
■ YOU’RE INVITED

As Editor-In-Chief, Steve Hecht indicated in his inaugural editorial (DOI: 10.1021/tx300497e), CRT welcomes new ideas for
timely and informative reviews and perspectives in the field of chemical toxicology. Readers and authors of CRT interested in
submitting a review or perspective are encouraged to contact our feature editor, Paul Hollenberg.

■ LIPID ELECTROPHILES TARGET PIN1

Many toxicant exposures lead to oxidative stress, characterized
by the production of reactive oxidants in excess of the cell’s
antioxidant capacity. One outcome of oxidative stress is lipid
peroxidation and the consequent formation of electrophilic α,β-
unsaturated aldehydes, including the prototypical 4-hydrox-
ynonenal (HNE). HNE furthers the damage induced by
oxidative stress through its ability to react with nucleophilic
sites on cellular macromolecules, including DNA and proteins.
Recent comprehensive efforts to elucidate the consequences of
HNE-dependent protein modification identified peptidyl-prolyl
cis/trans-isomerase A1 (Pin1) as a target. This led Aluise et al.
(DOI: 10.1021/tx300449g) to investigate the implications of
Pin1 modification.
Like other peptidyl-prolyl isomerases, Pin1 catalyzes the

conversion of peptidyl-proline bonds from cis to trans.
However, Pin1 is unique, in that it is specific for
phosphoserine− and phosphothreonine−proline bonds. Since
protein phosphatases only recognize these bonds in their trans
configuration, Pin1 is required to deactivate signaling pathways
initiated by kinases that phosphorylate serine−proline and
threonine−proline sequences. Compounds such as epigalloca-
techin gallate (EGCG), that inhibit Pin1, suppress proliferation
and induce apoptosis in some cell types. Thus, HNE-dependent
modification of Pin1 could have important consequences for
cell signaling and survival.
Aluise et al. first incubated purified Pin1 with high

concentrations (2 mM) of HNE and then subjected the
protein to NaBH4 reduction (to stabilize adducts), chymo-
trypsin digestion, and MS analysis. They discovered three
peptides bearing reduced Michael adducts of HNE and
identified the modified amino acids as Cys-113, His-157, and
Lys-132. Concentration-dependence and time-course studies
indicated that Cys-113 was the most reactive of the three amino
acids, and it was the only site adducted at physiologically
relevant concentrations of HNE.
Treatment of MDA-MB-231 cells with an HNE analogue

bearing a terminal alkynyl functionality (aHNE) allowed the
investigators to use click chemistry to label all aHNE-adducted
proteins with biotin. They then captured the proteins with
streptavidin-coated beads and used immunoblotting to show a
concentration-dependent adduction of Pin-1 by aHNE.

Immunoprecipitation of FLAG-tagged Pin1 expressed in
MDA-MB-231 cells provided adequate protein for MS analysis.
This approach confirmed that HNE treatment of the cells
yielded an adduct of Pin1 at Cys-113. The mass of the modified
Cys-113-containing peptide was within 1 ppm of the expected
mass of the HNE Michael adduct (reduced with NaBH4).
Cys-113 is a highly conserved active site residue that is

required for Pin1 activity. Thus, HNE modification at this site
would be expected to inhibit the enzyme’s function. This led
Aluise et al. to hypothesize that the cytotoxicity of HNE is
dependent, at least in part, on its inhibition of Pin1. They tested
this hypothesis by treating MDA-MB-231 cells with an siRNA
to Pin1, markedly reducing Pin1 protein levels in the cells. This
treatment reduced the cells’ sensitivity to the growth inhibiting
effects of both EGCG and HNE. Together, the results confirm
that Pin1 is a physiologically relevant target for HNE-
dependent protein modification. Thus, Pin-1 likely plays a
role in the response to toxicant exposures and to many
inflammatory, neurodegenerative, and malignant diseases in
which elevated HNE levels due to oxidative stress are found.

■ LEVULINATE: POTENTIALLY TOXIC PRO-DRUG OF
ABUSE

The placement of γ-hydroxybutyrate (GHB) on the United
States controlled substance list led those who wished to use it
as a “date rape” drug to search for alternatives. 4-
Hydroxypentanoate has similar pharmacologic effects, though
it is less potent than GHB, leading to ingestion of larger
quantities and a greater potential for toxicity. The finding that
levulinate, which is readily available as a calcium supplement
(calcium levulinate), is metabolized to 4-hydroxypentanoate
and that this metabolism is facilitated by ethanol, led Harris et
al. (DOI: 10.1021/tx3003643) to more fully investigate the
toxicity of levulinate as a potential pro-drug of abuse.
Earlier work from their laboratory had shown that hepatic

metabolism of levulinate in the rat yields 10 C5-containing CoA
esters, of which levulinyl-CoA, 4-hydroxypentanoyl-CoA, and
4-phosphopentanoyl-CoA reach sufficient quantities to signifi-
cantly deplete CoA pools. To further define levulinate
metabolic pathways, Harris et al. perfused rat livers with
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levulinate and used a combination of metabolomics and mass
isotopomer analysis to search for novel products. They
discovered two C7-containing CoA metabolites, having masses
24 and 23 amu greater than that of levulinyl-CoA. Use of
[13C5]levulinate indicated that all of the carbons of levulinate
were retained in the C7 compounds and that the two additional
carbons were derived from a levulinyl-CoA metabolite,
presumably acetyl-CoA.
On the basis of their MS and labeling data, Harris et al.

proposed that elongation of levulinyl-CoA by the thiolase-
catalyzed addition of acetyl-CoA yielded 3,6-diketoheptanoyl-
CoA (see the Figure). This compound can spontaneously
cyclize via an aldol addition followed by dehydration to yield a
methyl-cyclopentenone-CoA product (and its enol tautomer),
which is 24 amu larger than levulinyl-CoA. It can also react with
amino groups to form a methyl-pyrrolyl-acetyl-CoA ester,
which is 23 amu larger than levulinyl-CoA. By perfusing rat
livers with combinations of [13C6]glucose, [13C2]acetate,
[ε-15N]lysine, [13C6

15N2]lysine, and 15NH4Cl, along with
unlabeled compounds, and analyzing the patterns of label
incorporation by MS, Harris et al. confirmed this pathway for
their newly discovered metabolites and showed that the
nitrogen atom in the pyrrole came from the ε-amino group
of lysine. Incubation of 3,6-diketoheptanoyl ethyl ester at
physiological pH led to its spontaneous cyclization to a methyl-
cyclopentenone ethyl ester, further supporting the pathway.
Perfusion of rat livers with levulinate, 3,6-diketoheptanoate
ethyl ester, or 6-ketoheptanoate (all precursors of 3,6-
diketoheptanoate) led to the recovery of a pyrrole-lysine
adduct, suggesting the pyrrolation of lysine in proteins,
followed by proteolysis.
Gavage of rats with calcium levulinate plus ethanol confirmed

the in vivo formation of the new C7-containing CoA
metabolites in the liver, though they were present at
significantly lower concentrations than the previously identified
C5-containing CoA esters. Trace amounts of the C7-containing
metabolites were also present in the brain. This newly
discovered pathway of levulinate metabolism presents a novel
mechanism of lysine pyrrolation and generates an electrophilic
cyclopentenone product, both potential sources of levulinate
and 4-hydroxypentanoate, toxicity. This study illustrates how
much the potential of metabolomics for pathway discovery is
amplified by stable isotope technology.

■ TISSUE-SPECIFIC TOXICITY ASSESSMENT

Fosdevirine (FDV) is a non-nucleoside reverse transcriptase
inhibitor that showed great promise as a therapeutic agent
against human immunodeficiency virus-1 (HIV-1). The stand-
ard package of preclinical toxicity testing, including 2 week to 9
month studies in monkeys, revealed no neurological or
behavioral effects. However, in a phase IIb clinical trial in
HIV-1-infected patients, 25% of subjects receiving the drug
experienced seizures. This led Castellino et al. (DOI: 10.1021/

tx3004196) to further investigate the tissue-specific metabolism
and toxicity of FDV.
Cerebral spinal fluid (CSF) collected from seizure patients

between 6 and 40 days after their last dose of FDV contained
FDV and up to 9 drug-related metabolites (DRM). At 6 days
after the final dose, the predominant metabolite was an N-
glucuronide (41%), while two cysteine adducts, M16 and M22,
accounted for 27% and 12% of the DRM, respectively. As the
time after the final dose increased, the total quantity of FDV
DRMs in the CSF decreased, and M16 became a larger
percentage of the total, increasing to over 50%.
Treatment of a single rabbit with FDV (125 mg/kg) for 7

days led to no adverse neurobehavioral events. In the plasma,
FDV accounted for 9% of the detectable DRM, while 66%
comprised products of amide hydrolysis and/or oxidation with
or without glucuronidation or sulfate conjugation. M16 and
M22, assumed to result from initial GSH addition, accounted
for 20%. Levels of DRM in CSF were 15-fold lower than those
in plasma and were notable in that M22 and M35 (a
cysteinylglycine adduct) comprised 78% of the total. Levels
of FDV DRMs in brain homogenates were 180-fold higher than
those in CSF. M22 comprised 94% of the total, and all
detectable DRMs resulted from GSH adduction. Matrix-
assisted laser desorption/ionization (MALDI) imaging MS of
sagittal brain sections detected only the M22 metabolite, which
was predominantly localized to the white matter of the cerebral
cortex, thalamus, and basal ganglia.
Minipigs treated with single oral doses of 100, 500, and 1000

mg/kg FDV separated by 4 days exhibited some neuro-
behavioral abnormalities after the highest dose. Brain
homogenates revealed only M22, and imaging MALDI MS
localized the metabolite to the white matter as was seen in the
rabbit.
Plasma from a monkey treated with 200 mg/kg FDV for 7

days exhibited FDV DRMs at 9-times greater concentrations
than were observed in rabbit, and FDV comprised 55% of the
total. Levels of FDV DRMs in CSF were 220-fold lower than
those in plasma, and FDV again predominated at 78%. Brain
homogenate DRM levels were one-third those seen in plasma,
with FDV comprising 92%. FDV was the only DRM observed
on imaging MALDI of sagittal brain sections, and it was present
mostly in gray matter.
Incubation of FDV with S9 fractions of brains from human,

monkeys, and rabbits revealed no oxidative or glucuronidated
metabolites, consistent with the absence of detectable
cytochrome P450 activity. In fact, the only detectable
metabolite observed in any of the samples was the GSH
conjugate.
Together, the results indicate a marked difference between

species regarding the formation and retention of metabolites
resulting from GSH conjugation of FDV, particularly in the
nervous system. Castellino et al. hypothesize that the presence
of M22 in the brain may be related to FDV’s neurotoxicity.
However, the exact mechanism for M22’s toxicity remains
uncertain. Clearly, the combination of LC/MS and imaging
MALDI MS directed to the target tissue can provide important
information regarding tissue distribution of a drug and its
metabolites during the evaluation of potential toxicity.
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