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ABSTRACT: Fibrosis is defined by scarring and tissue hardening caused by excess deposition of extracellular matrix components, mainly
collagens. A fibrotic response can occur in any tissue of the body and is the final outcome of an unbalanced reaction to inflammation and
wound healing induced by a variety of insults, including persistent infections, autoimmune reactions, allergic responses, chemical exposure,
radiation, and tissue injury. The accumulation of extracellular matrix proteins replaces the living tissue and disrupts the architecture leading
to organ malfunction. Fibrosis remains a major clinical and therapeutic challenge and has been estimated to account for 45% of deaths in
the developed world. While major advances regarding mechanistic knowledge on the underlying cell biology alterations in fibrosis have
helped to characterize the main phases and mediators involved, this knowledge has not yielded significant progress in treatment. Only
recently, the metabolic features associated to fibrosis have begun to emerge. This information, likely representing only the tip of the iceberg,
suggests that metabolic derangement is a key culprit in the pathophysiology of fibrogenesis. The Workshop on The Cellular and Metabolic
Bases of Organ Fibrosis, International University of Andalusia, Baeza, Spain, October 8-11, 2023 aimed to discuss the current knowledge
and novel perspectives on the mechanisms contributing to the development of fibrosis in different organs and tissues, with particular focus
on new methodological developments in metabolomics and therapeutic strategies.
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1. Introduction

In response to epithelial (or muscle) damage, a dynamically complex but tightly regulated process of wound healing
is orchestrated to successfully repair the tissue and restore its normal function. This process, that involves local
inflammation and myofibroblast activation, proceeds with the deposition of collagens and other extracellular matrix (ECM)
components that remodel the environment promoting the replacement of parenchymal cells [1]. In physiological wound
healing, a resolution step is established with the abatement of inflammation, the apoptosis of myofibroblasts and the
resorption of ECM in excess. However, under certain circumstances, when tissues are subjected to persistent insult and
injury, this wound repair process derails, leading to uncontrolled myofibroblast activation and thus to pathological
accumulation of ECM, also known as fibrosis [2]. A fibrotic process is intrinsic to a plethora of pathological conditions
such as end-stage liver disease, kidney disease, idiopathic pulmonary fibrosis (IPF), heart failure, scleroderma, rheumatoid
arthritis, Crohn’s disease, ulcerative colitis, myelofibrosis and systemic lupus erythematosus, among others, and is also
germane to many forms of cancer, influencing tumor invasion and metastasis [3]. Therefore, fibrotic disorders represent an
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increasing cause of morbidity and mortality worldwide. Intensive research in recent years has identified several pathways
involved in the activation and persistence of fibroblasts typically found in fibrotic tissues, with transforming growth factor-
B (TGF-p) signaling pathway playing a fundamental role [4]. However, the treatment options are scarce and ineffective,
Actually, considering IPF, the paradigmatic fibrotic disease, only two molecules are currently being used for treatment,
pirfenidone (Esbriet®), a drug targeting TGF- pathway, and nintedanib (Ofev®), a broad kinase inhibitor, both capable of
slowing disease progression, but very far from providing effective healing [5]. Therefore, there is an urgent need for new
pharmacological approaches to combat fibrosis.

The International University of Andalusia Workshop “Current Trends in Biomedicine” on The Cellular and Metabolic
Bases of Organ Fibrosis, was organized by Santiago Lamas, Katalin Susztak and Fernando Rodr guez-Pascual in Baeza,
Spain, from October 8 to 11, 2023 with about 40 scientists from a broad spectrum of countries, disciplines and stages in
their professional careers (Figure 1). The meeting aimed to bring together some of the top-level, highly experienced
investigators working on different aspects of the pathophysiology of fibrosis and nearby research areas. They were all keen
to share and discuss with other participants their work and contributions to clarify the mechanisms contributing to the
fibrotic process in different organs and tissues, with particular focus on its metabolic basis and the development of novel
therapeutic strategies. Here, we briefly review the current knowledge of the metabolic control of fibrosis and provide an
overview of the scientific content of the meeting.

{

Figure 1. Speakers, participants and organizers of the International University of Andalusia Workshop “Current Trends in
Biomedicine” on The Cellular and Metabolic Bases of Organ Fibrosis, Baeza, Spain, October 8-11, 2023. Photo courtesy of
Katalin Susztak.
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2. Metabolic Regulation of Tissue Fibrosis

While many aspects of the fibrotic conundrum are still to be deciphered, we know today that a pathological hallmark of
the fibrotic process is a tight crosstalk among different cell types from epithelial (or muscle), mesenchymal and immune
lineages [6]. The first two types constitute the basic unit conforming the sensor, the epithelial (or muscle) cell that detects the
damage or insult and initiates the healing response and the effector, the mesenchymal cell type that becomes activated at the
site of damage and is ultimately responsible for tissue remodeling and fibrosis. A fundamental cell-cell communication
between these lineages is observed in a variety of tissues undergoing fibrosis, such as the lung, with the alveolar epithelium
and the pulmonary fibroblasts, the kidney with the tubular epithelial cells and the pericyte-myofibroblast lineage or the liver,
with the hepatocytes and the hepatic stellate cells. At the crossroad of these cell types, immune cells are potent regulators of
the tissue repair response and therefore implicated in the development of fibrosis. With this cellular landscape in mind, most
of the investigation established so far has focused on the mediators governing the fibrotic process and their signaling pathways.

Unfortunately, while providing significant progress at the mechanistic level, this approach has yielded limited
information of therapeutic value beyond the role of TGF-B [4]. Upstream signaling pathways may converge at key metabolic
alterations that ultimately can regulate the cell phenotype. Therefore, cell metabolism represents a very attractive target to
identify novel points of intervention for the treatment of fibrosis [7]. For instance, de novo lipid synthesis is required for
alveolar type 2 epithelial (AE2) cells to generate lipid-rich surfactants, essential for reducing surface tension in the lungs
during respiratory function. AE2 lipid metabolism deficiency secondary to the downregulation of the expression of AE2
specific fatty acid synthase (FASN) enzyme has been linked to IPF in patients and shown to aggravate pulmonary fibrosis
in animal models [8]. Not only do metabolic alterations promote fibrotic-prone transformations in sensor cells, but they are
also key in the activation of effector mesenchymal cells. In fact, myofibroblast differentiation must come along with
profound metabolic changes that fulfill the high consumption of energy and building blocks imposed by the activation of
the profibrotic cellular program [9,10].

In terms of energy and biomass, the cost of the biosynthesis of fibrillary collagens, the main ECM component produced
by myofibroblasts, is remarkable. The triple helix structure of the collagen domain is featured by a particularly unusual
amino acid composition, containing approximately 30% glycine and 15-20% proline residues, and an extensive network of
post-translational modifications, including hydroxylation, oxidation and glycosylation, let alone the large size of collagen
polypeptides (typically > 300 kDa), which adds extra demands for correct folding, assembling and secretion from the
proteostasis machinery [11]. Regarding the supply of glycine and proline, it has been reported that myofibroblasts undergo
specific metabolic reprogramming, including upregulation of glycolysis and glutaminolysis, to feed de novo biosynthetic
pathways for these amino acids [9,12].

Other authors have also observed increased activity of the citric acid cycle and the oxidative phosphorylation associated
to fibroblast activation and ECM biosynthesis [13]. These observations uncover myofibroblast metabolic vulnerabilities
that can eventually be exploited to revert fibrosis. In this line, a recent report has shown an increased metabolic demand for
glycogen metabolism in activated fibroblasts during pulmonary fibrosis [14]. Through the lysosomal salvage pathway,
glycogen provides substrates for the synthesis of proteoglycans and N-linked glycans that are critical components of the
fibrotic ECM. Based on these evidences, compounds targeting glycogen catabolism are promising candidates for the
treatment of lung fibrosis patients. These studies and many more to come are possible thanks to the advent of dedicated
techniques to detect and quantify tissue metabolites within their spatial context, the so-called spatial metabolomics.
Conveniently combined with single-cell transcriptomics, this near-single-cell resolution approach is well-suited for
interrogating human biopsies and organs from animal models to address metabolic alterations in diseases such as fibrosis.
The application of these techniques as well as the complementary studies in cell and animal models will substantially
advance our knowledge on the pathogenic mechanisms involved in the development of fibrosis. As appetizer for this
exciting time about to come, in two main sessions, the meeting covered the role of metabolism, inflammation and hypoxia
in fibrosis, their contribution to disease in major tissues developing fibrosis, such as lung, kidney, liver and muscle, as well
as the potential therapeutic approaches thereby.
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3. Role of Metabolism in Kidney Fibrosis

Kidney fibrosis is the common pathological outcome of nearly all chronic and progressive nephropathies [15].
Morphological characteristics include glomerulosclerosis, tubule atrophy, interstitial chronic inflammation, and
fibrogenesis. The kidney has one of the most diverse cellular populations and spatial organization in the human body, with
more than 40 cell types based on cluster-specific marker gene expression [16]. Despite this complexity, tubular epithelial,
mesenchymal, and immune cells are the main components of the fibrotic niche in the kidney [17,18]. As a recurrent theme,
persistent injury on tubular epithelial cells triggers an aberrant wound healing response with secretion of profibrotic factors
which impact interstitial mesenchymal cells (pericytes and fibroblasts) to activate myofibroblast differentiation,
proliferation, and ECM accumulation. While several signal transduction pathways have been reported to be involved in the
development of kidney fibrosis, including Notch, Wnt, and Hedgehog, much less is known about the metabolic alterations
intrinsic to the process. Using metabolomics, Katalin Susztak (Perelman School of Medicine, USA) showed that
accumulation of lipid droplets is commonly observed in kidney fibrosis. The team has identified several mechanisms
contributing to lipid accumulation, including lower fatty acid oxidation, increased fatty acid synthesis and mitochondrial
defects such as nicotinamide adenine dinucleotide (NAD™) deficiency [19,20]. Dysregulated NAD* homeostasis seems to
drive mitochondrial dysfunction causing inflammation and kidney disease. From a therapeutic perspective, these
observations support a beneficial effect for NAD™ precursor supplementation to protect against kidney injuries. In this line,
Benjamin D. Humphreys (Washington University in St. Louis, USA) described the results of a comprehensive single-cell
transcriptional profiling of mouse fibrotic kidneys, combined with a preliminary metabolomic approach [21]. This study
unveiled tubular epithelial cell responses featured by alterations in lipid metabolism. This metabolic signature is consistent
with previous observations of defective fatty acid p-oxidation (FAO) metabolism in chronic kidney disease, which could
be reversed by restoring the capacity of FAO via enhanced overexpression of carnitine palmitoyl-transferase 1A (CPT1A),
the rate-limiting enzyme in this pathway [22]. The enormous potential of high-spatial-resolution metabolomics approaches
was further demonstrated by Ton J. Rabelink (Leiden University Medical Center, The Netherlands). The work by his group
has delineated the cell-type specific changes in metabolism taking place in a bilateral renal ischemia—reperfusion injury
experimental model [23]. These studies have revealed that in the fibrotic kidney, tubular epithelial cells exhibit a metabolic
phenotype characterized by an anaplerotic failure in the tricarboxylic acid cycle (TCA) with consequences in chromatin
remodeling and cell signaling pathways.

Kidney disease is also characterized by a reduction in vascular density, a phenomenon also known as vascular
rarefaction which arises by an inability of renal vascular endothelial cells to support a functional network. The kidney
vasculature is highly sensitive to hypoxia and hypoxia-mediated signaling was described to be protective from acute kidney
injury [24]. Pinelopi P. Kapitsinou (Northwestern University Feinberg School of Medicine, USA) described the contribution
of the prolyl-4 hydroxylase domain (PHD) proteins, the oxygen sensors of the hypoxia/hypoxia-inducible factor (HIF)
pathway, to endothelial cell metabolism and function. Chemical inhibition of PHD proteins severely impaired the
angiogenic potential (proliferation, migration and tube formation), responses that were associated with metabolic
reprogramming (enhanced glycolysis and reduced mitochondrial activity) [25]. Interestingly, endothelial inactivation of
PHD2, the most important HIF regulating isoform, was related to more favorable outcomes following ischemic kidney
injury with preserved kidney function and reduced fibrotic response [26]. In the field of hypoxia research, Fernando
Rodriguez-Pascual (Centro de Biolog & Molecular Severo Ochoa, Spain) reported the influence of hypoxia/HIF signaling
in the accumulation of ECM components, mainly collagens, through transcriptional upregulation of genes encoding for
various collagen modifying enzymes such as collagen hydroxylases or oxidases [27]. Based on these evidences, targeting
HIF factors may represent a promising approach for the treatment of fibrotic diseases.

Tubular cell cycle arrest and senescence is a feature of chronic kidney disease. Senescent cells are resistant to apoptosis
and continually produce a complex secretome as senescence-associated secretory phenotype (SASP) composed by
proinflammatory and profibrotic mediators [28]. Marta Ruiz-Ortega (Universidad Auténoma de Madrid, Spain) revised the
current knowledge about the role of cellular senescence and the secreted SASP in the development of chronic kidney disease
[29]. Recent studies targeting components of SASP have demonstrated renal protective effects in preclinical studies, as her
group has recently described in the case of CCN2 (cellular communication network factor-2) [30].



Fibrosis 2024, 2, 10001 5 of 8

4. Pulmonary Fibrosis: Metabolism and Beyond

A number of diseases can affect the pulmonary interstitium, and many of them lead to fibrosis. These so-called
interstitial lung diseases (ILD) are caused by different conditions, including infection, exposure to asbestos (e.g., silicosis),
certain medications and radiation. They can also be of autoimmune origin (e.g., rheumatoid arthritis, systemic sclerosis,
systemic lupus erythematosus, or Sjégren’s syndrome), albeit frequently, there is not a defined cause and are hence
classified as idiopathic. The common histopathological feature of these diseases is the presence of fibroblastic foci,
consisting of fibroblasts and myofibroblasts covered by hyperplastic alveolar epithelium. Here again, the current
pathophysiological tenet is that repeated injury results in the activation of alveolar epithelial (AE) cells, that, in turn, by
production of a variety of molecules, recruit fibroblasts and promote their differentiation into myofibroblasts, which
synthesize ECM [31]. The most potent profibrotic mediator produced by AE cells is TGF-B, a cytokine with many cell-type
and context-dependent functions. Chronic TGF-p activation has been shown to induce fibrosis in animal models, an
evidence supporting an anti-TFG-J therapy for IPF patients [32]. Pirfenidone, one of the drugs currently used for treatment,
exerts inhibitory effects on the TGF-f pathway [33]. However, this does not unveil the whole story as pirfenidone can only
slow the progressive decline in lung function, but it definitely cannot improve survival [5].

IPF often debuts in middle-aged and mainly elderly adults. Therefore, aging has emerged as its strongest risk factor.
Research on the connections between the pathogenesis of IPF and the biology of aging may lead to novel and more effective
therapies. Mitochondrial dysfunction is found in the aging lung, with increased production of reactive oxygen species and
altered bioenergetics [34]. Victor J. Thannickal (Tulane University School of Medicine, USA) delved into the contribution
of cellular metabolism to IPF pathogenesis. Work of his group has shown a reduced activity of the adenosine
monophosphate (AMP)-activated protein kinase (AMPK), a master cellular bioenergetics sensor and metabolic regulator,
in fibrotic regions of lungs from IPF patients and fibrosis mouse models, an observation correlating with mitochondrial
dysfunction [35]. Pharmacological activation of AMPK with the antidiabetic agent, metformin, proved to be effective in
reverting established fibrosis by deactivation and apoptosis of myofibroblasts. Although still controversial, inflammation
has been proposed as an important component in IPF etiology. Along the fibrotic process, monocytes infiltrate the tissue
and differentiate into macrophages through multiple steps in an inflammation-dependent manner. Clinical and basic
research studies have shown that macrophages may be pivotal regulators of lung fibrosis [36]. David Sancho (Centro
Nacional de Investigaciones Cardiovasculares, Spain) investigated the metabolic requirements of tissue macrophages and
their functions in vivo. Mice deficient in mitochondrial transcription factor A (TFAM), a key mitochondrial transcription
factor, showed a large decline in the number of alveolar macrophages [37]. Further observations of his group revealed that
decreased oxidative phosphorylation impaired the lipid-handling capacity of macrophages in the surfactant-rich lung alveoli,
inducing endoplasmic reticulum (ER) stress that reduced proliferation and enhanced apoptosis. Whether this pathogenic
mechanism contributes to the development of IPF in patients has not yet been investigated.

Due to the lack of effective therapies for lung fibrosis, a significant number of molecular mechanisms or targets have
been explored. Daniel M. Greif (Yale University School of Medicine, USA) described the role of the pluripotency Kruppel-
like factor 4 (KLF4) in the mesenchymal cell transitions leading to myofibroblasts during the pathogenesis of lung fibrosis
[38]. Using conditional genetic labeling in mouse fibrosis models, he showed that the majority of myofibroblasts arise from
a specific mesenchymal population expressing platelet-derived growth factor receptor-f (PDGFR-B), a process that requires
the commitment of KLF4. Ana Pardo-Saganta (Justus-Liebig University Giessen, Germany) discussed the potential role of
clonal hematopoiesis of indeterminate potential (CHIP) in the development of lung fibrosis. CHIP is a form of clonal
hematopoiesis, an age-related phenomenon by which hematopoietic stem cells acquire one or more somatic mutations that,
in the case of CHIP, are not associated to hematologic malignancy. In spite of their apparent harmlessness, CHIP mutations
have been recently linked to an increased risk of cardiovascular diseases, diabetes or premature menopause, among others
[39]. Interestingly, the work of Pardo-Saganta has shown a specific set of CHIP mutations specifically associated to IPF
patients, and a mouse model to investigate this phenomenon is underway.

Not all human respiratory diseases can be modelled in mice. Chronic obstructive pulmonary disease (COPD)
constitutes a group of diseases characterized by airflow blockage and breathing-related problems. COPD is a smoking-
linked disease and, in the absence of effective therapies, incurable. Maria C. Basil (Perelman School of Medicine, USA)
described the fundamental role of distal airways of the human lung, an anatomic structure absent in the mouse, in the
development of COPD [40]. The work of her group has shown that distal human airways contain a particular cell population,
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that they termed respiratory airway secretory (RAS) cells that act as progenitors for AE2 cells and are essential for lung
repair and regeneration. By modeling this disease in ferrets, which also display distal airway structures, their experiments
showed that this differentiation process is altered upon exposure to cigarette smoke, like in human COPD, laying the
groundwork for the identification of new molecular targets for therapeutics in COPD.

5. Fibrosis in Other Territories

Fibrosis can arise in almost any tissue, and the workshop has saved some spots to discuss additional mechanisms and
targets in the liver and heart. Fibrosis is a central phenomenon in the liver where it accompanies the progression of chronic
diseases caused by different pathological conditions, such as hepatitis viral infection, alcohol consumption, and metabolic-
associated fatty liver disease [41]. Similar to kidney and lung, damage in a parenchymal cell, the hepatocyte, is humorally
transmitted to the mesenchymal partner in the liver, the hepatic stellate cell, promoting its activation and the subsequent
excessive accumulation of ECM proteins. Several pathogenic mechanisms have been proposed to contribute to liver fibrosis.
However, beyond preventing the initial insult or injury, reverting the process is extremely difficult, when not impossible.
Isabel Fabregat (Bellvitge Biomedical Research Institute-IDIBELL, Spain) invoked the involvement of the hepatocyte
epidermal growth factor receptor (EGFR) pathway in supporting a pro-inflammatory and pro-fibrogenic niche during
chronic liver damage [42,43]. By establishing a mouse model that expresses an inactive truncated form of the EGFR
specifically in hepatocytes, the work of her group has reported that liver fibrosis was attenuated in transgenic mice compared
to wild type animals where the absence of EGFR activity in hepatocytes induced notable changes in the pattern of immune
cells and in the composition of the cell secretome. Timely connected with the cellular metabolism, Rebecca Wells has
studied the contribution of lipid droplets, the main storage unit for lipid handling in the hepatocytes, as internal mechanical
stressors, as opposed to conventional external stressors including the extracellular matrix or other external forces [44].
Using cell culture models, she showed that these highly dynamic organelles exert a profound mechanical effect on
hepatocytes that includes nuclear deformation, chromatin reorganization, hepatocyte dedifferentiation, and cytoskeletal
disruption. Interestingly, some of these features are also observed in a murine model of steatosis, the pathological state that,
in humans, can precede fibrosis and further lead to cirrhosis and hepatocellular carcinoma. These observations establish a
clear link between hepatic fat accumulation and injury to the hepatocyte, a cell highly sensitive to mechanical stress.

Mesenchymal cells acquiring capabilities of myofibroblasts are the main effectors of fibrosis in different cells and
tissues. In contrast to the liver, where the cells contributing to the myofibroblast population are reasonably well defined, in
other tissues, including the heart, where the cardiomyocyte is the cell type receiving the injury, the origin of the
myofibroblast is still a matter of intense investigation. Jos€Mar B P&ez-Pomares and Adridn Ruiz-Villalba (University of
Mdaga, Spain) described their major advances in the characterization of the embryonic origins of cardiac fibroblasts, their
heterogeneity and involvement in responses to specific pathologic stimuli [45]. As a result of their investigation, their group
has identified reparative cardiac fibroblast subpopulations that express different extracellular matrix components, including
periostin, collagen triple helix repeat containing 1 (CTHRCL1) or asporin, where these proteins define potential targets for
modulating cardiac fibrosis [46].

6. Concluding Remarks

A highly interactive program of three days of duration, which included full communications, short talks and poster
presentations, fostered a lively exchange of ideas among scientists working on fibrosis from different perspectives and
approaches. It is expected that these research efforts will contribute significantly to our knowledge on the mechanisms
underlying the fibrotic process, eventually leading to novel, more effective therapies for the treatment. A metabolic perspective
is indeed a crucial asset in this respect, as was actually reflected in several communications presented in this meeting. To date,
most of the studies have focused on the analysis of the metabolic alterations that occurred within the epithelial (or muscle)
parenchyma, the site of the initial injury. However, it should be kept in mind that most patients suffering from fibrosis in the
context of different diseases seek consultation with an already fully established fibrotic process, arguably irreversible.
Therefore, while the benefit of avoiding the causative agent of the tissue damage and more immediate consequences is
indisputable, the investigation on fibrosis needs to extend the focus on the myofibroblast and its metabolic phenotype in
order to block or attenuate matrix production, thereby providing an effective pathway for reverting fibrosis.
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