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SUMMARY

he main function of lymphatic vessels is to

drain extracellular interstitial fluid, which

contains proteins, lipids, and immune cells,
and return it back to the venous circulation.' There-
fore, the lymphatic system plays an important role
in maintaining the homeostasis of tissue interstitial
spaces and in monitoring a local immune system.'
However, the study of lymphatic vessels has lagged
behind that of blood vessels for several reasons:
The lumen of lymphatic vessels is collapsed due
to low intravascular pressure, making it difficult to
visualize; the vascular wall of lymphatic vessels is
more fragile than that of blood vessels; and the
flowing lymphatic fluid is colorless and transparent,
making tissue lymphatic vessels difficult to identify.
In the early 2000s, the discovery of specific markers,
such as lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE1l), podoplanin, and prospero-
related homeobox 1 (Prox1), made it possible to
distinguish lymphatic endothelial cells.” Further-
more, technologic advances in the analysis of geneti-
cally modified mice with changes in key players in
lymphatic biology, such as vascular endothelial
growth factor (VEGF) C, vascular endothelial growth
factor receptor (VEGFR) 3, hepatocyte growth factor
(HGF), and others, led to breakthroughs in the field
of lymphatic research.>*

Although lymphatic vessels are known to exist in
the heart and form a network similar to blood vessels,
the significance of cardiac lymphatic vessels has not
received as much attention over the years compared
with blood vessels in the heart. Studies using mice
lacking the genes for lymphangiogenesis-promoting
central players, such as VEGF-C or its major receptor
VEGFR-3, have revealed that in these models the
lymphatic vessels are disrupted and that these mice
showed pericardial effusion and eventual embryonic
lethality.” In addition, several studies have reported
that modulation of cardiac lymphatic vessels showed
cardioprotective effects against myocardial infarction

Although cardiac lymphatic vessels have received increasing attention in recent years, there is still a knowledge
gap between cardiac lymphatics and heart homeostasis in a normal heart. In the present study, we established a
mouse model of cardiac lymphatic insufficiency ablating cardiac lymphatic collector vessels to reveal the crucial
role of cardiac lymphatic vessels in maintaining cardiac homeostasis and the impact on cardiac function both in
physiological and pathologic settings. Furthermore, therapeutic lymphangiogenesis improved the adverse ef-
fect on cardiac morphologic changes and functions. These findings suggest that the cardiac lymphatic system
would be a novel therapeutic target for heart disease. (J Am Coll Cardiol Basic Trans Science 2023;8:958-972)
© 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and ischemia-reperfusion injury.®® However, the role
of lymphatic vessels in the quiescent physiologic
context of the heart remains to be fully elucidated.®

Accordingly, we examined the effect of cardiac
lymphatic ablation on heart homeostasis under
physiologic conditions in a newly developed mouse
model of cardiac lymphatic vessel disruption. We also
investigated the impact of a high-fat diet on the
progression of heart disease under the condition of
cardiac lymphatic dysfunction.

METHODS

Additional data, analytic methods, and study mate-
rials are available from the corresponding author
upon reasonable request. An expanded methods
section is included in the Supplemental Appendix.

STUDY DESIGN. The study objective was to examine
the effect of cardiac lymphatic dysfunction on heart
homeostasis under physiologic and pathologic con-
ditions. To mimic a cardiac lymphatic dysfunction, a
new mouse model of cardiac lymphatic vessel abla-
tion was created. Also, a high-fat diet (HFD) model
(60% of calories from fat) was used to test the effect
of a high-fat diet on the progression of heart disease
under lymphatic dysfunction. Both cardiac magnetic
resonance imaging (MRI)'® and fluorescein
isothiocyanate-dextran experiments® were used to
assess cardiac edema and lymphatic drainage capac-
ity. Histologic analysis with the use of wheat germ
agglutinin, Masson’s trichrome, and F4/80 staining
were used to examine cardiomyocyte size, fibrosis,
and inflammation, respectively. Echocardiography
was used to detect cardiac dysfunction.'®'" For the
biological mechanistic study, we used reverse-
transcription quantitative polymerase chain reaction
(qPCR) and enzyme-linked immunosorbent assay.'”
All procedures of animal care and use in this study
were approved by the Animal Ethics Review Board of
the Nagoya University School of Medicine. The study

ABBREVIATIONS
AND ACRONYMS

ADRC = adipose-derived
regenerative cell

BNP = B-type natriuretic
peptide

HFD = high-fat diet
POD = postoperative day

qPCR = quantitative
polymerase chain reaction
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FIGURE 1 Establishment of a New Murine Cardiac Lymphatic Vessel Ablation Model
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(A and B) Both lymph trunks on the anterior and posterior side of the heart were ablated on the proximal side, indicated by red arrowheads,
after the Evans blue dye injection. (C) Fluorescein isothiocyanate (FITC)-dextran was injected into the apex side of heart to detect the path of
lymph drainage as recorded by an in vivo imaging system. (D) An electrocardiogram was obtained immediately after lymphatic ablation to
determine if lymphatic ablation resulted in ST-segment elevation. (E) T2-weighted magnetic resonance imaging was used to assess tissue
edema. (F) An assessment of the levels of circulating FITC-dextran. Data are presented as mean + SD (n = 5). ***P < 0.001 vs sham;
unpaired Student's t-test was used to evaluate statistical significance between 2 groups. (G) Representative images of the heart 6 weeks after
lymph ablation.
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conformed to the guidelines from Directive 2010/63/
EU of the European Parliament on the protection of
animals used for scientific purposes or the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. To ensure reproducibility, the
mice were assigned randomly to the various experi-
mental groups. The investigators were not blinded to
the conduct of the experiment but were blinded to an
assessment of outcomes.

All experiments were repeated 3 times indepen-
dently. The sample sizes (5 to 10) used in each group
were predetermined by power analysis. All the details
are given in the figure legends along with details of
the statistical analysis.

MOUSE MODEL OF CARDIAC LYMPHATIC DYSFUNCTION.
To mimic a cardiac lymphatic dysfunction, a new
mouse model of cardiac lymphatic vessel ablation
was designed. Male C57BL/6J (aged
8to10 weeks) were purchased from Charles River
Laboratories Japan. Sex influences the development
of cardiovascular disease."® Therefore, we used only

mice

male mice in our studies. This allowed for the eval-
uation of the impact of cardiac lymph ablation on
cardiac homeostasis in a well-controlled experi-
mental system. All the mice were anesthetized with
hydrochloric acid medetomidine (0.3 mg/kg), mid-
azolam (4 mg/kg), and butorphanol tartrate (5 mg/kg)
before the surgical procedure.'"® Respiration was
controlled with a mechanical respirator. A left thora-
cotomy incision was used to expose the heart. Five
microliters of Evans blue dye was injected intramus-
cularly into the apex side of a beating heart through a
30-gauge needle. After observation for 3 to 5 minutes
after injection, the dye was easily followed as it
ascended to 2 lymphatic collective vessels before
merging into 1 large trunk under the atrium sepa-
rately on the anterior side. Another lymphatic col-
lective vessel was detected on the posterior side of
the heart. Both main lymphatic trunks were ablated
by a monopolar radiofrequency electrosurgical in-
strument."”” An electrocardiogram was performed
immediately after lymphatic ablation to check for ST-
segment elevation. The chest was then closed
with sutures.

HFD-INDUCED CARDIOMYOPATHY MODEL. The impact
of lymphatic dysfunction on the progression of heart
disease was also tested in a 60% fat diet model. HFD-
induced cardiomyopathy is a well-established model
to induce myocardial morphologic changes and car-
diac dysfunction.’® Some mice (L+H group) were
started on HFD at the beginning of the lymphatic
and assessed for the

ablation for 6 weeks

following parameters.
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CARDIAC LYMPHANGIOGENESIS FOLLOWING TREATMENT
WITH ADIPOSE-DERIVED REGENERATIVE CELLS. Adi-
pose-derived regenerative cells (ADRCs) were re-
ported to augment lymphangiogenesis in pathological
conditions.'®'> We therefore used ADRC implantation
to reconstruct a lymphatic network and recover car-
diac lymphatic function in this study. ADRCs were
isolated from the inguinal subcutaneous adipose tis-
sue as described previously."” A subset of mice was
subjected to cardiac lymphatic ablation and admin-
istered an intramyocardial injection of ADRC cells
(5 x 10° ADRCs in 10 pL phosphate-buffered saline
solution) just after ablation into 3 points of the sur-
gery zones (3 to 5 pL in each site) with a 30-gauge
needle. After 6 weeks, mice were killed to evaluate
lymphatic capillary density by means of immunoflu-
orescence staining of frozen sections.

LYMPHATIC FUNCTIONAL ASSESSMENT WITH THE
USE OF FLUORESCEIN ISOTHIOCYANATE-DEXTRAN
AND CARDIAC MRI. We used both invasive and
noninvasive techniques to evaluate cardiac lymphatic
vessel function with or without ablation of the cardiac
lymphatics. Ten microliters of fluorescent dextran
molecular probe (fluorescein isothiocyanate-dextran,
2,000 kDa, 2 mg/mL; Thermo Fisher Scientific) was
injected intramuscularly into the apex of the heart.®
Because of its size, the probe was taken up by the
lymphatics and then the probe was traced and
recorded by an in vivo imaging system (IVIS, Summit
Pharmaceuticals International Corp) Blood samples
were collected 30 minutes after surgery. To assess
how much of the labeled dextran had moved through
the cardiac lymphatics into the blood circulation, the
fluorescence intensity was detected with a plate
reader.® A standard curve of the fluorescein
isothiocyanate-dextran concentration was made to
calculate the amount of the probes in each blood
sample. Cardiac edema was examined noninvasively
with the use of a 1.5-T whole-body MRI scanner (MRS
3000 Benchtop Magnetic Resonance Imaging Sys-
tems, MR Solutions) to produce a T2-weighted image
30 minutes after injecting 5 pL of Evan’s blue.'® We
performed radiofrequency calibration once and took
images, so that the same hue displays a signal of the
same intensity.

CARDIAC FUNCTIONAL ASSESSMENT. Noninvasive
echocardiography was performed in sedated'’ mice
6 weeks after surgery. Mice were assessed for both
cardiac systolic function and diastolic function with
the use of B-mode, M-mode, PW-mode, and tissue
Doppler (Vevo 1100 imaging system, Fujifilm Vi-
sual Sonics).
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FIGURE 2 Morphologic Changes of Myocardium Size, Cardiac Fibrosis, and Cardiac Hypertrophy Under Chronic Lymphatic Dysfunction
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(A and B) Heart weight to body weight (HW/BW) and heart weight to tibia length (HW/TL) ratios. (C) Frozen sections were immunostained
with anti-F4/80 (red) to detect macrophages. Magnification x20. Scale bar 100 pum. (D) Quantitative analysis of the number of macrophages
per field. (E) Masson's trichrome staining (blue) of heart paraffin sections. Magnification x20. Scale bar 100 um. (F) The percentage of fibrosis
area per field. (H) Wheat germ agglutinin staining (red). 6-Diamidino-2-phenylindole-stained nuclei are shown in blue. Magnification x20.
Scale bar 100 pm. (I and G) Quantification of cardiomyocyte cross-sectional area and perimeter. Data are presented as mean + SEM (n = 5).
*P < 0.05; **P < 0.07; ***P < 0.001 vs sham, *#P < 0.001 vs L+H; 1-way ANOVA and Tukey post hoc tests. HFD = high-fat diet;

L+H = lymphatic ablation plus high-fat diet.
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IMMUNOHISTOCHEMISTRY. Tissue samples
collected from mouse hearts in each group and
embedded in optimal cutting temperature com-
pound. Frozen sections (6 pm thick) were fixed with
4% paraformaldehyde and then blocked with the use
of 1% bovine serum albumin at 25 °C for 1 hour. A
primary antibody to LYVE-1 (4:1,000; Acris) was
incubated with the sections at 4 °C overnight,
followed by incubation with secondary antibodies
(Alexa-Fluor  488-conjugated antirabbit anti-
body, 1:1,000; Thermo Fisher Scientific) at 25 °C for
1 hour.™'® The nuclei were stained with 4%
4,6-diamidino-2-phenylindole (1:1,000; Roche). Mac-
rophages were detected by PE antimouse F4/80 mAb
(1:1,000; BioLegend).'” For detection of the size of
cardiomyocytes, the sections were incubated with
Alexa Fluor 594-conjugate of wheat germ agglutinin
(5:1,000; Thermo Fisher Scientific) for 1 hour."*

were

MASSON’S TRICHROME STAINING FOR COLLAGEN
VISUALIZATION. Samples were fixed in 4% para-
formaldehyde and embedded in paraffin. Sections
were sequentially incubated in the following solu-
tions: Bouin’s solution (Sigma) (overnight), Weigert’s
iron hematoxylin working solution (5 minutes),
Biebrich scarlet acid solution (2 minutes),
phosphomolybdic-phosphotungstic acid solution
(5 minutes), aniline blue solution (10 minutes), and
1% acetic acid (Sigma) (2 minutes). Between each so-
lution, the sections were briefly washed with water,
and then briefly rinsed in an ascending isopropanol
series followed by xylol before a coverslip was
added." Images were visualized on a BZ-X710 fluo-
rescence microscope (Keyence) at x20 magnification,
and 5 fields were randomly selected from each slide.
We determined the average number of positive cells
per field with the use of the Image J software
(version 1.51).

REAL-TIME REVERSE-TRANSCRIPTASE pPCR ANALYSIS.
Total RNA was extracted with the use of the RNeasy
Mini Kit (Qiagen) from mouse cardiac tissue. Reverse
transcription was performed using a qPCR RT master
mix kit (Toyobo). Real-time reverse-transcription PCR
analysis was performed on a C1000 Thermal Cycler
(Bio-Rad) using Sybr Green I and the following con-
ditions: 95 °C for 10 minutes followed by 40 cycles at
95 °C for 15 seconds and 60 °C for 45 seconds. The
expression of target mRNAs was normalized to that of
GAPDH in each sample. The primer sequences (tumor
necrosis factor [TNF]-o, interleukin [IL]-1B, IL-6,
collagen type I, alpha 1 [COL1A1], transforming
growth factor [TGF]-B, periostin [Postn], f-myosin
heavy chain (MHC), cation channel subfamily C
member 6 [TRPC6], regulator of calcineurin [RCAN] 1,

Pu et al

Cardiac Lymphatic Vessels and Heart Homeostasis

cardiotropin [CT] 1, VEGF-C, VEGF-D, adrenome-
dullin, VEGFR3, podoplanin, and GAPDH) are listed in
the Supplemental Methods."

ENZYME-LINKED IMMUNOSORBENT ASSAY. Plasma
was prepared from the blood by centrifugation at
4,000g for 10 minutes at 4 °C. Plasma levels of B-type
natriuretic peptide (BNP) were measured with the use
of the mouse/Rat BNP Enzyme Immunoassay ELISA
Kit (RayBiotech) according to the manufac-
turer’s protocols.'*

STATISTICS. The sample sizes in each group were
predetermined by power analysis. The results were
expressed as mean + SD or mean + SEM. A paired or
unpaired Student’s t-test was used to evaluate sta-
tistical significance between 2 groups; 1-way analysis
of variance along with Tukey post hoc test for mul-
tiple pairwise comparisons was used for 3 or more
groups.'® The normality of all data was verified with
the use of the Shapiro-Wilk test.'® Data were also
tested for equal variance by means of the Brown-
Forsythe test.’” All statistical analyses were per-
formed with the use of GraphPad Prism software
version 8 (GraphPad Software). A P value <0.05
denoted statistical significance.

RESULTS

ESTABLISHMENT OF A NEW MOUSE MODEL OF
CARDIAC LYMPHATIC DYSFUNCTION. Figure 1A
shows cardiac lymphatic fluid drainage following
the intramuscular injection of Evans blue dye into
the apex of the heart. Over 3 to 5 minutes the Evans
blue dye ascended to 2 lymphatic collecting vessels
that merge into 1 large trunk under the atrium
separately on the anterior side (Figure 1B, left).
Another lymphatic collective vessel was detected on
the posterior side of the heart (Figure 1B, right). IVIS
analysis also showed that an injection of fluorescein
isothiocyanate-dextran into the apex site was
drained in a similar manner (Figure 1C). Both sides
of the cardiac collective lymphatic vessels were
ablated at the site indicated by the red arrows in
Figure 1B. Figure 1D shows that lymphatic ablation
did not induce acute cardiac injury, as assessed
with electrocardiography. For comparison, we show
ST-segment elevations resulting from a murine
cardiac muscle injury model and a myocardial
infarction model. After ablation of cardiac lymphatic
vessels, lymphatic fluid accumulated in the heart,
as shown by a high-intensity area in the T2 MRI
image (Figure 1E). In terms of a functional assess-
ment, the lymphatic drainage capacity of heart tis-
sue was reduced after the lymphatic ablation
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FIGURE 3 Cardiac Inflammation, Fibrosis, and Hypertrophic Signaling After Cardiac Lymphatic Ablation
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(A) The mRNA expression levels of tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and IL-6 were assessed in the myocardium of sham-
operated (sham), HFD, lymph ablation, and L+H mice 6 weeks after surgery. (B) The mRNA expression levels of fibrosis mediation factors
collagen type I, alpha 1 (COL1A1), transforming growth factor (TGF) B, and periostin (Postn) increased after cardiac lymph ablation. (C) The
mRNA expression levels of sensitive markers of pathologic hypertrophy B-myosin heavy chain (MHC), transient receptor potential cation
channel subfamily C member 6 (TRPC6), regulator of calcineurin (RCAN) 1, and cardiotropin (CT) 1,were increased after cardiac lymph
ablation. Data are presented as mean + SEM (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001 vs sham; **| < 0.001 vs L+H; 1-way ANOVA and
Tukey post hoc tests. Abbreviations as in Figure 1.
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(Figure 1F). In addition, ablation of cardiac lym-
phatics induced an increase in the size of the heart
compared with sham-operated hearts at post-
operative day (POD) 42 (Figure 1G). Heart weight
was increased after cardiac lymphatics ablation
compared with the sham group at POD 42
(Figures 2A and 2B). Furthermore, although the
HFD-induced displayed
heavier heart weight, we found cardiac lymphatics
ablation deteriorates those responses in this model
(Figures 2A and 2B).

cardiomyopathy model

LYMPHATIC VESSEL ABLATION INDUCES REACTIONS IN
THE HEART. Histologic analysis demonstrated that
cardiac lymphatic ablation induced macrophage
accumulation in the myocardium (Figure 2C and 2D).
In addition, cardiac fibrosis was induced at POD 42
after lymphatics ablation (Figures 2E and 2F). Car-
diomyocytes also displayed hypertrophy as evi-
denced by an increase in cross-sectional area and
perimeter (Figures 2G and 2H). These changes were all
augmented when lymphatic ablation was combined
with HFD-induced obesity.

HFD COMBINED WITH LYMPHATIC DYSFUNCTION
AUGMENTS THE REACTIONS IN THE HEART. Given
that excessive inflammation is one of the factors for
tissue edema, which could also induce fibrosis, we
next evaluated the expression of inflammatory and
profibrotic signaling markers in the heart.

qPCR showed that the expressions of inflammatory
factors, such as tumor necrosis factor (TNF)-a, inter-
leukin (IL)-1f, and IL-6, were up-regulated in the
lymphatic ablation group at POD 42 after injury
(TNF-a 2.08-fold, IL-1B 3.55-fold, and IL-6 2.26-fold)
(Figure 3A). Figure 3B shows that the expressions of
profibrotic factors, such as COL1A1, TGF-p, and Postn,
were up-regulated in the lymphatic ablation group
(COL1A1 2.09-fold, TGF-f 1.79-fold, and Postn 3.36-
fold). We subsequently examined the expression of
B-MHC, TRPC6, RCAN-1, and CT-1, molecules relating
to hypertrophy in cardiomyocytes. Figure 3C shows
that the expression of B-MHC, TRPC6, RCAN-1, and
CT-1 was up-regulated in the lymphatic ablation
group (B-MHC 3.03-fold, TRPC6 6.29-fold, RCAN-1
3.53-fold, and CT-1 3.22-fold higher than in the sham
group). Again, these changes were all augmented
when lymphatic ablation was combined with HFD-
induced obesity.
CARDIAC LYMPHATIC DYSFUNCTION LEADS TO CARDIAC
DIASTOLIC DYSFUNCTION. To test whether the
observed histologic changes induced by lymphatic
ablation could affect cardiac function, we assessed
both systolic function and diastolic function by
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echocardiography. Figure 4A shows representative M-
mode images in each group at POD 42. Although
systolic functions in terms of left ventricular ejection
fraction showed no changes between each group, wall
thickness increased in the lymphatic ablation group
(Figures 4B to 4E). In contrast, diastolic function as
evaluated by E/A and E/e’ were both reduced in the
lymphatic ablation group. Furthermore, the L-+H
group displayed an augmented increase in wall
thickness and remarkable diastolic dysfunction at
POD 42 compared with the HFD group or the
lymphatic ablation group (Figures 4F to 41).

IMPLANTATION OF ADRCs ATTENUATES CARDIAC
HYPERTROPHY VIA PROMOTING LYMPHANGIOGENESIS.
Because ADRCs promote lymphangiogenesis in mul-
tiple damaged tissues,'®"'> we next tested whether the
improvement of cardiac lymphatic function by im-
plantation of ADRCs could lead to the suppression of
cardiac hypertrophy in this model. Supplemental
Figure 1 shows that ADRC implantation promoted
lymphangiogenic growth factors expression in the
edematous heart. Histologic analysis demonstrated
that the lymphatic rarefaction observed in the L+H
group was attenuated by ADRC implantation
(Figures 5A and 5B), which was also confirmed with
the augmentation of the expressions of VEGFR3 and
podoplanin according to qPCR (Supplemental
Figure 2A). ADRCs reduced the dilation of lymphatic
lumens (a marker of lymphatic fluid congestion)
and induced lymphangiogenesis (Figure 5C).
Supplemental Figure 3A shows that the wet and dry
ratio (Supplemental Methods) of the heart was
increased with cardiac lymphatic ablation, which was
attenuated by therapeutic lymphangiogenesis with
ADRC, resulting in reducing cardiac high-intensity
signal in T2-weighted MRI after cardiac lymphatic
ablation (Supplemental Figure 3B). Furthermore, the
augmentation of lymphangiogenesis by ADRCs
ameliorated cardiac lymphatic dysfunction-induced
cardiac hypertrophy (Figures 5D to 5F), reduced
macrophage accumulation (Figures 5G and 5H), and
attenuated fibrosis (Figures 51 and 5J). Finally, car-
diomyocytes displayed less hypertrophy in the ADRC
implantation group (Figures 5K and 5L).

CARDIAC LYMPHANGIOGENESIS INDUCED BY ADRCs
AMELIORATES THE PATHOLOGIC RESPONSES. Figure 6A
shows that the inflammatory reactions (as measured
by TNF-a, IL-1B, and IL-6 expression) in the heart
were significantly up-regulated in response to cardiac
lymphatic injury. Conversely, the expressions of
those markers were improved by augmentation of
lymphangiogenesis by ADRC implantation. The up-
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FIGURE 4 Cardiac Lymphatic Ablation Induced Cardiac Diastolic Function Impairments in Murine Models

Lymph ablation L+H &

(A and B) Six weeks after surgery, there were no significant differences in left ventricular ejection fraction (EF). (C and D) The diastolic
interventricular septum thickness (IVS-D) and diastolic left ventricular posterior wall thickness (LVPW-D) were increased by cardiac lymph
ablation. (E and G) Doppler (E/A ratio) and tissue Doppler (¢’ velocity) profiles for the assessment of left ventricular diastolic function for the 4
groups 6 weeks after surgery (F) Ratio of flow Doppler E-wave to A-wave amplitude. (H) Ratio of flow Doppler E-wave amplitude to tissue
Doppler E’-wave amplitude. Data are presented as mean + SEM (n = 5). **P < 0.01; ***P < 0.001 vs sham; #P < 0.05; **#P < 0.001 vs L+H;
1-way ANOVA and Tukey post hoc tests. Abbreviations as in Figure 1.
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regulation of profibrotic factors by cardiac lymphatic
ablation, such as COL1A1, TGF-f, and Postn, was also
suppressed by augmentation of lymphangiogenesis
in the L+H+ADRC group (Figure 6B). In addition,
cardiac hypertrophic signaling induced by cardiac
dysfunction, measured by the expression of markers
such as B-MHC, TRPC6, RCAN-1, and CT-1, was
ameliorated by the augmentation of lymphangio-
genesis (Figure 6C). Taken together, cardiac
lymphatic dysfunction promoted inflammation,
fibrotic formation, and cardiac hypertrophy, and
therapeutic lymphangiogenesis suppressed
these effects.

THERAPEUTIC LYMPHANGIOGENESIS DEMONSTRATES
A CARDIOPROTECTIVE EFFECT ON DIASTOLIC
DYSFUNCTION. Finally, we tested whether cardiac
lymphatic dysfunction-induced cardiac diastolic
dysfunction could be improved by therapeutic lym-
phangiogenesis. As shown in Figures 7A and 7B, sys-
tolic function demonstrated no remarkable change,
regardless of the change in cardiac lymphatics func-
tion at POD 42 in this model. In contrast, wall thick-
ness displayed hypertrophic changes in the L+H
group, which was reduced by recovery of cardiac
lymphatic functions with ADRC implantation
(Figure 7C). Although the plasma BNP level increased
in response to cardiac lymphatic ablation at POD 42,
therapeutic lymphangiogenesis decreased the
expression of this biomarker of heart failure
(Figure 7D). In addition, Figures 7D to 7G show that
diastolic function evaluated according to E/A and E/e’
was reduced under cardiac lymphatic dysfunction,
and this effect could be suppressed by therapeutic
lymphangiogenesis.

DISCUSSION

Because of limitations regarding the visualization and
assessment of cardiac lymphatic vessels, research on
the cardiac lymphatic system has received very little
attention in the past decade. However, the impor-
tance of this little-understood system has come into
the limelight in recent years, resulting in a burst of
studies.'®?' These studies have demonstrated that
the cardiac lymphatic network plays an important
role in the regulation of myocardial extracellular fluid
volume and cardiac immune cell homeostasis, mainly
in the setting of pathologic heart conditions.®** For
example, cardiac lymphatic vessels undergo rarefac-
tion and/or significant remodeling in various patho-
logic conditions, resulting in the loss of lymphatic
drainage function and the development of tissue
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edema.®?? In addition, clinical studies have reported
that patients with myocardial infarction and chronic
heart failure show marked remodeling of cardiac
lymphatics.?*2® These findings suggest the pivotal
role of the lymphatic system in the development of
cardiac diseases, yet little is known about whether a
disruption of cardiac lymphatics can induce severe
consequences in a quiescent physiologic condition.
We think that it is very important to know how car-
diac homeostasis is regulated by normal cardiac
lymphatic vessels. In the present study, we estab-
lished a new mouse cardiac lymphatic dysfunction
model by ablating precollective lymphatic vessels and
tested the impact of cardiac lymphatic dysfunction on
heart homeostasis.

Until recently, the lymphatic system has been
disregarded when considering patients with heart
failure with reduced ejection fraction.”” However,
lymphatic congestion, similarly to venous conges-
tion, is a hallmark of heart failure, and drives both the
manifestation of symptoms and adverse outcomes.
For example, increased central venous pressure sup-
pressed lymphatic drainage, thereby increasing fluid
retention in the cardiac interstitial space. In addition,
high tissue pressure results in the impairment of
lymphatic vessel integrity and increased vascular
permeability.”” Notably, a 3.5% increase in myocar-
dial fluids may lead to an approximately 30% to 40%
reduction in cardiac output.?”-*® Several studies have
shown that myocardial edema induced by selective
experimental obstruction of cardiac lymphatics
rapidly leads to cardiac systolic dysfunction in
dogs.?3° In addition, Wang et al*' showed that liga-
tion of the large lymphatic vessels together with
resection of the large cardiac lymph nodes resulted in
severe myocardial edema and fibrosis within the first
4 weeks after ligation in a rabbit model. However, the
degree of lymphatic obstruction and the direct rela-
tionship with cardiac diastolic function remained
unknown. The present study demonstrates for the
first time that both myocardial edema and fibrosis can
be induced by lymphatic vessel ablation, resulting in
cardiac diastolic dysfunction without remarkable
systolic dysfunction at 6 weeks after surgery in a
mouse model.

Lymphatic dysfunction and remodeling occur in
experimental models of multiple heart failure with
preserved ejection fraction (HFpEF)-associated
comorbidities.>*3* For example, diet-induced obesity
models showed reduced dermal lymphatic collecting
vessel pumping rates, as well as reduced lymphatic

capillary density with an accumulation of
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FIGURE 5 Cardiac Lymphangiogenesis Caused by ADRC Implantation Improved Cardiac Inflammation, Fibrosis, and Hypertrophy
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(A) Immunostaining with anti-lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) (green) and 4,6-diamidino-2-phenylindole (blue).
Scale bar 100 pm. (B) Quantitative analysis of the LYVE1-positive cells. (C) Quantification of lymphatic area. (D) Representative images of the
heart 6 weeks after ADRC implantation. (E and F) Heart weight to body weight (HW/BW) and heart weight to tibia length (HW/TL) ratios in the
3 groups. (G) Immunostaining with anti-F4/80 (red). (H) Quantitative analysis of the number of macrophages per field. (I) Masson's tri-
chrome staining (blue) of heart paraffin sections. (J) The percentage of fibrosis area per field. (K) Representative images of wheat germ
agglutinin staining (red). (L) Quantification of cardiomyocyte cross-sectional area and perimeter. Data are presented as mean + SEM (n = 5).
**P < 0.01; **P < 0.001 vs sham; *#P < 0.001 vs L+H; 1-way ANOVA and Tukey post hoc tests. Abbreviations as Figure 1.
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FIGURE 6 Expression of Cardiac Inflammatory, Fibrotic, and Hypertrophic Markers Was Decreased by ADRC-Induced Cardiac
Lymphangiogenesis
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(A) The mRNA expression levels of TNF-a, IL-1B, and IL-6 were assessed in the myocardium of sham-operated, L+H, and L+H+ADRC im-
plantation groups after 6 weeks (B) The mRNA expression levels of fibrosis mediation factors COL1A1, TGF-p, and Postn. (C) The mRNA
expression levels of sensitive markers of pathologic hypertrophy, namely f-MHC, TRPC6, RCAN-1, and CT-1, were decreased in the ADRC
implantation group. Data are presented as mean + SEM (n = 5). *P <0.05; **P <0.01; ***P <0.001 vs sham; **#*P < 0.001 vs L+H; 1-way
ANOVA and Tukey post hoc tests. Abbreviations as in Figures 1, 3, and 5.
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FIGURE 7 ADRC Implantation Improved Cardiac Diastolic Function Through Cardiac Lymphangiogenesis
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(A and B) There were no significant differences in ejection fraction (EF). (C) The IVS-D and LVPW-D trends. (D) Circulating B-type natriuretic
peptide (BNP) levels detected by enzyme-linked immunosorbent assay were improved after ADRC treatment. (E and G) Doppler (E/A ratio)
and tissue Doppler (¢’ velocity) profiles for the assessment of left ventricular diastolic function for the 4 groups 6 weeks after surgery (F) Ratio
of flow Doppler E-wave to A-wave amplitude. (H) Ratio of flow Doppler E-wave amplitude to tissue Doppler E’-wave amplitude. Data are
presented as mean + SEM (n = 5). ***P < 0.001 vs sham; *#*P < 0.01; #*#P < 0.001 vs L+H; 1-way ANOVA and Tukey post hoc tests.
Abbreviations as in Figures 1, 4, and 5.
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proinflammatory cells around lymphatic vessels.>*
However, there was no direct evidence that impair-
ment of the lymphatic system is a positive driver of
HFpEF development. One study demonstrated that
cardiac lymphatic obstruction could induce
depressed contractility, relaxation, and mild left
ventricular myocardial edema, but did not alter dia-
stolic stiffness or morphologic changes in a short
period.?° In the present study, however, we could
observe the HFpEF condition with cardiac morpho-
logic changes such as fibrosis, inflammatory cell
infiltration, and interstitial edema. Our results
revealed that lymphatic dysfunction could lead to
cardiac diastolic dysfunction via inducing the accu-
mulation of inflammatory cells, fibrotic change, and
hypertrophy resulting from the up-regulation of local
inflammatory cytokines (TNF-o, IL-1f, and IL-6),
profibrotic molecules (COL1A1, TGF-B, and Postn),
and hypertrophic signaling molecules (B-MHC,
TRPC6, RCAN-1, and CT-1) under both physiologic
and pathologic conditions. It has been reported that
cell therapy, including ADRC implantation, exerts
anti-inflammatory effects in pathologic conditions,
which itself is one of the mechanisms that contribute
to tissue repair and organ protection. For example,
ADRCs secrete prostaglandin E2 and switch the po-
larity of local macrophages from proinflammatory (M1
type) to anti-inflammatory (M2 type).>°> Here, the
therapeutic lymphangiogenesis by ADRCs was shown
to promote the drainage of inflammatory cells,
thereby indirectly ameliorating inflammation.
Importantly, therapeutic lymphangiogenesis with
ADRC implantation could ameliorate these pathologic
responses and restore cardiac function.

STUDY LIMITATIONS. There are several limitations in
this study. Primarily, left ventricular end-diastolic
pressure and exercise capacity in animals with
lymph ablations were not evaluated owing to the lack
of systems doing so in our laboratory. These both
represent important physiologic determinants of
HFpEF. A future study to evaluate these parameters
would be warranted.

CONCLUSIONS

We established a first-ever mouse model of cardiac
lymphatic dysfunction and demonstrated the crucial
role of cardiac lymphatic vessels in maintaining car-
diac homeostasis and diastolic function in both
physiologic and pathologic settings (Supplemental
Figure 4). These findings suggest that modulation of
the cardiac lymphatic system would be a novel ther-
apeutic target for HFpEF patients in the future.

Pu et al

Cardiac Lymphatic Vessels and Heart Homeostasis

ACKNOWLEDGMENTS The authors are grateful to the
staff from the Division of Experimental Animals at the
Nagoya University School of Medicine for assisting
with animal experiments. They thank Ms. Yoko Inoue
for her technical assistance.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This work was supported by Ministry of Education, Culture, Sports,
Science and Technology of Japan grant 19K17519 (Dr Shimizu) and a
Chukyo Longevity Medical and Promotion Foundation grant (Dr
Shimizu.). The authors have reported that they have no relationships
relevant to the contents of this paper to disclose.

ADDRESS FOR CORRESPONDENCE: Dr Yuuki
Shimizu, Department of Cardiology, Nagoya Univer-
sity Graduate School of Medicine, 65 Tsurumai,

Showa-ku, Nagoya 466-8550, Japan.
shimi123@med.nagoya-u.ac.jp.

E-mail:

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: For the terminal
stage of clinical heart failure, cardiac transplantation is one of
the last available therapeutic strategies. Although heart trans-
plantation involves complete vascular reconstruction, the
reconstruction of cardiac nerves and lymphatic vessels is not
considered. It therefore remains unclear whether the disruption
of nerves and lymphatic vessels affects both systolic and dia-
stolic function of the transplanted heart and the eventual
engraftment rate. After heart transplantation, immunologic
rejection, inflammation, and fibrosis are very important issues in
terms of not only the engraftment rate, but also functional
maintenance. In this study, we found that disruption of the car-
diac collecting lymphatics even in the normal heart could induce
inflammation and edema, resulting in myocardial hypertrophy
and diastolic dysfunction. In addition, promoting lymphangio-
genesis could alleviate these adverse changes and lead to car-
dioprotection. Taken together, the management of cardiac
lymphatic vessels in heart transplantation might be an important
additional strategy to improve outcomes.

TRANSLATIONAL OUTLOOK: At present, therapeutic options
are still limited for patients with HFpEF. A very recent clinical
study showed that a sodium-glucose cotransporter 2 inhibitor,
empagliflozin, can reduce heart failure events in HFpEF patients
(the EMPEROR-Preserved trial).>® However, the precise thera-
peutic mechanism of this SGLT2 inhibitor remains largely unclear.
The present study clearly suggests that cardiac lymphatic
insufficiency contributes to the development of myocardial
edema, inflammation, hypertrophy, and HFpEF status. Therefore,
future research to elucidate the potential effects of therapeutic
lymphangiogenesis on HFpEF conditions is warranted.
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