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Pericytes are mural vascular cells found predominantly on the abluminal wall of
capillaries, where they contribute to the maintenance of capillary structural integrity
and vascular permeability. Generally quiescent cells in the adult, pericyte activation
and proliferation occur during both physiological and pathological vascular and tissue
remodeling. A considerable body of research indicates that pericytes possess attributes
of a multipotent adult stem cell, as they are capable of self-renewal as well as
commitment and differentiation into multiple lineages. However, pericytes also display
phenotypic heterogeneity and recent studies indicate that lineage potential differs
between pericyte subpopulations. While numerous microenvironmental cues and cell
signaling pathways are known to regulate pericyte functions, the roles that metabolic
pathways play in pericyte quiescence, self-renewal or differentiation have been given
limited consideration to date. This review will summarize existing data regarding pericyte
metabolism and will discuss the coupling of signal pathways to shifts in metabolic
pathway preferences that ultimately regulate pericyte quiescence, self-renewal and
trans-differentiation. The association between dysregulated metabolic processes and
development of pericyte pathologies will be highlighted. Despite ongoing debate
regarding pericyte classification and their functional capacity for trans-differentiation
in vivo, pericytes are increasingly exploited as a cell therapy tool to promote tissue
healing and regeneration. Ultimately, the efficacy of therapeutic approaches hinges on
the capacity to effectively control/optimize the fate of the implanted pericytes. Thus, we
will identify knowledge gaps that need to be addressed to more effectively harness the
opportunity for therapeutic manipulation of pericytes to control pathological outcomes
in tissue remodeling.

Keywords: adult stem cell, metabolism, trans-differentiation, proliferation, quiescence, fibrosis, regenerative
medicine

INTRODUCTION: WHAT IS A PERICYTE?

Pericytes are a heterogeneous population of mural vascular cells that typically reside within
the basement membrane on the abluminal surface of most capillaries and some larger blood
vessels. The pericyte basement membrane is contiguous with that of the endothelial cells and
is composed of extracellular matrix proteins (predominantly collagen IV and the glycoprotein
laminin) secreted by both cell types. Morphologically, pericytes are characterized by numerous
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cytoplasmic processes that emanate from a prominent cell body,
tracking along several endothelial cells and occasionally spanning
adjacent capillaries (Figure 1). Pericyte protrusions (pegs)
insert into endothelial cell invaginations (sockets) at occasional
interruptions in the basement membrane, providing structural
support as well as direct heterotypic cell-cell communications
(Armulik et al., 2005). The current review focuses on the
traditionally defined pericytes, but it should be noted that
specialized pericytes that deviate from these conventional
characteristics reside within various tissues (i.e., stellate cells in
liver, mesangial cells in kidneys, reticular cells in bone marrow)
(Diaz-Flores et al., 2009).

During development, pericytes are first attracted to newly
formed capillaries via the endothelial-secreted chemoattractant
platelet-derived growth factor (PDGF)-BB, which binds to
PDGF receptor B (PDGFRP) on pericytes (Lindahl et al,
1997; Benjamin et al., 1998). Integrin-mediated adhesion of
pericytes to laminin helps to maintain expression of PDGFR
(Durbeej, 2010; Reynolds et al., 2017). Interference with PDGF-
BB/PDGFR signaling is sufficient to disrupt endothelial-pericyte
interactions (Lindahl et al, 1997), indicating that perpetual
signaling through PDGFRP is critical to maintain pericyte
localization to capillary endothelial cells. Several other proteins,
such as Notch receptors, support the continued close interaction
of pericytes with the underlying endothelial cells and play
important roles in maintaining pericyte identity (Armulik et al.,
2005; Geevarghese and Herman, 2014; Kofler et al., 2015;
Ando et al, 2019) (Figure 2). This tight interaction between
endothelial cells and pericytes is critical to the stability and
maintenance of the integrity of mature capillary networks.
Pericytes restrict capillary expansion and promote endothelial
cell viability and quiescence through their physical connections
and via secretion of paracrine factors (i.e., Ang-1, TIMP-3)

FIGURE 1 | Pericyte morphology. NG2* pericytes are localized to the
abluminal surface of adipose tissue capillaries (arrowhead) in mice that
express red fluorescent protein (DsRed) under the control of the promoter of
chondroitin sulfate proteoglycan 4 (encoding NG2). Pericyte cell bodies
(asterisks) are prominently visible due to nuclear localization of DsRed. Thin
cytoplasmic processes extend along one or more capillaries (arrows).
Capillaries were visualized using Isolectin B4 (cyan).
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FIGURE 2 | Pericyte-endothelial interactions. Pericytes are embedded into a
basement membrane that is shared with endothelial cells and composed
primarily by collagen IV and laminins. Adherence to the basement membrane
occurs via integrins. Pericyte adherence to endothelial cells at ‘peg and
socket” connections is mediated by N-cadherins and other junctional proteins.
Pericyte-endothelial cell cross-talk occurs through multiple molecular
pathways, including PDGF-BB/PDGFRB, Notch receptors and ligands,
Angiopoietin-Tie2 and TIMPs. Alteration of these interactions directly impacts
pericyte-endothelial interactions and ultimately vessel stability. Ang-1,
angiopoietin-1; Ang-2, angiopoietin-2; EC, endothelial cells; Jag1, Jagged1;
PC, pericytes; PDGF-BB, platelet derived growth factor; PDGFRB, PDGF
receptor B; TIMP-3, tissue inhibitor of matrix metalloproteinases-3.

(Papapetropoulos et al., 2000; Saunders et al., 2006). Conversely,
loss of pericyte contact (following pericyte detachment or
apoptosis) reduces endothelial cell survival and promotes
capillary regression. Pericytes play additional functions in
the vascular compartment, including preservation of capillary
barrier function, blood flow regulation, and immunomodulation
(Bergers and Song, 2005; Armulik et al., 2011; Geevarghese
and Herman, 2014; Navarro et al., 2016). Of note, pericytes
also contribute to different cellular processes involved in tissue
homeostasis through the potential of differentiating in other cell
types (discussed in detail below).

To date, there is no molecular marker known to be unique to
pericytes. Thus, a combination of general criteria are commonly
used to define pericyte populations, such as perivascular
localization, morphology and the expression of one or more
recognized molecular markers such as Neural/glial antigen 2
(NG2), PDGFRp or cluster of differentiation 146 (CD146)
(Armulik et al., 2011; Holm et al., 2018). However, these pericyte
markers lack specificity. They are expressed to some extent in
other cell types (i.e., smooth muscle cells and interstitial cells
such as fibro-adipocyte progenitors) and they display variable
expression patterns on pericytes across tissues, location within
the vascular tree, developmental state and pathological setting
(van Dijk et al., 2015; Sacchetti et al., 2016; Kumar et al., 2017).
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ACTIVATION, MULTIPOTENCY AND FATE
SPECIFICITY OF PERICYTES

Pericytes that reside within an established microvessel network
are dominantly quiescent. However, physiological expansion of
the capillary network and a variety of pathological conditions
trigger their activation and proliferation, which may result in
self-renewal or in differentiation. During sprouting angiogenesis,
pericytes initially detach from the vessel wall and assist in
remodeling the basement membrane to enable endothelial cell
sprout formation (Carmeliet and Jain, 2011). Proliferation and
migration of pericytes during capillary sprouting ensures pericyte
coverage of nascent capillaries. Following sprout formation,
pericytes either re-establish pericyte-endothelial cell contacts and
return to a quiescent state or they undergo differentiation into
smooth muscle cells, resulting in arteriolarization of capillaries
(Skalak et al., 1998; Peirce and Skalak, 2003; Volz et al., 2015).
Despite the substantial amount of angiogenesis research in past
decades, moderately little is known about the molecular pathways
that dictate the transition of pericytes between quiescence,
proliferation or differentiation.

The differentiation of pericytes into multiple lineages
(osteoblasts, chondrocytes and adipocytes) is observed when
these cells are cultured (Crisan et al, 2008; Geevarghese
and Herman, 2014). This multipotency is analogous to cells
belonging to the heterogeneous multipotent stromal population
previously referred to as “mesenchymal stem cells” but more
commonly described now as “mesenchymal progenitors.” In fact,
cultured pericytes display broader multipotency compared to
mesenchymal progenitors, including differentiation into vascular
smooth muscle cells, myofibroblasts as well as parenchymal cells
such as skeletal and cardiac myocytes and neuronal cells (Barron
et al., 2016; Ji et al., 2016; Birbrair et al., 2017; Siedlecki et al.,
2018; Alarcon-Martinez et al., 2019). The broad multipotency
reported for pericytes is the basis on which some researchers
postulate that pericytes are the predominant source of tissue
resident mesenchymal progenitors (Crisan et al., 2008; da Silva
Meirelles et al., 2008). These multipotent characteristics also has
led to their growing use for cell therapies to promote tissue
healing and regeneration.

Multipotency is not a universal property of all pericytes.
For instance, pericytes expressing T-Box transcription factor 18
(Tbx18) failed to display trans-differentiation capacity in vivo
in multiple tissues assessed, including skeletal, cardiac and
adipose tissues (Guimaraes-Camboa et al.,, 2017). Notably, not
all pericytes express Tbx18 and thus it has been proposed
that multipotent pericytes are marked by the absence of Tbx18
(Birbrair et al., 2017; Worsdorfer and Ergiin, 2018). As well, there
is evidence that pericyte subsets within and across tissues exhibit
distinct transcriptomes and differentiation potentials that may
correspond with pre-programed commitment to specific lineages
(Birbrair et al., 2013; Sacchetti et al., 2016; Yianni and Sharpe,
2018). This idea is supported by recent single cell profiling of
brain and lung derived pericytes' (He et al., 2018; Vanlandewijck
etal., 2018) that revealed a non-overlapping expression profile of

Thttp://betsholtzlab.org/ VascularSingleCells/database.html

lineage specific regulators including Runx2 (osteogenesis), Ppar
v (adipogenesis) and Sox-9 (chondrogenesis). Further, single
cell sequencing identified sub-populations of adult brain-derived
pericytes that exhibited distinct competencies for induced
reprograming to a neuronal lineage (Karow et al., 2018).
Effective strategies to modulate pericyte function and
trans-differentiation are currently lacking. One significant
challenge is that pericyte differentiation potential varies uniquely
dependent on their tissue/organ of origin (Chen et al., 2015;
Pierantozzi et al., 2016; Yianni and Sharpe, 2018). For example,
PDGFRBTZFP423" pericytes within murine adipose tissue
readily undergo adipogenesis, thus contributing to adipocyte
hyperplasia (Vishvanath et al, 2016). Type-1 and Type-2
pericytes within skeletal muscle, which are classified based
on their expression of PDGFRa or Nestin, exhibit exclusive
adipogenic or myogenic potential, respectively (Birbrair et al.,
2013, 2014). In the brain, pericytes are a potential source of
precursors that regenerate neuronal cells (Nakata et al., 2017;
Farahani etal., 2019). A recent study revealed a role for epigenetic
regulation of pericyte stemness and differentiation potential
by demonstrating tissue-specific histone modification patterns
within genes that regulate pericyte phenotype, metabolism and
fate specificity (Yianni and Sharpe, 2018). Thus, available data
support the concept that subsets of pericytes exhibit a degree
of pre-programed commitment to specific lineages. Although
pericyte differentiation into distinct lineages is achievable in vitro,
it is still under debate whether pericytes in vivo receive
the necessary microenvironmental cues, under physiological
or pathological conditions, to promote these differentiation
events (Worsdorfer and Ergiin, 2018). Overall, mechanisms that
regulate the multipotency and tissue-specific pre-programing
that contribute to pericyte diversity require further elucidation.

METABOLIC SUPPORT OF PERICYTE
STATUS

Recent studies have revealed the relevance of metabolic pathways
in controlling the acquisition of different phenotypes of vascular
and stem cells, indicating promise of novel metabolism-
based therapeutic strategies to manipulate the activation status,
functions and the fate decisions of native pericytes and those
used for regenerative therapies. The contribution of specific
metabolic programs to the regulation of cell-state decisions has
been investigated extensively in endothelial cells (De Bock et al.,
2013; Schoors et al., 2015; Kim et al., 2017; Diebold et al., 2019),
whereas the metabolism of pericytes has undergone very limited
analysis to date. Below, we will discuss the current knowledge
of pericyte metabolism when these cells are instructed to switch
from a quiescent to a proliferative state (also illustrated in
Figure 3) and in differentiation. Where known, we identify the
species and tissue source of pericytes used in each study.

Cells increase the uptake and catabolism of nutrients,
particularly glucose, to undergo proliferation. While it was
initially believed that the uptake of glucose in pericytes was
mediated entirely by the GLUT1 glucose transporter (Mandarino
et al, 1994), more recent data demonstrate that transcripts
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FIGURE 3 | Metabolism of pericytes during proliferation and quiescence. Top: Under growth factor stimulation, pericytes increase glucose metabolism (black
arrows) to support proliferation. Pericytes increase glucose uptake via GLUT1 and GLUT4 transporters and glucose is metabolized to produce ATP predominantly
through glycolysis. This metabolic pathway also provides precursors to protein glycosylation that are essential to the production of capillary basement membrane
proteoglycans. Although nucleotide synthesis may be supported by glycolysis via the pentose phosphate pathway (dashed arrow), current data indicate that fatty
acid-derived carbons are incorporated into dNTP synthesis in pericytes. Fatty acid oxidation (red arrows) also contributes to the bioenergetic demand during
proliferation, generating up to 15% of the total ATP content. Bottom: Quiescence is associated with a low metabolic state and downregulation of all metabolic
programs. However, the relative contributions of glycolysis, glucose oxidation and fatty acid oxidation (illustrated with dashed arrows) within quiescent pericytes have
not been established. a-KG, alpha-Ketoglutarate; ATP, Adenosine triphosphate; FA, fatty acid; FAO, fatty acid oxidation; Glc, glucose; HBP, hexosamine biosynthesis
pathway; PPP, pentose phosphate pathway; R5P, Ribose 5-phosphate; TCA, Tricarboxylic acid; UDP-GlcNac, Uridine 5’-diphospho-N-acetylglucosamine.
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for both GLUT1 and GLUT4 are detectable in human and
murine brain pericytes (Castro et al, 2018; He et al, 2018;
Vanlandewijck et al., 2018), indicating that glucose uptake can
occur via both insulin-dependent and independent pathways.
This may explain the greater maximum glucose transport
capacity observed in bovine retinal pericytes as compared to
endothelial cells (which uptake glucose exclusively through
GLUT1) (Mandarino et al., 1994).

Pericyte metabolism has been assessed to the greatest extent
in primary cultures of human placental and bovine retinal
pericytes (Schoors et al.,, 2015; Cantelmo et al., 2016). In the

proliferative state that exists in cell culture, placental pericytes
rely heavily on glycolysis to meet energy demands, with ~85%
of their ATP generation coming from this metabolic pathway
(Cantelmo et al, 2016). In fact, only a small decrease in
oxygen consumption was observed when proliferating retinal
pericytes were treated with oligomycin, an inhibitor of H*-
ATP-synthase, further illustrating their reliance on glycolytic
rather than mitochondrial ATP production (Trudeau etal., 2011).
Notably, the inhibition of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3), which impairs glycolysis, was
shown to restrain both proliferation and migration of pericytes
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and to enforce pericyte quiescence in vivo and in vitro (Cantelmo
et al., 2016). This indicates that glycolysis is vital to orchestrate
the exit from quiescence in these cells.

Besides providing ATP and reducing cofactors to support
anabolic reactions, the catabolism of glucose generates precursors
to sustain lipid production, the biogenesis of nucleotides and
non-essential amino acids and the synthesis of glycolipids,
proteoglycans and substrates for protein glycosylation. Since
pericytes have greater maximal rate of glucose transport
than endothelial cells, it has been suggested that pericytes
channel a greater proportion of glycolytic intermediates into
the hexosamine biosynthesis pathway (HBP), which generates
N-acetylglucosamine for O- and N-glycosylation of proteins
and supports the production of capillary basement membrane
proteoglycans (Mandarino et al., 1994). The HBP also directly
increases cellular biomass (Wellen et al., 2010) and, therefore,
diverting glucose into this side branch of glycolysis may play key
roles in pericyte self-renewal by sustaining proliferation and also
re-establishing the quiescent state of these cells.

Fatty acid oxidation is estimated to contribute to ~15% of
human placental pericyte ATP production (Cantelmo et al,
2016). Pericytes express CD36 and several fatty acid transporter
proteins (FATPs) (Winkler et al, 2014), but the relative
contribution of these transporters or others in fatty acid uptake
remain to be defined. The cultured placental pericytes use fatty
acid-derived carbons for the synthesis of deoxyribonucleotides,
which implies that fatty acid oxidation supports the proliferation
of pericytes (Schoors et al., 2015). While fatty acid oxidation is
the predominant metabolic pathway in quiescent endothelial cells
(Kalucka et al., 2018), its contribution to the metabolic activity
of quiescent pericytes remains to be established. Moreover,
the relevance of glutamine metabolism in supporting the
proliferative or quiescent states of pericytes is also unknown,
although this generally constitutes a major nutrient that is
consumed by proliferating cells.

It is well-recognized that the differentiation of multipotent
cells is accompanied by shifts in cellular metabolism. Glycolysis
is associated with stem cell pluripotency (Folmes et al., 2013;
Gu et al, 2016) as it fuels cytosolic acetyl-CoA synthesis,
which is essential to maintain histone acetylation required
for a multipotent epigenetic state (Moussaieff et al., 2015).
Furthermore, glycolysis limits cellular reliance on oxygen and
the generation of reactive oxygen species (ROS) (Chen et al.,
2008; Suda et al., 2011), which in turn play a critical role in
the differentiation of stem cell into various cell populations
(adipocytes, osteocytes, chondrocytes, myocytes) (Boopathy
et al, 2013; Higuchi et al, 2013; Mateos et al, 2013).
Accordingly, stem cell differentiation is usually associated with
upregulation of mitochondrial capacity and a substantially higher
use of OXPHOS (Funes et al, 2007; Zhang J. et al, 2012;
Coller, 2019), which leads to increased levels of ROS. Thus,
modulating the glycolytic metabolism of pericytes may not only
influence the switch from a quiescent to proliferative state but
may also be centrally involved in maintaining the stemness
of pericytes. However, no study to date has elucidated the
metabolic alterations that accompany the cell-type-specific fate
decisions in pericytes.

MOLECULAR PATHWAYS
COORDINATING PERICYTE STATE AND
METABOLISM

The metabolic programing that supports pericyte status is
under the control of signal transduction pathways that in
turn are governed by local levels of stabilizing and mitogenic
factors. Below, we will discuss molecular mechanisms that
enforce quiescence, favor proliferation or induce commitment
and differentiation of pericytes by driving changes in cellular
metabolism. These pathways are summarized in Figure 4.

Quiescence

The quiescent state of pericytes is preserved by cell-intrinsic
programs but also by cell-cell interactions. This is achieved
in large part by the cell adhesion protein N-cadherin, which
mediates heterotypic cell contacts between endothelial cells and
pericytes (Gerhardt et al, 2000). Human placental pericyte
glycolytic activity is inversely associated with the expression level
of N-cadherin (Cantelmo et al., 2016). It has been shown that
N-cadherin sequesters f-catenin to the plasma membrane, which
may lower p-catenin-dependent promotion of proliferation as
was shown to occur in tumor cells (Nadanaka et al., 2018).
This effect may be mediated through the regulation of metabolic
pathways since c-Myc, a major target gene of the pB-catenin/TCF
transcription factor complex, is a well-established effector of
glycolysis (Li and Wang, 2008). Metabolic state of the cell
also influences N-cadherin expression in tumor vessel pericytes,
as glycolytic inhibition using the PFKFB3 inhibitor increased
N-cadherin protein level and enhanced pericyte adhesion to
endothelial cells (Cantelmo et al., 2016).

Besides the regulation imposed by cell adhesion molecules,
pericyte quiescence is promoted by Notch signaling. Notch3 on
pericytes interacts directly with Jagged-1 on endothelial cells to
promote pericyte-endothelial cell adhesion while also inhibiting
pericyte proliferation and migration (Liu et al., 2009, 2010; Schulz
et al,, 2015; Ji et al., 2016). Notch signaling is implicated in the
regulation of quiescence and metabolism in many cell types (Iso
et al., 2003; Liu et al,, 2010; Koch et al., 2013), through diverse
actions that include downregulated expression of glycolytic
enzymes such as PFKFB3 (De Bock et al., 2013; Bayin et al,
2017). Thus, pericyte quiescence enforced by interactions with
endothelial cells via Notch may involve metabolic reprograming
driven by this signal pathway.

A similar enforcement of quiescence may be promoted by the
Forkhead box O (FOXO) transcription factors. This family of
transcriptional regulators maintains cellular quiescence in adult
stem cells through repression of metabolic pathway genes and
cell cycle activators (Liang and Ghaffari, 2018). FOXO3A was
shown to be the predominant FOXO family member produced
by pericytes (Teichert et al, 2017). In muscle satellite cells,
FOXO3A promotes quiescence, in part through enhancing the
expression of Notchl and 3 (Gopinath et al., 2014; Yue et al,
2017), suggesting a similar function may occur in pericytes.
However, elevated levels of nuclear FOXO3A in pericytes (due
to Ang2-dependent decrease in Tie-2 activation) was associated
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FIGURE 4 | Putative molecular pathways coordinating pericyte state and metabolism. Activation, multipotency and fate specificity of pericytes are governed by
different molecular pathways that may involve coordinated metabolic shifts. N-cadherin, Notch3 and FoxO3A signaling are associated with the maintenance of a
quiescent state in pericytes by limiting cellular metabolism (mainly glycolysis), whereas pericyte proliferation is stimulated by growth factors and supported by a
concomitant increase in glycolytic activity. Self-renewal is achieved by cycles of proliferation followed by the return to a quiescent state, which may be promoted by
cell adhesion to laminin. Commitment and trans-differentiation may be triggered by an increase in oxidative stress, while unique lineage specifications are determined
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commitment and trans-differentiation events. See text for details on the relevant studies. ATP, Adenosine triphosphate; FGF-2, Fibroblast growth factor; FoxO3A,
Forkhead BoxO3A; OxPhos, oxidative phosphorylation; PDGF-BB, platelet derived growth factor; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase

v
<+<—— B-catenin —— PPARY
Sox-9 C/EBPB
Metabolism Metabolism
9 ?

Chondrogenesis Adipogenesis

|

Chondrocyte Adipocyte

with a phenotype shift in pericytes that promoted migration and
overall, increased capillary growth (Teichert et al., 2017). Thus,
although the function of FOXO proteins in governing quiescence
via suppression of metabolic activity has been well-established in
many other cell types including endothelial cells, these functions
require further investigation in pericytes.

Proliferation

Growth factors that stimulate pericyte proliferation increase
the uptake and utilization of available nutrients. For example,
insulin promotes glucose uptake and induces glucose-mediated
proliferation of bovine retinal pericytes (King et al., 1983).
PDGF-BB is another major growth factor for pericytes. Excessive
PDGFR activation is responsible for driving the proliferation
of pericytes in kidney disease (Chen et al,, 2011). Since this
growth factor is a strong driver of glycolysis in cancer cells and
smooth muscle cells (including increased expression of glucose
transporters) (Wang et al., 1999; Ran et al.,, 2013; Xiao et al,,
2017) it is very likely that PDGFRP signaling enhances glycolysis
to meet the energy and biomass demands of proliferating
pericytes. Fibroblast growth factor (FGF)-2 also exerts mitogenic
influences on pulmonary artery-associated pericytes and can

provoke excessive pericyte proliferation in pathological contexts
(Ricard et al.,, 2014). These effects may be mediated by metabolic
reprograming, as it has been shown that FGF-2 can coordinate
endothelial cell proliferation and migration by increasing the
glycolytic capacity of these cells (Yu et al., 2017).

Commitment and Differentiation

Generally, “stemness’ of pericytes is retained through cycles
of proliferation. Maintenance of the stemness and multipotent
state of pericytes is highly dependent on interactions with the
basement membrane protein laminin. In the absence of this
protein, brain pericytes develop the properties of a contractile
cell (Yao et al,, 2014). Stemness of pericytes is also tuned by
other microenvironmental cues and transcription factors that
are established regulators of genes encoding metabolic pathway
components. Thus, changes in metabolism are expected to
accompany and to facilitate differentiation of pericytes.

For example, it has been reported that hypoxia represses the
differentiation of CD146" human umbilical cord perivascular
cells (presumptive pericytes), allowing them to proliferate and
maintain their multipotency (Tsang et al., 2013). Since hypoxia
upregulates glycolytic activity, these observations imply that a
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metabolic switch to oxidative metabolism could provoke lineage
commitment of pericytes. Accordingly, signaling pathways
involved in the regulation of antioxidant defenses, as well as
antioxidant compounds, may directly impact the differentiation
of pericytes. For example, besides regulating metabolic pathways,
FOXO proteins protect cells against oxidative stress via
transcriptional upregulation of antioxidant defense proteins
(superoxide dismutase, catalase) (Carter and Brunet, 2007).
Depletion of FOXO3A results in limited self-renewal and
greater commitment of neural stem cells, hematopoietic stem
cells, satellite cells (Miyamoto et al., 2007; Tothova et al,
2007; Paik et al, 2009; Gopinath et al., 2014). Antioxidant
treatment was shown to improve self-renewal in FoxO03~/~
hematopoietic stem cells and in neural precursors, highlighting
a critical role for the regulation of oxidant stress in determining
commitment (Tothova et al., 2007; Paik et al., 2009). However,
the implementation of metabolic switching is lineage-specific
(Cliff et al.,, 2017) and cannot be generalized across all stem
cell populations. Importantly, fate decisions also rely on the
concomitant upregulation of specific lineage drivers that guide
cell-type specific transcriptional programs. Some knowledge
of these signal pathways has been established for pericyte
differentiation, which we summarize below for three of the most-
studied pericyte fates.

Myofibroblast/Smooth Muscle Cell
Differentiation

The transcriptional regulator myocardin is a major lineage
driver for smooth muscle cell differentiation (Li et al., 2003;
Long et al., 2008; Alexander and Owens, 2012). In turn, TGF-
B -Smad/Notch signaling augment pericyte differentiation into
smooth muscle cells (Meyrick et al., 1981; Chambers et al,
2003; Alexander and Owens, 2012; Volz et al,, 2015). Similarly,
the TGFB, Notch and Wnt signaling pathways contribute to
pericyte conversion to myofibroblasts (Kirton et al., 2006; Cheng
et al, 2008; Andersson-Sjoland et al., 2016; Aimaiti et al,
2019). Wnt signaling is robustly activated in lung and kidney
pericytes following tissue injury and correlates temporally with
the onset of fibrosis (Kirton et al,, 2007; Andersson-Sjoland
et al, 2016). Given that TGF-B-dependent differentiation of
fibroblasts to myofibroblasts was associated with increased
glucose uptake and glutaminolysis (Bernard et al., 2015, 2018;
Andrianifahanana et al., 2016), it is tempting to speculate that
this also applies to the conversion of pericytes to myofibroblasts,
although this remains to be demonstrated experimentally. In
addition, epigenetic modulation of histone marks may ‘lock in’
myofibroblast differentiation, as seen in pericytes that exhibited
both repressive marks on PPARy and activating marks on
fibrotic genes (Mann et al, 2010; Perugorria et al, 2012;
Zeybel et al., 2017).

Osteo/Chondrogenic Differentiation

Expression of the transcription factor Runx2 (Osf2/Cbfla) is
a hallmark of pericytes that are poised to undergo osteogenic
or chondrogenic differentiation (Doherty and Canfield, 1999;
Farrington-Rock et al., 2004). Osteo-inductive factors such as

bone morphogenetic proteins (BMP) increase Runx2, which
then interacts with osteoblast-specific cis-acting elements to
promote the expression of osteogenic genes (Ducy et al., 1997;
Zebboudj et al., 2003; Gao et al.,, 2013). During chondrogenesis,
Runx2 is downregulated while Sox-9, the master regulator
of chondrogenesis, is upregulated (Bi et al, 1999; Akiyama
et al, 2002). Interplay between Sox-9 and PB-catenin drives
chondrogenesis while suppressing other lineages, such as
adipogenesis (Akiyama et al., 2004; Kirton et al., 2007).

Metabolic state may contribute to determining pericyte
fate decision toward osteogenesis. Runx2 expression itself is
glucose-dependent (Wei et al,, 2015) and its gene regulatory
influences favor glycolysis over oxidative respiration (Choe
et al, 2015). However, osteogenesis in mesenchymal cells
involves a progressive switch toward oxidative metabolism,
which is necessary for complete differentiation (Chen et al,
2019). In line with this, pericyte osteogenic differentiation
was markedly reduced under hypoxic conditions, suggesting
a reliance on oxidative phosphorylation and/or oxidant stress
to elicit complete osteogenic differentiation (Byon et al., 2008;
Tsang et al., 2013). FOXO1, which represses glycolysis, plays a
significant role in restraining osteoblast differentiation. It does
this through lowering oxidant stress as well as by interfering with
Wnt-dependent transcriptional programs (Dowell et al., 2003;
Rached et al,, 2010; Chen et al., 2019). The influence of FOXO
transcriptional regulators in pericyte lineage differentiation
remains to be established.

Adipogenesis

The peroxisome proliferator activated receptor gamma (PPARY)
transcription factor is recognized as a master regulator of pre-
adipocyte differentiation and metabolism and its expression is
strongly stimulated by exposing cultured pericytes to adipogenic
factors (Farrington-Rock et al., 2004; Lefterova et al., 2014).
C/EBPB is proposed to play a key transcriptional priming role
through binding to closed chromatin ‘hotspots’ with which
PPARy subsequently interacts (Lefterova et al, 2014). The
majority of pericytes in lung and brain express C/EBPB, while
only a small percentage of these cells express PPARy (He et al,,
2018; Vanlandewijck et al, 2018), which appears consistent
with the concept that a portion of quiescent pericytes are
poised to respond to adipogenic cues. In mouse skeletal muscle,
Type-1 (PDGFRa™) pericytes exhibit adipogenic potential and
were shown to contribute to the generation of adipocytes
when transplanted into glycerol-injured muscles (Birbrair et al.,
2013). Further, pericytes in human and murine skeletal muscle
were reported to express leptin mRNA, the levels of which
increased under obesogenic conditions (Nwadozi et al., 2019).
PPARy also may be expressed in activated but non-adipogenic
pericytes (i.e., proliferating pericytes in vitro) and several
studies point to additional roles of PPARy beyond driving
adipogenesis. In hematopoietic stem cells, PPARy suppresses
self-renewal while promoting cell differentiation, in large part
through strong suppression of glycolysis (Guo et al, 2018).
However, hepatic stellate cells (specialized pericytes within
the liver) rely on PPARy signaling to promote fatty acid
oxidation, which serves to both maintain their quiescence
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FIGURE 5 | Effects of chronic nutrient excess on pericyte metabolism and trans-differentiation. (A) Chronic exposure to high glucose levels of pericytes disrupts
glucose metabolism and increases diversion of glycolytic intermediates into the polyol and hexosamine biosynthesis pathways, elevates NAD(P)H oxidase activity
and increases cellular oxidative stress; This gives rise to augmented ROS levels with the exhaustion of antioxidant defenses, the formation of harmful AGEs,
enhanced glycosylation of proteins and fragmentation of mitochondria. Increased fatty acid levels also exacerbate cellular oxidative stress, with concomitant
disruptions to metabolic pathways including mitochondrial function. (B) These disruptions in the metabolism of pericytes increase their detachment from the vessel
wall, lower their proliferation and increase apoptosis, ultimately leading to capillary regression. These pathological metabolic shifts also impact pericyte multipotency
by promoting their trans-differentiation to myofibroblasts, adipocytes and chondrocytes, which contribute to interstitial fibrosis, fat accumulation and vessel
calcification, respectively. AR, aldose reductase; AGEs, advanced glycation end products; DHAP, dihydroxyacetone phosphate; FBP, fructose-6-phosphate; FA, fatty
acids; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; GFAT, glutamine fructose-6-phosphate amidotransferase; Glc, glucose; GSSG, glutathione
disulfide; GSH, glutathione; HBP, hexosamine biosynthesis pathway; NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species, TCA,
Tricarboxylic acid; UDP-GIcNAc, uridine diphosphate N-acetylglucosamine.
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and prevent myofibroblast differentiation (She et al., 2005;

Zhu et al., 2010).

EFFECTS OF NUTRIENT EXCESS ON
PERICYTE METABOLISM AND
DIFFERENTIATION

Survival and Activation

(Giacco and Brownlee, 2010). In the short term, increased levels
of glucose enhance glycolysis and glucose oxidation, thus
supporting the activation of cellular processes associated with
proliferation and migration in cultured rat retinal pericytes
(Shah et al., 2013). However, glucose oxidation increases ROS
production. In turn, ROS-mediated inhibition of glycolytic
enzymes (i.e., GAPDH, PFK) causes the glycolytic intermediates
to stall and divert through side-branches of glycolysis (PPP,
hexosamine, polyol), thus increasing synthesis of advanced
glycation end-products (AGE) (Giacco and Brownlee, 2010; Tang

Nutrient availability can impact pericyte state in several etal, 2012; Mullarky and Cantley, 2015). Increased flux through
ways. Hyperglycemia acutely increases glucose metabolism the polyol pathway consumes NADPH in the process of aldose
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reductase generation of sorbitol. The continual depletion of
NADPH may impair the regeneration of reduced glutathione
(GSH), which lowers overall cellular oxidant buffering capacity.
High glucose-induced oxidative stress also is sustained by
elevated cytosolic NAD(P)H oxidase activity (Giacco and
Brownlee, 2010; Tang et al, 2012). These disruptions are
illustrated in Figure 5. In pericytes, the associated increase in
cellular ROS that accompanies these metabolic disturbances leads
to decreased proliferation, fragmentation of mitochondria (with
an associated decline in oxygen consumption) and increased
apoptosis (Manea et al, 2004, 2005; Mustapha et al.,, 2010;
Trudeau et al., 2011). In rodent retinal and cerebral cortex
pericytes, increased aldose reductase-dependent production of
sorbitol (Kennedy et al., 1983; Berrone et al., 2006) enhances
cellular osmotic stress and endoplasmic reticulum- stress.
This may contribute to increased pericyte apoptosis, as was
documented in porcine retina and rat lens explants (Takamura
et al., 2008; Zhang P. et al, 2012). In fact, NADPH oxidase
production of ROS, rather than mitochondria-derived ROS, was
found to be instrumental in driving glucose-induced apoptosis of
retinal pericytes (Mustapha et al., 2010).

Hyperglycemia also elevates flux through the hexosamine
pathway in pericytes by increasing production of the rate-limiting
enzyme  glutamine:fructose-6-phosphate  aminotransferase
(GFAT) (Semba et al., 2014). The resultant increase in O-GlcNac-
modification of proteins, including insulin receptor and
PDGFRB, interferes with mouse retinal pericyte migration
(Gurel et al., 2013). FOXO1 may exert a pro-apoptotic function
in pericytes in diabetic retinopathy based on the observation
that cultured bovine retinal pericytes stimulated with TNFa
or AGE products exhibited FoxOl-dependent apoptosis
and that FOXO1 RNA interference lowered retinal pericyte
apoptosis in diabetic rats (Behl et al, 2009; Alikhani et al,
2010). This suggests that increased conversion of glycolytic
intermediary glyceraldehyde 3 phosphate to AGEs can influence
a transcription factor that itself is a cornerstone in the regulation
of cell survival, metabolism and proliferation/differentiation.
Within the retina, prolonged hyperglycemia ultimately is
associated with pericyte migration away from the capillary
or pericyte ‘dropout, which decreases pericyte coverage of
the capillary structure, compromising capillary integrity and
provoking capillary regression (Pfister et al., 2008; Corliss et al.,
2019; Hayes, 2019).

Prolonged exposure to increased levels of fatty acids causes
insulin resistance and lipid toxicity in many cell types (Yazic
and Sezer, 2017). To date, there has been limited investigation
of these effects in pericytes. One report indicated that exposure
of cultured bovine retinal pericytes to high doses of the fatty
acid palmitate increased NAD(P)H oxidase-mediated oxidative
stress, with concomitant disruptions to metabolic pathways
including mitochondrial function (Cacicedo et al., 2005).
Palmitate treatment of cultured retinal pericytes also appears
to exacerbate the anti-proliferative, pro-apoptotic effects of
AGEs on pericytes, indicating additive effects of these metabolic
perturbations (Yamagishi et al., 2002; Cacicedo et al., 2005;
Ding et al., 2014). These studies imply that high fatty acids will
contribute to oxidative stress-induced damage to pericytes.

Differentiation Potential

Exposure to excess glucose influence pericyte multipotency in
several ways. Neural pericytes cultured in high glucose have
increased production of AGEs and up-regulated expression
of pro-fibrotic TGF-B, favoring myofibroblast differentiation
(Shimizu et al, 2011). Notably, hyperglycemia also increases
core fucosylation of the TGF receptors-type I and II (TGFBRI
and TGFBRII), which enhances its activation of downstream
signals, resulting in hypersensitivity to TGFp ligands (Sun et al.,
2017; Wang et al., 2017). This enhanced core fucosylation of
TGFPRI is a key determinant of mesangial pericyte myofibroblast
trans-differentiation and interstitial fibrosis in mouse models of
kidney disease (Lin et al., 2011; Shen et al., 2013; Wang et al,,
2017). Diabetes also increases the propensity of muscle- and
bone-marrow-derived pericytes to differentiate into adipocytes
in vitro, while limiting their capacity to promote myogenesis or
angiogenesis (Vono et al., 2016; Ferland-McCollough et al., 2018;
Mangialardi et al., 2019). These effects were proposed to be linked
to elevated ROS. Increased cellular ROS (via NADPH oxidase)
also contributes to myofibroblast and osteogenic differentiation
in smooth muscle cells and pericytes in diabetic vessels (Byon
et al., 2008; Barnes and Gorin, 2011; Raaz et al., 2015). Fatty acid
exposure may provoke a similar transition of mesangial pericytes
to myofibroblasts by increasing TGF-f secretion (Mishra and
Simonson, 2008). In sum, these studies indicate the potential
for nutrient imbalances that disturb intracellular metabolism
and elevate oxidative stress to trigger inappropriate lineage
commitment and trans-differentiation of pericytes.

CLINICAL RELEVANCE

Correcting the Functions of Native
Pericytes

Establishing the molecular and metabolic switches that
control pericyte behavior has the potential to direct the
development of new therapeutic opportunities for diseases
involving pericyte dysfunction. Targeting pathways that regulate
pericyte survival/apoptosis are under exploration as potential
therapies in diabetic retinopathy. As previously described, the
accumulation of ROS and AGEs induces pericyte apoptosis,
ultimately contributing to the capillary loss and fluid leakage that
occur in diabetic vasculopathies (Armulik et al., 2011; Ferland-
McCollough et al., 2017; Hayes, 2019). Thus, identification of
enzyme modifiers that effectively limit glucose uptake or divert
the flux of glucose away from “damage-inducing” metabolic
pathways (i.e., polyol; AGE-producing) may protect pericytes
from high glucose-induced damage and apoptosis by minimizing
ROS and AGE accumulation.

On the opposite spectrum, excessive pericyte proliferation
promotes disease progression in pulmonary artery hypertension
(PAH), hypoxia-induced retinopathies (characterized by
excessive neovascularization), and kidney and liver fibrosis
(Rabinovitch, 2012; Ferland-McCollough et al., 2017; Dubrac
et al., 2018). Studies using pericytes derived from PAH patients
indicate that aberrant pericyte proliferation and migration
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is fueled by glycolysis, as these cells had elevated glycolytic
capacity and lower mitochondrial activity (Rabinovitch, 2012;
Yuan et al, 2016). Thus, repression of pericyte glycolytic
activity could provide a useful therapeutic approach in this
disease. Recently, siRNA-mediated knock-down of PDK4 (which
suppresses mitochondrial activity in favor of glycolysis by
inhibition of pyruvate dehydrogenase) was shown to increase
PAH-derived pericyte mitochondrial function, lower their
proliferation and improve their interactions with endothelial cells
(Yuan et al, 2016), demonstrating promise of this conceptual
approach. Similar strategies may be useful in regulating pericyte
proliferation in chronic kidney disease or retinopathies, although
these approaches remain to be tested.

Excessive differentiation of pericytes into smooth muscle
cells also occurs in PAH and contributes to the pathogenesis
and severity of the disease (Rabinovitch, 2012; Ricard et al,
2014). In general, the pathological differentiation of pericytes
into myofibroblasts is a hallmark of fibrotic kidney and liver
diseases (Humphreys, 2018; Parola and Pinzani, 2019). Notably,
lineage tracing also demonstrated that trans-differentiation of
PDGFRP+ pericytes into fibroblasts occurs within a tumor
environment, which causes alterations to capillary structure
and interstitial matrix components that ultimately enhance
tumor invasion and metastatic potential (Hosaka et al., 2016).
In vivo pathological activation of osteogenesis/chondrogenesis
within pericytes can lead to ectopic ossification (Farrington-
Rock et al., 2004; Kirton et al., 2007). This also contributes
to large vessel calcification in atherosclerosis (Canfield et al.,
2000; Tintut et al., 2003). While efforts to date have focused
almost exclusively on disrupting the initiation of ligand-activated
receptor signaling (ie., disproportionate TGF-p or PDGF-
BB signaling that provokes smooth muscle or myofibroblast
differentiation in these diseases) (Humphreys et al, 2010;
Duffield et al., 2013; Hung et al., 2013; Hosaka et al., 2016), it is
plausible that coordinated manipulation of metabolic pathways
has the potential to achieve more effective repression of these
pathological forms of pericyte differentiation. However, more
discrete definition of the metabolic switches associated with
specific lineage differentiation will be required to take advantage
of these opportunities.

Improving the Use of Pericytes as a Tool

for Regenerative Medicine

The capacity to fine-tune pericyte metabolism may provide
mechanisms to optimize the function of pericytes used in
regenerative medicine, through enhancing the survival and
participation of these cells despite the unfavorable conditions
found within the host ischemic or injured tissues. Pericytes,
and related cell populations that have been referred to as
‘pericyte-like adventitial cells, ‘fibro-adipocyte progenitors’ and
‘mesenchymal stromal cells’ have been tested in various types
of cell-based therapies and as tools for tissue bioengineering
(Zamora et al., 2013; Konig et al., 2016; Avolio et al., 2017;
Murray et al,, 2017). To date, pericyte injections have been
utilized in pre-clinical studies to promote muscle repair, recovery
from muscle or cardiac ischemia, bone/skin injury, diabetic

retinopathy (including the clinical trial RETICELL) (Dar et al,,
2012; Mendel et al., 2013; Siqueira et al., 2015; Thomas et al,,
2017; Alvino et al., 2018; Munroe et al., 2019). The expectation
is that pericyte delivery will improve outcomes by one or more
actions: secretion of factors that support functions of native
cells; replacement of existing ‘damaged’ or ‘dead’ pericytes;
differentiation into functional vascular or muscle cells (Caplan,
2009; Cathery et al., 2018).

The value of pericytes as a tool for cellular therapy is
highly dependent on their capacity to survive and function
within the environment to which they are delivered. The
relative reliance of proliferating pericytes on glycolytic vs.
oxidative metabolism may help to support pericyte survival
when they are injected into ischemic cardiac or skeletal muscle
(Cathery et al, 2018). However, conditions within the host
tissue microenvironment (i.e., oxidative stress, hyperglycemia,
excess TGF-p or PDGF-BB) may impede appropriate activation,
proliferation, differentiation and function of healthy donor
pericytes, as has been demonstrated within the ischemic limbs of
db/db mice (Hayes et al., 2018). Further, the pericyte secretome
will vary between pro and anti-inflammatory dependent on the
local environment/stimulus (Chen et al., 2013; Gaceb et al,,
2018). For example, inflammatory stimuli and AGE will enhance
secretion of pro-fibrotic TGF-B, and this could influence the
extent to which transplanted pericytes would evoke a fibrotic
response in the host tissue.

Moreover, the success of pericyte-based therapies may be
limited by the patient’s pre-existing disease. Although autologous
transplantation is preferable to use, these cells may be deficient
in number and/or function (Fadini et al, 2017, 2019; Teng
and Huang, 2019). For example, diabetic individuals have
fewer skeletal muscle and bone-marrow derived pericytes than
age-matched non-diabetics (Tilton et al, 1981; Mangialardi
et al,, 2019). Additionally, the ‘stemness’ of these cells may be
compromised. Muscle-derived pericytes from diabetic patients
exhibited greater adipogenic potential and reduced capacity
to promote angiogenesis, which was related to enhanced
oxidative stress-dependent damage (Vono et al., 2016). Similarly,
bone marrow-derived pericytes from type 2 diabetic patients
displayed less Akt activation, which associated with lower
survival and proliferation (Mangialardi et al,, 2019). Ideally,
manipulation of these cells in vitro could be used to correct these
deficiencies and to condition the cells for more effective functions
once transplanted.

CURRENT CHALLENGES AND FUTURE
DIRECTIONS

An ongoing challenge in the field of pericyte biology is the
inherent heterogeneity of this cell population. This has led to
substantial study to study inconsistencies in the classification of
pericytes, which in turn confounds the interpretation of research
on pericyte functions. Thus, a comprehensive characterization
of pericyte subtypes and validation of appropriate identifying
markers for these populations are crucial next steps for advancing
our knowledge of pericyte functions and differentiation potential.
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Single cell sequencing offers tremendous promise in establishing
global gene expression signatures and novel molecular identifiers
of pericytes, as well as enabling the discovery of subtype, tissue
and disease-specific patterns of pericyte gene expression. With
this knowledge, it will be possible to evaluate the extent to which
pericyte subpopulations are pre-programed with discrete and
tissue-specific lineage potentials and to identify which pericyte
subgroups have the most favorable characteristics for use in
regenerative cell therapies.

Emerging evidence indicates that the regulation of metabolic
pathways may offer the potential to manipulate the cell-state and
fate decisions of pericytes, which could enable the development of
novel strategies to control pericytes contributions to pathological
conditions and their use in regenerative medicine. However,
knowledge of pericyte metabolism is rudimentary to date and
the overall understanding of how pericytes integrate signal
transduction, metabolic programing and cell state/fate decisions
currently lags far behind the state of knowledge of these
relationships in other vascular and stem cells. Therefore, many
fundamental questions remain to be answered. Considering the
extent of pericyte heterogeneity in vivo, it will be important
to determine if there is variability in metabolic programing
that coincide with specific gene expression signatures. With the
evolving advancements in metabolomics technologies, there is
now unprecedented opportunity to map the metabolome of
pericytes even to the single cell level and to identify the metabolic
pathways that are integral to transitions in pericyte state and

REFERENCES

Aimaiti, Y., Yusufukadier, M., Li, W., Tuerhongjiang, T., Shadike, A., Meiheriayi,
A, etal. (2019). TGF-B1 signaling activates hepatic stellate cells through Notch
pathway. Cytotechnology 71, 881-891. doi: 10.1007/s10616-019-00329-y

Akiyama, H., Chaboissier, M.-C., Martin, J. F., Schedl, A., and de Crombrugghe, B.
(2002). The transcription factor Sox9 has essential roles in successive steps of
the chondrocyte differentiation pathway and is required for expression of Sox5
and Sox6. Genes Dev. 16, 2813-2828. doi: 10.1101/gad.1017802

Akiyama, H., Lyons, J. P., Mori-Akiyama, Y., Yang, X., Zhang, R., Zhang,
Z., et al. (2004). Interactions between Sox9 and beta-catenin control
chondrocyte differentiation. Genes Dev. 18, 1072-1087. doi: 10.1101/gad.11
71104

Alarcon-Martinez, L., Yilmaz-Ozcan, S., Yemisci, M., Schallek, J., Kilig, K.,
Villafranca-Baughman, D., et al. (2019). Retinal ischemia induces a-SMA-
mediated capillary pericyte contraction coincident with perivascular glycogen
depletion. Acta Neuropathol. Commun. 7:134. doi: 10.1186/s40478-019-0761-z

Alexander, M. R., and Owens, G. K. (2012). Epigenetic control of smooth muscle
cell differentiation and phenotypic switching in vascular development and
disease. Annu. Rev. Physiol. 74, 13-40. doi: 10.1146/annurev-physiol-012110-
142315

Alikhani, M., Roy, S., and Graves, D. T. (2010). FOXO1 plays an essential role in
apoptosis of retinal pericytes. Mol. Vis. 16, 408-415.

Alvino, V. V., Fernandez-Jiménez, R., Rodriguez-Arabaolaza, I., Slater, S.,
Mangialardi, G., Avolio, E., et al. (2018). Transplantation of allogeneic pericytes
improves myocardial vascularization and reduces interstitial fibrosis in a swine
model of reperfused acute myocardial infarction. J. Am. Heart Assoc. 7:e006727.
doi: 10.1161/JAHA.117.006727

Andersson-Sjoland, A., Karlsson, J. C., and Rydell-Térménen, K. (2016). ROS-
induced endothelial stress contributes to pulmonary fibrosis through pericytes
and Wnt signaling. Lab. Invest. 96, 206-217. doi: 10.1038/labinvest.2015.100

Ando, K., Wang, W., Peng, D., Chiba, A, Lagendijk, A. K. Barske, L.,
et al. (2019). Peri-arterial specification of vascular mural cells from naive

lineage commitment. Lastly, it is crucial to consider the impact
of various pericyte isolation and culturing conditions on the
signaling and metabolic pathways that regulate activation and
differentiation potential, since this could greatly influence the
reproducibility and efficacy of cell-based therapeutic treatments.
Addressing these avenues of research not only will provide
valuable insight into the contribution of specific metabolic
pathways in shaping pericyte phenotype but it may also reveal
new tools for the optimization of pericyte characteristics in
pathological conditions and when used in cell therapies.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by a Natural Sciences and Engineering
Research Council of Canada Discovery Grant to TH.

ACKNOWLEDGMENTS

Schematic figures were created using BioRender.com.

mesenchyme requires Notch signaling. Development 146:dev165589. doi: 10.
1242/dev.165589

Andrianifahanana, M., Hernandez, D. M., Yin, X., Kang, J.-H., Jung, M.-Y., Wang,
Y., et al. (2016). Profibrotic up-regulation of glucose transporter 1 by TGE-f
involves activation of MEK and mammalian target of rapamycin complex 2
pathways. FASEB J. 30, 3733-3744. doi: 10.1096/fj.201600428R

Armulik, A., Abramsson, A., and Betsholtz, C. (2005). Endothelial/pericyte
interactions. Circ. Res. 97, 512-523. doi: 10.1161/01.RES.0000182903.16652.d7

Armulik, A., Genové, G., and Betsholtz, C. (2011). Pericytes: developmental,
physiological, and pathological perspectives, problems, and promises. Dev. Cell
21, 193-215. doi: 10.1016/j.devcel.2011.07.001

Avolio, E., Alvino, V. V., Ghorbel, M. T., and Campagnolo, P. (2017).
Perivascular cells and tissue engineering: current applications and untapped
potential. Pharmacol. Ther. 171, 83-92. doi: 10.1016/j.pharmthera.2016.
11.002

Barnes, J. L., and Gorin, Y. (2011). Myofibroblast differentiation during fibrosis:
role of NAD(P)H oxidases. Kidney Int. 79, 944-956. doi: 10.1038/ki.2010.516

Barron, L., Gharib, S. A, and Duffield, J. S. (2016). Lung pericytes and resident
fibroblasts: busy multitaskers. Am. J. Pathol. 186, 2519-2531. doi: 10.1016/j.
ajpath.2016.07.004

Bayin, N. S, Frenster, J. D., Sen, R,, Si, S., Modrek, A. S., Galifianakis, N., et al.
(2017). Notch signaling regulates metabolic heterogeneity in glioblastoma stem
cells. Oncotarget 8, 64932-64953. doi: 10.18632/oncotarget.18117

Behl, Y., Krothapalli, P., Desta, T., Roy, S., and Graves, D. T. (2009). FOXOL1 plays
an important role in enhanced microvascular cell apoptosis and microvascular
cell loss in type 1 and type 2 diabetic rats. Diabetes 58, 917-925. doi: 10.2337/
db08-0537

Benjamin, L. E., Hemo, 1., and Keshet, E. (1998). A plasticity window for blood
vessel remodelling is defined by pericyte coverage of the preformed endothelial
network and is regulated by PDGF-B and VEGEF. Development 125, 1591-1598.

Bergers, G., and Song, S. (2005). The role of pericytes in blood-vessel formation
and maintenance. Neuro Oncol. 7, 452-464. doi: 10.1215/S115285170500
0232

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 77


http://BioRender.com
https://doi.org/10.1007/s10616-019-00329-y
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1101/gad.1171104
https://doi.org/10.1101/gad.1171104
https://doi.org/10.1186/s40478-019-0761-z
https://doi.org/10.1146/annurev-physiol-012110-142315
https://doi.org/10.1146/annurev-physiol-012110-142315
https://doi.org/10.1161/JAHA.117.006727
https://doi.org/10.1038/labinvest.2015.100
https://doi.org/10.1242/dev.165589
https://doi.org/10.1242/dev.165589
https://doi.org/10.1096/fj.201600428R
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1016/j.pharmthera.2016.11.002
https://doi.org/10.1016/j.pharmthera.2016.11.002
https://doi.org/10.1038/ki.2010.516
https://doi.org/10.1016/j.ajpath.2016.07.004
https://doi.org/10.1016/j.ajpath.2016.07.004
https://doi.org/10.18632/oncotarget.18117
https://doi.org/10.2337/db08-0537
https://doi.org/10.2337/db08-0537
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1215/S1152851705000232
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nwadozi et al.

Pericyte Metabolism and Plasticity

Bernard, K., Logsdon, N. J., Benavides, G. A., Sanders, Y., Zhang, ]., Darley-Usmar,
V.M, et al. (2018). Glutaminolysis is required for transforming growth factor-
pl-induced myofibroblast differentiation and activation. J. Biol. Chem. 293,
1218-1228. doi: 10.1074/jbc. RA117.000444

Bernard, K., Logsdon, N. J., Ravi, S., Xie, N., Persons, B. P., Rangarajan, S., et al.
(2015). Metabolic reprogramming is required for myofibroblast contractility
and differentiation. J. Biol. Chem. 290, 25427-25438. doi: 10.1074/jbc.M115.
646984

Berrone, E., Beltramo, E., Solimine, C., Ape, A. U., and Porta, M. (2006). Regulation
of intracellular glucose and polyol pathway by thiamine and benfotiamine
in vascular cells cultured in high glucose. J. Biol. Chem. 281, 9307-9313.
doi: 10.1074/jbc.M600418200

Bi, W., Deng, J. M., Zhang, Z., Behringer, R. R., and de Crombrugghe, B. (1999).
Sox9 is required for cartilage formation. Nat. Genet. 22, 85-89. doi: 10.1038/
8792

Birbrair, A., Borges, I, da, T., Gilson Sena, I. F., Almeida, G. G., da Silva Meirelles,
L., et al. (2017). How plastic are pericytes? Stem Cells Dev. 26, 1013-1019.
doi: 10.1089/s¢d.2017.0044

Birbrair, A., Zhang, T., Wang, Z.-M., Messi, M. L., Enikolopov, G. N., Mintz,
A., et al. (2013). Role of pericytes in skeletal muscle regeneration and fat
accumulation. Stem Cells Dev. 22, 2298-2314. doi: 10.1089/s¢d.2012.0647

Birbrair, A., Zhang, T., Wang, Z.-M., Messi, M. L., Mintz, A., and Delbono, O.
(2014). Pericytes: multitasking cells in the regeneration of injured, diseased,
and aged skeletal muscle. Front. Aging Neurosci. 6:245. doi: 10.3389/fnagi.2014.
00245

Boopathy, A. V., Pendergrass, K. D., Che, P. L., Yoon, Y.-S., and Davis, M. E.
(2013). Oxidative stress-induced Notchl signaling promotes cardiogenic gene
expression in mesenchymal stem cells. Stem Cell Res. Ther. 4:43. doi: 10.1186/
scrt190

Byon, C. H., Javed, A., Dai, Q., Kappes, J. C., Clemens, T. L., Darley-Usmar, V. M.,
etal. (2008). Oxidative stress induces vascular calcification through modulation
of the osteogenic transcription factor Runx2 by AKT signaling. J. Biol. Chem.
283, 15319-15327. doi: 10.1074/jbc.M800021200

Cacicedo, J. M., Benjachareowong, S., Chou, E., Ruderman, N. B, and Ido, Y.
(2005). Palmitate-induced apoptosis in cultured bovine retinal pericytes: roles
of NAD(P)H oxidase, oxidant stress, and ceramide. Diabetes 54, 1838-1845.
doi: 10.2337/diabetes.54.6.1838

Canfield, A. E., Doherty, M. J., Wood, A. C,, Farrington, C., Ashton, B., Begum,
N., et al. (2000). Role of pericytes in vascular calcification: a review. Z. Kardiol.
89(Suppl. 2), S020-S027. doi: 10.1007/s003920070096

Cantelmo, A. R, Conradi, L.-C., Brajic, A., Goveia, J., Kalucka, J., Pircher, A., et al.
(2016). Inhibition of the glycolytic activator PEKFB3 in endothelium induces
tumor vessel normalization, impairs metastasis, and improves chemotherapy.
Cancer Cell 30, 968-985. doi: 10.1016/j.ccell.2016.10.006

Caplan, A. I. (2009). Why are MSCs therapeutic? New data: new insight. J. Pathol.
217, 318-324. doi: 10.1002/path.2469

Carmeliet, P., and Jain, R. K. (2011). Molecular mechanisms and clinical
applications of angiogenesis. Nature 473, 298-307. doi: 10.1038/nature
10144

Carter, M. E., and Brunet, A. (2007). FOXO transcription factors. Curr. Biol. 17,
R113-R114. doi: 10.1016/j.cub.2007.01.008

Castro, V., Skowronska, M., Lombardi, J., He, J., Seth, N., Velichkovska,
M., et al. (2018). Occludin regulates glucose uptake and ATP production
in pericytes by influencing AMP-activated protein kinase activity.
J. Cereb. Blood Flow Metab. 38, 317-332. doi: 10.1177/0271678X177
20816

Cathery, W., Faulkner, A., Maselli, D., and Madeddu, P. (2018). Concise review:
the regenerative journey of pericytes toward clinical translation. Stem Cells 36,
1295-1310. doi: 10.1002/stem.2846

Chambers, R. C., Leoni, P., Kaminski, N., Laurent, G. J., and Heller, R. A. (2003).
Global expression profiling of fibroblast responses to transforming growth
factor-B1 reveals the induction of inhibitor of differentiation-1 and provides
evidence of smooth muscle cell phenotypic switching. Am. J. Pathol. 162,
533-546. doi: 10.1016/s0002-9440(10)63847-3

Chen, C.-T., Shih, Y.-R. V., Kuo, T. K., Lee, O. K., and Wei, Y.-H. (2008).
Coordinated changes of mitochondrial biogenesis and antioxidant enzymes
during osteogenic differentiation of human mesenchymal stem cells. Stem Cells
26, 960-968. doi: 10.1634/stemcells.2007-0509

Chen, C.-W., Okada, M., Proto, J. D., Gao, X, Sekiya, N., Beckman, S. A, et al.
(2013). Human pericytes for ischemic heart repair. Stem Cells 31, 305-316.
doi: 10.1002/stem.1285

Chen, D., Gong, Y., Xu, L., Zhou, M,, Li, J., and Song, J. (2019). Bidirectional
regulation of osteogenic differentiation by the FOXO subfamily of Forkhead
transcription factors in mammalian MSCs. Cell Prolif. 52:e12540. doi: 10.1111/
cpr.12540

Chen, W. C. W, Baily, J. E., Corselli, M., Diaz, M. E., Sun, B., Xiang, G., et al. (2015).
Human myocardial pericytes: multipotent mesodermal precursors exhibiting
cardiac specificity. Stem Cells 33, 557-573. doi: 10.1002/stem.1868

Chen, Y.-T., Chang, F.-C., Wu, C.-F., Chou, Y.-H., Hsu, H.-L., Chiang, W.-C.,
etal. (2011). Platelet-derived growth factor receptor signaling activates pericyte-
myofibroblast transition in obstructive and post-ischemic kidney fibrosis.
Kidney Int. 80, 1170-1181. doi: 10.1038/ki.2011.208

Cheng, J. H., She, H., Han, Y.-P., Wang, J., Xiong, S., Asahina, K., et al. (2008).
Wnt antagonism inhibits hepatic stellate cell activation and liver fibrosis. Am.
J. Physiol. Gastrointest. Liver Physiol. 294, G39-G49. doi: 10.1152/ajpgi.00263.
2007

Choe, M., Brusgard, J. L., Chumsri, S., Bhandary, L., Zhao, X. F., Lu, S., et al. (2015).
The RUNX2 transcription factor negatively regulates SIRT6 expression to alter
glucose metabolism in breast cancer cells. J. Cell. Biochem. 116, 2210-2226.
doi: 10.1002/jcb.25171

Cliff, T. S., Wu, T., Boward, B. R,, Yin, A., Yin, H., Glushka, J. N, et al. (2017).
MYC controls human pluripotent stem cell fate decisions through regulation of
metabolic flux. Cell Stem Cell 21, 502-516.€9. doi: 10.1016/j.stem.2017.08.018

Coller, H. A. (2019). The paradox of metabolism in quiescent stem cells. FEBS Lett.
593, 2817-2839. doi: 10.1002/1873-3468.13608

Corliss, B. A., Ray, H. C,, Doty, R., Mathews, C., Sheybani, N., Fitzgerald, K.,
etal. (2019). Pericyte bridges in homeostasis and hyperglycemia: reconsidering
pericyte dropout and microvascular structures. bioRxiv [Preprint] doi: 10.1101/
704007

Crisan, M., Yap, S., Casteilla, L., Chen, C.-W., Corselli, M., Park, T. S., et al. (2008).
A perivascular origin for mesenchymal stem cells in multiple human organs.
Cell Stem Cell 3, 301-313. doi: 10.1016/j.stem.2008.07.003

da Silva Meirelles, L., Caplan, A. I, and Nardi, N. B. (2008). In search of the
in vivo identity of mesenchymal stem cells. Stem Cells 26, 2287-2299. doi:
10.1634/stemcells.2007- 1122

Dar, A., Domev, H., Ben-Yosef, O., Tzukerman, M., Zeevi-Levin, N., Novak, A.,
et al. (2012). Multipotent vasculogenic pericytes from human pluripotent stem
cells promote recovery of murine ischemic limb. Circulation 125, 87-99. doi:
10.1161/CIRCULATIONAHA.111.048264

De Bock, K., Georgiadou, M., Schoors, S., Kuchnio, A., Wong, B. W., Cantelmo,
A. R, et al. (2013). Role of PFKFB3-driven glycolysis in vessel sprouting. Cell
154, 651-663. doi: 10.1016/j.cell.2013.06.037

Diaz-Flores, L., Gutiérrez, R., Madrid, J. F., Varela, H., Valladares, F., Acosta,
E., et al. (2009). Pericytes. morphofunction, interactions and pathology in
a quiescent and activated mesenchymal cell niche. Histol. Histopathol. 24,
909-969. doi: 10.14670/HH-24.909

Diebold, L. P., Gil, H. J., Gao, P., Martinez, C. A., Weinberg, S. E., and Chandel,
N. S. (2019). Mitochondrial complex III is necessary for endothelial cell
proliferation during angiogenesis. Nat. Metab. 1, 158-171. doi: 10.1038/s42255-
018-0011-x

Ding, L., Cheng, R., Hu, Y., Takahashi, Y., Jenkins, A. J., Keech, A. C., et al. (2014).
Peroxisome proliferator-activated receptor a protects capillary pericytes in the
retina. Am. J. Pathol. 184, 2709-2720. doi: 10.1016/j.ajpath.2014.06.021

Doherty, M. J., and Canfield, A. E. (1999). Gene expression during vascular
pericyte differentiation. Crit. Rev. Eukaryot. Gene Expr. 9, 1-17. doi: 10.1615/
critreveukaryotgeneexpr.v9.il.10

Dowell, P., Otto, T. C., Adj, S., and Lane, M. D. (2003). Convergence of peroxisome
proliferator-activated receptor gamma and Foxol signaling pathways. J. Biol.
Chem. 278, 45485-45491. doi: 10.1074/jbc.M309069200

Dubrac, A., Kiinzel, S. E., Kiinzel, S. H., Li, J.,, Chandran, R. R., Martin,
K., et al. (2018). NCK-dependent pericyte migration promotes pathological
neovascularization in ischemic retinopathy. Nat. Commun. 9, 1-15. doi: 10.
1038/541467-018-05926-7

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L., and Karsenty, G. (1997). Osf2/Cbfal:
a transcriptional activator of osteoblast differentiation. Cell 89, 747-754. doi:
10.1016/50092-8674(00)80257-3

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 77


https://doi.org/10.1074/jbc.RA117.000444
https://doi.org/10.1074/jbc.M115.646984
https://doi.org/10.1074/jbc.M115.646984
https://doi.org/10.1074/jbc.M600418200
https://doi.org/10.1038/8792
https://doi.org/10.1038/8792
https://doi.org/10.1089/scd.2017.0044
https://doi.org/10.1089/scd.2012.0647
https://doi.org/10.3389/fnagi.2014.00245
https://doi.org/10.3389/fnagi.2014.00245
https://doi.org/10.1186/scrt190
https://doi.org/10.1186/scrt190
https://doi.org/10.1074/jbc.M800021200
https://doi.org/10.2337/diabetes.54.6.1838
https://doi.org/10.1007/s003920070096
https://doi.org/10.1016/j.ccell.2016.10.006
https://doi.org/10.1002/path.2469
https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nature10144
https://doi.org/10.1016/j.cub.2007.01.008
https://doi.org/10.1177/0271678X17720816
https://doi.org/10.1177/0271678X17720816
https://doi.org/10.1002/stem.2846
https://doi.org/10.1016/s0002-9440(10)63847-3
https://doi.org/10.1634/stemcells.2007-0509
https://doi.org/10.1002/stem.1285
https://doi.org/10.1111/cpr.12540
https://doi.org/10.1111/cpr.12540
https://doi.org/10.1002/stem.1868
https://doi.org/10.1038/ki.2011.208
https://doi.org/10.1152/ajpgi.00263.2007
https://doi.org/10.1152/ajpgi.00263.2007
https://doi.org/10.1002/jcb.25171
https://doi.org/10.1016/j.stem.2017.08.018
https://doi.org/10.1002/1873-3468.13608
https://doi.org/10.1101/704007
https://doi.org/10.1101/704007
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1634/stemcells.2007-1122
https://doi.org/10.1634/stemcells.2007-1122
https://doi.org/10.1161/CIRCULATIONAHA.111.048264
https://doi.org/10.1161/CIRCULATIONAHA.111.048264
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.14670/HH-24.909
https://doi.org/10.1038/s42255-018-0011-x
https://doi.org/10.1038/s42255-018-0011-x
https://doi.org/10.1016/j.ajpath.2014.06.021
https://doi.org/10.1615/critreveukaryotgeneexpr.v9.i1.10
https://doi.org/10.1615/critreveukaryotgeneexpr.v9.i1.10
https://doi.org/10.1074/jbc.M309069200
https://doi.org/10.1038/s41467-018-05926-7
https://doi.org/10.1038/s41467-018-05926-7
https://doi.org/10.1016/s0092-8674(00)80257-3
https://doi.org/10.1016/s0092-8674(00)80257-3
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nwadozi et al.

Pericyte Metabolism and Plasticity

Duffield, J. S., Lupher, M., Thannickal, V. J., and Wynn, T. A. (2013). Host
responses in tissue repair and fibrosis. Annu. Rev. Pathol. 8, 241-276. doi:
10.1146/annurev-pathol-020712- 163930

Durbeej, M. (2010). Laminins. Cell Tissue Res. 339, 259-268. doi: 10.1007/s00441-
009-0838-2

Fadini, G. P., Ciciliot, S., and Albiero, M. (2017). Concise review: perspectives
and clinical implications of bone marrow and circulating stem cell defects in
diabetes. Stem Cells 35, 106-116. doi: 10.1002/stem.2445

Fadini, G. P., Spinetti, G., Santopaolo, M., and Madeddu, P. (2019). Impaired
regeneration contributes to poor outcomes in diabetic peripheral artery disease.
Arterioscler. Thromb. Vasc. Biol. 40, 34-44. doi: 10.1161/ATVBAHA.119.
312863

Farahani, R. M., Rezaei-Lotfi, S., Simonian, M., Xaymardan, M., and Hunter,
N. (2019). Neural microvascular pericytes contribute to human adult
neurogenesis. J. Comp. Neurol. 527, 780-796. doi: 10.1002/cne.24565

Farrington-Rock, C., Crofts, N. J., Doherty, M. J., Ashton, B. A., Griffin-Jones,
C., and Canfield, A. E. (2004). Chondrogenic and adipogenic potential of
microvascular pericytes. Circulation 110, 2226-2232. doi: 10.1161/01.CIR.
0000144457.55518.E5

Ferland-McCollough, D., Maselli, D., Spinetti, G., Sambataro, M., Sullivan,
N., Blom, A, et al. (2018). MCP-1 feedback loop between adipocytes
and mesenchymal stromal cells causes fat accumulation and contributes to
hematopoietic stem cell rarefaction in the bone marrow of patients with
diabetes. Diabetes 67, 1380-1394. doi: 10.2337/db18-0044

Ferland-McCollough, D., Slater, S., Richard, J., Reni, C., and Mangialardi, G.
(2017). Pericytes, an overlooked player in vascular pathobiology. Pharmacol.
Ther. 171, 30-42. doi: 10.1016/j.pharmthera.2016.11.008

Folmes, C. D., Arrell, D. K., Zlatkovic-Lindor, J., Martinez-Fernandez, A., Perez-
Terzic, C., Nelson, T. J., et al. (2013). Metabolome and metaboproteome
remodeling in nuclear reprogramming. Cell Cycle 12, 2355-2365. doi: 10.4161/
cc.25509

Funes, J. M., Quintero, M., Henderson, S., Martinez, D., Qureshi, U., Westwood,
C., et al. (2007). Transformation of human mesenchymal stem cells increases
their dependency on oxidative phosphorylation for energy production. Proc.
Natl. Acad. Sci. U.S.A. 104, 6223-6228. doi: 10.1073/pnas.0700690104

Gaceb, A., Barbariga, M., Ozen, 1., and Paul, G. (2018). The pericyte secretome:
potential impact on regeneration. Biochimie 155, 16-25. doi: 10.1016/j.biochi.
2018.04.015

Gao, X., Usas, A, Lu, A,, Tang, Y., Wang, B., Chen, C.-W,, et al. (2013). BMP2
is superior to BMP4 for promoting human muscle-derived stem cell-mediated
bone regeneration in a critical-sized calvarial defect model. Cell Transplant. 22,
2393-2408. doi: 10.3727/096368912X658854

Geevarghese, A., and Herman, I. M. (2014). Pericyte-endothelial crosstalk:
implications and opportunities for advanced cellular therapies. Transl. Res. 163,
296-306. doi: 10.1016/j.trs1.2014.01.011

Gerhardt, H., Wolburg, H., and Redies, C. (2000). N-cadherin mediates pericytic-
endothelial interaction during brain angiogenesis in the chicken. Dev. Dyn. 218,
472-479.

Giacco, F., and Brownlee, M. (2010). Oxidative stress and diabetic complications.
Circ. Res. 107, 1058-1070. doi: 10.1161/CIRCRESAHA.110.223545

Gopinath, S. D., Webb, A. E., Brunet, A., and Rando, T. A. (2014). FOXO3
promotes quiescence in adult muscle stem cells during the process of self-
renewal. Stem Cell Rep. 2, 414-426. doi: 10.1016/j.stemcr.2014.02.002

Gu, W., Gaeta, X,, Sahakyan, A., Chan, A. B.,, Hong, C. S, Kim, R, et al
(2016). Glycolytic metabolism plays a functional role in regulating human
pluripotent stem cell state. Cell Stem Cell 19, 476-490. doi: 10.1016/j.stem.2016.
08.008

Guimaraes-Camboa, N., Cattaneo, P., Sun, Y., Moore-Morris, T., Gu, Y., Dalton,
N. D, et al. (2017). Pericytes of multiple organs do not behave as mesenchymal
stem cells in vivo. Cell Stem Cell 20, 345-359.e5. doi: 10.1016/j.stem.2016.12.
006

Guo, B., Huang, X, Lee, M. R, Lee, S. A., and Broxmeyer, H. E. (2018). Antagonism
of PPAR-y signaling expands human hematopoietic stem and progenitor
cells by enhancing glycolysis. Nat. Med. 24, 360-367. doi: 10.1038/nm.
4477

Gurel, Z., Sieg, K. M., Shallow, K. D., Sorenson, C. M., and Sheibani, N. (2013).
Retinal O-linked N-acetylglucosamine protein modifications: implications for

postnatal retinal vascularization and the pathogenesis of diabetic retinopathy.
Mol Vis. 19, 1047-1059.

Hayes, K. L. (2019). Pericytes in Type 2 diabetes. Adv. Exp. Med. Biol. 1147,
265-278. doi: 10.1007/978-3-030-16908-4_12

Hayes, K. L., Messina, L. M., Schwartz, L. M., Yan, J., Burnside, A. S., and
Witkowski, S. (2018). Type 2 diabetes impairs the ability of skeletal muscle
pericytes to augment postischemic neovascularization in db/db mice. Am. J.
Physiol. Cell Physiol. 314, C534-C544. doi: 10.1152/ajpcell.00158.2017

He, L., Vanlandewijck, M., Mée, M. A., Andrae, J., Ando, K., Del Gaudio, F.,
et al. (2018). Single-cell RNA sequencing of mouse brain and lung vascular and
vessel-associated cell types. Sci. Data 5:180160. doi: 10.1038/sdata.2018.160

Higuchi, M., Dusting, G. J., Peshavariya, H., Jiang, F., Hsiao, S. T.-F., Chan,
E. C, etal. (2013). Differentiation of human adipose-derived stem cells into fat
involves reactive oxygen species and Forkhead box O1 mediated upregulation
of antioxidant enzymes. Stem Cells Dev. 22, 878-888. doi: 10.1089/scd.2012.
0306

Holm, A., Heumann, T., and Augustin, H. G. (2018). Microvascular mural
cell organotypic heterogeneity and functional plasticity. Trends Cell Biol. 28,
302-316. doi: 10.1016/j.tcb.2017.12.002

Hosaka, K., Yang, Y., Seki, T., Fischer, C., Dubey, O., Fredlund, E., et al. (2016).
Pericyte—fibroblast transition promotes tumor growth and metastasis. Proc.
Natl. Acad. Sci. U.S.A. 113, E5618-E5627. doi: 10.1073/pnas.1608384113

Humpbhreys, B. D. (2018). Mechanisms of renal fibrosis. Annu. Rev. Physiol. 80,
309-326. doi: 10.1146/annurev- physiol-022516-034227

Humphreys, B. D., Lin, S.-L., Kobayashi, A., Hudson, T. E., Nowlin, B. T,,
Bonventre, J. V., etal. (2010). Fate tracing reveals the pericyte and not epithelial
origin of myofibroblasts in kidney fibrosis. Am. J. Pathol. 176, 85-97. doi:
10.2353/ajpath.2010.090517

Hung, C,, Linn, G., Chow, Y.-H., Kobayashi, A., Mittelsteadt, K., Altemeier, W. A.,
et al. (2013). Role of lung pericytes and resident fibroblasts in the pathogenesis
of pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 188, 820-830. doi: 10.1164/
rccm.201212-22970C

Iso, T., Hamamori, Y., and Kedes, L. (2003). Notch signaling in vascular
development. Arterioscler. Thromb. Vasc. Biol. 23, 543-553. doi: 10.1161/01.
ATV.0000060892.81529.8F

Ji, Y., Chen, S., Xiang, B., Li, Y., Li, L., and Wang, Q. (2016). Jagged1/Notch3
signaling modulates hemangioma-derived pericyte proliferation and
maturation. Cell. Physiol. Biochem. 40, 895-907. doi: 10.1159/000453148

Kalucka, J., Bierhansl, L., Conchinha, N. V., Missiaen, R., Elia, I., Briining, U.,
et al. (2018). Quiescent endothelial cells upregulate fatty acid p-oxidation for
vasculoprotection via redox homeostasis. Cell Metab. 28, 881-894.e13. doi:
10.1016/j.cmet.2018.07.016

Karow, M., Camp, J. G., Falk, S., Gerber, T., Pataskar, A., Gac-Santel, M., et al.
(2018). Direct pericyte-to-neuron reprogramming via unfolding of a neural
stem cell-like program. Nat. Neurosci. 21, 932-940. doi: 10.1038/s41593-018-
0168-3

Kennedy, A., Frank, R. N., and Varma, S. D. (1983). Aldose reductase activity in
retinal and cerebral microvessels and cultured vascular cells. Invest. Ophthalmol.
Vis. Sci. 24, 1250-1258.

Kim, B., Li, J., Jang, C., and Arany, Z. (2017). Glutamine fuels proliferation but
not migration of endothelial cells. EMBO J. 36, 2321-2333. doi: 10.15252/embj.
201796436

King, G. L., Buzney, S. M., Kahn, C. R,, Hetu, N, Buchwald, S., Macdonald, S. G.,
et al. (1983). Differential responsiveness to insulin of endothelial and support
cells from micro- and macrovessels. J. Clin. Invest. 71, 974-979. doi: 10.1172/
jcil10852

Kirton, J. P., Crofts, N. J., George, S. J., Brennan, K., and Canfield, A. E. (2007).
Whnt/beta-catenin signaling stimulates chondrogenic and inhibits adipogenic
differentiation of pericytes: potential relevance to vascular disease? Circ. Res.
101, 581-589. doi: 10.1161/CIRCRESAHA.107.156372

Kirton, J. P., Wilkinson, F. L., Canfield, A. E., and Alexander, M. Y.
(2006). Dexamethasone downregulates calcification-inhibitor molecules and
accelerates osteogenic differentiation of vascular pericytes: implications
for vascular calcification. Circ. Res. 98, 1264-1272. doi: 10.1161/01.RES.
0000223056.68892.8b

Koch, U.,, Lehal, R., and Radtke, F. (2013). Stem cells living with a Notch.
Development 140, 689-704. doi: 10.1242/dev.080614

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 77


https://doi.org/10.1146/annurev-pathol-020712-163930
https://doi.org/10.1146/annurev-pathol-020712-163930
https://doi.org/10.1007/s00441-009-0838-2
https://doi.org/10.1007/s00441-009-0838-2
https://doi.org/10.1002/stem.2445
https://doi.org/10.1161/ATVBAHA.119.312863
https://doi.org/10.1161/ATVBAHA.119.312863
https://doi.org/10.1002/cne.24565
https://doi.org/10.1161/01.CIR.0000144457.55518.E5
https://doi.org/10.1161/01.CIR.0000144457.55518.E5
https://doi.org/10.2337/db18-0044
https://doi.org/10.1016/j.pharmthera.2016.11.008
https://doi.org/10.4161/cc.25509
https://doi.org/10.4161/cc.25509
https://doi.org/10.1073/pnas.0700690104
https://doi.org/10.1016/j.biochi.2018.04.015
https://doi.org/10.1016/j.biochi.2018.04.015
https://doi.org/10.3727/096368912X658854
https://doi.org/10.1016/j.trsl.2014.01.011
https://doi.org/10.1161/CIRCRESAHA.110.223545
https://doi.org/10.1016/j.stemcr.2014.02.002
https://doi.org/10.1016/j.stem.2016.08.008
https://doi.org/10.1016/j.stem.2016.08.008
https://doi.org/10.1016/j.stem.2016.12.006
https://doi.org/10.1016/j.stem.2016.12.006
https://doi.org/10.1038/nm.4477
https://doi.org/10.1038/nm.4477
https://doi.org/10.1007/978-3-030-16908-4_12
https://doi.org/10.1152/ajpcell.00158.2017
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.1089/scd.2012.0306
https://doi.org/10.1089/scd.2012.0306
https://doi.org/10.1016/j.tcb.2017.12.002
https://doi.org/10.1073/pnas.1608384113
https://doi.org/10.1146/annurev-physiol-022516-034227
https://doi.org/10.2353/ajpath.2010.090517
https://doi.org/10.2353/ajpath.2010.090517
https://doi.org/10.1164/rccm.201212-2297OC
https://doi.org/10.1164/rccm.201212-2297OC
https://doi.org/10.1161/01.ATV.0000060892.81529.8F
https://doi.org/10.1161/01.ATV.0000060892.81529.8F
https://doi.org/10.1159/000453148
https://doi.org/10.1016/j.cmet.2018.07.016
https://doi.org/10.1016/j.cmet.2018.07.016
https://doi.org/10.1038/s41593-018-0168-3
https://doi.org/10.1038/s41593-018-0168-3
https://doi.org/10.15252/embj.201796436
https://doi.org/10.15252/embj.201796436
https://doi.org/10.1172/jci110852
https://doi.org/10.1172/jci110852
https://doi.org/10.1161/CIRCRESAHA.107.156372
https://doi.org/10.1161/01.RES.0000223056.68892.8b
https://doi.org/10.1161/01.RES.0000223056.68892.8b
https://doi.org/10.1242/dev.080614
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nwadozi et al.

Pericyte Metabolism and Plasticity

Kofler, N. M., Cuervo, H., Uh, M. K., Murtomiki, A., and Kitajewski, J. (2015).
Combined deficiency of Notchl and Notch3 causes pericyte dysfunction,
models CADASIL, and results in arteriovenous malformations. Sci. Rep.
5:16449. doi: 10.1038/srep16449

Konig, M. A., Canepa, D. D., Cadosch, D., Casanova, E., Heinzelmann, M.,
Rittirsch, D., et al. (2016). Direct transplantation of native pericytes from
adipose tissue: a new perspective to stimulate healing in critical size bone
defects. Cytotherapy 18, 41-52. doi: 10.1016/j.jcyt.2015.10.002

Kumar, A., D’Souza, S. S., Moskvin, O. V., Toh, H., Wang, B., Zhang, J., et al.
(2017). Specification and diversification of pericytes and smooth muscle cells
from mesenchymoangioblasts. Cell Rep 19, 1902-1916. doi: 10.1016/j.celrep.
2017.05.019

Lefterova, M. I., Haakonsson, A. K., Lazar, M. A., and Mandrup, S. (2014). PPARy
and the global map of adipogenesis and beyond. Trends Endocrinol. Metab. 25,
293-302. doi: 10.1016/j.tem.2014.04.001

Li, J., and Wang, C.-Y. (2008). TBL1-TBLR1 and beta-catenin recruit each other
to Wnt target-gene promoter for transcription activation and oncogenesis. Nat.
Cell Biol. 10, 160-169. doi: 10.1038/ncb1684

Li, S., Wang, D.-Z., Wang, Z., Richardson, J. A., and Olson, E. N. (2003). The serum
response factor coactivator myocardin is required for vascular smooth muscle
development. Proc. Natl. Acad. Sci. U.S.A. 100, 9366-9370. doi: 10.1073/pnas.
1233635100

Liang, R., and Ghaffari, S. (2018). Stem cells seen through the FOXO lens: an
evolving paradigm. Curr. Top. Dev. Biol. 127, 23-47. doi: 10.1016/bs.ctdb.2017.
11.006

Lin, H., Wang, D., Wu, T., Dong, C., Shen, N, Sun, Y., et al. (2011). Blocking core
fucosylation of TGF-B1 receptors downregulates their functions and attenuates
the epithelial-mesenchymal transition of renal tubular cells. Am. J. Physiol.
Renal Physiol. 300, F1017-F1025. doi: 10.1152/ajprenal.00426.2010

Lindahl, P., Johansson, B. R., Levéen, P., and Betsholtz, C. (1997). Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science 277, 242-245.
doi: 10.1126/science.277.5323.242

Liu, H., Kennard, S., and Lilly, B. (2009). NOTCH3 expression is induced in
mural cells through an autoregulatory loop that requires endothelial-expressed
JAGGEDL. Circ. Res. 104, 466-475. doi: 10.1161/CIRCRESAHA.108.184846

Liu, H., Zhang, W., Kennard, S., Caldwell, R. B., and Lilly, B. (2010). Notch3
is critical for proper angiogenesis and mural cell investment. Circ. Res. 107,
860-870. doi: 10.1161/CIRCRESAHA.110.218271

Long, X., Bell, R. D., Gerthoffer, W. T., Zlokovic, B. V., and Miano, J. M.
(2008). Myocardin is sufficient for a smooth muscle-like contractile phenotype.
Arterioscler. Thromb. Vasc. Biol. 28, 1505-1510. doi: 10.1161/ATVBAHA.108.
166066

Mandarino, L. J., Finlayson, J., and Hassell, J. R. (1994). High glucose
downregulates glucose transport activity in retinal capillary pericytes but not
endothelial cells. Invest. Ophthalmol. Vis. Sci. 35, 964-972.

Manea, A., Constantinescu, E., Popov, D., and Raicu, M. (2004). Changes in
oxidative balance in rat pericytes exposed to diabetic conditions. J. Cell. Mol.
Med. 8, 117-126. doi: 10.1111/j.1582-4934.2004.tb00266.x

Manea, A., Raicu, M., and Simionescu, M. (2005). Expression of functionally
phagocyte-type NAD(P)H oxidase in pericytes: effect of angiotensin II and high
glucose. Biol. Cell 97, 723-734. doi: 10.1042/BC20040107

Mangialardi, G., Ferland-McCollough, D., Maselli, D., Santopaolo, M., Cordaro, A.,
Spinetti, G., et al. (2019). Bone marrow pericyte dysfunction in individuals with
type 2 diabetes. Diabetologia 62, 1275-1290. doi: 10.1007/s00125-019-4865-6

Mann, J., Chu, D. C. K., Maxwell, A., Oakley, F., Zhu, N.-L., Tsukamoto, H., et al.
(2010). MeCP2 controls an epigenetic pathway that promotes myofibroblast
transdifferentiation and fibrosis. Gastroenterology 138, 705-714, 714.e1-4. doi:
10.1053/j.gastro.2009.10.002

Mateos, J., De la Fuente, A., Lesende-Rodriguez, L., Fernandez-Pernas, P., Arufe,
M. C,, and Blanco, F. J. (2013). Lamin a deregulation in human mesenchymal
stem cells promotes an impairment in their chondrogenic potential and
imbalance in their response to oxidative stress. Stem Cell Res. 11, 1137-1148.
doi: 10.1016/j.5cr.2013.07.004

Mendel, T. A., Clabough, E. B. D., Kao, D. S., Demidova-Rice, T. N,, Durham, J. T.,
Zotter, B. C., et al. (2013). Pericytes derived from adipose-derived stem cells
protect against retinal vasculopathy. PLoS One 8:e65691. doi: 10.1371/journal.
pone.0065691

Meyrick, B., Fujiwara, K., and Reid, L. (1981). Smooth muscle myosin in precursor
and mature smooth muscle cells in normal pulmonary arteries and the effect of
hypoxia. Exp. Lung Res. 2, 303-313. doi: 10.3109/01902148109052325

Mishra, R., and Simonson, M. S. (2008). Oleate induces a myofibroblast-like
phenotype in mesangial cells. Arterioscler. Thromb. Vasc. Biol. 28, 541-547.
doi: 10.1161/ATVBAHA.107.157339

Miyamoto, K., Araki, K. Y., Naka, K., Arai, F., Takubo, K., Yamazaki, S., et al. (2007).
Foxo3a is essential for maintenance of the hematopoietic stem cell pool. Cell
Stem Cell 1, 101-112. doi: 10.1016/j.stem.2007.02.001

Moussaieff, A., Rouleau, M., Kitsberg, D., Cohen, M., Levy, G., Barasch, D., et al.
(2015). Glycolysis-mediated changes in acetyl-CoA and histone acetylation
control the early differentiation of embryonic stem cells. Cell Metab. 21,
392-402. doi: 10.1016/j.cmet.2015.02.002

Mullarky, E., and Cantley, L. C. (2015). “Diverting glycolysis to combat oxidative
stress,” in Innovative Medicine, eds K. Nakao, N. Minato, and S. Uemoto,
(Tokyo: Springer Japan), 3-23. doi: 10.1007/978-4-431-55651-0_1

Munroe, M., Dvoretskiy, S., Lopez, A., Leong, J., Dyle, M. C., Kong, H., et al. (2019).
Pericyte transplantation improves skeletal muscle recovery following hindlimb
immobilization. FASEB J. 33, 7694-7706. doi: 10.1096/1j.201802580R

Murray, I. R, Baily, J. E., Chen, W. C. W,, Dar, A., Gonzalez, Z. N., Jensen, A. R.,
et al. (2017). Skeletal and cardiac muscle pericytes: functions and therapeutic
potential. Pharmacol. Ther. 171, 65-74. doi: 10.1016/j.pharmthera.2016.09.005

Mustapha, N. M., Tarr, J. M., Kohner, E. M., and Chibber, R. (2010). NADPH
oxidase versus mitochondria-derived ROS in glucose-induced apoptosis of
pericytes in early diabetic retinopathy. J. Ophthalmol. 2010:746978. doi: 10.
1155/2010/746978

Nadanaka, S., Kinouchi, H., and Kitagawa, H. (2018). Chondroitin sulfate-
mediated N-cadherin/B-catenin signaling is associated with basal-like breast
cancer cell invasion. J. Biol. Chem. 293, 444-465. doi: 10.1074/jbc.M117.814509

Nakata, M., Nakagomi, T., Maeda, M., Nakano-Doi, A., Momota, Y., and
Matsuyama, T. (2017). Induction of perivascular neural stem cells and possible
contribution to neurogenesis following transient brain ischemia/reperfusion
injury. Transl. Stroke Res. 8, 131-143. doi: 10.1007/s12975-016-0479- 1

Navarro, R., Compte, M., Alvarez-Vallina, L., and Sanz, L. (2016). Immune
regulation by pericytes: modulating innate and adaptive immunity. Front.
Immunol. 7:480. doi: 10.3389/fimmu.2016.00480

Nwadozi, E., Ng, A., Strémberg, A., Liu, H.-Y., Olsson, K., Gustafsson, T., et al.
(2019). Leptin is a physiological regulator of skeletal muscle angiogenesis and
is locally produced by PDGFRa and PDGFRP expressing perivascular cells.
Angiogenesis 22, 103-115. doi: 10.1007/s10456-018-9641-6

Paik, J., Ding, Z., Narurkar, R., Ramkissoon, S., Muller, F., Kamoun, W. S., et al.
(2009). FoxOs cooperatively regulate diverse pathways governing neural stem
cell homeostasis. Cell Stem Cell 5, 540-553. doi: 10.1016/j.stem.2009.09.013

Papapetropoulos, A., Fulton, D., Mahboubi, K., Kalb, R. G., O’Connor, D. S,,
Li, F., et al. (2000). Angiopoietin-1 inhibits endothelial cell apoptosis via the
Akt/survivin pathway. J. Biol. Chem. 275, 9102-9105. doi: 10.1074/jbc.275.13.
9102

Parola, M., and Pinzani, M. (2019). Liver fibrosis: pathophysiology, pathogenetic
targets and clinical issues. Mol. Aspects Med. 65, 37-55. doi: 10.1016/j.mam.
2018.09.002

Peirce, S. M., and Skalak, T. C. (2003). Microvascular remodeling: a complex
continuum spanning angiogenesis to arteriogenesis. Microcirculation 10,
99-111. doi: 10.1038/sj.mn.7800172

Perugorria, M. J., Wilson, C. L., Zeybel, M., Walsh, M., Amin, S., Robinson,
S., et al. (2012). Histone methyltransferase ASH1 orchestrates fibrogenic
gene transcription during myofibroblast transdifferentiation. Hepatology 56,
1129-1139. doi: 10.1002/hep.25754

Pfister, F., Feng, Y., vom Hagen, F., Hoffmann, S., Molema, G., Hillebrands, J.-
L., et al. (2008). Pericyte migration: a novel mechanism of pericyte loss in
experimental diabetic retinopathy. Diabetes 57, 2495-2502. doi: 10.2337/db08-
0325

Pierantozzi, E., Vezzani, B., Badin, M., Curina, C., Severi, F. M., Petraglia, F.,
et al. (2016). Tissue-specific cultured human pericytes: perivascular cells from
smooth muscle tissue have restricted mesodermal differentiation ability. Stem
Cells Dev. 25, 674-686. doi: 10.1089/scd.2015.0336

Raaz, U,, Schellinger, I. N., Chernogubova, E., Warnecke, C., Kayama, Y., Penov, K.,
etal. (2015). Transcription factor Runx2 promotes aortic fibrosis and stiffness in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 77


https://doi.org/10.1038/srep16449
https://doi.org/10.1016/j.jcyt.2015.10.002
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1016/j.tem.2014.04.001
https://doi.org/10.1038/ncb1684
https://doi.org/10.1073/pnas.1233635100
https://doi.org/10.1073/pnas.1233635100
https://doi.org/10.1016/bs.ctdb.2017.11.006
https://doi.org/10.1016/bs.ctdb.2017.11.006
https://doi.org/10.1152/ajprenal.00426.2010
https://doi.org/10.1126/science.277.5323.242
https://doi.org/10.1161/CIRCRESAHA.108.184846
https://doi.org/10.1161/CIRCRESAHA.110.218271
https://doi.org/10.1161/ATVBAHA.108.166066
https://doi.org/10.1161/ATVBAHA.108.166066
https://doi.org/10.1111/j.1582-4934.2004.tb00266.x
https://doi.org/10.1042/BC20040107
https://doi.org/10.1007/s00125-019-4865-6
https://doi.org/10.1053/j.gastro.2009.10.002
https://doi.org/10.1053/j.gastro.2009.10.002
https://doi.org/10.1016/j.scr.2013.07.004
https://doi.org/10.1371/journal.pone.0065691
https://doi.org/10.1371/journal.pone.0065691
https://doi.org/10.3109/01902148109052325
https://doi.org/10.1161/ATVBAHA.107.157339
https://doi.org/10.1016/j.stem.2007.02.001
https://doi.org/10.1016/j.cmet.2015.02.002
https://doi.org/10.1007/978-4-431-55651-0_1
https://doi.org/10.1096/fj.201802580R
https://doi.org/10.1016/j.pharmthera.2016.09.005
https://doi.org/10.1155/2010/746978
https://doi.org/10.1155/2010/746978
https://doi.org/10.1074/jbc.M117.814509
https://doi.org/10.1007/s12975-016-0479-1
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.1007/s10456-018-9641-6
https://doi.org/10.1016/j.stem.2009.09.013
https://doi.org/10.1074/jbc.275.13.9102
https://doi.org/10.1074/jbc.275.13.9102
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1038/sj.mn.7800172
https://doi.org/10.1002/hep.25754
https://doi.org/10.2337/db08-0325
https://doi.org/10.2337/db08-0325
https://doi.org/10.1089/scd.2015.0336
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nwadozi et al.

Pericyte Metabolism and Plasticity

Type 2 diabetes mellitus. Circ. Res. 117, 513-524. doi: 10.1161/CIRCRESAHA.
115.306341

Rabinovitch, M. (2012). Molecular pathogenesis of pulmonary arterial
hypertension. J. Clin. Invest. 122, 4306-4313. doi: 10.1172/JCI60658

Rached, M.-T., Kode, A., Xu, L., Yoshikawa, Y., Paik, J.-H., Depinho, R. A,
et al. (2010). FoxOl is a positive regulator of bone formation by favoring
protein synthesis and resistance to oxidative stress in osteoblasts. Cell Metab.
11, 147-160. doi: 10.1016/j.cmet.2010.01.001

Ran, C,, Liu, H., Hitoshi, Y., and Israel, M. A. (2013). Proliferation-independent
control of tumor glycolysis by PDGFR-mediated AKT activation. Cancer Res.
73, 1831-1843. doi: 10.1158/0008-5472.CAN-12-2460

Reynolds, L. E., D’Amico, G., Lechertier, T., Papachristodoulou, A., Mufioz-Félix,
J. M., De Arcangelis, A., et al. (2017). Dual role of pericyte a6p1-integrin in
tumour blood vessels. J. Cell Sci. 130, 1583-1595. doi: 10.1242/jcs.197848

Ricard, N., Tu, L., Le Hiress, M., Huertas, A., Phan, C., Thuillet, R., et al. (2014).
Increased pericyte coverage mediated by endothelial-derived fibroblast growth
factor-2 and interleukin-6 is a source of smooth muscle-like cells in pulmonary
hypertension. Circulation 129, 1586-1597. doi: 10.1161/CIRCULATIONAHA.
113.007469

Sacchetti, B., Funari, A., Remoli, C., Giannicola, G., Kogler, G., Liedtke, S., et al.
(2016). No identical “Mesenchymal Stem Cells” at different times and sites:
human committed progenitors of distinct origin and differentiation potential
are incorporated as adventitial cells in microvessels. Stemn Cell Rep. 6, 897-913.
doi: 10.1016/j.stemcr.2016.05.011

Saunders, W. B, Bohnsack, B. L., Faske, J. B., Anthis, N. J., Bayless, K. J., Hirschi,
K. K,, et al. (2006). Coregulation of vascular tube stabilization by endothelial
cell TIMP-2 and pericyte TIMP-3. J. Cell Biol. 175, 179-191. doi: 10.1083/jcb.
200603176

Schoors, S., Bruning, U., Missiaen, R., Queiroz, K. C., Borgers, G., Elia, I, et al.
(2015). Fatty acid carbon is essential for ANTP synthesis in endothelial cells.
Nature 520, 192-197. doi: 10.1038/nature14362

Schulz, G. B., Wieland, E., Wiistehube-Lausch, J., Boulday, G., Moll, I., Tournier-
Lasserve, E., et al. (2015). Cerebral cavernous malformation-1 protein controls
DLL4-Notch3 signaling between the endothelium and pericytes. Stroke 46,
1337-1343. doi: 10.1161/STROKEAHA.114.007512

Semba, R. D., Huang, H., Lutty, G. A., Van Eyk, J. E., and Hart, G. W. (2014).
The role of O-GlcNAc signaling in the pathogenesis of diabetic retinopathy.
Proteomics Clin. Appl. 8,218-231. doi: 10.1002/prca.201300076

Shah, G. N., Morofuji, Y., Banks, W. A., and Price, T. O. (2013). High glucose-
induced mitochondrial respiration and reactive oxygen species in mouse
cerebral pericytes is reversed by pharmacological inhibition of mitochondrial
carbonic anhydrases: implications for cerebral microvascular disease in
diabetes. Biochem. Biophys. Res. Commun. 440, 354-358. doi: 10.1016/j.bbrc.
2013.09.086

She, H., Xiong, S., Hazra, S., and Tsukamoto, H. (2005). Adipogenic transcriptional
regulation of hepatic stellate cells. . Biol. Chem. 280, 4959-4967. doi: 10.1074/
jbc.M410078200

Shen, N, Lin, H., Wu, T., Wang, D., Wang, W., Xie, H., et al. (2013). Inhibition
of TGF-B1-receptor posttranslational core fucosylation attenuates rat renal
interstitial fibrosis. Kidney Int. 84, 64-77. doi: 10.1038/ki.2013.82

Shimizu, F., Sano, Y., Haruki, H., and Kanda, T. (2011). Advanced glycation end-
products induce basement membrane hypertrophy in endoneurial microvessels
and disrupt the blood-nerve barrier by stimulating the release of TGF-§
and vascular endothelial growth factor (VEGF) by pericytes. Diabetologia 54,
1517-1526. doi: 10.1007/s00125-011-2107-7

Siedlecki, J., Asani, B., Wertheimer, C., Hillenmayer, A., Ohlmann, A., Priglinger,
C., et al. (2018). Combined VEGF/PDGF inhibition using axitinib induces
aSMA expression and a pro-fibrotic phenotype in human pericytes. Graefes
Arch. Clin. Exp. Ophthalmol. 256, 1141-1149. doi: 10.1007/s00417-018-
3987-8

Siqueira, R. C., Messias, A., Messias, K., Arcieri, R. S., Ruiz, M. A, Souza, N. F,,
et al. (2015). Quality of life in patients with retinitis pigmentosa submitted to
intravitreal use of bone marrow-derived stem cells (Reticell -clinical trial). Stem
Cell Res. Ther. 6:29. doi: 10.1186/s13287-015-0020-6

Skalak, T. C., Price, R. J., and Zeller, P. J. (1998). Where do new arterioles come
from? Mechanical forces and microvessel adaptation. Microcirculation 5, 91-94.
doi: 10.1038/sj.mn.7300022

Suda, T., Takubo, K., and Semenza, G. L. (2011). Metabolic regulation of
hematopoietic stem cells in the hypoxic niche. Cell Stem Cell 9, 298-310. doi:
10.1016/j.stem.2011.09.010

Sun, W, Tang, H., Gao, L., Sun, X,, Liu, J., Wang, W, et al. (2017). Mechanisms
of pulmonary fibrosis induced by core fucosylation in pericytes. Int. J. Biochem.
Cell Biol. 88, 44-54. doi: 10.1016/j.biocel.2017.05.010

Takamura, Y., Tomomatsu, T., Kubo, E., Tsuzuki, S., and Akagi, Y. (2008). Role of
the polyol pathway in high glucose-induced apoptosis of retinal pericytes and
proliferation of endothelial cells. Invest. Ophthalmol. Vis. Sci. 49, 3216-3223.
doi: 10.1167/iovs.07-1643

Tang, W., Martin, K. A.,, and Hwa, J. (2012). Aldose reductase, oxidative
stress, and diabetic mellitus. Front. Pharmacol. 3:87. doi: 10.3389/fphar.2012.
00087

Teichert, M., Milde, L., Holm, A., Stanicek, L., Gengenbacher, N., Savant, S., et al.
(2017). Pericyte-expressed Tie2 controls angiogenesis and vessel maturation.
Nat. Commun. 8:16106. doi: 10.1038/ncomms16106

Teng, S., and Huang, P. (2019). The effect of type 2 diabetes mellitus and obesity
on muscle progenitor cell function. Stem Cell Res. Ther. 10:103. doi: 10.1186/
s13287-019-1186-0

Thomas, H., Cowin, A. J., and Mills, S. J. (2017). The importance of pericytes in
healing: wounds and other pathologies. Int. J. Mol. Sci. 18:1129. doi: 10.3390/
ijms18061129

Tilton, R. G., Hoffmann, P. L., Kilo, C., and Williamson, J. R. (1981). Pericyte
degeneration and basement membrane thickening in skeletal muscle capillaries
of human diabetics. Diabetes 30, 326-334. doi: 10.2337/diab.30.4.326

Tintut, Y., Alfonso, Z., Saini, T., Radcliff, K., Watson, K., Bostrém, K., et al. (2003).
Multilineage potential of cells from the artery wall. Circulation 108, 2505-2510.
doi: 10.1161/01.CIR.0000096485.64373.C5

Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H., Cullen, D. E.,
et al. (2007). FoxOs are critical mediators of hematopoietic stem cell resistance
to physiologic oxidative stress. Cell 128, 325-339. doi: 10.1016/j.cell.2007.
01.003

Trudeau, K., Molina, A. J. A, and Roy, S. (2011). High glucose induces
mitochondrial morphology and metabolic changes in retinal pericytes. Invest.
Ophthalmol. Vis. Sci. 52, 8657-8664. doi: 10.1167/iovs.11-7934

Tsang, W. P., Shu, Y., Kwok, P. L., Zhang, F., Lee, K. K. H., Tang, M. K,, et al.
(2013). CD146+ human umbilical cord perivascular cells maintain stemness
under hypoxia and as a cell source for skeletal regeneration. PLoS One 8:¢76153.
doi: 10.1371/journal.pone.0076153

van Dijk, C. G. M., Nieuweboer, F. E., Pei, ]. Y., Xu, Y. ]., Burgisser, P., van Mulligen,
E., etal. (2015). The complex mural cell: pericyte function in health and disease.
Int. ]. Cardiol. 190, 75-89. doi: 10.1016/j.ijcard.2015.03.258

Vanlandewijck, M., He, L., Mde, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). A molecular atlas of cell types and zonation in the brain vasculature.
Nature 554, 475-480. doi: 10.1038/nature25739

Vishvanath, L., MacPherson, K. A., Hepler, C., Wang, Q. A., Shao, M., Spurgin,
S. B, et al. (2016). Pdgfrp+ mural preadipocytes contribute to adipocyte
hyperplasia induced by high-fat-diet feeding and prolonged cold exposure in
adult mice. Cell Metab. 23, 350-359. doi: 10.1016/j.cmet.2015.10.018

Volz, K. S., Jacobs, A. H., Chen, H. I, Poduri, A., McKay, A. S., Riordan, D. P.,
et al. (2015). Pericytes are progenitors for coronary artery smooth muscle. eLife
4:€10036. doi: 10.7554/eLife.10036

Vono, R., Fuoco, C,, Testa, S., Pirro, S., Maselli, D., Ferland McCollough, D.,
et al. (2016). Activation of the Pro-Oxidant PKCBII-p66Shc signaling pathway
contributes to pericyte dysfunction in skeletal muscles of patients with diabetes
with critical limb ischemia. Diabetes 65, 3691-3704. doi: 10.2337/db16-0248

Wang, L., Hayashi, H., and Ebina, Y. (1999). Transient effect of platelet-derived
growth factor on GLUT4 translocation in 3T3-L1 adipocytes. J. Biol. Chem. 274,
19246-19253. doi: 10.1074/jbc.274.27.19246

Wang, N., Deng, Y., Liu, A., Shen, N., Wang, W., Du, X, et al. (2017).
Novel mechanism of the pericyte-myofibroblast transition in renal interstitial
fibrosis: core fucosylation regulation. Sci. Rep. 7, 1-12. doi: 10.1038/s41598-017-
17193-5

Wei, J., Shimazu, J., Makinistoglu, M. P., Maurizi, A., Kajimura, D., Zong, H.,
et al. (2015). Glucose uptake and Runx2 synergize to orchestrate osteoblast
differentiation and bone formation. Cell 161, 1576-1591. doi: 10.1016/j.cell.
2015.05.029

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 77


https://doi.org/10.1161/CIRCRESAHA.115.306341
https://doi.org/10.1161/CIRCRESAHA.115.306341
https://doi.org/10.1172/JCI60658
https://doi.org/10.1016/j.cmet.2010.01.001
https://doi.org/10.1158/0008-5472.CAN-12-2460
https://doi.org/10.1242/jcs.197848
https://doi.org/10.1161/CIRCULATIONAHA.113.007469
https://doi.org/10.1161/CIRCULATIONAHA.113.007469
https://doi.org/10.1016/j.stemcr.2016.05.011
https://doi.org/10.1083/jcb.200603176
https://doi.org/10.1083/jcb.200603176
https://doi.org/10.1038/nature14362
https://doi.org/10.1161/STROKEAHA.114.007512
https://doi.org/10.1002/prca.201300076
https://doi.org/10.1016/j.bbrc.2013.09.086
https://doi.org/10.1016/j.bbrc.2013.09.086
https://doi.org/10.1074/jbc.M410078200
https://doi.org/10.1074/jbc.M410078200
https://doi.org/10.1038/ki.2013.82
https://doi.org/10.1007/s00125-011-2107-7
https://doi.org/10.1007/s00417-018-3987-8
https://doi.org/10.1007/s00417-018-3987-8
https://doi.org/10.1186/s13287-015-0020-6
https://doi.org/10.1038/sj.mn.7300022
https://doi.org/10.1016/j.stem.2011.09.010
https://doi.org/10.1016/j.stem.2011.09.010
https://doi.org/10.1016/j.biocel.2017.05.010
https://doi.org/10.1167/iovs.07-1643
https://doi.org/10.3389/fphar.2012.00087
https://doi.org/10.3389/fphar.2012.00087
https://doi.org/10.1038/ncomms16106
https://doi.org/10.1186/s13287-019-1186-0
https://doi.org/10.1186/s13287-019-1186-0
https://doi.org/10.3390/ijms18061129
https://doi.org/10.3390/ijms18061129
https://doi.org/10.2337/diab.30.4.326
https://doi.org/10.1161/01.CIR.0000096485.64373.C5
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1167/iovs.11-7934
https://doi.org/10.1371/journal.pone.0076153
https://doi.org/10.1016/j.ijcard.2015.03.258
https://doi.org/10.1038/nature25739
https://doi.org/10.1016/j.cmet.2015.10.018
https://doi.org/10.7554/eLife.10036
https://doi.org/10.2337/db16-0248
https://doi.org/10.1074/jbc.274.27.19246
https://doi.org/10.1038/s41598-017-17193-5
https://doi.org/10.1038/s41598-017-17193-5
https://doi.org/10.1016/j.cell.2015.05.029
https://doi.org/10.1016/j.cell.2015.05.029
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nwadozi et al.

Pericyte Metabolism and Plasticity

Wellen, K. E,, Lu, C., Mancuso, A., Lemons, J. M. S., Ryczko, M., Dennis, ]. W.,
et al. (2010). The hexosamine biosynthetic pathway couples growth factor-
induced glutamine uptake to glucose metabolism. Genes Dev. 24, 2784-2799.
doi: 10.1101/gad.1985910

Winkler, E. A, Sagare, A. P., and Zlokovic, B. V. (2014). The pericyte: a forgotten
cell type with important implications for Alzheimer’s disease? Brain Pathol. 24,
371-386. doi: 10.1111/bpa.12152

Wérsdorfer, P., and Ergiin, S. (2018). Do vascular mural cells possess endogenous
plasticity in vivo? Stem Cell Rev. Rep. 14, 144-147. doi: 10.1007/s12015-017-
9791-8

Xiao, Y., Peng, H., Hong, C., Chen, Z., Deng, X., Wang, A,, et al. (2017). PDGF
promotes the warburg effect in pulmonary arterial smooth muscle cells via
activation of the PI3K/AKT/mTOR/HIF-1a signaling pathway. Cell. Physiol.
Biochem. 42, 1603-1613. doi: 10.1159/000479401

Yamagishi, S.-I, Okamoto, T., Amano, S., Inagaki, Y., Koga, K., Koga,
M., et al. (2002). Palmitate-induced apoptosis of microvascular
endothelial cells and pericytes. Mol. Med. 8, 179-184. doi: 10.1007/bf034
02010

Yao, Y., Chen, Z.-L., Norris, E. H., and Strickland, S. (2014). Astrocytic laminin
regulates pericyte differentiation and maintains blood brain barrier integrity.
Nat. Commun. 5:3413. doi: 10.1038/ncomms4413

Yazici, D., and Sezer, H. (2017). Insulin resistance, obesity and lipotoxicity. Adv.
Exp. Med. Biol. 960, 277-304. doi: 10.1007/978-3-319-48382-5_12

Yianni, V., and Sharpe, P. T. (2018). Molecular programming of perivascular
stem  cell Stem  Cells 36, 1890-1904. doi: 10.1002/stem.
2895

Yu, P., Wilhelm, K., Dubrac, A., Tung, J. K., Alves, T. C,, Fang, J. S., et al.
(2017). FGF-dependent metabolic control of vascular development. Nature 545,
224-228. doi: 10.1038/nature22322

Yuan, K., Shao, N.-Y., Hennigs, J. K., Discipulo, M., Orcholski, M. E., Shamskhou,
E., etal. (2016). Increased pyruvate dehydrogenase kinase 4 expression in lung
pericytes is associated with reduced endothelial-pericyte interactions and small
vessel loss in pulmonary arterial hypertension. Am. J. Pathol. 186, 2500-2514.
doi: 10.1016/j.ajpath.2016.05.016

precursors.

Yue, F., Bi, P., Wang, C., Shan, T., Nie, Y., Ratliff, T. L., et al. (2017). Pten is
necessary for the quiescence and maintenance of adult muscle stem cells. Nat.
Commun. 8:14328. doi: 10.1038/ncomms14328

Zamora, D. O., Natesan, S., Becerra, S., Wrice, N., Chung, E., Suggs, L. J., et al.
(2013). Enhanced wound vascularization using a dsASCs seeded FPEG scaffold.
Angiogenesis 16, 745-757. doi: 10.1007/s10456-013-9352-y

Zebboudj, A. F., Shin, V., and Bostrom, K. (2003). Matrix GLA protein and
BMP-2 regulate osteoinduction in calcifying vascular cells. J. Cell. Biochem. 90,
756-765. doi: 10.1002/jcb.10669

Zeybel, M., Luli, S., Sabater, L., Hardy, T., Oakley, F., Leslie, J., et al. (2017). A proof-
of-concept for epigenetic therapy of tissue fibrosis: inhibition of liver fibrosis
progression by 3-deazaneplanocin A. Mol. Ther. 25, 218-231. doi: 10.1016/j.
ymthe.2016.10.004

Zhang, J., Nuebel, E., Daley, G. Q., Koehler, C. M., and Teitell, M. A. (2012).
Metabolic regulation in pluripotent stem cells during reprogramming and
self-renewal. Cell Stem Cell 11, 589-595. doi: 10.1016/j.stem.2012.10.005

Zhang, P., Xing, K., Randazzo, J., Blessing, K., Lou, M. F., and Kador, P. F. (2012).
Osmotic stress, not aldose reductase activity, directly induces growth factors
and MAPK signaling changes during sugar cataract formation. Exp. Eye Res.
101, 36-43. doi: 10.1016/j.exer.2012.05.007

Zhu, N.-L., Wang, J., and Tsukamoto, H. (2010). The necdin-Wnt pathway causes
epigenetic peroxisome proliferator-activated receptor y repression in hepatic
stellate cells. J. Biol. Chem. 285, 30463-30471. doi: 10.1074/jbc.M110.156703

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Nwadozi, Rudnicki and Haas. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

February 2020 | Volume 8 | Article 77


https://doi.org/10.1101/gad.1985910
https://doi.org/10.1111/bpa.12152
https://doi.org/10.1007/s12015-017-9791-8
https://doi.org/10.1007/s12015-017-9791-8
https://doi.org/10.1159/000479401
https://doi.org/10.1007/bf03402010
https://doi.org/10.1007/bf03402010
https://doi.org/10.1038/ncomms4413
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.1002/stem.2895
https://doi.org/10.1002/stem.2895
https://doi.org/10.1038/nature22322
https://doi.org/10.1016/j.ajpath.2016.05.016
https://doi.org/10.1038/ncomms14328
https://doi.org/10.1007/s10456-013-9352-y
https://doi.org/10.1002/jcb.10669
https://doi.org/10.1016/j.ymthe.2016.10.004
https://doi.org/10.1016/j.ymthe.2016.10.004
https://doi.org/10.1016/j.stem.2012.10.005
https://doi.org/10.1016/j.exer.2012.05.007
https://doi.org/10.1074/jbc.M110.156703
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Metabolic Coordination of Pericyte Phenotypes: Therapeutic Implications
	Introduction: What Is a Pericyte?
	Activation, Multipotency and Fate Specificity of Pericytes
	Metabolic Support of Pericyte Status
	Molecular Pathways Coordinating Pericyte State and Metabolism
	Quiescence
	Proliferation
	Commitment and Differentiation
	Myofibroblast/Smooth Muscle Cell Differentiation
	Osteo/Chondrogenic Differentiation
	Adipogenesis

	Effects of Nutrient Excess on Pericyte Metabolism and Differentiation
	Survival and Activation
	Differentiation Potential

	Clinical Relevance
	Correcting the Functions of Native Pericytes
	Improving the Use of Pericytes as a Tool for Regenerative Medicine

	Current Challenges and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


