
Pu. et.al. 

1 
 

Important role of concomitant lymphangiogenesis for reparative 
angiogenesis in hind limb ischemia 

 
Zhongyue Pu, M.D.1; Yuuki Shimizu, M.D., Ph.D.1; Kazuhito Tsuzuki, M.D.1; 
Junya Suzuki, M.D.1; Ryo Hayashida, M.D., Ph.D.1; Kazuhisa Kondo, M.D., 

Ph.D.1; Yusuke Fujikawa, M.D.1; Kazumasa Unno, M.D., Ph.D.1; Koji Ohashi, 
M.D., Ph.D.1; Mikito Takefuji, M.D., Ph.D.1; Yasuko K. Bando, M.D., Ph.D.1; 
Noriyuki Ouchi, M.D., Ph.D.1; John W. Calvert, Ph.D.2; Rei Shibata, M.D., 

Ph.D.1; Toyoaki Murohara, M.D., Ph.D.1 
 

1Department of Cardiology, Nagoya University Graduate School of Medicine, 
Nagoya, Japan 466-8550 

 
2Department of Surgery, Division of Cardiothoracic Surgery, Carlyle Fraser Heart 

Center, Emory University School of Medicine, Atlanta GA USA 
 

Running title: Role of lymphangiogenesis in hind limb ischemia 
 
Correspondence to: 
Yuuki Shimizu, MD, PhD. or Toyoaki Murohara, MD, PhD.  
Department of Cardiology, Nagoya University Graduate School of Medicine, 
65 Tsurumai, Showa-ku, Nagoya, 466-8550 Japan.  
Tel. +81-52-744-2147, Fax. +81-52-744-2138  
E-mail: shimi123@med.nagoya-u.ac.jp or murohara@med.nagoya-u.ac.jp 
 
Key Words: lymphangiogenesis; angiogenesis; tissue ischemia; 
adipose-derived regenerative cells; inflammation. 
 
Subject codes: basic, Vascular Biology 
Total word count: 7389 words 
Total number of figures are 5 (and 11 supplemental figures). 
 
TOC category-basic and translational 

 

mailto:shimi123@med.nagoya-u.ac.jp
mailto:murohara@med.nagoya-u.ac.jp


Pu. et.al. 

2 
 

Abstract 
Objective: Lymphatic vessels are distributed throughout the body and tightly 
collaborate with blood vessels to maintain tissue homeostasis. However, the 
functional roles of lymphangiogenesis in the process of reparative angiogenesis 
in ischemic tissues are largely unknown. Accordingly, we investigated potential 
roles of lymphangiogenesis using a mouse model of ischemia-induced 
angiogenesis. 
Approach and Results: Male C57BL/6J mice were subjected to unilateral hind 
limb ischemia, in which not only angiogenesis but also lymphangiogenesis was 
induced. Next, the excessive and prolonged tissue edema model significantly 
deteriorated reparative angiogenesis and blood perfusion recovery in ischemic 
limbs. Finally, implantation of adipose-derived regenerative cells (ADRCs) 
augmented ischemia-induced lymphangiogenesis, which was accompanied by 
reduced tissue edema and inflammation, resulting in improving reparative 
angiogenesis and blood perfusion recovery. In addition, inhibition of 
lymphangiogenesis by MAZ51, a specific VEGF-R3 inhibitor, resulted in 
enhanced inflammatory cell infiltration, gene expression of TNFα, IL-1β, IL-6, 
TGFβ, angiostatin, vasohibin, and endostatin, and tissue edema, resulting in 
reduced angiogenesis.  
Conclusions: The lymphatic system may have a clearance role of tissue edema 
and inflammation, which contribute to functional reparative angiogenesis in 
response to tissue ischemia. Modulation of lymphangiogenesis would become a 
novel therapeutic strategy for severe ischemic disease in addition to ordinary 
vascular intervention and therapeutic angiogenesis. 
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Abbreviations 
ADRCs: adipose-derived regenerative cells 
CLI: critical limb ischemia 
DMEM: Dulbecco’s modified Eagle’s medium 
EC: endothelial cell 
FBS: fetal bovine serum 
HLI: hind limb ischemia 
LDPI: Laser Doppler perfusion imaging 
LYVE-1: lymphatic vessel endothelial hyaluronan receptor 1  
PAD: peripheral artery disease 
POD: post-operative days 
qPCR: quantitative Polymerase Chain Reaction 
SVFs: stromal vascular fractions 
TNF: Tumor Necrosis Factor 
T2WI: T2 weighted Image 
VEGFR3: vascular endothelial cell growth factor receptor-3 
WBP: wound bed preparation 
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Introduction 
  Critical limb ischemia (CLI) represents a severe stage of peripheral artery 
disease (PAD) with pain at rest and/or ischemic ulcers or gangrene 1 2. CLI is a 
refractory condition that reduces the patients’ quality of life (QOL), leading to 
poor prognosis 2. Therefore, it is imperative to establish therapeutic strategies to 
prevent a progression to CLI in these patients 3. 

Augmentation of angiogenesis by administration of pro-angiogenic cytokines 
or by transplantation of stem/progenitor cells is an additional therapeutic option 
for severe ischemic diseases 4 5. We previously demonstrated that implantation 
of autologous bone marrow mononuclear cells (BM-MNCs) significantly 
improved ischemic symptoms and angiogenesis in patients with CLI6. More 
recently, we have shown that implantation of autologous adipose-derived 
regenerative cells (ADRCs) promoted angiogenesis and healing of ischemic 
ulcers in similar patients7.  
  In 2003, Schultz and co-workers first proposed the concept termed “wound 
bed preparation (WBP)” 8, which noted that excessive inflammation and edema 
of surrounding tissues are factors that hamper wound healing, and the 
management of WBP was a key to promote tissue regeneration and wound 
healing process 8 9. In this WBP, lymphatic vessels may function as the 
clearance system for extracellular fluid, inflammatory cytokines and cells 10 11. 
Thus, this system may be necessary and important for angiogenic recovery after 
severe ischemic insult. However, the role of lymphangiogenesis in a reparative 
angiogenesis in ischemic tissue is largely unknown. 
  Accordingly, we investigated the potential role of lymphangiogenesis in 
reparative angiogenesis using a well-established mouse model of hindlimb 
ischemia. We further examined the role of concomitant lymphangiogenesis 
during ADRC-mediated therapeutic angiogenesis.   
 
 
Materials and Methods 
Materials and Methods are available in the manuscript or online-only 
Supplemental File. The data, analytic methods, and study materials of this study 
are available from the corresponding author upon reasonable request. 
 
Animal Care 
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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. Male 
C57BL/6J mice (age, 8 to 10 weeks) were purchased from Charles River 
Laboratories Japan Inc. (Kanagawa, Japan). We used the only male in present 
cell culture and in vivo studies as described in the ATVB Council Statement for 
considering "sex difference" as a biological variable12. We randomly assigned 
the animals to the experimental groups. All the mice were anesthetized with 
hydrochloric acid medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and 
butorphanol tartrate (5 mg/kg) before surgical procedure as well as during Laser 
Doppler measurements of limb perfusion. 
 
Mouse Model of Unilateral Hind Limb Ischemia 
Unilateral hind limb ischemia (HLI) was induced in mice, by excising the femoral 
artery and attaching side branches in the left leg. The procedures were 
performed as previously described 13 14. After HLI induction, all mice were 
randomly assigned either to the vehicle control group or to the treatment group. 
To investigate the effect of ADRC implantation-induced lymphangiogenesis on 
HLI, the mice were divided into two groups (n=5 in each group). The vehicle 
control group was administered with phosphate-buffered saline (PBS), while the 
ADRC group received ADRCs (1×106 cells) by intramuscular injection into 3 
points of ischemic adductor muscles at postoperative day (POD) 113, 14.  In 
another experiment, to evaluate the effect of lymphangiogenesis inhibition on 
HLI, we postoperatively injected MAZ51 (Millipore Sigma) 10mg/kg15, 16 into 
ischemic adductor muscles on days 3 and 5. In this experiment, the mice were 
divided into four groups (n=5 in each group) and separately received 
PBS+5%DMSO (same with MAZ51 dissolved concentration); ADRC+5%DMSO; 
MAZ51; and MAZ51+ADRC at each time point after HLI. 
 
Laser Doppler Perfusion Imaging 
We performed laser Doppler perfusion imaging (LDPI) using the LDPI system 
(Moor Instruments, Devon, UK) pre- and postoperatively at specific time points 
on days 7, 14, 21, and 28, to measure serial blood flow in both control and HLI 
groups with or without treatments 13. The mice were maintained at a temperature 
of 37 °C during the imaging. Consecutive surveys were performed over the 
same area of interest (leg and foot) as the color-coded images. Quantitative 
values were expressed as a ratio of ischemic and non-ischemic limb13, 14. 
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Mouse Model of Artificial Edema in HLI 
To test if prolonged edema could have an adverse effect on angiogenesis, we 
created an artificial edema model with HLI. Mice with HLI were divided into a 
control group and experimental edema group which was administered 
phosphate-buffered saline (PBS) (300 μL/day) in a left adductor muscle once a 
day for 28 days (n=10-12). Then, laser Doppler blood perfusion image (LDPI) 
analyzer (Moor Instruments, Devon, UK) was used to evaluate the blood 
perfusion recovery after HLI induction, with or without artificial edema 13. We 
simultaneously calculated the limb survival rate. 
 
Isolation of Mouse ADRCs 
ADRCs were isolated from the inguinal subcutaneous adipose tissue from 
different cohorts of mice specifically for the isolation. After surgically isolating the 
tissue completely, we digested it using 2 mg/mL type I collagenase (Wako) for 1 
hour at 37 °C in an incubator. Mature adipocytes and stromal vascular fractions 
(SVFs) were separated by filtration (70 μm filter, BD Falcon, Ma) followed by 
centrifugation (1,200 rpm for 5 min) 13, 14. SVFs were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 
antibiotic / antimycotic solution (Gibco). We labelled the adherent cells with 
ADRCs (P0). The 1st and 2nd passages of ADRCs were used in our experiments 
13 14.  
 
Immunofluorescence staining 
The frozen sections were collected from the left adductor muscles from control 
mice or at specific time-points postoperatively. The sections of 6 μm thick were 
fixed in 4% paraformaldehyde, washed twice by PBS, and blocked using 1% 
BSA at room temperature for 1 h. We then incubated the sections with primary 
antibody CD31 mAb (1:200, BD Pharmingen) and lymphatic vessel endothelial 
hyaluronan receptor 1 (LYVE-1) Ab (4:1000, Acris) at 4 °C overnight, followed by 
incubation with secondary antibodies such as: Alexa-Fluor 488-conjugated 
anti-rabbit antibody (1:1000, Thermo Fisher Scientific) and Alexa-Fluor 
594-conjugated anti-rat antibody (1:1000, Thermo Fisher Scientific) at room 
temperature for 1 hour 16-18. The nuclei were identified with 
4’,6-diamidino-2-phenylindole (DAPI) (1:1000, Roche) and macrophages were 
detected by PE anti-mouse F4/80 mAb (1:1000, BioLegend) 17. Images were 
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visualized on a BZ-X710 (KEYENCE) at ×20 magnification and we randomly 
selected 5 fields from one slide. Results were counted as the average positive 
cells per field using the Image J software (version 1.51) 16-18. 
 
Real-Time Reverse Transcriptase Polymerase Chain Reaction Analysis 
Total RNA was extracted using the miRNeasy Micro Kit (QIAGEN) from cultured 
ADRCs, human dermal lymphatic microvascular endothelial cells (HMVEC-dLys; 
Lonza), and frozen mice tissues, obtained from control mice and after HLI 
surgery using liquid nitrogen 19. Reverse transcription was performed with 1μg 
total RNA using qPCR RT master mix kit (TOYOBO) 19. The results of real-time 
RT-PCR for VEGF-C, VEGF-D, bFGF, VEGF-A, Adrenomedullin, HGF, TNF-α, 
IL-1β, IL-6, TGF-β, vasohibin, angiostatin, endostatin, and GAPDH were 
examined using 2μg of total cDNA from each sample on the Mx3000P 
Real-Time PCR System (Stratagene). SYBR Green was used according to 
manufacturer’s instruction (Applied Biosystem), as a double-stranded 
DNA-specific dye. The ΔΔCT method was performed to quantify relative 
expression of target mRNAs normalized to that of GAPDH in each sample. The 
condition and primer sequences are listed in the online-only Data Supplement. 
 
Quantification of tissue edema using Magnetic Resonance Imaging (MRI) 
and wet to dry ratio 
We used both invasive and non-invasive ways of measurement techniques to 
quantify the tissue edema. The mice’s bilateral legs were examined using a 1.5T 
whole body MRI scanner (MRS 3000 Benchtop MRI Systems; MR Solutions Ltd) 
in T2 weighted Image (T2WI) 20. The extent of soft tissue edema was determined 
visually and measured quantitatively, changing from normal to ischemic legs 
through Δ area and Δ perimeter using Image J software. In addition, water 
content was also evaluated using the wet to dry weight ratio method 20. In brief, 
the mice’s left hind limbs were collected after being sacrificed by an overdose of 
anesthesia, followed by removing the skin and weighing it immediately to obtain 
wet weight. After incubating for 24 hours at 55 °C, the completely dried limbs 
were weighted again to assess the edema level. The wet to dry weight ratio was 
calculated by dividing the deference between wet and dry weight, using the dry 
weight 20.  
 
Cell Culture in Normoxia and Hypoxia Condition 
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HMVEC-dLy and HMVEC-dBl were cultured in endothelial cell growth medium 
containing growth factors (EGM-2MV; Lonza) according to the manufacturer’s 
instructions16 18. To stimulate hypoxic conditions, the cells were planted in 6-well 
plates and maintained in corresponding media until they were 80% confluent 
before transferring to an anaerobic jar. AnaeroPack® System (MGC) was used 
to create an environment with less than 0.1% of oxygen and more than 15% of 
CO2 21. We immediately placed the paper sachet into the anaerobic jar 
containing the 6-plate inside and continually cultured the cells at 37 °C for 
another 24 hours.  
 
Statistics 
Results were expressed as mean±SEM. Unpaired Student’s t-test was used to 

evaluate statistical significance between two groups; one-way ANOVA along 
with Tukey post hoc test was used for three or more groups. We also used 
two-way repeated-measures ANOVA (Bonferroni) to assess the changes over 
time. GraphPad Prism software version 8 (GraphPad Software Inc) was used. 
The normality of all data was verified with the Shapiro-Wilk’s method by shapiro. 
test function in R (version 3.6.3). Data were also tested for equal variance. 
Values of p<0.05 denote statistical significance. 
 
 
Results 
Kinetics of Endogenous Lymphangiogenesis in the Setting of 
Ischemia-Induced Angiogenesis in a Hind limb 
 In an ischemic organ, endogenous angiogenesis is induced by hypoxic stimuli 
for protection against ischemic injury, minimizing tissue damage 22. Conversely, 
although lymphatic revascularization plays an important role under pathological 
conditions in the functional recovery of damaged tissues 10, limited knowledge is 
available regarding the characterization and the adaptive change of lymphatic 
vessels in ischemic skeletal muscles. To address this issue, we examined 
whether endogenous lymphangiogenesis would be induced in HLI. First, we 
investigated the changes in the capillary lymphatic density and VEGF-C 
expression in HLI in the setting of blood perfusion recovery at post-operative 
days (POD) 0, 14, and 28. Immuno-staining was performed to detect vascular 
endothelial cells [CD31-positive cells (red)] and lymphatic endothelial cells 
[LYVE-1-positive cells (green)] 23 in HLI (Figure 1A). Our analysis revealed that 
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angiogenesis emerged after POD 3, whereas lymphangiogenesis emerged after 
POD 5. A remarkable change in terms of those the morphology and the size of 
lymphatic vessels could not be detected in ischemic adductor muscles. Both 
angiogenesis and endogenous lymphangiogenesis were induced in a 
time-dependent manner after ischemic injury in HLI (Figure 1B and C). 
Lymphangiogenesis in the ischemic gastrocnemius muscles was induced the 
same as that in the adductor muscles, too (Supplemental Figure 1). Further, the 
expression of VEGF-C was upregulated from POD 3 to 7 (compared with POD 0, 
5.3-fold higher at POD 3, 13.4-fold higher at POD 5, and 6.8-fold higher at POD 
7), and its peak was observed at POD 5 in response to ischemic injury in the 
skeletal muscles of our model (Figure 2D). 
 
Establishment of New Mouse Model of Artificial Edema in HLI 
While our results demonstrated that lymphatic revascularization in the skeletal 

muscle in HLI was induced during blood perfusion recovery, evidence on its role 
is currently lacking. Therefore, to determine the impact of functional lymphatic 
transport capacity loss in HLI, we created an excessive and prolonged tissue 
edema model mimicking lymphatic drainage deficiency in the local tissue of HLI 
(Figure 1D) and investigated its effect on the blood perfusion recovery. Magnetic 
resonance imaging (MRI) was used to evaluate the tissue edema, and water 
content was detected as white intensities on the T2W images (Figure 1E). The 
amputation-free survival rate was low in the artificial edema model in HLI (Figure 
1F and G). Laser Doppler perfusion Images (LDPI) demonstrated that blood 
perfusion recovery was inhibited by the excessive and prolonged tissue edema 
compared with that in the control group (37±8% vs. 54±11% at POD 28) (Figure 
1H and I). 
 
Augmentation of Ischemia-Induced Lymphangiogenesis by ADRCs 
Implantation through Upregulation of VEGF-C 
Although LDPI demonstrated that ADRC implantation in HLI could promote 
blood perfusion recovery (Figure 2A and B) with augmentation of angiogenesis 
(Figure 2E and F), it is still unknown whether ADRCs can concurrently induce 
lymphangiogenesis in HLI. Consequently, we investigated VEGF-C expression 
in ADRCs under a hypoxic condition both in vitro and in an ischemic hind limb 
tissue after ADRCs implantation to determine whether ADRCs have the potential 
ability to promote lymphangiogenesis in a paracrine manner. qPCR 
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demonstrated that hypoxic stimuli significantly increased VEGF-C expression in 
ADRCs compared with normoxia (Figure 2C) and that the VEGF-C expression in 
the ADRC-treated ischemic muscles was upregulated compared with than that in 
the PBS group (Figure 2D). In addition, immunofluorescence analysis with 
LYVE-1 staining revealed that the lymphatic capillary density increased with 
ADRC implantation in the ischemic limbs at POD 14 (LYVE-1-positive cells: 
2.4-fold higher in the ADRC group than in the PBS group: Figure 2E and F). 
Therefore, these results indicated that ADRC implantation could promote 
ischemia-induced lymphangiogenesis in HLI with VEGF-C expression.  
 
Ischemia-Induced Inflammation Clearance in Relation to 
Lymphangiogenesis Resulting in Suppression of the Expression of 
Anti-Angiogenic Cytokines 
Given that excessive inflammation is one of the resistance factors in tissue 
regeneration and that the prolonged inflammation would induce tissue edema, 
which could also stunt the angiogenesis in HLI as demonstrated in Figure1C to 
H, we next evaluated the relationship between the formation of lymphatic 
vessels and the inflammatory responses in HLI24, 25. immunofluorescence 
analysis demonstrated that the number of macrophages was significantly 
upregulated in the response to the ischemic injury in the damaged tissue 
(8.9-fold increased: Figure 3A). Conversely, the accumulation of macrophages 
was improved by augmentation of lymphangiogenesis with ADRC implantation 
at POD 14 (Figure 3A and B). qPCR showed that the expressions of the 
inflammatory factors, such as TNF-a, IL1-β, IL6, and TGF-β, were upregulated in 
an ischemic tissue at POD14 after injury (TNF-a: 10-fold; IL1-β: 7-fold; IL-6: 
11-fold; and TGF-β: 12-fold higher). However, these inflammatory reactions 
were attenuated in the ADRC group (Figure 3C).  
We subsequently tested the expression of vasohibin, angiostatin, and 

endostatin, which are known as inflammation-inducible anti-angiogenic 
cytokines, and could suppress the neovascularization in several tissues26, 27. 
Figure 3D demonstrates that the expression of vasohibin, angiostatin, and 
endostatin in HLI was upregulated in the PBS group (vasohibin: 10.0-fold; 
angiostatin: 9.1-fold; endostatin 6.1-fold higher than that in the sham group). 
Conversely, these responses were partially canceled in the ADRC group 
compared with those in the PBS group (Figure 3D). 
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The inhibition of lymphangiogenesis partially canceled both of the 
endogenous and ADRCs-induced angiogenesis in HLI in the setting of the 
blood perfusion recovery 
For further confirmation of the contribution of lymphangiogenesis on 
angiogenesis in HLI, we used MAZ51, which is a VEGFR-3 kinase inhibitor, to 
block lymphangiogenesis. MAZ51 inhibited not only the endogenous 
lymphangiogenesis (LYVE-1-positive cells at POD 14 after HLI induction: 
10.2±1.1 per field in the PBS group vs. 4.7±0.5 per field in the MAZ51 group; 
P<0.05), but also ADRCs-induced lymphangiogenesis at POD 14 
(LYVE-1-positive cells at POD 14 after HLI induction: 23.6±2.5 per field in the 
ADRC group vs. 15±1.3 per field in the ADRC+MAZ51 group; P<0.01) (Figure 
4A and B). LDPI revealed that inhibition of lymphangiogenesis by MAZ51 
deteriorated the blood perfusion recovery compared with that in the group with 
and without ADRCs implantation (56±7% in the PBS group at POD 28; 39±8% in 
the MAZ51 group at POD 28; 78±9% in the ADRC group at POD 28; and 68±8% 
in the ADRC+MAZ51 group at POD 28) (Figure 4C and D). Thereafter, we found 
that inhibition of lymphangiogenesis blocked endogenous ischemia-induced 
angiogenesis and suppressed the ADRC-induced angiogenesis in HLI 
(CD31-positive cells at POD 14: 100±9 per field in the PBS group; 50±6 per field 
in the MAZ51 group; 201±17 per field in the ADRC group; and 130±12 per field 
in the ADRC+MAZ51 group) (Figure 4E and F). Moreover, knockdown of 
VEGF-C in ADRC attenuated the lymphangiogenic effect of ADRC both in vitro 
and in vivo, too (Supplemental Figure 2 and 3), followed by the attenuation of 
angiogenesis and blood perfusion recovery. 
We subsequently examined whether MAZ51 only blocked lymphangiogenesis 

in the lymphatic endothelial cells or also directly affected the blood endothelial 
cells in the ischemic hind limb. The functional assays for blood endothelial cells 
demonstrated that the treatment with MAZ51 in HMVEC-dBL did not interfere 
with the tube-like formation ability (Supplemental Fig. 4A through C) and the 
proliferative ability (Supplemental Figure 4D).  
 
Improvement of Local Inflammation/Tissue Edema and Attenuation of 
Anti-Angiogenic Cytokines in HLI as the Potential Mechanisms of the 
Beneficial Effect of Lymphangiogenesis on Angiogenesis 
In Figure 5A, the two upper panels show that edema was cleared in relation to 
lymphangiogenesis in the ADRC group compared with that in the PBS group 
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after limb ischemia induction. Conversely, the tissue edema worsened after 
inhibition of lymphangiogenesis by MAZ51, as shown in the two lower panels. 
Figure 5B and C demonstrate that both changes in the area and perimeter of the 
injured limbs decreased in the ADRC group compared with those in the control 
group. Conversely, inhibition of lymphangiogenesis aggravated those 
parameters and reversed the beneficial effects of ADRC implantation on at POD 
14. The water content was also evaluated to assess the amount of edema using 
the wet-to-dry weight ratio in the limbs. Tissue edema was induced in HLI but 
was attenuated by the augmentation of lymphangiogenesis with ADRC 
implantation. Conversely, inhibition of lymphangiogenesis by MAZ51 worsened 
limb edema and eliminated the beneficial effect of ADRC implantation at POD 14 
(wet-to-dry weight ratio: 0.05±0.01 in the sham group; 0.17±0.03 in the PBS 
group; 0.08±0.01 in the ADRC group; 0.27±0.05 in the MAZ51 group; and 
0.14±0.02 in the ADRC+MAZ51 group) (Figure 5D). Moreover, the effect of 
ADRC implantation is attenuated by prolonged and excessive edema in terms of 
blood perfusion recovery in HLI (Supplemental Figure 5). As shown in Figure 5E 
and F, suppression of lymphangiogenesis by MAZ51 resulted in the 
accumulation of local macrophages in HLI (F4/80-positive cells: 74.2±4.9 per 
field in the PBS group; 30.8±3.8 per field in the ADRC group; 100.4±8.2 per field 
in the MAZ51 group; and 45.0±2.2 per field in the MAZ51+ADRC group). 
Additionally, lymphangiogenesis inhibition aggravated tissue inflammatory 
reactions of TNF-α, IL1-β, IL6 and TGF-β, and canceled the beneficial effect of 
ADRC implantation in these responses (Figure 5G). These results were finally 
followed by increased production of anti-angiogenic cytokines (angiostatin: 
2.6-fold higher in the MAZ51 group than in the PBS group and 3.0-fold higher in 
the ADRC+MAZ51 group than in the ADRC group; vasohibin: 1.6-fold higher in 
the MAZ51 group than in the PBS group and 1.5-fold higher in the 
ADRC+MAZ51 group than in the ADRC group; endostatin: 2.7-fold higher in the 
MAZ51 group than in the PBS group and 4.0-fold higher in the ADRC+MAZ51 
group than in the ADRC group) (Figure 5H). Endostatin, Vasohibin, and 
Angiostatin were co-stained by F4/80 positive cells, respectively (Supplemental 
Figure 6) in ischemic hind limbs. 
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Discussion 
The major findings of the present study are as follows: (1) Endogenous 
lymphangiogenesis was induced in the setting of reparative angiogenesis in a 
limb ischemia model. (2) Severe tissue edema deteriorates blood perfusion 
recovery as well as limb salvage in HLI. (3) Local tissue edema and excessive 
inflammation were cleared in coordination with lymphangiogenesis in HLI. (4) 
Lymphangiogenesis inhibition has an adverse effect on blood perfusion recovery 
by increasing the expression of anti-angiogenic cytokines, as a result of 
prolonged inflammation. (5) Augmentation of lymphangiogenesis by ADRCs 
implantation contributed to the improved angiogenesis in HLI by the improved 
clearance of excessive tissue edema and inflammation. 

Lymphatic vessels play a pivotal role in the lymphatic fluid transport, lipid 
absorption, and immune cells drainage from the interstitial space to venous 
circulation 11. Under pathological conditions, the VEGF-C-VEGFR3 signaling 
functions as one of the pivotal pathways in lymphatic revascularization and 
modulates those lymphatic functions10, 28. Although lymphatic vessels are known 
to exist in the skeletal muscles29 in the same manner as blood vessels, limited 
knowledge is available regarding their kinetics and role in HLI. Herein, we first 
demonstrated that endogenous lymphangiogenesis was induced during 
lymphatic rarefaction via ischemic injury, and VEGF-C expression was 
upregulated in a series of adaptive lymphangiogenesis accompanied with 
endogenous angiogenesis in the ischemic limb. Moreover, inhibition of VEGFR3 
signaling by MAZ51, confirmatively suppressed lymphangiogenesis in HLI. 
Taken together, our data indicate that postnatal lymphangiogenesis in HLI was 
induced at least in part via the VEGF-C-VEGFR3 signaling pathway in the 
ischemic hind limb, regardless of whether angiogenesis and lymphangiogenesis 
were independent of each other30.  

Although the relationship between inflammation and angiogenesis is 
complicated and controversial in different settings, the continuous and excessive 
inflammatory responses, such as immune cell accumulation and 
pro-inflammatory cytokine release, eventually contribute to host injury 8. For 
example, Tumor Necrosis Factor (TNF), as one of the major inflammatory 
mediators, induces multiple changes in endothelial cell (EC) gene expression 
and has also been reported to enhance angiogenesis by inducing an endothelial 
“tip cell” phenotype in short periods of stimulation (e.g., 2 to 3 days) 31. 
Conversely, continuous TNF administration blocked endothelial cell proliferation 
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and migration in vitro32-34 by decreasing the activity35 and expression36, 37 of 
vascular endothelial cell growth factor receptor-2 (VEGFR2). Another in vivo 
study reported that IL-10 suppressed the activity of pro-inflammatory M1 
macrophage-related cytokines (IL-6 and TNF-α) and promoted the blood 
perfusion recovery in HLI14. As mentioned above, continuous pro-inflammatory 
reactions would be a resistance factor for angiogenesis at least in the subacute 
or chronic phase of ischemia, which could be a therapeutic target for ischemic 
diseases. 
Tissue edema was caused by a bankruptcy of the balance between the 

lymphatic fluid supply and its drainage mainly through the lymphatic systems25.  
In pathological conditions, inflammation itself and subsequent many cytokines 
release in the regenerative tissues upregulate vascular permeability, that causes 
local tissue edema38, 39. In turn, the lymphatic system dysfunction, such after 
surgical resection and radiation as a cancer therapy, results in drainage capacity 
loss and thereby local tissue edema25. In the present study, our artificial edema 
model, mimicking excessive local tissue edema demonstrated that excessive 
and prolonged edema has an inhibitory effect on blood perfusion recovery in HLI. 
In addition, our data also revealed the therapeutic implications for the 
attenuation of the beneficial effect of ADRCs by the presence of severe edema. 
The evidence from the results may be important as in PAD patients with 
lymphatic dysfunction or limb edema, which might lower the efficacy of cell 
therapy. Therefore, proper control of tissue edema is indicated one of the key 
factors in managing Wound Bed Preparation (WBP), especially in the process of 
angiogenesis in HLI. A previous retrospective clinical study reported that 
multidisciplinary therapy, including WBP, was effective in improving mortality 
and the limb salvage rates in patients with CLI 40. 

Our present study also found that the expression of some anti-angiogenic 
factors such as angiostatin, vasohibin, and endostatin, apparently increased in 
response to the accumulation of inflammatory cytokines after HLI induction; 
these reactions deteriorated by inhibition of lymphangiognenesis but were 
ameliorated by the augmentation of lymphangiogenesis. As an internal fragment 
of plasminogen, angiostatin can specifically inhibit endothelial cell 
proliferation41-44. It was reported to inhibit neovascularization in the chick CAM 
assay and the growth of metastases in a mouse tumor model45. As an isolated 
fragment of collagen XVIII, endostatin inhibits endothelial cell proliferation and 
angiogenesis in vivo46-48. Vasohibin-1 is stimulated by inflammatory cytokines 
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under a hypoxic condition49 50. It blocks neovascularization in the pathological 
conditions following vascular injury51, 52. Based on these theories, our findings 
can explain the mechanism underlying inhibition of angiogenesis by excessive 
inflammation via upregulation of anti-angiogenic cytokines in HLI. More 
importantly, the concept of elimination of prolonged severe inflammation and 
edema modulating lymphatic revascularization could help in the formation of a 
new mechanistic approach for HLI. 

ADRCs are an easily obtainable cell populations from subcutaneous adipose 
tissue and considered to be useful cell sources, which have already been 
applied in clinical regenerative medicine53. Our initial study reported that ADRCs 
could secrete VEGF and SDF-1 in ischemic tissues, which can mobilize EPCs 
into ischemic tissue and consequently contribute to angiogenesis directly13. 
More recently, we also reported that the ADRCs produced PGE2, leading to 
angiogenesis via the release IL-10, which induced anti-inflammatory and 
anti-apoptotic effects14. In these manners, ADRCs can directly promote 
angiogenesis. Conversely, implantation of ADRCs in the lymphedema models 
was reported to be able to augment lymphangiogenesis, which accelerated the 
resolution of tissue edema and inflammation17. However, there has been no 
evidence on whether ADRC implantation could induce lymphangiogenesis in HLI 
and on its impact on ischemic repair to data. Our study is the first to demonstrate 
that ADRC implantation could induce functional lymphatic revascularization as 
therapeutic lymphangiogenesis in HLI and could contribute to angiogenesis and 
consequently blood perfusion recovery in an indirect manner (indicated as the 
schema in Supplemental figure 7). Interestingly, a direct contribution of the 
ADRCs via differentiation into lymphatic endothelial cells to 
neolymphangiogenesis is negligible (Supplemental figure 8). In addition, 
knockdown of VEGF-C in ADRC attenuated the lymphangiogenic effect of 
ADRC both in vitro and in vivo indicating that VEGF-C from ADRCs plays an 
important role, at least in part, in lymphangiogenesis. 

In conclusion, lymphangiogenesis contributes to ischemia-induced 
angiogenesis by improving the surrounding resistance factors in HLI. Our 
findings could help in the formulation of a new mechanistic concept for 
therapeutic angiogenesis and might provide relevant information regarding 
additional novel therapeutic targets for CLI. 
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Highlights 
1. The lymphatic system in an ischemic limb has a compensatory function for 

inflammation and interstitial edema, which could contribute to enhanced 
angiogenesis.  

2. ADRC implantation can promote ischemia-induced lymphangiogenesis in an 
ischemic limb.  

3. Modulation of lymphangiogenesis would be a novel therapeutic target for 
PAD in addition to the ordinary therapeutic angiogenesis. 
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Figure legends 
Figure 1. Endogenous lymphangiogenesis was induced in HLI and the 
excessive and prolonged edema stunts the blood perfusion recovery.  (A) 
Representative fluorescence microscopy images of ischemic adductor muscle 
sections of sham or at postoperative day 0, 3, 5, 7, 14, and 28 stained with 
anti-CD-31 (Red) and anti-LYVE-1 (Green) antibody (×400). Scale bar=50 μm. 
(B) (C) Quantitative analysis of the number of CD-31 positive cells and that of 
LYVE-1 positive cells per field in the different time points under an ischemic 
condition of hind limb. Values are mean ± SEM (n=5). *P<0.05, **P<0.01, 
***P<0.001 vs. sham by one-way ANOVA and Tukey’s post hoc tests. (D) 
Representative images of newly established mouse model of artificial edema in 
HLI. (E) MRI T2W image showed the edema extent in an artificial edema model 
as a high intensity area in a left adductor muscle. (F) (G) Amputation free 
survival rate in ischemic limbs is evaluated by comparing control and edema 
group for up to 28 days after HLI induction. *P<0.05 vs. Control, analyzed with 
Kaplan Meyer estimators and Log-rank (Mantel-Cox) test (n=10-12). (H) 
Representative Laser Doppler blood perfusion Images (LDPI) and (I) the 
quantification of a LDPI ratio (ischemic/non-ischemic). Data are mean ± SEM 
(n=5). *P<0.05 vs. Control, by two-way ANOVA and Bonferroni post hoc tests. 
 
Figure 2. ADRC implantation promoted lymphangiogenesis through the 
VEGF-C expression in the setting of blood perfusion recovery in HLI.  (A) 
Representative LDP images and (B) summary of LDPI ratio 
(ischemic/non-ischemic) in the setting of blood perfusion recovery with or without 
ADRCs implantation. Data are mean ± SEM (n=5). *P<0.05, by two-way ANOVA 
and Bonferroni post hoc tests. (C) The expression of VEGF-C in the isolated 
ADRCs under the hypoxia condition. (D) mRNA levels of VEGF-C in the samples 
collected from PBS injected or ADRC-transplanted ischemic muscles at post-HLI 
day 0, 3, 5 and 7. Data are mean ± SEM (n=5). *P<0.05, by two-way ANOVA 
and Bonferroni post hoc tests., #P<0.05 vs. Sham, †p<0.05 vs. Sham, by 
one-way ANOVA and Tukey’s post hoc tests. (E) Immuno-staining with 
anti-CD-31 (Red) and LYVE-1 (Green) in sham, PBS or ADRCs implantation 
group and (F) quantitative analysis of CD31 positive cells and LYVE-1 positive 
cells for each group in an ischemic limb at day 14 (×400). Scale bar=50μm. Data 
are mean ± SEM (n=5). *P<0.05 vs. sham, #P<0.05 vs. PBS, by one-way 
ANOVA and Tukey’s post hoc tests. 
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Figure 3. Local inflammation in HLI was improved coordinating with 
lymphangiogenesis by ADRCs, resulting in suppressed the expression of 
anti-angiogenic cytokines.  (A) Immuno-staining with anti-F4/80 (Red) for the 
ischemic tissue sections from sham, HLI+PBS treated or HLI+ADRC implanted 
mice to denote the accumulating macrophages in HLI at postoperative day 14 
(×400). Scale bar=50 μm. (B) Quantitative analysis of the number of 
macrophages in the response to the ischemic injury in HLI with or without 
augmentation of lymphangiogenesis by ADRCs treatment. (C)The expressions 
of mRNA TNF-α, IL-1β, IL-6, and TGF-β in HLI with or without augmentation of 
lymphangiogenesis by ADRCs. (D) The expressions of vasohibin, angiostatin 
and endostatin after ischemic injury at day 14 post-operation. Data are mean ± 
SEM (n=5). *P<0.05, **P<0.01, ***P<0.001 vs. Sham, #P<0.05, ##P<0.01, 
###P<0.001 vs. PBS, by one-way ANOVA and Tukey’s post hoc tests. 
 
Figure 4. The inhibition of lymphangiogenesis partially eliminated both the 
endogenous angiogenesis and the ADRCs-induced angiogenesis in HLI.  
(A) Representative images of the ischemic tissue sections in PBS, ADRC 
implantation, MAZ51 (VEGFR-3 inhibitor) treatment or ADRC+MAZ51 treatment 
groups at day 14 post-operation, stained with anti-LYVE-1 (Green) to denote 
lymphatic endothelial cells (LECs) and DAPI (Blue) (×400). Scale bar=50 μm. 
(B) Quantitative analysis of LYVE-1 positive cells in HLI by MAZ51 treatment. 
*P<0.05, **P<0.01 vs. PBS, ##P<0.01 vs. ADRC, analyzed by one-way ANOVA 
and Tukey’s post hoc tests. (C) Representative images and (D) summary of 
LDPI ratio (ischemic/non-ischemic) by lymphangiogenesis inhibition with MAZ51. 
Data are mean ± SEM (n=5). *P<0.05 vs. PBS, #P<0.05 vs. ADRC, analyzed 
using two-way ANOVA and Bonferroni post hoc tests. (E) Immuno-staining with 
anti-CD-31 (Red) to detect blood endothelial cells (×400). Scale bar=50 μm. (F) 
Quantitative analysis of CD31 positive cells in HLI by the inhibition of 
lymphangiogenesis with MAZ51. Data are mean ± SEM (n=5). *P<0.05 vs. PBS, 
#P<0.05 vs. ADRC, by one-way ANOVA and Tukey’s post hoc tests. 
 
Figure 5. Suppression of lymphangiogenesis has adverse effects on the 
clearance of local inflammation/tissue edema and upregulates the 
anti-angiogenic cytokines in HLI.  (A) Magnetic resonance imaging (MRI) by 
T2W signal to detect the tissue edema as the high intensity (white color). (B) Δ 
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Area and (C) Δ Perimeter are used as a measure of the limb swelling in HLI. (D) 
Water contents in HLI is also evaluated using wet to dry ratio (wet:dry). Samples 
were collected from ischemic adductor tissues in SHAM, PBS, ADRC 
implantation, MAZ51 treatment or ADRC plus MAZ51 treatment groups. (E) 
Representative images and (F) summary of the number of macrophages per 
field stained by anti-F4/80 (×400). Scale bar=50 μm. (G) The expressions of 
mRNA TNF-α, IL-1β, IL-6, and TGF-β in the case of the anti-lymphangiogenesis 
by MAZ51 in HLI. (H) The expressions of vasohibin, angiostatin and endostatin 
in HLI with or without MAZ51 treatment by qPCR. Data are mean ± SEM (n=5). 
*P<0.05, **P<0.01, ***P<0.001 vs. PBS, #P<0.05, ##P<0.01, ###P<0.001 vs. 
ADRC, ††† P<0.001 vs. Sham, by one-way ANOVA and Tukey’s post hoc tests. 
A+M, ADRC+MAZ51. 
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