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Abstract
Platelet surface Protein Disulphide-Isomerase (psPDI) is indispensable for thrombus formation 
at vascular injury sites, primarily through its role in αIIbβ3 integrin activation and is influenced 
by oxidative and nitrosative stress. Given limitations of traditional assays, a sensitive fluorometric 
method employing the fluorescence-quenched pseudo-substrate Di-E-GSSG was utilised to determine 
psPDI reductase activity. The Di-E-GSSG probe was synthesised and validated, exhibiting a greater 
than 6-fold fluorescence increase with Di-Thio-Threitol (DTT), confirming its suitability. Experiments 
demonstrated the probe’s resistance to low DTT concentrations, with 5μM DTT deemed appropriate. 
The assay successfully monitored both bovine liver PDI and psPDI-dependent disulphide reduction in a 
concentration-dependent manner, confirming psPDI’s contribution to reductase activity and the assay’s 
efficacy as a simple, single-step tool. Furthermore, psPDI activity was consistently inhibited by known PDI 
inhibitors: DTNB (100%), bacitracin (80%), PAO (55%) and rutin (14%), serving to confirm the presence 
of psPDI-contributed surface reductase activity. Most significantly, exposure to oxidative and nitrosative 
stress agents resulted in a dose-dependent disturbance of psPDI activity. At the highest concentrations, 
oxidative stress, specifically using hydrogen peroxide and hypochlorous acid, led to complete (100%) 
ablation of psPDI activity, whereas the nitric oxide donors, nitrosoglutathione and diethylamine nitric 
oxide, resulted in 97% and 86% inhibition, respectively, thereby retaining 3% and 14% activity with 
equimolar concentrations. This highlights that oxidative stress exerts a more potent inhibitory effect 
on psPDI than nitrosative stress. In conclusion, this study demonstrates that the reductive function of 
psPDI is markedly inhibited within oxidative/nitrosative stress environments, offering insights into its 
regulation.

Keywords: Blood platelets; Protein disulphide-isomerase; Cell surface; Redox potential; Fluorescent 
probes

Introduction
Protein Disulphide Isomerase (PDI) is a multifunctional enzyme with ubiquitous 

expression and wide distribution in eukaryotic cells [1]. It possesses both reductase and 
oxidase activities, enabling the rearrangement (i.e., isomerisation) of incorrect intramolecular 
disulphide bonds [2]. Primarily located in the Endoplasmic Reticulum (ER), PDI’s ability to 
catalyse disulphide bond isomerisation is among its most studied functions [3]. However, 
despite bearing a KDEL retention signal, PDI is also present in non-ER locations, including the 
nucleus, cytosol, cell surface and extracellular space [4]. The presence of PDI in these diverse 
locations has been linked to various pathological conditions, including AIDS [5,6], cancer 
[7], thrombus formation [8-10] and other pathogenic infections [11,12]. Platelet surface PDI 
(psPDI) is crucial for platelet activation and secretion [13,14], accounting for approximately 
40% of total surface thiols on platelets [15]. Research has demonstrated its involvement in 
the redox control of platelets through disulphide isomerisation [14,16] and denitrosation 
[17], both of which influence platelet aggregation. The isomerising activity of psPDI has been 
shown to modulate αIIbβ3 integrin activation via intricate mechanisms, thereby contributing 
to thrombus formation [10]. Concurrently, its denitrosating function mediates the delivery of 
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Nitric Oxide (NO) redox species into platelets across the membrane 
[18], eliciting an antithrombotic response [19].

This study hypothesises that psPDI’s involvement in both 
pro- and anti-thrombotic states stems from its ability to modulate 
redox chemistry at the platelet surface. Specifically, it is proposed 
that psPDI’s influence on thiol redox modifications, which in turn 
affects its own enzymatic activity, is central to the effects observed 
following exposure to Oxidative Stress /Nitrosative Stress (OS/
NS) caused by the accumulation of Reactive Oxygen Species/
Reactive Nitrogen Species (ROS/RNS). While ROS are generally 
considered prothrombotic, RNS tend to inhibit platelet function 
[20]. Although the modification of thiol proteins by ROS/RNS 
has been investigated [21], the specific impact on psPDI remains 
understudied. Nonetheless, the overarching concept of OS/NS 
mimicking cardiovascular pathologies is well-established [22-24]. 
Traditional methods for measuring PDI activity have included 
the reactivation of scrambled RNase (scRNase) and the reduction 
of insulin. However, a sensitive novel fluorescent assay had been 
published [25] which can be optimised to measure psPDI reductase 
activity after exposure to OS/NS. The present study adapts this 
technique to a 96-well microplate format to investigate the effects 
of various NO/oxygen reaction products on psPDI activity.

This study was undertaken with the following objectives:

i) To synthesise Di-E-GSSG

ii) To determine the suitability of Di-E-GSSG for quantifying 
the activity of PDI from bovine liver, hereafter referred to as an 
‘authentic PDI’

iii) To assess psPDI reductase activity using a platelet-based 
assay

iv) To confirm the involvement of PDI in catalysing reduction on 
the platelet surface through exposure of psPDI to established 
thiol isomerase inhibitors; and

v) To examine the effect of oxido-nitrosative stress on psPDI 
activity. 

Ultimately, this research aimed to identify disruptions in psPDI 
activity induced by four oxidative/nitrosative stress agents.

Materials and Reagents
All chemicals and materials were purchased from Sigma-

Aldrich or Alexis Biochemicals.

Buffer solutions

Phosphate Buffered Saline (PBS) (100mM potassium 
phosphate, 2mM EDTA, pH 8.8) was used for Di-E-GSSG preparation. 
For column equilibration and all subsequent experiments, a Hepes 
Buffered Saline (HBS) (140mM NaCl, 2.7mM KCl, 5mM Glucose, 
10mM HEPES, pH 7.3) was employed.

Preparation of Di-E-GSSG

Di-eosin-oxidised-glutathione was prepared by a modified 
method of Raturi & Mutus [25], reacting 100μM Glutathione 

Disulphide (GSSG) with a 10-fold molar excess of eosin isothiocyanate 
(1mM) in PBS (pH 8.8) overnight at room temperature. The 
reaction mixture was then purified using a disposable PD-10 
desalting column (sephadex G-25 filtration medium) equilibrated 
with HBS (pH 7.3). Fractions were collected, and their fluorescence 
was monitored at 550nm (excitation 510nm) before and after 
treatment with 10 mM Dithiothreitol (DTT). Fractions exhibiting at 
least a 6-fold increase in fluorescence were pooled and stored at 
room temperature until use.

Assay to monitor DTT dose response

The DTT dose response assessed whether the Di-E-GSSG probe 
was reduced by DTT in a dose-dependent manner and if 5μM DTT, 
as used by Raturi & Mutus, interfered with the fluorescence signal. 
The probe was treated with serially diluted DTT concentrations 
(1μM, 10μM, 0.1mM, 1mM and 10mM) and a Milli-QH2O control 
in HBS (70μl HBS+20μl Di-E-GSSG mixture+10μl ascending DTT 
concentrations). A standard curve was generated from the resulting 
fluorescence data.

Isolation of washed human platelets from whole blood

Platelets were isolated following a previously established 
protocol [18]. After informed consent was secured in accordance 
with the declaration of Helsinki, whole blood was collected from a 
healthy volunteer into acid citrate dextrose to prevent coagulation, 
avoiding EDTA and heparin. Platelet-rich plasma was separated 
by two consecutive centrifugation steps (300g for 20min and 
10min at RT), then acidified to pH 6.1-6.5 with 0.5M citric acid. To 
prevent aggregation, 1.5μM prostaglandin E1 and 2U/ml apyrase 
were added before a final centrifugation (1000g for 12min). The 
platelet pellet was resuspended in 1ml HBS and further purified 
by gel filtration using a Sephadex G-25 PD-10 desalting column 
equilibrated with HBS. The washed platelet suspension, manually 
counted, yielded a concentration of 1.45x109 platelets/ml. For the 
Di-E-GSSG assay, platelets were diluted to 290x106/ml, with serial 
dilutions performed to obtain concentrations from 290 to 18x106 
platelets/ml.

Assay to measure PDI-dependent disulphide reduction 
(authentic PDI and psPDI) using Di-E-GSSG

In the presence of HBS containing 5μM DTT, Di-E-GSSG was 
incubated with serially diluted authentic PDI (10.9nM to 175nM) 
to assess a dose-related increase in fluorescence, monitored 
at 510nm excitation and 550nm emission. Any observed dose-
response indicated the probe’s utility for measuring authentic PDI 
activity. Subsequently, psPDI activity was monitored using the same 
protocol, substituting authentic PDI with varying concentrations of 
platelets (290 to 18x106/ml).

Assay to test the effects of oxidative-nitrosative stress 
agents on psPDI

To investigate the effects of oxidative and nitrosative stress on 
psPDI activity, platelets (290x106/ml) were incubated for 30min 
at 37 °C in HBS containing 5μM DTT, with varying concentrations 
(0.1-1000μM) of oxidative and nitrosative stress agents: Hydrogen 
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Peroxide (H2O2), Hypochlorous Acid (HOCl), S-Nitrosoglutathione 
(GSNO) and Di-Ethyl-Amine Nitric Oxide (DEANO). Subsequently, 
the Di-E-GSSG probe was added to measure psPDI inhibition. The 
aim was to determine if a concentration-dependent disturbance of 
psPDI activity occurred in response to these agents.

Three controls were implemented in this experiment:

i) Control 1: 50μl HBS with DTT+10μl Milli-Q H2O (for H2O2, 
HOCl, and GSNO) or NaOH (for DEANO) +20μl platelet 
suspension (290x106/ml)

ii) Control 2: Replacement of platelet suspension in Control 1 
with basic HBS (pH 7.3, without DTT); and

iii) Control 3: Further substitution of Milli-Q H2O or NaOH in 
Control 1 with the stress agents.

Statistical Analysis
Data are presented as mean ± standard error of the mean 

and analysed using Microsoft Excel. Statistical significance was 

determined by a two-tailed, two-sample student’s t-test assuming 
equal variance, with p≤0.05 considered significant.

Result
Preparation of Di-E-GSSG

In an end-point assay, the fluorescence of each eluted fraction 
was measured (Ex 510nm/Em 550nm) and a fold-increase ratio, 
corrected against pre-DTT treatment baseline, was calculated. 
Fractions 3 to 7, exhibiting an intense pink band, showed at least a 
6-fold increase in fluorescence upon 10mM DTT treatment (Figure 
1), attributed to Eosin-Glutathione (E-GSH) release. These pooled 
fractions (approximately 100μl) were selected as the probe. While 
this fold increase was lower than previously described by Raturi 
& Mutus [25], the DTT treatment still elicited a usable response, 
indicating Di-E-GSSG’s viability for determining authentic PDI and 
cell surface thiol levels. Discrepancies in fold increase may be due to 
differences in experimental conditions, such as HBS concentration 
during elution, and the absence of E-GSH quantification.

Figure 1: The fold-increase ratio observed for each eluted fraction before and after treatment with 10mM DTT.

Assay to monitor DTT dose response

For the DTT dose response experiment, the reduction of Di-
E-GSSG was assessed with variable DTT concentrations (1μM to 
10mM) in the absence of PDI, and a standard curve was constructed 
(Figure 2). No increase in fluorescence signal was observed at 
minimal DTT concentrations (0 to 10μM). However, fluorescence 
signals increased dose-dependently at DTT concentrations greater 

than 10μM, indicating interference (reduction of the Di-E-GSSG 
disulphide). Conversely, at minimal concentrations, Di-E-GSSG 
demonstrated resistance to DTT-mediated reduction. Specifically, 
interpolation showed Di-E-GSSG to be resistant to 5μM DTT, 
justifying the use of this concentration for subsequent experiments, 
as it was deemed sufficient for a single enzymatic turnover without 
causing appreciable blank rates.
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Figure 2: DTT dose response in Di-E-GSSG assay.

Reductase activity of authentic PDI

The reductase activity of authentic PDI and psPDI was 
successfully assessed using a high-throughput assay adapted from 
the Di-E-GSSG method. In the presence of 5μM DTT, authentic PDI 
exhibited concentration-dependent reductase activity, evidenced 
by an increase in Relative Fluorescence Units per minute (RFU/
min) and RFU/min corrected for control (Table 1). RFU values were 
derived from the mean of duplicate raw fluorescence measurements, 
corrected for background fluorescence. Subsequently, psPDI activity 
exhibited a reproducible dose-response relationship (Figure 3) 
when monitored continuously over time in the presence of 5μM 
DTT. In control assays without platelet suspension, no increase in 
fluorescence was observed in the Di-E-GSSG assay. Conversely, the 
addition of platelet suspension resulted in a stoichiometric and 
concentration-dependent increase in fluorescence, indicating that 

psPDI triggered the reduction of Di-E-GSSG. While the exact Di-E-
GSSG concentration was unknown, the stoichiometric generation 
of E-GSH confirmed psPDI’s involvement. Authentic PDI induced 
an immediate fluorescence increase without a lag phase; however, 
a brief lag phase was observed in psPDI reductase activity, which 
was eliminated by pre-warming the plate for 30min. Furthermore, 
increasing psPDI concentrations in the presence of 5μM DTT 
yielded increasing fluorescence signals, providing evidence that 
this DTT concentration is sufficient for enzymatic turnover and 
continuous determination of PDI reductase activity. This suggests 
the Di-E-GSSG probe’s disulphide bond is accessible to PDI active-
site dithiols with 5μM DTT, without appreciable background blank 
rates. The observed dose-response relationships (Table 1 & Figure 
3) strongly indicate that the activity generated by both authentic 
PDI and psPDI can be attributed to thiol isomerase activity, 
specifically PDI.

Figure 3: Dose-dependent response of psPDI reductase activity in the Di-E-GSSG assay. Vmax values (expressed as 
RFU/min), derived from three independent experiments (n=3), are presented as mean ± SEM.
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Table 1: The 20min kinetic data for authentic PDI-reductase reactions using Di-E-GSSG assay.

[PDI nM] or Vehicle Control Raw Fluorescence Values RFU/min RFU/min Corrected for Control SD

10.9 114.08 118.54 0.307 0.111 3.2

21.9 128.37 127.49 1.150 0.954 0.6

43.8 146.93 132.92 1.281 1.084 9.9

87.5 167.02 166.94 2.657 2.460 0.1

175 172.52 198.73 3.385 3.188 18.5

Vehicle control 117.28 116.43 0.197 0 0.6

Introducing chemical inhibitors of PDI into psPDI 
reductase assay

The activity observed on the platelet surface was inhibited 
by four established thiol isomerase inhibitors: Rutin (100μM), 
PAO (100μM), DTNB (100μM) and bacitracin (1mM) (Figure 4). 
A consistent, though variable, degree of inhibition was observed 

across all inhibitors, none resulting in complete 0% inhibition, 
thus validating the utility of these inhibition experiments... This 
consistent inhibition by PDI chemical inhibitors suggests a role 
for PDI and/or surface thiol isomerases on platelets in generating 
the activity observed in Figure 3. The mean fluorescence values for 
bacitracin, DTNB, PAO and rutin were all derived from triplicate 
experiments (n=3).

Figure 4: Inhibition of psPDI reductase activity by rutin, PAO, DTNB and bacitracin. Data are presented as mean ± 
SEM from three independent experiments.

The effects of oxidative and nitrosative stress agents on psPDI

Figure 5: Dose-dependent inhibition of psPDI activity following exposure to H2O2, HOCl, GSNO and DEANO (oxidative 
and nitrosative stress agents), determined using the Di-E-GSSG assay. Data are presented as mean ± SEM from 

triplicate experiments.
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A concentration-dependent inhibition of psPDI activity was 
observed in response to the oxidative and nitrosative chemical 
stress agents GSNO, DEANO, H2O2 and HOCl, with dose-response 
curves generated (Figure 5). Control experiments, performed in the 
absence of these agents, exhibited normal PDI activity, confirming 
the reliability of these results. The percentages of inhibition at 
0.1μM, 1μM, 10μM, 0.1mM and 1mM for each stress agent were as 
follows: H2O2-16%, 33%, 93%, 100% and 100%; HOCl -51%, 92%, 
78%, 98% and 100%; GSNO -0%, 6%, 23%, 84% and 97%; DEANO 
-7%, 10%, 31%, 61% and 86%, respectively. An anomalous result 
at 1 1μM HOCl, which deviated from the expected dose-response, 
was disregarded in the interpretation due to potential pipetting 
errors, though efforts were made to maintain consistent pipetting 
throughout the experiments.

H2O2 and HOCl demonstrated a more rapid and potent 
inhibition of psPDI activity compared to GSNO and DEANO. As 
shown in Figure 5, H2O2 and HOCl significantly inhibited psPDI at 
lower concentrations (0.1μM, 1μM and 10μM). In contrast, at these 
same concentrations, inhibition by GSNO and DEANO was less 
pronounced (0% to 23% for GSNO and 7% to 31% for DEANO). This 
dose-related disturbance in psPDI activity is likely attributable to 
thiol modification.

Discussion
Historically, the study of psPDI’s reductive role was challenging 

due to the limitations of traditional assays like scRNase and insulin 
turbidity, which suffered from significant non-enzymatic blank 
rates, hindered accurate estimation of initial rates and lacked 
precision with crude samples [26]. These issues were addressed 
by the development of the sensitive, fluorescent self-quenched 
probe, Di-E-GSSG, by Raturi & Mutus [25]. Fluorescent probes like 
Di-E-GSSG offer significantly enhanced sensitivity, for example, 
a 1000-fold increase compared to probes like diabz-GSSG. In 
present study, the Di-E-GSSG assay was successfully adapted for 
high-throughput investigation of psPDI activity. A stoichiometric, 
concentration-dependent increase in fluorescence was observed, 
indicating that the detected activity was PDI-related. Furthermore, 
the contribution of psPDI to platelet surface activity was confirmed 
using established thiol isomerase inhibitors. The Di-E-GSSG assay 
was also optimised to continuously monitor the effects of OS/NS 
on PDI reductase activity in platelets. Except for a single anomalous 
result at 1μM HOCl, a consistent dose-dependent inhibition of psPDI 
reductase activity was observed when various OS/NS agents were 
introduced, suggesting that exposure to an OS/NS environment can 
elicit a concentration-dependent enzyme inhibitory mechanism. 
The probe’s design allows for continuous monitoring of enzyme 
activity, including the effects of oxidative and nitrosative stress 
agents.

The synthesis of Di-E-GSSG involves covalently conjugating two 
eosin moieties with the two free amino acid groups (i.e., glutamate 
portion) at the N-termini of GSSG. This reaction yields Di-E-GSSG 
without by-products. Unlike scRNase and insulin turbidity assays, 
this purification process is straightforward, requiring only a single 
step to achieve FSQ of the eosin moieties in the probe. The synthesis 

process can be straightforward and cost-effective, requiring 
only a single purification step. Similarly, FSQ peptides have been 
previously utilised to quantitatively investigate PDI activity [27,28]. 
Moreover, the concept of FSQ has also been applied in studies of 
protein dimerization [29], protease activity [30] and protein folding 
[31]. However, the synthesis of such FSQ peptides often requires a 
peptide synthesiser and expensive chemicals, which can limit their 
accessibility for measuring PDI activity [28]. The use of Di-E-GSSG 
circumvents these limitations, as it is a simple and cost-effective 
probe.

For FSQ to occur effectively, the eosin molecules in Di-E-GSSG 
must interact intermolecularly at a distance of no more than 
approximately 100nm. Effective FSQ is crucial for the probe’s 
functionality and accurate fluorescence generation upon reduction. 
To account for this phenomenon, the proximity between amino 
benzoyl residues in diabz-GSSG was previously determined to be 
as close as 73nm using molecular dynamic simulations [26]. In the 
present study, the distance between the two eosins in Di-E-GSSG 
was not tested using molecular dynamic simulations. Instead, the 
effect of removing the distance constraint between the two eosin 
molecules was assessed by adding DTT to abolish the FSQ by 
spatially separating the two E-GSH molecules. The fluorescence 
generation after DTT-treatment provided evidence that the eosins 
in Di-E-GSSG had been adequately self-quenched when the probe 
was synthesised. Without adequate self-quenching, the eosin 
molecules would have remained relatively non-fluorescent even 
after DTT treatment.

Di-E-GSSG was also chosen for its high sensitivity in monitoring 
PDI reductase activity, exhibiting a 1000-fold increase in sensitivity 
compared to diabz-GSSG [25]. This enhanced sensitivity makes it a 
preferred probe. Additionally, PDI demonstrates a relatively higher 
affinity for Di-E-GSSG than for non-fluorescent GSSG, ensuring low 
GSSG concentrations do not significantly alter the rate of E-GSH 
generation. Probes can be designed to have a higher affinity for the 
target enzyme, ensuring that low substrate concentrations do not 
significantly alter reaction rates and potentially leading to faster 
reaction rates due to structural characteristics. This higher affinity 
may be attributed to hydrophobic interactions near the active site 
between eosin’s aromatic rings and PDI, supported by hydrophobic 
regions surrounding active-site dithiols [32]. Alternatively, the two 
large eosin moieties may distort the disulphide dihedral angle of 
GSSG, making its disulphide bonds more susceptible to nucleophilic 
attack by PDI’s active site dithiols, leading to a faster reaction 
rate [25]. While it is hypothesised that the structural changes in 
Di-E-GSSG contribute to its higher affinity for PDI, confirming 
this through structural analysis, such as mass spectrometry to 
investigate the disulphide dihedral angle, was beyond the scope of 
the study.

While Di-E-GSSG exhibits low sensitivity for single enzymatic 
turnover in the absence of DTT, a minimal concentration of DTT 
was included in this study. DTT is crucial for maintaining and 
stabilising PDI’s thiol-disulphide exchange activity by restoring 
activity lost to active site oxidation [25]. External reducing agents 
(e.g., DTT) are crucial for continuous enzymatic turnover, especially 
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when monitoring reduced states and preventing activity loss due to 
oxidation. After substrate oxidation, the PDI active site transitions 
from an oxidised disulphide to a reduced dithiol state, requiring 
re-oxidation via intra and intermolecular dithiol/disulphide 
relays for continued catalysis [33]. These redox cycles serve as 
signalling elements, influencing processes like gene expression 
[34]. Therefore, DTT was added to the Di-GSSG assays to facilitate 
continuous PDI turnover to its reduced state. The necessity of DTT 
was established by Raturi & Mutus [25], who reported that 5μM 
DTT is required for one enzymatic turnover, as PDI did not turn over 
to a reduced state without it. In this study, a DTT dose-response 
also confirmed that 5μM DTT was appropriate and did not cause 
appreciable blank rates, proving useful for continuously monitoring 
nanomolar amounts of authentic PDI and psPDI. Di-E-GSSG 
remained resistant to 5μM DTT but was susceptible to reduction by 
reduced PDI, further demonstrating its utility. Therefore, 5μM DTT 
was deemed convenient and appropriate for facilitating continuous 
PDI turnover in the Di-E-GSSG assays.

To confirm that the activity generated on a platelet surface can 
be attributed to PDI-like enzymes, four PDI chemical inhibitors 
(bacitracin, rutin, DTNB and PAO) were utilised as control 
measures in this study. One limitation was the absence of a specific 
monoclonal anti-PDI antibody to verify that the observed activity 
was specifically related to prototypic PDI. A key challenge is the 
non-specificity of some probes and chemical inhibitors, which may 
react with a broader population of thiol isomerases rather than 
being exclusively specific to the target enzyme (e.g., PDI), leading 
to potential ambiguity in attributing observed activity. Among the 
chemical PDI inhibitors used, bacitracin has been widely employed, 
with an IC50 of approximately 150-200mM [35,36]. However, 
Flaumenhaf [2] screened a small library of approximately 5000- 
compounds and identified rutin as a selective and most potent PDI 
inhibitor, with an IC50 of about 6mM as reported by Jasuja et al. 
[9]. Despite bacitracin’s common use as a specific PDI inhibitor 
[13,14,35], its inhibitory action is scarcely evidenced, and it’s in 
vitro mechanisms remain unclear. PAO and DTNB, also used as 
PDI inhibitors, similarly block the activity of free thiols [37]. In 
general, all these chemical inhibitors inhibit thiol isomerases, 
not just prototype PDI specifically, making them non-specific PDI 
inhibitors. Since PDI accounts for 40% of the overall surface thiols 
[15], a significant amount of the inhibition can be attributed to 
prototypic PDI. Nonetheless, these chemical inhibitors impede 
free thiols and are non-specific to PDI because they also block 
other thiol isomerases [38]. Karala and Ruddock reported that 
1mM bacitracin did not inhibit PDI oxidation and isomerisation 
activity [38]. However, consistent with the present study, bacitracin 
demonstrated a partial inhibitory effect on PDI-reductive activity. 
Observed inhibitory effects on PDI-reductive activity were as 
follows: Rutin (14% inhibition), PAO (55% inhibition), bacitracin 
(80% inhibition) and DTNB (100% inhibition). The primary 
objective of these inhibition experiments was to demonstrate that 
PDI-like activity on the platelet surface could be partially or totally 
blocked, a goal achieved by the application of these four chemical 
inhibitors.

In a subsequent experiment, psPDI was challenged with 
oxidative stress and nitrosative stress by exposure to four stress 
agents: Two redox derivatives of nitric oxide -a nitrosonium cation 
(NO+) (i.e., GSNO) and a NO· radical (i.e., DEANO) -and two OS stress 
agents -H2O2 and HOCl. The accumulation of ROS/RNS is known to 
perturb the delicacy of the redox state, leading to OS/NS [39], which 
consequently alters cellular processes [40], causing events which 
may play a critical role in the modification of thiols in proteins [41]. 
The OS environment often co-localises with NS and vice versa. In 
vivo alteration of NO homeostasis can lead to a rapid conversion 
into secondary ROS and RNS, implicated in various pathological 
processes in diseases such as cancer, cystic fibrosis, aging, 
neurodegenerative and metabolic disorders [42-48]. In biomedical 
free radical literature, ROS and RNS are used as a collective term 
for both oxygen/nitrogen-centred radicals such as O2-, OH. and 
NO. as well as non-radical derivatives of oxygen/nitrogen such 
as H2O2, HOCl, GSNO and DEANO. These nonradical derivatives 
are easily converted into free radicals, affecting protein function. 
For example, many biological systems involve the transferral of a 
nitrosonium cation (NO+) to a protein S -group from an NO donor, 
thereby affecting protein function [49]. Accordingly, GSNO can 
donate NO+ to PDI and inhibit PDI function via S-glutathionylation. 
NO can directly alter protein biosynthesis through posttranslational 
modifications, namely nitration or S-nitrosylation or can indirectly 
alter protein function by interacting with oxygen, thiols, superoxide 
and heavy metals, all causing protein S-glutathionylation [50]. The 
ROS/RNS-linked pathogenesis of thrombosis and their involvement 
in signalling cascades is a recognised phenomenon [40], suggesting 
the likelihood of psPDI being involved in this process. A review 
paper indicated that potential targets for ROS/RNS are signalling 
molecules, such as PDI, that contain critical cysteine residues 
required to retain their activity [51]. Thus, PDI can be modified by 
ROS/RNS via thiol chemistry. These findings align with the present 
study, where OS/NS induced by the four redox derivatives caused 
dose-dependent inhibition of psPDI activity. Responses like OS/NS 
can also be triggered by other stress factors such as heat, osmotic 
shock, and ultraviolet radiation. In the experiments of present 
study, the sample plate was exposed to 37 °C; therefore, heat stress 
could have interfered with OS/NS, potentially causing an over-
emphasised inhibition of psPDI activity. However, exposure to heat 
to cause such a stress situation was unlikely, as the sample plate 
was exposed to heat for a very minimal time.

Furthermore, RNS/ROS can chemically modify critical thiols in 
PDI to form S-nitrosothiols. In theory, this modification can either 
disrupt or regulate PDI activity [51]. However, the findings of this 
study have shown that the activity is disrupted dose-dependently. 
This disruption could be due to a diverse array of systems that 
are difficult to pinpoint with the results of this study. Additionally, 
OS appeared to be more rapid than NS. This could be because OS 
occurs directly, unlike NS. Moreover, ROS are known to be more 
potent and unstable than NOS, therefore more likely to cause 
damage and protein dysfunction. H2O2 is a recognised potent 
thiol oxidant capable of oxidising reduced PDI. In the presence of 
cystine, treatment of E. coli with H2O2 has previously been shown 
to increase the level of extracellular GSSG, thereby decreasing the 
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ratio of reduced GSH to oxidised GSH (GSH/GSSG) both by 5-fold, 
respectively [52]. PDI activity is attenuated at lower ratios of GSH/
GSSG, and this may explain the inhibition of psPDI activity in the Di-
E-GSSG assay when exposed to increasing concentrations of H2O2. 
In contrast to the potential of GSSG in the oxidation of reduced PDI, 
H2O2 has been found to be relatively slower in oxidising reduced 
PDI, with half-lives estimated at 2min and 20min, respectively. The 
difference in the potencies and rapid onset observed in this study 
requires an in-depth search in the free radical literature, in which 
many unanswered questions remain as the source material for 
further investigations into the complete nature of redox signalling.

The Impact and Relevance of This Research
The foundational understanding of platelet disulphide 

isomerase’s role in thrombosis emerged from early studies on 
psPDI, which first indicated its link to thrombosis by demonstrating 
its release from activated platelets [53]. Subsequent investigations 
into cell surface regulatory mechanisms, particularly those 
involving redox chemistry, further underscored the significance 
of studying various effects on psPDI [14,19,54,55]. Among the 
factors demonstrated to influence platelet function, oxidative 
stress and nitrosative stress had been notable. These are induced 
by critical molecular components known to initiate and advance 
vascular diseases [22-24,56-58], including hypertension and 
atherosclerosis. While OS/NS-induced platelet dysfunction has 
been extensively elucidated, the specific impact of OS/NS on psPDI 
reductase activity itself had not been thoroughly investigated. This 
research specifically addresses this critical question.

E-GSH/Di-E-GSSG as Thiol Redox Probes
The intracellular ratio of GSH/GSSG serves as a widely accepted 

measure for assessing cellular toxicity and OS/NS stress [59]. 
Numerous studies have demonstrated that the catalytic efficiency 
of PDI is intrinsically linked to the GSH/GSSG ratio, with a more 
oxidising environment significantly attenuating its isomerase 
activity [60,61]. These earlier investigations typically involved 
blocking the activity of reduced PDI with alkylating agents, 
followed by monitoring its activity after incubation in various redox 
environments using GSH/GSSG as an indicator [60,61]. Similarly, 
changes in the reduction of Di-E-GSSG by PDI were monitored 
to probe the redox state of PDI under variable GSH/GSSG ratios. 
While it was theoretically possible to estimate the redox state of 
PDI through the stoichiometric generation of E-GSH monitored 
after PDI-mediated reduction of Di-E-GSSG, the utility of E-GSH/
Di-E-GSSG as thiol redox probes for investigating the active-site 
environments of PDI was not explored in the present study.

Limitations of this Research
The primary focus of this project was to elucidate the reductive 

potential of psPDI and how this potential is modulated under 
stress conditions such as OS/NS. Extending this investigation to 
include thiol redox probes E-GSH and Di-E-GSSG would have been 
highly relevant for a comprehensive understanding of the effects 
of OS/NS on the psPDI active site redox environment, beyond just 
its reductase activity. It is also pertinent to note that, in addition 

to oxygen/NO-induced cellular toxicity, the ratio of GSH/GSSG 
significantly influences protein folding kinetics [25]. Antioxidant 
GSH, a tripeptide (L-gamma-glutamyl-Lcysteinyl-glycine), is 
recognised as the most ubiquitous and abundant non-protein thiol 
within cells, participating in a multitude of detoxification reactions. 
In vivo studies have further demonstrated its presence outside 
cells, where it contributes to protection against OS/NS [62]. A 
primary limitation of this research stems from the non-specificity 
of the experimental tools employed. The Di-E-GSSG assay, used to 
assess PDI reductase activity, and the chemical inhibitors, including 
rutin, PAO, DTNB, and bacitracin, are not exclusively specific to PDI. 
Consequently, the observed functional activities (attributable to 
authentic PDI and psPDI) and inhibited responses (related to thiol 
isomerase inhibitors and OS/NS may partially derive from a broader 
population of surface thiol isomerases. While PDI is a prominent 
and well-characterised member of this family [19], accounting 
for approximately 40% of total thiols [15], the use of PDI enzyme 
activity-specific function-blocking antibodies would have provided 
greater mechanistic resolution. A further intellectual challenge 
lies in the current understanding of PDI’s localisation. The precise 
mechanisms by which PDI escapes the ER and appears in non-ER 
locales, such as the cell surface, are not yet empirically defined. 
Therefore, conclusions regarding the function of psPDI, despite the 
pertinence of our findings, must be interpreted with caution [63].

Despite retaining the C-terminal KDEL retention signal, PDI has 
been consistently documented in extracellular spaces [4]. The exact 
processes facilitating PDI’s export while maintaining its retention 
signal remain unclear [19]. However, several mechanisms have 
been speculated, including: KDEL saturation machinery, sequence 
cleavage, structural complexing with other macromolecules, 
leakage from a salvage pathway designed to recycle proteins back 
to the ER [63]. Once secreted, PDI is understood to bind to the 
cellular surface through electrostatically induced interactions, as 
demonstrated in hepatocytes where microtubular activity mediates 
PDI secretion and electrostatic forces contribute to its attachment 
to the plasma membrane. Overall, while the findings of this study 
are pertinent to PDI, these inherent methodological and conceptual 
considerations should be considered when interpreting the results 
[64].

Future Directions
The demonstrated inhibitory response of psPDI to OS/NS 

agents presents a promising avenue for advancing research into 
platelet-pathway driven thrombosis and atherosclerosis. Future 
investigations could extend the current findings by incorporating 
platelet adhesion assays to comprehensively evaluate the functional 
consequences of OS/NS on platelet activity in vitro and in vivo. 
Furthermore, the Di-E-GSSG assay, validated in this study, exhibits 
significant potential for broader application. It could be extended 
to various cell lines that express PDI on their surface, allowing for a 
more widespread exploration of OS/NS effects on PDI activity across 
different cellular contexts. Similarly, optimising the Di-E-GSSG assay 
to monitor other members of the PDI family would provide valuable 
insights into their respective roles and susceptibilities to redox 
modulation. From a therapeutic perspective, integrating various 
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antioxidants into future studies to normalise PDI activity under 
OS/NS conditions could establish a rational basis for developing 
novel therapeutic strategies in the field of thrombosis research. 
This approach could potentially mitigate the pro-thrombotic effects 
associated with OS/NS-induced psPDI dysfunction.

Conclusion
Investigating psPDI activity has historically been challenging, 

largely due to the absence of sufficiently sensitive and robust 
probes. This research is part of a demonstration of an advancement 
in this area through the successful application of the Di-E-GSSG 
assay. This probe proved invaluable, enabling a rapid, sensitive, 
and highly applicable assay for studying psPDI within the 
platelet samples employed in this study. The utility of the Di-E-
GSSG assay extends beyond the scope of this research, offering 
considerable potential for the high-throughput screening of PDI 
chemical inhibitors. Furthermore, its adaptability allows for 
straightforward optimisation for fluorescence plate readers, which 
would significantly enhance its capacity to precisely investigate the 
intricate effects of various redox buffers and ROS/RNS on psPDI 
activity. This research contribution provides a way forward for 
future research into PDI’s role in health and disease.
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