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Abstract

Environmental and endogenous electrophiles cause tissue damage through their high reac-

tivity with endogenous nucleophiles such as DNA, proteins, and lipids. Protection against

damage is mediated by glutathione (GSH) conjugation, which can occur spontaneously or

be facilitated by the glutathione S-transferase (GST) enzymes. To determine the role of

GST enzymes in protection against electrophiles as well as the role of specific GST families

in mediating this protection, we exposed mutant mouse lines lacking the GSTP, GSTM,

and/or GSTT enzyme families to the model electrophile acrylamide, a ubiquitous dietary

contaminant known to cause adverse effects in humans. An analysis of urinary metabolites

after acute acrylamide exposure identified the GSTM family as the primary mediator of GSH

conjugation to acrylamide. However, surprisingly, mice lacking only this enzyme family did

not show increased toxicity after an acute acrylamide exposure. Therefore, GSH conjuga-

tion is not the sole mechanism by which GSTs protect against the toxicity of this substrate.

Given the prevalence of null GST polymorphisms in the human population (approximately

50% for GSTM1 and 20–50% for GSTT1), a substantial portion of the population may also

have impaired acrylamide metabolism. However, our study also defines a role for GSTP

and/or GSTT in protection against acrylamide mediated toxicity. Thus, while the canonical

detoxification function of GSTs may be impaired in GSTM null individuals, disease risk sec-

ondary to acrylamide exposure may be mitigated through non-canonical pathways involving

members of the GSTP and/or GSTT families.

Introduction

The integrity of an organism, spanning from the simplest single-cell life forms to mammals,

depends on its ability to protect its structural subunits from damage caused by both strong and
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weak electrophiles; these electrophiles include those generated through metabolic processes as

well as those that are ubiquitous in the environment. Most life forms have addressed this chal-

lenge with a multifaceted response, including the production of high levels of intra- and extra-

cellular glutathione (GSH), a potent nucleophile that spontaneously conjugates to a broad

range of electrophiles. In addition, virtually all aerobic bacteria and eukaryotes have evolved

glutathione S-transferase (GST) enzymes, which are capable of facilitating GSH conjugation to

these electrophiles. The GST genes have been identified in most species, and some have been

shown to take on specialized functions within the species. The importance of these enzymes in

the protection of organisms from environmental challenges is perhaps best underscored by the

rapid evolutionary changes in GST expression and structure in response to new environmental

stresses. For instance, GSTs have been implicated in insect resistance to 1,1,1- trichloro-

2,2-bis-(p-chlorophenyl)ethane (DDT), and they can also be induced in plants by pathogens,

drought conditions, or herbicide exposure [1]. Interestingly, the human population carries

genetic polymorphisms in several highly expressed GSTs, and numerous studies have associ-

ated the variations in these genes with increased disease risk [2–5]. However, a mechanistic

understanding of both the evolutionary driving force that has resulted in the high frequency of

GST polymorphisms in most human populations and the consequence of these null alleles in

humans is lacking and is hindered in part by our limited understanding of the various func-

tions/activities of these enzymes in vivo.

The human and mouse cytosolic GST superfamilies contain 17 and 22 genes, respectively,

which have been divided into the following 7 classes: alpha, mu, pi, sigma, theta, zeta, and

omega [2, 6]. GSTs within a class share at least 40% of their sequence identity, but there is less

than a 30% similarity between the amino acid sequences of different families [7]. Despite this

between-class variation, all GSTs follow the same structural pattern. All GSTs are dimeric, and

each subunit contains 2 domains. Domain 1, located in the N-terminal region, is highly con-

served across all GSTs, and it provides most of the amino acid residues for GSH binding. In

contrast, domain 2 is located in the C-terminal region; this region is more varied across fami-

lies, and differences in the C-terminal region are believed to be responsible for the different

substrate specificities between GST families. For instance, the GSTM family has a “Mu loop”

located in this domain that results in a deeper active site, as compared to the other GST fami-

lies [1].

Mice lacking individual or multiple members of these gene families have been used to

address the role of GSTs in the pathophysiology of disease and in protection from damage sec-

ondary to xenobiotic exposure [6, 8–10]. However, because of potential overlap in the function

of the various GST enzymes and a poor understanding of how the functions that have been

assigned to these enzymes in vitro extrapolate to in vivo exposures, progress has been slow.

Further complicating our ability to understand these enzymes is the fact that, in addition to

facilitiating metabolism through GSH conjugation, GSTs have also been shown to have addi-

tional functions, such as participating in non-enzymatic “ligandin” binding or in protein S-

glutathionylation [10–15].

Here, we examine the impact of loss of multiple and individual Gst genes on the metabo-

lism and toxicity of the enviromental electrophile acrylamide and its carcinogenic metabolite

glycidamide. Specifically, we used previously described mouse lines lacking one, two, or all

three of the GSTP, GSTM, or GSTT gene families because these families harbor common poly-

morphisms in the human population and have been studied for their potential relation to dis-

ease risk or altered response to pharmaceutical treatment [2, 5, 16]. The highest human

exposures to acrylamide are occupationally-related and result in neuropathic symptoms such

as numbness in the hands and feet, muscular weakness, and peeling skin [17]. However, the

ubiquitous presence of acrylamide in heated carbohydrate-rich foods such as bread, potato
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chips, and French fries [18, 19] has raised public concern; although a link between dietary

acrylamide consumption and cancer has not been definitively made, significant research

efforts are nonetheless being made to develop new technologies to mitigate acrylamide levels

in food [20, 21]. Dietary acrylamide exposure is not limited to humans; autoclaving a standard

rodent diet has been shown to increase the acrylamide levels 14-fold, thus leading to a substan-

tial acrylamide exposure in research laboratories using this heat sterilization technique [22].

While the metabolism of acrylamide in mammals has been extensively studied, the contribu-

tion of the GSTs to this process and the possible mechanisms by which these enzymes can pro-

tect against daily exposure to consumption of this toxicant is not known [23–25]. Thus, the

possible impact of variation in the repertoire of GSTs that are present in the population cannot

be assessed.

Results

GST expression and activity in the liver of mice lacking the GSTP, GSTM,

and GSTT families

As the contribution of a given GST enzyme to xenobiotic metabolism is determined not only

by its activity towards a substrate but also by its level of expression, we first evaluated gene

expression of the various members of the GSTM, GSTP, and GSTT families. RNA was pre-

pared from the livers of adult male and female 129S6 mice, and copies of mRNA for each gene

were determined by digital PCR. Consistent with previous reports, sexual dimorphism in the

expression of these genes was very apparent [26]. Approximately 36,000 GST transcripts were

observed in the cDNA from the male liver, while only 28,000 copies were observed in samples

from female mice. Overall, the GSTM gene family was expressed at a similar level in males and

females, with Gstm1 being the primary transcript expressed at equal levels in both sexes.

Although the expression levels of Gstm2-7 were much smaller, females did have higher tran-

script levels of Gstm2, Gstm3, and Gstm4 relative to males. The difference between males and

females in total GST transcripts largely reflected an increase in Gstp1/2 expression, with only

5,000 copies present in females, as compared to 18,000 in male mice. In contrast, the total

number of transcripts in the GSTT family was higher in females than in males, which was pri-

marily attributable to the increased number of Gstt1 transcripts in the livers of females (3,000

copies) as compared to males (1,000 copies), although females also had increased levels of

Gstt2 and Gstt3 transcripts (Fig 1A).

We next asked whether the single family GSTM and GSTP knock out mouse lines (ΔM and

ΔP, respectively) can be used to assign GST activity to a specific gene family. In comparing the

hepatic expression of the remaining GST enzymes in the single family knockouts, we observed

little to no compensatory upregulation in the knockouts compared to wild-type (WT) mice

(S1 Fig). Although we observed increases in Gstm3, Gstm4, and Gstt2 expression in the ΔP

mice compared to WT, the increases themselves were modest (not exceeding 1.6-fold) and

comprise a very small percentage (<2% each) of the total GST gene pool. To measure enzy-

matic GST activity, we used the test compound 1-chloro-2,4 dinitrobenzene (CDNB), as most

of the GST families are believed to enzymatically conjugate GSH to this compound [27]. Simi-

lar to previous reports, CDNB metabolism by the liver S9 fractions obeyed Michaelis-Menten

kinetics (Fig 1B and 1C) [28]. Perhaps not surprisingly, given the higher expression of GST

transcripts in the male liver, S9 fractions prepared from male mice displayed a higher Vmax

than those prepared from females (S1 Table). However, in addition to the higher Vmax, the Km

towards CDNB in the S9 fractions from male mice was almost three times higher than that of

female mice. Deletion of the GSTT locus had no measurable impact on the kinetics of CDNB

metabolism (S2 Fig). This is not surprising, since CDNB is known to be a poor substrate for

GSTs protect against electrophiles through multiple pathways

PLOS ONE | https://doi.org/10.1371/journal.pone.0225449 November 20, 2019 3 / 22

https://doi.org/10.1371/journal.pone.0225449


GSTT [29]. In female mice, the loss of either the GSTP1/2 or the GSTM families resulted in a

decreased Vmax, but the difference relative to wild-type was more substantial in the ΔM mice

than in ΔP mice. In addition to the dramatic reduction in Vmax, loss of the GSTM gene family

resulted in an increased Km towards CDNB, indicating that in females the GSTM enzymes are

primarily responsible for the activity towards this substrate. A different pattern of changes in

metabolism was observed in mutant male mice. Consistent with the higher expression of

Gstp1/2 in this sex, Vmax was significantly reduced in mice lacking these genes. However, loss

of GSTM genes resulted in no statistically significant changes in these enzymatic parameters,

although modest increases were noted for both Vmax and Km in the ΔM males. The fact that

differences in the kinetics of metabolism become apparent on evaluation of animals lacking

the individual gene families underscores their potential usefulness in assignment of less well

studied GST substrates.

Fig 1. Hepatic GST expression and activity differ between male and female mice. Digital droplet PCR quantification of mRNA copy number of the genes

from the GSTM, GSTP, and GSTT families (A) in livers of female and male mice. Numbers of GSTP1/2 transcripts are shown in dark red (female) or dark blue

(male). For the GSTM (Gstm1-7) family, we first show copies of transcripts for the entire family (red: female; blue: male), followed by copy number for each

individual gene within the family (light red: female; light blue: male). For the GSTT (Gstt1-4) family, we first show total copy number for the entire family

(magenta: female; teal: male), and the copy numbers of the individual genes within this family are represented by a lighter variation of these colors. GST

activity towards the substrate CDNB in liver homogenates from female (B) and male (C) livers with different Gst genotypes. Data represent means ± S.E.M.;

n = 3. Data analyzed by unpaired t-test between sex for each gene; � p< 0.05; �� p< 0.01; ��� p< 0.001; ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0225449.g001
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GSTs protect against genotoxicity of both acrylamide and glycidamide

In contrast to CDNB, very little is known regarding the contribution of GSTs to metabolism

and protection of the organism from environmental electrophiles such as acrylamide. To

establish a role for GSTs in metabolism of acrylamide, we focused on DNA damage as a bio-

marker of acute exposure. DNA damage by acrylamide is thought to occur primarily through

its phase I metabolism to the epoxide glycidamide, which then forms adducts with DNA [30,

31]. We therefore evaluated the contribution of enzymatic GST metabolism in protection

against DNA damage after acute acrylamide and glycidamide exposure. Twenty-four hours

after a single i.p. injection of acrylamide or glycidamide, liver samples were evaluated by the

Comet assay. A single administration of acrylamide resulted in increased genotoxicity in the

ΔPMT mice compared to WT mice, but this effect was dose-specific and only occurred after a

50 mg/kg acrylamide exposure and not at a 25 mg/kg dose (Fig 2A). In addition to displaying

decreased protection against acrylamide-induced genotoxicity, ΔPMT mice also showed

increased DNA damage after glycidamide (50 mg/kg b.w.) exposure (Fig 2B).

Increased sensitivity of ΔPMT mice to the subchronic neurotoxic effects of

acrylamide

Another well-documented outcome of acrylamide exposure is peripheral neuropathy, particu-

larly after chronic and subchronic exposures. Unlike genotoxicity, the neurotoxic effects are

thought to be mediated largely by acrylamide, although some contributions of glycidamide to

neurotoxic endpoints have been shown [32–34].

To determine whether GSTs have a role in neuroprotection, we first measured GST enzyme

activity towards CDNB in the sciatic nerve, spinal cord, cerebellum, and cortex in acrylamide-

unexposed WT and ΔPMT mice. In all instances, ΔPMT mice of both sexes showed severely

Fig 2. ΔPMT mice are susceptible to the genotoxic and neurotoxic effects of acrylamide and glycidamide. (A, B) DNA damage in liver

measured by Comet assay 24 hours after a single injection of (A) 50 or 25 mg/kg acrylamide or (B) 50 mg/kg glycidamide to male mice. DNA

damage is measured as Olive Moment. Each mouse was analyzed in duplicate slides, where each slide contained>50 comets. (C, D) GST

enzyme activity in nervous tissue of wild-type and ΔPMT female (C) and male (D) mice. (E) Percent change in rotarod performance relative

to baseline in male mice after treatment with 200 ppm acrylamide in drinking water for 21 days. (F) Decreased rotarod performance of ΔPMT

male mice compared to wild-type after treatment with 50 ppm acrylamide in drinking water for 5.5 weeks. ACR = acrylamide, SN = sciatic

nerve, SC = spinal cord, Cb = cerebellum, Cx = cortex. Data analyzed by unpaired t-test between genotypes. Data represent means ± SEM,

n = 4–6 (A, B), n = 5 (C, D), n = 10 (E), and n = 6–9 (F); � p< 0.05, �� p< 0.01; ��� p< 0.001; ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0225449.g002
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reduced GST activity in these tissues compared to WT mice (Fig 2C and 2D). This reduced

nervous tissue GST activity, as well as the previously described decrease in hepatic GST activ-

ity, indicates that ΔPMT mice may also be more sensitive to the neurotoxic effects of acrylam-

ide. To test this hypothesis, we measured rotarod performance in WT and ΔPMT mice before

and after treatment with acrylamide. The rotarod test was used because it is one of the most

well-defined methods for measuring acrylamide-induced peripheral neuropathy [35–37].

Mouse rotarod performance did not differ by genotype before acrylamide exposure (WT:

182 ± 23.7 seconds vs. ΔPMT: 166 ± 19.8 seconds, means ± SEM). However, after acrylamide

was administered through drinking water (200 ppm) for 3 weeks, the decline in rotarod per-

formance in the WT group (-36%) was less than that of the ΔPMT group (-74%), thus indicat-

ing that the effect of acrylamide exposure on peripheral neuropathy was greater in the ΔPMT

mice (Fig 2E). To assess GST protection against neuropathy at lower levels of acrylamide expo-

sure, mice were exposed to 50 ppm acrylamide in drinking water at a young age (2–3 weeks

old) for 5.5 weeks. Even at these lower levels of exposure, rotarod performance in ΔPMT mice

was significantly lower than that of WT mice (>40% lower) (Fig 2F). Together, these studies

show that GSTs protect against the peripheral neuropathy of acrylamide, regardless of the dose

that we tested.

GSTP, GSTM, and GSTT protect against systemic toxicity of acrylamide

We next determined if mice lacking individual gene families could be used to identify the GST

enzymes mediating this protective action against acrylamide using well-established models of

acute toxicity. Our initial goal was to identify not only an appropriate dose regime but also

additional physiological and biochemical markers that could be useful in assignment of protec-

tion against acrylamide. To accomplish this, we first administered acrylamide at 50 mg/kg b.w.

by i.p. injection once every 24 hours, as this dose was previously shown to be tolerated by WT

mice for up to 5 days [30, 38]. However, it was apparent after 2 injections that this would not

be appropriate for our studies due to the increased sensitivity of the ΔPMT mice to acrylamide,

and thus the time course was limited to 2 injections. Twenty-four hours after the second dose,

the majority of the ΔPMT mice presented with a decrease in ability to thermoregulate core

body temperature and significant weight loss (Fig 3A and 3B). The ΔPMT mice were also dis-

tinguished by their ruffled fur, trembling, and agitated behavior. Elevated AST levels were

measured in the serum collected from the ΔPMT animals (Fig 3C). In contrast to AST, no con-

sistent increase in ALT was observed throughout these studies (S4 Fig), especially compared to

the model hepatotoxicant acetaminophen, suggesting that the AST increase was the result of

systemic damage rather than liver specific cytotoxicity [39]. Consistent with this, a survey of

expression of numerous genes dysregulated in the liver after oxidative stress and/or exposure

to cytotoxic agents found that they were not consistently altered in the ΔPMT mice (S2 Table).

This and the small magnitude of change in ALT expression made them inappropriate for fur-

ther assignment of GST function to a single gene family. Despite the lack of a corresponding

ALT increase to indicate hepatotoxicity, a modest decrease in liver weight was noted in ΔPMT

mice relative to WT (Fig 3D). Spleen weights were also measured to determine the potential

immunotoxic effects of acrylamide, and decreased spleen weights were measured in ΔPMT

mice relative to WT mice (Fig 3E). Although raw organ weights are presented in the manu-

script, these changes in raw organ weights remained consistent when they were instead calcu-

lated as percentage relative to starting body weight (before acrylamide treatment) or ending

body weight (at necropsy) (S5 Fig). As the observed decrease in spleen weight was not accom-

panied by a decrease in circulating red blood cell counts, we evaluated the number and compo-

sition of white blood cells in the spleen. We chose to examine leukocyte number in the spleen
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rather than blood leukocytes because of the high variability in blood leukocyte number and

composition between individual animals. An evaluation of the total white cell counts and fluo-

rescence-activated cell sorting analysis of splenic leukocytes prepared from acrylamide-treated

ΔPMT male mice showed a reduction in the number of T cells, B cells, and macrophages in

comparison to both wild-type treated mice and controls. Since acrylamide lowered the num-

bers of all of the major splenic leukocyte populations, we used spleen weight as a convenient

surrogate marker for the acrylamide-mediated decrease in leukocytes (S6 Fig). Thus, we con-

cluded that the ΔPMT mice are particularly susceptible to leukopenia after this acute level of

acrylamide exposure. The decreased spleen size and leukopenia that we observe are similar to

a report of immune suppression in which rats exposed to acrylamide displayed decreased

spleen size and cellularity, in addition to decreased circulating blood lymphocytes and

impaired humoral and cell-mediated immune responses [40].

Gastroparesis is a sensitive indicator of acute acrylamide toxicity

Enlarged stomachs were observed in both WT and ΔPMT mice exposed to a single (50 mg/kg)

injection of acrylamide (Fig 4A–4D). Stomach weights were increased relative to controls in

both WT and ΔPMT mice exposed to acrylamide. Importantly, the weight of the ΔPMT stom-

achs was greater than that of WT mice, indicating that GSTs protect against acrylamide-medi-

ated gastroparesis (Fig 4E). This GST protection was more apparent when the dose of

acrylamide was reduced to a single exposure of 25 mg/kg, as gastroparesis under this condition

was still apparent in the ΔPMT group but was not noted in the WT group (Fig 4F). In contrast,

increasing the dose of acrylamide to 75 mg/kg obscured the difference between genotypes (S7

Fig). Gastroparesis was also observed in both WT and ΔPMT mice after a single 50 mg/kg

exposure to glycidamide. Within the glycidamide-exposed group, stomach size in the ΔPMT

group was significantly larger than that of WT mice (Fig 4G).

Despite the fact that acrylamide exposure resulted in gastroparesis in WT 129S6 mice at

exposures commonly used in studies of acrylamide toxicity, we were unable to identify reports

Fig 3. ΔPMT mice display an increased sensitivity to the acute systemic toxicity of acrylamide. Female wild-type and ΔPMT

mice received two acrylamide injections (50 mg/kg i.p.) once every 24 hours over a 2-day period. Day 0 represents pre-exposure

values. Core body temperature measurements (A) over the exposure period and body weight change (B) were recorded during

this period. Following necropsy 24 hours after the second injection, AST (C), liver weights (D), and spleen weights (E) were also

recorded. Data represent means ± S.E.M.; n = 6. Data were analyzed by paired t-test (Day 0 vs. Day 2) within each genotype (A, B)

or by t-test between genotypes on Day 2 (C–E); � p< 0.05; � p< 0.01; ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0225449.g003
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of this particular finding by other investigators who exposed mice to similar or higher acrylam-

ide doses at various routes of administration [30, 31, 41]. We hypothesized that our finding

may be unique because the strain used for our studies (129S6) is rarely used in toxicological

studies. This is supported by our failure to observe gastroparesis in either C57BL/6 or BALB/c

mice exposed to 50 mg/kg of acrylamide; only at single exposures of 100 mg/kg did gastropar-

esis become apparent in the other strains (S7 Fig). As all the mice used in our study are co-iso-

genic 129S6, gastroparesis provides a GST sensitive biomarker for determination of

acrylamide mediated tissue damage.

Protection against high-dose acrylamide exposure cannot be attributed to

GSTM in female mice

The structural differences between GST families support the possibility that a specific GST

family, or even a specific enzyme, will preferentially metabolize any given xenobiotic [1]. To

determine if protection from acute acrylamide toxicity can be assigned to a specific GST fam-

ily, we evaluated metabolism in mice lacking only one or two of the GST families. As female

mice have low levels of GSTP, a dominant role for the GSTM family in protection from acryl-

amide should be more apparent in this sex. Therefore, we conducted an experiment in female

Fig 4. Gastroparesis is a novel, GST-sensitive biomarker of acute acrylamide toxicity. Stomach enlargement of male wild-type (A)

and ΔPMT (B) mice 24 hours after a 50 mg/kg dose acrylamide exposure. Stomachs of male wild-type (C) or ΔPMT (D) mice treated

with PBS control are provided for reference. Stomach weights were measured after a single 50 mg/kg (E) and 25 mg/kg (F) dose of

exposure. (G) Stomach weights of male mice after a single 50 mg/kg exposure to glycidamide. All measurements were taken 24 hours

after the injection. ACR = acrylamide, GLY = glycidamide. Data represent means ± SEM; n = 9–18 (E-F) or 6 (G). Data analyzed by one-

way ANOVA corrected for multiple comparisons; � p< 0.05; ��� p< 0.001; ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0225449.g004
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ΔM mice, which carry a 150 kb deletion in which the Gstm1-7 genes have been removed. Mice

lacking all GSTM genes (ΔM) and mice lacking the GSTP and GSTT families (ΔPT) were

exposed for two consecutive days to 50 mg/kg acrylamide, with WT and ΔPMT mice included

for comparison. At this exposure, WT mice did not differ from untreated animals with the

exception of notable gastroparesis similar in magnitude to the mutant cohorts (Fig 5A). The

ΔPMT mice showed a dramatic loss of thermoregulation that was not apparent in the ΔM or

the ΔPT mice (Fig 5B). Both the ΔM and ΔPT mice were protected against leukopenia (low

splenic leukocyte numbers) and generalized tissue damage (AST) (Fig 5C and 5D).

To utilize gastroparesis as a biomarker in assessing the contribution of the GSTM gene fam-

ily in acrylamide protection, a second experiment was performed at a lower dose (2 i.p. injec-

tions of 25 mg/kg b.w.). At this dose, the only difference that was observed between the GST

deficient and WT animals in any of the previously-described biomarkers was gastroparesis,

which was only observed in the ΔPMT mice. Similar to WT mice, the ΔM females were largely

protected from this acrylamide mediated damage to gastric emptying (Fig 5E). The protection

of the ΔM mice against acrylamide-mediated gastroparesis shows that protection against acryl-

amide toxicity cannot be assigned to the GSTM family alone, despite the fact that this is the

predominant GST family in the female mouse liver. However, it would be interesting to extend

these studies in the future over additional exposure regimes using both the ΔPT and ΔM mice

to further investigate the role of the GSTM family over a broad dose range.

Protection against high-dose acrylamide exposure cannot be attributed to

GSTP in male mice

We next examined the contribution of GSTP against acute acrylamide toxicity in male mice,

due to its high protein expression in the male mouse liver. Male WT, ΔP, and ΔPMT mice

Fig 5. The sensitivity of female ΔPMT mice to acrylamide cannot be assigned to a gene family. (A) Stomach weight, (B) change in core

body temperature, (C) spleen weight, and (D) AST levels in female mice exposed to 2 50 mg/kg injections of acrylamide. (E) Stomach weight

of female mice exposed to 2 25 mg/kg injections of acrylamide. ACR = acrylamide. Data represent means ± S.E.M.; n = 4–10 (A-D) and

n = 3–11 (E). Data analyzed by ANOVA (A, C-E) or paired t-test, relative to starting temperature (B); � p< 0.05; �� p< 0.01; ��� p< 0.001;
���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0225449.g005
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were exposed to two consecutive injections of 50 mg/kg bw/day of acrylamide. We again

observed that stomach size had increased in all genotypes after acrylamide exposure (Fig 6A).

Similarly to females, we observed a dramatic drop in core body temperature in ΔPMT male

mice that was not observed in the similarly treated WT or ΔP mice (Fig 6B). A small decrease

in spleen weight was observed in all mice of all genotypes after acrylamide exposure, but the

ΔP mice did not show any increased sensitivity over WT in this response. In contrast, the

ΔPMT mice had reduced spleen weights compared to the acrylamide-exposed WT and ΔP

groups (Fig 6C). AST was increased only in the ΔPMT genotype after acrylamide exposure

(Fig 6D). To examine a possible role for GSTPs in protection against gastroparesis, an addi-

tional experiment was performed at a lower acrylamide exposure of 25 mg/kg bw/day. In this

experiment, the ΔP mice were significantly protected from acrylamide-mediated gastroparesis

(Fig 6E). These results demonstrate that, despite the clear adverse effects of this high-dose

acrylamide exposure in the ΔPMT group, the sensitivity of ΔPMT mice cannot be attributed

solely to loss of GSTP. Therefore, protection from the toxic effects of acrylamide at these levels

of exposure cannot be attributed solely to GSTM or GSTP.

1H NMR evaluation of mercapturic acid metabolites after acrylamide

exposure identifies contribution of GSTs to metabolism

Enzymatic GSH conjugation by GSTs to electrophiles is the first step in the generation of mer-

capturic acids (MAs) for renal excretion. We therefore asked whether the enzymatic conjuga-

tion of acrylamide and its metabolite glycidamide could be assigned to one GST gene family.

To accomplish this, we utilized 1H NMR, a method that has been previously used to detect the

urinary MA metabolites of acrylamide and glycidamide [42]. The use of 1H NMR to quantitate

urinary MA levels after acute acrylamide exposure would allow us to determine the contribu-

tion of GSTs to this electrophile-glutathione conjugation in vivo. WT and ΔPMT male mice

received a single bolus injection of 50 mg/kg, and urine was collected over the next 90 min.

Fig 6. The increased sensitivity of male ΔPMT mice cannot be assigned to GSTP. (A) Stomach weight, (B) change in

core body temperature, (C) spleen weight, and (D) AST levels in male mice exposed to 2 50 mg/kg injections of

acrylamide. (E) Stomach weight of male mice exposed to 2 25 mg/kg injections of acrylamide. ACR = acrylamide. Data

represent means ± S.E.M.; n = 6–11 (A-D) and n = 5–11 (E). Data analyzed by ANOVA (B-E) or paired t-test, relative to

starting temperature (B); � p< 0.05; �� p< 0.01; ��� p< 0.001; ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0225449.g006
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Acrylamide-exposed mice displayed a peak at 2.06 ppm that is representative of the MA

metabolites that are derived from both acrylamide and glycidamide. Relative to WT mice, the

MA peak was notably smaller in the ΔPMT group, supporting a role for the GSTM/P/T

enzymes in GSH conjugation (Fig 7A and 7B). The measurable MA peak in the ΔPMT mice

likely represented non-enzymatic GSH conjugation.

Contribution of GSTP and GSTM gene families to GSH conjugation of

acrylamide

Female WT, ΔPT, ΔP, ΔM, and ΔPMT mice received a bolus dose of 50 mg/kg acrylamide, and

urine was collected over the next 90 min. As expected, MA levels were significantly reduced in

the ΔPMT mice compared to WT animals. The presence of GSTM and GSTT (ΔP) or GSTM

alone (ΔPT) was sufficient to increase the urinary MAs to their WT levels. In addition, the ΔM

females showed MA levels that were significantly reduced compared to WT and were more

similar to those observed in the ΔPMT animals (Fig 7C), suggesting that in female mice, MA

formation after exposure to high doses of acrylamide is almost entirely mediated by the GSTM

gene family.

To determine the contribution of GSTP to MA formation, we performed a similar experi-

ment with male mice. When male mice were subjected to the same acrylamide dosing scheme,

we observed a similar decrease in MA excretion of ΔPMT mice relative to WT. MA formation

in both the ΔP and ΔPT groups was significantly higher than that observed in the ΔPMT mice,

indicating that the loss of either of these two gene families did not result in the deficiency in

metabolism that was observed in the ΔPMT mice. Although MA levels in the ΔM mice were

slightly higher than those of the ΔPMT group, this difference was not significant. Therefore,

while the expression of only the GSTM family (in ΔPT mice) or the expression of both the

GSTM and GSTT families (in ΔP mice) resulted in a significantly increased capacity for acryl-

amide metabolism over that of the ΔPMT mice, the expression of both the GSTP and GSTT

families (in ΔM mice) did not (Fig 7D). Thus, in male mice, GSTM was also the only one of

the three gene families to which we could assign a role in MA formation.

To verify our findings, we conducted additional experiments with cohorts of female and

male WT and mutant mice in which we normalized the urinary MA levels to those of a coin-

jected non-metabolizable compound. We reasoned that normalization to such a compound

would address the sample-to-sample variation that may be caused by the dilution of acrylam-

ide/MA in urine that could result if the mouse voided its urine immediately prior to the experi-

ment. In addition, this normalization could correct for any difference in urine formation

during the 90 min experimental interval. Sodium saccharin (sacc, 50 mg/kg body weight) was

chosen as a standard because a number of studies indicate that it is not metabolized [43, 44].

Moreover, we found it to be rapidly excreted in the urine, and its location at 7.81–7.92 ppm

does not interfere with any acrylamide-derived peaks (S8 Fig). As expected, in females the

MA/sacc ratio in the ΔPMT group was reduced relative to WT, whereas the ΔPT showed a sig-

nificantly higher MA/sacc ratio relative to the ΔPMT group (Fig 7E). Our study of male mice

was extended to include mice of all genotypes. Again, the MA/sacc ratio was reduced in the

ΔPMT group relative to WT. In contrast, the MA/sacc ratios for the ΔP, ΔT, and ΔPT groups

were significantly higher than those of the ΔPMT group, indicating that the GSTM family is

the only one of these three enzyme families that is needed for enzymatic MA formation.

Although a small increase was observed in the MA/sacc ratio of the ΔM mice relative to the

ΔPMT group, it did not achieve significance. Moreover, the MA/sacc ratio of the ΔM group

was significantly reduced compared to that of WT mice. Both of these findings indicate that

GSTM is the primary gene family to contribute to MA formation in male mice (Fig 7F). Thus,
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Fig 7. GSTM is primarily responsible for the metabolism of acrylamide to its mercapturic acid. Representative 1H NMR spectra of urine collected from

male wild type (A) and ΔPMT (B) mice 90 minutes after a single i.p. injection of 50 mg/kg b.w. acrylamide. The acrylamide multiplet is shown in (A), and the

MA peaks are indicated by the asterisks (�) in each panel. 1H NMR analysis of MA metabolites (C, D) of urine 90 minutes after exposure to 50 mg/kg

acrylamide in female (C) and male (D) mice. Saccharin-normalized MA metabolites in urine of additional cohorts of female (E) and male (F) mice 90

minutes after a coinjection of 50 mg/kg ACR and saccharin. Data represent means ± S.E.M., n = 4–20 (C, D); n = 4–20 (E, F); � p< 0.05, �� p< 0.01, ���

p< 0.001 ���� p< 0.0001, analyzed with one-way ANOVA corrected for multiple comparisons.

https://doi.org/10.1371/journal.pone.0225449.g007
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the ΔM mice are protected from acute tissue damage secondary to acrylamide exposure despite

the dominant role of GSTM in formation and excretion of the MA of this toxicant.

Discussion

Any electrophile that is subject to GSH conjugation by GSTs can also undergo spontaneous

conjugation with this nucleophile under some conditions [45].GSH conjugation is the first

step in the excretion of electrophiles, after which the GSH-electrophile conjugate is processed

further into a MA derivative, which is then excreted. The urinary acrylamide- and glycida-

mide-derived MA metabolites have previously been shown to correlate well with the area

under the time concentration curves for both acrylamide and glycidamide, which means that

urinary MA measurement can be used as a parameter to estimate internal acrylamide or glyci-

damide exposures [46]. However, the measurement of urinary MA metabolites does not allow

us to determine whether the initial GSH conjugation step occurred enzymatically or spontane-

ously. Thus, although it is clear that cells are protected against acrylamide by GSH conjugation,

the contribution of GST enzymes to this process has not been established. Previous work

showed that GSTs could mediate acrylamide-GSH conjugation in both brain and liver lysates

[47, 48]; however, the in vivo evidence has been sparse. Our study shows that GSTs do contrib-

ute in vivo to acrylamide conjugation, as MA formation was largely compromised in the mice

lacking the GSTP/M/T gene families. However, we did still observe a residual MA peak in

these GST-compromised mice, which is indicative of spontaneous conjugation to glutathione

or to metabolism by a GST belonging to a different family, such as GSTA. What is not clear

from our studies is how the dose of acrylamide and the expression of GSTs in a cell alter the

relative contribution of enzymatic versus nonenzymatic formation of MAs.

To examine the enzymatic metabolism of acrylamide at acute exposures, we used 1H NMR

to quantify the levels of urinary MAs in mice of different genotypes. This method has previ-

ously been used to analyze urine after chronic exposure in rats, although in that study it was

part of comprehensive metabolomics analysis and not specifically applied to quantification of

acrylamide metabolites [42]. Other studies have quantified urinary acrylamide-derived metab-

olites in rodents and humans using 13C NMR and/or LC-MS/MS period following an acute

administration of acrylamide [23–25, 49]. We reasoned that 1H NMR could provide a means

for measuring formation of MA immediately after exposure to acute acrylamide. If this was

the case, MA formation could be assigned to a specific gene family. Our study supports a pref-

erential role for the GSTM family in the enzymatic detoxification of acrylamide. We failed to

assign this function to GSTP, even though this is the predominant liver isoform in males. In

addition, we demonstrated the utility of sodium saccharin coadministration as a method for

the normalization of urinary metabolites. To our knowledge, this is the first time that saccharin

has been used as a normalization parameter that can control for differences in urinary volume

and timing of bladder emptying. We demonstrated the viability of this method and anticipate

it to be useful in future experiments of the metabolism of other compounds beyond

acrylamide.

Certain electrophiles have been identified as being metabolized by multiple GST families.

In fact, the substrate promiscuity of CNDB has made it a tool for the study of the combined

activity of the GSTP and GSTM enzymes in tissues [2]. Using liver homogenates, we showed a

similar overlap in CDNB metabolism by GSTP and GSTM; however, we also demonstrated a

differential sensitivity of these two families for CDNB based on the Km. In contrast to CDNB,

other compounds have been shown to be preferentially metabolized by a particular GST fam-

ily. For example, atrazine is widely believed to be metabolized almost exclusively by GSTP,

whereas the metabolism of trans-stilbene oxide has been attributed specifically to GSTM1 [50,
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51]. Clearly, metabolism of a compound by a single gene family has implications for exposure

risk, particularly in the case of the GSTM and GSTT families, where a high percentage of the

population carries null alleles for the primary enzyme of each family.

While our demonstration of perhaps an exclusive role for the GSTM family in the detoxifi-

cation of acrylamide could have important implications for individuals who are homozygous

for GSTM1�0, the concern raised by this finding is tempered by our failure to observe any

increased sensitivity in the ΔM mice in vivo at high levels of exposure. This suggests that a

diminished capacity for GSTs to conjugate glutathione may not result in a decreased protec-

tion against the harmful effects of this electrophile. Rather, the different GST families appear

to be redundant in their protection against acrylamide toxicity, but this redundancy could also

stem from the different mechanisms of protection, i.e., through detoxification (GSH conjuga-

tion) or alternative non-detoxification functions.

There are several possible explanations for the disparity between the severely impaired

acrylamide metabolism and in vivo acrylamide toxicity in the ΔM mice. The ΔM mice, which

excrete levels of MAs that are similarly decreased as the ΔPMT group, still express the other

GST enzymes, and GSTP in particular has received significant attention for its mechanisms of

protection outside of its enzymatic properties [9, 13, 52]. For example, it is well-known that

the overexpression of GSTP in certain solid tumors in cancer patients is associated with che-

motherapy drug resistance, despite the fact that these chemotherapy drugs are not conjugated

by GSTP [12]. One mechanism that has been proposed to explain this protection is the “ligan-

din” function of GSTP. In this model, GSTs bind to molecules and sequester them but do not

catalyze conjugation to GSH. The ligandin binding site (“L-site”) has been identified in human

GSTP [11]. Thus, it is possible that GSTP, despite being unable to metabolize acrylamide,

sequesters the electrophile, limiting its ability to form both protein and DNA adducts.

Although acrylamide is much smaller in size than the ligandin substrates studied to date, we

cannot rule out the possibility that GSTs sequester acrylamide through such a mechanism and

that this function is not specific to a single family.

Recently there has been a great deal of interest in the S-glutathionylation properties of

GSTs, with most studies to date focused on GSTP. S-glutathionylation is a reversible process in

which GSH is added to low pK cysteine sulfhydryl or sulfenic acid moieties on proteins as part

of cellular signaling or during oxidative/nitrosative stress. This GSH addition can therefore act

as a temporary measure to protect these vulnerable sites from damage by reactive oxygen/

nitrogen species. GSTP has been shown to mediate the forward process of S-glutathionylation

[10, 12, 14, 15, 53]. In addition, acrylamide toxicity has been linked to its capacity to adduct to

cysteine sulfhydryl groups on proteins [41, 54]. Therefore, S-glutathionylation by GSTP or

other GSTs could limit the formation of acrylamide protein adducts, limiting cellular damage.

However, the question of whether protein S-glutathionylation is protective at the same pro-

teins and cysteine residues that are targeted by acrylamide remains to be determined.

In summary, our studies suggest that the function of GSTs in protecting cells against both

endogenous and exogenous electrophiles is complex and involves other pathways beyond glu-

tathione conjugation that limit toxicity. While a specific enzyme might be assigned to the for-

mation of the MA, other GSTs can provide protection against cytotoxic actions of the

electrophile. The mechanisms by which these non-detoxification pathways limit toxicity, as

well as their relative contribution to limiting toxicity at various exposure levels, deserves addi-

tional investigation. Future studies using the lines described here as well as additional mouse

lines in which various GSTs have been engineered to lack a specific function should provide a

means of addressing these questions for various exposure models.
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Materials and methods

Mouse lines and reagents

Mice for these studies were bred and maintained in specific pathogen-free housing in ventilated

caging. Generation of the co-isogenic 129S6/SvEvTac GST null line has been previously

described [16]. These genetically modified mouse lines include GSTM-deficient (ΔM) mice,

which carry a 150 kb deletion of the Gstm1-7 genes, GSTP-deficient (ΔP) mice, which carry a 40

kb deletion in the Gstp1-3 genes, and GSTT-deficient (ΔT mice, which carry a 65 kb deletion in

the Gstt1-4 genes. The experiments also included triple knockout mice lacking all three families

(ΔPMT) as well as mice lacking the GSTP and GSTT families (ΔPT). To minimize environmen-

tal differences contributing to phenotype, mice of various genotypes were generally grouped

and co-housed together at weaning. Studies were conducted in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals, and these studies were

also approved by the Institutional Animal Care and Use Committee (IACUC) at the University

of North Carolina–Chapel Hill. During the experiments, all mice were monitored daily and

were removed from the experiment if they approached any of the humane endpoints defined by

the IACUC at the University of North Carolina–Chapel Hill [55]. Acrylamide, glycidamide,

Dulbecco’s phosphate-buffered saline (DPBS), Hank’s balanced salt solution (HBSS), EDTA, L-

glutathione reduced, 1-chloro-2,4,-dinitrobenzene (CDNB), sodium azide, sodium saccharin,

and 3-(Trimethylsilyl)propionic-2,2,3,3-d4 sodium salt (TSP) were purchased from Sigma

Aldrich. Dimethyl sulfoxide (DMSO) was purchased from Corning.

RNA extraction and gene expression analyses

mRNA was extracted from tissues with RNA-bee (Tel Test, Inc.), and cDNA was generated

with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). For the sam-

ples that were analyzed by digital PCR (ddPCR), 10 ng of cDNA were analyzed using ddPCR

Supermix (no dUTP, Bio-Rad), commercially available primers/probes, and a Biosystems

QX200 Droplet Generator (Bio-Rad). Data were acquired and analyzed using QuantaSoft Soft-

ware and the QX200 Droplet Reader (Bio-Rad). For the samples that were analyzed by real-

time PCR (qPCR), the cDNA was amplified using TaqMan Fast Advanced Master Mix

(Applied Biosystems) with commercially available primers (ThermoFisher). Samples were run

in duplicate, and the transcript levels for each gene were normalized to those of 18S using the

ΔCT method. Fold changes in the acrylamide-treated mice were then normalized to those of

the control (PBS-treated) groups using the ΔΔCT method.

GST-CDNB enzyme activity

Tissues were harvested from mice after transcardial perfusion with DPBS and homogenized in

buffer (100 mM KH2PO4, 2 mM EDTA, pH 7.0). Livers were homogenized at a ratio of 150

mg tissue/1 mL buffer; both sciatic nerves from each mouse were pooled in 0.2 mL buffer; all

other tissues (cerebellum, cortex, and spinal cord) were homogenized in 10x buffer/tissue

weight. Tissue homogenates were centrifuged at 10,000 g for 15 min at 4˚C. Aliquots of

homogenates were stored at -80˚C until analysis of GST activity was carried out as previously

described [56]. Kinetics parameters were calculated using GraphPad Prism version 7.0 soft-

ware (GraphPad Software, La Jolla, CA).

Acrylamide/Glycidamide treatment

Mice received 1–2 intraperitoneal (i.p.) injections of the indicated amounts of acrylamide or

glycidamide in DPBS or vehicle at a volume of 10 μL/g mouse body weight. Core body
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temperature was measured using a rectal probe (Physitemp Instruments). For chronic oral

exposure, mice first received 50 ppm acrylamide in drinking water ad libitum for two days to

acclimate mice to acrylamide taste, thus avoiding dehydration secondary to water aversion.

Following this acclimation period, mice were exposed to the indicated dose of acrylamide

throughout the experimental period.

Comet assay

Tissues were placed in 4˚C buffer (HBSS, Ca++ and Mg++ free; 20 mM EDTA; 10% DMSO),

minced with scissors prior to flash-freezing in liquid nitrogen, and stored at -80˚C. For Comet

assay analysis, samples were thawed at 23˚C, and samples containing ~10,000 cells (5–10 μL

cell suspension mixed with 75 μL 0.5% low-melting point agarose) were spread onto micro-

scope slides that had been pre-dipped in 1% agarose. Samples were then lysed and electropho-

resed as described [57]. Slides were stained with SYBR Green I Nucleic Acid Gel Stain

(ThermoFisher) and viewed at 10x magnification on a light microscope (Olympus BX61).

Microscopy images were analyzed, without knowledge of the genotype, using the OpenComet

plugin on ImageJ [58].

Rotarod performance

To measure motor coordination, mice were placed on an accelerating rotarod (Ugo Basile,

Stoelting) that was set at an initial speed of 3 rpm and accelerated at a constant rate to 30 rpm

at the end of the 300 second trial period. To train/habituate mice to this instrument, animals

were subjected to three trial runs. Baseline performance was determined 2 days after training,

in which 2 trial periods were given, with at least 40 seconds between each trial. To determine

the effects of acrylamide on motor neuron function, an additional rotarod test was performed

after the exposure period (either 21 days or 5.5 weeks), followed by a 3-day chemical washout

period. Performance was measured as the average time spent on the apparatus, or latency to

fall, between the 2 trials. For the 21-day exposure experiment, the post-treatment rotarod per-

formance was calculated as a percentage relative to baseline performance. When no baseline

test was performed, rotarod performance was compared directly between experimental

groups.

Plasma separation and clinical chemistry

Blood was collected at necropsy by cardiac puncture and plasma prepared by centrifugation at

3000 rpm for 10 min at 4˚C. AST and ALT levels were measured on a Vet Axcel Clinical

Chemistry System (Alfa Wassermann).

Fluorescence-activated cell sorting analysis

Spleens were collected from experimental animals, and splenocytes were stained with markers

specific for T cells (CD3, CD4, CD8), B cells (CD19), and macrophages (CD11, F4/80). Fluo-

rescence-activated cell sorting (FACS) was performed using CyAn ADP Analyzer (Beckman

Coulter, Brea, CA) and analyzed using FlowJo software (Tree Star, Ashland, OR).

Urine collection

To ensure sufficient production of urine within the experimental period, in some experiments

mice received water mixed with 0.5% methyl cellulose and/or a subcutaneous injection of

saline immediately prior to acrylamide exposure. Mice were placed in metabolic cages, and the

urine was collected over 90 min. After the collection period, the mice were euthanized, and the
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urine that was present in the bladder was recovered and added to the respective sample. Urine

was centrifuged for 10 min at 16,100 g at 4˚C to remove debris and stored at -80˚C until 1H

NMR analysis.

1H NMR sample preparation and analysis

Prior to 1H NMR analysis, 250 μL of urine were added to 5 mm NMR tubes (Wilmad) and

mixed with 300 μL sodium phosphate buffer (pH 7.4) in D2O with 0.1 mM TSP and 0.05%

sodium azide. The 1H NMR spectra were acquired on a Bruker Avance II 850 Spectrometer

equipped with a TCI H-C/N-D 5 mm CryoProbe. For each sample, 32 scans were collected for

a total number of 65,536 points over an acquisition time of 3.2 seconds and a spectral width of

10,204 Hz. The 1H NMR spectra were analyzed using ACD/NMR Processor. Raw free induc-

tion decay (FID) files were zero filled to 131,072 points, multiplied by 0.3 Hz exponential func-

tion, and Fourier transformed. The spectra were referenced to the peak corresponding to TSP

at 0 ppm, phased on the mouse phasing setting, and manually baseline corrected. Prior to

quantification, the water peaks were removed from the spectra.

Supporting information

S1 Fig. Single family GST knockout mice do not show compensatory hepatic GST expres-

sion. Gst transcript levels of (A) female wild-type and ΔM mice and (B) male wild-type and ΔP

mice. The tables below each panel show the percent to which each transcript represents its

individual family or the total hepatic GST content of wild-type mice (calculated from copy

number data in Fig 1A). Data represent means ± SEM; n = 3 (except for Gstt4, where n = 2 for

WT in both A and B because overall transcript levels were very low). Data were analyzed by

unpaired t-test between genotypes; � p< 0.05; �� p< 0.01.

(PDF)

S2 Fig. Loss of GSTT does not affect hepatic GST activity towards CDNB. GST activity

towards the substrate CDNB in S9 fractions from male WT and ΔT mice. Data represent

means ± S.E.M.; n = 3.

(PDF)

S3 Fig. Female ΔPMT mice are more sensitive to acrylamide-induced peripheral neuropa-

thy. Rotarod performance of female mice after acrylamide treatment in drinking water. Treat-

ment was initiated in mice at 2.5–4 weeks of age, with a treatment schedule of 50 ppm for 3

days, 200 ppm for 19–20 days, and a 0 ppm washout period for 3 days prior to behavioral test-

ing. Data represent means ± SEM, n = 9. Data analyzed by t-test; ���� p< 0.0001.

(PDF)

S4 Fig. Acrylamide does not result in increased plasma ALT levels. Plasma ALT measure-

ments in male mice 24 hours after a single exposure to a single 50 mg/kg i.p. injection of acryl-

amide. A separate experiment in wild-type mice injected with acetaminophen (6 hours after a

single 300 mg/kg i.p. injection) is also included as a positive control for hepatotoxicity. Data

represent means ± SEM, n = 3–6. Data analyzed by one-way ANOVA corrected for multiple

comparisons (acrylamide) or by unpaired t-test (acetaminophen); ��� p< 0.001.

(PDF)

S5 Fig. Acrylamide exposure results in decreased liver and spleen sizes, as calculated as

percent body weight. Relative liver (A, B) or spleen (C, D) weights of female wild-type and

ΔPMT mice 24 hours after two i.p. injections of 50 mg/kg acrylamide once every 24 hours.

Organ weights were calculated as percentages relative to initial body weight (A, C, before
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acrylamide treatment) or relative to final body weight (B, D, after necropsy). Data represent

means ± S.E.M.; n = 6. Data analyzed by t-test; � p< 0.05; ��#� p< 0.0001.

(PDF)

S6 Fig. Acrylamide induces leukopenia in GST-compromised mice. A) Red blood cell

counts in female mice exposed to two i.p. injections of 50 mg/kg acrylamide once every 24

hours. Male mice were exposed to this same acrylamide dosing scheme, and spleen weights (B)

were measured, in addition to differential cell counts (C), which were obtained through fluo-

rescence-activated cell sorting (FACS) in spleen samples. The FACS sorting shows decreased

white blood cells of all types, including macrophages, B cells, and T cells. Data represent

means ± SEM, n = 6 (A) and n = 3–4 (B, C). Data were analyzed by one-way ANOVA cor-

rected for multiple comparisons; � p< 0.05; �� p< 0.01; ��� p< 0.001.

(PDF)

S7 Fig. Acrylamide-induced gastroparesis is both a dose- and strain-dependent effect in

wild-type mice. A) Stomach weights do not differ between wild-type and ΔPMT after a single

acrylamide injection of 75 mg/kg bw. (B) After a single acrylamide injection of 50 mg/kg bw,

129S6 was the only mouse strain to show gastroparesis. (C) C57BL/6J mice show gastroparesis

at doses of 100 mg/kg bw acrylamide. (D) GST-CDNB activity in livers of 129S6 mice is

slightly lower than that of C57BL/6J strain. All mice tested were wild-type males (A-C) and

females (D). Data represent means ± SEM; n = 3–6; �� p< 0.01, analyzed by unpaired t-test

(A) or one-way ANOVA corrected for multiple comparisons (B-D).

(PDF)

S8 Fig. Sodium saccharin can be used in 1H NMR analysis to normalize urinary acrylam-

ide-derived metabolites. A) Representative 1H NMR spectrum of urine collected from an

uninjected female mouse. (B) 1H NMR spectrum of urine collected 90 minutes after a female

mouse was injected with 50 mg/kg saccharin.

(PDF)

S1 Table. The Michaelis-Menten parameters show the sex-dependent contribution of indi-

vidual GST families to CDNB metabolism. Michaelis-Menten parameters for liver GST

activity towards CDNB in male and female mice across various genotypes. Statistics represent

significant values relative to those in wild-type. Data represent means ± S.E.M.; n = 3; �

p< 0.05, �� p< 0.01, ���� p< 0.0001, analyzed by one-way ANOVA corrected for multiple

comparisons.

(PDF)

S2 Table. An analysis of hepatic mRNA transcripts demonstrates no consistent damage

response in the liver after acute acrylamide exposure. Fold change (expressed as

means ± SEM (n)) of gene expression in the liver relative to PBS controls. Mice were exposed

to 2 i.p. injections of 50 mg/kg acrylamide once every 24 hours. n.p. = experiment not per-

formed for this group. a = � by ANOVA to PBS; b = �� by t test to PBS; c = ��� by ANOVA to

PBS and WT.

(PDF)
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