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Abstract: The mercapturate pathway is a unique metabolic circuitry that detoxifies electrophiles upon
adducts formation with glutathione. Since its discovery over a century ago, most of the knowledge
on the mercapturate pathway has been provided from biomonitoring studies on environmental
exposure to toxicants. However, the mercapturate pathway-related metabolites that is formed in
humans—the mercapturomic profile—in health and disease is yet to be established. In this paper,
we put forward the hypothesis that these metabolites are key pathophysiologic factors behind the
onset and development of non-communicable chronic inflammatory diseases. This review goes from
the evidence in the formation of endogenous metabolites undergoing the mercapturate pathway to
the methodologies for their assessment and their association with cancer and respiratory, neurologic
and cardiometabolic diseases.

Keywords: mercapturate pathway; cysteine-S-conjugates; chronic inflammation; N-acetyl-transferase
8; cysteinyl-leukotrienes; dopamine; estrogen; disulfides; metabolomics; biomarkers

1. Brief Overview of the Mercapturate Pathway

The mercapturate pathway is one of the key traits of renal proximal tubular cells, although it is
also present in hepatocytes [1]. The main function of this pathway is to detoxify electrophilic species [2].
These electrophiles might arise either from the metabolism of endogenous substances or from exogenous
compounds (or their biotransformation products) present in air, food or water [3–7]. Once generated
in any cell and upon conjugation with glutathione (GSH) (Figure 1), an electrophile-GSH-S-conjugate
is formed [8]. As cells are not able to metabolize these conjugates intracellularly, those conjugates
are effluxed into the bloodstream to undergo the mercapturate pathway. Thus GSH-S-conjugates are
the precursors that will generate mercapturates, through the three sequential steps that constitute
this pathway. The first two steps are extracellular and generate cysteinyl-glycine-S-conjugates
(CysGly-S-conjugates) and cysteine-S-conjugates (Cys-S-conjugates) by the membrane-bound-enzymes,
gamma-glutamyl-transferase (GGT) and dipeptidase or aminopeptidase-M, respectively [9–11]. Despite
their presence in tissues such as liver, small intestine, lung, brain, spleen and pancreas, the main
local of expression of these enzymes is the kidney tubule [12]. The Cys-S-conjugates enter the renal
tubular cells and hepatocytes via various transporters including organic anion transport polypeptides
and cystine/cysteine transporters for the last reaction of the mercapturate pathway [12–14]. The last
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step of this pathway relies on the microsomal N-acetyl-transferase 8 (NAT-8) that is expressed
almost exclusively in the kidney proximal tubular cells, with much lower presence at the liver [1].
An N-acetyl-cysteine-S-conjugate, also known as a mercapturate, is lately formed upon NAT8 activity
and is majorly eliminated in urine.
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conjugates; GSH-X: glutathione-S-conjugates; N-AcCysS-X: mercapturates; NAT8: N-acetyl-
transferase 8. 
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profile. As Cys-S-conjugates seem to have significantly higher half-life than their precursors [4,15], 
they are the plausible ones to be used for biomonitoring purposes in human biological fluids (Tables 
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Figure 1. The mercapturomic profile of health and non-communicable chronic diseases. Any cell
can generate GSH-S-conjugates that are excreted into the circulation and metabolized at the external
apical membrane of kidney proximal tubular cells (major route) and hepatocytes (minor route).
The Cys-S-conjugates that are formed might be subsequently detoxified by the N-acetyl-transferase
NAT8, allowing the formation of mercapturates that are eliminated in urine. The Cys-S-conjugates can
also be reabsorbed into the bloodstream and distributed into several organs. Blood and urine can be
used for biomonitoring of mercapturate pathway-related metabolites. CysS-X: cysteine-S-conjugates;
GSH-X: glutathione-S-conjugates; N-AcCysS-X: mercapturates; NAT8: N-acetyl-transferase 8.

2. The Mercapturomic Profile

The metabolites that are formed through this pathway include the precursors GSH-S-conjugates
and their catabolic products, the CysGly-S-conjugates and Cys-S-conjugates, and finally their
mercapturates. This mercapturate pathway-related metabolites is herein called the mercapturomic
profile. As Cys-S-conjugates seem to have significantly higher half-life than their precursors [4,15], they
are the plausible ones to be used for biomonitoring purposes in human biological fluids (Tables 1–5).
In addition, the urinary mercapturates represent a prominent non-invasive approach to profile
this pathway.
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3. Biological Actions of Mercapturate Pathway-Related Metabolites

The effects of Cys-S-conjugates might have been underestimated, probably because the
mercapturate pathway has been classically considered a detoxification route for xenobiotics. However,
it is for instance known that the Cys-S-conjugate of cisplatin is more toxic to kidney tubular cells than
cisplatin by itself [16]. Additionally, the Cys-S-conjugate of paracetamol is related to its nephrotoxicity,
but not to its hepatotoxicity [17].

Cys-S-conjugates have been associated with hemodynamic properties [18], such as arteriolar
vasoconstriction [19–21] and enhanced postcapillary venules permeability [22]. Cys-S-conjugates
are involved in glucose-stimulated insulin secretion [23] and might have pro-inflammatory [5],
cytotoxic [16,17,24,25], genotoxic [25] and immunogenic [26] properties. Most of available studies
have investigated the role of specific mercapturate pathway related metabolites in an experimental
model or in a particular group of patients. Thus far, no work has given a comprehensive view of the
mercapturomic profile, similarly to what it is performed for protein adducts [27]. In fact, Wang and
Ballatori (1998) have brilliantly reviewed dozens of compounds that generate GSH-S-conjugates [28]
such as leukotrienes [3], prostaglandins [29] and lipid peroxidation products [6,7].

The cysteinyl-leukotrienes (CysLTs) might be the best described example in the literature,
concerning its association with non-communicable diseases. CysLTs are products of arachidonic acid
metabolism and key mediators of inflammatory conditions [30–32] and stem from the catabolism
of leukotriene C4 (LTC4), which is a GSH-S-conjugate. Extracellular LTC4 undergoes a two-step
catabolic process originating the CysGly-S-conjugate (leukotriene D4, LTD4) and Cys-S-conjugate
(leukotriene E4, LTE4) respectively, through the mercapturate pathway [31,32]. These compounds
are generally termed CysLTs, although this denomination fully suits only LTE4, which has the
longest half-life [15]. LTE4 mercapturate formation is mediated by NAT8 activity as described by the
team of Veiga da Cunha (2010) [3]. CysTL are well known for their role in the pathophysiology of
asthma and increasing evidence links these metabolites with non-communicable chronic inflammatory
conditions [33,34], namely cardiovascular, neurologic and kidney disease [35] and cancer [36,37].
Altogether, non-communicable diseases represent the most common cause of death and multi-morbidity
in the modern world [38]. Expanding investigations have shown that many of these diseases share
pathophysiological mechanisms, with a similar profile of molecular changes, despite affecting diverse
organs and systems differently. To fulfil this concept in a mercapturate pathway-related perspective, we
herein review the available knowledge about the association between mercapturate pathway-related
metabolites and the major non-communicable diseases. All included reports are clinical studies.

4. The Human Mercapturomic Profile in Health and Disease

4.1. Respiratory Diseases

CysLTs are important inflammatory mediators in the pathophysiology of respiratory disorders
(Table 1) [39–42]. They are potent bronchoconstrictors and can cause acute and chronic structural
defects in the airways [43–45]. Common treatment of asthma might include CysLTs receptor type
1 antagonists. There are also inhibitors available for 5-lypoxygenase, the enzyme involved in the
synthesis of the precursor of CysLT from arachidonic acid. Three studies evaluated CysLTs in saliva,
exhaled breath condensate and urine samples of patients with asthma (Table 1). Both chronic and acute
asthma were associated with increased levels of LTE4 in all the biological matrixes analyzed [40,46,47].
Moreover, smoking habits did not affect LTE4 levels in exhaled breath condensate and the use of
CysLTs receptor antagonists during asthma exacerbation did not affect LTE4 levels in urine [40].
Cys-S-conjugates which are disulfides were increased in children with difficult-to-treat asthma [34]
and associated with asthma severity, including poorer control of symptomatology, greater medication
use and a worse response to glucocorticoid therapy [48].
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CysLTs have also been associated to silica-induced lung fibrogenesis [49]. In fact, increased LTE4
levels were observed in exhaled breath condensate of patients with pneumoconiosis derived from
asbestos and silica exposure [39].

4.2. Cancer

Cys-S-conjugates have also been described in different types of cancer, namely in melanoma,
non-Hodgkin lymphoma, breast, ovarian and thyroid cancer (Table 2).

Melanoma was linked to the melanin metabolite 5-S-Cys-DOPA (Cys-DOPA). In melanocytes,
the amino acid L-DOPA is oxidized into a highly reactive dopaquinone that after binding to a
sulfhydryl donor as glutathione is further oxidized to pheomelanin, a yellow to reddish form of
melanin. Increases in serum Cys-DOPA have been associated with poor prognosis of malignant
melanoma and shorter survival times [50–54]. Additionally, Cys-DOPA also increased in melanoma
recurrence after chemotherapy or surgery [50,53,54].

Estrogen metabolism is strongly implicated in the development of hormonal cancers [55–57].
Estrogen metabolites, namely 2- and 4-hydroxyestrone and 2- and 4-hydroxyestradiol might generate
electrophilic metabolites, and for mercapturate pathway-related metabolites their urinary levels
were found to be decreased in patients with breast cancer or non-Hodgkin lymphoma relative to
healthy subjects [58–60]. Additionally, the ratio of depurinating estrogen deoxyribonucleic acid
(DNA) adducts to estrogen metabolites and conjugates (including GSH-S-conjugates, Cys-S-conjugates
and mercapturates) was higher in cases of thyroid and ovarian cancer in comparison with healthy
individuals [56,57]. Changes in Cys-S-conjugates that are disulfides were also observed in leukemia,
lymphoma and colorectal adenoma [61,62].

4.3. Neurologic Diseases

Parkinson’s disease (PD) is characterized by severe depletion of dopamine (DA) [63]. The role of
dopamine related cysteinyl-S-conjugates in PD has been investigated in order to evaluate how the
failure of anti-oxidative mechanisms, in the prevention of spontaneous dopamine oxidation, might
contribute the degeneration of dopaminergic neurons (Table 3).

Dopamine can be oxidized following non-enzymatic and enzymatic pathways. Dopamine can
spontaneously oxidize to dopamine-o-quinone, which forms conjugates GSH-S-conjugates. Dopamine
can also be oxidized by monoamine oxidase to 3,4-dihydroxyphenylacetaldehyde, which is further
metabolized by aldehyde dehydrogenase to 3,4-dihydrophenylacetic acid (DOPAC) and then into
homovanillic acid upon catechol-O-methyltransferase activity [64,65].

In 1989, Fornstedt and colleagues [66] identified 5-Cys-S-conjugates of DOPA, DA and DOPAC
in three brain regions (substantia nigra, putamen and caudate nucleus) of post-mortem brains from
patients with and without depigmentation and neuronal loss within the substantia nigra. The levels of
DOPA, DA and DOPAC were decreased in the depigmented group.
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Table 1. Mercapturomic profile of respiratory diseases.

Disease Aim Study Population Mercapturomic Profile

Pneumo-coniosis

Evaluate the impact of pneumoconiosis
and systemic diseases, drugs and diet on
LTC4 and LTE4 levels measured in EBC,

plasma and urine
Ref [39]

A total of 82 patients with pneumoconiosis:
45 from asbestos exposure (mean age 70 yo;
53% men)
37 from silica exposure (mean age 69 yo;
97% men) and 27 CTLs
Subjects with systemic disorders (atherosclerosis,
cancer) were present in all groups

In CTLs, plasma LTE4 correlated with nephrolithiasis
(+) and fibrates (+)
In asbestosis, CysLTs correlated with lung function (−),
plasma LTC4 correlated with steroids (+)
In silicosis, urine LTD4 correlated with kidney failure
(+), and salicylates (+); and plasma LTE4 with vitamin
C and E (+)
EBC: LTB4 asbestosis > silicosis and CTL; LTD4 and
LTE4 asbestosis and silicosis > CTL.
Urine: LTD4 asbestosis > CTL.
Plasma: LTE4 asbestosis > CTL

Asthma

Evaluate the effect of smoking in LTD4
and LTE4 levels in asthma

Ref [40]

EBC from 59 asthmatic patients: 30 smokers
(mean age 34 yo; 50% men) and 29 non-smokers
(mean age 34 yo; 48% men); and 29 CTLs (mean
age 34 yo; 48% men; non-smokers)

LTD4 asthmatic smokers > asthmatic non-smokers
and CTLs
LTE4 asthmatic > CTL
LTE4 correlated with FEV1/FVC ratio (−)

LTE4 levels in treatment of asthma
exacerbation with CysLTR1 antagonists

Ref [46]

184 patients with acute asthma at ED (age 35 yo):
123 on ß agonist + montelukast; 61 on ß agonist
+ placebo.
Sampling at ED and 2 weeks after

Urine: LTE4 during exacerbations > 2 weeks later.
No differences in LTE4 during exacerbation or 2 weeks
later in patients receiving montelukast or placebo.
LTE4 correlated with FEV1 (−) during exacerbation and
2 weeks later

CysLTs levels in saliva of AIA patients
Ref [47]

26 non-smoking asthmatic patients: 15 AIA
(mean age 51 yo; 40% men) and 11 ATA (mean
age 55 yo; 36% men); 10 CTLs; patients were also
divided in mild (n = 6) and severe (n = 9) asthma

Saliva LTC4 and LTE4 AIA > ATA and CTL
Urine LTE4 AIA > ATA and CTL and LTE4 severe AIA >
mild AIA

Characterize systemic Cys-S-conjugates
that are disulfides and its association

with asthma
Ref [48]

Plasma and PBMCs samples from 99 children
with asthma (median age 12 yo; 67% men) and
15 CTLs (median age 10 yo; 20% men).
On treatment for asthma, 57 difficult-to-treat
children underwent glucocorticoid
responsiveness test

Plasma: CysSSCys and EhCysSH/CysSSCys in
asthma > CTL.
PBMCs: GSSG in asthma > CTL
In glucocorticoid treated children, EhCysSH/CysSSCys
in non-responders > responders before and
after treatment

(−): negative correlation; (+): positive correlation; AIA: aspirin-intolerant asthma; ATA: aspirin-tolerant asthma; Cys: cysteine; CysSH: free cysteine; CysLTs: cysteinyl-leukotrienes;
CysSSCys: cystine; CysSSG: cysteine-glutathione disulfide; EBC: exhaled breath condensate; ED: emergency department; Eh: redox potential; FEV1: forced expiratory volume in 1 second;
FEV1/FVC ratio: ratio of forced expiratory volume in one second by forced vital capacity; GSSG: oxidized glutathione; LTC4: leukotriene C4; LTD4: leukotriene D4; LTE4: leukotriene E4;
PBMCs: peripheral blood mononuclear cells; yo: years old.
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Additionally, while no differences were found for the Cys-S-conjugates, the authors observed
an increase in the ratio of Cys-DA/DA and Cys-DOPAC/DOPAC in the substantia nigra and
Cys-DOPA/DOPA in the putamen of the depigmented group [66]. Similar results were later
obtained with patients with PD and parkinsonism (PD and multiple system atrophy parkinsonism).
Importantly, patients were not on DOPA therapy. The levels of Cys-DA were not affected in
patients with parkinsonism. Nevertheless, as DOPAC or homovanillic acid were decreased, both
Cys-DA/DOPAC or Cys-DA/homovanillic acid ratios were increased in these patients [67,68].
The work of Goldstein and co-authors [67] also showed that Cys-DA and DOPAC have the same source:
the cytoplasmic dopamine. Thus, the dopamine denervation associated with parkinsonism would be
expected to produce equal proportional decreases in Cys-DA and DOPAC levels and consequently
unchanged Cys-DA/DOPAC ratios. The authors were not able to explain the observed decrease in
DOPAC without the decrease in Cys-DA [67]. Even though, the authors suggested that this might be
due to decreased antioxidant capacity [69] and aldehyde dehydrogenase activity [70]. Interestingly,
substantia nigra of PD patients has a 50% reduction of their GSH levels [71,72]. This decrease can be
presumably due to the reaction of GSH with DA semiquinones or quinones [73]. At the same time,
decreased antioxidant capacity might shift the balance from dopamine to dopamine quinone and
finally to Cys-DA, which will explain the absence of decreased levels Cys-DA. In opposition, there is
one study reporting increased levels of 5-S-Cys-conjugates of DOPA, DA and DOPAC at substantia
nigra of patients with PD. However, all patients were under L-DOPA treatment, which could have
influenced the results [74].

Catechol estrogens are also present in the brain and, like dopamine, can be bioactivated to catechol
quinones able to form adducts with GSH and undergo the mercapturate pathway for elimination.
Urinary estrogen-catechol Cys-S-conjugates were lower and estrogen-DNA adducts were higher in
PD patients than in healthy controls [75]. The authors suggested that there is an unbalanced estrogen
metabolism in PD and that the protective pathways might be unable to avoid the oxidation of catechol
estrogens and further DNA adducts formation.

On the other hand, neuro-inflammation might also play a role in autism [76,77]. The levels of
CysLTs have been investigated in autistic children, together with a sensitive indicator of bioactive
products of lipid peroxidation and oxidative stress, the 8-isoprostane [78,79]. The authors proposed
both CysLTs and 8-isoprostane as markers for early recognition of sensory dysfunction in autistic
patients that might facilitate earlier interventions [78].

CysLTs increases at the central nervous system [80–82], might also be involved in edema formation
in brain tumor patients [83].
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Table 2. Mercapturomic profile of cancer.

Disease Aim Study Population Mercapturomic Profile

Melanoma

Usefulness of serum Cys-DOPA levels in
MM prognosis and response to

immuno-chemotherapy
Ref [50]

Serum samples from 11 patients with MM before
and after each immunochemotherapy cycle
Mean age 47 yo; 64% men

Cys-DOPA MM patients after therapy > MM patients
before therapy > healthy controls
Patients with declines in Cys-DOPA > 68% of treatment
cycles had longer survival time

Value of Cys-DOPA in different stages of
MM

Ref [51]

Serum samples from 252 patients followed for 1
to 4 months: patients with no evidence of MM
after surgery or chemotherapy (asymptomatic
patients), patients with MM classified according
to symptoms or clinical I-III stages. Range age
18–86 yo; 51% men

Cys-DOPA symptomatic > asymptomatic patients
Cys-DOPA stage III > stage I and II patients
Cys-DOPA stage III > primary tumor, lymph node and
lung metastasis symptoms
↑ Cys-DOPA correlated with tumor mass

Usefulness of serum Cys-DOPA in
melanoma progression and prognosis

Ref [52]

Serum samples of 218 melanoma patients
Mean age 55 yo; 51% men

Cys-DOPA > 10 nmol/L in stage IV patients
Elevation of Cys-DOPA preceded or occurred at the
same time of clinical detection of visceral metastasis in,
respectively, 33% and 37% of cases
↑ Cys-DOPA associated with shorter survival time

Case report for diagnosis of rectal
malignant melanoma with Cys-DOPA

Ref [53]

Serum samples of a woman 84 yo diagnosed
with rectal MM

Before tumor resection: Cys-DOPA = 26 nM.
Three months after surgery: Cys-DOPA = 12.6 nM
(still > 10 nM) and CT scan confirmed multiple liver
and lung metastasis.

Usefulness of serum Cys-DOPA as a
biomarker for prognosis and early
detection of relapse of malignant

melanoma
Ref [54]

Serum samples of 120 patients with advanced
stage malignant melanoma
Mean age 64 yo; 41% men

Cys-DOPA in advanced stages (III and IV) > early
stages (0–II) patients. In patients with advanced stages,
Cys-DOPA > 15 nM correlated with a poor prognosis
In 11/14 patients with melanoma recurrence, Cys-DOPA
> 10 nM around the time of relapse

Colorectal
adenoma

Evaluate the effects of antioxidant
micronutrients on oxidative and

inflammatory biomarkers in sporadic
colorectal adenoma.

Ref [62]

Pilot, randomized, double-blind,
placebo-controlled clinical trial. Plasma samples
from 47 patients with a history of sporadic
colorectal adenoma: 23 under placebo (median
age 59 yo; 52% men) and 24 under antioxidant
treatment with 800 mg vitamin E, 24 mg
β-carotene, 1000 mg vitamin C, 200 µg
L-selenomethionine, 7.2 mg riboflavin, 80 mg
niacin, 60 mg zinc and 5 mg manganese (median
age 61 yo; 50% men).

CysSSCys in the antioxidant (−39%) < placebo group
In the antioxidant group, ↓ CysSSCys was only
statistically significant in nonsmokers (−35%) vs.
smokers (−12%)
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Table 2. Cont.

Disease Aim Study Population Mercapturomic Profile

Leukemia
lymphoma

Determine the effect of high-dose
chemotherapy and type of parenteral
nutrition in circulating antioxidants in

patients undergoing BMT
Ref [61]

Double-blind, controlled, randomized clinical trial.
Plasma samples from 24 BMT patients (mean age
40 yo; 58% men) with NHL (n = 10), chronic
myeloid leukemia (n = 8), Hodgkin disease (n = 4),
acute myeloid leukemia (n = 1) and T cell
lymphoma (n = 1). Most patients received
chemotherapy or chemotherapy + radiation.
Patients were divided into treatment with standard
parenteral nutrition with amino acids, dextrose,
lipids, vitamins minerals and electrolytes (mean age
41 yo; 36% men) or modified parenteral nutrition
(mean age 38 yo; 69% men) with electrolytes,
vitamins, minerals and less lipids. Samples were
collected before chemotherapy and BMT (baseline)
and 1, 3, 7, 10 and 14 days after BMT.

↑ EhGSH/GSSG, EhCys/CysSSCys and CysSSCys
over time, regardless of treatment or parental
nutrition type

non-Hodgkin
lymphoma

Determine if the estrogen metabolites
and adducts are involved in the etiology

of NHL
Ref [60]

Urine samples from 15 NHL patients (median age
59 yo; 100% men) and 30 CTLs (median age 60;
100% men).
Estrogen metabolites included Cys, GSH and NAC
conjugates of 4-OHE1(E2) and 2-OHE1(E2).

Cys, GSH and NAC conjugates of 4-OHE1(E2)
in CTL > NHL group

Thyroid cancer

Investigate the role of estrogen
metabolites and adducts in thyroid

cancer
Ref [57]

Urine samples from 40 women with thyroid cancer
(mean age 47 yo) and 40 CTL women (mean age
47 yo).
The estrogen metabolites included Cys, GSH and
NAC conjugates of 4-OHE1(E2) and 2-OHE1(E2).

Ratio depurinating estrogen-DNA adducts to
estrogen metabolites and S-conjugates in thyroid
cancer > CTL group

Ovarian cancer

Investigate the role of estrogen
metabolites and adducts in ovarian

cancer
Ref [56]

Urine samples from 33 women with ovarian cancer
(mean age 58 yo) and 34 CTL women (mean age
58 yo).
The ratio of depurinating estrogen DNA adducts to
estrogen metabolites and S-conjugates was obtained.
The estrogen metabolites included Cys, GSH and
NAC conjugates of 4-OHE1(E2) and 2-OHE1(E2).

Ratio depurinating estrogen DNA adducts to
estrogen metabolites and S-conjugates in
ovarian cancer > CTL.
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Table 2. Cont.

Disease Aim Study Population Mercapturomic Profile

Breast cancer
Evaluate the urinary levels

of estrogen metabolites
and adducts in breast cancer

Urine samples from 12 women with high-risk for
breast cancer (mean age 52 yo), 17 with breast cancer
(mean age 54 yo) and 46 CTLs (mean age 50 yo).
The ratio of depurinating estrogen DNA adducts to
metabolites was obtained.
Estrogen metabolites included Cys, GSH and NAC
conjugates of 4-OHE1(E2) and 2-OHE1(E2).
Ref [58]

Cys, GSH and NAC conjugates of 2-OHE1(E2) in
CTL > other groups.

Urine samples from 40 women with high-risk for
breast cancer (median age 57 yo); 40 with newly
diagnosed breast cancer (median age 58 yo); CTLs
(median age 45 yo). All without estrogen-containing
treatments.
The ratio of depurinating estrogen DNA adducts to
metabolites was obtained.
Estrogen metabolites included Cys, GSH and NAC
conjugates of 4-OHE1(E2) and 2-OHE1(E2).
Ref [59]

Cys, GSH and NAC conjugates of 2-OHE1(E2)
and 4-OHE1(E2) in CTL > other groups.
Ratio in breast cancer and high-risk group for
breast cancer > in CTL.

↑: higher; ↓: lower; 2-OHE1(E2), 2-hydroxyestrone(estradiol); 4-OHE1(E2), 4-hydroxyestrone(estradiol); Cys-DOPA: 5-S-Cysteinyl-dopa; BMT: bone marrow transplantation; CTL: controls;
Cys: cysteine; CysSSCys: cystine; Eh: redox potential; GSH: glutathione; GSSG: oxidized glutathione; MM: malignant melanoma; NHL: non-Hodgkin lymphoma; yo: years old.
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Table 3. Mercapturomic profile of neurologic diseases.

Disease Aim Study Population Mercapturomic Profile

Parkinson

Investigate the association between SN’s
degenerative changes and the occurrence
of Cys-DOPA, Cys-DA and Cys-DOPAC

Ref [66]

Postmortem brain samples (SN, PUT and CN
sections) from 17 individuals. 72–90 yo;
41% men.
Samples were divided according to degree of
depigmentation and neuronal loss within SN
(12 pigmented, 5 depigmented)

DOPA, DA, DOPAC depigmented < pigmented in SN.
No differences for Cys-S-conjugates
Cys-DA/DA, Cys-DOPAC/DOPAC depigmented >
pigmented in SN
Cys-DOPA/DOPA depigmented > pigmented in PUT

Evaluate the levels of Cys-DA and HVA
in CSF samples of PD patients

Ref [68]

CSF samples from 20 PD patients (mean age 69
yo, 85% men) and 16 CTLs (mean age 60 yo
years, 63 % men);
Samples under and 5 days after L-DOPA
withdrawal

HVA in PD patients after L-DOPA withdrawal < CTLs.
No differences for Cys-DA among groups.
Cys-DA/HVA in PD after L-DOPA withdrawal > CTLs.

Assess Cys- and GSH-conjugates of DA,
DOPA and DOPAC in brain tissue and

changes on their levels in PD
Ref [74]

Postmortem brain samples from six PD patients
with PD (mean age 77 yo, L-DOPA therapy) and
six CTLs (mean age 81 yo); Brains were
dissected into 11 regions

Detectable conjugates in most brain regions, with higher
levels in SN and PUT
GSH-conjugates < Cys-conjugates
Cys-conjugates in SN in PD > CTLs

Assess estrogen metabolites and adducts
in PD

Ref [75]

Urine samples from 20 PD patients (mean age
62 yo; 75% men; all under levodopa) and
40 CTLs (mean age 63 yo; 75% men).Estrogen
metabolites included Cys-, GSH- and NAC-
conjugates of 4-OHE1(E2) and 2-OHE1(E2)

Cys, GSH and NAC conjugates of 4-OHE1(E2) CTL >
PD group

Assess the value of Cys-DA/DOPAC
ratio in CSF as a specific biomarker of

parkinsonism
Ref [67]

CSF samples from 24 PD patients (mean age 61
yo, 58% men); 32 MSA-P (mean age 60 yo; 66%
men); 18 PAF (mean age 63 yo; 67% men) and 32
CTLs (mean age 53 yo; 53% men). Patients were
not on levodopa or MAO inhibitors

Cys-DA levels were similar among groups;
Cys-DA/DOPAC > 2-fold in PD and MSA-P than PAF
and CTL groups
Cys-DA/DOPAC was correlated with putamen/occipital
ratios (−) and washout fractions of
18F-fluorodopa-derived radioactivity (+)

Autism

Determine the correlation of
8-isoprostane, LTs, age and autism

severity scales
Ref [78]

Plasma samples from 44 autistic children (mean
age 7 yo) and 40 CTLs (mean age 7 yo). Autistic
cases were all simple and tested negative for the
fragile X gene mutations
*LTs measured = LTA4 + LTC4 + LTD4 + LTE4

CysLTs and 8-isoprostane in autistic > CTL.
CysLTs correlated with 8-isoprostane (+)
SSP test correlated with CysLTs and 8-isoprostane (−)

(−): negative correlation; (+): positive correlation; 2-OHE1(E2), 2-hydroxyestrone(estradiol); 4-OHE1(E2), 4-hydroxyestrone(estradiol); Cys-DOPA: 5-S-Cysteinyl-dopa; Cys-DA:
5-S-Cysteinyl-dopamine; CT: CTL: controls; CSF: cerebrospinal fluid; DA: dopamine; DOPA; L-3,4-dihydroxyphenylalanine; CN: caudate nucleus; DOPAC; 3,4-dihydroxyphenylacetic acid;
GSH: glutathione; HVA: homovanillic acid; LT: leukotrienes; LTB4: leukotriene B4; LTC4: leukotriene C4; LTD4: leukotriene D4; LTE4: leukotriene E4; MAO: Monoamine oxidase; MSA-P:
parkinsonian multiple system atrophy; PAF: pure autonomic failure; PD: Parkinson’s disease; PUT: putamen; SI: substantia innominata; SN: substantia nigra; yo: years old. SSP Short
Sensory Profile.
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4.4. Cardiometabolic Diseases

There are several works reporting the association of CysLTs in cardiometabolic diseases (Table 4)
and different mechanisms might explain this association. For instance, in cardiometabolic diseases,
the 5-lipoxygenase pathway that contributes to CysLTs formation is activated, the CysLTs receptors
(mainly CysLT2R) are strongly expressed in cardiac, endothelial and vascular smooth muscle cells.
CysLTs exert negative inotropic action on the myocardium and mediate coronary vasoconstriction [84].
Moreover, CysLTs may have pro-atherogenic effects; they may stimulate proliferation and migration of
arterial smooth muscle cells and platelet activation [36].

Winking and collaborators (1998) measured urinary LTs in patients suffering from spontaneous
intracerebral hemorrhage. Urinary LTC4, LTD4 and LTE4 levels were positively associated with
hematoma volume and decreased after hematoma removal by surgery [85].

Regarding coronary artery diseases, urinary LTE4 levels were increased in patients admitted
in the hospital with acute chest pain derived from acute myocardial infarction and unstable angina
compared with controls [86]. Likewise, urinary LTE4 levels were higher in patients with chronic stable
angina than controls before surgery [87]. In another study, urine and plasma levels of CysLTs increased
during, and after, cardiac surgery with cardiopulmonary bypass. Interestingly, that increment was
greater in patients with moderate-to-severe chronic obstructive pulmonary disease than in patients
without this condition [88]. The authors hypothesize that these differences may be related to neutrophil
activation and higher lung and airway production of CysLTs in patients with chronic obstructive
pulmonary disease.

CysTL were also evaluated in individuals with atherosclerosis lesions in the carotid artery
concomitantly with or without periodontal disease. This study was motivated by several reports that
have been associating periodontal disease with the development of early atherosclerosis and increased
risk of myocardial infarction [89–91]. The sum of LTC4, LTD4 and LTE4 was increased in gingival
crevicular fluid in subjects with higher dental plaque and also in subjects with atherosclerotic plaques
in the carotid artery, regardless of periodontal status [92].

CysLTs might play a role in the development of the cardiovascular complications associated with
obstructive sleep apnea (OSA). Urinary LTE4 levels were associated with obesity and hypoxia severity
in patients diagnosed with OSA. Continuous positive air treatment decreased LTE4 by 22% only in
OSA patients with normal body max index (BMI). Additionally, LTE4 levels were higher in non-obese
OSA patients vs. matched controls [93]. In another study, Gautier-Veyret and co-authors (2018) found
that urinary LTE4 levels were independently associated with age, history of cardiovascular events and
severity of hypoxia in patients with OSA with and without previous cardiovascular events. As such,
LTE4 levels were higher in OSA patients with no previous cardiovascular events than in controls
with no previous cardiovascular events. Urinary LTE4 levels were also associated with intima-media
thickness, suggesting the activation of CysLTs pathway as a driver of vascular remodeling in OSA [94].

CysLTs were also evaluated in patients with diabetes. Urinary LTE4 levels were higher in patients
with type 1 diabetes than in controls [95] and decreased 32% after intensive insulin treatment [96].
These results suggest that hyperglycemia activates arachidonic acid metabolism and consequent
CysLTs formation. Interestingly, glucose can also generate Cys-S-conjugates that are far more stable
than glucose-GSH. In specific, higher urinary levels of glucose-Cys were detected in patients with
diabetes [4].

Cys-S-conjugates that are disulfides were related with hypertension, diabetes and Framingham
risk score in coronary heart disease patient [97,98] as well as impaired microvascular function and
greater epicardial necrotic core [97]. Moreover, these conjugates and GSH-Cys-S-conjugates were
independent predictors of endothelium-dependent vasodilation [97].
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Table 4. Mercapturomic profile of cardiometabolic diseases.

Disease Aim Study Population Mercapturomic Profile

Diabetes

To evaluate the influence of diabetes,
glycaemia control and ACE inhibitor on

LTE4 excretion. Ref [95]

Urine samples from 34 T1D patients: 20 with
good metabolic control (age 39 yo; 55% men), 14
poor metabolic control (age 41 yo; 50% men); 28
CTLs (age 39 yo; 43% men). All nonsmokers

LTE4 T1D > CTL.
LTE4 in T1D with poor metabolic
control > CTL
No influence of ACE Inhibitors on
urinary LTE4

Evaluate the effect of insulin treatment
on the urinary excretion of LTE4. Ref [96]

Urine samples from 20 T1D (mean age 37 yo;
35% men) and 19 T2D patients (mean age 58 yo;
68% men). Non-smokers. Intensive insulin
treatment over 3 months

↓ LTE4 after insulin treatment (−32%) in T1D
but not in T2DM

Assess if Cys is a good transglycating
agent. Ref [4]

Urine samples from five diabetic patients and
two normoglycemic subjects

Glucose-Cys diabetes > normoglycemic
subjects

To evaluate the association of urinary
LTE4 with endothelial function

Ref [99]

Urine samples from 30 (median age 65 yo; 80%
men) T2DM subjects of at least 2 years duration
and eGFR 71 (14–129) mL/min

Decreased renal function associated with ↓
urinary LTE4; LTE4 associated with serum
creatinine (−) and eGFR (+); eGFR was an
independent predictor of urinary LTE4 levels

OSA-related atherogenesis

Identify the factors influencing LTE4
levels and the role of LTE4 in
OSA-related atherosclerosis

Ref [94]

Urine samples from 170 OSA patients (mean age
57 yo; 81 % men): 136 CVE free and 34 with
previous CVE; 29 CTLs (mean age 52 yo; 52%
men): 22 CVE free and seven with previous CVE

LTE4 associated with age, min SaO2 and
history of CVE and intima-media thickness.
LTE4 in OSA CVE free patients > CTL CVE
free group. Increase related to minSaO2 and
traditional risk factors of the 10-year CDV
risk score

OSA-related obesity

To evaluate the influence of obesity and
CPAP in urinary LTE4 levels and the role
of LTE4 as biomarker of inflammation in

patients with OSA.
Ref [93]

Urine samples from 40 non-obese OSA patients
(mean age 49 yo; 85% men) and 25 CTLs (mean
age 45 yo; 72% men). A group of 72 OSA
patients with any BMI starting CPAP (mean age
51 yo; 81% men) was included to study
confounder factors of LTE4. All nonsmokers

LTE4 in non-obese OSA > CTLs. In the 40
non-obese OSA patients, LTE4 was correlated
with % of time spent with SaO2 < 90% (+).
In the 72 OSA patients, BMI and % of time
spent with SaO2 < 90% were identified as
independent predictors of LTE4. CPAP
treatment for at least 4 weeks ↓ LTE4 by 22%
only in OSA patients with normal BMI
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Table 4. Cont.

Disease Aim Study Population Mercapturomic Profile

Intra-Cerebral
hemorrhage

Quantify LTs in urine of spontaneous
ICH patients and evaluate its impact

in the edema formation.
Ref [85]

Urine samples from 17 spontaneous ICH patients
(mean age 58 yo; 53% men): 12 treated surgically
and five conservatively. Sampling before treatment
and during the five following days. CysLTs
measured = sum of LTC4, LTD4 and LTE4

CysLTs correlated with hematoma volume (+)
CysLTs 5 days after < before surgery
CysLTs did not decrease after the conservative
treatment

Coronary artery diseases

Assess LTE4 during and after acute
coronary syndromes

Ref [86]

Urine samples from 16 AMI (mean age 51 yo;
88% men); 14 UA patients (mean age 52 yo; 21%
men); eight clinical CTLs (non-ischemic heart pain)
(88% mean) and 10 normal CTLs (50% men) CTLs
(non-evidence of coronary artery disease). Samples
were collected upon admission with acute chest
pain and 3 days after

LTE4 in MIA and UA at admission > CTL groups
LTE4 on admission > 3 days after UA

Study the relation between the
systemic LTE4 levels and stable

coronary artery disease before and
after bypass surgery

Ref [87]

Urine samples from 13 chronic stable angina (mean
age 59 yo; 100% men) and 12 CTLs (mean age 44 yo;
100% men). Single urine patients from CTLs and
patients before surgery; postoperative 24 h urine
samples over seven successive days. 6/13 patients
on aspirin until a few days before surgery. All but
three patients on aspirin after the operation.

LTE4 in preoperative patients > CTL
LTE4 2 days after > before surgery

Detect the formation of CysLTs and
atherosclerosis lesions in carotid

artery in subjects with and without
periodontitis

Ref [92]

GCF samples from 19 subjects with periodontitis
(mean age 55 yo; 63% men; 13 with atherosclerotic
plaques in carotid artery) and 16 CTLs (mean age
53 yo; 44% men; five with atherosclerotic plaques in
carotid artery).

Subjects with atherosclerotic plaques in
periodontitis > in CTL
CysLT higher in periodontitis with higher dental
plaque index
CysLTs in subjects with > subjects without
atherosclerotic plaques in all subjects
independently on periodontitis
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Table 4. Cont.

Disease Aim Study Population Mercapturomic Profile

Coronary artery diseases

Assess oxidative stress parameters in
the bloodstream as a reliable

predictor of endothelial function.
Ref [98]

Plasma samples from 124 healthy nonsmokers
without CDV risk factors (44 yo; 40% men).
At recruitment, 41 patients were HTN, diabetes or
BMI ≥ 30. Vasodilation was measured at the
brachial artery

CysSSCys related with age(+), BMI(+), HTN(+)
Framingham score
CysSSCys in HTN, diabetes or BMI ≥ 30 >
remaining individuals CysSSG related with
TG(−), HDL(+), HTN(+). CysSSCys and
CysSSG independent predictors of
endothelium-dependent vasodilation

Test if ↑ oxidative stress was
associated with impaired coronary
microvascular function and plaque

necrotic core content
Ref [97]

Plasma samples from 47 patients with an abnormal
non-invasive stress test, stable angina or stabilized
acute coronary syndrome undergoing cardiac
catheterization (mean age 58 yo; 64% men).
Microvascular function and epicardial plaque
measured in the coronary artery

↑ CysSSCys/GSH associated with impaired
microvascular function and greater epicardial
necrotic core
↑ CysSSCys in patients with ↑ BMI and HTN

Study of CysLTs changes during and
after cardiac surgery with CPB in
patients with and without COPD

Ref [88]

Patients undergoing cardiac surgery with CPB: nine
moderate-to-severe COPD (69 yo; 78% men) + 10
non-smoker no COPD patients (64 yo; 60% men).
Urine and plasma at baseline, end of CPB, after CPB
and 2 h after admission in ICU. CysLTs = LTC4 +
LTD4 + LTE4

↑ urine CysLTs with time in both groups, but
more evident in COPD patients; Plasma Cys LTs
baseline < at admission to ICU in patients with
COPD

Assess LTE4 during and after acute
coronary syndromes

Ref [86]

Urine samples from 16 AMI (mean age 51 yo; 88%
men); 14 UA patients (mean age 52 yo; 21% men);
eight clinical CTLs (non-ischemic heart pain) (88%
mean) and 10 normal CTLs (50% men) CTLs
(non-evidence of coronary artery disease). Samples
collected upon admission with acute chest pain and
3 days after.

LTE4 in MIA and UA at admission > CTL
groups.
LTE4 on admission > 3 days after UA.

↑: higher; ↓: lower; (−): negative correlation; (+): positive correlation; ACE: Angiotensin Converting Enzyme; AMI: acute myocardial infarction; BMI: body mass index; CDV: cardiovascular;
CPAP: continuous positive air pressure; CPB: cardiopulmonary bypass; CTL: controls; CVE: cardiovascular event; Cys: cysteine; CysSSCys: cystine; CysSSG: cysteine-glutathione disulfide;
GCF: gingival crevicular fluid; GSH: reduced glutathione; GSSG: oxidized glutathione; HTN: hypertension; ICH: intracerebral hemorrhage; ICU: intensive care unit; LT: leukotriene; LTB4:
leukotriene B4; LTC4: leukotriene C4; LTD4: leukotriene D4; LTE4: leukotriene E4; min SaO2: minimal oxygen saturation; OSA: obstructive sleep apnea; SaO2, arterial oxygen saturation;
T1D: type 1 diabetes; T2D: type 2 diabetes; TG: triglycerides; UA: unstable angina; yo: years old.
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Table 5. Methodologies for mercapturomic profiling.

Analyte Sample Sampling and Pre-Treatment and Analyses

5-S-CyS-DOPA Serum

Sampling: blood collected into plain evacuated tubes and allowed to coagulate. Pre-treatment: commercial kit
(Immundiagnostik GmbH, Bensheim, Germany). Extraction and purification on acid-washed aluminum oxide.
LC-EC Ref [50]
Ref [51]
Sampling: blood collected into plain evacuated tubes and allowed to coagulate. Sample: 500 µL serum.
Pre-treatment: adsorption of 5-S-cysteinyl-DOPA to alumina, washing alumina with a phosphate buffer pH 4.0 and
elution of 5-S-cysteinyl-dopa with HC1O4. LC-EC Method from Ref [100] Ref [52,54]
Ref [53]

5-S-CyS-DA CSF
Sample: 70 µL CSF; Sampling: collection at 7:30 and 8:30 am, ultrafiltration into Millipore Ultrafree-MC units
having a NMWC cut-off of 10,000. LC-EC Ref [68]
Sample: 1 mL; batch alumina extraction; LLOD 10 pmol/L, or 10 fmol per assayed mL of CSF; LC-EC Ref [67]

5-S-Cys-DOPA,
5-S-Cys-DA,

5-S-Cys- DOPAC
5-GSH-DOPA,

5-GSH-DA
5-GSH-DOPAC

Tissues from 11 different
brain regions.

Homogenization and digestion with proteinase K in a digestion buffer with addition of perchloric acid 0.1 M.
Centrifugation and supernatant filtration (0.22-pm Micropure separators). Adsorption of catechols from 100 µL of
the filtrate to acid-washed aluminum oxide. Washing aluminum oxide with distilled water and elution of catechols
with mobile phase (pH 2.7). LC Ref [74]

Cys-4-OHE1
Cys-4-OHE2

GSH-4-OHE1
GSH-4-OHE2

N-AcCys-4-OHE1
N-AcCys -4-OHE2

Spot urine

About 50 mL was collected from each participant and 1
mg/mL ascorbic acid was added to prevent oxidation of
the catechol moieties. Urine samples (2 mL) were adjusted
to pH 7 and then loaded into phenyl SPE pre-conditioned
cartridges. Elution with methanol/10 mmM ammonium
formate pH 7 (90:10) with 1% acetic acid.

LC-MS Normalization to urine creatinine
Ref [58–60,75]

LC-MS Normalization with depurinating estrogen
DNA adducts Ref [56,57]

Glucose-cysteine Urine No extraction. GC-MS SIM of characteristic ions 632, 745, 604 and 726 m/z. Normalization by urinary creatinine
Ref [4]

LTE4 Urine

Urine 10 mL was stabilized by the addition of NaOH and 4-OH-TEMPO before freezing. LC purification.
Radioimmunoassay LLOD 8 pg/mL. Normalization with urinary creatinine sulfate Ref [86]

25 mL SPE followed by LC purification. Radioimmunoassay Normalization with urinary creatinine Ref [87]
Spot urine. LC purification. Radioimmunoassay normalization with urinary creatinine LLOD: 6.3 pg of LTE 4 per
milligram of creatinine Ref [46]
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Table 5. Cont.

Analyte Sample Sampling and Pre-Treatment and Analyses

Ref [95] 4 mL of urine SPE LC-MS/MS in negative mode. Acquisition in MRM m/z 438.2→ 333.0. Normalization
with urinary creatinine

Ref [93] Urine collection at 7:00 am. Pre-treatment SPE LC-MS/MS in negative mode. Acquisition in MRM
m/z 438.2→ 333.0 LLOD: 10 pg/mL urine. Normalization with urinary creatinine

Ref [96] Overnight urine collection. Pre-treatment SPE; C-MS/MS in negative mode. Acquisition in MRM
m/z 438.2→ 333.0 LLOD: 10 pg/mL urine. Normalization with urinary creatinine

Ref [99] 50 uL urine No purification of sample required. EIA Range: 7.8–1000 pg/mL. Normalization by urinary
creatinine

Ref [94] Sample collection at 7:00 am. SPE MS/MS in negative mode. Acquisition in MRM m/z 438.2→ 333.0 LLOD:
10 pg/mL urine. Normalization with urinary creatinine

Sum of LTC4, LTD4
LTE4

Urine

Ref [85] Urine samples were added to 8 mL methanol containing 4-hydroxy-TEMPO (4-
hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) and ethylenediami- netetraacedic acid (EDTA) in final
concentrations of 1.0 and 0.5 mM, respectively before freezing. Pre-treatment 2 mL SPE followed by LC purification.
Radioimmunoassay normalization with urinary creatinine

Urine
Saliva 1 mL saliva SPE followed by LC purification. EIA Ref [47]

Sum of LTC4, LTD4
LTE4 GSF EIA; LLOD 7.8 pg/mL for LTC4 + LTD4 + LTE4 and 3.9 pg/mL for LTB4 Ref [92]

LTD4
LTE4 EBC At least 1.5 mL of EBC. ELISA Ref [40]

Sum of
LTB4, LTC4
LTD4, LTE4

EBC
Plasma Urine

EBC (1 mL); Blood and a spot urine samples were taken between 8:00 and 12:00 a.m. Blood collected with EDTA.
SPE. LC-MS/MS Ref [39]

Plasma
Urine

SPE for plasma samples. Enzyme-linked immunosorbent assay. Urinary LTs normalized with urinary creatinine.
Plasma LTs concentrations were corrected for changes in plasma protein concentration Ref [88]
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Table 5. Cont.

Analyte Sample Sampling and Pre-Treatment and Analyses

Sum of
LTA4, LTC4
LTD4, LTE4

Plasma Blood collected overnight fasting in EDTA tubes. Plasma. SPE. ELISA Ref [78]

CysSSCys
CySSG Plasma

Precipitation of potassium perchlorate with KOH/tetraborate solution followed by derivatization with dansyl
chloride. Blood samples collected after overnight fasting. Blood collected into specially prepared tubes containing a
preservative solution with serine, sodium heparin, BPDS, iodoacetic acid, borate and tetraborate. The supernatant
was then transferred to a perchloric acid solution before freezing LC-FD Ref [101,102]

CysSSCys Plasma

Blood collected in heparin tubes and immediately placed in preservation buffer containing BPDS. The supernatant
was added to ice-cold 10% perchloric acid in 10 µmol gamma-glutamylglutamate before freezing LC-FD Ref [61]
Blood collected in sodium heparin tubes and transferred into specially prepared tubes with preservative containing
serine, sodium heparin, BPDS, iodoacetic acid and borate. Supernatant transferred into a tube containing 10%
ice-cold perchloric acid and 0.2 M boric acid solution LC-FD Ref [97]
Blood collected in EDTA tubes. After centrifugation, butylated hydroxytoluene and salicylic acid as lipid and
aqueous antioxidants were added before freezing LC-FD Ref [62]
Aliquots were preserved in a 5% perchloric acid solution containing iodoacetic acid (6.7 µmol/L) and boric acid
(0.1 mol/L) before freezing LC-FD Ref [48]
Blood collected into heparin tubes and transferred into a preservative solution before freezing LC-MS Ref [103]

2-OHE1(E2), 2-hydroxyestrone (estradiol); 4-OHE1(E2), 4-hydroxyestrone (estradiol); 5-S-Cys-DOPA: 5-S-Cysteinyl-dopa; 5-S-Cys-DA: 5-S-Cysteinyl-dopamine; BPDS: bathophenanthroline
disulfonate; CSF: cerebrospinal final; Cys: cysteine; CysSSCys: cystine; CysSSG: cysteine-glutathione disulfide DA: dopamine; DOPA: L-3,4-dihydroxyphenylalanine; DOPAC
3,4-dihydroxyphenylacetic acid;; EBC: exhaled breath condensate; EIA enzyme immunoassay GC-MS: gas chromatography with mass spectrometry detection; GCF: gingival crevicular
fluid; GSH: glutathione LC: liquid chromatography; LC-EC: liquid chromatography with electrochemical detection; LC-FD: liquid chromatography with fluorescence detection; LC-MS:
liquid chromatography with mass spectrometry detection; LLOD: lower limit of detection; LTB4: leukotriene B4; LTC4: leukotriene C4; LTD4: leukotriene D4; LTE4: leukotriene E4; MRM
multiple reaction monitoring; MS/MS tandem mass spectrometry; NAC: N-acetylcysteine.; SIM: selected ion monitoring; SPE: solid phase extraction.
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5. Methods in Mercapturates Profiling

Mercapturate pathway-related metabolites and their profile might be useful as biomarkers in
characterizing human exposure to electrophilic endogenous substrates and its relation to health
and disease. The methodological strategies herein reviewed for the determination of mercapturate
pathway-related metabolites are presented in Table 5. These compounds have been measured in
different human fluids and tissues requiring pre-treatment of samples. The studies herein reviewed
quantify only one type or family of mercapturate pathway-related metabolites (dopamine, estrogens,
cysteinyl-leukotrienes and cysteinyl-S-conjugates which are disulfides). Those metabolites were
quantified by different methodologies including liquid chromatography with ultraviolet detector
or fluorescence detector or mass spectrometry detector, enzyme-linked immunosorbent assay and
radioimmunoassay (Table 5).

6. Trends and Limitations

Herein we review the clinical studies that reported associations between, one of or a family of,
mercapturate pathway-related metabolites with a particular disease. In fact, most of available evidence
on the association of the mercapturomic profile with health and disease has been obtained by a targeted
approach (Figure 2). Future work might focus on a comprehensive qualitative and quantitative analysis
of the totality of mercapturate-pathway related metabolites, in similarity to what has been done for
protein addutomics [104].

One of the main limitations to assess the global mercapturomic profile is the fact that the
mercapturate pathway-related metabolites are often minor metabolites [105]. Despite the enormous
technological advances in MS instrumentation, the identification of this minor adducts is still challenging.
New approaches are needed for providing accuracy and sensitivity along with quantitative information.
The future obstacles will involve not only sample pre-treatment procedures, but also optimization of
MS and data analysis strategies.

On the other hand, in vivo models of disease will allow to investigate the origin and metabolism
of these compounds as well as their distribution in the body. In fact, these compounds have been
described to be found in several matrices, including tissues, urine, plasma, exhaled breath condensate,
saliva, polymorphic blood mononuclear cells or gingival crevicular fluid that might require different
pre-treatment procedures.

7. Innovative Potential

Many chronic diseases with an inflammatory component display significantly increased levels of
electrophiles. The mercapturomic profile might represent a useful tool to globally characterize both
environmental and internal electrophile exposomes and its relation to disease (Figure 2). This holistic
omic-approach is expected to provide unique information that includes the identification of new
therapeutic targets and commonalities related to mechanisms of different diseases that might facilitate
therapeutics development and define preventive strategies. Additionally, this approach might constitute
an effective tool to define the mercapturomic phenotypes of drug resistance and adverse reactions;
disease progression, encouraging precision medicine standards. Finally, as many environmental
compounds undergo this pathway it will also contribute to a better understanding of the contribution
of environment to non-communicable diseases.
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Figure 2. Mercapturomic profile of disease. This profile was defined by reviewing the mercapturate-
pathway related metabolites that have already been associated with non-communicable diseases 
(prognostic, progression, therapeutic response) in clinical studies. 
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