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Abstract: Crohn’ disease (CD) patients are at high risk of postoperative recurrence and new tools
for the assessment of disease activity are needed to prevent long-term complications. In these
patients, the over-production of ROS generated by inflamed bowel tissue and inflammatory cells
activates a pathogenic cascade that further exacerbates inflammation and leads to increased oxidative
damage to DNA, proteins, and lipids. We measured the products of protein/lipid oxidation and
the total antioxidant capacity (ferric reducing ability of plasma, FRAP) in the serum of CD patients
with severe disease activity requiring surgery with the aim to characterize their redox status and
identify associations between oxidative stress-related markers and their clinical characteristics. At the
systemic level, CD was associated with increased levels of protein and lipid oxidation products when
compared to healthy volunteers, even though the FRAP values were similar. Advanced oxidation
protein product (AOPP) levels showed the highest difference between patients and the controls
(11.25, 5.02-15.15, vs. 1.36, 0.75-2.70, median, interquartile range; p < 0.0001) and the analysis of
receiver operating characteristic (ROC) curves, indicated for AOPP, the best area under the curve
(AUC) value for CD prediction. Advanced glycated end-products (AGEs) were also significantly
higher in CD patients (p < 0.01), which is of interest since AOPP and AGEs are both able to activate
the membrane receptor for advanced glycation end products (RAGE) involved in inflammatory
diseases. Thiobarbituric acid reactive substance (TBARS) levels were significantly higher in CD
patients with ileal localization and aggressive disease behavior, in smokers, and in patients suffering
from allergies. In conclusion, our data indicate that circulating oxidative stress biomarkers may be
attractive candidates as disease predictors as well as for clinical or therapeutic monitoring of CD. Our
results also suggest that AOPP/AGEs and RAGE signaling may represent a pathogenic factor and a
potential therapeutic target in CD.

Keywords: Crohn’ disease; biomarkers; oxidative stress

Antioxidants 2019, 8, 378; d0i:10.3390/antiox8090378 www.mdpi.com/journal/antioxidants


http://www.mdpi.com/journal/antioxidants
http://www.mdpi.com
https://orcid.org/0000-0003-1232-8778
https://orcid.org/0000-0003-1892-4343
https://orcid.org/0000-0002-6838-8318
https://orcid.org/0000-0001-8611-257X
http://www.mdpi.com/2076-3921/8/9/378?type=check_update&version=1
http://dx.doi.org/10.3390/antiox8090378
http://www.mdpi.com/journal/antioxidants

Antioxidants 2019, 8, 378 20f12

1. Introduction

Crohn’s disease (CD) is a chronic inflammatory disorder of the intestinal tract, with increasing
prevalence worldwide [1,2]. It is generally accepted that CD as well as ulcerative colitis (UC) are
the result of complex interactions among environmental factors, dysregulated immune system, gut
microbiota, and disease susceptibility genes [3]. Accumulating data suggest that oxidative stress is at
the crossroad between these multiple mechanisms [4-6].

Both chronic inflammation and immune system hyperactivation are accompanied by abnormally
high levels of reactive oxygen species (ROS) and decreased antioxidant defenses, resulting in oxidative
stress. Oxidative stress leads to mucosal layer damage and bacterial invasion, which in turn further
stimulate the immune response and contribute to disease progression [7]. One of the main advantages
of oxidative modifications of cellular proteins, lipids, and nucleic acids is that they can be measured not
only in the affected intestinal tract, but also at the systemic level; several studies have in fact reported
increased levels of oxidative stress biomarkers in the serum/plasma of inflammatory bowel disease
(IBD) patients [8]. This is of interest at least for two reasons: on one hand, circulating biomarkers of
oxidative stress offer the advantage of easy collection, low costs, and the possibility to be used on a
large scale; on the other hand, the systemic oxidative stress observed in CD may likely contribute to
the development of extra-intestinal manifestations such as perianal fistulas, dermatologic diseases,
and arthritis, which are very common in these patients [9].

Circulating antioxidant capacity also seems to be correlated with the clinical status of the patients.
Plasma free thiols were recently reported to be associated with favorable outcome in CD, being
negatively correlated with biomarkers of inflammation [10], and serum free thiols and uric acid
were significantly lower in active CD patients with anemia [11]. Furthermore, a very strong positive
correlation was found between the endoscopic activity index and the serum total oxidant status in CD
patients under regular follow-up [12]. These data suggest that the measure of circulating oxidative
stress markers might be clinically useful both for early diagnosis as well for clinical monitoring. Clinical
diagnosis of CD can be complex and it is often delayed. Moreover, CD patients need an adequate
assessment of disease activity either to guide clinical treatment, prevent long-term complications, or
induce a long-term remission after surgery.

On these bases, the aim of the present study was to explore the association between several
peripheral biomarkers of oxidative stress and the clinical characteristics of a cohort of CD patients
characterized by therapeutic failure and a complicated disease requiring surgery.

2. Methods

2.1. Study Population

The study protocol was approved by the Ethical Review Committee of the Hospital of Careggi,
Florence, Italy. Written informed consent was obtained from all eligible participants. A total of
71 subjects (54 patients with CD and 17 controls) were included in this observational study. Patients
were recruited between January 2015 to January 2017 at the Digestive Surgery Unit of the Careggi
Hospital, where all had severe relapse (CD activity index scores of >200) requiring surgery. The healthy
volunteers were recruited among the personnel of the Careggi Hospital. Serum was obtained from
blood samples, taken at surgery for CD patients or at enrolment for the control subjects, collected in
Vacutainer ®collection tubes, coagulated at room temperature, and centrifuged at 1800x g for 10 min
before the distribution of the supernatant in cryo-tubes, and stored at —20 °C until analysis.

Information on gender, age, disease duration, diagnostic delay, smoking habits, location,
disease behavior, extra-intestinal manifestation, perianal disease, recurrence, number of operations,
immunological comorbidity, familiarity IBD, and therapy were collected. Demographic and clinical
characteristics of CD patients and healthy controls are reported in Table 1.
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Table 1. Demographic and clinical characteristics of Crohn’s patients and healthy volunteers enrolled

in the study.

Demographic and Clinical Characteristics Crohn’s Patients Controls
n 54 17
Gender
-male 28 (51.9%) 7 (41.2%)
-female 26 (48.1%) 10 (58.8%)
Age (years) 4212 + 2.055 4241 +£3.73
Disease duration (years) 12.86 + 1.37
Diagnostic delay (months) 78.89 +16.32
Smoke habit
no 19 (38.0%) 8 (47.1%)
yes 16 (32.0%) 5(29.4%)
former 15 (30.0%) 4 (23.5%)
CDAI 233.6 + 5.66
Disease location
-lleum 28 (53.8%)
-Colon 18 (34.6%)
-Ileo-colon 6 (11.5%)
Disease behavior
-Inflammatory 4 (7.5%)
-Stricturing 28 (52.8%)
-Fistulizing 3 (5.7%)
-Stricturing and Fistulizing 18 (34.0%)
Extra-intestinal disease
-Skin 7/46 (15.21%)
-Arthritis 12/46 (26.1%)
Perianal disease yes/no 23/28 (45.10%)
Recurrence
-yes 30 (57.69%)
-no 22 (42.31%)
Multiple operations
1 22 (42.31%)
2 15 (28.85%)
3 15 (28.85%)
Allergies yes/no 19/25 (43.2%)
Familial IBD yes/no 15/34 (30.6%)

CDAI = Crohn disease activity index. Data are means + SE or absolute and relative frequencies.
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2.2. Ethics Approval and Consent to Participate

This study was approved by the Ethical Committee of Careggi-University Hospital (AOUC),
Florence, Italy, on May 2, 2011, protocol no. 2011/0016888, rif. 95/10, authorization Gen Dir 17/572011
protocol no. 2011/0018055, and written informed consent was obtained from all study subjects.

2.3. Ferric Reducing Activity of Plasma (FRAP)

A FRAP reagent solution was freshly prepared by mixing 300 mM acetate buffer, pH 3.6, TPTZ
solution (10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM HCI), and 20 mM FeCl13-6H,0 in a volume
ratio of 10:1:1. To perform the assay, 0.9 mL of FRAP reagent, 90 uL of distilled water, and 30 pL of serum
were mixed and incubated at 37 °C for 30 min. The absorbance was measured at 595 nm. The antioxidant
potential of samples was determined from a standard curve plotted using the FeSO4-7H,0 [13].

2.4. Advanced Oxidation Protein Product (AOPP)

For AOPP determination, 20 pL of serum and 980 uL of PBS were mixed to 50 puL of KI 1.16 M
and 100 pL of acetic acid. The absorbance of the reaction mixture was immediately read at 340 nm.
AOPP were quantified in pmol/mg of proteins using Chloramine-T (Sigma-Aldrich, Milan, Italy) as the
standard for the calibration curve [14].

2.5. Carbonyl Residues (CO)

Carbonyl residues were determined following the method of Correa-Salde and Albesa [15] with
a few modifications. Serum samples (100 L) were treated for 1 h at room temperature with 900 puL
of 0.1% dinitrophenylhydrazine in 2 M HCl and precipitated with 400 pL of 10% trichloroacetic acid
(TCA) before being centrifuged for 20 min at 4 °C at 10,000x g. The pellets were extracted with 500 uL
of ethanol:ethyl acetate mixture (1:1) and centrifuged for 3 min at 4 °C at 10,000% g, three times and
then dissolved in 15 mL of 6 M guanidine HCI in 20 mM potassium phosphate buffer (PBS), pH 7.5.
The solutions were incubated at 37 °C for 30 min and insoluble debris was removed by centrifugation.
The absorbance was measured at 370 nm.

Carbonyl content was calculated using a molar absorption coefficient of 22,000 M~! cm~! and
expressed as nmol/mg of proteins. Protein content was estimated by using the Bio-Rad DC protein
assay kit (Bio-Rad, Segrate, Milan, Italy).

1

2.6. Thiobarbituric Acid Reactive Substances (TBARS)

TBARS were evaluated as an index of lipid peroxidation according the method by
Dietrich-Muszalska et al. [16]. A total of 100 puL of serum was first deproteinized by adding 100 puL
of TCA, then 160 puL was added to 32 pL of 0.12 M thiobarbituric acid (Sigma-Aldrich, Milan, Italy)
in TRIS 0.26 M, and heated for 15 min at 100 °C. The reaction was stopped by placing the vials in
an ice bath for 10 min and after centrifugation (at 1600x g at 4 °C for 10 min), the absorbance of the
supernatant was measured at 532 nm (Perkin Elmer Wallac 1420 Victor3 Multilabel Counter).

TBARS content was calculated using a molar absorption coefficient of 1.56 x 107> M~ cm~
expressed as pM.

Iand

2.7. Advanced Glycated End-Products (AGEs)

AGEs were determined by exploiting the characteristic autofluorescence of the large part of AGEs
as described by Cournot and Burillo [17]. A total of 100 uL of 1:5 diluted in PBS serum, were placed in
a 96-well plate and the fluorescence intensity was read at 460 nm, after excitation at 355 nm. Results
were expressed as arbitrary units (AU).
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2.8. Statistical Analyses

Statistical analyses were performed using Statgraphics Centurion XVI software and Graph-Pad
Prism 7.00. p-values less than 0.05 were considered statistically significant. Normality was verified
with the Kolmogorov-Smirnov test. Normally distributed and continuous variables were expressed as
means + standard deviation (SD). Non-normally distributed variables were expressed as median and
interquartile range. Comparison of continuous variables between the two groups were performed
using the Student’s t-test (normally distributed) or Mann—-Whitney test (non-normally distributed).
Differences between proportions were assessed using the chi-square or Fisher exact test.

The area-under-curve (AUC) of the receiver operating characteristic (ROC) curves for each
oxidative stress biomarker were used to characterize their utility for discriminating CD patients from
healthy subjects.

A stepwise multiple linear regression analysis with backward selection was performed with
oxidative stress markers as the dependent variables and the following factors as independent variables:
age at surgery, gender, diagnostic delay, smoke habit, CDAI, disease location, disease behavior, disease
duration, extra-intestinal disease, perianal disease, first clinical presentation, recurrence, number of
surgeries, allergies, and family history of IBD.

An oxidative score was calculated and consisted of four components. For oxidative markers
(TBARS, CO, AGEs, and AOPP) values below the median value were assigned 0 point and those above
the median value, 1 point. For FRAP values, the point assignment was the reverse (0 below the median
and —1 above the median value). According to the sum of the four components, patients were allocated
to three oxidative score categories: low, medium, and high.

3. Results

3.1. Baseline Characteristics

No significant differences in age, gender, and smoke habit distribution were observed between
CD patients and the control group.

At the time of surgery for CD, 16 patients were smokers, 15 former smokers, and 19 had never
smoked. In about 54% of the patients, the disease was localized in the ileum, in 34.6% in the colon and
only 6 (11.5%) patients had a disease involving both segments. Many of the patients (41%) presented
extra-intestinal diseases (skin and arthritis), 45.10% perianal disease, 55.5% had already undergone
surgery, and in 30.6% of the cases, familial IBD was observed.

3.2. Oxidative Damage and Antioxidant Capacity

All of the oxidative damage parameters measured were significantly higher in the serum of CD
patients when compared to the controls (Table 2). In particular, the difference between the AOPP levels
in the serum of CD patients was very high when compared to healthy volunteers with a median value
of 11.25 (5.02-15.15) vs. 1.36 (0.75-2.70) umol/g of proteins, respectively (Table 2 and Figure 1A).

Based on the analysis of ROC curves, we assessed the diagnostic utility of the oxidative damage
biomarkers as predictors of CD. The area under the ROC curve (AUC) was 0.6938 for TBARS, 0.7412
for CO, 0.7195 for AGEs, and 0.5765 for FRAP. The AOPP determination resulted in a much higher
AUC value of 0.9306 for the prediction of Crohn’s disease (Figure 1B).

The antioxidant capacity, measured as FRAP values, in the CD patients and controls was similar
(Table 2).

Through univariate analysis, we observed that CD patients treated with azathioprine (n = 24)
presented FRAP levels significantly higher (p < 0.05) than those untreated (1 = 18). Moreover, serum
AQPP levels were significantly reduced in patients treated with mesalazine (p < 0.01), but the number
of untreated patients was very low (6 vs. 41).
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Table 2. Mean values of oxidative markers in serum samples from Crohn’s patients or healthy volunteers.

Oxidative Markers Crohn’s Patients Controls
n 54 17
FRAP, uM FeZ* 368.2 +90.72 343.8 +100.30 NS
TBARS, uM 4.00+1.35 3.11 + 045 p <0.01
AGEs, AU 293.3 + 108.80 216.0 + 35.03 p <0.01
AOPP, umol/g of proteins 11.25 (5.02-15.15) 1.36 (0.75-2.70) p < 0.0001
CO, nmol/mg of proteins 0.122 (0.095-0.146) 0.074 (0.061-0.12) p<0.01

Means + SD or median (interquartile range 25-75); p-values by t test or by Mann-Whitney test. AU: Arbitrary Units.
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Figure 1. (A) Scatter dot plot of the advanced oxidation protein products (AOPP) levels in the serum
of Crohn’ patients and healthy volunteers. **** p < 0.0001 by Mann-Whitney test. (B) ROC curve
for AOPP.

Positive correlations existed among almost all of the different markers of oxidative stress, both
in the CD patients and in the controls (Tables S1 and S2). Figure 2 shows the correlation between
circulating AOPP and TBARS levels in CD patients. No correlation between CDAI and oxidative-stress
parameters was observed.
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Figure 2. Correlation between AOPP and TBARS levels in the serum of Crohn’s patients.



Antioxidants 2019, 8, 378 7 of 12

3.3. Multiple Regression Analysis

Multiple regression analysis identified five independent variables associated with circulating
TBARS in CD patients; in contrast, the other oxidative stress biomarkers did not show significant
associations with clinical parameters. By backward stepwise regression, TBARS were associated to the
disease site, behavior, and first clinical presentation, being higher in patients with an ileal localization
of the disease, with a fistulizing and stricturing behavior and with the severity of the first clinical
presentation (combination of occlusion, anemia, and weight loss or the presence of perianal fistulas).
Moreover, TBARS were also associated with the smoke habit and with the presence of allergies (Table 3).
The oxidative score was associated with smoke habit (p = 0.013) and with the presence of a skin
extension of the disease (p = 0.0245) (Table 4).

Table 3. Multiple regression analysis of factors associated with circulating TBARS in Crohn’s patients.

Parameter Estimate Coefficient p-Value
CONSTANT 1.89611 0.0113
Disease Location —-0.63005 0.0185
First Clinical Presentation 0.270233 0.0089
Smoking 0.865863 0.0005

Disease Behavior 0.383783 0.0275
Allergies 0.997169 0.0001

Table 4. Multiple regression analysis of factors associated with the oxidative score in Crohn’s patients.

Parameter Estimate Coefficient p-Value
CONSTANT 0.490099 0.0159
Smoking 0.420792 0.0113
Skin Extension 0.782178 0.0245

4. Discussion

Accumulating evidence indicates that oxidative stress is not only merely a consequence of chronic
inflammation, but may have an essential role in the development and maintenance of inflammation
and aberrant immune response in CD. In this regard, our results demonstrate an overall increase in
oxidative stress biomarkers in CD patients at surgery when compared to the controls, highlighting that
severe clinical activity is reflected by systemic oxidative stress. Among the markers analyzed, AOPP
demonstrated the greatest diagnostic ability in differentiating CD patients from the controls. AOPPs are
di-tyrosine-containing and cross-linking products, formed by the reaction of plasma proteins, mainly
albumin, with chlorinated compounds resulting from the activity of myeloperoxidase (MPO) [14,18].
For this reason, AOPP are recognized as both oxidative protein damage markers and mediators
of inflammation.

Increased plasma AOPP levels in patients with chronic diseases including active CD patients
have been reported by others [19-21]. In our study, CD patients had very high levels of AOPP in their
serum, much higher when compared to the study by Krzystek-Korpacka and co-workers [20], who
measured a mean level of 1.87 umol/g of albumin in the plasma of active CD patients. We measured
AQPP levels in the serum of CD patients at surgery, therefore with severe clinical conditions, and these
high levels can be a consequence of their clinical status.

Interestingly, some mechanistic studies have demonstrated the role of AOPP in the pathogenesis
and progression of CD. There is in fact in vitro and in vivo evidence that AOPPs induced depletion of
intestinal epithelial cells and inflammatory changes that alter the structural integrity of the intestinal
mucosa [22-24]. These compounds are also able to modulate cell cycle arrest [25]; Shi and co-worker
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recently demonstrated that AOPPs exhibit their negative regulatory function on intestinal epithelial
cell cycle progression by activating the RAGE/CD36-c-jun N-terminal kinase (JNK)-p27kip1 signaling
pathway [21]. By interacting with RAGE and CD36 receptors, AOPP activate protein kinase C and
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase as well as the NF-kB-dependent
inflammatory pathway [26]. Xuetal. [27] also found that the deposition of AOPPs in fibrotic lesions from
CD patients promoted epithelial-mesenchymal transition, a fundamental mechanism in complications
of CD such as intestinal fibrosis through the oxidative and inflammatory pathway.

Other than AOPP, the first identified ligands of RAGE were AGEs. Although RAGE/AGE signaling
has mainly been studied in diabetes, there is also evidence of its activation in neurodegenerative
diseases, cancer, and in various inflammatory diseases including CD [28-30]. Mice lacking RAGE
receptors are in fact protected from chemically-induced intestinal inflammation and treatment with
a RAGE-specific inhibitor protects mice from indomethacin-induced enteritis and dextran sulfate
sodium-induced colitis, suggesting that the RAGE signaling pathway could be a promising therapeutic
target for IBD patients [30]. On the contrary, there are no reports available in the literature on the
serum level of AGEs in patients with CD. AGEs are heterogeneous compounds mainly generated
through the non-enzymatic glycation of protein, lipids, and nucleic acid driven by hyperglycemia
and oxidative stress, but increased serum levels were associated with hypercholesterolemia [31]
and cigarette smoking [32]. In addition, humans are exposed to dietary sources of AGEs through
animal-derived foods and cooking processes that result in the formation of new AGEs [33]. Moreover,
AGEs such as glycol aldehyde and 2-hydroxy-propanal may be generated by activated neutrophils,
even in the absence of sugars [34].

Lipid peroxidation products are also implicated in the pathogenesis of IBD. For instance, it
has been reported that 4-hydroxynonenal treatment suppressed colonic expression of tight junction
proteins, enhanced bacterial translocation from the gut into the systemic circulation, and increased
activation of Toll-like receptor 4 signaling [35].

In our cases, circulating TBARS were significantly higher when compared to the controls and
these results are in line with those obtained by others who measured elevated lipid peroxidation
markers malondialdehyde (MDA)/TBARS in CD patients [35-38]. In the study by Sampietro and
co-workers, CD patients at surgery showed a significantly higher basal peroxidative state when
compared to the controls, but while the inflammatory and oxidative indices were significantly reduced,
two months later, and maintained low one year after surgery, TBARS did not reach levels comparable
to those in the control subjects, indicating that in quiescent CD, there is an upregulated level of plasma
peroxidation [39].

Szczeklik and co-workers recently described the presence of an upward trend in the serum (and
saliva) MDA levels, depending on the severity of CD and a correlation between the MDA levels and
the visible symptoms of inflammation [40]. Our results showed a significant correlation among lipid
peroxidation, disease location, and behavior and with the severity of the first clinical presentation of
CD. All these data suggest the role of TBARS as a potential marker of the severity of the disease.

Serum TBARS levels were also correlated with smoking habit being higher in smokers and to a
lesser extent, in former smokers when compared to non-smokers. Cigarette smoke is a well-known
source of ROS and one of the most powerful oxidative stress inducers. It is considered both an
etiological risk factor for CD as well as for its recurrence; smokers have a higher risk when compared to
non-smokers of developing a postoperative recurrence and the risk increases in relation to the number
of cigarettes smoked [41,42].

We also defined an oxidative score to take into account the overall oxidative-antioxidant status of
each patient and identified positive correlations with smoking habit and the presence of cutaneous
manifestation of the disease, a well-recognized complication of IBD that frequently occurs in CD and is
associated with a worse prognosis [43,44]. The pathogenic mechanism underlying the development of
cutaneous manifestations in CD patients is still not known, but our results suggest that oxidative stress
may have a role.
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Despite the high degree of oxidative stress observed in CD patients, witnessed by the increase in
all oxidative markers measured, all correlated to each other, we did not observe differences in their
antioxidant status, measured as FRAP, when compared to controls. On the contrary, several studies
reported a reduced antioxidant capacity in CD patients, measured both as plasma carotenoids and
other vitamin content [45,46], or as total antioxidant capacity [12,47,48], or as plasma free thiols [10]. In
particular, Bourgonje and coworkers reported strong and negative correlations among albumin-adjusted
plasma free thiols and a number of pro-inflammatory markers of disease activity [10]. In this study, a
more favorable redox status was also observed in CD patients with ileal disease compared to patients
with colonic localization; in contrast, in our study, the ileal localization was significantly associated
with increased serum TBARS levels. We previously reported that disease located in the upper part of
the intestine is a risk factor for recurrence when compared to diseases located in the distal ileum and
colon [49].

The serum/plasma total antioxidant activity is the sum of the contribution of endogenous (uric acid,
bilirubin, albumin) and exogenous (medications and food-derived) antioxidants, thus this disagreement
may be due, not only to the complexity of the disease, but also to the variability in patient medications
and dietary habits or supplement use. In this context, we noted differences in AOPP values associated
with the treatment with mesalazine, known to exert anti-inflammatory and antioxidant effects, and in
the FRAP levels that were significantly higher in patients under azathioprine treatment, which may be
related to its contribution to oxidative stress [50].

Moreover, the lack of an association between circulating markers of oxidative damage and total
antioxidant capacity suggests that in CD, oxidative stress is not just the result of an imbalance between
oxidants and antioxidants, but may prime, at least in the acute phase of the disease, pro-inflammatory
mechanisms through RAGE activation.

The main limitations of this study are the relatively small sample size, the cross-sectional design,
the lack of follow-up, and of recurrent measurements during the course of the disease, which are
necessary to validate the relevance of using oxidative stress markers in the clinical setting.

5. Conclusions

Despite these limitations, our data provide evidence that circulating AOPP and TBARS levels are
significantly elevated in CD patients with severe relapse, suggesting that these parameters could be
evaluated in a prospective, larger study on the progression of CD disease, as biomarkers for diagnosis
or monitoring of CD patients. Moreover, our results indicate that AOPP/AGEs activation of RAGE
signaling should be explored for diagnostic or therapeutic purposes in immune-mediated diseases
such as CD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/9/378/s1.
Table S1: Correlations among markers of oxidative stress in Crohn’s patients, Table S2: Correlations among
markers of oxidative stress in healthy volunteers.

Author Contributions: Conceptualization, M.L. and C.M.; data curation, C.M.; formal analysis, C.L.; investigation,
S.A.; methodology, M.L. and E.B.; original draft preparation, C.L.; writing—review and editing, C.L. and E.B.;
patient qualification for the study and clinical material collection F.G., EF, S.S. and D.Z.; project administration,
M.L. and C.M.; funding acquisition, M.L., C.M. and EG.

Funding: This research was supported by grants from Ente Cassa di Risparmio di Firenze (2016.0842 and 2017.
0841) and by the University of Florence (Fondi di Ateneo).

Acknowledgments: We thank all the patients and the healthy volunteers who participated in this study.

Conflicts of Interest: The authors declare that they have no conflicts of interest.


http://www.mdpi.com/2076-3921/8/9/378/s1

Antioxidants 2019, 8, 378 10 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Molodecky, N.A.; Soon, LN.G.S.; Rabi, D.M.; Ghali, W.A.; Ferris, M.; Chernoff, G.; Benchimol, E.I;
Panaccione, R.; Ghosh, S.; Barkema, H.W. Increasing incidence and prevalence of the Inflammatory Bowel
Diseases. YGAST 2012, 142, 46-54.

Ng, S.C.; Shi, H.Y,; Hamidi, N.; Underwood, EE.; Tang, W.; Benchimol, E.I; Panaccione, R.; Ghosh, S.;
Wu, J.C.Y,; Chan, EK.L; et al. Articles worldwide incidence and prevalence of Inflammatory Bowel Disease
in the 21st century: A systematic review of population-based studies. Lancet 2017, 390, 2769-2778. [CrossRef]
Torres, J.; Mehandru, S.; Colombel, J.E,; Peyrin-Biroulet, L. Crohn’s disease. Lancet 2017, 389, 1741-1755.
[CrossRef]

Pereira, C.; Gracio, D.; Teixeira, ].P.; Magro, F. Oxidative stress and DNA damage: Implications in
Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2015, 21, 16-19. [CrossRef] [PubMed]

Patlevic, P; Vascova, J.; Svork, P, Jr.; Vasko, L.; Svork, P. Reactive oxygen species and antioxidant defense in
human gastrointestinal diseases. Integr. Med. Res. 2016, 5, 250-258. [CrossRef] [PubMed]

Tian, T.; Wang, Z.; Zhang, J. Review article pathomechanisms of oxidative stress in Inflammatory Bowel
Disease and potential antioxidant therapies. Oxid. Med. Cell Longev. 2017, 2017. [CrossRef] [PubMed]
Heidemann, J.; Domschke, W.; Kucharzik, T.; Maaser, C. Intestinal microvascular endothelium and innate
immunity in Inflammatory Bowel Disease: A second line of defense? Infect. Immun. 2006, 74, 5425-5432.
[CrossRef] [PubMed]

Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative stress and pathogenesis of Inflammatory Bowel Disease:
An epiphenomenon or the cause? Dig. Dis. Sci. 2007, 52, 2015-2021. [CrossRef]

Ardizzone, S.; Sarzi Puttini, P.; Cassinotti, A.; Bianchi Porro, G. Extraintestinal manifestations of Inflammatory
Bowel Disease. Dig. Liver Dis. 2008, 40, S253-5259. [CrossRef]

Bourgonje, A.R.; von Martels, ].Z.H.; Bulthuis, M.L.C.; van Londen, M.; Faber, K.N.; Dijkstra, G.; van Goor, H.
Crohn’s disease in clinical remission is marked by systemic oxidative stress. Front. Physiol. 2019, 10, 1-10.
[CrossRef]

Neubauer, K.; Kempinski, R.; Matusiewicz, M. Nonenzymatic serum antioxidant capacity in IBD and its
association with the severity of bowel inflammation and corticosteroids treatment. Medicina 2019, 55, 88.
[CrossRef] [PubMed]

Yuksel, M.; Ates, I.; Kaplan, M.; Arikan, M.; Ozin, Y.O.; Kilic, ZM.Y.; Topcuoglu, C.; Kayacetin, E. Is oxidative
stress associated with activation and pathogenesis of Inflammatory Bowel Disease? |. Med. Biochem. 2017, 36,
341-348. [CrossRef] [PubMed]

Benzie, I; Strain, J. The ferric reducing ability of plasma as a measure of antioxodant. Anal. Biochem. 1996,
239, 70-76. [CrossRef] [PubMed]

Witko-Sarsat, V.; Friedlander, M.; Capeillére-Blandin, C.; Nguyen-Khoa, T.; Nguyen, A.T.; Zingraff, J.;
Jungers, P.; Descamps-Latscha, B. Advanced oxidation protein products as a novel marker of oxidative stress
in uremia. Kidney Int. 1996, 49, 1304-1313. [CrossRef] [PubMed]

Correa-Salde, V.; Albesa, I. Reactive oxidant species and oxidation of protein and heamoglobin as biomarkers
of susceptibility to stress caused by chloramphenicol. Biomed. Pharmacother. 2009, 63, 100-104. [CrossRef]
[PubMed]

Dietrich-Muszalska, A.; Koliriska-Lukaszuk, ]. Comparative effects of aripiprazole and selected antipsychotic
drugs on lipid peroxidation in plasma. Psychiatry Clin. Neurosci. 2018, 72, 329-336. [CrossRef] [PubMed]
Cournot, M.; Burillo, E.; Saulnier, P.,; Planesse, C.; Gand, E.; Rehman, M.; Rondeau, P.; Gonthier, M.;
Feigerlova, E.; Meilhac, O.; et al. Circulating concentrations of redox biomarkers do not improve the
prediction of adverse cardiovascular events in patients with type 2 diabetes mellitus. J. Am. Hearth Assoc.
2018, 7, e00007397. [CrossRef]

Capeillere-Blandin, C.; Gausson, V.; Descamps-Latscha, B.; Witko-Sarsat, V. Biochemical and
spectrophotometric significance of advanced oxidized protein products. Biochim. Biophys. Acta Mol.
Basis Dis. 2004, 1689, 91-102. [CrossRef]

Dalle-Donne, I.; Giustarini, D.; Colombo, R.; Rossi, R.; Milzani, A. Protein carbonylation in human diseases.
Trends Mol. Med. 2003, 9, 169-176. [CrossRef]


http://dx.doi.org/10.1016/S0140-6736(17)32448-0
http://dx.doi.org/10.1016/S0140-6736(16)31711-1
http://dx.doi.org/10.1097/MIB.0000000000000506
http://www.ncbi.nlm.nih.gov/pubmed/26193347
http://dx.doi.org/10.1016/j.imr.2016.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28462126
http://dx.doi.org/10.1155/2017/4535194
http://www.ncbi.nlm.nih.gov/pubmed/28744337
http://dx.doi.org/10.1128/IAI.00248-06
http://www.ncbi.nlm.nih.gov/pubmed/16988217
http://dx.doi.org/10.1007/s10620-006-9622-2
http://dx.doi.org/10.1016/S1590-8658(08)60534-4
http://dx.doi.org/10.3389/fphys.2019.00499
http://dx.doi.org/10.3390/medicina55040088
http://www.ncbi.nlm.nih.gov/pubmed/30986917
http://dx.doi.org/10.1515/jomb-2017-0013
http://www.ncbi.nlm.nih.gov/pubmed/30581331
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://dx.doi.org/10.1038/ki.1996.186
http://www.ncbi.nlm.nih.gov/pubmed/8731095
http://dx.doi.org/10.1016/j.biopha.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18602793
http://dx.doi.org/10.1111/pcn.12631
http://www.ncbi.nlm.nih.gov/pubmed/29280533
http://dx.doi.org/10.1161/JAHA.117.007397
http://dx.doi.org/10.1016/j.bbadis.2004.02.008
http://dx.doi.org/10.1016/S1471-4914(03)00031-5

Antioxidants 2019, 8, 378 11 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Krzystek-Korpacka, M.; Neubauer, K.; Berdowska, I.; Boehm, D.; Zielinski, B.; Petryszyn, P.; Terlecki, G.;
Paradowski, L.; Gamian, A. Enhanced formation of advanced oxidation protein products in IBD. Inflamm.
Bowel Dis. 2008, 14, 794-802. [CrossRef]

Shi,J.; Sun, S.; Liao, Y.; Tang, J.; Xu, X.; Qin, B.; Qin, C.; Peng, L.; Luo, M.; Bai, L.; et al. Redox biology advanced
oxidation protein products induce G1 phase arrest in intestinal epithelial cells via a RAGE/CD36-JNK-p27kip1
mediated pathway. Redox Biol. 2019, 101196. [CrossRef] [PubMed]

Xie, F; Sun, S.; Xu, A.; Zheng, S.; Xue, M.; Wu, P; Zeng, J.H,; Bai, L. Advanced oxidation protein
products induce intestine epithelial cell death through a redox-dependent, c-jun N-terminal kinase and poly
(ADP-ribose) polymerase-1-mediated pathway. Cell Death Dis. 2014, 5, €1006. [CrossRef]

Fasano, A. Intestinal permeability and its regulation by Zonulin: Diagnostic and therapeutic implications.
Clin. Gastroenterol. Hepatol. 2012, 10, 1096-1100. [CrossRef] [PubMed]

Libertucci, J.; Dutta, U.; Kaur, S.; Jury, J.; Rossi, L.; Fontes, M.E.; Shajib, M.S.; Khan, W.L.; Surette, M.G.;
Verdu, E.F; et al. Inflammation-related differences in mucosa-associated microbiota and intestinal barrier
function in colonic Crohn’s disease. Am. J. Physiol. Liver Physiol. 2018, 315, G420-G431. [CrossRef] [PubMed]
Sun, S.; Xie, F; Xu, X.; Cai, Q.; Zhang, Q.; Cui, Z.; Zheng, Y.; Zhou, ]. Advanced oxidation protein products
induce S-phase arrest of hepatocytes via the ROS-dependent, 3-catenin-CDK2-mediated pathway. Redox
Biol. 2018, 14, 338-353. [CrossRef] [PubMed]

Guo, Z.].; Niu, HX,; Hou, EE; Zhang, L.; Fu, N.; Nagai, R.; Lu, X; Chen, B.H.; Shan, Y.X,; Tian, ].W,; et al.
Advanced Oxidation Protein Products Activate Vascular Endothelial cells via a RAGE-mediated signaling
pathway. Antioxid. Redox Signal. 2008, 10, 1699-1712. [CrossRef] [PubMed]

Xu, X.; Sun, S.; Xie, E; Ma, J.; Tang, J.; He, S.; Bai, L. Advanced oxidation protein products induce
epithelial-mesenchymal transition of intestinal epithelial cells via a PKC 5-mediated, redox-dependent
signaling pathway. Antioxid Redox Signal. 2017, 27, 37-56. [CrossRef] [PubMed]

Ciccocioppo, R.; Vanoli, A.; Klersy, C.; Imbesi, V.; Boccaccio, V.; Manca, R.; Betti, E.; Cangemi, G.C.; Strada, E.;
Besio, R.; et al. Role of the advanced glycation end products receptor in Crohn” s disease inflammation.
World . Gastroenterol. 2013, 19, 8269-8281. [CrossRef]

Ramasamy, R.; Shekhtman, A.; Schmidt, A.M. The multiple faces of RAGE-opportunities for therapeutic
intervention in aging and chronic disease. Expert Opin. Ther. Targets 2016, 20, 431-446. [CrossRef]
Body-Malapel, M.; Djouina, M.; Waxin, C.; Langlois, A.; Gower-Rousseau, C.; Zerbib, P.; Schmidt, A.M.;
Desreumaux, P.; Boulanger, E.; Vignal, C. The RAGE signaling pathway is involved in intestinal inflammation
and represents a promising therapeutic target for Inflammatory Bowel Diseases. Mucosal Immunol. 2019, 12,
468-478. [CrossRef]

McNair, E.; Qureshi, M.; Prasad, K.; Pearce, C. Atherosclerosis and the hypercholesterolemic AGE-RAGE
axis. Int. J. Angiol. 2016, 25, 110-116. [PubMed]

Prasad, K.; Hons, M. Role of advanced glycation end products and its receptors in the pathogenesis of
cigarette smoke-induced cardiovascular disease. Int. J. Angiol. 2015, 24, 75-80. [PubMed]

Uribarri, J.; Woodruff, S.; Goodman, S.; Cai, W.; Chen, X,; Pyzik, R.; Yong, A.; Striker, G.E.; Vlassara, H.
Advanced glycation end products in foods and a practical guide to their reduction in the diet. . Am. Diet
Assoc. 2010, 110, 911-916. [CrossRef]

Anderson, MM.; Hazen, S.L.; Hsu, EF; Heinecke, JJW. Human neutrophils employ the
myeloperoxidase-hydrogen peroxide—chloride system to convert hydroxy-amino acids into glycolaldehyde,
2-hydroxypropanal, and acrolein. A mechanism for the generation of highly reactive alpha-hydroxy and
«,-unsaturated aldehydes by phagocytes at sites of inflammation. . Clin. Investig. 1997, 99, 424—432.
[PubMed]

Wang, Y.; Wang, W.; Yang, H.; Shao, D.; Zhao, X. Free radical biology and medicine intraperitoneal injection
of 4-hydroxynonenal (4-HNE), a lipid peroxidation product, exacerbates colonic inflammation through
activation of Toll-like receptor 4 signaling. Free Radic. Biol. Med. 2019, 131, 237-242. [CrossRef] [PubMed]
Levy, E.; Rizwan, Y.; Thibault, L.; Lepage, G.; Brunet, S.; Bouthillier, L.; Seidman, E. Altered lipid profile,
lipoprotein composition, and oxidant and antioxidant status in pediatric Crohn disease. Am. J. Clin. Nutr.
2000, 71, 807-815. [CrossRef] [PubMed]

Alzoghaibi, M.A; AL, L A; Al-Jebreen, A.M. Lipid peroxides in patients with Inflammatory Bowel Disease.
Saudi ]. Gastroenterol. 2007, 13, 187-190. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/ibd.20383
http://dx.doi.org/10.1016/j.redox.2019.101196
http://www.ncbi.nlm.nih.gov/pubmed/31014575
http://dx.doi.org/10.1038/cddis.2013.542
http://dx.doi.org/10.1016/j.cgh.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22902773
http://dx.doi.org/10.1152/ajpgi.00411.2017
http://www.ncbi.nlm.nih.gov/pubmed/29848021
http://dx.doi.org/10.1016/j.redox.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/29032312
http://dx.doi.org/10.1089/ars.2007.1999
http://www.ncbi.nlm.nih.gov/pubmed/18576917
http://dx.doi.org/10.1089/ars.2015.6611
http://www.ncbi.nlm.nih.gov/pubmed/27565419
http://dx.doi.org/10.3748/wjg.v19.i45.8269
http://dx.doi.org/10.1517/14728222.2016.1111873
http://dx.doi.org/10.1038/s41385-018-0119-z
http://www.ncbi.nlm.nih.gov/pubmed/27231427
http://www.ncbi.nlm.nih.gov/pubmed/26060376
http://dx.doi.org/10.1016/j.jada.2010.03.018
http://www.ncbi.nlm.nih.gov/pubmed/9022075
http://dx.doi.org/10.1016/j.freeradbiomed.2018.11.037
http://www.ncbi.nlm.nih.gov/pubmed/30503401
http://dx.doi.org/10.1093/ajcn/71.3.807
http://www.ncbi.nlm.nih.gov/pubmed/10702177
http://dx.doi.org/10.4103/1319-3767.36750
http://www.ncbi.nlm.nih.gov/pubmed/19858644

Antioxidants 2019, 8, 378 12 of 12

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Boehm, D.; Krzystek-korpacka, M.; Neubauer, K.; Matusiewicz, M.; Paradowski, L.; Gamian, A. Lipid
peroxidation markers in Crohn’s disease: The associations and diagnostic value. Clin. Chem. Lab. Med. 2012,
50, 1359-1366. [CrossRef]

Sampietro, G.M.; Cristaldi, M.; Cervato, G.; Maconi, G.; Danelli, P.; Cervellione, R.; Rovati, M.;
Bianchi Porro, G.; Cestaro, B.; Taschieri, A.M. Oxidative stress, vitamin A and vitamin E behaviour
in patients submitted to conservative surgery for complicated Crohn’s disease. Dig. Liver Dis. 2002, 34,
696-701. [CrossRef]

Szczeklik, K.; Krzysciak, W.; Cibor, D.; Rodacka, R.D.; Poloriczyk, J.P.; Mach, T.; Owczarek, D. Markers of
lipid peroxidation and antioxidant status in the serum and saliva of patients with active Crohn disease. Pol.
Arch. Intern. Med. 2018, 128, 362-370.

Reese, G.E.; Nanidis, T.; Borysiewicz, C.; Yamamoto, T.; Orchard, T.; Tekkis, P.P. The effect of smoking
after surgery for Crohn’s disease: A meta-analysis of observational studies. Int. ]. Colorectal Dis. 2008, 23,
1213-1221. [CrossRef]

To, N.; Ford, A.C.; Gracie, D.]. Systematic review with meta-analysis: The effect of tobacco smoking on the
natural history of ulcerative colitis. Aliment. Pharmacol. Ther. 2016, 44, 117-126. [CrossRef] [PubMed]
Tromm, A.; May, D.; Almus, E.; Voigt, E.; Greving, L.; Schwegler, U.; Griga, T. Cutaneous manifestations in
inflammatory bowel disease. Z. Gastroenterol. 2001, 39, 137-144. [CrossRef] [PubMed]

Horaist, C.; De Parades, V.; Abramowitz, L.; Benfredj, P.; Bonnaud, G.; Bouchard, D.; Fathallah, N.;
Sénéjoux, A.; Siproudhis, L.; Staumont, G.; et al. Elaboration and validation of Crohn’s disease anoperineal
lesions consensual definitions. World |. Gastroenterol. 2017, 23, 5371-5378. [CrossRef] [PubMed]

Maor, I; Rainis, T.; Lanir, A.; Lavy, A. Oxidative stress, inflammation and neutrophil superoxide release in
patients with Crohn’s disease: Distinction between active and non-active disease. Dig. Dis. Sci. 2008, 53,
2208-2214. [CrossRef] [PubMed]

Geerling, B.].; Badart-Smook, A.; Stockbrugger, R.W.; Brummer, R.M. Comprehensive nutritional status
in patients with long-standing Crohn disease currently in remission. Am. J. Clin. Nutr. 1998, 67, 919-926.
[CrossRef] [PubMed]

Koutroubakis, I.E.; Malliaraki, N.; Dimoulios, P.D. Decreased total and corrected antioxidant capacity in
patients with Inflammatory Bowel Disease. Dig. Dis. Sci. 2004, 49, 1433-1437. [CrossRef]

Pereira, C.; Coelho, R.; Gracio, D.; Dias, C.; Silva, M.; Peixoto, A.; Lopes, P; Costa, C.; Teixeira, ].P.; Macedo, G.;
et al. DNA damage and oxidative DNA damage in Inflammatory Bowel Disease. . Crohn’s Colitis. 2016, 10,
1316-1323. [CrossRef]

Fazi, M.; Giudici, F; Luceri, C.; Pronesti, M.; Tonelli, F. Long-term results and recurrence-related risk factors
for Crohn disease in patients undergoing side-to-side isoperistaltic strictureplasty. JAMA Surg. 2016, 151,
452-460. [CrossRef]

Pelin, M.; De Ludicibus, S.; Londero, M.; Spizzo, R.; Dei Rossi, S.; Martelossi, S.; Ventura, A.; Decorti, G.;
Stocco, G. Thiopurine biotransformation and pharmacological effects: Contribution of oxidative stress. Curr.
Drug Metab. 2016, 17, 542-549. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1515/cclm-2011-0817
http://dx.doi.org/10.1016/S1590-8658(02)80020-2
http://dx.doi.org/10.1007/s00384-008-0542-9
http://dx.doi.org/10.1111/apt.13663
http://www.ncbi.nlm.nih.gov/pubmed/27193202
http://dx.doi.org/10.1055/s-2001-11153
http://www.ncbi.nlm.nih.gov/pubmed/11253504
http://dx.doi.org/10.3748/wjg.v23.i29.5371
http://www.ncbi.nlm.nih.gov/pubmed/28839437
http://dx.doi.org/10.1007/s10620-007-0141-6
http://www.ncbi.nlm.nih.gov/pubmed/18253831
http://dx.doi.org/10.1093/ajcn/67.5.919
http://www.ncbi.nlm.nih.gov/pubmed/9583850
http://dx.doi.org/10.1023/B:DDAS.0000042242.22898.d9
http://dx.doi.org/10.1093/ecco-jcc/jjw088
http://dx.doi.org/10.1001/jamasurg.2015.4552
http://dx.doi.org/10.2174/1389200217666160303104153
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Population 
	Ethics Approval and Consent to Participate 
	Ferric Reducing Activity of Plasma (FRAP) 
	Advanced Oxidation Protein Product (AOPP) 
	Carbonyl Residues (CO) 
	Thiobarbituric Acid Reactive Substances (TBARS) 
	Advanced Glycated End-Products (AGEs) 
	Statistical Analyses 

	Results 
	Baseline Characteristics 
	Oxidative Damage and Antioxidant Capacity 
	Multiple Regression Analysis 

	Discussion 
	Conclusions 
	References

