
Journal of Orthopaedic Translation 45 (2024) 66–74

2214-031X/© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Speaking Orthopaedic Society. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Article 

A novel therapy for fracture healing by increasing lymphatic drainage 

Yangkang Zheng a,b,c, Pengyu Wang a,b,c, Li Zhao a,b,c, Lianping Xing d, Hao Xu a,b,c, Ning Li a,b,c, 
Yongjian Zhao a,b,c, Qi Shi a,b,c, Qianqian Liang a,b,c,**, YongJun Wang a,b,c,* 

a Longhua Hospital, Shanghai University of Traditional Chinese Medicine, 725 Wan-Ping South Road, 200032, Shanghai, China 
b Spine Institute, Shanghai University of Traditional Chinese Medicine, 725 Wan-Ping South Road, 200032, Shanghai, China 
c Key Laboratory of Theory and Therapy of Muscles and Bones, Ministry of Education (Shanghai University of Traditional Chinese Medicine), 1200 Cailun Road, 
201203, Shanghai, China 
d Department of Pathology and Laboratory Medicine and Center for Musculoskeletal Research, University of Rochester Medical Center, 601 Elmwood Avenue, Rochester, 
NY, 14642, USA   

A R T I C L E  I N F O   

Keywords: 
Fracture healing 
Lymphatic drainage 
Lymphatic platelet thrombosis 
Podoplanin neutralizing antibody 
VEGFR3 inhibitor 

A B S T R A C T   

Background: The musculoskeletal system contains an extensive network of lymphatic vessels. Decreased lymph 
flow of the draining collecting lymphatics usually occurs in clinic after traumatic fractures. However, whether 
defects in lymphatic drainage can affect fracture healing is unclear. 
Methods: To investigate the effect of lymphatic dysfunction on fracture healing, we used a selective VEGFR3 
tyrosine kinase inhibitor to treat tibial fractured mice for 5 weeks versus a vehicle-treated control. To ensure 
successfully establishing deceased lymphatic drainage model for fractured mice, we measured lymphatic 
clearance by near infrared indocyanine green lymphatic imaging (NIR-ICG) and the volume of the draining 
popliteal lymph nodes (PLNs) by ultrasound at the whole phases of fracture healing. In addition, hindlimb edema 
from day 0 to day 7 post-fracture, pain sensation by Hargreaves test at day 1 post-fracture, bone histo-
morphometry by micro-CT and callus composition by Alcian Blue-Hematoxylin/Orange G staining at day 14 
post-fracture, and bone quality by biomechanical testing at day 35 post-fracture were applied to evaluate fracture 
healing. To promote fracture healing via increasing lymphatic drainage, we then treated fractured mice with 
anti-mouse podoplanin (PDPN) neutralizing antibody or isotype IgG antibody for 1 week to observe lymphatic 
drainage function and assess bone repair as methods described above. 
Results: Compared to vehicle-treated group, SAR-treatment group significantly decreased lymphatic clearance 
and the volume of draining PLNs. SAR-treatment group significantly increased soft tissue swelling, and reduced 
bone volume (BV)/tissue volume (TV), trabecular number (Tb.N), woven bone and biomechanical properties of 
fracture callus. In addition, anti-PDPN treated group significantly reduced the number of CD41+ platelets in PLNs 
and increased the number of pulsatile lymphatic vessels, lymphatic clearance and the volume of PLNs. Moreover, 
anti-PDPN treated group significantly reduced hindlimb edema and pain sensation and increased BV/TV, 
trabecular number (Tb.Th), woven bone and biomechanical properties of fracture callus. 
Conclusions: Inhibition of proper lymphatic drainage function delayed fracture healing. Use of a anti-PDPN 
neutralizing antibody reduced lymphatic platelet thrombosis (LPT), increased lymphatic drainage and 
improved fracture healing. 
The translational potential of this article: (1) We demonstrated lymphatic drainage function is crucial for fracture 
healing. (2) To unblock the lymphatic drainage and prevent the risk of bleeding and mortality by blood thinner, 
we demonstrated PDPN neutralizing antibody is a novel and safe way forward in the treatment of bone fracture 
healing by eliminating LPT and increasing lymphatic drainage.   
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1. Introduction 

Lymphatic vessels (LVs) interdigitate with blood vessels and play 
important functions in interstitial fluid drainage, lipid absorption, and 
immune responses [1,2]. The musculoskeletal system, especially that in 
the skin, muscle and periosteum, contains an extensive network of LVs 
[3–5]. Previous work by Grzegorz Szczesny and colleagues on the 
changes of the lymphatic system in response to bone fractures [6–9], has 
inspired much of our work. They found that decreased lymph flow with 
dilatation of the draining collecting lymphatics occurs after traumatic 
fractures [6,7]. In addition, enlarged superficial LVs and draining lymph 
nodes were found in limbs with healed bone fractures, while reduced 
draining lymph nodes were seen in the majority of patients with non-
healing fractures [8,9]. These previous findings indicate the lymphatic 
system is involved in fracture healing. However, the effect of proper 
lymphatic drainage on fracture healing is unclear. 

In this study, we evaluated fracture repair with or without VEGFR3 
inhibitor interventions and demonstrate that inhibiting lymphatic 
drainage delays fracture healing. We further identified that platelet 
thrombosis blocks lymphatic drainage and that treatment with a 
podoplanin-neutralizing antibody reduced lymphatic platelet throm-
bosis, improved lymphatic drainage, and enhanced fracture healing. 
These findings suggest that anti-PDPN neutralizing antibody is potential 
therapeutic target to improve fracture healing via eliminating lymphatic 
platelet thrombosis and increasing lymphatic drainage. 

2. Material and methods 

2.1. Animals 

All animal experiments described in this research were approved by 
Shanghai University of Traditional Chinese Medicine-Animal Ethics 
Committee (PZSHUTCM211101023). Specific pathogen-free, 6~8- 
week-old male C57BL/6 mice were obtained from Shanghai Jessie 
Experimental Animal Co., Ltd. The mice were housed 5 per micro- 
isolator cage in the animal center of Shanghai model organisms on a 
12-h light/dark cycle. Mice were fed with regular rodent’s chow and 
sterilized tap water ad libitum. All mice were randomly assigned to each 
group and accommodate for 1 weeks before experimental procedures. 

2.2. Open tibial fracture model 

After one week of adaptive feeding, we performed open right tibial 
fracture osteotomy using a scalpel blade to transect the tibia carefully at 
the upper third without any injury to fibula and draining LVs behind the 
tibia [4], and intramedullary fixation via a 0.45 (outer gauge)☓16 mm 
(inner gauge) intradermal needle (WEGO Holding Co., Ltd. Weihai, 
Shandong Province, China) [10]. 

2.3. VEGFR3 tyrosine kinase inhibitor administration 

40 mice were equally randomly assigned to SAR group (n = 20) and 
VEH group (n = 20). SAR131675 (Cat. No. HY-15458, MedChemEx-
press, 250 mg) was dissolved in a solvent, containing 2.5 mL dimethyl 

Figure 1. Blockade of VEGFR-3 signaling reduces the lymphatic drainage (A) Representative NIR-ICG images at 0 h and 24 h after ICG injection in 35 days post- 
fracture. (B) Quantification of lymphatic clearance at various time points (n = 10/group at each time point). (C) The gross anatomy of isolated PLNs at day 35 
after fracture (top). Representative B mode and 3D mode ultrasound image of PLNs at day 35 (bottom). Scale bars, 1 mm. (D) Quantitative analysis of the PLN volume 
at different time points (n = 10/group at each time point). Data are means ± SD. ***P < 0.001. In B and D, analysis of variance in repeated measurement design 
followed the simple effect test. 
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sulfoxide, 15 mL polyethylene glycol, 2.5 mL Tween-80 and 30 mL 
double distilled water. Then the dissolved SAR131675 (50 mg/kg of 
body weight) was intraperitoneally injected once per day for 2 weeks or 
5 weeks (5 days per week) immediately after tibial fracture established. 
The VEH group was given the same volume of solvent. 

2.4. Near-infrared indocyanine green (NIR-ICG) lymphatic imaging 

After hair removal from the hind limbs, under isoflurane anestheti-
zation, the mice were fixed on a hot-plate universal platform with a 
temperature of 37 ◦C. The mice were subcutaneously injected with 5 μL 
0.2 mg/ml ICG solution (Cat.No.17478-701-02, Akorn) into the foot-
pads. Under an NIR laser (Changchun Laser Technology), ICG fluores-
cence of the afferent LVs from the injection site to the PLN were 
observed. (a) For lymphatic clearance, the ICG clearance was assessed 
by calculating the percentage clearance of footpad region of interest 
(ROI) at 0 h and 24 h after ICG injection. (b) For lymphatic morphology 
and pulse calculation, the ICG signal was recorded continuously for 300 
s by an Olympus microscope (exposure times 200 ms) and synthesized as 

NIR real time video. Images on lymphatic clearance (a) and videos on 
lymphatic pulses (b) were analyzed by Image J software as previously 
described [11,12]. Data analysis was performed in a blinded fashion. 

2.5. Ultrasound imaging 

Before ultrasound image, hind limbs hair of fractured mice were 
moved. Under isoflurane anesthesia, the mice were fixed in a prone 
position on a universal hot plate platform with a constant temperature of 
37 ◦C. The scanning parameter of mouse superficial tissue mode and 
0.04 mm scanning layer thickness were applied to scan the PLNs. The 
images were recorded by using an MX550D ultrasonic probe fixed on the 
3D Motor Assembly. The maximum cross-sectional area in B mode and 
the volume of PLN in 3D mode was obtained by Vevo Lab 3.2.0 software. 
Data analysis was performed in a blinded fashion. 

2.6. Swelling measurement 

At day 0–7 day post-fracture, the fractured hindlimbs of all mice 

Figure 2. Blockade of VEGFR-3 signaling delays fracture healing (A) Representative photographs of hindlimb at day 2. Scale bars, 1 cm. (B) The relative swelling 
ratio of mouse hindlimb in 7 days after fracture (n = 10/group). (C) PWTL at day 1 (n = 10/group at each time point). (D) Representative Micro-CT images (cross- 
section) of tibial fracture healing at day 14 post-fracture. Red arrow indicates bone defect. (E) Quantification of BV/TV, Tb.N, Tb.Th and Tb.Sp (n = 10/group). (F) 
Representative histomorphological images of ABH-stained sections at day 14 post-fracture. Red asterisk indicates fiber, Orange asterisk indicates cartilage, and black 
asterisk woven bone. The bottom images are higher magnifications of the regions boxed in black in the corresponding image above. Scale bars, 1 mm, 200 mm. (G) 
Callus composition in (F) were analyzed (n = 7/group). (H) Quantification of maximum torque, maximum flexural rigidity, and fracture energy (n = 8/group). Data 
are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. In B, analysis of variance in repeated measurement design followed the simple effect test. 
In C, E, G and H, two-sided Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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were measured soft tissue swelling by our homemade swelling meter, 
based on an improvement of the plethysmometer paw volume meter test 
for rats [13]. Briefly, we kept the right hind limb below the level of knee 
joint completely immersed in a container filled with liquid. The volume 
change in the container before and after measurement was calculated as 
the swelling volume of the hind limb of the mouse. Each data was 
measured 3 times and averaged. Swelling degree = (measurement - 
baseline)/baseline *100%. 

2.7. Hargreaves test 

On 24th hour post-fracture, thermal pain sensation in mice were 
measured by a dynamic plantar tester (Cat.No. 37370, Ugo Basile). A 
withdrawal response is termed as withdrawal latency. A longer with-
drawal latency signifies a slower withdrawal response and vice versa 
[14]. After the mice were acclimated to the testing environment, 30% 
radiant heat was used to induce the withdrawal response. The paw 
withdrawal thermal latency (PWTL) value was recorded automatically 
by the instrument and was determined when the mice felt pain and 
raised their hind paw. Each mouse was tested five times. To obtain the 
average reaction time for every mouse, the lowest and the highest values 
were removed as outlying values and the remaining 3 values were 
averaged and recorded (see Figs. 2 and 5). 

2.8. Micro-computed tomography analysis 

The fractured tibia was harvested at day 14 post-fracture by careful 
dissection and removal of the intramedullary pin. The sample was fixed 
in 4% paraformaldehyde for 24 h, washed for 2 h, and soaked in 75% 
ethanol. The samples in Fig. 2 were scanned by high resolution μCT 
(Scanco Medical AG,vivaCT80,Switzerland), and the following param-
eters were used: 55 kV voltage setting, 72 μA current, 15.6 μm voxel size. 
The 2D-image reconstruction at an integration time of 200 ms and the 
3D Calc were analyzed by the evaluation program v6.6 (Scanco Medical 
AG,viva CT80,Switzerland) under the threshold of 235–1000. The 
samples in Fig. 5 were scanned by high resolution μCT (SkyScan 1176, 
Bruker, Belgium), and the following parameters were used: 9 μm reso-
lution, 0.5 mm aluminum filter, 70 kV voltage, and 142 μA current. All 
imaging and data were acquired by commercial software provided by 
the company. As previously described [15], the major parameters for 
callus quantity and fracture healing included bone volume/total volume 
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), 
trabecular separation (Tb.Sp). 

2.9. ABH/OG staining and histomorphometric analysis 

Harvested tibias scanned by micro-CT were then completely decal-
cified in 10% EDTA and embedded in paraffin. Paraffined specimens 
were cut at a thickness of 6 mm and 3 levels (each level was cut 50 μm 
apart). ABH/OG staining was used to evaluate tibial callus on day 14 
post-fracture. Sections were stained with Alcian blue/hematoxylin 
(ABH) and counterstained with eosin/orange G. All stained slices were 
then scanned with an Olympus VS-120 whole-slide imaging system. 
Quantitative analysis of the callus composition were measured using 
SlideViewer software (version 2013.3) in a blinded manner. 

2.10. Biomechanical testing 

The healed tibia of the right hind leg at day 35 post-fracture was 
harvested and sent for three-point bending tests by a standard materials 
testing machine (Model 5569; Instron Corp., Norwood, MA, USA) as 
previously described [16]. Primary fracture sides of each tested tibia 
were placed at a midpoint of two supports spaced 6 mm apart. The 
bending load was applied at the midpoint at a constant displacement 
rate of 1 mm/min until the sample fractured. Maximum torque, 
maximum flexural rigidity and fracture energy were calculated by a 

custom program (MATLAB; MathWorks Inc., Natick, MA, USA). All 
samples were blinded throughout preparation and testing. 

2.11. Immunofluorescence staining of fracture sides 

Immunofluorescence staining of tibial callus on 14d post fracture 
was used to quantitative analysis of blood vessels and lymphatic vessels. 
Heat-induced antigen retrieval for dewaxed paraffin sections followed 
the manufacture’s instruction (Cat. No. P0081, Beyotime). Then, the 
sections were blocked by 0.3% PBST with 5% bovine serum albumin for 
1 h at room temperature, then incubated with primary antibodies 
overnight at 4 ◦C. After washing with PBS, secondary antibodies were 
incubated for 2 h at room temperature. Finally, the sections were 
mounted with 4,6-diamidino-2-phenylindole (Cat.No. H-1200, Vector-
labs). The primary antibodies included syrian hamster monoclonal anti- 
podoplanin antibody (Cat.No. ab11936, Abcam Inc., Cambridge, MA, 
1:1000) and rabbit monoclonal anti-CD31 antibody (Cat.No. ab182981, 
Abcam Inc., 1:1000). The corresponding secondary antibodies were 
used as follows: Alexa Fluor 488 goat anti-hamster antibody (Cat. No. A- 
21110, Invitrogen, 1:200), Alexa Fluor 555 goat anti-rat antibody (Cat. 
No. 4417S, Cell Signaling Technology, 1:1000). Three randomized im-
ages per paraffin section were acquired by using an Olympus VS120 
microscope under a 10 × objective. 

A continuous endothelial monolayer with CD31 positive and Podo-
planin negative markers was regarded as blood vessels, while with 
Podoplanin positive and CD31 negative markers was regarded as 
lymphatic vessels [17,18]. The number of blood vessels and lymphatic 
vessels per magnification (☓10) image in fracture sides was calculated by 
manual counting. The mean value of three magnification (☓10) images 
of each paraffin section was calculated as one sample data. Data analysis 
was performed in a blinded fashion with regard to group allocations. 

2.12. Transmission electron microscopy 

The draining popliteal lymph nodes of fractured mice on day 4 post- 
fracture were harvested and fixed with 2.5% glutaraldehyde in 0.1 M 
PBS, pH 7.4, for 24 h. Then the specimens were fixed in 1% buffered 
osmium tetroxide for 2 h at 4 ◦C, dehydrated through a graded series of 
ethanol, infiltrated/embedded into acetone/resin and polymerized at 
60 ◦C for 3 days. The specimens were sliced with one-micron thick. 70 
nm thin sections were mounted onto 200 mesh carbon-coated nickel 
grids and stained with lead citrate for ultrastructural examination. At 
last, the grids were examined and photographed using a FEI Tecnai G2 
Spirit transmission electron microscope. 

2.13. Immunofluorescence staining of PLNs 

After harvest, the lymph nodes were photographed. For tissue pro-
cessing, PLNs were fixed in 4% paraformaldehyde, dehydrated in a 
gradient sucrose solution, embedded in OCT and stored at − 80 ◦C. A 
cryostat (Leica, CM3050S) was then used to cut 7-μm-thick frozen sec-
tions. For immunofluorescence staining, sections were blocked by 0.3% 
PBST with 5% bovine serum albumin for 1 h at room temperature, then 
incubated with primary antibodies overnight at 4 ◦C. After washing with 
PBS, secondary antibodies were incubated for 2 h at room temperature. 
Finally, the sections were mounted with 4,6-diamidino-2-phenylindole 
(Cat.No. H-1200, Vectorlabs). The primary antibodies included syrian 
hamster monoclonal anti-podoplanin antibody (Cat.No. ab11936, 
Abcam Inc., Cambridge, MA, 1:1000) and rabbit monoclonal anti-CD41 
antibody (Cat.No. ab134131, Abcam Inc., 1:1000). The corresponding 
secondary antibodies were used as follows: Alexa Fluor 488 goat anti- 
hamster antibody (Cat. No. A-21110, Invitrogen, 1:200), Alexa Fluor 
555 goat anti-rat antibody (Cat.No. 4417S, Cell Signaling Technology, 
1:1000). Images were acquired by using an Olympus VS120 microscope 
under a 20 × objective. 

The number of LPTs per magnification (☓20) image in PLNs was by 
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manual counting, both aggregated and scattered CD41+ platelets 
included. The coverage area ratio and the diameter of LPT was measured 
by ImageJ software. The mean value of five magnification (☓20) images 
of each PLN was calculated as one sample data. Data analysis was per-
formed in a blinded fashion with regard to group allocations. 

2.14. Podoplanin neutralizing antibody treatment 

60 mice were equally randomly assigned to SAR group (n = 30) and 
VEH group (n = 30). Anti-mouse Podoplanin antibody (Cat. No. BE0236, 
BioXcell) was dissolved in PBS and intramuscularly injected near the 
right popliteal lymph node at a dose of 25 μg per mouse at a time. Anti- 
mouse Podoplanin antibody was injected for 4times successively (once 
every two days) and start at 2 days before the fracture osteotomy. And 
the antibody was control mice were injected with the same dose of 
immunoglobulin G (IgG), polyclonal Syrian hamster IgG (Cat. No. 
BP0087, BioXcell). 

2.15. Statistical analysis 

SPSS 20.0 software was used for statistical analyses. For measure-
ment data, data are expressed as the means ± standard deviation (SD). 
All continuous numerical variables approximately accord with normal 
distribution test by kurtosis and skewness method. Comparisons 

between 2 different groups were analyzed using two-sided Student’s t- 
test. Paired t-test was used for the same group before and after com-
parison. A repeated measurements study was analyzed by using repeated 
measurement analysis of variance. *P < 0.05, **P < 0.01, and ***P <
0.001 means statistically significant difference. 

3. Results 

It is well known that the VEGFC/VEGFR3 signaling pathway is 
critical for lymphangiogenesis and LV function [19]. To investigate the 
effect of lymphatic dysfunction on fracture healing, we used a selective 
VEGFR3 tyrosine kinase inhibitor, SAR131675 (SAR), to treat mice with 
fracture versus a vehicle (VEH) -treated control. After fracture, mice 
were intraperitoneally injected with SAR131675 or solvent once a day 
for 14 or 35 days (5 days per week). To ensure successfully establishing 
deceased lymphatic drainage model on fractured mice, we firstly mea-
sure lymphatic clearance by near infrared indocyanine green lymphatic 
imaging (NIR-ICG) and the volume of the popliteal lymph nodes (PLNs) 
by ultrasound. We found that both two groups sharply decreased 
lymphatic clearance at day 1 post-fracture (Fig. 1A–B). Lymphatic 
clearance and the volumes of PLNs were significantly lower in the 
SAR-treated group compared to the vehicle-treated group at every time 
point during the entire fracture healing process (Fig. 1C–D). These re-
sults indicate that VEGFR3 tyrosine kinase inhibitor decreased 

Figure 3. Anti-PDPN prevents lymphatic platelet thrombosis and unblocks lymphatic vessels (A) Representative immunofluorescence staining on PLNs using anti- 
CD41 antibody to label platelet (red) and anti-podoplanin antibody for LVs (green). The right images are higher magnifications of the regions boxed in white in the 
corresponding image above (n = 10/group). Scale bars, 200 mm, 50 mm. (B) Quantitative analysis of LPT number per field (x20) and LPT coverage area percentage 
(n = 8 in IgG group and n = 9 in anti-PDPN group). (C–D) Representative NIR-ICG images showing draining LVs’ morphology and ROIs where the lymphatic pulses 
were measured (Blue circle indicates ROI at LVs from IgG group. Orange circle indicates ROI at LVs from anti-PDPN group). The interrupted ICG signal in the 
fractured hindlimb at day 7, marked by a blue circle, is defined as a blocked LV. (E) Number of LVs with or without lymphatic pulse at day 7 (n = 20/group). Data are 
means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. In B, two-sided Student’s t-test. In E, Fisher’s Exact Test. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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lymphatic drainage for the whole phase of fractured mice. 
To determine the lymphatic dysfunction on fracture healing, we 

examined hindlimb edema from day 0 to day 7 post-fracture, pain 
sensation in the fractured hindlimb by paw withdrawn threshold len-
tancy (PWTL) at day 1 post-fracture, bone volume by micro-CT and 
callus composition by Alcian Blue-Hematoxylin/Orange G (ABH/OG) 
-staining at day 14 post-fracture, and bone quality by biomechanical 
testing at day 35 post-fracture. SAR-treatment significantly increased 
soft tissue swelling from day 1 to day 7 after fracture initiation 
(Fig. 2A–B). SAR-treated group has no significant difference of PWTL 
with VEH-treated group probably because both groups reached the 
maximum threshold of pain sensation (Fig. 2C). Micro-CT reconstruc-
tion imaging showed that SAR treatment significantly reduced bone 
volume (BV)/tissue volume (TV), trabecular number (Tb.N), and 
significantly increased trabecular separation (Tb.Sp) of the fracture 
callus at day 14, compared to the VEH-treated group (Fig. 2D–E). ABH- 
staining and histomorphological analysis indicated that SAR-group had 
significantly increased fiber and cartilage and reduced woven bone 
compared to the VEH-treated group (Fig. 2F–G). Biomechanical testing 
showed that SAR treatment significantly decreased maximum torque, 
maximum flexural rigidity, and fracture energy, compared to the VEH- 
treated group (Fig. 2H). VEGFR3 signaling is also essential for blood 
vascular development and angiogenesis [20,21]. To further assess the 
effect of SAR13675 on lymphatic and blood vessels, we conducted 
quantitative analysis of blood vessels (marked with CD31) and 
lymphatic vessels (marked with PDPN) by immunostaining of fracture 
sides on 14 days post-fracture (Supplementary Fig. 1). We found that the 
number of lymphatic vessels was significantly decreased in SAR group 
while the number of blood vessels showed no obvious difference be-
tween VEH and SAR group. This suggests that SAR13675 blocked lym-
phangiogenesis instead of angiogenesis during fractured healing. 
Collectively, these results demonstrate that further exacerbation of 

lymphatic drainage by VEGFR3 inhibition delays fracture healing. 
Since sufficient lymphatic drainage is crucial for bone repair, we 

attempted to study the underlying mechanism of lymphatic drainage 
insufficiency at the first 14 days post-fracture. We identified that acti-
vated platelet aggregates within lymphatic vessels, leading to block 
lymphatic drainage at the early phase of fracture healing [22]. To 
eliminate lymphatic platelet thrombosis (LPT), we further administered 
one tenth of the clinical dosage of Clopidogrel and observed that Clo-
pidogrel improved fracture healing via unblocking lymphatic drainage 
[22]. 

Considering increasing the risk of bleeding and mortality with 
antithrombotic therapy during perioperative period, it’s mandatory to 
explore a novel and safer approach to inhibiting LPT and unblocking 
lymphatic vessels. Large numbers of platelets are transported to draining 
lymphatic vessels and lymph nodes upon bone fracture and vessel 
rupture. The ultra-microstructure of PLNs in fractured mice showed that 
unactivated platelet crossed the lymphatic endothelial cell wall (Sup-
plemental Fig. 2A). Degranulated and aggregated platelets adhered to 
the lymphatic endothelial cell (LEC) wall (Supplemental Fig. 2B). We 
inferred LECs might interact with platelet. 

Podoplanin (PDPN), a well-recognized specific marker of LECs, can 
bind to platelet surface C-type lectin-like receptor 2 (CLEC-2) to activate 
platelets and form a thrombosis [23–25]. Inhibition of podoplanin, de-
ceases deep vein thrombosis via blocking via CLEC2-PDPN signaling 
pathway [26,27]. Therefore, we hypothesized that anti-PDPN therapy 
would prevent LPT, thus improving lymphatic drainage and fracture 
healing. In addition, PDPN is secreted by naïve osteocytes and is an early 
marker for osteocyte differentiation [28,29]. PDPN mRNA is upregu-
lated at day 3 post fracture and maintained with high levels of expres-
sion throughout all of the early stages of bone repair. However, the 
function of PDPN expressed in osteocyte in fracture healing remains 
unclear [28]. To test our hypothesis, we applied local injection of PLNs 

Figure 4. Anti-PDPN promotes lymphatic drainage function (A) Representative NIR-ICG images at 0 h and 24 h after ICG injection at day 1 and day 2 post-fracture. 
(B) Quantification of lymphatic clearance at day 1 and day 7 post-fracture (n = 10/group at each time point). (C) Representative B mode and 3D mode ultrasound 
image of PLNs at day 7 and day 35 post-fracture. Scale bars, 1 mm. (D) Quantitative analysis of the PLN volume at day 7 and day 35 post-fracture (n = 10/group at 
each time point). (E) The gross anatomy of isolated PLNs at day 7 and day 35 post-fracture. Data are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. In B and D, 
two-sided Student’s t-test. 
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with anti-mouse podoplanin neutralizing antibody, starting 2 days 
before fracture initiation and discontinuing treatment at day 7 
post-fracture, in our mouse model. On day 7 post-fracture, we measured 
lymphatic morphology and pulse by NIR-ICG. Then we harvested PLNs 
of fractured hindlimb to evaluate the number and coverage area of LPT 
by Immunofluorescence staining of PLNs. Compared with IgG control 
treatment, we found that anti-podoplanin therapy significantly reduced 
the number of CD41+ platelets in PLNs (Fig. 3A–B) and increased the 
number of pulsatile LVs at day 7 post-fracture (Fig. 3C–E and supple-
mentary video 1-2). These results demonstrate that anti-PDPN therapy 
inhibits LPT and unblocks lymphatic vessels. 

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.jot.2024.02.001 

To evaluate the effect of anti-PDPN therapy on lymphatic drainage 
function, we measured lymphatic clearance by near infrared indoc-
yanine green lymphatic imaging (NIR-ICG) and the volume of the 
popliteal lymph nodes (PLNs) by ultrasound on day 7 and 35 post- 
fracture. Compared to IgG group, anti-PDPN group significantly 
increased lymphatic clearance at day 7 and day 35 post-fracture by (NIR- 
ICG) (Fig. 4A–B), and volume of draining (PLNs) at day 35 post-fracture 

by ultrasound (Fig. 4C–E). These results indicate that anti-PDPN therapy 
promotes lymphatic drainage function. 

To determine the effect of anti-PDPN therapy for fracture healing, we 
examined hindlimb edema from day 0 to day 7 post-fracture, pain 
sensation in the fractured hindlimb by paw withdrawn threshold len-
tancy (PWTL) at day 1 post-fracture, bone volume by micro-CT and 
callus composition by Alcian Blue-Hematoxylin/Orange G (ABH/OG) 
-staining at day 14 post-fracture, and bone quality by biomechanical 
testing at day 35 post-fracture. Compared to IgG controls, anti-PDPN 
group significantly reduced hindlimb edema post-fracture (Fig. 5A–B) 
and pain sensation (Fig. 5C). In addition, anti-PDPN group significantly 
increased BV/TV and Tb.Th (Fig. 5D–E) and woven bone (Fig. 5F–G) of 
fracture callus at day 14 post-fracture. Biomechanical testing indicates 
that anti-PDPN group significantly increased maximum torque and 
maximum flexural rigidity at day 35 post-fracture (Fig. 5H). These re-
sults show that anti-podoplanin therapy improves fracture healing. 

4. Discussion 

In this study, we firstly demonstrate that inhibiting lymphatic 

Figure 5. Anti-PDPN improves fracture healing (A) Representative photographs of hindlimb at day 2. Scale bars, 1 cm. (B) The relative swelling ratio of mouse 
hindlimb in 7 days after fracture (n = 10/group at each time point). (C) PWTL at day 1 (n = 10/group). (D) Representative Micro-CT images (cross-section) of tibial 
fracture healing at day 14 post-fracture. Red arrow indicates bone defect. (E) Quantification of BV/TV, Tb.N, Tb.Th and Tb.Sp (n = 10/group). (F) Representative 
histomorphological images of ABH-stained sections at day 14 post-fracture. Red asterisk indicates fiber, Orange asterisk indicates cartilage, and black asterisk woven 
bone. The bottom images are higher magnifications of the regions boxed in black in the corresponding image above. Scale bars, 1 mm, 200 mm. (G) Callus 
composition in (F) were analyzed (n = 6 in IgG group and n = 7 in anti-PDPN group). (H) Quantification of maximum torque, maximum flexural rigidity, and fracture 
energy (n = 10/group). Data are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. In B, analysis of variance in repeated measurement design 
followed the simple effect test. In C, E, G and H, two-sided Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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drainage delays fracture healing. Then we applied PDPN neutralizing 
antibody to improve fracture healing. These results suggests that PDPN 
neutralizing antibody is potential therapeutic target to improve fracture 
healing via eliminating lymphatic platelet thrombosis and unblocking 
lymphatic drainage. 

Recently, Biswas et al. utilized light-sheet microscopy technology 
and identified lymphatic vessel network within bone marrow cavity and 
bones [5]. They also demonstrate that lymphangiocrine function of 
secreting CXCL12 to relieved chemoradiotherapy induced bone injury 
[5]. This brilliant and novel work supports anatomical and functional 
relationship between LVs and bone. However, the effect of lymphatic 
drainage function on bone fracture remains unknown. Our research is a 
complementary work on lymphatic associated bone repair from the view 
of lymphatic drainage function rather than lymphangiocrine function. 

Clopidogrel, a P2Y12 antagonist, interferes with platelet activation 
mediated by ADP, inhibits platelet aggregation and is widely prescribed 
to inhibit platelet thrombosis in the clinic [30]. However, use of Clo-
pidogrel in trauma patients or perioperative management for throm-
boprophylaxis increases high risk of bleeding and mortality [31–33]. In 
addition, large dosage of Clopidogrel for long term inhibits bone cell 
formation, differentiation, and activity in vitro and decreases trabecular 
bone in vivo [34]. To prevent the side effects of anti-coagulate agents, 
we advocate PDPN neutralizing antibody as a potential and safe agent 
for bone repair without increasing the risk of bleeding and mortality. 

Post traumatic edema delays the time for surgical intervention, in-
creases the risk of wound infection and even progresses to osteofascial 
compartment syndrome in some severe cases [35]. In addition, prompt 
treatment of pain, widely-regarded as the fifth vital sign, is beneficial for 
reducing suffering, readmissions and emergency department visits after 
hospital discharge [36]. Although many studies have reported on how to 
eliminate chronic post-traumatic lymphedema [37–39], the effect of 
lymphatic drainage on acute post-traumatic hematoma and pain is not 
clear. With the treatment of anti-PDPN neutralizing antibody, we 
determined that improving lymphatic drainage reduces acute 
post-traumatic edema and pain, suggesting that defects in lymphatic 
drainage plays a key role in the early complications of traumatic 
fracture. 

Our study has several limitations. (1) An extensive network of LVs 
travels along the skin, muscle and periosteum [3–5], those supply an 
anatomical and physiological condition of regulating various bone 
repair associated cells. We will select multiple time points post-fracture, 
to comprehensively asses bone healing and reveal the bone repair 
mechanism regulated by lymphatic drainage function. (2) In Fig. 5E, as a 
limitation of local injection with relative high concentration of anti-
bodies and treating control group with polyclonal IgG antibody, signif-
icant deviation within groups and little difference were shown between 
IgG and anti-PDPN groups probably cause by the deviation of adminis-
trative volume or/and acute inflammatory and immune response. (3) 
From the translational point of view, we will design a clinical research 
study on traumatic fracture with anti-PDPN therapy to further verify its 
clinical efficacy. 
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