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Abstract

Cyclooxygenase-2 (COX-2) is an important contributor to ischemic brain injury. Identification of 

the downstream mediators of COX-2 toxicity may allow the development of targeted therapies. Of 

particular interest is the cyclopentenone family of prostaglandin metabolites. Cyclopentenone 

prostaglandins (CyPGs) are highly reactive molecules that form covalent bonds with cellular 

thiols. Protein disulfide isomerase (PDI) is an important molecule for the restoration of denatured 

proteins following ischemia. Because PDI has several thiols, including thiols within the active 

thioredoxin-like domain, we hypothesized that PDI is a target of CyPGs and that CyPG binding of 

PDI is detrimental. CyPG–PDI binding was detected in vitro via immunoprecipitation and MS. 

CyPG–PDI binding decreased PDI enzymatic activity in recombinant PDI treated with CyPG, and 

PDI immunoprecipitated from neuronal culture treated with CyPG or anoxia. Toxic effects of 

binding were demonstrated in experiments showing that: (a) pharmacologic inhibition of PDI 

increased cell death in anoxic neurons, (b) PDI overexpression protected neurons exposed to 

anoxia and SH-SY5Y cells exposed to CyPG, and (c) PDI overexpression in SH-SY5Y cells 

attenuated ubiquitination of proteins and decreased activation of pro-apoptotic caspases. In 

conclusion, CyPG production and subsequent binding of PDI is a novel and potentially important 

mechanism of ischemic brain injury. We show that CyPGs bind to PDI, cyclopentenones inhibit 

PDI activity, and CyPG–PDI binding is associated with increased neuronal susceptibility to 
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anoxia. Additional studies are necessary to determine the relative role of CyPG-dependent 

inhibition of PDI activity in ischemia and other neurodegenerative disorders.
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Introduction

Cyclooxygenase (COX) converts arachidonic acid into the intermediate prostaglandin H2 

(PGH2), which is subsequently converted via specific prostaglandin synthases into one of the 

biologically active prostaglandins (PGI2, PGA2, PGD2, and PGE2). The inducible isoform of 

COX, cyclooxygenase-2 (COX-2), is the most prominent isoform in brain. COX-2 is 

induced in response to neuronal stress and has been identified as an important contributor to 

brain damage following hypoxia–ischemia. COX-2 inhibition is neuroprotective and COX-2 

knockout mice are protected from hypoxic–ischemic injury, suggesting a possible 

therapeutic role for COX-2 inhibitors [1]. Unfortunately, COX-2 inhibitors are 

prothrombotic, limiting their use as neuroprotective agents [2]. Identification of the specific 

downstream mediators of COX-2 toxicity may allow the development of targeted therapies 

without prothrombotic side effects [3]. Potential mediators include specific prostaglandins, 

as well as prostaglandin metabolites [4,5]. Of particular interest is the cyclopentenone family 

of prostaglandin metabolites. Cyclopentenone prostaglandins (CyPGs) are highly reactive 

molecules containing an electrophilic carbonyl capable of forming covalent bonds with 

nucleophiles, including proteins with free cysteine groups. Our group has recently shown 

that CyPGs are increased in a COX-2-dependent manner in ischemic brain [6,7] and CyPGs 

exacerbate cell death in hypoxic primary neuronal culture [8,9]. A likely mechanism for 

CyPG neurotoxicity is via covalent adduction of CyPGs with accessible, free-cysteine 

nucleophiles on proteins with subsequent alteration of structure or function in the target 

proteins [10,11]. For example, we have recently shown that CyPGs can form a covalent bond 

with specific cysteines within UCH-L1, an enzyme within the ubiquitin–proteasome 

pathway, and this binding causes a conformational change within UCH-L1 that inhibits its 

activity and leads to accumulation of ubiquitinated proteins [12].

There are currently more than 50 protein targets of CyPGs identified [13,14] including 

several proteins that regulate cell death and survival [11,15–17]. One of the earliest 

identified targets was the redox protein thioredoxin [18]. This prompted us to examine 

protein disulfide isomerase (PDI), which contains four thioredoxin-like domains, as a 

potential target of CyPGs. PDI is an abundant and important housekeeping protein that 

resides in the endoplasmic reticulum (ER) constituting ~ 0.8% of total cellular protein 

(approaching mM concentration). PDI facilitates the proper folding of nascent proteins and 

refolding of partially denatured proteins by catalyzing disulfide bond formation and 

rearrangement via oxidation/reduction within two thioredoxin-like domains containing the 

cysteine–X–X–cysteine (CXXC) motif [19,20]. PDI has special relevance as a potential 

target in ischemic brain injury because altered PDI activity has been linked to 

neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease, 
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Huntington’s disease, and amyotrophic lateral sclerosis [21]. Furthermore, PDI is 

upregulated in rat forebrain ischemia and PDI overexpression is protective against ischemic 

injury [22]. Accordingly, we hypothesized that: (a) CyPGs can bind to cysteines within the 

active thioredoxin-like sites of PDI, (b) covalent binding of CyPG and PDI will inhibit PDI 

function, and (c) covalent binding of PDI by CyPG will exacerbate hypoxic neuronal death.

Results

15d-PGJ2 modifies PDI at CXXC motif in the catalytic thioredoxin-like domain

Our and others’ previous work has demonstrated that CyPGs, such as 15-deoxy Δ12,14-PGJ2 

(15d-PGJ2), can modify a series of proteins on their cysteine residues through Michael 

addition and therefore profoundly change the protein’s functions [8,11–15]. PDI, an 

abundant protein located in the ER, facilitates isomerization of the disulfide bond in nascent 

and denatured proteins and therefore plays an important role in ER stress [19,20]. The 

disulfide oxidoreductase activity of PDI is dependent on its catalytic thioredoxin-like 

domain with the CXXC motif. Because PDI contains seven cysteine residues, including four 

in two critical CXXC motifs, it is possible that 15d-PGJ2 may directly adduct PDI and 

interfere with its function.

To test this hypothesis, an in vitro binding assay was performed using recombinant PDI 

protein and biotinylated (b-) 15d-PGJ2. PDI protein (1 μg) was incubated with 5 μM b-15d-

PGJ2 or methyl acetate as vehicle control (Veh) for 90 min. The resultant b-15d-PGJ2–PDI 

adduct was detected by immunoblotting with horseradish peroxidase-conjugated streptavidin 

(streptavidin–HRP). To confirm assay specificity, PDI was also preincubated with 500 μM 

15d-PGJ2 (100-fold excess) for 30 min prior to b-15d-PGJ2 treatment. As shown in Fig. 1 

(A), b-15d-PGJ2–PDI adducts were detected when PDI was incubated with b-15d-PGJ2; 

adduct formation was decreased when PDI was pretreated with unlabeled 15d-PGJ2. Next, to 

assess 15d-PGJ2 modification of endogenous PDI in intact neurons, we incubated primary 

neurons with either 15d-PGJ2 or b-15d-PGJ2 for 2 h. Intracellular b-15d-PGJ2–PDI adducts 

were then detected by avidin pull-down assay (Fig. 1B, upper). After 15d-PGJ2 or b-15d-

PGJ2 incubation, primary neuronal cell lysates were incubated with NeutrAvidin beads and 

the bound biotinylated proteins were then eluted for immunoblotting. PDI was detected in 

the eluent of the b-15d-PGJ2-treated group but not the 15d-PGJ2-treated group, confirming 

that modification of 15d-PGJ2 by endogenous PDI occurs within the intact neuron. In 

addition, b-15d-PGJ2–PDI adduct was also detected in b-15d-PGJ2-treated primary neuron 

cell lysates using immunoprecipitation (IP, Fig. 1B, lower) with a Direct IP kit from Pierce. 

Rat primary neurons were incubated with 10 μM b-15d-PGJ2 (+) or vehicle (−) for 2 h 

before being harvested. Cell lysates were then incubated with PDI antibody conjugated resin 

(R) overnight before wash and elution. A nonreactive control resin was included as a 

negative control. The b-15d-PGJ2–PDI adduct and PDI in the IP eluent were detected by 

immunoblotting with streptavidin-HRP (Str-H, upper right) and PDI antibody (lower right), 

respectively. Because both PDI and PDI-associated proteins may be present in the IP eluent, 

multiple bands in the Str-H blot may indicate that multiple PDI-associated proteins together 

with PDI are modified by 15d-PGJ2 in primary neurons. The band representing the b-15d-

PGJ2–PDI adduct was determined by protein size (indicated with an arrow).
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Our previous work has shown that 15d-PGJ2 generation is significantly increased in the 

post-ischemia rat brain via COX-2 activation, and the conversion of 15d-PGJ2 from 

arachidonic acid is also increased in post-hypoxic primary neuronal culture [6–8]. 

Consistent with these findings, biotinylated PDI adduct was detected in post-hypoxic 

neurons when pretreated with biotinylated arachidonic acid in the NeutrAvidin pull-down 

assay (Fig. 1C). The time-dependent nature of this finding (increasing from 3 to 6 h of 

hypoxia) is consistent with conversion of the biotinylated arachidonic acid into biotinylated 

CyPG followed by adduction to proteins, including PDI. Taken together, the above data 

support the hypothesis that 15d-PGJ2 adducts PDI in primary neuronal cells and that this 

intracellular modification may be increased under pathological conditions such as hypoxia.

Next, to explore which cysteine residues in the PDI molecule are targets for 15d-PGJ2 

adduction, MS/MS was performed on trypsin-digested peptides of PDI incubated with 5 μM 

15d-PGJ2. Database searches of MS/MS data allowed for 15d-PGJ2-modified cysteine 

residues with a mass shift of 316.204 Da (15d-PGJ2 reduced). Modified peptides with 

characteristic mass shifts for a single 15d-PGJ2 modification were detected on the peptides 

carrying the two CXXC motifs, but not other cysteine residues outside the motif. Fragment 

ions indicating cysteine adduction with 15d-PGJ2 were evidenced by a continuous series of 

b- and y-type ions with mass shifts corresponding to 316.2 Da (Fig. 1D). The site 

localization of 15d-PGJ2 adduction to cysteine residues in the motif was ambiguous. This is 

explained by the presence of proline residues in the identified peptides. The presence and 

position of proline affects peptide dissociation. Termed the ‘proline effect’, peptides carrying 

prolines have fragmentation spectra dominated by an abundance of fragment ions N 

terminus to the prolines [23]. The position of the 15d-PGJ2-modified cysteines in both the 

identified peptides is C terminus to prolines. High-intensity fragment ions were observed N 

terminus to the proline residue, and lack of diagnostic ions around the CXXC motif did not 

allow for unambiguous site localization of 15d-PGJ2 adduction. However, high-resolution 

MS data and diagnostic b- and y-ions with mass shifts corresponding to 15d-PGJ2 

adduction, provide strong evidence for 15d-PGJ2 adduction within the two CXXC motifs in 

PDI. This interesting finding suggests that the modification by 15d-PGJ2 to the CXXC motif 

may significantly interfere with PDI protein function.

15d-PGJ2 modification inhibits PDI thiol reductase activity

To examine whether 15d-PGJ2 modification interferes with PDI activity, a thiol reductase 

activity assay was performed with dieosin glutathione disulfide (Di-E-GSSG), a pseudo 

substrate for PDI. Di-E-GSSG, a fluorescence self-quenching molecule, exhibits a rapid 70-

fold increase in fluorescence upon reduction of its disulfide bond by PDI [24]. In this 

experiment, 5 μM recombinant PDI was incubated with 1.65–33.3 μM 15d-PGJ2 for 3 h 

before Di-E-GSSG was added. The initial rate of disulfide bond reduction (dependent on 

PDI activity) was measured by spectrofluorometry, and data were normalized to untreated 

PDI (100% relative activity). As shown in Fig. 2 (A), preincubation with 15d-PGJ2 

significantly decreases the PDI thiol reductase activity in a dose-dependent manner. Next, 

primary neurons were incubated with 10 μM 15d-PGJ2 or vehicle for 24 h. Endogenous PDI 

protein was then extracted by IP and PDI thiol reductase activity was measured. Compared 

with vehicle control, 15d-PGJ2 treatment significantly decreased neuronal PDI reductase 
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activity (Fig. 2B). Taken together, these data indicate that covalent modification by 15d-

PGJ2 inhibits PDI activity both in vitro and in neuronal cells.

PDI overexpression attenuates 15d-PGJ2-induced cell death in SH-SY5Y cells

Previous reports regarding 15d-PGJ2 toxicity have suggested that cell apoptosis is induced 

via caspase pathway activation and that this effect is related to interference of the ubiquitin 

proteasome system and intracellular ubiquitinated protein accumulation [7,8]. To explore the 

role of PDI in 15d-PGJ2-induced cell death, a plasmid carrying sequence of Flag-tagged 

PDI, Flag–PDI/pcDNA3.1 (PDI vector), was constructed and an empty vector containing the 

Flag tag sequence (Flag vector) was applied as a negative control in the following 

experiments. Overexpression of PDI in transfected cells was confirmed with an PDI 

antibody using western blotting (Fig. 3A). Twenty-four hours after transfection, cells were 

treated with 15d-PGJ2 at 5 or 10 μM, or vehicle control for 24 h. Cell viability and cell death 

were measured and cell lysates were immunoblotted. As shown in Fig. 3(A), 15d-PGJ2 

induced cell death in SH-SY5Y cells and this toxic effect was attenuated by the 

overexpression of PDI. Consistent with other reports [7,8,25], 15d-PGJ2-induced SH-SY5Y 

cell death is accompanied with ubiquitinated protein accumulation and caspase pathway 

activation (Fig. 3B). Polyubiquitinated protein accumulation was observed in Flag vector-

transfected cells treated with 15d-PGJ2 compared with those treated with vehicle; 

overexpression of PDI significantly attenuated intracellular ubiquitinated protein build-up 

compared with Flag vector-transfected cells. Pro-caspase 3 was decreased in Flag vector-

transfected cells treated with 15d-PGJ2 accompanied by an increase in cleaved caspase 3. 

Compared with the Flag vector-transfected group, overexpression of PDI significantly 

inhibited 15d-PGJ2-induced caspase 3 cleavage. A similar effect was also observed for pro-

caspase 9 in 15d-PGJ2-treated SH-SY5Y cells; PDI vector transfection conferred resistance 

to caspase 9 cleavage. Additionally, we also found that the protein levels of the ER stress 

markers c/EBP homologous Protein (CHOP) and Binding of Immunoglobulin Protein (BiP), 

were significantly increased after 16 h of 7.5 or 10 μM 15d-PGJ2 treatment in Flag vector-

transfected cells, indicating that 15d-PGJ2 induces ER stress in SH-SY5Y cells. Increased 

CHOP and BiP levels were attenuated in PDI overexpressing cells compared with vector 

control. Therefore, PDI function is protective against 15d-PGJ2-induced ubiquitinated 

protein accumulation, ER stress and apoptosis.

PDI thiol reductase activity is inhibited in post-hypoxic neurons and post-ischemic brain 
tissue

The above data have shown that 15d-PGJ2 adducts PDI, inhibits its reductase activity, and 

this modification may be increased after hypoxia. To assess the role of PDI and its 

modification in neuronal post-hypoxia/ischemia injury, primary neurons were subjected to 

hypoxia or normoxia. Twenty-four hours after reperfusion, cells were harvested and 

endogenous PDI reductase activity was measured with immunoprecipitated PDI as described 

above. As shown in Fig. 4 (A), PDI activity was significantly inhibited in vehicle-treated 

samples from the hypoxia group compared with normoxia control. In a second cohort of 

cells, the selective COX-2 inhibitor, SC65872, was applied to neuronal cells 2 h prior to 

hypoxia/normoxia. SC65872 had no effect on PDI activity in the normoxia group, but 

significantly attenuated hypoxia-induced PDI inhibition compared with vehicle control. This 
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result indicates that PDI activity is compromised in post-hypoxia neurons at least in part, by 

a COX-2-mediated mechanism. Furthermore, PDI activity was also measured in post-

ischemic rat hippocampus. Male juvenile rats underwent asphyxia cardiac arrest or sham 

surgery and were sacrificed 24 h after resuscitation. Hippocampal tissue was dissected and 

PDI protein was extracted by IP. As shown in Fig. 4(B), PDI activity significantly decreased 

after asphyxia cardiac arrest compared with the sham surgery group. Interestingly, the PDI 

protein levels in these two groups did not change significantly, suggesting the modification 

of PDI rather than protein degradation is more likely to be responsible for inhibition of PDI 

activity.

PDI activity protects against hypoxia-induced primary neuronal cell death

To assess the effects of PDI inhibition on hypoxia-induced primary neuronal cell death, two 

PDI inhibitors [26,27], methyl 2-(2-chloroacetyl)-1-methyl-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-1-carboxylate (16F16; 0.5–8 μM) or nitazoxanide (at 1 or 5 μM), were 

incubated with primary neurons for 48 h after mild hypoxia. Cell viability and cell death 

were determined with WST-1 and CytoTox-Fluor cytotoxicity assays, respectively. Prior to 

hypoxia, additional cells treated with 1 μM MK801 (as 100% live control) or 20 μM 

staurosporin (as 100% death control). As shown in Fig. 5 (A,B), incubation with 16F16 or 

nitazoxanide both significantly decreased cell viability and exacerbated post-hypoxia 

neuronal cell death compared with vehicle control in a dose-dependent manner.

To confirm that PDI activity protects against hypoxic neuronal injury, we constructed a 

lentiviral expression vector to overexpress PDI in primary neuronal cells. Lenti-PDI vector 

expresses PDI and red fluorescent tdTomato protein from a bicistronic mRNA transcript, 

allowing tdTomato to be used as an indicator of transduction. After viral particle generation 

and purification, primary neurons were seeded on 96-well plates and infected with lentivirus 

carrying PDI sequence (PDI) or empty vector (EV) at 1.2 × 108 particles·well−1. Infection 

was performed at DIV2 overnight, then medium was changed and hypoxia was performed at 

DIV 10. Fluoromicroscopy indicates that ~ 30% of neuronal cells were infected with 

lentivirus as determined by red fluorescence and Hoechst staining (Fig. 5C). Cell viability 

was determined 24 h after hypoxia. PDI overexpression significantly increased cell viability 

(Fig. 5D left) compared with the EV-infected control group. These data further support the 

hypothesis that PDI activity plays a significant role in protecting neuronal cells against 

hypoxic insults. Consistent with our above data using SH-SY5Y cells, overexpression of 

PDI in primary neuronal cells affords protection from 25 μM 15d-PGJ2-induced cell death, 

as shown in Fig. 5 (D, right).

Discussion

This is the first study to identify PDI as a target of CyPGs causing increased susceptibility of 

neurons to anoxia. Evidence of CyPG–PDI binding includes: (a) recombinant PDI binds to 

biotinylated CyPG, (b) biotinylated arachidonic acid (upstream of CyPG production) is 

incorporated into PDI in primary neuronal culture exposed to anoxia, (c) PDI and 

biotinylated CyPG is detected by antibody pull-down of PDI in primary neuronal culture, 
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and (d) MS of recombinant PDI incubated with CyPG identified CyPG-adducted fragments 

at the predicted cysteine-containing peptides.

CyPG covalent binding of cysteine residues within the thioredoxin domains of PDI would be 

expected to inhibit the enzymatic activity of PDI. Consistent with this hypothesis, we found 

decreased enzymatic activity in recombinant PDI treated with CyPG. We also found 

decreased activity in immunoprecipitated PDI from primary neuronal culture treated with 

CyPG or anoxia.

We have previously shown that neuronal death in primary neuronal culture exposed to 

anoxia is partially mediated by COX-2-dependent products including CyPGs [28,29]. Here, 

we show that anoxia causes decreased PDI activity in primary neuronal culture and this 

activity may be partially protected by preincubation with a COX-2 inhibitor; thus identifying 

PDI inhibition as a potential mechanism for CyPG-dependent anoxic injury. We 

complemented the in vitro work with our in vivo model of asphyxial cardiac arrest in rats 

[30]. This model results in robust induction of COX-2 in hippocampus following 

resuscitation accompanied by increased production of prostaglandins and CyPGs [6]. 

Similar to the in vitro experiments, immunoprecipitated PDI from hippocampus in 

asphyxiated rats showed decreased PDI activity. Taken together, this evidence supports that 

CyPG production following neuronal ischemia inhibits PDI activity. Because PDI plays a 

critical role in refolding denatured proteins, inhibition of PDI activity following an ischemic 

injury would be expected to worsen injury. Consistent with this hypothesis, we show that (a) 

pharmacologic inhibition of PDI increases cell death in primary neuronal culture exposed to 

anoxia, (b) overexpression of PDI protects neurons exposed to anoxia and SH-SY5Y cells 

exposed to CyPG, and (c) overexpression of PDI in SH-SY5Y cells decreases activation of 

the pro-apoptotic effectors caspase 3 and caspase 9 as well as attenuates ER stress as 

measured by BiP, CHOP, and protein ubiquitination.

CyPGs are highly reactive molecules with many potential protein targets but PDI is likely to 

be a particularly important target in ischemic brain because of its known association with 

other neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease and amyotrophic lateral sclerosis [21,31]. Its protective role in 

ischemic disease is demonstrated by the work of Tanaka et al. using a PDI vector injected 

into the hippocampus of rats exposed to forebrain ischemia [22]. The common element of 

many neurodegenerative diseases is disordered protein folding or aggregation. Thus, PDI’s 

folding/refolding activities, as well as its chaperone activity, are central to the injury and 

repair paradigm of many neurodegenerative diseases including hypoxic–ischemic injury. 

Hypoxic–ischemic injury results in denatured proteins, as well as selected upregulation of 

newly formed proteins requiring proper folding. The cellular response to denatured and 

aggregating proteins, named the unfolded protein response, involves a series of adaptive 

mechanisms to inhibit unnecessary protein production while facilitating production and 

proper folding of pro-survival proteins. The role of the unfolded protein response and PDI in 

ischemic injury is reviewed in DeGracia & Montie [32]. Importantly, PDI is upregulated in 

response to hypoxic–ischemic injury [22,33–35] and is neuroprotective [22,36]. To date, the 

focus on PDI in neurodegenerative disorders has been on oxidative-stress-mediated 

nitrosylation of PDI as a contributing factor to impaired PDI activity in neurodegenerative 
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disorders [37–39]. Here, we describe another potential mechanism, CyPG adduction, which 

deserves investigation in these same diseases.

A limitation to studying PDI is that it is a family of 20 proteins, all sharing the thioredoxin 

active domain, with both specificity and redundancy for a large number of cysteine-

containing protein substrates [20,40,41]. Thus, knocking down or overexpressing a single 

member of the family will have limited impact. Indeed, we were unable to show an effect 

from knocking down one PDI family member (data not shown), whereas pharmacologic 

inhibition of all PDI family members increased susceptibility to anoxia. For the same reason, 

our overexpression experiments using a single PDI vector in anoxia and CyPG exposure had 

only modest improvements in survival. Another limitation is that PDI can be modified by 

nitrosylation [38,39,42], glutathionylation [43,44], lipid peroxidation products [45], and 

CyPG adduction; thus, the effect of inhibiting one pathway may be masked by compensatory 

damage from the remaining mechanisms. The relative contribution of these different 

mechanisms was beyond the scope of our experiments but deserves additional study. Of 

importance, there are small-molecule PDI mimics in development that may provide cross-

mechanistic protection and may be of therapeutic benefit in the future [46–51]. Another 

challenge to understanding the role of PDI is that there is evidence it may contribute to 

apoptotic death [27], thus like many housekeeping proteins it can contribute to either death 

or survival depending upon the conditions within the cell. Accordingly, experiments might 

yield conflicting results with slightly different experimental conditions. But if apoptosis is 

an adaptive mechanism, the role of PDI in both survival and death is important and 

inhibition of its activity by CyPG adduction would be detrimental. Also, we investigated 

only one of many documented CyPG interactions: both neuroprotective and 

neurodegenerative effects have been described in various models of CNS injury [52]. Lastly, 

neuroprotection from overexpression of PDI might occur via: (a) providing additional 

functional PDI to overwhelm CyPG adduction and augment enzymatic capacity; or (b) 

providing additional PDI to act as a ‘decoy’ to quench CyPGs and protect other, more 

important, proteins. Although it is not possible to be certain which of these two mechanisms 

is relevant, the data showing alteration of the unfolded protein response (ubiquitination, 

CHOP, BiP) with PDI overexpression favor a direct role for PDI.

In summary, PDI is a novel and potentially important target for post-ischemic COX-2-

dependent neuronal injury. We show that CyPGs bind to PDI, cyclopentenone binding 

inhibits PDI activity, and cyclopentenone binding of PDI increases neuronal susceptibility to 

anoxia and CyPGs in vitro. Additional studies are necessary to determine the relative role of 

CyPG-dependent inhibition of PDI activity in ischemia and other neurodegenerative 

disorders. Future therapeutic directions might include inhibition of CyPG production or 

adduction, restoration of PDI function, and administration of PDI mimics.

Experimental procedures

Animal studies were performed with the approval of the University of Pittsburgh 

Institutional Animal Care and Use Committee and conducted according to the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals were 
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housed in a temperature and humidity controlled environment with 12 h light cycles and free 

access to food and water.

Asphyxial cardiac arrest

Male juvenile rats (16–18 days old) underwent asphyxia cardiac arrest or sham surgery as 

described previously [30], n = 8 per group. All animals received 1 mL warmed 0.45% 

saline/5% dextrose subcutaneously prior to extubation. Rats were killed 24 h after 

resuscitation and brain hippocampi removed for PDI thiol reductase activity assay.

Reagents and antibodies

Human PDI recombinant protein was purchased from Assay Designs (Ann Arbor, MI, USA) 

and anti-PDI antibody was from Abcam (Cambridge, MA, USA) and Cell Signaling 

Technology (Danvers, MA, USA). Free or biotinylated arachidonic acid and b-15d-PGJ2 

were from Cayman Chemical (Ann Arbor, MI, USA); monoclonal caspase 3, CHOP, BiP 

and caspase 9 antibodies were from Cell Signaling; GAPDH antibody was from Covance 

(Berkeley, CA, USA); Cy3-conjugated monoclonal mouse biotin and Alexafluor 488-

conjugated secondary antibodies were from Jackson Immunoresearch Lab (West Grove, PA, 

USA). Mouse monoclonal mono- and polyubiquitinated proteins antibody (clone FK2) were 

from Enzo Life Sciences (Plymouth Meeting, PA, USA). NeutrAvidin beads and 

streptavidin–HRP, and immunoprecipitation kits were from Pierce (Rockford, IL, USA). 

UPLC organic solvents and water were from VWR (West Chester, PA, USA). β-actin 

antibody and all other chemicals were from Sigma-Aldrich unless otherwise noted. The 

lentiviral expression vector, pLVX-IRES-tdTomato vector, and Lenti-X HTX concentrator 

and packaging system were purchased from Clontech Laboratories (Mountain View, CA, 

USA). WST-1 cell proliferation assay was also from Clontech. The selective COX-2 

inhibitor SC65872 was generously donated by Peter Isakson (Monsanto Searle). PDI 

inhibitor 16F16 was a gift from Brent Stockwell (Columbia University) and was also 

purchased from Enzo Life Sciences; the PDI inhibitor nitazoxanide was from Sigma.

Plasmid constructs

The DNA sequence encoding full-length rat PDI was amplified by PCR, and cloned into a 

modified pcDNA3.1 vector (Novagen, San Diego, CA, USA) with a N terminus Flag tag 

sequence. The resulting construct was confirmed by sequencing. For lentiviral expression 

vector construction, PDI cDNA was inserted into pLVX-IRES–tdTomato vector with XhoI 

and BamHI restrictive sites to generate lenti-PDI. This vector expresses PDI and the red 

fluorescent protein tdTomato from a bicistronic mRNA transcript, allowing tdTomato to be 

used as an indicator of transduction. To generate infectious lentiviral particles, Lenti-X 293T 

cells (Clontech) were transfected with the lenti-PDI vector or empty lenti vector together 

with Lenti-X packaging mix using XFect (Clontech) following manufacturer’s instructions. 

Lentiviral particles were then collected, concentrated, and purified. Both lenti-PDI and lenti-

empty virus titration was determined with a Lenti-X qRT-PCR titration kit (Clontech).
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Primary neuronal cell culture and lenti-virus infection

Rat cortical primary neuronal cultures were prepared from E17 fetal rats (Sprague–Dawley, 

Charles River, Wilmington, MA, USA) as previously described [28] and used for 

experiments after 9 DIV. Cells were grown in serum-free Neurobasal medium (Invitrogen, 

Carlsbad, CA, USA) supplemented with B27 and GlutaMAX (Invitrogen). To overexpress 

PDI in primary neurons, cells were seeded in 96-well plates and lenti-PDI particles or empty 

lentiviral particles were added to the culture medium at 1.2 × 108 particles·well−1 for 18 h. 

Viral infection was performed at DIV2, and cells underwent hypoxia or 25 μM 15d-PGJ2 

treatment at DIV10. Cell viability and cell death were detected 24 h after hypoxia or 15d-

PGJ2 treatment.

SH-SY5Y cell culture and transfection

Human neuroblast cell line SH-SY5Y cells were maintained in Dulbecco’s modified Eagle’s 

medium plus 10% FBS. Cells were transfected with Flag–PDI/pcDNA3.1 or empty vector 

using JetPrime transfection reagent (Polyplus transfection, New York, NY, USA). Twenty-

four hours post transfection, cells were treated with 15d-PGJ2 for 24 h in Dulbecco’s 

modified Eagle’s medium without FBS. Cell death and cell viability assays were then 

performed or cell lysates were harvested for western blotting.

In vitro hypoxia and cell death measurements

Hypoxia was performed using a hypoxic glove box (Coy Laboratories, Grass Lake, MI, 

USA) flushed with 92% argon, 5% CO2 and 3% H2 for 2–3 h as described previously [28] 

resulting in ~ 40% cell death after 24 h reperfusion. Staurosporin (20 μM, a 100% cell death 

internal standard) and 1 μM dizocilpine (MK801, a 100% cell survival internal standard) 

treatments were included in each cell death assay experiment. Cell death was quantitatively 

assessed by measuring lactate dehydrogenase (LDH) release into the culture medium 24 h 

after hypoxia or using CytoTox-Fluor cytotoxicity assay (Promega). Cell viability was 

assessed with WST-1 assay. Rat primary neurons were treated with PDI inhibitors 16F16 

(0.5–8 μM) or nitazoxanide (1 or 5 mM) for 48 h or vehicle (Veh) after hypoxia then 

harvested for cell death and cell viability measurements (n = 6–12 wells per group).

In vitro binding assay

Purified recombinant PDI protein (1 μg) was incubated with 1 or 5 μM b-15d-PGJ2 or 

vehicle for 1 h in 100 μL of binding buffer (20 mM Tris, pH 7.0; 45 mM NaCl; 5 mM 

MgCl2; 0.1 mM dithiothreitol, 1% glycerol) before immunoblotting with streptavidin–HRP. 

For the competition-binding assay, PDI protein was pre-incubated with 500 μM of 15d-PGJ2 

for 30 min at room temperature before adding b-15d-PGJ2.

Avidin pull-down assay

The avidin pull-down assay was performed as previously described [8]. Primary neurons 

were incubated with 20 μM biotinylated arachidonic acid and subjected to hypoxia or 

normoxia treatment. Cells were then harvested at 0, 3 and 6 h post hypoxia. Equal amounts 

of protein were incubated with NeutrAvidin beads for 4 h at 4 °C. Bound proteins were 

washed three times with lysis buffer (50 mM Tris, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1% 
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Triton X-100) before elution and detection by immunoblot with β-actin and PDI antibodies, 

or streptavidin–HRP for biotin-incorporated proteins.

Immunoblotting

Immunoblotting was performed as previously described [8]. For pro-caspase 3, cleaved 

caspase 3, pro-caspase 9, BiP and CHOP detection, cell lysates were resolved on 10% or 

12% SDS/PAGE. After blocking with 5% non-fat milk in TBS/Tween-20, membranes were 

incubated with pro-caspase 3, cleaved caspase 3, pro-caspase 9, BiP or CHOP (1 : 1000, all), 

antibodies at 4 °C overnight. For ubiquitinated protein detection, cell lysates were resolved 

on a 4–20% linear gradient polyacrylamide gel (BioRad, Hercules, CA, USA) before 

detection with poly-ubiquitinated conjugates antibody (1 : 1000). Blots were washed and the 

appropriate secondary antibodies applied. Protein signal was visualized with ECL reagents 

(Pierce). Blots were then stripped and reprobed using GAPDH antibody as a loading control.

Protein in-gel digestion and tandem MS

Recombinant PDI protein (1 μg) was incubated with 15d-PGJ2 (5 μM) at room temperature 

for 2 h before being subjected to SDS/PAGE. The gel was then stained with Coomassie 

Brilliant Blue and protein bands were excised and digested with porcine Trypsin Gold 

(Promega, Madison, WI, USA), as previously described [53] with minor modifications.

Digests were analyzed by nano LC MS/MS on a Thermo Fisher LTQ Orbitrap Velos 

(Thermo Fisher, Pittsburgh, PA, USA). The LTQ Orbitrap Velos was connected to a Waters 

Acquity UPLC system (Waters Corp., Milford, MA, USA) consisting of sample trap 

(nanoAcuity UPLC trap column, 180 μm × 20 mm, 5 μm particle size, Symmetry C18, 

Waters Corp.) and a C18 column (nanoAcquity UPLC column, 75 μm × 250 mm, 1.7 μm 

particle size, BEH300 C18, Waters Corp.) interfaced with a nanospray ionization source. 

Solvent A was 0.1% formic acid in water. Solvent B was 0.1% formic acid in acetonitrile. 

Samples were loaded on the sample trap with 1% solvent B at a flow rate of 15 μL·min−1 for 

1 min. Peptides were then eluted off the column with a 90-min gradient running at 300 

nL·min−1: 5% B for 3 min, 5–55% B in 60 min, 30– 95% B in 1 min, 95% B for 5 min, 95–

5% B in 1 min, 5% B for 20 min. All MS spectra were acquired in the Orbitrap detector at 

60 000 resolution in profile mode while tope nine data-dependent MS/MS spectra were 

fragmented by collision-induced dissociation in the ion trap of the LTQ mass spectrometer 

but acquired in the high resolution Orbitrap at 7500 resolution.

Database searches were carried out with Proteome Discoverer 1.4 against the complete 

Uniprot human database appended to a contaminant database (88 575 sequences, 35 106 826 

residues) with the Sequest search engine, for a trypsin digest, with two missed cleavages, 

and three dynamic modifications (oxidation of methionines, carbamidomethylation of 

cysteines, and 15d-PGJ2 adduction of cysteines). The mass tolerance was set at 10 ppm for 

precursor mass and 0.8 Da for collision-induced dissociation fragment ion masses. Peptide 

identifications were validated using the Percolator algorithm with a 5% global false 

discovery rate. The spectra of 15d-PGJ2 adducted peptides were manually inspected.
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Immunoprecipitation

Endogenous PDI was extracted from brain tissue or primary neuron lysates using the Pierce 

Seize® X Protein A immunoprecipitation kit per manufacturer’s instructions (Pierce). 

Briefly, anti-PDI antibody was immobilized to protein A beads using the cross-linker 

disuccinimidyl subsrate. Protein lysates were then incubated with antibody-linked beads at 

4 °C overnight then washed and antibody-bound protein eluted with a glycine elution buffer. 

Following elution, the eluate was neutralized with 1 M Tris, pH 9.5. To detect b-15d-PGJ2–

PDI adducts in primary neuronal cells, a Direct IP Kit (Pierce) was used following the 

manufacturer’s instructions. The antibody becomes covalently attached to aldehyde-

activated beaded agarose resin. By contrast with traditional IP methods, the Direct IP Kit 

enables elution of antigen without antibody contamination, which favors the detection of 

PDI (~ 50 kDa). A nonreactive control resin was included in the IP as a negative control.

PDI thiol reductase activity measurement

Recombinant PDI—Thiol reductase activity was measured as previously described 

[24,54]. Briefly, 5 μM recombinant PDI (Affinity Bioreagents) was incubated with 1.65 to 

33.3 μM 15d-PGJ2 (Cayman Chemical) at 37 °C for 3 h then di-eosin-labeled oxidized 

glutathione (Di-E-GSSG) substrate was added to the mixture. Di-E-GSSG emits 

fluorescence upon reduction of its disulfide bond. The rate of reduction (dependent upon 

PDI thiol reductase activity) was measured using a fluorescent plate reader over 2 min. Data 

are normalized to control recombinant PDI (without 15d-PGJ2 addition). The x-axis, 

representing the concentration of 15d-PGJ2, is scaled to indicate the number of molecules of 

15d-PGJ2 relative to the number of thiols available from PDI in each experiment.

Primary neuronal culture treated with 15d-PGJ2—Cultures were treated with 

vehicle (methyl acetate) or 10 μM 15d-PGJ2 for 24 h prior to harvest (three per group). 

Primary neuronal culture with hypoxia: Cells were treated with the COX-2 inhibitor 

SC65872 (1 μM) or vehicle (dimethylsulfoxide) 2 h prior to normoxia or hypoxia. Cells 

were harvested 24 h later; n = 9 per group (data combined from three experiments run on 

separate days, n = 3 each). Data are means ± SD.

Statistical analysis

Data are expressed as means ± SE and were analyzed using one-way ANOVA with 

Bonferroni or Dunnett’s post-hoc testing where appropriate. Results were considered to be 

significant when P < 0.05.
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Abbreviations

16F16 methyl 2-(2-chloroacetyl)-1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-1-carboxylate

BiP Binding of Immunoglobulin Protein

CHOP c/EBP homologous protein

COX-2 cyclooxygenase-2

CXXC cysteine-X-X-cysteine

CyPG cyclopentenone prostaglandin

Di-E-GSSG dieosin glutathione disulfide

ER endoplasmic reticulum

HRP horseradish peroxidase

IP immunoprecipitation

PDI protein disulfide isomerase

PG prostaglandin
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Fig. 1. 
15d-PGJ2 binds to PDI in vitro and in primary neurons. (A) PDI recombinant protein was 

preincubated with or without 500 μM 15d-PGJ2 for 30 min before being incubated with 

vehicle or 5 μM b-15d-PGJ2 for another 90 min. The b-15d-PGJ2–PDI adducts were 

detected by immunoblotting with streptavidin–HRP. (B) 15d-PGJ2 binds to PDI in primary 

neurons. (Upper) Rat primary neurons were incubated with 10 μM 15d-PGJ2 or b-15d-PGJ2 

for 2 h prior to harvest. The avidin pull-down assay was performed with cell lysates, and 

b-15d-PGJ2–PDI adducts were detected with PDI antibody. (Lower) Rat primary neurons 

were incubated with 10 μM b-15d-PGJ2 (+) or vehicle (−) for 2 h before harvest. Cell lysates 
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were either subjected to immunoblotting to detect biotinylated proteins with streptavidin–

HRP (Str-H, upper left) and PDI levels with an PDI antibody (lower left) or subjected to IP 

to detect the b-15d-PGJ2–PDI adduct (right). For IP, cell lysates were incubated with PDI 

antibody-conjugated resin (R) overnight before elution. A nonreactive control resin was 

included as a negative control. The b-15d-PGJ2–PDI adduct and PDI in the eluent were 

detected by immunoblotting with streptavidin–HRP (upper right) and PDI antibody (lower 

right), respectively. The arrow indicates the band representing b-15d-PGJ2–PDI adduct. (C) 

Avidin pull-down assay detecting arachidonic acid (AA) metabolite-modified PDI in 

primary neurons. Neurons were incubated with b-arachidonic acid (b-AA) then underwent 

hypoxia (+) or normoxia (−) before being harvested at the indicated time points. (Upper) 

Avidin-bead-bound PDI was detected by immunoblotting with PDI antibody. (Lower) 

Biotinylated proteins and endogenous PDI in cell lysates were detected by immunoblot with 

streptavidin–HRP and PDI antibody. (D) Fragmentation spectra of 15d-PGJ2-modified PDI 

(Uniprot Accession: P07237). The tryptic peptides indicate cysteine (C*) modifications at 

C-57 or C-60 (upper) and C-401 or C-404 (lower). Cysteine carbamidomethylation from 

sample processing for mass spectrometry is denoted by C#. MS/MS has an abundance of y- 

and b-ions N terminal to proline (underlined) with mass shifts corresponding to 316.204 Da 

indicating 15d-PGJ2 adduction.
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Fig. 2. 
PDI thiol reductase activity is inhibited by 15d-PGJ2 modification. (A) 15d-PGJ2 reduces 

recombinant PDI protein thiol reductase activity. Recombinant PDI (5 μM) was incubated 

with 1.65–33.3 μM of 15d-PGJ2 for 3 h followed by Di-E-GSSG substrate. Thiol reduction 

was measured by fluorescence plate reader and normalized to untreated recombinant PDI 

control. Data are means ± SD. n = 2–3 per group. (B) PDI activity is decreased in rat 

primary neuronal culture after treatment with 15d-PGJ2. Rat primary neuronal cultures were 

treated with 10 μM vehicle (Veh, methyl acetate) or 10 μM 15d-PGJ2 for 24 h prior to 

harvest. Neuronal PDI proteins were precipitated with anti-PDI antibody and a thiol 

reductase activity assay was performed. n = 3 per group. Data are means ± SD. **P < 0.001.

Liu et al. Page 19

FEBS J. Author manuscript; available in PMC 2016 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Overexpression of PDI decreases 15d-PGJ2-induced cell death in SH-SY5Y cells. SH-SY5Y 

cells were transfected with Flag–PDI/pcDNA3.1 (PDI, black bar) or control empty vector 

(Flag, white bar) for 24 h before treatment with 2.5–10 μM 15d-PGJ2 or vehicle (Veh) for an 

additional 16 h (C) or 24 h (A,B). (A) (Left) Overexpression of PDI in transfected SH-SY5Y 

cells. SH-SY5Y cells were transfected with Flag–PDI/pcDNA3.1 (PDI) or control empty 

vector (Flag) then harvested at 24 h (n = 3) and 48 h. Cell lysates were subjected to 

immunoblotting using anti-PDI antibody, and β-actin was used as loading control. (Center 

and right) Cell death was measured by LDH assay and cell viability by WST-1 assay. n = 6–
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12 per group. (B) Representative immunoblots using caspase 9, caspase 3, and poly-

ubiquitinated protein antibodies. Densitometric analysis is shown below representative 

immunoblots (n = 3 per group). GAPDH was used to verify equal protein loading. (C) 

Representative immunoblots using BiP and CHOP antibodies. Densitometric analysis is 

shown below for Bip (n = 4 per group). GAPDH was used as a loading control. Data are 

means ± SE and are normalized to vehicle-treated control (Flag). *P < 0.05; **P < 0.01; and 

P < 0.001.
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Fig. 4. 
PDI thiol reductase activity is inhibited in post-hypoxic neurons and post-ischemic brain. 

(A) The COX-2 inhibitor SC65872 attenuates decrease in PDI activity after hypoxia. Rat 

primary neurons were treated with dimethylsulfoxide (Veh) or SC65872 (1 μM) 2 h prior to 

normoxia or hypoxia. Cells were harvested 24 h later, PDI was immunoprecipitated, and 

PDI thiol reductase activity measured. Data are means ± SE. n = 9 per group (three 

independent experiments combined, n = 3 each). *P < 0.05; **P < 0.001 using one way 

ANOVA with Dunnett’s post hoc analysis. (B) PDI thiol reductase activity is reduced after 

asphyxial cardiac arrest. Male juvenile rats underwent asphyxial cardiac arrest or sham 

surgery (n = 8 per group) and were killed 24 h after resuscitation. Hippocampal PDI was 

immunoprecipitated followed by PDI thiol reductase activity assay (upper). Immunoblot of 

hippocampal cell lysate (lower) indicates PDI protein expression is unchanged after 

asphyxial cardiac arrest. Data normalized to sham and are presented as means ± SE. **P < 

0.001.
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Fig. 5. 
PDI inhibition exacerbates hypoxia-induced neuronal cell death, whereas PDI 

overexpression attenuates cell death. Rat primary neurons were treated with the PDI 

inhibitors 16F16 (A) or nitazoxanide (NTZ) (B) for 48 h then analyzed for cell death (LDH) 

and cell viability (WST). n = 6–12 per group. Data are means ± SE. *P < 0.05. (C,D) Rat 

primary neurons were infected with lentivirus-carrying PDI or empty vector (EV, as control). 

(C) Representative fluorescent images of lentivirus infection (red, tdTomato) in rat primary 

neurons. Blue is Hoechst nuclear stain. Photos taken at ×20 with an Olympus BX51 

microscope with appropriate filters. (D) Cell viability 24 h after hypoxia (left) or treatment 
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with 25 μM 15d-PGJ2 (right). n = 6 per group. *P < 0.05; **P < 0.01. MK, MK801 (1 μM) 

as control for 100% live cells; SP, staurosporin (20 μM) as control for 100% cell death; UN, 

untreated.
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