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Nuclear factor-kappa B (NF-κB) signaling pathway is crucial 
in modulating innate immune and inflammatory responses. 
Typically, inflammatory cytokines production, such as 
TNFα, interlenkin (IL)1β and IL6, is usually promoted by 
the activated NF-κB signaling pathway. We examined the 
ratio of p-NF-κB p65 to NF-κB p65 and corresponding 
proinflammatory cytokine levels to further assess the role of 
PPARα deficiency in HFD-induced inflammation in retina. 
Compared to SD-fed C57BL/6J mice, Western blot results 
revealed that p-NF-κB p65/NF-κB p65 was upregulated in the 
retina of HFD-fed mice (Figure 2E, 2F). PPARα deficiency 
induced a much higher level of p-NF-κB p65/NF-κB p65 after 
HFD for 4mo (Figure 2E, 2F). As shown in Figure 2E, 2G–2J, 
the expression of TNFα, ICAM1, IL1β and IL6 were markedly 
up-regulated in HFD-fed C57BL/6J and SD-fed PPARα−/− mice 
retina, and were even higher in HFD-induced PPARα−/− mice 

retina. These results demonstrated that HFD-induced activation 
of the NF-κB signaling pathway in retina was exacerbated by 
PPARα gene knockout.
PPARα Deficiency Exacerbated Oxidative Stress Induced 
by HFD  Free radicals remove electrons from lipids, leading to 
the formation of reactive intermediates, in the process known 
as lipid peroxidation[12]. Traditionally, MDA serves as a widely 
recognized indicator for assessing lipid peroxidation levels. 
After 4mo of a HDF, MDA formation levels in the retina were 
noticeably higher in this study (Figure 3A). PPARα deficiency 
exacerbated MDA accumulation compared with WT mice 
induced by an HFD for 4mo (Figure 3A). 4-HNE, a pivotal 
mediator of oxidative stress, can be produced as a hazardous 
product from lipid peroxides. In the RPE tissue, 4-HNE 
has been used to cause oxidative stress and as an important 
indicator of lipid peroxidation/oxidative stress[13-14]. Western 

Figure 1 Obesity and abnormal retinal lipid metabolism brought on by HFD were increased by �W�W���Z�r knockout  For a duration of 4mo, 

C57BL/6J and PPARα-/- mice were given either a SD or HFD. A: Body weight was examined for mice; B: Triglyceride assay showed the content of 

triglyceride in retina; C: Representative Western blot images of the retina’s PPARα and CPT1α proteins; D, E: Statistical analysis of Western blot. 

F: Representative immunofluorescence images of CPT1α in the retina (blue: DAPI; green: CPT1α). Arrows indicated CPT1α positive staining. G: 

CPT1α fluorescent intensity measurement using Image J software (scale bar: 50 μm). n is 5 per group. aP<0.05, cP<0.001. HFD: High-fat diet; 

PPARα: Peroxisome proliferator activated receptor-alpha; SD: Standard diet; CPT1α: Carnitine palmitoyl transferase 1 alpha; DAPI: 4,6-Diamino-

2-phenyl indole; GCL: Ganglion cell layer; IPL: Inner plexiform layer; INL: Inner nuclear layer; ONL: Outer nuclear layer.
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blot analysis demonstrated that a four-month HDF resulted in 
a notable elevation in the amounts of 4-HNE relative to that in 
the C57BL/6J mice fed with SD (Figure 3B, 3C). Furthermore, 
3-NT has emerged as a significant indicator of oxidative 
stress, which arises from the nitration of protein associated 
with free tyrosine residues[15]. Similar results were obtained 
from Western blot analysis, which revealed a 3-NT level 

increased after 4mo on the HFD (Figure 3B, 3D). Compared 
to C57BL/6J mice with 4mo of HFD, Western blot analysis 
revealed elevated protein expressions of 3-NT and 4-HNE in 
the retina of HFD-fed PPARα knockout mice (Figure 3B–3D). 
After 4-month of HFD, Immunofluorescence staining showed 
a significant increase in 3-NT staining in GCL of C57BL/6J 
mice (Figure 3E).

Figure 2 PPARα deficiency accelerated HFD-induced inflammatory cell infiltration and NF-κB signaling activation in the retina  Male C57BL/6J 

and PPARα-/- mice were assigned to either a SD or HFD for a duration of 4mo. A: Representative immunofluorescence images of Iba-1+ microglia 

(blue: DAPI; green: Iba-1) in the retina. Arrows indicated positively stained microglia. B: The retinal Iba-1 positive cell was quantified; C: 

Representative immunofluorescence images of TNFα (blue: DAPI; green: TNFα) in the retina; D: Quantification of TNFα fluorescent intensity 

in the retina; E: Representative Western blot images showing the protein levels of p-NF-κB p65, NF-κB p65, ICAM1, TNFα, and β-actin in the 

retina; F: Quantitative analysis of the p-NF-κB p65/NF-κB p65 ratio; G, H: Quantification of ICAM1 and TNFα protein levels based on Western 

blot results; I, J: Real-time PCR results exhibited proinflammatory factors IL1β (I) and IL6 (J) mRNA expression levels in the retina. Scale 

bar: 50 μm (A). Scale bar: 75 μm (C). n is 5 per group. ns: No significance. aP<0.05, bP<0.01, cP<0.001. NF-κB: Nuclear factor-kappa B; HFD: High-

fat diet; PPARα: Peroxisome proliferator activated receptor-alpha; SD: Standard diet; DAPI: 4,6-Diamino-2-phenyl indole; TNFα: Tumor necrosis 

factor-α; p-NF-κB: Phosphorylated nuclear factor-kappa B; ICAM1: Intercellular adhesion molecule-1; PCR: Polymerase chain reaction; IL: 

interlenkin; GCL: Ganglion cell layer; INL: Inner nuclear layer; IPL: Inner plexiform layer; OPL: Outer plexiform layer; ONL: Outer nuclear layer.

PPARα knockout aggravates retinal impairment
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PPARα deficiency and HFD induced a much higher expression 
level of 3-NT not only in GCL but also in INL (Figure 3E). We 
observed that HFD or PPARα deficiency increased the NOX4 
staining from the GCL to INL layers (Figure 3F). PPARα−/− 
mice showed a higher level of NOX4 staining from the GCL 
to INL layers following 4mo of HFD (Figure 3F). Collectively, 
these finding indicated that PPARα gene knockout contributed 
to the increase in oxidative stress triggered by HDF in the 
retina, particularly in the inner layer of the retina.
PPARα Deficiency Exacerbated HFD-Induced Apoptosis 
Initiation in Retina  Previous studies reported that both 
oxidative stress[16] and inflammation[17] were the important 
reasons triggering an apoptotic response. Caspase3 and poly 
ADP-ribose polymerase (PARP) were proteolytically cleaved 
and in turn activated at the onset of apoptosis. Therefore, the 
expression levels of the apoptosis regulator cleaved-Caspase-3 
and cleaved-PARP were consequently evaluated. The HFD for 

4mo led to enhanced cleavage of PARP and Caspase-3 in the 
C57BL/6J mice retina, and resulted in even higher levels in the 
PPARα−/− mice retina (Figure 4A–4C). Immunofluorescence 
staining showed that PPARα gene knockout significantly 
increased cleaved-Caspase3 levels in the GCL layer after 4mo 
of HFD administration (Figure 4D). H&E staining was used 
to assess the morphology of neural retina. We found that there 
were no effects of HFD for 4mo or (and) PPARα deficiency on 
the morphology of neural retina (Figure 4E). Taken together, 
PPARα deficiency distinctly induced RGC cell apoptosis 
initiation but no obvious histological change in the retina after 
the HFD induction for 4mo.
HFD-Induced Retinal Dysfunction Exacerbated by 
PPARα Deficiency  Full-field ERG was performed under both 
scotopic and photopic problems to further evaluate whether 
HFD and PPARα deletion could lead to retinal dysfunction. 
The photoreceptors and bipolar cells functions, respectively, 

Figure 3 PPARα deficiency accelerated oxidative stress induced by HFD  For 4mo, mice from the C57BL/6J and PPARα−/− were either 

exposed to a SD or HFD. A: MDA levels in the retina were measured using an MDA detection kit. B–D: Representative Western blot images 

(B) and corresponding statistical analyses (C, D) showing protein levels of 4-HNE (B, C) and 3-NT (B, D) in the retina. E, F: Representative 

immunofluorescence images showing 3-NT (green: 3-NT; blue: DAPI) and NOX4 (green: NOX4; blue: DAPI) expression from the GCL to INL 

layers (scale bar: 75 μm). The white circle indicated positive staining. n=5/group. bP<0.01, cP<0.001. MDA: Malondialdehyde; 

4-HNE: 4- Hydroxynonenal; NOX4: Nicotinamide adenine dinucleotide phosphate oxidase 4; HFD: High-fat diet; PPARα: Peroxisome proliferator 

activated receptor-alpha; SD: Standard diet; DAPI: 4,6-Diamino-2-phenyl indole; GCL: Ganglion cell layer; INL: Inner nuclear layer; IPL: Inner 

plexiform layer; ONL: Outer nuclear layer.
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were indicated by the a- and b-wave amplitudes. HFD for 
4mo significantly reduced a-wave amplitudes under scotopic 
conditions (1.0 cd•s/m2 stimulus luminance; Figure 5A, 5C). 
Moreover, the scotopic a-wave amplitude of PPARα−/− mice 
was much lower after 4mo of HFD administration (1.0 cd•s/m2 
stimulus luminance; Figure 5A, 5C). Consistently, HFD for 
4mo decreased amplitudes of scotopic b-wave in the WT mice 
(0.1 cd•s/m2 and 1.0 cd•s/m2 stimulus luminance), especially in 
the PPARα knockout mice (Figure 5A, 5D). In addition, PhNR 
wave was performed to evaluate the function of RGCs. We 
found that HFD for 4mo significantly decreased the amplitudes 
of PhNR-wave in the C57BL/6J mice, and resulted in the even 
lower amplitude in PPARα−/− mice (Figure 5B, 5E). These 
results indicated that HFD feeding induced retinal dysfunction 
in C57BL/6J mice, and even more so in PPARα−/− mice.
DISCUSSION
Animal models subjected to HFD have commonly been utilized 
in research related to diabetes, metabolic syndrome and obesity. 

Recently, the effects of HFD on the retinal degeneration has 
become a popular topic[6,18-19]. However, the direct role of lipid 
metabolism in HFD-induced retinal degeneration remained 
unclear. Our data demonstrated that excessive fatty acid 
consumption increased triglycerides accumulation in retina. 
As a major source of fuel, triglycerides can be hydrolyzed into 
FFA. PPARα can be activated by increased concentration of 
natural ligand FFA, which in turn increased energy combustion 
and alleviated excessive accumulation of lipid by regulating 
β-oxidation of FFA (FAO)[20]. There was a notable reduction 
in PPARα levels within the retinas of diabetic rats induced 
by streptozotocin (STZ), Akita mice and db/db mice[8]. 
Inconsistently, our results showed that significant upregulations 
of PPARα and its downstream CPT1α level in C57BL/6J mice 
fed with HFD. The complex network of lipid and glucose 
metabolism might contribute to the regulation of PPARα 
expression under different conditions.
Besides, PPARα−/− mice fed with HFD didn’t show the 

Figure 4 PPARα deficiency accelerated HFD-induced apoptosis in the retina  For a duration of 4mo, C57BL/6J and PPARα−/− mice were exposed 

to either a SD or HFD. A–C: Representative Western blot images (A) and statistical analysis (B, C) showing the expression levels of apoptosis 

regulator cleaved-PARP (A, B) and cleaved-Caspase3 (A, C) protein levels in retina. D: Immunofluorescence staining of cleaved-Caspase3 (in 

the cytoplasmic) in the retina (scale bar: 75 μm; green: cleaved-Caspase3, blue: DAPI). E: Hematoxylin-eosin staining of the retina (scale 

bar: 50 μm). n=5/group. bP<0.01, cP<0.001. PARP: Poly ADP-ribose polymerase; HFD: High-fat diet; PPARα: Peroxisome proliferator activated 

receptor-alpha; SD: Standard diet; DAPI: 4,6-Diamino-2-phenyl indole; GCL: Ganglion cell layer; INL: Inner nuclear layer; IPL: Inner plexiform 

layer; ONL: Outer nuclear layer.

PPARα knockout aggravates retinal impairment
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upregulations of PPARα and CPT1α protein expression in the 
retina. Based on the above, we speculated that HFD for 4mo 
induced a self-protection behavior by upregulating PPARα 
and CPT1α expression against lipid accumulation. However, 
PPARα−/− retina was defective in β-oxidation and showed 
loss of compensatory ability to counteract lipid accumulation 
induced by HFD. Consistent with above hypothesis, the higher 
triglycerides contents were found in the retina of PPARα−/− 
mice compared to C57BL/6J mice after 4mo of HFD. We 
further found that CPT1α mainly located in the inner retinal, 
especially in the GCL layer. Collectively, we further speculated 
that PPARα ablation increased HFD-induced abnormal lipid 
accumulation via the induction of abnormal lipid metabolism 
in the inner retinal (especially GCL cells).
Lipids used as oxidizable substrates might yield more ATP 
than glucose in the process of signal transduction of retinal 
neurons[21]. However, HFD associated with excessive lipid 
accumulation increased the number of CD11b+ or CD45+ 

macrophages or microglia in the inner retina, from the OPL 
to the RGC[22]. This was considered to be the response of 
retinal microglia to lipid metabolic disorder. Furthermore, 
activated microglia could evolve into inflammatory effector 
cells releasing inflammatory cytokines. Our prior study 
showed that HFD for 5mo increased the Iba-1+ microglia 
infiltration in the inner retina, accompanied with NF-κB and 
JNK pathway activation[9]. Consistently, this study also showed 
that HFD for 4mo induced Iba-1+ microglia cells infiltration 
in the inner retina, accompanied with an activation of the 
NF-κB signaling pathway. On the other hand, recent study 
demonstrated that PPARα knockout significantly up-regulated 
inflammatory regulators in CD11b+ cells located in the inner 
retina[23]. More importantly, our previous study demonstrated 
that fenofibrate, as the PPARα agonist, inhibited the microglia 
infiltration, and in turn alleviated retinal inflammation after 
5mo on the HFD in a mouse model[9]. However, another study 
showed that fenofibrate prevented the development of type 

Figure 5 PPARα deficiency exacerbated HFD-induced retinal dysfunction  C57BL/6J and PPARα−/− mice were subjected to either a SD or HFD 

for a duration of 4mo. A: Representative electroretinogram plots for the four experimental groups at a stimulus intensity of 1.0 cd•s/m2 under 

scotopic conditions; B: Representative PhNR waves for four groups at 20 cd•s/m² on a green background of 40 cd/m²; C, D: Statistical analysis 

of amplitude changes of a-wave (C) and b-wave (D) at different stimulus intensities (0.01, 0.1, 1.0 cd•s/m2) under scotopic conditions. n=7/

group. bP<0.01 vs HFD 4M_C57BL/6J; cP<0.001 vs HFD 4M_C57BL/6J; dP<0.001 vs SD 4M_C57BL/6J. Bar graphs represent mean values±SEM. E: 

Statistical analysis of amplitude changes of PhNR waves. n=10-12/group. E: aP<0.05, bP<0.01. HFD: High-fat diet; PPARα: Peroxisome proliferator 

activated receptor-alpha; SD: Standard diet; SEM: Standard error of the mean; PhNR: Photopic negative response.
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II diabetic retinopathy without upregulation of PPARα in the 
retina[24]. Therefore, it was not known whether fenofibrate’s 
anti-inflammatory action depended on PPARα in HFD-
induced retina. In the present study, we found that PPARα 
deficiency exacerbated HFD-induced microglia infiltration 
and activation from inner retina to outer retina. Consistently, 
PPARα deficiency aggravated retinal dysfunction, including 
photoreceptor cells, bipolar cells and ganglion cells. Therefore, 
we speculated that the lack of PPARα exacerbated microglia 
overactivation response to lipid accumulation, which in turn 
increased HFD-induced retinal inflammation.
As the above noted, microglia activation might be associated 
with lipid accumulation. Other studies found that reactive 
oxidative species production could stem from an overactivation 
of either macrophages or microglia in the CNS and retina[22]. 
Interestingly, intracellular lipid accumulation could induce 
oxidative stress based on the increased levels of reactive 
oxygen species levels and lipid peroxidation[25]. In this study, 
HFD increased the expression of oxidative stress in the inner 
retina and lipid peroxidation in the retina. Further, PPARα 
deficiency further increased HFD-induced the upregulations 
of oxidative stress marker 3-NT in the inner retina, as well 
as indicators of lipid peroxidation such as 4-HNE and MDA 
in the retina. Therefore, the possibility existed that PPARα 
knockout exacerbated HFD-induced oxidative stress in the 
inner retina directly or indirectly through lipid accumulation. 
These findings highlighted the contribution of lipid metabolism 
disorders associated with PPARα to inflammation and 
oxidative stress in the retina. Inflammation and oxidative 
stress are closely interconnected processes, particularly in 
metabolic disorders such as those induced by HFD. Previous 
studies suggested that the potential feedback loop between 
inflammation and oxidative stress processes[26-27]. Further, more 
studies are needed to investigate the causative relationship 
between inflammation and oxidative stress based on the lipid 
metabolism disorders.
PPARα has a potent protective role in the retinal vascular 
disease, such as ischemic and diabetic retinopathy[28-29]. 
However, the role of PPARα in RGC cells has relatively little 
attention to date. Our data demonstrated that PPARα knockout 
increased the HFD-induced RGC cells apoptosis initiation 
which was consistent with CPT1α (as the downstream of 
PPARα) location, as well as lipid accumulation, enhanced 
inflammation and oxidative stress in the retina. Oxidative stress 
associated with lipid peroxidation serves as a crucial factor 
in the advancement of neurodegeneration[30-32]. Furthermore, 
the increase in inflammation agents directly acted on RGC 
to induce cell death[18]. Therefore, we proved the hypothesis: 
the lack of PPARα might initially induce lipid metabolism 
disorder, in turn exacerbate inflammation and oxidative stress, 

and eventually aggravate RGCs apoptosis initiation and 
dysfunction. In addition, another possibility also deserved 
more attention regarding the crosstalk between triglyceride 
accumulation and glucose metabolic abnormalities. Previous 
studies have shown that HFD aggravated glucose metabolism 
disorders[33]. Therefore, excess lipid accumulation in the retina 
contribution to disruptions in glucose metabolism, potentially 
played an essential role in HFD-induced retinal degeneration, 
particularly in the context of PPARα deficiency.
In summary, our study indicated that PPARα deficiency 
exacerbated lipid metabolic abnormalities, inflammatory 
responses, oxidative stress, apoptosis initiation and dysfunction 
in HFD-fed mice retina, especially in the inner retina. This 
research sheds light on how disorders in lipid metabolism 
could induce negative changes in the retina and potentially 
trigger the development of a retinopathy. Besides, PPARα−/− 
mice may be used as a model to help us to study the relationship 
between lipid metabolism and retinal dysfunction. More 
importantly, this study indicated that the potential role of 
PPARα activation in treating RGC injury (such as glaucoma, 
retinal ischemia-reperfusion damage). Nevertheless, it proved 
challenging to delineate the exact effects of PPARα and lipid 
metabolism on a separate cell layer, as well as the interactions 
between neuronal and microglia cells, because the pathological 
changes involve various cell types and intricate interactions 
within the retina. Further research is necessary to address these 
questions.
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