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Tissue fibrosis is characterised by the high-energy consumption associated with myofibroblast
contraction. Although myofibroblast contraction relies on ATP production, the role of cellular
metabolism in myofibroblast contraction has not yet been elucidated. Studies have so far only focused
on myofibroblast contraction regulators, such as integrin receptors, TGF-f and their shared
transcription factor YAP/TAZ, in a fibroblast-myofibroblast transition setting. Additionally, the
influence of the regulators on metabolism and vice versa have been described in this context.
However, this has so far not yet been connected to myofibroblast contraction. This review focuses on
the known and unknown of how cellular metabolism influences the processes leading to myofibroblast
contraction and vice versa. We elucidate the signalling cascades responsible for myofibroblast
contraction by looking at FMT regulators, mechanical cues, biochemical signalling, ECM properties
and how they can influence and be influenced by cellular metabolism. By reviewing the existing
knowledge on the link between cellular metabolism and the regulation of myofibroblast contraction,
we aim to pinpoint gaps of knowledge and eventually help identify potential research targets to identify

strategies that would allow switching tissue fibrosis towards tissue regeneration.

Tissue fibrosis is the overgrowth, hardening and/or scarring of tissues,
which is often paired with excessive and dysregulated deposition of extra-
cellular matrix (ECM)'. Although fibrosis closes an injury gap, it is often
negatively associated with a lack of tissue regeneration or failure to repair
and restore damaged tissues’. Cardiac, lung and liver fibrosis are, for
instance, responsible for 45 percent of all mortalities in the United States™**.
Therefore, understanding the mechanisms underlying tissue fibrosis would
allow to identify potential targets for a de-railed regeneration and avoid
scarring in wound healing.

One mechanism considered to be common across organs suffering
from fibrotic changes is the so-called fibroblast-myofibroblast transition
(FMT). Fibroblasts are stromal cells that help in the repair of damaged
tissues in various ways. They are thought to get activated and transition to
myofibroblasts by mechanical strain signals® and the anti-inflammatory
cytokine transforming growth factor-beta (TGF-P)**. TGF-P1 is best
described for this function since, upon activation, it signals through the
Smad2/3 pathway that results in the upregulation of Smad target genes
including many ECM molecules and integrin receptors. Integrin receptors

can pull on the arginylglycylaspartic acid (RGD) peptide of the TGF-p latent
complex to make a cleavage site available for the release of TGF-B*, thereby
inducing a feed-forward loop supporting the process once it has started with
the site-specific release of active TGF-P. This shows the importance of
TGEF-B in tissue fibrosis, and many have tried to target them for attenuating
fibrosis. Indeed, inhibiting FMT by blocking TGF-B1 by CAT-192" or by
inducing myofibroblast apoptosis'' by the single chain antibody C1-3
ameliorated fibrosis in multiple organs. Although promising, no effective
drugs are currently in clinical use'’. Thus, a better understanding of FMT in
the different organ settings and identifying underlying mechanisms that are
common across appears to provide the necessary knowledge that precedes
any targeted therapy development.

Another common mechanism across fibrotic organs caused by FMT is
myofibroblast contraction. Myofibroblast contraction is an essential process
during tissue regeneration that not only closes the wound but also restores
the intrinsic tissue and matrix tension". Cell contraction enables ECM
contraction through the sliding of non-muscle myosin II (NMMII) along
actin stress fibres (Fig. 1). NMMII binds to actin upon adenosine

Julius Wolff Institute (JWI), Berlin Institute of Health and Center for Musculoskeletal Surgery at Charité — Universitatsmedizin Berlin, 13353 Berlin, Germany. 2BIH
Center for Regenerative Therapies (BCRT), Berlin Institute of Health at Charité — Universitatsmedizin Berlin, 13353 Berlin, Germany. *Department of Infectious
Diseases and Respiratory Medicine, Charité — Universitdtsmedizin Berlin, Corporate Member of Freie Universitét Berlin and Humboldt University of Berlin, 13353
Berlin, Germany. “Center of Immunomics, Berlin Institute of Health at Charité — Universititsmedizin Berlin, 13353 Berlin, Germany. °Institute of Chemistry and

Biochemistry — Biochemistry, Freie Universitét Berlin, 14195 Berlin, Germany.

e-mail: georg.duda@charite.de

npj Regenerative Medicine | (2024)9:15


http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-024-00359-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-024-00359-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-024-00359-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-024-00359-x&domain=pdf
http://orcid.org/0009-0006-8589-5350
http://orcid.org/0009-0006-8589-5350
http://orcid.org/0009-0006-8589-5350
http://orcid.org/0009-0006-8589-5350
http://orcid.org/0009-0006-8589-5350
http://orcid.org/0000-0001-8166-8579
http://orcid.org/0000-0001-8166-8579
http://orcid.org/0000-0001-8166-8579
http://orcid.org/0000-0001-8166-8579
http://orcid.org/0000-0001-8166-8579
http://orcid.org/0000-0003-2492-1667
http://orcid.org/0000-0003-2492-1667
http://orcid.org/0000-0003-2492-1667
http://orcid.org/0000-0003-2492-1667
http://orcid.org/0000-0003-2492-1667
http://orcid.org/0000-0001-7605-3908
http://orcid.org/0000-0001-7605-3908
http://orcid.org/0000-0001-7605-3908
http://orcid.org/0000-0001-7605-3908
http://orcid.org/0000-0001-7605-3908
mailto:georg.duda@charite.de

https://doi.org/10.1038/s41536-024-00359-x

Review article
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BioRender.com.
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triphosphate (ATP) hydrolysis forming a so-called cross bridge. Once
adenosine diphosphate (ADP) and inorganic phosphate (Pi) are released
from myosin, the actin filament is pulled across myosin which results in
cellular contraction'. Such cellular contraction pulls on ECM components
thus forming a more compact ECM network and eventually enables wound
closure. However, in fibrosis, myofibroblasts perform contractions that are
frequently called excessive and may result in hypertrophic scarring".
Inhibition of myosin by chemical inhibitor Ble has been shown to attenuate
liver fibrosis in vivo’, but also here no effective drugs targeting myosin for
fibrosis are in clinical use yet. Hence, other mechanisms might play a role in
myofibroblast contraction and could be considered when targeting a ther-
apeutic approach.

Since myofibroblast contraction is a strong energy-consuming process
involving high amount of ATP hydrolysis, it suggests to be linked to cellular
metabolism during FMT. Cellular metabolism is a map full of interlinked
pathways, such as glycolysis and the tricarboxylic acid (TCA) cycle, which
make up the sum of biochemical processes that either produce or consume
energy and macromolecules. Glycolysis is, for instance, the conversion of
glucose to pyruvate. Pyruvate is then shuttled into the TCA cycle to produce
ATP through oxidative phosphorylation*™””. However, cancer cells have
shown a different ATP production via the so-called Warburg effect. This
includes the fermentation of lactate, even in the presence of oxygen, and is
characterised by high glycolytic rates'>'. Although described for cancer
cells, stromal cells have shown similarities to the Warburg effect during
migration and proliferation. Myofibroblasts convert pyruvate to lactate for
ATP production”” and thereby resemble another cancer characteristic,
namely enhanced glutaminolysis” . Glutaminolysis is the conversion of
glutamine to glutamate, which can then be used for multiple pathways, but is
often used to replenish the TCA cycle. In oncology, the knowledge about
metabolic dependencies for cancer cells has led to novel drug development
that targets metabolic vulnerabilities™. However, this has not yet been
transferred to treatment strategies for fibrotic diseases.

More recently, energy metabolism has appeared as one of the processes
that is regulated by mechanical cures (extensively reviewed by Romani
et al.””). However, the exact mechanisms and receptors involved in tissue
contraction, especially how this is regulated by energy metabolism, have not
been fully elucidated. This review addresses how relevant cellular metabo-
lism is for tissue contraction.

Within this review we aim to discuss the knowledge available linking
FMT regulators, ECM properties and energy metabolism. Additionally, we
would like to compare the mechanisms between mechanical cues and
biochemical signalling that led to altered energy metabolism during FMT.
We further highlight mechanisms eventually common across multiple
organs and describe how these mechanisms may be leveraged for the design
of future studies to examine potential targets that lead to the switch between
regeneration and aberrant fibrosis.

Integrin receptors influence cellular metabolism in
myofibroblast contraction through ECM sensing
Myofibroblast contraction is essential to wound healing but should be
tightly regulated during tissue regeneration to prevent scarring. The

contraction is not only essential for wound closure but also restores the
intrinsic tension that was initially lost by injury of the organ. When dys-
regulated, persistent myofibroblast contraction causes tissue fibrosis'.
Although cellular metabolism plays a role in myofibroblast contractility, the
influence of cellular metabolism on myofibroblast contraction has sur-
prisingly not been elucidated. The few studies have only focused on actin
filament dynamics and apparently did not consider the cell/tissue con-
tractility. Since myofibroblast contraction can be regulated by integrin
receptors, we will here focus on the influence of cellular metabolism on the
integrin regulation of myofibroblast contraction.

ECM properties regulate myofibroblast contraction
Myofibroblast contraction can be regulated by integrin receptors. Integrins
are single transmembrane-spanning receptors which bind at their extra-
cellular site to ECM components, such as fibronectin (FN) and collagen,
while at the cytosolic domain, they activate signalling cascades by recruiting
adaptor proteins Talin and Kindlin. Interestingly, integrins can signal either
inside-out or outside-in, depending on ligand binding. The inside-out sig-
nalling is the binding of actin to integrin receptors facilitated by Talin and
Kindlin that activates the receptor from the cytosolic side, causing it to reach
outand grab onto FN or collagen™. Similarly, binding to the RGD sequence
in FN can switch on the intracellular signalling cascade by activating focal
adhesion kinases that associate with the C-terminal tail of integrins, referred
to as outside-in signalling”**.

Additionally, integrins respond differently to soft and stiff ECM
properties. First, soft ECM defined with Young’s modulus (E) around
2kPa”, such as FN, is mainly bound by av integrins, whereas stiff ECM
defined with E above 35 kPa®, like collagen, is bound by 1 integrins®. This
leads to different signalling cascades, such as the Rho-mDia axis and the
Rho-Rock axis, respectively. The Rho-mDia axis is responsible for the
assembly of actin filaments and is often paired with the migration of
fibroblasts, while the Rho-Rock axis is necessary for myosin II transcription
and could therefore cause the contraction™. Indeed, blocking myosin II by
RNA interference was necessary to prevent the contraction observed in
tissue fibrosis’. Thus, integrins have a dual role in the assembly of stress
fibres but need stiff ECM to actually promote myofibroblast contraction.

ECM properties activate alternative metabolic pathways

As contraction needs ATP hydrolysis, it can be expected that soft and stiff
ECM activate alternative metabolic pathways. Indeed, soft ECM promotes
cholesterol and neutral lipid synthesis (Fig. 2a). The reduced amount of
stress fibres inhibits phosphatidate phosphatase lipin 1 (LPIN1) activity,
which in turn decreases diacylglycerol (DAG) levels in ER/Golgi
membranes™”. Consequently, sterol regulatory element-binding protein
(SREBP) proteins accumulate at the Golgi apparatus where they are cleaved
by proteases. The cytoplasmic domain of SREBP is thereby released and
shuttles into the nucleus where it drives the expression of fatty acids and
cholesterol biosynthetic enzymes, such as fatty acid synthase, f-hydroxy
B-methylglutaryl-CoA (HMG-CoA) reductase, and the low-density lipo-
protein (LDL) receptor’™. In contrast, stiff ECM sustains glycolysis
(Fig. 2b). Increased numbers of stress fibres keep tripartite motif
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Fig. 2 | Integrin receptors influence cellular metabolism through ECM sensing.
a Soft ECM activates the Rho-mDia signalling cascade leading to increased lipid
synthesis by accumulating SREBP at the Golgi apparatus that in turn after being
cleaved can upregulate the expression of HMG-CoA and LDL receptor for the
mevalonate and lipid synthesis pathway. Additionally, soft ECM regulates the
integrin co-receptor CD98hc to import sphingolipids which helps in increasing the
lipid content in the cell and therefore also the Rho recruitment to the cell membrane.
b Stiff ECM activates the Rho-ROCK signalling cascade leading to higher glycolytic
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rates by on one hand inhibiting the degradation of phosphofructokinase (PFK) and
on the other hand inhibiting AMP-activated protein kinase (AMPK) and stimu-
lating Na+-/H+ exchangers to promote higher pH for elevated glycolytic flux. ALDO
aldolase, DAG diacylglycerol, DHAP dihydroxyacetone phosphate, F1,6BP fructose
1,6-bisphosphate, G3P glyceraldehyde 3-phosphate, HMG-CoA f-hydroxy
B-methylglutaryl-CoA, LDL low-density lipoprotein, LPIN1 phosphatidate phos-
phatase lipin 1, mTOR mammalian target of rapamycin. Created with
BioRender.com.

containing-21 (TRIM21) locked from its phosphofructokinase (PFK)
degradation function®. Hence, glycolysis gets promoted. Additionally, stiff
ECM activates Rock protein, which subsequently inhibits adenosine
monophosphate (AMP)-activated protein kinase (AMPK)”, affecting

glycolysis via mammalian target of rapamycin (mTOR). Moreover, Rock
promotes the activity of Na/H exchanger since high glycolytic rates lead to
intracellular accumulation of lactate and acidification of cells, which nega-
tively regulates enzymes and focal adhesions at integrins™”. In summary,
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stiff ECM seems to promote fast ATP generation compared to soft ECM,
which aids contraction.

Furthermore, soft and stiff ECM might have different effects on the
mitochondria. Mitochondria are extremely dynamic organelles, constantly
undergoing processes of fission and fusion depending on the cellular needs.
Mitochondrial GTPases Mitofusin-1, Mitofusin-2 and Optic atrophy
mediate fusion, whereas dynamin-related protein 1 (DRP1) executes fission,
resulting in aerobic glycolysis. The latter is also the most mechanosensitive
mitochondrial GTPase”. Stromal cells grown on soft ECM (E = 0.35 kPa)
showed fragmented mitochondria, whereas stiff ECM (E =40 kPa) pro-
moted mitochondrial fusion, oxidative phosphorylation and suppressed
DRP1 expression”. Additionally, elevated levels of DRP1 can be found in
cardiac”, liver”, pulmonary and renal® fibrotic tissues, relatively “soft”
tissues, which implies that the in vitro situation is mimicking the in vivo
environment for tissue fibrosis. In summary, soft ECM promotes aerobic
glycolysis, thus slowing ATP generation, whereas stiff ECM promotes
oxidative phosphorylation, thus increasing the ATP generation in stromal
cells and aiding the contraction.

Added to the direct influence of ECM, integrins do also signal through
biochemical signalling cascades. Two of them are already mentioned in the
regulation section and seem to influence the metabolism as well. The Rho-
Rock axis inhibits AMPK” and therefore also the homoeostatic fatty acid
oxidation (FAO) that can be observed in the heart, lungs and skin. AMPK is
known to regulate catabolic metabolism and inhibit anabolic metabolism.
Conversely, mTOR promotes anabolic metabolism and seems to be upre-
gulated by the inhibition of AMPK. Moreover, integrins are known to bind
focal adhesion kinases and so Src family kinases, which can also promote
mTOR signalling through the phosphoinositide 3-kinase (PI3K)-Akt
pathway. This signalling cascade is associated with high glycolytic rates and
fast ATP production which may help in facilitating myofibroblast
contraction.

Cellular metabolism impacts integrin receptor signalling

Since metabolism supplies not only ATP but also building blocks for every
aspect of cell biology, including stress fibres and ECM, energy generation
should influence integrin signalling by cytoskeleton remodelling. Although
not known for contractility, migration studies have shown that the ATP-to-
ADP ratio increases when fibroblasts are migrating to a denser collagen
matrix". This increase in ATP concentration has been shown to be essential
for migration and suggests a role for mitochondria. The fragmented mito-
chondria are found at the cell cortex and thereby seem to fuel the acto-
myosin cytoskeleton required for migration.

Moreover, glycolytic enzymes seem to have a role in stabilising F-actin
structures. Aldolase can bind to actin, especially in stress fibres, and act as a
bundling protein. By binding to actin, aldolase inhibits cell motility and
spreading and thereby is not accessible for its role in glycolysis***. The latter
is regulated by the abundance of glycolytic intermediates*", suggesting a
potential influence of metabolism on actin dynamics.

A different way by which integrin signalling is regulated is membrane
fluidity. Membrane fluidity is the property of the cell membrane that allows
it to adapt its shape and movement to different conditions. Three factors
influence membrane fluidity: temperature, cholesterol and type of fatty
acids, where unsaturated fatty acids cause more membrane fluidity and
saturated fatty acids promote more rigid membranes”. Cholesterol-treated
fibroblasts showed increased Talin and integrin expression, indicating that
higher membrane fluidity enhances integrin signalling'**. Intriguingly,
cellular metabolism can regulate integrin mechano-sensing via a sphingo-
lipid metabolic pathway that is controlled by the amino acid transporter and
integrin co-receptor CD98hc. Loss of CD98hc decreased sphingolipid
availability and prevented proper membrane recruitment and activation of
regulators of Rho™. Since sphingolipids are fatty acids and thus also
important to membrane fluidity, this complements the hypothesis that
membrane fluidity is important for integrin signalling.

To summarise this section, integrin receptors influence cellular
metabolism in myofibroblast contraction through ECM sensing. First, soft

ECM promotes the assembly of actin filaments, cell migration, mitochon-
drial fission, and fatty acid synthesis. The latter is important for membrane
fluidity, which was shown to be important for enhancing integrin signalling.
Second, stiff ECM promotes Rho-Rock signalling which is essential for
myosin II transcription. It sustains glycolysis for fast ATP generation and if
Young’s modulus gets high enough could provide a potential negative
feedback loop. Thus, soft ECM seems to prime the fibroblast for its needs for
myofibroblast contractions, whereas stiff ECM simply sustains those needs.

TGF-p influences cellular metabolism in myofibroblast
contraction

Although TGF- is the best-described regulator for FMT and therefore also
myofibroblast contraction, it still can be interesting to look at the influence
of TGF-B on cellular metabolism and conversely the influence of cellular
metabolism on TGF-f signalling. By comparing the signalling of TGF-$
with integrins, we could select key pathways necessary for the contraction
and the key influence on contraction. The following subsection will describe
how TGF-p regulates myofibroblast contraction before going in-depth into
how its signalling cascade is influenced by cellular metabolism.

TGF-p influences myofibroblast contraction by enhancing «SMA
expression, but not myosin Il expression

There are three mammalian members of TGF-B, TGF-p1, TGF-p2
and TGF-B3, resembling a subgroup of the large TGF-B/bone mor-
phogenetic protein (BMP) growth factor family. TGF-f is secreted
and deposited in the ECM as a large latent complex™. Integrin avf5
and avp7 can bind to the RGD sequence of the complex and release
mature TGF-B into the microenvironment by pulling on the latent
complex to make a proteolytic cleavage site accessible for cleavage.
Only after release the mature homodimeric ligand binds to their
respective receptors on the cell membrane®’. Their receptors are
transmembrane proteins and include a type I receptor (TPBRI), also
known as activin receptor-like kinase 5 (ALK5)”, and a type II
receptor (TPRII), each carrying a serine/threonine kinase domain.
Upon stimulation, TPRII phosphorylates TPRI and consequently
TPRI can phosphorylate Smad in the canonical signalling and
mitogen-activated protein kinase (MAPK), Rho and PI3K-Akt in the
non-canonical signalling’’. The canonical signalling is well known for
enhancing a-smooth muscle actin (aSMA) expression and thereby
causing FMT (extensively reviewed for renal®, hepatic*, lung® and
cardiac fibrosis®®)”. In addition, PI3K-Akt can also enhance aSMA
expression when stimulated by focal adhesion kinases™. The inhibi-
tion of both pathways resulted in reduced contraction and could even
attenuate fibrosis® . Thus, TGF-B influences myofibroblast con-
traction by enhancing aSMA expression, but not through myosin II
expression.

TGF-f stimulates metabolic pathways to gain stiffer ECM in their
microenvironment

Although it has been known that FMT is paired with an increase in glucose
uptake, enhanced glycolytic activity and activation of serine synthesis
pathway, it is only recently discovered that TGF-{ is mainly responsible for
these activities. Upon stimulation with TGF-p, fibroblasts showed higher
glucose consumption, higher ATP levels and higher oxygen consumption
rates. When tracing glucose through the cell, it was found that the higher
glucose consumption does not only result in elevated lactate levels but also
serine and glycine are produced from the glucose consumption upon TGF-f3
stimulation®. Remarkable, TGF-B also increased the labelling of multiple
TCA cycle metabolites from glucose®, whereas it has been implied that
TGF-B decouples the TCA cycle from the glycolysis to produce more
ATP"?***** The uncoupling from oxidative phosphorylation is also sup-
ported clinically by a metabolomics study of patients with renal fibrosis
where they found fewer TCA cycle intermediates®. Nevertheless, this was a
serum analysis and therefore might not represent the metabolic environ-
ment in fibrotic tissues. Other metabolomics studies performed on patients’
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biopsies from idiopathic pulmonary fibrotic lungs” and fibrotic liver®®
support the results found for the glucose flux towards the TCA cycle. This is
in line with the higher availability of glucose for biosynthesis and mito-
chondrial oxidation upon TGF-f stimulation.

Despite of enhanced glycolytic flux, this is not enough to meet
the high metabolic demands of myofibroblasts and increased carbon
supply through other pathways is needed to support biosynthetic
requirements. For example, studies have shown that glutaminolysis is
required for TGF-B-induced FMT?' and collagen production™*.
Myofibroblasts convert glutamate to proline and a knockdown of
pyrroline-5-carboxylate synthase (P5CS), the enzyme responsible for
this conversion, attenuated the collagen production induced by TGF-
B and even supplementing the medium with extracellular proline did
not rescue the collagen production®*. This implies de novo synthesis
of proline is vital for collagen production. Thus, TGF-f stimulates
both glycolysis and glutaminolysis for its collagen production.

The observed higher glucose consumption for elevated lactate, serine,
and glycine levels as well as more TCA cycle activity and proline synthesis can
either come from the canonical (Fig. 3a) or non-canonical pathway
(Fig. 3b). Although clearly aiding FMT, so far, the impact of the canonical
signalling pathway on cellular metabolism is understudied. Currently, few
studies have investigated the effect of Smad proteins on TGF-B-induced
metabolic alterations. For example, a knockdown of Smad2 and Smad3
reduced the TGF-f-induced expression of the rate-limiting enzyme of gly-
colysis 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3)”
and the rate-limiting enzyme of serine synthesis pathway phosphoglycerate
dehydrogenase (PHGDH) and serine hydroxymethyltransferase 2
(SHMT?2)”. The last one is responsible for the conversion of serine into
glycine”, which is known to get incorporated into collagen upon TGF-
stimulation and is a metabolic characteristic for myofibroblasts™”*’*. Another
hint that Smad proteins are indeed involved in regulating cellular metabolism
is the knockdown of Smad4, a common Smad required for nuclear shuttling
of R-Smads to act as transcription factors. Smad4-knockdown inhibited
directly the TGF-B-induced TCA cycle activity and proline synthesis™***".
This implies that Smad proteins do influence also FMT by stimulating
metabolic alterations. However, more studies must be performed to under-
stand the molecular details.

In contrast to the canonical signalling pathways, the impact of
the non-canonical pathway on cellular metabolism has been studied
more, mainly the role of mTOR has been identified as the key player
in fibrosis. Stimulating human lung fibroblasts with lipopoly-
saccharide (LPS) activated the PI3K-Akt-mTOR pathway and sub-
sequently caused an upregulation in PFKFB3 expression”.
Additionally, higher expression levels were found for the serine
synthesis pathway due to an accumulation of ATF4 through the
PI3K-Akt-mTOR pathway’”. This further enhanced aerobic glycolysis
and promoted collagen production. Moreover, these enhanced
expression levels were also detected in the mouse model for LPS-
induced pulmonary fibrosis”. All these effects and the fibrosis could
be almost abolished with the mTOR inhibitor rapamycin, revealing
the importance of mTOR in the metabolic reprogramming of fibro-
blasts into myofibroblasts.

Likewise, MAPK was shown to phosphorylate activating transcription
factor 2 (ATF2) in a redox-dependent manner, and consequently induce
transcriptional activation of peroxisome proliferator-activator receptor
(PPAR) gamma co-activator-la (PGC-1a)™. This stimulates not only gly-
colysis but also mitochondrial biogenesis which is required for the expres-
sion of a-SMA”. Additionally, activating PGC-1a is known to cause a
mitochondrial calcium uniporter (MCU)-mediated metabolic reprogram-
ming to FAO. Interestingly, a knockdown of MCU in macrophages led to
protection against pulmonary fibrosis by promoting glycolysis’. This
emphasizes the intercellular dependency on the metabolic activities between
fibroblasts and immune cells leading to pro-fibrotic conditions. In contrast,
there are also studies reporting how MAPK downregulates FAO tran-
scription factors, such as PGC-1a”"”*. Consequently, an increase in fatty acid

synthesis, in TGF-f production and a decrease in ECM degradation could
be observed”. One explanation of the different mechanisms is that PGC-1a
has different possible binding partners. When PGC-1a binds to PPARYy,
mitochondrial biosynthesis and FAO is stimulated, whereas binding to
PPARa inhibits FAO”. This clearly highlights the importance of under-
standing the molecular details of the involved signalling cascades and their
impact on metabolic reprogramming to determine the pathophysiology of
fibrosis.

Energy-producing pathways are important for TGF-f signalling
cascades

Extensive evidence indicates that cellular metabolism also influences TGF-f
signalling. It started with exposure to high glucose concentrations, which
enhanced TGF- production®*'. A surprising aspect of this production is
that glucose is not necessarily important. Glucosamine, an intermediate of
the hexosamine biosynthetic pathway, was more potent than glucose to
enhance the production. Indeed, inhibition of glutamine:fructose-6-phos-
phate amidotransferase negatively impacted TGF-B production®. Never-
theless, high glucose concentrations do stimulate higher TbRI and TbRII
levels at the cell membrane®. High lactate levels have a similar effect to high
glucose concentration™ and can be thought of as an effect of high glucose
levels. Thus, high glucose concentrations promote TGEF-p signalling
through enhancing lactate and TGF-{ production and more receptors on
the cell membrane.

Fatty acids are also important to consider, as they are not only building
blocks for cell membranes but are also energy-rich compounds that can be
degraded to provide ATP via FAO. As mentioned earlier, this is the pathway
that fibroblasts rely on for their homoeostatic state. Fascinatingly, FAO
enhanced the expression of TGF-B*, whereas its counterpart fatty acid
synthesis reduced the TbRI and TbRII levels at the cell membrane. This
indicates that ATP production is particularly important to stimulate TGF
production and signalling™.

In summary, TGF- promotes the expression of aSMA in fibroblasts
which is the key characteristic for myofibroblasts. Intriguingly, the homo-
eostatic FAO is enough to help in the TGF-p production and stimulate the
myofibroblast phenotype. However, TGF-f also stimulates glycolysis and
glutaminolysis to promote collagen production and thereby further enhance
its autocrine production and secretion, creating a positive feedforward loop.
Together, it shows that the energy-producing pathways are important for
the working mechanism of TGF-p.

Connecting TGF-p and integrin signalling through
YAP/TAZ

Interestingly, both integrin- and TGF-f signalling are known to be influ-
enced by Yes-associated protein/transcriptional coactivator with PDZ-
binding motif (YAP/TAZ), and this can be a common mechanism for
regulating cellular metabolism and myofibroblast contraction. YAP and
TAZ are paralogous proteins that act as transcription co-activators for the
transcriptional enhanced associate domain (TEAD) family of transcription
factors to control gene expression”’. The next subsections will focus on the
influence of YAP/TAZ on myofibroblast contraction and its involvement
with cellular metabolism.

Stiff ECM promotes nuclear localisation of YAP/TAZ and causes
aSMA transcription in synergy with Smad complex
Myofibroblast contraction regulation by YAP/TAZ is very dependent
on its cellular localisation®”. YAP/TAZ are localised in the cytoplasm
in cells that are on soft ECM, whereas stiff ECM promotes YAP/TAZ
nuclear localisation through the opening of the nuclear envelope
pores by tensioned stress fibres*". The importance of stress fibres is
confirmed by the inhibition of NMMII. The blockage of myosin II
decreased the nuclear accumulation of YAP1 and promoted the
cytoplasmic localisation of YAP1Y. By keeping YAPI in the cytosol,
they cannot promote fibrotic gene expression and therefore inhibit
fibrosis.

npj Regenerative Medicine| (2024)9:15



https://doi.org/10.1038/s41536-024-00359-x

Review article

|
" H+ Lactate

a-SMA

£ Collagen synthesis

i
"
A 4

3PG ——» Serine — Glycine

Lactate «— Pyruvate l

ATF

-«

a-SMA

Fatty acid oxidation
@n@m

.

Glucose

F1,6BP

l

3PG ———» Serine

|

Pyruvate =———p Lactate

Sterols
Fatty acids

—_

TBR

" 1o

Fig. 3 | TGF-B influences cellular metabolism through canonical and non-
canonical pathways. a The Smad complex promotes not only a-smooth muscle
actin (aSMA) expression for myofibroblast contraction but also a higher glycolytic
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sphatase 3 (PFKFB3) and proline synthesis for collagen production. b The non-
canonical pathway of TGF-p receptors promotes aSMA expression as well as fatty
acid oxidation. The decrease in sterols and fatty acid levels in turn inhibits TGF-f
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and its receptors production. ATF activating transcription factor, GLUT glucose
transporter, MAPK mitogen-activated protein kinase, n'TOR mammalian target of
rapamycin, PFK phosphofructokinase, PGCla PPAR gamma co-activator-1a,
PHGDH phosphoglycerate dehydrogenase, PI3K phosphoinositide 3-kinase,
PPARg peroxisome proliferator-activator receptor, SHMT2 serine hydro-
xymethyltransferase 2. Created with BioRender.com.

Furthermore, YAP/TAZ is known to influence TGF- signalling. Y AP/
TAZ can bind the activated Smad complex in the nucleus and thereby retain
the complex in the nucleus to promote aSMA transcription. The binding of
YAP/TAZ to the Smad complex, however, only happens on stiff ECM. Soft
ECM inhibits TGF-B-induced Smad signalling by controlling Smad2/3
localisation, which is in turn regulated by YAP/TAZ®. Thus, stiff ECM
promotes YAP/TAZ nuclear localisation where it -in synergy with the TGF-

B signalling cascade- causes aSMA transcription and influences myofibro-
blast contraction.

YAP/TAZ regulates not only glycolysis and glutaminolysis during
FMT but also lipid metabolism

It is known that several metabolic pathways can be regulated by YAP/TAZ
(Fig. 4). First, glycolysis gets promoted by YAP/TAZ nuclear localisation.
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Fig. 4| YAP/TAZ bridges the influences of ECM and TGF-p. YAP/TAZ localizes
to the nucleus upon stiff ECM where it stabilizes the Smad complex and sustains the
gene expression observed for TGF-f. Moreover, YAP/TAZ can also independently
promote glycolysis and glutaminolysis by increasing the expression of glucose
transporters (GLUTS), of phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
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(PFKFB3) and of glutamine synthesis (GLS1) for the collagen production. As a
consequence, increased sterol and fatty acid levels promote more Rho expression
and thereby promote a feedforward loop. AMPK AMP-activated protein kinase,
mTOR mammalian target of rapamycin, PFK phosphofructokinase.

Here, YAP/TAZ stimulate glucose transporter 1 (GLUT1) transcription”.
Additionally, hexokinase and PFKB3 are induced by YAP/TAZ”, which
together with GLUT1 expression causes increased glycolytic activity in
fibroblasts. Second, YAP/TAZ regulate the expression of glutaminase 1
(GLS1) and phosphoserine aminotransferase (PSAT1)”, the enzymes
responsible for glutaminolysis. Interestingly, the metabolic reprogramming
of glutaminolysis is dependent on YAP-mediated induction of GLS1. This
was shown by inhibition of YAP, which led to inhibited glutaminolysis and
suppression of fibrosis™**”. Moreover, this confirms the earlier observations
that glutaminolysis becomes important for FMT.

In addition to the central carbon pathways, lipid metabolism seems to
be regulated by YAP/TAZ as well. However, there is some contradicting
literature. On one hand, YAP/TAZ was found to decrease lipid deposition™.
On the other hand, it was shown that YAP/TAZ accelerated lipid
accumulation”. It should be noted that these studies were performed in
different tissues, liver, and adipose tissue respectively, and this indicates a
tissue-specific response for YAP/TAZ.

Nutrient availability regulates YAP/TAZ localisation through
AMPK and mTOR in a similar manner as the ECM properties
The influence of cellular metabolism on YAP/TAZ has been known for a
while. YAP/TAZ is regulated by AMPK and mTOR upon nutrient avail-
ability. For example, AMPK inhibits YAP/TAZ activity upon glucose star-
vation, whereas mTOR promotes YAP/T AZ nuclear localisation upon high
glucose concentrations’”. This can provide a feedback loop in the regen-
eration stages. The initial haematoma stage does not have a nutrient source
as vessels are ruptured'”. This means that glucose levels are very limited, and

no ECM is yet produced. Together, the soft ECM and glucose starvation
prevent YAP/TAZ from localising into the nucleus, whereas later stages with
stiffer ECM and higher glucose levels stimulate YAP/TAZ activation.

YAP/TAZ is also regulated by lipid metabolism. One of the first to be
reported as a link between YAP/TAZ and cellular metabolism was an
activated mevalonate pathway'”"'”>. The mevalonate pathway is the fatty
synthesis pathway, which results in cholesterol, bile acids and steroid hor-
mones. Reducing cholesterol levels by statins resulted in efficient suppres-
sion of YAP/TAZ nuclear localisation'”, clearly showing a link between
YAP/TAZ and cellular metabolism. Additionally, multiple studies showed
that this inhibition was due to Rho inhibition, linking YAP/TAZ back to
integrin signalling'”"'”’. Thus, YAP/TAZ might provide a common cascade
for cellular metabolism and its influence on contraction.

Conclusion and outlook

A changing metabolic phenotype of myofibroblasts is nowadays more
recognised to play a role in collagen production. Myofibroblasts, for
instance, have a higher glycolysis and glutaminolysis rate to promote the
synthesis of essential amino acids compared to fibroblasts. Nevertheless, the
role of cellular metabolism in myofibroblast contraction remained unex-
plored. This review aimed to provide an overview of the influence of cellular
metabolism on myofibroblast contraction (Fig. 5).

We conclude that integrin receptors and TGF- have similar effects on
cellular metabolism and conversely, cellular metabolism has similar effects
on integrin receptor and TGF-p signalling. Both receptors enhance glyco-
lysis and inhibit FAO™, creating a feed-forward loop for better integrin
and TGF-p signalling cascades™***. Additionally, TGF-B enhances the
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Fig. 5 | Overview of cellular metabolism and myofibroblast contraction cascades.
Soft ECM causes signalling through the Rho-mDia axis, which is often paired with
the assembly of actin filaments and upregulation of the mevalonate pathway.
Additionally, the same integrin receptors can bind the latency complex of TGF-f
thereby causing release of the mature ligand. This, together with YAP/TAZ, then
takes over the actin filament synthesis and by increasing the expression of key
enzymes in the glycolysis and glutaminolysis the TGF-p and YAP/TAZ axis produce
stiffer ECM. Stiff ECM causes the integrin signalling to shift to the Rho-ROCK axis,

which is paired with myosin II synthesis and subsequently contraction. Additionally,
ROCK promotes YAP/TAZ to be localised in the nucleus to promote a feedforward
loop towards stiff ECM and myofibroblast contraction. By inhibiting key points in
the feedforward loop, such as the mevalonate pathway with statins'”'"?, glycolysis
with Anlotinib'", lactate production by GSK2837808A'", or glutaminolysis with
BPTES'”'%, it might be possible to break the loop and thereby switch the fibrotic
cascades back to regenerative cascades.

utaminolysis activity of myofibroblasts*"*’, which can also be observed b
y: ty 'y Y

YAP/TAZ stimulation™. It is even suggested that YAP/TAZ is needed for
the enhanced glutaminolysis activity since they enhance the transcription of
GLS1, the enzyme responsible for the conversion of glutamine to glutamate.

This implies that the central carbon metabolic pathways are important for
myofibroblast contraction and inhibition might result in attenuated fibrosis.
Indeed, glycolysis inhibition alleviated cardiac fibrosis'™ and joint
osteoarthritis'>'*. GLS inhibition in an airway specimen inhibited scar
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fibroblast proliferation and function and targeting the glutaminolysis in
heart tissue has been shown to reverse fibrosis'”'”, demonstrating the
critical role of GLS and glutaminolysis as well. Together, this shows a
metabolic dependency of myofibroblasts during contraction and FMT and
could be transferred to a new treatment strategy.

Another promising metabolic pathway that has not yet been resear-
ched in detail is the mevalonate pathway. Cholesterol seems to play an
important role in regulating responses. It does not only regulate membrane
fluidity, hence integrin signalling but also causes reduced TBRI and TPRII
levels at the cell membrane and YAP/TAZ in the nucleus. Statins, which are
known to not only reduce cholesterol levels but also have anti-inflammatory
effects, have been tested in lung fibrosis and showed a decrease in fibrotic
tissue'”"". Similarly, cardiac and liver fibrosis improved by statin
treatment''"'"”. However, it is worth mentioning that depletion of choles-
terol does result in enhanced TGF-p sensitivity due to increased Smad2/3
expression and phosphorylation'”. Despite of the higher TGF-p sensitivity,
reduced cholesterol levels might still cause a less lasting effect on the Smad
proteins since YAP/TAZ nuclear localisation is reduced and therefore sta-
tins might still be effective. Hence, the mevalonate pathway might also form
a solution for better effective drugs in clinical use after fibrotic tissue has
occurred.

Despite these promising perspectives, several questions remain: Most
studies reported here focused on the effect of mechanics on metabolism and
did not consider cellular contraction. As metabolism is known to modulate a
lot of cellular processes, it should be interesting to look at how metabolism is
also altering the mechano-transduction and contraction of cells. Addi-
tionally, most studies analysed in this review have been performed in 2D in
vitro or ex vivo experiments. This does not take the microenvironment of
the cells into account as they would have experienced in vivo. A recent
development in cancer research is the use of 3D spheroids that have revealed
3D-specific behaviours' ', As this is also of importance for tissue regen-
eration as described in our review, we propose to develop and implement 3D
tissue engineering techniques for tissue fibrosis that allow for metabolic
analysis. By combining the 3D environment with biochemical signals, such
as TGF-B, and mechanical stimuli, such as changing biophysical properties
of the ECM, a better understanding can be reached of the conditions that
cells experience in tissues and organs in vivo. Moreover, different tissues
have different tissue stiffness, different fibroblast subsets and different
resident metabolites and therefore different homoeostatic metabolic states
as well as homoeostatic cytokine states. This can massively alter the response
of the fibroblasts used for a study. Hence, by implementing the tissue-
specific stiffness, fibroblast subsets and homoeostatic cytokine and meta-
bolic states in the 3D tissue environments, a cross-examining of tissues and
organs can be performed to assess whether there is a common mechanism
between cellular metabolism and myofibroblast contraction. Only then,
effective drugs can be designed for clinical use.
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