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Abstract

The intrinsic lymphatic pump is critical to proper lymph transport and is impaired in models of the
metabolic syndrome (MetSyn). Lymphatic contractile inhibition under inflammatory conditions
has been linked with elevated nitric oxide (NO) production by activated myeloid—derived cells. We
utilized a high fructose-fed rat model of MetSyn to test our hypothesis that inhibition of the MLV
pump function in MetSyn animals was dependent on NO and was associated with altered
macrophage recruitment and polarization within the mesenteric lymphatic vessels (MLV). MetSyn
resulted in a greater accumulation of M1-skewed (CD163*MHCII*) macrophages that were
observed both within the perivascular adipose tissue and invested along the lymphatic vessels in
MetSyn rats when compared to control rats. LECs and LMCs basally express the macrophage
maturation polarization cytokines monocyte colony-stimulating factor and dramatically up
regulate the M1 promoting cytokine granulocyte/monocyte colony-stimulating factor in response
to lipopolysaccharide stimulation. MetSyn MLVs exhibited altered phasic contraction frequency.
Incubation of MetSyn MLVs with LNAME or glibenclamide had a partial restoration of lymphatic
contraction frequency. The data presented here provide the first evidence for a correlation between
alterations in macrophage status and lymphatic dysfunction that is partially mediated by NO and
Karp channel in MetSyn rats.
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Introduction

Proper lymphatic function is critical to tissue fluid and macromolecule homeostasis and
antigen delivery to the node. Lymph must be pumped from the periphery against a net
pressure gradient towards the junction of the subclavian vein and the lymphatic thoracic duct
via extrinisic forces and the intrinsic contractions of lymphatic collecting vessels (78).
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Lymphatic collecting vessels exhibit both sensitive regulation of vessel tone and also
rhythmic large contractions that can be described in similar terms as the cardiac cycle (2).
Physical stimuli such as shear stress (flow) and stretch (pressure) both have significant roles
in the regulation of lymphatic contractions (8). In humans, the intrinsic contractions are
responsible for transporting up to 2/3 of lymph from the lower extremities (14), and failure
of the lymphatic system results in a chronic and progressive disease called lymphedema
(53).

While genetic malformations are linked with primary lymphedema, the majority of
lymphedema cases are secondary to other complications. Massive localized lymphedema
(MLL) appears to be a spontaneous lymphedema within the morbidly obese population (18,
20). Obesity affects over one third of the U.S. population, is the strongest predictor of the
metabolic syndrome (MetSyn) (26), and is a historical risk factor for developing secondary
lymphedema in post-surgical cancer patients. Obesity and type Il diabetes mellitus (TIIDM)
are both associated with microvascular dysfunction (1, 47, 50, 64, 71). However, much of
the focus on the peripheral edema associated with obesity has been decidedly on venous
insufficiency (59, 68) with little regard to lymphatic function and its role in fluid
homeostasis (12, 31, 60, 69). It is likely there is an unrecognized role for lymphatic
deficiency in theses conditions as venous reabsorption is overstated (63). The association
between lymphatic dysfunction and obesity becomes clear in the morbidly obese population
(15, 18, 43, 49) that represent up to 29% of all secondary lymphedema cases (19).

Elevated production of inflammatory cytokines such as tumor necrosis factor alpha (TNFa.),
interleukin 6 (IL-6), and chemokine (C-C motif) ligand 2 (CCL2) are hallmarks of adipose
inflammation, obesity, and MetSyn (10). The expression of these inflammatory cytokines is
directly linked to the increased infiltration of macrophages that display the classical (M1)
macrophage polarization phenotype and express high levels of iNOS (44, 45). Furthermore
circulating lipopolysaccharide (LPS), an abundant dietary endotoxin, is elevated in obesity
and MetSyn and is thought to contribute to the initiation of inflammation (6, 7). Under
physiological conditions, adipose tissue macrophages demonstrate an alternative activated
phenotype (M2) due to the expression of interleukin 4 by eosinophils (75). IFNvy is the
classical stimulator of the M1 phenotype, but recent studies have also suggested that
macrophage polarization can be driven by the ratio of MCSF and GMCSF (22, 32, 37).
However, macrophage polarization and spatial association with the lymphatic collecting
vessels has not been addressed in the context of MetSyn.

Recent studies have demonstrated a role for CD11b* myeloid-derived cells in lymphatic
dysfunction (35, 41) observed in models of acute inflammation, and specifically the
excessive production of nitric oxide (NO) by inducible nitric oxide synthase (iNOS) (41).
NO is a critical mediator of the shear stress produced as an effect of lymph flow (23, 24) and
acts as a contractility brake resulting in lower contraction frequency, vessel dilation, and
ultimately reduced resistance to flow (62, 70). However, excessive NO production by
myeloid derived cells has been linked to poor lymphatic function as function of repressed
contraction frequency in both mouse (41) and guinea pig models of inflammation (48).
Nitric oxide activates the lymphatic muscle cGMP-PKG/PKA pathway resulting in
activation of ATP sensitive potassium channels (Karp) and membrane hyperpolarization
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decreasing the voltage gated calcium channels activation and spontaneous contraction (39,
48). In this study we have asked the question that whether inhibition of NOS or Katp
channel would restore the lymphatic contractile function in MetSyn animals.

We have previously demonstrated a significant reduction in the intrinsic lymph pump
capability of the MLV in a rat model of high fructose fed MetSyn (79). Recently, others have
demonstrated a reduction in phasic activity and lymph function in genetic and diet-induced
models of obesity, which also fit under the umbrella of MetSyn models (3, 61, 74). However,
the mechanism underlying the inhibition of contractility is unknown. In this study we have
determined how the changes in the mesenteric environment influence the macrophage
recruitment and polarization in MetSyn condition. We have assessed the role of NO in the
impairment of MLV contractions with the pan nitric oxide synthase (NOS) inhibitor
LNAME and the anti-diabetic drug glibenclamide (Glib), a Karp channel inhibitor, on
regulating lymphatic chronotropy and function in the MetSyn state.

Materials and Methods

Animal Handling

Thirty-two male Sprague-Dawley rats weighing 150-180g were ordered from Charles River
for the induction of the MetSyn. Eighteen rats were given a high fructose feed (HFF) diet
(60% fructose, 1D.89247 Harlan Teklad®, 66% caloric content from fructose) for seven
weeks to induce the MetSyn, while the remaining fourteen animals were given standard
rodent chow. Water and each respective feed were available ad libitum except during pre-
experiment (16hr) fasting. Twelve rats from the MetSyn group and eight rats from the
control group were utilized for isobaric functional analysis of MLV contractility. The
remaining six rats were used for IHC and RNA collection from the mesentery tissue. All
animals were housed in a facility accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care and maintained in accordance with the policies
defined by the Public Health Service Policy for the Humane Care and Use of Laboratory
Animals, the United States Department of Agriculture’s Animal Welfare Regulations and the
Scott & White Animal Care and Use Committee.

Determination of MetSyn

High fructose feeding for 7-weeks is sufficient to generate a rat model of MetSyn (54).
MetSyn was assessed as previously described through the use of serum analysis (79). In
short, blood was collected in fasted (16hr) rats via the lateral saphenous veins at the start and
end of the diet period. The saphenous vein was punctured using a 27gauge needle and blood
was collected in a non-heparinized tube. Blood was allowed to clot for 1hour at room
temperature and spun for ten minutes at 3,000g. Serum was then frozen and stored at —80°C.
Triglyceride and insulin concentrations were assessed using commercially available
colorimetric kits, Bioassays® ETGA-200 and an insulin ELISA kit Linco® EZMRI-13k,
respectively, following the manufacturers’ protocols.
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MLV Isolation

Rats were fasted for sixteen hours (o/n) to minimize the variability of lymph contents or
immune cell population changes in the post-prandial state. Rats were anesthetized with
Innovar-Vet (0.3 ml kg-1 1.M.), which is a combination of a droperidol-fentanyl solution
(droperidol 20 mg/ml, fentanyl 0.4 mg/ml), and diazepam (2.5 mg/kg IM). A midline
excision was made and a loop of ileum was carefully exteriorized. Two to three MLV's were
carefully dissociated from the surrounding adipose tissue with care to prevent excess
bleeding. Vessels were maintained in albumin-supplemented physiological saline solution
(APSS, in mM: 145.0 NaCl, 4.7 KCI, 2 CaCl2, 1.17 MgS0O4, 1.2 NaH2PO4, 5.0 glucose, 2.0
sodium pyruvate, 0.02 EDTA and 3.0 3-(N-morpholino) propanesulfonic acid (MOPS) and
1% wi/v bovine serum albumin) at pH 7.4 at 38°C. MLVs were then cannulated onto
matched pipettes in a CH-1 chamber® (Living Systems) and attached to separate pressure
reservoirs. Vessels were then allowed to reach temperature and equilibrate at pressure
3cmH,0 for approximately thirty minutes. After the equilibration period each vessel was
recorded for 5 minutes at pressures 1cm, 3cm, and 7cmH»0. Of the 8 MetSyn vessels, half
were incubated with 100uM LNAME at 1cmH,0 for twenty minutes before repeating the
pressure step protocol in the presence of LNAME. The remaining 4 MetSyn MLVs were
recorded at each pressure after they were stimulated with 1uM Glib at each pressure
following a fifteen-minute equilibration period at each concentration and then this process
was repeated with 10uM Glib. At the end of each experiment the bath solution was replaced
with calcium-free APSS and maximal diameter at each pressure recorded.

Isolated Vessel Video Analysis

Lymphatic diameters were traced for each 5 min video capture with a vessel wall-tracking
program developed and provided by Dr. Michael J. Davis (University of Missouri-Columbia)
(11). Outer lymphatic vessel diameters were tracked 30 times per second, providing a
tracing of diameter changes throughout the periods of systole and diastole. The following
analogies to the cardiac pump parameters were derived: lymphatic tonic index, contraction
amplitude, ejection fraction, contraction frequency, fraction pump flow, and systolic/
diastolic diameters as previously described (2). Normalized frequency and normalized
ejection fraction were derived from internally normalizing frequency and ejection fraction to
their respective values in APSS at each respective pressure.

Immunohistochemistry and RNA/Tissue Collection

Rats that were utilized for IHC were euthanized and the mesenteric tissue from the
duodenum to the cecum was immediately collected. The ileum was excised and pinned out
in a sylgard-coated dish for immunofluorescence. The ileum tissues were then fixed in
methanol at —20°C for 1hr. Methanol fixed tissue was rinsed with PBS and the perivascular
tissue was cut from the intestinal wall and root of the mesentery, such that two neurovascular
bundles were present in each section. These tissues were then transferred to a clean dish and
blocked with 5% goat serum in PBS for 2 hours at room temperature. The tissue was then
stained overnight at 4°C with antibodies recognizing CD163 at 1:200 (AbD Serotec,
MCA342GA), CD206 at1:100 (Abcam, ab64693), and MHCI|I at 1:200 (Santa Cruz,
sc-53721) in combination. Tissues were then washed with PBS and stained with
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AlexaFlour® 488 or 647-conjugated goat secondary antibodies at 1:200 for the respective
primary antibody host and isotype. Tissues were then mounted between two coverslips with
Anti-fade® mounting solution to limit the restriction in tissue depth. Images were collected
at 20x and 40x magnifications using a Leica scanning confocal microscope with lymphatic
vessels centered in the field of view with stacks averaging 50um at 1um per slice. One to
three lymphatic vessels were imaged from the intestinal wall towards the root of the
mesentery per staining combination. Cell counts from five separate 40x images and three
separate 20x images were averaged per animal to get an accurate representation of tissue
macrophage polarization and lymphatic vessel association. Maximum intensity projections
were obtained using F1JI, despeckled, and the projections overlayed. Single positive or
double positive cells were counted. The FIJI program COLOC2 was also used to assist in the
analysis to confirm co-localization and background subtraction algorithm was utilized for
better visualization.

The remaining mesenteric tissues, jejunum to the ileum, were also pinned out and fixed in
RNALater ® overnight at 4°C for RNA isolation. The tissue was homogenized in Trizol®
*(Life Technologies) the homogenate was then centrifuged for one minute at 1,000g and the
lipid content removed to prevent interference in the RNA collection. RNA was then
extracted as per the manufacturer’s instruction and then further purified with the GenElute ®
Mammalian Total RNA kit (Sigma). Additionally, the cecum of each six control and MetSyn
rats were cleared of adipose tissue, dabbed dry, and ultimately weighed and measured.

Lymphatic Endothelial Cell and Muscle cell Cultures

Mesenteric lymphatic endothelial cells (LECs) and mesenteric lymphatic muscle cells
(LMCs) were both obtained through mesenteric vessel explants. Cells were grown in
EGM-2MV medium (Lonza) and used at passages 4—7. LECs were plated at a 60%
confluence in a 12-well plate and allowed to grow to a 100% confluence. The LECs were
then serum starved with basal EGM media for 2 hours and exposed to either EGM-2MV
supplemented with vehicle or LPS (20ng/ml) for 24 hours. These LECs were then washed
with ice-cold PBS and lysed in Trizol Reagent® (Life Sciences). RNA was collected as per
the manufacturer’s instructions. The LMCs were plated at approximately 50% confluence
and grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS). Upon reaching 80% confluence the LMCs were serum starved for 2 hours in basal
DMEM. The media was then replaced with DMEM supplemented with 2% serum and either
PBS vehicle or LPS (20ng/ml) for 24 hours. Finally, the LMCs were then washed with ice-
cold PBS and RNA collected as described above.

Quantitative Polymerase Chain Reaction (QPCR) Analysis

1 pg of RNA from the tissues, LECs, and LMCs was converted to cDNA using the Bio-Rad
iScript cDNA Synthesis Kit®. Gene expression was analyzed using the AACt method with
beta-actin and smooth muscle alpha actin as housekeeping control genes in LECs and LMCs
respectively. Beta-actin was also used for internal housekeeping control in the neurovascular
bundles tissue QPCR. Primers: p-Actin forward AAGTCCCTCACCCTCCCAAAAG,
reverse AAGCAATGCTGTCACCTTCCC; SM a-Actin forward
CATCAGGAAGGACCTCTATGC, reverse CTGATCCACATCTGCTGGAAG, interleukin
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six (IL-6) forward TCCTACCCCAACTTCCAATGCTC, reverse
TTGGATGGTCTTGGTCCTTAGCC; CCL2 forward AGCATCCACGTGCTGTCTC,
reverse GATCATCTTGCCAGTGAATGAG; iNOS forward
CAGCCCTCAGAGTACAACGAT, reverse CAGCAGGCACACGCAATGAT; MCSF
forward CCATCGAGACCCTCGGACAT, reverse TGTGTGCCCAGCTTAGAATC;
GMCSF forward GACCATGATAGCCAGCCACT, reverse
TTCCAGCAGTCAAAAGGGATA,; c-c chemokine ligand 1 CCL1 forward
GAAGGTGAAGCCCTGCTAAT, reverse GAGAGATGGCTGTGGTTGAG; tumor growth
factor-beta (TGFB) forward CGTGGAAATCAATGGGATCAG, reverse
GGAAGGGTCGGTTCATGTCA; macrophage migration inhibitory factor (MIF) forward
TGCCAGAGGGGTTTCTCTC, reverse CGCTCGTGCCACTAAAAGTC.

Cecum to body weight ratios results were analyzed with a two-tailed Student’s T-Test.
Macrophage counts and rmLEC/rmLMC QPCR were determined with ANOVA. Statistical
significance of isobaric contractile parameters were determined through two-way analysis of
variance with Fisher’s post hoc analysis using the Statplus® (AnalystSoft) statistical
software package. Data are represented as means + standard error (SE) and significance
represented independently at each figure.

Gross Histological Alterations in the Cecum and Perivascular Adipose in MetSyn Rats

Cecums were collected from both MetSyn and control rats after a pre-operative fasting
period; the cecum from MetSyn group was smaller in width and length, and in weight when
compared to the cecum from control rats (Figure 1A-C). As we have previously reported
(79), there was expansion of the perivascular adipose tissue in the MetSyn neurovascular
bundles that was further evident after fixation with RNALater® overnight at 4°C (Figures
1D). RNA was extracted from these mesenteric neurovascular bundles and we found a
significant increase in the expression of c-c chemokine ligand 2 (also known as monocyte
chemoattractant protein 1, CCL2) and the inducible nitric oxide synthase (Figure 1E). As
previously reported, we did not observe any significant change in body mass over the seven-
week diet period (data not shown).

High-Fructose-Induced MetSyn Rats Exhibited Macrophages Skewed Toward M1 State

We preformed dual staining immunofluorescence on fixed mesenteric arcades with CD11b,
CD163, macrophage mannose receptor (CD206), and major histocompatibility complex Il
(MHCII) expression to delineate macrophage investiture into the mesenteric tissue and
lymphatic collecting vessels. Cd11b is a common macrophage marker in the mouse, but very
few rat macrophages were positive for CD11b+ in either control or MetSyn tissues (Figure 2
A, E). In control rats, there was an apparent dichotomy in the staining of macrophages with
the majority positive for CD163 and CD206, but negative for MHCII
(CD163*CD206*MHCII™) and a second population of CD163~CD206"MHCII* cells as
previously described (9) (Figures 2A-D). The double positive CD163*CD206"MHCII~
macrophages (Figures 2D and H) demonstrate the classic “L” shape morphology and
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staining profile as prototypical adipose tissue macrophages. CD163*CD206*MHCII~ were
observed both within the clear field mesenteric sheath, throughout the perivascular adipose
tissue, and also associated with the lymphatic vasculature (Figures 2D and H). In both
control (Figures 2 B and C; red label) and MetSyn rats (Figures 2 F and G; red label), the
CD163-CD206~MHCII* macrophage subset is the minor population of the total cells
(approximately 30.3% and 34.6% per FOV in control and MetSyn tissues, respectively) and
they display a significant tropism towards both lymphatic and blood vasculature structures.
The CD163"CD206-MHCII* macrophages often had multiple cell extensions and often
were elongated in parallel with the associated vascular structure similar to previous reports
(5, 9). There was a significant increase in the population of CD163*CD206*MHCII* cells
observed in MetSyn arcades (Figures 2L, M and N). In control rats CD163*CD206*MHCII*
cells made up only 6.5% of the total cells per field of view (Figures 21, K and J), but more
than doubled to 14.4% of total cells in the MetSyn tissue. There was no difference in the
spatial distribution ratios of the CD163*CD206"MHCII™ cells within the MetSyn tissue as
compared to controls, as similar ratios in the tissue space and in contact with the vessel were
not significantly different. MetSyn mesenteric bundles also had a significant increase in the
total number of macrophages per field of view (Figure 20) and the increased presence of the
CD163*CD206*MHCII* macrophages can account for this difference (Figure 2P). There
were no significant changes observed in the population of CD163*CD206*MHCII™ nor
CD163~CD206~MHCII* macrophages in MetSyn arcades (data not shown).

Macrophage Recruitment and Polarization Factors by Lymphatic Tissue

To address whether in response to inflammation, the lymphatic cells produce conducible
environment for macrophage recruitment, cultured LECs and LMCs from tissue explants
were treated with 20ng/ml of LPS for a 24-hour period. We found that LECs significantly
up-regulated the expression of MIF, MCSF, IL-6, and TNFa in response to LPS stimulation
(Figures 3A and B). However, the largest expression changes were observed in iNOS,
CCL1, CCL2, and GMCSF expression in LECs, which all were substantially up regulated in
response to LPS (Figure 3A). MCSF, but not GMCSF, expression was readily detected in
untreated LECs and there was a significant increase in expression of MCSF in response to
LPS. LEC GMCSF expression had the highest up regulation of the genes tested in response
to LPS (Figure 3B). LMCs did not display the differential regulation of MCSF and GMCSF
as both genes were up regulated along with TGFp in response to LPS (Figures 3C and D).
As in LECs, both iINOS and CCL2 expression were significantly up regulated in LMC in
addition to I1L-6.

Partial Improvement in MLV contractility with LNAME and Glib

We have previously reported that the lymphatic collecting vessel contractility is diminished
in the MetSyn phenotype (79). We observed similar impairments in the contraction
frequency and lymphatic pump output in MetSyn MLVs consistent with previous reports
(Figures 4A-D). Since excessive NO exposure is known to inhibit lymphatic contractility,
we tested whether inhibition of NO would improve the lymphatic function in the MetSyn
group. Representative traces at P=3cm in APSS and 100um LNAME are shown for
lymphatics isolated from control and MetSyn rats (Figure 5A). Control MLVs treated with
100um LNAME did not demonstrate any significant difference in contraction frequency,
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ejection fraction, fractional pump flow, or vessel tone changes. In contrast, lymphatics from
MetSyn rats treated with LNAME resulted in a significant, increase in contraction frequency
at pressures 1cm and 3cmH,0 (Figures 5B and C). The elevation in contraction frequency
was able to significantly increase MetSyn MLV FPF at pressures of 1cm and 3cmH,0
(Figure 5D).

Mesenteric lymphatic collecting vessel contraction frequency is dependent on resting
membrane potential. Activation of the ATP sensitive potassium channels (Karp) lead to
membrane hyperpolarization and reduction in contraction frequency. We used the Karp
inhibitor, and anti-diabetic drug, glibenclamide to inhibit the endogenous Karp channels at
1um and 10um and restore lymphatic contractility (Figure 6A). Control MLVs contraction
frequency, ejection fraction, and fractional pump flow were not statistically different in
response to 1uM Glib. MetSyn contraction frequency and fractional pump flow (Figures 6B
and 6D) were significantly increased at P=1 cmH,0, but neither at P=3cm or at 7 cmH,0
after stimulation with 1uM Glib. We also employed Glib at 10uM and this resulted in a
significant activation of contraction frequency in both control and MetSyn vessels (Figure
6B). Such robust activation of contraction frequency diminished the filling period, and
reduced ejection fraction (Figure 6C). As a result, 10uM Glib did not significantly affect
fractional pump flow in control vessels. In contrast fractional pump flow was significantly
increased at pressures of 1cm and 3cmH,0 in MetSyn vessels with 10uM Glib. A total list
of lymphatic contractile parameters is given in Table 1.

Discussion

The presented data demonstrate that MLV contractility impairment is associated with
increased macrophage investiture into, and along, the mesenteric lymphatic collecting
vessels after induction of MetSyn with high fructose feeding. In addition to the
CD163*CD206*MHCII~ and CD163~CD206-MHCII* macrophage populations observed in
control rats, the MetSyn rats had significant increase in the CD163*CD206*MHCII*
macrophages both within the perivascular tissue and in association with the lymphatic
vasculature. CD163*CD206*MHCII™* likely represent the inflammatory M1 skewed
polarization that is often observed in canonical adipose depots of obese and diabetic rodent
models (44). We also demonstrate a role for the lymphatic tissue itself, both endothelium
and muscle cells, as a mechanism for chemotactic stimulus, CCL2, as well as cytokines that
influence macrophage polarization by exposure to the common dietary endotoxin LPS. The
dysfunction in MetSyn MLV contractility was partially ameliorated by inhibition of NOS
activity with LNAME and the Karp channel inhibitor Glib.

We observed an increase in the perivascular adiposity of the mesenteric neurovascular
bundles in the MetSyn rats supporting our previously finding (79). Interestingly, we
consistently observed smaller cecum in the MetSyn cohort. The change in fasted cecum
weight and size could be attributed to the ease by which fructose can be absorbed as a
monosaccharide. It is also important to note that the high fructose feed model induces hyper
formation of chylomicrons within the enterocytes of the intestine (16, 27). The chylomicron
formation process results in the absorption of bacterial components, luminal antigens (72),
and particularly LPS (25), which account for the metabolic endotoxemia and source of
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inflammation reported in most models of metabolic disease (7, 13, 57). Chylomicrons and
their associated LPS are then released into the lamina propria, up taken by the lymphatic
capillaries, and ultimately pass through the mesenteric lymphatic collecting vessels studied
in this work. Although elevated endotoxins and TLR activity have been well documented in
metabolic diseases (17, 29, 67), we did not assess lymph or blood LPS levels in the control
nor MetSyn rats and cannot directly link the LPS or other endotoxins as the causative agent
for the lymphatic dysfunction we observed in MetSyn rats.

Expansion of adipose tissue is now fundamentally linked with alterations in the
immunological fingerprint of adipose tissues. Of particular significance is the increased
accumulation of macrophages (73) that are polarized toward the classical inflammatory M1
phenotype (44). Our data provides the first characterization of the M1 skewed macrophage
polarization and the spatial association with lymphatic collecting vessels in MetSyn rats.
Control rats demonstrated two major macrophage populations within the mesenteric tissue
that could be delineated with our staining profile into CD163*CD206"MHCII~ and
CD163-CD206~"MHCII*. We observed minor populations of both CD206*/CD163*CD11b*
and MHCII*CD11b* cells under both control and MetSyn conditions suggesting an
intermediate cell phenotype before they polarize into the dominant phenotypes that appear to
be CD11b negative. The CD163*CD206*MHCII~ bare similarity to the canonical adipose
M2 macrophages and are found throughout the perivascular adipose tissue but also
distributed across the mesothelial sheath that encloses the tissue space. The
CD163-CD206~MHCII* macrophages display significant tropism for both blood capillaries
and lymphatic vasculature structures. Interestingly, there were no changes in the spatial
ratios of CD163*CD206*MHCII™* cells in the MetSyn tissue. The CD163*CD206*MHCII~
cells are evenly distributed throughout the tissue and the CD163"CD206"MHCII* cells are
predominantly found on the vascular structures. We interpret this as that multiple chemokine
signaling pathways must exist within the lymphatic tissue to promote the association of
multiple immune cell populations. Induction of MetSyn increased the total macrophage
investiture within the neurovascular bundle. Neither the CD163*CD206*MHCII™ nor the
CD163~CD206~MHCII* phenotypes were significantly affected by MetSyn. Instead we
found a significant increase in CD163*CD206*MHCII* macrophages that was the basis for
increased macrophage accumulation and that we have interpreted as M1 skewed adipose
tissue macrophage (44). The robust hyperglycemia and hyperinsulinemia observed in the
high fructose model fit well with the observed inflammation and macrophage shift. M1
macrophages play a critical role in the insulin desensitization and adipose dysfunction in
metabolic syndrome models through the production of inflammatory signaling molecules
such as IL-6, TNFa, and IL-1p (30, 67, 77).

Recent reports have suggested that macrophage polarization resembles a spectrum as
opposed to specific phenotypes (51). In addition to potent signaling molecules such as IL-4,
IL-13, and IFN-y, macrophage polarization can be skewed through the concentration ratio of
MCSF and GMCSF into M2 or M1 macrophages respectively (32). Specifically, GMCSF
promotes the M1 phenotype as evident by expression of MHCII, increased co-stimulatory
molecule expression, and inflammatory cytokine production (22, 37). Both MCSF and
GMCSF are expressed in multiple cell types and likely provide the regional cues for
macrophage activation prior to robust T cell activation. In this study we have demonstrated
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that both LMCs and LECs contribute to the MCSF and GMCSF expression basally and in
response to LPS stimulation. Given the lymphatic role in antigen presenting cell (APC)
recruitment, direct exposure to lymph, and spatial association with macrophages phenotypes
within the tissue suggest a dominant stromal function for LECs and LMCs. Of particular
significance was the expression relationship of MCSF and GMCSF within the LECs in
response to LPS. LECs expressed high levels of MCSF and CCL2 basally while GMCSF
was almost below detectable levels. However, after stimulation with LPS LECs dramatically
increased GMCSF beyond MCSF expression levels and further increased CCL2 expression
despite only mild up-regulation of MCSF. Thus the LECs act as a molecular switch that can
alter both the tissue MCSF/GMCSF ratio but also condition the lymph and thereby affect the
cell populations within the node. MCSF and GMCSF regulation by lymphatic tissues has
direct bearing on myeloid recruitment and differentiation (28, 32, 37), regional inflammation
(34), cancer progression (38, 58), and lymphangiogenesis (36). Previous studies have
demonstrated that the lymphatic endothelium expresses TLRs and is sensitive to most TLR
agonists (33, 56). Infection of LECs with cytomegalovirus also increases the production of
GMCSF (21) and GM-CSF levels in lymph are elevated during inflammation. Dietary
endotoxin is a significant contributor to the inflammation in the adipose tissue and liver, and
GMCSF expression has been linked to adipose inflammation and insulin resistance (6, 7,
34). Thus our data demonstrate that lymphatic tissues have the potential to contribute to
macrophage recruitment and inflammation in MetSyn. The LECs and LMC:s utilized in this
study were from primary explant cultures of normal mesenteric lymphatic collecting vessels.
MetSyn is characterized by alterations in glucose, lipid, and cytokine levels that each could
potentially affect both the baseline expression of these genes and also their regulation in
response to TLR stimulus. Hence further in vivo experiments are warranted to determine the
mechanisms linking macrophage status (M1 or M2) and lymphatic dysfunction.

We have previously reported that MLV have poor lymphatic function in a high fructose fed
rat model of MetSyn as a result of significantly reduced contraction frequency (79). Other
investigators have replicated these results in genetic and diet-induced models of obesity and
the MetSyn state in the mouse(3, 61, 74). We provide further evidence to support the
inclusion of lymphatic dysfunction with microvascular abnormalities as a hallmark of
metabolic disease. Consistent with our previous findings (79), MetSyn lymphatic vessels
exhibited smaller in size, but no change in tone and lymphatic contractility indexes were
significantly reduced in MetSyn rats. Lymphatic vessels are also self-regulating through the
generation of NO in response to the shear stress of lymph propulsion (4, 24). Shear-induced
NO will activate both PKA and PKG in the smooth muscle that increases adenosine
triphosphate (ATP) sensitive potassium channel (Kagp) channel activity, hyperpolarizing the
pacemaker and reducing the contraction frequency. In contrast, increased frequency but not
ejection fraction in MetSyn animals was insufficient to increase fractional pump flow.
Mesenteric lymph pump flow inhibition has been described in other models of chronic
inflammation. TNBS-induced ileitis caused significant inhibition of MLV pump in guinea
pigs that was restored by the Karp channel blocker Glib (48, 76). We also assessed the
ability of the Glib to increase the lymph pump flow in MetSyn rats. While 1uM Glib had
little effect on control MLV contractility, in MetSyn vessels, contraction frequency and
fractional pump flow were significantly increased at only the low pressure in response to
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1uM. However 10uM Glib significantly increased contraction frequency at each pressure in
both control and MetSyn rats. This suggests that the MLV pacemaker machinery is intact as
observed by maximal stimulation via Glib and that inhibition of MLV contraction frequency
in MetSyn is mediated by membrane hyperpolarization.

The effect of LNAME suggest that excessive NO production does not account for the entire
lymphatic contractile impairment in MetSyn. Our data showed an increase in iNOS
expression in the mesenteric arcades from MetSyn rats (Figure 1E) and a higher level of
iNOS expression in LPS-treated LMCs and LECs (Figure 3) indicate that NO availability in
the mesenteric bed would have increased in the MetSyn rats. However the source of NO
from the macrophages recruited under MetSyn condition must be further investigated. We
have recently shown that an increase in the population of monocytes and macrophages in
LPS-treated rats establish a robust M2 phenotype with higher expression of CD163 and
CD206 (9). The recruitment and association of macrophages with lymphatic tissues have
been previously documented with LPS-induced inflammation in a mouse model, although
macrophage polarization has not been addressed in these studies (35, 41, 42). A mouse
model of LPS-induced peritonitis demonstrated a role for CD11b* myeloid cells in
lymphatic dysfunction and poor fluid clearance in the diaphragm (35). Others have
demonstrated a role for iNOS-expressing CD11b* Gr1* monocytes in the suppression of
mouse popliteal lymphatic contractility in response to oxazolone-driven inflammation (41).
In the mouse, iINOS expression strongly correlates with the either the M1 or M2b
polarization (44, 46, 51). Extensive studies with the full host of rat macrophage polarization
spectrum have yet to be been done to confirm this iNOS paradigm. Intriguingly, iNOS
expression and nitric oxide production in human macrophages is limited and controversial
(55, 65, 66) suggesting this mechanism may be irrelevant in human lymphedema patients.
Furthermore rat peritoneal macrophages have high levels of NO production that is also
strain-dependent and may not be limited to specific polarizations and different contractile
responses in response to inflammation may be strain dependent (40, 52).

A critical limitation to this study was the inability to directly link iINOS expression to the
increased CD163*CD206*MHCII* macrophage population found in the MetSyn rats.
Additionally, LNAME is a pan NOS inhibitor and we did not assess the expression or
protein levels of NOS1, NOS2, or NOS3 within the vessels themselves. It is possible that
cells within the lymphatic wall that express either nNOS or eNOS may also contribute to the
inhibition of lymphatic contractile activity. Investigations into the expression of iNOS in the
rat macrophage populations will be critical to determining further roles for macrophage
polarization function and coordination of lymphatic function.

In conclusion, as summarized in figure 7 the results presented in this study have provided
new evidence linking alterations in macrophage activation and polarization with direct and
controlled measures of lymphatic vessel contractility under acute and chronic inflammatory
conditions. Data have also demonstrated a stromal function for LECs and LMCs in the
regulation of macrophage homeostasis through the production of MCSF, GMCSF, and
CCL2. Lymphatic dysfunction was apparent despite a lack of gross obesity in MetSyn
group. An increase in perivascular adipose expansion has been observed in MetSyn animals
that are associated with macrophage polarization skewed to a M1 phenotype. Hence, the

Microcirculation. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zawieja et al.

Page 12

data presented here further supports the notion of immunogenic regulation of lymphatic
vessel contractility and suggest that the functional characteristics of lymphatics may
contribute to resident tissue macrophage homeostasis under physiological and
pathophysiological conditions, such as MetSyn, and may contribute to the increased risk for
lymphedema in MetSyn.

Perspectives

Lymphatic collecting vessel dysfunction is likely a contributor to poor lymphatic circulation
observed in metabolically disturbed patients. Inflammation concurrent with the metabolic
syndrome can result in the accumulation of inflammatory cells not only within the tissue, but
also along the lymphatic collecting vessels and lymphatic vasculature. Production of
inflammatory molecules by the cells in the tissue and along the lymphatic collecting vessel
can impair the pump function of these vessels and limit the return of fluid back to the blood
circulation and promote tissue edema in MetSyn and other metabolic disorders.
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Figure 1.
High fructose feeding-induced MetSyn results in gross histological changes in the cecum

and mesenteric tissue. Cecum size in control (A) and MetSyn (B) rats is shown; (C) Cecum
weight to body weight is shown for control and MetSyn rats (n=6). Mesenteric tissue
bundles fixed in RNALater® overnight at 4°C illuminates the increased adiposity in the
perivascular depots of the mesenteric neurovascular bundles (D, Control; E, MetSyn).
Mesenteric arcade expression of iNOS and CCL2 in control and MetSyn rats (F, n=6). Data
are presented as Mean + SEM. 1-way ANOVA * denotes significance at p < 0.05.
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Figure 2.
Macrophage profile in the neurovascular bundles of the mesentery in control and MetSyn

rats. Representative images of a 20x field of views dual stained for: MHCII and CD11b A,
E), CD206 MHCII (B, F), CD163 MHCII (C, G), and CD206 CD163 (D,H) in both control
(A-D) and MetSyn (E-H) mesenteric tissues. B) Representative field of view at 40x
magnification of control tissues stained with CD163 (1) and MHCII (J) demonstrate lack of
colocalization of the two signals (K). Representative field of view at 40x magnification of
MetSyn tissues stained with CD163 (L) and MHCII (M) show increased numbers of
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immune cells and an increase in double positive (N) cells along the vessel and the periphery.
White asterisks in C and F demonstrate CD163*MHCII™* cells. The lymphatic vessel is
outlined with white lines in each panel. Summary data showing the number of total
macrophages stained with MHCII and/or CD163 (O) and the number of double positive
CD163*MHCII™ cells (P) are shown. Data are presented as Mean + SEM. N= 6 for each
cohort. 2-way ANOVA * denotes significance at p < 0.05.
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Figure 3.
LPS causes activation of proinflammatory cytokines and chemokines in LECs and LMCs.

LECs and LMCs were treated either with PBS (vehicle control) or 20ng/ml LPS for 24
hours. Gene expression was analyzed using the AACt method as described in the Materials
and Methods. A) LECs demonstrated a dramatic increase in the expression of iNOS, CCL1,
CCL2, and GMCSF (over 1000 fold) in the LPS-treated group as compared to control group.
B) LPS treated LECs also significantly increased expression of MIF, MCSF, IL-6, and
TNFa. C) IL-6, CCL2, and iNOS expression was highly up regulated in response to LPS
stimulation in LMCs. D) LPS treated LMCs also showed a significant increase in the
expression of MIF, MCSF, GMCSF, and TGFp as compared to the vehicle treated cells. Data
are presented as Mean £ SEM. N=3; * denotes significance at p<0.05.
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Figure 4.
Lymphatic pump dysfunction in MLVs isolated from MetSyn rats. A) Representative

diameter traces over a 1 minute period of control and MetSyn MLVs at each pressure tested.
Contraction frequency (B) and ejection fraction (C) for control and MetSyn MLVs. D)
Calculated output, fractional pump flow, was significantly lower at all 3 pressures tested.
Data are presented as Mean + SEM. n=8; * denotes significance at p<0.05; ~ denotes
significance at p<0.10.
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Figure 5.
Inhibition of NOS with 100um LNAME partially restores MetSyn contractility. A)

Representative traces from both control and MetSyn MLVs at pressure 3cmH20 in APSS
and in the presence of LNAME. The effect of LNAME on contraction frequency (B),
normalized contraction frequency (C), and fractional pump flow (D) in control and MetSyn
MLVs. Data are presented as Mean + SEM n=4. 2-way ANOVA and Fisher post-hoc. *
denotes p<0.05 LNAME as compared to the respective values in APSS.
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The effect of Glib on contraction frequency and lymph pump flow in control and MetSyn
MLVs. A) Representative traces from both control and MetSyn MLVs at pressure 3cmH20
in APSS, 1um Glib, and 10um Glib. The effect of Glib on contraction frequency (B),
ejection fraction (C), and fractional pump flow (D) in control and MetSyn MLVs. Data are
presented as Mean = SEM n=4. 2-way ANOVA and Fisher post-hoc. * denotes p<0.05 Glib

as compared to the respective values in APSS.
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Figure 7.
Model describing the inhibition of lymphatic contractility in the MetSyn as a consequence of

inflammation. Mesenteric lymphatic vessels are constantly regulating the flux of
inflammatory macrophages into the tissue through MCP1 and MCSF expression. High
fructose induces alterations in the gut microbiome and elevations in dietary endotoxin that
travels through the mesenteric lymph. Activation of TLR4 on lymphatic tissue results in
increased expression of CCL2 and a dramatic up-regulation of GMCSF and recruitment of
macrophages into the perivascular tissue and mesenteric collecting lymphatic vessels.
Changes in GMCSF, inflammatory cytokines, and dietary endotoxin promote the pro-
inflammatory M1 macrophage phenotype and increase iNOS expression.
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Table 1

Contractile parameters for control and MetSyn MLVs.

Mean + SEM Pressure (cm H20) | P=1 P=3 P=7
Control 128 + 6.50 144 +7.4 154+7.9
Outer Diastolic Diam. (uM)
MetSyn 120+ 7.3 134+7.1 144 +75
Control 8.7+10 119+11 119+15
Contraction Frequency per Minute
MetSyn 5.3+0.6 72+0.8 89+18
Control 0.47+0.03 | 0.47+0.04 | 0.37£0.05
Ejection Fraction
MetSyn 0374006 | 0.36+0.05 | 0.27 £0.04
Control 4.08+050 | 56+0.72 4.18+0.71
Fractional Pump Flow
MetSyn 1.94+0.34 | 243+0.30 | 1.98+0.17
Control 142+21 104 +1.7 83+138
Tonic Index
MetSyn 122+23 8.6+1.6 74+11
Control L 9.0+1.6 11.0+15 119+14
Control 1G 123+1 140+3.1 135+3.7
Control 10G 21.1+3.0 227+21 216+28
Contraction Frequency per Minute
MetSyn L 109+25 129+21 106+24
MetSyn 1G 11.7+0.9 9.1+0.8 83+1.0
MetSyn 10G 20.0+25 186+2.3 15.0+0.9
Control L 0.52+0.05 | 0.56+0.04 | 0.45+0.05
Control 1G 0.46+0.1 0.43+0.14 | 0.29+0.11
Control 10G 0.31+0.10 | 0.25+0.06 | 0.14+0.05
Ejection Fraction
MetSyn L 0.28+0.07 | 0.30+0.06 | 0.28+0.1
MetSyn 1G 0.36+0.1 0.42+0.05 | 0.32+0.04
MetSyn 10G 0.25+0.08 | 0.26+0.05 | 0.17 +0.02
Control L 461+£0.77 | 6.16 £1.16 | 5.27+0.82
Control 1G 5.29+0.35 | 5.13+0.65 | 3.09 +0.84
Control 10G 5.63+058 | 528+0.72 | 270+0.78
Fractional Pump Flow
MetSyn L 259+0.27 | 3.58+0.31 | 231+£0.19
MetSyn 1G 3.98+0.78 | 3.71+0.22 | 2.56 +0.04
MetSyn 10G 439+0.77 | 451+0.35 | 247+0.31
Control L 148+ 25 92+21 88+24
Control 1G 8.7+29 74+19 52+17
Control 10G 109+29 76+09 6.0+18
Tonic Index
MetSyn L 108+15 84+19 6.3+15
MetSyn 1G 9.8+4.0 6.4+09 46+04
MetSyn 10G 16.2+1.9 77+1.2 52+04
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