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Background: The decrease expression of PGC-1α contributes to perioperative neurocognitive disorders (PND). This study aimed to 
investigate the effects of the PGC-1α agonist ZLN005 in preventing PND and to explore the potential mechanism.
Methods: C57BL/6 mice were randomly divided into four groups: the control group (Group C), the surgery group (Group S), the 
surgery and ZLN005 (5 mg/(kg·d)) group (Group L), and the surgery and ZLN005 (7.5 mg/(kg·d)) group (Group H). Except for Group 
C, the other three groups received intraperitoneal injections of vehicle or ZLN005 once a day from 3 days before surgery to 3 days 
after surgery. The open field test, novel object recognition test and fear conditioning test were performed to measure anxiety behaviors, 
locomotor activity and memory. The levels of IL-6 and IL-1β were measured at 24 hours after surgery. ATP and ROS levels were 
measured at 3 days post-surgery. PGC-1α, NRF-1, Atp5d, Atp5k and Cox5a were measured at one day or three days post-surgery.
Results: ZLN005 treatment improved the cognitive function of mice in Group L and Group H compared with Group S. The 
expression of IL-6 and IL-1β in the hippocampus of the S group was increased after surgery, and ZLN005 reduced the expression 
of IL-6 and IL-1β in the hippocampus of mice one day after surgery. There were parallel decreases in the expression of PGC-1α/NRF-1 
and mitochondrial function in the hippocampus of the Group S mice compared with the Group C mice. The expression of PGC-1α/ 
NRF-1 and mitochondrial function were upregulated after ZLN005 treatment.
Conclusion: Neuroinflammation and mitochondrial damage are involved in the occurrence of PND. ZLN005 activates PGC-1α to 
increase the expression of mitochondrial proteins, improve mitochondrial function, and ultimately ameliorate the cognitive status of 
mice after surgery.
Keywords: ZLN005, perioperative neurocognitive disorders, neuroinflammation, PGC-1α, mitochondrial respiratory chain complex, 
respiratory function

Introduction
Perioperative neurocognitive disorder (PND) is defined as different types of cognitive impairment encountered during the 
perioperative period from immediately after surgery to 1 year.1,2 Aging is an independent risk factor for PND in patients.3 

However, the aging population is accelerating. Patients with PND tend to have longer hospital stays, are more frequently 
discharged to professional nursing institutions, and face a higher risk of death, all of which increase the economic burden 
on both society and families.4 In recent years, researchers have proposed several hypotheses to explain the primary 
mechanisms of PND, including neuroinflammation, oxidative stress, aberrant autophagy, synaptic damage, and insuffi-
cient nutrient supply to the nervous system.5–9 Studies have shown that regional changes in brain function, particularly 
postoperative inflammation, are major contributors to memory impairment and behavioral disorders.5 The central 
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inflammatory reaction left by surgery and anesthesia may lead to the injury of neurons and the activation of central 
inflammatory cells. This process is related to mitochondrial dysfunction,8 but the specific mechanism is still unknown.

Mitochondria are the center of energy metabolism, and peroxisome promoter activated receptor gamma coacti-
vator 1α (PGC-1α) is related to mitochondrial biogenesis through nuclear respiratory factors, which act downstream. 
Some studies have proven that improving the expression of PGC-1α could reduce cognitive impairment.10,11 Our 
previous study found that surgery causes PGC-1α decreased and mitochondrial oxidative respiratory chain damage, 
mainly manifested by down-regulated expression of mitochondrial subunit proteins (Atp5k, Atp5d, Cox5a). The 
damaged mitochondrial oxidative respiratory chain leads to mitochondrial dysfunction, including excessive accu-
mulation of reactive oxygen species and impaired ATP regeneration.5,12 This eventually causes the onset of PND. In 
our previous study, we used IL-1β to stimulate the HT22 cell line, simulating the inflammatory environment of 
neurons. This resulted in reduced PGC-1α levels and the downregulation of mitochondrial protein subunits such as 
Atp5k, Atp5d, and Cox5a. However, overexpression of PGC-1α reversed this downregulation, promoting the 
production of mitochondrial protein subunits, reducing reactive oxygen species, and enhancing ATP generation.

ZLN005 is a specific agonist of PGC-1α. It was first found to be beneficial to the treatment of type 2 diabetes by 
affecting energy metabolism.13 Many studies have confirmed that ZLN005 can protect mitochondria from harmful factors 
and maintain mitochondrial homeostasis when applied to different in vitro and in vivo models.14–17 At the same time, it 
was reported that ZLN005 can improve the neuronal injury induced by ischemia in vitro and in vivo.18 However, whether 
ZLN005 can effectively act on the perioperative neurocognitive disorders model remains unknown.

In this study, we mainly explored whether ZLN005 could improve neuroinflammation and mitochondrial function in 
PND mice. Therefore, it may become a promising drug for preventing PND.

Materials and Methods
Animals
Male C57BL/6 wild-type mice aged 7–8 months were provided by Vital River Laboratory Animal Technology 
(Beijing, China). All animals were housed in a standard environment with free access to water and food. All 
procedures were performed according to the NIH Guide for the Care and Use of Laboratory Animals published by 
the National Academy of Sciences. All experimental protocols were approved by the Animal Studies Committee at 
The First Affiliated Hospital of the University of Science and Technology, Hefei, China. Before any operation or 
intervention, wild-type mice were randomly divided into four groups: the control group, the surgery and injection of 
vehicle group (Group S), the surgery and intraperitoneal injection of ZLN005 [Med Chem Express, USA, 5 mg/(kg·d)] 
group (Group L), and the surgery and intraperitoneal injection of ZLN005 [7.5 mg/(kg·d)] group (Group H). Except 
for the control group that received anesthesia-matched sham operation, the other three groups of mice underwent 
surgery and injection. The injection lasted from three days before the surgery to three days after the surgery, once 
per day. On the day of surgery, the injection was administered 30 minutes before surgery. Before injection, ZLN005 
was dissolved in dimethyl sulfoxide (DMSO) as a stock solution, which was diluted to a solution of 5% DMSO, 40% 
PEG-300, 5% Tween-80 and 50% saline.

Establishment of a PND Animal Model
For the surgical procedure, C57BL/6 mice were anesthetized with 2.1% isoflurane (RWD Life Science) in 
a commercially available rodent inhalation anesthesia device (MIDTRX VIP2000, Midmark, Dayton, OH, 
United States). Tramadol (30 mg/kg) was administered subcutaneously to mice immediately for analgesia after 
anesthesia induction and before surgery.19,20 Aseptic open tibial shaft fractures were performed in mice, and the 
fractures were treated with intramedullary nails. Control mice received the same dose of anesthesia and analgesia 
but did not undergo surgery. The body temperature was kept at 37°C±0.5°C using a warm pad and a temperature 
control lamp. The whole process from anesthesia induction to the end of the operation lasted 15±2 minutes.
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Open Field Test (OFT)
We used an open field to measure the anxiety behaviors and general motor activities of the mice. Mice completed the 
open field task at 6 days post-surgery. Mice were gently placed in the center of the open field (45cm×45cm×40cm) and 
allowed to move freely for 5 minutes. The exploratory behaviors were recorded using a video tracking system (Smart 3.0 
software, Panlab, Spain). The total distance traveled and the time spent in the center of the chamber were recorded. The 
arena was wiped with 75% ethanol after each test to avoid olfactory cues.

Novel Object Recognition Test (NORT)
The NORT measures the recognition memory and exploration propensity of rodents by their preference to explore 
novel rather than familiar objects.21 On Day 6 post-surgery, mice were allowed to explore an empty test chamber 
(45cm×45cm×40cm; RWD Life Science) as mentioned in the OFT. At 7 days post-surgery, two identical objects 
(A + A) were placed in the opposite corner of the arena, and the mice were allowed to explore freely for 
10 minutes. After a 4-hour retention interval, the animals were taken back to the arena, in which case object 
A remained the same and the other object was novel (B). If the nose of the mouse points to an object within 
2 mm, the interaction is recognized. The detection time of each object was recorded. Data were analyzed using 
Smart 3.0 software (Panlab, Spain). The cognitive index was defined as the ratio of the time spent exploring the 
novel object to the total time spent exploring both objects.

Fear Conditioning Test (FCT)
As mentioned earlier, The FCT was conducted using a conditioning chamber (soft maze information technology). Briefly, 
the mice were placed in the chamber to acclimate for 100 s, and then conditional (20 seconds, 75–80 dB, 5 kHz tone 
conditional stimulation) and unconditional (2 seconds, 0.75 mA foot shock overlapped with conditional stimulation) 
stimuli were applied four times. The interval between each time is 100 s. The context testing was conducted 24 hours 
after the training sessions, and allowed mice to stay in the conditioning chamber without any stimulation for 5 minutes. 
The freezing behavior and freezing time during each test were recorded and analyzed.12

Western Blotting Analysis
Hippocampal tissues were harvested on Day 3 after surgery. Briefly, we measured the protein concentrations in the 
hippocampus with a BCA protein assay kit (Thermo Scientific, Cat #: P0010S). Then, SDS‒PAGE was used to separate 
the proteins, which were subsequently transferred to nitrocellulose membranes (Poll, Cat# 66485). The membranes were 
incubated with 5% nonfat milk with 0.1% Tween-20 in TBS at room temperature for 1 h, followed by incubation with 
primary antibodies at 4°C overnight. The following primary antibodies were used: polyclonal rabbit anti-IL-1β (1:1,000, 
Proteintech, Cat#:16806-1-AP), monoclonal mouse anti-PGC-1α (1:5,000, Proteintech, Cat#:66369-1-Ig), polyclonal 
rabbit anti-NRF-1 (1:1,000, Proteintech, Cat#:12482-1-AP), polyclonal rabbit anti-Cox5a (1:500, Proteintech), polyclo-
nal rabbit anti-Atp5d (1:1000, Proteintech, Cat#:14893-1-AP), polyclonal rabbit anti-Atp5k (1:500, Proteintech, 
Cat#:16483-1-AP), and monoclonal mouse β-actin antibody (1:5,000, Affinity, Cat#:AF7018). The immunoreactive 
bands were visualized by enhanced chemiluminescence (Thermo Scientific) and detected by a Chemiscope (CLiNX). 
Immunoreactive bands were quantified using ImageJ software (NIH).

Immunofluorescence Staining (IF)
Mice were perfused with PBS and PFA three days post-surgery, and brain tissue was collected. The brain tissue samples 
were dehydrated with 20% sucrose and 30% sucrose and then embedded in the optimal cutting temperature compound 
(Sakura). The tissues were permeabilized with PBS containing 0.2% Triton X-100 (PBST), followed by blocking with 
2% BSA in PBST for 30 min. After blocking, brain tissues were incubated with primary antibodies overnight at 4°C, 
followed by incubation with an Alexa-conjugated secondary antibody (Invitrogen). Fluorescence was observed using 
a fluorescence microscope, and the results were analyzed using Image-Pro Plus software. The following antibodies were 
used for immunofluorescence staining: monoclonal mouse anti-PGC-1α (1:200, Proteintech, Cat#: 66369-1-Ig) and 
monoclonal rabbit anti-NRF-1 (1:200, Abcam, Cat#: ab175932).
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RNA Isolation, Reverse Transcription, and Quantitative Polymerase Chain Reaction 
(qPCR)
Hippocampal tissues were harvested at Day 1 after surgery. Total RNA was extracted from hippocampal tissue using 
TRIzol (Invitrogen) and subjected to DNase I digestion to remove genomic DNA. Reverse transcription was carried out 
using Hiscript II Reverse Transcriptase (Vazyme) according to the manufacturer’s instructions. Quantitative PCR was 
performed with AceQ qPCR SYBR Green Master Mix (Vazyme) on a Light Cycler 96 (Roche) instrument according to 
standard procedures. The real-time value for each sample was averaged and compared using the CT method, where the 
amount of target RNA (2−ΔΔCT) was normalized to an endogenous reference (ΔCT) and related to the amount of target 
gene in hippocampal tissues, which was set as the calibrator at 1.0. ANOVA and Student’s t tests were applied for 
statistical analysis. The qPCR detection primers are listed in Supplementary Table 1.

Determination of Adenosine Triphosphate (ATP) Levels
ATP content levels were determined in hippocampal tissues using an ATP content assay kit (Beyotime, Cat#: S0026) 
according to the manufacturer’s instructions.

Determination of Reactive Oxygen Species (ROS)
Hippocampal tissue reactive oxygen species (ROS) levels were measured using a commercially available kit (GENMED, 
Cat#: GMS10016.4) according to the manufacturer’s instructions. Briefly, three days post-surgery, newly harvested 
hippocampal tissue was homogenized. A working solution containing DCFHDA (100 μL) was added to each sample in 
a 96-well plate. Fluorescence was measured using a SpectraMax i3x microplate reader (Molecular Devices) at an 
excitation/emission wavelength of 490/520 nm.

Enzyme-Linked Immunosorbent Assay (ELISA)
Levels of IL-6 (R&D Systems, Cat#: EMC004) and IL-1β (NeoBioscience, Cat#: EMC001b) were measured in 
hippocampal tissues by an enzyme-linked immunosorbent assay (ELISA)-based approach according to the protocols. 
As previously described, one day post-surgery, mice were perfused with phosphate buffered saline (PBS), and hippo-
campal tissue was harvested.22 Hippocampal proteins were extracted with RIPA buffer (Beyotime, Cat#: P0013B) 
containing 1% PMSF (Beyotime, Cat#: ST506) and 1% protease inhibitor cocktail (MCE, Cat#: C0001). The protein 
concentration was determined with a BCA protein assay kit (Thermo Scientific, Cat #: P0010S) and corrected with 
a standard curve.

Interventions
The experimental protocol is depicted in Figure 1.

Statistical Analysis
All of the results are presented as the mean ± standard error of the mean values. All quantified data represent an average 
of at least triplicate samples. Statistical significance was determined by one-way analysis of variance (ANOVA) in 
GraphPad Prism 9.0. P < 0.05 was considered significant (indicated by an asterisk in the figures).

Results
ZLN005 Treatment Reversed the Cognitive Impairment in PND Mice
In the open field test, the total distance of movement and the time spent in the center were recorded for each mouse. We 
found that there was no significant difference in locomotor activities and anxiety behavior among the four groups 
(Supplementary Figure 1). Cognitive function was evaluated by a new object recognition test and fear conditioning test. 
At 7 days post-surgery, the mouse was subjected to the NORT, and the context test was performed 4 hours after the 
training session. In the training session, there was no significant difference between the four groups. However, 4 hours 
later, in the context phase, the S group mice spent significantly less time exploring the new object than the control (C) 
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mice, which did not undergo surgery. Surgery and anesthesia can result in memory destruction and cognitive dysfunction. 
The above results show that the construction of the PND model is effective, which is consistent with previous research. 
The mice treated with ZLN005 (L/H groups) spent significantly more time exploring the new object than those in the 
S groups. ZLN0005 reversed the hippocampus-dependent cognitive dysfunction caused by surgery (Figure 2A). 
Consistently, the FCT task also showed that the freezing time was significantly shorter in the surgery (S) group than 
in the control (C) group, and the ZLN005 treatment group (H groups) had significantly longer freezing times than the 
surgery group (Figure 2B). As a result, ZLN005 treatment improved the cognitive impairment of PND mice.

ZLN005 Treatment Ameliorated Neuroinflammation in PND Mice
IL-6 and IL-1β are well-known inflammatory factors that indicate mouse inflammation status. In this study, we collected 
mouse brain tissue, including the cortex and hippocampus, 24 h after surgery. In the hippocampus and cortex, IL-1β and 
IL-6 levels were significantly increased in the S group and obviously decreased in the H group treated with ZLN005. In 
the hippocampus, IL-1β levels were significantly reduced in L group and IL-6 levels showed a decreasing trend. In the 
cortex, IL-6 levels were significantly reduced in L group and IL-1β levels showed a decreasing trend. (Figure 3A–D). In 

Figure 1 Experimental diagrams. (A) The anxiety level and locomotor activities of the mice were measured in the open field test 6 days post-surgery. The old/new object 
recognition test was performed 7 days post-surgery, and the training and context tests of the fear conditioning test were performed 8 days and 9 days post-surgery, 
respectively. (B) On day one- and three-days post-surgery, hippocampal tissues were harvested to detect inflammatory factors, target RNA, and target proteins and to 
evaluate mitochondrial function in each group. (C) In the groups requiring drug administration, intraperitoneal injection was started from three days before the operation to 
3 days after the operation, once a day. Among them, the control group (sham), the S group (surgery and DMSO), the L group (surgery and ZLN005 5 mg/(kg·d)) and the 
H group (surgery and ZLN005 7.5 mg/(kg·d)) were treated differently, as shown in the Methods section.

Figure 2 Recognition and memory in mice were evaluated after surgery and ZLN005 treatment. Behaviour tests were performed on postoperative Days 6–9. (A) On Day 7 
post-surgery, long-term memory was evaluated by the novel object recognition test (NORT). The recognition index was calculated for each mouse in the four groups at 
4 hours after the training. (B) Long-term memory was evaluated by the fear conditioning task. Freezing time was recorded, and the ratio of freezing time to the total testing 
time was calculated on Day 9 post-surgery. *P < 0.05; **P < 0.01 by one-way analysis of variance (ANOVA); n. s. not significant; error bars denote the standard error of 
mean (SEM).
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short, surgery and anesthesia cause neuroinflammation, while ZLN005 treatment ameliorates neuroinflammation in PND 
mice.

ZLN005 Treatment Increased the Expression of PGC-1α, NRF-1 and Mitochondrial- 
Related Genes in PND Mice
PGC-1α plays an important role in mitochondrial biogenesis,23 and nuclear respiratory factor 1 (NRF-1) is an 
important regulator of mitochondrial DNA transcription and replication.24 Atp5k, Atp5d, and Cox5a are located in 
the oxidative respiratory chain and are closely related to ATP synthesis and mitochondrial oxidative respiratory 
function. Our previous study showed that PGC-1α and NRF-1 expression were decreased and mitochondrial function 
was damaged in PND mice.12 In this study, we extracted RNA from hippocampal tissue 24 hours post-surgery. The 
RNA levels of PGC-1α and NRF-1 in the S group were significantly decreased. The use of ZLN005 improved the 
transcription of PGC-1α and NRF-1 (Figure 4A). At 3 days post-surgery, hippocampal tissues were taken to detect 
PGC-1α and NRF-1 expression in each group by Western blotting or immunofluorescence. The results indicated that 
compared with that in the S group, the expression of PGC-1α and NRF-1 was significantly increased in the C group 
and the H group. The expression of PGC-1α in the L group exhibited an increasing trend but was not significantly 
different from that in the S group. However, NRF-1 was obviously increased in the L group compared with the S group 

Figure 3 Evaluation of neuroinflammation in mice after tibial fracture surgery and drug treatment. Wild-type mice (7–8 months old) were divided into four groups as 
mentioned before (n=6-8). For the S group, L group and H group, intraperitoneal injections were all performed from 3 days preoperatively to 1 day postoperatively once 
a day. Hippocampal and cortical tissues were collected 24 hours post-surgery and 30 minutes after drug injection. (A and B) Levels of IL-6 and IL-1β in the hippocampus 
were determined by ELISA. (C and D) Levels of IL-6 and IL-1β in the cortex were determined by ELISA. *P < 0.05; **P < 0.01 by one-way analysis of variance (ANOVA); n. s. 
not significant; error bars denote the standard error of mean (SEM).
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(Figure 4B and C). The expression of Atp5k, Atp5d, and Cox5a in the S group and L group was obviously reduced 
compared with that in the C group and H group. This result shows that surgery causes a decline in the expression of 
oxidative respiratory chain protein and that a slightly higher dose of ZLN005 treatment can reverse this impairment 
(Figure 4B and D). The expression of PGC-1α and NRF-1 showed similar results as Figure 4 by immunofluorescence 
(Figure 5A–C).

ZLN005 Treatment Reversed Mitochondrial Function Damage in PND Mice
Mitochondria are the center of energy metabolism, and the normal operation of their functions is the basis for ensuring 
the health of the body. We collected fresh hippocampal tissue three days after surgery to detect the levels of adenosine 
triphosphate (ATP) and reactive oxygen species (ROS) in each group. We found that the operation combined with 
anesthesia can significantly reduce the synthesis of mitochondrial ATP and lead to significant accumulation of ROS. The 
use of ZLN005 can reverse this process. The synthesis of ATP in the L and H groups was significantly higher than that in 
the S group, and the accumulation of ROS was significantly lower than that in the S group (Figure 6A and B). These 
findings suggest that PGC-1α activator (ZLN005) treatment reverses the damage to mitochondrial function in mice with 
perioperative cognitive dysfunction.

We would like to summarize the results mentioned above. Neuroinflammation caused by surgery /anesthesia can lead 
to a reduction in PGC-1α level, which in turn impairs mitochondrial function and results in cognitive decline. 
ZLN005 has been shown to reduce neuroinflammation, promote PGC-1α production, improve mitochondrial function, 
and ultimately decrease the risk of cognitive impairment (Figure 7).

Figure 4 The expression levels of PGC-1α/NRF-1 and oxidative respiratory chain proteins were measured by Western blotting and qPCR. (A) One day after surgery, the 
hippocampus was harvested to detect the transcription of PGC-1α and NRF-1 (n=6-7). The grouping is shown before. (B–D) The expression levels of PGC-1α, NRF-1, 
Atp5k, Atp5d, and Cox5a were measured three days post-surgery in the hippocampus in the four groups (n=4-5). The expression of PGC-1α, NRF-1, Atp5k, Atp5d, and 
Cox5a was normalized to that of the β-actin internal control. *P < 0.05; **P < 0.01; ***P < 0.001. Mean ± standard error of the mean values is presented for each group.
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Discussion
PND is a serious perioperative complication that mainly manifests as persistent cognitive and memory impairment.2 In 
this study, we chose the cognitive dysfunction model of tibial fracture surgery, which is widely used in the study of 
PND.25,26

Neuroinflammation is involved in the pathological processes of various diseases, and it is crucial to successfully treat 
individuals based on the pathological mechanisms of neuroinflammation.27,28 It is currently believed that 

Figure 5 At 3 days post-surgery, the brain was harvested to detect the expression of PGC-1α and NRF-1 in different groups of mice by immunofluorescence (n=4). The 
grouping is as shown before. (A and B) Representative images for PGC-1α and NRF-1 in the hippocampus. (C) Quantification of PGC-1α and NRF-1 fluorescence in the 
hippocampus. *P < 0.05; **P < 0.01. Mean ± standard error of the mean values is presented for each group. Scale bar, 100 μm.

Figure 6 Mitochondrial function was evaluated three days post-surgery in each group. (A and B) On the third day, the fresh hippocampus was harvested to measure ATP 
(n=9) and ROS (n=6) in the sham (C group), the surgery and DMSO (S group), the surgery and ZLN005 (5 mg/(kg·d)) (L group), and the surgery and ZLN005 (7.5 mg/(kg·d)) 
groups (H group). *P < 0.05; **P < 0.01; ***P < 0.001 by one-way analysis of variance (ANOVA); error bars denote the SEM.
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neuroinflammation is the key pathogenesis of neurodegenerative disorders. Some drugs with anti-inflammatory effects 
can alleviate neuroinflammation and have potential therapeutic effects on neurodegenerative diseases, such as Atsttrin.29 

The levels of IL-6 and IL-1β in cerebrospinal fluid were related to a decrease in postoperative cognitive function in both 
cardiac surgery and noncardiac surgery.30,31 Consistently, in our previous study, we observed that IL-6 and IL-1β 
expression increased in the brain at 1 d post-surgery, and later mitochondrial dysfunction occurs in PND mice.12 

Mitochondrial damage affects the production of ATP and the accumulation of peroxide, both of which are important 
for maintaining cell homeostasis and activity.7

PGC-1α plays an important role in mitochondrial oxidative metabolism and maintains the balance of energy.32,33 

NRF-1 is a nuclear gene required for mitochondrial DNA transcription and replication. PGC-1 α combined with nuclear 
respiratory factor (NRF1/NRF2) increases mitochondrial gene replication and transcription, promotes the expression of 
mitochondrial structural genes, and stabilizes mitochondrial function.13,24 Similar to previous studies, we also observed 
decreased PGC-1α/NRF-1 expression and mitochondrial dysfunction in PND mice 1 or 3 days after surgery.12

In 2013, Zhang LN first proposed that the small molecule compound ZLN005 selectively elevated the expression of 
PGC-1α in myotubes and skeletal muscle through myocyte enhancer factor 2(MEF2) and exerted promising therapeutic 
effects for treating type 2 diabetes.34 Pretreatment with ZLN005 in mouse spermatocyte-derived cells (GC-2 cells) 
effectively alleviated the mitochondrial dysfunction of GC-2 cells caused by benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide 
(BPDE). This process is mediated by the SIRT1/TERT/PGC-1α pathway.14 In this study, ZLN005 was applied to mice in the 
perioperative period to prevent PGC-1α from decreasing after surgery. Our results showed that ZLN005 increases the 
transcription and translation of PGC-1α/NRF-1 in the hippocampus in surgical mice 1 or 3 days after surgery. In 

Figure 7 The role of ZLN005 in perioperative neurocognitive disorders.
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a rotenone-induced neurotoxicity experiment in PC12 cells, PGC-1α upregulation by ZLN005 maintained mitochondrial 
homeostasis by increasing the protein levels of multiple mtDNA repair proteins.17 After treatment with ZLN005 in PND 
mice, we found that the expression of multiple mitochondrial respiratory complex proteins (Atp5d, Atp5k and Cox5a) 
increased and repaired the damage to mitochondrial function in the hippocampus 3 days after surgery. The recovery of 
mitochondrial function was manifested by increased production of ATP and decreased accumulation of ROS. ZLN005 could 
improve neuronal damage induced by ischemia in vitro and in vivo and reduce the neurotoxicity associated with Alzheimer’s 
disease.18,35 Our research indicates that perioperative ZLN005 treatment in surgery mice can reduce memory loss.

When PGC-1α was increased in Group L and Group H, we observed a decrease in IL-1β and IL-6 levels in the mouse 
brain. This effect may be related to the process by which ZLN005 crosses the blood‒brain barrier and inhibits microglia 
to reduce the production of inflammatory factors.36 Overall, our results show that ZLN005 inhibits inflammatory factor 
production, increases the level of PGC-1α/NRF-1, repairs mitochondrial function damage, and thus attenuates cognitive 
dysfunction in PND mice.

Regarding the potential mechanisms of ZLN005 in preventing PND, ZLN005 may mitigate neuroinflammation by 
inhibiting the activation of the NLRP3 inflammasome and reducing the production of inflammatory mediators such as IL- 
1β and IL-6. Furthermore, it enhances the expression of PGC-1α, which subsequently increases the production of 
mitochondrial respiratory chain protein subunits, thereby alleviating mitochondrial dysfunction. Through these dual 
mechanisms, ZLN005 may play a role in preventing the onset of PND. This is also supported by recent literature,37 and 
our findings are consistent with this evidence.

In this experiment, we chose to inject a smaller dose of ZLN005 intraperitoneally into mice and did not choose the 
previously reported 15 mg/(kg·d) or an even higher dose, because we found deaths of mice after injections of 10 mg/(kg·d) or 
15 mg/(kg·d). This result suggests that the range of safe and effective concentrations of ZLN005 is narrow, which has not 
been reported before. The difference in results could be due to differences in experimental animals. Wang used Sprague 
Dawley rats in the study,14 while we used 8-month-old C57BL/6 mice. In addition to experimental animals, there are also 
differences in the use of medications. Due to the elimination of the first pass of oral drugs, the potential dosage required for 
intragastric administration to achieve the same blood drug concentration is greater.13,18 Small doses of ZLN005 were used for 
7 consecutive days to maintain a high level of PGC-1α to explore the effect of elevated PGC-1α on postoperative cognition.

Conclusion
Our results indicate that surgery leads to neuroinflammation and mitochondrial dysfunction. Furthermore, the application 
of ZLN005 to PND mice attenuates cognitive damage. This results from the fact that ZLN005 can not only inhibit the 
expression of brain inflammatory factors but can also activate the expression of PGC-1α/NRF-1 to improve mitochon-
drial function in mice with PND. ZLN005 can be used as a promising drug for preventing PND.
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