
Summary. Urolithin A (UroA) is well-recognized for its 
anti-oxidative, anti-inflammatory, and immuno-
modulatory potentials and has been proven to have 
neuroprotective effects. Nevertheless, the potential of 
UroA on bupivacaine (BUP)-induced neurotoxicity has 
never been reported. Using SH-SY5Y cells to establish a 
cell model, it was revealed that BUP stimulated cell 
viability reduction, LDH release increase, and 
suppression of SIRT1-activated PI3K/AKT signaling in 
SH-SY5Y cells, whereas UroA treatment caused an 
effective abrogation of the effects of BUP. Besides, 
SIRT1 overexpression caused an enhancement in the 
activity of PI3K/AKT signaling in BUP and UroA co-
treated cells, indicating that SIRT1 mediated the activity 
of PI3K/AKT signaling. Moreover, UroA inhibited BUP-
induced apoptosis, oxidative stress, and inflammatory 
responses in SH-SY5Y cells. However, the effects of 
UroA on BUP-induced neurotoxicity were all abated by 
inhibiting SIRT1 or PI3K/AKT signaling through EX527 
or LY294002. In conclusion, UroA protected SH-SY5Y 
cells against BUP-induced injuries through PI3K/AKT 
signaling in a SIRT1-dependent manner. 
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Introduction 
 
      Local anesthetics are commonly used clinically to 
alleviate surgical pain, post-operative pain, or chronic 
pain (Deng et al., 2022; Lu et al., 2022). Bupivacaine 
(BUP), an amide‐ type local anesthetic, has been 

extensively used for nerve blockade, and epidural or 
spinal anesthesia in clinical patients to provide excellent 
sensory anesthesia (Mirkheshti et al., 2020). However, 
exposure to BUP has been reported to induce 
neurotoxicity (Beiranvand et al., 2016). To date, the 
mechanism underlying the toxicity of BUP has remained 
largely unclarified. Therefore, it is essential to deepen 
our understanding of BUP-induced neurotoxicity. 
      Urolithin A (UroA) is a type of urolithin naturally 
yielded by the intestinal microbiota from ellagitannins 
and ellagic acid (Cortés-Martín et al., 2019). Urolithins 
are reported to have anti-oxidative, anti-inflammatory, 
and immunomodulatory potentials, especially UroA 
(Aya et al., 2021; D’Amico et al., 2021). More 
importantly, UroA has been revealed to exert 
neuroprotective effects in human diseases. For example, 
UroA acted as a neuroprotectant by ameliorating 
oxidative stress in Neuro-2a cells (Cásedas et al., 2020). 
UroA activated autophagy to protect against ischemic 
neuronal injury by repressing ER stress (Ahsan et al., 
2019). UroA protected neurons from cognitive 
impairment via anti-inflammatory signaling in a mouse 
model of Alzheimer’s disease (Gong et al., 2019). 
Particularly, neuroprotective effects of urolithins against 
oxidative stress-induced cytotoxicity were reported in 
SH-SY5Y cells (González-Sarrías et al., 2017). 
However, the role of UroA has never been investigated 
in BUP-induced neurotoxicity. 
      The PI3K/AKT pathway affects multiple 
intracellular activities to directly or indirectly influence 
cell apoptosis (Duronio, 2008). The modulation of 
PI3K/AKT signaling on cell apoptosis in human diseases 
has been widely reported. For instance, sciadopitysin 
activated PI3K/AKT/GSK-3β signaling to protect 
cardiomyocytes from oxidative stress and apoptosis in 
high glucose conditions (Zhang et al., 2021). ANXA2P2 
suppressed glioblastoma progression by inhibiting the 
PI3K/AKT pathway (Ni et al., 2021). BUP stimulated 
apoptosis and ferroptosis through the inhibition of 
PI3K/Akt signaling in bladder cancer (Hao et al., 2022). 
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It is still unknown whether UroA mediates SH-SY5Y 
cell apoptosis induced by BUP via the PI3K/AKT 
pathway. 
      This work hypothesized that UroA exerted 
neuroprotective effects on BUP-induced neural injuries 
by enhancing the activity of the PI3K/AKT pathway. It 
was revealed that UroA treatment significantly 
attenuated BUP-induced impairment of cell viability, 
oxidative stress, and inflammatory responses in SH-
SY5Y cells. 
  
Materials and methods 
 
Cell culture and treatment 
 
      The neuroblastoma cell line SH-SY5Y (ATCC) was 
cultured in DMEM (ThermoFisher Scientific, USA) 
supplemented with 10% FBS and 100 U/mL penicillin-
streptomycin in a humidified incubator (5% CO2; 37°C). 
UroA (MedChemExpress LLC, purity >98%) was 
dissolved in DMSO (Sigma-Aldrich) to prepare a 100-
mM stock as previously described (El-Wetidy et al., 
2021). For subsequent experiments, SH-SY5Y cells 
were treated with 50 μM UroA, 1.5 mM BUP (Sigma-
Aldrich, USA), PI3K/AKT inhibitor (LY294002, 10 μM, 
Sigma-Aldrich), and/or SIRT1 inhibitor (EX527, 1 µM, 
Selleck) for 24h.  
 
Plasmid and lentivirus infection 
 
      For SIRT1 overexpression, the nucleotide sequence 
of SIRT1 [NM_012238.5] was cloned into a pLV 
expression Vector (VectorBuilder, Chicago, USA), and 
eGFP was cloned into a pLV vector as a control. 
Lentiviruses encapsulating the SIRT1 expression vector 
or the control were produced in HEK‐293FT cells and 
used to infect SH-SY5Y cells. The infected cells were 
selected using puromycin (2 µg/mL for 2 days) for 
further experiments. 
 
CCK-8 assay 
 
      The viability of SH-SY5Y cells was assessed using 
the CCK-8 assay. Cells were treated with increasing 
concentrations of UroA (0, 25, 50, or 100 μM), BUP (0, 
0.5, 1.0, or 1.5 mM), 1.5 mM BUP + UroA (0, 25, 50, or 
100 μM) for 24h, or with 100 μM UroA and/or 1.5 mM 
BUP for 0, 24, 48, and 72h. 
 
TUNEL 
 
      Apoptosis of treated SH-SY5Y cells was evaluated 
using a fluorometric TUNEL assay kit (Promega, USA). 
 
Flow cytometry 
 
      To evaluate cell apoptosis, SH-SY5Y cells subjected 
to the specified treatments were collected, PBS-washed 
twice, and then suspended in 200 μL of 1×Annexin V-

binding buffer. Subsequently, cells underwent dual 
staining with Annexin V-fluorescein isothiocyanate 
(FITC) and propidium iodide (PI) using the Dead Cell 
Apoptosis kit from ThermoFisher Scientific, Inc. After 
incubation for 15 minutes in the dark, apoptotic cells 
were quantified using a FCM flow cytometer equipped 
with FlowJo software (BD Bioscience, San Jose, CA, 
USA). 
 
Immunofluorescence staining 
 
      After the designated treatments, the intracellular 
level of reactive oxygen species (ROS) was gauged 
employing the redox-sensitive fluorescent probe, 2’,7’-
dichlorofluorescein diacetate (DCFH-DA) obtained from 
Sigma-Aldrich. Briefly, SH-SY5Y cells were seeded into 
96-well cell culture plates (1×104 cells/well) and 
exposed to 10 μM DCFH-DA for 30 minutes in the 
absence of light at 37°C. Subsequently, the fluorescence 
emitted by the oxidized probe was measured at an 
excitation/emission wavelength of 485/530 nm using a 
microplate reader from BioTek Instruments. 
 
Measurement of biochemicals 
 
      The supernatants of treated SH-SY5Y cells were 
collected to determine the lactate dehydrogenase (LDH) 
level using the LDH cytotoxicity assay kit (G-
Biosciences, USA). The levels of catalase (CAT), 
superoxide dismutase (SOD), glutathione peroxidase 
(GSH-Px), and malondialdehyde (MDA) were detected 
via specific commercial kits including the Catalase assay 
kit (Visible light, A007-1-1), Superoxide Dismutase 
assay kit (WST-1 method, A001-3-2), Glutathione 
Peroxidase assay kit (Colorimetric method, A005-1-2), 
and Malondialdehyde assay kit (TBA method, A003-1-
2) (Nanjing Jiancheng Bioengineering Institute, China) 
according to the manufacturer’s instructions. 
 
ELISA 
 
      The levels of pro-inflammatory cytokines (IL‐6, 
IL‐1β, and TNF‐α), were detected using commercial 
ELISA kits (R&D Systems, USA). 
 
Western blot 
 
      Following previous steps (Zhao and Wang, 2020), 
western blot was conducted using the primary antibodies 
sourced from Abcam, including anti-SIRT1 (ab110304), 
anti-PI3K (ab191606), anti-p-PI3K (ab182651), anti-
AKT (ab8805), anti-p-AKT (ab38449), antiPARP1 
(ab32064), cleaved caspase-3 (ab32042), LC3B 
(ab192890), P62 (ab192890), and β-actin (ab8226). 
 
Statistical analysis 
 
      Statistics were subjected to analysis by SPSS16.0 
software (SPSS Inc.). Data are expressed as mean ± 
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standard deviation of three independent experiments. 
Statistical comparison was conducted using one-way 
ANOVA. P<0.05 was regarded as statistically 
significant. 
 
Results 
 
UroA attenuated BUP-induced neurotoxicity 
 
      Firstly, the cytotoxicity of UroA and BUP in SH-
SY5Y cells was evaluated. The CCK-8 assay showed 
that treatment with UroA at increasing concentrations (0, 

25, 50, or 100 μM) or 100 μM at increasing times (0, 24, 
48, and 72h) caused no significant change in the viability 
of SH-SY5Y cells in comparison with untreated cells 
(Fig. 1A,B). Nevertheless, the viability of SH-SY5Y 
cells was inhibited by BUP in a dose- and time-
dependent manner (Fig. 1C,D). Intriguingly, cells 
challenged with 1.5 mM BUP exhibited increased 
viability following UroA treatment (Fig. 1E,F). 
Therefore, UroA may have ameliorative potential on 
BUP-induced cytotoxicity in SH-SY5Y cells. 
 
UroA activated PI3K/AKT signaling in BUP-stimulated 
SH-SY5Y cells through the upregulation of SIRT1 
 
      To determine the molecular mechanism of UroA, the 
expression of SIRT1 and PI3K/AKT signaling proteins 
were assessed in SH-SY5Y cells after the designated 
treatments. It was discovered that the levels of SIRT1, 
phosphorylated PI3K (p-PI3K), and AKT (p-AKT) were 
remarkably suppressed by BUP treatment, the 
introduction of UroA ameliorated the suppression 
triggered by BUP (Fig. 2A). Subsequently, SIRT1 
inhibitor (EX527) or PI3K/AKT-specific inhibitor 
(LY294002) was used to treat BUP-challenged cells after 
UroA treatment. Western blot showed that EX527 
noticeably reduced the levels of SIRT1, p-PI3K, and p-
AKT while LY294002 only inhibited the expression of 
p-PI3K and p-AKT compared with that in the UroA 
treatment group (Fig. 2A). Moreover, LY294002 
overturned the upregulation of p-PI3K and p-AKT 
caused by SIRT1 overexpression (Fig. 2B). Taken 
together, UroA upregulated SIRT1 to activate PI3K/AKT 
signaling in BUP-challenged SH-SY5Y cells. 
 
UroA revived BUP-stimulated suppression of cell viability 
via SIRT1/PI3K/AKT signaling 
 
      After understanding the molecular mechanism of 
UroA in BUP-challenged SH-SY5Y cells, we further 
investigated the participation of the SIRT1 and 
PI3K/AKT pathways in the possible therapeutic effects 
of UroA on BUP-induced neurotoxicity. Fig. 3A 
illustrated that the impact of UroA on cell viability was 
insignificant while BUP induced a marked decrease in 
the viability of SH-SY5Y cells. The suppressed cell 
viability induced by BUP treatment was rescued by 
UroA but the introduction of EX527 or LY294002 
annulled the effect of UroA. Consistently, UroA relieved 
the upregulation of LDH release in SH-SY5Y cells 
caused by BUP treatment, which, however, was re-
elevated when SIRT1 activity or PI3K/AKT signaling 
was inhibited (Fig. 3B). These results showed that UroA 
ameliorated BUP-triggered SH-SY5Y cell injury through 
SIRT1/PI3K/AKT signaling. 
 
UroA alleviated BUP-induced apoptosis and autophagy 
through the SIRT1-activated PI3K/AKT pathway 
 
     Subsequently, TUNEL and flow cytometry assays 
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Fig. 1. Evaluation of the cytotoxicity of UroA or BUP in SH-SY5Y cells. 
A. Cell viability was detected using the CCK-8 assay after treatment 
with UroA (0, 25, 50, or 100 μM) for 24h. B. The viability of SH-SY5Y 
cells treated with 100 μM UroA for 0, 24, 48, and 72h.  
C. Viability of SH-SY5Y cells treated with BUP (0, 0.5, 1.0, and 1.5 mM) 
for 24h. D. Viability of SH-SY5Y cells treated with 1.5 mM BUP for 0, 24, 
48, and 72h. E. Viability of SH-SY5Y cells treated with 1.5 mM BUP + 
UroA (0, 25, 50, or 100 μM) for 24h. F. Viability of SH-SY5Y cells 
treated with 1.5 mM BUP + 100 μM UroA for 0, 24, 48, and 72h. 
*P<0.05; **P<0.01.



were conducted to evaluate the apoptosis of treated 
SH-SY5Y cells. It was revealed that the change in 
apoptosis rate in the UroA group was not significant 
compared with the control group, BUP treatment 
caused a drastic increase in cell apoptosis. Moreover, 
EX527 or LY294002 abated the suppressive effect of 
UroA on BUP-induced cell apoptosis (Fig. 4A,B). In 
agreement, western blot detected that UroA treatment 
did not affect the expression of cleaved PARP and 
cleaved caspase-3 but attenuated the upregulation of 
those two proteins caused by BUP treatment. 
Meanwhile,  inhibition of SIRT1 activity or the 
PI3K/AKT pathway rescued UroA-st imulated 
suppression of cleaved PARP and cleaved caspase-3 
protein levels  (Fig.  4C).  The changes in the 
expression of autophagy-related proteins (LC3 and 
p62) indicated UroA suppressed BUP-induced 
autophagy activity, the effect of UroA was abrogated 
by either EX527 or LY294002 (Fig. 4D). Therefore, 
UroA suppressed BUP-tr iggered apoptosis  and 
autophagy in SH-SY5Y cells via the SIRT1-mediated 
PI3K/AKT pathway. 
 
UroA activated the SIRT1/PI3K/AKT pathway to inhibit 
BUP-induced oxidative stress 
 
      It was found that UroA had no effect on ROS 

production but could suppress the BUP-stimulated ROS 
in SH-SY5Y cells while the introduction of SIRT1 or 
PI3K/AKT inhibitors re-elevated ROS the production 
suppressed by UroA (Fig. 5A). In addition, BUP-
stimulated cells exhibited increased MDA content and 
diminished activities of GSH-Px, SOD, and CAT, which 
were effectively abrogated by UroA participation. UroA 
barely affected these indexes when cells were not treated 
with BUP. Moreover, the inhibitory effect of UroA on 
MDA content and the promotive effect of UroA on 
GSH-Px, SOD, and CAT activities in BUP-challenged 
cells was reversed by inhibiting SIRT1 or blocking the 
PI3K/AKT pathway (Fig. 5B-E). All in all, UroA 
mediated SIRT1 activity and the PI3K/AKT pathway to 
alleviate BUP-induced oxidative stress in SH-SY5Y 
cells. 
UroA alleviated BUP-induced inflammatory response via 
the SIRT1/PI3K/AKT pathway 
 
      Inflammation is an important index of neural injury 
(Tseng et al., 2021). The effect of UroA on inflammatory 
responses in BUP-treated cells was investigated by 
assessing the levels of proinflammatory cytokines (IL‐6, 
IL‐1β, and TNF‐α) using an ELISA assay. The levels of 
these cytokines were dramatically elevated in BUP-
treated cells but not in UroA-treated cells. Additionally, 
UroA ameliorated the inflammatory responses triggered 
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Fig. 2. UroA activated 
SIRT1-mediated 
PI3K/AKT signaling in 
BUP-stimulated SH-
SY5Y cells. A. Cells were 
grouped into control, 
UroA (100 μM), BUP (1.5 
mM), BUP + UroA, BUP 
+ UroA+EX527, or 
BUP+UroA+LY294002 to 
detect SIRT1, PI3K, p-
PI3K, AKT, and p-AKT 
levels. B. Cells were 
grouped into control, 

BUP (1.5 mM), BUP + oeSIRT1, or BUP + oeSIRT1+LY294002 to detect the levels of PI3K, p-PI3K, AKT, and p-AKT. *P<0.05; **P<0.01; ***P<0.001.
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Fig. 3. Effect of UroA on the viability of BUP-challenged SH-SY5Y 
cells. Cells were divided into Control, UroA, BUP, BUP + UroA, BUP + 
UroA + EX527, and BUP + UroA + LY294002. A. Cell viability was 
detected using the CCK-8 assay kit. B. LDH release was assessed 
using the LDH cytotoxicity assay kit. *P<0.05; **P<0.01; ***P<0.001.

 
 
Fig. 4. Effect of UroA on 
apoptosis of BUP-
challenged SH-SY5Y 
cells. A, B. The 
apoptosis of SH-SY5Y 
cells in different 
treatment groups was 
evaluated using TUNEL 
staining (A) and flow 
cytometry (B).  
C. Western blot detected 
protein levels of cleaved 
PARP and cleaved 
caspase-3 in treated 
cells. D. The protein 
levels of LC3 and P62 
were assessed using 
western blot. *P<0.05; 
**P<0.01; ***P<0.001.



by BUP, which were further annulled when SIRT1 
expression was silenced or the PI3K/AKT pathway was 
blocked (Fig. 6A-C), suggesting that UroA suppressed 
the expression of IL‐6, IL‐1β, and TNF‐α in BUP-
challenged SH-SY5Y cells through the SIRT1-mediated 
PI3K/AKT pathway. 
 
Discussion 
 
      BUP, levobupivacaine, and ropivacaine are the most 
used amide-based local anesthetics (Kucharova et al., 
2019). Since the introduction of BUP into clinical 
practice, an increase in severe cardiovascular and central 
nervous system toxicity has been reported (Waldinger et 
al., 2020). Accumulating studies have been dedicated to 

the discovery of methods and underlying mechanisms 
involved in ameliorating BUP-induced neurotoxicity. 
For instance, melatonin alleviated BUP-induced spinal 
neurotoxicity via the inhibition of the NLRP3 
inflammasome in rats (Lai et al., 2022). Increased 
TRPM7 activities exacerbated BUP-stimulated 
neurotoxicity in high glucose pre-conditioned SH‐SY5Y 
cells (Dai et al., 2021). Inhibition of CaMK2α-MCU 
signaling mitigated BUP-induced neurotoxic injuries by 
suppressing mitochondrial oxidative stress (Liu et al., 
2020). Herein, a BUP-induced neurotoxic cell model in 
SH-SY5Y cells was established to study the 
neuroprotective potential and mechanism of UroA. It 
was revealed that UroA ameliorated the viability 
impairment and LDH release of SH-SY5Y cells induced 
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Fig. 6. Effect of UroA on the 
inflammatory responses of 
BUP-challenged SH-SY5Y 
cells. A-C. Detection of 
proinflammatory cytokines: 
IL‐6 (A), IL‐1β (B), and TNF‐α 
(C). *P<0.05; **P<0.01; 
***P<0.001.

Fig. 5. Effect of UroA on the oxidative stress of BUP-challenged SH-SY5Y cells. A. The intracellular ROS level was reflected using IF staining. B-E. 
Detection of oxidative indexes: MDA content (B), GSH-Px (C), SOD (D), and CAT (E) in SH-SY5Y cells. *P<0.05; **P<0.01; ***P<0.001.



by BUP. 
      Evidence showed that UroA could promote the 
activity of SIRT1 in many cases. For instance, UroA 
alleviated streptozotocin-induced diabetic cardiomyo-
pathy through the activation of SIRT1 in rats (Albasher 
et al., 2022). UroA induced SIRT1 expression to protect 
dopaminergic neurons in cell and mouse models of 
Parkinson's disease (Liu et al., 2022; Qiu et al., 2022). 
UroA alleviates the senescence of nucleus pulposus-
derived mesenchymal stem cells triggered by oxidative 
stress through the activation of the SIRT1/PGC-1α 
pathway (Shi et al., 2021). In addition, SIRT1 has been 
frequently reported to mediate the activity of PI3K/AKT 
signaling (Chai et al., 2017; Li and Wang, 2017; Liu et 
al., 2019). Moreover, PI3K/AKT signaling plays an 
active role in the neuroprotective effects of various 
chemicals or natural compounds. For example, 
capillarisin ameliorated BUP-induced injuries in SH-
SY5Y cells by activating PI3K/AKT (Zhao and Wang, 
2020). Neuregulin-1 rescued primary cortical neurons 
from apoptosis by the stimulation of PI3K/AKT 
signaling in Alzheimer’s Disease (Baik et al., 2016). 
Coeloglossum viride var. bracteatum extract restored the 
FGF2-PI3K/Akt pathway to alleviate staurosporine-
induced neurotoxicity (Cai et al., 2021). This work 
demonstrated that UroA upregulated SIRT1 to activate 
PI3K/AKT signaling in BUP-challenged SH-SY5Y cells. 
      Furthermore, the influence of UroA treatment on 
BUP-induced injuries in SH-SY5Y cells was evaluated 
in terms of cell viability, cell apoptosis, oxidative stress, 
and inflammatory responses, which are pivotal indexes 
for BUP-induced neurotoxicity (Chen et al., 2018; Wang 
et al., 2021; Zhang et al., 2019). Our results 
demonstrated that BUP stimulated the suppression of 
cell viability, upregulation of LDH release, enhancement 
of cell apoptosis, activation of oxidative stress, and 
promotion of inflammatory responses in SH-SY5Y cells, 
whereas UroA effectively ameliorated injuries caused by 
BUP by triggering the activity of SIRT1/PI3K/AKT 
signaling. 
      Collectively, UroA was revealed to act as a 
neuroprotectant in BUP-stimulated neurotoxicity in SH-
SY5Y cells by improving cell viability, inhibiting cell 
apoptosis, suppressing oxidative stress, and alleviating 
inflammatory responses. In addition, the therapeutic 
effects of UroA were achieved by activating PI3K/AKT 
signaling via SIRT1 in BUP-challenged cells. The safer 
profile of Urolithin A as a natural compound has given 
new hope for the design of new adjuvant therapeutic 
approaches aimed at reducing the neurotoxic effects of 
BUP. 
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