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Objective: To investigate the potential role of lymphatic system in gouty arthritis (GA) by integrating clinical observations in human 
draining lymph nodes with functional studies in a mouse model.
Methods: We first conducted ultrasound examinations of draining lymph nodes in 30 GA patients and 30 healthy controls. 
Subsequently, we established mouse models of acute and chronic GA via monosodium urate (MSU) crystal injection. Lymphatic 
nodes were assessed using ultrasound, the structure and function of lymphatic vessels were assessed using histology and near-infrared 
imaging. We further employed a VEGFR-3 inhibitor to disrupt lymphatic function and evaluated its impact on inflammatory resolution 
in MSU-induced GA mouse model.
Results: Patients with GA showed significantly larger draining lymph nodes compared with healthy controls, a finding also observed 
in MSU-induced GA mouse model. The concentration of uric acid in the draining lymph nodes after MSU injection was significantly 
elevated and exceeded that in the serum. The structure of lymphatic vessels in paw tissues was impaired, and the draining function was 
reduced during the inflammatory process induced by MSU injection at 1 and 4 weeks. Lymphatic vessel leakage was observed after 
4 weeks of MSU treatment. Critically, pharmacological inhibition of VEGFR-3, which disrupted lymphatic integrity, subsequently 
delayed the resolution of MSU-induced inflammation.
Conclusion: Our findings in humans demonstrate a clinical association between GA and lymphatic system engagement. Mouse 
studies highlight a dual and critical role of the lymphatic system in GA pathogenesis: it is involved in clearance but vulnerable to 
damage, which may perpetuate inflammation.
Keywords: gouty arthritis, monosodium urate, lymphatic vessels, vascular endothelial growth factor receptor-3, inflammation

Introduction
Gouty arthritis (GA) is a common inflammatory disease that usually occurs in the first metatarsophalangeal joint and is 
an important clinical manifestation of gout. The global prevalence of GA is 0.1%–6.8%, with an incidence of 0.58–2.89/ 
1000 person-years.1 If not treated properly, deposited urate crystals cause irreversible tissue damage and bone erosion, 
resulting in joint rigidity and deformity, which brings great pain to patients and seriously affects their quality of life.2 
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Current clinical practice guidelines recommend the use of nonsteroidal anti-inflammatory drugs (NSAIDs) like 
Ibuprofen, naproxen, and celecoxib, colchicine, or glucocorticoids for acute attacks of GA.3,4 Uric acid–lowering 
drugs are used to control blood levels of uric acid, and they can reduce the frequency of GA episodes.5

Acute inflammation near the joints of patients with GA is initiated by the deposition of urate crystals, which activate 
NLRP3 (NACHT, LRR, and PYD domains–containing protein 3) inflammasomes and caspase-1 in macrophages, leading 
to the release of active Interleukin-1β (IL-1β).6 IL-1β further recruits neutrophils to the tissue and promotes the release of 
inflammatory mediators, thereby exacerbating the inflammatory response of GA.7 It’s worth noting that the acute 
inflammation of GA is self-limited and usually disappears after 7–10 days even without treatment.8 Currently, the 
following mechanisms related to the inflammation regression in GA are recognized: 1) Apolipoprotein (apo) B and apo 
E inhibit crystal-induced neutrophil stimulation by binding to the surface of the crystals.9 2) High-density lipoprotein 
(HDL) may attenuate inflammation by adhesion to the crystals and/or by acting directly on the cells through blockade of 
the putative crystal receptors/sensors or diminution of the threshold of cell response to the crystals.10 3) Neutrophil 
extracellular traps (NETs) can degrade cytokines to promote the regression of inflammation.11 However, the clearance 
route of deposited urate crystals during the inflammatory process, which represent the core pathological factor in GA, 
remains unclear. Clarifying this clearance mechanism is of crucial importance for fully revealing the physiological basis 
of GA’s self-limiting regression and for developing novel therapeutic strategies.

Lymphatic system (LS) consists of lymphatic vessels (LVs), lymphatic organs (such as lymph nodes), and lymphatic 
tissues, and it is involved in physiological processes such as the maintenance of fluid balance and immunosurveillance.12 

Lymphatic endothelial cells (LECs) are the main structures that constitute the wall of LVs.13 In peripheral tissues, the 
main type of LVs are capillary LVs.14 These specialized structures form primary valves (button-like junctions) that open 
when interstitial hydrostatic pressure exceeds intraluminal pressure, allowing unidirectional entry of interstitial fluid, 
macromolecules, and nanoparticles in the tens-to-hundreds of nanometers range. Such size scales overlap with the 
smaller cross-sectional dimensions of monosodium urate (MSU) crystals and with particulate cargo that can be 
transported by phagocytes toward draining lymph nodes.15–17 Capillary lymphatics converge to form collecting lympha
tic vessels, which transport interstitial fluid to lymph nodes via the contraction of lymphatic smooth muscle cells.18 

Lymphatics can return and clear a wide range of pathological materials from tissues, including inflammatory cells and 
catabolic factors in the synovium of mice with inflammatory arthritis,19 viruses,20 and erythrocytes.21 In contrast to renal 
clearance, which removes soluble uric acid from systemic circulation,22 lymphatic drainage may represent a distinct 
clearance pathway for the local clearance of deposited MSU crystals from affected joint. Therefore, this study aims to 
address the unmet question of whether lymphatic vessels correlate with gouty arthritis through modulating the clearance 
of urate crystals and the resolution of inflammation in a murine model.

Methods
Ethics Approval and Informed Consent
Human Study
This study followed the principles outlined in the Declaration of Helsinki (2013 revision). It was conducted with the 
approval of the Ethics Committee of Longhua Hospital Affiliated to Shanghai University of Traditional Chinese 
Medicine and Shanghai Changning Tianshan Traditional Chinese Medicine Hospital (2020LCSY025), and written 
informed consent was obtained from all participants. During the period from June 2020 to December 2022, the unilateral 
inguinal lymph nodes and first metatarsophalangeal joints of patients with GA flare (30 patients) and normal volunteers 
without arthritis or other inflammation (30 persons) were examined by ultrasound (Philips Affiniti50; Esaote Mylab Class 
C; Hitachi Arietta 70). All examinations and data acquisition were performed by a single, senior sonographer. The 
maximal cross-sectional area of the inguinal lymph nodes was determined with an ultrasonic machine. The examined side 
was the affected side in GA patients and a corresponding side in healthy volunteers.

To examine both the inguinal lymph nodes and first metatarsophalangeal joints, Philips Affiniti-50 color ultrasound 
system (L12-5 probe), Esaote MyLab Class C color ultrasound system (LA523 probe), and Hitachi Arietta 70 color 
ultrasound system (L64 probe) were operated at a detection frequency of 12 MHz.
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Animals
Six- to eight-week-old specific pathogen-free (SPF) C57BL/6J male mice were purchased from Shanghai JieSiJie 
Laboratory Animal Co., Ltd. and housed at Shanghai Model Biological Co., Ltd., with a 12-h light/dark cycle and 
free access to adequate food and water. The mice were acclimatized for 2 weeks before the experiment, and 8–10-week- 
old mice were used for the study. After acclimatization, all the mice were numbered and randomly divided into groups 
using a random number table.

All animal experiments were approved by the Institutional Animal Care and Use Committee of Shanghai 
University of Traditional Chinese Medicine (approval number: PZSHUTCM201211002), which complies with the 
National Research Council’s Guide for the Care and Use of Laboratory Animals. All animal experiments were 
performed in compliance with the ARRIVE guidelines. For all procedures, the mice were anesthetized using isoflurane 
(RWD, Catalog No.: R510-22-4) delivered via a multichannel small-animal anesthesia machine (Matrx, Model: VMR). 
For induction, an 800-mL chamber was pre-charged with 5% isoflurane at 4 L/minute for 30s. Up to five mice were 
placed simultaneously to minimize batch differences in anesthetic depth. After confirming adequate anesthesia, the 
flow rate was reduced to 2 L/minute. For surgical procedures, individual mice were transferred to a nose cone for 
maintenance at 0.5–1.0 L/minute. For euthanasia, cervical dislocation was performed under isoflurane anesthesia; 
before tissue collection, death was confirmed by the absence of heartbeat and respiration and loss of reflexes. All 
anesthesia and euthanasia procedures were conducted in accordance with the AVMA Guidelines for the Euthanasia of 
Animals.

Establishment of Acute and Chronic GA Models
1.2 mL of phosphate-buffered saline (PBS) was pipetted into a 1.5-mL sterile EP tube. Then, 60 mg of MSU 
crystals was weighed using an electronic balance and dissolved in PBS. After vortexing, the mixture was 
homogenized into a uniform MSU suspension using an ultrasonic cell disruptor (25% intensity, 5s ON, 10s 
OFF) for 1 min. As described previously,23,24 20 μL of the 5% MSU crystal suspension (Cat. No. 1198–77-2, 
Sigma) was injected periarticularly around deep small joints in mouse hind paws using a 50-μL Hamilton 
microsyringe to establish a GA model. The acute GA model was injected every 2 days for 1 week (Control 
group and GA 1-week group, n = 10 per group), whereas the chronic GA model was induced by continuous 
injection for 1 month (Control group and GA 1-month group, n = 8 per group). The thickness of the most swollen 
part of the mouse hind paw was measured using high-precision electronic vernier calipers (MNT150, MNT 
Shanghai), and the mean value was calculated. Swelling degree was determined as the (measured value − baseline 
value)/baseline value × 100%.

Vascular Endothelial Growth Factor Receptor-3 (VEGFR-3) Treatment
SAR131675 (Cat. 15458, MCE) is a VEGFR-3 inhibitor that inhibits the function of VEGFR-3 in LVs. The mice were 
randomized into four groups: Control + Vehicle (n = 10), GA+Vehicle (n = 10), Control + SAR131675 (n = 10), and GA 
+ SAR131675 (n = 10). Before GA model was established, mice were injected intraperitoneally with SAR131675 at 
50 mg/kg body weight for 42 consecutive days, and the control mice were injected with the same volume of solvent 
(equivalent dose of solvent, 15 mL PEG 400 + 2.5 mL Tween-80 + 30 mL double-distilled water). The dose and 
treatment duration were selected based on previous studies that demonstrate robust inhibition of lymphangiogenesis with 
acceptable tolerability.25 Then, a MSU-induced GA model was established when lymphatic clearance was significantly 
inhibited in the SAR131675-treated mice.

Ultrasound Scan
After removing the hair around the popliteal lymph nodes (PLNs), the mice were anesthetized using isoflurane gas and 
fixed in a prone position on a thermostatic hot plate at 37°C. Three-dimensional (3D) ultrasound images of the PLNs and 
the skin surface of the hind paws were scanned using an MX550D ultrasound probe with a medical ultrasound coupler as 
a medium. 3D reconstruction was performed using Vevo Lab 3.2.0 software to determine the maximum cross-sectional 
area and volume of the paw and PLNs.
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Histology
The paw tissue was fixed, decalcified, and embedded in paraffin. Then, 4-μm-thick tissue sections were taken and stained 
with hematoxylin and eosin (H&E). The stained sections were digitized by a whole-section imaging system (VS120-S5 
-E, Olympus, USA) and analyzed by ImageJ software. Using ImageJ software with a unified scale, identical regions at 
the plantar surface of the mouse hind paws were selected. We captured and analyzed areas of equal size, which clearly 
demonstrated that deep purple–stained areas in the GA mice represent inflammatory infiltration zones, whereas purple- 
stained areas in the control group are limited. The same area of plantar tissue was selected from each section, and the 
ratio of the inflammatory infiltration area to the total contour area was calculated.

Uric Acid Concentration Measurement
To detect the concentration of uric acid, we collected serum by removing the eyeballs, and we mixed the isolated PLNs 
and iliac lymph nodes (ILNs) with 10 times greater volume of PBS, ground them at 4°C with a multi-sample tissue 
grinder (Shanghai Jingxin, Tissuelyser-24), and centrifuged them to collect the supernatant. Then, the concentrations of 
uric acid in serum, PLNs, and ILNs were measured with uric acid assay kits (Cat. C012-2-1) purchased from the Nanjing 
Jiancheng Bioengineering Institute.

Near-Infrared–Indocyanine Green (NIR-ICG) Lymphatic Imaging
After isoflurane gas anesthesia, 10 μL of 0.1 mg/mL ICG solution was injected subcutaneously into a hind paw of each 
mouse (Catalog 17478–701-02, Akorn Corporation). The mice were fixed on a thermostatic hot plate at 37°C to minimize 
the effect of temperature on the contractile function of LVs. As described previously,26 fluorescence intensity images 
were obtained at 15 min and 24 h after ICG injection by irradiating the footpad area with a near-infrared laser to calculate 
the lymphatic clearance rate over a 24-h period. The 15-min time point captured the early filled phase of ICG entering the 
draining LVs, whereas the 24-h time point reflected the overall clearance capacity throughout the entire inflammatory 
cycle. The ICG fluorescence of the afferent LVs from the injection site to the PLN was continuously visualized and 
recorded at 1-s intervals using an Olympus microscope to observe the pulsation of the LVs over a certain period. LV 
pulsation was calculated by counting the number of times the ICG fluorescence signal crossed the afferent LVs to reach 
the region of interest (ROI) within 500s, and the data were analyzed using ImageJ software. ImageJ software was used to 
analyze brightness changes in selected LV regions and acquire data. Continuously stable 500-s signal data were extracted 
to generate LV pulsation curves via GraphPad Prism 8. Pulsation events were counted and converted to lymphatic 
pulsation frequency per minute (Pulse), which was recorded. Additionally, after setting the parameters, 1001 consecutive 
images recorded at 1-s intervals by the Olympus microscope were imported into ImageJ. These images were converted 
into a dynamic video using the software, clearly revealing brightness fluctuations in LVs and allowing direct visualization 
of their rhythmic pulsations. The same anesthetic regimen was applied across all groups to minimize variability in 
lymphatic contractility related to isoflurane exposure.

Whole-Mount Staining
For whole-mount staining of the collecting LVs, the foot skin was fixed in 4% paraformaldehyde, blocked with 3% milk 
in 0.3% Triton X-100, and incubated with FITC-conjugated mouse monoclonal anti-mouse α-smooth muscle actin (α- 
SMA, Cat. No. F3777, Sigma, 1:400), hamster anti-mouse Podoplanin (PDPN, Cat. No. ab11936, Abcam, 1:1000), and 
Alexa-546 goat anti-hamster IgG (H+L) (Cat. No. A211, 1:400), as previously reported.19 The tissues were then mounted 
with glycerin and imaged with a whole-slide imaging system, and all images were analyzed using ImageJ software. After 
setting calibrated scale parameters in ImageJ software, we outlined α-SMA (green fluorescent signal) to obtain its area, 
calculate its coverage ratio (%) within the identical region area, and perform between-group comparisons. The percentage 
of α-SMA coverage on mature LVs was quantified by using the following equation: αSMA+ area/PDPN+ area at LVs 
× 100%.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 8.0 software. Measurement data were expressed as mean 
values ± standard deviation (SD). The Student’s t test was used to compare the measurement data between two groups. 

https://doi.org/10.2147/JIR.S566380                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 4

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Count data between two groups were compared using the Fisher’s exact test. Differences between the mean values of 
more than two groups were analyzed using one-way ANOVA with post-hoc Dunnett’s t or Bonferroni test. Multi-group 
comparison of repeated measurements was determined by repeated-measures ANOVA (RM-ANOVA). P values < 0.05 
were considered significant.

Results
GA Patients Have an Increased Volume of Draining Lymph Nodes
To observe the morphology of the draining lymph nodes in patients with GA, we performed ultrasound examination of 
the first metatarsophalangeal joint and its draining lymph nodes (ILNs; Table 1) in 30 patients with GA flare and 30 
normal volunteers without arthritis or any other inflammation disease at both lower extremities. Ultrasound imaging 
revealed dilatation of the first metatarsophalangeal joint, thickening of the synovium, and multiple internal punctate 
strong echogenic spots in the patients with GA (Figure 1A). It is commonly recognized that the ILNs in humans drain the 
superficial LVs of the lower extremities, except for the lateral margin of the foot and the posterior lateral aspect of the 
lower leg.27 As shown in Figure 1A and B, the patients with GA had significantly larger ILNs than normal volunteers. 
This suggests that the enlarged draining lymph nodes may be related to the inflammatory response at the joint sites in 
arthritis.

Increased Volume and Uric Acid Concentration in Draining Lymph Nodes of Mice 
Injected with MSU for 1 Week
Repeated injections of MSU resulted in persistent swelling of the hind paws of the mice in the GA-1W group, with 
thickness peaking at 12 h after modeling. Compared with the control group, the GA-1W group showed an average 
thickness increase of 40% (Figure 2A and B). Likewise, the results of H&E staining showed that the area of 
inflammatory infiltration was significantly increased in the GA-1W group (Figure 2C and D). Previous studies in mice 
have shown that PLNs can drain lymphatic fluid from the ankle and footpad regions.28 We used ultrasound 3D imaging to 
capture and analyze the volume of the paw and PLNs. Compared with the normal mice, the mice in the GA-1W group 
had a threefold increase in the paw volume (Figure 2E and F) and a 1.7-fold increase in the PLN volume (Figure 2G). To 
further investigate whether increased lymph node volume was associated with MSU, we examined uric acid concentra
tions in the draining lymph nodes. Uric acid concentrations were significantly increased in the GA-1W group, showing 
a fivefold increase in PLNs and a threefold increase in ILNs. In contrast, serum uric acid concentrations did not increase 
significantly (Figure 2H). These findings suggest that urate in the hind paw can be transferred to the lymph nodes, which 
may account for the increase in lymph node volume during MSU-induced inflammation.

Drainage of MSU Leads to Structural and Functional Dysfunction of the LVs
LVs are important channels for the removal of local pathological products and inflammatory mediators from tissues. 
Thus, to observe the alterations in the function of LVs in the GA mice, we injected ICG into the footpad of the mice and 
assessed the ability of LVs to eliminate ICG by NIR imaging. We found that the diameter of the LVs in the GA-1W group 
increased and the LVs showed irregular hyperplasia (blue arrows in Figure 3A). The signal intensity of the PLNs was 
dampened (Figure 3A), whereas the signal intensity of the pulses from the LVs was enhanced (Figure 3B). The frequency 
of LV pulses per unit time increased (Figure 3C). Furthermore, compared with the normal group, the fluorescence 
intensity of ICG in the plantar foot of the mice in the GA-1W group remained strong 24 h after ICG injection, indicating 

Table 1 Patient Baseline Characteristics

Baseline Characteristics Normal (n = 30) GA (n = 30) P value

Age* (years) 42.7 ± 14.28 46.9 ± 12.35 P = 0.22 > 0.05

Male# 28/30 (93%) 27/30 (90%) P = 1 > 0.05

Notes: *The data are presented as the mean ± standard deviation (SD). #The data are presented as 
the number/total (%). There are no significant differences between the groups.
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a significant reduction in the drainage capacity of the LVs (Figure 3D and E). To further observe the structure of the LVs, 
we performed immunofluorescence staining of the whole foot skin with podoplanin and α-SMA double-positive markers 
to label the mature LVs and calculated the area covered by LV smooth muscle. The reduction of LV smooth muscle 
coverage area in the GA-1W group (Figure 3F and G) indicated that the lymphatic tissue structure was impaired in this 
group.

Long-Term MSU Challenge Exacerbates Inflammatory Response and Elevates Urate 
Concentration in PLNs, ILNs, and Serum
Although GA is a self-limiting inflammatory disease, recurrent flares of GA can occur and tophi may form in the paws 
when uric acid levels are not properly controlled. To mimic clinical features of patients with long-term recurrent gout 
flares, we repeatedly stimulated mice for 1 month with MSU. We found that as the duration of the MSU exposure 
increased, the degree of paw swelling increased in the mice in the GA-1M group (Figure 4A and B), and H&E staining 
showed that the area of inflammatory cell infiltration also increased significantly (Figure 4C and D). Besides, ultrasound 
scanning showed significant increases in the volume of paws and lymph nodes of the mice in the GA-1M group 
(Figure 4E–G). We further detected the concentrations of uric acid and found that compared with normal mice, there was 
a 15-fold increase in the PLNs, a 5-fold increase in the ILNs, and a 5-fold increase in the serum of UA concentration in 
the GA-1M group (Figure 4H). Importantly, the uric acid concentrations in the PLNs, ILNs, and serum of the mice in the 
GA-1M group were higher than those of the mice in the GA-1W group.

Long-Term MSU Challenge Exacerbates LV Damage in GA Mice
Since LVs are essential for the clearance of tissue-deposited urate, to observe the morphological and functional changes of 
LVs during recurrent episodes of GA, we continuously stimulated the mice with MSU for 1 month. In the control group, the 
ICG fluorescence signals of the lower limb’s LVs and PLN were clear and contracted twice per minute on average (Figure 5A 
and B). In contrast, two different fluorescence signal conditions were found in the GA-1M group. First, no visible pulsation 
was detected in the draining LVs (dLVs) of the GA-1M group, and the ICG fluorescence signals of the LVs and PLNs were 
very weak. Second, a large number of small and curved dLVs were found in the limbs, and some of them showed ICG 
leakage, which resulted in disturbed ICG signals (Figure 5B). In the GA-1M group, ICG signals were weak in the dLVs, and 
no significant pulses were detected in the lower limbs of nearly half of the mice. The GA-1M mice with measurable 
lymphatic pulses had stronger signal intensity and faster beating rhythm in the dLVs. The signal of the collecting LVs was 
weaker than that of the lateral LVs but stronger than that of the control group, with a lower pulsation frequency (Figure 5B 

Figure 1 GA patients with enlarged inguinal lymph nodes. Inguinal lymph nodes and the first metatarsophalangeal joints of patients with GA flare (n = 30 patients) and 
normal volunteers without arthritis or any other inflammatory disease at both lower extremities (n = 30 persons) were examined by ultrasound. (A) Representative 
ultrasound images of inguinal lymph nodes and the first metatarsophalangeal joints from normal volunteers and GA patients. Yellow arrow indicates enlarged lymph node of 
upper image and dilated joint of lower image. Green “+” and Red “+” indicate vertices of the long and short axis of a lymph node, respectively. (B) Histomorphometric 
analyses of maximum cross-sectional area of inguinal lymph nodes were performed. Each symbol represents a single sample; bars show the mean. ***P < 0.001 by the 
Student’s t test.

https://doi.org/10.2147/JIR.S566380                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 6

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 2 Uric acid concentrations in the PLNs are elevated in the GA-1W group, whereas serum uric acid concentrations are not. (A) Measurement of the paw swelling 
degree in GA-1W mice by using high-precision electronic digital display vernier calipers and analyses at 12 hours, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days; the 
results are presented as the mean ± standard deviation (SD). Statistical analysis was performed using a repeated-measures analysis of variance, followed by the Bonferroni 
post-hoc test to assess the significance of the results (n = 20 legs from 10 mice; ***P < 0.001 vs control mice). (B) Representative mice after acute GA modeling of foot 
swelling images (scale bar = 1 cm). (C) Representative images of H&E-stained sections of foot and ankle tissues to illustrate the inflammation infiltration area in the foot 
tissues after MSU modeling (scale bar = 100 μm). (D) Inflammation area ratio indicates the percentage of the inflammatory area to the total area of the intercepted field (n = 
6, **P < 0.01 vs control mice). (E) Representative images of ultrasound scans of the pedicle claw tissue and popliteal lymph nodes in B mode and 3D mode. (F) Paw volumes 
before and after modeling were analyzed using VEVO Lab software (n = 10, ***P < 0.001 vs control mice). (G) Volume of the 1W popliteal lymph nodes before and after 
modeling in 3D mode was analyzed using VEVO Lab software (n = 9–10, *** P < 0.001 vs control mice). (H) Differences in uric acid concentration in the 1W popliteal lymph 
nodes, inguinal lymph nodes, and serum before and after modeling were analyzed (***P < 0.001 vs control mice; ns = no significant difference).
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and C). The increased frequency of lower-limb lymphatic pulsations in the mice in the GA-1M group suggests that chronic 
recurrent inflammation may promote lymphatic pulsations, although the average number of pulsations per unit of time was 
lower than that in mice in the GA-1W group (Figure 5D). Like in the GA-1W group, the ICG clearance rate in the GA-1M 
group was lower than that in the control group (Figure 5E and F). In addition, examination of mature LVs in the skin of the 
foot pads by whole-mount staining revealed that the LVs in the GA-1M group were thinner-walled, and the coverage of 
smooth muscle in the LVs was significantly lower (Figure 5G and H). In conclusion, repeated MSU injections lead to more 
severe paw swelling, enlarged draining lymph nodes, and impaired LV function.

Disruption of LVs Delays the Resolution of the Inflammatory Response in GA Mice
To investigate the impact of the function of LVs on the regression of GA inflammation, we treated the mice with 
a VEGFR-3 inhibitor (SAR131675) for 42 days to suppress the LV function beforehand, and the progression of 
inflammation induced by a single paw injection of MSU was then observed (Figure 6A). Lymphatic function in mice 
was successfully suppressed after SAR131675 treatment, as evidenced by decreased clearance of ICG injected in the 
footpad (Figure 6B and C). We found that the GA mice stimulated once with MSU had the highest degree of paw 
swelling within 1 day, followed by a steady decline, which almost returned to normal by day 9. However, the mice 
receiving the VEGFR-3 inhibitor treatment had a much lower rate of swelling regression, and the degree of swelling was 

Figure 3 Impaired lymphatic function and reduced lymphatic vessel (LV) coverage in the GA-1W group. (A) Representative near-infrared indocyanine green image 
with white arrows indicating ICG injection sites, Orange arrows showing LVs, yellow arrows indicating popliteal lymph nodes, and small blue circles as regions of 
interest (ROIs) for measurement pulses. (B) Representative histogram of lymphatic pulses in arbitrary units in the control group (blue) compared with the GA-1W 
group (red). The NIR-ICG image in the histogram shows the real-time passage of ICG pulses through the lymphatic vessels, as evidenced by the change in pulse 
signal intensity over 500s. (C) Quantitative analysis of the number of lymphatic beats as a function of the interval between beats. The values are reported as the 
mean ± standard deviation (SD) of 10–16 legs from 5–8 mice. Statistical analysis was conducted using the Student’s t test, ***P < 0.001 vs control mice. 
(D) Representative images of fluorescence intensity at the footpad site were analyzed in two groups of mice at 15 min and 24 h after injection of ICG solution. 
Orange circles are the ROIs when analyzing fluorescence intensity. (E) Quantitation analysis of the percentage of ICG clearance. Values are the mean ± SD of 
10–16 legs of 5–8 mice. ***P < 0.001 vs control mice by the Student’s t test. (F) Representative merge images of whole-mount immunofluorescence staining. 
Podoplanin (red), α-SMA (green); scale bar = 200 μm. (G) Quantification of coverage rate of α-SMA. *P < 0.05 vs control mice by the Student’s t test.
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still significantly higher than that in the GA+Vehicle group by day 9 (Figure 6D). Ultrasonography results confirmed that 
the paws of the inhibitor-treated mice were significantly larger than those of the model group (Figure 6E and F), while 
the PLN volume was increased in the modeling group (Figure 6G). Consistent with this, H&E staining showed that the 

Figure 4 Uric acid is increased in lymph nodes and serum in the GA-1M group. (A) Analysis of the paw swelling degree of GA-1M mice. Data are shown as the mean values 
± standard deviation (SD) and analyzed by repeated-measures ANOVA with Bonferroni post-hoc test (n = 12-16 legs from 6–8 mice, *** P < 0.001 for comparison with 
control group). (B) Representative images of paw swelling in GA-1M and control mice (scale bar = 1 cm). (C) Histological images of the foot from the control and GA-1M 
groups are shown in this figure, with the area of inflammatory infiltration in the foot paw clearly visible (scale bar = 100 μm). (D) Histomorphometric analysis of the area of 
inflammatory infiltration in the paw tissue was performed using ImageJ software. The inflammation area ratio indicates the percentage of the inflammatory area to the total 
area of the intercepted field. Data are expressed as mean ± SD. Unpaired t tests were used to analyze differences between the control mice and GA-1M mice (n = 6, *** P < 
0.001 for comparison with the control group). (E) Representative images of ultrasound scans of foot claw tissue and popliteal lymph nodes in B mode and 3D mode. (F–G) 
Quantitative analysis was conducted to determine the foot paw and volume of popliteal lymph nodes (PLNs) in the control mice and GA-1M mice. The values represent the 
mean ± SD of 11–16 legs from 6–8 mice. Unpaired t tests were used to analyze the differences between the two groups (***P < 0.001 for comparison with the control 
group). (H) Uric acid concentration in PLNs, ILNs, and serum was measured. *P < 0.05, **P < 0.01, ***P < 0.001 vs control mice by the Student’s t test.
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area of inflammation in the foot tissue of the mice in the GA+SAR131675 group was twice as large as that in the GA 
+Vehicle group (Figure 6H and I). Taken together, these results suggest that disruption of LVs leads to more persistent 
inflammation in MSU-induced GA.

Discussion
Integrating clinical imaging of GA patients with data from mouse models, our findings provide correlative evidence that 
the lymphatic system is involved in uric acid clearance and inflammation resolution. This is further supported by the 
observation that pharmacological inhibition of VEGFR-3, which was associated with impaired lymphatic drainage, also 

Figure 5 Repeated chronic GA inflammation leads to impaired lymphatic function and reduced vascular coverage. (A) Representative NIR-ICG images showing LVs, popliteal 
lymph nodes (PLNs; white arrows), ICG injection site (light orange arrows), normal Lvs (deep orange arrows), ICG leakage (yellow arrows), and region of interest (ROI) where 
the pulses were measured (blue circle indicates ROI at dominant LVs in the control group; red circle indicates dominant LVs in the GA-1M group; and green circle indicates 
collateral LVs that bypass the PLN). (B) Histogram showing ICG pulses in the dominant LV of a control mouse (in blue) and in the dominant LV (dLV, in red) and collateral LV (in 
green) of a GA-1M mouse. (C) Number of legs with or without pulses in the dominant LVs was recorded for all tested legs. Statistical analysis was performed using Fisher’s 
exact test, *P < 0.05 vs the control group. (D) Quantitative analysis was conducted to determine the number of lymphatic pulses in the dominant LVs vs the interval between 
beats. The values represent the mean ± standard deviation (SD) of 9–12 legs from 5–6 mice. Statistical analysis was performed using the Student’s t test, *P < 0.05 vs the control 
group. (E) Representative images of fluorescence intensity at the footpad site of the control group versus the GA-1M group at 15 min and 24 h after injection of ICG. Orange 
circles are the ROIs for analyzing fluorescence intensity. (F) Quantitation analysis of the percentage of ICG clearance. Values are shown as the mean ± SD of 12 legs of 6 mice. 
**P < 0.01 vs control mice by the Student’s t test. (G) Representative merge images of whole-mount immunofluorescence staining, with podoplanin labeled in red and α-SMA 
labeled in green. Scale bar = 200 μm. (H) Quantitative analysis was performed to determine the coverage rate of α-SMA, as depicted in panel G. The data represent the mean ± 
SD of nine samples, with statistical significance indicated by asterisks: ***P < 0.001 compared with the control group, as determined by the Student’s t test.
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Figure 6 VEGFR-3 inhibition slows the regression of MSU-induced inflammation. (A) Seven-week-old male C57BL/6J mice received intraperitoneal injections of SAR131675 
(50 mg/kg) or Vehicle for 42 days. NIR imaging detected impaired lymphatic vessel function at 43 days. Acute GA was induced by injecting 5% MSU into the soles of the feet 
for one time. Popliteal lymph nodes and foot swelling volumes were examined by ultrasound prior to euthanasia (6–7 mice per group). (B) Fluorescence intensity images of 
the metatarsal surfaces of the feet of two groups of mice were analyzed 15 min and 24 h after injection of ICG solution. Orange circles indicate the regions of interest (ROIs) 
where the fluorescence intensity was analyzed. (C) ICG clearance percentage was quantitatively analyzed in 26–28 legs of 13–14 mice, with results reported as the mean 
value ± SD. A significant difference was observed using the Student’s t test: ***P < 0.001 compared with the control mice. (D) Paw swelling was analyzed in each group and 
presented as mean ± SD. Repeated-measures ANOVA with Bonferroni post-hoc test was used to analyze the data from a sample size of 12–14 legs (6–7 mice). The GA 
+SAR131675 group showed a statistically significant difference compared with the GA+Vehicle group, *P < 0.05, **P < 0.01. (E) 3D-mode ultrasound scans of paw and 
popliteal lymph nodes are presented as representative images. (F–G) Quantitative analysis of the volume of paw and popliteal lymph nodes. Values are shown as mean ± SD. 
One-way analysis of variance followed the Dunnett’s t post-hoc test. *P < 0.05, ***P < 0.001, ns = no significance. (H) To quantify the extent of inflammation in foot tissue, 
we used ImageJ software to measure the area of inflammation as a percentage of the total intercepted area. Data are expressed as mean ± SD, ***P< 0.001, n= 6. (I) 
Representative histological images of foot tissues from each group are shown, depicting the area of inflammatory infiltration in the foot paw. Scale bar = 100 μm.
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correlated with a delay in the resolution of MSU-induced inflammation. These collective data suggest an important role 
for functional lymphatic drainage in the inflammatory resolution process of GA.

Uric acid is the product of purine metabolism, circulating in the form of urate.29 When serum uric acid remains 
within its solubility range, it is cleared primarily in dissolved form through renal/intestinal pathways.30 Within the 
microenvironment of peripheral joints (exposed to cold temperatures and pH fluctuations), local concentrations 
exceeding solubility thresholds lead to the formation of monosodium urate (MSU) needle-like crystals.31 These 
crystals diffuse poorly back into the bloodstream and therefore tend to become “trapped” within the joint and 
surrounding tissues.2 Their removal relies on local clearance mechanisms mediated by macrophages and 
neutrophils.32 However, whether urate crystals undergo lymphatic transport and their relationship with the lymphatic 
system were unknown. In this study, we observed markedly elevated urate levels in the PLN/ILN in short-term models, 
even before serum urate showed significant elevation, suggesting that draining lymph nodes may serve as an early 
“frontline station”. Moreover, inhibition of lymphatic function impaired crystal clearance, indicating that the lymphatic 
system contributes to urate removal in GA.

The lymphatic system not only maintains immune homeostasis but also participates in the onset and resolution of 
inflammatory responses by draining interstitial fluid and local pathological products.18 In rheumatoid arthritis (RA), lymphatic 
vessels drain inflammatory exudates and degradation products from the synovial cavity and periarticular tissues to draining 
lymph nodes.19 In the early stages of RA, enhanced lymphatic drainage aids inflammatory control. However, within the 
context of persistent chronic inflammation, substantial accumulation of immune cells such as B cells within draining lymph 
nodes can lead to lymphatic sinus collapse or luminal compression.33 Concurrently, inflammatory cytokines TNF induce LEC 
to produce excessive nitric oxide (NO), which inhibits the contraction of lymphatic smooth muscle cells, thereby impairing 
lymphatic return function.19,34 In GA, we hypothesise that the mechanism of impaired lymphatic drainage may share 
similarities with RA: monosodium urate (MSU), acting as a damage-associated molecular pattern (DAMP), activates 
macrophages and neutrophils, inducing neutrophil extracellular traps (NETs) and prompting these cells to release substantial 
inflammatory mediators (including NO).10,35,36 This inhibits contraction of the smooth muscle in collecting lymphatic vessels. 
Furthermore, under persistent hyperuricaemic conditions, some MSU and uric acid may deposit within lymphatic vessels. 
Their needle-like crystals may inflict direct mechanical and toxic damage upon lymphatic endothelial cells and surrounding 
smooth muscle cells, potentially causing focal obstruction or lymphatic leakage. The combined effects of these factors may 
progressively impair lymphatic endothelium and smooth muscle cells, leading to lymphatic pump failure and diminished 
drainage capacity. However, the critical mechanisms driving this progressive lymphatic failure remain to be fully elucidated 
and will require future studies that integrate high-resolution intravital imaging of lymphatic–immune cell interactions, single- 
cell transcriptomic profiling of lymphatic endothelial and smooth muscle cells in GA models, and reductionist in vitro systems 
exposing these cell types to MSU crystals and NET-associated mediators.

This study has several limitations. First, though enlargement of draining lymph nodes in patients with GA has been 
detected by ultrasound, direct evidence of lymphatic drainage function is still lacking. In future studies, we plan to use 
the clinically approved ICG dye to assess lymphatic drainage in the affected joints of patients with GA. Second, the GA 
model relied on repeated periarticular injections of exogenous MSU crystals, which provides high experimental 
controllability but does not fully recapitulate crystal formation under chronic hyperuricemia.37 These factors may 
influence the dynamics of lymphatic responses. Despite these limitations, the model reliably induces joint inflammation 
and allows controlled assessment of lymphatic function during defined disease phases. Future studies using models that 
better mimic endogenous urate deposition and spontaneous relapse–remission patterns will help further validate the 
mechanisms identified here.

Conclusion
Our findings demonstrate that MSU crystals in GA are preferentially drained via lymphatic vessels to regional lymph 
nodes, thereby establishing a local urate reservoir where concentration rises significantly earlier than in serum. This 
clearance pathway is compromised as lymphatic structure and function become impaired during both acute and chronic 
phases of MSU-induced inflammation. VEGFR-3 inhibition delays inflammation resolution indicates the importance of 
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lymphatic function. Collectively, this work highlights the lymphatic system’s indispensable role in local urate home
ostasis and posits that enhancing lymphatic function may represent a novel therapeutic strategy for GA.
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