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Pulmonary fibrosis, particularly idiopathic pulmonary fibrosis (IPF), is a chronic disease characterized
not only by a transcriptionally active signature associated with hypoxia but also by feedback loops
that may underlie disease progression. IPF fibroblasts are known to contribute to disease by the
pronounced differentiation of fibroblasts into myofibroblasts, which results in the accumulation of
excessive extracellular matrix, creating a hypoxic microenvironment that supports the characteristic
phenotype observed in the fibroblasts of these patients. Although several changes have been linked
to fibroblast metabolism, the hypoxic conditions in mitochondria generally go unreported. This
study aimed to characterize the differences in the mitochondrial proteomic profile between healthy
lung fibroblasts and those affected by IPF under hypoxic conditions. We isolated mitochondria and
validated the extraction of mitochondrial proteins using electron microscopy and western blotting.
Subsequently, we performed label free proteomic analysis to obtain a proteomic profile and
validated. Our results revealed that in controls, there is a metabolism of fatty acids and acetyl-CoA
regulation, with a slight increase in mitophagy to utilize different substrates as energy sources in an
appropriate response to low oxygen conditions. On the other hand, the mitochondria of fibroblasts
from patients with IPF show a particular adaptation in glutamine metabolism, which may participate
in its commitment to myofibroblast differentiation and the alteration in collagen production. These
results allow us to visualize the importance of the proteins that we found deregulated or altered in the
mitochondrial context. This helps us to have a basis for future research on their function and possible
participation in specific biological processes, especially in the fibrotic process.
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As is widely known, idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, and lethal disease,
which generally leads to death three to five years after diagnosis and the appearance of initial symptoms.
Its pathophysiology is characterized by damage and activation of the alveolar epithelium, proliferation of
fibroblasts/myofibroblasts, and exacerbated deposition of the extracellular matrix (ECM), resulting in gradual
disorganization and destruction of the lung architecture!. IPF is considered the most aggressive prototype
among interstitial lung diseases due to the progression of its symptoms and its association with the manifestation
of a histopathological pattern known as usual interstitial pneumonia (UIP)*.

The connection between hypoxia and IPF involves several intricate pathophysiological mechanisms. The
relationship between hypoxia and IPF involves several complex pathophysiological mechanisms. In IPF patients,
the accumulation of fibrotic tissue may lead to some degree of hypoxia, which most likely triggers cellular and
molecular responses that help promote fibroblast proliferation and excessive extracellular matrix deposition®.
We consider that this positive feedback loop may further exacerbate fibrotic disease, leading to its progression°.

On the other hand, it is known that hypoxia influences the signaling pathways of a hypoxia-inducible
transcription factor (HIF), which can regulate the expression of genes involved in pulmonary fibrosis and plays
an essential role in the adaptation to metabolic changes in cells. We have observed that HIFs are altered in
patients with IPF lung tissue. This leads us to propose that it plays a vital role in altered metabolic processes and
the possible involvement of mitochondrial reprogramming or dysfunction.

Therefore, our study aimed primarily to elucidate the role of cellular hypoxia on mitochondria in fibroblasts
derived from IPF patients, particularly by examining its relationship with disease development and metabolic
changes. Our observations have led us to hypothesize that fibroblasts from IPF patients exhibit mitochondrial
adaptation to hypoxia. To explore this hypothesis, we extracted mitochondria from these fibroblasts and
performed proteomic analysis, revealing insights into the metabolic adaptations in a fibrotic microenvironment.

Experimental procedures

Human lung fibroblasts

This study was approved by all institutional research committees, including the ethics committee of the National
Institute of Respiratory Diseases Cosio Villegas (INER No. B02-19). All methods were carried out in accordance
with relevant guidelines and regulations. Two lines of healthy human lung fibroblasts (CCL-201", CCL-204TM)
and two lines of fibroblasts from patients (CCL-134", CCL-191™) were purchased from American Type Culture
Collection (ATCC), and therefore, informed consent was not required for their use. For the primary line
obtained from a patient with IPF (Table 1), a waiver of informed consent was obtained and approved by the
ethics committee of the National Institute of Respiratory Diseases Cosio Villegas. The cells were cultured in
DMEM medium supplemented with penicillin (100U/mL), streptomycin (100 mg/mL), and 10% fetal bovine
serum (FBS). The cell cultures were maintained in a humidified atmosphere with 95% air and 5% CO2 at 37 °C
until reaching 90% confluence. The cells were proliferated to obtain 1 x 107 fibroblasts were used to isolate the
mitochondrial fraction from each experimental group, the lines used reached passages 7-8.

Experimental design

This study investigated the impact of hypoxia on mitochondrial function in lung fibroblasts derived from healthy
individuals and patients with IPE. Two variables were considered: disease (healthy vs. IPF) and oxygenation
condition (normoxia vs. hypoxia for 72 h). Lung fibroblasts were cultured until reaching sufficient confluency,
and 2x107 cells were used for each experimental condition. Proteomic analysis of mitochondrial fractions
was performed using liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS). All
experiments were conducted in duplicate to ensure reproducibility and robustness of the results.

Hypoxia

To perform the study under hypoxic conditions, fibroblast culture plates were transferred to a modular
incubation chamber (Billups-Rothenberg Inc., CA.), where they were maintained at 37 °C for 72 h in a
humidified atmosphere with a hypoxemic gas mixture composed of 1% oxygen, 5% CO, and the remainder
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equilibrated with Nitrogen. The atmosphere composition was monitored using an oxygen analyzer (Teledyne
Electronic Technologies 60 T) and an oxygen sensor (OOM105 from EnviteC-Wismar GmbH), following the
methods described in previous studies®.

Isolation of mitochondria

As previously described, the mitochondrial and cytosolic fractions were isolated in fibroblast cultures using
the mitochondrial isolation kit for cultured cells (Thermo Scientific 89,874)”. For each experimental condition,
2x 1077 fibroblasts were used. We employed a reagent-based method in this assay, followed by differential
centrifugation to separate the fractions. The mitochondrial and cytosolic fractions were utilized for analysis by
Western blotting. The mitochondrial pellet was lysed with 100 pl of 2% CHAPS in Tris-buffered saline (TBS;
25 mM Tris, 0.15 M NaCl; pH 7.2), and the sample was subsequently used for proteomic analysis. Mitochondrial
protein content was determined using the Pierce BCA Protein Assay Kit (Product No. 23225).

Electron microscopy

Mitochondria fraction was fixed for 96 h with 2.5% glutaraldehyde, rinsed in phosphate buffer saline (PBS),
and postfixed in 1% osmium tetroxide. Next, samples were rinsed in PBS and dehydrated in a graded series
of ethanol solutions. Later, mitochondria were dehydrated for 10 min in a 1:1 mixture of alcohol and acetone
and twice for 5 min each in acetone. After dehydration, samples were infiltrated overnight in 2:1, 1:1, and 1:2
mixtures of acetone and Durcupan™ ACM resin (Sigma -Aldrich, Darmstadt, Germany). Finally, mitochondria
were embedded in Durcupan™ ACM resin. Ultrathin sections were obtained, stained with 4% uranyl acetate
and 0.35% lead citrate, and observed under a JEOL 1010 transmission electron microscope. Digital images were
taken with a Hamamatsu camera.

Western blot analysis

Proteins were resolved using sodium dodecyl-sulfate polyacrylamide gel electrophoresis (Bio-Rad, Hercules,
CA, USA). Briefly, gels loaded with 10 or 15 pg of the protein by lane and run at 150 V were transferred onto
a nitrocellulose membrane. The nitrocellulose membranes were incubated on buffer-tris-buffered saline (TBS)
and subsequently blocked with 5% skim milk for one hour. Membranes were incubated overnight at 4°C or
one hour at room temperature with the primary antibodies: anti-histone H3 (1:1,000), (Thermo Fisher PA5-
16,183); anti-VDACI (1:100), (Santa Cruz Biotechnology, sc-390996); anti-triosephosphate isomerase (1:5,000),
(Abcam ab170894); anti-COX IV (1:2,000), (Abcam ab202554) Glutaminase (1:1000), (Invitrogene, PA5-
35,365). The secondary antibodies used were HRP-conjugated substrates anti-mouse (1:10,000) or anti-rabbit
(1:2500). Blot images were captured using an Imagen system ChemiDoc (Bio-Rad, Hercules, CA, USA) and
analyzed quantitatively using Image]J software (NIH). The uncropped blots of all Western blots are provided in
the Supplementary Figure.

Immunofluorescence

Fibroblasts (control and IPF) were cultured on Lab-tek Chamber slide under normoxic or hypoxic conditions.
Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100, and blocked with
5% BSA for 1 h at room temperature. Primary antibodies against a-SMA (Sigma, A2547) and Ki67 ABclonal,
A20018) were incubated overnight at 4 °C. After washing, cells were incubated with secondary antibodies
conjugated to appropriate fluorophores for 1 h at room temperature. Slides were mounted with antifade
mounting medium, and images were acquired using an Olympus IX-81 fluorescence microscope.

Determination of normalizing mitochondrial protein

The mitochondrial fraction and total cell lysate were analyzed using Western blot. Total cell lysates from healthy
and IPF lung fibroblasts were prepared with RIPA extraction buffer and protease inhibitors. Protein concentration
was quantified using the Bradford colorimetric method. Ten micrograms of mitochondrial protein were loaded
and separated on 12% SDS-polyacrylamide gels for the separating gel and 4% for the concentrating gel at room
temperature, running the gels at 150 V for 1.5 h. Nitrocellulose membranes were transferred using a wet transfer
system at 100 V for one hour. Membranes were blocked with 5% skimmed milk solution for one hour at room
temperature. Primary antibodies (anti-COX IV at 1:1,000 and anti-VDAC-1 at 1:100) were then incubated
overnight at 4 °C. Secondary antibodies (anti-mouse at 1:10,000 for both primary antibodies) were incubated
for one hour at room temperature.

ID Type Age
CCD-8, CCL-201" | Cell line | 48
CCD-16, CCL-204™ | Cell line | 35
LL-29, CCL-134™ Cellline | 26
IPF LL-97, CCL-191™ Cell line | 48
IPF-1 Primary | 73

Healthy

Table 1. Cell lines.
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Sample preparation for mass spectrometry

The protein resuspended in the buffer TBS with 2% CHAPS was quantified using the 2-D Quant® kit (Cytiva,
Marlborough, MA, USA), and 50 pg for each replicate was precipitated using MeOH/Chloroform in a proportion
of 4:1 and digested according to Ortega-Lozano et al. 20228, Briefly, the resulting pellets were enzymatically
digested using iST Sample Preparation Kit® (PreOmics, Munich, GER); 50 uL of “Lyse” reagent was added to
protein pellets, placed in a heating block (Eppendorf, Hamburg, GER) during 10 min, 95 °C at 1000 rpm then,
samples were sonicated during 20 cycles using BioRuptor Pico® (Diagenode, Liége, BEL) 30 s ON/30 s OFF per
cycle. Protein samples were digested using 50 gL of a Lys-C/Trypsin mix (“Digest” reagent) and heating at 37 °C for
three hours. Resulting peptides were cleaned in an iST cartridge using a “Wash 1” buffer to eliminate hydrophobic
contaminants (“Wash 1” buffer) and “Wash 2” buffer to eliminate hydrophilic contaminants molecules (“Wash
2” buffer); afterward, peptides were eluted using “Elute” reagent and subsequently evaporated to dryness in a
SpeedVac (Thermo Fisher Scientific, Waltham, USA), then, peptides were resuspended with "LC-Load" reagent
and a aliquot of alcohol dehydrogenase 1 (ADH1) from Saccharomyces cerevisiae (Uniprot, accession number
P00330; 1 pmol/pl) was added as internal standard to each sample to obtain a final concentration of 25 fmol/
uL. The samples were stored at -80 °C until Liquid Chromatography coupled to Mass Spectrometry (LC-MS)
analysis.

Mass spectrometry-based proteomics

LC-MS analytical method was applied according to Rios-Castro et al., 2020 with some modifications’. Briefly,
tryptic peptides were loaded and separated on an HSS T3 C18 column (Waters, Milford, MA); 75 um x 150 mm,
100 A pore size, 1.8 pm particle size; using a UPLC ACQUITY M-Class with mobile phase A, 0.1% formic acid
(FA) in H,O, and mobile phase B, 0.1% FA in acetonitrile (ACN) under the following gradient: 0 min 7% B,
121.49 min 40% B, 123.15 to 126.46 min 85% B, 129 to 130 min 7% B, at a flow of 400 nL-min ~! and 45 °C. The
spectra data were acquired in a Synapt G2-Si mass spectrometer (Waters, Milford, MA) using nanoelectrospray
ionization (nanoESI) and ion mobility separation (IM-MS) using data-independent acquisition (DIA) approach
through High-Definition Multiplexed MS/MS (HDMSE) mode. For the ionization source, parameters were set
with the following values: 2.75 kV in the sampling capillary, 30 V in the sampling cone, 30 V in the source
offset, 70 °C for the source temperature, 0.5 bar for the nanoflow gas, and 150 L-h~! for the purge gas flow.
Two chromatograms (low and high energy chromatograms) were acquired in a positive mode in a range of m/z
50 —2000 with a scan time of 500 ms. No collision energy was applied to obtain the low-energy chromatograms,
while for the high-energy chromatograms, the precursor ions were fragmented in the transfer cell using a
collision energy ramp from 19 to 55 eV.

Analysis

The MS and MS/MS measurements contained in the generated *.raw files were analyzed and quantified by
Progenesis QI for Proteomics software v4.2 powered by the algorithm developed by Li GZ et al.!” during the
database search (Waters, Milford, MA) using a target decoy strategy against a Homo sapiens *.fasta database
(obtained from UniProt, UP000005640, 81,791 protein sequences plus ADHI1 from Saccharomyces cerevisiae,
accession number P00330), which was concatenated with the same *.fasta file in the reverse sense'l. All
chromatographic runs containing the peak intensities are automatically aligned and, consequently the intensities
are normalized to avoid possible differences in the amount of injected sample then, peak peaking is performed
to select peptide ions prior database search!?; the algorithm uses an ion accounting process; for detection, *.raw
files containing three data functions (low energy, high energy, and lock spray) are processed to obtain an aligned
inventory of the retention time of the components with the precise m/z ratio of precursor (low energy) and
fragment ions (high energy) to complete the ion detection process; subsequently, the filtering is performed to
eliminate precursor ions and fragment ions under 750 and 350 Da, respectively. Then, the reversed database
(target decoy) is created to classify false positive identifications and additionally, the algorithm produces a
fragmentation model by comparing the distribution of the experimental product ions with the number of times
and a specific bond cleavage was identified?. Finally, the algorithm performs additional comparisons based on
the fourteen physicochemical properties of peptides undergoing CID fragmentation'!.

Proteins were reviewed, and the functions “export peptides/protein measurements” were used to generate
the output files (*.csv) for subsequent analysis. Only peptides that satisfied the theoretical model of fourteen
physicochemical properties were kept at the protein level (https://doi.org/10.1016/j.bbapap.2024.141049).
Parameters used for the protein identification were trypsin as cutting enzyme and one missed cleavage allowed;
carbamidomethyl (C) as a fixed modification and oxidation (M), amidation (C- terminal), deamidation (Q,
N) and phosphorylation (S, T, Y) as variable modifications; default peptide and fragment tolerance (maximum
normal distribution of 10 and 20 ppm respectively) and false discovery rate (FDR) < 1%; all false identifications
(Reversed proteins) and proteins with one peptide identified were discarded for subsequent analysis. Synapt
G2-Si was calibrated with [Glul]-Fibrinopeptide fragments through the precursor ion [M +2H]** =785.84261
fragmentation of 32 eV at one ppm across all MS/MS measurements. Quantification of proteins was calculated
based on the average MS signal response of the three most intense tryptic peptides (Top3)'* according to the

following equations'*~'6.
3
Top3 = Z PeptideIntensity
=1
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where the Top3 value is the arithmetic mean of the MS signal response of the three most intense tryptic peptides.
Using the Top3 value of the internal standard as well as of interest proteins, it is possible to determine the amount
L. . . . ZS PeptideIntensity A
of protein in each sample using the following equation fmol = &=, (X).
i PeptideIntensityB
where A is the protein of interest, B is the internal standard (ADH1), and “X” is the concentration in fmol/ul
of internal standard. Generated *. csv files during the database search were used for subsequent analysis.

Statistical and bioinformatics analysis

Proteome datasets were filtered using the criteria of at least one unique peptide and =2 peptides. Differentially
expressed proteins (DEPs) were determined with a fold change>1.5 or<1.5 and p-value <0.05, using a two-
tailed student’s t-test or Wilcoxon signed-rank nonparametric test. To examine clustering or separation between
conditions, principal component analysis (PCA) was performed and used to visualize variability by cell type
(controls and IPF fibroblasts) and by oxygenation condition (normoxia and hypoxia). All plots were performed
with R 4.3.0 tools.

Results

Mitochondria isolation from human lung fibroblasts

Mitochondria were isolated from fibroblasts from healthy lungs and IPF patients exposed to 72 h of either
normoxia or hypoxia. After, proteomic analysis was done using high-resolution mass spectrometry and
liquid chromatography of all experiments in duplicate (Fig. 1). Electron microscopy confirmed the presence
of mitochondria, as shown in Fig. 2A; mitochondria isolated from lung fibroblasts exhibit few and widened
cristae despite being derived from healthy patients, suggesting isolation artifacts. After assessing the amount of
mitochondrial material sufficient to justify continuing the process despite the impurities detected, the decision
was made to proceed with proteomic analysis. In addition, to confirm the correct separation of the mitochondrial
fraction, we performed an immunoblot of the different isolated fractions (cytoplasm, mitochondria, and total
lysate). Specific markers were used for each fraction, and it was observed that the mitochondria fraction was
correctly purified Fig. 2B. Therefore, the impurities could be due, at least in part, to mitochondrial content
from damaged mitochondria during the purification process. Integrity gels were performed for all experimental
samples before the proteomic analysis Fig. 2C. Additionally, a western blot was performed using COX IV protein
as the mitochondrial load control to demonstrate the same amount of mitochondrial protein Fig. 2D.

Slight variations in the mitochondrial proteome of IPF fibroblasts under hypoxic conditions

We can quantified a total of 1934 proteins, all these protein identifications and parameters such as accession
number, number of peptides per proteins, sequence coverage as well as all peptide identifications detailing
physicochemical parameters including mass error in ppm, m/z, molecular weight, sequence modifications
(including PTM’s) among others are reporting in the *.csv files which are deposited in the PRoteomics
IDEntifications Database (PRIDE) (https://doi.org/10.1093/nar/gkael011) with a repository number
PXD064472 then, we filtered the proteins to include those that present at least two or more peptides and at least
one unique peptide. To analyze the clustering patterns and detect possible differences among the groups, PCA
was used (Fig. 3A,B). Our study identified protein expression differences based on cell type (mitochondrial
proteins from control fibroblasts and fibroblasts of patients with IPF) and oxygenation conditions (normoxia
and hypoxia). Volcano diagrams display all differentially expressed proteins in the control group (Fig. 3C) and
IPF patient fibroblasts (Fig. 3D) under hypoxia. In our analysis, an exclusive focus was placed on mitochondrial
proteins. The MitoCarta 3.0 database defined these proteins, including 1,136 verified, associated, and auxiliary
human mitochondrial genes (version 2021)!”. One thousand nine hundred thirty-four proteins were identified,

Control IPF Normoxia Normoxia Hypoxia

c2) BE

Isolation and purification
of mitochondria

-

<« 5

Relative
tensity
| f——

Extraction of
Bioinformatic analysis Proteomics Quantification mitochondrial proteins

Fig. 1. Study design to analyze the mitochondrial proteome. Created in BioRender.

Scientific Reports |

(2026) 16:1555 | https://doi.org/10.1038/s41598-025-26911-3 nature portfolio


https://doi.org/10.1093/nar/gkae1011
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

. . ~ —
e
- &4. + @
" ) o c ccos ccoie w2 o7
4 i
e 3 N 2 PM N1 H1 N2 H2 N1 HI N2 H2 PM N1 H1 N2 H2 N1 HI N2 H2
£ ‘4 . . L

T

TE

B!

7

N
I

i
[

Total
Cytosol Mitochondria Lysate

w . D MITOCHONDRIAL LOAD CONTROL
ccbs ccD16 LL29 LL97
cox v M. s | 15KDa N H N H N H N H
VDAC1 B == | 5i00
COX IV | we—— - — -_—— S (15 KDa
H3 | : - | 17KDa

GAPDH | —— — |36KDa

Fig. 2. Mitochondrial fraction isolation. (A) Electron microscopy images of mitochondria isolated from

lung fibroblasts show inner membrane folds suggestive of opened or widened cristae (arrow). Few cristae
with vesicular appearance (head arrow). Possible mitochondria without limiting membrane (*). (B)

Western blot for triose phosphate isomerase (TPI) as a marker of the cytosol, COX IV, and VDACI in the
mitochondrial fraction; Histone 3 (H3) as a marker of total lysate only. GAPDH was used as a loading control.
(C) Electrophoresis protein integrity gels. D Mitochondrial load control for each cell line under different
oxygenation conditions.

of which 609 were mitochondrial, accounting for 31.4%. A two-way Venn diagram illustrates the unique and
shared proteins between groups, showing the overlap and distinct proteins under different conditions (Fig. 3E).
In the hypoxic control group, 497 mitochondrial proteins were found, while in the IPF group, 399 were found,
with 393 proteins shared between the two. This overlap in proteins indicates similarities in both profiles under
hypoxic conditions.

Alternative energy sources and stress adaptation in control fibroblasts under hypoxia
Regarding mitochondrial proteins deregulated in a hypoxic environment, we identified twelve proteins in the
control group in hypoxia, of which seven were upregulated and five were downregulated (Table 2). The increase
in proteins such as ACSL-3, ACSM-1, and ACAD-8, as observed in Fig. 4A, suggests a metabolic adaptation
that may enhance the fibroblasts’ ability to utilize fatty acids and alternative substrates for energy production
under low oxygen availability. Long-chain acyl-CoA synthetase 3 (ACSL-3) is known to be a key enzyme in
fatty acid metabolism, playing a crucial role in activating long-chain fatty acids for cellular lipid synthesis and
B-oxidation'®-%0. Similarly, medium-chain acyl-coenzyme A synthetase-1 (ACSM-1) is involved in the first step
in fatty acid metabolism by catalyzing the activation of fatty acids by CoA to produce acyl-CoA2"?2, Isobutyryl-
CoA dehydrogenase (ACAD-8) is specifically responsible for valine catabolism, transforming isobutyryl-CoA
into methacrylyl-CoA, which is subsequently converted to propionyl-CoA and acetyl-CoA, both of which enter
the Krebs cycle?>?4,

On the other hand, increased PHB2, ATP13A2, LGALS3, and VDACI indicate an active adaptation of
mitochondria to maintain homeostasis and optimize energy production under stress conditions (Fig. 4A). PHB2
plays a significant role in mitophagy, while ATP13A2 is involved in the mitochondrial oxidative stress response.
LGALS3 is a protein associated with profibrotic responses, and VDACI is involved in hypoxia, fibroblast
apoptosis, and fibrosis. On the other hand, the decrease in mitochondrial proteins in healthy lung fibroblasts
under hypoxic conditions, such as ACAD10, MYG1, POR, GSTK1, and GRKS6, suggests an adaptive response to
hypoxia. This could compromise mitochondrial function, energy production, and regulation of oxidative stress
(Fig. 4B). ACADI10 is essential for fatty acid oxidation and catabolism of short-chain 4-hydroxy acids and is
involved in pexophagy, regulating the removal of damaged peroxisomes®>2. The NADPH P450 reductase (POR)
serves as an electron donor, furthermore, facilitating the drug metabolism and regulating the reactive oxygen
species (ROS) production?”?%, Glutathione S-transferase kappa 1 (GSTK1) aids in oxidative stress responses
and redox signaling, with its expression induced under caloric restriction?**. Inhibition of PGC-1a suppresses
GSTK1, increasing ROS accumulation and promoting ferroptosis®!. GRK6 regulates the STAT3 pathway, which
is crucial for cell proliferation®’. MYG1, a 3’-5° RNA exonuclease, plays a crucial role in mitochondrial function
and promotes glycolysis by stabilizing PKM2%. These findings emphasize the complex relationship between
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Fig. 3. Analysis of mitochondrial proteome in IPF and controls fibroblasts under hypoxia. (A) Principal
Component Analysis (PCA) of Control Hypoxia vs. Control Normoxia. (B) PCA of IPF Hypoxia vs. IPF
Normoxia. Volcano plots show over- and under-expressed proteins in hypoxia for (C) healthy controls and (D)
IPF fibroblasts, upregulated proteins are shown in red dots, and downregulated proteins are shown in green
dots. The (E) Venn diagram shows differentially expressed mitochondrial proteins in Control Hypoxia vs.
Control Normoxia and IPF Hypoxia vs. IPF Normoxia.

Symbol (UniProtKB) | Description Unique Peptides | log2 Ratio | P value | Max fold chang
ACSL3 Fatty acid CoA ligase 1 231 0.004 4.81
PHB2 Prohibitin 1 2.11 0.016 3.52
ACADS Isobutyryl-CoA dehydrogenase mitochondrial 1 1.97 0.003 1.57
VDACI1 Voltage-dependent anion-selective channel protein 1 | 4 1.23 0.017 2.69
ATP13A2 Isoform B of Polyamine-transporting ATPase 13A2 | 1 0.95 0.011 1.04
LGALS3 Galectin-3 6 0.88 0.014 1.97
ACSM1 Acyl-coenzyme A synthetase ACSM1 mitochondrial | 1 0.74 0.003 1.60
ACADI10 Acyl-CoA dehydrogenase family member 10 3 -0.72 0.046 1.52
MYG1 MYG1 exonuclease 1 - 0.80 0.013 1.53
POR NADPH-cytochrome P450 reductase 1 -0.92 0.002 1.48
GSTK1 Glutathione S-transferase kappa 1 4 -123 0.018 3.00
GRK6 G protein-coupled receptor kinase 1 -2.14 0.033 3.73

Table 2. Differentially expressed proteins in mitochondria of healthy fibroblasts in hypoxia The first column

shows the UniProtKB symbol, followed by protein description, unique peptides, log ratio, ANOVA p-value, log
2 ratio, and maximum fold change of mitochondrial proteins in hypoxic control fibroblasts. Negative ANOVA
p-values indicate a decrease in protein levels compared to normoxia. A log 2 ratio of + 1 indicates a doubling of
protein levels, while -1 indicates halved levels under the experimental condition

hypoxia and the regulation of mitochondrial function in the context of oxidative stress, emphasizing the
implications of decreased levels of these proteins.

Hypoxia-induced glutaminolysis in mitochondria of IPF fibroblasts

In Table 3, the hypoxic IPF group shows six identified proteins, two upregulated and four downregulated. As
we can observe in Fig. 5A, there is an increase in two proteins called GLS1 and SLC25A3, which indicates that
these mitochondria in hypoxia present a characteristic profile of the mitochondrial metabolism of fibroblasts
from patients with IPE. We validated these results and observed a diametrically opposite response in fibroblasts
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Fig. 4. Differentially expressed mitochondrial proteins in control fibroblasts under hypoxia. (A) Increased and
(B) decreased protein expression in mitochondria. Box plots illustrate the differences in protein expression,
highlighting deregulated proteins in normoxia (Control) and hypoxia (Control Hx), represented by blue and
orange boxes, respectively. Additionally, the expression of IPF proteins in normoxia (IPF) and hypoxia (IPF
Hx) is depicted by purple and green boxes, respectively.

from IPF patients, characterized by upregulation of GLS (Fig. 6A-C) (Supplementary file). This increase could
be related to the biochemical process known as reductive carboxylation (RC) of glutamine, where glutamine
is converted to a-ketoglutarate by adding a carboxyl group (CO,) and its reduction by specific enzymes. This
process is fundamental for cell metabolism, particularly when intermediates are required in the tricarboxylic acid
cycle (TCA). RC is essential for regulating and maintaining energy metabolism and is also used to synthesize
compounds necessary for cell proliferation, especially in tumor cells. RC of glutamine is part of the metabolic
reprogramming associated with hypoxia-inducible factor 1 alpha (HIF-1a) since constant activation of HIF-1a
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Symbol (UniProtKB) | Description Unique peptides | log2 ratio | P value | Max fold change
GLS Glutaminase kidney isoform mitochondrial 3 1.53 0.024 | 2.66
SLC25A3 Phosphate carrier protein mitochondrial 4 0.79 0.015 1.46
MRPL12 39S ribosomal protein L12 mitochondrial 1 -0.73 0.031 1.52
RAPIGDS1 Isoform 4 of Rap1l GTPase-GDP dissociation stimulator 1 | 1 -1.17 0.020 1.48
SRBD1 S1 RNA-binding domain-containing protein 1 1 -1.26 0.021 5.29
PSAP Prosaposin 2 -2.00 0.025 1.08

Table 3. Differentially expressed proteins in mitochondria of IPF fibroblasts in hypoxia The first column
shows the UniProtKB symbol, followed by protein description, unique peptides, log ratio, ANOVA p-value,
log 2 ratio, and maximum fold change of mitochondrial proteins in IPF hypoxic fibroblasts. Negative ANOVA
p-values indicate a decrease in protein levels compared to normoxia. A log 2 ratio of + 1 indicates a doubling of
protein levels, while -1 indicates halved levels under the experimental condition.
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Fig. 5. Differentially expressed mitochondrial proteins in IPF fibroblasts under hypoxia. (A) Increased and
(B) decreased protein expression in mitochondria. Box plots illustrate differences in protein expression,
highlighting proteins deregulated in normoxia (Control) and hypoxia (Control Hx), represented by blue and
orange boxes, respectively. Additionally, IPF protein expression in normoxia (IPF) and hypoxia (IPF Hx) is
represented by purple and green boxes, respectively.

reproduces the preferentially reductive metabolism of glutamine-derived a-ketoglutarate, even under normoxic
conditions*. Additionally, we assessed the degree of differentiation using a-SMA as a marker for myofibroblasts
and Ki67 for proliferation. IPF fibroblasts showed higher baseline levels of a-SMA expression compared to
controls. Under hypoxia, both markers increased in both groups, with a-SMA expression remaining higher in
IPF fibroblasts, whereas Ki67-positive cells were more prominent in the control group. Notably, Ki67 was absent
in highly differentiated cells (Fig. 6D).

Hypoxia induces changes in the mitochondrial metabolism of lung fibroblasts, especially in patients with IPE.
An increase in the expression of GLS and SLC25A3 was observed, suggesting a higher activity of glutaminolysis
(Fig. 7). Instead of conventional oxidation, we propose that this process could drive collagen synthesis through
reductive carboxylation, a mechanism described in tumor cells*>-3%. The decreased oxygen concentration could
promote the observed metabolic shift, allowing the fibrotic fibroblasts’ mitochondria to adapt to a hypoxic
environment and contribute to the fibrotic phenotype39‘42. On the other hand, and in a contrary sense, proteins
such as MRPL12, RAP1GDSI1, SRBD1, and PSAP are observed to have decreased expression (Fig. 5B). These
proteins are necessary for cell cycle, stress response, and mitochondrial homeostasis maintenance. This indicates
that there are alterations in these mechanisms during IPF progression. For example, it has been reported that
MRPLI12 is essential for mitochondrial function. It binds to the ANT3 protein to stabilize the mitochondrial
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membrane and plays a crucial role in oxidative phosphorylation**. Its downregulation reduces OXPHOS,
affects cell growth®®, and regulates protein production and mitochondrial DNA expression®. RAP1GDS1
acts as a guanine nucleotide exchange factor (GEF) for GTPases like RHOA, RACI, and KRAS and helps
mitigate statin-induced cardiac hypertrophy and fibrosis by influencing relevant signaling pathways?’~%°.
SRBD1, a mitochondrial protein, accumulates in nucleus pulposus cells due to NBR1 reduction, promoting
cellular senescence and the SASP phenotype via AKT1/p53 and NF-kB pathways®. We must also mention that
a saponin precursor glycoprotein essential for lysosome lipid degradation is called prosaposin (PSAP) and is
associated with deficiencies linked to lysosomal storage disorders and neurodegenerative diseases®~>*. These
findings underscore the disruptions in mitochondrial and cellular homeostasis that may contribute to the
pathophysiology of IPE.

Discussion

Oxygen homeostasis is essential for maintaining lung structure and function; however, in conditions like IPE,
dense fibrotic regions of lung often become hypoxic®. This localized hypoxia is a hallmark of fibroblast foci in
IPF and contributes to disease progression and irreversibility. Consequently, a pathological feedback loop may
be established, driven by complex interactions between epithelial cells and fibroblasts, which in turn influence
regeneration and pathogenesis. This dynamic motivates us to propose the possible existence of a mitochondrial
switch that is reminiscent of and consistent with mechanisms frequently observed in several types of cancer.
Understanding the specific changes hypoxia induces in mitochondrial function at the metabolic level is relevant
to elucidating the biochemical and molecular mechanisms underlying IPE. Recent work highlights the critical
role of mitochondrial dysfunction in developing pulmonary fibrosis, particularly within the alveolar epithelium
and fibroblasts. In alveolar type II cells from IPF patients, the accumulation of dysmorphic mitochondria and
a deficiency in mitophagy—mediated by reduced PINKI levels—promote apoptosis and activate profibrotic
pathways, exacerbating lung damage®. Notably, our previous studies have shown that fibroblasts from IPF
patients under normoxic conditions exhibit elevated levels of hypoxia-inducible transcription factors (HIF-1a
and HIF-2a), indicating a state of pseudohypoxia and highlighting the importance of the hypoxia signaling
pathway in activating fibroblasts and myofibroblasts®”. Considering the background outlined above, we needed
to investigate what metabolic changes occur in the mitochondria of fibroblasts from IPF patients. Therefore,
to investigate the mitochondrial proteome in these fibroblasts under low oxygenation conditions, we used a
mitochondrial isolation method that, although it did not achieve optimal purity, allowed us to detect significant
differences in the mitochondria of control fibroblasts and fibroblasts from patients with IPE It is worth noting
the high similarity in protein expression in response to hypoxia between mitochondria from controls and IPF
patients.
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Fig. 7. Summary scheme. This scheme illustrates the deregulated proteins in the mitochondria of control
fibroblasts and fibroblasts from IPF patients under hypoxic conditions, emphasizing the metabolic pathways
and cellular mechanisms these proteins may influence. The fatty acid metabolic pathway is indicated to be
active in hypoxic control fibroblasts (represented by blue mitochondria). At the same time, glutaminolysis is
suggested to play a critical role in the mitochondria of IPF fibroblasts (represented by pink mitochondria).
Created in BioRender.

Some of these proteins were set aside for future analysis, as our focus was explicitly on general mitochondrial
phenomena. As expected, the differentially expressed proteins in controls primarily reorganize metabolism to
utilize alternative TCA cycle substrates and stress adaptation, including mitophagy and oxidative response. These
results align with studies indicating that IPF fibroblasts tend to consume less oxygen and have a remarkable
resistance to apoptosis, which has been linked to alterations in the mitochondrial permeability transition pore
(mPTP); these changes decreasing cytochrome c release and ATP production, ultimately improving fibroblast
survival in a fibrogenic environment”. In this context, increased levels of VDAC-1 are associated with fibroblast
activation and a reduction in fatty acid B-oxidation, in fatty acid -oxidation, suggesting a potential protective
role in regulating long-chain fatty acid metabolism®®.

Chronic oxidative stress, often linked to aging, contributes to mitochondrial dysfunction, in this sense it
is widely known that the incidence and prevalence of IPF increase significantly with age, making age a critical
factor for its progression®=®3. In the dynamic landscape of reactive oxygen species (ROS) response, these
species appear to function as complex signaling mechanisms; it is well established that HIF-a signaling is ROS-
dependent and that HIF can regulate its overexpression. This oxidative stress alters normal mitochondrial
dynamics in IPE, creating a cycle that promotes the fibrotic phenotype. Studies have shown metabolic alterations
in the lungs of IPF patients, including elevated lactate levels and dysregulation of the ROS-generating enzyme
NADPH oxidase-4 (Nox4)%4-%, Similarly, our work shows that ROS chemically oxidizes ACAD10, and NADPH
P450 reductase (POR) is an essential electron donor for various enzymes and regulates ROS production,
affecting hypoxic responses and gene induction under stress?”?%67:68, ATP13A2 has emerged as a critical player
in the context of IPF; its decrease correlates with an increase in fibrosis markers, suggesting a link to disease
progression®. ATP13A2 is vital for polyamine homeostasis and protection against oxidative stress, and loss of
function leads to mitochondrial dysfunction’®’!. Glutathione S-transferase kappa 1 (GSTK1) involved in the
response to oxidative stress and is induced in a caloric restriction situation, which helps improve resistance to
oxidative stress?*>C. These findings highlighted significant alterations in mitochondrial dynamics in IPE.

Our results indicate a metabolic dysregulation in IPF fibroblasts, marked by alterations in glutaminolysis
and reductive carboxylation. The enhanced GLS-mediated glutaminolysis in lung myofibroblasts is a crucial
metabolic adaptation that promotes fibrosis by facilitating collagen production induced by the profibrotic factor
TGF-B. This pathway, involving key enzymes such as PSAT1 and ALDH18A17%73; activates mTORCI signaling,
which enhances collagen translation and stability, and also increases a-ketoglutarate (a-KG) levels, further
stimulating collagen expression’. Although not directly addressed in this study, the potential contribution of
reductive carboxylation as a carbon source for collagen synthesis in myofibroblasts warrants further investigation.

Conclusions

Our results demonstrate that hypoxia induces significant mitochondrial reprogramming in healthy lung
fibroblasts and those from patients with IPF. In the case of mitochondria from fibroblasts from patients with IPF,
reprogramming is consistent with the differentiation of fibroblasts into myofibroblasts and collagen production,
all related to the progression of fibrosis. The involvement of glutaminase 1 (GLS1) and the copper transporter
SLC25A3 highlights a dysregulation of glutaminolysis and reductive carboxylation pathways in this context.
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