
SIRT1 Restores Autophagic Flux to Attenuate
Podocyte Injury in Experimental Membranous
Nephropathy
Zhaocheng Dong 

Beijing University of Chinese Medicine
Yunling Geng 

Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine
Jingyi Tang 

Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine
Zijing Cao 

Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine
Wei Jing Liu 

Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine
Baoli Liu 

Beijing Hospital of Traditional Chinese Medicine

Research Article

Keywords: Membranous nephropathy, SIRT1, Passive Heymann Nephritis, Podocyte injury, Autophagic
flux, C5b-9

Posted Date: August 15th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10613283/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 1/24

https://doi.org/10.21203/rs.3.rs-10613283/v1
https://doi.org/10.21203/rs.3.rs-10613283/v1
https://doi.org/10.21203/rs.3.rs-10613283/v1
https://creativecommons.org/licenses/by/4.0/


Abstract

Background
Membranous nephropathy (MN), characterized by subepithelial immune deposits and podocyte injury,
lacks targeted therapies addressing non-immunological injury mechanisms. SIRT1, a NAD⁺-dependent
deacetylase, regulates autophagy and cellular homeostasis, but its role in MN remains undefined.

Methods
We combined passive Heymann nephritis (PHN) rats and complement-injured podocytes to investigate
SIRT1’s function. Pharmacological activation (resveratrol/SRT1720) or SIRT1ΔPod models were
employed. Assessments included proteinuria, histopathology, autophagic flux, and SIRT1 activity.

Results
SIRT1 activation in PHN rats reduced proteinuria and glomerular IgG and C5b-9 deposition, restored
podocyte integrity and SIRT1 activity, resolved autophagic flux blockade. In podocytes, SIRT1 agonists
attenuated complement-induced LDH release and cytoskeletal disruption, enhanced autophagosome-
lysosome fusion. SIRT1ΔPod mice exhibited mild proteinuria without structural damage, implicating SIRT1
in functional maintenance.

Conclusion
SIRT1 protects podocytes in MN by restoring autophagic flux specifically through promoting
autophagosome-lysosome fusion.

1. Introduction
Membranous nephropathy (MN), a leading cause of adult nephrotic syndrome, is characterized by
subepithelial immune deposits on glomerular basement membranes (GBM), triggering podocyte injury
and proteinuria[1]. Approximately 70–80% of idiopathic MN cases involve autoantibodies against
podocyte antigens such as M-type phospholipase A2 receptor (PLA2R) and THSD7A[2]. These
antibodies activate complement-independent pathways, inducing cytoskeletal disorganization, oxidative
stress, mitochondrial dysfunction, and apoptosis in podocytes[3, 4]. Critically, C5b-9 disrupts autophagic
flux by impairing lysosomal acidification and autophagosome-lysosome fusion, leading to accumulated
cellular damage[5, 6].

Sirtuin 1 (SIRT1), an NAD+-dependent deacetylase, is a key regulator of cellular homeostasis in kidney
diseases[7]. It mitigates diabetic proteinuria, oxidative stress, and fibrosis by deacetylating targets
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including FOXO3, Beclin-1, and NF-κB[8, 9]. SIRT1 activation enhances autophagy initiation and flux—a
process essential for podocyte survival—by deacetylating autophagy-related proteins like Beclin-1[10,
11]. However, its role in MN-related podocyte injury remains unexplored.

This study investigates whether SIRT1-mediated deacetylation protects podocytes in experimental MN
by promoting autophagosome-lysosome fusion. We demonstrate that SIRT1 activation reduces
proteinuria and podocyte loss via restoring autophagy-lysosomal coordination. Our findings reveal a
novel therapeutic axis targeting SIRT1-autophagy signaling to ameliorate MN progression.

2. Materials and method

2.1. Animals
All animal procedures were approved by the Animal Ethics Committee of Dongzhimen Hospital, Beijing
University of Chinese Medicineand were performed in accordance with the relevant guidelines and
regulations. Rats were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (1%,
50 mg/kg). Under deep anesthesia, they were euthanized by exsanguination via the abdominal aorta, and
approximately 5 mL/100 g of blood was collected for biochemical analyses. Death was confirmed by the
absence of heartbeat and respiration. For mice, blood was collected from the retro-orbital sinus
(approximately 100–150 µL per mouse, followed by euthanasia by cervical dislocation. Death was
confirmed by the absence of heartbeat and respiration.

Rat Model: Male Sprague-Dawley (SD) rats (SPF grade, 180–220 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). Passive Heymann Nephritis (PHN) was
induced by intravenous injection of sheep anti-rat Fx1A antiserum (Probetex, PTX-002S). Rats with 24-h
urinary protein > 100 mg at Day 14 were considered successfully modeled.

Genetic Mouse Model: Podocyte-specific SIRT1 knockout mice (female, 20 weeks) were generated on a
C57BL/6J background by crossing SIRT1flox/flox mice with Nphs1-iCre transgenic lines, which were
obtained from Jiangsu Jicui Yaokang Biotechnology Co., Ltd. (Jiangsu, China).

All animal procedures were approved by the Animal Ethics Committee of Dongzhimen Hospital, Beijing
University of Chinese Medicine. All methods were performed in accordance with the relevant guidelines
and regulations.

2.2. Experimental Groups
PHN Rats: Control, PHN Model, FK506 (1 mg/kg/day, oral gavage; GlpBio, GC16233), Resveratrol (RSV, 10
mg/kg/day, i.p.; Selleck, S1396). SIRT1 Mice: SIRT1△Pod group (Nphs1-iCre-SIRT1flox/flox), Control
group(SIRT1flox/flox littermates) .

2.3. Cell Culture
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Podocytes: Immortalized mouse glomerular podocytes (MPC-5) were kindly provided by Professor Baoli
Liu (Beijing Hospital of Traditional Chinese Medicine, Beijing, China). Cells were cultured in RPMI-1640
medium supplemented with 10% FBS and 10 U/mL IFN-γ at 33°C (proliferation), then differentiated at
37°C for 5–7 days. Complement Injury Model: Podocytes were stimulated with zymosan-activated serum
(ZAS; 10%) for 2 h. ZAS was generated by incubating 1% zymosan (Sigma, Z4250) with serum (37°C, 1
h), followed by centrifugation (14,000 × g, 5 min) and filtration (0.8 µm).

2.4. Pharmacological Treatments
In Vivo: RSV was dissolved in 5% DMSO + 40% PEG300 + 5% Tween 80 + 50% H₂O. In Vitro: Podocytes
were pretreated with RSV (10 µM) or SRT1720 (2.5 µM; GlpBio, GC17101) for 24 h before ZAS exposure.

2.5. Biochemical and Physiological Analyses
Urinary Protein: 24-h urinary protein quantified using Coomassie Brilliant Blue (CBB) assay (Nanjing
Jiancheng, C035-2-1). Blood Biochemistry: Serum albumin, creatinine, urea nitrogen, and lipids measured
using commercial kits (Nanjing Jiancheng). LDH Release: Podocyte damage assessed via CytoTox 96®
assay (Promega, G1780).

2.6. Histopathology and Imaging
Light Microscopy: Kidney sections (3 µm) were stained with H&E, PAS, and PASM (Solarbio kits).
Immunofluorescence: Frozen sections (5 µm) or podocytes were stained with antibodies against C3
(Abcam, ab200999), C5b-9 (Santa Cruz, sc-66190), Rat IgG (Abcam, ab150157), Nephrin (Abcam,
ab216341), Podocin (Sigma, P0372), SIRT1 (Sigma, 07-131), LC3B (Abcam, ab192890), and LAMP1
(Santa Cruz, sc-20011). Nuclei were counterstained with DAPI. Electron Microscopy: Renal cortices fixed
in glutaraldehyde (2.5%) and imaged using transmission electron microscopy (Hitachi H7650).
Colocalization was quantified using confocal microscopy (Leica TCS SP5 II)

2.7. Western Blotting
Proteins extracted from renal cortices or podocytes using RIPA lysis buffer were separated by SDS-PAGE,
transferred to PVDF membranes, and probed with antibodies against: Podocyte markers: Nephrin,
Podocin, Synaptopodin (Abcam, ab259976). Autophagy markers: ATG5 (Proteintech, 10181-2-AP), ATG7
(Proteintech, 10088-2-AP), Beclin-1 (Abcam, ab210498), p62 (PM045, BioMol), LC3B (Abcam, ab192890).
SIRT1 (Sigma, 07-131). GAPDH (Proteintech, 60004-1-Ig) served as the loading control.

2.8. SIRT1 Activity Assay
SIRT1 activity was measured in renal tissues or podocytes using a fluorometric kit (Abcam, ab156065) at
excitation/emission wavelengths of 350/460 nm.

2.9. Statistical Analysis
Data are expressed as mean ± SD. Comparisons used one-way ANOVA with Tukey’s post hoc test or
unpaired t-tests (GraphPad Prism 9). Significance was set at P < 0.05.
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3. Result

3.1 SIRT1 Activation Reduces Proteinuria and Protects
Kidneys in PHN Rats
Passive Heymann nephritis (PHN) models were established as depicted in Fig. 1A. From day 0 to day 40
post-modeling, the 24-hour total urinary protein excretion in the model, FK506-treated, and RSV-treated
groups was significantly higher than in the blank control group. However, urinary protein levels in the
FK506 and RSV groups showed no significant difference compared to the model group during this
period. By day 50, urinary protein excretion remained significantly elevated in the model, FK506, and RSV
groups compared to the blank control group, but the RSV group exhibited a significant reduction in
urinary protein compared to the model group (Fig. 1B). This demonstrates that SIRT1 activation
effectively reduces urinary protein excretion. To rigorously demonstrate the therapeutic efficacy of SIRT1
activation in PHN rats, tissue collection ideally should have commenced after the RSV group showed
significantly lower proteinuria than the model group on two consecutive measurements. However, given
the known spontaneous remission of the PHN model and our preliminary data indicating scarce
complement deposition in glomeruli of model rats sacrificed at day 60 post-modeling, tissue collection
was initiated immediately upon the first statistically significant difference in proteinuria between the RSV
and model groups (day 50). Blood samples were collected on day 50 for analysis of nephrotic syndrome-
related and renal function parameters.

As shown in Fig. 1C, serum albumin was significantly lower in the model group than in the blank control
group. Total cholesterol and triglycerides were significantly higher in the model group than in the blank
control group. Compared to the blank control group, both the FK506 and RSV groups showed
significantly elevated total cholesterol, but no significant difference in serum albumin or triglycerides.
Serum albumin concentration was significantly higher in both the FK506 and RSV groups compared to
the model group. Serum creatinine showed no significant difference among any groups compared to the
blank control group. These results indicate that SIRT1 activation elevates serum albumin and lowers
total cholesterol and triglyceride levels in PHN rats, demonstrating renal protective effects.

As shown in Fig. 2A, Hematoxylin and Eosin (HE) staining revealed no significant differences among
groups. Periodic Acid-Schiff (PAS) and Periodic Acid-Schiff Methenamine Silver (PASM) staining showed
significantly thickened glomerular basement membranes (GBM) in the model group compared to the
blank control group. Both FK506 and RSV treatment attenuated GBM thickening relative to the model
group. Electron microscopy (EM) imaging revealed foot process effacement and significantly thickened
GBM in the model group podocytes compared to controls, along with enlarged lysosomes within
podocytes. Both FK506 and RSV treatment ameliorated foot process effacement and GBM thickening
compared to the model group. Notably, podocytes in the RSV group contained significantly more
numerous and enlarged lysosomes than those in the model group. Immunofluorescence staining
detected IgG, C3, and C5b-9 deposition in the glomeruli of the model group. Deposition of IgG, C3, and
C5b-9 was reduced in both the FK506 and RSV groups compared to the model group. Glomerular SIRT1

Page 5/24



fluorescence intensity in the blank control group was similar to that in tubules. In the model group,
glomerular SIRT1 fluorescence was significantly weaker than tubular SIRT1. The disparity between
glomerular and tubular SIRT1 fluorescence intensity observed in the model group was partially restored
in the RSV group. However, glomerular SIRT1 fluorescence in the FK506 group remained significantly
weaker than tubular SIRT1. Collectively, these findings demonstrate that SIRT1 activation effectively
ameliorates renal pathological damage in PHN rats.

As shown in Fig. 2B, renal expression of the podocyte marker proteins Nephrin, Podocin, and
Synaptopodin was significantly reduced in the model group compared to the blank control group.
Nephrin expression was significantly higher in both the FK506 and RSV groups compared to the model
group. Podocin expression showed an increasing trend in the FK506 and RSV groups relative to the
model group, but the difference was not statistically significant. Synaptopodin expression in the RSV
group showed no significant difference compared to the model group. Synaptopodin expression in the
FK506 group was lower than in the model group, but this difference also did not reach statistical
significance.

To confirm that the therapeutic effect on PHN and glomerular protection was mediated through SIRT1
activity, we measured renal SIRT1 activity across groups. As shown in Fig. 2C, renal SIRT1 activity was
significantly lower in both the model group and the FK506 group compared to the blank control group.
Renal SIRT1 activity in the RSV group was significantly higher than in the model group. This indicates
that activating glomerular SIRT1 activity protects the kidneys in PHN rats. The expression of SIRT1
protein in each group of renal tissues is shown in Figure S1.

3.2 SIRT1 Activation Attenuates Complement Attack-
Induced Podocyte Injury
Prior to drug intervention, the effects of different concentrations of SIRT1 activators (RSV, SRT1720) on
podocytes were assessed. By measuring lactate dehydrogenase (LDH) release rate, the maximum non-
toxic concentration was selected for subsequent interventions. The final concentrations used were 10
µM for RSV and 2.5 µM for SRT1720 (Figure S2). Podocytes were incubated with complement serum for
2 hours to model sublytic C5b-9 injury to glomerular visceral epithelial cells (podocytes) in membranous
nephropathy patients. As shown in Fig. 3A, both the RSV-treated and SRT1720-treated groups
significantly reduced the LDH release rate in the podocyte complement injury model. This indicates that
both SIRT1 activators, RSV and SRT1720, attenuate complement-mediated podocyte injury.

As shown in Fig. 3B, podocyte SIRT1 activity was significantly lower in the model group than in the blank
control group. SIRT1 activity in the RSV group was significantly higher than in the model group and
showed no significant difference compared to the blank control group. SIRT1 activity in the SRT1720
group was significantly higher than in both the model group and the blank control group. These findings
demonstrate that restoring podocyte SIRT1 activity confers protection against injury.
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As shown in Fig. 3C, expression of the podocyte marker proteins Podocin and Synaptopodin was
significantly reduced in the model group compared to the blank control group. Podocin expression in
both the RSV and SRT1720 groups was significantly lower than in the blank control group, but
significantly higher than in the model group. Synaptopodin expression was significantly higher in both
the RSV and SRT1720 groups compared to the model group. Notably, Synaptopodin expression in the
SRT1720 group showed no significant difference from the blank control group. SIRT1 expression was
significantly lower in the model group than in the blank control group. Both RSV and SRT1720 treatment
significantly increased SIRT1 expression compared to the model group, restoring it to levels comparable
to the blank control group (no significant difference).

As shown in Fig. 3D, immunofluorescence staining revealed podocyte atrophy in the model group.
Phalloidin-FITC staining showed disorganized cytoskeletal structure and reduced Podocin fluorescence
intensity in the model group. Both RSV and SRT1720 treatment ameliorated cytoskeletal disorganization
and increased Podocin fluorescence intensity compared to the model group. To confirm the podocyte-
protective effect mediated by activating SIRT1 activity, SIRT1 expression and activity were measured in
podocytes across groups. Immunofluorescence staining localized SIRT1 primarily to the nucleus. SIRT1
fluorescence intensity was reduced in the model group compared to the blank control group. Both RSV
and SRT1720 treatment increased SIRT1 fluorescence intensity relative to the model group.

3.3 SIRT1 Regulates Autophagy in Renal Tissue and
Podocytes
As shown in Fig. 4A, renal expression of ATG7, Beclin-1, and p62 was significantly elevated in the model
group rats compared to the blank control group. LC3 levels showed a non-significant increasing trend in
the model group, while ATG5 expression exhibited no significant difference compared to controls.

In the FK506-treated group, renal ATG5 expression was significantly lower than in the blank control
group. Renal ATG7 expression was significantly lower than in the model group but showed no significant
difference compared to the blank control group. Renal Beclin-1, p62, and LC3 levels showed no
significant difference compared to the blank control group.

In the RSV-treated group, renal Beclin-1 expression was significantly lower than in both the blank control
and model groups. Renal ATG7 expression was significantly lower than in the model group but showed
no significant difference compared to the blank control group. Renal ATG5, p62, and LC3 levels showed
no significant difference compared to the blank control group. These findings indicate that renal injury in
PHN rats leads to increased autophagy levels. FK506 exerts its therapeutic effect primarily through
immunomodulation, without significantly affecting the overall degree of renal autophagy.

However, whole-kidney Western blotting (WB) cannot accurately reflect autophagy levels specifically
within glomerular podocytes. Therefore, we also performed immunofluorescence staining. As shown in
Fig. 4B, glomerular ATG5 fluorescence intensity showed no significant difference between the model
group and the blank control group. Both FK506 and RSV groups exhibited a slight decrease in glomerular
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ATG5 fluorescence intensity compared to the blank control and model groups. Glomerular ATG7
fluorescence intensity was significantly higher in the model group than in the blank control group. Both
FK506 and RSV groups showed glomerular ATG7 fluorescence intensity comparable to the blank control
group (no significant difference). Glomerular Beclin-1 fluorescence intensity showed no significant
differences among the blank control, model, FK506, and RSV groups. In summary, significant differences
in glomerular ATG5, ATG7, or Beclin-1 fluorescence intensity were not observed across the groups.

As shown in Fig. 4C, renal p62 fluorescence intensity was higher in the model group than in the blank
control group, while LC3 fluorescence intensity showed only a non-significant increase. Both FK506 and
RSV groups exhibited lower renal p62 fluorescence intensity than the model group, with good
colocalization between p62 and LC3. Renal p62 fluorescence intensity in the FK506 group was higher
than in the RSV group. This suggests that SIRT1 activation suppresses autophagy accumulation as
indicated by reduced p62 with restored LC3-p62 colocalization.

As shown in Fig. 5A, podocyte p62 expression was significantly elevated in the model group compared
to the blank control group. ATG5, ATG7, Beclin-1, and LC3 levels showed increasing trends in the model
group, but the differences were not statistically significant. In the RSV-treated group, podocyte ATG5
expression showed no significant difference compared to blank control or model groups. Podocyte ATG7
expression was significantly lower than in both blank control and model groups. Podocyte p62
expression was significantly higher than in the blank control group but significantly lower than in the
model group. Podocyte Beclin-1 and LC3 levels showed no significant difference compared to blank
control or model groups. In the SRT1720-treated group, podocyte ATG5 expression showed no
significant difference compared to blank control or model groups. Podocyte ATG7 expression was
significantly lower than in both blank control and model groups. Podocyte p62 expression was
significantly lower than in the model group but showed no significant difference compared to the blank
control group. Podocyte Beclin-1 and LC3 levels showed no significant difference compared to blank
control or model groups.

As shown in Figs. 5B-E, podocyte fluorescence intensity for ATG5, ATG7, Beclin-1, and p62 was higher in
the model group than in the blank control group. Podocyte LC3 fluorescence intensity showed no
significant difference between model and blank control groups, but exhibited poor colocalization with
p62. Both RSV and SRT1720 groups showed lower podocyte fluorescence intensity for ATG5, ATG7,
Beclin-1, and p62 compared to the model group, along with improved LC3-p62 colocalization.

3.4 SIRT1 Promotes Autophagosome-Lysosome Fusion
As shown in Fig. 6A, colocalization of LC3 and LAMP1 in the glomeruli of the model group rats was
significantly reduced compared to the blank control group. The RSV-treated group showed improved
LC3-LAMP1 colocalization in the glomeruli relative to the model group. The FK506-treated group
exhibited a modest improvement in glomerular LC3-LAMP1 colocalization compared to the model group.
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As shown in Figs. 6B-D, podocytes in the model group displayed significantly reduced colocalization of
LAMP1 with ubiquitin (Ub), LC3 with LAMP1, and Cortactin (CTTN) with LAMP1 compared to the blank
control group. Both the RSV-treated group and the SRT1720-treated group demonstrated improved
colocalization of LC3-Ub, LC3-LAMP1, and CTTN-LAMP1 in podocytes relative to the model group.

3.5 SIRT1 Regulates Autophagic Flux Through
Deacetylation
Deacetylation is a key mechanism by which SIRT1 exerts its effects. We further investigated the
deacetylation function of SIRT1. As shown in Figs. 7A-B, co-immunoprecipitation assays demonstrated
an interaction between SIRT1 and both ATG7 and Beclin-1 in the renal tissues of rats and in mouse
podocytes across the experimental groups. Furthermore, Figs. 7C-D show that co-immunoprecipitation
revealed an interaction between SIRT1 and CTTN in the renal tissues of rats and mouse podocytes. The
above results indicate that SIRT1 interacts with the key autophagy proteins ATG7 and Beclin-1, as well as
the fusion protein CTTN. This suggests that the protective effects of SIRT1 activation in both the rat PHN
model and the podocyte complement injury model are likely achieved by deacetylating these target
proteins, thereby promoting autophagosome-lysosome fusion.

3.6 Renal Injury in Aged SIRT1△Pod Mice
As shown in Fig. 8A, podocyte-specific SIRT1 muted mice exhibited significantly higher urinary albumin-
to-creatinine ratio (UACR) and total cholesterol levels compared to their littermate negative control mice.
However, no significant differences were observed in serum albumin, serum creatinine, or triglycerides
between the knockout mice and their littermate controls.

As shown in Fig. 8B, Hematoxylin and Eosin (HE) staining revealed no significant differences in
glomerular morphology between the littermate negative control mice and the SIRT1△Pod mice. Periodic
Acid-Schiff (PAS) staining also showed no significant changes in the glomeruli of SIRT1△Pod mice
compared to controls. Immunofluorescence staining detected no deposition of IgG or complement C3 in
either group.

As shown in Fig. 8C, the expression levels of the podocyte marker proteins Nephrin and Podocin in the
kidneys of SIRT1△Pod mice showed no significant difference compared to the littermate negative
controls.

These findings indicate that although the loss of SIRT1 specifically in podocytes did not cause overt
structural damage or an inflammatory response in this aged model, it led to podocyte dysfunction, as
evidenced by the increased proteinuria and hypercholesterolemia.

4. Discussion
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This study establishes that SIRT1-mediated deacetylation protects podocytes in membranous
nephropathy (MN) by restoring autophagic flux through promoting autophagosome-lysosome fusion.
Using rat PHN and podocyte complement injury models, we demonstrate that pharmacological SIRT1
activation significantly reduces proteinuria and glomerular pathology, directly mitigates complement-
mediated podocyte injury independent of immunosuppression and rescues autophagic flux by enhancing
lysosomal fusion. These findings position SIRT1 as a key therapeutic target to protect against podocyte
injury to alleviate MN.

Our study provides compelling evidence for a novel, non-immunosuppressive, cytoprotective role of
SIRT1 in the pathogenesis of MN. Using a combination of the classic passive Heymann nephritis (PHN)
rat model, which faithfully recapitulates key features of human MN [12, 13]. We demonstrated that the
SIRT1 activator RSV significantly reduced 24-hour urinary protein excretion, elevated serum albumin
levels, and ameliorated lipid metabolism disorders in PHN rats. Histological analysis revealed that the
RSV-treated group exhibited attenuated glomerular basement membrane thickening, reduced foot
process effacement, and decreased deposition of IgG, C3, and C5b-9. These findings are highly
consistent with existing research. Notably, while FK506 reduced immune deposition, it showed no
significant regulatory effect on SIRT1 activity or podocyte marker protein expression, suggesting that the
protective mechanism of SIRT1 is independent of classical immunosuppressive pathways.

A key pathological feature of podocyte injury in MN is damage induced by sublytic doses of C5b-9
deposition. Among the three complement activation pathways, the classical pathway is triggered by
antigen-antibody complexes, the alternative pathway is activated by microbial particles, and the lectin
pathway relies on pathogen-associated carbohydrate structures. IgG4 antibodies deposited in the
glomeruli of MN patients predominantly activate complement via the lectin and alternative pathways,
forming sublytic membrane attack complexes (MAC) [14, 15]. This sublytic MAC does not directly lyse
cells but inserts into the podocyte membrane, activating intracellular signaling pathways, leading to
podocyte injury and proteinuria [1]. In addition to MAC, the C3a/C3aR inflammatory pathway has also
been implicated in MN podocyte injury [16, 17]. This study employed zymosan-activated serum
(simulating non-classical pathways) to directly generate MAC for stimulating podocytes, aiming to focus
on the core injurious role of MAC. A central discovery of our research is the elucidation of how SIRT1
protects podocytes. Our data indicate that in response to complement-mediated injury, podocytes
initiate an autophagic response, evidenced by the accumulation of autophagosomes. However, this
response is ultimately maladaptive due to a downstream blockade in the autophagic pathway, leading to
a pathological buildup of autophagic vesicles—a state of "autophagic constipation" or impaired flux. This
phenomenon of blocked autophagic flux contributing to cellular injury is a recognized feature of
complement-attacked podocytes [5]. Our results compellingly show that SIRT1 activation resolves this
critical blockade.

While the role of SIRT1 as an NAD⁺-dependent deacetylase in promoting autophagy is well-established
the specific mechanisms can be multifaceted [8, 18–20]. Many studies have focused on SIRT1's ability
to deacetylate transcription factors like FoxO, which in turn upregulate genes such as Rab7 to facilitate

Page 10/24



autophagosome-lysosome fusion [21–23]. However, our research points towards a more direct,
potentially FoxO- and Rab-independent, mechanism of action at the level of the core autophagic and
fusion machinery.

It is noteworthy that current research on SIRT1 regulation of complement-mediated podocyte injury is
extremely limited: Liu et al. reported that crocin upregulated SIRT1 in Heymann nephritis rats, but the
model exhibited abnormally low urinary protein levels, limiting the reference value of their conclusion.
Studies in other fields (e.g., alcoholic liver injury, ischemia-reperfusion injury) merely suggested an
association between SIRT1 and the complement system without elucidating its cytoprotective
mechanism [24, 25]. Therefore, this study is the first to reveal that SIRT1 activators (RSV/SRT1720)
significantly mitigate complement MAC-mediated podocyte injury (manifested as reduced LDH release
and restored cytoskeletal protein expression), filling the knowledge gap in the "SIRT1-complement-
podocyte" regulatory axis and providing a novel rationale for targeted therapy in MN.

This study reveals that SIRT1 activation can stimulate autophagy, restore autophagic flux, promote
autophagosome-lysosome fusion, and thereby exert protective effects on podocytes. We found that in
the PHN model group, renal expression of ATG7, Beclin-1, and p62 was significantly elevated. However,
immunofluorescence revealed an accumulation of autophagosomes alongside decreased expression of
the lysosomal marker LAMP1 in glomerular podocytes, indicating the presence of autophagic flux
blockade. This phenomenon aligns with C5b-9-mediated impairment of autophagosome-lysosome
fusion observed in podocytes of MN patients. Following SIRT1 intervention, the number of
autophagosomes in podocytes decreased, while lysosomal numbers increased, and autophagosome-
lysosome fusion was restored. This confirms that SIRT1 activation rescues the integrity of autophagic
flux. Numerous studies indicate that SIRT1 effectively regulates autophagy [11]. SIRT1 is known to form
direct protein complexes with and deacetylate essential components of the autophagic machinery,
including ATG5, ATG7, and LC3 [26–28]. During the initiation phase of autophagy, the BECN1-PIK3C3
complex is one of the key proteins for autophagosome formation. SIRT1 activates this complex and
initiates autophagy by deacetylating these components [10]. Subsequently, LC3 (bound to the
autophagosome surface), the E1-like enzyme ATG7, and ATG5 (within the E3-like enzyme ATG12-ATG5-
ATG16L1 complex) can all be activated by SIRT1-mediated deacetylation [18]. SIRT1-mediated
deacetylation of ATG5 and ATG7 has a well-defined biological function, namely enhancing autophagic
activity [11]. These two proteins are indispensable components in the process of autophagosome
elongation and formation, and the enhancement of their activity directly leads to an increase in
autophagic flux, facilitating the clearance of damaged organelles. Numerous studies have reported the
deacetylation of Beclin-1 by SIRT1 [18, 29]. SIRT1 directly interacts with Beclin-1 and specifically
deacetylates its two lysine residues, K430 and K437, thereby activating the Beclin-1-dependent
autophagy pathway [10, 29–31]. Our research results show that in the rat PHN model and the podocyte
injury model, activating SIRT1 can reduce ATG7 and Beclin-1. This seems to be contrary to the current
mainstream result. Therefore, we further conducted research on the fusion of autophagosomes and
lysosomes.
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CTTN is a potent promoter of autophagosome-lysosome fusion, and its activation, as well as the
achievement of fusion function, also relies on deacetylation [32]. Many studies indicate that SIRT1 can
deacetylate CTTN, and this deacetylation is a critical step in promoting cell migration [33–35]. Iwahara et
al. using an inactive mutant of SIRT1 (H355Y) demonstrated that the deacetylase activity of SIRT1 is
essential for the normal function of CTTN, and the repeat domain of the CTTN protein is a key region
targeted by SIRT1 for deacetylation [35]. Acetylation of this region (mediated by p300) reduces the
binding affinity of CTTN to F-actin, thereby inhibiting cell migration. SIRT1, by deacetylating this region,
restores or enhances the binding of CTTN to actin, thus promoting cell movement and invasion [34, 35].
Therefore, SIRT1 can also promote the fusion of autophagosomes with lysosomes by deacetylating
CTTN [11]. Therefore, SIRT1 protects podocytes directly by regulating autophagy and preserving
autophagic flux through deacetylation.

A rigorous discussion requires a critical appraisal of the tools employed. We utilized resveratrol and
SRT1720 as pharmacological activators of SIRT1. While widely used, the specificity of these compounds
has been a subject of intense debate. Multiple studies using native, non-fluorophore-tagged substrates
have shown that these molecules do not directly activate SIRT1 in vitro and that previously reported
activation was likely an artifact of the fluorophore used in the assay kits [36]. Furthermore, these
compounds are known to be promiscuous, with numerous off-target effects[36]. While our genetic model
(SIRT1ΔPod) supports a SIRT1-dependent mechanism, future pharmacological studies should employ
more specific and physiologically relevant methods of SIRT1 activation. A superior strategy is the use of
NAD⁺ precursors, such as nicotinamide mononucleotide (NMN) or nicotinamide riboside (NR). These
compounds boost the cellular pool of the essential SIRT1 co-substrate, NAD⁺, thereby enhancing the
activity of SIRT1 and other sirtuins in a more natural, dose-dependent manner [37, 38]. Studies have
already shown that NMN can enhance SIRT1 expression and rescue podocyte injury in other models of
kidney disease lending strong support to this approach [39, 40]. Future experiments should validate our
key findings using NMN and employ non-fluorophore-based biochemical assays, such as HPLC or mass
spectrometry, to measure the deacetylation of native SIRT1 substrates in podocytes [41–43].

The primary limitation of our study is its preclinical nature. While the PHN model is robust, the ultimate
validation of our findings must come from human studies [12, 13]. Currently, there is a significant lack of
data on the status of the SIRT1-autophagy axis in human MN. Extensive searches revealed no published
proteomic, transcriptomic, or immunohistochemical studies that have systematically quantified SIRT1,
LC3B, and p62 in human MN biopsy samples. Therefore, a critical next step is to analyze human kidney
biopsy repositories. Using proteomics on archived biopsy tissues is feasible and would be invaluable for
correlating SIRT1 expression levels and autophagy markers (like LC3B/p62 ratio) with disease severity
and patient outcomes [44, 45].

Furthermore, although tissue collection was performed early in this study (at day 60) to circumvent the
spontaneous remission phase of the PHN model, this may have led to an underestimation of RSV's long-
term efficacy. The cell-specific mechanism requires further elucidation; specifically, podocyte-specific
SIRT1 knockout mice are needed to clarify its cell-autonomous role in autophagy regulation. Finally, any
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basic research must ultimately translate to clinical applications. Future studies could involve anti-PLA2R
antibody monitoring to evaluate the clinical value of SIRT1 activators in treating MN.

5. Conclusion
In conclusion, our study demonstrates that SIRT1 activation confers a protective effect against podocyte
injury in experimental membranous nephropathy, primarily by restoring autophagic flux through the
promotion of autophagosome-lysosome fusion. Contrary to the simplistic paradigm of SIRT1 as a
universal autophagy inducer, our findings reveal a more nuanced mechanism: sublytic C5b-9 attack
triggers a compensatory but pathologically blockaded autophagic response, characterized by the
accumulation of autophagic substrates. SIRT1 does not globally suppress this response; instead, it
reprograms the dysfunctional autophagic process by specifically rectifying the fusion defect. This is
achieved through the deacetylation of key regulators like CTTN, which enhances the efficiency of the
final fusion step. Consequently, the restoration of autophagic flux normalizes the entire process, leading
to the clearance of damaged proteins and organelles and ultimately attenuating podocyte injury and
proteinuria. Our work positions SIRT1 not as a mere on/off switch for autophagy, but as a critical
modulator of autophagic quality and flow, offering a novel and promising non-immunosuppressive
therapeutic strategy for MN.
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Figure 1

SIRT1 activation ameliorates proteinuria and renal function in PHN rats.

(A) Schematic diagram of the experimental timeline for the PHN rat model.

(B) 24-hour urinary protein excretion in rats from different groups.

(C) Blood biochemical parameters including serum albumin, cholesterol, triglycerides and serum
creatinine were measured at day 50. *P < 0.05 vs. Control group; #P < 0.05 vs. PHN group.
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Figure 2

SIRT1 activation attenuates renal pathological damage and restores SIRT1 activity in PHN rats.

(A) Representative images of renal histology: H&E, PAS, and PASM staining showing glomerular
basement membrane (GBM) thickening (black arrows). Electron microscopy (EM) images reveal foot
process effacement (yellow arrows) and lysosome enlargement (red arrows). Immunofluorescence (IF)
staining shows deposits of IgG, C3, C5b-9, and the expression of SIRT1 in glomeruli. 400× (light
microscopy and IF), 15000× (EM).
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(B) Western blot analysis of podocyte marker proteins (Nephrin, Podocin, Synaptopodin) in renal tissues.
GAPDH served as a loading control. Densitometric quantification is shown. *P < 0.05 vs. Control group;
#P < 0.05 vs. PHN group.

(C) SIRT1 enzymatic activity was measured in renal cortical tissues. *P < 0.05 vs. Control group.

Figure 3

SIRT1 activation protects against complement-mediated injury in podocytes.

(A) LDH release assay assessing podocyte damage after ZAS challenge and SIRT1 agonist (RSV or
SRT1720) pretreatment. #P < 0.05 vs. C5b-9 group.

(B) SIRT1 enzymatic activity in podocytes. *P < 0.05 vs. Control group; #P < 0.05 vs. C5b-9 group.
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(C) Western blot analysis of podocyte markers (Podocin, Synaptopodin) and SIRT1 expression. GAPDH
served as a loading control. Densitometric quantification is shown. *P < 0.05 vs. Control group; #P < 0.05
vs. C5b-9 group.

(D) Immunofluorescence staining of F-actin (Phalloidin, green), Podocin (green), and SIRT1 (red). Nuclei
were counterstained with DAPI (blue). Scale bar: 50 μm.
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Figure 4

SIRT1 regulates autophagy in renal tissues of PHN rats.

(A) Western blot analysis of autophagy-related proteins (ATG5, ATG7, Beclin-1, p62, LC3) in renal cortical
tissues. GAPDH served as a loading control. Densitometric quantification is shown. *P < 0.05 vs. Control
group; #P < 0.05 vs. PHN group.

(B) Immunofluorescence staining of ATG5, ATG7, and Beclin-1 in glomeruli. 400×.

(C) Immunofluorescence staining and colocalization analysis of p62 (red) and LC3 (green) in renal
tissues. Yellow in the merged images indicates colocalization. 400×.

Figure 5

SIRT1 resolves blocked autophagic flux in injured podocytes.
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(A) Western blot analysis of autophagy-related proteins (ATG5, ATG7, Beclin-1, p62, LC3) in podocytes.
GAPDH served as a loading control. Densitometric quantification is shown. *P < 0.05 vs. Control group;
#P < 0.05 vs. C5b-9 group.

(B-E) Immunofluorescence staining and colocalization analysis of (B) ATG5, (C) ATG7, (D) Beclin-1, (E)
p62 (all in red) with LC3 (green). Nuclei were counterstained with DAPI (blue). Yellow in the merged
images indicates colocalization. Scale bar: 50 μm.

Figure 6

SIRT1 promotes autophagosome-lysosome fusion.

(A) Immunofluorescence colocalization analysis of LC3 (green) and the lysosomal marker LAMP1 (red)
in glomeruli. Yellow indicates colocalization. 400×.

(B-D) Immunofluorescence colocalization analysis in podocytes: (B) Ubiquitin (Ub, green) and LAMP1
(red); (C) LC3 (green) and LAMP1 (red); (D) Cortactin (CTTN, green) and LAMP1 (red). Yellow indicates
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colocalization. Scale bar: 50 μm.

Figure 7

SIRT1 interacts with and deacetylates core autophagic proteins.

(A-B) Co-immunoprecipitation (Co-IP) assays demonstrating the interaction between SIRT1 and ATG7 or
Beclin-1 in (A) renal tissues and (B) podocytes. IgG was used as a control.

(C-D) Co-IP assays demonstrating the interaction between SIRT1 and CTTN in (C) renal tissues and (D)
podocytes. IgG was used as a control.
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Figure 8

Podocyte-specific SIRT1 knockout leads to mild podocyte dysfunction in aged mice.

(A) Urinary albumin-to-creatinine ratio (UACR) and serum albumin, cholesterol, triglycerides and serum
creatinine in SIRT1△Pod mice and their littermate controls. *P < 0.05 vs. Control group.

(B) Renal histology (H&E and PAS staining) and immunofluorescence for IgG and C3 deposition. Scale
bar: 50 μm.

(C) Western blot analysis of podocyte markers (Nephrin, Podocin) in renal tissues of SIRT1△Pod mice and
controls. GAPDH served as a loading control. Densitometric quantification is shown. *P < 0.05 vs.
Control group.
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