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SUMMARY

This review will highlight recent progress and current in-
formation supporting an active role for intestinal lymphatic
vessels in transport and distribution of dietary lipids.
Modulation of gut lymphatics might represent a novel
therapeutic strategy to prevent diet-induced obesity and the
metabolic syndrome.

The lymphatic system of the gut plays important roles in the
transport of dietary lipids, as well as in immunosurveillance
and removal of interstitial fluid. Historically, despite its
crucial functions in intestinal homeostasis, the lymphatic
system has been poorly studied. In the last 2 decades,
identification of specific molecular mediators of lymphatic
endothelial cells (LECs) growth together with novel genetic
approaches and intravital imaging techniques, have
advanced our understanding of the mechanisms regulating
intestinal lymphatic physiology in health and disease. As its
metabolic implications are gaining recognition, intestinal
lymphatic biology is currently experiencing a surge in inter-
est. This review describes current knowledge related to
molecular control of intestinal lymphatic vessel structure
and function.Wediscuss regulationof chylomicronentry into
lymphatic vessels by vascular endothelial growth factors
(VEGFs), hormones, transcription factors and the specific
signaling pathways involved. The information covered sup-
ports the emerging role of intestinal lymphatics in etiology of
the metabolic syndrome and their potential as a therapeutic
target. (Cell Mol Gastroenterol Hepatol 2019;7:503–513;
https://doi.org/10.1016/j.jcmgh.2018.12.002)
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he lymphatic vasculature plays crucial roles in tis-
delta-like ligand 4; ERK, extracellular signal-related kinase; FAO, fatty
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Tsue fluid homeostasis, immune surveillance, and
transport of dietary fat from the intestine to the blood-
stream.1–3 The latter function was already noted in 1662 by
the Italian physician Gaspare Aselli when he described the
lacteal vessels, or chyliferous vessels, in the intestine of a
well-fed dog.4 However, relatively modest attention has
been given to dietary lipid transport by the lymphatic sys-
tem because it was generally considered to involve passive
unregulated drainage. In the last 2 decades, identification of
specific markers for lymphatic endothelial cells (LECs)
allowed the generation of lymphatic-reporter mouse
models, that combined with state-of-the-art imaging of
lymphatic structure have enhanced our understanding of
gut lymphatic physiology in health and disease. Currently,
the field of gut lymphatics is experiencing a surge in interest
as the metabolic implications of intestinal lymphatics and
their potential as a target in the management of obesity and
its complications are becoming more appreciated.
Numerous studies have now shown that lipid transport by
lacteals is a tightly regulated active process, and that
impairment of this regulation could lead to systemic meta-
bolic consequences. The molecular mechanisms regulating
lipid uptake and transport by lacteals will be discussed with
a focus on their impact in control of energy metabolism.
Functional Organization of Intestinal
Lymphatics

Unlike the closed loop formed by the blood-vascular
network, the lymphatic system is a unidirectional trans-
port system designed to return fluid to the blood circulation.
The lymphatic network consists of blind-ended capillaries
located in most tissues that funnel into progressively fewer
and larger precollecting and collecting vessels. Lymph from
the gastro-intestinal and lumbar region drains into the
cisterna chyli at the posterior end of the thoracic duct and
enters the circulation at the level of the subclavian vein.5,6

In the intestine, lymphatic capillaries, or lacteals, are
located exclusively in intestinal villi, whereas collecting
lymphatic vessels are present in the mesentery.7 The term
gut lymphatics used throughout this review refers to both
lacteals in the intestinal villi and lymphatic vessels in
the submucosa. The structural organization of intestinal
stroma has been elegantly described by Bernier-Latmani
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et al,8,9 who also provide detailed protocols for generating
high-resolution 3-dimensonal images of gut cell types
including blood and lymphatic vessel cells, smooth muscle
cells, fibroblasts, and immune cells.

Lacteal length normally reaches 60%–70% of villus length
and this proportion does not differ along the different intesti-
nal segments.8 Lacteals are surrounded by a highly organized
cage-like structure of arterial and venous blood capillaries and
by a treelike set of smooth muscle fibers (Figure 1) usually
identified by staining for a–smooth muscle actin and desmin.8

Extracellular matrix proteins in the intestinal villus interact
with LECmembrane proteins, notably the integrins, to regulate
lymphangiogenesis and aspects of lacteal function.10 For
example, integrin b1, expressed in intestinal blood and LEC
vessels,8 is required for the proliferative response of LECs to
fluid accumulation and cell stretching.11 Integrin a9, prefer-
entially expressed on LECs, is important for providing fibro-
nectin matrix support during lymphatic valve
morphogenesis.12 Additional active matrix components
located within the intestinal stroma include tenascin C, found
Figure 1. Functional structure of lacteals. Schematic
showing lacteal structure and drainage of dietary lipids in
the intestine. Lacteals are surrounded by villus smooth
muscle fibers (in red). The majority of lacteal tips present
filopodia, which are cytoplasmic, actin-rich cellular exten-
sions indicating active regeneration.8 Lacteal LECs have a
mix of button- and zipper-like junctions and more filopodia
are found on zipper junction–enriched lacteals. Dietary lipids
are absorbed on the apical side of enterocytes. Once inside
the lacteals, CMs are transported via the lymph through
mesenteric lymph nodes and collecting lymphatic vessels,
ultimately reaching the thoracic duct, which drains into the
venous circulation at the level of the left subclavian vein.
in the villus but almost undetectable in the submucosa, which
functions in tissue stretching, injury, and inflammation,13 and
periostin, important for tissue remodeling in response to
injury, present mostly in pericryptal fibroblasts.8 Of interest,
the matrix protein Mfge8 (milk fat globule epidermal growth
factor–like 8), a ligand for integrins avb3, avb5, and a8b1 has
been reported to influence intestinal lipid absorption.14,15

However, additional studies are needed to elucidate whether
Mfge8 might influence chylomicron (CM) transfer to lacteals.

Adult lacteals undergo continuous remodeling; presence
of fine cytoplasmic, actin-rich cellular extension, or filopodia,
is observed in the majority of lacteal tips, indicating active
regeneration in contrast to what is observed in other
lymphatic beds that are more quiescent. Lymphatic ECs use
glycolysis and fatty acid b-oxidation (FAO) for energy pro-
duction during proliferation and migration.16,17 FAO gener-
ates acetyl-coenzyme A used by the histone acetyltransferase
p300 for histone acetylation of key genes involved in lym-
phangiogenesis. In vitro, LECs as compared with microvas-
cular ECs have higher expression of fatty acid binding protein
FABP4 and FABP5, fatty acid transport proteins FATP3 and
FATP4, and long-chain fatty acid translocase CD36, support-
ing the importance of FAO in LECs.17

Important components of lacteal structure and function
are cell-cell junctions. LECs are connected by functionally
specialized junctions containing both adherens and tight
junction proteins, such as vascular endothelial cadherin and
claudin-5. LECs in initial lymphatics are interconnected by
discontinuous button-like junctions, whereas downstream
the collecting lymphatics display continuous zipper-like
junction located at the cell borders with no openings.18,19

The transition of button to zipper junction pattern
(Figure 2) reflects functional differences between regions
specialized for fluid uptake (button) or for lymph transport
(zipper). The flap-like openings between adjacent “buttons”
allow access of interstitial fluid and immune cells into the
lymphatic capillary lumen. The collecting vessels are less
permeable because of the continuous cell-cell junctions,
which avoids lymph leakage during transport from capil-
laries to lymph nodes.18 Lacteals display a mix of continuous
and discontinuous junctions, demonstrating features of both
sprouting and quiescent lymphatic capillaries.8 Lacteal
junctions have been recently shown to regulate CM entry
into the lacteals,20 as discussed subsequently.

Molecular Regulation of Intestinal
Lymphatics

Recent studies have shown that defective lacteal lym-
phangiogenesis impairs absorption of dietary lipid. In this
section, we review the molecular regulation of lym-
phangiogenesis and discuss rodent models of dysfunctional
gut lymphatics and mesenteric lymphatic vessels, due to
genetic deletion of prospero homeobox protein 1 (Prox1),21

vascular endothelial growth factor (VEGF)-C,22 notch ligand
delta-like ligand 4 (DLL4),8 and adrenomedullin,23 which
causes impaired absorption of lipids.

During embryonic development, lymphangiogenesis is
primarily guided by VEGF-C via binding of its tyrosine



Figure 2. Regulation of chylomicron uptake by VEGF-A. Schematic model of cell-cell junctions in intestinal blood ECs
and LECs regulating chylomicron absorption. (A) VEGF-A binding to NRP1/Fms-related tyrosine kinase 1 (FLT1) on blood
ECs limits VEGF-A bioavailability for VEGFR-2, resulting in continuous cell junctions in blood ECs and in discontinuous ones
on LECs. The discontinuous button-like LEC junctions allow lacteal to take up CMs. (B) Inducible genetic deletion of Nrp1 and
Flt1 increase bioavailability of VEGF-A and subsequent signaling through VEGFR-2. High level of VEGF-A promotes transition
of button-to-zipper junctions in the lacteals, which inhibits chylomicron entry into the lymphatic capillaries causing lipid
malabsorption and reduced weight gain during high-fat feeding. These data support the hypothesis that NRP1 and FLT1
function together as a double decoy receptor system in intestinal blood ECs to limit VEGF-A signaling.20
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kinase VEGF receptor 3 (VEGFR-3) which is highly
expressed in LECs. The fully processed form of VEGF-C can
also bind to VEGFR-2.24,25 In the absence of VEGF-C, the
development of lymphatic vessels is arrested during their
initial spouting from embryonic veins as VEGF-D, the second
VEGFR-3 ligand, does not compensate for absence of VEGF-
C.25 Lacteal vessels grow into the intestinal villi around
embryonic day E17.5 to facilitate postnatal lipid absorp-
tion.26 These lymphatic plexuses and capillaries in the
intestinal tube form through an active branching process
associated with activation of VEGFR-3 by VEGF-C, and
involvement of lymphatic vessel endothelial hyaluronan
receptor 1–positive macrophages.26 Interstitial flow is also
critical for guiding lymphangiogenesis through the genera-
tion of a VEGF-C gradient that dictates direction of vessel
growth.27,28

VEGF-C is synthetized as a pre-pro-peptide (58 kDa) that
undergoes a first cleavage in the C-terminal part by furin,
resulting in pro–VEGF-C (29/31 kDa), and subsequently in
the N-terminal part, yielding its active form (21/23 kDa).29

Pro-VEGF-C is secreted and can bind VEGFR-3 in LECs but
fails to activate phosphorylation of VEGFR-3 or that of
downstream signaling proteins; extracellular signal-related
kinases (ERK1/2), AKT, or endothelial nitric oxide (NO)
synthase.30 Mature VEGF-C can also activate VEGFR-2.29

Upon binding with VEGF-C, VEGFR-3 forms homodimers
and undergoes intrinsic autophosphorylation on at least 5
cytoplasmic tyrosines (Y1230, Y1231, Y1265, Y1337, and
Y1363).31 VEGFR-3 activation leads to protein kinase C-
dependent activation of ERK1/2, implicated in cell prolifer-
ation.32,33 VEGF-C can also induce formation of heterodimers
between VEGFR-3 and VEGFR-2 through a different phos-
phorylation pattern.31,34 The VEGFRs signaling cascades are
also regulated by co-receptors such as neuropilin 1 and 2
(NRP1 and NRP2), non–tyrosine kinase transmembrane
proteins that bind VEGFs.35 Recent studies in LECs show that
VEGF-C activates AKT signaling via formation of VEGFR-2/
VEGFR-3/NRP1 complex while ERK is activated by VEGFR-
3 homodimers without contribution of NRP1 or NRP2.36,37

These studies were done in cultured LECs in vitro, but
NRP1 is not detected in intestinal LECs in vivo. Comprehen-
sive recent review articles are available detailing VEGF
signaling pathways in lymphangiogenesis.37–39
Prox1
Homeobox gene Prox1 is a transcription factor critical for

lymphatic lineage commitment and the formation of the
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lymphatic vasculature.40,41 Homozygous genetic deletion of
Prox1 in mice results in absence of lymphatic vessels, severe
edema and death at around embryonic day 14.5 (E14.5).40

Prox1þ/– pups often die right after birth due to presence
of pulmonary edema or lymphangienctasia,21 similar to the
phenotype observed in mice with a deletion in the gene
Ccbe1, Collagen And Calcium Binding EGF Domains 1,42 a
regulator of the cleavage of pro–VEGF-C into its active
form.30 The surviving Prox1þ/– pups that reach adulthood
develop spontaneous obesity.21 Heterozygous loss of Prox1
leads to defective lymphatic vascular integrity and subtle
leakage of lymph in the visceral area. The accumulated
lymph induces de novo differentiation of fat cell precursors,
fat cell hypertrophy, and eventually adipocyte proliferation,
and with age, Prox1þ/– mice became progressively obese.43

Prox1þ/– mice display dilated and dysfunctional submucosal
and lymphatic vessels in the mesentery, increased mesen-
teric fat deposition and accumulation of inflammatory
cells.21 These findings represent the first definitive studies
highlighting importance of Prox1-mediated loss of gut
lymphatic vessel integrity in the etiology of obesity.
VEGF-C and VEGFR-3/VEGFR-2
In the intestine, VEGF-C is secreted by smooth muscle

cells located in the inner circular muscle layer of the in-
testinal wall, in arterial smooth muscle, and in a subset of
the SMC fibers in the villus within the intestinal wall22 and
surrounding the lacteals.44 Additional cell types in the gut
are equipped to produce VEGF-C, such as macrophages45

and fibroblasts,46 but their contribution to VEGF-C secre-
tion in the intestine is unclear. Postnatal inducible global
deletion of Vegfc in mice associates with defective lipid
absorption and increased excretion of cholesterol and free
fatty acid in feces. Despite no difference in food intake,
Vegfc–/– mice are protected from diet-induced obesity and
insulin resistance, compared with littermate control mice,
although the link between defective lacteal lymphangio-
genesis and improved glucose sensitivity was not investi-
gated.22 Vegfc deletion causes lacteal regression without
affecting maintenance of other lymphatic beds, although the
VEGF-C/VEGFR-3 pathway also plays critical functions also
in the heart47 and brain.48 The same study found that,
similar to Vegfc deletion, inducible global deletion of Vegfr3
postnatally affected lacteal maintenance and function. Of
interest, lymphatic vessel density in the intestinal wall was
not altered, suggesting that VEGF-C can signal via VEGFR-2
to stabilize the lymphatic plexus.22 The role of Vegfr2 in
intestinal lymphatic function has not been investigated yet.

Recently, Shew et al49 showed that inactivation of VEGFR-
3 tyrosine kinase motif in mice50 leads to retention of tri-
glycerides (TGs) in the enterocytes of the small intestine,
with decreased postprandial levels of TGs in the plasma and
increased excretion of lipids into the stools. The study further
showed that after a fat bolus levels of NO, which is required
for CM mobilization into the bloodstream,51 are significantly
reduced in intestines of mice with the mutant VEGFR-3. This
observation suggested a critical role for VEGFR-3 signaling in
the generation of NO during lipid absorption.49
Delta-Like Ligand 4
Lacteal regeneration was recently shown to be regulated

by DLL4, a Notch ligand. Activation of VEGFR-3/VEGFR-2
signaling cascade by VEGF-C was required to promote
DLL4 expression in the lacteals. DLL4 was highly expressed
in tip cells of sprouting lacteals and had a lower expression
in stalk cells. Inducible deletion of Dll4 in LECs affected
lacteal LEC tip cell phenotypes and survival. Dll4–/– lacteals
were shorter than those of wildtype mice because of
decreased filopodia, impaired cell survival and migration.
Deletion of lymphatic Dll4 promotes a transition from mixed
adherens junctions to mostly continuous junctions, causing
inefficient CM uptake and transport.8

Adrenomedullin
Adrenomedullin is a small (52 amino acid) peptide

highly expressed in LECs and regulated by Prox1 that is
required for normal development of the lymphatic system.52

Adrenomedullin binds the G protein–coupled calcitonin
gene-related peptide type 1 receptor (CALCRL) and its
signaling directly promotes endothelial cell growth and
survival through activation of MAPK/ERK pathways.53

Adrenomedullin regulates lymphatic permeability via junc-
tions ZO-1 and vascular endothelial cadherin at the cell
membrane.54 Inducible deletion of Calcrl in LECs results in
dilated intestinal lymphatics and protein-losing enteropathy
that are characteristic of clinical intestinal lym-
phangiectasia.23 Calcrl-deficient mice have smaller body
weight compared with littermate control mice, and impaired
lipid absorption possibly due to lacteal defects.

Role of Gut Lymphatics in Lipid
Absorption

Digestion and absorption of dietary lipid in the gastro-
intestinal tract involves multiple steps. First, hydrolysis of
neutral lipids in the gut lumen generates fatty acids and
monoglycerides, which transfer through the apical mem-
brane of mucosal enterocytes, where endoplasmic reticulum
enzymes re-esterify them into TGs. Second, the TGs together
with cholesterol, cholesteryl esters, phospholipids, and
ApoB, are assembled into CMs that are released from the
enterocyte’s basolateral membrane55 and enter the intesti-
nal lymphatic lacteals.56–58

The molecular mechanisms regulating CM uptake by
lacteals are emerging and support the concept that CM entry
into lacteals is an active process, as opposed to the notion of
passive draining from the interstitium of particulates too
large to enter blood capillaries.59 CM uptake by lacteals is
regulated by the transcription factor pleomorphic adenoma
gene-like 2 (PlagL2). PlagL2 null mice have functional
enterocytes that secrete CMs but the CMs fail to enter the
lacteals60; however, the mechanisms remain unknown.

VEGF-A Regulates CM Uptake by Lacteals via
Modulation of Cell-Cell Junctions

A recent study showed that VEGF-A signaling
regulates CM uptake through modulation of lacteal
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junctions.20 VEGF-A is the prototype member of the VEGFs
family, and has key roles in hematopoiesis, vasculogenesis,
angiogenesis, and vascular permeability, mainly mediated
through VEGFR-2 signaling.61 VEGF-A binds with higher af-
finity to VEGFR-1, although this interaction results in limited
downstream signaling. VEGFR-1 (also known as Flt1) is
considered to be a decoy receptor that limits VEGF-A avail-
ability for VEGFR-2 and therefore activation and signaling of
the VEGF-A/VEGFR-2 axis (decoy-or-sink hypothesis).62,63

VEGF-A also binds to semaphorin receptor NRP1,64 a sin-
gle spanning non–tyrosine kinase transmembrane protein
that functions as a VEGFR-2 co-receptor. NRP1 regulates
VEGFA-mediated endothelial permeability via VEGFR-2
phosphorylation and activation of downstream
signaling.65,66 Zhang et al20 showed that inducible genetic
deletion of Nrp1 and Vegfr1 (also known as Flt1) increase
VEGF-A bioavailability and signaling through VEGFR-2. High
level of VEGF-A induces button-to-zipper junction trans-
formation in the lacteals, which inhibits CM entry into the
lymphatic capillaries causing lipid malabsorption and
reduced weight gain during high-fat feeding (Figure 2A and
B). These observations suggested that NRP1 and Fms-related
tyrosine kinase 1 function together as a double decoy re-
ceptor system in intestinal blood endothelial cells to limit
VEGF-A signaling in lymphatic vessels. Interestingly, the
Vegfa gene is highly expressed in intestinal villi as compared
with Vegfc and Vegfb20; however, expression of its decoy
receptor Flt1 increases at birth, concomitant with expression
of the CM processing proteins Mtp and ApoB, which induces
Flt1.67 Thus, postnatal generation of CMs leads to increased
expression of Fms-related tyrosine kinase 1 in intestinal
blood ECs, which together with NRP1 prevents excessive
VEGF-A signaling at the level of the lymphatics, allowing
lacteal junction maturation and CM absorption.20 The study
demonstrates that high VEGF-A signaling has opposite
effects on blood and lymphatic vessels: it increases leakage
of blood capillaries by opening normally closed cell-cell
junctions, and reduces permeability of lacteals by closing
junctions via transformation of buttons into zippers
(Figure 2A and B). In addition, VEGFR-2 activation on LECs
inhibits vascular endothelial cadherin cytoskeletal
anchoring, which helps maintain lacteal button junctions as
open. VEGF-A gain of function for a short period is sufficient
to induce a switch in junction morphology and therefore
lipid uptake. The opposite effects of VEGF-A on lymphatic
and blood vasculature is possibly explained though inhibi-
tion of Rho-associated protein kinases, which promote
zippering of endothelial cell junctions and suppress CM
uptake into lacteals. Rho-associated protein kinase inhibitors
have been previously reported to reduce leakage in blood
vessels.68 Overall, the findings support importance of Nrp1
and VEGFR-1 in limiting VEGF-A activity during CM gener-
ation for promoting lymphatic transport of the absorbed
lipid. Of interest, Khalifeh-Soltani et al15 showed that ligation
of a8b1 by the milk protein Mfge8 reduces antral smooth
muscle contractile force by preventing RhoA activation
through a phosphatase and tensin homolog–dependent
mechanism leading to malabsorption of dietary fats and
carbohydrates protecting from diet-induced weight gain.
Lymphatic Flow During Lipid Absorption
Spontaneous lacteal contraction, in concert with adjacent

smooth muscles, is also essential for drainage of dietary
lipids. Choe et al44 investigated lacteal drainage of dietary
lipids and other lipophilic molecules in vivo by using
intravital imaging and a lymphatic-green fluorescent protein
reporter mouse. Lacteal contraction was shown to be
regulated by the autonomic nervous system, and to be
increased by acetylcholine and decreased by norepineph-
rine. Ganglion-blocking agents, such as mecamylamine and
pentolinium, which reduce smooth muscle motility in the
intestine,69 decrease lacteal contraction, supporting enteric
nervous system control of lacteal contraction and
drainage.44

Previous studies have suggested that drainage of the
lipid-rich lymph through gut lymphatics is driven by the
intrinsic pumping activity of the collecting vessels equipped
with smooth muscle cells and 1-way valves that prevent
backflow.70–72 However, a recent study showed that col-
lecting lymphatic vessels isolated from murine visceral
cavities display minimal contractile behavior73 suggesting
that their contribution during lipid absorption is not sig-
nificant. Lymphatic pumping activity is regulated by intra-
luminal pressure74 and wall shear stress75 via differential
release of prostaglandins,76 NO,77,78 and histamine.79

Release of NO and histamine and contraction frequency of
intestinal collecting lymphatics were shown to increase
following olive oil administration in an early work with
rats.80 However, when lipid levels are very high they can
exert negative effects on lymphatic vessels as shown in a
recent study.81 This study where a 30% intralipid emulsion
was infused in the duodenum, showed that as the lipid
started rising (within 10–20 minutes) in the mesenteric
collecting duct, the vessel responded by reducing contrac-
tion frequency and amplitude and constricting the overall
vessel diameter, events that could be mediated by release of
prostaglandins.81 In vitro, treatment of LECs with very-low
density lipoproteins increased intracellular calcium accom-
panied by a significant loss of diastolic relaxation suggesting
that, as in the blood vasculature, lipids can directly alter
shear-mediated events in the lymphatics.81 These findings
suggest that high lipids could negatively impact lymphatic
function and warrant further studies to understand the
mechanisms involved.
CD36
CD36/FAT (SR-B2), is a 75- to 88-kDa heavily glycosy-

lated transmembrane protein expressed in several tissues
and cell types including small intestine, muscle, the capillary
endothelium, adipocytes and macrophages.55,82,83 CD36
binds a range of ligands including long chain FA, native or
modified lipoproteins, pathogen-associated lipids and
thrombospondin-1.84 CD36 facilitates fatty acid transport
and plays a role in intestinal lipid absorption and transport
into the lymph. CD36 null (Cd36–/–) mice have impaired TG
and cholesterol secretion into the lymph after lipid infusion
via a duodenal fistula despite producing smaller CMs.85,86 In
humans, single nucleotide polymorphisms in the CD36 gene
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that decrease CD36 protein level87,88 associate with defec-
tive CM production and clearance,89 but there is no infor-
mation on their potential influence on lymphatic transport
during lipid absorption.

Recent findings showed that conditional deletion of Cd36
in endothelial cells (using a Tie2 promoter), results in a
leaky epithelial barrier with neutrophil infiltration and
inflammation, and associates with abnormal extracellular
matrix remodeling in the proximal small intestine, as
observed in germline Cd36–/– mice.90 Systemically, endo-
toxemia is observed after an intragastric bolus of triolein
consistent with presence of a leaky gut. These results show
that endothelial CD36 is important for vascular homeostasis
and highlight potential role of the blood and lymphatic
endothelium in initiating gut inflammation.90

CD36 has established functions in cellular signaling91,92

related to lipid metabolism, angiogenesis, and inflamma-
tion.84 For example, CD36 binding thrombospondin-1 pro-
motes antiangiogenic signaling in microvascular endothelial
cell via interaction of CD36 with VEGFR-293 and decreases
VEGF-mediated AKT activation.94 CD36 is highly expressed
in LECs17 but molecular regulation of lymphatic signaling by
CD36 is unknown. Proliferation of LECs also relies on FAO
rather than glycolysis, and associates to higher expression of
FA transport proteins, including CD36.17 Unpublished data
from our laboratory show that CD36 enhances proteolytic
cleavage of pro–VEGF-C to the active form and that it reg-
ulates VEGF-C-mediated survival, function and signaling in
LECs (Cifarelli V et al, unpublished data).

Lymphatic Transport of Cholesterol and
Lipoproteins

The lymphatic vasculature regulates removal of choles-
terol from peripheral tissues95,96 and defective lymphatics
impair reverse cholesterol transport from atherosclerotic
plaques.97 The molecular mechanisms bridging lymphatic
biology to chronic inflammatory disease such as athero-
sclerosis are emerging,98 but little is known on the regula-
tion of cholesterol transport by gut lymphatics during
overfeeding and the metabolic syndrome. In the intestine,
key players in cholesterol transport and absorption across
the enterocyte brush border are Niemann-Pick C 1-like
protein 1, a cholesterol uptake transporter, and the adeno-
sine triphosphate–binding cassette (ABC) proteins ABCG5
and ABCG8, cholesterol efflux transporters.3 The FA trans-
locase CD36, expressed in epithelial cells lining the small
intestine, has also been implicated in cholesterol transport
on brush-border membranes.55,86 Once in the enterocyte,
cholesterol is either incorporated into CMs, or released via
ABCG8 to bind apolipoprotein A1 in high-density lipopro-
teins. Deletion of ABCG5 or ABCG8 reduces dietary TGs and
cholesterol in the lymph,99 but the regulation of dietary
cholesterol transport via gut lymphatics remains poorly
studied.

Role of VEGF-D in Lipoprotein Metabolism
Similar to VEGF-C, VEGF-D is a ligand of VEGFR-3, but it

does not appear to play a role in the regulation of lacteal CM
absorption. VEGF-D is produced by several tissues including
the small intestine.100 A recent study showed that VEGF-D
plays an important role in metabolism and uptake of CM
remnants (CR) by the liver.101 Vegfd deletion on a hyper-
lipidemic background (mice deficient of low density
lipoprotein [ldl] receptor and expressing only apoB100;
ldlr–/–ApoB100–/–) markedly increased cholesterol and TG
accumulation in CMs and CR particles. Thus, VEGF-D regu-
lates hepatic CR clearance rather than intestinal absorption,
which is not affected in Vegfd knockout mice.
Conclusions and Perspective
Accumulating evidence clearly show that impaired

lacteal lymphangiogenesis or modulation of lacteal perme-
ability via cell-cell junctions protects against diet-induced
obesity and improves insulin sensitivity. However, the link
between gut lymphatics and the metabolic syndrome is not
completely understood and likely to involve multiple
mechanisms. For example, enteroendocrine cells of the
small intestine secrete 2 incretin hormones such as glucose-
dependent insulinotropic polypeptide and glucagon-like
peptide-1 to promote glucose-stimulated insulin secretion
in response to the absorption of fat and carbohydrate.
Changes in lacteal permeability and/or lymphangiogenesis
could redirect glucose-dependent insulinotropic poly-
peptide and glucagon-like peptide-1 toward the blood cir-
culation where they would be rapidly degraded. This would
likely contribute to affect adiposity and improve insulin
sensitivity observed in models of defective lacteals. The
lymph fistula rat model is well suited for the study of
incretin secretion by the gastrointestinal tract58 and offers
new research opportunities to address these fundamental
questions. In addition, more research is required to eluci-
date roles and mechanisms of VEGFs and their respective
receptors in regulating lipid trafficking and flux in periph-
eral tissues such as the liver whose lymphatics are poorly
studied.102 Nrp1;Flt1 mutants had reduced liver TG content
and did not develop hepatic steatosis after 8 weeks of high-
fat-diet feeding compared with the control group.20 How-
ever, whether defective gut lymphatics leads to less
accumulation of lipid in the liver has not been comprehen-
sively studied and it is likely to be an important contributor
to the improved insulin sensitivity observed in models of
defective lacteals during diet-induced obesity.

The importance of gut lymphatics in lipid metabolism is
now emerging. Numerous studies have advanced our
understanding of the regulation of lipid uptake by gut
lymphatics, emphasizing that modulation of lacteal perme-
ability and proliferation could reverse diet-induced obesity
in rodent models. However, more research is needed to
address the specific link between gut lymphatics and sys-
temic metabolism. The development of experimental models
for studying intestinal lymphatics will be important in
examining its role and molecular mechanisms in physio-
logical and pathophysiological conditions.

Metabolic pathways impact lymphangiogenesis; glycolysis
provides energy for proliferating lymph vessels, while FAO
regulates lymphangiogenesis.103 However, the molecular
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pathways activated in gut lymphatics during lipid intake and
how they are altered with overfeeding are still unknown. A
better understanding of these pathways could help develop
new therapies for the treatment of obesity by reducing the
absorption of excess dietary lipids and regulating insulin
resistance.

A bidirectional crosstalk exists between the lymphatic
vasculature and adipose tissue.104 The effect of obesity and
associated complications such as hyperinsulinemia and
inflammation on gut lymphatic function is largely unex-
plored. Chronic inflammation, endotoxemia and changes in
the gut microbiota, key features of the metabolic syn-
drome105,106 are now emerging as factors that impair
integrity and permeability of gut lymphatics in rodent
models. For example, hyperglycemia-induced oxidative
stress causes degradation of newly synthesized VEGFR-3 in
the Golgi, reducing availability of VEGFR-3 at the cell surface
independent of VEGF-C stimulation. Deletion of epsin, an
adaptor protein that mediates clathrin-dependent endocy-
tosis, protects VEGFR-3 against degradation during diabetes
and ameliorates diabetes-triggered inhibition of lym-
phangiogenesis.107 Diabetes increases permeability of the
collecting lymphatics108 as well as pathogen-mediated
chronic inflammation in the gut.109 Integrity of the lacteals
has been shown to be essential for villus structure and
function. Ablation of intestinal lacteals causes disruption of
blood vessels and villi architecture, which leads to invasion
of intestinal pathogens into the circulatory system and can
cause septic shock and death.110 In summary, the lymphatic
system in the intestine represents an open area for future
investigation and additional research could advance our
understanding and benefit the development of new thera-
peutic strategies.
References
1.Dongaonkar RM, Laine GA, Stewart RH, Quick CM.
Balance point characterization of interstitial fluid volume
regulation. Am J Physiol Regul Integr Comp Physiol
2009;297:R6–R16.

2.Alitalo K. The lymphatic vasculature in disease. Nat Med
2011;17:1371–1380.

3. Iqbal J, Hussain MM. Intestinal lipid absorption. Am J
Physiol Endocrinol Metab 2009;296:E1183–E1194.

4.Suy R, Thomis S, Fourneau I. The discovery of the
lymphatic system in the seventeenth century. Part II: the
discovery of Chyle vessels. Acta Chir Belg 2016;
116:329–335.

5. Foster RS Jr. General anatomy of the lymphatic system.
Surg Oncol Clin N Am 1996;5:1–13.

6. Jeltsch M, Tammela T, Alitalo K, Wilting J. Genesis and
pathogenesis of lymphatic vessels. Cell Tissue Res 2003;
314:69–84.

7.Unthank JL, Bohlen HG. Lymphatic pathways and role of
valves in lymph propulsion from small intestine. Am J
Physiol 1988;254:G389–G398.

8.Bernier-Latmani J, Cisarovsky C, Demir CS, Bruand M,
Jaquet M, Davanture S, Ragusa S, Siegert S,
Dormond O, Benedito R, Radtke F, Luther SA,
Petrova TV. DLL4 promotes continuous adult intestinal
lacteal regeneration and dietary fat transport. J Clin
Invest 2015;125:4572–4586.

9.Bernier-Latmani J, Petrova TV. High-resolution 3D anal-
ysis of mouse small-intestinal stroma. Nat Protoc 2016;
11:1617–1629.

10.Wiig H, Keskin D, Kalluri R. Interaction between the
extracellular matrix and lymphatics: consequences for
lymphangiogenesis and lymphatic function. Matrix Biol
2010;29:645–656.

11.Planas-Paz L, Strilic B, Goedecke A, Breier G, Fassler R,
Lammert E. Mechanoinduction of lymph vessel expan-
sion. EMBO J 2012;31:788–804.

12.Bazigou E, Xie S, Chen C, Weston A, Miura N, Sorokin L,
Adams R, Muro AF, Sheppard D, Makinen T. Integrin-
alpha9 is required for fibronectin matrix assembly during
lymphatic valve morphogenesis. Dev Cell 2009;
17:175–186.

13.Chiquet-Ehrismann R, Chiquet M. Tenascins: regulation
and putative functions during pathological stress.
J Pathol 2003;200:488–499.

14.Khalifeh-Soltani A, McKleroy W, Sakuma S, Cheung YY,
Tharp K, Qiu Y, Turner SM, Chawla A, Stahl A, Atabai K.
Mfge8 promotes obesity by mediating the uptake of di-
etary fats and serum fatty acids. Nat Med 2014;
20:175–183.

15.Khalifeh-Soltani A, Ha A, Podolsky MJ, McCarthy DA,
McKleroy W, Azary S, Sakuma S, Tharp KM, Wu N,
Yokosaki Y, Hart D, Stahl A, Atabai K. a8b1 integrin
regulates nutrient absorption through an Mfge8-PTEN
dependent mechanism. Elife 2016;5:e13063.

16.Yu P, Wilhelm K, Dubrac A, Tung JK, Alves TC, Fang JS,
Xie Y, Zhu J, Chen Z, De Smet F, Zhang J, Jin SW, Sun L,
Sun H, Kibbey RG, Hirschi KK, Hay N, Carmeliet P,
Chittenden TW, Eichmann A, Potente M, Simons M.
FGF-dependent metabolic control of vascular develop-
ment. Nature 2017;545:224–228.

17.WongBW,WangX, Zecchin A, Thienpont B, Cornelissen I,
Kalucka J, Garcia-Caballero M, Missiaen R, Huang H,
Bruning U, Blacher S, Vinckier S, Goveia J, Knobloch M,
Zhao H, Dierkes C, Shi C, Hagerling R, Moral-Darde V,
Wyns S, Lippens M, Jessberger S, Fendt SM, Luttun A,
Noel A, Kiefer F, Ghesquiere B, Moons L, Schoonjans L,
Dewerchin M, Eelen G, Lambrechts D, Carmeliet P. The
role of fatty acid beta-oxidation in lymphangiogenesis.
Nature 2017;542:49–54.

18.Baluk P, Fuxe J, Hashizume H, Romano T, Lashnits E,
Butz S, Vestweber D, Corada M, Molendini C, Dejana E,
McDonald DM. Functionally specialized junctions be-
tween endothelial cells of lymphatic vessels. J Exp Med
2007;204:2349–2362.

19.Dejana E, Orsenigo F, Molendini C, Baluk P,
McDonald DM. Organization and signaling of endothelial
cell-to-cell junctions in various regions of the blood and
lymphatic vascular trees. Cell Tissue Res 2009;
335:17–25.

20.Zhang F, Zarkada G, Han J, Li J, Dubrac A, Ola R,
Genet G, Boye K, Michon P, Kunzel SE, Camporez JP,
Singh AK, Fong GH, Simons M, Tso P, Fernandez-
Hernando C, Shulman GI, Sessa WC, Eichmann A.

http://refhub.elsevier.com/S2352-345X(18)30177-2/sref1
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref1
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref1
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref1
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref1
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref2
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref2
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref2
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref3
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref3
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref3
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref4
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref4
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref4
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref4
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref4
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref5
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref5
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref5
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref6
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref6
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref6
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref6
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref7
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref7
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref7
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref7
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref8
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref9
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref9
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref9
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref9
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref10
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref10
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref10
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref10
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref10
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref11
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref11
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref11
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref11
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref12
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref13
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref13
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref13
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref13
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref14
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref15
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref15
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref15
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref15
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref15
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref16
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref17
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref18
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref19
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20


510 Cifarelli and Eichmann Cellular and Molecular Gastroenterology and Hepatology Vol. 7, No. 3
Lacteal junction zippering protects against diet-induced
obesity. Science 2018;361:599–603.

21.Harvey NL, Srinivasan RS, Dillard ME, Johnson NC,
Witte MH, Boyd K, Sleeman MW, Oliver G. Lymphatic
vascular defects promoted by Prox1 haploinsufficiency
cause adult-onset obesity. Nat Genet 2005;
37:1072–1081.

22.Nurmi H, Saharinen P, Zarkada G, Zheng W,
Robciuc MR, Alitalo K. VEGF-C is required for intestinal
lymphatic vessel maintenance and lipid absorption.
EMBO Mol Med 2015;7:1418–1425.

23.Davis RB, Kechele DO, Blakeney ES, Pawlak JB,
Caron KM. Lymphatic deletion of calcitonin receptor-like
receptor exacerbates intestinal inflammation. JCI Insight
2017;2:e92465.

24.Makinen T, Jussila L, Veikkola T, Karpanen T,
Kettunen MI, Pulkkanen KJ, Kauppinen R, Jackson DG,
Kubo H, Nishikawa S, Yla-Herttuala S, Alitalo K. Inhibi-
tion of lymphangiogenesis with resulting lymphedema in
transgenic mice expressing soluble VEGF receptor-3.
Nat Med 2001;7:199–205.

25.Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J,
Petrova TV, Jeltsch M, Jackson DG, Talikka M, Rauvala H,
Betsholtz C, Alitalo K. Vascular endothelial growth factor
C is required for sprouting of the first lymphatic vessels
from embryonic veins. Nat Immunol 2004;5:74–80.

26.Kim KE, Sung HK, Koh GY. Lymphatic development in
mouse small intestine. Dev Dyn 2007;236:2020–2025.

27.Goldman J, Conley KA, Raehl A, Bondy DM, Pytowski B,
Swartz MA, Rutkowski JM, Jaroch DB, Ongstad EL.
Regulation of lymphatic capillary regeneration by inter-
stitial flow in skin. Am J Physiol Heart Circ Physiol 2007;
292:H2176–H2183.

28.Helm CL, Fleury ME, Zisch AH, Boschetti F, Swartz MA.
Synergy between interstitial flow and VEGF directs
capillary morphogenesis in vitro through a gradient
amplification mechanism. Proc Natl Acad Sci U S A
2005;102:15779–15784.

29.Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-
Welsh L, Cao Y, Saksela O, Kalkkinen N, Alitalo K. Pro-
teolytic processing regulates receptor specificity and
activity of VEGF-C. EMBO J 1997;16:3898–3911.

30.JeltschM, Jha SK, TvorogovD, Anisimov A, Leppanen VM,
Holopainen T, Kivela R, Ortega S, Karpanen T, Alitalo K.
CCBE1 enhances lymphangiogenesis via A disintegrin and
metalloprotease with thrombospondin motifs-3-mediated
vascular endothelial growth factor-C activation. Circula-
tion 2014;129:1962–1971.

31.Dixelius J, Makinen T, Wirzenius M, Karkkainen MJ,
Wernstedt C, Alitalo K, Claesson-Welsh L. Ligand-
induced vascular endothelial growth factor receptor-3
(VEGFR-3) heterodimerization with VEGFR-2 in primary
lymphatic endothelial cells regulates tyrosine phosphor-
ylation sites. J Biol Chem 2003;278:40973–40979.

32.Pajusola K, Aprelikova O, Pelicci G, Weich H, Claesson-
Welsh L, Alitalo K. Signalling properties of FLT4, a pro-
teolytically processed receptor tyrosine kinase related to
two VEGF receptors. Oncogene 1994;9:3545–3555.

33.Fournier E, Dubreuil P, Birnbaum D, Borg JP. Mutation at
tyrosine residue 1337 abrogates ligand-dependent
transforming capacity of the FLT4 receptor. Oncogene
1995;11:921–931.

34.Nilsson I, Bahram F, Li X, Gualandi L, Koch S, Jarvius M,
Soderberg O, Anisimov A, Kholova I, Pytowski B,
Baldwin M, Yla-Herttuala S, Alitalo K, Kreuger J, Claes-
son-Welsh L. VEGF receptor 2/-3 heterodimers detected
in situ by proximity ligation on angiogenic sprouts. EMBO
J 2010;29:1377–1388.

35.Bouvree K, Brunet I, Del Toro R, Gordon E, Prahst C,
Cristofaro B, Mathivet T, Xu Y, Soueid J, Fortuna V,
Miura N, Aigrot MS, Maden CH, Ruhrberg C, Thomas JL,
Eichmann A. Semaphorin3A, neuropilin-1, and PlexinA1
are required for lymphatic valve formation. Circ Res
2012;111:437–445.

36.Deng Y, Zhang X, Simons M. Molecular controls of
lymphatic VEGFR3 signaling. Arterioscler Thromb Vasc
Biol 2015;35:421–429.

37.Simons M, Gordon E, Claesson-Welsh L. Mechanisms
and regulation of endothelial VEGF receptor signalling.
Nat Rev Mol Cell Biol 2016;17:611–625.

38.Zheng W, Aspelund A, Alitalo K. Lymphangiogenic fac-
tors, mechanisms, and applications. J Clin Invest 2014;
124:878–887.

39.Coso S, Bovay E, Petrova TV. Pressing the right buttons:
signaling in lymphangiogenesis. Blood 2014;
123:2614–2624.

40.Wigle JT, Oliver G. Prox1 function is required for the
development of the murine lymphatic system. Cell 1999;
98:769–778.

41.Wigle JT, Harvey N, Detmar M, Lagutina I, Grosveld G,
Gunn MD, Jackson DG, Oliver G. An essential role for
Prox1 in the induction of the lymphatic endothelial cell
phenotype. EMBO J 2002;21:1505–1513.

42.Jakus Z, Gleghorn JP, Enis DR, Sen A, Chia S, Liu X,
Rawnsley DR, Yang Y, Hess PR, Zou Z, Yang J,
Guttentag SH, Nelson CM, Kahn ML. Lymphatic function
is required prenatally for lung inflation at birth. J Exp Med
2014;211:815–826.

43.Escobedo N, Proulx ST, Karaman S, Dillard ME,
Johnson N, Detmar M, Oliver G. Restoration of lymphatic
function rescues obesity in Prox1-haploinsufficient mice.
JCI Insight 2016;1:e85096.

44.Choe K, Jang JY, Park I, Kim Y, Ahn S, Park DY,
Hong YK, Alitalo K, Koh GY, Kim P. Intravital imaging of
intestinal lacteals unveils lipid drainage through
contractility. J Clin Invest 2015;125:4042–4052.

45.Cursiefen C, Chen L, Borges LP, Jackson D, Cao J,
Radziejewski C, D’Amore PA, Dana MR, Wiegand SJ,
Streilein JW. VEGF-A stimulates lymphangiogenesis and
hemangiogenesis in inflammatory neovascularization via
macrophage recruitment. J Clin Invest 2004;
113:1040–1050.

46.Pollina EA, Legesse-Miller A, Haley EM, Goodpaster T,
Randolph-Habecker J, Coller HA. Regulating the
angiogenic balance in tissues. Cell Cycle 2008;
7:2056–2070.

47.Chen HI, Sharma B, Akerberg BN, Numi HJ, Kivela R,
Saharinen P, Aghajanian H, McKay AS, Bogard PE,
Chang AH, Jacobs AH, Epstein JA, Stankunas K,
Alitalo K, Red-Horse K. The sinus venosus contributes to

http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref20
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref21
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref22
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref22
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref22
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref22
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref22
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref23
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref23
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref23
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref23
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref24
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref25
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref26
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref26
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref26
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref27
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref28
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref29
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref29
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref29
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref29
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref29
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref30
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref31
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref32
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref32
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref32
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref32
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref32
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref33
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref33
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref33
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref33
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref33
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref34
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref35
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref36
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref36
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref36
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref36
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref37
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref37
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref37
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref37
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref38
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref38
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref38
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref38
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref39
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref39
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref39
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref39
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref40
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref40
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref40
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref40
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref41
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref41
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref41
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref41
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref41
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref42
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref43
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref43
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref43
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref43
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref44
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref44
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref44
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref44
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref44
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref45
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref46
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref46
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref46
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref46
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref46
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47


2019 Role of Gut Lymphatics in Lipid Absorption and Metabolism 511
coronary vasculature through VEGFC-stimulated angio-
genesis. Development 2014;141:4500–4512.

48.Antila S, Karaman S, Nurmi H, Airavaara M,
Voutilainen MH, Mathivet T, Chilov D, Li Z, Koppinen T,
Park JH, Fang S, Aspelund A, Saarma M, Eichmann A,
Thomas JL, Alitalo K. Development and plasticity of
meningeal lymphatic vessels. J Exp Med 2017;
214:3645–3667.

49.Shew T, Wolins NE, Cifarelli V. VEGFR-3 signaling reg-
ulates triglyceride retention and absorption in the intes-
tine. Front Physiol 2018;9:1783.

50.Karkkainen MJ, Saaristo A, Jussila L, Karila KA,
Lawrence EC, Pajusola K, Bueler H, Eichmann A,
Kauppinen R, Kettunen MI, Yla-Herttuala S, Finegold DN,
Ferrell RE, Alitalo K. A model for gene therapy of human
hereditary lymphedema. Proc Natl Acad Sci U S A 2001;
98:12677–12682.

51.Hsieh J, Trajcevski KE, Farr SL, Baker CL, Lake EJ,
Taher J, Iqbal J, Hussain MM, Adeli K. Glucagon-like
peptide 2 (GLP-2) stimulates postprandial chylomicron
production and postabsorptive release of intestinal tri-
glyceride storage pools via induction of nitric oxide
signaling in male hamsters and mice. Endocrinology
2015;156:3538–3547.

52.Fritz-Six KL, Dunworth WP, Li M, Caron KM. Adreno-
medullin signaling is necessary for murine lymphatic
vascular development. J Clin Invest 2008;118:40–50.

53.Caron K, Hagaman J, Nishikimi T, Kim HS, Smithies O.
Adrenomedullin gene expression differences in mice do
not affect blood pressure but modulate hypertension-
induced pathology in males. Proc Natl Acad Sci U S A
2007;104:3420–3425.

54.Dunworth WP, Fritz-Six KL, Caron KM. Adrenomedullin
stabilizes the lymphatic endothelial barrier in vitro and
in vivo. Peptides 2008;29:2243–2249.

55.Cifarelli V, Abumrad NA. Intestinal CD36 and other key
proteins of lipid utilization: role in absorption and gut
homeostasis. Compr Physiol 2018;8:493–507.

56.Mansbach CM, Siddiqi SA. The biogenesis of chylomi-
crons. Annu Rev Physiol 2010;72:315–333.

57.Tso P, Balint JA. Formation and transport of chylomi-
crons by enterocytes to the lymphatics. Am J Physiol
1986;250:G715–G726.

58.Kohan A, Yoder S, Tso P. Lymphatics in intestinal
transport of nutrients and gastrointestinal hormones. Ann
N Y Acad Sci 2010;1207(Suppl 1):E44–E51.

59.Dixon JB. Lymphatic lipid transport: sewer or subway?
Trends Endocrinol Metab 2010;21:480–487.

60.Van Dyck F, Braem CV, Chen Z, Declercq J, Deckers R,
Kim BM, Ito S, Wu MK, Cohen DE, Dewerchin M,
Derua R, Waelkens E, Fiette L, Roebroek A, Schuit F, Van
de Ven WJ, Shivdasani RA. Loss of the PlagL2 tran-
scription factor affects lacteal uptake of chylomicrons.
Cell Metab 2007;6:406–413.

61.Koch S, Claesson-Welsh L. Signal transduction by
vascular endothelial growth factor receptors. Cold Spring
Harb Perspect Med 2012;2:a006502.

62.Hiratsuka S, Nakao K, Nakamura K, Katsuki M, Maru Y,
Shibuya M. Membrane fixation of vascular endothelial
growth factor receptor 1 ligand-binding domain is
important for vasculogenesis and angiogenesis in mice.
Mol Cell Biol 2005;25:346–354.

63.Shibuya M. Vascular endothelial growth factor receptor-1
(VEGFR-1/Flt-1): a dual regulator for angiogenesis.
Angiogenesis 2006;9:225–230, discussion 231.

64.Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M.
Neuropilin-1 is expressed by endothelial and tumor cells as
an isoform-specific receptor for vascular endothelial
growth factor. Cell 1998;92:735–745.

65.Becker PM, Waltenberger J, Yachechko R,
Mirzapoiazova T, Sham JS, Lee CG, Elias JA, Verin AD.
Neuropilin-1 regulates vascular endothelial growth
factor-mediated endothelial permeability. Circ Res 2005;
96:1257–1265.

66.Fantin A, Lampropoulou A, Senatore V, Brash JT,
Prahst C, Lange CA, Liyanage SE, Raimondi C,
Bainbridge JW, Augustin HG, Ruhrberg C. VEGF165-
induced vascular permeability requires NRP1 for ABL-
mediated SRC family kinase activation. J Exp Med
2017;214:1049–1064.

67.Avraham-Davidi I, Ely Y, Pham VN, Castranova D,
Grunspan M, Malkinson G, Gibbs-Bar L, Mayseless O,
Allmog G, Lo B, Warren CM, Chen TT, Ungos J, Kidd K,
Shaw K, Rogachev I, Wan W, Murphy PM, Farber SA,
Carmel L, Shelness GS, Iruela-Arispe ML, Weinstein BM,
Yaniv K. ApoB-containing lipoproteins regulate angio-
genesis by modulating expression of VEGF receptor 1.
Nat Med 2012;18:967–973.

68.Mikelis CM, Simaan M, Ando K, Fukuhara S, Sakurai A,
Amornphimoltham P, Masedunskas A, Weigert R,
Chavakis T, Adams RH, Offermanns S, Mochizuki N,
Zheng Y, Gutkind JS. RhoA and ROCK mediate
histamine-induced vascular leakage and anaphylactic
shock. Nat Commun 2015;6:6725.

69.Furness JB. The enteric nervous system and neuro-
gastroenterology. Nat Rev Gastroenterol Hepatol 2012;
9:286–294.

70.Hargens AR, Zweifach BW. Contractile stimuli in col-
lecting lymph vessels. Am J Physiol 1977;233:H57–H65.

71.Dixon JB, Greiner ST, Gashev AA, Cote GL, Moore JE,
Zawieja DC. Lymph flow, shear stress, and lymphocyte
velocity in rat mesenteric prenodal lymphatics. Micro-
circulation 2006;13:597–610.

72.Scallan JP, Zawieja SD, Castorena-Gonzalez JA,
Davis MJ. Lymphatic pumping: mechanics, mechanisms
and malfunction. J Physiol 2016;594:5749–5768.

73.Zawieja SD, Castorena-Gonzalez JA, Scallan JP,
Davis MJ. Differences in L-type Ca(2þ) channel activity
partially underlie the regional dichotomy in pumping
behavior by murine peripheral and visceral lymphatic
vessels. Am J Physiol Heart Circ Physiol 2018;
314:H991–H1010.

74.Davis MJ, Scallan JP, Wolpers JH, Muthuchamy M,
Gashev AA, Zawieja DC. Intrinsic increase in lym-
phangion muscle contractility in response to elevated
afterload. Am J Physiol Heart Circ Physiol 2012;
303:H795–H808.

75.Gashev AA, Davis MJ, Zawieja DC. Inhibition of the
active lymph pump by flow in rat mesenteric lymphatics
and thoracic duct. J Physiol 2002;540:1023–1037.

http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref47
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref48
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref51
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref51
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref51
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref49
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref50
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref52
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref52
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref52
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref52
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref53
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref54
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref54
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref54
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref54
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref55
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref55
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref55
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref55
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref56
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref56
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref56
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref57
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref57
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref57
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref57
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref58
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref58
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref58
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref58
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref59
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref59
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref59
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref60
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref61
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref61
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref61
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref62
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref63
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref63
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref63
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref63
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref64
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref64
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref64
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref64
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref64
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref65
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref66
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref67
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref68
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref69
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref69
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref69
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref69
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref70
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref70
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref70
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref71
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref71
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref71
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref71
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref71
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref72
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref72
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref72
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref72
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref73
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref74
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref75
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref75
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref75
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref75


512 Cifarelli and Eichmann Cellular and Molecular Gastroenterology and Hepatology Vol. 7, No. 3
76.Mizuno R, Koller A, Kaley G. Regulation of the vasomotor
activity of lymph microvessels by nitric oxide and pros-
taglandins. Am J Physiol 1998;274:R790–R796.

77.Ribera J, Pauta M, Melgar-Lesmes P, Tugues S, Fer-
nandez-Varo G, Held KF, Soria G, Tudela R, Planas AM,
Fernandez-Hernando C, Arroyo V, Jimenez W, Morales-
Ruiz M. Increased nitric oxide production in lymphatic
endothelial cells causes impairment of lymphatic
drainage in cirrhotic rats. Gut 2013;62:138–145.

78.Scallan JP, Davis MJ. Genetic removal of basal nitric
oxide enhances contractile activity in isolated murine
collecting lymphatic vessels. J Physiol 2013;
591:2139–2156.

79.Nizamutdinova IT, Maejima D, Nagai T, Bridenbaugh E,
Thangaswamy S, Chatterjee V, Meininger CJ,
Gashev AA. Involvement of histamine in endothelium-
dependent relaxation of mesenteric lymphatic vessels.
Microcirculation 2014;21:640–648.

80.Miura S, Sekizuka E, Nagata H, Oshio C, Minamitani H,
Suematsu M, Suzuki M, Hamada Y, Kobayashi K,
Asakura H, et al. Increased lymphocyte transport by lipid
absorption in rat mesenteric lymphatics. Am J Physiol
1987;253:G596–G600.

81.Kassis T, Yarlagadda SC, Kohan AB, Tso P, Breedveld V,
Dixon JB. Postprandial lymphatic pump function after a
high-fat meal: a characterization of contractility, flow, and
viscosity. Am J Physiol Gastrointest Liver Physiol 2016;
310:G776–G789.

82.Abumrad NA, el-Maghrabi MR, Amri EZ, Lopez E,
Grimaldi PA. Cloning of a rat adipocyte membrane pro-
tein implicated in binding or transport of long-chain fatty
acids that is induced during preadipocyte differentiation.
Homology with human CD36. J Biol Chem 1993;
268:17665–17668.

83.Greenwalt DE, Lipsky RH, Ockenhouse CF, Ikeda H,
Tandon NN, Jamieson GA. Membrane glycoprotein
CD36: a review of its roles in adherence, signal trans-
duction, and transfusion medicine. Blood 1992;
80:1105–1115.

84.Febbraio M, Hajjar DP, Silverstein RL. CD36: a class B
scavenger receptor involved in angiogenesis, athero-
sclerosis, inflammation, and lipid metabolism. J Clin
Invest 2001;108:785–791.

85.Drover VA, Ajmal M, Nassir F, Davidson NO, Nauli AM,
Sahoo D, Tso P, Abumrad NA. CD36 deficiency impairs
intestinal lipid secretion and clearance of chylomicrons
from the blood. J Clin Invest 2005;115:1290–1297.

86.Nauli AM, Nassir F, Zheng S, Yang Q, Lo CM,
Vonlehmden SB, LeeD, JandacekRJ, AbumradNA, Tso P.
CD36 is important for chylomicron formation and secretion
and may mediate cholesterol uptake in the proximal intes-
tine. Gastroenterology 2006;131:1197–1207.

87.Love-Gregory L, Sherva R, Schappe T, Qi JS, McCrea J,
Klein S, Connelly MA, Abumrad NA. Common CD36
SNPs reduce protein expression and may contribute to a
protective atherogenic profile. Hum Mol Genet 2011;
20:193–201.

88.Masuda D, Hirano K, Oku H, Sandoval JC, Kawase R,
Yuasa-Kawase M, Yamashita Y, Takada M, Tsubakio-
Yamamoto K, Tochino Y, Koseki M, Matsuura F,
Nishida M, Kawamoto T, Ishigami M, Hori M,
Shimomura I, Yamashita S. Chylomicron remnants are
increased in the postprandial state in CD36 deficiency.
J Lipid Res 2009;50:999–1011.

89.Love-Gregory L, Kraja AT, Allum F, Aslibekyan S,
Hedman AK, Duan Y, Borecki IB, Arnett DK, McCarthy MI,
Deloukas P, Ordovas JM, Hopkins PN, Grundberg E,
AbumradNA.Higherchylomicron remnantsandLDLparticle
numbers associate with CD36 SNPs and DNA methylation
sites that reduce CD36. J Lipid Res 2016;57:2176–2184.

90.Cifarelli V, IvanovS, XieY,SonNH,SaundersBT,PietkaTA,
Shew TM, Yoshino J, Sundaresan S, Davidson NO,
Goldberg IJ, Gelman AE, Zinselmeyer BH, Randolph GJ,
Abumrad NA. CD36 deficiency impairs the small intestinal
barrier and induces subclinical inflammation in mice. Cell
Mol Gastroenterol Hepatol 2017;3:82–98.

91.Silverstein RL, Li W, Park YM, Rahaman SO. Mecha-
nisms of cell signaling by the scavenger receptor CD36:
implications in atherosclerosis and thrombosis. Trans Am
Clin Climatol Assoc 2010;121:206–220.

92.Pepino MY, Kuda O, Samovski D, Abumrad NA. Struc-
ture-function of CD36 and importance of fatty acid signal
transduction in fat metabolism. Annu Rev Nutr 2014;
34:281–303.

93.Kazerounian S, Duquette M, Reyes MA, Lawler JT,
Song K, Perruzzi C, Primo L, Khosravi-Far R,
Bussolino F, Rabinovitz I, Lawler J. Priming of the
vascular endothelial growth factor signaling pathway by
thrombospondin-1, CD36, and spleen tyrosine kinase.
Blood 2011;117:4658–4666.

94.Chu LY, Ramakrishnan DP, Silverstein RL. Thrombo-
spondin-1 modulates VEGF signaling via CD36 by
recruiting SHP-1 to VEGFR2 complex in microvascular
endothelial cells. Blood 2013;122:1822–1832.

95.Lim HY, Thiam CH, Yeo KP, Bisoendial R, Hii CS,
McGrath KC, Tan KW, Heather A, Alexander JS, Angeli V.
Lymphatic vessels are essential for the removal of
cholesterol from peripheral tissues by SR-BI-mediated
transport of HDL. Cell Metab 2013;17:671–684.

96.Randolph GJ, Miller NE. Lymphatic transport of high-
density lipoproteins and chylomicrons. J Clin Invest
2014;124:929–935.

97.Martel C, Li W, Fulp B, Platt AM, Gautier EL,
Westerterp M, Bittman R, Tall AR, Chen SH, Thomas MJ,
Kreisel D, Swartz MA, Sorci-Thomas MG, Randolph GJ.
Lymphatic vasculature mediates macrophage reverse
cholesterol transport in mice. J Clin Invest 2013;
123:1571–1579.

98.Milasan A, Ledoux J, Martel C. Lymphatic network in
atherosclerosis: the underestimated path. Future Sci OA
2015;1:FSO61.

99.Zhang LS, Xu M, Yang Q, Lou D, Howles PN, Tso P.
ABCG5/G8 deficiency in mice reduces dietary tri-
acylglycerol and cholesterol transport into the lymph.
Lipids 2015;50:371–379.

100.Achen MG, Stacker SA. The vascular endothelial growth
factor family; proteins which guide the development of
the vasculature. Int J Exp Pathol 1998;79:255–265.

101.Tirronen A, Vuorio T, Kettunen S, Krista Hokkanen K,
Ramms B, Niskanen H, Laakso H, Kaikkonen MU,

http://refhub.elsevier.com/S2352-345X(18)30177-2/sref76
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref76
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref76
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref76
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref77
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref78
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref78
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref78
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref78
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref78
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref79
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref80
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref81
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref82
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref83
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref84
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref84
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref84
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref84
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref84
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref85
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref85
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref85
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref85
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref85
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref86
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref87
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref88
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref89
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref90
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref91
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref91
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref91
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref91
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref91
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref92
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref92
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref92
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref92
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref92
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref93
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref94
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref94
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref94
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref94
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref94
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref95
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref96
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref96
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref96
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref96
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref97
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref98
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref98
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref98
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref99
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref99
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref99
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref99
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref99
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref100
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref100
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref100
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref100
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101


2019 Role of Gut Lymphatics in Lipid Absorption and Metabolism 513
Jauhiainen M, Gordts P, S Y-H. Deletion of lym-
phangiogenic and angiogenic growth factor VEGF-D
leads to severe hyperlipidemia and delayed clearance
of chylomicron remnants. Arterioscler Thromb Vasc Biol
2018;38:2327–2337.

102.Tanaka M, Iwakiri Y. The hepatic lymphatic vascular
system: structure, function, markers, and lymphangio-
genesis. Cell Mol Gastroenterol Hepatol 2016;
2:733–749.

103.Teuwen LA, Geldhof V, Carmeliet P. How glucose,
glutamine and fatty acid metabolism shape blood and
lymph vessel development. Dev Biol 2017 Dec 7 [E-pub
ahead of print].

104.Escobedo N, Oliver G. The lymphatic vasculature: its role
in adipose metabolism and obesity. Cell Metab 2017;
26:598–609.

105.Hotamisligil GS. Inflammation and metabolic disorders.
Nature 2006;444:860–867.

106.Festi D, Schiumerini R, Eusebi LH, Marasco G, Taddia M,
Colecchia A. Gut microbiota and metabolic syndrome.
World J Gastroenterol 2014;20:16079–16094.

107.Wu H, Rahman HNA, Dong Y, Liu X, Lee Y, Wen A,
To KH, Xiao L, Birsner AE, Bazinet L, Wong S, Song K,
Brophy ML, Mahamud MR, Chang B, Cai X, Pasula S,
Kwak S, Yang W, Bischoff J, Xu J, Bielenberg DR,
Dixon JB, D’Amato RJ, Srinivasan RS, Chen H. Epsin
deficiency promotes lymphangiogenesis through regu-
lation of VEGFR3 degradation in diabetes. J Clin Invest
2018;128:4025–4043.
108.Scallan JP, Hill MA, Davis MJ. Lymphatic vascular
integrity is disrupted in type 2 diabetes due to impaired
nitric oxide signalling. Cardiovasc Res 2015;107:89–97.

109.Fonseca DM, Hand TW, Han SJ, Gerner MY, Glatman
Zaretsky A, Byrd AL, Harrison OJ, Ortiz AM, Quinones M,
Trinchieri G, Brenchley JM, Brodsky IE, Germain RN,
Randolph GJ, Belkaid Y. Microbiota-dependent sequelae
of acute infection compromise tissue-specific immunity.
Cell 2015;163:354–366.

110.Jang JY, Koh YJ, Lee SH, Lee J, Kim KH, Kim D, Koh GY,
Yoo OJ. Conditional ablation of LYVE-1þ cells unveils
defensive roles of lymphatic vessels in intestine and
lymph nodes. Blood 2013;122:2151–2161.

Received October 29, 2018. Accepted December 7, 2018.

Correspondence
Address correspondence to: Vincenza Cifarelli, PhD, Department of Medicine,
Center for Human Nutrition, Washington University School of Medicine,
Campus box 8031, 660 Euclid Avenue, St. Louis, Missouri 63110. e-mail:
cifarelli@wustl.edu; fax: (314) 362-8230.

Acknowledgments
The authors regret not being able to cite the work of all studies related to this
topic because of space restrictions.

Conflicts of interest
The authors disclose no conflicts.

Funding
Supported by P30 DK052574 (Vincenza Cifarelli), National Heart, Lung, and
Blood Institute (1R01HLI125811) (to Anne Eichmann), National Eye Institute
(1R01EY025979-01, P30 EY026878) (to Anne Eichmann), and Leducq
Foundation (Attract) (to Anne Eichmann).

http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref101
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref102
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref102
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref102
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref102
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref102
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref103
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref103
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref103
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref103
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref104
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref104
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref104
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref104
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref105
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref105
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref105
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref106
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref106
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref106
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref106
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref107
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref108
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref108
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref108
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref108
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref109
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
http://refhub.elsevier.com/S2352-345X(18)30177-2/sref110
mailto:cifarelli@wustl.edu

	The Intestinal Lymphatic System: Functions and Metabolic Implications
	Functional Organization of Intestinal Lymphatics
	Molecular Regulation of Intestinal Lymphatics
	Prox1
	VEGF-C and VEGFR-3/VEGFR-2
	Delta-Like Ligand 4
	Adrenomedullin

	Role of Gut Lymphatics in Lipid Absorption
	VEGF-A Regulates CM Uptake by Lacteals via Modulation of Cell-Cell Junctions
	Lymphatic Flow During Lipid Absorption
	CD36

	Lymphatic Transport of Cholesterol and Lipoproteins
	Role of VEGF-D in Lipoprotein Metabolism

	Conclusions and Perspective
	References
	Acknowledgments


