.  1990 ; 
Herren-Freund et al.  1987 ;    Pereira et al.  1997 , as discussed below in the Sect.  10.3 ). 
Thus the actions of DCA deserve attention so that we can understand its toxic effects 
as well as its therapeutic potential. 

 There are many ways that toxicants can interfere with epigenetics. These include 
alterations in metabolism, cell signaling, mitochondrial function, enzyme activities, 
and endogenous retrovirus (ERV) activity (Cooney and Gilbert  2012 ). TCE could 
affect epigenetics in these ways and through changes in the expression of genes 
involved in epigenetic control and direct modifi cation of proteins causing changes 
in their enzymatic or other activities. 

 The effects of toxicants such as TCE on the various pathways that regulate epi-
genetics are just beginning to be identifi ed. Once obtained, this important mechanistic 
information will help predict long-term effects of toxicant exposure, which may lead 
to the development of interventions. Many clues concerning possible TCE- induced 
epigenetic alterations come from cancer studies which will be discussed next.  

10.3      Cancer 

 The EPA considers TCE a known carcinogen (USEPA  2011 ). Numerous studies 
indicate that occupational exposure to TCE causes cancer including kidney cancer 
(Jollow et al.  2009 ; Karami et al.  2012 ; Hansen et al.  2013 , Wartenberg, Chap.   9    ). 
Studies, including those of the National Toxicology Program (NTP), show that TCE 
causes hepatocarcinoma in mice but not in rats (NTP  1988  and  1990 ; Bull  2000 ). 
For example, in a 2 year study of B6C3F1 mice given 1,000 mg/kg TCE by corn oil 
gavage, hepatocellular carcinoma rates for males were 8/48 in controls and 31/50 in 
TCE dosed (P < 0.001) and for females 2/48 in controls and 13/49 in TCE dosed 
(P < 0.005) (NTP  1990 ). Cytomegaly of the kidney (toxic nephrosis) was seen in 
nearly all TCE dosed B6C3F1 mice and Fischer 344 rats (both sexes) but in none of 
the controls. Some kidney cancer was seen Fischer 344 rats but its incidence was too 
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low to prove carcinogenicity of TCE (NTP  1990 ). Some other studies report TCE as 
a cause of cancer in rats (NTP  2011 ). 

 TCE’s identifi cation as carcinogenic but not mutagenic is important since in gen-
eral, all cancers studied in humans and rodents have extensive epigenetic changes 
(Cooney  2008 ; Fernandez et al.  2012 ). Cancers typically also have extensive meta-
bolic, genetic and chromosomal rearrangements (Bonnet et al.  2007 ; Cooney  2010 ; 
Wallace et al.  2010 ; Vogelstein et al.  2013 ). Few data are available on the epi-
genetics of human cancers that likely arose from TCE exposure (Brauch et al.  1999 ; 
Banks et al.  2006 ). However, promising approaches are being developed to address 
this. For example, Ellsworth et al. ( 2012 ) used mutational profi ling to fi nd signifi -
cant differences between brain cancers in human subjects exposed to chlorinated 
solvents and subjects judged to have sporadic brain cancers. 

 However, our greater interest is in early epigenetic changes due to TCE that may 
later lead to cancer. Identifying these changes gives us the opportunity to reverse 
them early on and prevent the cancer. Mice have been used for such studies because, 
as discussed above, chronic TCE exposure causes hepatocarcinoma (NTP  1990 ). To 
address early events that may lead to cancer, mouse models have been used to look 
at acute effects of TCE. Several genes that promote cell proliferation, often called 
oncogenes, tend to be highly expressed in cancers and, importantly, in precancerous 
lesions. In two of these genes,  c - jun  and  c - myc , TCE in acute high-doses (1,000 mg/
kg/day), given to female B6C3F1 mice for 5 days, decreased DNA methylation of 
 c - jun  and  c - myc  promoters in the liver. This correlated with increased  c - jun  and  c - 
myc     gene expression in the liver (Tao et al.  2000a ). When mice were given methio-
nine (to increase their SAM levels, Wang et al.  2001 ) just after TCE dosing, they did 
not show this  c - jun  and  c - myc  hypomethylation. Similar results were seen when 
giving mice either DCA or TCA, both metabolites of TCE. In related (but not identi-
cal) study designs, TCE and TCA increased DNMT activity in liver when female 
B6C3F1 mice were fi rst treated with the tumor initiator  N -methyl- N -nitrosourea 
(Tao et al.  2000b ). Overall, this indicates that in the female B6C3F1 mouse model 
of hepatocarcinoma, short-term effects can be reversed with methionine. Because 
many human exposures to TCE are in the past, it would be practical to know what 
treatments would reverse TCE’s effects in this mouse model in the weeks and 
months after TCE exposure. 

 TCE metabolites DCA and TCA are also liver carcinogens in mice (Bull et al. 
 1990 ; Herren-Freund et al.  1987 ; Pereira et al.  1997 ). Methionine supplementation 
prevented most DCA induced cancer and hypomethylation (Pereira et al.  2004 ). 
This pattern of oncogene hypomethylation, oncogene overexpression, compromised 
methyl metabolism and increased DNMT enzyme activity (although sometimes 
lower expression of  Dnmt  genes) have been shown for liver cancer in rodent models 
treated with toxicants or methyl defi cient diets (Wainfan and Poirier  1992 , Pascale 
et al.  2002 ; Phillips et al.  2009 ; Pogribny et al.  2012 ; Frau et al.  2013 ). Often early 
effects predisposing to cancer can be prevented or reversed by methyl donors, folate 
or similar treatments which often, but not always, reduce cancer incidence (Tao 
et al.  2000a ; Pascale et al.  2002 ; Sie et al.  2011 ; Gonda et al.  2012 ; Fang et al. 
 2013a ; Frau et al.  2013 ). 
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 One of several hallmarks of cancers is extensive genome rearrangement 
(Vogelstein et al.  2013 ) which may be promoted by several factors including tran-
scriptional activation and transposition of ERVs and other interspersed DNA repeats 
(Romanish et al.  2010 ). This activation of ERVs probably results from loss of epi-
genetic silencing normally found on most ERVs and interspersed DNA repeats 
(Cherkasova et al.  2011 ). However in most cases it is unknown whether this deregu-
lation occurs prior to cancer, or during cancer development and progression. Of 
course, the timing of deregulation will help determine whether ERV activation 
causes some cancers or is mainly involved in later processes such as progression or 
metastasis (Downey et al.  2012 ). Although data is not available on ERV activation 
in TCE induced cancers, when investigating the causes of autoimmunity, we found 
ERV activation in the T-cells of TCE-treated mice (Gilbert et al.  2012 ). The activa-
tion of ERVs by TCE in tissues prone to TCE-induced cancer has yet to be reported. 

 Starting from these data, interventions (methionine, folate and other model epigen-
etic effectors) should be designed and tested in animal models to prevent long- term 
adverse effects of TCE, including cancer, and to quantify likely effectors and markers 
( c - jun ,  c - myc ,  Dnmt1  and  Dnmt3a&b  gene expression, ERV expression and others) to 
provide guidance for testing similar interventions in people exposed to TCE.  

10.4     Immune Disease 

 Some forms of immune disease including those associated with autoimmunity have 
been studied for their epigenetic alterations (reviewed by Cooney and Gilbert  2012 ). 
In particular, lupus, whether idiopathic or drug-induced, has been well studied in this 
regard. In pioneering work, Bruce Richardson and colleagues have shown a range of 
epigenetic effects from global DNA hypomethylation to gene specifi c DNA hypo-
methylation in lupus (Gorelik and Richardson  2010 ). Further, they reproduced simi-
lar effects in mouse models of lupus (Quddus et al.  1993 ; Yung et al.  1996 ). Some 
recent studies have used massively parallel surveys to look for DNA methylation 
changes in humans with autoimmune disease (Fernandez et al.  2012 ). These show 
that, unlike cancer and aging which cause mainly gene-specifi c hypermethylation, 
autoimmunity causes a preponderance of gene-specifi c  hypo methylation. 

 TCE exposure has been associated with autoimmune disease in both humans and 
mouse models (Gilbert, Chap.   2    ). However, the mechanism by which TCE causes 
immune disease and other long-term health effects has not been determined and 
only a few studies have addressed the metabolic and epigenetic effects with TCE 
induced autoimmunity. 

 Gilbert et al. ( 2009 ) studied autoimmune hepatitis (AIH) in female MRL+/+ 
mice exposed to TCE (0.5 mg/ml in drinking water). AIH in this mouse model is 
observable at 26 weeks of TCE exposure and resembles idiopathic AIH in humans. 
Gilbert et al. measured liver gene expression, endogenous metabolite levels, oxi-
dized proteins, liver microsomal protein specifi c antibodies and histopathology. 
Gene array results showed that of 200 genes whose expression was signifi cantly 
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altered by TCE, 85 % of these showed increases in gene expression. Genes whose 
expression was increased included several for the metabolism and detoxifi cation of 
TCE including alcohol dehydrogenases, cytochrome oxidases and glutathione 
 S -transferases. At least one of each of these enzyme types was confi rmed by real- 
time PCR (RT-PCR). They also found that betaine-homocysteine methyltransferase 
(BHMT) gene expression was increased in the array data but this did not reach 
signifi cance with RT-PCR data. Interestingly however, metabolite analysis showed 
that SAH levels were signifi cantly decreased and  N , N -dimethylglycine levels were 
signifi cantly increased, both of which would be an expected outcome of increased 
BHMT activity. They found no evidence of increased oxidative stress in the livers 
of TCE treated animals. Overall these results suggest that chronic TCE may improve 
methyl metabolism in the liver. 

 Using this same mouse model of AIH, we recently compared control mice with 
mice treated with TCE (Gilbert et al.  2012 ). Among other endpoints, we studied 
expression of  Dnmt  genes and the murine endogenous retrovirus (MuERV) and the 
related, ERV-like intracisternal A particle (IAP) repeats. ERVs are often overex-
pressed in autoimmunity (Perl et al.  2010 ) and their expression is controlled by 
epigenetics including 5MC (Walsh et al.  1998 ; Gaudet et al.  2004 ; Kato et al.  2007 ). 
We compared splenic CD4+ T cells from control mice with those from mice that we 
treated for 12 weeks with 0.5 mg/ml TCE in drinking water. After stimulating both 
groups of cells for 24 h we observed IAP expression that was over 8-fold higher and 
MuERV expression that was over 2.5-fold higher in TCE treated mice (p < 0.05). 
 Dnmt1  expression was signifi cantly higher and  Dnmt3a  expression several fold 
lower with TCE treatment. In some tissues and some developmental stages of 
mouse, DNMT1 and DNMTs 3a and 3b are needed for IAP methylation (Gaudet 
et al.  2004 ; Kato et al.  2007 ). This indicates that changes in the epigenetic machin-
ery and in the expression of ERVs may be important in murine AIH. ERV expres-
sion may contribute to the disease process in autoimmunity and specifi c mechanisms 
have been proposed for this (Perl et al.  2010 ). However, of these numerous possible 
mechanisms, defi nitive experiments have not been done to identify one or more 
specifi c mechanisms as causal. It is possible that the decline in Dnmt3a expression 
contributes to the activation of IAPs following TCE dosing, however additional 
research is needed to understand how TCE affects IAP and MuERV expression. 

 To look at epigenetic alterations directly, we compared total DNA methylation in 
splenic CD4+ T cells from control mice with those from TCE treated mice (in this 
case after 17 weeks of TCE exposure). After stimulation, total DNA methylation 
was lower in the cells from TCE treated mice. In other words, TCE caused global 
hypomethylation in mouse CD4+ T cells (Gilbert et al.  2012 ). This occurred after 
treatment with either 0.01 or 0.1 mg/ml TCE-containing drinking water. Consistent 
with hypomethylation, we observed a nearly 3-fold increase (p < 0.05) in IAP 
expression in these same cells for mice treated at the 0.1 mg/ml TCE level. 

 Compared to earlier studies of female mice with possibly improved liver methyl 
metabolism on TCE exposue (Gilbert et al.  2009 ), our recent studies (Blossom et al. 
 2012  and 2013) of metabolite levels in plasma and brain of male mice showed 
impaired methyl metabolism in response to chronic TCE. These more recent studies 
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were done in male MRL+/+ mice so that we cannot make a comparison of TCE’s 
effects on multiple organs (liver, brain, plasma). Future studies are needed to study 
metabolism, gene expression and epigenetics in the liver, brain, T-cells, plasma, 
urine etc. from MRL+/+ mice of the same TCE exposures, same time points and 
same sex. 

 These various effects show that epigenetic alterations occur in TCE-treated mice, 
however the mechanisms are unclear. Effects on methyl metabolism could explain 
some or all of these effects as could effects on the expression of Dnmts. Further 
work is needed to determine how TCE causes these metabolic, gene expression and 
epigenetic changes and which changes come fi rst. A better understanding of these 
effects may contribute to deciphering the mechanisms for other TCE induced dis-
eases (in general, methyl metabolism affects cancer, heart defects and neuropathies 
(Tao et al.  2000a ; Pascale et al.  2002 ; Hobbs et al.  2005a ,  b ). Mechanisms will then 
allow us to design interventions that may reverse or ameliorate the long-term effects 
of TCE as has been done for some other toxic exposures (Tao et al.  2000a ; Pascale 
et al.  2002 ; Downing et al.  2011 , Otero et al.  2012 , Bekdash et al.  2013 ).  

10.5     Heart Defects 

 TCE exposure during gestation causes heart defects in the offspring of rodents 
(Caldwell et al.  2010 ; Palbykin et al.  2011 ) and birds (Loeber et al.  1988 ; Rufer 
et al.  2010 ; Makwana et al.  2010 ) and probably in humans (Yauck et al.  2004 ; 
Forand et al.  2012 , Selmin, Chap.   8    ). Yauck et al. ( 2004 ) compared infants with 
congenital heart defects with infants without congenital heart defects for whether 
or not their mothers lived near TCE-emitting sites. They also compared other fac-
tors including maternal age, alcohol use, chronic hypertension, and preexisting 
diabetes. After adjusting for other factors, they found that, in older women 
(>37 years of age), the proximity of residence to TCE-emitting sites was associated 
with a three-fold increased risk of offspring congenital heart defects. In a more 
recent study, Forand et al. ( 2012 ) also found offspring cardiac defects more preva-
lent when mothers were exposed by soil vapor intrusion of TCE which contami-
nated their indoor air. 

 In rat studies, TCE reduced expression of the cardiac gene  Serca2a  in association 
with hypermethylation of its promoter in embryonic heart after maternal exposure 
to low concentrations (10 ppb) of TCE in drinking water (Palbykin et al.  2011 ). In 
this same study, SAM concentrations were lower in embryos whose mothers were 
exposed to TCE. In an earlier study by this same group, mouse embryonic heart 
gene expression was surveyed with DNA microarrays to show broad effects of TCE 
on cardiac gene expression (Caldwell et al.  2010 ). They further showed that mater-
nal folate supplementation had its own pattern of altered gene expression and did 
not reverse the broad effects on embryonic gene expression caused by maternal 
TCE exposure. Thus while methyl metabolism is changed by TCE, specifi c gene 
methylation is not necessarily altered in the same direction as metabolism. 
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 Although much TCE metabolism occurs in the livers of adults, in early bird 
embryos the liver and brain are not yet developed and the heart must metabolize 
TCE directly (Makwana et al.  2013 ). This may begin to explain the adverse cardiac 
effects of TCE in early development (Selmin, Chap.   8    ). 

 Several studies show that maternal diets affecting methyl metabolism such as 
broadly methyl supplemented diets (Wolff et al.  1998 ) or folate supplemented diets 
may positively affect health outcomes for offspring who are exposed to toxicants or 
have specifi c genetic defects (Downing et al.  2011 ; Cho et al.  2012 ; Billington et al. 
 2013 ). Folate supplementation alone did not reverse TCEs effects on gene expres-
sion in mouse embryos (Caldwell et al.  2010 ). Additional interventions combined 
with massively parallel assays (e.g. next generation sequencing for transcription, 
DNA methylation etc.) may reveal effective interventions. Maternal interventions to 
ameliorate TCE’s effects on the developing heart have yet to be developed.  

10.6      Neurological Effects 

 Acute TCE exposure, usually as occupational inhalation, can cause intoxication 
including dizziness, confusion, headaches, numbness, loss of consciousness, and in 
unusual circumstances, even death (ATSDR 1997). In addition, there can be many 
longer term neurological effects including memory loss and trigeminal nerve neu-
ropathy (ATSDR 1997). Neurological effects of TCE are reviewed in two chapters 
of this book on neurotoxicity, by Bale (Chap. ___) and Goldman (Chap. 6) and here 
I select just a few examples to discuss and to emphasize the important role, in gen-
eral, of epigenetics in memory, behavior, dementia and neurological function. 

 Epigenetics and especially DNA methylation and histone acetylation have key roles 
in animal behavior (Weaver et al.  2005 ; Champagne and Curley  2009 ), memory (Miller 
and Sweatt  2007 ; Sweatt  2012 ; Feng et al.  2010 ) and in dementia (Peleg et al.  2010 ; 
Pavlopoulos et al.  2013 , reviewed by Cooney  2010 ). In rats, maternal behavior toward 
pups in the fi rst postnatal week has lifelong effects on pup behavior (Weaver et al. 
 2005 ; Champagne and Curley  2009 ). Because female pups, once grown, will show 
different nursing behavior toward their pups, these behavioral effects might be passed 
on to multiple generations (reviewed by Cooney  2007 ). These behavioral effects can be 
attributed at least in part to changes in DNA methylation and histone acetylation in the 
hippocampal glucocorticoid receptor promoter and can be modifi ed by treatments that 
target these pathways (Weaver et al.  2005 ; Champagne and Curley  2009 ). 

 Miller and Sweatt ( 2007 ) showed that epigenetics and especially DNA methyla-
tion are essential for normal memory formation. They showed that hippocampal 
RNA levels for the DNMTs 3a and 3b were increased with fear conditioning in rats 
and that DNMT inhibitors prevented memory formation (Miller and Sweatt  2007 ; 
Sweatt  2012 ). Subsequent studies knocking out either or both Dnmt1 and Dnmt3a 
just in forebrain excitatory neurons showed that a single knock out allowed memory 
formation but the knockout of both Dnmts interfered with synaptic plasticity, learn-
ing and memory (Feng et al.  2010 ). 
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 To study epigenetics and memory in aged animals, Peleg et al. ( 2010 ) tested 
hippocampus-dependent associative learning in mice at various ages up to 16 
months of age. In 3 month old mice, learning upregulated histone H4 lysine 12 
(H4K12) acetylation and changed expression of over 2,000 genes whereas in 16 
month old mice changes in H4K12 acetylation were insignifi cant and only 6 genes 
were differentially expressed. Injection of HDAC inhibitors into the hippocampus 
of 16-month old mice increased H4K12 acetylation and improved learning. This 
study shows that reversible histone acetylation changes are important parts of age- 
related memory loss. Recently, RbAp48, a natural histone deacetylase inhibitor pro-
tein, has been shown to help regulate both histone acetylation and memory 
(Pavlopoulos et al.  2013 ). In young mice, RbAp48 in the dentate gyrus of the hip-
pocampus helped maintain histone acetylation and normal memory. In aged mice, 
RbAp48 levels are low and correspond to lower histone acetylation and poor mem-
ory performance. Experimental manipulations to lower RbAp48 in young mice 
adversely affected their memories and manipulations to increase RbAp48 in old 
mice improved their memories. 

 TCE and some of its metabolites cause dopaminergic neurodegeneration and 
may be a cause of Parkinson’s Disease (PD, Gash et al.  2008 ; Liu et al.  2010 ; 
Sauerbeck et al.  2012 , Goldman, Chap.   6    ). The TCE metabolite 1-trichloromethyl- 
1,2,3,4-tetrahydro-β-carboline (TaClo) inhibits mitochondrial complex 1 (Janetzky 
et al.  1995 ) diminishing energy production. TaClo is a structural analog of the dopa-
minergic neurotoxin N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
(Bringmann et al.  1995 ; Akundi et al.  2004 ). MPTP is an established cause of PD in 
humans and in animal models. This work provides a plausible mechanism by which 
TCE may cause Parkinson’s disease in people and should be suffi cient to warrant 
avoiding TCE and related chlorinated solvents. Additional research is needed to 
establish a clear cause and effect. 

 Alpha-synuclein, a main component of Lewy bodies, is overexpressed in PD 
patients. A range of epigenetic effects have been found affecting the alpha- synuclein 
gene and other genes  in vitro  and in PD patients including alpha-synuclein gene 
hypomethylation in PD patients (reviewed by Coppedè  2012 ). Metabolic changes in 
PD patients could affect epigenetics as serum HCY is above normal and methyla-
tion potential (SAM/SAH ratio) varies with higher SAM/SAH correlating with bet-
ter cognitive function (Obeid et al.  2009 ). 

 These recent studies indicate that factors affecting epigenetics could have impor-
tant effects on behavior and memory. We studied several effects of TCE on behav-
ior, gene expression, metabolism and epigenetics in the hippocampi and cerebella of 
male mice (Blossom et al.  2012 ,  2013 ). In assays of their hippocampi as well as 
separate assays of cerebella, TCE treated male mice had decreased GSH, decreased 
ratio of reduced glutathione/oxidized glutathione (GSH/GSSG), decreased cyste-
ine/cystine and increased cystine (the oxidized form of cysteine) and increased 
3-nitrotyrosine (Blossom et al.  2012 ,  2013 ). These measures indicate that TCE 
treated mice have a more oxidized environment in their hippocampi and cerebella. 

 In blood plasma, TCE-treated male mice had higher HCY and SAH levels and 
lower methionine and SAM levels and lower SAM/SAH ratios (Blossom et al.  2012 ). 
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All of these measures suggest lower methylation capacity. These TCE- treated mice 
also had lower plasma SAM + SAH and HCY + methionine levels suggesting that 
more HCY is being converted to cysteine, presumably in response to oxidative stress. 
These changes are all in the directions that would be expected to compromise cellular 
methylation reactions including DNA methylation (Cooney  2006 ) 

 In cerebella, TCE treated male mice had lower methionine levels and lower total 
5MC than untreated controls (Blossom et al.  2013 ). Overall this data indicates that 
TCE produces oxidative stress and lower methylation capacity in these brain regions 
and possibly in many tissues based on the plasma values we observed. Studies in 
female mice suggest that chronic TCE may increase methylation capacity in the 
liver (Gilbert et al.  2009 ), which is the opposite of the direction we observed in the 
brains and plasma of male mice and the CD4 + T-cells of female mice. Future exper-
iments will measure the responses of several tissues and plasma in the same mice to 
ascertain the effects of chronic TCE on methyl and antioxidant metabolism. These 
measures will provide data on which we can base interventions with the aim of 
ameliorating the adverse health effects of chronic TCE.  

10.7     Endogenous Retroviruses (ERVs) 

 ERVs are endogenous components of our genomes (Walsh et al.  1998 ; Bannert and 
Kurth  2004 ; Perl et al.  2010 ) which are inherited though the germline (Mendelian 
inheritance). They are thought to have arisen over evolutionary time from repeated 
retroviral infections of germline cells (Bannert and Kurth  2004 ). While retroviral 
infections often lead to integration of the proviral genome into host DNA, only infec-
tion of the germline leads to Mendelian inheritance to subsequent generations. 
Examples of ERVs in humans include endogenous retrovirus virus K (HERV-K) and, 
in mice, IAPs and MuERVs. Most ERVs are largely silent in healthy cells and tend 
to remain in place in the genome for extended times and, apparently, for many gen-
erations (Wolff et al.  1998 ; Morgan et al.  1999 ). In certain developmental stages and 
in some diseases, ERVs can become transcriptionally active and sometimes trans-
pose in the genome (Romanish et al.  2010 ). Activation of ERVs can result in their 
transcription and cause interference with expression of nearby “host” genes. Effects 
on nearby “host” genes can be over expression, deregulated expression, silencing and 
other forms of dysregulation (Wolff et al.  1998 ; Rakyan et al.  2003 ; Druker et al. 
 2004 ). Following transcription, the expression of ERV-encoded proteins can lead to 
ERV transposition and the promotion of other aberrant processes that disrupt the 
genome (e.g. reverse transcription of “host” RNAs) (Romanish et al.  2010 ). 

 ERVs are controlled by epigenetic silencing including 5MC (Walsh et al.  1998 ; 
Cooney et al.  2002 ; Gaudet et al.  2004 ; Schulz et al.  2006 ; Reiss et al.  2010 ; 
Cherkasova et al.  2011 ). Many nutritional (Cooney et al.  2002 ), metabolic and 
genetic factors (Gaudet et al.  2004 ) can affect ERV expression. 

 ERV activity is clearly correlated, and may be causal, in some cancers and some 
forms of autoimmunity. Increased ERV expression is found in several types of auto-
immune diseases in both humans and mice (Balada et al.  2010 ; Baudino et al.  2010 ). 
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We fi nd that TCE activates expression of two ERVs in mice after 12 weeks of expo-
sure and long before the development of overt disease (autoimmune hepatitis) 
(Gilbert et al.  2012 ). This was the fi rst report of TCE-induced ERV overexpression 
and the increase of IAP transcripts we observed was the strongest transcript induc-
tion we have observed with TCE. Because of their high copy number (e.g. about 
1000 IAP copies in the mouse genome), small increases in the expression of indi-
vidual ERVs could have large overall effects if tens or hundreds of ERVs per genome 
increase their expression. 

 Retroviral expression seems to have a direct role in autoimmune pathology (Perl 
et al.  2010 ) but its role in TCE-induced pathology remains to be determined. The 
role of ERV expression in other TCE-induced diseases such as heart defects, cancer 
and neuropathies should be investigated.  

10.8     Potential for Epigenetic Effects from TCE 
Coexposure with Other Toxicants 

 Coexposure with TCE and other toxicants could result in broader or additive epi-
genetic effects in some cases or a cancellation of effects in others. Here I discuss 
two compounds, ethanol and bisphenol A (BPA), to which people are routinely 
exposed and thus signifi cant coexposure with TCE is likely. 

 The use of ethanol is widespread. Ethanol has clear epigenetic effects on the 
fetus during pregnancy and these epigenetic effects may explain much of fetal alco-
hol syndrome (FAS, Ramsay  2010 ). Several studies in mice show that 5MC patterns 
on imprinted genes (such as  Igf2  and  H19 ) are changed by maternal alcohol con-
sumption (Haycock and Ramsay  2009 ; Stouder et al.  2011 ; Downing et al.  2011 ; 
Veazey et al.  2013 ; Resendiz et al.  2013 ). Culture of embryos  in vitro  with alcohol 
also shows extensive changes in 5MC (Liu et al.  2009 ). Other fetal alcohol mouse 
studies, some including genes for neural development, show changes in 5MC and 
histone modifi cations (Veazey et al.  2013 ). Supplementation of maternal diets with 
a combination dietary methyl supplement (folic acid, vitamin B12, betaine, choline, 
methionine and zinc, Downing et al.  2011 ) or a dietary choline supplement (Otero 
et al.  2012 , Bekdash et al.  2013 ) ameliorated some epigenetic and other effects of 
maternal alcohol on rodent fetuses. 

 Chronic alcohol use has been shown to cause hepatocellular carcinoma in mice 
(Tsuchishima et al.  2013 ). This occurred without tumor initiation by another car-
cinogen. Ethanol also affects detoxifi cation pathways (Lu and Cederbaum  2008 ) 
which can change the detoxifi cation of xenobiotics including TCE and some other 
carcinogens (Nakajima et al.  1988 ; Klotz and Ammon  1998 ). However, the interac-
tions of ethanol and TCE with respect to epigenetics have not been reported. 

 In adult human subjects, DNA from peripheral blood shows methylation differ-
ences between alcohol dependent and control American subjects (Zhang et al.  2013a ) 
and Chinese subjects (Zhang et al.  2013b ). In Americans, two genes,  GABRB3  and 
 POMC  were differentially methylated in African-American subjects while several 
other genes were differentially methylated in European-American subjects. 
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 Bisphenols were originally developed as estrogen agonists but found widespread 
use as the building blocks of plastics (Vogel  2009 ). A variety of bisphenols are ago-
nists or antagonists for estrogen receptors and other nuclear receptors (Molina- 
Molina et al.  2013 ). Bisphenols and other estrogen disrupting chemicals can have 
effects at low doses that are not revealed by more traditional studies of high expo-
sures (Vandenberg et al.  2012 ). 

 Bisphenol-A (BPA) and its analog bisphenol-S (BPS) are widely used as the 
main component in some plastics and as a component in numerous other consumer 
products including thermal paper cash register receipts and the inside lining of 
metal food cans (Biedermann et al.  2010 ; Liao and Kannan  2011 ). In some cases, 
including food can lining, these uses stretch back to the 1960s. Use in receipts leads 
to contact with paper currency which is then subsequently handled by many indi-
viduals (Liao et al.  2012 ). 

 Mouse studies of BPA and epigenetics have yielded varying results. Using the 
yellow-agouti mouse model, some small studies show changes in epigenetically 
determined coat color with BPA and the naturally occurring soy estrogen, genistein 
(Dolinoy et al.  2006 ,  2007 ). Yellow-agouti mouse studies with well-controlled coat 
color quantifi cation and scoring, including a recent large study, fi nd no change in 
epigenetically determined coat color with soy protein isolate (Badger et al.  2008 ), 
genistein or BPA (   Rosenfeld et al.  2013 ). Studies using other models show effects 
of BPA on epigenetics, including effects on imprinting (Susiarjo et al.  2013 ) and 
effects in the brain (Kundakovic et al.  2013 ). The route of BPA dosage is important 
because realistic exposure models give much different results than models using 
artifi cial exposures (Vandenberg et al.  2013 ). Coat color studies are best using quan-
titative methods (Badger et al.  2008 ; Ounpraseuth et al.  2009 , Rosenfeld et al.  2013 ) 
or where unique phenotypes are produced by the treatment (Wolff et al.  1998 ; 
Cooney et al.  2002 ). Clearly more research is needed to determine if BPA affects 
mainly specifi c tissues at specifi c life stages or if its effects are more pervasive 
involving most tissues (including the periphery e.g. skin and hair) and most life 
stages (e.g. fetal exposure and adult exposure at multiple ages). 

 Alcohol and bisphenols are just a few of the more common compounds affecting 
epigenetics which are likely coexposures with TCE. Other compounds include genis-
tein (from soy products), sulforaphane (from broccoli, Watson et al.  2013 ). Several 
nutrients such as folates, betaine and methionine will be found in all subjects as they 
are nutrients and metabolites. However, these nutrients will be found in greatly vary-
ing levels in diets (Cooney  2006 ) which will likely affect subjects’ responses to TCE.  

10.9     Conclusions 

 TCE remains a widespread environmental pollutant and human exposure will con-
tinue for the foreseeable future. TCE has a wide range of health effects covering 
multiple major organs. These health effects can occur during gestation or in adults 
following chronic exposure. 
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 By investigating epigenetic alterations we expect to decipher the early molecular 
effects that lead to later disease. Genome wide analyses are needed using next gen-
eration sequencing and similar broad measures to understand the extent of TCE’s 
effects. Likewise, effects in multiple organs and at multiple life stages require study. 
It is important to fi nd predictive biomarkers for the disease(s) to which TCE-exposed 
individuals are most susceptible. 

 Understanding the metabolic and cellular signaling effects of TCE exposure will 
also help us understand how epigenetic alterations occur in the fi rst place. Knowing 
metabolic and cellular signaling effects may allow us to design interventions for 
those still exposed to TCE. Coexposures with other toxicants, with phytochemicals 
and with varying nutritional states need to be measured, and then appropriately 
addressed. Various therapeutic strategies have been developed for cancer and aging 
(Cooney  2010 ; Dawson and Kouzarides  2012 ). Some of these, especially nutrients 
and well-tolerated drugs, may be good candidates for preclinical studies (e.g. ani-
mal models) to reverse TCE effects. 

 Understanding epigenetics of TCE exposure will help us understand a wide 
range of health problems associated with TCE. Further, this understanding will help 
us design interventions to reverse epigenetic changes before disease develops.     
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Abstract  Mathematical modeling has been used extensively to quantify and char-
acterize the disposition, fate, and risk associated with the volatile organic chemical 
trichloroethylene (TCE). Here, we summarize many of these models that have been 
developed and applied across the exposure-dose-effect continuum, ranging from 
pharmacokinetic and pharmacodynamic models to quantitative structure-activity 
relationships. We conclude by reviewing some future directions in computational 
modeling that are increasingly used to inform an understanding of the adverse 
health effects associated with exposure to TCE, and introduce elements of a first-
generation systems biology model of TCE-induced autoimmune disease.

Keywords Mathematical modeling • Computational modeling • Exposure  
• Pharmacokinetics • Pharmacodynamics • QSAR • Systems biology • Omics • Dose
response
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AUC Area under the curve
BBDR Biologically-based dose response
BBPD Biologically-based pharmacodynamic
BDM Benchmark dose method
BEI Biological exposure index
CNS Central nervous system
CPK Compartmental pharmacokinetic
D37 Measure of lethality in Aspergillus nidulans
DCA Dichloroacetic acid
DCVC S-(1,2-dichlorovinyl)-L-cysteine
DCVG S-(1,2-dichlorovinyl)glutathione
DIFF Difference between the highest occupied molecular orbital and the low-

est unoccupied molecular orbital
DNAPL Dense nonaqueous phase liquid
EDR Exposure-dose-response
EPA US Environmental Protection Agency
HBA H-bonding acceptor ability
HBD H-bonding donor ability
IC50 Chemical concentration that inhibits some endpoint in 50 % of the test

animals in a given time
IRIS Integrated Risk Information System
Kow Octanol-water partition coefficient
LC50 Chemical concentration that kills 50 % of the test animals in a given

time
LCA Life cycle assessment
LEC Induction of chromosome malsegregation leading to aneuploidy in

Aspergillus nidulans
LOEC Lowest observed effect concentration
logP The log of the ratio of concentration of neutral species in octanol divided

the concentration of neutral species in water
MCL Maximum contaminant level
MOE Margin of exposure
MR Molar refractivity
MRL Minimal risk level
NAPL Non-aqueous phase liquid
NCPK Non-compartmental pharmacokinetic
PBPK Physiologically-based pharmacokinetic
PC Partition coefficient
PCE Tetrachloroethylene, perchloroethylene
PD Pharmacodynamics
PEL Permissible exposure limit
PK Pharmacokinetics
QSAR Quantitative structure activity relationship
RfC Reference concentration
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t1/2	 Chemical half life
TAI TCE-induced autoimmunity
TBARS Thiobarbituric acid reactive substance
TCA Trichloroacetic acid
TCE	 Trichloroethylene
TCOH Trichloroethanol
TLV Threshold limit value
VOC Volatile organic compound

11.1  �Introduction

Mathematical/computational models in toxicology have the potential to integrate
information and data from a variety of sources to help in the prediction and under-
standing of the adverse health effects caused by exposure to foreign chemicals 
(xenobiotics); moreover, mathematical modeling can provide researchers and prac-
titioners with a ”virtual lab” in which to explore hypotheses, conduct complex mul-
tifactorial studies that would be impractical or impossible using conventional 
experimental techniques, and rapidly analyze, extrapolate, and evaluate results, all 
while reducing the need for animal experimentation. Further, these models can be 
used to investigate the interactions of chemical agents and biological organisms 
across many scales (e.g., population, individual, cellular, and molecular) and may 
be used to inform the hazard and risk prioritization of chemicals (Reisfeld and
Mayeno 2012a, b).

In this chapter, we review many of the mathematical models and approaches that
have been used to analyze and quantify the exposure-dose-effect continuum 
(National Center for Environmental Assessment 2011) for trichloroethylene (TCE). 
As shown in Fig. 11.1, these include models for exposure, pharmacokinetics, phar-
macodynamics, and quantitative structure activity relationships. We conclude the 
chapter with a summary of several future directions in modeling and then introduce 
a potential approach to developing a systems biology model describing TCE-
induced autoimmune hepatitis.

Although the modeling of the source, emission, and transport of TCE (Brusseau
et al. 2007, 2012; Asher et al. 2007; Chambon et al. 2010, 2011; Johnson et al. 
2003; Pederson et al. 2001; Atteia and Höhener 2010; Reynolds and Kueper 2001; 
Oostrom et al. 1999; McKone 1996; Clement et al. 1998; Cohen and Ryan 1985) 
are important considerations in an overall chemical risk assessment, those model-
ing aspects and approaches are not covered here. Moreover, the references cited 
in the following sections are not intended to be comprehensive, but are representa-
tive of the body of work in each modeling category. Many additional references 
are available in the scientific literature and in the excellent comprehensive risk 
assessment (Environmental Protection Agency 2001) and Integrated Risk
Information System (IRIS) (Environmental Protection Agency 2011) for TCE.
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11.2  �Exposure Models

Exposure is the contact between a contaminant or pollutant and an individual or 
population through environmental media, such as air, water, soil, dust, and food. 
The modeling of exposure focuses on the prediction and quantitative description of 
the spatial and temporal characteristics of this contact. Thus, exposure modeling 
can be used to help inform our understanding of how the properties of chemical 
contaminants and the media and pathways in which they move affect pollutant 
exposure, and can provide quantitative measures of this exposure that can then be 
used to estimate dose and other metrics useful for risk assessment.

A number of computational models have been developed and utilized to simulate
exposure to TCE through various environmental media. In particular, several stud-
ies have employed computational models to assess the impact of the transport and 
release of TCE from source zones above and below the water table into indoor air. 
Vapor intrusion, in which TCE vapors move from contaminated groundwater and
soil into the indoor air of overlying buildings, is an significant route of environmen-
tal exposure (Office of Solid Waste and Emergency Response 2012). Yu and 
coworkers (2009a) used the multi-phase compositional model CompFlow Bio (Yu 
et  al. 2009b) to simulate the transport of TCE into the indoor air of residential 
dwellings from a dense non-aqueous phase liquid (DNAPL) source zone located
below the water table. Of interest in these studies was the role of heterogeneity in
the subsurface permeability structure of the aquifer and a determination of the rela-
tive importance of variability in factors such as source zone location and pressure 
drop within the dwelling. Through model simulations, these investigators found that 
the simulated indoor air concentrations of TCE were extremely sensitive to assump-
tions made about the aquifer heterogeneity and that pressure fluctuations in the soil 
gas beneath the foundation slab had a significant effect on these contaminant 

Environmental
concentration 

Exposure
concentration

Internal dose

Adverse
outcomes 

Exposure models

Pharmacokinetic  models
- Compartmental models
- PBPK models

Pharmacodynamic models
- Dose response models
Omics models
Systems biology models

Fig. 11.1  Computational models relevant at each stage along the exposure-dose-effect continuum
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concentrations. Motivated by the desire to simulate indoor air concentrations of 
TCE in houses with locations that were offset from the groundwater plume flow, 
Wang et al. (2012) extended the above analysis of Yu et al. to include a fully three-
dimensional geometry. Following a similar set of simulation and sensitivity studies 
using CompFlow Bio (Yu et al. 2009b), these researchers determined that houses 
that are laterally offset from the groundwater plume are less affected by vapor intru-
sion than those located directly above the plume. They also noted that characteriz-
ing the site stratigraphy is a first-order priority when attempting to assess the impact 
of the fate and transport of TCE from an observed source zone to the indoor air.

Although the above studies examined exposure to TCE through multiple envi-
ronmental media, other studies have focused on exposure to this pollutant through 
air alone. In particular, to better understand and quantify non-occupational exposure
to TCE and other VOCs, Sexton et al. (2007) developed a new modeling approach 
to estimate the concentrations of these pollutants in five relevant microenviron-
ments: indoors at home, indoors at work/school, indoors in other locations, outdoors
in any location, and in transit. Employing hierarchical Bayesian techniques, they 
predicted that concentrations would be highest in “other” indoor microenviron-
ments, intermediate in the indoor work/school and residential microenvironments,
and lowest in the outside and in-transit microenvironments. Based on a series of 
comparisons with biomonitoring measurements, they found that predicted concen-
trations of all VOCs examined were in reasonable agreement with experimental
median concentrations in the indoor residential microenvironment. They further 
suggested that since personal monitoring is often impractical in many situations, 
their modeling approach would be a promising alternative for estimating VOC con-
centrations in seldom monitored microenvironments.

In the context of general biomonitoring of TCE exposure through the air, Droz
and Fernández (1978) used their previously developed pharmacokinetic model 
(Fernández et al. 1977) to investigate the impact of biomarker selection and sample 
collection timing on predicted exposure. Based on results of systematic model sim-
ulations, they found that for maximum usefulness, sampling and analysis of alveo-
lar air for TCE and trichloroethanol (TCOH) must be carried out at least 6 h after
the end of the exposure. In contrast, they noted that the timing for the collection and
analysis of urine for trichloroacetic acid (TCA) was unimportant, but also suggested
that this biomarker is of limited value for the biological monitoring of exposure 
because of its lack of sensitivity as an indicator of a single exposure to TCE.

Another area in which the use of mathematical models has provided quantitative
information and insights into the risks of TCE is the estimation of exposure to this 
chemical at or near hazardous waste sites. Using a combination of computational
modeling techniques, Maslia et al. (1996) conducted a health assessment for the 
Gratuity Road site in the town of Groton, Massachusetts, which had been contami-
nated with TCE and several other environmental pollutants. These researchers first 
used an environmental transport model to create a spatial and temporal mapping of 
pollutant concentrations and flow in the region. They next used these contaminant 
levels to carry out a computational analysis of probable exposures routes and levels. 
Based on these studies, Maslia and coworkers concluded that (i) predicted 
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groundwater concentrations of TCE in the area typically exceeded the US
Environmental Protection Agency (EPA) value for the maximum contaminant level
(MCL) for TCE, (ii) despite direct remediation of the waste site, historical contami-
nation can cause nearby populations to experience significant exposure, and (iii) 
because the predicted exposure to TCE through inhalation during showering was 
nearly identical to that through ingestion of contaminated domestic water, both of 
these routes should be considered when conducting exposure analyses of contami-
nation from VOCs such as TCE.

Using a different exposure modeling methodology, Johnston and Gibson (2011) 
estimated residential indoor air concentrations of TCE and perchloroethylene (PCE)
resulting from plumes of groundwater contamination from the former Kelly Air
Force Base in San Antonio, Texas. For this study, the authors developed a probabi-
listic exposure model, based on the Johnson-Ettinger algorithm (Johnson and 
Ettinger 1991), and compared predicted results with measurements taken in a subset 
of homes in the affected area. From these comparisons, they noted that the model 
systemically underestimated high exposures, but that the 95th percentile of the pre-
dicted value would be a more useful indicator of the risk. An overall analysis of
simulation results and sampling data led these researchers to conclude that homes 
above the contaminant groundwater plume surrounding the Kelly Air Force Base
are still at risk of vapor intrusion and that the probabilistic approach used in their 
model could better identify priority areas for further sampling than current deter-
ministic approaches.

11.3  �Pharmacokinetic Models

Pharmacokinetics is the study of the absorption, distribution, metabolism, and
excretion (ADME) of xenobiotics. Pharmacokinetics (PK) is frequently referred to
as “what the body does to the chemical”. Models of pharmacokinetics are often 
designed to answer questions like “Given a dose of a chemical, where does it go in
the body, what is the time-course blood or tissue concentration of the parent chemi-
cal and/or its metabolites, and how quickly is it metabolized and eliminated?”. PK
models are also used to compute derived quantities, such as the chemical clearance, 
area under the curve (AUC), and half-life (t1/2). In the context of toxicant exposure,
pharmacokinetics are often referred to as toxicokinetics. Pharmacokinetic modeling
is critical in the field of toxicology because it allows investigators to predict time-
dependent quantities that are highly relevant in assessing chemical toxicity: biodis-
tribution, internal dose, and clearance.

There are several types of pharmacokinetic models that have been created and 
used to predict chemical disposition:

(i) non-compartmental pharmacokinetic (NCPK) models: These models are use-
ful for the estimation of certain PK parameters, such as area under the curve
(AUC), and half-life (t1/2). NCPK approaches use mathematical and statistical
techniques to derived these parameters using a minimal amount of experimental 
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data (typically, chemical levels in the blood or plasma over time). However, 
since they do not contain mechanistic underpinnings, such models are not use-
ful for any type of extrapolation. Non-compartmental models have been 
applied extensively for drugs, but their utility in toxicology is limited and 
hence are not discussed here.

(ii) compartmental pharmacokinetic (CPK) models: By “lumping” major tissues,
organs, or regions of the body together, these models treat the body as one or 
more compartments comprising “apparent volumes of distribution” (Shen
2007) (conventionally, the dose administered divided by the resultant plasma 
concentration). CPK models typically require data on concentration of the
chemical species over time in the blood and use that information to estimate 
certain kinetic parameters related to transport and elimination within and 
between the compartments. In general, like NCPK models, CPK models are
not useful outside of the datasets for which they have been developed and will 
not be useful for extrapolations across individuals and doses.

(iii) physiologically-based pharmacokinetic (PBPK) models: In contrast to NCPK
and CPK models, physiologically based pharmacokinetic (PBPK) models
incorporate the anatomical entities and physiological and biochemical pro-
cesses of organisms. Because of this, PBPK models can be used to perform
inter-species, inter-route, and/or inter-dose extrapolations and to describe
concentration-time profiles in individual tissues or organs and in the plasma or 
blood. While PBPK models can provide a wealth of information, they require
extensive data for parameterization and validation, including anatomical, physi-
ological, and biochemical data, as well as experimentally-derived time-course 
concentration levels in multiple tissues, ideally at varying dose levels and routes 
of exposure. The need for this amount and detail of information makes PBPK
modeling impractical and/or overly burdensome in many situations.

11.3.1  �Compartmental Pharmacokinetic Models

To date, there have been few CPK models constructed for the analysis of TCE phar-
macokinetics. Nevertheless, one such model was constructed by Kim et al. (2009) to 
characterize and quantify the pharmacokinetics of TCE metabolites in male B6C3F1
mice exposed to TCE. Specifically, these researchers created a two-compartment
model to predict the time course concentrations of TCE, TCA, dichloroacetic acid
(DCA), S-(1,2-dichlorovinyl)-L-cysteine (DCVC), and S-(1,2-dichlorovinyl)gluta-
thione (DCVG) formation, and used data acquired from a novel analytical method
to calibrate and validate the model. The authors found that following calibration, 
model predictions agreed well with the acquired data, and through a mechanistic 
pathway analysis, suggested that TCE-oxide is the most likely source of the hepato-
toxicant DCA. They concluded by noting that the results of their analyses could be
used to reassess existing models of TCE and ultimately inform the risk assessment 
for this important chemical.
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11.3.2  �Physiologically-Based Pharmacokinetic Models

Aside from its use in predictive tissue dosimetry described above, PBPK models
have been used for a large variety of applications (Reisfeld et al. 2007, 2013; Reddy
et al. 2005; Lyons et al. 2008; Bois et al. 1996; Bois 2000; Hack et al. 2006; Caldwell 
et  al. 2012), including risk assessment, development of dose metrics, biomarker 
characterization, regulatory review, chemical prioritization, chemical mixture toxic-
ity assessment, uncertainty and variability analyses, and dose reconstruction.

A large number of PBPK models for TCE have been developed for virtually all
of the above applications. Table 11.1 contains an extensive list of many of these 
models and their principal features. Some of the distinctive classes of PBPK models
listed are in the areas of cancer and cancer risk assessment (Clewell et al. 1995, 
2000; USAF-EPA TCE PBPK workgroup 2004; Evans et  al. 2009; Chiu 2011; 
Cronin et al. 1995), non-cancer effects and risk assessment (Clewell et al. 1997, 
2000; Barton and Clewell 2000; Simmons et al. 2005; Fisher and Allen 1993; 
Bushnell et al. 2005), development of acute exposure guidelines (Bruckner et al. 
2004; Boyes et al. 2005), equation and data harmonization (Hack et al. 2006; USAF-
EPA TCE PBPK workgroup 2004), combined pharmacokinetic/pharmacodynamic
models (Clewell et  al. 1997; Bushnell et  al. 2005; Clewell and Andersen 1994; 
Simon 1997), and population effects (Bois 2000; Hack et al. 2006; Simon 1997; 
Sohn et al. 2004; Chiu et al. 2009).

One of the most recent and comprehensive models is that of Chiu and coworkers
(2009). The modeling framework developed by these investigators comprises a 
PBPK model for TCE and its major metabolites (see Fig. 11.2) and uses Bayesian 
inference to account for population variability and experimental and model uncer-
tainty. In developing, calibrating, and validating this model, they used data from
mice, rats, and humans, and considered a wider range of physiological, chemical, in 
vitro, and in vivo data than any previously published analysis of TCE. Owing to the
above features, this PBPK model may represent the most complete, and thoroughly
parameterized and validated, PBPK model for TCE to date.

11.4  �Pharmacodynamic Models

Pharmacodynamics is the study of the biochemical and physiological effects of
xenobiotics and the mechanisms of their actions. Pharmacodynamics (PD) is fre-
quently referred to as “what the chemical does to the body”. Models of pharmaco-
dynamics incorporate information about how, and to what extent, the toxicant and/
or its metabolites interact with relevant biomolecules or structures (e.g., receptors, 
enzymes, macromolecules, membranes). These models are often designed to answer 
questions like “Given a concentration (internal dose) of a chemical contaminant at
some site of action, what is the level of the biological response over time and how 
does this response depend on the internal dose?”. For example, a researcher inter-
ested in understanding the carcinogenic potential of a new chemical may develop a 
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Table 11.1 Physiologically-based pharmacokinetic (PBPK) models for trichloroethylene

Year Study authors Modeling features Reference

1987 Andersen, Gargas,
Clewell, and 
Severyn

Simulation of gas uptake studies for TCE
and 1,1-dichloroethylene (1,1-DCE) in
male Fischer 344 rats using PBPK
modeling

Andersen et al.
(1987)

1989 Koizumi Amalgamation of information obtained in
rats and man by various routes of 
exposure to TCE and PCE using PBPK
modeling

Koizumi (1989)

1990 Fisher, Whittaker, 
Taylor, Clewell, 
and Andersen

Prediction of TCE kinetics in a lactating rat
and nursing pup using PBPK modeling

Fisher et al. 
(1990)

1991 Sato, Endoh, Kaneko,
and Johanson

Investigation of the effect of physiological
factors on the pharmacokinetic behavior 
of inhaled TCE

Sato et al. (1991)

1991 Staats, Fisher, and
Connolly

Simulation of TCE, methylene chloride,
chloroform, and dichloroethane 
toxicokinetics using a two-compartment 
description of GI absorption

Staats et al.
(1991)

1993 Allen and Fisher Prediction of TCE and TCA disposition in
humans using PBPK modeling

Allen and Fisher
(1993)

1993 Fisher and Allen Simulation of gavage and inhalation
bioassays with TCE using PBPK
modeling and linkage with plausible 
dose-metrics for carcinogenesis

Fisher and Allen
(1993)

1994 Clewell and Andersen Overview of several PBPK models,
including one for TCE

Clewell and 
Andersen
(1994)

1995 Barton, Creech, 
Godin, Randall,
and Seckel

Simulation of the pharmacokinetics of a
mixture of TCE and vinyl chloride in 
rats using a PBPK model

Barton et al. 
(1995)

1995 Clewell, Gentry,
Gearhart, Allen,
and Andersen

Cancer risk estimation for human exposure 
to TCE using a PBPK model coupled
with a linearized multistage model

Clewell et al. 
(1995)

1995 Cronin, Oswald,
Shelley, Fisher,
and Flemming

Risk assessment for TCE using a PBPK
model coupled with a linearized 
multistage model to derive human 
carcinogenic risk extrapolations

Cronin et al. 
(1995)

1996 El-Masri, Constan, 
Ramsdell, and
Yang

Investigation of an interaction threshold
between TCE and 1,1-dichloroethylene
in Fischer 344 rats using PBPK
modeling

el-Masri et al. 
(1996a)

1996 El-Masri, Tessari, and 
Yang

Investigation of mechanism of interaction
between TCE and 1,1-dichloroethylene
using data from gas uptake experiments 
and a PBPK model

El-Masri et al. 
(1996b)

(continued)
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Year Study authors Modeling features Reference

1996 Thomas, Bigelow, 
Keefe, and Yang

Comparison of simulations results with existing 
biological exposure indices (BEIs) for six
industrial solvents (TCE, benzene, 
chloroform, carbon tetrachloride, methylene 
chloride, methyl and chloroform) using 
PBPK and Monte Carlo modeling.

Thomas et al. 
(1996)

1997 Abbas and Fisher Simulation of the pharmacokinetics of TCE
and its metabolites in the B6C3F1
mouse using a six-compartment PBPK
model

Abbas and Fisher
(1997)

1997 Bogen and Gold Prediction of maximum concentration level
for cytotoxic end points using PBPK
modeling

Bogen and Gold
(1997)

1997 Clewell, Gentry, and
Gearhart

Non-cancer risk assessment incorporating 
both mechanistic and delivered dose 
information using a PBPK model along
with the benchmark dose method

Clewell et al. 
(1997)

1997 Simon Simulation of occupational exposure to
TCE using Monte Carlo population 
distribution sampling and PBPK
modeling

Simon (1997)

1998 Fisher, Mahle, and 
Abbas

Prediction of blood, urine, and exhaled
breath concentrations using PBPK
modeling and comparison to data from 
human volunteers

Fisher et al. 
(1998)

1998 Lipscomb, Fisher,
Confer, and 
Byczkowski

Extrapolation of TCE pharmacokinetics to 
humans using in vitro data and a PBPK
model

Lipscomb et al.
(1998)

1998 Stenner, Merdink,
Fisher, and Bull

Investigation of the role of enterohepatic
recirculation on the pharmacokinetics of 
major metabolites of TCE using PBPK
modeling

Stenner et al.
(1998)

1999 Greenberg, Burton,
and Fisher

Prediction of the disposition of inhaled TCE
for mice; PBPK model contains
submodels for chloral hydrate, free and 
glucuronide-bound TCOH, TCA, and
DCA

Greenberg et al.
(1999)

2000 Bois Estimation of both variability between 
experimental groups and uncertainty in 
toxicokinetics using Bayesian analyses 
of a PBPK model for rodents and
humans, including

Bois (2000)

2000 Barton and Clewell Utilization of a PBPK model within a
framework for evaluation of chronic 
exposure limits for non-cancer effects

Barton and 
Clewell 
(2000)

2000 Clewell, Gentry,
Covington, and 
Gearhart

Prediction of the kinetics of TCE, TCOH,
and TCA, in the mouse, rat, and human
using a PBPK model, for both oral and
inhalation exposure; dose metrics 
provided for cancer risk assessment

Clewell et al. 
(2000)

Table 11.1  (continued)
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Year Study authors Modeling features Reference

2002 Albanese, Banks,
Evans, and Potter

Investigation of TCE pharmacokinetics in
adipose tissue using three different 
PBPK models

Albanese et al.
(2002)

2002 Dobrev, Andersen,
and Yang

Simulation of interaction thresholds for
human exposure to mixtures of TCE, 
PCE, and methyl chloroform using
PBPK modeling

Dobrev et al.
(2002)

2002 Hissink, Bogaards, 
Freidig, 
Commandeur, 
Vereulen, and van
Bladeren

Risk assessment for TCE using in vitro 
metabolic parameters and PBPK
modeling

Hissink et al. 
(2002)

2002 Simmons, Boyes,
Bushnell, Raymer,
Limsakun,
McDonald, Sey,
and Evans

Evaluation of neurotoxicity data aided by 
the development of a PBPK specifically
for the Long Evans rat

Simmons et al.
(2002)

2003 Keys, Bruckner,
Muralidhara, and 
Fisher

Expansion and extensive tissue dosimetry 
validation of rodent PBPK models for
TCE exposure

Keys et al. (2003)

2004 Bruckner, Keys, and
Fisher

Estimation of acute exposure guideline 
levels based on PBPK model predictions
of time course concentrations for TCE 
in the blood and/or brain of rats and
humans

Bruckner et al. 
(2004)

2004 Clewell and Andersen Estimate target tissue doses for the three 
principal animal tumors associated with 
TCE exposure (liver, lung, and kidney) 
using PBPK modeling

Clewell and 
Andersen
(2004)

2004 Isaacs, Evans, and
Harris

Investigation of the mechanism of
metabolic interactions during simultane-
ous exposures to TCE and chloroform 
using a PBPK model incorporating
mixed enzyme inhibition

Isaacs et al.
(2004)

2004 Sohn, McKone, and
Blancato

Identification of some of the difficulties in
reconstructing population-scale 
exposures when using Bayesian 
inference and PBPK models

Sohn et al. (2004)

2004 USAF-EPA TCE
PBPK workgroup

Prediction of the kinetics of TCE, TCOH,
and TCA, in the mouse, rat, and human,
for both oral and inhalation exposure; 
dose metrics provided for cancer risk 
assessment

USAF-EPA TCE
PBPK
workgroup 
(2004)

2005 Beliveau and Krishnan Simulation of the pharmacokinetics of
inhaled TCE and other VOCs in humans
using a spreadsheet-based PBPK model,
and the estimation of its parameters 
based on quantitative structure-property 
relationships (QSPRs)

Béliveau and 
Krishnan
(2005)

Table 11.1  (continued)

(continued)
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Year Study authors Modeling features Reference

2005 Boyes, Evans, Eklund, 
Janssen, and 
Simmons

Development of acute exposure guideline
level recommendations for various 
exposure durations and levels of severity 
using arterial blood concentrations 
predicted using a PBPK model

Boyes et al. 
(2005)

2005 Bushnell, Shafer,
Bale, Boyes, 
Simmons, Eklund,
and Jackson

Prediction of the neurotoxicity of TCE and
other VOCs using an exposure–dose–
response (EDR) model comprising a
PBPK model linked to a toxicodynamic
component

Bushnell et al. 
(2005)

2005 Simmons, Evans, and
Boyes

Determination of dose metrics predictive of
the acute neurotoxic effects of TCE 
using PBPK modeling

Simmons et al.
(2005)

2006 Hack, Chiu, Jay Zhao, 
and Clewell

Population analysis of a harmonized PBPK
model for TCE using Bayesian 
inference

Hack et al. (2006)

2006 Haddad, Tardif, and 
Tardif

Characterization of the influence of 
different routes of exposure to volatile 
organic chemicals present in drinking 
water using PBPK models for trihalo-
methanes and TCE

Haddad et al. 
(2006)

2007 Liao, Tan, and Clewell Estimation of exposures to volatile organic 
compounds that correspond to levels 
measured in fluids and/or tissues using a
generic PBPK model coupled with
exposure pattern characterization, Monte 
Carlo analysis, and quantitative structure 
property relationships

Liao et al. (2007)

2007 Rodriquez, Mahle,
Gearhart, Mattie,
Lipscomb, Cook,
and Barton

Prediction of age-appropriate pharmacoki-
netics of TCE, PCE, benzene, chloro-
form, methylene chloride, or methyl 
ethyl ketone in the rat utilizing 
physiologically based pharmacokinetic 
modeling

Rodriguez et al.
(2007)

2007 Yokley and Evans Evaluation and comparison of two 
alternative PBPK models for TCE based
on parameter sensitivity analyses

Yokley and Evans 
(2007)

2008 Easterling, Evans, and 
Kenyon

Comparison of SimuSolv and MATLAB for
PBPK modeling of TCE

Easterling et al. 
(2000)

2008 Li, Schultz, Keys,
Campbell, and 
Fisher

Prediction of dichloroacetic acid (DCA)
biotransformation and kinetics in 
humans administered DCA by
intravenous infusion and oral ingestion 
using PBPK modeling

Li et al. (2008)

2009 Chiu, Okino, and
Evans

Development of a comprehensive,
Bayesian, PBPK model-based analysis
of the population toxicokinetics of TCE 
and its metabolites in mice, rats, and 
humans, considering a wider range of 
physiological, chemical, in vitro, and in 
vivo data than any previously published 
analysis of TCE

Chiu et al. (2009)

Table 11.1  (continued)
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PD model to predict DNA adduct levels as a function of the internal dose of this
compound. In the context of toxicant exposure, pharmacodynamics are often
referred to as toxicodynamics.

As described below, pharmacodynamic models for TCE have focused on predic-
tions for both cancer and non-cancer endpoints. In addition, a number of studies related
to TCE risk assessment have utilized pharmacodynamic models coupled to pharmaco-
kinetic components (Clewell et al. 1997; Bushnell et al. 2005; Clewell and Andersen
1994; Simon 1997); these studies are not described in this section, but were discussed 
previously (vide supra) and/or are listed in the PBPK model table (Table 11.1).

To delineate and quantify the effects of TCE on oxidative stress in the liver, 
Byczkowski and coworkers (1999) developed a biologically based pharmacody-
namic (BBPD) model. Focusing on chemically-induced lipid peroxidation (a pro-
cess associated with nephrotoxicity (Cojocel et  al. 1989), autoimmune diseases 

Year Study authors Modeling features Reference

2009 Evans, Chiu, Okino,
and Caldwell

Investigation of the role of TCA in the liver
in TCE-induced hepatomegaly in mice 
using PBPK modeling and exposure
data for TCE, TCA, and DCA.

Evans et al. 
(2009)

2010 Chen, Shih, and Wu Estimation of inhalation exposure to TCE 
using a PBPK model based on repeated
measurements in venous blood along 
with a hierarchical Bayesian approach

Chen et al. (2010)

2010 Csanády, Göen, Klein,
Drexler, and Filser

Development of a two-compartment PBPK
model to simulate the disposition of the 
TCE metabolite TCA based on
concentration of inhaled TCE in humans

Csanády et al. 
(2010)

2011 Chiu Analysis of the role of TCA in hepatomeg-
aly by PBPK modeling that incorporates
non-linear changes in internal TCA dose
due to dose-dependent fractional 
absorption

Chiu (2011)

2011 Price and Krishnan Prediction of the inhalation toxicokinetics
of chemicals in a mixture containing 
TCE using an integrated QSAR-PBPK
modeling approach

Price and
Krishnan
(2011)

2011 Valcke and Krishnan Assessment of the impact of exposure route
on the human kinetic adjustment factor 
used in non-cancer risk assessment 
using a multi-route PBPK model
appropriate TCE and several other 
VOCs

Valcke and
Krishnan
(2011)

2012 Chen, Shih, and Wu Reconstruction of exposure to TCE using a
physiologically based toxicokinetic 
model with cumulative amount of 
metabolite in urine

Chen et al. (2012)

2012 Mumtaz, Ray,
Crowell, Keys,
Fisher, and Ruiz

Evaluation of minimal risk levels for 
volatile organic compounds, including 
TCE, using a generic seven-compart-
ment PBPK model

Mumtaz et al. 
(2012)

Table 11.1  (continued)
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(Wang et al. 2007), and other adverse health effects (Hu et al. 2008)), they updated 
a previous mathematical model (Byczkowski et al. 1996) to describe the kinetics 
and dose response induced by TCE in vivo. This model had several unknown param-
eters that were determined experimentally using an in vitro system in which 
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Fig. 11.2 Structural diagram for the comprehensive PBPK model for TCE and its metabolites
developed by Chiu et al. (2009) (Adapted with permission)
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precision-cut mouse liver slices were exposed to TCE vapors and the lipid peroxida-
tion was quantified using an assay for thiobarbituric acid reactive substances. 
Through a series of simulations and comparisons to available data, these researchers 
concluded that their BBPD model adequately described both the PK and PD of
TCE-induced lipid peroxidation. When fully validated, we anticipate that models 
such as this one will have the potential to provide researchers with tools to evaluate 
and quantify the effect of TCE dose on oxidative stress in the liver.

Unlike the non-cancer endpoint study just described, the work of Chen (2000) 
focused on developing a dose-response model for liver tumors induced by TCE. 
This biologically-based dose-response (BBDR) model was constructed using the
general approach of Cohen and Ellwein (1990) and the stochastic models of Chen 
and Farland (1991) and Tan and Chen (1995). According to the study author, the
utility of such a model could be to quantitatively describe TCE, DCA, and TCA
bioassay results, clarify the role of these compounds on tumor induction, and evalu-
ate how interactions among these chemicals could potentially impact low-dose 
extrapolation. By comparing model simulations and literature data on tumor inci-
dence, Chen demonstrated that DCA could be responsible for most of the tumor
response found in TCE and TCA bioassays. Aside from this important result, the
author clarified the importance of biological assumptions on low-dose risk esti-
mates, and emphasized the need for more flexible BBDR models and further labora-
tory studies to clarify the biological processes underlying dose-response relationships 
for TCE.

11.5  �Quantitative Structure Activity Relationships

Quantitative structure activity relationships (QSARs) are mathematical models that
link the structural characteristics of a chemical with its chemical or biological activ-
ity (Hansch and Leo 1995). When QSARs are used for property predictions, they
are often called quantitative structure property relationships (QSPRs). The struc-
tural characteristics, or descriptors, are generally electronic, geometrical, topologi-
cal, or constitutional properties of the molecule, while the biological activity is 
typically a physicochemical property of the molecule or some appropriate toxico-
logical/pharmacological endpoint. For example, suppose that a researcher is inter-
ested in determining a measure of acute toxicity (LD50) for a large family of
chemical congeners. One approach would be to experimentally determine this value
for each chemical. This could be quite laborious, and each new chemical of interest 
would have to be tested. Another approach would be to (i) determine the value of
LD50 for only certain of the congeners, (ii) identify easily-calculated chemical
properties of the congeners that are good predictors (descriptors) of LD50 [say lipo-
philicity (logP), molar refractivity (MR), H-bonding acceptor ability (HBA), and
H-bonding donor ability (HBD)], and (iii) create a mathematical correlation to pre-
dict LD50 based on these descriptors, e.g., LD50=α*logP+β*MR+χ*HBA+δ*H
BD, where α, β, χ, δ would be determined from the experimental data obtained for 
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the limited set of congeners. If the chosen descriptors and correlation form were
appropriate, this equation could be used to predict the unknown values of LD50 for
all of the remaining congeners.

QSAR models have been developed in several areas related to TCE pharmacoki-
netics and pharmacodynamics. In particular, for pharmacokinetic applications
QSARs have been used to estimate a number of essential physicochemical param-
eters, such as the partition coefficient (PC). The PC, which depends on the proper-
ties of both the chemical and the tissue, is the ratio of the equilibrium concentration 
of the chemical in the tissue to that in the blood or plasma. Payne and Kenny (2002) 
examined a number of QSAR equations for calculating blood-air, tissue-air, or
tissue-blood partition coefficients of TCE and other volatile organic chemicals in 
human and rat tissues. By comparing the predictions from several published empiri-
cal, non-empirical (tissue composition-based), and semi-empirical equations for 
tissue-air and tissue-blood PCs in humans and rats, they concluded that (i) some of
the model equations could be used to estimate human blood–air PCs, but that pre-
dictions for the rat (for which chemical binding with blood proteins was significant) 
were not well predicted by any of the equations, (ii) tissue–blood PCs were most
accurately estimated for most chemicals by empirical equations, and (iii) no single 
choice of model equation was best under all circumstances and that the appropriate 
choice will depend on the chemical, tissue, and species of interest.

Another study involving the application of QSARs to PK analyses was conducted
by Price and Krishnan (2011), who developed an integrated QSAR-PBPK modeling
approach to predict the inhalation toxicokinetics of chemicals in TCE-containing 
mixtures. One of the major aims of the study was to use QSARs to estimate many of
the model parameters for which experimental studies were usually required. In par-
ticular, the authors determined PCs and kinetic parameters for metabolism (Vmax and 
Km) based solely on chemical structure using a group contribution approach. They 
then used these estimated parameters within an interaction-based PBPK models to
predict the ADME of chemicals in mixtures of up to ten components. Despite some
apparent inaccuracies in the parameter estimates, the study authors concluded that 
their integrated modeling methodology was useful for initial assessments of the phar-
macokinetics of components within chemical mixtures.

A limited number of studies have employed QSAR modeling to analyze and
characterize the pharmacodynamics associated with TCE exposure. One such study
was conducted by Niederlehner et al. (1998) who developed QSAR models to pre-
dict the response of the daphnid Ceriodaphnia dubia to six widely used industrial 
chemicals, including TCE. In particular, these investigators developed QSARs to
relate relevant endpoints [lethal concentration (LC50) at 2 days and reproductive
impairment (reproductive IC50)] with the octanol-water partition coefficient (Kow)
for the chemical or chemical mixture of interest. The authors also constructed a 
QSAR to predict the toxicity of the applied chemical mixture as a function of the
mixture composition. Based on the study results, they determined that the QSARs
developed seemed consistent with those created by other investigators for other spe-
cies of daphnid, and that while a predictive dose-additive relationship overestimated 
toxicity for the chemical mixtures, the fitted (QSAR) models were more consistent
with the observed results.
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Aside from predictions of endpoints related to acute toxicity, QSARs have been
constructed and applied for the prediction of the genotoxicity of many chemicals 
(Worth et al. 2013). For example, Parry et al. (1996) utilized QSAR modeling to
analyze the chromosome malsegregation in Aspergillus nidulans by a structurally-
related series of halogenated hydrocarbons, including TCE. To develop the QSARs,
these researchers correlated three endpoints of interest [induction of chromosome
malsegregation leading to aneuploidy (LEC), arrest of mitosis (ARR), and lethality
(D37)] to two chemical descriptors [the molar refractivity (MR) and the difference
between the highest occupied molecular orbital and the lowest unoccupied molecu-
lar orbital (DIFF)] using a set of training compounds. Following this parameteriza-
tion, they used these QSARs to predict the activities of an unrelated test set of
congeneric chemicals. Based on these and other validations, the study authors con-
cluded that the models developed were highly effective in their ability to predict the 
activity of previously untested chemicals, but also noted that the potential to use this 
QSAR-based approach to predict the activity of aneugenic chemicals in higher
organisms is presently unknown.

11.6  �Future Directions

There are a number of scientific, economic, and societal factors motivating a trans-
formation in chemical risk assessment from one that relies heavily on data gener-
ated through the dosing of experimental animal, to one in which virtually all routine 
toxicity testing would be conducted in vitro by evaluating the response of human 
cells or cell lines in a series of high-throughput, toxicity pathway assays (National 
Research Council 2007). A key element in enabling such a transformation will be
the development and use of computational modeling tools in the fields of “omics” 
and systems biology to help organize, analyze, integrate, and augment these assay 
data (Raunio 2011).

11.6.1  �“Omics” Models

Omics refers to the scientific disciplines and collective technologies involved in
analyzing the roles and actions of molecules within various cellular “omes”, such as 
the genome, proteome, and metabolome (Mayer 2011). Computational models in 
this field seek to organize experimental omics data, simulate interactions within and 
between components of the system, help to decipher relevant biology, and predict 
outcomes of perturbations to the system.

Genomic modeling focusses on developing and using computational tools and
methods to understand and interpret genome sequences, including such diverse 
techniques as phylogenetic analysis, biosequence analysis, and gene expression data 
analysis (Koonin 2001; Luscombe et al. 2001). These complex approaches are data 
intensive and can benefit from the structure provided by modeling. For example, 
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biosequence analysis examines the structure or function of DNA, RNA or peptide
sequences in order to answer questions about sequence homology, regulatory ele-
ments, single nucleotide polymorphisms (SNPs) and other features. The methods
used for sequence analysis are quite diverse, but all generate large amounts of data. 
A genome-wide association study to examine SNPs can generate one billion geno-
types. Modeling can help researchers to organize, synthesize, analyze, and interpret 
this vast array of diverse data.

Although few genomic models have been developed in the context of TCE expo-
sure, one such study was conducted by Kim et al. (2011), who conducted a large-scale 
gene expression analysis on animals exposed to TCE and two other VOCs (dichloro-
methane and ethylbenzene). A principal aim of this study was to determine if charac-
teristic molecular signatures could be derived for each toxicant from gene expression 
profiles. Through the use of gene expression analysis, the study investigators were 
able to find such molecular signatures and identify many genes that could be used to 
discriminate between VOC-exposed animals and healthy controls. The authors con-
cluded that such expression signatures could be used as surrogate markers for detect-
ing and characterizing biological responses to VOC exposure in the environment.

Metabolomic modeling centers on describing and quantifying the metabolic 
pathways and spatially- and temporally-varying inventory of metabolites in cells, 
tissues, organs, or organisms, and linking this information to specific disease states 
or toxic insults. To date, the only model of this type for TCE is that of Mayeno et al. 
(2005), who developed a computer-based simulation tool, BioTRaNS (biochemical
tool for reaction network simulation), that predicts metabolites from exposure to 
multiple chemicals and interconnects their metabolic pathways. In this study, the
investigators used TCE and three other common drinking water pollutants (PERC,
methyl chloroform, and chloroform) as test cases, and through a combination of 
simulations, discovered new interconnected metabolic pathways and previously-
unreported metabolites, predicted reactive intermediates, such as epoxides and acid 
chlorides, and uncovered points in the metabolic pathways where typical endoge-
nous compounds, such as glutathione or carbon dioxide, were consumed or gener-
ated. Example predicted metabolic pathways for a mixture of the four test chemicals 
using a simplified set of reaction rules are shown in Fig. 11.3; for results using more 
complete reaction rules, see the original publication (Mayeno et al. 2005). Aside
from the results obtained in this particular study, the study authors suggested that 
BioTRaNS has the potential to aid in risk assessment and provide new and impor-
tant insights into metabolites and the interrelationship between diverse chemicals 
that may remained unnoticed through experimentation alone.

11.6.2  �Systems Biology Models

In contrast to omics, systems biology centers on an integration of data from multi-
ple levels of complexity across “omes” into a “systems view” of biological and 
pathological processes. In the field of toxicology, systems biology frequently
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involves an analysis of how xenobiotic-induced perturbations in gene and protein 
expression are linked to toxicological outcomes. The goal of systems biology mod-
eling is to create holistic computational models of the functioning of the cell, mul-
ticellular systems, and ultimately the organism. These in silico models have the 
potential to elucidate linkages within and across the exposure-dose-effect contin-
uum and may provide virtual test systems for evaluating the toxic responses of cells, 
tissues, and organisms.

Systems biology models and approaches for TCE are uncommon, though one
such study was undertaken by Pleil (2009), who used a holistic approach and con-
ceptual pathway model to begin to characterize and quantify the relationship 
between environmental exposures and human disease. By analyzing data obtained 

Fig. 11.3 BioTRaNS-generated biotransformation pathways for a mixture of trichloroethylene,
PCE, methyl chloroform, and chloroform. Reactive metabolites are highlighted as follows: epox-
ides (brown, box, dashed); acid chlorides (orange, box, solid); thioketene (turquoise, box, solid); 
starting chemicals (blue, ellipse, solid)
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in several exposure studies focused on TCE and methyl tertiary butyl ether, he 
determined the relative roles of contaminant concentration level, biological media 
(breath or blood), and the contaminant type on the variability of biomarker measure-
ments. As a result of these analyses, Pleil found that the observed variance in bio-
markers depended more on the variability in exposures than on interindividual 
differences in internal biological parameters, and suggested that in the longer term, 
such a systems biology approach has the potential to inform the assessment of sus-
ceptibility ranges along many relevant toxicological pathways.

11.7  �Example: Modeling of TCE-induced Autoimmunity

Exposure to TCE has been found to trigger or exacerbate autoimmune responses 
and/or autoimmune diseases. Chemically-induced autoimmunity (Bigazzi 1988) is 
a complex process, involving, inter alia, exposure to the chemical, its absorption, 
distribution, metabolism, and elimination, interactions of the parent chemical and/
or its metabolites with biological targets, epigenetic and other cellular alterations, 
and an immune response. Each of these elements, in itself, is an intricate process.

Although the role of TCE in inducing autoimmune disease has been qualitatively
investigated and described in a number of references (Cooney and Gilbert 2012; 
Gilbert 2010; Gilbert et al. 2009; Cooper et  al. 2009) including sections of this 
book, mathematical models describing the pathogenesis of TCE-induced autoim-
munity are lacking. Mathematical modeling can be beneficial in a number of ways: 
for example, in testing hypotheses and gaining insights into the mechanism of the 
disease process, such as critical events leading to the disease, the time course of 
molecular and cellular processes during disease progression, the relative impor-
tance of processes and cell types involved. Moreover, once a model has been vali-
dated, its application may facilitate (a) reduced number of animals required in 
testing and more efficient experimental designs, (b) improved and personalized 
treatment regimens, as well as disease prevention, and (c) better prediction of the 
sequelae and/or prognosis of a disease. An excellent introduction to mathematical
modeling of biological systems is presented by de Pillis and Radunskaya (2012).

Here, we illustrate an example of how to approach a first-generation model for 
TCE-induced autoimmunity (TAI). Before proceeding to develop a model, we should
first identify the goals of the model, i.e., what questions do we want answered? For
instance, suppose we wish to know if the magnitude of TCE-induced autoimmune 
hepatitis (AIH) could be estimated based on a quantitative measure of a biomarker,
in a biological fluid such as blood or urine. In this case, the model should be focused
on the liver (target organ), hepatitis (endpoint), and biomarkers in blood and urine 
(predictor variables). A literature search revealed no previous models of TCE-AIH,
although other autoimmune diseases and processes have been modeled. Often, if the
exact system of interest has not been modeled, models describing analogous or 
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related systems should be examined to consider whether the methodologies and 
approaches used for those systems can be adapted or serve as starting points.

Next, to develop this predictive model, an understanding of postulated and 
known mode-of-action of TCE-induced hepatitis would be necessary, as well as 
related aspects such as the ADME of TCE. If we are examining hepatitis of the liver,
why is ADME important? It is because of what we wish the model to predict: here,
the model must link biomarkers in blood and urine to pathologic features in the 
liver. Moreover, knowledge of the proposed pathogenetic mechanism of the disease 
indicates the importance of ADME: specifically, (a) TCE is transported via blood to
the liver, metabolized, and eliminated, in a time-dependent fashion; (b) metabolites 
of TCE are believed to trigger or contribute to the disease onset, and (c) the bio-
markers of interest are those in blood and urine.

The most straight-forward biomarkers would be TCE itself and its metabo-
lites, in blood and urine. However, as hepatic concentrations are likely to more 
relevant than the concentrations in the blood, an important modeling aspect 
would be to relate blood or urine concentrations to those in the liver. This can 
be accomplished through the use of PBPK modeling (described above).
Metabolism of TCE to reactive intermediates is mediated by enzymes, such as 
the cytochrome P450 2E1 enzyme, which show inter-individual variability and
are chemically inducible. Adducts formed between reactive metabolites and
biological targets, as well as perturbations to cellular processes (e.g., oxidative 
stress and consequent products like aldehydes) may contribute to the initiation, 
progression, and behavior of the autoimmune response, a process mediated by 
specific immune cell types and cell-signaling proteins such as cytokines. Further, 
TCE exposure has been associated with epigenetic alterations which may modu-
late the immune response. All of these processes involve temporal and spatial
aspects. Thus, monitoring the appearance and disappearance of these specific 
liver events over time and relating them to biomarkers through mathematical 
models may lead to the discovery of biomarkers that can be used to better under-
stand and predict disease progression. Further, a time-dependent evaluation of 
specific events within specific immune cell populations may also provide further 
insights. Thus, the experimental data should include “longitudinal” time points, 
collected over the course of the study.

A first-generation conceptual model for TCE-induced AIH is shown in Fig. 11.4. 
Note that the conceptual model does not include all known or proposed processes 
related to TCE-AIH pathogenesis; instead, only certain key steps are selected at this
stage, in accordance to the principle of parsimony. To simulate the tissue distribu-
tion of TCE and other biomarkers, a PBPK model is coupled to the AIH model [step
(0)]. Often, a PBPK model is linked with PD model to simulate the experimentally
observed dynamic processes. Given a conceptual model, a mathematical model can
be readily derived by writing an equation for each step. Specifically, the mathemati-
cal representation, corresponding to the beginning steps of the conceptual model in 
Fig. 11.4, is as follows:
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Rmet,i =rate of TCE metabolism, where i=adducts or TCAH;

Mi =metabolite i;

t =time;

fi,met =fraction of metabolites that are of type i;

Vmax,met =maximum rate of formation of metabolites;

Km =Michaelis constant for metabolite formation;
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Fig. 11.4 Preliminary conceptual model TCE-induced autoimmune hepatitis
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[TCE] =TCE concentration at the site of metabolism;

Aadd =amount of adduct formed;

kadd =rate constant for adduct formation;

vmax,a =maximum repair capacity due to damage by adduct formation;

Krep,a =“half-saturation constant” for repair capacity; and

f2 =addition term to be added later during model refinement.

Although TCE and its metabolites are the most straight-forward biomarkers,
other biomarkers may better correlate TCE-AIH disease pathology. The selection of
the biomarkers to be examined should be based on knowledge of the pathogenetic 
mechanism. The experimental work required to identify predictive biomarkers 
could be a major effort.

Finally, once a first generation model has been developed, the model can be fur-
ther enhanced to allow for the investigation of a variety of other relevant research 
questions, such as the details of the mechanism of disease induction, the contribu-
tion of different immune cell types, and genetic predisposition to TCE-AIH, just to
list a few potential applications.
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