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Abstract

Background and Purpose: Mitochondrial fission-fusion dynamics and bioenergy dysfunctions are participated in cerebral is-

chemia/reperfusion (I/R) injury. Our study aims to investigate the role of Mul1-dependent Mfn2 ubiquitination and its mediated

mitochondrial dysfunctions and explain the molecular mechanism of ginsenoside compound K (CK) targeting Mul1 against cere-

bral I/R injury. Experimental Approach: We used a combination of in vitro and in vivo models, including oxygen and glucose

deprivation/reperfusion-induced PC12 cell model and middle cerebral artery occlusion/reperfusion-induced rat model, to mimic

I/R injury. The potential mechanisms and pharmacological effects of ginsenoside CK on mitochondrial dynamics and bioenergy

were evaluated by Mul1 knockdown and pharmacological antagonism study using a series of experiments. Key Results: I/R

injury stimuli upregulated the binding of Mul1 with Mfn2 to regulate Mfn2 ubiquitination and degradation, which resulted in

increased mitochondrial fission, bioenergy dysfunction, neuronal apoptosis, and neurological impairment. Knockdown of Mul1

exerted beneficial effect on cerebral I/R-induced neuronal death by abolishing mitochondrial fission, mitophagy, and bioenergy

dysfunction. More importantly, ginsenoside CK mainly inhibited Mul1 expression to reduce Mfn2 ubiquitination and mitochon-

drial translocation of DRP1, thereby inhibiting mitochondrial fission, mitophagy and mitochondrial apoptosis against cerebral

I/R injury in both in vitro and in vivo models. Conclusions and Implications: These data for the first time explain molecular

basis of the Mul-dependent mitochondrial dysfunctions during I/R damages and provide the evidence that ginsenoside CK may

be a promising therapeutic agent against cerebral I/R injury by targeting Mul1/Mfn2-mediated mitochondrial dynamics and

bioenergy.
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Bullet point summary 1 

 2 

What is already known 3 

⚫ Mitochondrial fission-fusion dynamics and bioenergy dysfunctions are 4 

participated in cerebral ischemia/reperfusion (I/R) injury. 5 

⚫ Ginsenoside CK protects against cerebral I/R-induced ischemic stroke. 6 

What this study adds 7 

⚫ I/R injury upregulates the binding of Mul1 and Mfn2 to enhance dynamic and 8 

bioenergy dysfunction. 9 

⚫ Mul1/Mfn2-mediated dynamic and bioenergy is involved in the beneficial effect 10 

of ginsenoside CK against cerebral I/R injury. 11 

What is the clinical significance 12 

⚫ Mul1-mediated Mfn2 ubiquitination may be a promising and effective target 13 

against ischemic stroke. 14 

⚫ Ginsenoside CK may be a potential drug for targeting the Mul1/Mfn2 15 

ubiquitination against I/R injury.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 
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Abstract  1 

Background and Purpose: Mitochondrial fission-fusion dynamics and bioenergy 2 

dysfunctions are participated in cerebral ischemia/reperfusion (I/R) injury. Our study 3 

aims to investigate the role of Mul1-dependent Mfn2 ubiquitination and its mediated 4 

mitochondrial dysfunctions and explain the molecular mechanism of ginsenoside 5 

compound K (CK) targeting Mul1 against cerebral I/R injury. 6 

Experimental Approach: We used a combination of in vitro and in vivo models, 7 

including oxygen and glucose deprivation/reperfusion-induced PC12 cell model and 8 

middle cerebral artery occlusion/reperfusion-induced rat model, to mimic I/R injury. 9 

The potential mechanisms and pharmacological effects of ginsenoside CK on 10 

mitochondrial dynamics and bioenergy were evaluated by Mul1 knockdown and 11 

pharmacological antagonism study using a series of experiments. 12 

Key Results: I/R injury stimuli upregulated the binding of Mul1 with Mfn2 to 13 

regulate Mfn2 ubiquitination and degradation, which resulted in increased 14 

mitochondrial fission, bioenergy dysfunction, neuronal apoptosis, and neurological 15 

impairment. Knockdown of Mul1 exerted beneficial effect on cerebral I/R-induced 16 

neuronal death by abolishing mitochondrial fission, mitophagy, and bioenergy 17 

dysfunction. More importantly, ginsenoside CK mainly inhibited Mul1 expression to 18 

reduce Mfn2 ubiquitination and mitochondrial translocation of DRP1, thereby 19 

inhibiting mitochondrial fission, mitophagy and mitochondrial apoptosis against 20 

cerebral I/R injury in both in vitro and in vivo models.  21 

Conclusions and Implications: These data for the first time explain molecular basis 22 

of the Mul-dependent mitochondrial dysfunctions during I/R damages and provide the 23 

evidence that ginsenoside CK may be a promising therapeutic agent against cerebral 24 

I/R injury by targeting Mul1/Mfn2-mediated mitochondrial dynamics and bioenergy.  25 

 26 

Keywords: Cerebral ischemia/reperfusion injury; mitochondrial dynamic; bioenergy; 27 

ginsenoside compound K; Mul1/Mfn2 ubiquitination 28 

 29 

 30 
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1 INTRODUCTION 1 

Cerebral ischemia/reperfusion (I/R) injury is a pathological condition 2 

characterized by the recovery of blood circulation in the treatment of ischemic stroke, 3 

which eventually leads to acute neurological deficit (Han et al., 2017). A growing 4 

body of preclinical and clinical evidence indicate that mitochondria as dynamic 5 

organelles manage to retain the balance of dynamic fusion/fission in neuron I/R 6 

situations (Liu et al., 2018). Mitochondrial fusion accelerates the exchange of 7 

nutrition materials and assists in the repair of damaged mitochondria, meanwhile 8 

mitochondrial fission occupy an important position for the removal of defective 9 

mitochondria through mitophagy (Gao & Hu, 2021; Kumar et al., 2016). During I/R 10 

injury, the superoxide production by complex I reverse electron transport (RET) 11 

results in stunted mitochondrial fusion and fission, in conjunction with traumatic 12 

mitophagy, leads to the dysfunctions of Krebs cycle and oxidative phosphorylation 13 

(OXPHOS) (Ten & Galkin, 2019). Abnormal mitochondrial bioenergy leads to reduce 14 

mitochondrial respiration function and neuronal injury (Chipuk et al., 2021). Hence, 15 

dynamic regulation (elevated fusion and suppressed fission) and bioenergy promotion 16 

of mitochondria may play neuroprotective effects against cerebral I/R-induced injury. 17 

Mitochondrial E3 ubiquitin ligase 1 (Mul1) is a multifunctional mitochondrial 18 

membrane protein and acts as the first-line surveillance of mitochondrial dynamics 19 

and energy supply in neuronal I/R injury (Guo et al., 2019; Liu & Dong, 2020). In 20 

neurons, mitochondrial dynamic fusion is mainly controlled by optic atrophy protein 1 21 

(OPA1) and mitofusins (Mfn1 and Mfn2), while fission depends on dynamin-related 22 

protein 1 (DRP1) and fission 1 protein (FIS1) (Burté et al., 2015; Schmitt et al., 2018). 23 

In mammalian systems, E3-active, C-terminal RING finger domain of Mul1 faces the 24 

cytosol, which can stabilize DRP1 and degrade mitofusins through ubiquitin-like 25 

modifier and ubiquitination (Igarashi et al., 2020; Yuan et al., 2019). As expected 26 

from Mul1 protein with these proposed biochemical activities, I/R-induced Mul1 27 

overexpression in neurons results in smaller and more fragmented mitochondria, 28 

accompanying by enhancing mitophagy, inhibited OXPHOS, energy homeostasis 29 

imbalance, and mitochondrial apoptosis (Puri et al., 2020). Thus, the suppression of 30 
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Mul1 activity and expression can regulate mitochondrial dynamics, mitophagy to 1 

enhance mitochondrial bioenergy against I/R damage in neurons.  2 

Ginsenoside compound K (CK), one of main active metabolites from a 3 

traditional Chinese medicine, Panax ginseng, has a good safety and bioavailability in 4 

clinical trials, and exerts neuroprotective effects in neurodegenerative diseases and 5 

cerebral ischemic stroke (Huang et al., 2020; Oh et al., 2020; Oh & Kim, 2016; 6 

Sharma & Lee, 2020). One research have revealed that ginsenoside CK reduced the 7 

infarct volume of cerebral I/R model induced by middle cerebral artery occlusion 8 

(MCAO) and suppressed microglial activation in the mice ischemic cortex (Park et al., 9 

2012). In addition, our previous studies have demonstrated that ginsenoside CK 10 

inhibited autophagy-mediated apoptosis against I/R injury through regulation of 11 

phosphatidylinositol 3-kinase (PI3K) and AMP-activated protein kinase (AMPK) 12 

pathways (Huang et al., 2020). Our literature review have found that ginsenoside CK 13 

can target mitochondrial function to inhibit metabolic stress (Huang, Gao, et al., 2021). 14 

Importantly, our latest in vivo and in vitro studies have shown that ginsenoside Rc, a 15 

key metabolic precursor of ginsenoside CK can inhibit brain I/R injury by increasing 16 

mitochondrial biosynthesis and ATP production, and inhibiting mitochondrial 17 

apoptosis (Huang, Su, et al., 2021). The studies above indicate that ginsenoside CK 18 

can significantly reduce cerebral I/R injury, and its effect may be related to 19 

mitochondrial function and energy metabolism. However, the underlying protective 20 

mechanism that ginsenoside CK regulates mitochondrial fusion/fission and bioenergy 21 

production against I/R damage remains to be elucidated. Hence, the present study was 22 

designed to investigate the pharmacological mechanism of ginsenoside CK against 23 

cerebral I/R-induced injury based on Mul1-mediated mitochondrial dynamics and 24 

bioenergy in in vitro and in vivo study. 25 

 26 

 27 

 28 

 29 

 30 
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2 METHODS 1 

2.1 Cell culture and oxygen glucose deprived/reperfusion (OGD/R) model 2 

PC12 cells were purchased from the American Type culture Collection (ATCC, 3 

Manassas, VA, USA) and cultured in high-glucose DMEM medium supplemented 4 

with 7.5% fetal bovine serum, 2.5% horse serum, and 100 U/mL 5 

penicillin/streptomycin at 37°C in a humidified 5% CO2 atmosphere. As previously 6 

reported, oxygen glucose deprived (OGD) incubation was carried out using an 7 

enclosed BioSpa automated incubator (BioTek, Winooski, VT, USA) flushed with N2 8 

(95%) and CO2 (5%) for 2 h. Then, the medium was changed to the normal incubation 9 

to 12 h for reperfusion (Huang et al., 2020; Huang, Su, et al., 2021). The ginsenoside 10 

CK treatment group was incubated with ginsenoside CK for 48 h before OGD/R 11 

modeling. 12 

 13 

2.2 Animals and middle cerebral artery occlusion model 14 

All animal experiments were carried out in compliance with institutional 15 

guidelines and were approved by the Animal Ethics Committee of Changchun 16 

University of Chinese Medicine (Changchun, China, approval No. 2021121). Animal 17 

studies strictly adhered to the ARRIVE guidelines and the recommendation made by 18 

the British Journal of Pharmacology (Lilley et al., 2020). Male SD rat (180−200g) 19 

were supplied by the Animal Core Facility of Changchun Yisi Experimental Animal 20 

Technology Co. Ltd (Changchun, China). Rats were housed in an environmentally 21 

controlled room and accessed to standard rodent chow and tap water ad libitum. 22 

The rats were assigned to three groups (sham, I/R, and I/R+CK groups) followed 23 

by the CK pretreatment and model establishment with ten animals at least per group. 24 

The rats in sham and I/R groups (n≥10, each group) were received double-distilled 25 

water (ddH2O, 500μl) and the rats in I/R+CK group (n≥10) were administered orally 26 

with ginsenoside CK (10 mg/kg/day, 500μl, dissolved in ddH2O) were for 14 days 27 

prior to model establishment. During the procedure of I/R model, the rats were 28 

anaesthetized by injection of 10% chloral hydrate (400 mg·kg -1, i.p.) and maintained 29 

under anesthesia with 1-1.5% isoflurane inhalation in air by an animal anaesthesia 30 
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ventilator system (RWD Life science, Shenzhen, China). All efforts were taken to 1 

minimize the number of animals used and minimal suffering. The focal cerebral 2 

ischemia in the rats of I/R and I/R+CK groups was induced by MCAO model, as the 3 

previous studies (Bederson et al., 1986; Kim et al., 2020). After the induction of 4 

anesthesia and disinfected, the carotid artery (CA) was exposed to isolate the external 5 

carotid artery (ECA) and the internal carotid artery (ICA). A small hole in ECA was 6 

cut and a length of 6 mm nylon monofilament was inserted into the left ICA. The 7 

wound of the rat was closed and kept for 1 h in a heated cage after occlusion. After 8 

occlusion for 1 h, reperfusion was administered through the withdrawal filament. 9 

Finally, the skin was sutured surgically. In the sham group, an identical surgical 10 

procedure was performed without insert the nylon monofilament. After I/R surgery, 11 

the rats were sacrificed after anesthetization by 10% chloral hydrate by which to 12 

ensure minimal discomfort. 13 

 14 

2.3 Antibodies and reagents 15 

Oligomycin B (ab143424), antimycin A (ab141904) and antibodies against total 16 

OXPHOS (ab110413), Mfn1 (ab104274), Mfn2 (ab56889), DRP1 (ab56788), 17 

ubiquitin (Abcam, ab140601), FIS1 (ab71498), and OPA1 (ab90857) were obtained 18 

from Abcam (Cambridge, MA, USA). Antibodies to TOM20 (#42406), LC3A/B 19 

(#4108), P-DRP1 (Ser637, #4867), and β-Actin (#3700) were purchased from Cell 20 

Signaling Technology (Beverly, MA, USA). Mul1 (16133-1-AP) and Parkin 21 

(14060-1-AP) antibodies were purchased form Proteintech (Wuhan, Hubei, China). 22 

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, C2920), rotenone 23 

(R8875), and Mdivi-1 (M0199) were purchased from Sigma-Aldrich (St. Louis, MO, 24 

USA). 25 

 26 

2.4 siRNA transfection 27 

Pre-designed siRNA for rat Mul1 (siG150514163245-1-5) and negative control 28 

siRNA (siB160812022401-1-5) were provide by the RiboBio (Guangzhou, China) and 29 

transfected into PC12 cells using Lipofectamine RNAiMAX (Invitrogen). Briefly, the 30 



10 
 

dilute siRNA and transfection reagent in Opti-MEM (Invitrogen) were incubation for 1 

5 min at room temperature to allow the formation of siRNA-lipid complexes. After 2 

washing twice by Opti-MEM, the cells were incubated with the siRNA-lipid 3 

complexes for 48 h and examined the efficiency of siRNA silencing by Western blot, 4 

and then subjected to various treatments as planned (Cheng et al., 2020). 5 

 6 

2.5 Mitochondria isolation 7 

Mitochondrial part were prepared from PC12 cells or brain tissues using a 8 

mitochondria isolation kit (C3606, Beyotime Institute of Biotechnology, Ltd., 9 

Shanghai, China), as following manufacturer’s recommendation (Yu et al., 2016). 10 

Briefly, cells and tissues were mechanically disrupted by homogenizer in isolation 11 

reagent containing phenylmethylsulfonyl fluoride. The cell debris and nuclei were 12 

removed from mitochondria fractions by centrifugation at 1,000 g for 10 min. The 13 

samples were subject to another round of centrifugation at 11,000 g for 10 min to 14 

obtain highly enriched mitochondrial fractions, and the supernatant was the 15 

cytoplasmic protein, the pellet was used as isolated mitochondrial fractions. 16 

 17 

2.6 Co-Immunoprecipitation (co-IP)  18 

Proteins from PC12 cells and brain tissues were extracted in NP-40 lysis buffer 19 

(Beyotime) contained with a complete protease inhibitor cocktail (Sigma-Aldrich) 20 

(Zhang et al., 2019). Protein extracts were subjected to centrifugation at 12,000 g for 21 

12 min. After the specified antibodies were bound to protein lysate at 4 °C overnight, 22 

the antigen-antibody complex was immunoprecipitated with the A/G magnetic beads 23 

at room temperature for 1 h. After separating the beads with a magnetic rack, the 24 

pellets were eluted with sample buffer and boiled at 100 °C for 5 min. Magnetic beads 25 

were separated, supernatant was loaded onto an acrylamide gel. 26 

 27 

2.7 Mitochondrial and mitophagy morphology 28 

To visualize mitochondria and lysosomes, neurons were stained with 50 nM of 29 

MitoTracker Green Reagent (Invitrogen) or Lyso-Tracker Red (Beyotime) for 40 min 30 
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at 37°C followed by addition of Hoechst 33342 (Invitrogen) as the manufacturer’s 1 

instructions. The 20-30 mitochondria or lysosomes per cell were measured using the 2 

C2 confocal microscope with the ZEN analysis software (Nikon, Japan). 3 

Mitochondrial aspect ratio is used to evaluate mitochondrial fragment, and a smaller 4 

aspect ratio indicates a higher degree of fission and fragment. The co-localization of 5 

mitochondrial and lysosomal signals was used to evaluate the level of mitophagy 6 

(Puri et al., 2019). 7 

 8 

2.8 Seahorse analysis 9 

To investigate the ATP production from OXPHOS and glycolysis, oxygen 10 

consumption rate (OCR) and extracellular acidification rate (ECAR) were determined 11 

using the Seahorse XFe24 analyzer (Seahorse Bioscience, Billerica, MA, USA) as 12 

reported previously (Huang, Su, et al., 2021). Briefly, the cells were plated in 13 

Seahorse XFe24 cell culture plate before pretreatment with ginsenoside CK and/or 14 

OGD/R incubation. The media was then exchanged with Seahorse XF DMEM media 15 

(Seahorse Bioscience) contained with 2 mM glutaMAX (Invitrogen), 1 mM sodium 16 

pyruvate (Invitrogen), and 10 mM glucose, which were equilibrated for 30 min at 17 

37°C before the experiment. Cellular ATP, OCR or ECAR was monitored in basal 18 

condition (before any addition) and after addition of glucose (Glu), oligomycin (Olig), 19 

2-D-glucose (2-DG), FCCP or rotenone (Rot) & antimycin A (AA) with three cycles 20 

of mixing (150 sec), waiting (120 sec) and measuring (210 sec).  21 

 22 

2.9 2,3,5-triphenyltetrazolium chloride (TTC) staining  23 

Twenty-four hours after reperfusion, the rat brains were stripped and coronally 24 

sliced at 2.0-mm intervals from the frontal poles as previously described (Gong et al., 25 

2021). Then the sections were immersed in 0.25% TTC solution at 37°C for 30 min. 26 

The area of infarct of serial sections was quantified with Image J by an investigator 27 

blinded to the experimental groups. The degree of infarction was calculated using the 28 

following calculation formula: infarct ratio (%) = infarct volume (mm3)/total coronal 29 

section (mm3) × 100%.  30 
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2.10 Neurological deficit score 1 

The evaluation of a neurological deficit at 12 h or 24 h of reperfusion was based 2 

on the method described by Longa et al (Longa et al., 1989). Score 0 point: no 3 

observable deficits; score 1 point: mild circling movements when picked up by a 4 

mouse tail and attempts to rotate to the contralateral side; score 2 point: consistent 5 

strong and immediate circling or an animal only turned to the surgery contralateral 6 

side while the animal was suspended by holding the tail; score 3 point: severe rotation 7 

progressing into loss of walking or righting reflex; score 4 point: an animal did not 8 

walk spontaneously and had some degree of consciousness. 9 

 10 

2.11 Transmission electron microscopy (TEM) 11 

After pretreatment with ginsenoside CK and/or I/R injury, brain tissue was cut at 12 

2-mm sections to fix in ice-cold 2.5% glutaraldehyde solution for 15 min. Then, tissue 13 

sections were post-fixed in 0.7% potassium ferrocyanide, stained with 2.5% uranyl 14 

acetate in 0.1 M maleate, and embedded in Eponate (TedPella, CA, USA). Tissue 15 

sections were polymerized overnight and immersed in liquid nitrogen. Thin sections 16 

with 60-80 nm were cut with a diamond knife on a Leica EM UC7 ultramicrotome 17 

with ultra 45° (Daitome) and collected onto copper grids, which were stained with 4% 18 

uranyl acetate in 50% methanol and 5% citrate (Geng et al., 2019). Images were 19 

captured with transmission electron microscope (TECNAI G2 20 TWIN, FEI, 20 

Hillsboro, OR, USA).  21 

 22 

2.12 Data and statistical analysis.  23 

All the in vivo and in vitro experimental groups were designed to establish equal 24 

size, blinding and randomization, and the data and statistical analysis of this study 25 

complies with the recommendations of the British Journal of Pharmacology on 26 

experimental design and analysis in pharmacology (Lilley et al., 2020). All group 27 

sizes represent the numbers of experimental independent values, and these 28 

independent values were used to evaluate statistical analyses, and statistical analyses 29 

were undertaken only for experiments where each group sizes (n) ≥ 5. Values are 30 
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expressed as mean ± SD in in vitro study and mean ± SEM in in vivo study. The 1 

two-tailed Student’s t-test were used to calculate the comparison for two groups. 2 

Multigroup studies comparisons were performed using the One-way ANOVA 3 

followed by a Tukey’s post hoc test. The post hoc tests were conducted only if the F in 4 

ANOVA achieved the necessary statistical significance level and there was no 5 

significant variance inhomogeneity. The analyses were performed by GraphPad Prism 6 

8.0. P < 0.05 was considered statistically significant (Raimundo et al., 2021).  7 

 8 

3 RESULTS 9 

3.1 Mul1 binds to Mfn2 and negatively regulates its level through ubiquitination in 10 

OGD/R and I/R-induced injury models 11 

In order to study which regulators of mitochondrial dynamics are mainly 12 

regulated by Mul1 in I/R injury, we first detected the protein expression of known 13 

regulators of mitochondrial dynamics in PC12 cells transfected with si-Mul1 or si-Ctrl 14 

siRNAs. As shown in Fig. 1A-1B and Fig. S1A, we noted that OGD/R incubation led 15 

to the elevated expressions of Mul1, DRP1 and FIS1 involved in mitochondria fission 16 

and the decreased levels of Mfn1, Mfn2, P-DRP1 (S637), and OPA1 related to 17 

mitochondrial fusion in the mitochondria of PC12 cells. Importantly, only DRP1 and 18 

Mfn2 protein levels were abolished in si-Mul1-transfected PC12 cells in response to 19 

OGD/R incubation, compared to si-Ctrl group. Next, we determined if Mul1 and 20 

Mfn2 interact physically, and if Mul1 regulates Mfn2 level through ubiquitination. In 21 

the cerebral ischemic penumbra of rat model (Fig. 1C), we observed that the 22 

expression of ubiquitinated protein was increased significantly after I/R incubation, 23 

compared to Sham group (Fig. 1SB). In addition, co-IP experiments demonstrated that 24 

the interaction of Mul1 and Mfn2 and the ubiquitination level of Mfn2 were 25 

significantly increased in I/R group (Fig. 1D). Consistent with PC12 cells subjected to 26 

OGD/R incubation, the translocation of DRP1 from the cytoplasm to the mitochondria 27 

was increased significantly in I/R group (Fig. 1E- Fig. 1F). Collectively, in vitro and 28 

in vivo experiments demonstrated that OGD/R incubation or I/R injury causes the 29 

increase of Mul1expression, which increases the ubiquitination of Mfn2 and the 30 
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translocation of DRP1 to the mitochondria.  1 

 2 

3.2 Mul1 mediates neuronal mitochondria dynamic and bioenergy variations in 3 

OGD/R and I/-induced injury models. 4 

Mitochondria dynamics and bioenergy play critical roles to maintain the 5 

mitochondrial population and function (Chandel, 2014). In agreement with a previous 6 

report, we found that OGD/R incubation significantly reduced the mitochondrial 7 

aspect ratio, which means that mitochondrial fission is elevated and fusion is reduced 8 

in PC12 cells (Fig. 2A). However, mitochondrial division was significantly reduced 9 

after OGD/R incubation in the Mul1-knockdown PC12 cells, compared with si-Ctrl 10 

transfected group (Fig. 2A). To further monitor mitophagy, we fluorescently labeled 11 

in living cells, and found that the co-localization of lysosomes and mitochondria was 12 

increased significantly by OGD/R incubation in the si-Ctrl group, while in the Mul1 13 

knockdown group, OGD/R-induced the co-localization of mitochondrial and 14 

lysosomal signals were significantly reduced (Fig. 2B and Fig. S2A-Fig. S2B). Parkin 15 

functions as an E3 ubiquitin ligase and translocates from the cytosol to mitochondria 16 

to promote mitochondria degradation by mitophagy. A similar increase in Parkin and 17 

TOM20 co-localization, a mitophagy marker was observed in rat brain tissues 18 

subjected to I/R damage (Fig. 2C). We then determined whether mitochondrial 19 

bioenergy in OGD/R-induced injury is dependent on Mul1. As expected, Mul1 20 

silencing by siRNA blocked the decreases of ATP amount induced by OGD/R (Fig. 21 

3A). Seahorse analysis showed that Mul1 silencing recovered multiple parameters of 22 

mitochondrial respiration, including basal respiration (Basal), maximal respiration 23 

capacity (MRC), spare respiration capacity (SRC), and ATP-linked respiration (ATP) 24 

induced by OGD/R, compared with si-Ctrl transfected group ((Fig. 3B-3C and Fig, 25 

S3A). Western blot analysis showed that OGD/R-induced decreases of complex I-V 26 

levels were abolished by si-Mul1 siRNAs, compared to the si-Ctrl transfected group 27 

(Fig. 3D and Fig. S3B). Given that mitochondrial dynamics and bioenergy are 28 

important for maintaining cell survival, we thus investigated whether knockdown of 29 

Mul1 exerted inhibitory effect on mitochondrial apoptosis. Notably, OGD/R 30 
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incubation led to mitochondrial membrane potential reduction and mitochondrial 1 

apoptosis with increased cyto C and reduced Bcl-2/Bax, which were abolished by 2 

Mul1 silencing (Fig. 3E-3F and Fig. S3C-S3D). Taken together, these data indicate 3 

that Mul1 regulates mitochondrial dynamics and bioenergy, which is a critical factor 4 

in OGD/R and I/R injury. 5 

 6 

3.3 Ginsenoside CK rescued OGD/R-induced mitochondrial dysfunctions depending 7 

on Mul1 inactivation 8 

Our previous studies have shown that ginsenoside CK can significantly inhibit 9 

OGD/R-induced mitochondrial damage and apoptosis in neurons and cardiomyocytes 10 

(Huang et al., 2020; Li et al., 2018). Therefore, we further analyzed whether 11 

ginsenoside CK targets Mul1 to restore mitochondrial function. Firstly, the 12 

dose-dependent effect of ginsenoside CK on ATP content was evaluated by a 13 

luminescence assay. Our results showed that ginsenoside CK at the concertation of 2, 14 

4, and 8 µM significantly restored the decrease in ATP synthesis caused by OGD/R 15 

(Fig. S4A). At the same time, it found that ginsenoside CK increased the ATP content 16 

mainly from mitochondria, which had no obvious effect on ATP production from 17 

glycolysis (Fig. 4A). To further verify the origin of increased ATP mediated by 18 

ginsenoside CK, OCR was monitored in real time to measure the key parameters of 19 

mitochondrial function by adding different modulators of respiration. As expected, we 20 

found that ginsenoside CK caused an enhancement in ATP production and respiratory 21 

capacity, but had no significant effect on ECAR, glycolytic capacity and reserve in the 22 

OGD/R-induced injury (Fig. 4B-Fig. 4C). To evaluate the effect of ginsenoside CK on 23 

the electron transport chain (ETC), we examined the expressions and activities of the 24 

mitochondrial complex I-V. As shown in Fig. 4D-4E and Fig. S4B, the results showed 25 

that ginsenoside CK had no obvious recovery effect on the reduction in the levels of 26 

complex II-V, but it had a significant promotion effect on the activities of 27 

mitochondrial complex I (NADH-CoQ reductase) and III (CoQ-Cytochrome C 28 

reductase). Importantly, we found that the effect of ginsenoside CK pretreatment in 29 

promoting mitochondrial oxygen consumption in OGD/R-injured PC12 cells was 30 
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completely abolished by Mul1 knockdown (Fig. 4F and Fig. S4C), compared to the 1 

si-Ctrl group. The results above suggest that ginsenoside CK rescues OGD/R-induced 2 

mitochondrial dysfunction, which might be dependent on Mul1 signaling. 3 

 4 

3.4 Ginsenoside CK balance mitochondria dynamic and mitophagy are Mul1 5 

dependent in OGD/R-induced PC12 model 6 

We further evaluated the effect of ginsenoside CK on mitochondrial dynamics 7 

and mitophagy in OGD/R injury and whether it is Mul1-dependent. As shown in Fig. 8 

S5A-Fig. S5B, ginsenoside CK incubation decreased mitochondrial fragmentation in 9 

a dose-dependent manner, compared with the OGD/R group. Consistent with 10 

expectation, knockdown of Mul1 blocked the inhibitory effect of ginsenoside CK on 11 

mitochondrial fission in OGD/R-injured PC12 cells (Fig. 5A). To determine whether 12 

Mul1-regulated mitophagy contributes to neuroprotection of ginsenoside CK against 13 

OGD/R injury, Parkin translocation to mitochondria and co-localization of 14 

mitochondria and lysosomes were evaluated in si-Ctrl or si-Mul1 transfected cells. 15 

The Parkin translocation to mitochondria induced by OGD/R significantly was 16 

reversed by ginsenoside CK, while Mul1 knockdown markedly abrogated the 17 

mitigated effect of ginsenoside CK in terms of mitophagy (Fig. 5B and Fig. S5C). 18 

Similarly, Mul1 knockdown counteracted the effect of ginsenoside CK in reducing the 19 

co-localization of mitochondria and lysosomes (Fig. 5C and Fig. S5D). The results 20 

above indicate that the effects of ginsenoside CK on mitochondrial dynamics and 21 

mitophagy are mediated by the Mul1 signaling in OGD/R-induced PC12 cell injury 22 

model. 23 

 24 

3.5 Ginsenoside CK inhibits OGD/R-induced neuronal injury by regulating the 25 

Mul1-Mfn2 pathway in a mitochondrial dynamic-dependent manner 26 

To further clarify the regulatory effect of ginsenoside CK on Mul1 and 27 

mitochondrial dynamics-related signaling pathways during OGD/R injury, we 28 

separated cytoplasmic and mitochondrial proteins of PC12 cells untreated or treated 29 

with ginsenoside CK for Western blot analysis. OGD/R incubation caused the 30 
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decreased DRP1 phosphorylation at S637 and the slightly increased DRP1 in the 1 

cytoplasmic and mitochondrial proteins (Fig. 6A and Fig. S6A). Meanwhile, we 2 

observed that OGD/R incubation resulted in the significant decreases of mitochondrial 3 

fusion-related proteins, and the obvious increases of Mul1 and mitochondrial 4 

fission-related proteins (Fig. 6A and Fig. S6A). Importantly, our results showed that 5 

ginsenoside CK pretreatment prior to OGD/R incubation significantly reduced the 6 

expression of Mul1 and the translocation of DRP1 to mitochondria, as well as 7 

increased Mfn2 expression in mitochondria (Fig. 6A and Fig. S6A). Since Mul1 8 

mainly regulates mitochondrial dynamics through ubiquitination of Mfn2, we then 9 

conducted a co-IP experiment to verify the regulatory effect of ginsenoside CK on the 10 

Mul1-Mfn2 signaling pathway. As expected, when Mul1 was immunoprecipitated, the 11 

protein binding of Mfn2 with Mul1 was significantly reduced after ginsenoside CK 12 

treatment, which means that ginsenoside CK reduced the degradation of Mfn2 by 13 

Mul1 after OGD/R incubation (Fig. 6B). In contrast, after Mfn2 was 14 

immunoprecipitated, OGD/R-induced Mul1 expression and the level of ubiquitination 15 

were obviously reduced by ginsenoside CK, which suggests that ginsenoside CK 16 

pretreatment did reduce Mul1-mediated Mfn2 ubiquitination and degradation by 17 

during the OGD/R injury (Fig. 6B). To identify the contribution of ginsenoside CK 18 

firstly regulates the binding of Mul1 and Mfn2, and then influences mitochondrial 19 

fission, mitophagy and mitochondrial apoptosis, Mdivi-1, a widely used inhibitor of 20 

mitochondrial fission, was introduced to investigate the mechanism of ginsenoside 21 

CK in OGD/R-induced injury. Combination with Mdivi-1 treatment, the effect of 22 

ginsenoside CK in reducing Mul1 expression and increasing Mfn2 expression was 23 

significantly abolished, while the effect of inhibiting the translocation of DRP1 into 24 

mitochondria was preserved (Fig. 6C and Fig. S6B). In addition, Mdivi-1 treatment 25 

also counteracts the phenomenon that ginsenoside CK inhibited Parkin translocation 26 

to mitochondria (Fig. 6D and Fig. S6C) and the production of mitochondrial ROS to 27 

prevent OGD/R injury (mito-ROS, Fig. 6E and Fig. S6D). These results suggest that 28 

ginsenoside CK mainly targets Mul1 to reduce the ubiquitination and degradation of 29 

Mfn2, resulting in increased Mfn2 expression to inhibit mitochondrial fission, 30 
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mitophagy and mitochondrial apoptosis in OGD/R neuronal injury. 1 

 2 

3.6 Ginsenoside CK counteracts I/R-induced neurological impairment and 3 

mitochondrial dysfunction in rats 4 

Cerebral I/R causes exacerbated neuronal damage involving mitochondrial 5 

dysfunction (Kalogeris et al., 2014). To investigate the therapeutic effect of 6 

ginsenoside CK on cerebral I/R injury, we evaluated the infarct volume, neurological 7 

deficit score, and brain water content in a rat model after 12 h or 24 h reperfusion. 8 

TTC staining showed that the infarct volume of the ginsenoside CK pretreatment 9 

group was significantly smaller than that of I/R group (Fig. 7A-7B). After ginsenoside 10 

CK pretreatment, the neurological function score was decreased significantly, 11 

compared to I/R group (Fig. 7C). Moreover, ginsenoside CK pretreatment can also 12 

relieve cerebral edema caused by I/R injury (Fig. 7D). In addition, H&E and Nissl 13 

staining showed that the neurons in cortex, CA1, CA3, striatum, and gyrus in rats with 14 

cerebral I/R injury were arranged loosely, and exhibited cell body shrinkage, partial 15 

nuclear fragmentation, nuclear pyknosis, nucleolar blurring, and even degeneration 16 

(Fig. 7E and Fig. S7A-S7B). Compared to I/R injury group, ginsenoside CK 17 

administration significantly restored the damages of neurons in the cerebral cortex 18 

and CA1 regions (Fig. 7E). Detection of a neuron marker, MAP2 by 19 

immunofluorescence staining also verified the neuroprotective effect of ginsenoside 20 

CK pretreatment (Fig. 7F-Fig. 7G). To further confirm the inhibitory effect of 21 

ginsenoside CK on I/R-induced mitochondrial dysfunction, we extracted 22 

mitochondria from fresh brain tissues for determining oxygen consumption and 23 

mitochondrial complex enzyme activity. As shown in Fig. 7H and Fig. 7I, ginsenoside 24 

CK pretreatment significantly restores the reductions of maximal respiration capacity 25 

(no effect on basal respiration) and the activities of complex I and III induced by I/R. 26 

As in vitro experiments, ginsenoside CK has no effect on the protein expression of 27 

mitochondrial complex in the I/R-injured rat model (Fig. S7C- Fig. S7D). Together, 28 

the results above verified the effect of ginsenoside CK on the inhibition of neuronal 29 

damage and bioenergy imbalance in the in vivo I/R model. 30 
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3.7 Ginsenoside CK reduces mitochondrial fission and mitophagy in rat I/R model 1 

We further verify the regulatory role of ginsenoside CK on mitochondrial 2 

dynamics and mitophagy in rat I/R model. First, we observed the ultrastructure of 3 

mitochondria through TEM and analyzed the mitochondrial aspect ratio, the number 4 

of mitochondria and autophagosomes. As shown in Fig. 8A, ginsenoside CK 5 

pretreatment significantly reduced mitochondrial division and mitophagy, and slightly 6 

increases the mitochondria account, compared to I/R model group. Moreover, we 7 

observed the expressions of LC3, Parkin, and TOM20 in the different areas of brain 8 

tissue using a laser confocal microscope and performed the colocalization analysis. In 9 

the CA1 region of brain tissue, the increase in LC3 expression after I/R incubation 10 

was significantly offset by ginsenoside CK pretreatment, while this phenomenon was 11 

not observed in the CA3 region (Fig. 8B and Fig. S8A-Fig. S8C). Interestingly, we 12 

found that ginsenoside CK pretreatment could significantly inhibit the increase of 13 

Parkin-TOM20 colocalization induced by I/R in the all regions of rat brain tissues, 14 

including cortex, gyrus, CA1 and CA3 regions (Fig. 8C-8D). Together, these in vivo 15 

results demonstrate that ginsenoside CK administration significantly reduces 16 

I/R-induced mitochondrial fission and mitophagy in brain tissue. 17 

 18 

3.8 Ginsenoside CK inhibits the ubiquitination of Mfn2 and the translocation of DRP1 19 

by regulating Mul1 in I/ R rat model 20 

By immunoblot analyses, we found that ginsenoside CK pretreatment 21 

significantly abolished I/R-induced increased Mul1 expression, DRP1 translocation, 22 

and reduced Mfn2 expression, especially in mitochondria, similar to in vitro 23 

experiments results (Fig. 9A and Fig. S9A). Confocal imaging further revealed that 24 

the reduction in Mfn2 expression induced by I/R was inhibited by ginsenoside CK 25 

pretreatment in the cortex and CA1 regions of brain tissue (Fig. 9B and Fig. S9B- 26 

S9C). Importantly, ginsenoside CK pretreatment augmented Mfn2 expression, 27 

accompanied by a significant reduction in ubiquitinated protein expression after I/R 28 

processing (Fig. 9C and Fig. S9D). To verify whether ginsenoside CK pretreatment 29 

directly reduces the effect of Mul1-mediated the ubiquitination of Mfn2, we then 30 
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analyzed the interaction of Mul1 and Mfn2 by co-IP experiment. Indeed, after Mul1 1 

was immunoprecipitated, ginsenoside CK significantly blunted the binding of Mul1 to 2 

Mfn2 in cortex tissues during I/R (Fig. 9D). Similarly, the binding of Mfn2 to Mul1 3 

was also inhibited by ginsenoside CK pretreatment, when Mfn2 was 4 

immunoprecipitated. Importantly, the ubiquitination of Mfn2 was significantly 5 

inhibited in the CK group, compared to that of I/R group (Fig. 9D). Collectively, these 6 

data confirmed that ginsenoside CK pretreatment reduces the binding affinity of Mul1 7 

and Mfn2 to inhibit the ubiquitination and degradation of Mfn2, thereby elevating the 8 

protein level of Mfn2 and attenuating mitochondrial translocation of DRP1 against 9 

I/R injury. 10 

 11 

4 DISCUSSIONS 12 

Neurons, as a postmitotic and high-energy-demand cell, are inevitably to be 13 

more prone to mitochondrial pathologies (Iwata et al., 2020). Preventing 14 

mitochondrial dysfunction during cerebral IR injury remains a potential and 15 

promising treatment strategy (Liu et al., 2018). Mitochondria undertake fusion and 16 

fission processes all the time for maintaining the balance of bioenergetic efficiency 17 

and energy expenditure, which is involved in the pathogenesis of cerebral I/R injury 18 

(Carinci et al., 2021; Zhao et al., 2018). Currently, the mechanism of neuroprotective 19 

benefits against cerebral I/R injury by regulating mitochondrial dynamics and 20 

bioenergy is unknown. In this study, we tested the level of Mul1, Mfn2 ubiquitination, 21 

and mitochondrial dynamics and bioenergy in in vitro Mul1-knockdown or 22 

OGD/R-induced neuronal cells and in vivo I/R rat model. The major findings from 23 

this study are that cerebral I/R injury led to the imbalance of mitochondrial dynamics 24 

and a significant decrease in mitochondrial bioenergy, which is related to the binding 25 

of Mul1 to Mfn2 and its negatively regulation through ubiquitination. Furthermore, 26 

our study showed for the first time that ginsenoside CK administration could elevate 27 

fusion, reduce fission to keep the balance of mitophagy and bioenergy production by 28 

attenuating the effect of Mul1 on Mfn2 ubiquitination in cerebral I/R pathological 29 

process. 30 
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Mitochondrial fusion is a multistep and conserved process that begins with the 1 

mitofusins proteins-mediated juxtaposition and tethering of adjacent mitochondria, 2 

followed by conformational changes of mitofusins oligomers driven by GTP 3 

hydrolysis (Pernas & Scorrano, 2016). Mechanically, tethering and fusion for outer 4 

mitochondrial membrane are mainly regulated by Mfn1 and Mfn2, and homologous 5 

proteins that contain a GTPase domain (DRP1) (Ma et al., 2020). Indeed, we observed 6 

that the phenotype of I/R-induced changes in mitochondrial morphology is 7 

accompanied by a significant reduce in the expression of Mfn1, Mfn2 and OPA1, and 8 

an elevation in mitochondrial DRP1 and FIS1 expression. Importantly, we have only 9 

observed significant changes in Mfn2 levels and DRP1 translocation upon 10 

manipulation of Mul1 knockdown, leading us to consider that the Mul1-mediaed 11 

Mfn2 and DRP1 expression could drive the phenotypes in I/R injury model. Multiple 12 

studies reported that Mul1 retards mitochondrial fusion through the ubiquitination and 13 

degradation of Mfn2 in the C-terminal RING finger domain, involved in the 14 

imbalance of mitochondrial dynamics, mitophagy, and bioenergy during metabolism 15 

stress (Puri et al., 2020). Using co-IP experiment, we found that Mul1 physically 16 

interacts with Mfn2 for the degradation by ubiquitination in I/R- and OGD/R-induced 17 

neuronal injury models. The signal of Mul1-mediated removal of Mfn2 and the 18 

stabilization of DRP1 lead to extensive mitochondrial fragmentation, mitophagy and 19 

bioenergy dysfunction observed during I/R injury. Furthermore, we clearly show that 20 

knockdown of Mul1 abolished I/R-induced mitochondrial fragmentation and 21 

renovation through mitophagy and mitochondrial depolarization, suggesting that 22 

Mul1-induced mitochondrial dysfunction has a critical role in the progression of I/R 23 

injury. In addition, we found that ginsenoside CK pretreatment significantly inhibited 24 

the binding of Mul1 to Mfn2 to mediate Mfn2 degradation, thereby account for the 25 

expansive and fused network of healthy mitochondria and further prevented 26 

mitochondrial dysfunction in response to I/R and OGD/R damages. Our findings 27 

provide new insight into the potential targets during I/R injury and new molecular 28 

mechanism of ginsenoside CK, which are associated with mitochondrial dynamics 29 

and bioenergy.   30 
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Mitochondrial fragmentation-induced mitophagy and apoptosis are almost 1 

always observed during cerebral I/R injury, and DRP1 has therefore been 2 

mechanistically implicated in programmed cell apoptosis (Anzell et al., 2018; Zuo et 3 

al., 2016). Emerging evidence suggests that DRP1 stimulates Bax oligomerization and 4 

cytochrome c release by promoting mitochondrial fission and mitophagy, which are 5 

widely recognized as a culprit of neuronal injury, even programmed cell death (Yang 6 

et al., 2018; Yin et al., 2017). However, in some studies, genetic or chemical 7 

overexpression of DRP1, accompanying by strengthened mitophagy and decreased 8 

cytochrome c release, are critical neuroprotective response against neuronal I/R injury 9 

(Chen et al., 2014). Thus, there is an ongoing debate about whether the inhibition of 10 

fragmentation-induced mitophagy during cerebral I/R injury is beneficial or not (Yang 11 

et al., 2018).. In this respect, we observed that I/R- or OGD/R incubation caused the 12 

changes of mitochondrial morphology, bioenergy imbalance, and neuronal injury, 13 

which are all accompanied by the translocation of DRP1 to mitochondria. Importantly, 14 

these phenotypes above were significantly reversed by ginsenoside CK pretreatment 15 

in the cell and animal models. In addition, the targeted inhibition of DRP1 by Mdivi-1 16 

completely abolished the restrained effect of ginsenoside CK on I/R-induced 17 

mitophagy and mito-ROS burst, but did not abrogated the interaction of Mul1 with 18 

Mfn2, which indicated that ginsenoside CK pretreatment inhibited the Mul1-regulated 19 

ubiquitination of Mfn2 to abolish DRP1-mediated fission, mitophagy and apoptosis.  20 

Ginsenoside CK is a secondary ginsenoside biotransformed from major 21 

ginsenosides, such as Rb1, Rb2, or Rc (Park et al., 2017). Previous reports have 22 

shown that ginsenoside CK significantly inhibits I/R-induced rat neurological damage 23 

and OGD/R-induced neuronal autophagy and apoptosis (Huang et al., 2020; Park et 24 

al., 2012). Furthermore, ginsenoside CK administration can regulate multiple signal 25 

pathways related to energy metabolism, such as PI3K and AMPK in OGD/R-induced 26 

injury models (Huang et al., 2020; Li et al., 2018). Ginsenoside Rc, a metabolic 27 

precursor of ginsenoside CK, can significantly restore the imbalance of neuronal 28 

energy metabolism and mitochondrial dysfunction induced by OGD/R or I/R injury 29 

(Huang, Su, et al., 2021). Inspired by this interaction, we speculate ginsenoside CK 30 
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can regulate mitochondrial dynamics and bioenergy, thus protecting neuron from 1 

cerebral I/R injury. Therefore, when we studied the mechanism of I/R damage based 2 

on mitochondrial dynamics and bioenergetics, we carried out the screening for 3 

different ginsenoside monomers. We expectedly found a typical dose-dependent effect 4 

of ginsenoside CK on mitochondrial aspect ratio, ATP level, and OCR in 5 

OGD/R-induced neuronal injury model. More importantly, ginsenoside CK 6 

pretreatment inhibited the expression of Mul1 to regulate Mfn2 ubiquitination, 7 

mitochondrial dynamic and bioenergy, which contribute to maintain the mitochondrial 8 

integrity and neuroprotective properties in in vivo I/R and in vitro OGD/R models. 9 

These results provide a new mechanism for the beneficial effects of ginsenoside CK 10 

as natural preventive agent against cerebral I/R injury 11 

Of note, this study still remains the limitations. First, mito-ROS was produced 12 

from complex I and complex III in cerebral I/R injury. In this study, total mito-ROS 13 

production was determined using MitoSOX™ dye, which could not specify the ROS 14 

from complex I or complex III. Particularly, accumulating evidence suggests that 15 

ROS produced by the complex I caused the neuronal deleterious effect, whereas ROS 16 

produced by complex III played the neuroprotective effect in mice with cerebral I/R 17 

injury (Chouchani et al., 2016). Future studies are needed to determine how 18 

ginsenoside CK regulates ROS production by complex I or complex III to explain the 19 

potential function of ginsenoside CK on the reduction of mito-ROS production and 20 

mitochondrial depolarization. Secondly, ginsenoside CK has been suggested to 21 

regulate the interaction of Mul1 with Mfn2; whether ginsenoside CK defined as a 22 

Mul1 inhibitor is worth further investigation. Finally, more robust data should be 23 

provided to substantiate these findings for protective effect of ginsenoside CK against 24 

cerebral injury using Mul1 loss-of-function animal models. 25 

 26 

5 CONCLUSIONS 27 

In conclusion, we show that I/R stimuli upregulated the binding of Mul1 to Mfn2 28 

to regulate Mfn2 ubiquitination and degradation, which resulted in increased 29 

mitochondrial fission, bioenergy dysfunction, neuronal apoptosis, and neurological 30 
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impairment. Consistently, Mul1 suppression induced by ginsenoside CK pretreatment 1 

or knockdown exerts beneficial effect against cerebral I/R injury by abolishing 2 

mitochondrial fission, mitophagy and bioenergy dysfunction. Collectively, these data 3 

for the first time explain the molecular basis for the Mul-dependent mitochondrial 4 

dysfunctions during I/R damages and provide the evidence that ginsenoside CK may 5 

be a promising therapeutic agent against cerebral I/R injury by targeting 6 

Mul1/Mfn2-mediated mitochondrial dynamics and bioenergy.  7 

 8 
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Figure 1. Mul1 ubiquitinated and targeted Mfn2 in OGD/R and I/R injury 4 

models. (A) After PC12 cells transfected with si-Mul1 or si-Ctrl siRNAs, the 5 

expression of protein-related to mitochondrial fusion and fission was detected by 6 

western blot analysis. TOM20 is a loading control for mitochondrial proteins. (B) The 7 

densitometric analysis of Mul1, Mfn2 and DRP1 from (A); data are presented as the 8 

mean ± SD; n = 5 per group; *P < 0.05, *P < 0.01, and ***P < 0.001, significantly 9 

different as indicated (one-way ANOVA followed by Tukey’s post hoc test). (C) 10 

Illustration of the location of ischemic penumbra tissue used in the following western 11 

blot analysis for the brains of rat models. (D) After immunoprecipitation of Mfn2 in 12 

the proteins from fresh brain tissues (n = 5 of each group), the binding of Mfn2 to 13 

Mul1 and its ubiquitination level were determined by western blot analysis. Sham: 14 

sham operation group; I/R: ischemia/reperfusion. 5% of the lysed proteins in the co-IP 15 

experiment were used as input control (Input). (E) DRP1 protein expression in 16 

cytoplasm and mitochondria in the brains of rats from sham and I/R groups was 17 

analyzed by western blot; n = 5 per group; β-Actin and TOM20 is the loading control 18 

for cytosolic and mitochondrial proteins, respectively. Cytosolic: cytosolic proteins; 19 

Mito: mitochondrial proteins. (F) The protein expression of DRP1 was quantitatively 20 

analyzed from (E); data are shown as mean ± SEM (n = 5 of each group); ***P < 21 

0.001; significantly different as indicated (two-tailed Student’s t-test). 22 

 23 
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Figure 2. Mul1 is required for OGD/R-induced neuronal injury with abnormal 2 

mitochondrial dynamics and mitophagy. (A) After labeling with a Mito-Tracer 3 

fluorescent probe, the morphology of mitochondria was observed and analyzed by 4 

confocal microscope in PC12 cells with transfected with si-Ctrl or si-Mul siRNAs, 5 

prior to OGD/R incubation. The ratio of mitochondrial aspect in different groups are 6 

shown on the right; scale bar = 20 µm; data are shown as mean ± SD; n = 10 per 7 

group; ***P < 0.001, significantly different as indicated (one-way ANOVA followed 8 

by Tukey’s post hoc test). (B) After transfected with si-Mul1 or si-Ctrl siRNAs, the 9 

mitophagy level in PC12 cells with OGD/R injury was observed by fluorescence 10 

labeling for mitochondria and lysosomes; n = 5 per group; scale bar = 20 µm. (C) The 11 

expression of Parkin and TOM20 in rat cortical neurons were detected by confocal 12 

microscope and the Parkin/TOM20 co-localization was analyzed using the Pearson 13 

correlation method, data are shown as mean ± SEM; n = 5 per group; ***P < 0.001, 14 

significantly different as indicated (two-tailed Student’s t-test). OGD/R: oxygen 15 

glucose deprivation (2 h)/reperfusion (12 h). 16 
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Figure 3. Mul1 is required for OGD/R-induced neuronal metabolic 3 

reprogramming and injury. (A) After transfected with si-Mul1 or si-Ctrl siRNAs 4 

ATP production in the OGD/R-induced PC12 cells was detected by bioluminescence 5 

assay; data are presented as the mean ± SD; n = 5 per group; *P < 0.05, **P < 0.01, 6 

significantly different as indicated (one-way ANOVA followed by Tukey’s post hoc 7 

test). (B) After transfected with si-Ctrl or si-Mul1 and incubated with OGD/R, PC12 8 

cells were sequentially treated with oligomycin (Olig 1 mM), FCCP (2 mM), and 9 

rotenone (Rot, 1 mM) plus antimycin A (AA, 1 mM) to determine OCR for 10 

mitochondrial pressure assay; (n = 5 of each group). (C) Quantitative analysis of 11 

oxygen consumption from (B); Basal: Basal respiration; MRC: maximal respiration 12 

consumption; SPC: spare capacity; ATP: ATP-linked respiration; data are shown as 13 

mean ± SD, n = 5 per group; *P < 0.05, **P < 0.01 and ***P < 0.001, significantly 14 

different as indicated (one-way ANOVA followed by Tukey’s post hoc test). (D) After 15 

transfected with si-Mul1 or si-Ctrl siRNAs prior to OGD/R incubation, the levels of 16 

mitochondrial complex I-V were detected by western blot (n = 5 of each group); 17 

β-Actin is a loading control. (E) The mitochondrial membrane potential of PC12 cells 18 

transfected with si-Mul1 or si-Ctrl siRNAs and then exposed with OGD/R damage 19 

was evaluated by the ratio of JC-1 aggregates and JC-1 monomers staining; n = 8 per 20 

group. (F) After OGD/R incubation, the expressions of mitochondrial 21 

apoptosis-related proteins, Cyto C, Bcl-2, and Bax in PC12 cells with si-Ctrl or 22 

si-Mul1 transfections were detected by western blot (n = 5 of each group); β-Actin is 23 

a loading control. 24 
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Figure 4. The effect of ginsenoside CK against neuronal bioenergy imbalance is 2 

driven by the Mul1 activity in OGD/R injury model. (A) After treatment with 3 

ginsenoside CK (2, 4 or 8 µM) for 48 h or OGD/R incubation, PC12 cells were 4 

treated with Olig or Rot plus AA to detect the ATP production originated from the 5 

mitochondria (mitoATP) or glycolysis (glycoATP); data are shown as mean ± SD; n = 6 

5 per group; ***P < 0.001, significantly different as indicated (one-way ANOVA 7 

followed by Tukey’s post hoc test). (B) Oxygen consumption of PC12 cells pretreated 8 

with ginsenoside CK for 48 h and exposed with OGD/R injury was measured and 9 

analyzed by Seahorse XFe24 multifunctional energy metabolizer and mitochondrial 10 

pressure kit; The relative levels of oxygen consumption for basal respiration (Basal), 11 

maximal respiration consumption (MRC), spare capacity (SPC), and ATP-linked 12 

respiration (ATP) are shown on right. data are shown as mean ± SD, n = 5 per group 13 

; *P < 0.05, **P < 0.01 and ***P < 0.001, significantly different as indicated 14 

(one-way ANOVA followed by Tukey’s post hoc test). (C) Glycolysis (Gly), 15 

glycolytic capacity (Gly Capacity), and glycolytic reserve (Gly Reserve) in PC12 cells 16 

pretreated with ginsenoside CK for 48 h prior to OGD/R incubation were determined 17 

by the sequential addition of 10 mM glucose (Glu), 1 µM oligomycin (Olig), or 50 18 
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mM 2-deoxy-D-glucose (2-DG) using measuring extracellular acidification rate 1 

(ECAR); data are shown as mean ± SD, n = 5 per group; ***P < 0.001, significantly 2 

different as indicated (one-way ANOVA followed by Tukey’s post hoc test). (D) After 3 

pretreatment with ginsenoside CK (2, 4 or 8 µM) for 48 h, prior to OGD/R incubation, 4 

the expression of mitochondrial complex protein I-V in PC12 cells was detected by 5 

western blot (n=5 of each group). β-Actin is a loading control. (E) The activities of 6 

five mitochondrial electron transfer chain enzymes in OGD/R-induced PC12 cells 7 

untreated and treated with ginsenoside CK for 48 h were determined by enzymatic 8 

reaction kinetics kit; data are shown as mean ± SD, n = 5 per group; *P < 0.05, **P < 9 

0.01 and ***P < 0.001, significantly different as indicated (one-way ANOVA 10 

followed by Tukey’s post hoc test). (F) The maximal oxygen consumption was 11 

analyzed by LUXCEL oxygen consumption probe in the PC12 cells transfected with 12 

si-Ctrl, si-Mul and/or pretreated with ginsenoside CK; data are shown as mean ± SD, 13 

n = 5 per group; *P < 0.05, significantly different as indicated (one-way ANOVA 14 

followed by Tukey’s post hoc test). 15 
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Figure 5. Ginsenoside CK augmented mitochondrial fusion and inhibited 2 

mitophagy through Mul1 in OGD/R-induced PC12 injury model. (A) After 3 

labeling with Mito-tracker probe, mitochondria morphology was visualized to analyze 4 

mitochondria aspect ratio in OGD/R-induced PC12 cells pretreated with ginsenoside 5 

CK for 48 h, and transfected with si-Ctrl or si-Mul1 siRNAs; scale bar = 20 µm; data 6 

are shown as mean ± SD, n = 5 per group; *P < 0.05, significantly different as 7 

indicated (one-way ANOVA followed by Tukey’s post hoc test). (B) After 8 

pretreatment with 4 µM ginsenoside CK for 48 h prior to OGD/R incubation, the 9 

co-localization of Parkin and TOM20 was detected and analyzed in PC12 cells 10 

transfected with si-Ctrl or si-Mul1; DAPI is used for staining nucleus. scale bar = 5 11 

µm; data are shown as mean ± SD; n = 5 per group; *P < 0.05, **P < 0.01; 12 

significantly different as indicated (one-way ANOVA followed by Tukey’s post hoc 13 

test). (C) After transfection with si-Ctrl or si-Mul1 siRNAs and ginsenoside CK 14 

pretreatment, the co-location of mitochondria and lysosomes was visualized in 15 

OGD/R-induced PC12 cells by confocal microscope; Hochest 33254 is used for 16 

nuclear staining; n = 5 per group; scale bar = 5 µm.  17 

 18 



34 
 

OGD/R

Mul1

Mfn2

DRP1

β-Actin

CK

Mdivi-1 _     _         _        
+

_     _        
+ +

_         
+ + +

P-DRP1 (S637)            

Cytosolic

DRP1            

FIS1

OPA1

Mfn1

Mfn2

β-Actin

TOM20 16 kD

42 kD

82 kD

17 kD

112 kD

84 kD

82 kD

86 kD

Mitochondrial

Mul1 35 kD

58 kD

←

A

In
p

u
t

Mul1

Mfn2

β-Actin

P
a
rk

in
/ T

O
M

2
0

 /
D

A
P

I
OGD/R+

CK+Mdivi-1Ctrl OGD/R OGD/R+CK

B

D

OGD/R+CK+Mdivi-1OGD/R+CKOGD/RCtrl

MitoSOX/Hochest33254E

OGD/R

CK
_     _         

2 4     8   

_       
+ + + +

_     _         
2 4     8   

_       
+ + + +

co-IP(Mul1)
Mfn2

Mul1

_     

Ig
G

CK
OGD/R

si-Mul1si-Ctrl

+     +_     

+_     _    
+    +

+_     _    

co-IP(Mfn2)

Mfn2

Mul1

Ub

C

 1 

Figure 6. Ginsenoside CK inhibits mitochondrial dynamic imbalance and 2 

damage by inhibiting the ubiquitination of Mfn2 by Mul1. (A) After 2, 4, or 8 µM 3 

ginsenoside CK pretreatment, prior to OGD/R incubation, the expression of Mul1 and 4 

mitochondrial dynamic-related proteins in cytoplasm or mitochondria was detected by 5 

western blot (n = 5 of each group); β-Actin and TOM20 is the loading control for 6 

cytosolic and mitochondrial proteins, respectively. (B) After Mul1 or Mfn2 were 7 

immunoprecipitated, the binding and ubiquitination level of Mfn2 in mitochondrial 8 

proteins from OGD/R-induced PC12 cells transfected with si-Ctrl or si-Mul1 siRNAs, 9 

and pretreated with ginsenoside CK for 48 h were detected by western blot analysis (n 10 

= 5 of each group). 10% of the lysed mitochondrial proteins in the co-IP experiment 11 

were used as input control. (C) After pretreatment with ginsenoside CK or Mdivi-1 12 

for 48 h prior to OGD/R incubation, the expression of Mul1, Mfn2, and DRP1 were 13 

detected by western blot (n = 5 of each group); β-Actin is a loading control. (D) The 14 

co-expression of Parkin and TOM20 was detected after pretreatment with 4 µM 15 

ginsenoside CK or Mdivi-1, prior to OGD/R incubation; n = 5 per group; scale bar = 5 16 

µm. (E) The level of mitochondrial ROS (MitoSox) in PC12 cells was determined by 17 

confocal microscope; n = 5 per group; scale bar = 20 µm. Hochest 33254 is a nuclear 18 

counterstain. 19 
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Figure 7. Ginsenoside CK reduces neuronal injury and mitochondrial damage in 2 

I/R rat model. (A) After ginsenoside CK pretreatment (10 mg/kg/day, 500μl, 3 

dissolved in ddH2O) for 14 days prior to I/R injury, TTC staining was used to detect 4 

the ischemic area in rat brain tissues from Sham group without insert the nylon 5 

monofilament, n = 5), I/R group (middle cerebral artery occlusion, n = 5), and 6 

I/R+CK group (n = 5); the red represents the living neurons, and the white represents 7 

the damaged neurons. (B) The ischemic volume in rat brain tissues from (A) was 8 

analyzed by Image J software; data are shown as mean ± SEM, n = 5 per group; **P 9 

< 0.01, ***P < 0.001, significantly different as indicated (one-way ANOVA followed 10 

by Tukey’s post hoc test). (C) Longa neurological deficiency scale was used to 11 

analyze the neurological function of rats from Sham, I/R, and I/R+CK groups, after 12 
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I/R injury at 12 h or 24 h; data are shown as mean ± SEM, n = 5 per group; *P < 0.05, 1 

***P < 0.001, significantly different as indicated (one-way ANOVA followed by 2 

Tukey’s post hoc test). (D) The water content of brain tissue was measured by dry and 3 

wet weight method; data are expressed as mean ± SEM, n = 5 per group; *P < 0.05 4 

and **P < 0.01, significantly different as indicated (one-way ANOVA followed by 5 

Tukey’s post hoc test). (E) After ginsenoside CK pretreatment and I/R injury, H&E 6 

and Nissl staining were used to analyze the degree of neuronal damage in cerebral 7 

cortex and CA1 regions of rat brains (n = 5 of each group); scale bar = 20 µm. (F) 8 

The expression of MAP2 in cerebral cortex was detected by immunofluorescence 9 

assay; DAPI is used for staining nuclei (n = 5 of each group); scale bar = 200 µm. (G) 10 

Quantitative analysis of the mean fluorescence intensity of, MAP2 in rat brain tissues 11 

from (F) in the Sham, I/R, and I/R+CK groups; data are shown as mean ± SEM, n = 5 12 

per group; *P < 0.05, significantly different as indicated (one-way ANOVA followed 13 

by Tukey’s post hoc test). (H) Live mitochondria from cerebral cortical neurons of 14 

different groups were extracted to measure OCR in basal respiration and under the 15 

mitochondrial stress with oligomycin and FCCP using the LUXCEL oxygen 16 

consumption kit; data are shown as mean ± SEM, n = 5 per group; *P < 0.05, **P < 17 

0.01, significantly different as indicated; one-way ANOVA followed by Tukey’s post 18 

hoc test. (I) Enzyme activity of the five mitochondrial complexes in cerebral cortical 19 

neurons of rat brain tissues from Sham, I/R, and I/R+CK groups was were examined 20 

by enzymatic kits; data are shown as mean ± SEM, n = 5 per group; *P < 0.05, **P < 21 

0.01, significantly different as indicated (one-way ANOVA followed by Tukey’s post 22 

hoc test). 23 

 24 
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Figure 8. Ginsenoside CK reduced mitochondrial fragmentation and mitophagy 2 

in I/R model. (A) The ultrastructural morphology of mitochondria in rat brain tissues 3 

from Sham, I/R, and I/R+CK groups was examined by transmission electron 4 

microscopy. A: autophagosome, L: lysosome, M: mitochondria. N: nucleus. The 5 

aspect ratio of mitochondria and the numbers of mitochondrial autophagy lysosomes 6 

were statistically analyzed and are shown on right; scale bar = 1 µm, data are shown 7 

as mean ± SEM, n = 5 per group; *P < 0.05 and **P < 0.01, significantly different as 8 

indicated (one-way ANOVA followed by Tukey’s post hoc test). (B) The expression 9 

and localization of LC3 and TOM20 in neurons of CA1 region from rats with Sham, 10 

I/R, and I/R+CK groups were detected by immunofluorescence assay; n = 5 per group; 11 

DAPI is used for staining nuclei; scale bar = 200 µm. (C) The expression and 12 

localization of Parkin and TOM20 in neurons of different regions, including cortex, 13 

gyrus, CA1 or CA3 of rats from Sham group (n = 5), I/R group (n = 5), and I/R+CK 14 
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group (n = 5) were detected by immunofluorescence assay. DAPI is used for staining 1 

nuclei; scale bar = 200 µm. (D) The co-localization of Parkin and TOM20 in neurons 2 

of different regions from (C) was quantitatively analyzed; data are shown as mean ± 3 

SEM; n = 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001, significantly different as 4 

indicated; one-way ANOVA followed by Tukey’s post hoc test. 5 
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Figure 9. Ginsenoside CK inhibits the activity of Mul1 and ubiquitination of 9 

Mfn2 in I/ R rat model. (A) After ginsenoside CK administration for 14 days and I/R 10 

injury, the protein expressions of Mul1, Mfn2 and DRP1 in the cytoplasm or 11 

mitochondria in rat brain tissues from Sham, I/R, and I/R+CK groups were detected 12 

by western blot; n = 5 per group; β-Actin and TOM20 is a loading control for 13 

cytosolic and mitochondrial protein. (B) The expression of Mfn2 protein in cortex and 14 

CA1 region were detected by immunofluorescence assay; DAPI is used for staining 15 

nuclei; scale bar = 200 µm; n = 5 per group. (C) The expressions of ubiquitin protein 16 

and Mfn2 protein in brain tissues from Sham, I/R, and I/R+CK groups were detected 17 

by immunohistochemical staing; n = 5 per group, scale bar = 200 µm. (D) After the 18 

immunoprecipitation of Mul1 or Mfn2 antibody, the binding of Mul1 and Mfn2 and 19 

Mfn2 ubiquitination in fresh brain tissues of Sham, I/R, and I/R+CK groups were 20 

analyzed by co-IP and western blot; n = 5 per group, 10% of the lysed tissue proteins 21 

in the co-IP experiment were used as input control. Ub: ubiquitination. 22 


