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Abstract: Mesenchymal stem cells (MSCs) have therapeutic effects on neurodegenerative diseases
(NDDs) known by their secreted molecules, referred to as the “secretome”. The mitochondrial com-
plex I inhibitor, rotenone (ROT), reproduces α-synuclein (α-syn) aggregation seen in Parkinson’s
disease (PD). In this present study, we examined the neuroprotective effects of the secretome from
neural-induced human adipose tissue-derived stem cells (NI-ADSC-SM) during ROT toxicity in
SH-SY5Y cells. Exposure to ROT significantly impaired the mitophagy by increased LRRK2, mi-
tochondrial fission, and endoplasmic reticulum (ER) stress (ERS). ROT also increased the levels of
calcium (Ca2+), VDAC, and GRP75, and decreased phosphorylated (p)-IP3R Ser1756/total (t)-IP3R1.
However, NI-ADSC-SM treatment decreased Ca2+ levels along with LRRK2, insoluble ubiquitin,
mitochondrial fission by halting p-DRP1 Ser616, ERS by reducing p-PERK Thr981, p-/t-IRE1α, p-
SAPK, ATF4, and CHOP. In addition, NI-ADSC-SM restored the mitophagy, mitochondrial fusion,
and tethering to the ER. These data suggest that NI-ADSC-SM decreases ROT-induced dysfunction
in mitochondria and the ER, which subsequently stabilized tethering in mitochondria-associated
membranes in SH-SY5Y cells.

Keywords: Parkinson’s disease; rotenone; endoplasmic reticulum; mitochondria-associated membranes;
mitochondrial tethering

1. Introduction

Parkinson’s disease (PD) is complex, and the second most common age-related multi-
factorial neurodegenerative disorder (NDD) characterized by motor and non-motor symp-
toms that reduce the quality of life. PD can affect all movement, including walking, physical
balance, and speech, and is associated with a reduction of a neurotransmitter in the brain
called dopamine (DA). Moreover, inhibition of the mitochondrial electron transport chain
(ETC) complex I, leading to the production of reactive oxygen species (ROS), mitochondrial
dysfunction, α-synuclein (α-syn) aggregation, and oxidative stress, is associated with the
occurrence of PD [1,2]. Leucine-rich repeat kinase 2 (LRRK2; PARK8) can be modified by
the overexpression of α-syn and might impair mitophagy [3,4] via the phosphatase and
tensin homolog (PTEN)-induced putative kinase 1 (PINK1) and the E3-ubiquitin ligase
Parkin (PARK2) [5]. Ubiquitin (Ub) is essential for the recognition of desired cargoes
for degradation. PINK1 accumulates on the outer mitochondrial membrane (OMM) of
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damaged mitochondria by interacting with import receptor subunit translocase of the
OMM (TOM complex) and activates parkin-mediated ubiquitination of OMM proteins to
degrade the mitochondria [6]. The expression of PINK1 and parkin are functionally linked
to mitochondrial fission [7] controlled by the dynamin-related protein 1 (DRP1), which
translocates from the cytosol to the OMM. However, mitochondrial fusion is controlled by
mitofusin 1 and 2 (MFN1/2) localized to the OMM and optic atrophy 1 (OPA1) located in
the inner mitochondrial membrane (IMM) [8].

Abnormally increased mitochondrial fission may induce endoplasmic reticulum (ER)
stress (ERS) [2]. α-syn aggregates accumulate inside the ER activating key sensing pro-
teins, protein kinase R-like endoplasmic reticulum kinase (PERK) and inositol-requiring
enzyme 1 α (IRE1α) [2], via the dissociation of ER chaperone glucose-regulated protein 78
(GRP78)/binding protein (BiP) [9]. PERK-dependent protein translational modifications
on the alpha (α) subunit of eukaryotic initiation factor 2 (eIF2α) lead to the paradoxical
increase of pro-apoptotic transcription factors, such as activating transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP) [10]. IRE1α activation leads to apoptosis
through stress-activated protein kinase (SAPK; c-Jun N-terminal kinase; JNK) signaling [11].
ER membrane proteins interact with the OMM complex to exchange materials and transmit
signals between them to maintain and balance cellular activities [12]. The exchange of
calcium (Ca2+) between these two organelles [13] is regulated by a molecular tripartite teth-
ering complex containing the inositol 1,4,5-triphosphate receptor (IP3R), glucose-regulated
protein 75 (GRP75), and the voltage-dependent anion channel (VDAC) [14]. The inter-
face between the ER and mitochondria for Ca2+ fluxes, among other cellular functions,
encompasses the microdomain and mitochondria-associated membranes (MAM), and is
tightly controlled by additional tethering proteins, such as MFNs. Mitochondrial MFN1
and 2 tethering complexes with MFN2 present in the ER membrane also physically connect
ER and mitochondria [8].

Rotenone (ROT), a lipophilic piscicidal compound isolated from the roots of the
subtropical plant species of Lonchocarpus and Derris suppresses the flow of electrons
from the iron–sulfur centers in mitochondrial electron transport chain complex I. ROT
reproduces PD-like impairments, such as decreased tyrosine hydroxylase, increased
phosphorylation and aggregation of α-syn, and imbalanced autophagy degradation,
which induces apoptotic death in SH-SY5Y neuroblastoma cells [15,16]. Treatments
for PD mainly focus on restoring mitochondrial function and subsequently relieving
motor symptoms, such as tremors, bradykinesia, and rigidity. Mesenchymal stem cells
(MSCs) have the potential therapeutic capacity to replace dopamine and stimulate brain
repair [17]. Bioactive molecules secreted from MSCs, referred to as “the secretome”,
include growth factors, cytokines, chemokines, microvesicles, and exosomes known for
their improved therapeutic effects [18]. Moreover, adipose tissue-derived stem cells
(ADSC) have been reported to be easily harvested and can differentiate into neural
cells in the presence of basic fibroblast growth factor (bFGF) and forskolin [19–21].
In this present study, we evaluated the neuroprotective effects of the neural-induced
ADSC secretome (NI-ADSC-SM) on ROT-induced dysfunction of mitochondria, the
endoplasmic reticulum, and their tethering proteins in human SH-SY5Y cells.

2. Results

2.1. Effects of the NI-ADSC-SM on Intracellular Ca2+ Levels after ROT Exposure

In this study, ROT-induced toxicity (48 h) induced higher Ca2+ production (Figure 1;
216.6%; p < 0.001) compared with control SH-SY5Y cells (100%). The experimental study
plan is described in Supplementary Figure S1b. However, treatment with a 50% dilution
of the NI-ADSC-SM against ROT toxicity for the last 24 h successively reduced the Ca2+

production (101.8%; p < 0.001). The ADSC-SM did not reduce the ROT-induced Ca2+ levels;
however, it showed increased Ca2+ levels in control cells. In our previous studies, ADSC-
SM treatment significantly decreased the cell survival with increased ROS levels in control
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cells [15,16]. These results suggest that the NI-ADSC-SM has more protective effects than
the ADSC-SM against ROT-induced toxicity in SH-SY5Y cells.
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2.2. Effects of the NI-ADSC-SM on LRRK2 Protein Expression after ROT Exposure 
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PD therapeutics. As shown in Figure 2, the LRRK2 protein level was significantly in-
creased in SH-SY5Y cells after exposure to ROT for 24 and 48 h in Triton X-100-soluble (a) 
and -insoluble (c) fractions. At 48 h, ROT significantly increased LRRK2 expression (p < 
0.001; Figure 2b); however, the levels were decreased by NI-ADSC-SM treatment in the 
Triton X-100-soluble (p < 0.01) and -insoluble fractions (Figure 2b and Figure 2d, respec-
tively). These results suggest that the NI-ADSC-SM prevents LRRK2 expression changes 
during ROT exposure. 

Figure 1. Effect of the NI-ADSC-SM on ROT-induced Ca2+ levels. SH-SY5Y cells seeded at
50,000 cells/mL in DMEM containing 1% FBS and incubated overnight were in the presence of
ROT (0.5 µM) or DMSO for 48 h alone or with the ADSC-SM or NI-ADSC-SM (each diluted by
50%) during the last 24 h as depicted in Supplementary Figure S1b. Intracellular Ca2+ levels were
assessed using the fura-2AM assay. Data are shown as the means (bars) and SEM (error bars) of three
independent cell culture experiments. Statistical analysis was performed using one-way ANOVA
with Tukey’s post-test. Statistical comparisons: a—compared with control; b—compared with ROT;
* p < 0.05 and *** p < 0.001.

2.2. Effects of the NI-ADSC-SM on LRRK2 Protein Expression after ROT Exposure

LRRK2 as one of the most common causes of PD provided much hope for the field of PD
therapeutics. As shown in Figure 2, the LRRK2 protein level was significantly increased in
SH-SY5Y cells after exposure to ROT for 24 and 48 h in Triton X-100-soluble (a) and -insoluble
(c) fractions. At 48 h, ROT significantly increased LRRK2 expression (p < 0.001; Figure 2b);
however, the levels were decreased by NI-ADSC-SM treatment in the Triton X-100-soluble
(p < 0.01) and -insoluble fractions (Figures 2b and 2d, respectively). These results suggest that
the NI-ADSC-SM prevents LRRK2 expression changes during ROT exposure.
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expression in Triton X-100-soluble (a) and Triton X-100-insoluble (c) cell lysate fractions were assessed
by Western blotting. (b,d) Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h
alone or with the ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. LRRK2
protein expression in Triton X-100-soluble (b) and Triton X-100-insoluble (d) cell lysate fractions was
assessed by Western blotting. Data are shown as the means (bars) and SEM (error bars) of three
independent cell culture experiments. Statistical analysis was performed using one-way ANOVA
with Tukey’s post-test. Statistical comparisons: a—compared with control; b—compared with ROT;
** p < 0.01 and *** p < 0.001.

2.3. Effects of the NI-ADSC-SM on PINK1 and Parkin Protein Expression after ROT Exposure

PINK1 and parkin promote mitochondrial health. In this study, the ROT exposure
decreased PINK1 (Figure 3a; Figure 3b: p < 0.05) and parkin (Figure 3a; Figure 3c: p < 0.01)
expression at 48 h in SH-SY5Y cells. Treatment with the NI-ADSC-SM or ADSC-SM
increased parkin (p < 0.05) levels after ROT exposure (Figure 3c), though they had no effect
on PINK1 (Figure 3b). Moreover, neither the ADSC-SM nor NI-ADSC-SM altered PINK1 or
parkin expression in the control groups. These results suggest that the NI-ADSC-SM can
rescue parkin expression after ROT exposure and may impede dysfunctional mitophagy
and the parkin-mediated signaling pathway.
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Figure 3. Effects of the NI-ADSC-SM on mitophagy-related proteins. Cells treated with or without
ROT (0.5 µM) at different timepoints were assessed for PINK1 and parkin by Western blotting (a).
Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h and then treated with the
ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of PINK1/GAPDH
(b) and parkin/GAPDH (c) protein expression were assessed by Western blotting. Data are shown
as the mean (bars) and SEM (error bars) of three independent cell culture experiments. Statistical
analysis was performed using one-way ANOVA with Tukey’s post-test. Statistical comparisons:
a—compared with control; b—compared with ROT; * p < 0.05 and ** p < 0.01.

2.4. Effects of the NI-ADSC-SM on Ub Protein Expression after ROT Exposure

Ub is a substrate for PINK1. Damaged mitochondria are known to be cleared by
mitophagy mechanisms by mediating ubiquitination. In our time-course study, ROT
decreased the levels of monomer (9 kDa) and polyubiquitinated (9~300 kDa) Ub in the
Triton X-100-soluble fraction (Figure 4a), but increased them in the Triton X-100-insoluble
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fraction (Figure 4e). The levels of monomer (9 kDa; Figure 4b,c) and polyubiquitinated
(9~300 kDa; Figure 4b,d) Ub in the Triton X-100-soluble fraction was upregulated by the
NI-ADSC-SM (p < 0.001) or ADSC-SM (p < 0.05 for monomer; p < 0.01 for ubiquitinated)
treatment after ROT exposure. As shown in Figure 4f, we observed that NI-ADSC-SM
decreased the levels of Ub in the Triton X-100-insoluble fraction. The ADSC-SM was not
used in Western blot to detect the Triton X-100-insoluble fraction and was shown to be less
protective than the NI-ADSC-SM.
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with Lewy bodies (LBs) and can downregulate α-syn. Moreover, oligomeric α-syn binds 
to TOM20, a transit peptide receptor from the OMM, to impair mitochondrial protein im-
port. Using a time-course study, the levels of DJ-1 and TOM20 were significantly de-
creased by ROT toxicity at 24 and 48 h (Figure 5a). DJ-1 (p < 0.001; Figure 5b) and TOM20 
(p < 0.01; Figure 5c) were significantly decreased after ROT exposure for 48 h. By contrast, 
the NI-ADSC-SM upregulated both DJ-1 and TOM20 in the ROT-exposed cells (p < 0.001). 
The ADSC-SM also increased DJ-1 (p < 0.01) and TOM20 (p < 0.05) after ROT exposure. 

Figure 4. Effects of the NI-ADSC-SM on Ubiquitin (Ub). (a,e) Cells treated with or without ROT
(0.5 µM) at different timepoints were assessed for Ub protein expression in Triton X-100-soluble (a)
and Triton X-100-insoluble (e) cell lysate fractions by Western blotting. (b–d,f) Cells were incubated
in the presence of ROT (0.5 µM) or DMSO for 48 h alone or with the ADSC-SM or NI-ADSC-SM
(each diluted by 50%) during the last 24 h (b). The levels of Ub monomer at 9 kDa (c) and poly
ubiquitinated at 9~300 kDa in the Triton X-100-soluble fractions (d) or in the Triton X-100-insoluble
fractions (f) were assessed by Western blotting. Data are shown as the means (bars) and SEM (error
bars) of three independent cell culture experiments. Statistical analysis was performed using one-way
ANOVA with Tukey’s post-test. Statistical comparisons: a—compared with control; b—compared
with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.5. Effects of the NI-ADSC-SM on DJ-1 and TOM20 Protein Expression after ROT Exposure

Along with PINK1 and parkin, DJ-1 has various cellular functions. DJ-1 colocalizes
with Lewy bodies (LBs) and can downregulate α-syn. Moreover, oligomeric α-syn binds to
TOM20, a transit peptide receptor from the OMM, to impair mitochondrial protein import.
Using a time-course study, the levels of DJ-1 and TOM20 were significantly decreased by
ROT toxicity at 24 and 48 h (Figure 5a). DJ-1 (p < 0.001; Figure 5b) and TOM20 (p < 0.01;
Figure 5c) were significantly decreased after ROT exposure for 48 h. By contrast, the NI-
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ADSC-SM upregulated both DJ-1 and TOM20 in the ROT-exposed cells (p < 0.001). The
ADSC-SM also increased DJ-1 (p < 0.01) and TOM20 (p < 0.05) after ROT exposure.
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Figure 5. Effects of the NI-ADSC-SM on DJ-1 and TOM20 expression. Cells treated with or without
ROT (0.5 µM) at different timepoints were assessed for DJ-1 and TOM20 expression by Western
blotting (a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h alone or with the
ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of DJ-1/GAPDH
(b) and TOM20/GAPDH (c) protein expression were assessed by Western blotting. Data are shown
as the means (bars) and SEM (error bars) of three independent cell culture experiments. Statistical
analysis was performed using one-way ANOVA with Tukey’s post-test. Statistical comparisons:
a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.6. Effects of the NI-ADSC-SM on Mitochondrial Fission and Fusion Protein Expression after
ROT Exposure

Mitochondrial fission is the division of single mitochondria into two and is mainly
controlled by DRP1 phosphorylated at Ser616 and Ser637. We found that ROT-induced
neurotoxicity significantly increased the phosphorylated DRP1 Ser616 (Figure 6a,b) and de-
creased the phosphorylated DRP1 Ser637 (Figure 6a,c), although ROT did not modify total
DRP1 (t-DRP1) levels (Figure 6). The ratios of p-DRP1 Ser616/t-DRP1 (p < 0.001; Figure 6b),
p-DRP1 Ser616/β-actin (p < 0.05; Supplementary Figure S2a), p-DRP1 Ser637/t-DRP1
(p < 0.001; Figure 6c), and p-DRP1 Ser637/GAPDH (p < 0.001; Supplementary Figure S2c)
were all significant. These results suggest that ROT induced the translocation of DRP1
Ser616 from the cytosol to mitochondria, possibly leading to a malfunction in mitochon-
drial dynamics. However, the ratio of p-DRP1 Ser616/t-DRP1 was decreased (p < 0.001;
Figure 6b), and p-DRP1 Ser637/t-DRP1 was increased (p < 0.01; Figure 6c) by NI-ADSC-SM
treatment. The t-DRP1 was also not changed (p > 0.05; Supplementary Figure S2b,d) by the
NI-ADSC-SM in SH-SY5Y cells after exposure to ROT.
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the ROT-exposed cells. Treatment with the ADSC-SM also increased the OPA1 level in 
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Figure 6. Effects of the NI-ADSC-SM on mitochondrial fission-associated proteins. Cells treated
with or without ROT (0.5 µM) at different timepoints were assessed for DPR1 protein expression
by Western blotting (a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h
alone or with ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels
of p-DRP1 Ser616/t-DRP1 (b) and p-DRP1 Ser637/t-DRP1 (c) protein expression were assessed by
Western blotting. Data are shown as the means (bars) and SEM (error bars) of three independent
cell culture experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s
post-test. Statistical comparisons: a—compared with control; b—compared with ROT; * p < 0.05,
** p < 0.01, and *** p < 0.001. p-, phosphorylated; t-, total.

Mitochondrial fusion is the union of two mitochondria into one elongated mitochon-
drion, which is controlled by MFN1, MFN2, and OPA1. In the time-course study, ROT
decreased the levels of MFN1, MFN2, and OPA1 at different timepoints (Figure 7a). We
observed a decrease in MFN1 (p < 0.001; Figure 7b), MFN2 (p < 0.01; Figure 7c), and OPA1
(p < 0.001; Figure 7d) after exposure to ROT for 48 h in SH-SY5Y cells. Treatment with the
NI-ADSC-SM (p < 0.001 for all) or ADSC-SM (p < 0.001 for MFN1 and OPA1; p < 0.01 for
MFN2) at the final 24 h significantly increased the levels of MFN1, MFN2, and OPA1 in the
ROT-exposed cells. Treatment with the ADSC-SM also increased the OPA1 level in control
SH-SY5Y cells (p < 0.01; Figure 7d).
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Figure 7. Effects of the NI-ADSC-SM on mitochondrial fusion-associated proteins. Cells treated
with or without ROT (0.5 µM) at different timepoints were assessed for MFN1, MFN2, and OPA1
expression by Western blotting (a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO
for 48 h alone or with the ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h.
The levels of MFN1/β-actin (b), MFN2/β-actin (c), and OPA1/GAPDH (d) protein expression were
assessed by Western blotting. Data are shown as the means (bars) and SEM (error bars) of three
independent cell culture experiments. Statistical analysis was performed using one-way ANOVA
with Tukey’s post-test. Statistical comparisons: a—compared with control; b—compared with ROT;
** p < 0.01 and *** p < 0.001.

2.7. Effects of the NI-ADSC-SM on Endoplasmic Reticulum Stress Protein Expression after
ROT Exposure

The ER is a crucial organelle involved in protein production. In this present study,
ROT-induced toxicity increased the ratios of BiP/GAPDH (p < 0.01; Figure 8b), p-PERK
Thr981/GAPDH (p < 0.05; Figure 8e and Supplementary Figure S3c), t-PERK/GAPDH
(p < 0.05; Figure 8e and Supplementary Figure S3d), t-PERK/β-actin (p < 0.05; Figure 7d and
Supplementary Figure S3b), p-IRE1α Ser724/GAPDH (p < 0.01; Figure 9b and Supplementary
Figure S4a), t-IRE1α/GAPDH (p < 0.01; Figure 9b and Supplementary Figure S4b), and p-
SAPK Thr183,Tyr185/GAPDH (p < 0.001; Figure 9c and Supplementary Figure S4c), while
decreasing the ratios of p-PERK Thr980/t-PERK (p < 0.001; Figure 8c) and p-PERK Thr980/β-
actin (p < 0.001; Supplementary Figure S3a). Treatment with NI-ADSC-SM after ROT exposure
did not modify BiP levels; however, BiP increased when treated in control SH-SY5Y cells
(p < 0.05; Figure 8b). NI-ADSC-SM treatment decreased the levels of p-PERK Thr981/GAPDH
(p < 0.05; Supplementary Figure S3c and Figure 8d), t-PERK (p < 0.05; Supplementary Figure
S3b,d), p-IRE1α Ser724 (p < 0.01; Figure 9b and Supplementary Figure S4a), t-IRE1α (p < 0.01;
Figure 9b and Supplementary Figure S4b), and p-SAPK Thr183-Tyr185 (p < 0.05; Figure 9c
and Supplementary Figure S4c). Treatment with the NI-ADSC-SM or ADSC-SM increased the
expression of p-PERK Thr980 (p < 0.001 by NI-ADSC-SM; p < 0.05 by ADSC-SM; Figure 8c
and Supplementary Figure S3a).
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Figure 8. Effects of the NI-ADSC-SM on BiP and PERK expression. Cells treated with or without
ROT (0.5 µM) at different timepoints were assessed for BiP and PERK by Western blotting (a). Cells
were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h alone or with the ADSC-SM or
NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of BiP/GAPDH (b), p-PERK
Thr980/t-PERK (c), and p-PERK Thr981/t-PERK (d) protein expression were assessed by Western
blotting. Data are shown as the means (bars) and SEM (error bars) of three independent cell culture
experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s post-test.
Statistical comparisons: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01,
and *** p < 0.001. p-, phosphorylated; t-, total.
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(a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h alone or with the
ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of p-IRE1α Ser724/t-
IRE1α (b) and p-SAPK Thr183-Tyr185/t-SAPK (c) protein expression were assessed by Western
blotting. Data are shown as the means (bars) and SEM (error bars) of three independent cell culture
experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s post-test.
Statistical comparisons: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01,
and *** p < 0.001. p-, phosphorylated; t-, total.

As seen in Figure 10a, the expression of p-eIF2α at Ser51 was decreased, but the levels
of ATF4 and CHOP were increased by ROT in the time-dependent toxicity study. p-eIF2α
Ser51 was significantly decreased (p < 0.01; Figure 10b and Supplementary Figure S5a),
while ATF4 (p < 0.001; Figure 10c) and CHOP (p < 0.001; Figure 10d) were increased by
ROT after 48 h. NI-ADSC-SM treatment increased p-eIF2α Ser51 (p < 0.01; Figure 10b and
Supplementary Figure S5a) and decreased ATF4 (p < 0.001; Figure 10c) and CHOP (p < 0.01;
Figure 10d) after ROT exposure. Treatment with the ADSC-SM showed comparably less
protective effect to ROT toxicity than the NI-ADSC-SM. Treatment with ROT, the ADSC-SM,
or the NI-ADSC-SM alone or combined did not change the total levels of eIF2α in SH-SY5Y
cells (Supplementary Figure S5b).
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ROT Exposure 

It is interesting to understand mitochondria, the ER, and their interactions in NDD 
that regulate Ca2+ transfer between these organelles. IP3R1 has been shown to be relevant 

Figure 10. Effects of the NI-ADSC-SM on eIF2α, ATF4, and CHOP expression. Cells treated with or
without ROT (0.5 µM) at different timepoints were assessed for above protein expressions by Western
blotting (a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h alone or with
the ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of p-eIF2α
Ser51/t-eIF2α (b), ATF4/GAPDH (c), and CHOP/GAPDH (d) protein expression were assessed by
Western blotting. Data are shown as the means (bars) and SEM (error bars) of three independent
cell culture experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s
post-test. Statistical comparisons: a—compared with control; b—compared with ROT; * p < 0.05,
** p < 0.01, and *** p < 0.001. p-, phosphorylated; t-, total.
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2.8. Effects of the NI-ADSC-SM on IP3R-GRP75-VDAC Tethering Protein Expression after
ROT Exposure

It is interesting to understand mitochondria, the ER, and their interactions in NDD
that regulate Ca2+ transfer between these organelles. IP3R1 has been shown to be relevant
to ER–mitochondria Ca2+ coupling by forming a complex with VDAC1 and GRP75. We first
studied the expression of the p-IP3R at Ser1756, t-IP3R1, GRP75, and VDAC in different
timepoints of ROT toxicity (Figure 11a). p-IP3R Ser1756 was decreased (p < 0.001; Figure 11b
and Supplementary Figure S5c), whereas GRP75 (p < 0.001; Figure 11c) and VDAC (p < 0.01;
Figure 11d) were increased by ROT toxicity in SH-SY5Y cells. ROT, the ADSC-SM, and
the NI-ADSC-SM did not alter the levels of t-IP3R1 (Figure 11b and Supplementary Figure
S5d). In contrast, treatments with the ADSC-SM or NI-ADSC-SM increased p-IP3R Ser1756
(p < 0.001; Figure 11b and Supplementary Figure S5c) and decreased GRP75 levels (p < 0.01;
Figure 11c). ADSC-SM treatment did not modify VDAC, but the NI-ADSC-SM decreased
the VDAC levels after exposure to ROT (p < 0.01; Figure 11d).
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that acts as a hub for multiprotein signaling and participates in protein–protein interac-
tions, cytoskeletal dynamics, mitochondrial function, and autophagy [22]. This cytoplas-
mic protein may associate with intracellular membranes, such as the OMM, Golgi appa-
ratus, and ER [23]. ROT increased LRRK2 levels in the Triton X-100-soluble and -insoluble 
cell lysates in this study, coinciding with another study suggesting that ROT-induced 
LRRK2 activation leads to an overall reduction of protein translation [24]. An increase in 
LRRK2 can disrupt its normal physiological functions, which results in synaptic dysfunc-
tion [25], increased mitochondrial Ca2+ uptake [26], and deregulation of autophagy 
through lysosomal degradation [27]. NI-ADSC-SM treatment inhibited the ROT-induced 

Figure 11. Effects of the NI-ADSC-SM on ER–mitochondrial signaling proteins. Cells treated with or
without ROT (0.5 µM) at different timepoints were assessed for IP3R1, GRP75, and VDAC expression
by Western blotting (a). Cells were incubated in the presence of ROT (0.5 µM) or DMSO for 48 h
alone or with the ADSC-SM or NI-ADSC-SM (each diluted by 50%) during the last 24 h. The levels of
p-IP3R Ser1756/t-IP3R1 (b), GRP75/GAPDH (c), and VDAC/β-actin (d) protein expression were
assessed by Western blotting. Data are shown as the means (bars) and SEM (error bars) of three
independent cell culture experiments. Statistical analysis was performed using one-way ANOVA
with Tukey’s post-test. Statistical comparisons: a—compared with control; b—compared with ROT;
** p < 0.01 and *** p < 0.001. p-, phosphorylated; t-, total.

3. Discussion

ROT easily crosses biological membranes due to its high lipophilicity and inhibits
complex I, which can reproduce pathological conditions of PD-like symptoms, including
aggregation of α-syn [15]. LRRK2 is a ubiquitously expressed, large homodimeric protein
that acts as a hub for multiprotein signaling and participates in protein–protein interactions,
cytoskeletal dynamics, mitochondrial function, and autophagy [22]. This cytoplasmic
protein may associate with intracellular membranes, such as the OMM, Golgi apparatus,
and ER [23]. ROT increased LRRK2 levels in the Triton X-100-soluble and -insoluble cell
lysates in this study, coinciding with another study suggesting that ROT-induced LRRK2
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activation leads to an overall reduction of protein translation [24]. An increase in LRRK2
can disrupt its normal physiological functions, which results in synaptic dysfunction [25],
increased mitochondrial Ca2+ uptake [26], and deregulation of autophagy through lyso-
somal degradation [27]. NI-ADSC-SM treatment inhibited the ROT-induced increase of
LRRK2 in SH-SY5Y cells in this study, which also supports that LRRK2 inhibition could
prevent the loss of dopaminergic neurons [28]. Therefore, inhibiting LRRK2 is potentially
beneficial in PD.

Mitophagy, the selective degradation of mitochondria by autophagy, is essential for
maintaining neuronal health by degrading and recycling cellular material. PINK1 is a
protein kinase required to recruit parkin and Ub to damaged mitochondria to initiate
mitophagy on the OMM [29,30]. In this present study, the levels of PINK1 and parkin were
decreased by ROT in SH-SY5Y cells. This result suggests that the degradation of cytosolic
PINK1 by the Ub–proteasome system led to low levels of PINK1 [31]. Studies also reported
that the loss of PINK1 or parkin in SH-SY5Y cells induced higher mitochondrial fragmen-
tation facilitated by DRP1 [7,32]. Loss of parkin can cause uncoupling of mitochondria
and the ER and a decrease in MAM under mitophagy induction [33]. The depletion of
PINK1 or parkin increases ROS-induced apoptotic cell death [34]. These results suggest
that activation of mitophagy could recruit ubiquitinated substrates, such as misfolded
α-syn protein aggregates, for clearance [16].

The ubiquitination of mitochondria under oxidative stress accumulates aggregation of
misfolded proteins, which are recognized by the autophagic adaptor protein p62 (SQSTM1;
sequestome1) and cleared through the mitophagy [35]. ROT-induced toxicity downregu-
lated the autophagic clearance [16], suggesting that the protein aggregates may accumulate
with increased levels of Ub conjugates [36]. In this present study, ROT toxicity increased the
Ub (monomer and polyubiquitinated) in the Triton X-100-insoluble cell lysates; however,
it decreased the Triton X-100-soluble Ub. Studies indicate that phosphorylated α-syn is
ubiquitinated [37], which further enhances cellular dysfunction [38]. p-S129-α-syn was
increased in the Triton X-100-insoluble fractions [15], reflecting the current results that
ubiquitination attempts to target misfolded proteins for degradation. In this present study,
NI-ADSC-SM treatment increased parkin and decreased insoluble Ub expression, suggest-
ing the neuroprotective potential against ROT toxicity. The NI-ADSC-SM did not recover
PINK1 levels in this study, suggesting that PINK1 has other distinct and uncharacterized
functions [6]. However, overexpression of parkin was able to rescue the α-syn-induced
toxicity associated with PD [39].

Several substrates of OMM proteins have been ubiquitinated by the PINK1/parkin-
mediated signaling pathway [40]. DJ-1 is almost ubiquitously expressed in the brain and
is present in synaptic terminals, mitochondria, and membranous organelles [41]. DJ-1
colocalizes with LBs and can downregulate α-syn by forming an E3 ligase complex with
PINK1/parkin [42]. The decreased levels of DJ-1 after ROT exposure seen in this present
study may be attributed to increased ROS production [43]. α-syn aggregation is promoted
by the loss of DJ-1 via the increased degradation of LAMP2 [44]. A decrease in DJ-1 in
MAMs alters Ca2+ transfer [33], leading to mitochondrial dysfunction [45]. ROT toxicity
decreased the LAMP2 levels and increased the oligomerization of α-syn in SH-SY5Y cells.
Treatment with the NI-ADSC-SM increased DJ-1 in this study. NI-ADSC-SM also increased
the LAMP2 levels and decreased the α-syn oligomerization in our previous results [15,16].

Mitochondrial proteins positioned within the matrix cooperate with the TOM complex
via the OMM receptor TOM20 [46]. PINK1 is imported through the TOM complex in
healthy mitochondria [47], while parkin ubiquitinates multiple substrate proteins, including
TOM20 [40]. In PD, p-Ser129-α-syn binds to TOM20, impairing mitochondrial function [48].
In this study, TOM20 levels were decreased by ROT, whereas the NI-ADSC-SM increased
TOM20 to above-normal levels. Studies reported that oligomeric, but not monomeric, α-syn
binds to TOM20 causing mitochondrial dysfunction [48]. However, increased TOM20 levels
in this study may be due to the reduction of oligomeric α-syn as reported earlier [15] which
imports mitochondrial precursor proteins, increasing mitochondrial function [49].
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Mitochondria undergo constant fission and fusion sequentially, and these functions
rely on the levels of DRP1 phosphorylation and Mfn1 and 2 and OPA1 expression [50].
DRP1 is essential for the mitochondrial distribution in axons, dendrites, and synapses.
However, phosphorylation of DRP1 at Ser616 activates DRP1, which promotes translocation
from the cytosol to the OMM, inducing mitochondrial division and fragmentation [51].
Phosphorylation at Ser637 of DRP1 inhibits DRP1 activity, thus preventing mitochondrial
fragmentation and regulating mitochondrial morphology [52]. The interplay between
Ser616 and Ser637 via the PINK1/parkin pathway can drive mitophagy [51]. In this present
study, p-DRP1 Ser616 was significantly increased, while p-DRP1 Ser637 was decreased
by ROT. LRRK2 overexpression increases mitochondrial fragmentation and clearance by
interacting with DRP1 [53]. Moreover, we found that NI-ADSC-SM treatment could almost
completely inhibit the ROT-induced increase in p-DRP1 Ser616 and activate p-DRP1 Ser637,
suggesting that fragmented mitotic mitochondria can escape from apoptotic cell death via
mitophagy [51].

Mitochondrial fusion is controlled by MFN1 and MFN2 localized to the OMM and
OPA1 located in the IMM [8]. MFN2 was reported to tether the ER to the mitochondria by
directly interacting with either MFN1 or MFN2 on the OMM [54] to regulate mitochondrial
Ca2+ uptake from the ER [55]. PINK1/parkin can regulate MAMs through MFN2 [56].
OPA1 has been shown to be responsible for the fusion of the IMM associated with cristae
folding and regulating the respiratory chain supercomplex assembly [57]. Depletion of
OPA1 during apoptosis causes mitochondrial fragmentation and modifies the shape of
the cristae [58]. In this present study, the low levels of MFN1, MFN2, and OPA1 during
ROT-induced toxicity suggest that mitochondrial fusion is repressed, leading to the marked
accumulation of damaged mitochondria. Abnormally high mitochondrial fission induces
ROS production to activate PINK/parkin-dependent mitophagy [59], uncoupling the mito-
chondria from the ER via the degradation of MFN2 [6]. Lowered MFN2 levels decreased
the distance between the ER and OMM to impair Ca2+ uptake into the mitochondria [60].
These results suggest that ROT toxicity promotes mitochondrial fission while inhibiting
mitochondrial fusion in SH-SY5Y cells. As expected, NI-ADSC-SM treatment increased
these fusion proteins after exposure to ROT is likely sufficient to rescue mitochondrial
dysfunction-associated pathologies.

The ER controls posttranslational protein processing and transport; however, the accu-
mulation of misfolded proteins is upregulated during ER dysfunction [61]. PERK, IRE1α,
and ATF6 are associated with BiP/GRP78 in normal conditions but are released during
ERS, triggering the unfolded protein response (UPR) [62] to recover protein homeostasis or
induce apoptosis [63]. In this present study, BiP, p-Thr981 PERK, t-PERK, p-IRE1α, and
t-IRE1α were increased, while p-Thr980 PERK was decreased during ROT toxicity. These
results showed that ROT-induced ERS led to the disassociation of BiP from the luminal
domains of both PERK and IRE1α, enabling auto-phosphorylation [64]. Accumulation of
unfolded proteins activates IRE1α at Ser724, leading to apoptosis through stress-activated
protein kinase (SAPK; c-Jun N-terminal kinase; JNK) signaling during ERS [11]. A rapid
increase in p-SAPK at Thr183/Tyr185 upon ROT toxicity amplifies ERS subsequently acti-
vates pro-apoptotic cell death. Activated SAPK enters the nucleus and promotes cell death
associated with CHOP transcription [65]. However, the NI-ADSC-SM reverted the changes
on PERK, IRE1α, and SAPK induced by ROT. In addition, the NI-ADSC-SM did not change
BiP levels after exposure to ROT, and NI-ADSC-SM-treated control cells showed increased
BiP levels in this study. Another study showed that BiP was increased to protect cells from
oxidative stress. Thus, BiP can momentarily bind to hydrophobic residues on proteins to
refold or prevent aggregation [66].

PERK activation blocks the entrance of synthesized proteins into the ER [67], thus
inactivating the global protein translation initiation key target eIF2α, which causes the
destruction of protein translation and dropping of ER protein load [68]. In this present
study, ROT decreased p-Ser51 eIF2α levels, while the NI-ADSC-SM increased them in
SH-SY5Y cells. Dephosphorylation of eIF2α by ROT may halt protein synthesis [69]. We
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suggest that increased p-eIF2α by the NI-ADSC-SM may upregulate basal autophagy,
antioxidant responses, and amino acid metabolism in the UPR [63]. These results coincide
with other studies suggesting that p-eIF2α may be protective [70,71]. These protective
responses result in enhanced protein degradation and subsequently increase the ER protein
folding capacity [61]. Induction of the transcription factors ATF4 and CHOP by ERS is
dependent on PERK [72] and is also evidenced in this study during ROT toxicity. When the
UPR pathway is compromised and can no longer restore ER homeostasis, PERK induces
CHOP to stimulate ERS-dependent cell death [73]. ATF4 also controls the expression of pro-
apoptotic CHOP [74]. ATF4 expression in the axon triggers a cascade [75]. CHOP-promoted
cell death in PD has been linked to increased ROS and decreased Bcl-2 [2].

ERS includes the release of Ca2+ from ER stores and the physical interaction of the
ER and mitochondria [76]. Ca2+ is required inside the mitochondria for the production of
ATP. ER–mitochondria tethering regulates Ca2+ homeostasis, lipid transfer, mitochondrial
dynamics, and autophagy [29]. LRRK2 mutations have been linked to impaired autophagic
regulation through altered ER and lysosomal Ca2+ signaling pathways [77]. Ca2+ exchange
between the ER and mitochondria [13] is mediated by a molecular tripartite tethering
complex, IP3R-GRP75-VDAC [14], in the MAM. IP3R, responsible for Ca2+ release from
the ER, interacts with VDAC1 at the OMM via a chaperone, GRP75 [29]. In this present
study, ROT-induced toxicity decreased the p-Ser1756 IP3R while increasing the levels of
GRP75 and VDAC. ROT also disrupts intracellular Ca2+ homeostasis [61]. IP3R plays
important roles in protecting cells against apoptosis [54], and high Ca2+ concentrations can
inhibit IP3R [78] function, leading to apoptosis by depressing the mitochondrial membrane
potential [79].

Loss of IP3R activity activates AMP-activated protein kinase (AMPK), which in turn
inhibits mammalian target of rapamycin (mTOR) signaling [80], which was also reported
in our previous publication [16]. Impaired tethering of the ER and mitochondria can
be mediated by altered proteins involved in MAMs. Upregulated GRP75 and VDAC
expression is crucial for the increased Ca2+ load, leading to mitochondrial dysfunction in
neurons [81] and a higher susceptibility for cell death [54]. In addition, PD-associated α-syn
mutations decrease ER–mitochondria connections [82]. NI-ADSC-SM treatment increased
p-Ser1756 IP3R and inhibited the expression of GRP75 and VDAC during ROT toxicity.
The increased anti-apoptotic protein Bcl-2 upregulates the phosphorylation of IP3R and
lowers pro-apoptotic ER–mitochondrial Ca2+ fluxes [83], suggesting that IP3R is central for
tethering mitochondria close to the ER [84].

4. Materials and Methods
4.1. Secretome-Containing Culture Medium Collection from Primary ADSCs and
Neural-Induced ADSCs

Adipose tissues from human donors were attained according to the Ethics Committee
of Chonnam National University Medical School (IRB: I-2009-03-016). Primary ADSCs
were isolated, and adherent cells were grown at 37 ◦C in a humidified incubator (5%
CO2/95% air) with Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT,
USA) containing 10% fetal bovine serum (FBS, Hyclone), 1% penicillin–streptomycin (Gibco
BRL, Grand Island, NY, USA), and 0.2% amphotericin B (Gibco). Approximately 80%
confluence of the primary ADSCs (passages 3–5) were maintained in DMEM supplemented
with reduced FBS at 1% for seven days. The secretome-containing culture medium from
primary ADSCs (ADSC-SM) was collected, pooled, filtered with a sterile 0.2 µm syringe
filter, and kept at −80 ◦C until used for treatment. For the neural-induced secretome,
primary ADSCs (passages 3–5) cultured in DMEM supplemented with 1% FBS were
supplemented with 100 ng/mL bFGF (Invitrogen Co., Carlsbad, CA, USA) for the first
seven days and further incubated for another seven days with 10 µM forskolin (Sigma
Chemical Co., St. Louis, MO, USA) as per our previous studies [19–21]. The neural-induced
secretome-containing culture medium (NI-ADSC-SM) was collected without NI-ADSCs,
pooled, filtered using a sterile 0.2 µm syringe filter, and kept at −80 ◦C until used for
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treatment. Several batches of the ADSC-SM and NI-ADSC-SM were collected from multiple
cell cultures and neural induction for the consequent experiments.

4.2. Cell Culture

The human neuroblastoma cell line SH-SY5Y (RRID: CVCL_0019; ATCC® CRL-2266;
American Type Culture Collection, Manassas, VA, USA) was cultured with 10% FBS and
1% penicillin–streptomycin supplemented DMEM (Welgene Inc., Gyeongsan, Republic
of Korea) at 37 ◦C in a humidified incubator containing 5% CO2/95% air. Confluent
cultures from passages 15–22 were used for experiments. Briefly, cultured cells were rinsed
with phosphate-buffered saline (PBS), dissociated with 0.25% trypsin–EDTA solution, then
reseeded at an equal density of 50,000 cells/mL in DMEM with 1% FBS, and kept for
overnight before being used for the experiments.

4.3. Rotenone Preparation

A ROT (R8875, Sigma) stock solution at 10 mM in a polar aprotic solvent, dimethyl
sulfoxide (DMSO; D2650, Sigma), was aliquoted and kept at −80 ◦C and used for experi-
ments within six months. A ROT working solution (250 µM) was prepared with DMEM
(without FBS) for each experiment. The remaining working solution diluted from the stock
solution was discarded.

4.4. ROT Toxicity and ADSC-SM and NI-ADSC-SM Treatments

Time-dependent effects of ROT (0.5 µM)-induced toxicity on SH-SY5Y cells were
assessed to characterize the protein signaling pathway changes (Supplementary Figure
S1a). SH-SY5Y cells were incubated for 24 h in the presence of 0.5 µM ROT or DMSO
(control). The cell culture medium was collected with floating cells, centrifuged at 3000 rpm
for three minutes, and the supernatant was discarded. The pelleted cells were resuspended
in a fresh medium and added to their respective culture plate. Either the ADSC-SM or
NI-ADSC-SM (each diluted at 50% in DMEM with 1% FBS) was added, and the cells
were incubated in the presence of 0.5 µM ROT or DMSO for another 24 h (Supplementary
Figure S1b). FBS at 1% was maintained throughout the study. Several sets of experiments
were performed with different passages of SH-SY5Y cells treated with multiple sets of the
ADSC-SM or NI-ADSC-SM against ROT-induced toxicity.

4.5. Estimation of Intracellular Calcium (Ca2+) by Fura-2AM

Fura-2AM (1 mM; F-1221, Molecular Probes, Carlsbad, CA, USA) was added and
incubated for one hour at 37 ◦C in a dark incubator. The fura-2AM-containing cell culture
medium was then removed, the cells were washed twice with fresh DMEM (without
FBS), and a suspension was prepared. Fluorescence was measured using a SpectraMax
M2 fluorescence spectrometer (Molecular Devices, Sunnyvale, CA, USA) by SoftMax Pro
5.4.6 software (Molecular Devices) with excitations at 320 nm and 355 nm and emission
at 538 nm. The levels of Ca2+ were calculated by the ratio of 320/355 nm excitation and
expressed as a percentage of the control. The assay was performed in triplicate.

4.6. Preparation of Triton X-100-Soluble and -Insoluble Fractions and Western Blotting

Detached and adherent cells were collected by scraping and centrifugation before
being washed with PBS. Then, the cells were immersed with Triton X-100-soluble cell
lysis buffer consisting of rapid immunoprecipitation assay (RIPA) buffer (#89901, Thermo
Scientific, Rockford, IL, USA), Halt protease inhibitor cocktail (#87789, Thermo Scientific),
Halt phosphatase inhibitor cocktail (#78420, Thermo Scientific), and 1% Triton X-100 (X100,
Sigma). The cells were incubated for 30 min on ice at 8 ◦C. Thereafter, the lysates were
centrifuged at 13,200 rpm (16,000× g) for 20 min at 4 ◦C, and the cell lysate supernatants
(Triton X-100-soluble fractions) were collected. The remaining cell pellets were washed
with PBS, dissolved in a Triton X-100-insoluble cell lysis buffer consisting of 2% sodium
dodecyl sulfate (SDS, L3771, Sigma) and Triton X-100-soluble cell lysis buffer, and sonicated
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for one minute on ice at intervals of 10 s (Triton X-100-insoluble fractions). The BCA
Protein Assay Kit (#23225, Thermo Scientific) was used to estimate the protein levels, and
equal amounts (10 µg) were loaded on 5–12% SDS–polyacrylamide gels. The proteins
were separated according to their molecular weight in the gels and were transferred onto
polyvinylidene difluoride (PVDF) membranes (IPVH00010, Millipore, Bradford, MA, USA).
The membranes were blocked with 5% nonfat dried milk or 1% bovine serum albumin
(BSA) dissolved in the washing buffer (TBS-T; Tris-buffered saline, pH 7.6 containing 0.1%
Tween 20). The membranes were then incubated with primary and secondary antibodies.
The antibodies used (acquired from Abcam, Cambridge, MA, USA; Biorbyt, Cambridge,
UK; Cell Signaling Technology Inc., Danvers, MA, USA; and Santa Cruz Biotechnology,
Santa Cruz, CA, USA) are listed in Supplementary Table S1. Lastly, the bands were
visualized by an enhanced chemiluminescence (ECL) system (WBLUR0500, Millipore,
Billerica, MA, USA) and a luminescent image analyzer (LAS 4000, GE Healthcare, Little
Chalfont, UK). After imaging the phosphorylated proteins, the membranes were stripped
with Western Blot Stripping Buffer (#21059, Thermo Scientific) and subsequently used to
detect total protein forms. β-actin or GAPDH were used to normalize the target protein
levels. Phospho-protein signals were normalized against the total (non-phosphorylated)
forms of the same target protein. ImageJ software (National Institutes of Health, Bethesda,
MD, USA) was used for densitometric analysis.

4.7. Statistical Analysis

Data are shown as the mean ± standard error of the mean (SEM) of three independent
cell culture experiments. Microsoft Excel and GraphPad Prism® 5.0 software (GraphPad
Software Inc., San Diego, CA, USA) were used for data processing, analyzing statistical
comparisons, and preparing the bar charts. One-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc multiple-comparison tests were performed, and p-values of less
than 0.05 were considered statistically significant for toxicity or treatment groups.

5. Conclusions

ROT-induced toxicity in SH-SY5Y cells resulted in impaired cellular homeostasis of
mitochondria, the ER, and MAM tethering proteins. Additionally, increased cell-death-
associated Ca2+ is crucial for understanding the pathogenesis of PD. Increased LRRK2
disrupts PINK1/parkin-dependent mitophagy, and mitochondrial fusion target increased
mitochondrial fission. In addition, misfolded proteins during ERS induced by ROT toxicity
triggered the release of PERK and IRE1α from BiP, promoting the activation of ATF4,
CHOP, and SAPK. Increased expression of GRP75 and VDAC may be accompanied by
mitochondrial Ca2+ overload and reduced IP3R tethering between the ER and mitochondria.
NI-ADSC-SM treatment attenuated the ROT-induced dysfunction in mitochondria and
the ER. Taken together, our findings may help uncover the molecular mechanisms of ROT-
induced neurotoxicity contributing to the signaling pathways of mitochondria, the ER, and
their interaction in NDD (Figure 12). Therefore, the “secretome” released during neural
differentiation from MSCs into the conditioned medium may have a vital role in treating
NDDs. Thus, the NI-ADSC-SM is suggested to have therapeutic potential through the
various biological molecules released during neural differentiation and may be sufficient to
rescue pathologies in PD.



Int. J. Mol. Sci. 2023, 24, 5622 17 of 21Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 18 of 21 
 

 

 
Figure 12. Schematic representation of the proposed mechanisms of the NI-ADSC-SM in response 
to ROT toxicity. 

Supplementary Materials: The following supporting information can be downloaded at 
www.mdpi.com/xxx/s1. 

Author Contributions: Conceptualization, M.R., S.J., and H.-S.J.; methodology, M.R., S.J., and H.-
S.J.; software, M.R., S.J., and J.H.; validation, M.R., S.J., H.-S.J., J.H., B.K., and H.-H.C.; formal anal-
ysis, M.R., S.J., and J.H.; investigation, M.R. and S.J.; resources, M.R., S.J., and H.-S.J.; data curation, 
M.R., S.J., H.-S.J., and J.H.; writing—original draft preparation, M.R., S.J., B.K., and H.-S.J.; writing—
review and editing, S.J., H.-S.J., B.K., H.-H.C., and E.K.; visualization, M.R.; supervision, S.J. and H.-
S.J.; project administration, E.K., S.J., and H.-S.J.; funding acquisition, M.R., E.K., S.J., and H.-S.J. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by grants from the National Research Foundation of Korea 
(grant numbers NRF-2021R1I1A3060435, NRF-2020R1I1A3070388 and NRF-2020R1F1A1076616), a 
grant from the Chonnam National University Hospital Biomedical Research Institute (BCRI22051), 
a grant from the Jeollanam-do Science and Technology R&D Project (Development of Stem Cell-
Derived New Drug) funded by the Jeollanam-do, Republic of Korea and a grant from the Korea 
Institute for Advancement of Technology (KIAT) funded by the Korean Government (MOTIE). 

Institutional Review Board Statement: Adipose tissues from human donors were attained accord-
ing to the Ethics Committee of Chonnam National University Medical School (IRB: I-2009-03-016). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in the article and Sup-
plementary Materials. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 
design of the study, the collection, analyses, or interpretation of data, in the writing of the manu-
script, or in the decision to publish the results. 

References 
1. Greenamyre, J.T.; Cannon, J.R.; Drolet, R.; Mastroberardino, P.G. Lessons from the rotenone model of Parkinson’s disease. 

Trends Pharmacol. Sci. 2010, 31, 141–142. 

Figure 12. Schematic representation of the proposed mechanisms of the NI-ADSC-SM in response to
ROT toxicity.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms24065622/s1.

Author Contributions: Conceptualization, M.R., S.J. and H.-S.J.; methodology, M.R., S.J. and H.-S.J.;
software, M.R., S.J. and J.H.; validation, M.R., S.J., H.-S.J., J.H., B.K. and H.-H.C.; formal analysis, M.R.,
S.J. and J.H.; investigation, M.R. and S.J.; resources, M.R., S.J. and H.-S.J.; data curation, M.R., S.J.,
H.-S.J. and J.H.; writing—original draft preparation, M.R., S.J., B.K. and H.-S.J.; writing—review and
editing, S.J., H.-S.J., B.K., H.-H.C. and E.K.; visualization, M.R.; supervision, S.J. and H.-S.J.; project
administration, E.K., S.J. and H.-S.J.; funding acquisition, M.R., E.K., S.J. and H.-S.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the National Research Foundation of Korea
(grant numbers NRF-2021R1I1A3060435, NRF-2020R1I1A3070388 and NRF-2020R1F1A1076616), a
grant from the Chonnam National University Hospital Biomedical Research Institute (BCRI22051), a
grant from the Jeollanam-do Science and Technology R&D Project (Development of Stem Cell-Derived
New Drug) funded by the Jeollanam-do, Republic of Korea and a grant from the Korea Institute for
Advancement of Technology (KIAT) funded by the Korean Government (MOTIE).

Institutional Review Board Statement: Adipose tissues from human donors were attained according
to the Ethics Committee of Chonnam National University Medical School (IRB: I-2009-03-016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and Supple-
mentary Materials.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, the collection, analyses, or interpretation of data, in the writing of the manuscript, or in
the decision to publish the results.

https://www.mdpi.com/article/10.3390/ijms24065622/s1
https://www.mdpi.com/article/10.3390/ijms24065622/s1


Int. J. Mol. Sci. 2023, 24, 5622 18 of 21

References
1. Greenamyre, J.T.; Cannon, J.R.; Drolet, R.; Mastroberardino, P.G. Lessons from the rotenone model of Parkinson’s disease. Trends

Pharmacol. Sci. 2010, 31, 141–142. [CrossRef] [PubMed]
2. Ryu, E.J.; Harding, H.P.; Angelastro, J.M.; Vitolo, O.V.; Ron, D.; Greene, L.A. Endoplasmic reticulum stress and the unfolded

protein response in cellular models of Parkinson’s disease. J. Neurosci. 2002, 22, 10690–10698. [CrossRef]
3. Di Maio, R.; Hoffman, E.K.; Rocha, E.M.; Keeney, M.T.; Sanders, L.H.; De Miranda, B.R.; Zharikov, A.; Van Laar, A.; Stepan, A.F.;

Lanz, T.A.; et al. LRRK2 activation in idiopathic Parkinson’s disease. Sci. Transl. Med. 2018, 10, eaar5429. [CrossRef] [PubMed]
4. Rocha, E.M.; Keeney, M.T.; Di Maio, R.; De Miranda, B.R.; Greenamyre, J.T. LRRK2 and idiopathic Parkinson’s disease. Trends

Neurosci. 2022, 45, 224–236. [CrossRef]
5. Bakula, D.; Scheibye-Knudsen, M. MitophAging: Mitophagy in aging and disease. Front. Cell Dev. Biol. 2020, 8, 239. [CrossRef]
6. McLelland, G.L.; Goiran, T.; Yi, W.; Dorval, G.; Chen, C.X.; Lauinger, N.D.; Krahn, A.I.; Valimehr, S.; Rakovic, A.; Rouiller, I.; et al.

Mfn2 ubiquitination by PINK1/parkin gates the p97-dependent release of ER from mitochondria to drive mitophagy. eLife 2018,
7, e32866. [CrossRef] [PubMed]

7. Lutz, A.K.; Exner, N.; Fett, M.E.; Schlehe, J.S.; Kloos, K.; Lammermann, K.; Brunner, B.; Kurz-Drexler, A.; Vogel, F.; Reichert,
A.S.; et al. Loss of parkin or PINK1 function increases Drp1-dependent mitochondrial fragmentation. J. Biol. Chem. 2009, 284,
22938–22951. [CrossRef]

8. Lee, S.; Min, K.T. The interface between ER and mitochondria: Molecular compositions and functions. Mol. Cells 2018, 41,
1000–1007.

9. Pereira, C.M.F. Crosstalk between endoplasmic reticulum stress and protein misfolding in neurodegenerative diseases. ISRN Cell
Biol. 2013, 2013, 256404. [CrossRef]

10. DeGracia, D.J.; Montie, H.L. Cerebral ischemia and the unfolded protein response. J. Neurochem. 2004, 91, 1–8. [CrossRef]
11. Urano, F.; Wang, X.; Bertolotti, A.; Zhang, Y.; Chung, P.; Harding, H.P.; Ron, D. Coupling of stress in the ER to activation of JNK

protein kinases by transmembrane protein kinase IRE1. Science 2000, 287, 664–666. [CrossRef]
12. Thivolet, C.; Vial, G.; Cassel, R.; Rieusset, J.; Madec, A.M. Reduction of endoplasmic reticulum- mitochondria interactions in beta

cells from patients with type 2 diabetes. PLoS ONE 2017, 12, e0182027. [CrossRef] [PubMed]
13. Kornmann, B.; Currie, E.; Collins, S.R.; Schuldiner, M.; Nunnari, J.; Weissman, J.S.; Walter, P. An ER-mitochondria tethering

complex revealed by a synthetic biology screen. Science 2009, 325, 477–481. [CrossRef] [PubMed]
14. Szabadkai, G.; Bianchi, K.; Varnai, P.; De Stefani, D.; Wieckowski, M.R.; Cavagna, D.; Nagy, A.I.; Balla, T.; Rizzuto, R. Chaperone-

mediated coupling of endoplasmic reticulum and mitochondrial Ca2+ channels. J. Cell Biol. 2006, 175, 901–911. [CrossRef]
[PubMed]

15. Ramalingam, M.; Jang, S.; Jeong, H.S. Neural-induced human adipose tissue-derived stem cells conditioned medium ameliorates
rotenone-induced toxicity in SH-SY5Y cells. Int. J. Mol. Sci. 2021, 22, 2322. [CrossRef]

16. Ramalingam, M.; Jeong, H.S.; Hwang, J.; Cho, H.H.; Kim, B.C.; Kim, E.; Jang, S. Autophagy signaling by neural-induced human
adipose tissue-derived stem cell-conditioned medium during rotenone-induced toxicity in SH-SY5Y cells. Int. J. Mol. Sci. 2022,
23, 4193. [CrossRef]

17. Napoli, E.; Borlongan, C.V. Cell Therapy in Parkinson’s Disease: Host Brain Repair Machinery Gets a Boost from Stem Cell Grafts.
Stem Cells 2017, 35, 1443–1445. [CrossRef]

18. Teixeira, F.G.; Salgado, A.J. Mesenchymal stem cells secretome: Current trends and future challenges. Neural Regen. Res. 2020, 15,
75–77. [CrossRef]

19. Jang, S.; Cho, H.H.; Cho, Y.B.; Park, J.S.; Jeong, H.S. Functional neural differentiation of human adipose tissue-derived stem cells
using bFGF and forskolin. BMC Cell Biol. 2010, 11, 25. [CrossRef]

20. Jang, S.; Cho, H.H.; Kim, S.H.; Lee, K.H.; Cho, Y.B.; Park, J.S.; Jeong, H.S. Transplantation of human adipose tissue-derived stem
cells for repair of injured spiral ganglion neurons in deaf guinea pigs. Neural Regen. Res. 2016, 11, 994–1000. [CrossRef]

21. Jang, S.; Park, J.S.; Jeong, H.S. Neural differentiation of human adipose tissue-derived stem cells involves activation of the
Wnt5a/JNK signalling. Stem Cells Int. 2015, 2015, 178618. [CrossRef] [PubMed]

22. Cookson, M.R. The role of leucine-rich repeat kinase 2 (LRRK2) in Parkinson’s disease. Nat. Rev. Neurosci. 2010, 11, 791–797.
[CrossRef] [PubMed]

23. Thomas, B.; Beal, M.F. Parkinson’s disease. Hum. Mol. Genet. 2007, 16, R183–R194. [CrossRef] [PubMed]
24. Deshpande, P.; Flinkman, D.; Hong, Y.; Goltseva, E.; Siino, V.; Sun, L.H.; Peltonen, S.; Elo, L.L.; Kaasinen, V.; James, P.; et al.

Protein synthesis is suppressed in sporadic and familial Parkinson’s disease by LRRK2. FASEB J. 2020, 34, 14217–14233. [CrossRef]
[PubMed]

25. Martin, I.; Kim, J.W.; Lee, B.D.; Kang, H.C.; Xu, J.C.; Jia, H.; Stankowski, J.; Kim, M.S.; Zhong, J.; Kumar, M.; et al. Ribosomal
protein s15 phosphorylation mediates LRRK2 neurodegeneration in Parkinson’s disease. Cell 2014, 157, 472–485. [CrossRef]
[PubMed]

26. Verma, M.; Callio, J.; Otero, P.A.; Sekler, I.; Wills, Z.P.; Chu, C.T. Mitochondrial calcium dysregulation contributes to dendrite
degeneration mediated by PD/LBD-associated LRRK2 mutants. J. Neurosci. 2017, 37, 11151–11165. [CrossRef]

27. Dodson, M.W.; Zhang, T.; Jiang, C.; Chen, S.; Guo, M. Roles of the Drosophila LRRK2 homolog in Rab7-dependent lysosomal
positioning. Hum. Mol. Genet. 2012, 21, 1350–1363. [CrossRef]

http://doi.org/10.1016/j.tips.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20096940
http://doi.org/10.1523/JNEUROSCI.22-24-10690.2002
http://doi.org/10.1126/scitranslmed.aar5429
http://www.ncbi.nlm.nih.gov/pubmed/30045977
http://doi.org/10.1016/j.tins.2021.12.002
http://doi.org/10.3389/fcell.2020.00239
http://doi.org/10.7554/eLife.32866
http://www.ncbi.nlm.nih.gov/pubmed/29676259
http://doi.org/10.1074/jbc.M109.035774
http://doi.org/10.1155/2013/256404
http://doi.org/10.1111/j.1471-4159.2004.02703.x
http://doi.org/10.1126/science.287.5453.664
http://doi.org/10.1371/journal.pone.0182027
http://www.ncbi.nlm.nih.gov/pubmed/28742858
http://doi.org/10.1126/science.1175088
http://www.ncbi.nlm.nih.gov/pubmed/19556461
http://doi.org/10.1083/jcb.200608073
http://www.ncbi.nlm.nih.gov/pubmed/17178908
http://doi.org/10.3390/ijms22052322
http://doi.org/10.3390/ijms23084193
http://doi.org/10.1002/stem.2636
http://doi.org/10.4103/1673-5374.264455
http://doi.org/10.1186/1471-2121-11-25
http://doi.org/10.4103/1673-5374.184503
http://doi.org/10.1155/2015/178618
http://www.ncbi.nlm.nih.gov/pubmed/26106419
http://doi.org/10.1038/nrn2935
http://www.ncbi.nlm.nih.gov/pubmed/21088684
http://doi.org/10.1093/hmg/ddm159
http://www.ncbi.nlm.nih.gov/pubmed/17911161
http://doi.org/10.1096/fj.202001046R
http://www.ncbi.nlm.nih.gov/pubmed/32926469
http://doi.org/10.1016/j.cell.2014.01.064
http://www.ncbi.nlm.nih.gov/pubmed/24725412
http://doi.org/10.1523/JNEUROSCI.3791-16.2017
http://doi.org/10.1093/hmg/ddr573


Int. J. Mol. Sci. 2023, 24, 5622 19 of 21

28. Dwyer, Z.; Rudyk, C.; Thompson, A.; Farmer, K.; Fenner, B.; Fortin, T.; Derksen, A.; Sun, H.; Hayley, S. Clint, Leucine-rich
repeat kinase-2 (LRRK2) modulates microglial phenotype and dopaminergic neurodegeneration. Neurobiol. Aging 2020, 91, 45–55.
[CrossRef]

29. Xu, L.; Wang, X.; Tong, C. Endoplasmic reticulum-mitochondria contact sites and neurodegeneration. Front. Cell Dev. Biol. 2020, 8,
428. [CrossRef]

30. Van Laar, V.S.; Otero, P.A.; Hastings, T.G.; Berman, S.B. Potential role of Mic60/mitofilin in Parkinson’s disease. Front. Neurosci.
2018, 12, 898. [CrossRef]

31. Yamano, K.; Youle, R.J. PINK1 is degraded through the N-end rule pathway. Autophagy 2013, 9, 1758–1769. [CrossRef] [PubMed]
32. Dagda, R.K.; Cherra, S.J., 3rd; Kulich, S.M.; Tandon, A.; Park, D.; Chu, C.T. Loss of PINK1 function promotes mitophagy through

effects on oxidative stress and mitochondrial fission. J. Biol. Chem. 2009, 284, 13843–13855. [CrossRef] [PubMed]
33. Wilson, E.L.; Metzakopian, E. ER-mitochondria contact sites in neurodegeneration: Genetic screening approaches to investigate

novel disease mechanisms. Cell Death Differ. 2021, 28, 1804–1821. [CrossRef] [PubMed]
34. Berger, A.K.; Cortese, G.P.; Amodeo, K.D.; Weihofen, A.; Letai, A.; LaVoie, M.J. Parkin selectively alters the intrinsic threshold for

mitochondrial cytochrome c release. Hum. Mol. Genet. 2009, 18, 4317–4328. [CrossRef]
35. Sugiura, A.; McLelland, G.L.; Fon, E.A.; McBride, H.M. A new pathway for mitochondrial quality control: Mitochondrial-derived

vesicles. EMBO J. 2014, 33, 2142–2156. [CrossRef]
36. Han, S.W.; Choi, J.; Ryu, K.Y. Stress response of mouse embryonic fibroblasts exposed to polystyrene nanoplastics. Int. J. Mol. Sci.

2021, 22, 2094. [CrossRef]
37. Hasegawa, M.; Fujiwara, H.; Nonaka, T.; Wakabayashi, K.; Takahashi, H.; Lee, V.M.; Trojanowski, J.Q.; Mann, D.; Iwatsubo,

T. Phosphorylated alpha-synuclein is ubiquitinated in alpha-synucleinopathy lesions. J. Biol. Chem. 2002, 277, 49071–49076.
[CrossRef]

38. Sampathu, D.M.; Giasson, B.I.; Pawlyk, A.C.; Trojanowski, J.Q.; Lee, V.M. Ubiquitination of alpha-synuclein is not required for
formation of pathological inclusions in alpha-synucleinopathies. Am. J. Pathol. 2003, 163, 91–100. [CrossRef]

39. Lo Bianco, C.; Schneider, B.L.; Bauer, M.; Sajadi, A.; Brice, A.; Iwatsubo, T.; Aebischer, P. Lentiviral vector delivery of parkin
prevents dopaminergic degeneration in an alpha-synuclein rat model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA 2004, 101,
17510–17515. [CrossRef]

40. Sarraf, S.A.; Raman, M.; Guarani-Pereira, V.; Sowa, M.E.; Huttlin, E.L.; Gygi, S.P.; Harper, J.W. Landscape of the PARKIN-
dependent ubiquitylome in response to mitochondrial depolarization. Nature 2013, 496, 372–376. [CrossRef]

41. Usami, Y.; Hatano, T.; Imai, S.; Kubo, S.; Sato, S.; Saiki, S.; Fujioka, Y.; Ohba, Y.; Sato, F.; Funayama, M.; et al. DJ-1 associates with
synaptic membranes. Neurobiol. Dis. 2011, 43, 651–662. [CrossRef] [PubMed]

42. Xiong, H.; Wang, D.; Chen, L.; Choo, Y.S.; Ma, H.; Tang, C.; Xia, K.; Jiang, W.; Ronai, Z.; Zhuang, X.; et al. Parkin, PINK1, and DJ-1
form a ubiquitin E3 ligase complex promoting unfolded protein degradation. J. Clin. Investig. 2009, 119, 650–660. [CrossRef]
[PubMed]

43. Irrcher, I.; Aleyasin, H.; Seifert, E.L.; Hewitt, S.J.; Chhabra, S.; Phillips, M.; Lutz, A.K.; Rousseaux, M.W.; Bevilacqua, L.; Jahani-Asl,
A.; et al. Loss of the Parkinson’s disease-linked gene DJ-1 perturbs mitochondrial dynamics. Hum. Mol. Genet. 2010, 19, 3734–3746.
[CrossRef]

44. Xu, C.Y.; Kang, W.Y.; Chen, Y.M.; Jiang, T.F.; Zhang, J.; Zhang, L.N.; Ding, J.Q.; Liu, J.; Chen, S.D. DJ-1 Inhibits alpha-synuclein
aggregation by regulating chaperone-mediated autophagy. Front. Aging Neurosci. 2017, 9, 308. [CrossRef]

45. Huang, M.; Chen, S. DJ-1 in neurodegenerative diseases: Pathogenesis and clinical application. Prog. Neurobiol. 2021, 204, 102114.
[CrossRef] [PubMed]

46. Shiota, T.; Imai, K.; Qiu, J.; Hewitt, V.L.; Tan, K.; Shen, H.H.; Sakiyama, N.; Fukasawa, Y.; Hayat, S.; Kamiya, M.; et al. Molecular
architecture of the active mitochondrial protein gate. Science 2015, 349, 1544–1548. [CrossRef]

47. Lazarou, M.; Jin, S.M.; Kane, L.A.; Youle, R.J. Role of PINK1 binding to the TOM complex and alternate intracellular membranes
in recruitment and activation of the E3 ligase Parkin. Dev. Cell 2012, 22, 320–333. [CrossRef]

48. Di Maio, R.; Barrett, P.J.; Hoffman, E.K.; Barrett, C.W.; Zharikov, A.; Borah, A.; Hu, X.; McCoy, J.; Chu, C.T.; Burton, E.A.; et al.
alpha-Synuclein binds to TOM20 and inhibits mitochondrial protein import in Parkinson’s disease. Sci. Transl. Med. 2016, 8,
342ra78. [CrossRef]

49. Koo, J.H.; Cho, J.Y.; Lee, U.B. Treadmill exercise alleviates motor deficits and improves mitochondrial import machinery in an
MPTP-induced mouse model of Parkinson’s disease. Exp. Gerontol. 2017, 89, 20–29. [CrossRef]

50. El-Hattab, A.W.; Suleiman, J.; Almannai, M.; Scaglia, F. Mitochondrial dynamics: Biological roles, molecular machinery, and
related diseases. Mol. Genet. Metab. 2018, 125, 315–321. [CrossRef]

51. Ko, H.J.; Tsai, C.Y.; Chiou, S.J.; Lai, Y.L.; Wang, C.H.; Cheng, J.T.; Chuang, T.H.; Huang, C.F.; Kwan, A.L.; Loh, J.K.; et al.
The phosphorylation status of Drp1-ser637 by PKA in mitochondrial fission modulates mitophagy via PINK1/parkin to exert
multipolar spindles assembly during mitosis. Biomolecules 2021, 11, 424. [CrossRef]

52. Chang, C.R.; Blackstone, C. Drp1 phosphorylation and mitochondrial regulation. EMBO Rep. 2007, 8, 1088–1089. [CrossRef]
[PubMed]

53. Franco-Iborra, S.; Vila, M.; Perier, C. Mitochondrial quality control in neurodegenerative diseases: Focus on Parkinson’s disease
and Huntington’s disease. Front. Neurosci. 2018, 12, 342. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neurobiolaging.2020.02.017
http://doi.org/10.3389/fcell.2020.00428
http://doi.org/10.3389/fnins.2018.00898
http://doi.org/10.4161/auto.24633
http://www.ncbi.nlm.nih.gov/pubmed/24121706
http://doi.org/10.1074/jbc.M808515200
http://www.ncbi.nlm.nih.gov/pubmed/19279012
http://doi.org/10.1038/s41418-020-00705-8
http://www.ncbi.nlm.nih.gov/pubmed/33335290
http://doi.org/10.1093/hmg/ddp384
http://doi.org/10.15252/embj.201488104
http://doi.org/10.3390/ijms22042094
http://doi.org/10.1074/jbc.M208046200
http://doi.org/10.1016/S0002-9440(10)63633-4
http://doi.org/10.1073/pnas.0405313101
http://doi.org/10.1038/nature12043
http://doi.org/10.1016/j.nbd.2011.05.014
http://www.ncbi.nlm.nih.gov/pubmed/21645620
http://doi.org/10.1172/JCI37617
http://www.ncbi.nlm.nih.gov/pubmed/19229105
http://doi.org/10.1093/hmg/ddq288
http://doi.org/10.3389/fnagi.2017.00308
http://doi.org/10.1016/j.pneurobio.2021.102114
http://www.ncbi.nlm.nih.gov/pubmed/34174373
http://doi.org/10.1126/science.aac6428
http://doi.org/10.1016/j.devcel.2011.12.014
http://doi.org/10.1126/scitranslmed.aaf3634
http://doi.org/10.1016/j.exger.2017.01.001
http://doi.org/10.1016/j.ymgme.2018.10.003
http://doi.org/10.3390/biom11030424
http://doi.org/10.1038/sj.embor.7401118
http://www.ncbi.nlm.nih.gov/pubmed/18059302
http://doi.org/10.3389/fnins.2018.00342
http://www.ncbi.nlm.nih.gov/pubmed/29875626


Int. J. Mol. Sci. 2023, 24, 5622 20 of 21

54. Decuypere, J.P.; Monaco, G.; Missiaen, L.; De Smedt, H.; Parys, J.B.; Bultynck, G. IP(3) receptors, mitochondria, and Ca2+ signaling:
Implications for aging. J. Aging Res. 2011, 2011, 920178. [CrossRef]

55. de Brito, O.M.; Scorrano, L. Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature 2008, 456, 605–610. [CrossRef]
[PubMed]

56. Basso, V.; Marchesan, E.; Peggion, C.; Chakraborty, J.; von Stockum, S.; Giacomello, M.; Ottolini, D.; Debattisti, V.; Caicci, F.; Tasca,
E.; et al. Regulation of ER-mitochondria contacts by parkin via mfn2. Pharmacol. Res. 2018, 138, 43–56. [CrossRef]

57. Cogliati, S.; Frezza, C.; Soriano, M.E.; Varanita, T.; Quintana-Cabrera, R.; Corrado, M.; Cipolat, S.; Costa, V.; Casarin, A.; Gomes,
L.C.; et al. Mitochondrial cristae shape determines respiratory chain supercomplexes assembly and respiratory efficiency. Cell
2013, 155, 160–171. [CrossRef]

58. Olichon, A.; Baricault, L.; Gas, N.; Guillou, E.; Valette, A.; Belenguer, P.; Lenaers, G. Loss of OPA1 perturbates the mitochondrial
inner membrane structure and integrity, leading to cytochrome c release and apoptosis. J. Biol. Chem. 2003, 278, 7743–7746.
[CrossRef]

59. Huang, Q.; Zhan, L.; Cao, H.; Li, J.; Lyu, Y.; Guo, X.; Zhang, J.; Ji, L.; Ren, T.; An, J.; et al. Increased mitochondrial fission promotes
autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of the NFKB and TP53
pathways. Autophagy 2016, 12, 999–1014. [CrossRef]

60. Naon, D.; Zaninello, M.; Giacomello, M.; Varanita, T.; Grespi, F.; Lakshminaranayan, S.; Serafini, A.; Semenzato, M.; Herkenne, S.;
Hernandez-Alvarez, M.I.; et al. Critical reappraisal confirms that Mitofusin 2 is an endoplasmic reticulum-mitochondria tether.
Proc. Natl. Acad. Sci. USA 2016, 113, 11249–11254. [CrossRef]

61. Chen, Y.Y.; Chen, G.; Fan, Z.; Luo, J.; Ke, Z.J. GSK3beta and endoplasmic reticulum stress mediate rotenone-induced death of
SK-N-MC neuroblastoma cells. Biochem. Pharmacol. 2008, 76, 128–138. [CrossRef]

62. Lima, N.C.R.; Melo, T.Q.; Sakugawa, A.Y.S.; Melo, K.P.; Ferrari, M.F.R. Restoration of Rab1 levels prevents endoplasmic reticulum
stress in hippocampal cells during protein aggregation triggered by rotenone. Neuroscience 2019, 419, 5–13. [CrossRef] [PubMed]

63. Hetz, C.; Chevet, E.; Oakes, S.A. Proteostasis control by the unfolded protein response. Nat. Cell Biol. 2015, 17, 829–838. [CrossRef]
64. Bertolotti, A.; Zhang, Y.; Hendershot, L.M.; Harding, H.P.; Ron, D. Dynamic interaction of BiP and ER stress transducers in the

unfolded-protein response. Nat. Cell Biol. 2000, 2, 326–332. [CrossRef]
65. Kim, T.W.; Lee, S.Y.; Kim, M.; Cheon, C.; Ko, S.G. Kaempferol induces autophagic cell death via IRE1-JNK-CHOP pathway and

inhibition of G9a in gastric cancer cells. Cell Death Dis. 2018, 9, 875. [CrossRef] [PubMed]
66. Morano, K.A. New tricks for an old dog: The evolving world of Hsp70. Ann. N. Y. Acad. Sci. 2007, 1113, 1–14. [CrossRef]

[PubMed]
67. Rutkowski, D.T.; Kaufman, R.J. A trip to the ER: Coping with stress. Trends Cell Biol. 2004, 14, 20–28. [CrossRef]
68. Cullinan, S.B.; Zhang, D.; Hannink, M.; Arvisais, E.; Kaufman, R.J.; Diehl, J.A. Nrf2 is a direct PERK substrate and effector of

PERK-dependent cell survival. Mol. Cell. Biol. 2003, 23, 7198–7209. [CrossRef]
69. Marciniak, S.J.; Yun, C.Y.; Oyadomari, S.; Novoa, I.; Zhang, Y.; Jungreis, R.; Nagata, K.; Harding, H.P.; Ron, D. CHOP induces

death by promoting protein synthesis and oxidation in the stressed endoplasmic reticulum. Genes Dev. 2004, 18, 3066–3077.
[CrossRef]

70. Boyce, M.; Bryant, K.F.; Jousse, C.; Long, K.; Harding, H.P.; Scheuner, D.; Kaufman, R.J.; Ma, D.W.; Coen, D.M.; Ron, D.; et al. A
selective inhibitor-of eIF2alpha dephosphorylation protects cells from ER stress. Science 2005, 307, 935–939. [CrossRef]

71. Lu, P.D.; Jousse, C.; Marciniak, S.J.; Zhang, Y.H.; Novoa, I.; Scheuner, D.; Kaufman, R.J.; Ron, D.; Harding, H.P. Cytoprotection by
pre-emptive conditional phosphorylation of translation initiation factor 2. EMBO J. 2004, 23, 169–179. [CrossRef] [PubMed]

72. Harding, H.P.; Novoa, I.; Zhang, Y.H.; Zeng, H.Q.; Wek, R.; Schapira, M.; Ron, D. Regulated translation initiation controls
stress-induced gene expression in mammalian cells. Mol. Cell 2000, 6, 1099–1108. [CrossRef] [PubMed]

73. Galehdar, Z.; Swan, P.; Fuerth, B.; Callaghan, S.M.; Park, D.S.; Cregan, S.P. Neuronal apoptosis induced by endoplasmic reticulum
stress is regulated by ATF4-CHOP-mediated induction of the Bcl-2 homology 3-only member PUMA. J. Neurosci. 2010, 30,
16938–16948. [CrossRef]

74. Mercado, G.; Castillo, V.; Soto, P.; Lopez, N.; Axten, J.M.; Sardi, S.P.; Hoozemans, J.J.M.; Hetz, C. Targeting PERK signaling with
the small molecule GSK2606414 prevents neurodegeneration in a model of Parkinson’s disease. Neurobiol. Dis. 2018, 112, 136–148.
[CrossRef] [PubMed]

75. Baleriola, J.; Walker, C.A.; Jean, Y.Y.; Crary, J.F.; Troy, C.M.; Nagy, P.L.; Hengst, U. Axonally synthesized ATF4 transmits a
neurodegenerative signal across brain regions. Cell 2014, 158, 1159–1172. [CrossRef] [PubMed]

76. Hoppins, S.; Nunnari, J. Cell Biology. Mitochondrial dynamics and apoptosis–the ER connection. Science 2012, 337, 1052–1054.
[CrossRef]

77. Kim, J.W.; Yin, X.L.; Jhaldiyal, A.; Khan, M.R.; Martin, I.; Xie, Z.; Perez-Rosello, T.; Kumar, M.; Abalde-Atristain, L.; Xu, J.C.; et al.
Defects in mRNA translation in LRRK2-mutant hiPSC-derived dopaminergic neurons lead to dysregulated calcium homeostasis.
Cell Stem Cell 2020, 27, 633–645. [CrossRef]

78. Finch, E.A.; Turner, T.J.; Goldin, S.M. Calcium as a coagonist of inositol 1,4,5-trisphosphate-induced calcium release. Science 1991,
252, 443–446. [CrossRef]

79. Higo, T.; Hamada, K.; Hisatsune, C.; Nukina, N.; Hashikawa, T.; Hattori, M.; Nakamura, T.; Mikoshiba, K. Mechanism of ER
stress-induced brain damage by IP3 receptor. Neuron 2010, 68, 865–878. [CrossRef]

http://doi.org/10.4061/2011/920178
http://doi.org/10.1038/nature07534
http://www.ncbi.nlm.nih.gov/pubmed/19052620
http://doi.org/10.1016/j.phrs.2018.09.006
http://doi.org/10.1016/j.cell.2013.08.032
http://doi.org/10.1074/jbc.C200677200
http://doi.org/10.1080/15548627.2016.1166318
http://doi.org/10.1073/pnas.1606786113
http://doi.org/10.1016/j.bcp.2008.04.010
http://doi.org/10.1016/j.neuroscience.2019.08.050
http://www.ncbi.nlm.nih.gov/pubmed/31491505
http://doi.org/10.1038/ncb3184
http://doi.org/10.1038/35014014
http://doi.org/10.1038/s41419-018-0930-1
http://www.ncbi.nlm.nih.gov/pubmed/30158521
http://doi.org/10.1196/annals.1391.018
http://www.ncbi.nlm.nih.gov/pubmed/17513460
http://doi.org/10.1016/j.tcb.2003.11.001
http://doi.org/10.1128/MCB.23.20.7198-7209.2003
http://doi.org/10.1101/gad.1250704
http://doi.org/10.1126/science.1101902
http://doi.org/10.1038/sj.emboj.7600030
http://www.ncbi.nlm.nih.gov/pubmed/14713949
http://doi.org/10.1016/S1097-2765(00)00108-8
http://www.ncbi.nlm.nih.gov/pubmed/11106749
http://doi.org/10.1523/JNEUROSCI.1598-10.2010
http://doi.org/10.1016/j.nbd.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29355603
http://doi.org/10.1016/j.cell.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25171414
http://doi.org/10.1126/science.1224709
http://doi.org/10.1016/j.stem.2020.08.002
http://doi.org/10.1126/science.2017683
http://doi.org/10.1016/j.neuron.2010.11.010


Int. J. Mol. Sci. 2023, 24, 5622 21 of 21

80. Cardenas, C.; Muller, M.; McNeal, A.; Lovy, A.; Jana, F.; Bustos, G.; Urra, F.; Smith, N.; Molgo, J.; Diehl, J.A.; et al. Selective
vulnerability of cancer cells by inhibition of Ca2+ transfer from endoplasmic reticulum to mitochondria. Cell Rep. 2016, 14,
2313–2324. [CrossRef]

81. Liang, T.; Hang, W.J.; Chen, J.H.; Wu, Y.; Wen, B.; Xu, K.; Ding, B.B.; Chen, J. ApoE4 (Delta 272–299) induces mitochondrial-
associated membrane formation and mitochondrial impairment by enhancing GRP75-modulated mitochondrial calcium overload
in neuron. Cell Biosci. 2021, 11, 50. [CrossRef]

82. Guardia-Laguarta, C.; Area-Gomez, E.; Rub, C.; Liu, Y.; Magrane, J.; Becker, D.; Voos, W.; Schon, E.A.; Przedborski, S. alpha-
Synuclein is localized to mitochondria-associated ER membranes. J. Neurosci. 2014, 34, 249–259. [CrossRef] [PubMed]

83. Oakes, S.A.; Scorrano, L.; Opferman, J.T.; Bassik, M.C.; Nishino, M.; Pozzan, T.; Korsmeyer, S.J. Proapoptotic BAX and BAK
regulate the type 1 inositol trisphosphate receptor and calcium leak from the endoplasmic reticulum. Proc. Natl. Acad. Sci. USA
2005, 102, 105–110. [CrossRef] [PubMed]

84. Bartok, A.; Weaver, D.; Golenar, T.; Nichtova, Z.; Katona, M.; Bansaghi, S.; Alzayady, K.J.; Thomas, V.K.; Ando, H.; Mikoshiba, K.;
et al. IP3 receptor isoforms differently regulate ER-mitochondrial contacts and local calcium transfer. Nat. Commun. 2019, 10,
3726. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.celrep.2016.02.030
http://doi.org/10.1186/s13578-021-00563-y
http://doi.org/10.1523/JNEUROSCI.2507-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24381286
http://doi.org/10.1073/pnas.0408352102
http://www.ncbi.nlm.nih.gov/pubmed/15613488
http://doi.org/10.1038/s41467-019-11646-3
http://www.ncbi.nlm.nih.gov/pubmed/31427578

	Introduction 
	Results 
	Effects of the NI-ADSC-SM on Intracellular Ca2+ Levels after ROT Exposure 
	Effects of the NI-ADSC-SM on LRRK2 Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on PINK1 and Parkin Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on Ub Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on DJ-1 and TOM20 Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on Mitochondrial Fission and Fusion Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on Endoplasmic Reticulum Stress Protein Expression after ROT Exposure 
	Effects of the NI-ADSC-SM on IP3R-GRP75-VDAC Tethering Protein Expression after ROT Exposure 

	Discussion 
	Materials and Methods 
	Secretome-Containing Culture Medium Collection from Primary ADSCs and Neural-Induced ADSCs 
	Cell Culture 
	Rotenone Preparation 
	ROT Toxicity and ADSC-SM and NI-ADSC-SM Treatments 
	Estimation of Intracellular Calcium (Ca2+) by Fura-2AM 
	Preparation of Triton X-100-Soluble and -Insoluble Fractions and Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

