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Hydrogen Sulfide Attenuates Lymphedema
Via the Induction of Lymphangiogenesis
Through a PI3K/Akt-Dependent Mechanism
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BACKGROUND: Accumulating evidence suggests that hydrogen sulfide ( H,S ), an endogenously produced gaseous molecule,
plays a critical role in the regulation of cardiovascular homeostasis. However, little is known about its role in lymphangiogen-
esis. Thus, the current study aimed to investigate the involvement of H,S in lymphatic vessel growth and lymphedema resolu-
tion using a murine model and assess the underlying mechanisms.

METHODS AND RESULTS: A murine model of tail ymphedema was created both in wild-type mice and cystathionine y-lyase—
knockout mice, to evaluate lymphedema up to 28days after lymphatic ablation. Cystathionine y-lyase—-knockout mice
had greater tail diameters than wild-type mice, and this phenomenon was associated with the inhibition of reparative lym-
phangiogenesis at the site of lymphatic ablation. In contrast, the administration of an H,S donor, diallyl trisulfide, ameliorated
lymphedema by inducing the formation of a considerable number of lymphatic vessels at the injured sites in the tails. In vitro
experiments using human lymphatic endothelial cells revealed that diallyl trisulfide promoted their proliferation and differentia-
tion into tube-like structures by enhancing Akt (protein kinase B) phosphorylation in a concentration-dependent manner. The
blockade of Akt activation negated the diallyl trisulfide—induced prolymphangiogenic responses in lymphatic endothelial cells.
Furthermore, the effects of diallyl trisulfide treatment on lymphangiogenesis in the tail ymphedema model were also negated
by the inhibition of phosphoinositide 3’-kinase (P13K)/Akt signaling.

CONCLUSIONS: H,S promotes reparative lymphatic vessel growth and ameliorates secondary lymphedema, at least in part,
through the activation of the Akt pathway in lymphatic endothelial cells. As such, H,S donors could be used as therapeutics
against refractory secondary lymphedema.
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dysfunction caused by inadequate lymphatic drain-

age, occurs after lymph node dissection during
surgery or radiation therapy of cancers such as breast
and pelvic cancers.? This lymphedema is clinically chal-
lenging not only in terms of appearance but also in terms
of poor quality of life because of limb dysfunction, devel-
opment of skin ulcers, recurring pain, and infection (cel-
lulitis). In the future, secondary lymphedema is expected

Secondary lymphedema, resulting from lymphatic

to become more prevalent among patients with cancer
because of the extensive use of radical surgery and in-
creased life expectancy of cancer survivors."? Current
therapies are mainly focused on physical/symptomatic
treatments, such as lymphatic drainage massage, wear-
ing elastic stockings, and skin care; however, a funda-
mental treatment with a highly recommended class is
still lacking." Therefore, the development of a new ther-
apy for refractory lymphedema is warranted. Therapeutic
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CLINICAL PERSPECTIVE

What Is New?

e \Validation with genetically cystathionine v-
lyase—deficient mice showed that low hydrogen
sulfide (H,S) levels cause reduced lymphangi-
ogenesis and exacerbation of lymphedema in a
mouse model of lymphedema.

e Administration of the H,S donor diallyl trisulfide
was shown to increase H,S concentrations and
promote lymphatic endothelial cell proliferation,
migration, and tube formation, leading to thera-
peutic lymphangiogenesis.

® The mechanism of H,S-mediated lymphangiogen-
esis indicates involvement of (phosphoinositide
3’-kinase (P13K))/Akt (protein kinase B) signaling.

What Are the Clinical Implications?

* H,S was suggested to be a molecular target in
therapeutic lymphangiogenesis.

e Administration of diallyl trisulfide, an H,S donor,
could be a therapeutic strategy for secondary
lymphedema with no fundamental treatment.

Nonstandard Abbreviations and Acronyms

CSE cystathionine y-lyase
DATS  diallyl trisulfide

LEC lymphatic endothelial cell
POD postoperative day

lymphangiogenesis is an emerging treatment strategy
to reconstruct the fragmented lymphatic network and
thereby reinstate lymphatic function.

In recent years, hydrogen sulfide (H,S) , which ex-
ists only in trace amounts within the body, has been
shown to play an important role in both physiological
and pathological events, in a manner similar to other
gaseous molecules such as NO and CO.* H,S is pro-
duced by 3 enzymes, cystathionine y-lyase (CSE), cys-
tathionine B-synthase, and 3-mercaptopyruvate sulfur
transferase. The expression of cystathionine -synthase
is located in the brain, and expression of CSE is located
in smooth muscle, including in the vascular system,
portal vein, and ileum, and of 3-mercaptopyruvate sul-
fur transferase in neurons and vascular endothelium.®8
These enzymes help maintain the physiological levels
of H,S for organ homeostasis.” In addition, organic sul-
fides, such as diallyl trisulfide (DATS), which is present
in high concentrations in garlic, interact readily with thiol
groups or thiol-containing compounds (eg, glutathione)
found in biological systems to exogenously gener-
ate free H,S.2 Growing studies on H,S for combating
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cardiovascular diseases have demonstrated its cardi-
oprotective effects. For instance, the benefits of H,S
have been elucidated in models such as pressure-
overload heart failure models,® myocardial ischemia—
reperfusion injury models,'® and endoplasmic reticulum
stress-reducing effect in high-fat diet models,'"? sug-
gesting it is a potential therapeutic target. H,S has also
been demonstrated to promote angiogenesis, thereby
restoring blood flow in ischemic limbs.®* Meanwhile,
the effect of H,S on lymphangiogenesis is still unclear.

Accordingly, this study aimed to investigate the effect of
H,S on lymphangiogenesis. Furthermore, we explored the
possibility of therapeutic lymphangiogenesis in a mouse
tail ymphedema model using DATS, an H,S donor.

METHODS

Materials and methods are available within the article
or supplemental material. The data, analytic methods,
and study materials used in this study are available from
the corresponding author upon reasonable request.

Animal Care

All procedures for animal care and study were ap-
proved by the Animal Ethics Review Board of Nagoya
University School of Medicine. Our study conformed
to the guidelines from the 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. C57BL/6J male mice were obtained from
Charles River Laboratories Japan (Kanagawa, Japan)
and used as wild-type (WT) mice. CSE-knockout (KO)
mice, generated in a C57BL/6J background, were
provided by Professor Isao Ishii.”® H,S is produced
not by a single cell but by multiple cells in the body.
Furthermore, because H,S is a gas, it can easily pass
between cells regardless of the origin. Therefore, we
did not use the tissue-specific CSE-KO mice; we used
the global CSE-KO mice in this study. We used only
male rats in the present in vivo studies as described
in the Council on Arteriosclerosis, Thrombosis, and
Vascular Biology statement because sex difference
is considered a biological variable.'® Mice were ran-
domly assigned to experimental groups. All mice were
anesthetized with a combination of hydrochloric acid
medetomidine (0.3mg/kg), midazolam (4 mg/kg), and
butorphanol tartrate (5 mg/kg) before the surgical pro-
cedure. Cervical dislocation under anesthesia was per-
formed as a strategy for euthanasia.

Mouse Tail Lymphedema Model

WT and CSE-KO male mice (8—10 weeks old) were sub-
jected to ablation of the tail surface lymphatic network
by means of surgery under anesthesia, as described
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previously.'”'8 In brief, a 2-mm-wide circumferential an-
nulus of the skin, 10mm distal to the tail base, except
for a 2-mm-square dermal flap located at the ventral
side, was excised from the tail using a cautery knife
(CHANGE-A-TIP Deluxe Low-Temperature Cautery
Kit).""'® The subcutaneous lymphatic vessels were dis-
turbed by this operation. Our model damaged not only
capillary levels of lymphatic vessels but also collect-
ing vessels existing on both sides of the mouse tail. In
some mice, DATS was intraperitoneally injected once
a day up to postoperative day (POD) 10, as described
below. The extension of lymphedema was evaluated
as tail diameter at a site 1 cm distal from the lymphatic
segmentation site, as previously described.!”

Immunohistochemistry

Frozen sections were prepared from the tail at 28 days
after the ablation surgery. The 8-um-thick sections
were fixed in 4% paraformaldehyde, washed twice with
PBS, and blocked with 0.5% FBS albumin at room
temperature for 1 hour. Sections were then incubated
with primary antibodies, anti-LYVE-1 (lymphatic ves-
sel endothelial hyaluronan receptor 1) (1:125; Acris)
or phospho-Akt (or Protein kinase B) (Cell Signaling
Technology, CST; number 4060, 1:400), and anti-
mouse podoplanin (1:250; R&D Systems) antibodies,
at 4 °C overnight, followed by incubation with second-
ary antibodies, Alexa-Fluor 488-conjugated anti-rabbit
(1:1000; Thermo Fisher Scientific) and Alexa-Fluor
594-conjugated anti-goat (1:1000; Thermo Fisher
Scientific) antibodies, respectively, at room tempera-
ture for 1 hour.'®2" The capillary density of lymphatic
vessels was evaluated as LYVE-1 and podoplanin
double-positive cells per field by previously estab-
lished methods.’ 92! The nuclei were stained using
4’ 6-diamidino-2-phenylindole (1:1000; Dojindo), and
macrophages were detected by phycoerythrin-labeled
anti-mouse F4/80 monoclonal antibody (1:1000;
BioLegend). Images were visualized using a BZ-X710
fluorescent microscope (KEYENCE), with a x20 objec-
tive lens. Positive cells per field were counted.

Preparation and Handling of DATS/
Wortmannin/LY294002

For in vivo experiments, DATS was dissolved in 100%
DMSO and diluted to a dosage of 100ug/kg per
day with sterile saline. We intraperitoneally injected
DATS (with/without wortmannin, 1 mg/kg per day) for
10days after lymphedema surgery.'® For in vitro ex-
periments, DATS (in DMSQO) and a reduced form of L-
glutathione-SH (GSH) were diluted to concentrations
of 10 or 100umol/L and 2mmol/L, respectively, with
endothelial cell growth basal medium (EBM-2; Lonza)."®
In some experiments, wortmannin (10nmol/L) or
LY294002 (50 umol/L) was added into the medium.®'®

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

Hydrogen Sulfide Promotes Lymphangiogenesis

Measurement of H,S

Free H,S levels in the tail tissues and the serum samples
from lymphedema mice at POD 7 were measured by
using an OxiSelect Free Hydrogen Sulfide Gas Assay
Kit (Cell Biolabs). This kit was also used to measure
H,S levels in cell lysates from human lymphatic
microvascular endothelial cells, treated with DATS and
GSH, following the manufacturer’s instructions.

Cell Culture

Lymphatic endothelial cells (LECs) (human lymphatic
microvascular endothelial cells) were purchased from
Lonza. Cells were maintained in with Microvascular
Endothelial Cell Growth Medium-2 Bullet Kit (EGM-
2MV; Lonza)."”

Tube Formation Assay

LECs were cultured in EGM-2MV until 90% confluency;
the culture medium was then changed to EBM-2 with
0.5% FBS for serum starvation. After overnight starva-
tion, the cells were reseeded onto a 6-well plate coated
with Matrigel (Becton Dickinson, Bedford, MA) at 2x10*
cells per well in EBM-2 with 0.5% FBS medium.?? The
cells were incubated at 37 °C for 6hours with DATS
or vehicle, and morphological changes of LECs were
microscopically analyzed in 3 different fields per well.
Tube formation was assessed by the average of total
tube lengths formed in the 3 fields per sample using
Image J software (version 1.51).%2

Proliferation Assay

Cells were cultured on a 96-well tissue culture plate,
stimulated with DATS, and incubated with the water
soluble tetrazolium salts-1 (WST-1) reagent in the
Premix WST-1 Cell Proliferation Assay System (Takara
Bio) for 6hours,?%?? using a scanning multiwell spec-
trophotometer (440nm; reference, 600nm). The ab-
sorbance at 440nm (with reference at 600nm) was
measured using a scanning multiwell spectrophotom-
eter, which correlates to the viable cell numbers.

Migration Assay

Cell migration assay was performed using 3-mm pore
size Costar transwell migration chambers (Corning) in
24-well plates. LECs (4x10* cells/100uL) in EBM-2
with 0.5% FBS and DATS or vehicle were seeded
on the top of the chamber membrane. One-tenth of
the concentration of EGM-2MV was placed in the
lower chamber wells, and the cells were incubated for
8hours.?? Cells were then fixed with 3% paraformalde-
hyde for 15minutes at room temperature and stained
with 0.1% 4',6-diamidino-2-phenylindole for 3minutes.
The stain was rinsed off thoroughly with PBS. Cells
that remained on top of the migration chamber were
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removed by gentle swabbing using a cotton tip, and
the stained cells that adhered to the bottom of the
chamber membrane were counted. The numbers of
cells in 5 random fields at x200 magnification for each
migration chamber membrane were counted.

Western Blot Analysis

Tail samples collected from each experimental group at
POD 7 were homogenized, and lysates were prepared for
Western blot experiments. For in vitro study, LECs were
collected at 30minutes posttreatment with DATS and
GSH, homogenized, and cell lysates were prepared.’®
Western blot analysis was performed as previously de-
scribed, using antibodies against phospho-Akt (Akt-
pSer47s, CST, number 4060S, 1:2000), total-Akt (CST;
number 9272S, 1:1000), prospero homeobox protein
1 (PROX1) (CST; number 14963, 1:1000), phospho-
Erk1/2 (p44/42 MAPK) (CST; number 4370, 1:1000),
total-Erk (CST; number 4695, 1:1000), Glyceraldehyde-
3-phosphate dehydrogenase (CST, number 2118S,
1:1000), and B-actin (CST; number 3700S, 1:1000).'823

Isolation of RNA and Real-Time Reverse
Transcriptase—Polymerase Chain

Reaction

RNA was isolated by the RNeasy Micro Kit according
to the manufacturer’s instructions (Qiagen).?? Reverse
transcription was performed with 1 pg total RNA with
ReverTra Ace quantitative polymerase chain reaction RT
Master Mix (Toyobo) supplemented with DNase treat-
ment.?> Real-time reverse transcriptase—polymerase
chain reaction analysis of the vascular endothelial growth
factor-C (VEGF-C), vascular endothelial growth factor
receptor 3 (VEGFR3), and GAPDH was performed on
C1000 Thermal Cycler (Bio-Rad) using SYBR Green |
and the following conditions: 95 °C for 10minutes fol-
lowed by 40 cycles at 95 °C for 15seconds and 60 °C
for 45 seconds.?? The forward primer for mouse VEGF-C
was as follows: 5’- AACGTGTCCAAGAAATCAGCC -3/;
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the reverse primer: 5'- AGTCCTCTCCCGCAGTAATCC
-3’. The forward primer for human VEGFR3 was as
follows: 5’- CCTGAAGAAGATCGCTGTTC -3 the re-
verse primer: 5- GAGAGCTGGTTCCTGGAGAT-3'.
The forward primer for mouse GAPDH was as fol-
lows: 5’- ATGGTGAAGGTCGGTGTG -3’; the reverse
primer: 5- CACATTGGGGGTAGGAACAC -3'. The
forward primer for human GAPDH was as follows:
5'- TGGAGAATGAGAGGTGGGATG -3'; the reverse
primer: 5'- GAGCTTCACGTTCTTGTATCTGT -3'.

VEGF-C Measurements

The levels of VEGF-C were evaluated in the cell lysates
of LECs using an ELISA kit (Human VEGF-C Quantikine
ELISA Kit, number DVECOO; R&D Systems), according
to the manufacturer’s instructions.

Statistical Analysis

All data are expressed as mean+SEM. A Shapiro-Wilk
normality test was performed to evaluate data distri-
bution. Normally distributed data with 1 variable were
analyzed by the unpaired Student t test to evaluate the
statistical significance between the 2 groups. One-way
ANOVA, along with Tukey post hoc test, were used for
3 or more groups. We also used a 2-way repeated-
measures ANOVA (Sidak post hoc tests) to assess
the changes over time. Nonnormally distributed data
were analyzed by 2-tailled Mann-Whitney U test be-
tween 2 groups. GraphPad Prism software version 8.0
(GraphPad Software) was used. Values of P<0.05 were
considered statistically significant.?"??

RESULTS

H,S Deficiency Exacerbates Lymphedema
After the Ablation of Tail Lymphatic
Vessels

To determine if endogenous H,S modulates lymph-
edema, we subjected CSE-KO and WT mice to the

Figure 1. CSE deletion attenuates reparative lymphangiogenesis and deteriorates lymphedema after the ablation of tail

lymphatic vessels.

A, Free H,S levels in tail tissues of WT and CSE-KO mice. **P<0.01 vs WT by unpaired Student t test. B, Representative pictures of murine
tail ymphedema models. C, Changes in the tail diameters after the surgery. Data are mean+SEM (n=5 for WT-Sham; n=5 for CSE-KO-
Sham; n=7 for WT-Lymphedema; n=6 for CSE-KO-Lymph). *P<0.05 vs the respective WT-Lymph by 2-way ANOVA and Sidak’s post hoc
tests. D, Representative immunostaining images with anti-LYVE-1 (green) and anti-podoplanin (red) antibodies at disconnection sites
in lymphedema tail sections. White arrowheads indicate LY VE-1/podoplanin double-positive cells. E, Quantitative analysis of lymphatic
capillary density (LYVE-1/podoplanin double-positive cells). Bars: 100 um. Data are mean+SEM. *P<0.05 vs WT-Lymph by 1-way ANOVA
and Tukey post hoc tests. F, Representative immunostaining images with anti-F4/80 (red) at distal sites in lymphedema tail sections.
G, Quantitative analysis of F4/80* cells. Bars: 100 um. Data are mean+SEM. ****P<0.0001 vs WT-Sham and ##P=0.0005 vs WT-Lymph
by 1-way ANOVA and Tukey post hoc tests. H, Representative immunoblots against phospho-Akt (p-Akt)Se#73, total Akt (t-Akt), and
GAPDH (as loading controls). I, Quantitative analysis of immunoblots. Data are mean+SEM (n=7 each). ****P<0.0001 vs WT-Sham and
#P<0.001 vs CSE-KO-Lymph by 1-way ANOVA and Tukey post hoc tests. J, The expression of mMRNA VEGF-C in lymphedema tail. Data
are mean+SEM (n=5 each). *P<0.05 vs WT-Sham by 1-way ANOVA and Tukey post hoc tests. . Akt indicates protein kinase B; CSE,
cystathionine y-lyase; DAPI, 4',6-diamidino-2-phenylindole; H,S, hydrogen sulfide; KO, knockout; LYVE, lymphatic vessel endothelial
hyaluronan receptor 1; mRNA, messenger RNA; N.S., not significant; VEGF-C, vascular endothelial growth factor-C; and WT, wild-type.
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ablation of the tail surface lymphatic network. At POD
7, free H,S levels were 25.5% lower in the lymph-
edema tails of CSE-KO mice than those of WT mice
(Figure 1A). At POD 21, lymphedema was much more
apparent in the tails of CSE-KO mice (Figure 1B).
Lymphedema (as evaluated by tail diameters) was
significantly induced within a few days after the sur-
gery, most apparent around POD 14, and then slightly
remitted by POD 28 in both CSE-KO and WT mice.

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

However, CSE-KO mice exhibited more severe lymph-
edema than that in WT mice (Figure 1B and 1C).
Because the inhibition of reparative lymphangiogene-
sis at the sites of lymphatic dysfunction is associated
with the deterioration of lymphedema, we assessed the
lymphatic capillary density by immunostaining with LEC
markers, LYVE-1 (green) and podoplanin (red), in the tail
sections (Figure 1D). Quantitative analysis of LYVE-1/
podoplanin double-positive cells demonstrated that
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lymphatic capillary density in lymphedema tails at POD
28 was 53.6% lower in CSE-KO mice than that in WT
mice (Figure 1E). Accumulation of local macrophages
detected as F4/80 positive cells increased in the edem-
atous tissue of CSE-KO mice compared with WT mice
(Figure 1F and 1G). Phosphoinositide 3'-kinase (PI3K)/
Akt signaling is known to regulate lymphangiogene-
sis under pathological conditions.?* Qur analysis re-
vealed that Akt phosphorylation (at Ser473) levels were
highly upregulated in the lymphedema tails of WT mice
but not in those of CSE-KO mice (Figure 1H and 1l).
However, VEGF-C expression was not downregulated
in CSE-KO mice compared with WT mice in lymph-
edema tissue (Figure 1J).

DATS Treatment Enhances H,S Levels to
Promote Reparative Lymphangiogenesis
and Improves Lymphedema In Vivo

Next, we investigated whether H,S could modulate
lymphedema using the H,S donor DATS. DATS treat-
ment (100 ug/kg per day) increased free H,S levels in
blood circulation (Figure 2A), and more markedly, in
lymphedema tail tissues (Figure 2B). Compared with
the (vehicle) control mice, DATS-treated mice showed
significant improvements in lymphedema (at POD
21 and POD 28) (Figure 2C and 2D). Interestingly,
DATS treatment also improved lymphedema in CSE-
deficient lymphedema mice (Figures S1A and S1B).
Immunostaining with LEC markers revealed the in-
creased LEC density in injured tissues with DATS treat-
ment (Figures 2E and 2F). In addition, the lymphatic
vessels distal to the skin incision were markedly dilated
(for the congestion of lymphatic fluids) in a nontreated
control group, whereas dilatation was not evident in
the DATS-treated group (Figures 2G and 2H), suggest-
ing the satisfactory drainage of lymphatic fluid in this
group. Furthermore, F4/80 staining of tail sections re-
vealed that macrophages infiltrated the subcutaneous
tissues of lymphedema in the control animals, which
was ameliorated by DATS treatment (Figure 21 and 2J).

Hydrogen Sulfide Promotes Lymphangiogenesis

Although phosphorylation of Akt was augmented by
DATS treatment after lymphatic ablation (Figures 2K
and 2L), VEGF-C expression was not changed be-
tween those 2 groups (Figure 2M).

Addition of DATS Augments
Lymphangiogenesis In Vitro

DATS treatment (100 umol/L) also increased free H,S
levels in LECs (Figure 3A). In addition, DATS augmented
the proliferation of LECs in a dose-dependent manner
(Figure 3B) as well as differentiation into a capillary-like
structure (Figure 3C). Quantitative analysis revealed that
DATS induced 1.82 times increase in total tube length
(Figure 3D). DATS treatment upregulated Akt phosphor-
ylation in LECs in a concentration-dependent manner
(Figure 3E and 3F), and PROX1 was also upregulated
by DATS in the same manner (Figure 3G). VEGF-C lev-
els and VEGFRS3 expression in LECs were not changed
after DATS treatment (Figure 3H and Figure S2A).
Furthermore, DATS also upregulated Akt phosphoryla-
tion in LECs in a time-dependent manner (Figure 3l and
3J), followed by PROX1 upregulations (Figure 3K).

Akt Signaling Is Crucial for DATS-Induced
Responses in LECs

As noted, PIBK/Akt signaling is associated with
the regulation of lymphangiogenesis under patholog-
ical conditions. Therefore, we further investigated the
role of PIBK/Akt in mediating the DATS-induced pro-
liferation of LECs. For these experiments, LECs were
treated with DATS in the presence or absence of the
PI3K inhibitor, wortmannin. Western blot analysis
demonstrated that wortmannin negated the DATS-
induced phosphorylation of Akt (Figure 4A and 4B), as
well as the DATS-induced migration and proliferation
of LECs (Figure 4C and 4E). In addition, LY294002
also demonstrated that proliferation ability and migra-
tion ability in LECs were reduced by the inhibition of
PIBK-Akt signaling in DATS-induced lymphangiogene-
sis (Figures S3). Collectively, these results indicate that

Figure 2. DATS augments lymphangiogenesis in murine tail ymphedema.

A and B, Free H,S levels in blood (A) and tail tissues (B) in DATS-treated and (vehicle-treated) control (Cont) groups. Data are mean+SEM
(n=7 each). *P<0.05 and ***P<0.001 vs control by 2-tailed Mann-Whitney U test. C, Representative pictures of murine tail lymphedema
models. D, Changes in tail diameters after the surgery. Data are mean+SEM (n=10 for Sham-[Vehicle] Control; n=10 for Sham-DATS; n=11
for Lymph-[Vehicle] Control; n=10 for Lymph-DATS). *P<0.05 and **P<0.01 vs the respective WT by 2-way ANOVA and Sidak post hoc
tests. E, Representative immunostaining images with anti-LYVE-1 (green) and anti-podoplanin (red) antibodies at the disconnection sites of
lymphedema tail sections. F, Quantitative analysis of lymphatic capillary density (LYVE-1/podoplanin double-positive cells). Bars: 100 um.
*P<0.05 vs Lymph-Control by 1-way ANOVA and Tukey post hoc tests. G, Representative immunostaining images with anti-LYVE-1 (green)
and anti-podoplanin (red) at distal sites of lymphedema tail sections. H, Quantitative analysis of lymphatic lumen areas. Bars: 100 um.
***P<0.001 vs control by 2-tailed Mann-Whitney U test. |, Representative immunostaining images with anti-F4/80 (red) at the distal sites of
lymphedema tail sections. J, Quantitative analysis of F4/80-positive cells. Bars: 100 um. ***P<0.001 vs Lymph-Control by 1-way ANOVA
and Tukey post hoc tests. K, Representative immunoblots of p-Akt, Akt, and GAPDH. L, Quantitative analysis of immunoblots. Data are
mean+SEM (n=5 each). **P<0.01 vs Sham-Control and #*P<0.01 vs Lymph-DATS by 1-way ANOVA and Tukey post hoc tests. M, The
expression of mMRNA VEGF-C in lymphedema tail with/without DATS treatment. Data are mean+SEM (n=5 each). ****P<0.0001 vs Sham-
Control by 1-way ANOVA and Tukey post hoc tests. Akt indicates protein kinase B; Cont, control; DAPI, 4’,6-diamidino-2-phenylindole;
DATS, diallyl trisulfide; H,S, hydrogen sulfide; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; mRNA, messenger RNA,;
N.S., not significant; p-Akt, phospho-Akt; t-Akt, total Akt; VEGF-C, vascular endothelial growth factor-C; and WT, wild-type.
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PIBK-Akt signaling is required for LEC responses to
DATS in vitro.

Role of Akt Signaling in Lymphangiogenic
Responses to DATS In Vivo

Finally, we examined whether Akt is required for the in vivo
activity of DATS on lymphedema. For these experiments,
we intraperitoneally injected wortmannin or vehicle to

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

DATS-treated lymphedema mice. Wortmannin was found
to negate DATS-induced improvements in lymphedema
(Figure 5A and 5B), lymphangiogenesis (Figures 5C and
5D), and macrophages infiltration (Figures 5E and 5F).
Wortmannin treatment canceled DATS-induced phos-
phorylation of Akt in lymphedema tissues (Figures 5G
and 5H). These results collectively suggest that the in vivo
therapeutic effects of DATS on lymphedema are, at least
in part, dependent on its ability to modulate Akt activity.
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Figure 3. DATS promotes lymphatic endothelial cell proliferation, tube-like structure formation,
and Akt phosphorylation.

A, Free H,S levels in LECs treated with/without DATS. Data are mean+SEM (n=6 each). *P<0.05 vs control
by Student t test. B, WST-1 proliferation assay of LECs in response to DATS (n=7 each). ***P<0.0001
vs Oumol/L, ##P<0.0001 vs 10umol/L by 1-way ANOVA and Tukey post hoc tests. C, Representative
images of DATS-induced tube formation in LECs. D, Quantitative analysis of total tube lengths. Data are
mean+SEM (n=10 each). ***P<0.001 vs control by Student t test. E, Representative immunoblots of p-Akt,
Akt, PROX1, B-Actin, and GAPDH after DATS treatment. F, Quantitative analysis of Akt phosphorylation.
Data are mean+SEM (n=7 each). **P<0.01 vs Oumol/L and #*P<0.05 vs 10umol/L by 1-way ANOVA and
Tukey post hoc tests. G, Quantitative analysis of PROX1. Data are mean+SEM (n=5 each). **P<0.01 vs
Oumol/L and #*#P<0.01 vs 10umol/L by 1-way ANOVA and Tukey post hoc tests. H, Level of VEGF-C
concentration in LECs after DATS treatment detected by an ELISA kit. Data are mean+SEM (n=6 for each).
I, Representative immunoblots of p-Akt, Akt, PROX1, and GAPDH at sequential time points after DATS
treatment. J, Quantitative analysis of Akt phosphorylation. Data are mean+SEM (n=5 each). **P<0.01 and
"P<0.001 vs Ominutes by 1-way ANOVA and Tukey post hoc tests. K, Quantitative analysis of PROX1.
Data are mean+SEM (n=5 each). *P<0.05 and “"P<0.001 vs Ominutes by 1-way ANOVA and Tukey post
hoc tests. Akt indicates protein kinase B; DATS, diallyl trisulfide; H,S, hydrogen sulfide; LECs, lymphatic
endothelial cells; N.S., not significant; p-Akt, phospho-Akt; PROX1, prospero homeobox protein-1; t-
Akt, total Akt; VEGF-C, vascular endothelial growth factor-C; and WST-1, water soluble tetrazolium salts-1.

DISCUSSION levels, reduced lymphangiogenesis, and exacerbated

lymphedema in a murine model of tail lymphedema.
The major findings of the present study are as follows: (2) The systemic administration of the H,S donor,
(1) the genetic deletion of CSE in mice caused low H,S DATS, to WT mice increased H,S levels and enhanced

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889 8
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Figure 4. PI3K/Akt signaling participates in lymphatic vessel responses to DATS in vitro.

A, Representative immunoblots of p-Akt and Akt after DATS treatment without/with wortmannin. B,
Quantitative analysis of Akt phosphorylation. Data are mean+SEM (n=5 for each). *P<0.05 vs control and
#P<0.05 vs DATS by 1-way ANOVA and Tukey post hoc tests. C, Representative images of DAPI-stained
migrating cells. Bars: 100um. D, Quantitative analysis of migrating cells. Data are mean+SEM (n=6 for each).
**P<0.001 and ***P<0.0001 vs control and #*P<0.05 vs DATS by 1-way ANOVA and Tukey post hoc tests. E,
WST-1 proliferation assay of LECs in response to treatments with DATS or DATS+wortmannin (n=8 for each).
***P<0.0001 vs control and #P<0.01 vs DATS by 1-way ANOVA and Tukey post hoc tests. Akt indicates
protein kinase B; Cont, control; DATS, diallyl trisulfide; DAPI, 4’,6-diamidino-2-phenylindole; p-Akt, phospho-
Akt; PI3K, phosphoinositide 3’-kinase; t-Akt, total Akt; and WST-1, water soluble tetrazolium salts-1.

lymphangiogenesis, with subsequent improvements in
lymphedema. (3) DATS treatment enhanced the in vitro
proliferation, migration, and tube formation of LECs. (4)
Inhibition of the PI3K-Akt signaling pathway partially
negated the DATS-mediated lymphangiogenesis, both
in vitro and in vivo.

Lymphedema is a pathological condition character-
ized by excessive interstitial edema of the extremities
because of lymphatic insufficiency, resulting in der-
matopathological morbidity, such as increased limb
girth, fibrosis, inflammation, and abnormal fat depo-
sition.? Although it is initially reversible, lymphedema
often develops into a chronic, irreversible, lifelong
complication. In recent studies, =1 out of 7 patients
treated for cancer is reported to experience a cer-
tain state of lymphedema, and the prevalence is ex-
pected to increase in proportion to the extended life
expectancy of cancer survivors.? However, the disease
onset is difficult to control because it often manifests
several years after surgery. Treatment options include
conservative physical strategies, such as combined
decongestive therapy (eg, compression garments),
intermittent pneumatic compression, and newer sur-
gical interventions, including liposuction for end-stage
disease, all of which remain coping strategies.! In con-
trast, therapeutic lymphangiogenesis reconstructs the

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

lymphatic network once it has been dissected, and is
expected to be a fundamental treatment for secondary
lymphedema.32

Lymphatic vessels run through organs in the whole
body, like blood vessels, and drain lymph fluid from
intercellular spaces to regulate tissue edema, inflam-
matory cell infiltrations, levels of proteins, and lipids.?®
Therefore, they play a pivotal role in maintaining tis-
sue homeostasis and in monitoring various immune
reactions.?® In contrast, recent findings suggest that
lymphatic vessels play an important role in the patho-
genesis of multiple inflammatory diseases and in the
regeneration process of damaged tissues.?” For in-
stance, it is known that the insufficient formation or
dysfunction of lymphatic vessels exacerbates patho-
logical conditions.'®2"28 Conversely, lymphangiogen-
esis can accelerate wound healing and subsequently
maintain organ functions by improving inflammation
and inhibiting fibrosis during the extreme phase of
pathological conditions.'9212930 Thus, therapeutic
lymphangiogenesis is a promising strategy for pro-
moting reparative lymphangiogenesis of endoge-
nous ecological responses to improve pathological
conditions, such as ischemic heart disease, critical
ischemic limb, and lymphedema. The supplementa-
tion of lymphangiogenesis-promoting factors or cell
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transplantation to promote lymphangiogenesis pro-
tects from tissue damage and augments the tissue
regeneration process.!19:21

H,S has been reported to promote angiogenesis
in various models including the Matrigel plugs assay,
myocardial ischemia—reperfusion injury, and hindlimb
ischemia models.'®-3% However, little is known about
the effect of H,S on lymphangiogenesis. To our knowl-
edge, the present study is the first to provide novel

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

evidence that H,S could promote lymphangiogenesis,
both in vivo and in vitro.

H,S is primarily synthesized by enzymatic meth-
ods. Three enzymes, cystathionine @-synthase, CSE,
and 3-metacaptopyruvate sulfotransferase, perform
the synthesis.” CSE, in particular, is found mainly in the
cardiovascular system and plays an important role in
H,S-induced cardiovascular protection. Both cystathi-
onine B-synthase and CSE interact with L-cysteine to
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Figure 5. Inhibition of PI3K/Akt pathway partially impedes DATS-induced lymphangiogenesis in vivo.

A, Representative pictures of tail lymphedema in mice administered with Vehicle, DATS, Wortmannin, and DATS+Wortmannin
in lymphedema models. B, Changes in tail diameters after the surgery. Data are mean+SEM (n=9 for Lymph-Control, Lymph-
Wortmannin, Lymph-DATS, and Lymph-DATS+Wortmannin; n=5 for Sham-[Vehicle] Control, Sham-Wortmannin, and Sham-
DATS+Wortmannin). *P<0.05 and **P<0.01 vs respective Lymph-(Vehicle) Control; #P<0.05 and #*#P<0.01 vs respective Lymph-DATS
by 2-way ANOVA and Sidak post hoc tests. C, Representative immunostaining images with anti-LYVE-1 (green) and anti-podoplanin
(red) antibodies at the lymphatic disconnection sites in lymphedema tails. D, Quantitative analysis of lymphatic capillary density
(LYVE-1/podoplanin double-positive cells). Bars: 100um. Data are mean+SEM (n=11 for each). **P<0.01 vs control and #P<0.05
vs DATS samples by 1-way ANOVA and Tukey post hoc tests. E, Representative immunostaining images with anti-F4/80 (red) at
distal sites of lymphedema tail sections. F, Quantitative analysis of F4/80-positive cells. Bars: 100 um. ***P<0.001 vs control and
#P<0.05 vs DATS by 1-way ANOVA and Tukey post hoc tests. G, Representative immunoblots of p-Akt, Akt, and GAPDH after DATS
without/with wortmannin treatment. H, Quantitative analysis of Akt phosphorylation. Data are mean+SEM (n=4 each). ****P<0.0001
vs Sham-Control, ###P<0.0001 vs Lymph-Control, and T71T1P<0.0001 vs Lymph-DATS by 1-way ANOVA and Tukey post hoc tests.
Akt indicates protein kinase B; Cont, control; DAPI, 4',6-diamidino-2-phenylindole; DATS, diallyl trisulfide; D+W, DATS+Wortmannin;
LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; p-Akt, phospho-Akt; PI3K, phosphoinositide 3’-kinase; t-Akt, total Akt;

and Wor, Wortmannin.

produce H,S; L-serine and ammonium are produced
as by-products, which are assumed to influence H,S
regulation throughout body tissues.” Here, we demon-
strated that CSE-KO mice displayed impairment of
reparative lymphangiogenesis, resulting in worsened
lymphedema. In addition, DATS-induced increase in
H,S levels can elicit lymphangiogenesis for the ame-
lioration of lymphedema. These findings suggest that
H,S acts as an endogenous enhancer of lymphatic
vessel formation in response to tissue injury and exerts
a salutary action on the lymphatic vasculature. DATS is
an organic polysulfide found in garlic oil; it liberates H,S
under physiological conditions.® In the current study,
the chronic administration of DATS protected against
the adverse remodeling associated with lymphatic in-
jury by increasing circulating and local sulfide levels.
Specifically, we found that DATS treatment augmented
reparative lymphangiogenesis, and attenuated the de-
velopment of interstitial fluid accumulation and local in-
flammation, and thereby secondary lymphedema.

H,S modulates the PI3K/Akt pathway in multi-
ple cells.>*87 For instance, H,S exerts cardioprotec-
tion against ischemia-reperfusion injury and against
pressure-overload heart failure models via Akt phos-
phorylation.®83° H,S has also been reported to modu-
late PIBK-Akt signaling in vascular smooth muscle cells
against high glucose-induced apoptosis.*® H,S also
activates the PI3K/Akt signaling and exerts its function
in vascular endothelial cells.?3%4142 |n addition, DATS
was reported to activate the PIBK/Akt signaling, which
plays an important role in the process of reparative an-
giogenesis.'>*3 To our knowledge, the present study is
the first to demonstrate that H,S activates the PI3K/Akt
pathway in LECs, similar to other cell types.

The Akt pathway regulates various cellular functions
via phosphorylation.?* For example, it is well known that
Akt activates mechanistic/mammalian target of rapamy-
cin complex 1 by inhibiting tuberous sclerosis complex
2 and promotes cell proliferation by initiating translation
and ribosome biogenesis.**4% Akt can also inactivate
cyclin-dependent kinase inhibitors such as p21 and

J Am Heart Assoc. 2022;11:026889. DOI: 10.1161/JAHA.122.026889

p27 and regulate the promotion of cell cycle progres-
sion.*® In addition,Akt-related signals contribute to the
augmentation of migration and tube formation ability in
endothelial cells and promote angiogenesis in multiple
ways. Therefore, it has been suggested that the PIBK/
Akt signaling also plays an important role in lymphatic
vessel architecture (including lymphangiogenesis) by
regulating these downstream signals in LECs.*"#8 In our
current study, blockading for H,S-induced Akt phos-
phorylation inhibited proliferative and migratory ability in
LECs. Furthermore, in vivo validation in a lymphedema
model showed that the lymphangiogenic effect, and
therapeutic effect against lymphedema, of H,S was at-
tenuated in the PI3K inhibitor-treated group, resulting in
an attenuation of the effect on lymphedema attenuation.
In summary, our findings suggest that the underlying
mechanism of the H,S-induced lymphangiogenesis was
mediated, at least in part, via the PIBK/Akt pathway.
Our data demonstrated that H,S did not modulate the
VEGF-C levels themselves in lymphedema in the CSE-
deficiency mice or the DATS-treated mice. In vascular
endothelial cells, H,S is known to promote angiogenesis
by sulfhydration and stabilizing the transcriptional factor
specificity protein 1 (Sp1), followed by enhancing vas-
cular endothelial growth factor receptor 2 (VEGFR2) sig-
naling.®”49% |t has also been reported that H,S acts on
the ATP-sensitive potassium channel to promote angio-
genesis. Collectively, although our experiments showed
that H,S did not regulate VEGFC expression in the
lymphedema model, it is possible that H,S may enhance
VEGFR3 signaling by a similar mechanism and activate
the PIBK/Akt pathway resulting in the PROX1 upregula-
tion in lymphatic endothelial cells, and promoting lymph-
angiogenesis in terms of proliferation, and tube formation
of LECs. Further experiments are needed in the future.
Our tail ymphedema models were well established
and used to test the therapeutic lymphangiogenesis
to date.'”'® Recently, other modified versions of the tail
lymphedema model leaving an intact collecting vessel
have been reported for analysis of functional changes
during disease progression.’’ We need to test the
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effect of H,S on this new model and evaluate if the
functional lymphatic vessels were constructed by ther-
apeutic lymphangiogenesis for future studies.

In conclusion, H,S promotes reparative lymphan-
giogenesis and ameliorates secondary lymphedema,
at least in part via PIBK/Akt signaling. In addition,
therapeutic lymphangiogenesis using H,S donors like
DATS could be a therapeutic strategy for refractory
secondary lymphedema.
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Figure S1. DATS treatment ameliorates lymphedema in murine tail lymphedema of
CSE-KO mice. (A) Representative pictures of tail lymphedema in CSE-KO mice
administered with or without DATS. (B) Changes in the tail diameters after the surgery.
Data are mean = SEM (n = 8 for each). *P<0.05 vs the respective CSE-KO-Control by 2-
way ANOVA and Sidak’s post hoc tests.
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Figure S2. The reaction of VEGFR3 expression or Erk phosphorylation in LECs after
DATS treatment. (A) The expression of MRNA VEGFRS3 in LECs after DATS treatment.
Data are mean = SEM (n = 5 each). (B) Representative immunoblots of phospho-Erk and
total Erk after DATS treatment. (C) Quantitative analysis of Erk phosphorylation. Data are
mean = SEM (n = 4 each). ****P<0.0001 vs 0 uM and ##P<0.0001 vs 10 uM by 1-way
ANOVA and Tukey's post hoc tests.
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Figure S3. Inhibition of PI3K/Akt pathway with LY294002 partially impedes DATS-induced
lymphangiogenesis in vitro (A) WST-1 proliferation assay of LECs in response to treatments
with DATS or DATS + LY294002 (n = 6 for each). ****P<0.0001 vs control and #P<0.01 vs
DATS by 1-way ANOVA and Tukey's post hoc tests. (B) Representative images of DAPI-
stained migrating cells. (C) Quantitative analysis of migrating cells. Data are mean = SEM (n =
7 for each). ***P<0.001 vs control and ##P<0.001 vs DATS by 1-way ANOVA and Tukey's post

hoc tests.
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