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Chronic Kidney Disease (CKD) is characterized by organ remodeling and fibrosis due to
failed wound repair after on-going or severe injury. Key to this process is the continued
activation and presence of matrix-producing renal fibroblasts. In cancer, metabolic
alterations help cells to acquire and maintain a malignant phenotype. More recent
evidence suggests that something similar occurs in the fibroblast during activation.
To support these functions, pro-fibrotic signals released in response to injury induce
metabolic reprograming to meet the high bioenergetic and biosynthetic demands of
the (myo)fibroblastic phenotype. Fibrogenic signals such as TGF-B1 trigger a rewiring
of cellular metabolism with a shift toward glycolysis, uncoupling from mitochondrial
oxidative phosphorylation, and enhanced glutamine metabolism. These adaptations
may also have more widespread implications with redirection of acetyl-CoA directly
linking changes in cellular metabolism and regulatory protein acetylation. Evidence also
suggests that injury primes cells to these metabolic responses. In this review we discuss
the key metabolic events that have led to a reappraisal of the regulation of fibroblast
differentiation and function in CKD.
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INTRODUCTION

While the kidney can recover from acute injury, persistent and/or severe injury results in the
chronic accumulation of scar tissue (fibrosis) and progressive renal failure. Understanding the
mechanisms that regulate the transition from acute kidney injury to chronic kidney disease (CKD)
is important, because once fibrosis is initiated it can be extremely difficult to switch off or reverse
(Hewitson, 2009; Hewitson et al., 2017a). A defining characteristic of this transition is a maladaptive
repair and a persistent activation of fibroblast-like cells (Darby and Hewitson, 2007). These cells are
the major source of the excess extracellular matrix (ECM) proteins in a process that is inherently
similar in different organ pathologies.

WHAT IS A FIBROBLAST?

Single cell sequencing has highlighted the considerable heterogeneity of the fibroblast population in
the kidney (Wu et al., 2019). One of the most vexed questions in fibrosis research is therefore—how
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do we define a fibroblast? Potentially fibroblasts include any
ECM-producing cell in the connective tissue stroma. Consistent
with their diversity, multiple cellular origins for the fibroblast
have been suggested including epithelial- and endothelial-to-
mesenchymal transition, infiltration of bone marrow precursors
and macrophages (Duffield et al., 2013), along with a resident
quiescent mesenchymal stem cell precursor, often simply referred
to as a pericyte (Chou et al., 2020).

ROLE OF THE MYOFIBROBLAST

It has repeatedly been shown that a population of activated
fibroblasts can be identified by de novo expression of a-smooth
muscle actin (¢®SMA), a protein normally associated with smooth
muscle cells (Darby and Hewitson, 2007). These cells display
properties of both fibroblasts and smooth muscle cells including
prodigious synthesis of ECM and contractile functions through
the formation of actin-myosin fibers (Tomasek et al, 2002).
Interstitial myofibroblasts are a feature of both primary and
secondary tubulointerstitial pathologies in the kidney.

The myofibroblast was first described in skin wound healing
where its transient presence in granulation tissue is responsible
for repair and contraction of the wound area to facilitate healing.
Based on this, it is often assumed that they have a similar acute
repair role in the kidney in response to injury. Accordingly, some
have postulated that these cells are initially recruited to synthesize
ECM in order to stabilize injured tubules (Kaissling et al., 2013).
Regardless, their ongoing presence in the kidney, as elsewhere,
results in scar tissue formation and contracture.

ACTIVATION OF FIBROBLASTS

The initial differentiation of fibroblasts to so-called
myofibroblasts is a process driven by cytokines/growth factors
released by injured parenchyma and infiltrating inflammatory
cells (Darby and Hewitson, 2007). While a number of pro-fibrotic
influences exist, transforming growth factor-p1 (TGF-p1) has
consistently been shown to be the pre-eminent fibrogenic signal
(Meng et al., 2016).

Fibroblasts Can Act Autonomously

During fibrosis, fibroblasts begin to act autonomously and
independently of tubular and leukocyte inflammation (Leaf
and Duffield, 2017). Indeed, recently Buhl et al. have elegantly
shown that activation of fibroblasts per se is sufficient to
drive progressive fibrosis and systemic features of CKD (Buhl
et al., 2020), independent of any surrounding tubular and
interstitial pathologies.

This process seems particularly pertinent to TGF-f1, which
is secreted as a latent protein bound to adjacent ECM and with
activation on release from the latency complex. Thus, TGF-
p1 synthesized by tubules can’t simply diffuse across basement
membranes to activate interstitial fibroblasts (Venkatachalam

Abbreviations: Gls, glutaminase; OxPhos, oxidative phosphorylation; IPF:
Idiopathic pulmonary fibrosis; aSMA, a-smooth muscle actin; TGF-f1,
transforming growth factor-p1.

and Weinberg, 2015). This key difference between TGF-f1
and many other growth factors and cytokines, highlights
an important autocrine regulatory mechanism. Myofibroblasts
isolated from hypertrophic scars exhibit a stably differentiated
and contractile phenotype via a TGF-B1-dependent autocrine
loop involving focal adhesion proteins (Dabiri et al., 2008). Here
TGF-B1 is activated by myofibroblasts “pulling” on the TGEF-
Bl complex to release the active form. This dependence on
generating tissue tension demonstrates that feed-forward loops
can drive myofibroblast differentiation (Dabiri et al., 2008). TGF-
B1 can also operate as a feed forward loop to amplify the effects
of other novel pro-fibrotic growth factors such as FGF23 (Smith
etal., 2017a,b).

METABOLIC REGULATION OF
FIBROBLAST FUNCTION

While a major focus of fibrosis research has been on the
transcriptional regulation of collagen synthesis, we now
also appreciate that TGF-B1 is a trigger for a metabolic

reprogramming that is needed for fibroblast synthesis
and contraction.
Physiological cellular metabolism consists of specific

metabolic reactions involving conversion of a carbon source
into the building blocks needed for macromolecule biosynthesis,
energetics and cellular homeostasis (see Altman et al., 2016;
O’Neill et al., 2016). Alterations in cellular metabolism, including
the so-called “Warburg effect,” are thought to play an essential
role in the acquisition and maintenance of a malignant phenotype
in tumor cells (Chen et al., 2018). Fibroblasts in a number of
organs undergo similar dramatic metabolic changes during
activation that are necessary to meet the increased bioenergetic
and biosynthetic demands of mitogenesis and ECM synthesis
(fibrogenesis) [reviewed in (Xie et al., 2015; Para et al., 2019;
Zhao et al., 2020)] (Table 1). Because TGF-p1 has been identified
as the specific orchestrator in many cases (Negmadjanov et al.,
2015; Ding et al., 2017; Si et al., 2019; Barcena-Varela et al., 2020;
Bates et al., 2020; Henderson et al., 2020; Smith and Hewitson,
2020), the molecular events underlying these global adaptations
are of particular mechanistic interest.

Rewiring Glycolysis
Principal amongst the metabolic changes induced by TGF-p1
is an increase in glycolytic flux, despite the availability of
oxygen (aerobic glycolysis), and uncoupling from oxidative
phosphorylation in the mitochondria (Figure 1A) (Ding et al,,
2017; Smith et al, 2019; Smith and Hewitson, 2020). This
metabolic shift is also supported clinically by a metabolomic
sub-analysis of the Chronic Renal Insufficiency Cohort (CRIC)
study showing that a decrease in the tricarboxylic acid (TCA)
cycle intermediates, citrate and aconitate, correlate with declining
eGFR in diabetic kidney disease (DKD) (Kwan et al., 2020).
There are several reasons why this redirection of carbon
may be functionally significant in fibrosis. Although glycolysis
is less efficient at producing adenosine triphosphate (ATP) than
oxidative phosphorylation coupled with the electron transport
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TABLE 1 | Representative in vitro examples of metabolic adaptations in fibroblast-like cells.

Organ Cell Metabolic adaptations References

Skin Normal human skin and keloid fibroblasts tglycolysis in keloid fibroblasts vs. normal fibroblasts Lietal, 2018

Liver Human hepatic stellate cell line TGF-B1 1glycolysis | OxPhos Bates et al., 2020

Liver Hepatic stellate cell line (LS2) TGF-B1 tglycolysis | OxPhos Barcena-Varela et al., 2020
Lung Normal human and IPF lung Fibroblasts tglycolysis in IPF Xie et al., 2015

Peritoneum Human mesothelial cell line (MCT-5A) TGF-B1 tglycolysis | OxPhos Sietal., 2019

Kidney Rat interstitial fibroblast
4Glutaminolysis
Lung Normal human and IPF lung fibroblasts
Lung Human Lung fibroblasts
Lung Human Lung fibroblasts

TGF-B1 tglycolysis | OxPhos

1Gls mRNA in IPF vs. normal
Absence of glutamine | TGF-g1 stimulated collagen and aSMA
TGF-1 1Gls and glutamine consumption

Smith and Hewitson, 2020

Choudhury et al., 2020
Hamanaka et al., 2019
Geetal.,, 2018

chain, glycolysis produces ATP faster (Para et al, 2019).
Additionally, this means that carbon can be redirected to other
biosynthetic pathways (e.g., pentose phosphate pathway and
nucleotide synthesis etc.), and critically with respect to collagen
production, enhances generation of non-essential amino acids,
such as glycine, which constitutes 35% of all amino acids in
collagen (Nigdelioglu et al., 2016). The ultimate conversion of
pyruvate to lactate, and its export, results in acid-induced TGF-f1
activation in vitro (Kottmann et al., 2012, 2015). Indeed, genetic
or pharmacologic approaches that block glycolysis decrease
contraction and reduce TGF-Bl-induced aSMA and collagen
expression in the fibroblastioc IMR-90 cell line (Bernard et al.,
2015). In the mouse, blockade of glycolytic flux with shikonin,
an inhibitor of pyruvate kinase M2, ameliorates fibrosis after
unilateral ureteric obstruction (Wei et al., 2019).

Metabolic Switches

A more in depth analysis of the metabolic reprogramming
in renal fibroblasts suggests that inactivation of the pyruvate
dehydrogenase complex (PDC) is an important metabolic switch
in maintaining a chronically activated fibrogenic state (Smith
and Hewitson, 2020). The PDC catalyzes a series of rate-
limiting reactions involved in the oxidative decarboxylation of
pyruvate to acetyl-CoA (Figure 1). Analysis of the canonical
pathways differentially regulated by TGF-p1 identified inhibition
of acetyl-CoA biosynthesis via inactivation of PDC as a potential
metabolic regulator of fibroblast activation in cells derived
from fibrotic kidneys (Smith and Hewitson, 2020). Accordingly,
TGF-B1 induces a profound reduction in cellular acetyl-CoA
stores. Inhibition of PDC through increased activity of pyruvate
dehydrogenase kinases (PDK) also leads to a fibrogenic Warburg-
like phenotype in cardiac fibroblasts (Tian et al, 2020).
Other direct targets of TGF-p1 include the glycolytic enzymes
phosphofructokinase (PFK) (Calvier et al., 2017) and hexokinase
(Yin et al, 2019) which catalyze key regulatory steps in the
conversion of glucose to pyruvate.

Metabolic Regulation of Protein
Acetylation

Augmented glycolysis also has more widespread implications
(Ghosh-Choudhary et al., 2020). Acetyl-CoA is not only a

substrate for the TCA cycle and other biosynthetic pathways (e.g.,
fatty acid synthesis), but it is also the obligatory acetyl donor
for regulatory protein lysine acetylation (Sivanand et al., 2018),
thus providing a potential direct link between changes in cell
metabolism and protein function (Kori et al., 2017; Weinert et al.,
2018).

Acetylation of amino acid residues has regulatory functions
at various steps between transcription and protein degradation
(Spange et al., 2009). These include changes in both the size and
electrostatic charge of amino acid side chains, altered enzyme
activity through changing binding preference, competitive
interaction with other modifications and finally, the creation of
new protein docking sites (Spange et al., 2009).

Under physiological conditions, glucose accounts for up to
90% of the acetyl-CoA pool (Kamphorst et al., 2014), with
the majority being generated in the mitochondria through the
decarboxylation of pyruvate via PDC. Mitochondrial acetyl-CoA
is exported as citrate, and converted back into acetyl-CoA, and
used for acetylation within both the cytoplasm and nucleus.
Nuclear acetyl-CoA may also be supplemented in situ by nuclear
PDC (Sutendra et al., 2014).

To date, most interest in acetylation has focused on the
role of nuclear histone acetylation in epigenetic regulation of
transcription. However, the significance of protein acetylation
extends well beyond histones (Choudhary et al., 2009, 2014) with
proteomic analysis revealing that in excess of 2,000 proteins can
be acetylated in the kidney (Lundby et al., 2012). Consistent with
a reduction in global acetyl-CoA levels, it has been shown that
TGEF-p1 produces a corresponding reduction in lysine acetylation
of many, as yet unidentified, proteins in rat kidney fibroblasts
(Smith and Hewitson, 2020), thus extending our earlier finding
that TGF-P1 regulates histone H3 acetylation (Hewitson et al.,
2017b; Smith et al., 2019). These effects were ameliorated when
PDC was maintained in an activated state with dichloroacetate,
a reversible inhibitor of inactivating PDKs (Smith and Hewitson,
2020).

Kinetic studies of acetylation show that it is rapidly
reversible (Kori et al., 2017; Weinert et al., 2018) suggesting
that it can act as a modification-based switch, analogous to
that seen with phosphorylation. A noteworthy example of
this exists in the regulation of fibrosis. Canonical TGF-B1
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FIGURE 1 | Schematic representation of key metabolic adaptations in fibroblasts to support collagen synthesis. Metabolic and biosynthetic fates of (A) glucose and
(B) glutamine highlight potential synthetic (arrow head) and regulatory (solid dot) functions in fibrogenesis. (C,D) Putative changes in metabolic flux caused by TGF-B1
are diagrammatically indicated by changes in arrow thickness. These include (C) a shift from oxidative phosphorylation to glycolysis with commensurate increases in
amino acid and nucleotide synthesis and a reduction in Acetyl-CoA generation. Export of the end product lactate may also be pro-fibrotic as local changes to pH
contribute to activation of latent TGF-. (D) Parallel hypothesized TGF-B1 induced changes in glutamine metabolism both supplement amino acid synthesis and TCA
intermediates lost through metabolic shifts in glucose metabolism. Key: Acetyl-CoA, Acetyl coenzyme-A; ASCT2, alanine-serine-cysteine transporter 2; aKG,
a-ketoglutarate; ATP, adenosine triphosphate; ETC, electron transport chain; Gls, glutaminase; JMJD3, Jumonji domain-containing protein D3; OxPhos, oxidative
phosphorylation; P4OH, prolyl-4-hydroxylase; P5CS, pyrroline-5-carboxylate synthase; P5C, pyrroline-5-carboxylate; PDC, pyruvate dehydrogenase complex; TCA,
tricarboxylic acid cycle; TGF-p1, transforming growth factor-g1.

signaling is via the transcription factors Smad 2, 3, and from degradation by ubiquitination. Conversely, deacetylation
4, in turn counter balanced by actions of the inhibitory increases ubiquitination and degradation, thus removing a
Smad 7 (Meng et al., 2016). Acetylation protects Smad 7  well-described anti-fibrotic brake. In this context, findings that
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TGF-B1 is responsible for the deacetylation of Smad 7 (Fukasawa
et al., 2004) establish a functional significance.

Glutamine Metabolism

Enhanced glycolytic flux alone cannot meet the high
metabolic demands of fibroblasts and increased carbon supply
through alternate pathways is needed to support biosynthetic
requirements. The maintenance of high levels of glutamine in
the blood through diet and synthesis by muscle and other organs
provides a ready source of carbon and nitrogen to support cell
growth. Physiologically glutamine in the kidney is metabolized
most in tubules. As in tumor cells, along with an increase in
glycolysis, glutamine metabolism is also increased in vitro by
TGEF-B1 in lung (Bernard et al., 2018; Ge et al., 2018; Hamanaka
et al., 2019) and dermal (Henderson et al., 2020) fibroblast-like
cells. Clinically, epidemiological analyses have shown that a
decrease in urine glutamine is predictive of progression from
moderate to severe albuminuria in DKD (Pena et al., 2014),
consistent with increased use in biosynthetic pathways.

Glutamine is transported into the cell by the solute carrier
Slc1A5 (ASCT2), where it is converted into glutamate by
glutaminase (Gls 1 or Gls 2 depending on the tissue). Augmented
glutamine consumption in lung myofibroblasts appears largely
driven by elevated levels of Glsl (Bernard et al, 2018; Ge
et al, 2018). Proline, which together with glycine accounts
for 57% of amino acid residues in collagen (Li and Wu,
2018), is generated directly from glutamate via pyrroline-5-
carboxylate (P5C) (Li and Wu, 2018) in the cytosol, while in the
mitochondrion glutamine can be converted to a-ketoglutarate
(aKG), an intermediate of the TCA cycle (Figure 1B). Thus,
increased glutamine metabolism acts to replenish the TCA cycle
through anaplerotic reactions, but also provides proline for
collagen synthesis.

Glutamine has been shown to increase mRNA transcripts for
pro-collagen I (Bellon et al., 1995), but this is not a universal
finding (Ge et al,, 2018). In the latter case, glutamine-derived
aKG increases in pro-collagen I protein levels were contingent
on activation of mMTOR and consequent phosphorylation of p70-
S6K and 4E-BP1 rather than changes in gene transcription (Ge
et al,, 2018). The formation of aKG from glutamate is reversible,
meaning that aKG can also serve as a precursor in the conversion
of glutamate to proline. Additionally, aKG also stabilizes
intracellular collagen by promoting proline hydroxylation via
activation of the enzyme prolyl hydroxylase (Ge et al., 2018).
The relationship between aKG and proline hydroxylation is
particularly interesting. Hydroxylation of prolines in hypoxia
inducible factor-1 (HIF-1a) is necessary for ubiquitin-mediated
proteasome degradation of this enigmatic protein. Conversely,
the same post-translational modification protects intracellular
collagen from being degraded in lung fibroblasts (Li and Wu,
2018), suggesting that proline hydroxylation in collagens does
not create a docking site for ubiquitin binding. Finally, by
acting as a co-factor for a Jumonji family histone demethylase
(JMJD3), aKG promotes histone methylation at the cell survival
genes X-linked IAP (XIAP) and survivin (Bai et al., 2019),
thereby providing a mechanistic link between metabolism,

epigenetic regulation of cell survival and resistance of fibroblasts
to apoptosis.

The relative importance of changes in glycolysis and
glutaminolysis is unclear. Recent data highlights that amino
acids, rather than glucose, might be responsible for most of
the cell mass in proliferation (Du et al., 2018), Replenishment
of the TCA cycle with aKG due to a TGF-fl-induced shift
toward glycolysis is logical and such a change in flux has been
demonstrated in lung fibroblasts using carbon tracing (Bernard
et al., 2018). Functional measures suggest that the main function
of glutamine metabolism in fibroblasts is to feed biosynthetic
pathways rather than ATP generation (Hamanaka et al., 2019).

METABOLIC REGULATION OF
FIBROBLAST DIFFERENTIATION

An interesting question has been whether metabolic
reprogramming is a signal for fibroblast differentiation as
well as increased activity per se. Not surprisingly these roles
are difficult to isolate. Nevertheless, triggering of development
signals like the hedgehog-Yap axis in both glycolysis (Chen et al.,
2012) and glutaminolysis (Du et al., 2018) have suggested a
more direct role in differentiation. Indeed, subsequent studies
showed that both glutamine-depleted media and Gls inhibition
prevent the differentiation of quiescent hepatic stellate cells
into myofibroblasts, an effect that was not seen with glucose
deprivation (Du et al., 2018).

FIBROBLAST PRIMING

Although we have long known that fibroblasts from human
fibrotic kidneys are inherently more proliferative and synthesize
more collagen than their counterparts from normal kidneys
(Rodemann and Muller, 1990), only recently have we started to
understand this at the molecular level.

In normal cutaneous granulation tissue, completion of
physiological healing is accompanied by a loss of myofibroblasts
due to apoptosis (Darby et al., 1990). In pathological conditions,
such as experimental pulmonary fibrosis, the persistence of
fibroblasts has been shown to be due to an inherent resistance
of fibroblasts to apoptosis (Huang et al., 2013). Likewise
dermal fibroblasts from skin lesions in systemic scleroderma
show concordant and stable gene expression differences when
compared to fibroblasts isolated from healthy donors (Shin
et al., 2019). In these cells, a signature of aberrant TGF-p1
signaling was sustained in isolated dermal fibroblasts maintained
in culture (Shin et al., 2019). Similarly, fibrotic renal fibroblasts
have upregulated responses to cytokine stimulation compared to
their counterparts derived from uninjured tissue, in part due to
increased cell-surface TGF-B receptor expression (Smith et al.,
2017a,b).

This predisposition also extends to metabolic adaptations.
Under basal conditions, skin fibroblasts derived from keloids
have a higher rate of ATP synthesis than their normal skin
counterparts (Vincent et al., 2008); glycolysis is the primary
energy source in these cells, while normal skin fibroblasts derive
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their ATP mainly from oxidative phosphorylation (Vincent
et al.,, 2008). Fibroblasts from lungs of patients with idiopathic
pulmonary fibrosis (IPF) have augmented glycolysis relative to
cells from normal lungs (Xie et al., 2015). In renal studies, the
effect of TGF-B1 on PDC regulation was observed in fibroblasts
grown from kidneys after unilateral ureteric obstruction, and
not in cells from unobstructed kidneys (Smith and Hewitson,
2020), while Tian et al. have recently described a metabolic
memory over multiple cell passages in left ventricular fibroblasts
derived from patients with pulmonary arterial hypertension,
implying an epigenetic basis (Tian et al., 2020). Finally, fibroblasts
derived from patients with IPF express more Gls mRNA
than their normal lung counterparts (Choudhury et al., 2020).
There is however a clear heterogeneity, with some fibroblasts
derived from patients with IPF (Bai et al., 2019) and systemic
scleroderma (Henderson et al.,, 2020) more sensitive (primed)
than others.

CELLULAR METABOLISM AS A
THERAPEUTIC TARGET

Metabolic pathways that support persistent activation and ECM
synthesis in fibroblasts may offer the opportunity for therapeutic
interventions to block fibrogenesis. Such novel therapeutic
strategies for fibrosis have been proposed based on proof-
of-principle studies in a variety of experimental models and
organs that have targeted different steps in central carbon and
glutamine metabolism; 6-phosphofructo-2-kinase/fructose-2, 6-
biphosphatase 3 (PFKFB3) (Xie et al, 2015) and PDC (Wei
etal,, 2019; Tian et al., 2020), serine-glycine synthesis (Hamanaka
et al,, 2018) and Gls (Cui et al., 2019), amongst others. However,
although there is much in vitro and pre-clinical evidence, human
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