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Abstract: Biological antioxidant potential (BAP) and Reactive Oxygen Metabolites (dROMs) are two tests
complementarily assessing systemic oxidative statuses (SOSs) that are never applied in chronic liver
disorders (CLDs). We enrolled 41 ursodeoxycholic acid (UDCA)-naïve Primary Biliary Cholangitis
(PBC) patients [age: 58.61 ± 11.26 years; females (F): 39], 40 patients with metabolic-dysfunction-
associated steatotic livers (age: 54.30 ± 11.21; F: 20), 52 patients with HBV (age: 52.40 ± 8.22; F:
34), 50 patients with (age: 56.44 ± 7.79, F: 29), and 10 controls (age: 52.50 ± 9.64; F: 7). Liver
fibrosis and the steatosis severity were determined using transient elastography, and the SOS was
balanced using d-ROMs and the BAP test. The gene expressions of superoxide dismutase (SOD1;
SOD2) and glutathione peroxidase (GPx1) were evaluated using real-time PCR in advanced fibrosis
(AF: F3F4) in patients with PBC. In contrast to other CLDs, in PBC the dROMs and BAP levels
were, respectively, directly and inversely correlated with hepatic fibrosis (dROMs, R: 0.883; BAP,
R: −0.882) and steatosis (dROMs, R: 0.954; BAP, R: −0931) severity (p < 0.0001 all). Patients with
PBC also revealed a progressively increasing trend of d-ROMs (F0–F2 vs. F3: p = 0.0008; F3 vs. F4:
p = 0.04) and reduction in BAP levels (F0–F2 vs. F3: p = 0.0007; F3 vs. F4 p = 0.04) according to the
worsening of liver fibrosis. In AF-PBC, the SOD1, SOD2, and GPx1 expressions were significantly
downregulated in patients presenting SOS imbalance (SOD1, p = 0.02; SOD2, p = 0.03; GPx1, p = 0.02).
SOS disequilibrium represents a leitmotiv in patients with PBC, perfectly reflecting their liver disease
progression status.

Keywords: primary biliary cholangitis; cholestasis; oxidative stress; hepatic fibrosis

1. Introduction

The disruption of the redox state constitutes a crucial event sustaining the pathogenesis
of several chronic diseases in humans [1]. In physiological conditions, the balance between
oxidants and antioxidant agents contributes to the preservation of “healthy” redox states in
biological systems [2]. The production of reactive oxygen species (ROS) represents major
oxidant agents’ source, as well as a natural moment of aerobic life fueling a large part
of cellular functions [1,2]. However, excessive generation of these species, by promoting
inflammation and toxicity, may result in serious damage to cells and tissues [1]. To face
this, protective defenses are naturally predisposed and include non-enzymatic compounds
(e.g., vitamin E and glutathione (GSH)) and the action of specific enzymes [e.g., superoxide
dismutase (SOD) and glutathione peroxidase (GPx)] [1,2]. When the capacity of these
antioxidant systems fails, the level of inactivated ROS rises, and an “unhealthy” redox state
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takes over, ultimately, determining the oxidative stress [2]. Oxidative stress represents the
epiphenomenon of the redox state impairment, which, also considering its close relationship
with the inflammation status, has been largely investigated as a predominant pathogenetic
background of various chronic liver disorders (CLDs) and autoimmune diseases [1,3,4].

The local oxidative status disequilibrium has amply been demonstrated as a common
feature of CLDs, independently from the etiology [viral (HCV and HBV infection) or
dysmetabolic (metabolic dysfunction-associated steatotic liver disease (MASLD)], and
it plays a crucial role in fueling hepatocellular damage, the progression of fibrosis, and
the onset of hepatocellular carcinoma (HCC) [5]. At the same time, the perpetuation of
an extra-hepatic chronic low-grade inflammation status, mutually fueling the systemic
oxidative stress persistence, constitutes a well-known shared denominator with CLDs of
various etiologies (particularly, HBV, HCV, and MASLD) [5].

In the wide scenario of chronic hepatopathies, Primary Biliary Cholangitis (PBC),
through simultaneously representing a CLD and an autoimmune disorder, appears as a
completely sui generis entity. PBC is a widely recognized autoimmune cholestatic chronic
liver disease. A predominant proportion (ranging from 90 to 95%) of patients with PBC
is represented by females receiving the diagnosis in the 30–65 years interval age [6]. PBC
pathogenesis is based on the interaction between immune response and biliary pathways
leading to injury and progressing to cholestasis and liver fibrosis. The histological picture
is predominantly characterized by destructive cholangitis which contributes to the selec-
tive loss of small intrahepatic biliary epithelial cells (BECs). However, the pathogenetic
mechanisms driving progressive bile duct loss remain obscure [6].

Recent studies have suggested the involvement of hepatic oxidative stress imbalance
in the onset and progression of PBC. In this regard, robust evidence suggests local oxidant
stress is a significant feature of early-stage PBC, and it contributes to the worsening of the
disease, through apoptosis, premature senescence, and BECs’ loss and destruction [7]. In
support of this, the periductal infiltration of myeloperoxidase (MPO)-positive inflamma-
tory cells has been closely associated with cellular senescence in the early stage of PBC.
Moreover, recent reports suggested that the protein kinase ataxia telangiectasia-mutated
(ATM)/p53/p21WAF1/Cip1 pathway is involved in the induction of cell cycle arrest in-
duced by oxidative stress [8]. Based on this, many studies have subsequently explored the
relationship between oxidative stress and ursodeoxycholic acid (UDCA), which represents
the first-line therapeutic regimen for patients with PBC [9,10]. Although antioxidant prop-
erties have been demonstrated for UDCA [9], recent findings revealed that the protective
effect of this medication is limited to early disease stages [10].

Relevantly, the effect of oxidative stress imbalance on PBC could be represented also
by an enhanced immune response [4]. Thus, among the frequently used local oxidative
stress markers, Malondialdehyde (MDA) constitutes the most important product of lipid
peroxidation, whose role in hepatic steatosis, frequently recurring as a histological feature
also in PBC, has been largely explored [11,12]. Liver-derived MDA can form an adduct with
human serum albumin (HSA) triggering an immune reaction culminating in autoantibodies’
(IgG) production [12]. Consequently, IgG against MDA adducts to HSA and has been
proposed as an indirect marker of lipid peroxidation in PBC.

Pathogenetically considering all these recent findings, as well as clinically considering
the recurrent extra-hepatic manifestations reported in patients with PBC [13], and consider-
ing the overall autoimmune context [3], it appears more legitimate to consider PBC as a
“systemic disease”, rather than merely a CLD.

Despite this, extra-hepatic oxidative stress has never been systematically investigated
in patients with PBC or correlated with liver disease progression status, making the evalua-
tion of these features an unmet need and a valuable research challenge.

On the other hand, although, as previously mentioned, systemic oxidative stress has
been largely highlighted in various CLDs (MASLD, HBV, and HCV) [5], research efforts
have predominantly focused on markers of excessive ROS production and have only
partially evaluated valid methods for also assessing the potential impairment of the extra-
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hepatic defense’s oxidative mechanisms in these conditions. Therefore, the complete study
of the systemic oxidative balance, as well as the correlation with liver disease progression,
still represents a field to be explored for CLDs.

Considering this, investigating the systemic oxidative balance, through going beyond
the already demonstrated local redox state disequilibrium, as well as the relationship with
liver disease progression status, appeared as a potential novelty in PBC, as well as, in
general, in a CLDs scenario.

Biological antioxidant potential (BAP) and Reactive Oxygen Metabolites (dROMs) are
two complementary routinely adopted validated tests, widely used to assess the systemic
oxidative status (SOS) balance, largely experimented in various chronic human disorder
scenarios, and never applied before in clinical CLDs contexts [14–16].

Based on all these aims, the present study aimed to evaluate the systemic oxidative
balance of UDCA-naïve subjects receiving a first diagnosis of PBC in comparison with
healthy individuals and patients affected by CLDs of other etiologies (MASLD, HBV, and
HCV), simultaneously investigating the relationship of SOS with the hepatic steatosis and
fibrosis severity.

2. Materials and Methods
2.1. Patients

In this observational study, after signing informed consent, we consecutively enrolled
patients receiving a first diagnosis of PBC (n:41), individuals (n:142) receiving a first
diagnosis of CLDs of other etiology including ongoing HBV chronic infection (CHB) (n:52),
ongoing HCV chronic infection (CHC) (n:50), and MASLD (n:40), as well as a group of
healthy controls (n:10).

PBC was diagnosed serologically using the following CPGs-reported-criteria: (1) chronic
(at least 6 months) cholestasis [elevated alkaline phosphatase (ALP) or gamma–glutamyl
transferase (GGT)] and the presence of anti-mitochondrial antibodies (AMA) (titer > 1:40);
(2) chronic cholestasis and specific antinuclear antibodies (ANA) [immunofluorescence
(nuclear dots or perinuclear rims) or enzyme-linked immunosorbent assay (ELISA) results
(sp100, gp210)] defining the “PBC-AMA negative” (AMA−) entity [13].

HBV and HCV infections were identified when serological and virological evidence
of chronic (at least 6 months) ongoing infection occurred: following the current CPGs,
the detection of the HCV antibody (HCVAb) with HCV-RNA positivity and HbsAg (HBV
surface antigen) positivity with a HBV-DNA viral load > 107 International Unit (IU)/mL
defined chronic HCV and HBV infection, respectively [17,18].

Finally, MASLD was diagnosed in the presence of recently Delphi-consensus proposed
diagnostic criteria when imaging-detected hepatic steatosis was associated with overweight
or obesity, defined as a Body Mass Index (BMI) >25 kg/m2, or the presence of specific
cardiometabolic risk factors [19].

The enrollment was carried out at the Hepato-Gastroenterology Division of the Uni-
versity of Campania “Luigi Vanvitelli” between January 2020 and January 2024.

The inclusion criteria were age between 18 and 80 years and a novel-received CLDs
(PBC, HBV, HCV, or MASLD) diagnosis. Exclusion criteria were alcoholic liver disease
(ALD), smoking (past and/or current), the presence of extra-hepatic chronic inflammatory
diseases, acute or chronic kidney diseases, rheumatoid arthritis, systemic lupus erythemato-
sus, or other major systemic inflammatory diseases or tumors, ongoing infections, alcohol
or drug abuse history, previous neoplasms (including HCC) diagnosis, use of antioxidant
based regimens and hepatoprotective drugs in the 12 months preceding the enrollment,
decompensated liver cirrhosis (Child-Pugh B and Child-Pugh C) at the moment of the en-
rollment or in the previous 12 months, and psychological/psychiatric problems that could
have invalidated informed consent. Moreover, at enrollment, PBC individuals receiving
ongoing or previous (in the last 12 months) UDCA-based treatment were also excluded.
Therefore, all the included patients with PBC were UDCA-naïve, and none had undergone
a previous (in the previous 12 months) UDCA-based therapeutic regimen. The Alcohol Use
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Disorders Identification Test (AUDIT-C) questionnaire evaluating alcohol consumption
was adopted to exclude ALD patients [20].

After being recruited, to equalize the potential influences of heterogeneous nutritional
habits on the general study outcomes, the population was normalized, and all the included
patients received a 3-month controlled dietary regimen (detailed reported below), prepared
by an expert nutritionist to meet the wishes, tastes, and needs of everyone. To evaluate
nutritional habits relative to this period, a professional dietary diary software was used
to report an entire week’s food intake, including workdays and weekends, whereas a
validated questionnaire was adopted to evaluate physical exercise (Supplementary File S1).

After this 3-month equally prescribed regimen diet, patients were reconvened to
receive a specialist visit. On this occasion, (1) the liver fibrosis stage and the entity of hepatic
steatosis were analytically determined by performing the two following non-invasive tools
(NITs): Liver Stiffness Measurement (LSM) and Controlled Attenuation Parameter (CAP)
assessment in CLDs patients [21,22]; (2) the anthropometrical parameters including the
determination of BMI by dividing the weight by the square of the height (kg/m2), and the
clinical data (the complete medical history collection, drug abuse, comorbidities, and the
concomitant therapies record, as well as the nutritional and lifestyle-related assessment
embracing physical exercise and dietary habits relative to the previous 3 months) were
also obtained; (3) a 10 mL venous blood sample (5 mL of serum and 5 mL of plasma) was
collected to measure out biochemical parameters (detailed below) and assess SOS. For
all patients, the SOS balance was evaluated by using the colorimetric determination of
d-ROMs and the BAP test. According to the manufacturers instructions, the simultaneous
evidence of d-ROMs > 27.20 mg H2O2/dL and BAP < 2000 µmol iron/L showed SOS
imbalance [23]. Hence, for CLDs patients, dROMs and BAP values were correlated with
NITs-assessed liver disease severity (LSM and CAP), and the prevalence of SOS imbalance
according to the fibrosis stage was determined.

Finally, the expression statuses of genes notoriously implicated in oxidative stress
defense response (SOD1, SOD2, and GPx1) [2] were evaluated for individuals with PBC
who were affected with PBC, and compared in patients with AF-PBC presenting and
not-presenting SOS imbalance.

The experimental design is reported in Figure 1. The research complies with the
Declaration of Helsinki (1975) and has been approved by the ethical committee of the
University of Campania Luigi Vanvitelli in Naples (prot. n. 339/2022).

To investigate the oxidative state, in patients with PBC, in comparison with healthy
subjects and other etiologies-related CLDs (MASLD, HBV, and HCV), and the correlation
between SOS (dROMs and BAP) and liver disease severity, as well as the prevalence of
SOS imbalance according to the hepatic fibrosis stage represented the main outcomes of
the present study.

2.2. Controlled Regiment Diet, Nutritional and Lifestyle-Related Assessment

During the first 3 months of this study, all the enrolled patients were placed on a
low-calorie diet (20–25% less than the number of calories needed to maintain their current
weight) varying in protein percentage (10 and 20%), fats (20 and 30%, the saturated ones
being less than 10%), and carbohydrates (50–60%, sucrose less than 5%). The dietary
regimes were prepared by an expert nutritionist to meet the wishes, tastes, and needs of
each individual. A dietary diary software was used to report food intake. Dietary habits
and food intake were evaluated using a software analysis, Winfood Software 2.0 package
(Medimatica s.r.l., Martinsicuro, Italy), of all the enrolled subjects.
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Figure 1. Experimental design. Anthropometrical parameters’ collection enclosed the determination
of body mass index (BMI). Clinical evaluation included the complete medical history collection,
nutritional assessment, smoking, drug abuse, comorbidities, and the concomitant therapies record.
Biochemical variables: aspartate aminotransferase (AST), alanine aminotransferase (ALT), platelets
count (PLT), gamma–glutamyl transferase (GGT), alkaline phosphatase (ALP), albumin, total bilirubin
(TB). PBC: Primary Biliary Cirrhosis; CLDs: chronic liver disorders; HBV: Hepatitis B virus infection;
HCV: Hepatitis C virus infection; MASLD: metabolic dysfunction-associated steatotic liver disease;
NITs: non-invasive tools; LSM: liver stiffness measurement; CAP: controlled attenuation parameter;
SOS: systemic oxidative stress status; SOD: superoxide dismutase; GPx: glutathione peroxidase;
RT-PCR: realtime polymerase chain reaction; UDCA: ursodeoxycholic acid.

Based on the quantity and quality of foods consumed, the program evaluates the
energy intake and the percentage of macronutrients and micronutrients in each food.
The complete elaboration of intake shows the list of diet components, the ratio among
components, the calories, and the subdivisions into breakfast, lunch, and dinner. We
recorded the food intake for a complete week, including working days and the weekend.
Data were compared with the tables of food consumption and recommended dietary intakes
of the Italian National Institute of Nutrition and Food Composition Database in Italy [24]. To
assess physical exercise practiced during the 3-month controlled regimen diet, a validated
questionnaire composed of a few questions was administered (Supplementary File S1).

2.3. Liver Stiffness Measurement and Controlled Attenuation Parameter Assessment

The LSM was obtained using FibroScan® [version 502 (Echosens, Paris, France)]
equipped with M and XL probes [21]. When a BMI was >30 or when the ultrasound-
measured distance between the skin and liver capsule was >2.5 cm, an XL probe was used.
A total of 10 acceptable measurements, defined as successful LSM, through FibroScan® were
performed by an expert physician. The criteria used to determine the quality of measure-
ments were the ones proposed by Boursier based on the IQR: “very reliable” (IQR/M ≤ 0:1),
“reliable” (0:1 < IQR/M ≤ 0:3 or IQR/M > 0:3 with LS median < 7:1 kilopascal), or “poorly
reliable” (IQR/M > 0:3 with LS median ≥ 7:1 kPa) [21,22].
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The following LSM cut-off scores were used to identify different liver fibrosis stages in
patients with PBC: (a) F0–F2 ≤ 9.8 kPa; (b) F3: 9.9–17.3 kPa; (c) F4 ≥ 17.8 kPa; AF (F3–F4)
was defined using LSM values > 9.9 kPa [25]. The following LSM cut-off scores were used
to identify the different liver fibrosis stages according to the Metavir score in MASLD:
(a) F0–F2 ≤ 9.6 kPa; (b) F3: 9.7–13.5 kPa; (c) F4 ≥ 13.6 kPa; AF (F3–F4) was defined using
LSM values > 9.7 kPa [26]. The following LSM cut-off scores were used to identify the
different liver fibrosis stages in CHB patients: (a) F0–F2 ≤ 8.1 kPa; (b) F3: 8.2–11 kPa;
(c) F4 ≥ 11.1 kPa; AF (F3–F4) was defined using LSM values > 8.2 kPa [27]. The following
LSM cut-off scores were used to identify the different liver fibrosis stages in CHC patients:
(a) F0–F2 ≤ 9.6 kPa; (b) F3: 9.7–14.6 kPa; (c) F4 ≥ 14.7 kPa; AF (F3–F4) was defined using
LSM values > 9.7 kPa [28]. For each CLD etiology, F0–F2 defined “initial–mild” fibrosis,
F3–F4 “AF”.

The entity of liver steatosis was analytically assessed at the baseline using CAP
[version 502 (Echosens, Paris, France)]. The CAP measures ultrasonic attenuation in the
liver at 3.5 MHz using signals acquired by the FibroScan® M and XL probes based on
the physical principles described elsewhere [22,26,29]. The CAP was measured only on
validated measurements according to the same LSM criteria [22,26,29]. The CAP scores’
cut-offs were S0, no steatosis (0–10% fat; 0–237 dB/m); S1, mild steatosis (11–33% fat;
238–259 dB/m); S2, moderate steatosis (34–66% fat; 260–292 dB/m); and S3, severe steatosis
(>67% fat; ≥293 dB/m) [22,26,29].

2.4. Biochemical Parameters Assessments

The evaluated biochemical data were aspartate aminotransferase (AST), alanine amino-
transferase (ALT), gamma–glutamyl transferase (GGT), alkaline phosphatase (ALP), total
bilirubin (TB), albumin, and platelets count (PLT). GGT levels were measured enzymatically
using commercially available kits (R&D Systems, Minneapolis, MN, USA), and AST and
ALT, using a colorimetric assay kit (Amplite 13801/13803 and Thermo Fisher Scientific
EIAGLUC, Waltham, MA, USA).

2.5. Systemic Oxidative Stress Assessment

The d-ROMs (colorimetric determination of Reactive Oxygen Metabolites®) and the
BAP (Biological Antioxidant Potential®) tests were used to assess the systemic pro-oxidant
and anti-oxidant state, respectively, according to the manufacturer’s instructions (Diacron
International, Grosseto, Italy). Blood samples were collected intravenously, and serum
was obtained through centrifugation at 2000 rcf for 10 min at RT. Briefly, hydroperoxides
(ROOH, primarily) contained in the serum, together with an acidic buffer are converted to
alkoxy and peroxyl radicals in the presence of transition metals, which in turn oxidize an
alkyl-substituted aromatic amine (N,N-diethylparaphenylendiamine), showing increased
absorbance at 505 nm. The d-ROMs test detects the density of the colored complex pho-
tometrically, which is directly proportional to the concentration of hydroperoxides. One
unit of the d-ROMs test (U.CARR) corresponds to the amount of hydroperoxide that can be
converted by superoxide dismutase to approximately 0.08 mg/dL H2O2. Reference values
defined as the normal range are from 20 to 24 mg/dL H2O2. The intra- and inter-assay
coefficients of variation are 0.3–6.6% and 0.3–5.1%, respectively.

By contrast, the BAP test is settled upon the capacity of the biological sample to reduce
iron from the ferric form (Fe3+) to the ferrous (Fe2+) one. The read-out of the reaction can
be assessed photometrically at 505 nm. Data are expressed as µmol of ferric ions reducing
antioxidants per liter of samples, with normal reference value >2200 µmol/L.

According to the manufacturer, d-ROMs > 27.20 mg H2O2/dL and BAP < 2200 µmol
iron/L are representative threshold values in building up an SOS impairment.

Both tests were performed in 96-well plates in duplicate (Greiner bio-one) in the end-
point method, including a low and high serum as controls as well as an internal calibrator
provided by Diacron International. Absorbances were collected with a TECAN INFINITE
M PLEX reader (Tecan, Austria). Data are shown as mean ± SD.
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2.6. RNA EXTRAction and Gene Expression Analysis of SOD1, SOD2, and GPx1 through
Real-Time PCR

Evaluating the gene expression of SOD1, SOD2, and GPx1 was performed in AF-
patients with PBC. Whole blood underwent density centrifugation with LymphoprepTM,
and PBMCs were isolated as previously described [30]. Afterwards, cells were lysed, and
RNA was isolated with an RNeasy mini kit (Qiagen, Germany) according to the manufac-
turer’s instructions. RNA (1 µg) was converted to cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Waltham, MA, USA) in a thermocycler
(Applied Biosystem) following the optimal conditions.

The expressions of target genes were assessed using real-time PCR (RT-PCR) assays
using a Quantstudio 7flex (Applied Biosystems) with PowerUp™ SYBR™ Green Master
Mix according to the manufacturer’s instruction.

The primer pairs used for this study (SOD1-5′CGAGCAGAAGGAAAGTAATG3′ and
5′TAGCAGGATAACAGATGAGT3′; SOD2-5′AGTTCAATGGTGGTGGTCATA3′ and
5′CAATCCCCAGCAGTGGAATAA3′; GPx1-5′-TATCGAGAATGTGGCGTCCC-3′ and GPX1-
5′-TCTTGGCGTTCTCCTGAATGC-3′) were designed using Primer3web version 4.1.0
(https://primer3.ut.ee/) and custom-made using Invitrogen. Data were analyzed ac-
cording to a comparative 2−∆∆Ct method using glyceraldehyde 3-Phosphate Dehydroge-
nase (GAPDH, 5′AGGGGAGATTCAGTGTGGTG and 5′CGACCACTTTGTCAAGCTCA3′)
and β2-microglobulin (β2M, 5′ATGAGTATGCCTGCCGTGTG3′ and 5′CCAAATGCG-
GCATCTTCAAAC3′) as reference genes. Data are shown as relative gene expression ± SD.

2.7. Statistical Analysis

Continuous data were described as mean and standard deviations, while the categor-
ical variables are presented as n (%). The Kolmogorov–Smirnov test for normality was
performed to evaluate if the parametric or non-parametric analysis should be applied.
Mann–Whitney tests and t-tests were performed for independent groups; Kruskal–Wallis
tests or ANOVA tests with posthoc Tukey analyses were performed to compare the contin-
uous variables for non-normal and normal distributions, respectively. The chi-square test
was used to evaluate statistically significant frequency distribution differences between
the groups. A multilinear regression analysis was adopted to evaluate the relationship (R)
between continuous variables.

Statistical significance was defined as p < 0.05 in a two-tailed test with a 95% confidence
interval (C.I.). GraphPad Prism vs.9.1 was used to perform the analysis.

The sample size was estimated using a chi-square test confronting two independent
proportions, singularly predicting a 20% difference in the prevalence of subjects presenting
d-ROMs > 27.20 mg H2O2/dL in each CLD etiology group compared to the healthy one
(significance: 0.05, type II error: 0.1; power: 0.9) (STATA14 for MacOS) and resulted in n:10
individuals (for the healthy group) and n:40 patients (for each CLD group, including PBC).

3. Results
3.1. Study Population: Anthropometric, Biochemical, and Clinical Features

Forty-one patients with PBC, 40 MASLD, 52 CHB, 50 CHC individuals, and 10 healthy
controls were enrolled in the present study. The demographic data, anthropometric indexes,
biochemical parameters, and NITs for liver disease severity (LSM and CAP) of the study
population are reported in Table 1.

The nutritional assessment revealed no difference in dietary habits and food intake in
patients with PBC in comparison to CLDs of other aetiologies and healthy ones, both in
terms of total daily calorie intake and of quality of the daily intake of macro- and micronu-
trients during the previous 3-month controlled dietary regimen (Supplementary Table S1).

Also, physical exercise in terms of hours/week during this period and the percentage
of patients on “active physical exercise” in the last two years were not statistically signif-
icantly different in PBC individuals compared to CLDs of other aetiologies and healthy
subjects (Supplementary Table S1).

https://primer3.ut.ee/
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Table 1. Demographic, anthropometric, biochemical, and non-invasive tools for the study population.

Demographic Data

Healthy (a)
(n:10)

PBC (b)
(n:41)

MASLD (c)
(n:40)

CHB (d)
(n:52)

CHC (e)
(n:50) P*/** ab P*/** bc P*/** bd P*/** be

Male
(number and %) 3 (30%) 2 (0.048%) 20 (50%) 18 (34.62%) 21 (42%)

<0.0001 <0.0001 <0.0001 <0.0001
Female (number
and %) 7 (70%) 39 (95.12%) 20 (50%) 34 (65.38%) 29 (58%)

Age
(mean ± standard
deviation)

52.50 ± 9.64 58.61 ± 11.26 54.30 ± 11.21 52.40 ± 8.22 56.44 ± 7.79 n.s. n.s. n.s. n.s.

Anthropometric indexes

Variables
(mean ± SD)

Healthy (a)
(n:10)

PBC (b)
(n:41)

MASLD (c)
(n:40)

CHB (d)
(n:52)

CHC (e)
(n:50) P* ab P* bc P* bd P* be

BMI (Kg/m2) 29.1 ± 1.21 28.51 ± 3.96 32.3 ± 2.21 27.56 ± 2.61 26.58 ± 3.41 n.s. 0.03 n.s. n.s.

Weight (Kg) 84.20 ± 17.82 73.68 ± 13.08 82.75 ± 14.06 67.58 ± 12.01 72.43 ± 11.05 n.s. 0.04 n.s. n.s.

Height (cm) 162 ± 5.83 158.7 ± 10.71 153.7 ± 12.41 161.3 ± 11.64 159.2 ± 9.62 n.s. n.s. n.s. n.s.

Biochemical parameters

Variables
(mean ± SD)

Healthy (a)
(n:10)

PBC (b)
(n:41)

MASLD (c)
(n:40)

CHB (d)
(n:52)

CHC (e)
(n:50) P* ab P* bc P* bd P* be

AST (IU/L) 17.40 ± 3.74 31.39 ± 13.20 34.38 ± 36.62 42.65 ± 4.46 40.68 ± 5.56 0.002 n.s. 0.02 0.03

ALT (IU/L) 18.40 ± 5.79 32.68 ± 16.55 31.98 ± 19.39 46.88 ± 3.97 46.08 ± 5.36 0.009 n.s. 0.04 0.04

GGT (IU/L) 38 ± 21.01 194.5 ± 69.65 86.93 ± 23.80 87.15 ± 6.11 93.60 ± 10.27 <0.0001 <0.0001 <0.0001 <0.0001

ALP (IU/L) 79.50 ± 8.87 192.1 ± 94.99 81.63 ± 44.94 134.9 ± 15.89 105.3 ± 8.81 <0.0001 <0.0001 <0.0001 <0.0001

PLT count
(103/mm3) 198.5 ± 104.4 179.4 ± 18.3 174.8 ± 97.99 175 ± 12.36 170.3 ± 14.25 n.s. n.s. n.s. n.s.

Total Bilirubin
(mg/dL) 0.42 ± 0.08 2.06 ± 0.68 1.09 ± 0.79 1.08 ± 0.65 1.14 ± 0.92 0.006 0.002 0.002 0.003

Albumin (g/L) 4.39 ± 0.37 3.89 ± 0.42 4.21 ± 0.54 3.99 ± 0.61 3.85 ± 0.22 n.s. n.s. n.s. n.s.

INR 0.93 ± 0.62 1.18 ± 0.29 1.08 ± 0.56 0.96 ± 0.37 1.01 ± 0.54 n.s. n.s. n.s. n.s.

Non-invasive tools for liver disease severity assessment

Variables
(mean ± SD)

Healthy (a)
(n:10)

PBC (b)
(n:41)

MASLD (c)
(n:40)

CHB (d)
(n:52)

CHC (e)
(n:50) P* ab P* bc P* bd P* be

LSM (kPa) / 10.28 ± 6.02 10.47 ± 6.45 9.94 ± 4.63 9.88 ± 5.05 n.s. n.s. n.s. n.s.

CAP (dB/m) / 275.1 ± 25.83 274.2 ± 21.65 274.8 ± 29.01 278 ± 28.63 n.s. n.s. n.s. n.s.

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma–glutamyl
transferase; ALP: alkaline phosphatase; PLT: platelet count; INR: International Normalized Ratio; LSM: liver
stiffness measurement; CAP: controlled attenuation parameter; PBC: Primary Biliary Cholangitis; SD: standard
deviation; MASLD: metabolic dysfunction-associated steatotic liver disease; CHB: chronic Hepatitis B infection;
CHC: chronic Hepatitis C infection. ** Mann–Whitney U test. * Chi-square test. Statistically significant differences
(p < 0.05) are reported in bold; n.s.: not statistically significant.

3.2. Liver Disease Progression Status

The prevalence distribution of AF and severe steatosis (S3) was homogeneous among
the study groups and no statistically significant difference when comparing PBC with
patients with other CLD aetiologies (MASLD, HBV, and HCV), and MASLD with CHB,
CHC with CHB, and MASLD with CHC were evidenced (chi-square comparisons, all
p > 0.05). In detail, focusing on liver fibrosis, of 41 patients with PBC, LSM revealed 19
(46.34%) presenting initial–mild (F0–F2) fibrosis and 22 (53.65%) AF (F3–F4) (F3: 17 patients;
F4: 5 patients). Of 40 individuals with MASLD, initial–mild fibrosis was shown in 17
(42.5%), whereas AF was shown in 23 (F3: 16; F4: 7) (57.5%) patients. Of 52 patients with
CHB, LSM revealed 23 (44.23%) presenting initial–mild fibrosis, and 29 (55.77%) with AF
(F3: 22; F4: 7). Finally, of 50 individuals with CHC, initial–mild fibrosis was shown in
21 (42%), whereas AF (F3–F4) was shown in 29 (58%) (F3: 16; F4: 13) (57.5%) patients.
Focusing on the hepatic steatosis severity, of 41 patients with PBC, 11 (26.82%) were S0–S1,
14 (34.14%) were S2, and 16 (39.04%) were S3. Of 40 patients with MASLD, CAP revealed
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10 patients were (25%) S0–S1, 13 (32.5%) were S2, and 17 (42.5%) were S3. Of 52 patients
with CHB, 14 (26.92%) were S0–S1, 16 (30.77%) were S2, and 22 (42.31%) were S3. Finally,
of 50 individuals with CHC, CAP revealed 12 (24%) were S0–S1, 15 (30%) were S2, and 23
(46%) were S3.

3.3. Systemic Oxidative Stress: General Evaluation

Patients with PBC presented higher dROM levels in comparison to controls (p < 0.0001),
and higher levels were seen in patients with MASLD, CHB, and CHC compared to healthy
subjects (healthy: 21.70 mg H2O2/dL ± 1.15; PBC: 32.64 mg H2O2/dL ± 5.21; MASLD: 32.91 mg
H2O2/dL± 8.37; HBV: 30.83 mg H2O2/dL± 4.11; HCV: 33.76 mg H2O2/dL ± 7.88; all p < 0.0001)
(Figure 2A). On the contrary, lower BAP levels were observed in PBC compared to healthy
individuals (p < 0.0001), as well as in patients with MASLD, CHB, and CHC in comparison to
healthy controls (healthy: 3131 ± 165.2 micromol/L; PBC: 1823 ± 105.7 micromol/L; MASLD:
1697 ± 928.3 micromol/L; CHB: 1961 ± 275.5 micromol/L; CHC: 1516 ± 687.8 micromol/L)
(Figure 2B). Relevantly, no statistically significant differences in dROM and BAP levels were
reported when patients with PBC, MASLD, CHB, and CHC were compared (Figure 2C,D).
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Figure 2. Systemic oxidative stress assessment. (A) Comparison of dROM levels between healthy
patients and patients with CLDs (PBC, MASLD, HBV, HCV); (B) comparison of BAP levels between
healthy patients and patients with CLDs (PBC, MASLD, HBV, HCV); (C) comparison of dROM levels
between different etiologies for patients with CLDs (PBC, MASLD, HBV, HCV); (D) comparison
of BAP levels between different etiologies for patients with CLDs (PBC, MASLD, HBV, HCV).
Biological antioxidant potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Primary
Biliary Cholangitis; MASLD: metabolic dysfunction-associated steatotic liver disease; HBV: Hepatitis
B infection; HCV: Hepatitis C infection. n.s.: not statistically significant.

Of 41 patients with PBC, 9 (21.95%) presented an “AMA-negative” (AMA−) pat-
tern. However, no statistically significant differences in BAP and dROM levels were
highlighted when comparing patients that were AMA-positive (AMA+) (dROM 30.61 mg
H2O2/dL ± 4.11; BAP: 1795 ± 103.8 micromol/L) and AMA-negative (dROM: 30.97 mg
H2O2/dL ± 3.81; BAP: 1792 ± 101.7 micromol/L) (dROM: p = 0.312; BAP: p = 0.273).

3.4. Systemic Oxidative Stress and Liver Disease Severity

Exploring the relationship between systemic oxidative stress and liver disease pro-
gression status, a direct and inverse correlation, respectively, of dROMs (mg H2O2/dL) (R:
0.883; C.I. 95%: 0.790–0.936; p < 0.0001) and BAP (micromol/L) levels [R: −0.882; C.I. 95%:
(−0.940)–(−0.780); p < 0.0001] with liver fibrosis severity (kPa) was evidenced in patients
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with PBC (Figure 3A,B). Moreover, the hepatic steatosis entity (db/m) was shown to be
directly and inversely correlated with dROMs (mg H2O2/dL) [R: 0.954; C.I: 95% 0.916–0.975;
p < 0.0001] and BAP (micromol/L) levels [R: −0.931; C.I. 95%: (−0.963)–(−0.875); p < 0.0001]
respectively in PBC affected patients (Figure 4A,B). On the contrary, except for a modest
positive correlation between LSM (kPa) and dROM levels (mg H2O2/dL) (R: 0.378; C.I. 95%:
0.075–0.617; p: 0.016) in MASLD subjects, no statistically significant correlations between
dROM and BAP levels with LSM and CAP were evidenced in other aetiologies for patients
with CLDs (Figures 3 and 4).

Antioxidants 2024, 13, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 3. The correlation between systemic oxidative stress and LSM-assessed hepatic fibrosis 
entity. Linear regression analysis with correlations between LSM and dROM levels (A), and LSM 
and BAP levels (B) in PBC; linear regression analysis with correlations between LSM and dROM 
levels (C), and LSM and BAP levels (D) in HBV; linear regression analysis with the correlations 
between LSM and dROM levels (E), and LSM and BAP levels (F) in MASLD; linear regression 
analysis with the correlations between LSM and dROM levels (G), and LSM and BAP levels (H) in 
HCV. Biological antioxidant potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Pri-
mary Biliary Cholangitis; MASLD: metabolic dysfunction-associated steatotic liver disease; HBV: 
Hepatitis B infection; HCV: Hepatitis C infection. Statistically significant differences (p < 0.05) are 
reported in bold; n.s.: not statistically significant. 

Figure 3. The correlation between systemic oxidative stress and LSM-assessed hepatic fibrosis
entity. Linear regression analysis with correlations between LSM and dROM levels (A), and LSM
and BAP levels (B) in PBC; linear regression analysis with correlations between LSM and dROM
levels (C), and LSM and BAP levels (D) in HBV; linear regression analysis with the correlations
between LSM and dROM levels (E), and LSM and BAP levels (F) in MASLD; linear regression
analysis with the correlations between LSM and dROM levels (G), and LSM and BAP levels (H) in
HCV. Biological antioxidant potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Primary
Biliary Cholangitis; MASLD: metabolic dysfunction-associated steatotic liver disease; HBV: Hepatitis
B infection; HCV: Hepatitis C infection. Statistically significant differences (p < 0.05) are reported in
bold; n.s.: not statistically significant.
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Figure 4. The correlation between systemic oxidative stress and CAP-assessed hepatic steatosis
severity. Linear regression analysis with correlations between CAP and dROM levels (A), and
CAP and BAP levels (B) in PBC; linear regression analysis with correlations between CAP and
dROM levels (C), and CAP and BAP levels (D) in HBV; linear regression analysis with correlations
between CAP and dROM levels (E), and CAP and BAP levels (F) in MASLD; linear regression
analysis with correlations between CAP and dROM levels (G), and CAP and BAP levels (H) in HCV.
Biological antioxidant potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Primary
Biliary Cholangitis; MASLD: metabolic dysfunction-associated steatotic liver disease; HBV: Hepatitis
B infection; HCV: Hepatitis C infection. Statistically significant differences (p < 0.05) are reported in
bold; n.s.: not statistically significant.

Relevantly, a statistically significant progressively increasing trend of d-ROMs values
(F0–F2 vs. F3: p < 0.0008; F3 vs. F4: p = 0.04) alongside a reduction in BAP levels (F0–F2
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vs. F3: p = 0.007; F3 vs. F4 p = 0.04) according to the worsening of liver fibrosis were
highlighted in PBC, as opposed to individuals with MASLD, CHB, and CHC (Figure 5).
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Figure 5. Systemic oxidative stress assessment according to hepatic fibrosis staging. The assessment
of dROM values according to LSM-determined hepatic fibrosis stage in patients with PBC (A),
MASLD (C), HBV (E), and HCV (G). The assessment of BAP levels according to LSM-determined
hepatic fibrosis stage in PBC (B), MASLD (D), HBV (F), and HCV (H) patients. Biological antioxidant
potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Primary Biliary Cholangitis; MASLD:
metabolic dysfunction-associated steatotic liver disease; HBV: Hepatitis B infection; HCV: Hepatitis
C infection.; Mann–Whitney U test was adopted. Statistically significant differences (p < 0.05) are
reported in bold; n.s.: not statistically significant.

In contrast to other CLDs (MASLD, HBV, and HCV), dROM levels progressively
increased also, along with the worsening of hepatic steatosis (S0S1 vs. S2: p = 0.0023; S2 vs.
S3: p = 0.0075), and BAP levels decreased consistently in accordance with the progression
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from initial–mild to severe steatosis (S0S1 vs. S2: p = 0.0023; S2 vs. S3 p = 0.0085) in patients
with PBC (Figure 6).
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Figure 6. Systemic oxidative stress assessment according to hepatic steatosis severity. The assessment
of dROM values according to CAP-determined hepatic steatosis severity in PBC (A), MASLD (C),
HBV (E), and HCV (G) patients. The assessment of BAP levels according to CAP-determined hepatic
steatosis severity in patients with PBC (B), MASLD (D), HBV (F), and HCV (H). Biological antioxidant
potential, dROMs: Reactive Oxygen Metabolites (dROMs); PBC: Primary Biliary Cholangitis; MASLD:
metabolic dysfunction-associated steatotic liver disease; HBV: Hepatitis B infection; HCV: Hepatitis
C infection. Mann–Whitney U test was adopted. Statistically significant differences (p < 0.05) are
reported in bold; n.s.: not statistically significant.

In this setting, the multiple linear regression analysis highlighted a positive correla-
tion of dROM levels with the following PBC-related prognostically relevant biochemical
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variables and scores: GGT (p = 0.003), ALP (p = 0.0094), AST (p = 0.0096), and Albumin (p =
0.0431) (Table 2).

Table 2. The relationship between dROMs and relevant PBC-related biochemical parameters.

Parameter t-Statistic R-Square C.I. 95% p-Value

GGT (IU/L) 4.92 0.834 0.481–0.977 0.0003

ALP (IU/L) 3.04 0.728 0.692–0.954 0.0094

AST (IU/L) 3.03 0.548 0.215–0.667 0.0096

ALT (IU/L) 2.81 0.536 0.231–0.779 n.s.

Total bilirubin (mg/dL) 2.24 0.318 0.184–0.333 n.s.

PLT count (mm3) 0.63 −0.216 −0.421–0.627 n.s.

Albumin (g/L) 1.01 −0.780 −0.231–0.645 0.0431

AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; C.I.: confidence
interval; GGT: gamma–glutamyl transferase; PLT: platelet count; PBC: Primary Biliary Cholangitis. Multiple linear
regression (weighted for BMI, age, and sex); R: correlation matrix. t statistic for each parameter is computed as the
parameter value divided by its standard error. Statistically significant differences (p < 0.05) are reported in bold;
n.s.: not statistically significant.

Unlike subjects with MASLD, CHB, and CHC, the prevalence of oxidative stress
imbalance in PBC was significantly different (p < 0.0001) between patients with mild
fibrosis and AF fibrosis (Figure 7).
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Figure 7. Systemic oxidative stress imbalance prevalence in PBC patients without and with AF. The
estimation of systemic oxidative stress imbalance frequency distribution (% of patients) in patients
without AF and patients with AF PBC. Biological antioxidant potential, dROMs: Reactive Oxygen
Metabolites (dROMs).
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Finally, the real-time PCR analysis revealed a downregulated expression of SOD1,
SOD2, and GPx1 genes in patients with AF-PBC presenting SOS imbalance compared with
patients with AF-PBC with a balanced systemic oxidative status (SOD1, p = 0.02; SOD2,
p = 0.03; GPx1, p = 0.02) (Figure 8).
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Figure 8. Gene expression of SOD1, SOD2, and GPx1 in patients with AF-PBC. Presenting (red) and
not presenting (green) systemic oxidative stress imbalance. Biological antioxidant potential, dROMs:
Reactive Oxygen Metabolites (dROMs); PBC: Primary Biliary Cholangitis. Mann–Whitney U test was
adopted. Statistically significant differences (p < 0.05) are reported in bold.

4. Discussion

In recent decades, a solid interplay between oxidative stress and the immune system
has progressively emerged configuring the dual driving of the onset and progression of
several chronic human disorders [4]. Immune system activities are regularly guaranteed by
the correct functioning of relative cells, which is, in turn, physiologically associated with
the production of ROS [4]. Oxidative stress represents the epiphenomenon determined by
the imbalance between the abnormal formation of ROS and limited antioxidant defenses;
alarmingly, in respect to excessive antioxidant defenses, ROS directly interacts with cellular
biomolecules, such as DNA, lipids, and proteins, and may result in toxicity, as well as
ultimately cause cell death [1,2].

The disruption of local redox state homeostasis has been identified as a crucial contrib-
utor to disease worsening in various CLDs, independently from the etiology [5,31].

PBC is a chronic inflammatory autoimmune CLD characterized by progressive cholesta-
sis determining bile duct destruction, fibrosis, and cirrhosis [6]. Despite the great amount of
research, it has never been completely clarified whether, at the hepatic level, oxidative stress
represents a mere consequence of PBC-related pathogenetic mechanisms or, considering
its well-documented pivotal role in disease progression, it also triggers disease onset [7].
On this topic, the strongest evidence derives from studies evaluating the local oxidative
status, focusing mainly on lipid peroxidation and indirect antioxidant markers. MDA, one
of the most important products of lipid peroxidation, has been shown to able to promote
immune response through the formation of adducts with HSA, consequently promoting
the formation of circulating antibodies against this complex [12,32]. These specific IgGs
have been further used as indirect markers of oxidative stress imbalance. In the PBC
context, this evidence strongly supports the crucial role of the oxidative stress status in
pathogenesis, given the autoimmune nature of this liver disease [12]. Furthermore, a more
sensitive marker is 8-isoprostane, a product of arachidonic acid peroxidation, which can
be measured in the blood and urine [33]. On the other side, regarding the antioxidant
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markers, the most investigated are vitamins A, C, and E, selenium (an essential cofactor of
glutathione peroxidase), and GSH [34].

However, all these findings reflect, even indirectly, on the local (i.e., hepatic) oxidative
status.

With a translational view of the recurrent extra-hepatic manifestations reported in
patients with PBC [13], and, overall, the autoimmune scenario [3], it appears more legitimate
to approach PBC as a “systemic disease”, rather than merely localized CLD.

On the other hand, although systemic oxidative stress has been largely highlighted in
various CLDs (MASLD, HBV, and HCV) [5], research efforts have only partially evaluated
valid methods assessing the potential impairment of the extra-hepatic defense’s oxidative
mechanisms in these conditions. Therefore, the complete study of the systemic oxidative
balance, as well as the correlation with liver disease progression, represents, in general, an
incompletely explored field in the CLDs picture.

These assumptions represented the primum movens to evaluate SOS in the CLD
context in our research.

To the best of our knowledge, indeed, in general, for CLD no evidence has been
provided on the direct systemic oxidative state assessment, as well as the relationship with
disease progression.

Based on all these considerations, we aimed to assess the systemic oxidative balance
of UDCA-naïve subjects receiving a first diagnosis of PBC in comparison with healthy
individuals and patients affected by CLDs of other etiologies (MASLD, HBV, and HCV),
and investigate the relationship with the hepatic steatosis and fibrosis severity. For this
purpose, 41 patients receiving a first diagnosis of PBC, 52 CHB, 50 CHC, and 40 MASLD
individuals, as well as 10 healthy controls were enrolled.

To avoid the influences of exogenous environmental factors on SOS [35–38], we volun-
tarily decided to exclude smokers (currently or previously) and patients with ALD, and
given the evidence supporting the potential antioxidant role of UDCA, all the patients
with PBC that started UDCA treatment after the collection of serum samples were ex-
cluded. None underwent a UDCA-based or systemic antioxidants therapeutic regimen
in the previous 12 months. Moreover, to minimize and equalize the well-known impact
of lifestyle on the systemic redox state [35,36], before collecting serum samples, all the
enrolled patients received a 3-month controlled dietary regimen, prepared by an expert
nutritionist. A professional dietary diary software was also used to report an entire week’s
food intake, and a specific questionnaire was administered to evaluate the physical ex-
ercise (hours/week) practiced during these 3 months. During this observational period,
no statistically significant differences, both in terms of dietary habits (quantitative and
qualitative estimation of food intake) and physical exercise (hours/week) were reported
between healthy patients, patients with PBC, and individuals affected by other CLDs.

Except for variables notoriously featuring specific CLD etiologies (i.e., higher levels
of BMI in MASLD and more elevated cholestatic indexes in PBC), the homogeneity of
the study population was supported also by the presence of no statistically significant
differences emerging for anthropometric, biochemical, and non-invasive tools for liver
disease severity assessment when individuals that are healthy and with PBC, MASLD,
CHB, and CHC were compared, as well as for the frequency distribution of LSM-assessed
fibrosis stages and the CAP-assessed steatosis entity.

Focusing on demographic data, no differences in terms of ethnicity were investigable,
since all patients enrolled were Caucasian. Regarding sex distribution, in the PBC group,
the prevalence of female patients was significantly higher in comparison to subjects that
were healthy, had MASLD, CHB, and CHC. However, considering the epidemiology of
PBC, and, in general, of autoimmune disorders [13,39], this has not been considered a
selection bias, but rather an accurate portrayal of what occurs in real life.

Therefore, through all these above-mentioned measures conditioning the experimental
design, all the selection bias and/or ab-extrinsic elements potentially affecting the SOS
evaluation in our study population were avoided.
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To assess SOS, BAP, and dROMs, two complementary routinely adopted validated
tests, already widely used to determine SOS balances in various chronic human disorders,
were performed [14–16].

Higher d-ROMs and lower BAP levels in comparison to healthy subjects were shown
in PBC, MASLD, CHB, and CHC; interestingly, no statistically significant differences in
terms of dROMs and BAP levels were reported between patients with PBC, MASLD,
CHB, and CHC. This represents an expected result, in line with the other studies already
published, confirming the presence of oxidative stress as a denominator shared by various
liver disorders [31]. In patients with PBC, despite existing evidence suggesting peculiarities
of the AMA—pattern [40], no differences in dROMs and BAP were revealed between
PBC-AMA + and PBC AMA—patients.

However, on one hand, dROM and BAP levels were shown to be higher in all CLD
groups; on the other hand, a statistically significant direct and inverse correlation, respec-
tively, of dROMs and BAP with both liver fibrosis and steatosis severity was evidenced
exclusively in patients with PBC. Except for a modest positive correlation between LSM and
dROM levels in MASLD, indeed, no statistically significant correlations between dROM
and BAP levels with LSM and CAP were evidenced in other aetiologies.

Based on these, we further evaluated the dROMs and BAP according to fibrosis and
steatosis stages.

Relevantly, in patients with PBC, in contrary to other CLD aetiologies, dROM levels
progressively increased along with the worsening of hepatic fibrosis and steatosis, and,
consistently, BAP levels accordingly decreased. Despite the same trend being observed also
in MASLD, CHB, and CHC, it was revealed as not statistically significant.

Exploring further, some very interesting data emerged, particularly regarding the
correlation between liver disease stage progression and OS. We demonstrated a direct
and inverse correlation of dROMs and BAP levels with both liver fibrosis and steatosis
severity, respectively, highlighting the possible effects of OS on the worsening of the disease
stage. The progressively increasing trend of d-ROMs levels and the reduction in BAP levels
according to the fibrosis advancement confirmed that the indirect markers of OS change
accordingly as the disease worsens.

Focusing on biochemical variables, and potentially investigating the relationship be-
tween SOS and disease severity in patients with PBC, the multiple linear regression analysis
highlighted an interesting correlation between PBC-prognostically relevant biochemical
parameters and dROMs. Particularly, dROMs correlated significantly with albumin, AST,
GGT, and ALP.

These results are consistent with the evidence already existing. Indeed, all the variables
significantly correlating with OS disequilibrium in our patients with PBC have already
been intensively studied and their function is investigated in other diseases. For example,
the role of albumin as an antioxidant factor is well known. Albumin is involved in redox
processes, as it attracts reactive oxygen and nitrogen species through the free thiol group
of Cys34 [41]. Moreover, the correlation with AST is also consistent, since mitochondrial
dysfunction is generally a mechanism that supports ROS production and reflects AST
mitochondrial isoenzymes’ functioning and release [42]. Furthermore, it is well known
that the mitochondrial dysfunction characterizes PBC pathogenesis, as suggested by the
fact that its serological hallmark is the “anti-mitochondrial autoantibodies” (AMA) [43].
Regarding “pure” biomarkers of cholestasis, on the one hand, GGT is now regarded as one
of the most robust indicators of SOS [44]; on the other hand, ALP is induced by oxidative
in vascular and bone cells [45].

Ultimately, we assessed the prevalence of SOS imbalance, defined as the simultaneous
presence of d-ROMs > 27.20 mg H2O2/dL and BAP < 2000 µmol iron/L in every patient:
in contrast to MASLD, CHB, and CHC, the prevalence of oxidative stress imbalance was
different between patients with mild symptoms and those that were AF-affected in the
PBC group.
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This result suggests how, in parallel with progressing to the more advanced stages of
the disease (F3, F4), the reduced antioxidant defenses crucially contribute to the unbalance
of the systemic redox state. This appears consistent with the downregulation of enzymatic
antioxidant defenses (including SOD1, SOD2, and GPx functioning). These defense mecha-
nisms are initially intensified and subsequently collapse in the more advanced stages, as
already demonstrated for other CLDs [5,31]. In support of this, the RT-PCR-based sub-
analysis in AF-affected individuals revealed a statistically significant reduction in SOD1,
SOD2, and GPx1 relative gene expression in patients with PBC presenting SOS imbalance.

Our study presents some limitations: firstly, PBC was serologically diagnosed, and
liver disease progression status was for all CLD etiologies non-invasively assessed using
LSM and CAP. However, following current CPGs, serological criteria represent the way in
routine clinical practice to diagnose PBC, reserving liver biopsy to a few limited cases [13].
Regarding the determination of fibrosis and steatosis severity, the transient elastography-
based approach (LSM and CAP) constitutes a bulwark, as well as an accurate, commonly,
and largely validated tool in the non-invasive staging of CLDs [21,26,29].

Our cohort, despite being representative, was relatively small, and this constitutes
another study limitation. However, the exigence of excluding patients in which exogenous
factors (including the UDCA administration) would have affected the purity of the SOS
assessment by “contaminating” the results significantly impacted on this sample limitation.

Moreover, dROMs and BAP accuracy in the prediction of AF and S3 were voluntarily
not assessed: this may represent another limitation of our research. However, various
reasons justify this last choice, ranging from the preliminary and observational nature of
this research, which explored completely uninvestigated scenarios, to an experimental
design that was initially conceived with a completely different aim and, thus, was not
adequate (e.g., the sample size was not commensurate) to perform this type of analysis.

Anyway, looking to future perspectives, as previously described, the application of
BAP and dROMs as tools to assess SOS is completely new in CLD contexts, and the obtained
results open the doors to further investigations, even on larger populations, where these
two complementary tests can be applied. In this sense, the evaluation of BAP and dROMs
accuracy in stratifying disease progression risk in patients with PBC, as well as predicting
UDCA response, would be a crucial and revolutionary milestone in the management of
patients with PBC, considering also that dROMs and BAP tests are relatively cheap, and
territorial laboratories in Europe are already able to perform them routinely. Alarmingly,
there are currently no risk scores used for patients receiving a first diagnosis of PBC,
since the currently available prognostic scores have been validated to predict the disease
evolution after the treatment starts. The GLOBE and UK-PBC scores, indeed, examine the
biochemical parameters 12 and 24 months, respectively, after the introduction of UDCA [46],
making the ideation of NITs predicting long-term outcomes in patients with PBC that are
UDCA-naïve an unmet need.

5. Conclusions

As, in the famous myth, Narcissus dramatically reflects their image into a pond, so the
systemic oxidative balance dramatically reflects disease progression in PBC. Preponderantly
than other etiologies-based CLDs, individuals with PBC appear to be characterized by a
disequilibrium of the oxidative balance whose correlation with liver disease progression re-
marks its importance as relevant pathogenetic mechanisms that cannot be underestimated.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox13040387/s1. File S1: Evaluation of lifestyle habits and
physical exercise assessment: Medical validated questionnaire and relative items assessing physical
exercise practicing in enrolled patients. Each patient was considered on active physical exercise if
he/she has done sports in the last 2 years, this practice has not worsened in the last 3 months by
spending at least 150 minutes per week in physical activity. Table S1: Nutritional assessment in
study population groups relative to the period of 3-month controlled regimen diet. PBC: Primary
Biliary Cholangitis; CHB: Chronic HBV infection; CHC: Chronic HCV infection; MASLD: Metabolic
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dysfunction associated steatotic liver disease; SD: standard deviation. In the case of non-normal or
normal distribution, the Kruskal-Wallis test or ANOVA test with post-hoc Tukey analysis, respectively,
were performed to compare the continuous variables among different CLDs etiologies. Statistically
significant differences (p < 0.05) are reported in bold.

Author Contributions: M.R. and M.D.: guarantors of the article, conceptualization, methodology,
formal analysis, investigation, and writing the original draft; M.C.: conceptualization, methodology,
formal analysis, investigation, and writing the original draft. G.I. and P.V.: investigation, resources,
data curation, and visualization; L.V., A.C. and F.S.: investigation; A.F.: conceptualization, data
curation, supervision, and project administration. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University of Campania Luigi Vanvitelli in
Naples (prot. n. 339/2022, 20 May 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data, analytic methods, and study materials will not be made available
to other researchers.

Acknowledgments: Figure 1 as well as the graphical abstract were realized with the support of the
graphic website https://www.biorender.com (accessed on 9 February 2024).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:

Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef] [PubMed]
2. Ali, S.S.; Ahsan, H.; Zia, M.K.; Siddiqui, T.; Khan, F.H. Understanding Oxidants and Antioxidants: Classical Team with New

Players. J. Food Biochem. 2020, 44, e13145. [CrossRef] [PubMed]
3. Kaffe, E.T.; Rigopoulou, E.I.; Koukoulis, G.K.; Dalekos, G.N.; Moulas, A.N. Oxidative Stress and Antioxidant Status in Patients

with Autoimmune Liver Diseases. Redox Rep. Commun. Free Radic. Res. 2015, 20, 33–41. [CrossRef] [PubMed]
4. Lauridsen, C. From Oxidative Stress to Inflammation: Redox Balance and Immune System. Poult. Sci. 2019, 98, 4240–4246.

[CrossRef] [PubMed]
5. Li, S.; Tan, H.-Y.; Wang, N.; Zhang, Z.-J.; Lao, L.; Wong, C.-W.; Feng, Y. The Role of Oxidative Stress and Antioxidants in Liver

Diseases. Int. J. Mol. Sci. 2015, 16, 26087–26124. [CrossRef] [PubMed]
6. Lleo, A.; Leung, P.S.C.; Hirschfield, G.M.; Gershwin, E.M. The Pathogenesis of Primary Biliary Cholangitis: A Comprehensive

Review. Semin. Liver Dis. 2020, 40, 34–48. [CrossRef]
7. Aboutwerat, A.; Pemberton, P.W.; Smith, A.; Burrows, P.C.; McMahon, R.F.T.; Jain, S.K.; Warnes, T.W. Oxidant Stress Is a

Significant Feature of Primary Biliary Cirrhosis. Biochim. Biophys. Acta 2003, 1637, 142–150. [CrossRef]
8. Sasaki, M.; Ikeda, H.; Nakanuma, Y. Activation of ATM Signaling Pathway Is Involved in Oxidative Stress-Induced Expression

of Mito-Inhibitory p21WAF1/Cip1 in Chronic Non-Suppurative Destructive Cholangitis in Primary Biliary Cirrhosis: An
Immunohistochemical Study. J. Autoimmun. 2008, 31, 73–78. [CrossRef]

9. Lapenna, D.; Ciofani, G.; Festi, D.; Neri, M.; Pierdomenico, S.D.; Giamberardino, M.A.; Cuccurullo, F. Antioxidant Properties of
Ursodeoxycholic Acid. Biochem. Pharmacol. 2002, 64, 1661–1667. [CrossRef]

10. Grattagliano, I.; Palmieri, V.O.; Portincasa, P.; Minerva, F.; Palasciano, G. Long-Term Ursodeoxycholate Improves Circulating
Redox Changes in Primary Biliary Cirrhotic Patients. Clin. Biochem. 2011, 44, 1400–1404. [CrossRef]

11. Zhang, Y.; Hu, X.; Chang, J.; Chen, J.; Han, X.; Zhang, T.; Shen, J.; Shang, N.; Han, J.; Wang, H.; et al. The Liver Steatosis Severity
and Lipid Characteristics in Primary Biliary Cholangitis. BMC Gastroenterol. 2021, 21, 395. [CrossRef] [PubMed]

12. Thiele, G.M.; Tuma, D.J.; Willis, M.S.; Miller, J.A.; McDonald, T.L.; Sorrell, M.F.; Klassen, L.W. Soluble Proteins Modified with
Acetaldehyde and Malondialdehyde Are Immunogenic in the Absence of Adjuvant. Alcohol. Clin. Exp. Res. 1998, 22, 1731–1739.
[CrossRef] [PubMed]

13. European Association for the Study of the Liver. EASL Clinical Practice Guidelines: The Diagnosis and Management of Patients
with Primary Biliary Cholangitis. J. Hepatol. 2017, 67, 145–172. [CrossRef] [PubMed]

14. Ballini, A.; Santacroce, L.; Cantore, S.; Bottalico, L.; Dipalma, G.; Topi, S.; Saini, R.; De Vito, D.; Inchingolo, F. Probiotics Efficacy on
Oxidative Stress Values in Inflammatory Bowel Disease: A Randomized Double-Blinded Placebo-Controlled Pilot Study. Endocr.
Metab. Immune Disord. Drug Targets 2019, 19, 373–381. [CrossRef]

https://www.biorender.com
https://doi.org/10.1155/2017/8416763
https://www.ncbi.nlm.nih.gov/pubmed/28819546
https://doi.org/10.1111/jfbc.13145
https://www.ncbi.nlm.nih.gov/pubmed/31960481
https://doi.org/10.1179/1351000214Y.0000000101
https://www.ncbi.nlm.nih.gov/pubmed/25117650
https://doi.org/10.3382/ps/pey407
https://www.ncbi.nlm.nih.gov/pubmed/30371893
https://doi.org/10.3390/ijms161125942
https://www.ncbi.nlm.nih.gov/pubmed/26540040
https://doi.org/10.1055/s-0039-1697617
https://doi.org/10.1016/S0925-4439(02)00225-9
https://doi.org/10.1016/j.jaut.2008.03.005
https://doi.org/10.1016/S0006-2952(02)01391-6
https://doi.org/10.1016/j.clinbiochem.2011.09.008
https://doi.org/10.1186/s12876-021-01974-4
https://www.ncbi.nlm.nih.gov/pubmed/34686147
https://doi.org/10.1111/j.1530-0277.1998.tb03973.x
https://www.ncbi.nlm.nih.gov/pubmed/9835288
https://doi.org/10.1016/j.jhep.2017.03.022
https://www.ncbi.nlm.nih.gov/pubmed/28427765
https://doi.org/10.2174/1871530319666181221150352


Antioxidants 2024, 13, 387 20 of 21

15. Izumino, H.; Tajima, G.; Tasaki, O.; Inokuma, T.; Hatachi, G.; Takagi, K.; Miyazaki, T.; Matsumoto, K.; Tsuchiya, T.; Sato, S.; et al.
Balance of the Prooxidant and Antioxidant System Is Associated with Mortality in Critically Ill Patients. J. Clin. Biochem. Nutr.
2023, 72, 157–164. [CrossRef]

16. Obayashi, K.; Masuda, T.; Tasaki, M.; Ando, Y.; Ueda, M. Serum Diacron-Reactive Oxygen Metabolites (d-ROMs) and Biological
Antioxidant Potential (BAP) in Patients with ATTR-PN. Amyloid Int. J. Exp. Clin. Investig. Off. J. Int. Soc. Amyloidosis 2019, 26, 65.
[CrossRef]

17. European Association for the Study of the Liver. EASL 2017 Clinical Practice Guidelines on the Management of Hepatitis B Virus
Infection. J. Hepatol. 2017, 67, 370–398. [CrossRef]

18. European Association for the Study of the Liver; Clinical Practice Guidelines Panel; EASL Governing Board representative. EASL
Recommendations on Treatment of Hepatitis C: Final Update of the Series✩. J. Hepatol. 2020, 73, 1170–1218. [CrossRef]

19. Rinella, M.E.; Lazarus, J.V.; Ratziu, V.; Francque, S.M.; Sanyal, A.J.; Kanwal, F.; Romero, D.; Abdelmalek, M.F.; Anstee, Q.M.; Arab,
J.P.; et al. A Multisociety Delphi Consensus Statement on New Fatty Liver Disease Nomenclature. Hepatol. Baltim. Md 2023, 78,
1966–1986. [CrossRef]

20. Saunders, J.B.; Aasland, O.G.; Babor, T.F.; de la Fuente, J.R.; Grant, M. Development of the Alcohol Use Disorders Identification
Test (AUDIT): WHO Collaborative Project on Early Detection of Persons with Harmful Alcohol Consumption—II. Addict.
Abingdon Engl. 1993, 88, 791–804. [CrossRef]

21. Boursier, J.; Zarski, J.-P.; de Ledinghen, V.; Rousselet, M.-C.; Sturm, N.; Lebail, B.; Fouchard-Hubert, I.; Gallois, Y.; Oberti, F.;
Bertrais, S.; et al. Determination of Reliability Criteria for Liver Stiffness Evaluation by Transient Elastography. Hepatol. Baltim.
Md 2013, 57, 1182–1191. [CrossRef]

22. Sasso, M.; Beaugrand, M.; de Ledinghen, V.; Douvin, C.; Marcellin, P.; Poupon, R.; Sandrin, L.; Miette, V. Controlled Attenuation
Parameter (CAP): A Novel VCTETM Guided Ultrasonic Attenuation Measurement for the Evaluation of Hepatic Steatosis:
Preliminary Study and Validation in a Cohort of Patients with Chronic Liver Disease from Various Causes. Ultrasound Med. Biol.
2010, 36, 1825–1835. [CrossRef]

23. Kajaia, T.; Maskhulia, L.; Chelidze, K.; Akhalkatsi, V.; Mchedlidze, T. Implication of relationship between oxidative stress and
antioxidant status in blood serum. Georgian Med. News 2018, 284, 71–76.

24. Società Italiana Di Nutrizione Umana (SINU). Tabelle LARN 2014. Available online: Http://Www.Sinu.It/Html/Pag/Tabelle_
larn_2014_rev.Asp (accessed on 15 August 2014).

25. Corpechot, C.; El Naggar, A.; Poujol-Robert, A.; Ziol, M.; Wendum, D.; Chazouillères, O.; de Lédinghen, V.; Dhumeaux, D.;
Marcellin, P.; Beaugrand, M.; et al. Assessment of Biliary Fibrosis by Transient Elastography in Patients with PBC and PSC.
Hepatol. Baltim. Md 2006, 43, 1118–1124. [CrossRef]

26. Peter, J.E.; Sasso, M.; Allison, M.; Tsochatzis, E.; Anstee, Q.M.; Sheridan, D.; Guha, I.N.; Cobbold, J.F.; Deeks, J.J.; Paradis, V.; et al.
Accuracy of FibroScan Controlled Attenuation Parameter and Liver Stiffness Measurement in Assessing Steatosis and Fibrosis in
Patients with Nonalcoholic Fatty Liver Disease. Gastroenterology 2019, 156, 1717–1730. [CrossRef]

27. Marcellin, P.; Ziol, M.; Bedossa, P.; Douvin, C.; Poupon, R.; de Lédinghen, V.; Beaugrand, M. Non-Invasive Assessment of Liver
Fibrosis by Stiffness Measurement in Patients with Chronic Hepatitis B. Liver Int. Off. J. Int. Assoc. Study Liver 2009, 29, 242–247.
[CrossRef] [PubMed]

28. Ziol, M.; Handra-Luca, A.; Kettaneh, A.; Christidis, C.; Mal, F.; Kazemi, F.; de Lédinghen, V.; Marcellin, P.; Dhumeaux, D.; Trinchet,
J.-C.; et al. Noninvasive Assessment of Liver Fibrosis by Measurement of Stiffness in Patients with Chronic Hepatitis C. Hepatol.
Baltim. Md 2005, 41, 48–54. [CrossRef]

29. Sasso, M.; Miette, V.; Sandrin, L.; Beaugrand, M. The Controlled Attenuation Parameter (CAP): A Novel Tool for the Non-Invasive
Evaluation of Steatosis Using Fibroscan. Clin. Res. Hepatol. Gastroenterol. 2012, 36, 13–20. [CrossRef] [PubMed]

30. Dallio, M.; Ventriglia, L.; Romeo, M.; Scognamiglio, F.; Diano, N.; Moggio, M.; Cipullo, M.; Coppola, A.; Ziogas, A.; Netea, M.G.;
et al. Environmental Bisphenol A Exposure Triggers Trained Immunity-Related Pathways in Monocytes. Front. Immunol. 2023, 14,
1270391. [CrossRef]
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