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A B S T R A C T   

The neovascular form of age-related macular degeneration (nvAMD) is the leading cause of blindness in the 
elderly population. Vascular endothelial growth factor (VEGF) plays a crucial role in choroidal neo-
vascularization (CNV), and anti-VEGF therapy is recommended as first-line therapy for nvAMD. However, many 
patients do not radically benefit from this therapy. Epidemiological data suggest that physical exercise is 
beneficial for many human diseases, including nvAMD. Yet, its protective mechanism and therapeutic potential 
remain unknown. Here, using clinical samples and mouse models, we found that exercise reduced CNV and 
enhanced anti-angiogenic therapy efficacy by inhibiting AIM2 inflammasome activation. Furthermore, trans-
fusion of serum from exercised mice transferred the protective effects to sedentary mice. Proteomic data revealed 
that exercise promoted the release of adiponectin, an anti-inflammatory adipokine from adipose tissue into the 
circulation, which reduced ROS-mediated DNA damage and suppressed AIM2 inflammasome activation in 
myeloid cells of CNV eyes through AMPK-p47phox pathway. Simultaneous targeting AIM2 inflammasome 
product IL-1β and VEGF produced a synergistic effect for treating choroidal neovascularization. Collectively, this 
study highlights the therapeutic potential of an exercise-AMD axis and uncovers the AIM2 inflammasome and its 
product IL-1β as potential targets for treating nvAMD patients and enhancing the efficacy of anti-VEGF 
monotherapy.   

1. Introduction 

Age-related macular degeneration (AMD) is the leading cause of 
severe and irreversible vision loss in the elderly population in developed 
countries [1,2]. Specifically, neovascular AMD (nvAMD), which is 
characterized by the formation of choroidal neovascularization (CNV), 

accounts for over 80 % of the vision loss associated with AMD [3]. In this 
condition, abnormal blood vessels grow from the choroid and sprout 
into the subretinal space and neuroretina, further leading to leakage, 
edema, and hemorrhage, which can rapidly compromise visual function. 
The anti-VEGF agents, including ranibizumab, aflibercept, conbercept, 
and bevacizumab, are the first-line therapies for nvAMD. However, 
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these therapies have limited efficacy, with only approximately 30 % of 
patients experience significant vision improvement. Subretinal (37.7 
%), sub-retinal pigment epithelium (36.2 %), and intraretinal (61.0 %) 
fluid persist in many patients in long-term treatment [4,5]. Furthermore, 
approximately 6 %–10 % of patients demonstrated sustained visual 
acuity loss after intravitreal anti-VEGF therapy, mainly due to the 
development of foveal scars, pigmentary abnormalities, or geographic 
atrophy [6,7]. Therefore, it is essential to investigate alternative treat-
ments to suppress choroid neovascularization. 

Physical activity (PA) appears to protect against AMD. Beaver Dam 
Eye Study followed 3874 adults aged 43–86 years old for 15 years and 
reported that after adjusting for age, sex, and other influencing factors, 
active exercisers had a 70 % lower risk of nvAMD than inactive lifestyle 
participants, independent of body mass index (BMI) [8]. Similar findings 
have been reported in Caucasian populations in different countries [9]. 
However, the mechanism by which PA exerts beneficial effects on AMD 
remains unclear. 

Inflammation plays a critical role in the pathogenesis and progres-
sion of AMD. Different immune cell types, inflammatory activators, and 
pathways are involved in AMD pathogenesis [10,11]. Choroid neo-
vascularization is accompanied by various inflammatory cell in-
filtrations. Microglia and macrophages were found in human AMD 
lesions and are considered an important subset of immune cells [12]. 
Infiltration of microglia/macrophages to the sites of retinal injury can 
promote the growth of neovascular lesions by producing higher levels of 
pro-angiogenic factors such as VEGF, CCL2 and IL-8 [13,14], and 
experimental depletion of microglia/macrophages suppresses choroidal 
neovascularization in a laser-induced model [15,16]. Exercise has clear 
effects on the immune system [17]. However, whether and how habitual 
PA affects the relationship between the immune system and AMD re-
mains to be explored. We therefore investigated how exercise affects 
nvAMD and the underlying mechanisms, providing translational in-
sights into improving the efficacy of anti-angiogenic therapy. 

2. Results 

2.1. High-physical-activity lifestyle enhances anti-VEGF therapy efficacy 
in nvAMD patients 

To explore whether habitual PA affects disease outcome, especially 
the responsiveness to anti-angiogenic therapy in nvAMD patients, we 
evaluated the metabolic equivalent (MET) of 25 patients with nvAMD 
and divided them into low PA (13 patients: 6 males and 7 females) and 
high PA (12 patients: 7 males and 5 females) groups. A review of patient 
characteristics showed no significant difference between the two groups, 
except that BMI was lower in the high PA group, as expected (Table S1). 
All 25 eyes of the 25 patients received 3+ pro re nata (PRN) anti-VEGF 
therapy. Optical coherence tomography (OCT) was performed before 
and after treatment. Retinal and lesion thicknesses showed no difference 
between the two groups before treatment (Fig. 1A, B). Although retinal 
thickness still showed no difference after three treatments, lesion 
thickness was significantly reduced in the high PA group compared with 
the low PA group, suggesting that a high PA lifestyle increased the 
responsiveness to anti-VEGF therapy (Fig. 1C, D). 

2.2. Treadmill training protects laser-induced CNV and enhances anti- 
angiogenic efficacy in mice 

Next, we tested whether exercise has a protective effect on CNV in 
mice. We employed a laser-induced photocoagulation model of CNV 
(laser-induced CNV model), in which laser burn of the Bruch's mem-
brane triggers vessel growth from the choroid [18]. The mice were 
trained with a treadmill running regimen (six times/week; 60 min; 15 
m/min) for four weeks before CNV was induced by laser photocoagu-
lation, after which the training was stopped (Fig. 1E). Weight and blood 
glucose levels were monitored during the treadmill training (Tre) 

/sedentary (Sed) period (Fig. S1A-C). Fundus photography and OCT 
results showed that treadmill training did not affect the appearance and 
the thickness of the retina of mice without CNV (Fig. S1D-I). In CNV 
mice, fundus fluorescein angiography (FFA) results showed that tread-
mill use significantly reduced vascular leakage at days 3 and 7 after laser 
photocoagulation (Fig. 1F-H). The two groups did not differ significantly 
on day 14 (Fig. 1I), presumably due to the termination of the treadmill 
condition, as the body weight difference diminished seven days after the 
treadmill condition ended (Fig. S1C). CD31 staining of the whole-mount 
RPE-choroid complex also showed that treadmill use inhibited choroidal 
neovessel formation (Fig. 1J, K). Furthermore, OCT results showed that 
the thickness of CNV lesions in the Tre + CNV group was significantly 
lower than that in the Sed + CNV group seven days after laser photo-
coagulation (Fig. 1L, M). We also employed a low-intensity treadmill- 
running regimen (six times/week; 60 min; 12 m/min) for eight weeks, 
and found a comparable protective effect (Fig. S1J-N). Therefore, we 
performed further experiments using a four-week treadmill training 
regimen. 

To corroborate the observation that exercise enhances the efficacy of 
anti-angiogenic therapy in patients, we assessed the effect of anti- 
angiogenic therapy in exercised or sedentary mice (Fig. 1N). Intra-
vitreal injection of aflibercept, a soluble decoy receptor of VEGF, was 
protective in sedentary mice (Fig. 1O-R). Notably, when administrated 
to exercised mice, aflibercept showed a more robust protective effect, 
suggesting a synergistic effect of exercise and VEGF inhibition in the 
treatment of CNV (Fig. 1O-R). 

2.3. Exercise exerts its protective effect via inhibition of ocular 
inflammation 

To investigate the underlying mechanism of the observed protective 
effect in the treadmill group, we performed transcriptome analysis of the 
retina-choroid complex from sedentary or exercised mice, with or 
without laser coagulation. To identify the gene expression signature 
associated with CNV, we first compared the Sed group to the Sed + CNV 
group. Gene ontology (GO)-biological process (BP) analysis showed that 
while genes downregulated by CNV were linked to mitochondrial and 
visual functions; the upregulated genes were largely enriched in immune 
and inflammatory responses (Fig. S2A, B). This finding supports a key 
role of inflammatory regulation in AMD/CNV [10]. 

To further characterize the changes in gene expression caused by 
exercise in the disease situation, we compared Sed + CNV and Tre +
CNV mice. We identified 2340 significantly changed genes (1382 
downregulated and 958 upregulated genes) in the Tre + CNV group 
compared with the Sed + CNV group. GO analysis followed by network 
visualization of enriched GO terms using BiNGO showed that the 
downregulated genes were mainly associated with immune response, 
cell death, response to stress and stimulus, and metabolic processes 
(Fig. 2A), whereas the upregulated genes were mainly linked to bio-
logical regulation and development (Fig. S2C). GO-BP analysis showed 
that the most enriched biological process terms of the downregulated 
genes in the Tre-CNV group were mainly related to inflammation and 
immune responses (Fig. S2D). Gene set enrichment analysis (GSEA) 
further confirmed that genes related to inflammatory responses were 
significantly enriched in the Sed + CNV group, indicating that inflam-
mation was markedly inhibited by exercise (Fig. S2E, F). 

To validate these findings, we analyzed the expression of a set of 
inflammatory factors and adhesion molecules, including Tnf, Icam1, 
Vcam1 and Sele in the retina-choroid complex of Sed + CNV and Tre +
CNV mice and found that exercise suppressed these genes (Fig. S2G). 
GSEA also showed that macrophage activation and chemotaxis genes 
were significantly enriched in the Sed + CNV group (Fig. S2H, I). 
Moreover, compared to the Sed + CNV group, the Tre + CNV group had 
less macrophage infiltration in CNV lesions (Fig. 2B, C). 

Next, we analyzed the signaling pathway involved in this process. Of 
note, the genes downregulated by exercise were significantly enriched in 
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the NOD-like receptor signaling pathway and the NF-κB pathway, both 
of which are involved in inflammasome signaling (Fig. 2D) [19,20]. 
Analysis of RNA-seq data from AMD patients (GSE115828) also revealed 
that these two signaling pathways were significantly enriched in the 
macula of late-phase AMD patients compared with normal macula 
(Fig. S2J). Treadmill training also decreased inflammasome compo-
nents, including Il1a, Il1b and Casp1 (Fig. S2K). Furthermore, the 

cleaved forms of CASP1 and IL-1β were also significantly reduced in the 
retina-choroid complex of Tre + CNV mice (Fig. 2E-H). 

2.4. Treadmill training inhibits AIM2 inflammasome in CNV mice 

To date, five receptor proteins have been confirmed to assemble 
inflammasomes, including NLRP1, NLRP3, NLRC4, AIM2, and Pyrin 
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[21]. We found that Aim2 was most abundantly expressed in the mouse 
retina-choroid complex. Moreover, Aim2 was significantly induced by 
CNV and attenuated by treadmill training (Fig. 2I). To identify the major 
cell type that expresses Aim2, we analyzed an RNA-seq dataset illus-
trating the relative gene expression of different retinal cell types in the 
adult mouse retina (GSE33089) and found that Aim2 is predominantly 
expressed by microglia (Fig. 2J) [22]. Because the NLRP3 inflamma-
some is the most well-studied receptor and responds to a diverse set of 
stimuli [21], we focused on both AIM2 and NLRP3. 

RNA-seq results showed that both NLRP3 and AIM2 signaling were 
affected by treadmill training (Fig. S3A, B). Although the protein level of 
AIM2 was markedly decreased in the Tre + CNV group, NLRP3 level was 
not clearly changed (Fig. 2K, L, Fig. S3C, D). We then used Nlrp3− /− and 
Aim2− /− mice to investigate their role in CNV. Consistent with a pre-
vious report [23], the leakage area, CNV volume, and lesion thickness 
increased significantly in Nlrp3− /− mice compared to WT mice (Fig. S3E- 
J). However, loss of Aim2 significantly inhibited vascular leakage, 
neovascularization, and lesion thickness (Fig. 2M-P, Fig. S3K, L). 
Collectively, these results indicate that the AIM2 inflammasome is 
crucial for mediating CNV progression, which in turn can be inhibited by 
exercise. 

2.5. Serum transfusion transfers the benefits of exercise in mouse CNV 
model 

Administration of circulating blood factors in plasma transfers the 
protective effect of exercise on neurogenesis and cognition [24]. To test 
whether blood factors also have beneficial effects in the CNV model, we 
harvested serum from the Sed/Tre mice 24 h after the last treadmill 
exercise and injected every other day into the mice without exercise. 
CNV was induced after two injections (Fig. 3A). FFA analysis showed a 
significant reduction in vascular leakage in mice administered with 
serum from exercised mice (Fig. 3B, C). Whole-mount staining of CD31 
and Iba1 in the RPE-choroid complexes also showed that serum from the 
exercised mice significantly suppressed CNV formation as well as Iba1+

microglia/macrophages infiltration (Fig. 3D, E). Moreover, Icam1 and 
Sele levels in the retina-choroid complexes were significantly decreased 
in mice that received serum from exercised mice (Fig. 3F). 

Next, we aimed to identify the circulating blood factors responsible 
for these protective effects. Four-dimensional (4D) label-free quantita-
tive proteomic analysis was utilized to measure the relative amount of 
soluble proteins in the serum of exercised or sedentary mice. The 
abundance of 45 proteins increased, whereas that of 43 proteins 
decreased after exercise (Fig. 3G). Functional enrichment analysis using 
GO-BP showed that the upregulated proteins were mainly enriched in 

lipid metabolism, and the downregulated proteins were enriched in 
inflammation and complement activation (Fig. 3H, I). 

2.6. Adipose tissue secreted factors in exercised mice protects against CNV 

As the proteomics results of this study showed that exercised mice 
had lower levels of inflammatory factors in the blood circulation, we 
first tested whether this was responsible for the observed beneficial ef-
fects. Therefore, we analyzed serum level of IL-1β, a key inflammasome 
product. ELISA results showed that exercise significantly reduced IL-1β 
level on CNV day 3. Other inflammatory factors, such as IL-6, ICAM-1, 
and VCAM-1 were also reduced (Fig. S4A–D). These differences 
diminished on CNV day 7, presumably due to the termination of exercise 
after laser photocoagulation. However, in our patient cohort, the serum 
level of IL-1β in AMD patients in the high- and low-PA groups showed no 
significant difference (Fig. S4E). Pearson correlation coefficient analysis 
also showed no significant correlation between the lesion recovery rate 
and plasma IL-1β level in nvAMD patients (Fig. S4F), further suggesting 
that reduced IL-1β in the blood circulation might not be the cause for the 
protective effect. Next, we focused on the identified upregulated factors. 

Using a cell types-human gene atlas database under the interactive 
gene list enrichment analysis platform “Enrichr”, we found that the 
upregulated factors were predominantly expressed in adipocytes, the 
placenta, and the liver (Fig. 3J). In fact, adipose tissue and the liver are 
the major regulatory organs that generate a range of proteins under PA, 
which have protective effects against multiple diseases [17,24]. 

To characterize the direct effects of adipose tissue and liver proteins 
on CNV, we used an ex vivo-choroid explant model, which is widely used 
to study choroidal sprouting angiogenesis [25]. Since we aimed to 
investigate the interaction between myeloid cells and blood vessels 
during CNV, we modified this model by performing laser coagulation in 
mice. Thus, microglia and circulating monocytes can be recruited to the 
lesion site [26]. The explants were then made from the choroid four days 
after laser injury and cultured in Matrigel (Fig. 3K). For visualization 
purposes, we used a Tmem119-EGFP mice to label Tmem119+ microglia. 
As expected, explants from Tmem119-EGFP mice showed that GFP+

microglia were present within the vessel sprouts on the choroid explants 
that underwent laser burn, while no GFP+ cells were found in the 
choroid explant without laser (Fig. 3L). Thus, this CNV choroid explant 
model can be used as a myeloid cell/blood vessel interaction model to 
mimic the disease situation of CNV ex vivo. 

We generated conditioned medium (CM) from subcutaneous adipose 
tissue (SAT) and liver tissue from exercised or sedentary mice (Fig. 3M, 
Fig. S5A). CNV choroid explants were then exposed to different CM, and 
their effects on choroid sprouting were analyzed. The CM of SAT from 

Fig. 1. Exercise inhibits CNV formation and enhances anti-angiogenic therapy efficacy in nvAMD patients and CNV model. 
(A-B) Baseline (before treatment) retina (A) (n = 13/12 eyes from 13/12 patients) and lesion (B) (n = 13/12 eyes from 13/12 patients) thickness in patients with low 
PA and high PA. 
(C–D) Comparison of whole retina/lesion thickness change in patients with low PA and high PA after three treatments of anti-VEGF therapy (n = 11/10 eyes from 
11/10 patients). 
(E) Schematic illustrates the chronological order of treadmill training, CNV induction, and analysis. 
(F) Representative FFA images showing vascular leakage (yellow arrows) from Sed and Tre mice after laser-induced CNV at Day 3, Day 7 and Day 14. 
(G-I) Quantification of the leakage area shown in (F) (n = 27/25 lesions from 8/4 mice per group for Day 3; n = 46/52 lesions from 11/8 mice per group for Day 7; n 
= 25/26 lesions from 5/8 mice per group for Day 14). 
(J) Representative confocal images of CD31 stained RPE-choroid flat mounts from Sed + CNV and Tre + CNV mice. 
(K) Quantification of the CNV volume of (J), calculated as total CD31+ volume at the site of laser photocoagulation. (n = 18/12 lesions from 6/4 mice per group). 
(L) CNV thickness in the center of laser spot were visualized using OCT. Yellow line from the lower boundary of the lesion to the higher boundary of the lesion 
represents the measurement range of the lesion. 
(M) Quantification of lesion thickness shown in (L) (n = 15/27 lesions from 5/6 mice per group). 
(N) Schematic illustrates the anti-VEGF therapy in Sed + CNV/Tre + CNV mice. 
(O and P) FFA analysis of Sed + CNV/Tre + CNV mice treated with or without anti-VEGF therapy (n = 23/20/19/20 lesions from 6/5/6/7 mice per group). 
(Q and R) CNV volume analysis of Sed + CNV/Tre + CNV mice treated with vehicle or Aflibercept (n = 29/20/20/18 lesions from 6/4/7/6 mice per group). 
In all panels: *p < 0.05, **p < 0.01, **** p < 0.0001. Scale bar: 200 μm (J, L, and Q). Data represent the mean ± SEM. Values were compared using the unpaired 
Student's t-test in (A, B, G-I, K and M); one-way analysis of variance (ANOVA) multiple comparisons with Tukey's method among groups in (P and R); and two-way 
ANOVA with Sidak's method among groups in (C and D). IVI, intravitreal injection. (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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Fig. 2. Exercise suppresses inflammasome activation in CNV. 
(A) RNA-seq was performed in retina-choroid complex of Sed or Tre mice four days after laser burn, BiNGO was used to visualize the GO terms network of 
downregulated genes in Tre + CNV compared with Sed + CNV mice. 
(B) F4/80 staining of RPE-choroid flat mounts at CNV Day 4. 
(C) Microglia/macrophages infiltration volumes calculated as F4/80+ volume surrounding the CNV lesion. (n = 4/6 lesions from 3/4 mice per group). 
(D) KEGG annotation showing the enriched pathways of the significant downregulated genes in Tre + CNV vs. Sed + CNV. 
(E-H) Western blotting of cleaved CASP1/CASP1 and cleaved IL-1β/IL-1β in retina-choroid complex of Sed + CNV/Tre + CNV mice four days after laser photo-
coagulation and quantification (n = 3/3 eyes per group for CASP1/CASP1; n = 4/6 eyes per group for cleaved IL-1β/IL-1β). 
(I) The expression levels of the five inflammasome receptors analyzed from mouse retina-choroid complex RNA-seq (n = 2/4/4/5 samples per group). 
(J) Expression pattern of Aim2 in different cell types of mouse retina. 
(K and L) Western blot and quantification of AIM2 expression in retina-choroid complex from Sed + CNV and Tre + CNV mice four days after laser photocoagulation 
(n = 7/7 eyes per group). 
(M and N) FFA analysis of WT and Aim2− /− mice (n = 35/39 lesions from 8/10 mice per group). 
(O and P) CNV volume analysis of WT and Aim2− /− mice (n = 23/26 lesions from 5/9 mice per group). 
In all panels: *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 200 μm (B and O). Values are presented as mean ± SEM and compared using unpaired Student's t-test in 
(C, F, H, L, N and P); Values are presented as mean ± SEM and compared by DEseq2 package in R software in (I). 
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the exercised mice significantly suppressed choroid sprouting compared 
with the SAT-CM from the sedentary mice, while the liver-CM showed 
no difference (Fig. 3N-O, Fig. S5B, C). 

Next, we tested whether SAT-CM could inhibit the activation of the 
AIM2-inflammasome in BV2, a mouse microglia cell line. LPS + polydA: 
dT is an AIM2-inflammasome activator [27]. Western blotting showed 
that the SAT-CM, but not the liver-CM, from exercised mice, reduced the 
levels of AIM2 and cleaved-CASP1 upon LPS + polydA:dT stimulation 
(Fig. 3P-R, Fig. S5D–F). ELISA analysis also showed that mature IL-1β 
was significantly suppressed by SAT-CM but not liver-CM (Fig. 3S, 
Fig. S5G). The above results suggested that adipose tissue, but not liver 
secreted factors, might be protective cues in exercised CNV mice. 

2.7. Adiponectin rise upon exercise inhibits inflammasome in myeloid 
cells 

Adiponectin, the most abundant adipokine which is known to have 
anti-inflammatory effects [28], was identified as an exercise- 
upregulating factor in our proteomic data (Fig. 3H). To validate the 
proteomic data, we examined adiponectin level in the serum of Sed/Tre 
mice 3, 7, and 14 days after training was terminated. The results showed 
that the adiponectin level in the Tre group was significantly higher than 
that in the Sed group on days 3 and 7, and the difference diminished 14 
days after training (Fig. 4A). This finding is consistent with our previous 
data showing that the difference in CNV severity also diminished 14 
days after the end of treadmill training (Fig. 1I). 

We also analyzed the abundancy of adiponectin in the mice admin-
istered with serum from exercised mice compared with those adminis-
tered with serum from sedentary mice, as shown in Fig. 3A. The 
concentration of adiponectin was higher in exercised serum-transferred 
recipients, suggesting that serum transfusion successfully elevated the 
level of adiponectin in recipient mice (Fig. 4B). Furthermore, we 
detected a higher level of adiponectin in the plasma of nvAMD patients 
with a high-PA lifestyle (Fig. 4C). Importantly, a significant correlation 
was found between the lesion recovery rate and plasma adiponectin 
level in nvAMD patients (Fig. 4D). 

Next, we tested whether adiponectin was enriched in the eye after 
exercise. Western blotting and ELISA showed that adiponectin level 
were significantly higher in the retina-choroid complex, as well as in the 
vitreous fluid of the exercised mice (Fig. 4E-G). 

Adiponectin receptor1 (AdipoR1) is the major adiponectin receptor 

that mediates anti-inflammatory and antioxidant roles in microglia [29]. 
Through analysis of single-cell RNA-seq data of the choroid in patients 
with AMD [30], we showed that ADIPOR1 is predominantly expressed 
by microglia/macrophages, suggesting that microglia/macrophages 
might be the major target of adiponectin (Fig. 4H). 

To evaluate the protective role of adiponectin on CNV, we treated 
CNV choroidal explants with vehicle or adiponectin and found that 
adiponectin significantly reduced choroid sprouting (Fig. 4I, J). Simi-
larly, adiponectin suppressed AIM2, cleaved CASP1 and cleaved IL-1β in 
BV2 cells stimulated with LPS + polydA:dT (Fig. 4K-N). Inhibition of 
CASP1 activity was also observed after adiponectin treatment (Fig. 4O). 

2.8. Adiponectin is essential in mediating the beneficial effects by exercise 

We next wanted to determine whether adiponectin is an essential 
factor in mediating the protective role of exercise. To address this 
question, we used an Adipoq− /− mouse line and analyzed CNV severity 
after exercise. 

The results showed that the leakage area and CNV volume tended to 
increase in sedentary Adipoq− /− mice compared to sedentary wild-type 
mice. Moreover, this difference became more pronounced in exercised 
mice, suggesting that adiponectin is required for the beneficial effects in 
exercised mice. More importantly, while in wild-type mice, treadmill 
training significantly reduced the leakage area and CNV volume, this 
protective effect was not significant in Adipoq− /− mice (Fig. 4P-S). These 
data prove that adiponectin is necessary for the protective effects of 
exercise. 

2.9. Adiponectin suppresses AIM2 inflammasome through the inhibition 
of p47phox-mediated ROS production and DNA damage 

Next, we aimed to elucidate how adiponectin suppresses the AIM2 
inflammasome. AIM2 senses cytosolic double-stranded DNA (dsDNA) 
for activation, leading to the processing of IL-1β and IL-18, which are 
then released by pyroptosis [21]. It is known that increased ROS leads to 
the oxidation of DNA, and the oxidized DNA can promote DNA damage 
and the formation of dsDNA breaks, thereby activating the AIM2 
inflammasome [27,31]. GSEA showed that ROS and DNA damage genes 
were significantly enriched in the Sed + CNV group (Fig. S6A, B). We 
also labeled ROS by CellROX and found that compared with sedentary 
mice, ROS accumulation in CNV lesions, especially in the F4/80+ area, 

Fig. 3. Adipocyte-secreted factors in exercised mice protect CNV through blood system. 
(A) Scheme of serum transfusion. Serum was collected from Sed/Tre mice and administered to age- and gender-matched sedentary mice six times over 11 days 
through tail vein injection (twice before laser injury). 
(B and C) FFA analysis of CNV mice treated as indicated seven days after laser photocoagulation (n = 44/51/53 lesions from 11/11/11 mice per group). 
(D and E) RPE-choroid flat mounts were stained for CD31 and Iba1, CNV volume (n = 17/9/23 lesions from 6/5/8 mice per group) was calculated as CD31+ volume 
and microglia infiltration (n = 6/7/13 lesions from 3/3/6 mice per group) was calculated as Iba1+ volume. 
(F) qRT-PCR analysis of the expression of vascular inflammatory genes seven days after laser photocoagulation (n = 9/9 eyes per group). 
(G) Serum was harvested from Sed or Tre mice for mass spectrometry analysis, volcano plot showing the distribution of detected proteins. Orange dots denote 45 
proteins that are significantly upregulated by exercise and green dots denote 43 proteins significantly downregulated by exercise. 
(H and I) Enrichment analysis of the serum proteins upregulated (H) and downregulated (I) by exercise, as identified by mass spectrometry. 
(J) Cell type annotation of the serum proteins upregulated by exercise, as identified by mass spectrometry. 
(K) Schematic illustrates a modified choroid explant model for studying myeloid cell/vascular cell interaction after CNV. RPE-choroid complex was dissected from 
laser-induced CNV mice and cut into 1.0 mm diameter round pieces from laser area. Then, the pieces were embedded in matrigel and cultured in M199 culture 
medium. The choroid sprouting could be observed after culture. 
(L) Representative images showing the explant from mice with or without CNV. Tmem119-EGFP mice were utilized to label the microglia within the choroid explants. 
(M) Schematic illustrates the preparation of SAT-CM. SAT was dissected from Sed/Tre mice and cultured in M199 endothelial growth medium; then, the SAT-CM 
were collected for laser-induced choroid explants. 
(N) Representative images of laser-induced choroid explants exposed to SAT-CM for 48 h. 
(O) Quantification of the sprouting area of (N) (n = 4/3 explants per group). 
(P) BV2 were pretreated with Sed or Tre SAT-CM and then stimulated with LPS + poly(dA:dT). Western blot analysis elucidated the expression levels of cleaved 
CASP1 and AIM2. 
(Q-R) Quantification of cleaved CASP1 (Q) (n = 3/3 biological replicates) and AIM2 (R) (n = 3/3 biological replicates). 
(S) ELISA analysis of IL-1β concentration in culture medium from BV2 treated as in (P) (n = 3/3/6/6 biological replicates). 
In all panels: *p < 0.05, **p < 0.01, **** p < 0.0001. Scale bars: 200 μm (L and N). Values as mean ± SEM. Unpaired Student's t-test in (F, O, Q and R); one-way 
ANOVA multiple comparisons with Tukey's method among groups in (C, D, E and S). (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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was significantly lower in exercised mice (Fig. 5A, B). Immunofluores-
cence staining also showed reduced accumulation of pγH2AX-positive 
microglia/macrophages in the CNV lesions of exercised mice, suggesting 
reduced ROS-mediated oxidative DNA damage in exercised mice 
(Fig. 5C, D). LPS is known to increase intracellular ROS production [32]. 
SAT-CM from exercised mice or adiponectin treatment significantly 
reduced CellROX and pγH2AX level in LPS-treated BV2 cells (Fig. 5E, F, 
Fig. S6C–F). 

Phosphorylation of p47phox is the rate-limiting step for the activa-
tion of NADPH oxidase 2 (NOX2), a key enzyme that produces ROS in 
microglia/macrophages [33]. The level of phospho-p47phox 
(pp47phox) was significantly decreased in the Tre + CNV group 
(Fig. 5G, H). BV2 cells treated with SAT-CM from exercised mice or 
adiponectin also exhibited reduced level of pp47phox upon LPS stimu-
lation (Fig. 5I-L). AMPK, which was significantly increased upon SAT- 
CM from exercised mice or adiponectin treatment (Fig. 5M-P), could 
mediate the inhibitory effect of p47phox phosphorylation, as activated 
AMPK is known to be a p47phox suppressor in endothelial cells and 
myocardial tissue [34,35]. 

2.10. AAV-mediated adiponectin expression significantly alleviates CNV 

To explore the therapeutic potential of adiponectin, we generated 
adeno-associated viruses 2 (AAV2) expressing a yellow-green fluores-
cent protein (AAV2-mNeonGreen) or adiponectin (AAV2-Adipoq) under 
the control of a constitutive CMV promoter. FFA showed that in the 
AAV2-mNeonGreen injected eyes, mNeonGreen expression could be 
detected at one week post-administration and increased during weeks 2 
and 3 (Fig. 6A). Western blotting also showed that the protein level of 
adiponectin significantly increased in AAV2-Adipoq-administered eyes 
(Fig. 6B, C). 

We then induced CNV three weeks after AAV2 injection (Fig. 6D). 
The results demonstrated that the leakage area and CNV volume were 
significantly decreased in mice treated with AAV2-Adipoq compared to 
those injected with AAV2-mNeonGreen (Fig. 6E-H). 

2.11. IL1R blockade inhibits neovascularization and enhances anti- 
angiogenic treatment efficacy 

Our observations proved that adiponectin expression using AAV2 
mimics the protective effect of exercise. While AAV2-based gene therapy 
has emerged as a novel therapeutic modality with the potential to lead to 
substantial disease modification in many diseases, including ocular 
diseases, the duration of therapy trials is relatively long, and the cost is 
high. Our mechanistic study showed that adiponectin inhibited AIM2 

inflammasome activation and protected against CNV progression. Thus, 
we wondered whether inhibition of the inflammasome product IL-1β 
could also be used to inhibit CNV and more importantly, to enhance the 
efficacy of anti-angiogenic therapy, as multiple inhibitors of IL-1β have 
been approved by the FDA. 

To assess the effects of inhibition of the inflammasome product IL-1β, 
we used the IL-1 receptor (IL1R) antagonist anakinra, an FDA-approved 
drug for rheumatoid arthritis, cryopyrin-associated periodic syndrome, 
and deficiency of IL1R antagonist. By analyzing single-cell RNA-seq data 
of the choroid in patients with AMD [30], we found that IL1R1 was 
mainly expressed in endothelial cells and IL-1β was mainly expressed in 
macrophages in human eyes (Fig. 7A). To check whether IL-1 inhibition 
could also enhance the efficacy of anti-angiogenic therapy, we assessed 
the combined effect of anti-angiogenic therapy and anakinra. A safety 
test through OCT examination and TUNEL staining showed that the 
treatment led to no obvious toxicity in the retina (Fig. S7A-J). By 
analyzing vascular leakage and neovessel formation, we found that 
anakinra had a pronounced inhibitory effect, comparable to that of 
aflibercept (Fig. 7B-D). Importantly, when aflibercept and anakinra 
were combined, the protective effect became more robust and was 
significantly better than that of aflibercept or anakinra alone. 

To further demonstrate the protective effect of the combination 
treatment, we used another mouse model. Very low-density lipoprotein 
receptor (VLDLR) knockout mice (Vldlr− /− mice) develop retinal angi-
omatous proliferation and choroidal neovascularization, which is 
similar to the neovascularization seen in macular telangiectasia and 
nvAMD [36]. IL-1β expression is also elevated in this model [36]. During 
development, growing blood vessels sprout from the deep vascular layer 
in the outer plexiform layer and invade the subretinal space in this 
model (Fig. 7E). We administered aflibercept, anakinra, or a combina-
tion of both at P11 and analyze the neovascular lesions at P18. Similar to 
the results of the laser-induced CNV model, while aflibercept or ana-
kinra alone had protective effects on neovascular formation, the com-
bination treatment achieved an even better outcome in the Vldlr− /− pups 
(Fig. 7F, G). In the adulthood of the Vldlr− /− mice, the ectopic vessels 
merged with the choroidal vessels to form retinal-choroidal anastomoses 
and choroidal neovascularization, the newly formed vessels are leaky 
which could be detected by FFA [36]. We also administered aflibercept, 
anakinra, or a combination in Vldlr− /− mice aged 6–8 weeks. FFA 
showed that the combination treatment relieved vascular leakage, and 
was significantly better than aflibercept or anakinra alone (Fig. 7H, I). 
Taken together, anti-angiogenic therapy combined with IL-1 inhibition 
significantly suppresses choroidal neovascularization, which is inspiring 
for the current clinical treatment of nvAMD. 

Fig. 4. Adiponectin suppresses inflammasome activation and CNV formation. 
(A) ELISA analysis of serum adiponectin level at Day 3 (n = 7/7), Day 7 (n = 5/5) and Day 14 (n = 7/4) after training period was terminated. 
(B) ELISA analysis of serum adiponectin level in recipient mice administrated with serum from Sed/Tre mice via the tail vein (n = 4/4). 
(C) Adiponectin level in blood samples from nvAMD patients with high PA and low PA lifestyle (n = 13/14). 
(D) Pearson correlation coefficient analysis of lesion recovery rate and plasma adiponectin level in nvAMD patients (n = 12). The blood sample used for analysis was 
obtained before anti-VEGF treatment. 
(E and F) Western blot showing adiponectin expression in retina-choroid complex in Sed and Tre mice four days after laser photocoagulation (n = 5/5 eyes per 
group). 
(G) Adiponectin level in vitreous fluid from Sed + CNV mice and Tre + CNV mice. (n = 4/3 samples per group). 
(H) scRNA-seq data from retinal pigment epithelium and choroid in macular degeneration patients revealed that ADIPOR1 is mainly expressed in macrophage in 
human eyes. 
(I) Representative images of laser-induced choroid explants exposed to adiponectin for 48 h. 
(J) Quantification of the sprouting area of (I) (n = 3/3 explants per group). 
(K) Western blot of AIM2, cleaved CASP1 and cleaved IL-1β levels in BV2 pretreated with 10 μg/ml adiponectin and stimulated with LPS + poly(dA:dT). 
(L-N) Quantification of AIM2 (L), cleaved CASP1 (M), and cleaved IL-1β/β-actin (N) (n = 3/3 biological replicates) shown in (K). 
(O) CASP1 activity in BV2 treated as in (K) (n = 4/5 biological replicates). 
(P and Q) Representative FFA images and leakage area quantification of WT and Adipoq− /− mice with or without treadmill training. (n = 33/43/46/38 lesions from 
6/7/12/8 mice per group;). 
(R and S) CNV volume analysis of WT and Adipoq− /− mice with or without treadmill training (n = 24/24/34/29 lesions from 6/7/11/8 mice per group). 
In all panels: *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 200 μm (I and R). Values are presented as mean ± SEM and compared using the unpaired Student's t-test 
in (A, B, C, F, G, J, L, M, N, and O); one-way ANOVA multiple comparisons with Tukey's method among groups in (Q and S). 
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3. Discussion 

In this study, we characterized the protective role of physical aerobic 
exercise in nvAMD. Our results showed that AIM2 inflammasome acti-
vation in myeloid cells is crucial for mediating CNV progression, which 
could be suppressed by exercise. Moreover, we found that blood 
component transfusion was sufficient to impart the beneficial effects of 
exercise on CNV. Mechanistically, these effects are linked to 

adiponectin, an anti-inflammatory adipokine secreted by adipocytes. 
Thus, this study highlights a fat-to-eye axis through which exercise 
confers beneficial effects in CNV protection. Importantly, our observa-
tion that patients with a high PA lifestyle had a better outcome of anti- 
angiogenic therapy and that circulating level of adiponectin signifi-
cantly correlated with the anti-angiogenic therapy efficacy in patients 
strengthened the clinical relevance of these findings. 

Although inflammasomes have been implicated in mediating AMD 
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pathogenesis, their exact role is still under debate. Earlier studies mainly 
focused on the NLRP3 inflammasome, as NLRP3 inflammasome is acti-
vated in AMD [37–39]. However, the significance of the NLRP3 
inflammasome remains unclear. While some studies have shown that 
blocking the NLRP3 inflammasome inhibits VEGFA-induced AMD, other 
studies have shown that knockout of Nlrp3 in mice exacerbates CNV. In 
addition, the involvement of the non-NLRP3 inflammasome in AMD was 
reported recently [40,41]. Yet, the role of the AIM2 inflammasome has 
not been elucidated. Our RNA-seq data revealed that in the retina-RPE 
complex, AIM2 is the most abundant inflammasome receptor, whose 
expression is 21.58 ± 0.3791-fold higher than that of NLRP3 in wild- 
type adult mice and 16.49 ± 2.963-fold higher in laser-induced CNV 

mice. Our results further showed that while NLRP3 was mildly increased 
by CNV, which is consistent with previous studies, the induction of AIM2 
was also pronounced. Using a genetic knockout model, we further 
demonstrated that while the absence of NLRP3 exacerbated CNV, AIM2 
depletion successfully alleviated CNV. Thus, even though both NLRP3 
and AIM2 inflammasomes are activated in AMD conditions, it seems that 
the AIM2 inflammasome predominantly promotes CNV formation, 
probably because of the high abundance of AIM2 in the retina-choroid 
complex. 

IL-1β is a key product of inflammasome activation. IL-1β was also 
found to be highly expressed in the macular, vitreous body, and blood 
serum of patients with nvAMD [42–44], and it can promote vascular 

Fig. 5. Exercised SAT-CM and adiponectin suppress AIM2 activation through the inhibition of ROS production-DNA damage process via p47phox. 
(A) Representative confocal images showing ROS-producing cells (CellROX, green) and microglia/macrophages (F4/80, red) in the CNV lesion. 
(B) Quantification of F4/80 and CellROX-Green double positive cell number per lesion (n = 3/3 eyes per group). 
(C) Immunostaining of pγH2AX and F4/80 in CNV lesions. White Arrows, pγH2AX+ nuclei. 
(D) Quantification of pγH2AX and F4/80 double positive cell number per CNV lesion (n = 3/4 eyes per group). 
(E) BV2 cells were pretreated with Sed or Tre SAT-CM for 12 h and then stimulated with LPS (1 μg/ml) for 6 h; CellROX was analyzed using flow cytometry (n = 5/5 
biological replicates). 
(F) BV2 cells were pretreated with adiponectin (10 μg/ml) for 2 h and then stimulated with LPS (1 μg/ml) for 6 h; CellROX was analyzed by flow cytometry (n = 3/3 
biological replicates). 
(G) Representative western blot showing pp47phox and total p47phox expression in retina-choroid complex in Sed + CNV and Tre + CNV mice four days after laser 
photocoagulation. 
(H) Quantification of pp47phox/total p47phox (n = 5/5 eyes per group) of (G). 
(I-L) Western blot showing the expression of pp47phox and total p47phox of BV2 cells treated as in (E and F) (n = 3–7/3–5 biological replicates). 
(M-P) Western blot showing the expression of pAMPK/AMPK of BV2 cells treated as in (E and F) (n = 3–4/3–4 biological replicates). 
In all panels: *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001. Scale bar, 100 μm (A and B). Values are presented as mean ± SEM and compared using the 
unpaired Student's t-test in (B, D, E, F, H, J, L, N and P). MFI, mean fluorescence intensity. (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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injection. 
(B) Western blot showing adiponectin expression in retina-choroid complex of mice three weeks after injection of AAV2-mNeonGreen/AAV2-Adipoq. 
(C) Quantification of (B) (n = 3/5 eyes per group). 
(D) Workflow of AAV2 intravitreal injection in CNV model. 
(E) Representative images of FFA showing the vascular leakage in CNV mice pretreated with AAV2-mNeonGreen or AAV2-Adipoq. 
(F) Quantification of the leakage area at Day 3 (n = 42/40 lesions from 9/7 mice per group) and Day 7 (n = 45/30 lesions from 9/6 mice per group) shown in (E). 
(G) Representative confocal images of RPE-choroid flat mounts stained with CD31 in CNV mice pretreated with AAV2-mNeonGreen or AAV2-Adipoq. 
(H) Quantification of the CNV volume shown in (G) (n = 32/17 lesions from 10/6 mice per group). 
In all panels: *p < 0.05, **** p < 0.0001. Scale bar, 200 μm (G). Values are presented as mean ± SEM and compared using unpaired Student's t-test in (C, F, and H). 
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leakage and angiogenesis [45]. IL-1β is mainly produced by monocytes 
and macrophages and can promote the recruitment of inflammatory 
cells by inducing the expression of adhesion molecules on endothelial 
cells and chemokine secretion by stromal cells [46]. By analyzing 
scRNA-seq data from the choroid of nvAMD patients, we also proved 
that IL-1β is mainly expressed by myeloid cells (Fig. 7A) [30]. Because of 
the importance of IL-1 in regulating immune responses, numerous IL-1 
inhibitors have been developed and applied in the treatment of multi-
ple diseases [46,47]. Here, we used two mouse models and proved that 
targeting IL-1β has a safe and effective therapeutic effect on CNV, which 
merits further consideration in the future clinical treatment of AMD. 

Anti-angiogenesis therapies targeting VEGF have a remarkable 
impact on neovascular ocular diseases. However, a single target of VEGF 
has shown limited efficacy, evoking the need to generate multitarget 

therapeutic strategies. To date, several bispecific reagents have been 
developed, such as faricimab, which targets VEGF and angiopietin2, and 
ABBV642, which targets VEGF and PDGFBB [48,49]. Notably, faricimab 
has completed phase III clinical trials to treat diabetic macular edema 
and nvAMD and was approved by the FDA in 2022 [50,51]. Anti- 
angiogenic therapy efficacy is largely dependent on the specific prop-
erties of the disease microenvironment, and understanding the features 
of the disease microenvironment helps generate effective therapeutic 
strategies [52]. Given the significant contribution of immune processes 
in the regulation of AMD and our result that targeting inflammatory 
factors, such as IL-1β, could enhance the efficacy of anti-VEGF therapy in 
animal models, the development of a bispecific reagent targeting VEGF 
and IL-1β might be beneficial in treating nvAMD patients. 

The beneficial effects of PA are well recognized; however, the 
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are presented as mean ± SEM and one-way ANOVA multiple comparisons with Tukey's method among groups in (C, D, G and I). 
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mechanism is not well understood. During exercise, the sympathetic 
neural circuitry and neuroendocrine system coordinate adjustments in 
respiration, blood flow, fuel supply, and thermoregulation. Autocrine, 
paracrine, and endocrine factors promote crosstalk between adjacent 
and distant cells within or between tissues during exercise. Skeletal 
muscles, adipose tissue, and the liver can work as “endocrine” organs, 
producing and releasing proteins, metabolic intermediates, and extra-
cellular vesicles into blood circulation, further affecting multiple phys-
iological or pathological processes during or after exercise, such as fatty 
liver, cardiometabolic health, neurogenesis, and so on [24,53–55]. The 
anti-inflammatory effects of exercise are largely attributed to adipose 
tissue [56]. Although both liver- and fat-secreted factors were enriched 
in exercise-induced circulating factors in our study, only fat-derived CM 
suppressed inflammasome activation, as well as choroid spouting, 
further confirming the role of adipose tissue in the anti-inflammatory 
effects of exercise. 

Adiponectin is the most abundant adipokine in the human body. 
Circulating adiponectin can be sequestered into injured tissue, such as 
atherosclerotic lesions, myocardial infarction sites, and liver injury, to 
prevent further damage to the surrounding tissue [57,58]. In the current 
study, we observed a two fold increase in adiponectin protein abun-
dance in the eyes of exercised mice, which also supports this notion. 
Adiponectin exerts its actions by binding to adiponectin receptors 1 and 
2. A study showed that an SNP, namely, rs10753929, located in the 
intron of ADIPOR1, was significantly associated with AMD in the 
Finnish population, providing evidence of adiponectin signaling and 
AMD genetic risk [59]. As our results showed that the circulating level of 
adiponectin significantly correlates with the efficacy of anti-angiogenic 
therapy in patients, it might also be valuable to consider circulating 
adiponectin as a biomarker that helps to predict the response of patients 
with nvAMD to anti-VEGF therapy. 

There are three main limitations of this study. First, in this study, a 
self-reported questionnaire was used rather than an objective measure 
(such as step counting), which may have introduced recall bias. Second, 
this study was designed as an observational study to assess physical 
activity levels in patients with AMD. To fully understand whether ex-
ercise is protective in humans, studies of exercise-based interventions 
are desirable. Third, in our cohort of patients, we did not perform further 
subgroup analysis by gender due to limited sample size. It warrants 
further investigation on the gender dimension, as the effect of physical 
activity on the protection of AMD may differ by gender [60]. 

Taken together, using patient samples and mouse models, our find-
ings delineate the mechanism of exercise-induced changes in the im-
mune milieu of the eye, which provides new insights into improving the 
therapeutic outcome of anti-angiogenic therapies in nvAMD. 

4. Material and methods 

Experimental methods are described in detail in SI Materials and 
Methods. All patients with nvAMD were diagnosed, treated, and fol-
lowed up by a single ophthalmologist (Dr. Wei Zhou) at Tianjin Medical 
University General Hospital from 2019 to 2022. This study was 
approved by the ethics committee of Tianjin Medical University General 
Hospital (IRB2019-WZ-101). Informed consent was obtained from all 
patients. All study protocols involving animal use were approved by the 
Institutional Animal Care and Use Committee of Tianjin Medical Uni-
versity (TMUaMEC 2020005). 
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