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Abstract: Introduction: The goal of this study is to determine whether Advanced glycosylated
end-products (AGE), Advanced oxidation protein products (AOPP) and Matrix metalloproteinase
7 (MMP?7) could be used as differential biomarkers for idiopathic pulmonary fibrosis (IPF) and
connective tissue disease-associated interstitial lung disease (CTD-ILD). Method: Seventy-three
patients were enrolled: 29 with IPF, 14 with CTD-ILD, and 30 healthy controls. The study included
a single visit by participants. A blood sample was drawn and serum was analysed for AGE using
spectrofluorimetry, AOPP by spectrophotometry, and MMP7 using sandwich-type enzyme-linked
immunosorbent assay. Results: AGE, AOPP and MMP7 serum levels were significantly higher in
both IPF and CTD-ILD patients versus healthy controls; and AGE was also significantly elevated in
CTD-ILD compared to the IPF group. AGE plasma levels clearly distinguished CTD-ILD patients
from healthy participants (AUC = 0.95; 95% IC 0.86-1), whereas in IPF patients, the distinction was
moderate (AUC = 0.78; 95% IC 0.60-0.97). Conclusion: In summary, our results provide support for
the potential value of serum AGE, AOPP and MMP? concentrations as diagnostic biomarkers in IPF
and CTD-ILD to differentiate between ILD patients and healthy controls. Furthermore, this study
provides evidence, for the first time, for the possible use of AGE as a differential diagnostic biomarker
to distinguish between IPF and CTD-ILD. The value of these biomarkers as additional tools in
a multidisciplinary approach to IPF and CTD-ILD diagnosis needs to be considered and further
explored. Multicentre studies are necessary to understand the role of AGE in differential diagnosis.

Keywords: IPF; progressive pulmonary fibrosis; biomarkers

1. Introduction

Interstitial lung diseases (ILD) are a diverse group of chronic lung disorders with sim-
ilar clinical and radiological manifestations and lung function tests. Idiopathic pulmonary
fibrosis (IPF) and connective tissue disease-associated interstitial lung disease (CTD-ILD)
are the most common forms of ILD. Although the origin of IPF is unknown, it is defined
as a chronic fibrosing interstitial pneumonia with progressive functional deterioration
and poor prognosis [1,2]. The diagnosis of IPF requires the exclusion of a recognisable
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aetiology and the identification of a radiological and/or histological pattern of usual inter-
stitial pneumonia (UIP). Since the UIP pattern is not pathognomonic, precise IPF diagnosis
can be extremely difficult. Furthermore, other chronic fibrotic lung disorders, such as
CTD-ILD or chronic hypersensitivity pneumonitis, can also show a similar UIP pattern. In
some cases, lung disease can occur before these systemic diseases, which also complicates
the diagnosis [3,4].

Biomarkers are objectively measured, elevated indicators of physiological, patholog-
ical processes or pharmacological response to therapeutic interventions with a number
of applications, including diagnosis, severity, prognosis and monitoring of treatment re-
sponse. Several serum biomarkers have demonstrated potential utility for diagnosis and
prognosis of ILD, but until now, use of biomarkers has not been recommended in clinical
practice in IPF or CTD-ILD. Biomarkers that can help in the differential diagnosis of IPF
with CTD-ILD would be very useful in identifying CTD-ILD patients with lung disease at
earlier stages. An accurate diagnosis of these diseases is of key importance, considering its
therapeutic and prognostic implications. Matrix metalloproteinase 7 (MMP?) is elevated
in IPF compared with healthy volunteers and is one of the most promising prognostic
biomarkers of this disease [5,6]. However, its ability to differentiate IPF from other ILDs is
unclear [5,7].

Oxidative stress has been implicated in the pathogenesis of pulmonary fibrosis [8],
although the exact mechanism remains unclear. Pulmonary redox-imbalance is suggested
as playing a critical role in epithelial activation and injury of the alveolar cells, including
damage to DNA, lipids and proteins, which ultimately causes severe tissue damage and
fibrosis. Up to now, only a limited number of studies have assessed serum oxidative stress
markers in IPF [9,10].

Advanced glycosylated end-products (AGE), which are formed by a combination of
glycation, oxidation and/or carbonylation, are proposed as possible biomarkers [11]. They
are accumulated in aging and inflammatory diseases, but also in situations of oxidative
stress overload. Therefore, AGE level may be a useful biomarker of exposure to oxidative
stress. AGE are involved in a number of pathologies [12,13] including pulmonary pro-
cesses [14]. They cause excessive accumulation of extracellular matrix and expression of
profibrotic markers such as transforming growth factor 3 (TGF -3) [15]. Moreover, blocking
advanced AGE formation attenuates bleomycin-induced pulmonary fibrosis in rats [16].

The linking of AGE formed inside and outside cells with proteins results in local
tissue damage, where the interaction of AGE with the AGE receptor (RAGE) is crucial.
The implications of this interaction involve several pathological processes such as dia-
betes, nephropathy and rheumatoid arthritis. In the case of pulmonary consequences,
AGE/RAGE is associated with chronic obstructive pulmonary disease, respiratory distress
syndrome, lung cancer [17,18], and IPF [19,20].

Advanced oxidation protein products (AOPP) are elevated in several chronic inflam-
matory diseases with an important overload of oxidative stress [21]. In lung pathologies,
high plasma levels of AOPP have been found [22,23], suggesting that serum AOPP levels
could play a critical role as a biomarker for pulmonary diseases.

Although the potential diagnostic utility of several serum biomarkers has been de-
scribed for ILD, an accurate differential diagnosis of IPF and CTD-ILD has not been
described. We hypothesise that AOPP, AGE and MMP?7 are elevated in ILD patients com-
pared to healthy controls. These serum biomarkers represent important factors in ILD and
can be used as differential biomarkers. Even multidisciplinary experts show significant
interobserver disagreement in IPF diagnosis based on high-resolution computed tomogra-
phy (HRCT) and histological review, and so these results could be used to screen for ILD in
a large population. Due to the importance of accurate diagnoses of ILD, and considering
their therapeutic profiles and the prognostic consequences, the purpose of this study is to
explore the value of serum AOPP, AGE and MMP?7 levels in the differential diagnosis of
IPF with CTD-ILD.
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2. Materials and Methods
2.1. Patients and Control Group

Seventy-three participants, aged > 18, were included in the analysis, grouped as 29 IPF,
14 CTD-ILD and 30 healthy controls. Patients were recruited from the Interstitial Lung
Disease Unit at Virgen de la Victoria University Hospital (Malaga, Spain) over 56 months
(Table 1). These groups were chosen because distinction between IPF and CTD-ILD is
essential in order to prescribe appropriate treatment. All patients with CTD-ILD had a
HRCT with a pattern of UIP. Patients with evidence of worsening or exacerbation over
the previous 6 months, concomitant diagnosis of an active neoplasia, or patients who had
previously received radiotherapy were excluded from the study. The healthy volunteers
(Table 1) were free from signs of current infection, inflammation, or respiratory symptoms
at the time of blood sampling. Informed written consent was obtained from all participants.
The study was conducted according to the Declaration of Helsinki, and was approved
by the Ethics in Human Research Committee of Malaga University Hospital on 26 June
2015, code 01-2015. Diagnoses were performed by multidisciplinary consensus, based
on current criteria. IPF diagnosis was based on European Respiratory Society / American
Thoracic Society /Japanese Respiratory Society /Latin American Thoracic Society criteria
(2), whereas CTD-ILD diagnosis was based on high-resolution computed axial tomography
and systemic disease criteria. [24].

Table 1. Patient demographics and clinical characteristics. Continuous variables are expressed as the
mean (+ SD). Categorical data are expressed as 1 (%). IPF: Idiopathic pulmonary fibrosis. CTD-ILD:
Connective tissue disease-associated interstitial lung disease. FVC: Forced vital capacity. DLCO:
Diffusing capacity of the lung for carbon monoxide. NS: non-significant. NE: not evaluated. *: IPF
versus healthy controls. **: CTD-ILD versus healthy controls.

Characteristics IPF CTD-ILD Controls p Value
Patients n 29 14 30
Age, years 633 +£27 60 +£2.9 58.3 £ 3.5 NS
Male% 19 (65.5) 6 (42.9) 18 (60) NS
Smoking status
Active or former smokers 21 (72.4) 11 (78.6) 20 (66.7) NS
Pulmonary function
FVC, %predicted 62.6 £15% 62 +18.8 ** 101.8 £ 20 <0.01
DLCO, %predicted 444 +15.2 475+ 12.2 NE

2.2. Study Design

This was a single-centre study of patients with a multidisciplinary diagnosis of ILD.
The purpose of the study was to assess whether serum markers derived from oxidative dam-
age could serve as potential biomarkers in the differential diagnosis of ILD. We compared
the serum levels of oxidative stress markers and MMP? in IPF, and CTD-ILD patients with
the levels found in healthy volunteers. The study included a single visit by participants.
After providing informed consent, a blood sample was drawn from a vein (venipuncture)
and a pulmonary function test was performed. Information about demographics (age,
sex) and smoking habits was gathered from the clinical history. Healthy participants were
paired by sex, age, and smoking status with ILD patients.

2.3. Sample Preparation and Marker Measurements

Whole blood was collected, after fasting for 8 h, in tubes containing EDTA at a final
concentration of 50 mM. For plasma preparation, blood was centrifuged at 1200x g for
10 min at 4 °C and the supernatant was stored in siliconised tubes at —80 °C until use.
Markers of oxidative stress were measured as follows: (i) Levels of AGE were evaluated
by fluorescence spectroscopy [25]. An F-4010 spectrofluorometer (Hitachi, Tokyo, Japan)
was used at 370 nm excitation and 440 nm emission wavelengths. Plasma samples were
diluted with phosphate-buffered saline (PBS). Fluorescence intensity was expressed in
arbitrary units (AU). (ii) AOPP were determined by spectrophotometry using a microassay
adapted to Cobas Mira based on chloramine-T (ch-T) equivalents [26]. Briefly, 18 pL of
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sample or ch-T standard solutions (400-6.25 pmol/L) were placed in each well of the Cobas
Mira AutoAnalyzer, followed by the addition of 200 uL of reaction mixture, consisting
of 81% phosphate PBS, 15% acetic acid, and 4% 1.16 mM potassium iodide. Absorbance
was read at 340 nm. Finally, MMP7 levels were measured by sandwich-type enzyme-
linked immunosorbent assay, using a commercially available ELISA kit (MBS2021023,
MyBioSource, San Diego, CA, USA) according to the manufacturer’s instruction.

2.4. Statistical Analysis

The variables were expressed as the mean (& SD) or n (%). To compare quantitative
measures, a T-test or Mann—-Whitney U-test (two group comparisons), and a one-way
ANOVA or Kruskal-Wallis test (three group comparisons) were used, as appropriate. A
Chi-square test was used for qualitative comparison. In order to assess the performance
of AGE, AOPP and MMP?7 as diagnostic markers, the area under the curve (AUC) of
the receiver operating characteristic (ROC) curve was calculated. The cut-off value of
serum markers was determined using the Yoden index. A significance of 5% (p < 0.05)
was required to consider a difference to be statistically significant. Statistical analysis was
performed using SPSS software version 24.0 (IBM, Chicago, IL, USA). G-power software
was used for sample size calculation (Heinrich Heine University Diisseldorf, Diisseldorf,
Germany). Assuming an alpha level of 0.05, a power of 80%, and 3 groups, a total of
42 participants would be necessary to provide a valid answer to the research question.

3. Results
3.1. Demographic and Clinical Characteristics

In total, 73 patients and controls were included in this study (Table 1). Of these,
29 were diagnosed with IPF, 14 with CTD-ILD in non-advanced stages, and 30 were healthy
controls. A group of healthy volunteers was selected as the controls to verify whether there
were differences in biomarker levels between ILD patients and healthy subjects. These
three populations showed similar demographic and smoking status (Table 1), whereas
forced vital capacity (FVC) in IPF and CTD-ILD patients was statistically significantly lower
than in the comparison group (Table 1, p < 0.01). Patients with IPF received anti-fibrotic
treatment, and CTD-ILD patients were treated with immunosuppressive drugs. A third
of them also used oxygen therapy, distributed across both groups without any statistical
differences between them. In our sample, the time from diagnosis was 38.9 £ 6.7 months.

3.2. Circulating Oxidative Stress Biomarkers in Patients and Healthy Controls

Figure 1 shows AGE (Figure 1a) and AOPP (Figure 1b) plasma levels from patients
and control participants. Mean levels of AGE were elevated in both ILD groups (IPF
and CTD-ILD). Statistically significant differences were detected between IPF and CTD-
ILD patients and healthy controls. Furthermore, AGE was also significantly elevated in
CTD-ILD compared with the IPF group (p < 0.03). Mean plasma AGE concentrations and
p-values for IPF and CTD-ILD groups in comparison with the control group (mean AGE
plasma concentration 1918.5 + 145.7 AU) were as follows: IPF, 2728.9 & 300.4 AU (p < 0.02);
CTD-ILD, 3917.1 £ 566.3 AU (p < 0.002).

AOPP plasma levels were significantly higher in both ILD groups compared with
healthy controls. However, no significant difference in AOPP levels was detected between
IPF and CTD-ILD patients. Actual mean plasma AOPP concentrations and p-values for
ILD groups in comparison with the control group (mean AOPP plasma concentration
173.8 £ 24.7 uM) were as follows: IPF 469.7 + 121.1 uM (p < 0.02); CTD-ILD 275 + 50.1 uM
(p <0.02).
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Figure 1. Levels of (a) AGE, and (b) AOPP in patients with IPF, CTD-ILD and healthy controls, expressed as mean + SEM.
Results were compared using one-way ANOVA with Tukey’s post hoc test. AGE: Advanced glycosylated end products.
AOPP: Advanced oxidation protein products. IPF: Idiopathic pulmonary fibrosis. CTD-ILD: Connective tissue disease-
interstitial lung disease. White circles represent outliers. *, **: p < 0.05. *: Patients versus healthy controls. **: IPF patients

versus CTD-ILD patients.

3.3. AGE and AOPP as Diagnostic Markers for IPF and CTD-ILD

ROC analysis was performed and the best cut-off values chosen for AGE and AOPP
were 2370 AU and 202.5 uM, respectively. For AGE, AUC values were 0.78 (95% CI1 0.60-0.97
p < 0.001) for IPF (Table 2), and 0.95 (95% CI 0.86-1) for CTD-ILD patients (Table 3). The
sensitivities and specificities when using these cut-off values are shown in Tables 2 and 3.

Table 2. ROC curves analysis to distinguish IPF from healthy participants. AGE: Advanced glycosy-
lated end products. AOPP: Advanced oxidation protein products. MMP7: Matrix metalloproteinase
7. AUC: Area under the curve.

Parameter Sensitivity (%)  Specificity (%) AUC 95% CI p Value
AGE (AU) 714 80 0.78 0.60-0.97 <0.001
AOPP (uM) 83.3 69.2 0.80 0.63-0.98 <0.001
MMP7(ng/mL) 92.3 92.9 0.96 0.91-1 <0.001

Table 3. ROC curves analysis to distinguish CTD-ILD from healthy participants. AGE: Advanced
glycosylated end products. AOPP: Advanced oxidation protein products. MMP7: Matrix metallopro-
teinase 7. AUC: Area under the curve.

Parameter Sensitivity (%) Specificity (%) AUC 95% CI p Value
AGE (AU) 85.7 80 0.95 0.86-1 <0.001
AOPP (uM) 55.5 69.2 0.71 0.63-0.98 <0.001
MMP7(ng/mL) 100 92.9 1 1-1 <0.001

3.4. Circulating MMP?7 in Patients and Healthy Controls

As shown in Figure 2, mean levels of MMP7 were elevated in both ILD groups
(IPF and CTD-ILD). Thus, a statistically significant difference was detected between both
IPF patients and CTD-ILD patients and the control group. Although the MMP?7 levels
were higher in patients with CTD-ILD compared with IPE no statistically significant
difference was detected. Actual mean plasma MMP7 concentrations and p-values for
IPF and CTD-ILD groups in comparison with the control group (mean MMP7 plasma
concentration 1.4 £ 0.15 ng/mL) were as follows: IPFE, 3.13 &+ 0.38 ng/mL (p < 0.0001);
CTD-ILD, 5.14 £+ 1.23 ng/mL (p < 0.0001).
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Figure 2. Levels of MMP? in patients with IPF, CTD-ILD and healthy controls, expressed as
mean £ SEM. Results were compared using one-way ANOVA with Tukey’s post hoc test. MMP?7:
Matrix metalloproteinase 7. IPF: Idiopathic pulmonary fibrosis. CTD-ILD: Connective tissue disease-
interstitial lung disease. White circles represent outliers. *: p < 0.05. *: Patients versus healthy controls.

3.5. MMP?7 as Diagnostic Markers for IPF and CTD-ILD

ROC analysis reveals an AUC of 0.96 (95% IC 0.91-1, p < 0.001) for IPF and AUC of
1 (951C 1-1, p < 0.001) for CTD-ILD (Table 2). The best cut-off value was 2.07. For IPF
patients, the sensitivity was 92.3% and the specificity was 92.9%. In the case of CTD-ILD
patients, sensitivity was 100% and specificity was 92.9% (Tables 2 and 3). The combined
biomarker analysis of AGE and MMP?7 shows a sensitivity of 93.33% and a specificity of
100%, when differentiating between IPF and CTD-ILD. It also shows a positive predictive
value of 100 and negative predictive value of 96.8 (95% IC 81.3-99.6).

4. Discussion

We assessed the potential values of AGE, AOPP and MMP7 as diagnostic biomarkers
for IPF and CTD-ILD by comparing serum concentrations in IPF and CTD-ILD patients
with healthy controls, and by comparing CTD-ILD and IPF patients. Our data show serum
levels of all markers in IPF or CTD-ILD patients that are significantly higher than those in
healthy participants. Moreover, AGE was also significantly elevated in CTD-ILD compared
with the IPF group. Although no significant differences in MMP7 and AOPP levels were
detected between CTD-ILD and IPF patients, the levels of MMP7 were more elevated in
CTD-ILD patients than in the IPF group, and, conversely, AOPP levels were more elevated
in IPF patients than in the CTD-ILD group. Using MMP7 to diagnose IPF or CTD-ILD
resulted in the highest sensitivities and specificities.

Differential diagnosis for ILDs is complex due to their similar morphological, clinical,
and radiological characteristics. Since the appearance of specific anti-fibrotic treatments for
IPF [27,28], accurate differential diagnoses at earlier stages are especially important, and
the identification of serum biomarkers can help. It is of special interest in those CTD-ILD
patients with a HRCT pattern of UIP, which is the case of our patients, and in those without
a finding of autoimmunity that indicates specific CTD pathology.

We therefore explore biomarkers that can support the differential diagnosis of IPF
with CTD-ILD, which is of key importance considering its therapeutic implications. Thus,
combined immunosuppressive treatment shows negative effects in IPF patients [29], and
lung complications can appear at earlier stages of CTD-ILD before systemic disease, com-
plicating the therapeutic approach [24]. Even though the use of anti-fibrotics in progressive
ILD has been proposed, an accurate diagnosis is still required [30].
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To date, several lung circulating biomarkers have been studied for ILD diagnosis,
staging of disease, and prognosis. Although a large number of these molecules have
shown utility, the routine use of such biomarkers is not recommended in diagnostic
guidelines or routinely used in clinical practice. For example, Krebs von den Lungen (KL-6),
surfactant proteins (SP-A and SP-D), MMPs (MMP1 and MMP?), extracellular collagen
fragments generated by MMPs and released into circulation (neoepitopes), C-C motif
chemokine ligand 18 (CCL18), C-X-C motif chemokine 13 (CXCL13), heat shock protein 47
(HSP47), insulin-like growth factor binding proteins (IGFBP1 and 2), and periostin [31-34].
Furthermore, telomere shortening has been associated with poor prognosis and increased
risk of death [35,36].

In this study, significantly higher plasma AOPP levels in ILD patients were observed
as compared to healthy controls. ROC analysis showed that AOPP serum levels moderately
distinguished either IPF or CTD-ILD patients from healthy controls. Regarding the levels
of AOPP in patients with lung fibrosis, Servetazz et al. measured AOPP serum levels
in patients with limited or diffuse Systemic sclerosis (SSc). They found significantly
increased AOPP levels in patients with diffuse SSc and lung fibrosis, whereas serum
AOPP concentrations in patients with limited cutaneous SSc and no lung fibrosis did not
differ from concentrations observed in healthy controls [37]. As in our study, bleomycin
administration, to induce pulmonary fibrosis in animals, caused significant increases in
AOPP compared to the sham group [38]. Although we have explored AOPP levels as a
potential biomarker in the differential diagnosis of ILD, we have not found significant
differences between AOPP levels in IPF and CTD-ILD patients.

Similarly, the oxidative stress marker AGE was significantly more abundant both
in IPF and CTD-ILD patients compared with healthy participants. Our data show AGE
serum levels in CTD-ILD patients are significantly higher than those found in IPF patients
(43.6% higher). The AGE levels in IPF patients were also significantly more elevated when
compared with the healthy group. Elevated AGE levels in CTD-ILD patients, compared to
IPF patients, may be due to collagen alterations related to CTD, where AGE directly affects
collagen properties [39,40]. The AGE/RAGE axis is thought to mediate inflammation
in several autoimmune processes [41], making it a probable therapeutic target for these
diseases [42]. These data suggest that serum AGE levels could not only differentiate
between ILD and healthy people, but also between IPF and CTD-ILD patients.

Previous studies showed significantly increased serum AGE or soluble RAGE (sRAGE)
levels and decreased alveolar epithelial cell RAGE expression in IPF patients compared
with healthy participants [14] [19,20]. Concerning the study of AGE/RAGE in other ILDs,
Manichaikul et al. [43] found significantly lower plasma sRAGE levels in patients with IPF
and other ILDs (including CTD-ILD) when compared with healthy controls. Our study
suggests the possible use of AGE as a differential diagnostic biomarker that could support
diagnosis of IPF and CTD-ILD and their proper therapeutic profiles.

MMP?7 and its utility for diagnosis and prognosis is one of the best studied serum
biomarkers in IPF and SSc-ILD. Although it is categorised by its major mechanistic path-
ways, extracellular matrix remodelling, a link between oxidative stress and MMP has been
identified [44]. In this study, significantly higher plasma MMP7 levels in ILD patients were
observed when compared with healthy controls. ROC analysis showed that MMP7 serum
levels clearly distinguished both IPF and CTD-ILD patients from healthy controls in our
study, thus making them a promising biomarker to differentiate between ILD patients and
healthy controls. Until now, several studies have demonstrated that MMP?7 is a valuable
biomarker for IPF alone, or in combination with other candidate biomarkers, such as
MMP1, MPPS, IGFBP1, TNF SP-A, SP-D or KL-6 [5,6,45,46], but not for CTD-ILD.

The small sample size for the clinical entities considered in our analysis and the cross-
sectional database are the mains limitations. This does not allow the effect of tobacco on the
levels of these biomarkers to be studied. Our work is a single-centre study, which limits its
external validity. The value of these biomarkers as additional tools in a multidisciplinary
approach to IPF and CTD-ILD diagnosis needs to be considered and further explored.
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Undoubtedly, multi-centre and prospective studies are necessary to understand the role
of AGE in IPF and CTD-ILD differential diagnosis, as well as its possible relationship to
imaging and respiratory function tests.

5. Conclusions

In conclusion, our results provide support for the potential value of serum AGE, AOPP,
and MMP?7 concentrations as diagnostic biomarkers in IPF and CTD-ILD, with MMP7 being
one of the most valuable biomarkers for differentiating between ILD patients and healthy
controls. The differential diagnosis between ILDs requires important clinical implications,
and this study demonstrates, for the first time, the possible use of AGE as a differential
diagnostic biomarker between IPF and CTD-ILD. Due to the similar morphological, clinical,
and radiological characteristics of IPF and CTD-ILD, accurate differential diagnoses at
earlier stages are especially important, given the therapeutic and prognostic implications.

Author Contributions: All authors have contributed significantly to the development of this work.
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 according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics in Human Research Committee of
Malaga University Hospital on 26 June 2015, code 01-2015.

Informed Consent Statement: Informed written consent was obtained for all participants. Study
methods were conducted according to the Declaration of Helsinki and approved by the Ethics in
Human Research Committee of Malaga University Hospital on 26 June 2015, code 01-2015.

Data Availability Statement: The datasets during and/or analysed during the current study are
available from the corresponding author on reasonable request.

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

References

1.

10.

11.

American Thoracic Society. Idiopathic Pulmonary Fibrosis: Diagnosis and Treatment. Am. J. Respir. Crit. Care Med. 2000, 161,
646—664. [CrossRef]

Raghu, G.; Collard, H.R.; Egan, ].J.; Martinez, FJ.; Behr, J.; Brown, K.K.; Colby, T.V.; Cordier, J.-F,; Flaherty, K.R.; Lasky, J.A.;
et al. An Official ATS/ERS/JRS/ALAT Statement: Idiopathic Pulmonary Fibrosis: Evidence-based Guidelines for Diagnosis and
Management. Am. |. Respir. Crit. Care Med. 2011, 183, 788-824. [CrossRef]

Solomon, ].J.; Chung, ].H.; Cosgrove, G.P.; Demoruelle, M.K.; Fernandez-Perez, E.R.; Fischer, A.; Frankel, S.K.; Hobbs, S.B.; Huie,
TJ.; Ketzer, |.; et al. Predictors of mortality in theumatoid arthritis-associated interstitial lung disease. Eur. Respir. J. Eur. Respir.
Soc. 2016, 47, 588-596. [CrossRef]

Morell, E; Villar, A.; Montero, M.A.; Mufioz, X.; Colby, T.V.; Pipvath, S.; Cruz, M.-].; Raghu, G. Chronic hypersensitivity
pneumonitis in patients diagnosed with idiopathic pulmonary fibrosis: A prospective case-cohort study. Lancet Respir. Med. 2013,
1, 685-694. [CrossRef]

Tzouvelekis, A.; Herazo-Maya, J.D.; Slade, M.; Chu, J.-H.; Deiuliis, G.; Ryu, C.; Li, Q.; Sakamoto, K.; Ibarra, G.; Pan, H.; et al.
Validation of the prognostic value of MMP-7 in idiopathic pulmonary fibrosis. Respirology 2016, 22, 486—493. [CrossRef]

Rosas, 1.O.; Richards, T.J.; Konishi, K.; Zhang, Y.; Gibson, K.; Lokshin, A.E.; Lindell, K.O.; Cisneros, J.; MacDonald, S.D.; Pardo,
A.; et al. MMP1 and MMP7 as Potential Peripheral Blood Biomarkers in Idiopathic Pulmonary Fibrosis. PLoS Med. 2008, 5, €93.
[CrossRef]

Fujishima, S.; Shiomi, T.; Yamashita, S.; Yogo, Y.; Nakano, Y.; Inoue, T.; Nakamura, M.; Tasaka, S.; Hasegawa, N.; Aikawa, N.; et al.
Production and activation of matrix metalloproteinase 7 (matrilysin 1) in the lungs of patients with idiopathic pulmonary fibrosis.
Arch. Pathol. Lab. Med. 2010, 134. [CrossRef] [PubMed]

Hecker, L. Mechanisms and consequences of oxidative stress in lung disease: Therapeutic implications for an aging populace.
Am. J. Physiol. Cell. Mol. Physiol. 2018, 314, L642-L653. [CrossRef] [PubMed]

Muramatsu, Y.; Sugino, K,; Ishida, F.; Tatebe, J.; Morita, T.; Homma, S. Effect of inhaled N-acetylcysteine monotherapy on lung
function and redox balance in idiopathic pulmonary fibrosis. Respir. Investig. 2016, 54, 170-178. [CrossRef] [PubMed]

Veith, C.; Drent, M.; Bast, A.; van Schooten, F.; Boots, A. The disturbed redox-balance in pulmonary fibrosis is modulated by the
plant flavonoid quercetin. Toxicol. Appl. Pharmacol. 2017, 336, 40—48. [CrossRef]

Singh, V.P,; Bali, A.; Singh, N.; Jaggi, A.S. Advanced Glycation End Products and Diabetic Complications. Korean J. Physiol.
Pharmacol. 2014, 18, 1-14. [CrossRef]


http://doi.org/10.1164/ajrccm.161.2.ats3-00
http://doi.org/10.1164/rccm.2009-040GL
http://doi.org/10.1183/13993003.00357-2015
http://doi.org/10.1016/S2213-2600(13)70191-7
http://doi.org/10.1111/resp.12920
http://doi.org/10.1371/journal.pmed.0050093
http://doi.org/10.5858/2009-0144-OA.1
http://www.ncbi.nlm.nih.gov/pubmed/20670133
http://doi.org/10.1152/ajplung.00275.2017
http://www.ncbi.nlm.nih.gov/pubmed/29351446
http://doi.org/10.1016/j.resinv.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27108012
http://doi.org/10.1016/j.taap.2017.10.001
http://doi.org/10.4196/kjpp.2014.18.1.1

J. Clin. Med. 2021, 10, 3167 9 of 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Smit, PJ.; Guo, W.A.; Davidson, B.A.; Mullan, B.A.; Helinski, J.D.; Knight, PR. Dietary advanced glycation end-products, its
pulmonary receptor, and high mobility group box 1 in aspiration lung injury. J. Surg. Res. 2014, 191, 214-223. [CrossRef]

Tan, K.C.; Chow, M.W.-S,; Lam, ].C.; Lam, B.; Bucala, R ; Betteridge, J.; Ip, M.5.M. Advanced Glycation Endproducts in Nondiabetic
Patients With Obstructive Sleep Apnea. Sleep 2006, 29, 329-333. [CrossRef]

Kyung, S.Y.; Byun, K.H.; Yoon, ].Y;; Kim, Y.J.; Lee, S.P; Park, ].-W.; Lee, B.H.; Park, ].S.; Jang, A.S.; Park, C.S,; et al. Advanced
glycation end-products and receptor for advanced glycation end-products expression in patients with idiopathic pulmonary
fibrosis and NSIP. Int. ]. Clin. Exp. Pathol. 2013, 7, 221-228.

Giardino, I.; Edelstein, D.; Brownlee, M. Nonenzymatic glycosylation in vitro and in bovine endothelial cells alters basic fibroblast
growth factor activity. A model for intracellular glycosylation in diabetes. J. Clin. Investig. 1994, 94, 110-117. [CrossRef]

Chen, L.; Wang, T.; Wang, X.; Sun, B.-B.; Li, ] .-Q.; Liu, D.-S.; Zhang, S.-F,; Liu, L.; Xu, D.; Chen, Y.-J.; et al. Blockade of advanced
glycation end product formation attenuates bleomycin-induced pulmonary fibrosis in rats. Respir. Res. 2009, 10, 122-128.
[CrossRef]

Uchida, T.; Shirasawa, M.; Ware, L.B.; Kojima, K.; Hata, Y.; Makita, K.; Mednick, G.; Matthay, Z.A.; Matthay, M.A. Receptor for
Advanced Glycation End-Products Is a Marker of Type I Cell Injury in Acute Lung Injury. Am. J. Respir. Crit. Care Med. 2006, 173,
1008-1015. [CrossRef]

Kamo, T.; Tasaka, S.; Tokuda, Y.; Suzuki, S.; Asakura, T.; Yagi, K.; Namkoong, H.; Ishii, M.; Hasegawa, N.; Betsuyaku, T. Levels of
Soluble Receptor for Advanced Glycation End Products in Bronchoalveolar Lavage Fluid in Patients with Various Inflammatory
Lung Diseases. Clin. Med. Insights Circ. Respir. Pulm. Med. 2015, 9, 147-154. [CrossRef] [PubMed]

Machahua, C.; Montes-Worboys, A.; Llatjos, R.; Escobar, I.; Dorca, J.; Molina-Molina, M.; Vicens-Zygmunt, V. Increased AGE-
RAGE ratio in idiopathic pulmonary fibrosis. Respir. Res. 2016, 3, 144. [CrossRef] [PubMed]

Machahua, C.; Montes-Worboys, A.; Planas-Cerezales, L.; Buendia-Flores, R.; Molina-Molina, M.; Vicens-Zygmunt, V. Serum
AGE/RAGE:s as potential biomarker in idiopathic pulmonary fibrosis. Respir. Res. 2018, 19, 215. [CrossRef] [PubMed]

Ye, W.; Zhong, Z.; Zhu, S.; Zheng, S.; Xiao, J.; Song, S.; Yu, H.; Wu, Q.; Lin, Z.; Chen, J. Advanced oxidation protein products
induce catabolic effect through oxidant-dependent activation of NF-k B pathway in human chondrocyte. Int. Immunopharmacol.
2016, 39, 149-157. [CrossRef] [PubMed]

Du, S,; Ai, J.; Zeng, X.; Wan, J.; Wu, X.; He, J. Plasma level of advanced oxidation protein products as a novel biomarker of acute
lung injury following cardiac surgery. SpringerPlus 2016, 5, 231. [CrossRef] [PubMed]

Korkmaz, G.G.; Inal, B.B.; Ortakoylu, G.M.; Irmak, H.; Kara, A.A.; Gelisgen, R.; Ogurlu, O.; Uzun, H. Changes in oxidative stress
parameters and antioxidant status in lung cancer: Western blot analysis of nitrotyrosine and protein carbonyls content. Clin. Lab.
2014, 60, 599-607. [CrossRef] [PubMed]

Fischer, A.; Du Bois, R. Interstitial Lung Disease 2 Interstitial lung disease in connective tissue disorders. Lancet 2012, 380, 689-698.
[CrossRef]

Henle, T.; Deppisch, R.; Beck, W.; Hergesell, O.; Hansch, G.M.; Ritz, E. Advanced glycated end-products (AGE) during
haemodialysis treatment: Discrepant results with different methodologies reflecting the heterogeneity of AGE compounds.
Nephrol. Dial. Transplant. 1999, 14, 1968-1975. [CrossRef]

Fernandez, M.1.G.; Gheduzzi, D.; Boraldi, E; Paolinelli, C.D.; Sanchez, P.S.; Valdivielso, P.; Morilla, M.].; Quaglino, D.; Guerra, D.;
Casolari, S.; et al. Parameters of oxidative stress are present in the circulation of PXE patients. Biochim. Biophys. Acta (BBA) Mol.
Basis Dis. 2008, 1782, 474-481. [CrossRef]

Richeldi, L.; Du Bois, R.M.; Raghu, G.; Azuma, A.; Brown, K.K,; Costabel, U.; Cottin, V.; Flaherty, K.R.; Hansell, D.M.; Inoue,
Y.; et al. Efficacy and Safety of Nintedanib in Idiopathic Pulmonary Fibrosis. N. Engl. ]. Med. 2014, 370, 2071-2082. [CrossRef]
[PubMed]

King, T.E., Jr.; Bradford, W.Z.; Castro-Bernardini, S.; Fagan, E.A.; Glaspole, I.; Glassberg, M.K.; Gorina, E.; Hopkins, PM.;
Kardatzke, D.; Lancaster, L.; et al. A Phase 3 Trial of Pirfenidone in Patients with Idiopathic Pulmonary Fibrosis. N. Engl. ]. Med.
2014, 370, 2083-2092. [CrossRef] [PubMed]

Raghu, G.; Anstrom, K.J.; King, T.E.; Lasky, ].A.; Martinez, FJ. Idiopathic Pulmonary Fibrosis Clinical Research Network,
Prednisone, azathioprine, and N-acetylcysteine for pulmonary fibrosis. N. Engl. ]. Med. 2012, 366, 1968-1977.

Flaherty, K.R.; Wells, A.U.; Cottin, V.; Devaraj, A.; Walsh, S.L.; Inoue, Y.; Richeldi, L.; Kolb, M.; Tetzlaff, K.; Stowasser, S.; et al.
Nintedanib in Progressive Fibrosing Interstitial Lung Diseases. N. Engl. |. Med. 2019, 381, 1718-1727. [CrossRef]

Guiot, ].; Moermans, C.; Henket, M.; Corhay, J.-L.; Louis, R. Blood Biomarkers in Idiopathic Pulmonary Fibrosis. Lung 2017, 195,
273-280. [CrossRef]

Ley, B.; Brown, K.K,; Collard, H.R. Molecular biomarkers in idiopathic pulmonary fibrosis. Am. J. Physiol. Cell. Mol. Physiol. 2014,
307, L681-L691. [CrossRef] [PubMed]

Jee, A.S.; Sahhar, J.; Youssef, P; Bleasel, J.; Adelstein, S.; Nguyen, M.; Corte, T.J. Review: Serum biomarkers in idiopathic
pulmonary fibrosis and systemic sclerosis associated interstitial lung disease—frontiers and horizons. Pharmacol. Ther. 2019, 202,
40-52. [CrossRef]

Elhai, M.; Avouag, J.; Allanore, Y. Circulating lung biomarkers in idiopathic lung fibrosis and interstitial lung diseases associated
with connective tissue diseases: Where do we stand? Semin. Arthritis Rheum. 2020, 50, 480-491. [CrossRef]


http://doi.org/10.1016/j.jss.2014.04.001
http://doi.org/10.1093/sleep/29.3.329
http://doi.org/10.1172/JCI117296
http://doi.org/10.1186/1465-9921-10-55
http://doi.org/10.1164/rccm.200509-1477OC
http://doi.org/10.4137/CCRPM.S23326
http://www.ncbi.nlm.nih.gov/pubmed/27147899
http://doi.org/10.1186/s12931-016-0460-2
http://www.ncbi.nlm.nih.gov/pubmed/27816054
http://doi.org/10.1186/s12931-018-0924-7
http://www.ncbi.nlm.nih.gov/pubmed/30409203
http://doi.org/10.1016/j.intimp.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27475664
http://doi.org/10.1186/s40064-016-1899-9
http://www.ncbi.nlm.nih.gov/pubmed/27026925
http://doi.org/10.7754/Clin.Lab.2013.130407
http://www.ncbi.nlm.nih.gov/pubmed/24779293
http://doi.org/10.1016/S0140-6736(12)61079-4
http://doi.org/10.1093/ndt/14.8.1968
http://doi.org/10.1016/j.bbadis.2008.05.001
http://doi.org/10.1056/NEJMoa1402584
http://www.ncbi.nlm.nih.gov/pubmed/24836310
http://doi.org/10.1056/NEJMoa1402582
http://www.ncbi.nlm.nih.gov/pubmed/24836312
http://doi.org/10.1056/NEJMoa1908681
http://doi.org/10.1007/s00408-017-9993-5
http://doi.org/10.1152/ajplung.00014.2014
http://www.ncbi.nlm.nih.gov/pubmed/25260757
http://doi.org/10.1016/j.pharmthera.2019.05.014
http://doi.org/10.1016/j.semarthrit.2020.01.006

J. Clin. Med. 2021, 10, 3167 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gilani, S.R.; Vuga, L.J.; Lindell, K.O.; Gibson, K.E; Xue, J.; Kaminski, N.; Valentine, V.G.; Lindsay, E.K.; George, M.P.; Steele,
C.; et al. CD28 Down-Regulation on Circulating CD4 T-Cells Is Associated with Poor Prognoses of Patients with Idiopathic
Pulmonary Fibrosis. PLoS ONE 2010, 5, €8959. [CrossRef]

Stuart, B.D.; Lee, ].S.; Kozlitina, J.; Noth, I.; Devine, M.S.; Glazer, C.S.; Torres, E; Kaza, V.; Girod, C.E.; Jones, K.D.; et al. Effect of
telomere length on survival in patients with idiopathic pulmonary fibrosis: An observational cohort study with independent
validation. Lancet Respir. Med. 2014, 2, 557-565. [CrossRef]

Servettaz, A.; Goulvestre, C.; Kavian, N.; Nicco, C.; Guilpain, P.; Chéreau, C.; Vuiblet, V.; Guillevin, L.; Mouthon, L.; Weill, B.;
et al. Selective Oxidation of DNA Topoisomerase 1 Induces Systemic Sclerosis in the Mouse. . Immunol. 2009, 182, 5855-5864.
[CrossRef] [PubMed]

Kayhan, S.; Guzel, A.; Duran, L.; Tutuncu, S.; Guzel, A.; Gunaydin, M,; Salis, O.; Okuyucu, A.; Selcuk, M.Y. Effects of leflunomide
on inflamation and fibrosis in bleomycine induced pulmonary fibrosis in wistar albino rats. J. Thorac. Dis. 2013, 5, 641-649.
[PubMed]

Gautieri, A.; Passini, ES.; Silvan, U.; Guizar-Sicairos, M.; Carimati, G.; Volpi, P.; Moretti, M.; Schoenhuber, H.; Redaelli, A.; Berli,
M.; et al. Advanced glycation end-products: Mechanics of aged collagen from molecule to tissue. Matrix Biol. 2017, 59, 95-108.
[CrossRef]

Fessel, G.; Li, Y.; Diederich, V.; Guizar-Sicairos, M.; Schneider, P; Sell, D.R.; Monnier, V.M.; Snedeker, ].G. Advanced Glycation
End-Products Reduce Collagen Molecular Sliding to Affect Collagen Fibril Damage Mechanisms but Not Stiffness. PLoS ONE
2014, 9, €110948. [CrossRef]

Kurien, B.T.; Scofield, R.H. Autoimmunity and oxidatively modified autoantigens. Autoimmun. Rev. 2008, 7, 567-573. [CrossRef]
Alghasham, A.; Rasheed, Z. Therapeutic targets for rheumatoid arthritis: Progress and promises. Autoimmunity 2013, 47, 77-94.
[CrossRef]

Manichaikul, A.; Sun, L.; Borczuk, A.C.; Onengut-Gumuscu, S.; Farber, E.A.; Mathai, S.K.; Zhang, W.; Raghu, G.; Kaufman, ].D.;
Hinckley-Stukovsky, K.D.; et al. Plasma Soluble Receptor for Advanced Glycation End Products in Idiopathic Pulmonary Fibrosis.
Ann. Am. Thorac. Soc. 2017, 14, 628-635. [CrossRef]

Nelson, K.K.; Melendez, ]. Mitochondrial redox control of matrix metalloproteinases. Free. Radic. Biol. Med. 2004, 37, 768-784.
[CrossRef] [PubMed]

Song, ].W.; Do, K.H.; Jang, S.]J.; Colby, T.V,; Han, S.; Kim, D.S. Blood Biomarkers MMP-7 and SP-A. Chest 2013, 143, 1422-1429.
[CrossRef] [PubMed]

White, E.S.; Xia, M.; Murray, S.; Dyal, R.; Flaherty, C.M.; Flaherty, K.R.; Moore, B.; Cheng, L.; Doyle, T.J.; Villalba, J.; et al. Plasma
Surfactant Protein-D, Matrix Metalloproteinase-7, and Osteopontin Index Distinguishes Idiopathic Pulmonary Fibrosis from
Other Idiopathic Interstitial Pneumonias. Am. |. Respir. Crit. Care Med. 2016, 194, 1242-1251. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0008959
http://doi.org/10.1016/S2213-2600(14)70124-9
http://doi.org/10.4049/jimmunol.0803705
http://www.ncbi.nlm.nih.gov/pubmed/19380834
http://www.ncbi.nlm.nih.gov/pubmed/24255778
http://doi.org/10.1016/j.matbio.2016.09.001
http://doi.org/10.1371/journal.pone.0110948
http://doi.org/10.1016/j.autrev.2008.04.019
http://doi.org/10.3109/08916934.2013.873413
http://doi.org/10.1513/AnnalsATS.201606-485OC
http://doi.org/10.1016/j.freeradbiomed.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15304253
http://doi.org/10.1378/chest.11-2735
http://www.ncbi.nlm.nih.gov/pubmed/23715088
http://doi.org/10.1164/rccm.201505-0862OC
http://www.ncbi.nlm.nih.gov/pubmed/27149370

	Introduction 
	Materials and Methods 
	Patients and Control Group 
	Study Design 
	Sample Preparation and Marker Measurements 
	Statistical Analysis 

	Results 
	Demographic and Clinical Characteristics 
	Circulating Oxidative Stress Biomarkers in Patients and Healthy Controls 
	AGE and AOPP as Diagnostic Markers for IPF and CTD-ILD 
	Circulating MMP7 in Patients and Healthy Controls 
	MMP7 as Diagnostic Markers for IPF and CTD-ILD 

	Discussion 
	Conclusions 
	References

