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SIRT1/PGC‑1α‑mediated mitophagy 
participates the improvement roles of BMAL1 
in podocytes injury in diabetic nephropathy: 
evidences from in vitro experiments
Yanxia Rui1†, Yinfeng Guo1†, Linying He2, Min‑er Wang2 and Henglan Wu1,3* 

Abstract 

Background  Dysfunction in podocyte mitophagy has been identified as a contributing factor to the onset and pro‑
gression of diabetic nephropathy (DN), and BMAL1 plays an important role in the regulation of mitophagy. Thus, 
this study intended to examine the impact of BMAL1 on podocyte mitophagy in DN and elucidate its underlying 
mechanisms.

Materials and methods  High D-glucose (HG)-treated MPC5 cells was used as a podocyte injury model for investi‑
gating the potential roles of BMAL1 in DN. Mitophagy was examined by detecting autophagosomes using transmis‑
sion electron microscopy, and detecting the colocalization of LC3 and Tom20 using immunofluorescence staining. 
The interaction between BMAL1 and SIRT1 was conducted by immunoprecipitation (Co-IP) assay.

Results  In HG-induced podocyte injury model, we found that BMAL1 and SIRT1 mRNA level was significantly 
decreased, and positively correlated with mitophagy dysfunction. BMAL1 overexpression could ameliorate 
HG-induced podocyte injury, evidenced by improved cell viability, decreased cell apoptosis and inflammatory 
cytokines expression (TNF-α, IL-1β, and IL-6). BMAL1 overexpression could promote podocyte mitophagy cou‑
pled with increased expression of mitophagy markers PINK1 and Parkin. In terms of mechanism, Co-IP suggested 
that BMAL1 could interact with SIRT1. SIRT1 inhibitor Ex-527 addition obviously inhibit the effect of BMAL1 overex‑
pression on the mitophagy, demonstrating that BMAL1 may act on mitophagy by SIRT1//PGC-1α axis.

Conclusions  Our in vitro experiments demonstrate that BMAL1/SIRT1/PGC-1α pathway may protect podocytes 
against HG-induced DN through promoting mitophagy.
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Introduction
Diabetic nephropathy (DN) represents a prevalent micro-
vascular complication among individuals diagnosed with 
diabetes, with its prevalence on the rise globally [1]. DN 
is characterized by thickened basement membranes, glo-
merular sclerosis and mesangial expansion, leading to 
decline of glomerular filtration rate [2]. Hyperglycemia, 
advanced glycation end products and oxidative stress are 
recognized as primary contributing factors [3, 4]. Nowa-
days, aside from glucose regulation, dialysis, and kidney 
transplantation, there are no effective treatments avail-
able for DN [5]. Owning to high morbidity and mortality 
rates of DN, it is urgent to develop effective and innova-
tive therapeutic strategies for patients suffering from DN. 
Podocytes play a crucial role in capillary filtration within 
renal tubules, and their loss or dysfunction is closely 
associated with the advancement of DN [6].

Podocytes are specialized cells with critical roles in reg-
ulating the actin cytoskeleton, maintaining the integrity 
of the filtration barrier, and contributing to the regulation 
of the extracellular matrix in the kidney. Dysfunction 
of podocytes can lead to kidney diseases characterized 
by proteinuria and impaired filtration function, includ-
ing DN [7, 8]. Notably, owning to difficulty of prolifera-
tion, podocytes are demonstrated to rely on mitophagy, a 
highly conserved autophagy process that selectively clear 
injured or redundant mitochondria, to preserve their 
normal structure and functionality [9]. As pivotal intra-
cellular organelle, mitochondria is responsible for con-
trolling energy metabolism, overseeing the production 
of cellular adenosine triphosphate (ATP) and maintain 
cell homeostasis, especially in energy-demanding tissues, 
such as kidney [10]. Beyond serving as energy generators, 
mitochondria also regulate a multitude of intracellular 
functions, such as cell proliferation and apoptosis [11]. 
Mitophagy plays a vital role in ensuring adequate energy 
provision within cells [12]. In addition, recent studies 
have demonstrated mitophagy played a role in maintain 
diabetic condition balance. In addition, suppression of 
mitophagy in podocytes results in renal dysfunction in 
individuals with diabetes [13].

Some studies have also showed that the circadian 
gene BMAL1 has a significant influence on renal physi-
ological functions [14]. Deletion of BMAL1 in renal 
collecting duct led to elevated urine volume and low-
ered blood pressure [15]. Meanwhile, lack of BMAL1 
cause dysfunction in renal mitochondria and disrupt 
normal pharmacokinetics, as stated in reference [16]. 
SIRT1, a member of the class III HDAC family, plays a 
crucial role in overseeing cellular survival, metabolism, 
response to oxidative stress, generation of mitochon-
dria, and inflammatory processes [17]. Furthermore, 
SIRT1 has the ability to boost mitochondrial biogenesis 

through the activation of peroxisome proliferator-acti-
vated receptor gamma coactivator 1 alpha (PGC-1α), 
an essential controller of mitochondrial generation [18]. 
Numerous studies have highlighted the close interplay 
between SIRT1 and BMAL1. For instance, in a myocar-
dial ischemic/reperfusion (IR) model, SIRT1 mitigates 
injury through cross-talk with BMAL1 [19]. Besides, 
BMAL1 was reported to improve myocardial injury and 
inhibit inflammatory activities in the rat model of sepsis 
though facilitating mitophagy via SIRT1 [20]. Similarly, 
BMAL1 has been shown to regulate the innate immune 
system by interacting with SIRT1 in cartilage [21]. How-
ever, the exact connection between BMAL1 and SIRT1 in 
DN remains elusive. Hence, our investigation primarily 
focuses on the impact of BMAL1 on DN in vitro and sub-
sequently delves into its potential mechanism in podo-
cyte mitophagy.

Materials and methods
Cell culture and treatments
The mouse podocyte cell lines (MPC5) were purchased 
by Wuhan Shain Biology co. LTD. MPC5 were cultured 
in a 5% CO2 incubator at 37 ℃ using RPMI1640 medium 
containing 10% fetal bovine serum and 10 U/mL inter-
feron gamma (IFN-γ). When cell confluence reached 
about 80%, cells were digested by pancreatic enzymes. 
Following differentiation induction, cells were incubated 
in RPMI 1640 complete medium devoid of IFN-γ at 37℃ 
and 5% CO2 for a period ranging from 7 to 14 days. Sub-
sequently, the differentiated podocytes were segregated 
into two distinct groups: the control and high glucose 
(HG) group. Within the control group, MPC5 were nur-
tured in the presence of normal D-glucose (5.5 mmol/L). 
Conversely, in the HG group, cells were subjected to ele-
vated glucose concentrations (30 mmol/L) for a duration 
of 24  h to simulate podocyte damage akin to DN [22]. 
In addition, some cells would be treated with EX-527 
(SIRT1 inhibitor, 10 mmol/L) or FCCP (mitophagy ago-
nist, 10 μM) for 24-h culture.

Cell transfection
Lentivirus vectors system from VectorBuilder (Guang-
zhou, China) was used to overexpress BMAL1 in MPC5 
cells. The oe-BMAL1 sequence was acquired from the 
NCBI website. Lentivirus vectors that interfered with 
BMAL1 were constructed and were transfected into 
MPC5 using HighGene reagent together with packaging 
plasmid. After 48  h for transfecting, lentivirus particles 
were collected and concentrated. For lentivirus infec-
tions, MPC5 were collected and then planted in 6-well 
plates (2 × 105 cells/well), then the virus (1 × 108 TU/mL) 
was transfected into MPC5. After 48 h of lentivirus infec-
tions, stable transfected cells were selected by adding 
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2.5 g/mL puromycin. The cells were divided into: (i) HG 
(30 mmol/L) + Vector; (ii) HG (30 mmol/L) + oe-BMAL1; 
(iii) HG (30  mmol/L) + oe-BMAL1 + EX-527 (Ex, a 
SirT1 inhibitor, 10  mmol/L); (iv) HG (30  mmol/L) + oe-
BMAL1 + Ex (10 mmol/L) + FCCP (10 μM).

CCK‑8 assay
CCK-8 colorimetric method was used to measure cell 
proliferation. MPC5 and BMAL1-overexpressed MPC5 
were seeded into 96-well plates (100 μL/well) with con-
dition of 5% CO2 at 37  ℃ for cell adhesion growth. 
After adding 10  µL of CCK-8, cells in each well were 
then underwent for an additional 2  h in darkness. Sub-
sequently, the absorbance of each well was measured at 
450 nm using a microplate reader (Wuxi Hiwell Diatek, 
DR-3518G).

Cell apoptosis assay
Cell apoptosis was assessed utilizing an Annexin 
V-FITC/PI apoptosis detection kit (Beyotime, China) as 
per the manufacturer’s instructions. Following 24  h of 
cell culture, cells from each group were detached using 
0.25% pancreatic enzyme without EDTA and collected 
via centrifugation at 1500 rpm for 5 min. Following this, 
the cells were rinsed twice and suspended in 300  μL of 
binding buffer. Subsequently, cells were labeled with 5 μL 
of fluorescein isothiocyanate (FITC) annexin V for 5 min, 
followed by a 15-min incubation with 10 μL of propidium 
iodide (PI). Subsequently, apoptosis levels were analyzed 
via flow cytometry, and the results were interpreted using 
CELL Quest software.

RNA extraction and qRT‑PCR
BMAL1 and SIRT1 expression levels were determined 
using qRT-PCR following manufacturer’s instructions for 
the standard SYBR Green PCR kit (Lifeint, China). Ini-
tially, cellular RNA was isolated using the TRIzol reagent 
(Invitrogen, Carlsbad, CA), followed by the synthesis of 
cDNA from the reverse-transcribed RNA using the Pri-
meScript RT Reagent Kit (Takara, Japan). Expression 
of each gene was quantified using comparative thresh-
old cycle method with GAPDH as an internal refer-
ence. All assays were run in triplicate as follows: step 
1: denaturation at 95  °C for 3  min; step 2: 40 cycles of 
95 °C for 12 s and 62 °C for 40 s. The qRT-PCR process 
was conducted in accordance with the reported meth-
ods [23]. The primer sequences applied were as follows: 
BMAL1, 5′-AAT​GAG​CCA​GAC​AAC​GAG​GG-3′ (for-
ward primer) and 5′-GCT​GTC​GCC​CTC​TGA​TCT​AC-3′ 
(reverse); SIRT1, 5′-CGG​CTA​CCG​AGG​TCC​ATA​TAC-
3′ (forward primer) and 5′-CTG​CAA​CCT​GCT​CCA​
AGG​TA-3′ (reverse); PGC-1α, 5′-GGT​ACC​CAA​GGC​
AGC​CAC​T-3′ (forward primer) and 5′-GTG​TCC​TCG​

GCT​GAG​CAC​T-3′ (reverse); GAPDH, 5′-TGT​GAA​
CGG​ATT​TGG​CCG​TA-3′ (forward primer) and 5′-CAA​
TCT​CCA​CTT​TGC​CAC​TGC-3′ (reverse).

Western blotting assay
Expression of BMAL1, SIRT1, PGC-1α, PINK1, and Par-
kin in cells was also detected by Western blotting assay. 
Total protein from and cells were quantified by a bicin-
choninic acid assay. Following the collection of total 
cellular protein, cell lysates were prepared by 100  μL of 
RIPA lysis buffer. Protein samples (25  μg loading pro-
tein per well) were subsequently separated by 12% SDS–
PAGE and transferred onto polyvinylidene fluoride 
(PVDF) membranes through electrophoresis. Following 
this, membranes were blocked with 5% skim milk for 1 h 
and then exposed to the primary antibodies: anti-BMAL1 
(1: 1,0000, ab93806, Abcam, UK), anti-SIRT1 (1: 1,0000, 
9475, CST, US), anti-PGC-1α (1: 10,000, 9475, CST, 
US), anti-PINK1 (1: 1,0000, ab216144, Abcam, UK) and 
anti-Parkin (1: 10,000, 2132, CST, US) overnight at 4 °C. 
Next, membranes were rinsed with TBST buffer and then 
exposed to secondary HRP-conjugated goat anti-rabbit 
IgG antibody (1:2,000, ab6721, Abcam, UK) for 1  h at 
37 °C. The signals were detected by an electrochemilumi-
nescence reagent (Applygen Co., Ltd. Beijing, China), and 
the bands were visualized through autoradiography.

ELISA assay
Inflammatory cytokine levels, including Tumor Necro-
sis Factor-α (TNF-α), Interleukin-1β (IL-1β), and Inter-
leukin-6 (IL-6) levels were quantified using commercial 
ELISA kits (Beyotime, Shanghai, China) following the 
provided protocols.

Co‑immunoprecipitation (Co‑IP) assays
Co-IP assays were performed to detect the interac-
tion between BMAL1 and SIRT1. When cell confluence 
reached over 90%, the cells were harvested by scraping. 
The supernatant was collected by centrifugation, and 
then incubated with primary antibodies (anti-BMAL1 
and anti-SIRT1) or isotype immunoglobulin G (IgG), 
gentle rocking 2  h at 4  °C. Following this, protein A/G 
beads were added to the immunoprecipitation mixture 
and gently rocked overnight at 4  °C. The following day, 
the mixtures were washed with Elution buffer, and the 
resulting supernatants were collected for subsequent 
Western blot analysis.

ATP assay
ATP levels were assessed following protocol of an ATP 
Assay Kit (Solarbio, Beijing, China). Cells were harvested 
and mixed with an ATP detection reagent. The chemi-
luminescence intensities of samples and standards were 
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then measured using an Ultraviolet spectrophotometer. 
ATP levels were quantified by referencing the standard 
curve and were subsequently normalized to the protein 
content.

Determination of reactive oxygen species (ROS) 
production
Intracellular ROS levels were measured with the DCFH-
DA fluorescence probe per the manufacturer’s instruc-
tions (cat. no. S0033M; Beyotime Biotechnology). 
Treated MPC5 were collected, rinsed twice with PBS, and 
then exposed to DCFH-DA (10 µM) for 20 min in dark-
ness at 37 °C. Following incubation, the average intensity 
of ROS was determined by flow cytometry, and data anal-
ysis was conducted using FlowJo software.

Measurement of mitochondrial membrane potential 
(MMP)
The MMP was evaluated using the JC-1 dye kit (C2006, 
Beyotime, Shanghai, China) as per the manufacturer’s 
guidelines. In summary, MPC5 cells were harvested, 
rinsed twice with PBS, and subsequently exposed to JC-1 
for 20  min at 37  °C in a light-protected environment. 
Subsequently, the data were analyzed and averaged using 
flow cytometry, with further analysis performed using 
FlowJo software.

Transmission electron microscope (TEM)
Cells were fixed using 2.5% glutaraldehyde for 48 h, and 
then were secondarily fixed with1% osmium tetroxide for 
2 h at 4 ℃. After washing, cell samples were dehydrated 
and embedded in acetone–EPON812 embedding agent 
(1:1 volume ratio). Ultrathin sections were prepared 
using an ultramicrotome, then stained with 2% uranyl 
acetate and lead citrate. Subsequently, the samples were 
examined by Tecnai 30 transmission electron micro-
scope to identify autophagosomes within the podocytes. 
Each sample underwent careful scrutiny, and podocytes 
were randomly selected for quantifying the number of 
autophagosomes and autophagolysosomes.

Immunofluorescence
Cells were adhered to coverslips and then exposed to pri-
mary antibodies, including anti-Tom20 (1:200, ab56783, 
Abcam) and rabbit anti-LC3 (1:200, ab192890, Abcam), 
overnight at 4 °C. Subsequently, the slides were incubated 
with fluorescein isothiocyanate or tetramethyl rhoda-
mine isothiocyanate-conjugated secondary antibodies 
for 45  min and stained with 6-diamidino-2-phenylin-
dole (DAPI, Beyotime). Finally, examination was con-
ducted using a confocal fluorescence microscope (Leica, 
Germany).

Statistical analysis
The statistical analysis was performed using GraphPad 
8.0 software. The results were expressed as mean ± stand-
ard deviation. Student’s t test was utilized to evaluate the 
statistical significance of variances between two treat-
ment groups, and analysis of variance (ANOVA) followed 
Tukey’s multiple comparison for three or more groups. 
P < 0.05 indicates statistical significance.

Results
HG decreased the podocytes cell viability and promoted 
apoptosis
To examine HG effect on the podocytes, CCK8 and flow 
cytometry were conducted to examine the cell viability 
and apoptosis. Results showed that, compared with con-
trol cells, cell viability in HG group decreased after 24 h 
co-incubation (P < 0.01, Fig.  1A), and HG promoted cell 
apoptosis (P < 0.01, Fig. 1B).

The BMAL1/SIRT1/PGC‑1α pathways and mitophagy 
damage are inhibited in HG induced podocytes injury
To examine whether BMAL1 and SIRT1/PGC-1α path-
ways are involved in HG-induced DN, levels of these 
factors in MPC5 (control) and HG-treated MPC5 (HG 
group) were determined by qRT-PCR and western blot-
ting. Both mRNA and protein levels of BMAL1 and 
SIRT1 in the HG group were considerably lower than the 
control group, while the PGC-1α was increased (P < 0.01, 
Fig. 1C, D). Meanwhile, mitophagy markers (PINK1 and 
Parkin) expression was decreased with increased inflam-
matory cytokines (TNF-α, IL-1β, and IL-6) expression 
after HG induction (P < 0.01, Fig. 2A, B), indicating that 
mitophagy damage was deteriorating and inflammation 
was aggravated. In addition, Co-IP results confirmed the 
protein association between BMAL1 and SIRT1 in HG 
induced podocytes (Fig. 2C).

Overexpression BMAL1 improved HG‑induced podocytes 
injury
To explore the influence of BMAL1 on podocyte injury 
induced by HG, we successfully overexpressed BMAL1 
in HG-treated MPC5 cells. As depicted in Fig.  3A, B, 
both mRNA and protein expression of BMAL1 was 
higher in HG + oe-BMAL1 group in comparison with 
that in HG + Vector (control) group. Our qRT-PCR 
analysis demonstrated a significant increase in SIRT1 
levels and a notable reduction in PGC-1α levels in the 
HG + oe-BMAL1 group compared to the HG + Vector 
(control) group (P < 0.01, Fig.  3A), a finding consistent 
with our western blot results (P < 0.01, Fig.  3B). Fur-
thermore, overexpression of BMAL1 in HG-induced 
DN led to an enhanced cell viability and reduced cell 



Page 5 of 12Rui et al. European Journal of Medical Research           (2025) 30:29 	

apoptosis compared to the HG + Vector (control) group 
(P < 0.01, Fig. 3C, D). Moreover, we found that BMAL1 
overexpression resulted in decreased levels of TNF-α, 
IL-1β, and IL-6, alongside an increase in mitophagy in 
the HG + oe-BMAL1 group compared to the HG + Vec-
tor (control) group (P < 0.01, Fig. 3E, F). Taken together, 
we verified that BMAL1 overexpression played role in 

improving HG-induced podocytes injury, probably by 
regulating SIRT1/PGC-1α axis.

BMAL1 overexpression improved HG‑induced podocyte 
injury by promoting SIRT1/PGC‑1α‑mediated mitophagy
To demonstrate the improvement roles of BMAL1 
in podocyte injury was achieved by targeting SIRT1/

Fig. 1  High-glucose (HG) decreased the podocytes cell viability and promoted apoptosis. A Cell viability of podocytes in MPC5 (normal) 
and HG-treated MPC5 (30 mmol/L HG) analyzed by CCK-8; B apoptosis of podocytes in MPC5 (normal) and HG-treated MPC5 (30 mmol/L HG) 
groups analyzed by flow cytometry; C, D mRNA expression of BMAL1, SIRT1 and PGC-1α (C), protein expression of BMAL1, SIRT1 and PGC-1α (D) 
in MPC5 (normal) and HG-treated MPC5 (30 mmol/L HG) groups. N = 3 in each group, **P < 0.01 vs control
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PGC-1α-mediated mitophagy, we used EX-527 (Ex, a 
SirT1 inhibitor, 10 mmol/L) to repress SIRT1, and used 
FCCP (mitophagy agonist) to activate mitophagy. Fig-
ure  4A illustrates that BMAL1 overexpression could 

upregulated level of PINK1 and Parkin compared to cor-
responding vector group (P < 0.01, Fig.  4A). In addition, 
Ex-527 addition obviously inhibit the effect of BMAL1 
overexpression on the mitophagy with the lower level of 

Fig. 2  Mitophagy damage was inhibited and in high-glucose-induced podocytes. A Expression of PINK1 and Parkin in MPC5 (normal) 
and HG-treated MPC5 (30 mmol/L HG) analyzed by western blotting; B Levels of TNF-α, IL-1β, and IL-6 in MPC5 (normal) and HG-treated MPC5 
(30 mmol/L HG) detected by ELISA. N = 3 in each group, **P < 0.01 vs Control. C CO-IP detection of the interaction between BMAL1 and SIRT1
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PINK1 and Parkin in the HG-induced podocyte injury 
(P < 0.01, Fig.  4A). However, FCCP addition reverse the 
effect of Ex-527 on the mitophagy. Furthermore, levels 
of ATP and MMP were obviously higher, while level of 
ROS was markedly lower after BMAL1 overexpression 
than that in vector group, and Ex-527 addition obviously 
reversed such changes on the ATP, MMP and ROS lev-
els (P < 0.01, Fig. 4B–D). Besides, these results, including 
PINK1 and Parkin expression as well as the levels of ATP, 
MMP and ROS resulted from EX-527 treatment (SIRT1 
inhibition) were restored by FCCP treatment (mitophagy 
activation). All the outcomes revealed that BMAL1 over-
expression improved HG-induced podocyte injury by 
promoting mitophagy via SIRT1/PGC-1α pathway.

Subsequently, mitochondrial autophagosomes were 
observed by means of TEM (Fig.  5A). There were 
increased number of mitochondrial autophagosomes 
in HG + oe-BMAL1 group, while such changes were 
reversed after adding Ex-527. In comparison with 
HG + oe-BMAL1 + Ex group, number of mitochondrial 
autophagosomes were further increased after adding 
FCCP (Fig. 5A). By employing dual immunofluorescence 
staining with LC3-II and Tom20, we visualized the labe-
ling of autophagosomes and mitochondria, respec-
tively. This approach allowed us to observe a substantial 
increase in LC3-positive autophagosome formation 
within cells of the HG + oe-BMAL1 group, demonstrat-
ing co-localization with mitochondria compared to the 
HG + oe-BMAL1 + Ex group. Notably, this effect was 
reversed by FCCP (Fig. 5B). In summary, BMAL1 over-
expression significantly ameliorated mitochondrial 
dysfunction and reduced apoptosis stimulated by HG 
through SIRT1/PGC-1α-mediated mitophagy.

Discussion
DN is typically identified as a condition affecting podo-
cytes, characterized by the infiltration of immune cells 
and persistent inflammation. This leads to the progressive 
deterioration of renal function, ultimately culminating in 
renal failure [24]. Disrupted mitophagy significantly con-
tributes to the development of DN. Our research demon-
strated that elevating BMAL1 levels increased podocyte 
proliferation, inhibited cell apoptosis, and enhanced 
mitophagy in DN induced by HG. We found that SIRT1 

downregulates the transcriptional level of PGC-1α, and 
BMAL1 overexpression upregulated SIRT1, thereby 
improving podocyte mitophagy injury. This study is the 
first to elucidate the mechanism of BMAL1/SIRT1/PGC-
1α-mediated mitophagy abnormalities in podocyte injury 
in DN. Our findings indicate that BMAL1 plays a role in 
mitochondrial biogenesis and mitochondria-mediated 
apoptosis in DN, and it regulates PGC-1α by modulat-
ing SIRT1. Hence, this study suggests that BMAL1 may 
protect podocytes against HG-induced DN by promoting 
SIRT1/PGC-1α-mediated mitophagy.

Mitochondrial biogenesis is a crucial biological pro-
cess that enhances mitochondrial quantity and ATP 
production [25]. Mitophagy serves to prevent the exces-
sive accumulation of ROS and triggers the mitochon-
drial apoptotic cascade, thereby mitigating kidney injury 
[26]. Podocytes, as highly differentiated postmitotic 
cells, exhibit limited regeneration capabilities, making 
their fate heavily reliant on their ability to respond to 
stimuli [27]. Podocyte mitophagy dysfunction was iden-
tified as a key factor driving the advancement of DN 
[27]. This study found that upregulated level of BMAL1 
enhanced mitophagy of podocyte exposed to high glu-
cose via regulating mitophagy-related proteins. As the 
primary transcriptional activator of the circadian clock, 
BMAL1 plays a pivotal role in regulating the progres-
sion of renal diseases [28]. Earlier research has shown 
that BMAL1 expression declines in cardiac and cerebral 
tissues following renal ischemia–reperfusion injury 
(IRI). Furthermore, IRI can diminish SIRT1 activity via 
diverse signaling pathways [29]. YANG et al. investigated 
the regulatory connection between BMAL1 and SIRT1. 
Their findings revealed that BMAL1 depletion resulted 
in decreased SIRT1 expression, suggesting a direct inter-
action between endogenous BMAL1 and SIRT1 proteins 
in human cartilage [21]. In our current investigation, we 
observed that BMAL1 might modulate SIRT1 expression 
in DN.

Mitochondrial biogenesis, orchestrated by SIRT1, 
plays a pivotal role in the progression of diseases [30]. 
SIRT1 could enhance mitochondrial biogenesis via 
PGC-1α-dependent pathways [31]. Previous research 
has established that resveratrol activates AMPK, thereby 
stimulating SIRT1, which subsequently induces the 

(See figure on next page.)
Fig. 3  Overexpression of BMAL1 improved the cell viability of HG induced podocytes and inhibited the cell apoptosis. A mRNA expression 
of BMAL1, SIRT1 and PGC-1α in HG-treated MPC5 transfecting with oe-BMAL1 and vector (control); B protein expression of BMAL1, SIRT1 
and PGC-1α in HG-treated MPC5 transfecting with oe-BMAL1 and Vector (control); C, D cell viability and apoptosis (D) of HG-treated MPC5 
transfecting with oe-BMAL1 and vector (control); E ELISA assay reveals the levels of TNF-α, IL-1β, and IL-6 in HG-treated MPC5 transfecting 
with oe-BMAL1 and Vector (control); F protein expression of PINK1 and Parkin in HG-treated MPC5 transfecting with oe-BMAL1 and vector (control). 
N = 3 in each group, **P < 0.01 vs control
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Fig. 3  (See legend on previous page.)
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phosphorylation of PGC-1α. This phosphorylation event 
is essential for initiating mitochondrial biogenesis. [32]. 
PGC-1α, an essential regulator of mitochondrial bio-
genesis, boosts mitochondrial protein synthesis and 
functional mitochondrial renewal by amplifying NRF1 
activity [33]. Olmos et al. discovered that SIRT1 deacety-
lates PGC-1α and FoxO3a under conditions of oxidative 
stress, thereby governing antioxidant gene expression 
to safeguard mitochondria from apoptosis (34). In our 
investigation, we observed a decline in SIRT1 activ-
ity due to DN, resulting in reduced PGC-1α-dependent 
mitochondrial biogenesis. Upon administering an exog-
enous SIRT1 agonist, SIRT1 activity increased, leading to 

a resurgence in mitochondrial biogenesis via the PGC-
1α-dependent pathway and subsequent mitigation of DN 
damage. Conversely, the use of exogenous mitophagy 
agonists produced the opposite effect. Thus, our hypoth-
esis suggests that BMAL1 regulates the expression 
of SIRT1 by binding to its transcriptional promoter. 
This regulation indirectly influences the expression of 
PGC-1α, consequently modulating mitophagy.

In fact, there are some remaining limitations in our 
research. The current study only investigated the role 
of BMAL1 in cells, and it remains unclear whether 
BMAL1 exerts similar actions in animal models. Besides, 
it still remains unclear whether other pathways and 

Fig. 4  BMAL1 overexpression improved HG-induced podocyte injury by promoting mitophagy. A PINK1 and Parkin expression in each group 
analyzed by western blotting; B–D Levels of ATP (B), ROS (C), and MMP (D) in each group detected by assay kits. HG, high glucose; vector, a negative 
control of oe-BMAL1; Ex, EX-527, an SIRT1 inhibitor; FCCP, mitophagy agonist. N = 3 in each group. **P < 0.01 vs control. **P < 0.01 vs HG + vector; 
##P < 0.01 vs HG + oe-BMAL1; &&P < 0.01 vs HG + oe-BMAL1 + Ex
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Fig. 5  Observation of mitochondrial autophagosomes. A Representative image of mitochondrial autophagosome (1.0 μm); B representative image 
of immunofluorescence double staining of LC3 and Tom20 (25.0 μm). HG, high glucose; vector, a negative control of oe-BMAL1; Ex, EX-527, a SIRT1 
inhibitor; FCCP, mitophagy agonist. N = 3 in each group
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cellular process involved in the role of BMAL1 in podo-
cytes injury in addition to SIRT1/PGC-1α-mediated 
mitophagy. These should be further explored in future. 
Most importantly, while results from this study are prom-
ising, there is a need of more studies to reveal whether 
targeting BMAL1 can be used in clinical.

Conclusion
In summary, this study underscores the significance of 
BMAL1 as a potential therapeutic target in DN, and the 
roles are achieved partly by regulating mitochondrial 
homeostasis through the SIRT1/PGC-1α axis. However, 
this is a preliminary study for exploring the involvements 
of SIRT1/PGC-1α-mediated mitophagy as an underlying 
mechanism of BMAL1 in DN, all results were obtained 
based on in vitro experiments. Further in vivo investiga-
tions are needed to confirm the potential of BMAL1 as 
key targets in DN.
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