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Abstract

:

There are increasing efforts to better predict adverse outcomes for idiopathic pulmonary fibrosis (IPF). Our aim was to assess the prognostic potential of ischemia-modified albumin (IMA), an established circulating marker of ischemia and, more recently, oxidative stress, in a cohort of 56 IPF patients recruited between 2015 and 2023 at the University of Sassari, Italy. Demographic and functional parameters and serum IMA concentrations were measured at baseline. Non-survivors had significantly higher IMA concentrations vs. survivors (508 ± 64 vs. 474 ± 42 mABSU, respectively; p = 0.035). The Kaplan–Meier analysis showed a significant association between higher IMA values and poor survival (HR: 3.32, 95% CI from 1.06 to 10.4, p = 0.039). In the Cox regression analysis, this association remained significant after adjusting for the force expiratory volume at 1 s, the total lung capacity, lymphocyte count, and pharmacological treatment (HR: 1.0154, 95% CI from 1.0035 to 1.0275, p = 0.01). IMA, an oxidative stress biomarker measurable using relatively simple and available methods, is independently associated with mortality in IPF. Therefore, its determination may enhance risk stratification and treatment decisions. Prospective studies involving larger cohorts are needed to confirm this association and to endorse the use of IMA in routine practice.
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1. Introduction


Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease characterized by fibrotic changes leading to impaired gas exchange and ultimately respiratory failure [1,2]. While extensive research has shed light on its pathogenesis, IPF remains a challenging and often fatal condition with limited therapeutic options [3]. Among the various contributing factors to IPF progression, oxidative stress has emerged as a critical player [4,5]. Oxidative stress, characterized by a dysregulation in the equilibrium between the generation of reactive oxygen species (ROS) and antioxidative defense mechanisms, plays a pivotal role in the onset and advancement of IPF. The excessive production of ROS contributes to cellular damage, inflammation, and fibrosis in the lung tissue of IPF patients. The lung, being exposed to higher oxygen levels compared to other tissues, exhibits heightened sensitivity to oxidative stress [6]. External factors, such as exogenous oxidants and pollutants, amplify the production of oxidants and trigger inflammatory cells, prompting the generation of free radicals [7]. Multiple enzymes are involved in the production of ROS, including NADPH oxidase (NOXs), xanthine oxidase, nitric oxide synthase (NOS), and the mitochondrial electron transport chain [7,8]. Additionally, ROS are generated during the metabolic breakdown of various drugs and xenobiotics [7]. ROS, encompassing molecules such as superoxide (O2−) and hydrogen peroxide (H2O2), serve as essential components in the body defense system by eliminating microbes in phagocytic cells. However, while lower levels of ROS have several important physiological roles as signaling molecules, excessive ROS levels can be toxic and may trigger pathological conditions, including fibrosis [7,8]. Within the spectrum of oxidative stress biomarkers, ischemia-modified albumin (IMA) has emerged as a promising biomarker of oxidative stress [9,10]. IMA reflects the alteration of serum albumin due to the influence of reactive oxygen species that induces structural changes in the N-terminal region of proteins, which may be measured by spectrophotometry using the albumin cobalt binding (ACB) test [11]. It is an altered form of human serum albumin (HSA) characterized by a diminished affinity for metals compared to conventional HSA. HSA contains four recognized metal-binding sites: the N-terminus site (NTS), sites A and B, and the cysteine-34 residue (Cys-34). The process of IMA formation is attributed to two proposed mechanisms: ROS-induced NTS degradation and a conformational change induced by free fatty acids (FFAs) [12,13]. Under the ROS-induced NTS degradation theory, oxidative stress triggers the separation of a dipeptide from the NTS during ischemic conditions. This leads to a truncated form of HSA, causing reduced affinity for metal binding. However, studies on kinetics and sequencing have suggested that IMA formation is transient in nature rather than representing a structural alteration [12,13,14,15]. On the other hand, according to the FFA-induced conformational change model, the interaction between FFAs and HSA prompts conformational alterations in the HSA structure, subsequently decreasing the affinity of sites A and B for metal binding. This model finds support in biophysical studies and the observation of elevated circulating levels of FFAs in conditions associated with oxidative stress and ischemia [16,17,18]. The initial discovery of elevated circulating IMA levels during cardiac ischemia was reported by Bar-Or et al. [11], who introduced the ACB test for IMA measurement. Subsequent research expanded this finding, revealing that serum IMA concentrations increased in various pathological conditions linked to oxidative stress. As a result, it has been regarded not only as a biomarker of ischemia but also as an indicator of oxidative stress within diverse pathological contexts [19,20,21,22,23]. This study aims to explore the possible association between the serum concentrations of IMA and adverse clinical outcomes in patients diagnosed with IPF and, therefore, provide initial mechanistic insights into the factors mediating the link between oxidative stress and disease progression in this group.




2. Materials and Methods


2.1. Study Population


We recruited a consecutive series of 56 patients with newly diagnosed IPF attending the Respiratory Unit of the University of Sassari from 2016 to 2023. The study was approved by the ethics committee of the University Hospital of Cagliari (Approval No. 2262/CE-17/11/2015). A written consent was provided by all participants; the study was conducted in accordance with the Declaration of Helsinki. IPF was diagnosed according to established guidelines [1]. The evaluation of high-resolution computed tomography (HRCT) scans and lung biopsy specimens was conducted by two experienced radiologists and two experienced pathologists, respectively. Each case was discussed in a multidisciplinary meeting attended by local experts in respiratory care, pathology, and radiology with a focus on interstitial lung diseases.



Forced expiratory volume in 1 s (FEV1), forced vital capacity (FVC), total lung capacity (TLC), and diffusing capacity of the lungs for carbon monoxide (DLCO) were measured in each patient. The results are expressed as percentages of the predicted values (FEV1%, FVC%, and DLCO%, respectively), according to the existing guidelines [24]. The exclusion criteria included acute IPF exacerbations, comorbidities such as cancer, bleeding, and severe liver or kidney impairment.




2.2. Ischemia-Modified Albumin


Blood was collected after an overnight fast and centrifuged at 4 °C and 1500× g for 10 min to separate the serum, which was stored at −80 °C until analysis.



The ACB test was used to measure IMA [11]. Fifty microliters of 0.1% cobalt chloride (CoCl2, 6H2O) were added to the serum, which, after mixing, was incubated for 10 min. Afterward, 50 μL of 1.5 mg/mL dithiothreitol was added and incubated for 2 min after the mixing procedure. Finally, 1 mL of a 0.9% NaCl solution was added to stop the reaction. A blank solution was prepared with the same method but using distilled water instead of dithiothreitol. The absorbance was assessed spectrophotometrically at 470 nm, and results are expressed as milli-absorbance units (mABSU).




2.3. Statistical Analysis


The variable distribution was assessed using the Kolmogorov–Smirnov test and the data are presented as the mean values (mean ± SD) or median values (median and IQR). The between-group differences in the continuous variables were analyzed using an unpaired Student’s t-test for the parametrically distributed variables or the Mann–Whitney rank-sum test for the non-parametrically distributed variables. The Levene test was used to check the homoscedasticity of the variables. For survival analysis, time zero was defined as the time of the diagnosis of IPF. The survival probability for all parameters was estimated using the means of the Kaplan–Meier curves with the end point being death. For the continuous variables, the median values were used as the cut-off points. Cox proportional-hazards regression was also performed for both univariate and multivariate analyses. The independent association between IMA and survival was assessed after correcting for confounders exhibiting a p-value of <0.1 in the univariate analysis (TLC%, FVC%, therapy, and lymphocyte count) by multivariate Cox regression models with backward elimination. MedCalc for Windows, version 19.4.1 64 bit, was used for the statistical analyses (MedCalc Software, Ostend, Belgium).





3. Results


A total of 56 IPF patients (44 men and 12 women) were included (Table 1). Twelve patients (21%) died during the study, while forty-four (79%) survived. The mean survival was 34 ± 22 months for the entire patient cohort and was statistically different between survivors and non-survivors (37 ± 22 vs. 21 ± 17 months, respectively; p = 0.03). The mean age at diagnosis was 70.3 ± 6.9 years. The mean ages of survivors and non-survivors, 70.7 and 68.8 years, respectively, were similar (p = 0.40). There were no significant between-group differences in the body mass index (BMI). Moreover, no significant differences in pre-existing diseases (diabetes, arterial hypertension, cerebrovascular disease, and atrial arrhythmias) were observed between survivors and non-survivors, even if a trend toward an increased frequency of individuals with hypertension was observed in non-survivors (67% vs. 36%, respectively; p = 0.06). In the survivor group, 45% of patients were in stage I, 39% in stage II, and 16% in stage III, whereas, in the non-survivor group, 25% of patients were in stage I, 42% in stage II, and 33% in stage III, with a non-significant difference between the two groups (p = 0.30). A total of 3 patients did not receive antifibrotic medications, while 24 were treated with nintedanib and 29 with pirfenidone. There were no significant between-group differences in drug utilization (p = 0.09). The TLC% was significantly lower in non-survivors than in survivors (66.6 ± 17.6 vs. 78.2 ± 16.2, respectively; p = 0.035), and a non-significant trend toward reduced FEV1% and FVC% values was observed in non-survivors (73.0 ± 21.2 vs. 85.7 ± 20.5, p = 0.07, and 66.0 ± 17.3 vs. 78.3 ± 19.8, p = 0.06, respectively). No significant between-group differences in DLCO (p = 0.30) and 6MWT (p = 0.25) were observed. Non-survivors had lower lymphocyte values (1.53 ± 0.65 vs. 2.42 ± 0.88 × 109 L, p  =  0.002). There were no significant between-group differences in the whole blood count and monocyte and neutrophil counts.



According to Figure 1, the non-survivor group exhibited significantly higher IMA concentrations compared to the survivor group (508 ± 64 vs. 474 ± 42 mABSU, respectively; p = 0.035). A Kaplan–Meier analysis was performed for all studied parameters, and significant associations were observed between survival and treatment (HR: 0.03, 95% CI from 0.0001 to 0.11, p = 0.002; Figure 2A), and survival and lymphocyte count (HR: 0.22, 95% CI from 0.07 to 0.68, p = 0.009; Figure 2B). In addition, there was a significant association between survival and IMA concentrations (HR: 3.32, 95% CI from 1.06 to 10.4, p = 0.039, for the group with IMA values ≤ 487; Figure 3).



The univariate Cox regression analysis reported in Table 2 confirmed the associations between survival and lymphocyte count (HR: 0.2671, 95% CI from 0.1110 to 0.6427, p = 0.003) and IMA (HR: 1.0154, 95% CI from 1.0035 to 1.0275, p = 0.01). Moreover, there was a non-significant association trend between survival and TLC% (HR: 0.9587, 95% CI from 0.9189 to 1.0001, p = 0.051), therapy (HR: 0.3993, 95% CI from 0.1432 to 1.1135, p = 0.08), and FVC% (HR: 0.9720, 95% CI from 0.9419 to 1.0031, p = 0.08). Considering the extensive recruitment period spanning from 2016 to 2023 and the potential impact of storing IMA at −80 °C on its concentration, especially given the limited information available in the literature regarding the effect of storage on IMA values, we conducted a thorough evaluation of this parameter through a univariate Cox regression. Our analysis revealed that the year of sample withdrawal was not significantly associated with survival (HR = 0.85, 95% CI from 0.61 to 1.19, p = 0.34). In the multivariate Cox regression analysis with backward elimination (Table 3), the HR for IMA remained significant after adjusting for FVC%, TLC%, lymphocyte count, and therapy (HR: 1.0118, 95% CI from 1.0008 to 1.0230, p = 0.036). Inserting the year of sample withdrawal into the multivariate model did not alter the results, indicating that sample storage does not exert a significant influence.




4. Discussion


Several studies have suggested that the measurement of structurally modified albumin could assist with monitoring oxidative stress in several clinical conditions, such as renal failure, ischemic heart disease, acute appendicitis, cerebral infarction, and pre-eclampsia [19,20,21,22,23]. It is well known that IPF patients exhibit heightened systemic and tissue oxidative stress levels, influenced by various contributing factors that exacerbate this oxidative burden within the disease context [4,5]. Primarily, the continuous exposure of the lungs to environmental insults, such as cigarette smoke, air pollutants, occupational hazards, and other external sources of oxidants, significantly amplifies oxidative stress levels [4,6]. Additionally, the diseased lung microenvironment in IPF, marked by chronic inflammation, impaired antioxidant defenses, and ongoing tissue injury and repair processes, fosters an environment prone to increased oxidative burden. Dysregulated cellular processes, including dysfunctional mitochondria and altered redox signaling pathways, also contribute to elevated ROS production within lung cells [6].



In our study, we found that IMA was significantly associated with mortality in IPF patients in the Kaplan–Meier survival analysis and Cox regression analysis after correction for FEV1%, TLC%, lymphocyte count, and therapy. In particular, an IMA increase of one unit in mABSU corresponds to a 1.18% elevation in the mortality risk. This observation assumes significance given the range of IMA values in our patient population, which spans from 400 to 650 mABSU. Notably, individuals with higher IMA values exhibit about a 3-fold increased risk of mortality compared to patients with lower values. This association may be explained by several factors. Firstly, increasing the circulating concentrations of IMA reflects an increased degree of systemic oxidative stress. In IPF, where oxidative stress plays a crucial role in disease progression, higher levels of IMA suggest a greater oxidative stress burden, exacerbating tissue damage and fibrosis within the lungs [4,6]. Secondly, the association between elevated IMA and reduced survival could also reflect the presence of a more severe and advanced stage of the disease. IPF is a progressive condition characterized by the excessive deposition of scar tissue in the lungs, and increased IMA concentrations may correlate with the extent of lung injury and diminished lung function, ultimately impacting patient survival. Therefore, the elevated concentrations of IMA in IPF patients likely reflect both the heightened oxidative stress implicated in disease pathogenesis and the disease advanced stage, contributing to reduced patient survival rates.



In addition, our data also indicated a significant association between a reduced lymphocyte count and mortality in IPF. This finding agrees well with recent observations in which IPF subjects showed reduced lymphocyte counts when compared to the healthy controls [25]. In addition, a significant association between a low lymphocyte count and increased risk of both symptom deterioration (evaluated as FVC decline) and mortality has been recently reported [26]. Finally, several combined indexes that include the lymphocyte count, such as the neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR), systemic inflammatory response index (SIRI), and aggregate index of systemic inflammation (AISI), have been reported to be associated with a poor survival in IPF [26,27,28,29]. The alterations in these combined indices in IPF patients were correlated with a characteristic inflammatory state in this condition. Patients with IPF exhibited a notable correlation between oxidative stress and inflammation, wherein increased oxidative stress levels coincide with heightened inflammatory responses within the affected lung tissue. Released ROS molecules act as signaling mediators, stimulating the release of pro-inflammatory cytokines and chemokines. This, in turn, attracts immune cells to the site of injury, perpetuating chronic inflammation within the lungs of IPF patients [30,31,32,33]. Moreover, inflammation further fuels oxidative stress by activating additional pathways that generate ROS, creating a feedback loop where oxidative stress and inflammation continuously reinforce each other, contributing to disease progression and lung tissue fibrosis in IPF [30,31,32,33]. Our study is subject to certain limitations, specifically the relatively small sample size and the small number of women (n = 12). While our findings provide valuable insights, the limited number of female participants may impact the generalizability of the results to a broader population. Additionally, in consideration of the single center design, the study predominantly involves a specific ethnic group. Considering the potential influence of ethnicity on health outcomes, caution should be exercised when extrapolating our observations to different ethnicities. Future research endeavors with larger and more diverse cohorts encompassing various ethnic backgrounds are essential to confirm the observed associations and conclusions.



To summarize, our study indicates that IMA, an accessible and cost-effective biomarker, offers valuable prognostic insights and the potential identification of individuals at increased risk of early mortality. However, further studies with larger sample sizes are necessary to confirm the prognostic utility of IMA in predicting mortality among IPF patients and justify its routine use in clinical practice.




5. Conclusions


Our study underscores the significance of elevated IMA concentrations as a prognostic marker in IPF. Higher IMA concentrations were consistently associated with poor survival, likely reflecting the increased oxidative stress burden and disease severity in IPF patients. Additionally, the correlation between reduced lymphocyte count and unfavorable prognosis aligns with emerging evidence highlighting the role of inflammation in IPF progression. These findings emphasize the intertwined nature of oxidative stress, inflammation, and disease advancement in IPF pathogenesis, warranting further validation in larger, multicenter cohorts to guide clinical management strategies effectively.
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Figure 1. Serum concentration of IMA in survivors and non-survivors. 
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Figure 2. Kaplan–Meier curves for the survival probability of IPF patients according to therapy (A) and lymphocyte level (B). 
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Figure 3. Kaplan–Meier curves for the survival probability of IPF patients according to serum IMA values. 
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Table 1. Demographic, clinical, and laboratory characteristics of the study population.
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	Global Cohort

(n = 56)
	Survivors

(n = 44)
	Non-Survivors

(n = 12)
	p-Value





	Age, years
	70.3 ± 6.9
	70.7 ± 6.9
	68.8 ± 6.8
	0.40



	Gender (M/F)
	45/11
	34/10
	11/1
	0.27



	BMI (Kg/m2)
	27.5 ± 4.0
	27.2 ± 3.6
	28.4 ± 5.2
	0.37



	Smoking status, n (no/former/yes)
	13/42/1
	11/32/1
	2/10/0
	0.71



	Diabetes, n (no/yes)
	46/10
	37/7
	9/3
	0.47



	Arterial hypertension, n (no/yes)
	32/24
	28/16
	4/8
	0.06



	Cerebrovascular diseases, n (no/yes)
	52/4
	41/3
	11/1
	0.86



	Atrial arrhythmias, n (no/yes)
	49/7
	40/4
	9/3
	0.19



	GERD, n (no/yes)
	39/17
	30/14
	9/3
	0.65



	FEV1 (%)
	83.0 ± 21.2
	85.7 ± 20.5
	73.0 ± 21.2
	0.07



	FVC (%)
	75.7 ± 19.8
	78.3 ± 19.8
	66.0 ± 17.3
	0.06



	FEV1/FVC (%)
	89.3 ± 6.4
	89.2 ± 6.8
	91.0 ± 4.1
	0.39



	TLC (%)
	75.6 ± 17.0
	78.2 ± 16.2
	66.6 ± 17.6
	0.035



	DLCO (%)
	53.2 ± 20.6
	54.7 ± 22.0
	47.4 ± 14.2
	0.30



	6MWT (meters)
	323 ± 173
	336 ± 173
	266 ± 171
	0.25



	Stage (I/II/III)
	23/22/11
	20/17/7
	3/5/4
	0.30



	Therapy (no/nintedanib/pirfenidone)
	3/24/29
	1/18/25
	2/6/4
	0.09



	Survival (months)
	34 ± 22
	37 ± 22
	21 ± 17
	0.03



	WBC (×109 L)
	8.10 ± 2.39
	8.11 ± 2.31
	8.06 ± 2.79
	0.95



	Lymphocytes (×109 L)
	2.22 ± 0.91
	2.42 ± 0.88
	1.53 ± 0.65
	0.002



	Monocytes (×109 L)
	0.50 (0.40–0.60)
	0.50 (0.40–0.60)
	0.49 (0.35–0.60)
	0.28



	Neutrophils (×109 L)
	4.91 ± 2.07
	4.72 ± 1.95
	5.60 ± 2.40
	0.20



	IMA (mABSU)
	481 ± 49
	472 ± 42
	508 ± 64
	0.035







6MWT: six-minute walk test; BMI: body mass index; DLCO: capacity for carbon monoxide; F: female; FEV1: forced expiratory volume in the 1st second; FVC: forced vital capacity; GERD: gastroesophageal reflux disease; M: male; TLC: total lung capacity; WBC: white blood cell.













 





Table 2. Univariate Cox regression showing the hazard ratios for the studied variables.
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	HR
	95% CI
	p-Value





	Age
	0.9643
	0.8789 to 1.0580
	0.44



	Gender
	0.4393
	0.0566 to 3.4119
	0.43



	BMI
	1.0759
	0.9375 to 1.2347
	0.30



	Smoking status
	1.0847
	0.3067 to 3.8364
	0.90



	Diabetes
	2.6219
	0.6871 to 10.005
	0.16



	Arterial hypertension
	2.4741
	0.7442 to 8.2246
	0.14



	Cerebrovascular diseases
	0.8259
	0.1062 to 6.4234
	0.86



	Atrial arrhythmias
	2.3974
	0.6467 to 8.8876
	0.19



	GERD
	0.7503
	0.2031 to 2.7713
	0.67



	FEV1 (%)
	0.9765
	0.9480 to 1.0058
	0.11



	FVC (%)
	0.9720
	0.9419 to 1.0031
	0.08



	FEV1/FVC
	1.0671
	0.9687 to 1.1755
	0.19



	TLC (%)
	0.9587
	0.9189 to 1.0001
	0.051



	DLCO (%)
	0.9875
	0.9564 to 1.0196
	0.44



	6MWT
	0.9983
	0.9947 to 1.0019
	0.35



	Stage
	1.8409
	0.8369 to 4.0494
	0.13



	Therapy
	0.3993
	0.1432 to 1.1135
	0.08



	WBC
	0.9784
	0.7375 to 1.2980
	0.88



	Lymphocytes
	0.2671
	0.1110 to 0.6427
	0.003



	Monocytes
	0.0410
	0.0007 to 2.2530
	0.12



	Neutrophils
	1.1813
	0.9219 to 1.5136
	0.19



	IMA
	1.0154
	1.0035 to 1.0275
	0.01







6MWT: six-minute walk test; BMI: body mass index; DLCO: diffusion capacity for carbon monoxide; FEV1: forced expiratory volume in the 1st second; FVC: forced vital capacity; GERD: gastroesophageal reflux disease; IMA: ischemia-modified albumin; TLC: total lung capacity; WBC: white blood cell.













 





Table 3. Multivariate Cox regression model showing the hazard ratios for the studied variables.
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	HR
	95% CI
	p-Value





	FVC (%)
	--
	--
	--



	TLC (%)
	0.9556
	0.9116 to 1.0018
	0.06



	Therapy
	--
	--
	--



	Lymphocytes
	0.3051
	0.1349 to 0.6901
	0.004



	IMA
	1.0118
	1.0008 to 1.0230
	0.036







FVC: forced vital capacity; TLC: total lung capacity; IMA: ischemia-modified albumin.
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