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Introduction: Glucose fluctuations have an adverse effect on several diabetes-related 
complications, especially for the nervous system, but the underlying mechanisms are not 
clear. MicroRNAs are critical regulators of posttranscription in many physiological pro-
cesses, such as apoptosis. Our study clarified the neuroprotective effects of miR-129-3p 
targeting mitochondrial calcium uniporter (MCU) in glucose fluctuation-mediated neuronal 
damage and the specific mechanisms involved.
Methods: The expression of MCU and miR-129-3p was examined by real-time PCR and 
Western blot in the glucose fluctuation cell model. Dual-luciferase reporter assay was 
performed to confirm the transcriptional regulation of miR-129-3p by MCU. Fluorescent 
probe and assay kit assay was used to determine oxidative stress condition. Mitochondrial- 
dependent intrinsic apoptotic factors were examined by flow cytometry assay, enzyme-linked 
immunosorbent assay (ELISA), and gene and protein expression assays.
Results: We found an upregulation of MCU and downregulation of miR-129-3p in glucose 
fluctuation-treated primary hippocampal neuronal cells, and miR-129-3p directly targeted 
MCU. miR-129-3p overexpression produced a dramatic reduction in calcium overload, 
reactive oxygen species (ROS) generation, GSH-to-GSSG ratio, MMP-2 expression in the 
mitochondrial-dependent intrinsic apoptosis pathway and an increase in MnSOD activity. 
Increasing MCU expression rescued the effects of miR-129-3p overexpression. miR-129-3p 
downregulation produced a significant increase in calcium overload, reactive oxygen species 
(ROS) generation, MMP-2 expression, cytochrome c release and cell apoptosis, and anti-
oxidant N-acetyl cysteine (NAC) rescued the effects of miR-129-3p downregulation.
Conclusion: Therefore, miR-129-3p suppressed glucose fluctuation-mediated neuronal 
damage by targeting MCU via a mitochondrial-dependent intrinsic apoptotic pathway. The 
miR-129-3p/MCU axis may be a promising therapeutic target for glucose fluctuation- 
mediated neuronal damage.
Keywords: miR-129-3p, MCU, calcium, ROS, mitochondrion, apoptosis, oxidative stress

Introduction
Diabetes is a common metabolic disease that severely affects human health 
worldwide.1 During the last several years, robust evidence showed that glucose 
fluctuations, independent of mean glucose levels, were implicated in the risk of 
diabetic complication, such as endothelial dysfunction and vascular injury.2,3 

Notably, recent studies identified that glucose fluctuations were more harmful 
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than stable hyperglycemia or hypoglycemia in neuronal 
and astroglial cells.4,5 Moreover, clinical and fundamental 
studies have demonstrated cognition and memory dys-
function in T1DM and T2DM, but its pathogenesis 
remains poorly understood.6 Previous studies have 
shown that glucose fluctuations in T2DM induced neuro-
nal cell apoptosis in hippocampal tissues.7 Because glu-
cose is the primary energy source for the brain, glucose 
fluctuations may play a critical role in central nervous 
system injuries induced by diabetic complications.5 

Glucose fluctuation-mediated damage is primarily caused 
by ROS accumulation and an imbalance of the antioxidant 
defense system, leading to cellular functional 
impairment.8

Mitochondrial integrity and functionality are essential 
for neuronal health. Therefore, the development of new 
techniques for detecting mitochondrial dysfunction, 
especially the increased ROS production, is of great 
significance and has attracted vast research interest.9 

MCU is located in the inner mitochondrial membrane 
(IMM) and promotes mitochondrial entry of Ca2+ from 
the cytosol. Therefore, it plays outstanding roles in mito-
chondrial homeostasis, and it is central to the brain’s 
physiological and pathological processes.10–12 MCU 
maintains mitochondrial Ca2+ homeostasis under physio-
logical conditions, which is essential for the survival and 
energy supply of cells.13 Under pathological conditions, 
mitochondrial Ca2+ overload through MCU causes an 
accumulation of ROS, mitochondria dysfunction, 
a decrease in ATP, and cell apoptosis.14 MCU-mediated 
neuronal damage was described in brain ischemic stroke, 
traumatic brain injury, and conditions of high glucose 
levels.15–17 However, the mechanism of MCU in mediat-
ing neuronal cells damage after glucose fluctuation expo-
sures is not well known.

miRNAs play a central role in developing, progressing, 
and treating human diseases.18 miR-129-3p was decreased 
in palmitic acid (PA) -induced cardiomyocytes, and over-
expression of miR-129-3p inhibited inflammation and 
apoptosis in cardiomyocytes.19 miR-129-3p promoted 
cell proliferation and restrained apoptosis in breast cancer 
cells.20 However, the role of miR-129-3p in regulating 
neuronal cell damage after glucose fluctuation exposure 
and its underlying mechanism is not known.

Therefore, the present study examined the effect of 
miR-129-3p on apoptosis of hippocampal neuronal cells 
via the targeting MCU during glucose fluctuation and 
elucidated the underlying molecular mechanisms involved.

Materials and Methods
Cell Culture and Incubation
Rat primary hippocampal neuronal cells (iCell, China) 
were cultured in a primary neuronal cell culture system 
(iCell, China) at 37 °C in 5% CO2. According to 
a previous study, The cells were treated with different 
concentrations of glucose.4 Briefly, treatments with 10.0 
mM, 2.0 mM, 25 mM glucose for 10 h were considered 
the normal glucose (control, CT), low glucose (LG), high 
glucose (HG) conditions, respectively. To simulate t the 
abrupt short-term glucose fluctuations (GV) that can 
occur in a 24-h period in diabetic patients, we treated 
cells with LG for 1 h followed by 4 h in HG, and this 
protocol was repeated twice for a total of 10 h. The cells 
were transfected with miR-129-3p mimic, miR-129-3p 
inhibitor, pcDNA 3.1-MCU (lacks the 3′ UTR) or their 
respective NCs (NC mimic and pcDNA3.1 vector) 
(GenePharma, China) were used. All cells were trans-
fected using Lipofectamine 2000 (Invitrogen, USA) 
according to standard manufacturer’s protocols.

Western Blotting
Western blotting procedures were performed as described 
previously.21 Briefly, the rat primary hippocampal neuronal 
cell’s total protein was extracted from RIPA lysis buffer, and 
the total protein concentration was detected by the BCA 
method. Samples were heated in boiling water to denature 
and then subjected to electrophoresis and transferred to 
PVDF membranes (Millipore, USA). After the membranes 
were incubated in 5% BSA at room temperature for 2 h, and 
then incubated with primary antibodies against MCU 
(1:1000, Cell Signaling Technology, USA), caspase-9 
(1:1000, Cell Signaling Technology, USA), caspase-3 
(1:1000, Cell Signaling Technology, USA), MMP-2 
(1:1000, Cell Signaling Technology, USA), and GAPDH 
(1:1000, Abcam, USA) were used. The secondary antibodies 
were HRP-conjugated goat anti-rabbit IgG (1: 2000, 
BOSTER, China) and HRP-conjugated goat anti-mouse 
IgG (1: 2000, BOSTER, China).

Quantitative Real-Time PCR
Total RNA extraction, cDNA synthesis, and quantitative 
RT-PCR were performed as described previously.21 

Briefly, total RNA was isolated from each group of cells 
using TRIzol reagent (Invitrogen, USA), and the RNA 
concentration and purity of RNA were obtained using 
a spectrophotometer. First-strand cDNA synthesis was 
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performed using a cDNA synthesis kit (Fermentas, USA), 
and qPCR was performed using SYBR FAST qPCR 
Master Mix (Roche, Switzerland): the reaction system 
(0.5 ul forward primer, 0.5 ul reverse primer, 5ul Master 
mix, 1ul cDNA and 4 ul nuclease-free water); the reaction 
conditions (95 °C for 30 s, 95 °C for 5 s and 60 °C for 31 s 
for 40 cycles); melt-Curve analysis (1 cycle of 95°C for 
15 s, 60°C for 30 s, and 95°C for 15 s). Ct values were 
calculated to analyze the relative expression levels using 
the 2–ΔΔCt method with β-actin as an endogenous control. 
The following primer sequences were used: β-actin for-
ward 5ʹ-CATTGCT-GACAGGATGCAGA-3ʹ, and reverse, 
5ʹ-CTGCTGGAAGGTGGACAGTGA-3ʹ; MCU forward 
5ʹ-CAAGGATGCAATTGCTCAGG-3ʹ, and reverse, 5ʹ- T 
TCCTTTTCTCCGATCTGTCG-3ʹ; U6 forward 5ʹ-CTCG 
CTTCGGCAGCACA-3ʹ, and reverse, 5ʹ-AACGCTTCA 
CGAATTTGCGT-3ʹ; miR-129-3p RT Stem-loop: 5ʹ- 
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG-
AGATAC-TTTT-3ʹ, forward 5ʹ-ACACTCCAGCTGGGA 
AGCCCTTACCCCAAA-3ʹ, and reverse, 5ʹ- TGGTGT 
CGT-GGAGTCG-3ʹ; MMP-2 forward 5ʹ-CTATTCTGTCA 
GCACTTTGG-3ʹ, and reverse, 5ʹ- CAGACTT-TGGTTC 
TCCAACTT-3ʹ; caspase-9 forward 5ʹ-TCCTGGTACATC 
GAGACCTTG-3ʹ, and reverse, 5ʹ-AAGTCCCTTTCGCA 
GAAACAG-3ʹ; caspase-3 forward 5ʹ- GGTTCATCCAG 
TCCCT-TTGC-3ʹ, and reverse, 5ʹ-ACGGGATCTGTTTCT 
TTGCG-3ʹ.

Dual-Luciferase Assay
The 3′-UTR of MCU was synthesized and inserted into the 
psiCHECK-2 vector (Ambion). The possible miR-129-3p 
binding sites in the 3′-UTR (MCU: AAGGGCT) were 
replaced with TCACTGA and validated via sequencing. 
The two reporter plasmids named MCU-WT and MCU- 
MUT were co-transfected into rat primary hippocampal 
neuronal cells with miR-129-3p mimic or NC mimic, 
respectively. The Dual Luciferase Reporter Assay kit 
(Promega, USA) with renilla luciferase as an internal 
control was used to perform luciferase assays, and The 
dual-luciferase activity was detected by Promega’s Digital- 
Luciferase Reporter Assay System (Promega, USA).

Isolation of Mitochondria and Cytosol
Mitochondrial and cytosolic fractions were isolated from 
hippocampal neuronal cells using the Cell Mitochondria 
Isolation Kit (Beyotime, China), according to the manu-
facturer’s protocol. Briefly, after proper treatment, cells 
were incubated in cell lysis buffer (250mM of sucrose; 

1mM of DTT; 10mM of KCl; 1mM of EDTA; 1mM of 
ethylene glycol bis(aminoethylether)-tetraacetic acid 
(EGTA); 1.5mM of MgCl2; phenylmethylsulfonyl fluor-
ide; 20mM of HEPES, pH 7.4) at 4°C and disrupted with 
a glass tissue grinder. The cell lysate was centrifuged at 
800g for 10 min, and the supernatant was further centri-
fuged at 10,000 for 20 min-the resulting final supernatants 
and pellets, containing the cytosolic and mitochondrial 
fractions, respectively.

Measurement of Mitochondrial Ca2+ and  
O2

− Levels
Mitochondrial Ca2+ and O2

− were examined using the 
fluorescent probe Rhod-2/AM (Abcam, USA) and 
MitoSOX (Invitrogen, USA), respectively, according to 
the manufacturer’s guidance. Mitochondrial fractions of 
hippocampal neuronal cells were washed with 0.1% PBS- 
polyvinyl alcohol (PVA) and incubated in the darkroom 
for 15 min in neuronal cell medium mixed with 100 μM 
Rhod-2 dye. Mitochondrial fractions of hippocampal neu-
ronal cells were washed three times in 0.1% PVA-PBS. 
Washed mitochondrial fractions were cultured in 50 μL of 
neuronal cell medium supplemented with 5 μM Mito-SOX 
for 10 min, protected from light. After three washing three 
times of all samples in 0.1% PVA-PBS. All images were 
captured using a fluorescence microscope (Leica, 
Germany), and ImageJ software to determine fluorescence 
intensities.

Detection of GSH-to-GSSG Ratio and 
MnSOD Activities
According to the manufacturer’s instructions, the GSH-to- 
GSSG ratio was examined using a GSH and GSSG assay 
kit (Beyotime, China). Briefly, after proper treatment, 
samples were frozen and thawed five times, then centri-
fuged at 10000g for 5 min. The supernatant was collected 
for use. Absorbance at 412 nm was measured using 
a microplate reader (Thermo, USA). Reduced GSH was 
calculated as a difference between total glutathione and 
GSSG, and GSH/GSSG was determined. The enzyme 
activities of MnSOD were detected using a Cu/Zn-SOD 
and Mn-SOD Assay Kit with WST-8 (Beyotime, China), 
according to the manufacturer’s specifications. Briefly, 
SOD inhibitor A and B were successively added to the 
samples, followed by incubation with the WST-8/enzyme 
working solution at 37°C for 30 min. The protein concen-
trations were determined using the BCA assay. The 
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absorption at 450 nm was recorded using a microplate 
reader (Thermo, USA).

Flow Cytometry
Quantitation of apoptotic cells was obtained using the 
Annexin V-FITC Apoptosis Detection Kit (Beyotime, 
China), according to the manufacturer’s protocol. Briefly, 
the samples treated with Tm or β-ME were harvested and 
were stained with Annexin-V-FITC at room temperature 
for 10 min. Then, the cells were centrifuged at 1000g for 5 
min. After washed, cells were stained with propidium 
iodide (PI). The percentage of apoptotic cells was ana-
lyzed by flow cytometer (BD bioscience, USA). The data 
were analyzed using WinMDI 2.9 software.

ELISA
According to the manufacturer’s instructions, cytochrome 
c levels were determined using the Mouse/Rat Cytochrome 
C ELISA Kit (Abcam, USA). Briefly, after proper treatment, 
samples were treated with antibody cocktail and incubate 
with shaking for 1 h. Then, 100 µL of TMB substrate was 
added to samples and incubated with shaking for 10 min in 
the dark. Finally,100 µL of Stop Solution was added to the 
samples. The absorption at 450 nm was recorded using 
a microplate reader (Thermo, USA).

Statistical Analysis
All data are expressed as the means ± SD. Multiple group 
comparisons were analyzed using independent sample 
t-test or one-way ANOVA with Tukey’s post hoc test. 
P < 0.05 was considered significant. P < 0.01 was con-
sidered strongly significant. All statistical analyses and 
graphs were performed using GraphPad Prism 8.0.1 soft-
ware (GraphPad Software Inc., USA).

Results
miR-129-3p Directly Regulates MCU 
Expression in Glucose Fluctuation-Exposed 
Hippocampal Neuronal Neuronal Cells
To investigate the alterations of key molecules underlying 
hippocampal neuronal cells exposed to GV, we determined 
the expression of MCU and miR-129-3. We first analyzed 
MCU protein levels in hippocampal neuronal cells treated 
with different glucose conditions. As shown in Figure 1A 
and B, the exposure of hippocampal neuronal cells to GV 
promoted a significant increase in MCU protein levels 
compared to the other groups. The mRNA expression of 

miR-129-3p in neuronal cells exposed to GV was lower 
than the other group (Figure 1C). These findings collec-
tively indicate that MCU upregulation and miR-129-3p 
downregulation occur in hippocampal neuronal cells 
exposed to GV.To further identify the mechanism of 
miR-129-3p in hippocampal neuronal cells, we used 
TargetScan to predict the binding sites between miR-129- 
3p and MCU-3′ UTR (Figure 1D). Dual luciferase assays 
were performed to functionally verify whether miR-129- 
3p directly targeted MCU in hippocampal neuronal cells. 
The dual luciferase assay showed that miR-129-3p over-
expression (miR-129-3p mimics) significantly inhibited 
the relative luciferase activity of MCU with the WT 3′ 
UTR (WT), but the mutant 3′ UTR (MUT) had no effect 
on the activity (Figure 1E). miR-129-3p mimics and miR- 
129-3p inhibitor downregulated and upregulated MCU 
expression compared to the miR-NC group, respectively 
(Figure 2F). Therefore, miR-129-3p directly targeted 
MCU and inhibited its expression.

miR-129-3p Overexpression Alleviates 
Oxidative Stress in Glucose 
Fluctuation-Exposed Hippocampal 
Neuronal Cells by Targeting MCU
To study the influence of miR-129-3p on mitochondrial 
calcium and ROS levels in glucose fluctuation-exposed 
hippocampal neuronal cells, we used two well-known 
fluorescent probes, Rhod-2/AM and MitoSOX. 
Mitochondrial calcium and ROS levels were signifi-
cantly elevated in hippocampal neuronal cells exposed 
to GV, and miR-129-3p upregulation (miR-129-3p 
mimics) inhibited calcium overload and oxidative stress 
(Figure 2A–C and Supplementary Figure S1). Forced 
MCU expression (miR-129-3p mimics+MCU) partially 
abolished the miR-129-5p overexpression (miR-129-3p 
mimics)-induced inhibition of calcium overload and oxi-
dative stress (Figure 2A–C and Supplementary Figure 
S1). These results suggest that miR-129-3p inhibited 
mitochondrial calcium overload and oxidative stress by 
targeting MCU. We then investigated the effects of 
miR-129-5p overexpression on the antioxidant 
system in glucose fluctuation-exposed hippocampal 
neuronal cells. The results showed that GV 
treatment significantly increased the mitochondrial 
GSH-to-GSSG ratio (an indicator of intracellular redox 
status), and miR-129-3p overexpression (miR-129-3p 
mimics) produced the opposite effect, which was 
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a significant reversal via MCU overexpression (miR- 
129-3p mimics+MCU) (Figure 2D). GV treatment also 
reduced MnSOD activity (one of the primary defenses 
against ROS), and miR-129 overexpression (miR-129-3p 
mimics) significantly reversed these effects in GV- 
treated hippocampal neuronal cells (Figure 2E). MCU 
overexpression (miR-129-3p mimics+MCU) partially 
inhibited miR-129-3p-enhanced MnSOD activity 
(Figure 2E). Collectively, these findings suggest that 
miR-129-3p alleviates mitochondrial oxidative stress by 
inhibiting mitochondrial calcium overload and ROS pro-
duction and restoring antioxidant system homeostasis by 
targeting MCU.

miR-129-3p Overexpression Inhibits 
Apoptosis in Glucose Fluctuation-Exposed 
Hippocampal Neuronal Cells by Targeting 
MCU
Flow cytometry analysis showed that the enhanced expres-
sion of miR-129-3p (miR-129-3p mimics) significantly 
reduced the apoptotic rate in GV-mediated hippocampal 
neuronal cells, but cotransfection with pcDNA 3.1-MCU 
(miR-129-3p mimics+MCU) partially reversed this effect 
(Figure 3). miR-129-3p overexpression (miR-129-3p 
mimics) in GV-treated hippocampal neuronal cells mark-
edly reduced cytochrome c release (Figure 4A and B). The 

Figure 1 miR-129-3p directly regulates MCU expression in glucose fluctuation-exposed hippocampal neuronal neuronal cells. Rat primary hippocampal neuronal cells were 
exposed to normal glucose (control, CT), low glucose (LG), high glucose (HG) and glucose fluctuation (GV) conditions. (A and B) Protein levels of MCU. (C) mRNA levels 
of miR-129-3p. (D) Predicted mi R-129-3p target sequence in the MCU-3 ‘ UTR. Target sequences of MCU-3 ‘UTR were mutated. (E) Luciferase assay of cells transfected 
with MCU-WT or MCU-MUT reporter together with miR-129-3p mimic or miR-NC. (F) mRNA levels of MCU in cells transfected with miR-129-3p inhibitor or mimics and 
miR-NC. Data are presented as the means ± SD; ** p< 0.01; (n = 5).
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upregulation of miR-129-3p significantly (miR-129-3p 
mimics) decreased the expression levels of MMP-2, 
MCU, caspase-9 and caspase-3, and cotransfection with 
pcDNA 3.1-MCU (miR-129-3p mimics+MCU) reversed 
these effects (Figure 4C–H and Supplementary Figure 
S2). Therefore, miR-129-3p suppresses mitochondria- 
dependent intrinsic apoptosis by targeting MCU.

miR-129-3p Inhibits ROS-Mediated 
Apoptosis in Glucose 
Fluctuation-Exposed Hippocampal 
Neuronal Cells
ROS is a critical regulator of glucose fluctuation- 
mediated damage. Therefore, we determined whether 
ROS played an essential role in miR-129-3p-mediated 
anti-apoptosis in GV-treated hippocampal neuronal 
cells. Notably, we demonstrated that NAC significantly 
reduced calcium overload (Figure 5A, B and 
Supplementary Figure S3a). Our data also demonstrated 
that antioxidant NAC (miR-129-3p inhibitor+antio) 
remarkably blocked the promoting oxidation effect of 

miR-129-3p downregulation (miR-129-3p inhibitor) in 
GV-treated hippocampal neuronal cells (Figure 5A, 
C and Supplementary Figure S3b). NAC treatment 
(miR-129-3p inhibitor+antio) decreased cytochrome 
c release and inhibited mRNA and protein levels of 
MMP-2, caspase-9, and caspase-3 (Figure 6 and 
Supplementary Figure S4). Therefore, miR-129-3p inhib-
ited ROS-mediated apoptosis.

Discussion
Our study provides evidence for an anti-apoptotic effect of 
miR-129-3p by targeting MCU expression, relieving mito-
chondrial Ca2+ overload and oxidative stress, and inacti-
vating the mitochondrial-dependent intrinsic apoptosis 
pathway in hippocampal neuronal cells exposed to GV. 
First, MCU was upregulated in GV-treated hippocampal 
neuronal cells, and miR-129-3p was downregulated. 
Second, the dual-luciferase assay showed that MCU was 
a direct target of miR-129-3p. Third, miR-129-3p alle-
viated mitochondrial Ca2+ and ROS elevation by targeting 
MCU, contributing to the restoration of antioxidant system 

Figure 2 miR-129-3p overexpression alleviates oxidative stress in glucose fluctuation-exposed hippocampal neuronal cells by targeting MCU. Rat primary hippocampal 
neuronal cells were transfected with miR-NC, miR-129-3p mimics, miR-129-3p mimics+vector, or miR-129-3p mimics+MCU followed by glucose fluctuation treatment. (A– 
C) The concentration of mitochondrial Ca2+ and O2

− was detected using immunofluorescence. Scale bars = 50 μm. (D) GSH/GSSG ratio. (E) MnSOD activity. Data are 
presented as the means ± SD; *p< 0.05, **p< 0.01; (n = 5). CT, normal glucose; GV, glucose fluctuation; vector, MCU negative control (pcDNA3.1 vector).
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Figure 3 miR-129-3p overexpression inhibits apoptosis in glucose fluctuation-exposed hippocampal neuronal cells apoptosis by targeting MCU. Rat primary hippocampal 
neuronal cells were transfected with miR-NC, miR-129-3p mimics, miR-129-3p mimics+vector, or miR-129-3p mimics+MCU followed by glucose fluctuation treatment. (A) 
Flow cytometry was performed to detect apoptosis of hippocampal neuronal cells. (B) Apoptosis rate (%). Data are presented as the means ± SD; **p< 0.01 (n = 5). CT, 
normal glucose; GV, glucose fluctuation; vector, MCU negative control (pcDNA3.1 vector).

Figure 4 miR-129-3p overexpression inhibits the mitochondrial-dependent intrinsic apoptosis pathway in glucose fluctuation-treated hippocampal neuronal cells by 
targeting MCU. Rat primary hippocampal neuronal cells were transfected with miR-NC, miR-129-3p mimics, miR-129-3p mimics+vector, or miR-129-3p mimics+MCU 
followed by glucose fluctuation treatment. (A) Mitochondrial cytochrome c, and (B) cytosolic cytochrome c. mRNA levels of (C) caspase-9 and (D) caspase-3. (E–H) 
Protein levels of MCU, caspase-9, and caspase-3. Data are presented as the means ± SD; *p< 0.05, **p< 0.01; (n = 5). CT, normal glucose; GV, glucose fluctuation; vector, 
MCU negative control (pcDNA3.1 vector).
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homeostasis. Fourth, miR-129-3p conferred significant 
inhibition of the mitochondrial-dependent intrinsic apop-
tosis pathway. Last, ROS mediated the neuroprotective 
effect of miR-129-3p, and there is crosstalk between cal-
cium and ROS.

miR-129-3p is a mature miRNA that is formed from 
the miR-129 precursor. Previous studies recognized miR- 
129-3p as a tumor suppressor, which is associated with 
increased apoptosis-related cleaved caspase-9 and caspase- 
3 proteins in colorectal cancer.22,23 miR-129-3p dramati-
cally arrested the lung cancer cell cycle in S phrase.22 

However, the functional roles of miR-129-3p in patholo-
gical conditions, including glucose fluctuation, are mostly 
unknown. The current study demonstrated that downregu-
lated miR-129-3p in GV-treated hippocampal neuronal 
cells contributed to neuronal apoptosis. Consistent with 
our results, Wu et al showed that miR-129 was down-
regulated at the mRNA and protein levels in hippocampal 
neurons, and its deficiency sensitized neurons to cells.24

MCU is a crucial protein located in the IMM that 
mediates Ca2+ uptake into the mitochondrial matrix to 
regulate Ca2+ signaling and control aerobic metabolism.13 

Under pathological conditions, excessive mitochondrial 
Ca2+ uptake through MCU causes ROS production, 
reduced ATP and loss of MMP.25,26 Oxidative stress 
induces oxidation of cellular macromolecules, such as 
cardiolipin anchoring cytochrome c, promoting the release 
of cytochrome c from mitochondria.27 Released cyto-
chrome c is a pro-apoptotic factor that binds to Apaf-1, 
pro-caspase-9, and dATP in the cytoplasm to activate 
downstream caspase 9 or 3/7.28,29 Our results are consis-
tent with a previous study that showed that GV-mediated 
enhancement of MCU induced the mitochondrial- 
dependent intrinsic apoptosis pathway by elevating mito-
chondrial Ca2+ uptake, which potentiated ROS formation. 
In contrast, the overexpression of miR-129-3p reversed 
this effect by targeting MCU.

Our study found that GV treatment significantly 
enhanced the ratio of GSH-to-GSSG, and miR-129-3p 
overexpression produced the opposite effect, which was 
a significant reversal via MCU overexpression. That is 
different from the traditional point that oxidative damage 
is related to lower antioxidant system activity.30,31 One of 
the critical roles of Ca2+ is the regulation of oxidative 

Figure 5 Silencing of miR-129-3p inhibits calcium overload and oxidative stress in glucose fluctuation-exposed hippocampal neuronal cells. Rat primary hippocampal 
neuronal cells were transfected with miR-NC, miR-129-3p mimics, miR-129-3p inhibitor with or without NAC followed by glucose fluctuation treatment. (A–C) The 
concentration of mitochondrial Ca2+ and O2

− was detected using immunofluorescence. Scale bars = 50 μm. Data are presented as the means ± SD; **p< 0.01; (n = 5). CT, 
normal glucose; GV, glucose fluctuation; antio, NAC.
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stress via misbalancing ROS generation and ROS detox-
ification. Ca2+ modulates the antioxidant defense systems 
via the promotion of nicotinamide adenine dinucleotide 
phosphate (NADPH) regeneration, which donates elec-
trons to regenerate GSH from GSSG.32,33 Therefore, It is 
reasonable to draw a hypothesis that miR-129-3p/MCU- 
mediated Ca2+ uptake enhances the antioxidant system, 
which may be a metabolic alteration associated with the 
adaptive response in pathological conditions.34

A recent study showed that glucose fluctuation was 
related to brain dysfunction and cognitive impairment.35 

Our study found that miR-129-3p reduced MMP-2 expres-
sion in GV-treated hippocampal neuronal cells. Matrix 
metalloproteinases (MMP) are zinc- and calcium- 
dependent endopeptidases that degrade the extracellular 
matrix (ECM).36 MMP-2 may play a role in Alzheimer’s 
disease (AD) pathology.37 An MMP-2 inhibition prevented 
beta-amyloid (Aβ)-induced neuronal cell death.38 

Figure 6 miR-129-3p inhibits ROS-mediated apoptosis in glucose fluctuation-exposed hippocampal neuronal cells. Rat primary hippocampal neuronal cells were transfected 
with miR-NC, miR-129-3p mimics, miR-129-3p inhibitor with or without NAC, followed by glucose fluctuation treatment. (A) Flow cytometry was performed to detect the 
apoptosis of hippocampal neuronal cells. (B) Apoptosis rate (%). (C) Mitochondrial cytochrome c and (D) cytosolic cytochrome c. mRNA levels of (E) caspase-9 and (F) 
caspase-3. Data are presented as the means ± SD; *p< 0.05, **p< 0.01; (n = 5). CT, normal glucose; GV, glucose fluctuation; antio, NAC.
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Moreover, MMP-2 is a modulator of neuronal precursor 
activity and cognitive and motor behaviors, and it was 
increased in the hippocampus of the postoperative cogni-
tive dysfunction (POCD) model.39,40 This evidence indi-
cated the crucial role of MMP-2 in cognitive function. 
Notably, the expression of MMP-2 is ROS-dependent, 
and MMP-2, but not MMP-9, is related to MCU 
activity.41 Collectively, we draw a hypothesis that miR- 
129-3p improved glucose fluctuation-induced cognitive 
impairment via a miR-129 −3p/MCU/ROS/MMP-2 path-
way. However, this hypothesis needs further clinical and/ 
or animal model studies to confirm our findings.

It is widely accepted that ROS plays a critical role in 
GV-mediated damage.8 We demonstrated that the ROS 
scavenger NAC, which shows antioxidant properties by 
replenishing cellular GSH and participating in endogenous 
antioxidant systems,42 reduced GV-treated neuronal cells 
apoptosis and ROS levels in GV-treated hippocampal neu-
ronal cells and alleviated the mitochondrial Ca2+ uptake. 
There is a feed-forward, self-amplified loop between the 
Ca2+-modulated generation of ROS and the ROS-induced 
increase of Ca2+.14 Dong et al showed that the crosstalk 
between ROS accumulation and MCU activity was 
a positive feedback mechanism, and MCU is 
a mitochondrial redox sensor through cysteine 97 (cys- 
97).43 These results strongly suggest that ROS and mito-
chondrial Ca2+ are closely linked and support the 
outstanding role of miR-129-3p/MCU in the treatment of 
GV-mediated neuronal damage.

Conclusion
Our study provides evidence that miR-129-3p protects 
GV-exposed hippocampal neurons by reducing MCU 
expression and subsequently easing mitochondrial Ca2+ 

overload, oxidative stress, and mitochondrial-dependent 
intrinsic apoptosis. We are the first to elucidate the role 
of miR-129-3p in GV-treated hippocampal neuronal cells. 
Our findings provide novel insights for the miRNAs’ role 
in coping with oxidative stress and may represent new 
targets for GV-mediated neuronal damage.
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