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Mito-metformin protects against
mitochondrial dysfunction and
dopaminergic neuronal
degeneration by activating
upstream PKDL1 signaling in cell
culture and MitoPark animal
models of Parkinson'’s disease
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Ahyoung Jang?, Piyush Padhi?, Huajun Jin?,
Vellareddy Anantharam?, Balaraman Kalyanaraman?,
Arthi Kanthasamy? and Anumantha G. Kanthasamy®2*
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Advanced Neurotoxicology, lowa State University, Ames, IA, United States, 2Department of Physiology
and Pharmacology, Isakson Center for Neurological Disease Research, University of Georgia, Athens,
GA, United States, *Department of Biophysics, Medical College of Wisconsin, Milwaukee, WI, United
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Impaired mitochondrial function and biogenesis have strongly been implicated in
the pathogenesis of Parkinson’s disease (PD). Thus, identifying the key signaling
mechanisms regulating mitochondrial biogenesis is crucial to developing new
treatment strategies for PD. We previously reported that protein kinase D1 (PKD1)
activation protects against neuronal cell death in PD models by regulating
mitochondrial biogenesis. To further harness the translational drug discovery
potential of targeting PKD1-mediated neuroprotective signaling, we synthesized
mito-metformin (Mito-Met), a mitochondria-targeted analog derived from
conjugating the anti-diabetic drug metformin with a triphenylphosphonium
functional group, and then evaluated the preclinical efficacy of Mito-Met in cell
culture and MitoPark animal models of PD. Mito-Met (100—-300 nM) significantly
activated PKD1 phosphorylation, as well as downstream Akt and AMPKa
phosphorylation, more potently than metformin, in N27 dopaminergic neuronal
cells. Furthermore, treatment with Mito-Met upregulated the mRNA and protein
expression of mitochondrial transcription factor A (TFAM) implying that Mito-
Met can promote mitochondrial biogenesis. Interestingly, Mito-Met significantly
increased mitochondrial bioenergetics capacity in N27 dopaminergic cells. Mito-
Met also reduced mitochondrial fragmentation induced by the Parkinsonian
neurotoxicant MPP* in N27 cells and protected against MPP*-induced TH-
positive neurite loss in primary neurons. More importantly, Mito-Met treatment
(10 mg/kg, oral gavage for 8 week) significantly improved motor deficits and
reduced striatal dopamine depletion in MitoPark mice. Taken together, our
results demonstrate that Mito-Met possesses profound neuroprotective effects
in both in vitro and in vivo models of PD, suggesting that pharmacological
activation of PKD1 signaling could be a novel neuroprotective translational
strategy in PD and other related neurocognitive diseases.
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Introduction

As the most common neurodegenerative movement disorder,
Parkinson’s disease (PD) affects millions worldwide and inflicts
significant social and economic burdens on society. This disease is
mainly characterized by the progressive loss of dopamin(DA)ergic
neurons in the substantia nigra of the midbrain that are involved in
controlling movement and motor coordination (Shulman et al., 2011;
Armstrong and Okun, 2020). Although several gene mutations and
environmental factors have been shown to affect the risk of PD, the
exact etiology of the disease is not yet fully understood (Lai et al.,
2002; Schapira and Jenner, 2011; Trinh and Farrer, 2013; Kouli et al.,
2018; Choong and Mochizuki, 2023). Compelling evidence from both
experimental studies and postmortem human brain tissues suggests
that mitochondrial dysfunction and oxidative stress play important
roles in the pathogenesis of PD (Sanders and Greenamyre, 2013;
Subramaniam and Chesselet, 2013; Ryan et al., 2015; Trist et al., 2019;
Malpartida et al., 2021). Interestingly, transgenic animals with either
mitochondrial transcription factor A (TFAM) or mitochondrial
complex I deficits in DAergic neurons recapitulate the neurobehavioral,
neurochemical and neurodegenerative changes of PD (Trancikova
et al., 2012; Doric and Nakamura, 2021; Henrich et al., 2023).

Protein kinase D1 (PKD1) is a key member of the PKD family that
belongs to the calcium/calmodulin-dependent protein kinase
(CAMK) superfamily (Manning et al., 2002). PKD1 is expressed in the
brain and plays an important role in regulating several cellular
functions, including Golgi function, membrane trafficking, and cell
survival (Jamora et al., 1999; Prigozhina and Waterman-Storer, 2004;
Storz et al., 2005). We previously demonstrated that PKD1 is highly
expressed in nigral DAergic neurons and rapidly activated during
oxidative stress, and its activation plays a compensatory
neuroprotective function against oxidative stress-induced DAergic
neuronal cell death (Asaithambi et al., 2011, 2014), while negative
modulation of PKD1 signaling increased the susceptibility of DAergic
neurons to oxidative stress (Ay et al., 2015).

Type 2 diabetes (T2DM) is one of the most common chronic
disorders and the most common form of diabetes, affecting
approximately 90% of people with diabetes (Santiago and Potashkin,
2014). There is a growing literature suggesting that T2DM is a risk
factor for neurodegenerative diseases including PD (Sun et al., 2012;
Santiago and Potashkin, 2013a; Hassan et al., 2020). Although the
mechanism behind the association of these two diseases is currently
unknown, both diseases share some similar pathogenic pathways,
such as mitochondrial dysfunction, oxidative stress, endoplasmic
reticulum (ER) stress, and inflammation (Sandyk, 1993; Santiago and
Potashkin, 2013b; Hassan et al., 2020). Studies have also reported that
diabetic animals showed increased vulnerability to Parkinsonian
specific toxicants, including 6-OHDA and MPTP (Morris et al., 2010;
Wang et al., 2014). Metformin is one of the most commonly used anti-
diabetic drugs with a high safety profile (Dunn et al., 1995). Metformin
has been shown to protect against DAergic neurodegeneration in
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experimental models of PD (Patil et al., 2014; Lu et al., 2016; Katila
et al., 2017; El-Ghaiesh et al, 2020; Wang et al,, 2020). More
importantly, a cohort study revealed that the combination therapy of
metformin and sulfonylurea reduced the risk of developing PD in
patients with T2DM in a Taiwanese population (Wahlqvist et al.,
2012). In elderly veterans with T2DM, taking metformin for more
than 2 vyears was linked to a reduced risk of developing
neurodegenerative diseases (Shi et al., 2019).

Given that mitochondrial dysfunction is an important factor in
PD pathogenesis, targeting compounds into mitochondria may lead
to the discovery of more specific, less toxic, and more effective
neuroprotective agents for PD. Attaching the lipophilic cation
triphenylphosphonium (TPP*) to compounds has been shown to
facilitate the increased accumulation of compounds inside the
mitochondria (Smith et al., 2003). In this study, we synthesized Mito-
Met, a mitochondria-targeted metformin analog in conjugation with
a TPP* group, and then tested the neuroprotective efficacy of
Mito-Met in cell culture and MitoPark mice, a transgenic
mitochondrial impairment animal model of PD. Our results show that
Mito-Met activates PKD1 signaling, enhances mitochondrial function,
and protects against neurotoxicity in cell models of PD. Our results
also reveal that Mito-Met has neuroprotective effects in the MitoPark
mouse model of PD.

Results

Mito-Met induces activation of PKD1 and
its potential downstream targets Akt and
AMPK in a cell model of PD

To evaluate our hypothesis that Mito-Met is more potent than its
parent compound metformin in providing neuroprotection,
we wanted to compare the effects of metformin and Mito-Met on the
activation of pro-survival kinase PKD1, reported by our group to have
neuroprotective effects against oxidative stress-induced cell death in
DAergic neurons (Asaithambi et al., 2011, 2014). We first treated N27
DAergic neuronal cells with the widely accepted dose range of
metformin (100 and 1,000 pM) and Mito-Met (100 and 300 nM) for
3h and checked the phosphorylation of PKD1. We selected Mito-Met
concentrations of 100nM and 300nM as optimal doses after
performing a preliminary dose-response study ranging from 10nM
to 1,000nM. Also, this dose range of mitochondria-targeted
compounds has been shown to greatly increase the mitochondrial
concentration (Zielonka et al., 2017; Kalyanaraman et al., 2018). As
evident from Figures 1A,B, although both metformin and Mito-Met
induced the phosphorylation of PKD1 activation loop (5744/748),
Mito-Met was more than 300-fold more efficacious than metformin
in activating PKD1. To determine the time course response, we next
treated N27 DAergic cells with 100 and 300 nM Mito-Met for 3h and
6h and measured both the PKD1 activation loop phosphorylation and
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Activation of PKD1 by Mito-Met in N27 cells. (A) N27 dopaminergic neuronal cells were treated with metformin (100 and 1,000 pM) for 3h. (B) N27 cells
were treated with Mito-Met (100 and 300 nM) for 3 h. Cell lysates were prepared and subjected to Western blot analysis. Representative immunoblots
of PKD1 S744/748 phosphorylation are shown. (C) N27 cells were treated with 100 and 300 nM Mito-Met for 3 and 6 h. Cell lysates were prepared and
subjected to Western blot analysis. Representative immunoblots of total PKD1, PKD1 S744/748, and S916 phosphorylation are shown. (D) The graph
represents the densitometric analysis of phospho-PKD1 S744/748 levels in (C). Results are the mean + SEM of at least three independent experiments

(*p < 0.05; ***p <0.001).
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FIGURE 2

Activation of Akt and AMPK by Mito-Met in N27 cells. (A) N27 cells were treated with 100 and 300 nM Mito-Met for 3 and 6 h. Cell lysates were
prepared and phospho-Akt (5473) and phospho-AMPKa (Thrl72) levels were determined by Western blot analysis. (B) N27 cells were pretreated with
50 pM PKD1 inhibitor CID755673 for 1 h and then cotreated with 100 nM Mito-Met for 3 h. Cell lysates were prepared and subjected to Western blot
analyses of phospho-PKD1 (S916), phospho-Akt (S473), and phospho-AMPKa (Thrl72).

the C-terminal phosphorylation (S916). As shown in Figures 1C,D,
Mito-Met significantly increased the phosphorylation of both
$744/748 and S916 of PKD1 at both 3 and 6h time points. However,
expression of total PKD1 was not affected by Mito-Met treatment
(Figure 1C). Following the observation that Mito-Met enhances PKD1
activation, we wanted to determine whether Mito-Met can also
increase the activation of Akt because Akt has been previously shown
to have neuroprotective effects in cell culture and animal models of
PD (Ries et al., 2006; Gunjima et al., 2014). Immunoblot analysis
revealed that treatment of N27 cells with Mito-Met (100nM and
300nM) for 3 and 6 h increased Akt phosphorylation (Figure 2A). To
further explore the potential neuroprotective mechanism of Mito-
Met, we examined whether Mito-Met can activate AMPK in DAergic
neuronal cells since metformin, the parent compound of Mito-Met, is
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known to activate AMPK in different cell types, including neurons
(Ouyang et al., 2011; Stephenne et al., 2011; Hou et al., 2015). AMPK
has also been reported to exert a neuroprotective effect against DAergic
neurodegeneration (Ng et al., 2012). To determine AMPK activation,
we used an antibody directed against phosphorylated Thr172 within
the catalytic subunit (alpha) of AMPK. As shown in Figure 2A,
Mito-Met treatment increased AMPK Thr172 phosphorylation in N27
cells. Next, we reasoned that PKD1 might lie upstream of Akt and
AMPK kinase during Mito-Met treatment. To test this hypothesis,
N27 cells were pretreated with a pharmacological inhibitor of PKD1
(CID755673) for 1h and then cotreated with CID755673 (50 uM) and
Mito-Met (100nM) for 3 h. Interestingly, treatment with CID755673
blocked the Mito-Met-induced activation of both Akt and AMPK
kinase (Figure 2B). Collectively, these data suggest that Mito-Met can
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effectively activate PKD1 and its potential downstream neuroprotective
effectors, Akt and AMPK kinase signaling, in DAergic cells.

Mito-Met stimulates mitochondrial
biogenesis and bioenergetics capacity in
DAergic neuronal cells

After observing that Mito-Met can enhance the activation of
PKD1, we investigated whether Mito-Met stimulates mitochondrial
biogenesis. We first investigated the effect of Mito-Met on TFAM
expression. TFAM is a transcription factor that is required for mtDNA
replication and transcription to regulate mitochondrial biogenesis
(Virbasius and Scarpulla, 1994; Scarpulla, 2008). N27 cells were
treated with 100 and 300 nM Mito-Met for 3 and 6h and TFAM levels
were determined by Western blot analysis. As seen in Figures 3A,B,
the expression of TFAM protein was significantly increased in N27
cells treated with Mito-Met. Next, we measured TFAM mRNA
expression using real-time RT-PCR at 3h time point. Exposure of N27
cells to Mito-Met (100-1,000nM) significantly increased TFAM
mRNA expression (Figure 3C). We also determined mtDNA copy
number using mitochondrial ND1 and nuclear B-actin genes and
found that Mito-Met treatment (1,000nM) significantly increased
mtDNA content in N27 cells (Figure 3D). Furthermore, we evaluated
the effect of Mito-Met on cellular bioenergetics in DAergic neuronal
cells. N27 cells were treated with 100 and 300 nM Mito-Met for 3h and
the oxygen consumption rates (OCR) were measured using a Seahorse
XF96 analyzer. Interestingly, we observed significant increases in basal
OCR and ATP-linked respiration in Mito-Met-treated N27 cells, while

10.3389/fnins.2024.1356703

rotenone, a well-known mitochondrial complex I inhibitor, almost
completely blocked mitochondrial respiration (Figures 4A-C). These
results suggest that Mito-Met can stimulate mitochondrial biogenesis
and oxidative phosphorylation in DAergic cells.

Mito-Met protects against MPP*-induced
mitochondrial damage and neurotoxicity

To further examine the potential neuroprotective influence of
Mito-Met on mitochondrial function, we examined whether Mito-Met
can reduce MPP*-induced mitochondrial damage. N27 DAergic cells
were pretreated with 300 nM Mito-Met for 1 h and then cotreated with
Mito-Met and MPP* (300 uM) for 16 h and stained with MitoTracker
to visualize mitochondrial morphology. Expectedly, MPP* treatment
strongly induced mitochondrial fragmentation (Figure 5A); however,
Mito-Met  pre-
mitochondrial morphology in MPP*-treated cells as evidenced by

and co-treatment significantly ameliorated
improved mitochondrial length and circularity (Figures 5B,C). Next,
we tested the protective effect of Mito-Met in primary DAergic
neurons cultured from E14 mouse embryos. The primary nigral
neurons were treated with 10 pM MPP* in the presence or absence of
Mito-Met (100 nM) for 24 h and immunostained with a TH antibody.
To evaluate whether Mito-Met treatment protects against MPP*-
induced DAergic neurodegeneration, we measured the length of
DAergic neurites. The immunocytochemical analysis revealed that
Mito-Met treatment significantly protected against MPP*-induced
neurotoxicity, as evidenced by a significant increase in the length of
neuronal processes in primary nigral cultures cotreated with MPP*
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and Mito-Met-treated samples).

3h Mito-Met treatment (nM)

Mito-Met increases TFAM expression in N27 cells. (A) N27 cells were treated with 100 and 300 nM Mito-Met for 3 and 6 h. Cell lysates were prepared
and TFAM levels were determined by Western blot analysis. (B) The graph represents the densitometric analysis of TFAM protein levels normalized to
a-tubulin. (C) N27 cells were treated with Mito-Met (100-1,000 nM) for 3 h. Real-time RT-PCR analysis of TFAM mRNA level was performed. 18S rRNA
served as internal control. (D) N27 cells were treated with Mito-Met (100-1,000 nM) for 6 h. Genomic DNA was isolated and mtDNA content was
determined by quantitative PCR with SYBR green. 10 ng nuclear DNA and 1 ng mitochondrial DNA were amplified using the primers for mitochondrial
ND1 and nuclear B-actin genes. Results are the mean + SEM of three independent experiments (*p <0.05; **p <0.01; ***p <0.001; between the control
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FIGURE 4
Mito-Met increases mitochondrial bioenergetics capacity. (A—C) N27 dopaminergic neuronal cells were treated with 100 and 300 nM Mito-Met for 3 h.
Rotenone (1uM) was included as a positive control. N27 cell-containing culture plates were loaded into the Seahorse XF96 analyzer for the OCR
measurement. Mitochondrial dynamics were measured using the sequential injection of oligomycin A (1pg/mL), FCCP (1uM), and antimycin A (10 pM)
(A). Basal OCR (B) and ATP-linked respiration (C) were calculated from the output OCR values. Values represent the means + SEM of four replicates
(**p <0.01; ***p <0.001; between the control and Mito-Met-treated samples).

and Mito-Met compared with cultures treated with MPP* alone
(Figures 6A,B). Together, these data clearly demonstrate that Mito-Met
can effectively protect DAergic neurons from MPP*-induced toxicity.

Mito-Met improves motor deficits and
attenuates striatal DA depletion in MitoPark
mice

The results of our in vitro experiments demonstrated that
Mito-Met affords neuroprotection against DAergic neurotoxicity.
Here, we wanted to test the neuroprotective efficacy of Mito-Met in
the MitoPark mouse model of PD. As seen in Figure 7A, MitoPark and
control mice were treated with either saline or Mito-Met (10 mg/kg)
three times per week by oral gavage for 8 weeks. One day prior to
sacrifice, mice were analyzed for their locomotor activities. MitoPark
mice develop progressive motor deficits from 12 weeks of age onwards
(Ekstrand et al., 2007). As expected, 20-week-old MitoPark mice had
a dramatic reduction in total movement (Figure 7B). Notably,
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improved locomotion was observed in the MitoPark mice-treated
with Mito-Met. Mito-Met treatment reversed the reduction in
horizontal activity (Figure 7C), total distance traveled (Figure 7D),
number of movements (Figure 7E), and stereotypy counts (Figure 7F)
of MitoPark mice. Moreover, we also determined whether Mito-Met
treatment attenuates striatal DA depletion in MitoPark mice. Mice
were sacrificed 1 day after the last Mito-Met treatment and striatal
tissues were processed for HPLC analysis of DA. Neurochemical
analysis revealed that the DA and DOPAC levels were significantly
higher in the MitoPark mice-treated with Mito-Met than the MitoPark
mice-treated with saline (Figures 8A,B). Collectively, these results
suggest that Mito-Met treatment can improve motor deficits and at
least partially prevent striatal DA depletion in MitoPark mice.

Discussion

The findings of this study provide evidence that a mitochondria-
targeted analog of metformin, Mito-Met, exerts neuroprotective
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FIGURE 5
Mito-Met reduces MPP*-induced mitochondrial fragmentation. (A—C) N27 cells were pretreated with 300 nM Mito-Met for 1h, and then cotreated with
300 pM MPP* for 16 h. Cells were stained with the MitoTracker red dye. Images were taken at a magnification of 60X (A). Mitochondrial length (B) and
degree of circularity (C) were quantified using ImageJ. Values represent the means + SEM of two independent experiments performed in sextuplicate
(*p <0.05; between the Mito-Met-pretreated and MPP* (alone)-treated groups).

effects in cell culture and MitoPark mouse models of PD. Our results
revealed that Mito-Met can effectively activate PKDI-mediated
neuroprotective signaling. We also demonstrate that Mito-Met
enhances mitochondrial biogenesis and bioenergetics capacity. In
addition, Mito-Met protects against MPP* neurotoxicity in a cell
model of PD. Finally, and perhaps most importantly, Mito-Met
treatment has neuroprotective effects against behavioral deficits and
striatal DA depletion in the MitoPark transgenic mouse model of PD.

Metformin has been used for several decades to treat diabetic
patients. Besides its anti-diabetic effect, metformin has been shown to
have neuroprotective effects in experimental stroke (Li et al., 2010),
against ethanol-induced neuronal apoptosis (Ullah et al., 2012), alpha-
synuclein neurotoxicity (Dulovic et al, 2014) and MPTP- and
rotenone-induced DAergic neurodegeneration (Patil et al., 2014; Lu
et al,, 2016; El-Ghaiesh et al., 2020; Wang et al., 2020). In this study,
we synthesized Mito-Met, a mitochondria-targeted (TPP* conjugated)
analog of metformin. Mitochondria-targeted compounds have been
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reported to show neuroprotective effects in experimental models of
PD by virtue of their reduced toxicity and increased accumulation
inside the mitochondria (Yang et al., 2009; Ghosh et al., 2010; Solesio
et al,, 2013; Kalyanaraman, 2020). Here, we first examined whether
Mito-Met can activate the PKD1 pro-survival signaling in DAergic
neuronal cells. Previous studies from our group suggest that positive
modulators of PKD1 signaling could serve as potential neuroprotective
agents for the treatment of PD (Asaithambi et al., 2011, 2014; Ay et al.,
2015; Bejanin et al., 2017). Our results demonstrated that Mito-Met at
nanomolar concentrations can activate PKD1, whereas micromolar
concentrations of metformin are needed to activate PKD1 in DAergic
neuronal cells (Figures 1A,B), suggesting Mito-Met is much more
potent than its parent compound metformin. To identify molecular
mechanisms governing the potential neuroprotective effect of Mito-
Met, we also explored Akt and AMPK cell survival signaling and
observed increased phosphorylation of Akt and AMPK in Mito-Met-
treated cells (Figure 2A). Akt has been previously implicated in the
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FIGURE 6

Mito-Met protects against MPP*-induced neurotoxicity in primary
neurons. (A,B) The primary mesencephalic neurons were treated
with 10 pM MPP* in the presence or absence of Mito-Met (100 nM)
for 24 h and immunostained with an TH antibody. Images were taken
at 60X magnification using the Leica confocal microscope and 3D
image reconstruction was performed using IMARIS software (A). The
length of TH-positive neuronal processes in primary dopaminergic
neurons from each coverslip was measured using MetaMorph
software (B). The experiments were performed in sextuplicate
(*p<0.05; ***p<0.001).

survival of DAergic neurons (Ries et al., 2006; Gunjima et al., 2014).
AMPK is a well-known target of metformin in different cell types,
including non-neuronal and neuronal cells (Ouyang et al., 2011;
Stephenne et al,, 2011; Hou et al., 2015) and has been reported to
protect against DAergic neurodegeneration in cell culture and
Drosophila models of PD (Ng et al., 2012; Dulovic et al., 2014).
Moreover, our studies using a pharmacological inhibitor of PKD1,
CID755673, revealed that PKD1 appears to act upstream of Akt and
AMPK kinases during the Mito-Met treatment of DAergic cells
(Figure 2B). However, more mechanistic studies using both genetic
and pharmacological approaches are required to fully identify the
relationship between these kinases in DAergic neurons. It's worth
mentioning that we have previously utilized a different PKD1
inhibitor, kbNB-14270, and observed its capacity to inhibit PKD1/Akt
activation induced by quercetin in DAergic neuronal cells (Ay et al.,
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2017). However, we recently found that CID755673 exhibits a higher
degree of specificity as an inhibitor of PKD1 compared to kbNB-
14270. Also, our unpublished data revealed that CID755673 is able to
completely inhibit PKD1 kinase activity. Thus, we focused our
investigation solely on CID755673 in this study.

Metformin has been previously shown to inhibit mitochondrial
complex I activity in both hepatoma and cancer cells (Owen et al.,
2000; Andrzejewski et al, 2014) and the anti-cancer effect of
metformin is attributed to its inhibitory effect on mitochondrial
complex I (Wheaton et al., 2014). However, the notion that metformin
inhibits complex I is controversial because preservation of complex
I activity has been reported in metformin-treated mice (Martin-
Montalvo et al., 2013) and in the plasma of metformin-treated diabetic
patients (Larsen et al., 2012). Because of these conflicting reports,
we wanted to determine whether Mito-Met has any inhibitory effect
on mitochondrial function in DAergic cells. Our results revealed that
Mito-Met, even at higher concentrations (1 and 10 uM), does not
adversely affect mitochondrial function as evidenced by the MitoSOX
1A,B) and
(Supplementary Figure 1C) assays. We also evaluated the effect of
Mito-Met on mitochondrial biogenesis. Our data show that Mito-Met
can increase TFAM expression (Figures 3A-C) and mtDNA copy

(Supplementary  Figures aconitase  activity

number (Figure 3D), suggesting Mito-Met can promote mitochondrial
biogenesis in DAergic cells. Next, we determined the effect of
Mito-Met on mitochondrial respiration. Interestingly, Mito-Met
treatment resulted in significant increases in basal OCR (Figure 4B)
and ATP-linked respiration (Figure 4C) in DAergic neuronal cells.
Together, our results indicate that our mitochondria-targeted
metformin analog (Mito-Met) can improve mitochondrial biogenesis
and function in DAergic cells.

After observing enhanced activation of survival kinases and
mitochondrial function in Mito-Met-treated cells, we evaluated the
potential neuroprotective effect of Mito-Met against MPP*-induced
neurotoxicity. We first assessed the effect of Mito-Met pretreatment
on mitochondrial morphology and integrity in MPP*-treated N27
cells and observed that Mito-Met significantly reduced mitochondrial
fragmentation induced by MPP* (Figures 5A,B). Of note, there was no
change in mitochondrial morphology in N27 cells treated with
Mito-Met alone. Next, we determined the protective effect of
Mito-Met against MPP*-induced DAergic neurodegeneration in
primary mesencephalic cultures. Importantly, co-treatment of
primary mesencephalic neurons with Mito-Met significantly protected
against MPP*-induced TH-positive neurite loss (Figures 6A,B),
further supporting the neuroprotective effect of Mito-Met in
DAergic cells.

To test the neuroprotective efficacy of Mito-Met in vivo, we used
the MitoPark transgenic mouse model of PD. This transgenic mouse
model of mitochondrial dysfunction recapitulates several features of
human PD, adult DAergic
neurodegeneration and motor deficits (Ekstrand et al., 2007; Galter

including onset, progressive
etal., 2010). Since MitoPark mice begin to show motor deficits from
12 weeks of age onwards, we treated 12-week-old MitoPark mice with
either saline or Mito-Met for 8 weeks. Our results revealed that
Mito-Met significantly reversed behavioral deficits in MitoPark mice
(Figures 7B-F). Furthermore, higher levels of DA and DOPAC were
observed in the Mito-Met-treated MitoPark mice compared with the
MitoPark mice treated with saline, suggesting Mito-Met can protect

against DAergic neurodegeneration in MitoPark mice. It should
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FIGURE 7
Mito-Met improves motor deficits in MitoPark mice. (A) Treatment schedule of MitoPark mice with Mito-Met. 12-week-old MitoPark mice were treated
with either saline or Mito-Met (10 mg/kg) via oral gavage three times per week for 8 weeks. The locomotor activities were measured using a VersaMax
system 1 day prior to sacrifice. Moving track of mice (B), horizontal activity (C), total distance traveled (D), number of movements (E), and stereotypy
counts (F). Values represent the means + SEM of six mice per group (*p < 0.05; **p <0.01).

be noted that, compared to the significant behavioral improvements,
the neurochemical outcomes appear to be relatively moderate. As seen
in human PD cases, pronounced behavioral deficits occur in our
MitoPark transgenic PD model only after a 60-70% loss of striatal DA
levels. Thus, it is possible that even a moderate restoration of striatal
DA can significantly improve behavioral outcomes. This phenomenon
can also be attributed to the complex interplay of multiple neural
pathways and neurotransmitter systems influencing locomotor

Frontiers in Neuroscience

outcomes in PD models, beyond the sole consideration of DA levels
(Dubuc et al,, 2023). The restoration of DA levels in the striatum by
Mito-Met represents only one facet of its overall neuroprotective
effects. Furthermore, this DA effect can extend to other areas and
circuits of the brain responsible for motor learning behavior, such as
the hippocampus, amygdala, and frontal cortex. As the striatum
integrates information from these diverse regions, Mito-Met may
promote mitochondria-dependent neuroprotective pathways such as
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Mito-Met attenuates striatal dopamine depletion in MitoPark mice. (A,B) 12-week-old MitoPark mice were treated with either saline or Mito-Met
(10 mg/kg) via oral gavage three times per week for 8 week. Mice were sacrificed 1 day after the last Mito-Met treatment and dopamine (A) and DOPAC
(B) levels were measured from striatal tissues by HPLC analysis. Results are the means + SEM of five mice per group (*p <0.05; **p < 0.01).

mitochondrial biogenesis in neurons associated with motor learning
circuits (Cataldi et al., 2022), leading to the observed significant
improvements in locomotor behavior. Additionally, blood chemistry
analysis revealed no adverse effects in Mito-Met-treated mice
(Supplementary Table 1).

Metformin is generally recognized as a safe and effective
medication for managing conditions, including diabetes. Like many
medications, it can have multiple off-target effects in addition to its
primary therapeutic benefits. Some of these off-target effects include
gastrointestinal disturbances, microbiota changes, decreased folate
levels, vitamin B12 deficiency, and the rare occurrence of lactic
acidosis (Xu et al., 2013; Blough et al., 2015; Bonnet and Scheen, 2017;
Silamikele et al., 2021). However, when it comes to Mito-Met, we find
no evidence regarding its off-target effects. Additional research is
needed to comprehensively understand the full safety profile of
Mito-Met.

In conclusion, our data demonstrate that a mitochondria-targeted
metformin (Mito-Met) PKD1-mediated
neuroprotective signaling and enhances mitochondrial function.
Importantly, Mito-Met can protect against MPP*-induced
neurotoxicity in cell culture models of PD. Additionally, Mito-Met
treatment can reverse behavioral deficits and attenuate DA depletion

analog activates

in the MitoPark animal model of PD. Overall, our results suggest that
Mito-Met is a potential neuroprotective agent that deserves further
preclinical evaluations for the treatment of PD.

Materials and methods
Chemicals and reagents

1-Methyl-4-phenyl pyridinium iodide (MPP* iodide) and anti-fp-
actin antibody were purchased from Sigma-Aldrich (St. Lois, MO).
The Bradford protein assay kit was purchased from Bio-Rad.
Antibodies against PKD1, a-tubulin, and mtTFA were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho
PKD1 (p-S744/748 and p-S916), phospho-Akt (p-S473), total Akt,
phospho-AMPKa (p-Thr172) antibodies were obtained from Cell
Signaling Technology (Danvers, MA). Anti-TH antibody was
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purchased from Millipore (Billerica, MA). The PKD1 inhibitor
CID755673 was purchased from Tocris Bioscience (Ellisville, MO).
Alexa 680-conjugated anti-mouse secondary antibody, MitoTracker
Red FM, and all cell culture reagents were obtained from Invitrogen
(Carlsbad, CA). IRDye 800-conjugated anti-rabbit secondary was
purchased from Rockland Labs (Gilbertsville, PA).

Cell cultures

The rat DAergic N27 cell line was a kind gift from Dr. Kedar
N. Prasad (University of Colorado Health Sciences Center, Denver,
CO) and cultured as described previously (Kaul et al., 2003). Briefly,
N27 cells were grown in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2mM L-glutamine, 50 units penicillin, and 50 pg/
mL streptomycin and maintained at 37°C in a 5% CO2 atmosphere.
We also used the primary mesencephalic neuronal culture to assess
the protective effect of Mito-Met against MPP*-induced TH-positive
neurite loss. The primary mesencephalic culture was prepared from
the ventral mesencephalon of gestational 14-d-old mouse embryos as
described previously (Zhang et al., 2007). Briefly, the mesencephalic
tissues from E14 mouse embryos were dissected and maintained in ice
cold Ca*-free Hank’s balanced salt solution, and then dissociated in
Hank’s balanced salt solution containing trypsin-0.25% EDTA for
30min at 37°C. Cultures were maintained in Neurobasal medium
supplemented with B27. Half of the culture medium was replaced
every 2 d. Approximately 6- to 7-d-old cultures were used for
experiments. Primary mesencephalic neuronal cells were treated with
10pM MPP* in the presence or absence of Mito-Met (100-300 nM)
for 24h.

Quantitative real-time RT-PCR

Total RNA was isolated from cells using the Absolutely RNA
Miniprep Kit (Stratagene, La Jolla, CA), and 1-2 pg RNA was used to
generate cDNA using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Real-time PCR was performed on an
Mx300P QPCR system (Stratagene) using the RT> SYBR Green qPCR
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Master Mix Kit (Qiagen) and QuantiTect Primer Assay Kit (Qiagen).
All RT-qPCR reactions were performed in triplicate and normalized
to the p-actin housekeeping gene. The primer sequences and PCR
conditions are available upon request. Dissociation curves were run
to verify the singularity of the PCR product. The data were analyzed
using the comparative threshold cycle (Ct) method.

Quantitative real-time PCR analysis of
mtDNA content

N27 cells were plated in 6-well plates at a density of 2x 10° cells/
well. Twenty-four hours later, cells were treated with 0.1-1pM
Mito-Met for 24h. Genomic DNA was isolated using the DNeasy
Blood and Tissue Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol, and mtDNA content was determined by
quantitative PCR with SYBR green. 10ng nuclear DNA and 1ng
mitochondrial DNA were amplified using the primers for
mitochondrial NDI and nuclear f-actin genes. Reactions were
performed using an Mx300P QPCR system (Stratagene).

Western blot analysis

After treatments, cells or brain tissues were collected and
resuspended in a modified RIPA buffer containing protease and
phosphatase inhibitors. Briefly, lysates containing equal amounts of
protein were loaded in each lane and separated on a 10-15%
SDS-PAGE gel and transferred onto a nitrocellulose membrane (Bio-
Rad). The membranes were blocked in LI-COR blocking buffer for 1 h
at room temperature (RT) and then incubated overnight at 4°C with
the corresponding primary antibodies. Western blot was performed
using IRDye 800 anti-rabbit, Alexa Fluor 680 goat anti-mouse, and
Alexa Fluor 680 donkey anti-goat secondary antibodies. Western blot
images were captured and analyzed with an Odyssey Infrared Imaging
System (LI-COR, Lincoln, NE).

Immunocytochemistry and quantification
of TH-positive neuronal processes

Primary mesencephalic DAergic neurons were fixed with 4%
paraformaldehyde for 30min at RT. After washing, cells were
permeabilized with blocking agent (2% bovine serum albumin, 0.5%
Triton X-100, and 0.05% Tween-20 in PBS) for 1h. Cells were then
incubated with an anti-TH antibody (1:1,200, Millipore) at 4°C
overnight. Fluorescently conjugated secondary antibody (Alexa Fluor
488-conjugated anti-mouse antibody, 1:2,000) was used followed by
incubation with 10 pg/mL Hoechst 33342 for 5min at RT to stain the
nucleus. Cover slips were mounted on glass slides and cells were
visualized by Z-Stack imaging with the Leica confocal microscope. 3D
image reconstruction was performed using IMARIS software. The
length of TH-positive neuronal processes in primary DAergic neurons
from each coverslip was measured using MetaMorph software
(Molecular Devices) as described previously (Ghosh et al., 2013;
Charli et al., 2015). For quantification of neuronal processes, pictures
were taken at 60X magnification. TH-positive neuronal processes
were counted in six individual cultures for each treatment.
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MitoTracker staining and analysis of
mitochondrial morphology

N27 cells were stained with MitoTracker Red FM (200nM) for
30min at 37°C, and then fixed with 4% paraformaldehyde for 30 min
at RT. After washing, cells were permeabilized with 0.5% Triton
X-100 in PBS for 5min at RT, as described previously (Charli et al.,
2015). Cover slips were mounted on glass slides and imaged through
a Nikon TE2000 microscope with a SPOT color digital camera
(Diagnostic Instruments, Sterling Heights, MI). Quantification of
mitochondrial parameters such as mitochondrial length and degree
of circularity was performed using a macro text file plug-in for Image]J
(Dagda et al., 2009).

Measurement of mitochondrial oxygen
consumption

The Seahorse XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, MA) was used to measure oxygen
consumption rates (OCR) in N27 cells. Briefly, N27 cells were seeded
at 10,000 cells/well in a Seahorse Bioscience polystyrene microplate.
Twenty-four hours later, cells were treated with 100 and 300nM
Mito-Met for 3h. After the treatment, cells were changed to assay
media and the N27 cell-containing culture plates were loaded into the
Seahorse instrument to collect baseline OCR measurements. The
experimental agents (1 pg/mL oligomycin, 3pM FCCP, and 10 pM
antimycin A) were injected using the included ports on the XF96
cartridges and OCR measurements were collected. Basal OCR,
ATP-linked OCR, maximal OCR, and spare respiratory capacity were
calculated, as described previously (Dranka et al., 2010).

Animals and treatment

MitoPark and C57BL/6 mice (12 weeks old) were housed under
standard conditions: constant temperature (22+1°C), humidity
(relative, 30%), and a 12 h light/dark cycle. Mice were given free access
to food and water. Animal care and protocol procedures were
approved and supervised by the Institutional Animal Care and Use
Committee (IACUC) at Iowa State University (Ames, IA). Mice were
treated with either saline or Mito-Met (10 mg/kg) via oral gavage three
times weekly for 8 weeks. After the treatments, mice were subjected to
behavioral, neurochemical, and biochemical measurements.

High-performance liquid chromatography
analysis

The striatal DA, dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA) levels were quantified using HPLC with
electrochemical detection. Samples were prepared and quantified, as
described previously (Ghosh et al., 2013). Briefly, neurotransmitters
from striatal tissues were extracted in 0.1 M perchloric acid containing
0.05% Na,EDTA and 0.1% Na,S,0; and isoproterenol (internal
standard). DA, DOPAC, and HVA were separated isocratically using
a C-18 reversed-phase column with a flow rate of 0.6 mL/min. An
HPLC system (ESA, Bedford, MA) with an automatic sampler
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equipped with a refrigerated temperature control was used for
these experiments.

Behavioral measurements

The open field test was performed using an infra-red (IR) activity-
tracking system (VersaMax monitor, model RXYZCM-16, and
analyzer, model VMAUSB, AccuScan, Columbus, OH). We recorded
spontaneous exploratory activity for a 10-min test period after a 2-min
acclimatization period. The system quantifies activity by counting and
mapping IR beam breaks within a 20 x 20-cm arena. The measures for
horizontal activity, number of movements, and stereotypy count
(beam breaks) was obtained and plotted. Before test day, animals were
acclimatized to the instrument for 10 min for two consecutive days.
collected and and

Data were analyzed using VersaPlot

VersaDat software.

Statistical analysis

Data analysis was performed using Prism 4.0 software (GraphPad
Software, San Diego, CA). Data were first analyzed by using one-way
ANOVA and then the Tukey multiple comparison test was used for
statistical Differences with p<0.05

comparisons. were

considered significant.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the Institutional Animal Care
and Use Committee (IACUC) at Iowa State University. The study was
in accordance with the local and

conducted legislation

institutional requirements.

Author contributions

MA: Conceptualization, Data curation, Methodology, Software,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. AC: Data curation, Methodology,
Validation, Writing - review & editing. ML: Data curation,
Methodology, Validation, Writing - review & editing. AJ: Data
curation, Methodology, Writing - review & editing. PP: Data curation,

References

Andrzejewski, S., Gravel, S. P, Pollak, M., and St-Pierre, J. (2014). Metformin directly
acts on mitochondria to alter cellular bioenergetics. Cancer Metab 2:12. doi:
10.1186/2049-3002-2-12

Armstrong, M. J., and Okun, M. S. (2020). Diagnosis and treatment of Parkinson
disease: a review. JAMA 323, 548-560. doi: 10.1001/jama.2019.22360

Frontiers in Neuroscience

11

10.3389/fnins.2024.1356703

Methodology, Writing — review & editing. HJ: Writing - review &
editing. VA: Writing - review & editing. BK: Resources, Writing —
review & editing. ArK: Funding acquisition, Writing — review &
editing. AnK: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by NIH ROl grants NS074443, NS121692, ES010586,
ES027245, and ES026892.

Acknowledgments

The authors acknowledge the W. Eugene and Linda Lloyd
Endowed Chair, the Scott and Nancy Armbrust Biomedical Science
Fund, the Johnny Isakson Endowed Chair, and the Georgia Research
Alliance Eminent Scholar to AnK. We acknowledge Gary Zenitsky for
his assistance in the preparation of this manuscript.

Conflict of interest

AnK and VA have an equity interest in PK Biosciences
Corporation and Probiome Therapeutics, located at the University of
Georgia, Athens, GA. The terms of this arrangement have been
reviewed and approved by the University of Georgia in accordance
with their conflict-of-interest policies.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1356703/
full#supplementary-material

Asaithambi, A., Ay, M, Jin, H., Gosh, A., Anantharam, V,, Kanthasamy, A., et al. (2014).
Protein kinase D1 (PKD1) phosphorylation promotes dopaminergic neuronal survival during
6-OHDA-induced oxidative stress. PLoS One 9:¢96947. doi: 10.1371/journal.pone.0096947

Asaithambi, A., Kanthasamy, A., Saminathan, H. Anantharam, V., and
Kanthasamy, A. G. (2011). Protein kinase D1 (PKD1) activation mediates a

frontiersin.org


https://doi.org/10.3389/fnins.2024.1356703
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1356703/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1356703/full#supplementary-material
https://doi.org/10.1186/2049-3002-2-12
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1371/journal.pone.0096947

Ay et al.

compensatory protective response during early stages of oxidative stress-induced
neuronal degeneration. Mol. Neurodegener. 6:43. doi: 10.1186/1750-1326-6-43

Ay, M, Jin, H., Harischandra, D. S., Asaithambi, A., Kanthasamy, A., Anantharam, V.,
et al. (2015). Molecular cloning, epigenetic regulation, and functional characterization
of Prkd1 gene promoter in dopaminergic cell culture models of Parkinson's disease. J.
Neurochem. 135, 402-415. doi: 10.1111/jnc.13261

Ay, M, Luo, J., Langley, M., Jin, H., Anantharam, V., Kanthasamy, A., et al. (2017).
Molecular mechanisms underlying protective effects of quercetin against mitochondrial
dysfunction and progressive dopaminergic neurodegeneration in cell culture and
MitoPark transgenic mouse models of Parkinson's disease. J. Neurochem. 141, 766-782.
doi: 10.1111/jnc.14033

Bejanin, A., Schonhaut, D. R., La Joie, R, Kramer, J. H., Baker, S. L., Sosa, N, et al.
(2017). Tau pathology and neurodegeneration contribute to cognitive impairment in
Alzheimer's disease. Brain 140, 3286-3300. doi: 10.1093/brain/awx243

Blough, B., Moreland, A., and Mora, A. (2015). Metformin-induced lactic acidosis
with emphasis on the anion gap. In: Proceedings (Baylor University. Medical Center)
28:31-33.

Bonnet, E, and Scheen, A. (2017). Understanding and overcoming metformin
gastrointestinal intolerance. Diabetes Obes. Metab. 19, 473-481. doi: 10.1111/dom.12854

Cataldi, S., Stanley, A. T., Miniaci, M. C., and Sulzer, D. (2022). Interpreting the role
of the striatum during multiple phases of motor learning. FEBS J. 289, 2263-2281. doi:
10.1111/febs.15908

Charli, A, Jin, H., Anantharam, V., Kanthasamy, A., and Kanthasamy, A. G. (2015).
Alterations in mitochondrial dynamics induced by tebufenpyrad and pyridaben in a
dopaminergic neuronal cell culture model. Neurotoxicology 53, 302-313. doi: 10.1016/j.
neuro.2015.06.007

Choong, C.J., and Mochizuki, H. (2023). Involvement of mitochondria in Parkinson's
disease. Int. J. Mol. Sci. 24:7027. doi: 10.3390/ijms242317027

Dagda, R. K., Cherra, S. J. 3rd, Kulich, S. M., Tandon, A., Park, D., and Chu, C. T.
(2009). Loss of PINKI1 function promotes mitophagy through effects on oxidative stress
and mitochondrial fission. J. Biol. Chem. 284, 13843-13855. doi: 10.1074/jbc.
M808515200

Doric, Z., and Nakamura, K. (2021). Mice with disrupted mitochondria used to model
Parkinson's disease. Nature 599, 558-560. doi: 10.1038/d41586-021-02955-z

Dranka, B. P, Hill, B. G, and Darley-Usmar, V. M. (2010). Mitochondrial reserve
capacity in endothelial cells: The impact of nitric oxide and reactive oxygen species. Free
Radic Biol Med. 48, 905-14. doi: 10.1016/j.freeradbiomed.2010.01.015

Dubug, R., Cabelguen, J. M., and Ryczko, D. (2023). Locomotor pattern generation
and descending control: a historical perspective. J. Neurophysiol. 130, 401-416. doi:
10.1152/jn.00204.2023

Dulovic, M., Jovanovic, M., Xilouri, M., Stefanis, L., Harhaji-Trajkovic, L.,
Kravic-Stevovic, T., et al. (2014). The protective role of AMP-activated protein kinase in
alpha-synuclein neurotoxicity in vitro. Neurobiol. Dis. 63, 1-11. doi: 10.1016/j.
nbd.2013.11.002

Dunn, C. ], Peters, D. H., and Metformin, A. (1995). A review of its pharmacological
properties and therapeutic use in non-insulin-dependent diabetes mellitus. Drugs 49,
721-749. doi: 10.2165/00003495-199549050-00007

Ekstrand, M. L, Terzioglu, M., Galter, D., Zhu, S., Hofstetter, C., Lindqvist, E., et al.
(2007). Progressive parkinsonism in mice with respiratory-chain-deficient dopamine
neurons. Proc. Natl. Acad. Sci. U. S. A. 104, 1325-1330. doi: 10.1073/pnas.0605208103

El-Ghaiesh, S. H., Bahr, H. I, Ibrahiem, A. T., Ghorab, D., Alomar, S. Y., Farag, N. E.,
et al. (2020). Metformin protects from rotenone-induced nigrostriatal neuronal death
in adult mice by activating AMPK-FOXO3 Signaling and mitigation of angiogenesis.
Front. Mol. Neurosci. 13:84. doi: 10.3389/fnmol.2020.00084

Galter, D., Pernold, K., Yoshitake, T., Lindqvist, E., Hoffer, B., Kehr, J., et al. (2010).
MitoPark mice mirror the slow progression of key symptoms and L-DOPA response in
Parkinson's disease. Genes Brain Behav. 9, 173-181. doi:
10.1111/j.1601-183X.2009.00542.x

Ghosh, A., Chandran, K., Kalivendi, S. V., Joseph, J., Antholine, W. E., Hillard, C. J.,
etal. (2010). Neuroprotection by a mitochondria-targeted drug in a Parkinson's disease
model. Free Radic. Biol. Med. 49, 1674-1684. doi: 10.1016/j.freeradbiomed.2010.08.028

Ghosh, A., Saminathan, H., Kanthasamy, A., Anantharam, V,, Jin, H., Sondarva, G.,
et al. (2013). The peptidyl-prolyl isomerase Pinl up-regulation and proapoptotic
function in dopaminergic neurons: relevance to the pathogenesis of Parkinson disease.
J. Biol. Chem. 288, 21955-21971. doi: 10.1074/jbc.M112.444224

Gunjima, K., Tomiyama, R., Takakura, K., Yamada, T., Hashida, K., Nakamura, Y.,
et al. (2014). 3,4-dihydroxybenzalacetone protects against Parkinson's disease-related
neurotoxin 6-OHDA through Akt/Nrf2/glutathione pathway. J. Cell. Biochem. 115,
151-160. doi: 10.1002/jcb.24643

Hassan, A., Sharma Kandel, R., Mishra, R., Gautam, J., Alaref, A., and Jahan, N.
(2020). Diabetes mellitus and Parkinson's disease: shared pathophysiological links
and possible therapeutic implications. Cureus 12:€9853. doi: 10.7759/cureus.
9853

Henrich, M. T., Oertel, W. H., Surmeier, D. J., and Geibl, E. E (2023). Mitochondrial
dysfunction in Parkinson's disease—a key disease hallmark with therapeutic potential.
Mol. Neurodegener. 18:83. doi: 10.1186/s13024-023-00676-7

Frontiers in Neuroscience

12

10.3389/fnins.2024.1356703

Hou, Y. S., Guan, J. ], Xu, H. D., Wu, E, Sheng, R., and Qin, Z. H. (2015). Sestrin2
protects dopaminergic cells against rotenone toxicity through AMPK-dependent
autophagy activation. Mol. Cell. Biol. 35, 2740-2751. doi: 10.1128/MCB.00285-15

Jamora, C., Yamanouye, N., Van Lint, J., Laudenslager, J., Vandenheede, J. R.,
Faulkner, D. ], et al. (1999). Gbetagamma-mediated regulation of Golgi organization is
through the direct activation of protein kinase D. Cell 98, 59-68. doi: 10.1016/
$0092-8674(00)80606-6

Kalyanaraman, B. (2020). Teaching the basics of repurposing mitochondria-targeted
drugs: from Parkinson's disease to cancer and back to Parkinson's disease. Redox Biol.
36:101665. doi: 10.1016/j.redox.2020.101665

Kalyanaraman, B., Cheng, G., Hardy, M., Ouari, O., Lopez, M., Joseph, J., et al. (2018).
A review of the basics of mitochondrial bioenergetics, metabolism, and related signaling
pathways in cancer cells: therapeutic targeting of tumor mitochondria with lipophilic
cationic compounds. Redox Biol. 14, 316-327. doi: 10.1016/j.redox.2017.09.020

Katila, N., Bhurtel, S., Shadfar, S., Srivastav, S., Neupane, S., Ojha, U,, et al. (2017).
Metformin lowers a-synuclein phosphorylation and upregulates neurotrophic factor in
the MPTP mouse model of Parkinson's disease. Neuropharmacology 125, 396-407. doi:
10.1016/j.neuropharm.2017.08.015

Kaul, S., Kanthasamy, A., Kitazawa, M., Anantharam, V., and Kanthasamy, A. G.
(2003). Caspase-3 dependent proteolytic activation of protein kinase C delta mediates
and regulates 1-methyl-4-phenylpyridinium (MPP+)-induced apoptotic cell death in
dopaminergic cells: relevance to oxidative stress in dopaminergic degeneration. Eur. J.
Neurosci. 18, 1387-1401. doi: 10.1046/j.1460-9568.2003.02864.x

Kouli, A., Torsney, K. M., and Kuan, W. L. (2018). “Parkinson’s disease: Etiology,
neuropathology, and pathogenesis” in Parkinson’s disease: Pathogenesis and clinical
aspects. eds. T. B. Stoker and J. C. Greenland (Brisbane (AU): Codon Publications)

Lai, B. C., Marion, S. A., Teschke, K., and Tsui, J. K. (2002). Occupational and
environmental risk factors for Parkinson's disease. Parkinsonism Relat. Disord. 8,
297-309. doi: 10.1016/S1353-8020(01)00054-2

Larsen, S., Rabol, R., Hansen, C. N., Madsbad, S., Helge, ]. W,, and Dela, F. (2012).
Metformin-treated patients with type 2 diabetes have normal mitochondrial complex
I respiration. Diabetologia 55, 443-449. doi: 10.1007/s00125-011-2340-0

Li, J., Benashski, S. E., Venna, V. R,, and McCullough, L. D. (2010). Effects of
metformin in experimental stroke. Stroke 41, 2645-2652. doi: 10.1161/
STROKEAHA.110.589697

Lu, M., Su, C., Qiao, C., Bian, Y,, Ding, J., and Hu, G. (2016). Metformin prevents
dopaminergic neuron death in MPTP/P-induced mouse model of Parkinson's disease
via autophagy and mitochondrial ROS clearance. Int. J. Neuropsychopharmacol.
19:pyw047. doi: 10.1093/ijnp/pyw047

Malpartida, A. B., Williamson, M., Narendra, D. P,, Wade-Martins, R., and Ryan, B. J.
(2021). Mitochondrial dysfunction and mitophagy in Parkinson's disease: from
mechanism to therapy. Trends Biochem. Sci. 46, 329-343. doi: 10.1016/j.tibs.2020.11.007

Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002). The
protein kinase complement of the human genome. Science 298, 1912-1934. doi: 10.1126/
science.1075762

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., Mote, P. L.,
Scheibye-Knudsen, M., et al. (2013). Metformin improves healthspan and lifespan in
mice. Nat. Commun. 4:2192. doi: 10.1038/ncomms3192

Morris, J. K., Bomhoff, G. L., Stanford, J. A., and Geiger, P. C. (2010).
Neurodegeneration in an animal model of Parkinson's disease is exacerbated by a high-
fat diet. Am. J. Physiol. 299, R1082-R1090. doi: 10.1152/ajpregu.00449.2010

Ng, C. H., Guan, M. S., Koh, C., Ouyang, X., Yu, E, Tan, E. K,, et al. (2012). AMP
kinase activation mitigates dopaminergic dysfunction and mitochondrial abnormalities
in drosophila models of Parkinson's disease. J. Neurosci. 32, 14311-14317. doi: 10.1523/
JNEUROSCI.0499-12.2012

Ouyang, J., Parakhia, R. A., and Ochs, R. S. (2011). Metformin activates AMP kinase
through inhibition of AMP deaminase. J. Biol. Chem. 286, 1-11. doi: 10.1074/jbc.
M110.121806

Owen, M. R,, Doran, E., and Halestrap, A. P. (2000). Evidence that metformin exerts
its anti-diabetic effects through inhibition of complex 1 of the mitochondrial respiratory
chain. Biochem. . 348, 607-614. doi: 10.1042/bj3480607

Patil, S. P, Jain, P. D., Ghumatkar, P. ], Tambe, R., and Sathaye, S. (2014).
Neuroprotective effect of metformin in MPTP-induced Parkinson's disease in mice.
Neuroscience 277, 747-754. doi: 10.1016/j.neuroscience.2014.07.046

Prigozhina, N. L., and Waterman-Storer, C. M. (2004). Protein kinase D-mediated
anterograde membrane trafficking is required for fibroblast motility. Curr. Biol. 14,
88-98. doi: 10.1016/j.cub.2004.01.003

Ries, V., Henchcliffe, C., Kareva, T., Rzhetskaya, M., Bland, R., During, M. ., et al.
(2006). Oncoprotein Akt/PKB induces trophic effects in murine models of Parkinson's
disease. Proc. Natl. Acad. Sci. U. S. A. 103, 18757-18762. doi: 10.1073/pnas.0606401103

Ryan, B. J., Hoek, S., Fon, E. A., and Wade-Martins, R. (2015). Mitochondrial
dysfunction and mitophagy in Parkinson's: from familial to sporadic disease. Trends
Biochem. Sci. 40, 200-210. doi: 10.1016/j.tibs.2015.02.003

Sanders, L. H., and Greenamyre, J. T. (2013). Oxidative damage to macromolecules in
human Parkinson disease and the rotenone model. Free Radic. Biol. Med. 62, 111-120.
doi: 10.1016/j.freeradbiomed.2013.01.003

frontiersin.org


https://doi.org/10.3389/fnins.2024.1356703
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/1750-1326-6-43
https://doi.org/10.1111/jnc.13261
https://doi.org/10.1111/jnc.14033
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1111/dom.12854
https://doi.org/10.1111/febs.15908
https://doi.org/10.1016/j.neuro.2015.06.007
https://doi.org/10.1016/j.neuro.2015.06.007
https://doi.org/10.3390/ijms242317027
https://doi.org/10.1074/jbc.M808515200
https://doi.org/10.1074/jbc.M808515200
https://doi.org/10.1038/d41586-021-02955-z
https://doi.org/10.1016/j.freeradbiomed.2010.01.015
https://doi.org/10.1152/jn.00204.2023
https://doi.org/10.1016/j.nbd.2013.11.002
https://doi.org/10.1016/j.nbd.2013.11.002
https://doi.org/10.2165/00003495-199549050-00007
https://doi.org/10.1073/pnas.0605208103
https://doi.org/10.3389/fnmol.2020.00084
https://doi.org/10.1111/j.1601-183X.2009.00542.x
https://doi.org/10.1016/j.freeradbiomed.2010.08.028
https://doi.org/10.1074/jbc.M112.444224
https://doi.org/10.1002/jcb.24643
https://doi.org/10.7759/cureus.9853
https://doi.org/10.7759/cureus.9853
https://doi.org/10.1186/s13024-023-00676-7
https://doi.org/10.1128/MCB.00285-15
https://doi.org/10.1016/S0092-8674(00)80606-6
https://doi.org/10.1016/S0092-8674(00)80606-6
https://doi.org/10.1016/j.redox.2020.101665
https://doi.org/10.1016/j.redox.2017.09.020
https://doi.org/10.1016/j.neuropharm.2017.08.015
https://doi.org/10.1046/j.1460-9568.2003.02864.x
https://doi.org/10.1016/S1353-8020(01)00054-2
https://doi.org/10.1007/s00125-011-2340-0
https://doi.org/10.1161/STROKEAHA.110.589697
https://doi.org/10.1161/STROKEAHA.110.589697
https://doi.org/10.1093/ijnp/pyw047
https://doi.org/10.1016/j.tibs.2020.11.007
https://doi.org/10.1126/science.1075762
https://doi.org/10.1126/science.1075762
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1152/ajpregu.00449.2010
https://doi.org/10.1523/JNEUROSCI.0499-12.2012
https://doi.org/10.1523/JNEUROSCI.0499-12.2012
https://doi.org/10.1074/jbc.M110.121806
https://doi.org/10.1074/jbc.M110.121806
https://doi.org/10.1042/bj3480607
https://doi.org/10.1016/j.neuroscience.2014.07.046
https://doi.org/10.1016/j.cub.2004.01.003
https://doi.org/10.1073/pnas.0606401103
https://doi.org/10.1016/j.tibs.2015.02.003
https://doi.org/10.1016/j.freeradbiomed.2013.01.003

Ay et al.

Sandyk, R. (1993). The relationship between diabetes mellitus and Parkinson's disease.
Int. J. Neurosci. 69, 125-130. doi: 10.3109/00207459309003322

Santiago, J. A., and Potashkin, J. A. (2013a). Shared dysregulated pathways lead to
Parkinson's disease and diabetes. Trends Mol. Med. 19, 176-186. doi: 10.1016/j.
molmed.2013.01.002

Santiago, J. A., and Potashkin, J. A. (2013b). Integrative network analysis unveils
convergent molecular pathways in Parkinson's disease and diabetes. PLoS One 8:e83940.
doi: 10.1371/journal.pone.0083940

Santiago, J. A., and Potashkin, J. A. (2014). System-based approaches to decode the
molecular links in Parkinson's disease and diabetes. Neurobiol. Dis. 72, 84-91. doi:
10.1016/j.nbd.2014.03.019

Scarpulla, R. C. (2008). Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol. Rev. 88, 611-638. doi: 10.1152/physrev.00025.2007

Schapira, A. H., and Jenner, P. (2011). Etiology and pathogenesis of Parkinson's
disease. Mov. Disord. 26, 1049-1055. doi: 10.1002/mds.23732

Shi, Q,, Liu, S., Fonseca, V. A., Thethi, T. K., and Shi, L. (2019). Effect of metformin on
neurodegenerative disease among elderly adult US veterans with type 2 diabetes
mellitus. BMJ Open 9:€024954. doi: 10.1136/bmjopen-2018-024954

Shulman, J. M., De Jager, P. L., and Feany, M. B. (2011). Parkinson's disease: genetics
and pathogenesis. Annu. Rev. Pathol. 6, 193-222. doi: 10.1146/annurev-
pathol-011110-130242

Silamikele, L., Silamikelis, I., Ustinova, M., Kalnina, Z., Elbere, 1., Petrovska, R., et al.
(2021). Metformin strongly affects gut microbiome composition in high-fat diet-
induced type 2 diabetes mouse model of both sexes. Front. Endocrinol. 12:626359. doi:
10.3389/fendo.2021.626359

Smith, R. A., Porteous, C. M., Gane, A. M., and Murphy, M. P. (2003). Delivery of
bioactive molecules to mitochondria in vivo. Proc. Natl. Acad. Sci. U. S. A. 100,
5407-5412. doi: 10.1073/pnas.0931245100

Solesio, M. E., Prime, T. A., Logan, A, Murphy, M. P, Del Mar Arroyo-Jimenez, M.,
Jordan, J., et al. (2013). The mitochondria-targeted anti-oxidant MitoQ reduces aspects
of mitochondrial fission in the 6-OHDA cell model of Parkinson's disease. Biochim.
Biophys. Acta 1832, 174-182. doi: 10.1016/j.bbadis.2012.07.009

Stephenne, X., Foretz, M., Taleux, N., van der Zon, G. C,, Sokal, E., Hue, L., et al.
(2011). Metformin activates AMP-activated protein kinase in primary human
hepatocytes by decreasing cellular energy status. Diabetologia 54, 3101-3110. doi:
10.1007/s00125-011-2311-5

Storz, P,, Doppler, H., and Toker, A. (2005). Protein kinase D mediates mitochondrion-
to-nucleus signaling and detoxification from mitochondrial reactive oxygen species.
Mol. Cell. Biol. 25, 8520-8530. doi: 10.1128/MCB.25.19.8520-8530.2005

Subramaniam, S. R., and Chesselet, M. F. (2013). Mitochondrial dysfunction and
oxidative stress in Parkinson's disease. Prog. Neurobiol. 106-107, 17-32. doi: 10.1016/j.
pneurobio.2013.04.004

Sun, Y., Chang, Y. H,, Chen, H. F, Su, Y. H,, Su, H. E, and Li, C. Y. (2012). Risk of
Parkinson disease onset in patients with diabetes: a 9-year population-based cohort
study with age and sex stratifications. Diabetes Care 35, 1047-1049. doi: 10.2337/
dcl1-1511

Frontiers in Neuroscience

13

10.3389/fnins.2024.1356703

Trancikova, A., Tsika, E., and Moore, D. J. (2012). Mitochondrial dysfunction in
genetic animal models of Parkinson's disease. Antioxid. Redox Signal. 16, 896-919. doi:
10.1089/ars.2011.4200

Trinh, J., and Farrer, M. (2013). Advances in the genetics of Parkinson disease. Nat.
Rev. Neurol. 9, 445-454. doi: 10.1038/nrneurol.2013.132

Trist, B. G., Hare, D. J., and Double, K. L. (2019). Oxidative stress in the aging
substantia nigra and the etiology of Parkinson's disease. Aging Cell 18:e13031. doi:
10.1111/acel.13031

Ullah, L, Ullah, N, Naseer, M. L, Lee, H. Y., and Kim, M. O. (2012). Neuroprotection
with  metformin thymoquinone against apoptotic
neurodegeneration in prenatal rat cortical neurons. BMC Neurosci. 13:11. doi:
10.1186/1471-2202-13-11

and ethanol-induced

Virbasius, J. V., and Scarpulla, R. C. (1994). Activation of the human mitochondrial
transcription factor a gene by nuclear respiratory factors: a potential regulatory link
between nuclear and mitochondrial gene expression in organelle biogenesis. Proc. Natl.
Acad. Sci. U. S. A. 91, 1309-1313. doi: 10.1073/pnas.91.4.1309

Wahlqvist, M. L., Lee, M. S., Hsu, C. C,, Chuang, S. Y, Lee, J. T, and Tsai, H. N. (2012).
Metformin-inclusive sulfonylurea therapy reduces the risk of Parkinson's disease
occurring with type 2 diabetes in a Taiwanese population cohort. Parkinsonism Relat.
Disord. 18, 753-758. doi: 10.1016/j.parkreldis.2012.03.010

Wang, L., Zhai, Y. Q,, Xu, L. L., Qiao, C., Sun, X. L., Ding, J. H., et al. (2014). Metabolic
inflammation exacerbates dopaminergic neuronal degeneration in response to acute
MPTP challenge in type 2 diabetes mice. Exp. Neurol. 251, 22-29. doi: 10.1016/j.
expneurol.2013.11.001

Wang, D. X,, Chen, A. D., Wang, Q. J., Xin, Y. Y, Yin, J,, and Jing, Y. H. (2020).
Protective effect of metformin against rotenone-induced parkinsonism in mice. Toxicol.
Mech. Methods 30, 350-357. doi: 10.1080/15376516.2020.1741053

Wheaton, W. W,, Weinberg, S. E., Hamanaka, R. B., Soberanes, S., Sullivan, L. B.,
Anso, E., et al. (2014). Metformin inhibits mitochondrial complex I of cancer cells to
reduce tumorigenesis. Elife 3:e02242. doi: 10.7554/eLife.02242

Xu, L., Huang, Z., He, X., Wan, X,, Fang, D., and Li, Y. (2013). Adverse effect of
metformin therapy on serum vitamin B12 and folate: short-term treatment causes
disadvantages? Med. Hypotheses 81, 149-151. doi: 10.1016/j.mehy.2013.05.025

Yang, L., Zhao, K., Calingasan, N. Y., Luo, G., Szeto, H. H., and Beal, M. F. (2009).
Mitochondria targeted peptides protect against 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine neurotoxicity. Antioxid. Redox Signal. 11, 2095-2104. doi: 10.1089/
ars.2009.2445

Zhang, D., Anantharam, V., Kanthasamy, A., and Kanthasamy, A. G. (2007).
Neuroprotective effect of protein kinase C delta inhibitor rottlerin in cell culture and
animal models of Parkinson's disease. J. Pharmacol. Exp. Ther. 322, 913-922. doi:
10.1124/jpet. 107.124669

Zielonka, J., Joseph, J., Sikora, A., Hardy, M., Ouari, O., Vasquez-Vivar, ], et al. (2017).
Mitochondria-targeted  Triphenylphosphonium-based compounds: syntheses,
mechanisms of action, and therapeutic and diagnostic applications. Chem. Rev. 117,
10043-10120. doi: 10.1021/acs.chemrev.7b00042

frontiersin.org


https://doi.org/10.3389/fnins.2024.1356703
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3109/00207459309003322
https://doi.org/10.1016/j.molmed.2013.01.002
https://doi.org/10.1016/j.molmed.2013.01.002
https://doi.org/10.1371/journal.pone.0083940
https://doi.org/10.1016/j.nbd.2014.03.019
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1002/mds.23732
https://doi.org/10.1136/bmjopen-2018-024954
https://doi.org/10.1146/annurev-pathol-011110-130242
https://doi.org/10.1146/annurev-pathol-011110-130242
https://doi.org/10.3389/fendo.2021.626359
https://doi.org/10.1073/pnas.0931245100
https://doi.org/10.1016/j.bbadis.2012.07.009
https://doi.org/10.1007/s00125-011-2311-5
https://doi.org/10.1128/MCB.25.19.8520-8530.2005
https://doi.org/10.1016/j.pneurobio.2013.04.004
https://doi.org/10.1016/j.pneurobio.2013.04.004
https://doi.org/10.2337/dc11-1511
https://doi.org/10.2337/dc11-1511
https://doi.org/10.1089/ars.2011.4200
https://doi.org/10.1038/nrneurol.2013.132
https://doi.org/10.1111/acel.13031
https://doi.org/10.1186/1471-2202-13-11
https://doi.org/10.1073/pnas.91.4.1309
https://doi.org/10.1016/j.parkreldis.2012.03.010
https://doi.org/10.1016/j.expneurol.2013.11.001
https://doi.org/10.1016/j.expneurol.2013.11.001
https://doi.org/10.1080/15376516.2020.1741053
https://doi.org/10.7554/eLife.02242
https://doi.org/10.1016/j.mehy.2013.05.025
https://doi.org/10.1089/ars.2009.2445
https://doi.org/10.1089/ars.2009.2445
https://doi.org/10.1124/jpet.107.124669
https://doi.org/10.1021/acs.chemrev.7b00042

	Mito-metformin protects against mitochondrial dysfunction and dopaminergic neuronal degeneration by activating upstream PKD1 signaling in cell culture and MitoPark animal models of Parkinson’s disease
	Introduction
	Results
	Mito-Met induces activation of PKD1 and its potential downstream targets Akt and AMPK in a cell model of PD
	Mito-Met stimulates mitochondrial biogenesis and bioenergetics capacity in DAergic neuronal cells
	Mito-Met protects against MPP+-induced mitochondrial damage and neurotoxicity
	Mito-Met improves motor deficits and attenuates striatal DA depletion in MitoPark mice

	Discussion
	Materials and methods
	Chemicals and reagents
	Cell cultures
	Quantitative real-time RT-PCR
	Quantitative real-time PCR analysis of mtDNA content
	Western blot analysis
	Immunocytochemistry and quantification of TH-positive neuronal processes
	MitoTracker staining and analysis of mitochondrial morphology
	Measurement of mitochondrial oxygen consumption
	Animals and treatment
	High-performance liquid chromatography analysis
	Behavioral measurements
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions

	References

