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Lymphatic vessels conduct a diverse range of activities to sustain the integrity of
surrounding tissue. Besides facilitating the movement of lymph and its associated
factors, lymphatic vessels are capable of producing tissue-specific responses to
changes within their microenvironment. Lymphatic endothelial cells (LECs)
secrete paracrine signals that bind to neighboring cell-receptors, commencing
an intracellular signaling cascade that preludes modifications to the organ tissue’s
structure and function. While the lymphangiocrine factors and the molecular and
cellular mechanisms themselves are specific to the organ tissue, the crosstalk
action between LECs and adjacent cells has been highlighted as a commonality in
augmenting tissue regeneration within animal models of cardiac and intestinal
disease. Lymphangiocrine secretions have been owed for subsequent
improvements in organ function by optimizing the clearance of excess tissue
fluid and immune cells and stimulating favorable tissue growth, whereas
perturbations in lymphatic performance bring about the opposite. Newly
published landmark studies have filled gaps in our understanding of cardiac
and intestinal maintenance by revealing key players for lymphangiocrine
processes. Here, we will expand upon those findings and review the nature of
lymphangiocrine factors in the heart and intestine, emphasizing its involvement
within an interconnected network that supports daily homeostasis and self-
renewal following injury.
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Introduction

The vascular network is comprised of two independent yet cooperative conduits for the
transport of fluid connective tissue: the blood and lymphatic systems. The blood circulatory
system transports vital metabolites, nutrients, gasses, fluids, hormones, and immune cells to
tissues (Potente and Makinen, 2017). Unlike blood circulation, the lymphatic system is an
open circulatory system with capillary vessels that can directly absorb fluid from the nearby
tissue (Potente and Makinen, 2017). Lymph flows through vessels lined with lymphatic
endothelial cells (LECs) that can secrete growth factors, cytokines, and chemokines (Petrova
and Koh, 2018). Substances that fall under this paracrine signaling system are collectively
referred to as lymphangiocrine factors (Petrova and Koh, 2018). The release of
lymphangiocrine factors is contingent on the specific context and tissue conditions,
allowing for adaptable lymphatic vessel growth and tissue regeneration in response to
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injury (Petrova and Koh, 2018). This is particularly important for
conditions affecting the heart and intestine that exhibit persistent
inflammation, which is a major culprit for cardiomyocyte death and
epithelial damage (Luissint et al., 2016; Zhang et al., 2022), whereas
bone marrow (BM)-derived progenitors can also directly contribute
to the regeneration of both cardiomyocytes (Fukata et al., 2013;
Gentek and Hoeffel, 2017) and intestinal epithelium (Rizvi et al.,
2006; Davies et al., 2009). The infiltration of neutrophils,
macrophages, and other immune cells can induce pathological
alterations to lymphatic vessels in the region, preventing the
efficient removal of inflammatory factors and triggering a chronic
inflammatory state (Henri et al., 2016; Bernier-Latmani and Petrova,
2017). Recent advances in imaging technology paired with studies in
mouse models showcase key lymphangiocrine factors that can
augment organ tissue growth under pathological states (Liu et al.,
2020; Tan et al., 2023a). Understanding the mechanisms by which
the modulation of lymphangiocrine factors can assist tissue
regeneration could be advantageous in restoring organ function
under cardiovascular and intestinal disease. In this review, we
explore the latest research on lymphangiocrine factors that can
mediate both the maintenance and regeneration of cardiomyocytes
or intestinal epithelial cells, while also facilitating therapeutic
lymphangiogenesis.

Function and development of the
lymphatic system

The lymphatic system allows for the maintenance of fluid
homeostasis throughout the body. Interstitial fluid travels
through the button-like adhesion junctions that connect LECs of
the lymphatic capillaries (Norrmen et al., 2011; Kalucka et al., 2017;
Secker and Harvey, 2021; Angeli and Lim, 2023). The contraction of
surrounding smooth muscle cells (SMCs), coupled with luminal
valves that prevent backflow, guides the movement of lymph
through pre-collector vessels and into larger collecting vessels
(Norrmen et al., 2011; Kalucka et al., 2017; Petrova and Koh,
2018; Klaourakis et al., 2021; Secker and Harvey, 2021; Angeli
and Lim, 2023). Lymph is continuously filtered at intermittently
positioned lymph nodes until it finally reaches the thoracic ducts
and replenishes the blood plasma volume (Geng et al., 2021; Secker
and Harvey, 2021). Lymphatic vessels are derived from the blood
vasculature (Xavier and Podolsky, 2007; Yang et al., 2012; Liu and
Oliver, 2019; Lioux et al., 2020). Based on embryonic mouse models,
accumulating evidence indicates that the transcription factors
COUP-TFII and SOX18 bind Prospero homeobox protein 1
(Prox1), and its transcription is necessary for the differentiation
of blood endothelial cells (BECs) into LECs (Karkkainen et al., 2004;
Francois et al., 2008; Johnson et al., 2008; Yang et al., 2012; Liu and
Oliver, 2019; Lioux et al., 2020). Soon after LECs are formed,
Vascular Endothelial Growth Factor C/Vascular Endothelial
Growth Factor Receptor 3 (VEGF-C/VEGFR-3) signaling allows
them to relocate and form bilateral anteroposterior chains of
primary lymph sacs and, eventually, the lymphatic plexus
(Juszynski et al., 2008; Yang et al., 2012; Zheng et al., 2014;
Lioux et al., 2020; Klaourakis et al., 2021). Lymphangiogenesis
facilitates the emergence of new lymphatic vessels from the
plexus, which remodel into the various components of the

lymphatic vasculature (Norrmen et al., 2011; Zheng et al., 2014;
Geng et al., 2021; Ujiie and Kume, 2022). The flow of lymph fluid
further upregulates Prox1 expression which, alongside the
expression of GATA-binding protein 2 (Gata2) and forkhead box
C2 (Foxc2), induces lymphatic valve formation (Kume, 2015; Ujiie
and Kume, 2022). As lymphatics mature and extend across the organ
systems, their lymphatic networks become tailored for their
distinctive microenvironments (Petrova and Koh, 2018).

Role of lymphatics in the cardiac
microenvironment

Powered by cardiac contractions, lymphatic vessels propel
lymphatic fluid from capillaries in the endocardium to collecting
vessels in the epicardium, ultimately draining into the venous system
via mediastinal lymph nodes (Huang et al., 2017). Over the years,
numerous works have covered the structural, functional, and
developmental characteristics of the lymphatic vasculature in the
heart (Klotz et al., 2015; Huang et al., 2017; Brakenhielm and Alitalo,
2019; Gancz et al., 2020; Klaourakis et al., 2021; Tan et al., 2023b). In
mice, lymphangiogenesis is first detected at around E12.5 near the
ventral outflow tract (Klotz et al., 2015). Vegfr3 and Prox1
expression guides the subsequent formation of the lymphatic
plexus, spanning the epicardial layer of the heart (Juszynski et al.,
2008; Gancz et al., 2020; Klaourakis et al., 2021). Once fully
developed, lymphatic vessels co-express Prox1, Vegfr3, lymphatic
vessel endothelial hyaluronan receptor 1 (Lyve1), and podoplanin
(Pdpn) (Klotz et al., 2015; Tatin et al., 2017). Lymphatic markers are
not just valuable tools for labeling lymphatic vessels (Kong et al.,
2017). Conditional knockout models involving lymphatic markers
have provided valuable insight into the importance of lymphatic
vessels in heart development (Karkkainen et al., 2001; Lossi et al.,
2019). The deletion of Prox1 from embryonic LECs shrunk the heart
by approximately 33%, and a decrease in Vegfr3 expression in
embryonic LECs also demonstrated a reduction in heart size (Liu
et al., 2020). In both cases, the change in cardiomyocyte numbers
was not reflected in other cell types within the heart, hinting that
lymphatic vessels communicate with cardiomyocytes in a way that is
essential for heart development (Liu et al., 2020).

Alongside mediating developmental processes, crosstalk
between cardiomyocytes and their surrounding vasculature is
critical for protecting against injury-induced pathophysiological
remodeling. Intercellular crosstalk between BECs and
neighboring cells, or angiocrine signaling, is necessary for proper
cardiac regeneration and function following ischemia/reperfusion
(I/R) injury (Noireaud and Andriantsitohaina, 2014; Rafii et al.,
2016; Colliva et al., 2020). BECs postnatally express tissue-specific
signals to promote healing in the heart and various other organs
without fibrosis (Rafii et al., 2016; Colliva et al., 2020). Platelet-
derived growth factor AB, neuregulin-1, and endothelin-1 are
among those angiocrine factors that protect cardiomyocytes from
ischemic injury and restore cardiac function (Hedhli et al., 2011;
Colliva et al., 2020). Apelin is a bioactive peptide expressed not only
by endocardial ECs and BECs (Poirier et al., 2012), granulosa cells
(Shokrollahi et al., 2022), T-cells (Yamada et al., 2023), trophoblasts
(Mlyczynska et al., 2020), and fat cells (Yuzbashian et al., 2021), but
also by newly formed lymphatic vessels after injury. It plays a critical
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role in angiogenesis, lymphangiogenesis, and cardiac contractility by
binding to its receptor APJ localized to BECs, LECs, SMCs and
cardiomyocytes (Wang et al., 2013; Tatin et al., 2017) (Figure 1). In a
mouse model of myocardial infarction (MI), cardiac LECs involved
in reparative lymphangiogenesis have been shown to express apelin
and its receptor after ischemic injury, while nearby dormant
lymphatic vessels do not (Tatin et al., 2017). Additionally, cardiac
lymphatic vessels in apelin-deficient mice exhibit dilation and
increased permeability post-MI (Tatin et al., 2017). The
overexpression of apelin can stabilize the lymphatic vasculature
under ischemic injury, indicating that apelin has a role in
maintaining lymphatic vessel integrity and cardiac function after
the onset of ischemia (Tatin et al., 2017). Clinical trials exploring
regenerative bone marrowmononuclear cell (BMMC) transplants in
patients with ischemic heart failure have revealed substantial
improvements in cardiac function. Notably, a significant rise in
plasma apelin levels accompanied these improvements post-
transplantation, suggesting that the positive effects of BMMC
transplantation are associated with its release of apelin (Gao
et al., 2009). In fact, apelin can assist stem-cell-based therapies,
as its overexpression can preserve the proliferative capacity of
mesenchymal stem cells (MSCs) and restore their
cardioprotective ability even after they have entered a senescent
state (Zhang H. et al., 2021).

Numerous investigations and clinical trials have explored the
treatment of cardiovascular conditions through angiogenic
therapies, potentially paving the way for the application of
lymphangiogenic therapies in the heart as well (Simons and
Ware, 2003; Sabra et al., 2021). Following MI, phagocytes enter
the infarcted area to remove dead cardiomyocytes that can then be
replaced with fibrotic tissue (Klaourakis et al., 2021). Unfortunately,
this new scar region is void of lymphatic vessels, creating a deficiency
in immune cells and fluid clearance (Vieira et al., 2018; Houssari
et al., 2020). Even minute changes in myocardial edema can further
stimulate the development of fibrosis, increasing the rigidity of the
myocardial wall that can lead to heart failure (Laine and Allen, 1991;
Mehlhorn et al., 2001; Henri et al., 2016; Itkin et al., 2021). Studies in
both ischemic and non-ischemic conditions, like dilated
cardiomyopathy, have identified an endogenous response
characterized by the upregulation of VEGF signaling, leading to
an increase in lymphatic capillary density (Henri et al., 2016; Heron
et al., 2023). Nonetheless, the accumulation of inflammatory factors
in the affected area can cause adverse remodeling of the existing
lymphatic network, manifesting in phenotypes such as a diminished
number of collecting vessels and heightened vascular permeability
(Henri et al., 2016; Brakenhielm and Alitalo, 2019). To assist the
endogenous lymphangiogenic response, investigators have explored
the augmentation of lymphangiogenesis through VEGF-C
stimulation, which has been successful in reducing cardiac
hypertrophy, restoring myocardial fluid balance, and overall
improving heart function (Henri et al., 2016; Shimizu et al., 2018;
Houssari et al., 2020; Song et al., 2020).

Regenerative medicine has been a major focus for ischemic heart
disease treatment to allow for the complete recovery of cardiac tissue
(Arjmand et al., 2021). Studies have been looking into cardiac tissue
engineering paired with immunomodulatory materials that could
offset the potential for tissue rejection, but the optimal way to
prevent this would be to promote self-renewal (Arjmand et al.,

2021). A recently published review outlines signaling molecules that
are endogenously produced and coordinate cardiomyocyte
proliferation and healing without fibrosis (Liu and Oliver, 2023).
Creating adaptable lymphangiocrine factors that respond to the
injured microenvironment or modulating their production within
the microenvironment may allow for fibrosis-free cardiac tissue
regeneration (Rafii et al., 2016; Liu and Oliver, 2023). Understanding
the molecular and functional traits of these lymphangiocrine factors
is important for discovering novel treatments for cardiovascular
disease.

Lymphangiocrine factors for cardiac
development and maintenance

Although mammalian adult cardiomyocytes cannot undergo
self-renewal, recent work has shed light on the interplay between
cardiomyocytes and lymphangiocrine factors that are crucial for
cardiac development and homeostasis (Figure 1). Cardiac
lymphangiocrine factors are involved in processes that can
prevent the accumulation of inflammatory factors, resolve edema,
and impede the development of cardiac fibrosis. Liu et al. identified
reelin as a significant factor for cardiac lymphangiocrine signaling
(Liu et al., 2020). This discovery was made after observing an 80%
decrease in reelin gene (Reln) expression in Prox1 null embryos
lacking lymphatic vessels (Liu et al., 2020). Reelin is a large secreted
extracellular matrix glycoprotein that is expressed in astrocytes
(Jandial et al., 2017), myeloma (Lin et al., 2017), hepatic stellate
cells (Kobold et al., 2002), retina (Candal et al., 2005), neurons
(Bottner et al., 2014), and other cells. It has been regarded as a key
player in neural growth and migration and lymphatic vessel
formation (Lutter et al., 2012; Alexander et al., 2023). By acting
in an autocrine fashion, reelin expressed in LECs aids the
development of collecting vessels and produces monocyte
chemotactic protein 1 (MCP-1), a factor that recruits SMCs
important for stimulating the secretion of reelin from LECs and
for lymph propulsion (Lutter et al., 2012) (Figure 1). Although the
source of SMCs remains unknown, MCP-1 is known for the
recruitment of myeloid-monocytic cells (Fujimoto et al., 2009)
which can harbor precursors of SMCs (Okano et al., 1990).
While the study demonstrated the secretion of reelin from the
conditioned media of cultured LECs by immunoprecipitation and
western blotting (Liu et al., 2020), its actual concentration produced
by LECs remains to be elucidated. Prior studies have designated very
low-density lipoprotein receptor (VLDLR), apolipoprotein E
receptor 2 (ApoER2), and integrin-β1(ITGβ1) as receptors for
reelin, but only the ITGβ1 signaling pathway is significant for
cardiac tissue growth (Liu et al., 2020; Alexander et al., 2023).
After being proteolytic processed by SMCs that are adjacent to
lymphatic vessels, reelin binds to ITGβ1 and potentiates
downstream Akt and ERK activity that guides cardiomyocyte
proliferation (Lutter et al., 2012; Adlung et al., 2017; Liu et al.,
2020). The importance of reelin for cardiac development became
evident when embryos with reelin-null cardiac lymphatics exhibited
a decrease in heart size similar to that observed in pups ubiquitously
lacking LECs (Liu et al., 2020). Both sets of embryos displayed a
reduction in cardiomyocyte proliferation and a rise in
cardiomyocyte apoptosis, suggesting a requirement for reelin-
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cardiomyocyte interactions to ensure proper cardiac development
(Liu et al., 2020). In addition, the expression of reelin can regenerate
cardiac tissue post damage, for wildtype MI-injured neonates
showed improvements to cardiac function that were attributable
to a resurrection of reelin activity within the infarcted area (Liu et al.,
2020). While the delivery of exogenous reelin directly to the heart
could not restore cardiomyocyte proliferation in adult mice post-MI,
the resultant decrease in cardiomyocyte apoptosis and fibrosis
confirms reelin’s cardioprotective role (Liu et al., 2020).

While reelin can restore heart function by preventing adverse
cardiac remodeling after injury, its interaction with ApoER2 in the
aorta can promote the vascular adhesion of leukocytes, contributing to
the development of atherosclerosis (Ding et al., 2016; Calvier et al.,
2021). Since the heart is reliant on its immune response to remove dead
cardiomyocytes, initiate angiogenesis, and produce scar tissue, reelin-
ApoER2 signaling may accelerate the accumulation of arterial plaque
(Nahrendorf et al., 2007). Considering that atherosclerosis can further
aggravate arrhythmia, a pathophysiological change associated with MI,
it may be beneficial to therapeutically obstruct the interaction between
reelin and ApoER2 (De Jesus et al., 2015; Ding et al., 2016; Calvier et al.,
2021). Understanding the pleiotropic and potentially contradicting
impacts of reelin on cardiovascular health can direct the
formulation of therapeutic strategies and further clarify the
mechanisms underlying heart disease.

A vasodilatory peptide and member of the calcitonin gene-
related peptide family, adrenomedullin (AM or ADM) is another
cardioprotective lymphangiocrine factor that has been shown to
improve cardiac function (Janardhan et al., 2023) (Figure 1). The
expression of AM in isolated lymphatic vessels from adult mice was
found to resemble the expression of AM in the entire embryo at
approximately E10-12.5 (Fritz-Six et al., 2008). During
development, AM is expressed in the jugular lymph sac at
E12.5 and is necessary for its proper growth (Fritz-Six et al.,
2008). While AM is broadly expressed, including the
cardiovascular system (Schonauer et al., 2017), it can serve as a
useful biomarker for cardiovascular disease because of its elevated
levels in the bloodstream of individuals with MI and heart failure
(Nishikimi et al., 1995; Kobayashi et al., 1996; Hinson et al., 2000).
Investigation into stem-cell-based therapy in a rat model of dilated
cardiomyopathy (DCM) has found that both MSCs and BMMCs
secrete significant levels of AM (Nagaya et al., 2005). Transplanted
MSCs also enhanced cardiac function in the rat DCM model by
provoking myogenesis and angiogenesis while preventing fibrosis,
and these effects can be amplified by overexpression of AM in MSCs
(Nagaya et al., 2005; Li et al., 2018). Alongside mitigating the high
blood pressure associated with cardiovascular damage (Gibbons
et al., 2007), AM can directly influence the composition of
cardiac tissue by activating its receptors on cardiomyocytes to

FIGURE 1
Lymphangiocrine factors in the heart. Cardiac lymphatic endothelial cells express tissue specific signals to maintain or restore cardiac function after
injury. Apelin is expressed by lymphatic endothelial cells (LECs) in newly-formed lymphatic vessels, endocardial ECs, blood endothelial cells (BECs) and
cardiomyocytes (CMs). It plays an important role in lymphangiogenesis, angiogenesis and cardiac contractility by binding to its receptor APJ localized to
LECs, BECs, smoothmuscle cells (SMCs) and CMs. LEC-derived reelin aids the development of collecting lymphatic vessels and lymph propulsion by
recruiting SMCs throughMCP-1 upregulated in LECs that in turn respond to reelin in an autocrine fashion. SMCs recruitment also stimulates the release of
reelin from LECs. Reelin then binds to its receptor Integrin-β1 to guide the CM function. LECs also secret adrenomedullin (AM) which not only binds to the
receptor CRLR-RAMP2/3 and activates cAMP/PKA and PI3K/Akt pathways to protect CMs, but also mediates lymphangiogenesis via binding to CRLR-
RAMP3 in LECs. MCP-1: monocyte chemotactic protein 1; CRLR: calcitonin receptor-like receptor; RAMP: receptor activity-modifying protein. The figure
was created by using the illustration software on BioRender.com.
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induce proliferation or on fibroblasts to reduce collagen production
(Tomoda et al., 2001; Wetzel-Strong et al., 2014). Various
mechanisms are responsible for mediating its diverse biological
effects within the cardiovascular system. AM binds to the
G-protein-coupled receptor (GPCR) calcitonin receptor-like
receptor (CRLR), forming a heterodimer with a member of the
receptor activity-modifying protein (RAMP) family (Yamauchi
et al., 2014; Balint et al., 2023). Murine models with global
genetic loss of AM, CRLR, and RAMP proteins have confirmed
that this signaling mechanism is crucial for preventing jugular
lymphatic vessel defects and edema (Fritz-Six et al., 2008).
CRLR-RAMP signaling activates cAMP/PKA and PI3K/Akt
pathways, which both have an antiapoptotic effect on
cardiomyocytes (Nishida et al., 2008). AM-mediated cAMP/PKA
signaling prompts earlier openings of mitochondrial Ca2+-activated
K+ channels (mitoKCa) (Nishida et al., 2008). This mechanism
provides protection against apoptosis during ischemic conditions,
and it has significantly reduced infarct area in previous I/R studies
(Xu et al., 2002; Kato et al., 2003; Nishida et al., 2008). A rise in
cAMP-mediated PKA activity also suppresses ERK activation, which
is otherwise known to contribute to cardiac hypertrophy (Niu et al.,
2004). This cardioprotective effect was confirmed when stress-
induced mice lacking endogenous AM production showed greater
left ventricular wall thickening as well as extensive fibrosis (Niu
et al., 2004). Moreover, when AM was intravenously given to
patients with acute MI, assessments showed a significant decrease
in scar tissue and improvement in heart function just 3 months after
treatment (Kataoka et al., 2010). Thus, under MI conditions, AM
may prevent adverse cardiac remodeling by inhibiting fibroblast
proliferation and collagen synthesis (Tsuruda et al., 1998; Horio
et al., 1999; Tomoda et al., 2001). Myocardial I/R produces reactive
oxygen species (ROS) that can kill cardiomyocytes and impair
remedial LEC proliferation (Kato et al., 2003; Singla et al., 2022).
ROS activates the PI3K/Akt pathway to confer cellular protection,
but excessive ROS production can overwhelm the antioxidant
capacity of the cell and cause cell death (Singla et al., 2022).
Along with reducing ROS levels, AM administration at
reperfusion was found to heighten P13K/Akt activation, thereby
inhibiting destructive activities such as the mitochondrial release of
proapoptotic molecules like caspase-3 (Kato et al., 2003; Weiss et al.,
2003; Hausenloy and Yellon, 2004; Nishida et al., 2008). The additive
effect of ROS and AM-mediated PI3K/Akt activation may safeguard
against myocardial necrosis and excessive lymphatic permeability
(Singla et al., 2022).

The distinct lymphangiogenic role for AM can be deduced from
two questions (Potente and Makinen, 2017): which one of the three
RAMP proteins is AM interacting with? (Petrova and Koh, 2018) at
what developmental period is this interaction occurring? During
embryogenesis, AM-RAMP2 interaction activates the MAPK/ERK
pathway that regulates vascular growth (Fritz-Six et al., 2008).
Without proper AM expression, embryos can die mid-gestation
and present with cardiac and vascular defects such as abnormally
small hearts and extreme hydrops fetalis (Caron and Smithies, 2001;
Dackor et al., 2006). Meanwhile, AM-RAMP3 specifically mediates
lymphangiogenesis in adults, suggesting that the AM-RAMP3
complex could be a promising candidate for addressing
myocardial edema (Yamauchi et al., 2014). In fact, a mouse
model that possessed AM gene (Adm) overexpression and

received I/R injury showed a marked decrease in cardiac edema
compared to controls, alongside an inexplicable sex difference in
cardiac improvement (Trincot et al., 2019). Overexpression of Adm
was also shown to increase mRNA levels of connexin 43 (Cx43) in
cardiac LECs, directly improving lymphatic integrity (Trincot et al.,
2019). Since Cx43 composes gap junctions that are involved in the
transport of signaling molecules to nearby cells, AM treatment may
also improve the channel of communication between LECs and
cardiomyocytes (Zong et al., 2016). Further studies on the
mechanisms of AM in disease states are necessary to mitigate
cardiac and lymphatic remodeling seen in cardiovascular
conditions.

An overview of the intestinal niche

The gastrointestinal system contains multiple layers with
distinct functions. The epithelium that encapsulates the small
intestine and colon is a barrier that is constantly regenerating in
response to its abrasive luminal environment and cues from the
lamina propria (Gehart and Clevers, 2019). Present within the
colon and at the base of each small intestine villus are crypts of
Lieberkühn. Epithelial cells arise from intestinal stem cells (ISCs)
located at the bottom of the crypt, migrating upwards along the
transit-amplifying compartment as they mature into terminally
differentiated cells including enterocytes, enteroendocrine cells,
Paneth cells, goblet cells, tuft cells and M cells, each with unique
absorptive and secretory behaviors (Potten, 1998; van der Flier
and Clevers, 2009; Barker et al., 2012; Clevers, 2013; Gehart and
Clevers, 2019; Ngo et al., 2022) (Figure 2). ISCs are responsible
for the high rate of intestinal self-renewing activity. They are
identified through the expression of the leucine-rich repeat-
containing G protein-coupled receptor 5 (LGR5), a receptor
for Wnt agonist R-spondins (RSPOs) (Moon et al., 2004; Goto
et al., 2022). Canonical Wnt/β-catenin signaling replenishes the
epithelial lining every 3–5 days, and its overactivation has been
implicated in intestinal cancer (Krausova and Korinek, 2014;
Kolev and Kaestner, 2023). Conversely, the inactivation of the
Wnt signaling pathway substantially represses ISC proliferation
and leads to the development of colitis (Kuhnert et al., 2004).
Thus, the intestinal epithelium is strictly dependent on the Wnt
pathway for maintaining homeostasis.

Reparative processes in the intestines

Inflammation modulation

Injury to the lining of the intestine triggers inflammatory
reactions that precede tissue regeneration. Such injuries may
result from infection, radiation, physical trauma, and pathologies
that damage the intestinal epithelium, such as inflammatory bowel
disease (IBD) and ischemic bowel disease (IB) (Richmond et al.,
2018; Gonzalez et al., 2019). The ensuing inflammatory response by
the lamina propria is necessary to eliminate bacterial invaders and
initiate mucosal healing (Karin and Clevers, 2016). Immune cell-
produced cytokines can directly enhance Wnt activity as well as
other signaling pathways that can rescue the epithelium (Karin and
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Clevers, 2016). On the contrary, an uncontrolled inflammatory
response can contribute to greater collagen deposition,
upregulation of cell proliferative pathways, and increased
apoptosis at the intestinal epithelial surface (Heller et al., 2008;
Karin and Clevers, 2016). Since gastrointestinal pathologies such as
IBD have been associated with faulty lymphatic structure and
function (Van Kruiningen and Colombel, 2008; Bernier-Latmani
and Petrova, 2017; Zhang L. et al., 2021), this can further impede the
efficient clearance of inflammatory factors, facilitating the transition
of IBD into colorectal cancer (Ocansey et al., 2020). Cases of chronic
intestinal inflammation currently rely on immunosuppressive
therapies to promote mucosal healing (Villablanca et al., 2022);
however, this approach heightens the risk for infection and
neoplasm (Singh et al., 2020).

Angiogenesis

Angiogenesis is the process of developing new vessels from
initial vessels and plays an important role in wound healing,
chronic inflammation, and tumor occurrence, growth, and
metastasis (Alkim et al., 2015). Inflammatory mediators have
been found to initiate angiogenic processes that can contribute to
the pathology of chronic inflammatory conditions (Alkim et al.,
2015). Cases of IBD have demonstrated an imbalance between
proangiogenic and antiangiogenic molecules, which can
contribute to the development of abnormal blood vessel
formation and further amplify inflammation (Carmeliet, 2003;
Chidlow et al., 2007). Colorectal cancers can even exploit the
communication between BECs and epithelial cells by amplifying
the secretion of apelin from BECs, extending blood vessel density
near the crypt to supply oxygen for pathological crypt expansion
(Bernier-Latmani et al., 2022). On the other hand, animal models
of intestinal disease have been used to emphasize the benefits of
crosstalk action between BECs and the intestinal epithelial
barrier in villi (Regensburger et al., 2021). Submucosal vessels
transport nutrients, immune cells, and signals that bring forth
adaptive changes to the epithelium (Miller et al., 2010; Clevers,
2013; Bernier-Latmani and Petrova, 2017; Tan et al., 2023a).
Secreted protein, acidic, rich in cysteine-like 1 (SPARCL1), von
Willebrand factor A domain containing 1 (VWA1), von
Willebrand factor (VWF), matrix metalloproteinase (MMP)14,
tissue inhibitor of metalloproteinases (TIMP)1, and C-X-C motif
chemokine ligand (CXCL)10 have been identified as important
BEC regulators of epithelial barrier integrity under inflammatory
conditions (Sturzl et al., 2021) (Figure 2). BECs also express the
angiocrine chemokine CXCL12 (also known as stromal-cell-
derived factor, SDF-1), which can interact with either
CXCR4 or CXCR7 receptors to regulate angiogenesis (Zhuo
et al., 2012; Santagata et al., 2021). We recently found that
intestinal BEC-derived CXCL12 can upregulate
lymphangiogenesis as a mechanism for epithelial repair after
I/R injury (Tan et al., 2023a) (Figure 2). More research should
explore the crosstalk mechanisms between BECs and LECs in the
intestine. Through further investigations on the intestinal
microenvironment and how it assists epithelial regeneration,
we can have a more complete picture of the mechanisms
underlying intestinal disease.

Mucosal healing

The intestinal niche consists of a vast array of cell types that can
respond to intestinal injury and initiate mucosal healing. If the stem
cell pool is compromised, newly differentiated cells can revert into
ISCs, or the crypt may draw upon its quiescent reservoir of stem cells
(Bmi1+, Msi1+, DCAMKL-1+) located at the +4 position of the crypt
(Li and Clevers, 2010; Tan and Barker, 2014). Stemness is dependent
on signals from the continuously evolving niche (Tian et al., 2011;
Richmond et al., 2018; Harnack et al., 2019; Palikuqi et al., 2022a).
The niche can coordinate tissue repair by secreting signals that bind
directly with LGR5 to direct stem cell activity (Goto et al., 2022).
Although Paneth cells surround ISCs and directly supply them with
signaling factors, modifying Paneth cells so that they are unable to
secrete Wnt has a negligible effect on ISC activity (Farin et al., 2012).
New spatial transcriptomic techniques have been able to quantify
the influence that surrounding mesenchymal cells have for
maintaining the epithelial architecture, explaining their ability to
compensate for the loss of epithelial-sourced ISC ligands
(Duckworth, 2021; He et al., 2022; Niec et al., 2022).
Mesenchymal constituents of the subepithelial niche that have
been found to support ISC proliferation include immune cells,
neural cells, pericytes, smooth muscle cells, myofibroblasts,
telocytes, trophocytes, and endothelial cells (Meran et al., 2017;
Gehart and Clevers, 2019; Duckworth, 2021; Palikuqi et al., 2022a).
In particular, Foxl1+ GLI1+ platelet-derived growth factor
(pdgfra)high myofibroblasts (Singla et al., 2022), Foxl1+ CD34+

pdgfrahigh telocytes (Stzepourginski et al., 2017; Shoshkes-Carmel
et al., 2018), and CD81+ pdgfralow Gremlin (Grem)1+ fibroblasts or
trophocytes (Tsuruda et al., 1998) have been deemed as highly
expressive of Wnt ligands vital for LGR5 signaling-mediation. Based
on the developmental stage or extent of intestinal damage, the
subepithelial niche can remodel to foster epithelial growth and
restore organ function (Sphyris et al., 2021). In contrast, certain
mesenchymal populations near blood vessels have been reported as
having a profibrotic role (Di Carlo and Peduto, 2018). This raises an
important question: which crosstalk mechanisms exist between
subepithelial vessels and mesenchymal populations that assist
epithelial regeneration?

Lymphangiocrine factors that mediate
intestinal epithelium regeneration

Epithelial self-renewal and differentiation rely on controlled
signaling mechanisms to maintain intestinal homeostasis. Niec
et al. recently found three lymphangiocrine signals that are highly
expressed by lymphatic vessels adjacent to the crypt, one of them
being WNT2 (Niec et al., 2022) (Figure 2). As a part of the
19 member Wnt family, WNT2 is a hydrophobic
glycolipoprotein that complexes with LRP5/6 and Frizzled
receptors, allowing for the translocation of β-catenin into the
nucleus and ensuing stem cell proliferation (Clevers, 2006; van
der Flier and Clevers, 2009; Carmon et al., 2012; Niehrs, 2012;
Flanagan et al., 2018; Patel et al., 2019). A review on the
gastrointestinal Wnt signaling pathway highlights its
importance for intestinal crypt development and gastric
epithelium regeneration (Flanagan et al., 2018). The benefit of
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WNT2 signaling is context-dependent. While deviant
upregulation of WNT2 signaling has been implicated in the
development of colorectal cancer (Xu et al., 2020), this
mechanism has been beneficial for suppressing cellular
apoptosis and mucosal inflammation (Liu et al., 2012; Valenta
et al., 2016). Due to the short-range action of WNT proteins,
LEC-derived WNT2 may be an indispensable source of ligands
for ISCs in the crypt base (Farin et al., 2012; Farin et al., 2016;
Niec et al., 2022).

Wnt requires interactions with RSPOs to amplify Wnt/β-
catenin signaling and regenerate the intestinal epithelium
(Niehrs, 2012). RSPO3, one of four RSPO proteins (R-spondin
1–4), has a high affinity for the LGR5 receptor found on ISCs
(Carmon et al., 2011; Schuijers and Clevers, 2012). RSPO3-LGR5
associates with the Wnt-Frizzled complex and prevents its
ubiquitination (Kim et al., 2008; Schuijers and Clevers, 2012).
Instead, clathrin-mediated endocytosis internalizes this complex,
facilitating the necessary induction of β-catenin for the
transcription of target genes (Ohkawara et al., 2011; Niehrs,
2012; Ogasawara et al., 2018). While RSPO3 also has multiple
sources within the intestinal niche, such as from PdgfraloGrem1+

trophocytes and PdgfraloCD81−stromal cells (McCarthy et al.,
2020; Tan et al., 2023a), the loss of LEC-derived RSPO3 creates a
significant reduction in intestinal regenerative ability (Clevers,
2006; Gubernatorova et al., 2016; Palikuqi et al., 2022b; Goto
et al., 2022) (Figure 2). Control and Rspo3 knockout mice

maintain similar lymphatic density and lymphatic proximity
with crypt epithelial cells; yet, after killing proliferative
epithelial cells with chemoradiotherapy, Palikuqi et al. noticed
that lymphatic specific Rspo3 knockout mice had worsened
intestinal recovery and less mucus production than controls
(Palikuqi et al., 2022b). Graft versus host disease (GVHD) is a
complication that can occur with bone marrow transplants and
creates a severe inflammatory response injurious to epithelial
cells in the gastrointestinal tract (Justiz Vaillant et al., 2023).
GVHD lowers the number of LECs and their production of
RSPO3, further aggravating damage to the gut epithelium and
its mucosal barrier (Ogasawara et al., 2018). Treatment with an
RSPO3 was found to protect the epithelium from GVHD damage
and radiation-induced colitis by accelerating ISC proliferation
(Bhanja et al., 2009; Takashima et al., 2011). Conversely,
mutations that induce Rspo3 genetic fusion are owed for the
magnification of Wnt signaling causal of human colorectal
tumorigenesis (Seshagiri et al., 2012; Conboy et al., 2021).

We have recently reported that FOXC1- and FOXC2-dependent
transcriptional regulation of Rspo3 in LECs is important for
intestinal recovery from I/R injury (Tan et al., 2023a).
Importantly, the gene-dosage effects of Foxc1 and Foxc2 in
intestinal LECs are observed, based on the Chiu scores for the
measurements of the degree of the impairments in intestinal
regeneration (3 in LEC-double mutants vs. 2.5 in LEC-single
mutants). Pre-conditioning with exogenous RSPO3 improved

FIGURE 2
Lymphangiocrine and angiocrine factors in the intestine. In the small intestine and colon, intestinal stem cells (ISCs) are located at the base of crypts
and can divide into transit-amplifying (TA) cells, which then mature into 6 kinds of terminally differentiated cells. Beneath the crypts lies the submucosal
lymphatic and blood vessels. Lymphangiocrine and angiocrine factors derived from lymphatic endothelial cells (LECs) and blood endothelial cells (BECs)
respectively play important roles in activating canonical Wnt/β-catenin signaling pathway in ISCs to maintain intestinal epithelium or assist epithelial
regeneration after injury. The figure was created by using the illustration software on BioRender.com.
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intestinal mucosal damage in LEC-specific double Foxc1/Foxc2
mutant mice by upregulating regenerative activity at the
epithelial barrier (Chiu scores, 3 in PBS-treated double mutants
vs. 1.5 in RSPO3-treated double mutants) (Tan et al., 2023a). In an
earlier study, treatment with RSPO3 prior to I/R injury was found to
decrease immune cell infiltration into the lamina propria by
maintaining tight endothelial adherens junctions (Kannan et al.,
2013). I/R injury deprives an intestinal region of oxygen and later
renourishes the tissue with oxygen to replicate the pathophysiology
underlying a multitude of intestinal conditions that disrupt the gut
barrier, including IB, necrotizing enterocolitis (NEC), IBD, and
intestinal transplantation (Gubernatorova et al., 2016; Rumbo
and Oltean, 2023). Hypoxic injury initiates at the villus tip and
spreads down to the proliferative crypt (Shepherd, 1982; Blikslager
et al., 1997), but the intrinsic regenerative ability of the intestine
must keep up with epithelial cell death to prevent bloodstream
susceptibility to bacteria (Williams et al., 2015). Initiated by a
mucosal injury-event, the invasion of bacteria into the intestinal
lumen can cause an inflammatory response that can rapidly progress
into sepsis and multiorgan failure (Oldenburg et al., 2004). The
optimal solution for intestinal ischemia without surgically removing
intestinal sections or resorting to allogeneic transplants would be to
modulate tissue regeneration using the patient’s own cells. Thus,
evidence of epithelial barrier defects following detriments to Wnt/β-
catenin signaling and improvements to intestinal damage after
treatment with LGR5 ligands such as RSPO3 underscores the
therapeutic role that lymphangiocrine modulation can have for
epithelial proliferation.

The canonical reelin signaling pathway is not only expressed
by myofibroblasts but also in crypt-associated LECs (Garcia-
Miranda et al., 2013; Niec et al., 2022; Alexander et al., 2023)
(Figure 2). Its receptors (VLDLR and ITGβ1) are expressed by
cell types besides ISCs, positing that reelin has multiple effects on
the intestinal niche (Niec et al., 2022). In addition, reelin may
supplement ISC activities indirectly by activating cells that
release stem cell trophic factors. Crosstalk between LECs and
adjacent RSPO3+GREM1 fibroblasts (RGFs) jointly bolsters
epithelial proliferation following irradiation damage to the
mucosa (Goto et al., 2022). RGFs produce lymphangiogenic
VEGF-D while LECs produce reelin, which binds to VLDLR
receptors on RGFs and assists their release of RSPO3 (Goto et al.,
2022). RSPO3 sourced from reelin-activated CD81+ crypt-
bottom fibroblasts, or trophocytes, is a significant contributor
to intestinal tissue repair (Chalkidi et al., 2022). Without RSPOs,
Goto et al. showed that pre-treatment of RGFs with reelin still
supports organoid growth, indicating their significant role in
controlling ISC differentiation (Goto et al., 2022). However,
different studies have reported conflicting accounts of the rate
of epithelial proliferation in reelin (Reln) mutant mice (reeler)
compared to control mice, expressing observations of both
increased and decreased cellular migration along the crypt-
villus axis (Garcia-Miranda et al., 2013; Niec et al., 2022). In
terms of its presentation in intestinal disease, Reln is upregulated
in genetic expression following DSS treatment, possibly serving
as a protective mechanism against epithelial damage (Carvajal
et al., 2017a). Chronic ulcerative colitis increases the likelihood of
developing colorectal cancer, which explains why reeler mice not
only had worsened colonic damage after DSS treatment but also a

greater susceptibility to colitis-associated tumorigenesis
(Carvajal et al., 2017a; Carvajal et al., 2017b; Alexander et al.,
2023). Therapeutics that can modulate reelin production may
better regulate the appropriate regenerative and quiescent ISC
behaviors in the intestinal epithelium.

Concluding remarks

Numerous studies have covered how cardiac and intestinal
dysfunction impact different cell populations within the
microenvironment. Crosstalk between lymphatic vessels and
cardiomyocytes or epithelial ISCs is vital for returning these
organs to their homeostatic state. Further understanding of
crosstalk mechanisms between other cell types in the
microenvironment is necessary to enhance our understanding
of cardiac and intestinal pathology as well as spur the
development of effective therapies. Current therapeutics
focus on managing the associated inflammation and, in
severe cases, are unable to restore the tissue without surgery
(McLeod, 2003; Golia et al., 2014). Severe injury to either of
these organs often necessitates organ replacement for full
recovery. Additionally, damage to the lymphatic vasculature
that follows cardiac and intestinal disease can impair the
endogenous ability of the organ to clear inflammatory
factors, contributing to tissue necrosis. Therapeutic strategies
involving paracrine LEC factors show promise in regenerating
the cardiac and intestinal tissue as well as restoring the
lymphatic vasculature. Future work should address the
various signaling pathways that LECs may use to
communicate with members of the cardiac and intestinal
tissue to uncover mechanisms that underly their pathology.

Author contributions

SK: Writing–original draft, Writing–review and editing. CT:
Conceptualization, Visualization, Supervision, Writing–review and
editing. TK: Conceptualization, Funding acquisition, Supervision,
Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Institutes of Health
(R01HL159976 and R01EY034740 to TK).

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.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Frontiers in Cell and Developmental Biology frontiersin.org08

Kurup et al. 10.3389/fcell.2023.1329770

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1329770


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adlung, L., Kar, S., Wagner, M. C., She, B., Chakraborty, S., Bao, J., et al. (2017).
Protein abundance of AKT and ERK pathway components governs cell type-specific
regulation of proliferation. Mol. Syst. Biol. 13 (1), 904. doi:10.15252/msb.20167258

Alexander, A., Herz, J., and Calvier, L. (2023). Reelin through the years: from brain
development to inflammation. Cell Rep. 42 (6), 112669. doi:10.1016/j.celrep.2023.
112669

Alkim, C., Alkim, H., Koksal, A. R., Boga, S., and Sen, I. (2015). Angiogenesis in
inflammatory bowel disease. Int. J. Inflam. 2015, 970890. doi:10.1155/2015/970890

Angeli, V., and Lim, H. Y. (2023). Biomechanical control of lymphatic vessel
physiology and functions. Cell Mol. Immunol. 20 (9), 1051–1062. doi:10.1038/
s41423-023-01042-9

Arjmand, B., Abedi, M., Arabi, M., Alavi-Moghadam, S., Rezaei-Tavirani, M.,
Hadavandkhani, M., et al. (2021). Regenerative medicine for the treatment of
ischemic heart disease; status and future perspectives. Front. Cell Dev. Biol. 9,
704903. doi:10.3389/fcell.2021.704903

Balint, L., Nelson-Maney, N. P., Tian, Y., Serafin, S. D., and Caron, K. M. (2023).
Clinical potential of adrenomedullin signaling in the cardiovascular system. Circ. Res.
132 (9), 1185–1202. doi:10.1161/CIRCRESAHA.123.321673

Barker, N., van Oudenaarden, A., and Clevers, H. (2012). Identifying the stem cell of
the intestinal crypt: strategies and pitfalls. Cell Stem Cell 11 (4), 452–460. doi:10.1016/j.
stem.2012.09.009

Bernier-Latmani, J., Cisarovsky, C., Mahfoud, S., Ragusa, S., Dupanloup, I., Barras, D.,
et al. (2022). Apelin-driven endothelial cell migration sustains intestinal progenitor cells
and tumor growth. Nat. Cardiovasc Res. 1 (5), 476–490. doi:10.1038/s44161-022-
00061-5

Bernier-Latmani, J., and Petrova, T. V. (2017). Intestinal lymphatic vasculature:
structure, mechanisms and functions. Nat. Rev. Gastroenterol. Hepatol. 14 (9), 510–526.
doi:10.1038/nrgastro.2017.79

Bhanja, P., Saha, S., Kabarriti, R., Liu, L., Roy-Chowdhury, N., Roy-Chowdhury, J.,
et al. (2009). Protective role of R-spondin1, an intestinal stem cell growth factor, against
radiation-induced gastrointestinal syndrome in mice. PLoS One 4 (11), e8014. doi:10.
1371/journal.pone.0008014

Blikslager, A. T., Roberts, M. C., Rhoads, J. M., and Argenzio, R. A. (1997). Is
reperfusion injury an important cause of mucosal damage after porcine intestinal
ischemia? Surgery 121 (5), 526–534. doi:10.1016/s0039-6060(97)90107-0

Bottner, M., Ghorbani, P., Harde, J., Barrenschee, M., Hellwig, I., Vogel, I., et al.
(2014). Expression and regulation of reelin and its receptors in the enteric nervous
system. Mol. Cell Neurosci. 61, 23–33. doi:10.1016/j.mcn.2014.05.001

Brakenhielm, E., and Alitalo, K. (2019). Cardiac lymphatics in health and disease.Nat.
Rev. Cardiol. 16 (1), 56–68. doi:10.1038/s41569-018-0087-8

Calvier, L., Xian, X., Lee, R. G., Sacharidou, A., Mineo, C., Shaul, P. W., et al. (2021).
Reelin depletion protects against atherosclerosis by decreasing vascular adhesion of
leukocytes. Arterioscler. Thromb. Vasc. Biol. 41 (4), 1309–1318. doi:10.1161/
ATVBAHA.121.316000

Candal, E. M., Caruncho, H. J., Sueiro, C., Anadon, R., and Rodriguez-Moldes, I.
(2005). Reelin expression in the retina and optic tectum of developing common brown
trout. Brain Res. Dev. Brain Res. 154 (2), 187–197. doi:10.1016/j.devbrainres.2004.
10.014

Carmeliet, P. (2003). Angiogenesis in health and disease. Nat. Med. 9 (6), 653–660.
doi:10.1038/nm0603-653

Carmon, K. S., Gong, X., Lin, Q., Thomas, A., and Liu, Q. (2011). R-spondins function
as ligands of the orphan receptors LGR4 and LGR5 to regulate Wnt/beta-catenin
signaling. Proc. Natl. Acad. Sci. U. S. A. 108 (28), 11452–11457. doi:10.1073/pnas.
1106083108

Carmon, K. S., Lin, Q., Gong, X., Thomas, A., and Liu, Q. (2012). LGR5 interacts and
cointernalizes with Wnt receptors to modulate Wnt/β-catenin signaling.Mol. Cell Biol.
32 (11), 2054–2064. doi:10.1128/MCB.00272-12

Caron, K. M., and Smithies, O. (2001). Extreme hydrops fetalis and cardiovascular
abnormalities in mice lacking a functional Adrenomedullin gene. Proc. Natl. Acad. Sci.
U. S. A. 98 (2), 615–619. doi:10.1073/pnas.021548898

Carvajal, A. E., Serrano-Morales, J. M., Vazquez-Carretero, M. D., Garcia-Miranda,
P., Calonge, M. L., Peral, M. J., et al. (2017b). Reelin protects from colon pathology by
maintaining the intestinal barrier integrity and repressing tumorigenic genes. Biochim.
Biophys. Acta Mol. Basis Dis. 1863 (9), 2126–2134. doi:10.1016/j.bbadis.2017.05.026

Carvajal, A. E., Vazquez-Carretero, M. D., Garcia-Miranda, P., Peral, M. J., Calonge,
M. L., and Ilundain, A. A. (2017a). Reelin expression is up-regulated in mice colon in
response to acute colitis and provides resistance against colitis. Biochim. Biophys. Acta
Mol. Basis Dis. 1863 (2), 462–473. doi:10.1016/j.bbadis.2016.11.028

Chalkidi, N., Paraskeva, C., and Koliaraki, V. (2022). Fibroblasts in intestinal
homeostasis, damage, and repair. Front. Immunol. 13, 924866. doi:10.3389/fimmu.
2022.924866

Chidlow, J. H., Jr., Shukla, D., Grisham, M. B., and Kevil, C. G. (2007). Pathogenic
angiogenesis in IBD and experimental colitis: new ideas and therapeutic avenues. Am.
J. Physiol. Gastrointest. Liver Physiol. 293 (1), G5–G18. doi:10.1152/ajpgi.00107.2007

Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease. Cell 127
(3), 469–480. doi:10.1016/j.cell.2006.10.018

Clevers, H. (2013). The intestinal crypt, a prototype stem cell compartment. Cell 154
(2), 274–284. doi:10.1016/j.cell.2013.07.004

Colliva, A., Braga, L., Giacca, M., and Zacchigna, S. (2020). Endothelial cell-
cardiomyocyte crosstalk in heart development and disease. J. Physiol. 598 (14),
2923–2939. doi:10.1113/JP276758

Conboy, C. B., Velez-Reyes, G. L., Rathe, S. K., Abrahante, J. E., Temiz, N. A., Burns,
M. B., et al. (2021). R-spondins 2 and 3 are overexpressed in a subset of human colon
and breast cancers. DNA Cell Biol. 40 (1), 70–79. doi:10.1089/dna.2020.5585

Dackor, R. T., Fritz-Six, K., Dunworth, W. P., Gibbons, C. L., Smithies, O., and Caron,
K. M. (2006). Hydrops fetalis, cardiovascular defects, and embryonic lethality in mice
lacking the calcitonin receptor-like receptor gene. Mol. Cell Biol. 26 (7), 2511–2518.
doi:10.1128/MCB.26.7.2511-2518.2006

Davies, P. S., Powell, A. E., Swain, J. R., and Wong, M. H. (2009). Inflammation and
proliferation act together to mediate intestinal cell fusion. PLoS One 4 (8), e6530. doi:10.
1371/journal.pone.0006530

De Jesus, N. M., Wang, L., Herren, A. W., Wang, J., Shenasa, F., Bers, D. M., et al.
(2015). Atherosclerosis exacerbates arrhythmia following myocardial infarction: role of
myocardial inflammation. Heart rhythm. 12 (1), 169–178. doi:10.1016/j.hrthm.2014.
10.007

Di Carlo, S. E., and Peduto, L. (2018). The perivascular origin of pathological
fibroblasts. J. Clin. Invest. 128 (1), 54–63. doi:10.1172/JCI93558

Ding, Y., Huang, L., Xian, X., Yuhanna, I. S., Wasser, C. R., Frotscher, M., et al. (2016).
Loss of Reelin protects against atherosclerosis by reducing leukocyte-endothelial cell
adhesion and lesion macrophage accumulation. Sci. Signal 9 (419), ra29. doi:10.1126/
scisignal.aad5578

Duckworth, C. A. (2021). Identifying key regulators of the intestinal stem cell niche.
Biochem. Soc. Trans. 49 (5), 2163–2176. doi:10.1042/BST20210223

Farin, H. F., Jordens, I., Mosa, M. H., Basak, O., Korving, J., Tauriello, D. V., et al.
(2016). Visualization of a short-range Wnt gradient in the intestinal stem-cell niche.
Nature 530 (7590), 340–343. doi:10.1038/nature16937

Farin, H. F., Van Es, J. H., and Clevers, H. (2012). Redundant sources of Wnt regulate
intestinal stem cells and promote formation of Paneth cells. Gastroenterology 143 (6),
1518–1529. doi:10.1053/j.gastro.2012.08.031

Flanagan, D. J., Austin, C. R., Vincan, E., and Phesse, T. J. (2018). Wnt signalling in
gastrointestinal epithelial stem cells.Genes (Basel). 9 (4), 178. doi:10.3390/genes9040178

Francois, M., Caprini, A., Hosking, B., Orsenigo, F., Wilhelm, D., Browne, C., et al.
(2008). Sox18 induces development of the lymphatic vasculature in mice. Nature 456
(7222), 643–647. doi:10.1038/nature07391

Fritz-Six, K. L., Dunworth, W. P., Li, M., and Caron, K. M. (2008). Adrenomedullin
signaling is necessary for murine lymphatic vascular development. J. Clin. Invest. 118
(1), 40–50. doi:10.1172/JCI33302

Fujimoto, H., Sangai, T., Ishii, G., Ikehara, A., Nagashima, T., Miyazaki, M., et al.
(2009). Stromal MCP-1 in mammary tumors induces tumor-associated macrophage
infiltration and contributes to tumor progression. Int. J. Cancer 125 (6), 1276–1284.
doi:10.1002/ijc.24378

Fukata, M., Ishikawa, F., Najima, Y., Yamauchi, T., Saito, Y., Takenaka, K., et al.
(2013). Contribution of bone marrow-derived hematopoietic stem/progenitor cells to
the generation of donor-marker⁺ cardiomyocytes in vivo. PLoS One 8 (5), e62506.
doi:10.1371/journal.pone.0062506

Gancz, D., Perlmoter, G., and Yaniv, K. (2020). Formation and growth of cardiac
lymphatics during embryonic development, heart regeneration, and disease. Cold Spring
Harb. Perspect. Biol. 12 (6), a037176. doi:10.1101/cshperspect.a037176

Frontiers in Cell and Developmental Biology frontiersin.org09

Kurup et al. 10.3389/fcell.2023.1329770

https://doi.org/10.15252/msb.20167258
https://doi.org/10.1016/j.celrep.2023.112669
https://doi.org/10.1016/j.celrep.2023.112669
https://doi.org/10.1155/2015/970890
https://doi.org/10.1038/s41423-023-01042-9
https://doi.org/10.1038/s41423-023-01042-9
https://doi.org/10.3389/fcell.2021.704903
https://doi.org/10.1161/CIRCRESAHA.123.321673
https://doi.org/10.1016/j.stem.2012.09.009
https://doi.org/10.1016/j.stem.2012.09.009
https://doi.org/10.1038/s44161-022-00061-5
https://doi.org/10.1038/s44161-022-00061-5
https://doi.org/10.1038/nrgastro.2017.79
https://doi.org/10.1371/journal.pone.0008014
https://doi.org/10.1371/journal.pone.0008014
https://doi.org/10.1016/s0039-6060(97)90107-0
https://doi.org/10.1016/j.mcn.2014.05.001
https://doi.org/10.1038/s41569-018-0087-8
https://doi.org/10.1161/ATVBAHA.121.316000
https://doi.org/10.1161/ATVBAHA.121.316000
https://doi.org/10.1016/j.devbrainres.2004.10.014
https://doi.org/10.1016/j.devbrainres.2004.10.014
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1073/pnas.1106083108
https://doi.org/10.1073/pnas.1106083108
https://doi.org/10.1128/MCB.00272-12
https://doi.org/10.1073/pnas.021548898
https://doi.org/10.1016/j.bbadis.2017.05.026
https://doi.org/10.1016/j.bbadis.2016.11.028
https://doi.org/10.3389/fimmu.2022.924866
https://doi.org/10.3389/fimmu.2022.924866
https://doi.org/10.1152/ajpgi.00107.2007
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1016/j.cell.2013.07.004
https://doi.org/10.1113/JP276758
https://doi.org/10.1089/dna.2020.5585
https://doi.org/10.1128/MCB.26.7.2511-2518.2006
https://doi.org/10.1371/journal.pone.0006530
https://doi.org/10.1371/journal.pone.0006530
https://doi.org/10.1016/j.hrthm.2014.10.007
https://doi.org/10.1016/j.hrthm.2014.10.007
https://doi.org/10.1172/JCI93558
https://doi.org/10.1126/scisignal.aad5578
https://doi.org/10.1126/scisignal.aad5578
https://doi.org/10.1042/BST20210223
https://doi.org/10.1038/nature16937
https://doi.org/10.1053/j.gastro.2012.08.031
https://doi.org/10.3390/genes9040178
https://doi.org/10.1038/nature07391
https://doi.org/10.1172/JCI33302
https://doi.org/10.1002/ijc.24378
https://doi.org/10.1371/journal.pone.0062506
https://doi.org/10.1101/cshperspect.a037176
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1329770


Gao, L. R., Xu, R. Y., Zhang, N. K., Chen, Y., Wang, Z. G., Zhu, Z. M., et al. (2009).
Increased apelin following bone marrow mononuclear cell transplantation contributes
to the improvement of cardiac function in patients with severe heart failure. Cell
Transpl. 18 (12), 1311–1318. doi:10.3727/096368909X474843

Garcia-Miranda, P., Vazquez-Carretero, M. D., Sesma, P., Peral, M. J., and Ilundain,
A. A. (2013). Reelin is involved in the crypt-villus unit homeostasis. Tissue Eng. Part A
19 (1-2), 188–198. doi:10.1089/ten.TEA.2012.0050

Gehart, H., and Clevers, H. (2019). Tales from the crypt: new insights into intestinal
stem cells. Nat. Rev. Gastroenterol. Hepatol. 16 (1), 19–34. doi:10.1038/s41575-018-
0081-y

Geng, X., Ho, Y. C., and Srinivasan, R. S. (2021). Biochemical and mechanical signals
in the lymphatic vasculature. Cell Mol. Life Sci. 78 (16), 5903–5923. doi:10.1007/s00018-
021-03886-8

Gentek, R., and Hoeffel, G. (2017). The innate immune response in myocardial
infarction, repair, and regeneration. Adv. Exp. Med. Biol. 1003, 251–272. doi:10.1007/
978-3-319-57613-8_12

Gibbons, C., Dackor, R., Dunworth, W., Fritz-Six, K., and Caron, K. M. (2007).
Receptor activity-modifying proteins: RAMPing up adrenomedullin signaling. Mol.
Endocrinol. 21 (4), 783–796. doi:10.1210/me.2006-0156

Golia, E., Limongelli, G., Natale, F., Fimiani, F., Maddaloni, V., Pariggiano, I., et al.
(2014). Inflammation and cardiovascular disease: from pathogenesis to therapeutic
target. Curr. Atheroscler. Rep. 16 (9), 435. doi:10.1007/s11883-014-0435-z

Gonzalez, L. M., Stewart, A. S., Freund, J., Kucera, C. R., Dekaney, C. M., Magness, S.
T., et al. (2019). Preservation of reserve intestinal epithelial stem cells following severe
ischemic injury. Am. J. Physiol. Gastrointest. Liver Physiol. 316 (4), G482–G94. doi:10.
1152/ajpgi.00262.2018

Goto, N., Goto, S., Imada, S., Hosseini, S., Deshpande, V., and Yilmaz, O. H. (2022).
Lymphatics and fibroblasts support intestinal stem cells in homeostasis and injury. Cell
Stem Cell 29 (8), 1246–1261.e6. doi:10.1016/j.stem.2022.06.013

Gubernatorova, E. O., Perez-Chanona, E., Koroleva, E. P., Jobin, C., and Tumanov, A.
V. (2016). Murine model of intestinal ischemia-reperfusion injury. J. Vis. Exp. 111,
53881. doi:10.3791/53881

Harnack, C., Berger, H., Antanaviciute, A., Vidal, R., Sauer, S., Simmons, A., et al.
(2019). R-spondin 3 promotes stem cell recovery and epithelial regeneration in the
colon. Nat. Commun. 10 (1), 4368. doi:10.1038/s41467-019-12349-5

Hausenloy, D. J., and Yellon, D. M. (2004). New directions for protecting the heart
against ischaemia-reperfusion injury: targeting the Reperfusion Injury Salvage Kinase
(RISK)-pathway. Cardiovasc Res. 61 (3), 448–460. doi:10.1016/j.cardiores.2003.09.024

He, S., Bhatt, R., Brown, C., Brown, E. A., Buhr, D. L., Chantranuvatana, K., et al.
(2022). High-plex imaging of RNA and proteins at subcellular resolution in fixed tissue
by spatial molecular imaging. Nat. Biotechnol. 40 (12), 1794–1806. doi:10.1038/s41587-
022-01483-z

Hedhli, N., Huang, Q., Kalinowski, A., Palmeri, M., Hu, X., Russell, R. R., et al. (2011).
Endothelium-derived neuregulin protects the heart against ischemic injury. Circulation
123 (20), 2254–2262. doi:10.1161/CIRCULATIONAHA.110.991125

Heller, F., Fromm, A., Gitter, A. H., Mankertz, J., and Schulzke, J. D. (2008). Epithelial
apoptosis is a prominent feature of the epithelial barrier disturbance in intestinal
inflammation: effect of pro-inflammatory interleukin-13 on epithelial cell function.
Mucosal Immunol. 1 (Suppl. 1), S58–S61. doi:10.1038/mi.2008.46

Henri, O., Pouehe, C., Houssari, M., Galas, L., Nicol, L., Edwards-Levy, F., et al.
(2016). Selective stimulation of cardiac lymphangiogenesis reduces myocardial edema
and fibrosis leading to improved cardiac function following myocardial infarction.
Circulation 133 (15), 1484–1497. ; discussion 97. doi:10.1161/CIRCULATIONAHA.
115.020143

Heron, C., Dumesnil, A., Houssari, M., Renet, S., Lemarcis, T., Lebon, A., et al. (2023).
Regulation and impact of cardiac lymphangiogenesis in pressure-overload-induced
heart failure. Cardiovasc Res. 119 (2), 492–505. doi:10.1093/cvr/cvac086

Hinson, J. P., Kapas, S., and Smith, D. M. (2000). Adrenomedullin, a multifunctional
regulatory peptide. Endocr. Rev. 21 (2), 138–167. doi:10.1210/edrv.21.2.0396

Horio, T., Nishikimi, T., Yoshihara, F., Matsuo, H., Takishita, S., and Kangawa, K.
(1999). Effects of adrenomedullin on cultured rat cardiac myocytes and fibroblasts. Eur.
J. Pharmacol. 382 (1), 1–9. doi:10.1016/s0014-2999(99)00559-2

Houssari, M., Dumesnil, A., Tardif, V., Kivela, R., Pizzinat, N., Boukhalfa, I., et al.
(2020). Lymphatic and immune cell cross-talk regulates cardiac recovery after
experimental myocardial infarction. Arterioscler. Thromb. Vasc. Biol. 40 (7),
1722–1737. doi:10.1161/ATVBAHA.120.314370

Huang, L. H., Lavine, K. J., and Randolph, G. J. (2017). Cardiac lymphatic vessels,
transport, and healing of the infarcted heart. JACC Basic Transl. Sci. 2 (4), 477–483.
doi:10.1016/j.jacbts.2017.02.005

Itkin, M., Rockson, S. G., and Burkhoff, D. (2021). Pathophysiology of the lymphatic
system in patients with heart failure: JACC state-of-the-art review. J. Am. Coll. Cardiol.
78 (3), 278–290. doi:10.1016/j.jacc.2021.05.021

Janardhan, H. P., Jung, R., and Trivedi, C. M. (2023). Lymphatic system in organ
development, function, and regeneration. Circ. Res. 132 (9), 1181–1184. doi:10.1161/
CIRCRESAHA.123.322867

Jandial, R., Choy, C., Levy, D. M., Chen, M. Y., and Ansari, K. I. (2017). Astrocyte-
induced Reelin expression drives proliferation of Her2(+) breast cancer metastases.
Clin. Exp. Metastasis 34 (2), 185–196. doi:10.1007/s10585-017-9839-9

Johnson, N. C., Dillard, M. E., Baluk, P., McDonald, D. M., Harvey, N. L., Frase, S. L.,
et al. (2008). Lymphatic endothelial cell identity is reversible and its maintenance
requires Prox1 activity. Genes Dev. 22 (23), 3282–3291. doi:10.1101/gad.1727208

Justiz Vaillant, A. A., Modi, P., and Mohammadi, O. (2023). Graft-versus-host disease.
Treasure Island, FL, United States: StatPearls Publishing.

Juszynski, M., Ciszek, B., Stachurska, E., Jablonska, A., and Ratajska, A. (2008).
Development of lymphatic vessels in mouse embryonic and early postnatal hearts. Dev.
Dyn. 237 (10), 2973–2986. doi:10.1002/dvdy.21693

Kalucka, J., Teuwen, L. A., Geldhof, V., and Carmeliet, P. (2017). How to cross the
lymphatic fence: lessons from solute transport. Circ. Res. 120 (9), 1376–1378. doi:10.
1161/CIRCRESAHA.117.310916

Kannan, L., Kis-Toth, K., Yoshiya, K., Thai, T. H., Sehrawat, S., Mayadas, T. N., et al.
(2013). R-spondin3 prevents mesenteric ischemia/reperfusion-induced tissue damage
by tightening endothelium and preventing vascular leakage. Proc. Natl. Acad. Sci. U. S.
A. 110 (35), 14348–14353. doi:10.1073/pnas.1309393110

Karin, M., and Clevers, H. (2016). Reparative inflammation takes charge of tissue
regeneration. Nature 529 (7586), 307–315. doi:10.1038/nature17039

Karkkainen, M. J., Haiko, P., Sainio, K., Partanen, J., Taipale, J., Petrova, T. V., et al.
(2004). Vascular endothelial growth factor C is required for sprouting of the first
lymphatic vessels from embryonic veins. Nat. Immunol. 5 (1), 74–80. doi:10.1038/
ni1013

Karkkainen, M. J., Saaristo, A., Jussila, L., Karila, K. A., Lawrence, E. C., Pajusola, K.,
et al. (2001). A model for gene therapy of human hereditary lymphedema. Proc. Natl.
Acad. Sci. U. S. A. 98 (22), 12677–12682. doi:10.1073/pnas.221449198

Kataoka, Y., Miyazaki, S., Yasuda, S., Nagaya, N., Noguchi, T., Yamada, N., et al.
(2010). The first clinical pilot study of intravenous adrenomedullin administration in
patients with acute myocardial infarction. J. Cardiovasc Pharmacol. 56 (4), 413–419.
doi:10.1097/FJC.0b013e3181f15b45

Kato, K., Yin, H., Agata, J., Yoshida, H., Chao, L., and Chao, J. (2003).
Adrenomedullin gene delivery attenuates myocardial infarction and apoptosis after
ischemia and reperfusion. Am. J. Physiol. Heart Circ. Physiol. 285 (4), H1506–H1514.
doi:10.1152/ajpheart.00270.2003

Kim, K. A., Wagle, M., Tran, K., Zhan, X., Dixon, M. A., Liu, S., et al. (2008).
R-Spondin family members regulate the Wnt pathway by a common mechanism. Mol.
Biol. Cell 19 (6), 2588–2596. doi:10.1091/mbc.e08-02-0187

Klaourakis, K., Vieira, J. M., and Riley, P. R. (2021). The evolving cardiac lymphatic
vasculature in development, repair and regeneration.Nat. Rev. Cardiol. 18 (5), 368–379.
doi:10.1038/s41569-020-00489-x

Klotz, L., Norman, S., Vieira, J. M., Masters, M., Rohling, M., Dube, K. N., et al. (2015).
Cardiac lymphatics are heterogeneous in origin and respond to injury. Nature 522
(7554), 62–67. doi:10.1038/nature14483

Kobayashi, K., Kitamura, K., Hirayama, N., Date, H., Kashiwagi, T., Ikushima, I., et al.
(1996). Increased plasma adrenomedullin in acute myocardial infarction. Am. Heart J.
131 (4), 676–680. doi:10.1016/s0002-8703(96)90270-7

Kobold, D., Grundmann, A., Piscaglia, F., Eisenbach, C., Neubauer, K., Steffgen, J.,
et al. (2002). Expression of reelin in hepatic stellate cells and during hepatic tissue repair:
a novel marker for the differentiation of HSC from other liver myofibroblasts. J. Hepatol.
36 (5), 607–613. doi:10.1016/s0168-8278(02)00050-8

Kolev, H. M., and Kaestner, K. H. (2023). Mammalian intestinal development and
differentiation-the state of the art. Cell Mol. Gastroenterol. Hepatol. 16 (5), 809–821.
doi:10.1016/j.jcmgh.2023.07.011

Kong, L. L., Yang, N. Z., Shi, L. H., Zhao, G. H., Zhou, W., Ding, Q., et al. (2017). The
optimummarker for the detection of lymphatic vessels.Mol. Clin. Oncol. 7 (4), 515–520.
doi:10.3892/mco.2017.1356

Krausova, M., and Korinek, V. (2014). Wnt signaling in adult intestinal stem cells and
cancer. Cell Signal 26 (3), 570–579. doi:10.1016/j.cellsig.2013.11.032

Kuhnert, F., Davis, C. R.,Wang, H. T., Chu, P., Lee, M., Yuan, J., et al. (2004). Essential
requirement for Wnt signaling in proliferation of adult small intestine and colon
revealed by adenoviral expression of Dickkopf-1. Proc. Natl. Acad. Sci. U. S. A. 101 (1),
266–271. doi:10.1073/pnas.2536800100

Kume, T. (2015). Lymphatic vessel development: fluid flow and valve-forming cells.
J. Clin. Invest. 125 (8), 2924–2926. doi:10.1172/JCI83189

Laine, G. A., and Allen, S. J. (1991). Left ventricular myocardial edema. Lymph flow,
interstitial fibrosis, and cardiac function. Circ. Res. 68 (6), 1713–1721. doi:10.1161/01.
res.68.6.1713

Li, L., and Clevers, H. (2010). Coexistence of quiescent and active adult stem cells in
mammals. Science 327 (5965), 542–545. doi:10.1126/science.1180794

Li, L. L., Peng, C., Zhang, M., Liu, Y., Li, H., Chen, H., et al. (2018). Mesenchymal stem
cells overexpressing adrenomedullin improve heart function through antifibrotic action
in rats experiencing heart failure. Mol. Med. Rep. 17 (1), 1437–1444. doi:10.3892/mmr.
2017.8049

Frontiers in Cell and Developmental Biology frontiersin.org10

Kurup et al. 10.3389/fcell.2023.1329770

https://doi.org/10.3727/096368909X474843
https://doi.org/10.1089/ten.TEA.2012.0050
https://doi.org/10.1038/s41575-018-0081-y
https://doi.org/10.1038/s41575-018-0081-y
https://doi.org/10.1007/s00018-021-03886-8
https://doi.org/10.1007/s00018-021-03886-8
https://doi.org/10.1007/978-3-319-57613-8_12
https://doi.org/10.1007/978-3-319-57613-8_12
https://doi.org/10.1210/me.2006-0156
https://doi.org/10.1007/s11883-014-0435-z
https://doi.org/10.1152/ajpgi.00262.2018
https://doi.org/10.1152/ajpgi.00262.2018
https://doi.org/10.1016/j.stem.2022.06.013
https://doi.org/10.3791/53881
https://doi.org/10.1038/s41467-019-12349-5
https://doi.org/10.1016/j.cardiores.2003.09.024
https://doi.org/10.1038/s41587-022-01483-z
https://doi.org/10.1038/s41587-022-01483-z
https://doi.org/10.1161/CIRCULATIONAHA.110.991125
https://doi.org/10.1038/mi.2008.46
https://doi.org/10.1161/CIRCULATIONAHA.115.020143
https://doi.org/10.1161/CIRCULATIONAHA.115.020143
https://doi.org/10.1093/cvr/cvac086
https://doi.org/10.1210/edrv.21.2.0396
https://doi.org/10.1016/s0014-2999(99)00559-2
https://doi.org/10.1161/ATVBAHA.120.314370
https://doi.org/10.1016/j.jacbts.2017.02.005
https://doi.org/10.1016/j.jacc.2021.05.021
https://doi.org/10.1161/CIRCRESAHA.123.322867
https://doi.org/10.1161/CIRCRESAHA.123.322867
https://doi.org/10.1007/s10585-017-9839-9
https://doi.org/10.1101/gad.1727208
https://doi.org/10.1002/dvdy.21693
https://doi.org/10.1161/CIRCRESAHA.117.310916
https://doi.org/10.1161/CIRCRESAHA.117.310916
https://doi.org/10.1073/pnas.1309393110
https://doi.org/10.1038/nature17039
https://doi.org/10.1038/ni1013
https://doi.org/10.1038/ni1013
https://doi.org/10.1073/pnas.221449198
https://doi.org/10.1097/FJC.0b013e3181f15b45
https://doi.org/10.1152/ajpheart.00270.2003
https://doi.org/10.1091/mbc.e08-02-0187
https://doi.org/10.1038/s41569-020-00489-x
https://doi.org/10.1038/nature14483
https://doi.org/10.1016/s0002-8703(96)90270-7
https://doi.org/10.1016/s0168-8278(02)00050-8
https://doi.org/10.1016/j.jcmgh.2023.07.011
https://doi.org/10.3892/mco.2017.1356
https://doi.org/10.1016/j.cellsig.2013.11.032
https://doi.org/10.1073/pnas.2536800100
https://doi.org/10.1172/JCI83189
https://doi.org/10.1161/01.res.68.6.1713
https://doi.org/10.1161/01.res.68.6.1713
https://doi.org/10.1126/science.1180794
https://doi.org/10.3892/mmr.2017.8049
https://doi.org/10.3892/mmr.2017.8049
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1329770


Lin, L., Wang, P., Liu, X., Zhao, D., Zhang, Y., Hao, J., et al. (2017). Epigenetic
regulation of reelin expression in multiple myeloma. Hematol. Oncol. 35 (4), 685–692.
doi:10.1002/hon.2311

Lioux, G., Liu, X., Temino, S., Oxendine, M., Ayala, E., Ortega, S., et al. (2020). A
second heart field-derived vasculogenic niche contributes to cardiac lymphatics. Dev.
Cell 52 (3), 350–363. doi:10.1016/j.devcel.2019.12.006

Liu, X., De la Cruz, E., Gu, X., Balint, L., Oxendine-Burns, M., Terrones, T., et al.
(2020). Lymphoangiocrine signals promote cardiac growth and repair. Nature 588
(7839), 705–711. doi:10.1038/s41586-020-2998-x

Liu, X., Lu, R., Wu, S., Zhang, Y. G., Xia, Y., Sartor, R. B., et al. (2012). Wnt2 inhibits
enteric bacterial-induced inflammation in intestinal epithelial cells. Inflamm. Bowel Dis.
18 (3), 418–429. doi:10.1002/ibd.21788

Liu, X., and Oliver, G. (2019). New insights about the lymphatic vasculature in
cardiovascular diseases F1000Res 8. Rev-1811. doi:10.12688/f1000research.20107.1

Liu, X., and Oliver, G. (2023). The lymphatic vasculature in cardiac development and
ischemic heart disease. Circ. Res. 132 (9), 1246–1253. doi:10.1161/CIRCRESAHA.122.
321672

Lossi, L., Castagna, C., Granato, A., and Merighi, A. (2019). The reeler mouse: a
translational model of human neurological conditions, or simply a good tool for better
understanding neurodevelopment? J. Clin. Med. 8 (12), 2088. doi:10.3390/jcm8122088

Luissint, A. C., Parkos, C. A., and Nusrat, A. (2016). Inflammation and the intestinal
barrier: leukocyte-epithelial cell interactions, cell junction remodeling, and mucosal
repair. Gastroenterology 151 (4), 616–632. doi:10.1053/j.gastro.2016.07.008

Lutter, S., Xie, S., Tatin, F., and Makinen, T. (2012). Smooth muscle-endothelial cell
communication activates Reelin signaling and regulates lymphatic vessel formation.
J. Cell Biol. 197 (6), 837–849. doi:10.1083/jcb.201110132

McCarthy, N., Manieri, E., Storm, E. E., Saadatpour, A., Luoma, A. M., Kapoor, V. N.,
et al. (2020). Distinct mesenchymal cell populations generate the essential intestinal
BMP signaling gradient. Cell Stem Cell 26 (3), 391–402. doi:10.1016/j.stem.2020.01.008

McLeod, R. S. (2003). Surgery for inflammatory bowel diseases. Dig. Dis. 21 (2),
168–179. doi:10.1159/000073248

Mehlhorn, U., Geissler, H. J., Laine, G. A., and Allen, S. J. (2001). Myocardial fluid
balance. Eur. J. Cardiothorac. Surg. 20 (6), 1220–1230. doi:10.1016/s1010-7940(01)
01031-4

Meran, L., Baulies, A., and Li, V. S. W. (2017). Intestinal stem cell niche: the
extracellular matrix and cellular components. Stem Cells Int. 2017, 7970385. doi:10.
1155/2017/7970385

Miller, M. J., McDole, J. R., and Newberry, R. D. Microanatomy of the intestinal
lymphatic system. Ann. N. Y. Acad. Sci. 2010;1207 (Suppl. 1):E21–E28. doi:10.1111/j.
1749-6632.2010.05708.x

Mlyczynska, E., Kurowska, P., Drwal, E., Opydo-Chanek, M., Tworzydlo, W., Kotula-
Balak, M., et al. (2020). Apelin and apelin receptor in human placenta: expression,
signalling pathway and regulation of trophoblast JEG-3 and BeWo cells proliferation
and cell cycle. Int. J. Mol. Med. 45 (3), 691–702. doi:10.3892/ijmm.2020.4452

Moon, R. T., Kohn, A. D., De Ferrari, G. V., and Kaykas, A. (2004). WNT and beta-
catenin signalling: diseases and therapies. Nat. Rev. Genet. 5 (9), 691–701. doi:10.1038/
nrg1427

Nagaya, N., Kangawa, K., Itoh, T., Iwase, T., Murakami, S., Miyahara, Y., et al. (2005).
Transplantation of mesenchymal stem cells improves cardiac function in a rat model of
dilated cardiomyopathy. Circulation 112 (8), 1128–1135. doi:10.1161/
CIRCULATIONAHA.104.500447

Nahrendorf, M., Swirski, F. K., Aikawa, E., Stangenberg, L., Wurdinger, T.,
Figueiredo, J. L., et al. (2007). The healing myocardium sequentially mobilizes two
monocyte subsets with divergent and complementary functions. J. Exp. Med. 204 (12),
3037–3047. doi:10.1084/jem.20070885

Ngo, P. A., Neurath, M. F., and Lopez-Posadas, R. (2022). Impact of epithelial cell
shedding on intestinal homeostasis. Int. J. Mol. Sci. 23 (8), 4160. doi:10.3390/
ijms23084160

Niec, R. E., Chu, T., Schernthanner, M., Gur-Cohen, S., Hidalgo, L., Pasolli, H. A.,
et al. (2022). Lymphatics act as a signaling hub to regulate intestinal stem cell activity.
Cell Stem Cell 29 (7), 1067–1082.e18. doi:10.1016/j.stem.2022.05.007

Niehrs, C. (2012). The complex world of WNT receptor signalling.Nat. Rev. Mol. Cell
Biol. 13 (12), 767–779. doi:10.1038/nrm3470

Nishida, H., Sato, T., Miyazaki, M., and Nakaya, H. (2008). Infarct size limitation by
adrenomedullin: protein kinase A but not PI3-kinase is linked to mitochondrial KCa
channels. Cardiovasc Res. 77 (2), 398–405. doi:10.1016/j.cardiores.2007.07.015

Nishikimi, T., Saito, Y., Kitamura, K., Ishimitsu, T., Eto, T., Kangawa, K., et al. (1995).
Increased plasma levels of adrenomedullin in patients with heart failure. J. Am. Coll.
Cardiol. 26 (6), 1424–1431. doi:10.1016/0735-1097(95)00338-X

Niu, P., Shindo, T., Iwata, H., Iimuro, S., Takeda, N., Zhang, Y., et al. (2004).
Protective effects of endogenous adrenomedullin on cardiac hypertrophy, fibrosis, and
renal damage. Circulation 109 (14), 1789–1794. doi:10.1161/01.CIR.0000118466.
47982.CC

Noireaud, J., and Andriantsitohaina, R. (2014). Recent insights in the paracrine
modulation of cardiomyocyte contractility by cardiac endothelial cells. Biomed. Res. Int.
2014, 923805. doi:10.1155/2014/923805

Norrmen, C., Tammela, T., Petrova, T. V., and Alitalo, K. (2011). Biological basis of
therapeutic lymphangiogenesis. Circulation 123 (12), 1335–1351. doi:10.1161/
CIRCULATIONAHA.107.704098

Ocansey, D. K. W., Qiu, W., Wang, J., Yan, Y., Qian, H., Zhang, X., et al. (2020). The
achievements and challenges of mesenchymal stem cell-based therapy in inflammatory
bowel disease and its associated colorectal cancer. Stem Cells Int. 2020, 7819824. doi:10.
1155/2020/7819824

Ogasawara, R., Hashimoto, D., Kimura, S., Hayase, E., Ara, T., Takahashi, S., et al.
(2018). Intestinal lymphatic endothelial cells produce R-spondin3. Sci. Rep. 8 (1), 10719.
doi:10.1038/s41598-018-29100-7

Ohkawara, B., Glinka, A., and Niehrs, C. (2011). Rspo3 binds syndecan 4 and induces
Wnt/PCP signaling via clathrin-mediated endocytosis to promote morphogenesis. Dev.
Cell 20 (3), 303–314. doi:10.1016/j.devcel.2011.01.006

Okano, K., Sasagawa, K., Isobe, H., Sekita, N., Suzuki, S., Naitoh, S., et al. (1990). A
case of pseudo-Bartter’s syndrome associated with hypergastrinemia, thrombocytosis
and increased serum thyroxine-binding globulin. Endocrinol. Jpn. 37 (6), 787–796.
doi:10.1507/endocrj1954.37.787

Oldenburg, W. A., Lau, L. L., Rodenberg, T. J., Edmonds, H. J., and Burger, C. D.
(2004). Acute mesenteric ischemia: a clinical review. Arch. Intern Med. 164 (10),
1054–1062. doi:10.1001/archinte.164.10.1054

Palikuqi, B., Rispal, J., and Klein, O. (2022a). Good neighbors: the niche that fine tunes
mammalian intestinal regeneration. Cold Spring Harb. Perspect. Biol. 14 (5), a040865.
doi:10.1101/cshperspect.a040865

Palikuqi, B., Rispal, J., Reyes, E. A., Vaka, D., Boffelli, D., and Klein, O. (2022b).
Lymphangiocrine signals are required for proper intestinal repair after cytotoxic injury.
Cell Stem Cell 29 (8), 1262–1272.e5. doi:10.1016/j.stem.2022.07.007

Patel, S., Alam, A., Pant, R., and Chattopadhyay, S. (2019). Wnt signaling and its
significance within the tumor microenvironment: novel therapeutic insights. Front.
Immunol. 10, 2872. doi:10.3389/fimmu.2019.02872

Petrova, T. V., and Koh, G. Y. (2018). Organ-specific lymphatic vasculature: from
development to pathophysiology. J. Exp. Med. 215 (1), 35–49. doi:10.1084/jem.
20171868

Poirier, O., Ciumas, M., Eyries, M., Montagne, K., Nadaud, S., and Soubrier, F. (2012).
Inhibition of apelin expression by BMP signaling in endothelial cells. Am. J. Physiol. Cell
Physiol. 303 (11), C1139–C1145. doi:10.1152/ajpcell.00168.2012

Potente, M., and Makinen, T. (2017). Vascular heterogeneity and specialization in
development and disease. Nat. Rev. Mol. Cell Biol. 18 (8), 477–494. doi:10.1038/nrm.
2017.36

Potten, C. S. (1998). Stem cells in gastrointestinal epithelium: numbers, characteristics
and death. Philos. Trans. R. Soc. Lond B Biol. Sci. 353 (1370), 821–830. doi:10.1098/rstb.
1998.0246

Rafii, S., Butler, J. M., and Ding, B. S. (2016). Angiocrine functions of organ-specific
endothelial cells. Nature 529 (7586), 316–325. doi:10.1038/nature17040

Regensburger, D., Tenkerian, C., Purzer, V., Schmid, B.,Wohlfahrt, T., Stolzer, I., et al.
(2021). Matricellular protein SPARCL1 regulates blood vessel integrity and antagonizes
inflammatory bowel disease. Inflamm. Bowel Dis. 27 (9), 1491–1502. doi:10.1093/ibd/
izaa346

Richmond, C. A., Rickner, H., Shah, M. S., Ediger, T., Deary, L., Zhou, F., et al. (2018).
JAK/STAT-1 signaling is required for reserve intestinal stem cell activation during
intestinal regeneration following acute inflammation. Stem Cell Rep. 10 (1), 17–26.
doi:10.1016/j.stemcr.2017.11.015

Rizvi, A. Z., Swain, J. R., Davies, P. S., Bailey, A. S., Decker, A. D., Willenbring, H.,
et al. (2006). Bone marrow-derived cells fuse with normal and transformed intestinal
stem cells. Proc. Natl. Acad. Sci. U. S. A. 103 (16), 6321–6325. doi:10.1073/pnas.
0508593103

Rumbo, M., and Oltean, M. (2023). Intestinal transplant immunology and intestinal
graft rejection: from basic mechanisms to potential biomarkers. Int. J. Mol. Sci. 24 (5),
4541. doi:10.3390/ijms24054541

Sabra, M., Karbasiafshar, C., Aboulgheit, A., Raj, S., Abid, M. R., and Sellke, F. W.
(2021). Clinical application of novel therapies for coronary angiogenesis: overview,
challenges, and prospects. Int. J. Mol. Sci. 22 (7), 3722. doi:10.3390/ijms22073722

Santagata, S., Ierano, C., Trotta, A. M., Capiluongo, A., Auletta, F., Guardascione, G.,
et al. (2021). CXCR4 and CXCR7 signaling pathways: a focus on the cross-talk between
cancer cells and tumor microenvironment. Front. Oncol. 11, 591386. doi:10.3389/fonc.
2021.591386

Schonauer, R., Els-Heindl, S., and Beck-Sickinger, A. G. (2017). Adrenomedullin -
new perspectives of a potent peptide hormone. J. Pept. Sci. 23 (7-8), 472–485. doi:10.
1002/psc.2953

Schuijers, J., and Clevers, H. (2012). Adult mammalian stem cells: the role of Wnt,
Lgr5 and R-spondins. EMBO J. 31 (12), 2685–2696. doi:10.1038/emboj.2012.149

Frontiers in Cell and Developmental Biology frontiersin.org11

Kurup et al. 10.3389/fcell.2023.1329770

https://doi.org/10.1002/hon.2311
https://doi.org/10.1016/j.devcel.2019.12.006
https://doi.org/10.1038/s41586-020-2998-x
https://doi.org/10.1002/ibd.21788
https://doi.org/10.12688/f1000research.20107.1
https://doi.org/10.1161/CIRCRESAHA.122.321672
https://doi.org/10.1161/CIRCRESAHA.122.321672
https://doi.org/10.3390/jcm8122088
https://doi.org/10.1053/j.gastro.2016.07.008
https://doi.org/10.1083/jcb.201110132
https://doi.org/10.1016/j.stem.2020.01.008
https://doi.org/10.1159/000073248
https://doi.org/10.1016/s1010-7940(01)01031-4
https://doi.org/10.1016/s1010-7940(01)01031-4
https://doi.org/10.1155/2017/7970385
https://doi.org/10.1155/2017/7970385
https://doi.org/10.1111/j.1749-6632.2010.05708.x
https://doi.org/10.1111/j.1749-6632.2010.05708.x
https://doi.org/10.3892/ijmm.2020.4452
https://doi.org/10.1038/nrg1427
https://doi.org/10.1038/nrg1427
https://doi.org/10.1161/CIRCULATIONAHA.104.500447
https://doi.org/10.1161/CIRCULATIONAHA.104.500447
https://doi.org/10.1084/jem.20070885
https://doi.org/10.3390/ijms23084160
https://doi.org/10.3390/ijms23084160
https://doi.org/10.1016/j.stem.2022.05.007
https://doi.org/10.1038/nrm3470
https://doi.org/10.1016/j.cardiores.2007.07.015
https://doi.org/10.1016/0735-1097(95)00338-X
https://doi.org/10.1161/01.CIR.0000118466.47982.CC
https://doi.org/10.1161/01.CIR.0000118466.47982.CC
https://doi.org/10.1155/2014/923805
https://doi.org/10.1161/CIRCULATIONAHA.107.704098
https://doi.org/10.1161/CIRCULATIONAHA.107.704098
https://doi.org/10.1155/2020/7819824
https://doi.org/10.1155/2020/7819824
https://doi.org/10.1038/s41598-018-29100-7
https://doi.org/10.1016/j.devcel.2011.01.006
https://doi.org/10.1507/endocrj1954.37.787
https://doi.org/10.1001/archinte.164.10.1054
https://doi.org/10.1101/cshperspect.a040865
https://doi.org/10.1016/j.stem.2022.07.007
https://doi.org/10.3389/fimmu.2019.02872
https://doi.org/10.1084/jem.20171868
https://doi.org/10.1084/jem.20171868
https://doi.org/10.1152/ajpcell.00168.2012
https://doi.org/10.1038/nrm.2017.36
https://doi.org/10.1038/nrm.2017.36
https://doi.org/10.1098/rstb.1998.0246
https://doi.org/10.1098/rstb.1998.0246
https://doi.org/10.1038/nature17040
https://doi.org/10.1093/ibd/izaa346
https://doi.org/10.1093/ibd/izaa346
https://doi.org/10.1016/j.stemcr.2017.11.015
https://doi.org/10.1073/pnas.0508593103
https://doi.org/10.1073/pnas.0508593103
https://doi.org/10.3390/ijms24054541
https://doi.org/10.3390/ijms22073722
https://doi.org/10.3389/fonc.2021.591386
https://doi.org/10.3389/fonc.2021.591386
https://doi.org/10.1002/psc.2953
https://doi.org/10.1002/psc.2953
https://doi.org/10.1038/emboj.2012.149
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1329770


Secker, G. A., and Harvey, N. L. (2021). Regulation of VEGFR signalling in lymphatic
vascular development and disease: an update. Int. J. Mol. Sci. 22 (14), 7760. doi:10.3390/
ijms22147760

Seshagiri, S., Stawiski, E. W., Durinck, S., Modrusan, Z., Storm, E. E., Conboy, C. B.,
et al. (2012). Recurrent R-spondin fusions in colon cancer. Nature 488 (7413), 660–664.
doi:10.1038/nature11282

Shepherd, A. P. (1982). Metabolic control of intestinal oxygenation and blood flow.
Fed. Proc. 41 (6), 2084–2089.

Shimizu, Y., Polavarapu, R., Eskla, K. L., Pantner, Y., Nicholson, C. K., Ishii, M., et al.
(2018). Impact of lymphangiogenesis on cardiac remodeling after ischemia and
reperfusion injury. J. Am. Heart Assoc. 7 (19), e009565. doi:10.1161/JAHA.118.009565

Shokrollahi, B., Zheng, H. Y., Li, L. Y., Tang, L. P., Ma, X. Y., Lu, X. R., et al. (2022).
Apelin and apelin receptor in follicular granulosa cells of Buffalo ovaries: expression and
regulation of steroidogenesis. Front. Endocrinol. (Lausanne) 13, 844360. doi:10.3389/
fendo.2022.844360

Shoshkes-Carmel, M., Wang, Y. J., Wangensteen, K. J., Toth, B., Kondo, A., Massasa,
E. E., et al. (2018). Author Correction: subepithelial telocytes are an important source of
Wnts that supports intestinal crypts. Nature 560 (7718), E29. doi:10.1038/s41586-018-
0286-9

Simons, M., and Ware, J. A. (2003). Therapeutic angiogenesis in cardiovascular
disease. Nat. Rev. Drug Discov. 2 (11), 863–871. doi:10.1038/nrd1226

Singh, S., Facciorusso, A., Dulai, P. S., Jairath, V., and Sandborn, W. J. (2020).
Comparative risk of serious infections with biologic and/or immunosuppressive therapy
in patients with inflammatory bowel diseases: a systematic review and meta-analysis.
Clin. Gastroenterol. Hepatol. 18 (1), 69–81. doi:10.1016/j.cgh.2019.02.044

Singla, B., Aithabathula, R. V., Kiran, S., Kapil, S., Kumar, S., and Singh, U. P. (2022).
Reactive oxygen species in regulating lymphangiogenesis and lymphatic function. Cells
11 (11), 1750. doi:10.3390/cells11111750

Song, L., Chen, X., Swanson, T. A., LaViolette, B., Pang, J., Cunio, T., et al. (2020).
Lymphangiogenic therapy prevents cardiac dysfunction by ameliorating inflammation
and hypertension. Elife 9, e58376. doi:10.7554/eLife.58376

Sphyris, N., Hodder, M. C., and Sansom, O. J. (2021). Subversion of niche-signalling
pathways in colorectal cancer: what makes and breaks the intestinal stem cell. Cancers
(Basel). 13 (5), 1000. doi:10.3390/cancers13051000

Sturzl, M., Kunz, M., Krug, S. M., and Naschberger, E. (2021). Angiocrine regulation
of epithelial barrier integrity in inflammatory bowel disease. Front. Med. (Lausanne). 8,
643607. doi:10.3389/fmed.2021.643607

Stzepourginski, I., Nigro, G., Jacob, J. M., Dulauroy, S., Sansonetti, P. J., Eberl, G., et al.
(2017). CD34+ mesenchymal cells are a major component of the intestinal stem cells
niche at homeostasis and after injury. Proc. Natl. Acad. Sci. U. S. A. 114 (4), E506–E13.
doi:10.1073/pnas.1620059114

Takashima, S., Kadowaki, M., Aoyama, K., Koyama, M., Oshima, T., Tomizuka, K.,
et al. (2011). The Wnt agonist R-spondin1 regulates systemic graft-versus-host disease
by protecting intestinal stem cells. J. Exp. Med. 208 (2), 285–294. doi:10.1084/jem.
20101559

Tan, C., Kurup, S., Dyakiv, Y., and Kume, T. (2023b). FOXC1 and FOXC2 maintain
mitral valve endothelial cell junctions, extracellular matrix, and lymphatic vessels to
prevent myxomatous degeneration. bioRxiv, 2023.08.30.555455. doi:10.1101/2023.08.
30.555455

Tan, C., Norden, P. R., Yu, W., Liu, T., Ujiie, N., Lee, S. K., et al. (2023a). Endothelial
FOXC1 and FOXC2 promote intestinal regeneration after ischemia-reperfusion injury.
EMBO Rep. 24 (7), e56030. doi:10.15252/embr.202256030

Tan, D.W., and Barker, N. (2014). Intestinal stem cells and their defining niche. Curr.
Top. Dev. Biol. 107, 77–107. doi:10.1016/B978-0-12-416022-4.00003-2

Tatin, F., Renaud-Gabardos, E., Godet, A. C., Hantelys, F., Pujol, F., Morfoisse, F.,
et al. (2017). Apelin modulates pathological remodeling of lymphatic endothelium after
myocardial infarction. JCI Insight 2 (12), e93887. doi:10.1172/jci.insight.93887

Tian, H., Biehs, B., Warming, S., Leong, K. G., Rangell, L., Klein, O. D., et al. (2011). A
reserve stem cell population in small intestine renders Lgr5-positive cells dispensable.
Nature 478 (7368), 255–259. doi:10.1038/nature10408

Tomoda, Y., Kikumoto, K., Isumi, Y., Katafuchi, T., Tanaka, A., Kangawa, K., et al.
(2001). Cardiac fibroblasts are major production and target cells of adrenomedullin in
the heart in vitro. Cardiovasc Res. 49 (4), 721–730. doi:10.1016/s0008-6363(00)00291-1

Trincot, C. E., Xu, W., Zhang, H., Kulikauskas, M. R., Caranasos, T. G., Jensen, B. C.,
et al. (2019). Adrenomedullin induces cardiac lymphangiogenesis after myocardial
infarction and regulates cardiac edema via connexin 43. Circ. Res. 124 (1), 101–113.
doi:10.1161/CIRCRESAHA.118.313835

Tsuruda, T., Kato, J., Kitamura, K., Kuwasako, K., Imamura, T., Koiwaya, Y., et al.
(1998). Adrenomedullin: a possible autocrine or paracrine inhibitor of hypertrophy of
cardiomyocytes. Hypertension 31 (1 Pt 2), 505–510. doi:10.1161/01.hyp.31.1.505

Ujiie, N., and Kume, T. (2022). Mechanical forces in lymphatic vessel development:
focus on transcriptional regulation. Front. Physiol. 13, 1066460. doi:10.3389/fphys.2022.
1066460

Valenta, T., Degirmenci, B., Moor, A. E., Herr, P., Zimmerli, D., Moor, M. B., et al.
(2016). Wnt ligands secreted by subepithelial mesenchymal cells are essential for the
survival of intestinal stem cells and gut homeostasis. Cell Rep. 15 (5), 911–918. doi:10.
1016/j.celrep.2016.03.088

van der Flier, L. G., and Clevers, H. (2009). Stem cells, self-renewal, and differentiation
in the intestinal epithelium. Annu. Rev. Physiol. 71, 241–260. doi:10.1146/annurev.
physiol.010908.163145

Van Kruiningen, H. J., and Colombel, J. F. (2008). The forgotten role of lymphangitis
in Crohn’s disease. Gut 57 (1), 1–4. doi:10.1136/gut.2007.123166

Vieira, J. M., Norman, S., Villa Del Campo, C., Cahill, T. J., Barnette, D. N., Gunadasa-
Rohling, M., et al. (2018). The cardiac lymphatic system stimulates resolution of
inflammation following myocardial infarction. J. Clin. Invest. 128 (8), 3402–3412.
doi:10.1172/JCI97192

Villablanca, E. J., Selin, K., and Hedin, C. R. H. (2022). Mechanisms of mucosal
healing: treating inflammatory bowel disease without immunosuppression? Nat. Rev.
Gastroenterol. Hepatol. 19 (8), 493–507. doi:10.1038/s41575-022-00604-y

Wang, W., McKinnie, S. M., Patel, V. B., Haddad, G., Wang, Z., Zhabyeyev, P., et al.
(2013). Loss of Apelin exacerbates myocardial infarction adverse remodeling and
ischemia-reperfusion injury: therapeutic potential of synthetic Apelin analogues.
J. Am. Heart Assoc. 2 (4), e000249. doi:10.1161/JAHA.113.000249

Weiss, J. N., Korge, P., Honda, H. M., and Ping, P. (2003). Role of the mitochondrial
permeability transition in myocardial disease. Circ. Res. 93 (4), 292–301. doi:10.1161/01.
RES.0000087542.26971.D4

Wetzel-Strong, S. E., Li, M., Klein, K. R., Nishikimi, T., and Caron, K. M. (2014).
Epicardial-derived adrenomedullin drives cardiac hyperplasia during embryogenesis.
Dev. Dyn. 243 (2), 243–256. doi:10.1002/dvdy.24065

Williams, J. M., Duckworth, C. A., Burkitt, M. D., Watson, A. J., Campbell, B. J., and
Pritchard, D. M. (2015). Epithelial cell shedding and barrier function: a matter of life
and death at the small intestinal villus tip. Vet. Pathol. 52 (3), 445–455. doi:10.1177/
0300985814559404

Xavier, R. J., and Podolsky, D. K. (2007). Unravelling the pathogenesis of
inflammatory bowel disease. Nature 448 (7152), 427–434. doi:10.1038/nature06005

Xu, W., Liu, Y., Wang, S., McDonald, T., Van Eyk, J. E., Sidor, A., et al. (2002).
Cytoprotective role of Ca2+- activated K+ channels in the cardiac inner
mitochondrial membrane. Science 298 (5595), 1029–1033. doi:10.1126/science.
1074360

Xu, Y., Zhong, Y. D., and Zhao, X. X. (2020). MiR-548b suppresses proliferative
capacity of colorectal cancer by binding WNT2. Eur. Rev. Med. Pharmacol. Sci. 24 (20),
10535–10541. doi:10.26355/eurrev_202010_23406

Yamada, D., Kojima, Y., Hosoya, A., Suzuki, M., Watabe, T., Inoue, T., et al.
(2023). Apelin expression is downregulated in T cells in a murine model of chronic
colitis. Biochem. Biophys. Res. Commun. 647, 72–79. doi:10.1016/j.bbrc.2023.
01.068

Yamauchi, A., Sakurai, T., Kamiyoshi, A., Ichikawa-Shindo, Y., Kawate, H.,
Igarashi, K., et al. (2014). Functional differentiation of RAMP2 and RAMP3 in
their regulation of the vascular system. J. Mol. Cell Cardiol. 77, 73–85. doi:10.1016/
j.yjmcc.2014.09.017

Yang, Y., Garcia-Verdugo, J. M., Soriano-Navarro, M., Srinivasan, R. S., Scallan, J. P.,
Singh, M. K., et al. (2012). Lymphatic endothelial progenitors bud from the cardinal vein
and intersomitic vessels in mammalian embryos. Blood 120 (11), 2340–2348. doi:10.
1182/blood-2012-05-428607

Yuzbashian, E., Asghari, G., Beheshti, N., Hedayati, M., Zarkesh, M., Mirmiran, P.,
et al. (2021). Plasma fatty acid composition was associated with apelin gene expression
in human adipose tissues. Biomed. Res. Int. 2021, 8846483. doi:10.1155/2021/8846483

Zhang, G., Dong, D., Wan, X., and Zhang, Y. (2022). Cardiomyocyte death in sepsis:
mechanisms and regulation (Review). Mol. Med. Rep. 26 (2), 257. doi:10.3892/mmr.
2022.12773

Zhang, H., Zhao, C., Jiang, G., Hu, B., Zheng, H., Hong, Y., et al. (2021a). Apelin
rejuvenates aged humanmesenchymal stem cells by regulating autophagy and improves
cardiac protection after infarction. Front. Cell Dev. Biol. 9, 628463. doi:10.3389/fcell.
2021.628463

Zhang, L., Ocansey, D. K. W., Liu, L., Olovo, C. V., Zhang, X., Qian, H., et al. (2021b).
Implications of lymphatic alterations in the pathogenesis and treatment of
inflammatory bowel disease. Biomed. Pharmacother. 140, 111752. doi:10.1016/j.
biopha.2021.111752

Zheng, W., Aspelund, A., and Alitalo, K. (2014). Lymphangiogenic factors,
mechanisms, and applications. J. Clin. Invest. 124 (3), 878–887. doi:10.1172/JCI71603

Zhuo, W., Jia, L., Song, N., Lu, X. A., Ding, Y., Wang, X., et al. (2012). The CXCL12-
CXCR4 chemokine pathway: a novel axis regulates lymphangiogenesis. Clin. Cancer
Res. 18 (19), 5387–5398. doi:10.1158/1078-0432.CCR-12-0708

Zong, L., Zhu, Y., Liang, R., and Zhao, H. B. (2016). Gap junction mediated miRNA
intercellular transfer and gene regulation: a novel mechanism for intercellular genetic
communication. Sci. Rep. 6, 19884. doi:10.1038/srep19884

Frontiers in Cell and Developmental Biology frontiersin.org12

Kurup et al. 10.3389/fcell.2023.1329770

https://doi.org/10.3390/ijms22147760
https://doi.org/10.3390/ijms22147760
https://doi.org/10.1038/nature11282
https://doi.org/10.1161/JAHA.118.009565
https://doi.org/10.3389/fendo.2022.844360
https://doi.org/10.3389/fendo.2022.844360
https://doi.org/10.1038/s41586-018-0286-9
https://doi.org/10.1038/s41586-018-0286-9
https://doi.org/10.1038/nrd1226
https://doi.org/10.1016/j.cgh.2019.02.044
https://doi.org/10.3390/cells11111750
https://doi.org/10.7554/eLife.58376
https://doi.org/10.3390/cancers13051000
https://doi.org/10.3389/fmed.2021.643607
https://doi.org/10.1073/pnas.1620059114
https://doi.org/10.1084/jem.20101559
https://doi.org/10.1084/jem.20101559
https://doi.org/10.1101/2023.08.30.555455
https://doi.org/10.1101/2023.08.30.555455
https://doi.org/10.15252/embr.202256030
https://doi.org/10.1016/B978-0-12-416022-4.00003-2
https://doi.org/10.1172/jci.insight.93887
https://doi.org/10.1038/nature10408
https://doi.org/10.1016/s0008-6363(00)00291-1
https://doi.org/10.1161/CIRCRESAHA.118.313835
https://doi.org/10.1161/01.hyp.31.1.505
https://doi.org/10.3389/fphys.2022.1066460
https://doi.org/10.3389/fphys.2022.1066460
https://doi.org/10.1016/j.celrep.2016.03.088
https://doi.org/10.1016/j.celrep.2016.03.088
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1136/gut.2007.123166
https://doi.org/10.1172/JCI97192
https://doi.org/10.1038/s41575-022-00604-y
https://doi.org/10.1161/JAHA.113.000249
https://doi.org/10.1161/01.RES.0000087542.26971.D4
https://doi.org/10.1161/01.RES.0000087542.26971.D4
https://doi.org/10.1002/dvdy.24065
https://doi.org/10.1177/0300985814559404
https://doi.org/10.1177/0300985814559404
https://doi.org/10.1038/nature06005
https://doi.org/10.1126/science.1074360
https://doi.org/10.1126/science.1074360
https://doi.org/10.26355/eurrev_202010_23406
https://doi.org/10.1016/j.bbrc.2023.01.068
https://doi.org/10.1016/j.bbrc.2023.01.068
https://doi.org/10.1016/j.yjmcc.2014.09.017
https://doi.org/10.1016/j.yjmcc.2014.09.017
https://doi.org/10.1182/blood-2012-05-428607
https://doi.org/10.1182/blood-2012-05-428607
https://doi.org/10.1155/2021/8846483
https://doi.org/10.3892/mmr.2022.12773
https://doi.org/10.3892/mmr.2022.12773
https://doi.org/10.3389/fcell.2021.628463
https://doi.org/10.3389/fcell.2021.628463
https://doi.org/10.1016/j.biopha.2021.111752
https://doi.org/10.1016/j.biopha.2021.111752
https://doi.org/10.1172/JCI71603
https://doi.org/10.1158/1078-0432.CCR-12-0708
https://doi.org/10.1038/srep19884
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1329770

	Cardiac and intestinal tissue conduct developmental and reparative processes in response to lymphangiocrine signaling
	Introduction
	Function and development of the lymphatic system
	Role of lymphatics in the cardiac microenvironment
	Lymphangiocrine factors for cardiac development and maintenance
	An overview of the intestinal niche
	Reparative processes in the intestines
	Inflammation modulation
	Angiogenesis
	Mucosal healing

	Lymphangiocrine factors that mediate intestinal epithelium regeneration
	Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


