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out ageing, leading to unbalanced mitochondrial dynamics. This effect is exaggerated

Funding information
China Scholarship Council

ease (AD) pathophysiology. Cerebral perfusion becomes increasingly inefficient throughby amyloid β (Aβ) and phosphorylated tau, two hallmark proteins of AD pathology. A
neuroprotective role for the adipose-derived hormone, leptin, has been demonstrated in
neuronal cells. However, its effects with relation to mitochondrial function in AD remain
largely unknown. To address this question, we have used both a glucose–serum-deprived
(CGSD) model of ischaemic stroke in SH-SY5Y cells and a Aβ1–42-treatment model of AD
in differentiated hippocampal cells. Using a combination of 5,5’,6,6’-tetrachloro-1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide (JC-1) and MitoRed staining techniques,
we show that leptin prevents depolarisation of the mitochondrial membrane and excessive mitochondrial fragmentation induced by both CGSD and Aβ1–42. Thereafter, we
used ELISAs and a number of activity assays to reveal the biochemical underpinnings of
these processes. Specifically, leptin was seen to inhibit up-regulation of the mitochondrial fission protein Fis1 and down-regulation of the mitochondrial fusion protein, Mfn2.
Furthermore, leptin was seen to up-regulate the expression and activity of the antioxidant enzyme, monoamine oxidase B. Herein we provide the first demonstration that leptin is sufficient to protect against aberrant mitochondrial dynamics and resulting loss of
function induced by both CGSD and Aβ1–42. We conclude that the established neuroprotective actions of leptin may be facilitated through regulation of mitochondrial dynamics.
KEYWORDS

hippocampal, leptin, mitochondrial fission, mitochondrial fusion, mitochondrion, monoamine
oxidase
Abbreviations: AD, Alzheimer's disease; ANOVA, analysis of variance; APP, amyloid precursor protein; Aβ, amyloid beta; BACE1, β-secretase; BBB, blood–brain barrier; CGSD, combined
glucose and serum deprivation; dbcAMP, N6,2’-O-dibutyryladenosine 3’,5’-cyclic monophosphate sodium salt; DMEM, Dulbecco's modified eagle medium; ELISA, enzyme-linked
immunosorbent assay; FCS, fetal calf serum; JC-1, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide; LDH, lactate dehydrogenase; MAO, monoamine oxidase;
MnSOD, manganese superoxide dismutase; NBF, neutral buffered formalin; NRF-1, nuclear respiration factor-1; Ob-Rb, Ob (leptin) receptor – b; PBS, phosphate buffered saline;
PGC-1α, proxisome proliferator-activated receptor γ coactivator 1; PS1, presenilin 1; ROS, reactive oxygen species; SR-2, serum replacement-2; TBS-T, Tris buffered saline with 0.1%
Triton X-100; Ψm, mitochondrial membrane potential.
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1 | I NTRO D U C TI O N

inhibition of mitochondrial respiration in leptin-deficient ob/ob mice
(Finocchietto et al., 2011). Cultured human adipose tissue fragments

The high energy demands of neuronal cells mean that they are par-

inhibit mitochondrial respiration in HCT116 colon cancer cells, an

ticularly reliant on mitochondrial dynamics and function (Safiulina &

effect purported to be regulated by leptin (Yehuda-Shnaidman et al.,

Kaasik, 2013). Fission and fusion dynamics promote the distribution of

2013). Leptin is also involved in the regulation of mitochondrial en-

mitochondria along axons so that mitochondria can deliver energy ef-

zymes, such as manganese superoxide dismutase in hippocampal

ficiently to synapses-distant locations with high energy requirements

neurons (Guo, Jiang, Xu, Duan, & Mattson, 2008) and proxisome

(Li, Okamoto, Hayashi, & Sheng, 2004; Westermann, 2012). Aberrant

proliferator-activated receptor γ coactivator 1 (PGC1-α) in breast

mitochondrial fission and fusion dynamics lead to altered mitochon-

cancer cells (Blanquer-Rosselló, Santandreu, Oliver, Roca, & Valle,

drial morphology and distribution, which damages the energy supply

2015). All of these mitochondrial enzymes have been linked to neu-

by impeding mitochondrial function. Abnormal mitochondrial mor-

rodegenerative changes in a number of disorders. In addition, other

phology caused by aberrant dynamics represents an essential common

mitochondrial enzymes, such as monoamine oxidases, have been in-

pathway which regulates, or intensifies, mitochondrial dysfunction in

tricately linked to both Parkinson's and Alzheimer's Diseases (Naoi,

neurodegenerative disease (Su et al., 2010). Extensive evidence sup-

Riederer, & Maruyama, 2016); and are proposed therapeutic targets

ports the contribution of abnormal mitochondrial function to cellular

in such conditions (Matthew et al., 2019). However, the potential

energy depletion (Divya, Amandine, & Ken, 2013; Flint, 1995), oxida-

role of leptin in the regulation of the monoamine oxidases remains

tive stress and neuronal loss (Lin & Beal, 2006), which are key features

unknown.

of neurodegenerative diseases (Burté, Carelli, Chinnery, & Yu-WaiMan, 2015; Johri & Beal, 2012; Lin & Beal, 2006).

Leptin also has a number of other beneficial effects on neuronal function and survival (Doherty, Oldreive, & Harvey, 2008;

Compelling evidence from both in vivo and in vitro studies

McGregor & Harvey, 2019). Neuroprotection by leptin has been de-

shows that amyloid-precursor protein (APP) and/or Aβ causes

scribed in models of major neurodegenerative diseases such as AD

mitochondrial dysfunction and morphological changes (Reddy &

(Doherty, Beccano-Kelly, Yan, Gunn-Moore, & Harvey, 2013; Perez-

Beal, 2008). APP and/or Aβ block the import of functional pro-

Gonzalez et al., 2011; Weng et al., 2007), although the underlying

teins into mitochondria by localizing to mitochondrial membranes

molecular mechanism remains to be fully understood. Despite the

(Crouch et al., 2005; Sirk et al., 2007), disrupting the energy

maladaptive changes to mitochondrial dynamics and function are

metabolism chain and increasing reactive oxygen species (ROS)

thought to play in the onset and progression of AD, the potentially

production by interacting with mitochondrial enzymes (Casley,

important link between leptin and mitochondria in AD has yet to

Canevari, Land, Clark, & Sharpe, 2002; Cha et al., 2012), even-

be explored.

tually causing mitochondrial dysfunction and neuronal apoptosis

Stroke is associated with AD in elderly individuals (Honig et al.,

(Reddy & Beal, 2008). In post-mortem AD brains the mRNA for

2003). Stroke significantly and increases the risk of AD devel-

complex I genes is down-regulated, while the genes for complex

opment independent of genetic factors (Zhou et al., 2015), and

III and IV constituents are up-regulated revealing molecular de-

disrupted cerebral perfusion has been suggested to contribute to

fects in oxidative phosphorylation and thus mitochondrial func-

AD neuropathological changes (Austin et al., 2011). Serum star-

tion (Manczak, Park, Jung, & Reddy, 2004); and similar results

vation-induced neuronal apoptosis is regarded as an established

are observed in APP mutant mice (Tg2576) (Reddy et al., 2004).

AD-related insult in vitro (Kariya, Takahashi, Hirano, & Ueno,

In vitro studies demonstrate that Aβ peptides (1–42, 25–35) dam-

2003). Serum deprivation leads to the increased secretion of

age mitochondrial membrane potential (ΔΨm), increase ROS and

β-secretase that is an initiator in the formation of toxic Aβ pep-

cause abnormal mitochondrial fragmentation in several cell lines

tides (Stavropoulou, Mavrofrydi, Saftig, & Efthimiopoulos, 2017).

and also in primary neuronal cultures (Barsoum et al., 2006; Cha

Chronic cerebral hypoperfusion exaggerates tau phosphorylation

et al., 2012). A recent study on Alzheimer's disease brains revealed

in tau transgenic mice, however, this is attenuated by the expres-

a complex dysregulation of the activities of specific mitochondrial

sion of the signalling competent form of the leptin receptor (Ob-

enzymes, monoamine oxidases A and B (MAO A and B) and further

Rb), and activation of its downstream signalling pathways (AKT/

confirmed that mRNA, protein and activity of the MAOs varied in-

pAKT) (Shimada et al., 2019). Ob-Rb is up-regulated in brains from

dependently (Quartey et al., 2018). These observations suggest a

individuals with AD and cerebrovascular diseases, further indicat-

central role for mitochondria in neurodegeneration that warrants

ing an endogenous neuroprotective role of leptin in the crosstalk

investigation.

between stroke and AD (Shimada et al., 2019; Terao et al., 2008).

The adipose-derived hormone, leptin, is known for its cen-

Exploring the effects of leptin in both stroke and AD models will

tral role in the regulation of energy metabolism. Emerging lines of

boost our understanding of the neuroprotective role of leptin

evidence indicate direct and indirect links between leptin and mi-

and its relationship with mitochondrial function. In particular, ex-

tochondria function; however, the vast majority of the empirical

ploring the protective effects of leptin in a combined glucose and

studies have been carried out in non-neuronal lineages. It has been

serum deprivation (CGSD) model will further highlight the neuro-

found that leptin regulates mitochondrial respiration in prostate

protective effects of leptin in the early stages of AD. Therefore,

cancer cells (Calgani et al., 2016). Leptin treatment ameliorates the

in this study, we examined the effects of leptin on mitochondrial
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dynamics, morphology and function in CGSD SH-SY5Y human

medium as a control, or treated with 10 μM Aβ1–42 (A9810) with or

neuroblastoma cells, an established model of ischaemic stroke

without leptin (0.1–10 nM) for 24 hr.

(Lorenz et al., 2009), and in Aβ1–42-treated differentiated HT-22
hippocampal neuronal cells as an AD model.

2.4 | Protein preparation and ELISA assay

2 | M E TH O DS

Protein was extracted into 500 µl Tris buffered saline (T6664) supplemented with 1% Triton X-100 (X-100) and 5 µl protease inhibitor

2.1 | Materials

cocktail (S8820). A micro-Bradford assay was performed to measure approximate protein concentration to allow for equal protein

Unless otherwise stated all materials and reagents were purchased

loading. ELISA was performed to detect changes in protein expres-

from Sigma, UK.

sion relative to a loading control. The antibodies for ELISA were as
follows: anti-Mfn1 (1:10,000; Santa Cruz, Insight Biotechnologies;
#sc-166644, RRID:AB_2142616), anti-Mfn2 (1:5,000; Santa Cruz;

2.2 | Cell culture

#sc-515647, RRID:AB_2811176), anti-Drp1 (1:1,000; Santa Cruz;
#sc-101270, RRID:AB_2093545), anti-Fis1 (1:2000; Santa Cruz;

Ethical approval to work with the cell lines in these experi-

#sc-98900, RRID:AB_2246809), anti-VDAC1 (1:5,000; Santa Cruz;

ments was obtained from the University of St Andrews School of

#sc-390996, RRID:AB_2750920), anti-MAOA (1:10,000; Santa Cruz;

Psychology & Neuroscience Ethics committee, approval number

#sc-18396, RRID:AB_2137263), anti-MAOB (1:1,000; Santa Cruz;

PS10538_Doherty. The cell lines used in this study are not listed

#c-515354, RRID:AB_2819030), anti-NRF1 (1:5,000; Santa Cruz; #sc-

as a commonly misidentified cell line by the International Cell Line

23624, RRID:AB_10613096), anti-PGC1α (1:5,000; Santa Cruz; # sc-

Authentication Committee and the line was last ensured for purity

517380, RRID:AB_2755043), anti-α-tubulin (1:2000; Sigma-Aldrich;

in 2017. The human neuroblastoma cell line SH-SY5Y (#94030304,

#T5168, RRID:AB_477579), HRP-conjugated anti-mouse (1:10,000;

2017; RRID:CVCL_0019) and mouse hippocampal neuronal cell line

Sigma-Aldrich; #A9044, RRID:AB_258431), HRP-conjugated anti-goat

HT-22 (Merck, #SCC129; 2017; RRID:CVCL_0321) were cultured in

(1:5,000; Sigma-Aldrich; #A8919, RRID:AB_258425), HRP-conjugated

10% (v/v) heat-inactivated calf serum (C8056; Fisher Scientific) in

anti-rabbit (1;10,000; Santa Cruz; # sc-2357, RRID:AB_628497). In

Dulbecco's modified Eagle’s medium (21885108; Fisher Scientific)

ELISAs, anti-VDAC1 was used as mitochondrial loading control an-

supplemented with 4500 mg/L glucose and 10 mg/ml penicillin/

tibody and anti-α-tubulin was used as cytoplasmic loading control

streptomycin in a 37°C incubator which provides a humidified 5%

antibody to identify any loading difference across samples. After nor-

4

CO2 atmosphere. Cells were plated at densities of 2 × 10 and
5 × 10 4 on 96-, and 24-well Nunclon coated plates, with or without

malising for any loading differences, the mean absorbance of each
sample was further normalised to the control for each experiment.

13 mm borosilicate glass coverslips (CC7672-7548, CC7672-7458;
VWR). Also, they were plated at densities of 3 × 105 and 6 × 105
on 35 and 60 mm Nunclon-coated culture dishes (153066158015;

2.5 | MitoRed staining and Immunocytochemistry

VWR), respectively. SH-SY5Y cells were grown to 70% confluence before treatment. Undifferentiated SH-SY5Y cells were then

9- [2-(4'-Methylcoumarin-7'-oxycarbonyl) phenyl]-3,6-bis (diethyl-

maintained in 10% medium as a positive control, or subjected to

amino) xanthylium chloride (MitoRed; #53271) is a cell membrane

combined serum and glucose deprivation (CGSD; 0% calf serum

permeable rhodamine-based dye that is used to stain mitochondria.

and 1000 mg/L glucose). CSGD cultures were supplemented with

Cells were treated with pre-warmed cell culture medium containing

leptin (L4146, 0.1–10 nM) for between 24 and 72 hr depending on

1 µM MitoRed and returned to the incubator for 45 min. Following

the experimental paradigm. All cell lines were used between pas-

fixation in neutral buffered formalin (NBF) (from formaldehyde so-

sage 6 and 20.

lution 15,512) for 15 min, cells were washed three times in phosphate buffered saline (PBS BR0014G). 10% horse serum was added

2.3 | Differentiation of HT-22 cells

and incubated for 10 min to block non-specific antibody binding. Cells were probed with mouse anti-Mfn2 (1:2000; Santa Cruz
#sc-515467, RRID:AB_2811176) or rabbit anti-Fis1 (1:500; Santa

HT-22 cells were grown to 70% confluence before differentiation.

Cruz #sc-98900; RRID:AB_2246809z) overnight at 4°C followed

Cells were differentiated using 100 μM N6,2’-O-dibutyryladenosine

by staining with FITC-conjugated anti-mouse IgG (1:200, FI-2020,

3’,5’-cyclic monophosphate sodium salt (dbcAMP) (A9501) in

RRID:AB_2336185) or FITC-conjugated anti-rabbit IgG (1:200, FI-

Dulbecco's modified Eagle’s medium supplemented with 2% (v/v)

1000, RRID:AB_2336197) respectively for 2 hr at room temperature.

serum replacement −2 (S9388), 4500 mg/L glucose and 10 mg/ml

After washing, the stained coverslips were mounted in fluorescent

penicillin/streptomycin in a 37°C incubator. After 24 hr differentia-

mountant (1% w/v N-propyl-gallate (O2370) dissolved in 80% v/v

tion, HT-22 cells were then maintained in 2% serum replacement-2

glycerol (G5516)+20%v/v PBS) onto microscope slides, sealed with

4
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nail polish and imaged at an excitation wavelength of 495 nm on a

50 µl tyramine substrate (4 mM) and 50 µl Amplex Red (90101,

Zeiss Axio MR2 microscope (RRID:SCR_016980). Images were cap-

80 µM) with Horseradish Peroxidase (5 Units/ml). The time-depend-

tured using the embedded Zen software (RRID:SCR_013672).

ent increase in resorufin fluorescence was measured at 30°C using
excitation at 535 nm and emission at 595 nm in a fluorescence mi-

2.6 | Mitochondrial morphology analysis
Mitochondrial morphology was quantified using ImageJ software
(RRID:SCR_002285). Briefly, a polygon box was drawn around each

croplate reader (Molecular Devices FilterMax F5 multi-modal microplate reader).

2.9 | Determination of cell viability

individual cell. The image background of individual cells was pre-processed. After thresholding images, mitochondrial individual particles

Lactate dehydrogenase assay (LDH assay) and crystal violet assay

were analysed for counts, area and perimeter. From these values,

were performed as described previously (Malekizadeh et al., 2017).

we calculated indices of mitochondrial fragmentation and intercon-

The absorbance was determined with a Biohit BP100 plate reader.

nectivity. The index of mitochondrial fragmentation was calculated

Readings were collated by conditions and normalized to control

from the ratio of the count of individual mitochondria to the total mi-

to eliminate density differences during plating among individual

tochondrial area within the cell. These measure have been described

experiments.

previously (Connolly et al., 2018; Dagda et al., 2009; Senyilmaz et al.,
2015). The mean area was divided by the mean perimeter of all analysed particles within individual cells to obtain an index of mitochon-

2.10 | Statistical analysis

drial interconnectivity. As quantitative rather than subjective image
analyses were carried out throughout this paper, no blinding was

These experiments were exploratory with no pre-determined end-

performed.

point and no data was excluded from the analyses. All statistical
analysis was carried out using SPSS 23 (IBM corp.). GraphPad PRISM

2.7 | JC-1 assay

5 (Graph Pad Inc.) was used to generate graphs. No samples size
calculations were performed. In all experiments, data are expressed
as mean ± SEM. After testing for normality using a D’Agnostino-

To detect variation of the mitochondrial membrane potential

Pearson omnibus normality test, statistical analyses were performed

(ΔΨm), a cytofluorimetric, lipophilic cationic dye, 5,5’,6,6’-tetra-

using either one-way analysis of variance (ANOVA) with Dunnett's/

chloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1,

Dunn's post hoc test for comparisons between multiple groups or an

#MAK159) was used. Cells were plated on 13 mm borosilicate glass

independent-samples t-test for comparisons between two groups.

coverslips (0111530, Pyramid Innovation) and treated as appropri-

Data that was not normally distributed was analysed by a Mann–

ate for experiments. Twenty-five microlitre of 200× JC-1 stock so-

Whitney U test. Outliers were defined as data points more than two

lution (1 mg/ml) together with 1 ml of 5× JC-1 staining buffer was

standard deviations from the mean. Data points were excluded from

diluted in 4 ml of ultrapure water. The diluted staining solution was

the calculations for Figures 1d, 2e,f, 3e,f, 5c and 6c. p < .05 was con-

mixed with cell culture medium at a 1:1 ratio before being added

sidered significant.

into each well. After being incubated for 45 min, the coverslips were
mounted in cell culture medium for live imaging at × 40 and × 63
magnification. As the red fluorescence fades more quickly than the
green, we imaged the red channel (λex = 540 nm) first and then the
green quickly afterwards (λex = 490 nm) and overlaid the images.
The intensity ratio of red to green fluorescence was calculated to

3 | R E S U LT S
3.1 | Leptin prevent depolarization of the
mitochondrial membrane

monitor the ΔΨm.
ΔΨm is an important indicator of mitochondrial function and thus

2.8 | MAO activity assay

cellular health; and we evaluated this using JC-1 dye. In Figure 1,
representative images of ΔΨm variations in both CGSD SH-SY5Y
cells (Figure 1a–c) and Aβ1–42-treated differentiated hippocampal

MAO activity was determined as previously (Zhou, Diwu, Panchuk-

HT-22 neurons (Figure 1e–g), with or without leptin treatment for

Voloshina, & Haugland, 1997). Briefly, SH-SY5Y cells were washed

24 hr are shown. In healthy cells, JC-1 accumulates in the mitochon-

once in PBS and harvested after 24 hr treatment. Isolation of mi-

dria as a function of ΔΨm and forms red fluorescent aggregates in

tochondria was carried out using a mitochondrial isolation kit

the mitochondrial matrix. JC-1 remaining in the cytosol, indicative

(#MITOISO2) in accordance with manufacturer's instructions.

of membrane damage, is observed as green fluorescent monomers.

Enriched mitochondrial pellets were suspended in a final volume

In each group, the intensity ratios of JC-1 aggregates (red) to mono-

of 100 µl 50 mM potassium phosphate (P5655) pH 7.5, mixed with

mers (green) of each group were measured using image analysis

|
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F I G U R E 1 Leptin improves both combined glucose and serum deprivation (CGSD)-mediated early ΔΨm damage and Aβ1–42-mediated
ΔΨm depolarization. ΔΨm was monitored with 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining in
both CGSD SH-SY5Y cells (a–d) and Aβ1–42-treated HT-22 cells (e–h), Representative fluorescent photomicrographs are shown (a–c; e–g).
Scale bars represent 10 µm. Mitochondrial accumulation of JC-1 is demonstrated by the red fluorescence and cytoplasmic JC-1 monomers
are observed as green fluorescence. Bar graphs quantifying average J-aggregates/J-monomers ratio of CGSD SH-SY5Y cells with/without
10 or 0.1 nM leptin treatment (d) and Aβ1–42-treated differentiated hippocampal cells with/without 10 or 0.1 nM leptin treatment (h) are also
shown. Data are presented as means ± SEM with individual data points overlaid onto the graphs to demonstrate the distribution of the data.
Statistical significance is denoted by * and ***, representing p < .05 and p < .001 respectively

(Figure 1d,h). In keeping with the previous literature using such analyses, each cell is regarded as an independent event (Connolly et al.,

3.2 | Leptin prevents increased mitochondrial
fragmentation in an in vitro ischemia model

2018). In CGSD SH-SY5Y cells, leptin treatment resulted in more
red fluorescent aggregates (Figure 1b,c) compared to CGSD in the

Given the above beneficial effects of leptin on ΔΨm, we next deter-

absence of leptin (Figure 1a). Application of leptin (0.1 nM) signifi-

mined whether leptin modulates mitochondrial morphology, using

cantly increased ΔΨm in comparison with CGSD cells that had not

MitoRed staining. Representative images of CGSD SHSY5Y cells

been treated with leptin (p < .001, Kruskal–Wallis with Dunn's post

after 72 hr treatment, with different mitochondrial morphologies

hoc test; n > 180 cells per condition from three independent experi-

are shown (Figure 2a–d). In untreated control cells, mitochondrial

ments, Figure 1d).

morphology is predominantly short and tubular (Figure 2a). CGSD

Previous studies indicated that Aβ1–42 reduces ΔΨm in un-

for 72 hr resulted in an increase in smaller and rounded mitochon-

differentiated HT-22 cells that are still in the cell cycle (Cha et al.,

dria in comparison to control, (Figure 2b). Leptin co-treatment at 10

2012). Our study expanded on this finding to show that Aβ1–42 re-

or 0.1 nM for 72 hr prevented the CGSD-induced fragmentation,

duces ΔΨm in post-mitotic differentiated HT-22 hippocampal cells

comparably increasing the interconnectivity of the mitochondrial

(Figure 1e). In accordance with our data for the CGSD cells above,

network (Figure 2c,d).

leptin treatment promoted the accumulation of JC-1 into mitochon-

According to the scoring system reported in previous studies

dria compared to Aβ1–42-treated cells that had not been co-treated

(Connolly et al., 2018; Dagda et al., 2009; Senyilmaz et al., 2015),

with leptin (Figure 1e–g), indicating increased ΔΨm. Quantitative

indices of mitochondrial count, size, fragmentation and intercon-

image analysis demonstrated that both 10 and 0.1 nM leptin signifi-

nectivity were calculated. By normalizing the count to the total mi-

cantly ameliorated reductions to ΔΨm induced by Aβ1–42 (p < .05,

tochondrial area, the index of fragmentation was obtained (count/

p < .001 one-way ANOVA with Dunn's post hoc test; n > 60 cells per

area). The average mitochondrial size was divided by the average mi-

condition from three independent experiments, Figure 1h). Taken to-

tochondrial perimeter, yielding the index of interconnectivity (mean

gether these data show that leptin ameliorates reductions to ΔΨm in

area/mean perimeter). The index of interconnectivity is sensitive for

neuronal models of stroke and AD.

normal to highly interconnected mitochondria, while the index of

6
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F I G U R E 2 Leptin treatment protects against mitochondrial fragmentation induced by combined glucose and serum deprivation
(CGSD). Representative images of mitochondrial morphology in 72 hr CGSD SH-SY5Y cells with/without 10 or 0.1 nM leptin treatment
are shown (a–d), with expanded views shown (ai–di). In untreated SH-SY5Y cells, the predominant mitochondrial morphology is short and
tubular (a, ai). 72 hr CGSD results in the mitochondrial network becoming fragmented and staining appears more punctate. There is also
notable mitochondrial swelling (b, bi). Leptin treatment inhibits CGSD mitochondrial fragmentation and promotes mitochondrial fusion.
Thus, mitochondria are tubular in leptin-treated cells (c–d, ci–di). Bar graphs demonstrate mitochondrial morphology, quantified by two
independent variables: index of mitochondrial fragmentation (e) and interconnectivity (f), with individual data points overlaid onto the graph
to demonstrate the variability of the data. Data are presented as means ± SEM. N ≥ 200 cells. *, ** and *** represent statistical significance at
p < .05, p < .01 and p < .001 respectively. Scale bars represent 10 µm (a–d) and 2 µm (ai–di)
fragmentation is sensitive for fragmented to normal short tubular

cells, the majority of mitochondria are short and tubular (Figure 3a).

mitochondria. Taken together, these indices provide a thorough in-

After treatment with 10 µM Aβ1–42 for 24 hr, mitochondria become

vestigation of mitochondrial morphology.

fragmented, small and punctate (Figure 3b). Following 24 hr of co-

From this quantification of mitochondrial morphology, it was

treatment with leptin, this effect was largely absent (Figure 3c,d).

demonstrated that serum and glucose withdrawal for 72 hr increased

Indeed, the majority of mitochondria in leptin-treated neuronal cells

the index of fragmentation, which accords with the above subjective

retained their short tubular morphology.

observations. Treatment with leptin at 10 and 0.1 nM prevented

Leptin treatment prevented the increased index of fragmenta-

CSGD-induced mitochondrial fission by significantly decreasing the

tion induced by Aβ1–42, but significant differences were only ob-

fragmentation index (p < .05, Kruskal–Wallis with Dunn's post hoc

served with 0.1 nM leptin and not 10 nM leptin (p < .01, one-way

test, Figure 2e) and highly significantly increasing the mitochon-

ANOVA with Dunn's post hoc test, n ≥ 60, Figure 3e). Mitochondria

drial index of interconnectivity (p < .01 for 10 nM leptin treatment;

in HT-22 are much smaller than that in SH-SY5Y and a complex

p < .001 for 0.1 nM leptin treatment, one-way ANOVA with Dunn's

mitochondrial network is seldom seen in these hippocampal cells.

post hoc test, Figure 2f). Taken together, leptin is sufficient to pre-

Therefore, instead of calculating index of interconnectivity, an index

vent increased mitochondrial fragmentation induced by CGSD.

of elongation was calculated by adopting the inverse of circularity.
Leptin treatment significantly increased the index of elongation

3.3 | Leptin prevents increased mitochondrial
fragmentation in an in vitro AD model

in Aβ1–42-treated cells significantly (p < .05, one-way ANOVA with
Dunn's post hoc test, n ≥ 60, Figure 3f). Taken together, leptin is
sufficient to prevent mitochondrial fragmentation induced by Aβ1–42
and promote mitochondrial elongation. This, in conjunction with the

Figure 3 shows the representative mitochondrial morphology of dif-

data on the ΔΨm, strengthens the evidence that leptin protects mi-

ferentiated hippocampal HT-22 neuronal cells in different conditions

tochondrial function in models of ischaemic stroke and AD in vitro

(Figure 3a–d). In untreated control HT-22 hippocampal neuronal

by regulating mitochondrial dynamics.
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Proteins involved in mitochondrial fission (Fis1 and Drp1) and fusion
(Mfn1 and Mfn2) were examined. In CGSD SH-SY5Y cells leptin at
10 and 0.1 nM significantly decreased the expression of Fis1 compared to CGSD (p < .001, one-way ANOVA with Dunn's post hoc
test; n ≥ 4, Figure 4b). In these experiments, because of the variation
in the degree of cell death induced by CGSD, data are compared to
CGSD rather than to untreated control. In addition, 0.1 nM leptin
treatment significantly increased the expression of Mfn2 in comparison to CGSD (p < .05, one-way ANOVA with Dunn's post hoc
test, n ≥ 4, Figure 3d). No significant differences were observed in
Drp1 (p = .5724, one-way ANOVA with Dunn's post hoc test, n ≥ 4,
Figure 4a) or Mfn1 (p = .8214, one-way ANOVA with Dunn's post
hoc test, n ≥ 4, Figure 5). These results reveal that leptin prevents
CGSD-induced changes to mitochondrial morphology by reducing
Fis1 expression and increasing Mfn2 expression, which is associated
with decreased fragmentation and enhanced interconnectivity of
the mitochondrial network respectively.
Changes in expression levels of mitochondrial fission and fusion
proteins in Aβ1–42-treated HT-22 hippocampal cells are also shown
(Figure 4e–h). The expression of Drp1 and Fis1 was increased in Aβ1–
42-treated

HT-22 neuronal cells compared to untreated control. This

effect was abolished by co-administration of 0.1 nM leptin (p < .05,
one-way ANOVA with Dunn's post hoc test,n ≥ 4, Figure 4e–f).
However, the effect of 10 nM leptin treatment was not significant
after post hoc analysis. In addition, the increased level of Mfn1 in
Aβ1–42-treated cells was abolished by leptin treatment and was significant at 0.1 nM (p < .05, one-way ANOVA with Dunn's post hoc
test,n ≥ 4, Figure 4g). Levels of Mfn2 were increased in all condiF I G U R E 3 Leptin treatment protects against abnormal
mitochondrial fragmentation induced by Aβ1–42. Representative
images of mitochondrial morphology in 24 hr Aβ1–42-treated
HT-22 cells with/without 10 or 0.1 nM leptin treatment (ai-di)
and digitally expanded views are shown (aii–dii). The expanded
areas are denoted by the white quadrangles on ai–di. In untreated
differentiated HT-22 cells, the predominant mitochondrial
morphology is short and tubular (a). Mitochondria in 24 hr Aβ1–42treated cells become fragmented and become punctate (b). Leptin
inhibits Aβ1–42-triggered mitochondrial fragmentation and promotes
mitochondrial fusion. Mitochondria are predominantly observed as
short and tubular in leptin and Aβ1–42 co-treated cells (c–d). Scale
bar represents 30 µm with the scale bar on the expanded views
representing 5 µm. The bar graphs show mitochondrial morphology
quantified by two independent variables: indices of mitochondrial
fragmentation (e) and elongation (f). Data are presented as
means ± SEM, with individual data points overlaid onto the graphs
to demonstrate the distribution of the data. N ≥ 200 cells across
the three separate experimental repeats. *, ** and *** represent
statistical significance at p < .05, p < .01 and p < .001 respectively

3.4 | Leptin balances mitochondrial dynamics by
regulating the expression of mitochondrial fission and
fusion proteins

tions and leptin did not ameliorate these changes in Aβ1–42-treated
cells (p = .7252, one-way ANOVA with Dunn's post hoc test,N ≥ 4,
Figure 4h). These results suggest that leptin prevents Aβ1–42-induced
changes to mitochondrial morphology by reducing the expression of
Drp1 and Fis1, and increasing the expression of Mfn1, thereby preventing fragmentation of the mitochondrial network.
To confirm our findings from the ELISA assays, immunocytochemistry was adopted to visualize the expression of Fis1 following
CGSD with or without exogenous leptin administration. As shown
in Figure 5, the fluorescent labelling and therefore expression of
Fis1 following 72 hr CGSD (upper panels) was markedly decreased
in 0.1 nM leptin co-treated cells (Figure 5a, lower panels). Cells were
co-stained with MitoRed to allow visualisation of the mitochondrial
network (Figure 5a). Merged images demonstrating co-localisation
of the Fis1 immunoreactivity and the mitochondria are shown. To
aid visualisation expanded views of individual cells are also shown
(Figure 5b). Quantitative analysis of the immunocytochemistry images was performed. 0.1 nM leptin significantly decreased Fis-1 expressing in CGSD neural cells as compared to those that had not had
leptin treatment (p < .001, t-test, n > 200 cell per condition from at
least three separate plate downs, Figure 5c). Control stainings lacking the primary antibody did not exhibit the robust green fluores-

To explore the molecular mechanism by which leptin regulates the

cence (Figure S1) confirming the specificity of the antibody.

dynamics of neuronal mitochondria in vitro, changes of mitochon-

Similarly, immunocytochemical analysis of Mfn2 expression

drial fission and fusion protein expression were studied using ELISA.

was undertaken in these cells (Figure 6). Mfn2 immunoreactivity
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F I G U R E 4 Leptin protects against dysregulation of fission and fusion protein expression induced by combined glucose and serum
deprivation (CGSD) or Aβ1–42. Bar graphs (a–d) show the data from ELISAs to determine the effects of leptin administration on the
expression levels of mitochondrial fission proteins (Drp1 (a) and Fis1 (b)) and fusion proteins (Mfn1 (c) and Mfn2 (d)) relative to the
CGSD condition in SH-SY5Y cells. Corresponding bar graphs for hippocampal cells (e–h) are also presented showing the effects of leptin
administration on the expression levels of mitochondrial fission proteins (Drp1 (e) and Fis1 (f)) and fusion proteins (Mfn1 (g) and Mfn2
(h)) relative to the cells treated with Aβ alone. Data are presented as means ± SEM, with n ≥ 4 experimental repeats for each protein. The
distribution of the data derived from the individual experimental repeats is demonstrated by the individual data points on each bar. Each
experimental data point represents the mean of three technical repeats for each sample. Statistical significance is denoted by *, ** and ***,
representing p < .05, p < .01 and p < .001 respectively
after 72 hr CGSD was increased in 0.1 nM leptin treated cells

finding we next examined the effects of leptin on proteins involved

(Figure 6a, lower panels). This is in keeping with the ELISA data

in inducing mitochondrial biogenesis and oxidative stress-related

(Figure 4). Cells were co-stained with MitoRed to allow visuali-

enzymes (Figure 7). PGC1-α, a central inducer of mitochondrial

sation of the mitochondrial network (Figure 6a). Merged images

biogenesis, induces the expression of nuclear respiration factor-1

demonstrating co-localisation of the Mfn2 immunoreactivity and

(NRF-1). PGC1-α is also a powerful regulator of ROS removal. In

the mitochondria are also shown. To aid visualisation expanded

CGSD human neural cells, we discovered that leptin (10 or 0.1 nM)

views of individual cells are also shown (Figure 6b). Quantitative

decreased the expression of NRF1 (p < .01, one-way ANOVA, n ≥ 4,

analysis of the immunocytochemistry images was performed.

Figure 7b). No significant differences in PGC1-α in leptin-treated

Percentage areas of Mfn2 staining within the mitochondrial net-

cells were observed (p = .1196, one-way ANOVA, n ≥ 4, Figure 7a).

work were calculated. 0.1 nM leptin significantly increased Mfn2

Monoamine oxidases (MAO-A/B) are enzymes that are responsi-

expression in CGSD neural cells (p < .001, t test, n > 200 cells per

ble for the metabolism of monoamine neuro-transmitters, are in-

condition from at least three separate plate downs, Figure 6c).

volved in production of ROS. In CGSD cells, 0.1 nM leptin decreased

Control stainings lacking the primary antibody did not exhibit ro-

the levels of MAOB (p < .01, one-way ANOVA, n ≥ 4, Figure 7c)

bust green fluorescence (Figure S2) confirming the specificity of

significantly in comparison to CGSD, however, we found no sig-

the Mfn2 antibody.

nificant differences of MAO-A expression with leptin administration (p = .8199, one-way ANOVA, n ≥ 4, Figure 7d). To determine

3.5 | Leptin regulates enzymes involved in
ROS production

whether this decrease in MAOB expression resulted in a decrease
in the activity of the monoamine oxidase enzymes, we conducted
an MAO activity assay as reported previously (Zhou et al., 1997).
We uncovered that 01 nM leptin significantly decreases the activity

Our findings this far demonstrate that leptin inhibits mitochondrial

of MAO compared to CGSD alone (p < .05, one-way ANOVA, n = 7,

fragmentation in both a CGSD ischaemic stroke model and in an

Figure 7e).

in vitro model of AD by modulating the expression of proteins in-

In Aβ1–42-treated HT-22 cells, neither the expression of

volved in regulating mitochondrial dynamics. To expand upon these

PGC1-α (p = .3791, one-way ANOVA, n ≥ 4, Figure 7f) nor NRF1
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F I G U R E 5 Leptin decreases Fis1 expression in combined glucose and serum deprivation (CGSD) SH-SY5Y cells. Representative
photomicrographs of CGSD SH-SY5Y cells (ai–iii; bi–iii) and those also treated with 0.1 nM leptin (aiv–vi and biv–vi). Single channel images
of MitoRed (shown in red) or Fis1 (shown in green) staining are presented along with the merged image and digitally expanded views (b).
The merged views confirm that the Fis1 immunoreactivity is mitochondrial. The expanded areas are denoted by the white quadrangles
on aiii and avi. Scale bar represents 20 µm with the scale bar on the expanded views representing 10 µm. Bar graph demonstrates the
outcome of quantitative analysis Fis1 expression within the mitochondrial network (c). Individual data points are overlaid on the chart to
allow visualisation of the distribution of individual data points. Data are presented as mean ± SEM. N ≥ 200 cells from three independent
experiments and *** represents significance at p < .001
(p = .6996, one-way ANOVA, n ≥ 4, Figure 7g) were significantly
altered. However, both MAO-A and MAO-B expression were
increased significantly in Aβ1–42-treated hippocampal neurons,

3.6 | Leptin inhibits Aβ1–42-induceded neuronal
membrane permeability and prevents loss of
neuronal viability

exhibiting around a 50% increase compared to untreated control neurons (Figure 7h–l). Co-treating Aβ1–42-treated hippo-

It is well established that leptin protects against CGSD in SH-SY5Y

campal neurons with leptin for 24 hr, significantly reduced the

neural cells (Russo, Metaxas, Kobayashi, Harris, & Werther, 2004)

increase in MAO-A (p < .01, one-way ANOVA, n ≥ 4, Figure 7h)

and therefore our results can be interpreted to be part of the known

and MAO-B (p < .01, one-way ANOVA, n ≥ 4, Figure 7i). These

neuroprotective actions of this hormone in these cells. In contrast, it

results indicate that leptin down-regulates enzymes involved

has never been demonstrated that leptin protects against neuronal

in the production of ROS that may contribute to its protection

cell death in fully differentiated HT-22 hippocampal cells. Therefore

against mitochondrial dysfunction in models of ischaemic stroke

we aimed to elucidate leptin's potential as a neuroprotectant in this

and AD in vitro.

model. Treating differentiated HT-22 mouse hippocampal neurons

10
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F I G U R E 6 Leptin increases Mfn2 expression in combined glucose and serum deprivation (CGSD) SH-SY5Y cells. Representative
photomicrographs of CGSD SH-SY5Y cells (ai–iii; bi–iii) and those also treated with 0.1 nM leptin (aiv–vi and biv–vi). Single-channel images
of MitoRed (shown in red) or Mfn2 (shown in green) staining are presented along with the merged image and digitally expanded views (b).
The merged views confirm that the Mfn2 immunoreactivity is mitochondrial. The expanded areas are denoted by the white quadrangles (aiii
and avi). Scale bar represents 20 µm, with the scale bar on the expanded view representing 10 µm. Bar graph demonstrates the outcome of
quantitative analysis of Mfn2 (c). Individual data points are overlaid on the chart to allow visualisation of the distribution of the data. Data
are presented as mean ± SEM. N ≥ 200 cells from three independent experiments and *** represents significance at p < .001
with Aβ1–42 (10 µM) results in the release of LDH, which indicates

p < .05, n = 8). Taken together, leptin ameliorates neuronal loss, in-

damaged membrane permeability. Leptin treatment at 10 and

hibits abnormal membrane permeability and promotes hippocampal

0.1 nM significantly decreased the release of LDH induced by Aβ1–42

neuronal viability induced by treatment with Aβ1–42.

significantly (Figure 8 one-way ANOVA, p < .05, n = 6). These data
demonstrate that leptin ameliorates neuronal membrane permeability induced by Aβ1–42. In addition, treating hippocampal neurons

4 | D I S CU S S I O N

with Aβ1–42 leads to 13.5% decrease of neuronal number, as determined by crystal violet assay, compared to an untreated control.

Leptin, known as an essential mediator of energy homeostasis, exerts

Leptin treatment at both 10 and 0.1 nM significantly reduced the

a protective role in models of neurodegenerative diseases, including

Aβ1–42-mediated decrease in cell number (Figure 8 one-way ANOVA,

AD (Doherty, 2011; Li, Yan, Guo, & Wang, 2016). Epidemiological

CHENG et al.
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F I G U R E 7 Leptin regulates the expression and activity of mitochondrial biogenesis enzymes and monoamine oxidase (MAO). Bar graphs
(a–d) show ELISA data determining the effects of leptin administration on the expression levels of mitochondrial biogenesis proteins,
PGC1α (a) and NRF1 (b) and monoamine oxidases, MAOA (c) and MAOB (d) relative to the combined glucose and serum deprivation (CGSD)
condition in SH-SY5Y cells. The effects of leptin administration on MAO activity in these cells is also presented (e). Corresponding bar
graphs for the expression levels hippocampal cells (f–i) are also presented showing the effects of leptin administration on the expression
levels of mitochondrial biogenesis proteins, PGC1α (f) and NRF1 (g) and monoamine oxidases, MAOA (h) and MAOB (i) relative to the
cultures treated with Aβ1–42 alone. Data are presented as means ± SEM, with n ≥ 4 experimental repeats for each protein. The distribution of
the data derived from the individual experimental repeats is demonstrated by the individual data points on each bar. Each experimental data
point represents the mean of three technical repeats for each sample. Statistical significance is denoted by * and **, representing p < .05, and
p < .01 respectively
studies have revealed that higher serum leptin levels protect against

deposition of Aβ and phosphorylated tau in AD models (Guo et al.,

cognitive impairment (Holden et al., 2009; Witte et al., 2016) and are

2016; Liu, Zhang, Liu, & Yin, 2017; Marwarha, Dasari, Prasanthi,

associated with a reduced incidence of AD (Gilbert et al., 2018; Lieb

Schommer, & Ghribi, 2010). Furthermore, increased mitochondrial

et al., 2009). Expression of Ob-Rb is decreased and leptin signalling

ROS and damaged ΔΨm are observed in brains of diet-induced

(Akt) disrupted in the hippocampus of APP/presenilin 1 mice (King

obese rats (Ma, Yuan, Yu, Xi, & Xiao, 2014) that lack efficient lep-

et al., 2018) further implicating leptin signalling in AD pathogenesis.

tin signalling because of leptin resistance (Scarpace & Zhang, 2009).

In addition, leptin treatment is capable of attenuating pathological

Mitochondrial degeneration in the blood–brain barrier has been
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F I G U R E 8 Leptin inhibits Aβ1–42-mediated increased neuronal membrane permeability and increases neuronal viability in hippocampal
cells. Bar graphs showing effects of leptin administration on the release of lactate dehydrogenase (LDH) into cell culture relative to Aβ1–42
treatment alone (a), and the output of a crystal violet assay for cell number demonstrating cell viability relative to that observed in control,
untreated cultures (b), are presented. Data are presented as means ± SEM. N ≥ 6 independent experiments; * and ** represent statistical
significance at p < .05 and p < .01 respectively. Individual data points have been overlaid onto the bar charts to reveal the distribution of the
data gathered
detected in db/db mice with leptin receptor deficiency (Corem,

Maintaining balanced mitochondrial dynamics is an essential pro-

Anzi, Gelb, & Ben-Zvi, 2019). It is well established that mitochon-

cess, which promotes mitochondrial distribution across axons into

drial dysfunction presents as an early and predominant feature in

synapses and separates damaged mitochondrial constituents, to meet

the development of AD (Hauptmann et al., 2009), and promotes the

high neuronal energy demand and facilitate protective effects (Diaz &

pathophysiology of AD (Cheng & Bai, 2018). Thus the potential for

Moraes, 2008; Scott, Youle, Pike, Lee, & Yoon, 2016). Unbalanced dy-

leptin to benefit mitochondria has numerous potential clinical appli-

namics is hypothesised to be an essential mechanism leading to syn-

cations. However, the effect of leptin on mitochondrial function in

aptic and neuronal dysfunction in AD (Santos et al., 2010; Wang et al.,

the early and late stages of AD has not been examined.

2009, 2014). In our study, we reveal that leptin inhibits mitochondrial

Our study provides compelling evidence that leptin exerts its

fission induced by CGSD and Aβ1–42, and promotes mitochondrial

known neuroprotective role through balancing mitochondrial mor-

fusion balancing the morphological dynamics and improving mito-

phological dynamics and improving mitochondrial dysfunction in

chondrial dysfunction. In previous studies, it was found that over-ex-

AD-linked cell models. Thus leptin ameliorates increased mito-

pression of Fis1 and decreased levels of Mfn1, Mfn2, Drp1 and OPA1

chondrial fragmentation through regulating the expression of mi-

led to the impaired balance of mitochondrial fission/fusion dynamics

tochondrial fission and fusion proteins, and prevents the loss of

in an in vitro AD model (Wang et al., 2008, 2009). In agreement with

mitochondrial membrane potential induced by Aβ1–42.

these previous studies, up-regulation of Fis1 was observed in neu-

The neurobeneficial effects of leptin have long been known,

ronal cells induced by AD-linked insults Aβ1–42 and CGSD. Moreover

with the first reports revealing leptin's anti-apoptotic actions in SH-

expression of Drp1 was also increased in Aβ1–42-treated hippocampal

SY5Y neural cells in vitro (Russo et al., 2004). We have expanded on

neurons. A recent study supports the possibility that interaction of

this to reveal that leptin protects differentiated HT-22 hippocam-

Drp1/Fis1 in mitochondria leads to excessive mitochondrial fission

pal neurons from Aβ1–42-mediated neurotoxicity. Thus in both our

and neuronal injury in AD (Joshi, Saw, Shamloo, & Mochly-Rosen,

CGSD SH-SY5Y human neuroblastoma cells, an ischaemia stroke

2018). We found that over-expression of Fis1 and Drp1 was linked

model (Lorenz et al., 2009) and in Aβ1–42-treated differentiated

to excessive mitochondrial fragmentation in Aβ1–42-treated neuronal

HT-22 hippocampal neuronal cells, an AD model, leptin protects

cells. Leptin inhibited the over-expression of Fis1 in CGSD neural cells,

against cell death. The concentrations of leptin that we have used

and for both Drp1 and Fis1 the increased levels induced by Aβ1–42

in this investigation are within the low nanomolar physiological

were decreased by leptin treatment. Thus leptin decreases the ex-

range (0.1–10 nM; Moult et al., 2010). However, the data reveal that

pression of mitochondrial fission proteins in our experiments.

the lower concentration (0.1 nM) is more effective than 10 nM ad-

Depletion of fusion protein Mfn2 results in excessive mitochon-

ministration in mediating leptin's neurobeneficial actions. The pos-

drial fission and cellular death in cortical neurons (Uo et al., 2009).

sibility that there is endogenous secretion of leptin in the cultures,

Human Mfn2 mutations cause mitochondrial network fragmen-

pushing the true concentration into a supraphysiological range with

tation (Rocha et al., 2017), and leptin treatment increases the ex-

the higher concentration treatment cannot be discounted. Indeed

pression of Mfn2 and Drp1, modulating mitochondrial dynamics in

HT-22 cells have recently been shown to up-regulate the leptin

MCF-7 breast cancer cells (Blanquer-Rossellõ et al., 2015). Here we

transcript following hydrogen sulphide administration (Zhu et al.,

show that in addition to the known data from the breast cancer cell

2019) and SH-SY5Y cells are known to express endogenous leptin

line, leptin also increases the expression of Mfn2 in CGSD neural

(Marwarha, Dasari, & Ghribi, 2012). Nonetheless, in our study the

cells. No significant increases in Mfn levels were discovered in the

effects of administering physiological doses of leptin on the mito-

Aβ1–42-treated hippocampal neurons, but these cells have a less in-

chondrial network as clear.

terconnected mitochondrial network in the untreated condition as
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compared to the SH-SY5Y cell line and therefore a lesser degree of

antioxidant drugs such as MitoQ and peptide SS take advantage of the

fusion may be required to maintain the normal mitochondrial mor-

ΔΨm to accumulate in mitochondria and implement their protective

phology. In summary, our results show that leptin inhibits abnormal

role (Birk, Chao, Bracken, Warren, & Szeto, 2014; Snow et al., 2010).

mitochondrial fission in AD models by down-regulating Fis1 and

However, two facts should be taken into consideration. Dysfunctional

Drp1 and up-regulating Mfn2.

mitochondria tend to have disrupted ΔΨm, which may limit the intake

Furthermore, mitochondrial biogenesis, a process in which

of drugs. Excessive uptake of drugs driven by ΔΨm may result in a de-

PGC1-α is a central inducer, contributes to the maintenance of

pressed ΔΨm (Wang & Chen, 2016). Here we show that leptin regulates

the healthy mitochondrial population. PGC1-α also regulates the

enzymes that protect against oxidative stress and protects mitochon-

removal of ROS (Austin & St-Pierre, 2012), and increases the ex-

drial function without depending on or damaging ΔΨm. However, it

pression and activity of NRF1, a transcription factor that medi-

does restore a depleted ΔΨm thereby benefitting mitochondrial func-

ates production of nuclei-encoded mitochondrial genes coding

tion, further underpinning the beneficial effects of leptin.

for subunits of the oxidative phosphorylation system (Virbasius,

Our data reveal that leptin is a potential therapeutic target for

Virbasius, & Scarpulla, 1993; Wu et al., 1999). However, we show

disorders, such as AD, where mitochondrial dysfunction has been

here that mitochondrial biogenesis is not a powerful regulator

intricately linked to pathogenesis. It is likely that leptin-based

in leptin-mediated mitochondrial dynamics balance, with no dif-

therapeutics would not be suitable for all patients as it is known

ferences in the level of expression of proxisome proliferator-ac-

that some individuals exhibit leptin resistance which would inhibit

tivated receptor γ coactivator 1 in either in vitro model. NRT-1

their responsiveness to a class of drugs based on this hormone

expression is decreased by leptin treatment in CGSD-treated cells

(Liu, Yang, Yu, & Zheng, 2018). Nonetheless, given the proven re-

but not in the Aβ1–42-treated cells. As NRF-1-mediated changes

duced circulating leptin levels in AD patients (Lieb et al., 2009) and

in gene expression are linked to protection from oxidative stress

the emerging knowledge of compounds such as celastrol that can

(Hertel, Braun, Durka, Alzheimer, & Werner, 2002), it could be

sensitise individuals to leptin's effects (Chellappa, Perron, Naidoo,

hypothesised that a protective agent might up-regulate this pro-

& Baur, 2019), this remains a crucial pathway to explore in the

tein. Taken together we did not find any evidence that proxisome

search for anti-degenerative therapeutics. Leptin is a large mole-

proliferator-activated receptor γ coactivator 1 and/or activation of

cule and is hard to administer, requiring subcutaneous injections.

NRF-1 contribute to the neuroprotective actions of leptin.

Pharmaceutical work on leptin mimetics has been undertaken and

Because of the production of hydrogen peroxide and induced

promising bioactive fragments such as leptin 116–130 that retain

oxidative stress, excessive MAO activity is regarded as a risk factor

the CNS actions of leptin have been uncovered (Malekizadeh et al.,

in AD (Quartey et al., 2018). Indeed, inhibition of MAO has been

2017). Further development of this region of the molecule into

proposed as a treatment target in AD (Hroch et al., 2017; Naoi &

an orally deliverable preparation, [D-Leu-4]-OB3, that crosses the

Maruyama, 2010). We provide here the first evidence that leptin

blood–brain barrier (Anderson, Jacobson, Novakovic, & Grasso,

inhibits the expression and activity of MAO in AD models, imply-

2017) suggest that overcoming the administration difficulties of

ing the involvement of leptin in protection against oxidative stress

the full length molecule offer an exciting avenue in development

through modulation of this enzyme. In addition, MAO regulates

of leptin as a therapeutic. Further work to investigate whether

mitochondrial fission in cardiomyocytes during aging (Vigneron,

these small fragments of the leptin molecule mirror its beneficial

Guilbeau-Frugier, Parini, & Mialet-Perez, 2013). In our hands leptin

effects on the mitochondrial network are therefore an area of re-

significantly down-regulated MAOB in CGSD cultures and the Aβ1–

search that warrants future exploration.

42-treated hippocampal neurons, with MAOA down-regulated in

In conclusion, these findings provide compelling evidence that

the latter population as well. The large volume of protein that can

leptin protects against early mitochondrial dysfunction and against

be derived from the SH-SY5Y cultures allowed us to further inves-

Aβ1–42-induced aberrant mitochondrial dynamics in two established

tigate this and determine that there is a functional consequence of

AD-related cellular models. This further underlines the essential role

this down-regulation of protein expression with a marked decrease

of mitochondrial dysfunction in AD and also identifies a novel pro-

in MAO activity detected in the MAO activity assay. Unfortunately

tective role of leptin in the regulation of mitochondrial dynamics.

the nature of the differentiated hippocampal cultures is such that it
is not possible to harvest the highly concentrated protein samples
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required for the assay at sufficient volume and therefore we could
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The maintenance of a normal ΔΨm is important for optimal mi-

C O N FL I C T O F I N T E R E S T

tochondrial function (Zorova et al., 2017). In recent developments of

The authors confirm that they have no conflicts of interest relating

mitochondria-targeted therapeutics for neurodegenerative disease,

to this work.

14

|

CHENG et al.

OPEN SCIENCE BADGES

This article has received a badge for *Open Materials* and *Open
Data* because it provided all relevant information to reproduce the
study in the manuscript and because it made the data publicly available. The data can be accessed at https://doi.org/10.17630/5702d
258-6712-4b72-bc3d-fcb244c90313. More information about the
Open Science badges can be found at https://cos.io/our-services/
open-science-badges/.
ORCID
Ying Cheng

https://orcid.org/0000-0001-5101-2579

Matthew Buchan
Karina Vitanova
Gayle Doherty

https://orcid.org/0000-0002-6378-5015
https://orcid.org/0000-0001-8800-4150
https://orcid.org/0000-0003-3494-5857

REFERENCES
Anderson, B. M., Jacobson, L., Novakovic, Z. M., & Grasso, P. (2017). Oral
delivery of [D-Leu-4]-OB3 and MA-[D-Leu-4]-OB3, synthetic peptide leptin mimetics: Immunofluorescent localization in the mouse
hypothalamus. Brain Research, 1664, 1–8. https://doi.org/10.1016/j.
brainres.2017.03.020
Austin, B. P., Nair, V. A., Meier, T. B., Xu, G., Rowley, H. A., Carlsson, C.
M., … Prabhakaran, V. (2011). Effects of hypoperfusion in Alzheimer’s
disease. Journal of Alzheimer’s Disease, 26(s3), 123–133. https://doi.
org/10.3233/JAD-2011-0010
Austin, S., & St-Pierre, J. (2012). PGC1α and mitochondrial metabolism–
emerging concepts and relevance in ageing and neurodegenerative
disorders. Journal of Cell Science, 125(Pt 21), 4963–4971.
Barsoum, M. J., Yuan, H., Gerencser, A. A., Liot, G., Kushnareva, Y.,
Gräber, S., … Bossy-Wetzel, E. (2006). Nitric oxide-induced mitochondrial fission is regulated by dynamin-related GTPases in neurons. EMBO Journal, 25(16), 3900–3911. https://doi.org/10.1038/
sj.emboj.7601253
Birk, A. V., Chao, W. M., Bracken, C., Warren, J. D., & Szeto, H. H. (2014).
Targeting mitochondrial cardiolipin and the cytochrome c/cardiolipin
complex to promote electron transport and optimize mitochondrial
ATP synthesis. British Journal of Pharmacology, 171(8), 2017–2028.
Blanquer-Rossellõ, M. M., Santandreu, F. M., Oliver, J., Roca, P., & Valle,
A. (2015). Leptin modulates mitochondrial function, dynamics and
biogenesis in MCF-7 cells. Journal of Cellular Biochemistry, 116(9),
2039–2048. https://doi.org/10.1002/jcb.25158
Burté, F., Carelli, V., Chinnery, P. F., & Yu-Wai-Man, P. (2015). Disturbed mitochondrial dynamics and neurodegenerative disorders. Nature Reviews
Neurology, 11(1), 11. https://doi.org/10.1038/nrneurol.2014.228
Calgani, A., Delle Monache, S., Cesare, P., Vicentini, C., Bologna, M., &
Angelucci, A. (2016). Leptin contributes to long-term stabilization of
HIF-1α in cancer cells subjected to oxygen limiting conditions. Cancer
Letters, 376(1), 1–9. https://doi.org/10.1016/j.canlet.2016.03.027
Casley, C. S., Canevari, L., Land, J. M., Clark, J. B., & Sharpe, M. A. (2002).
β-Amyloid inhibits integrated mitochondrial respiration and key enzyme activities. Journal of Neurochemistry, 80(1), 91–100.
Cha, M. Y., Han, S. H., Son, S. M., Hong, H. S., Choi, Y. J., Byun, J., &
Mook-Jung, I. (2012). Mitochondria-specific accumulation of amyloid
β induces mitochondrial dysfunction leading to apoptotic cell death.
PLoS ONE, 7(4). https://doi.org/10.1371/journal.pone.0034929
Chellappa, K., Perron, I. J., Naidoo, N., & Baur, J. A. (2019). The leptin sensitizer celastrol reduces age-associated obesity and modulates behavioral rhythms. Aging Cell, 18(3), e12874. https://doi.org/10.1111/
acel.12874

Cheng, Y., & Bai, F. (2018). The association of tau with mitochondrial dysfunction in Alzheimer’s disease. Frontiers in Neuroscience, 12(MAR),
2014–2019. https://doi.org/10.3389/fnins.2018.00163
Connolly, N. M. C., Theurey, P., Adam-Vizi, V., Bazan, N. G., Bernardi,
P., Bolaños, J. P., … Prehn, J. H. M. (2018). Guidelines on experimental methods to assess mitochondrial dysfunction in cellular models
of neurodegenerative diseases. Cell Death and Differentiation, 25(3),
542–572. https://doi.org/10.1038/s41418-017-0020-4
Corem, N., Anzi, S., Gelb, S., & Ben-Zvi, A. (2019). Leptin receptor deficiency induces early, transient and hyperglycaemia-independent
blood-brain barrier dysfunction. Scientific Reports, 9(1), 1–11. https://
doi.org/10.1038/s41598-019-39230-1
Crouch, P. J., Blake, R., Duce, J. A., Ciccotosto, G. D., Li, Q. X., Barnham, K.
J., … Trounce, I. A. (2005). Copper-dependent inhibition of human cytochrome c oxidase by a dimeric conformer of amyloid-β1-42. Journal
of Neuroscience, 25(3), 672–679.
Dagda, R. K., Cherra, S. J., Kulich, S. M., Tandon, A., Park, D., & Chu, C. T.
(2009). Loss of PINK1 function promotes mitophagy through effects
on oxidative stress and mitochondrial fission. Journal of Biological
Chemistry, 284(20), 13843–13855. https://doi.org/10.1074/jbc.
M808515200
Diaz, F., & Moraes, C. T. (2008). Mitochondrial biogenesis and turnover. Cell Calcium, 44(1), 24–35. https://doi.org/10.1016/j.
ceca.2007.12.004
Divya, P., Amandine, B., & Ken, N. (2013). Energy failure. Annals of
Neurology, 74(4), 506–516. https://doi.org/10.1002/ana.24014
Doherty, G. H., Oldreive, C., & Harvey, J. (2008). Neuroprotective
actions of leptin on central and peripheral neurons in vitro.
Neuroscience, 154(4), 1297–1307. https://doi.org/10.1016/j.neuro
science.2008.04.052
Doherty, G. H. (2011). Obesity and the ageing brain: Could leptin play
a role in neurodegeneration? Current Gerontology and Geriatrics
Research, 2011, 1–8. https://doi.org/10.1155/2011/70815410.1155
/2011/708154
Doherty, G. H., Beccano-Kelly, D., Yan, S. D., Gunn-Moore, F. J., &
Harvey, J. (2013). Leptin prevents hippocampal synaptic disruption
and neuronal cell death induced by amyloid β. Neurobiology of Aging,
34(1), 226–237.
Finocchietto, P. V., Holod, S., Barreyro, F., Peralta, J. G., Alippe, Y.,
Giovambattista, A., … Poderoso, J. J. (2011). Defective leptin–AMPdependent kinase pathway induces nitric oxide release and contributes to mitochondrial dysfunction and obesity in ob/ob mice.
Antioxidants and Redox Signaling, 15(9), 2395–2406.
Flint, B. M. (1995). Aging, energy, and oxidative stress in neurodegenerative diseases. Annals of Neurology, 38(3), 357–366. https://doi.
org/10.1002/ana.410380304
Gilbert, T., Roche, S., Blond, E., Bar, J. Y., Drai, J., Cuerq, C., … Bonnefoy,
M. (2018). Association between peripheral leptin and adiponectin
levels and cognitive decline in patients with neurocognitive disorders
≥65 years. Journal of Alzheimer’s Disease, 66(3), 1255–1264. https://
doi.org/10.3233/JAD-180533
Guo, M., Li, D., Shen, H., Jin, B., Ren, Y., Li, M., & Xing, Y. (2016).
Leptin-sensitive JAK2 activation in the regulation of tau phosphorylation in PC12 cells. Neuro-Signals, 24(1), 88–94. https://doi.
org/10.1159/000442615
Guo, Z., Jiang, H., Xu, X., Duan, W., & Mattson, M. P. (2008). Leptinmediated cell survival signaling in hippocampal neurons mediated
by JAK STAT3 and mitochondrial stabilization. Journal of Biological
Chemistry, 283(3), 1754–1763. https://doi.org/10.1074/jbc.M7037
53200
Hauptmann, S., Scherping, I., Dröse, S., Brandt, U., Schulz, K. L.,
Jendrach, M., … Müller, W. E. (2009). Mitochondrial dysfunction:
An early event in Alzheimer pathology accumulates with age in AD
transgenic mice. Neurobiology of Aging, 30(10), 1574–1586. https://
doi.org/10.1046/j.1460-9568.2002.01992.x

CHENG et al.

Hertel, M., Braun, S., Durka, S., Alzheimer, C., & Werner, S. (2002).
Upregulation and activation of the Nrf-1 transcription factor in the
lesioned hippocampus. European Journal of Neuroscience, 15(10),
1707–1711. https://doi.org/10.1046/j.1460-9568.2002.01992.x
Holden, K. F., Lindquist, K., Tylavsky, F. A., Rosano, C., Harris, T. B., &
Yaffe, K. (2009). Serum leptin level and cognition in the elderly:
Findings from the Health ABC Study. Neurobiology of Aging, 30(9),
1483–1489. https://doi.org/10.1016/j.neurobiolaging.2007.11.024
Honig, L. S., Tang, M. X., Albert, S., Costa, R., Luchsinger, J., Manly, J., …
Mayeux, R. (2003). Stroke and the risk of Alzheimer disease. Archives
of Neurology, 60(12), 1707–1712. https://doi.org/10.1001/archn
eur.60.12.1707
Hroch, L., Guest, P., Benek, O., Soukup, O., Janockova, J., Dolezal, R.,
… Musilek, K. (2017). Synthesis and evaluation of frentizole-based
indolyl thiourea analogues as MAO/ABAD inhibitors for Alzheimer’s
disease treatment. Bioorganic and Medicinal Chemistry, 25(3), 1143–
1152. https://doi.org/10.1016/j.bmc.2016.12.029
Johri, A., & Beal, M. F. (2012). Mitochondrial dysfunction in neurodegenerative diseases. The Journal of Pharmacology and Experimental Therapeutics,
342(3), 619–630. https://doi.org/10.1124/jpet.112.192138
Joshi, A. U., Saw, N. L., Shamloo, M., & Mochly-Rosen, D. (2018). Drp1/Fis1
interaction mediates mitochondrial dysfunction, bioenergetic failure
and cognitive decline in Alzheimer’s disease. Oncotarget, 9(5), 6128.
Kariya, S., Takahashi, N., Hirano, M., & Ueno, S. (2003). Humanin improves
impaired metabolic activity and prolongs survival of serum-deprived
human lymphocytes. Molecular and Cellular Biochemistry, 254(1–2),
83–89.
King, A., Brain, A., Hanson, K., Dittmann, J., Vickers, J., & FernandezMartos, C. (2018). Disruption of leptin signalling in a mouse model of
Alzheimer’s disease. Metabolic Brain Disease, 33(4), 1097–1110.
Li, X.-M., Yan, H.-J., Guo, Y.-S., & Wang, D. (2016). The role of leptin in
central nervous system diseases. NeuroReport, 27(5), 350–355.
Li, Z., Okamoto, K. I., Hayashi, Y., & Sheng, M. (2004). The importance
of dendritic mitochondria in the morphogenesis and plasticity of
spines and synapses. Cell, 119(6), 873–887.https://doi.org/10.1016/j.
cell.2004.11.003
Lieb, W., Beiser, A. S., Vasan, R. S., Tan, Z. S., Au, R., Harris, T. B., …
Seshadri, S. (2009). Association of plasma leptin levels with incident
Alzheimer disease and MRI measures of brain aging. JAMA, 302(23),
2565–2572. https://doi.org/10.1001/jama.2009.1836
Lin, M. T., & Beal, M. F. F. (2006). Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature, 443(7113), 787–795.
Liu, Z., Zhang, Y., Liu, J., & Yin, F. (2017). Geniposide attenuates the level
of Aβ1-42via enhancing leptin signaling in cellular and APP/PS1 transgenic mice. Archives of Pharmacal Research, 40(5), 1–8. https://doi.
org/10.1007/s12272-016-0875-9
Liu, J., Yang, X., Yu, S., & Zheng, R. (2018). The Leptin Resistance.
Advances in Experimental Medicine and Biology, 1090, 145–163.
Lorenz, L., Dang, J., Misiak, M., Tameh Abolfazl, A., Beyer, C., & Kipp, M.
(2009). Combined 17β-oestradiol and progesterone treatment prevents neuronal cell injury in cortical but not midbrain neurones or
neuroblastoma cells. Journal of Neuroendocrinology, 21(10), 841–849.
https://doi.org/10.1111/j.1365-2826.2009.01903.x
McGregor, G., & Harvey, J. (2019). Leptin regulation of synaptic function at HippocampalTA-CA1 and SC-CA1 synapses: Implications for
health and disease. Neurochemical Research, 44(3), 650–660. https://
doi.org/10.1007/s11064-017-2362-1
Ma, W., Yuan, L., Yu, H., Xi, Y., & Xiao, R. (2014). Mitochondrial dysfunction and oxidative damage in the brain of diet-induced obese rats
but not in diet-resistant rats. Life Sciences, 110(2), 53–60. https://doi.
org/10.1016/j.lfs.2014.07.018
Malekizadeh, Y., Holiday, A., Redfearn, D., Ainge, J. A., Doherty, G., &
Harvey, J. (2017). A leptin fragment mirrors the cognitive enhancing and neuroprotective actions of leptin. Cerebral Cortex, 27(10),
4769–4782.

|

15

Manczak, M., Park, B. S., Jung, Y., & Reddy, P. H. (2004). Differential
expression of oxidative phosphorylation genes in patients with
Alzheimer’s disease: Implications for early mitochondrial dysfunction and oxidative damage. NeuroMolecular Medicine, 5(2), 147–162.
https://doi.org/10.1385/NMM:5:2:147
Marwarha, G., Dasari, B., Prasanthi, J. R. P., Schommer, J., & Ghribi,
O. (2010). Leptin reduces the accumulation of Aβ and phosphorylated tau induced by 27-hydroxycholesterol in rabbit organotypic
slices. Journal of Alzheimer’s Disease, 19(3), 1007–1019. https://doi.
org/10.3233/JAD-2010-1298
Marwarha, G., Dasari, B., & Ghribi, O. (2012). Endoplasmic reticulum
stress-induced CHOP activation mediates the down-regulation of
leptin in human neuroblastoma SH-SY5Y cells treated with the oxysterol 27-hydroxycholesterol. Cellular Signalling, 24(2), 484–492.
https://doi.org/10.1016/j.cellsig.2011.09.029
Mathew, B., Parambi, D. G. T., Mathew, G. E., Uddin, M. S., Inasu, S. T.,
Kim, H., … Carradori, S. (2019). Emerging therapeutic potentials of
dual-acting MAO and AChE inhibitors in Alzheimer's and Parkinson's
diseases. Archiv Der Pharmazie, 352(11), e1900177. https://doi.
org/10.1002/ardp.201900177.
Moult, P. R., Cross, A., Santos, S. D., Carvalho, A. L., Lindsay, Y., Connolly,
C. N., ... Harvey, J. (2010). Leptin regulates AMPA receptor trafficking via PTEN inhibition. Journal of Neuroscience, 30(11), 4088–101.
https://doi.org/10.1523/JNEUROSCI.3614-09.2010.
Naoi, M., & Maruyama, W. (2010). Monoamine oxidase inhibitors as neuroprotective agents in age-dependent neurodegenerative disorders.
Current Pharmaceutical Design, 16(25), 2799–2817.
Naoi, M., Riederer, P., & Maruyama, W. (2016). Modulation of monoamine
oxidase (MAO) expression in neuropsychiatric disorders: Genetic and
environmental factors involved in type A MAO expression. J Neural
Transm (Vienna)., 123(2), 91–106. https://doi.org/10.1007/s0070
2-014-1362-4
Pérez-González, R., Antequera, D., Vargas, T., Spuch, C., Bolós, M., &
Carro, E. (2011). Leptin induces proliferation of neuronal progenitors and neuroprotection in a mouse model of Alzheimer’s disease.
Journal of Alzheimer’s Disease, 24(supplement2), 17–25. https://doi.
org/10.3233/JAD-2011-102070
Quartey, M. O., Nyarko, J. N. K., Pennington, P. R., Heistad, R. M.,
Klassen, P. C., Baker, G. B., & Mousseau, D. D. (2018). Alzheimer disease and selected risk factors disrupt a co-regulation of monoamine
oxidase-A/B in the hippocampus, but not in the cortex. Frontiers in
Neuroscience, 12, 1–17. https://doi.org/10.3389/fnins.2018.00419
Reddy, P. H., & Beal, M. F. (2008). Amyloid beta, mitochondrial dysfunction and synaptic damage: Implications for cognitive decline in aging
and Alzheimer’s disease. Trends in Molecular Medicine, 14(2), 45–53.
https://doi.org/10.1016/j.molmed.2007.12.002
Reddy, P. H., McWeeney, S., Park, B. S., Manczak, M., Gutala, R. V.,
Partovi, D., … Quinn, J. (2004). Gene expression profiles of transcripts in amyloid precursor protein transgenic mice: Up-regulation
of mitochondrial metabolism and apoptotic genes is an early cellular change in Alzheimer’s disease. Human Molecular Genetics, 13(12),
1225–1240. https://doi.org/10.1093/hmg/ddh140
Rocha, N., Bulger, D. A., Frontini, A., Titheradge, H., Gribsholt, S. B.,
Knox, R., … Semple, R. K. (2017). Human biallelic MFN2 mutations
induce mitochondrial dysfunction, upper body adipose hyperplasia, and suppression of leptin expression. Elife, 6, 1–27. https://doi.
org/10.7554/eLife.23813
Russo, V. C., Metaxas, S., Kobayashi, K., Harris, M., & Werther, G. A.
(2004). Antiapoptotic effects of leptin in human neuroblastoma cells.
Endocrinology, 145(9), 4103–4112. https://doi.org/10.1210/en.2003-1767
Safiulina, D., & Kaasik, A. (2013). Energetic and dynamic: How mitochondria meet neuronal energy demands. PLoS Biology, 11(12), 1–4.
https://doi.org/10.1371/journal.pbio.1001755
Santos, R. X., Correia, S. C., Wang, X., Perry, G., Smith, M. A., Moreira,
P. I., & Zhu, X. (2010). A synergistic dysfunction of mitochondrial

16

|

fission/fusion dynamics and mitophagy in Alzheimer’s disease.
Journal of Alzheimer’s Disease, 20(Suppl 2), S401–S412. https://doi.
org/10.3233/JAD-2010-100666
Scarpace, P. J., & Zhang, Y. (2009). Leptin resistance: A prediposing factor
for diet-induced obesity. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 296(3), R493–R500. https://
doi.org/10.1152/ajpregu.90669.2008
Scott, I., Youle, R. J., Pike, R., Lee, H., & Yoon, Y. (2016). Mitochondrial
fission and fusion. Biochemical Society Transactions, 44(6), 85–98.
Senyilmaz, D., Virtue, S., Xu, X., Tan, C. Y., Griffin, J. L., Miller, A. K., …
Teleman, A. A. (2015). Regulation of mitochondrial morphology and
function by stearoylation of TFR1. Nature, 525(7567), 124–128.
Shimada, T., Shindo, A., Matsuyama, H., Yata, K., Niwa, A., Sasaki, R., …
Tomimoto, H. (2019). Chronic cerebral hypoperfusion upregulates
leptin receptor expression in astrocytes and tau phosphorylation in
tau transgenic mice. Neuroscience Letters, 704, 133–140. https://doi.
org/10.1016/j.neulet.2019.04.009
Sirk, D., Zhu, Z., Wadia, J. S., Shulyakova, N., Phan, N., Fong, J., & Mills,
L. R. (2007). Chronic exposure to sub-lethal beta-amyloid (Aβ) inhibits the import of nuclear-encoded proteins to mitochondria in differentiated PC12 cells. Journal of Neurochemistry, 103(5), 1989–2003.
https://doi.org/10.1111/j.1471-4159.2007.04907.x
Snow, B. J., Rolfe, F. L., Lockhart, M. M., Frampton, C. M., O'Sullivan, J. D.,
Fung, V., … Taylor, K. M.; Protect Study Group (2010). A double-blind,
placebo-controlled study to assess the mitochondria- targeted antioxidant MitoQ as a disease-modifying therapy in Parkinson’s disease.
Movement Disorders, 25(11), 1670–1674. 1002/mds.23148
Su, B., Wang, X., Bonda, D., Perry, G., Smith, M., & Zhu, X. (2010).
Abnormal mitochondrial dynamics and neurodegenerative diseases. Biochimica Et Biophysica Acta, 1802(1), 135–142. https://doi.
org/10.1016/j.bbadis.2009.09.013
Terao, S., Yilmaz, G., Stokes, K. Y., Ishikawa, M., Kawase, T., & Granger,
D. N. (2008). Inflammatory and injury responses to ischemic stroke in
obese mice. Stroke, 39(3), 943–950. https://doi.org/10.1161/STROK
EAHA.107.494542
Uo, T., Dworzak, J., Kinoshita, C., Inman, D. M., Kinoshita, Y., Horner, P.
J., & Morrison, R. S. (2009). Drp1 levels constitutively regulate mitochondrial dynamics and cell survival in cortical neurons. Experimental
Neurology, 218(2), 274–285. https://doi.org/10.1016/j.expneurol.
2009.05.010
Stavropoulou, A. V., Mavrofrydi, O., Saftig, P., & Efthimiopoulos, S.
(2017). Serum starvation induces BACE1 processing and secretion.
Current Alzheimer Research, 14(4), 453–459.
Vigneron, F., Guilbeau-Frugier, C., Parini, A., & Mialet-Perez, J. (2013).
Involvement of monoamine oxidase A (MAO-A) in mitochondrial fission and autophagy during aging. European Heart Journal,
34(suppl 1), P1856–P1856. https://doi.org/10.1093/eurhea rtj/eht
308.P1856
Virbasius, C. A., Virbasius, J. V., & Scarpulla, R. C. (1993). NRF-1, an activator involved in nuclear-mitochondrial interactions, utilizes a new
DNA-binding domain conserved in a family of developmental regulators. Genes and Development, 7(12a), 2431–2445.
Wang, J., & Chen, G. J. (2016). Mitochondria as a therapeutic target in
Alzheimer’s disease. Genes and Diseases, 3(3), 220–227. https://doi.
org/10.1016/j.gendis.2016.05.001
Wang, X., Su, B., Lee, H. G., Li, X., Perry, G., Smith, M. A., & Zhu, X. (2009).
Impaired balance of mitochondrial fission and fusion in Alzheimer’s
disease. Journal of Neuroscience, 29(28), 9090–9103. https://doi.
org/10.1523/JNEUROSCI.1357-09.2009
Wang, X., Su, B., Siedlak, S. L., Moreira, P. I., Fujioka, H., Wang, Y., … Zhu,
X. (2008). Amyloid-β overproduction causes abnormal mitochondrial
dynamics via differential modulation of mitochondrial fission / fusion

CHENG et al.

proteins. Proceedings of the National Academy of Sciences of the United
States of America, 105(49), 19318–19323.
Wang, X., Wang, W., Li, L., Perry, G., Lee, H. G., & Zhu, X. (2014).
Oxidative stress and mitochondrial dysfunction in Alzheimer’s
disease. Biochimica et Biophysica. Biochimica Et Biophysica Acta
(BBA) - Molecular Basis of Disease, 1842(8), 1240–1247. https://doi.
org/10.1016/j.bbadis.2013.10.015
Weng, Z., Signore, A. P., Gao, Y., Wang, S., Zhang, F., Hastings, T., … Chen,
J. (2007). Leptin protects against 6-hydroxydopamine-induced dopaminergic cell death via mitogen-activated protein kinase signaling.
Journal of Biological Chemistry, 282(47), 34479–34491. https://doi.
org/10.1074/jbc.M705426200
Westermann, B. (2012). Bioenergetic role of mitochondrial fusion and
fission. Biochimica Et Biophysica Acta - Bioenergetics, 1817(10), 1833–
1838. https://doi.org/10.1016/j.bbabio.2012.02.033
Witte, A. V., Köbe, T., Graunke, A., Schuchardt, J. P., Hahn, A., Tesky, V.
A., … Flöel, A. (2016). Impact of leptin on memory function and hippocampal structure in mild cognitive impairment. Human Brain Mapping,
37(12), 4539–4549. https://doi.org/10.1002/hbm.23327
Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha,
V., … Spiegelman, B. M. (1999). Mechanisms controlling mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-1. Cell, 98(1), 115–124. https://doi.org/10.1016/S0092
-8674(00)80611-X
Yehuda-Shnaidman, E., Nimri, L., Tarnovscki, T., Kirshtein, B., Rudich, A.,
& Schwartz, B. (2013). Secreted human adipose leptin decreases mitochondrial respiration in HCT116 colon cancer cells. PLoS ONE, 8(9),
1–10.https://doi.org/10.1371/journal.pone.0074843
Zhou, M., Diwu, Z., Panchuk-Voloshina, N., & Haugland, R. P. (1997). A
stable nonfluorescent derivative of resorufin for the fluorometric
determination of trace hydrogen peroxide: Applications in detecting the activity of phagocyte NADPH oxidase and other oxidases.
Analytical Biochemistry, 253(2), 162–168. https://doi.org/10.1006/
abio.1997.2391.
Zhou, J., Yu, J. T., Wang, H. F., Meng, X. F., Tan, C. C., Wang, J., … Tan,
L. (2015). Association between stroke and Alzheimer’s disease:
Systematic review and meta-analysis. Journal of Alzheimer’s Disease,
43(2), 479–489. https://doi.org/10.3233/JAD-140666
Zhu, W. W., Ning, M., Peng, Y. Z., Tang, Y. Y., Kang, X., Zhan, K. B., …
Tang, X. Q. (2019). Hydrogen sulfide inhibits formaldehyde-induced senescence in HT-22 cells via upregulation of leptin signaling.
Neuromolecular Med., 21(2), 192–203.
Zorova, L. D., Popkov, V. A., Plotnikov, E. Y., Silachev, D. N., Pevzner, I. B.,
Jankauskas, S. S., … Zorov, D. B. (2017). Mitochondrial membrane potential. Analytical Biochemistry, 552, 50–59. https://doi.org/10.1016/j.
ab.2017.07.009

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Cheng Y, Buchan M, Vitanova K, et
al. Neuroprotective actions of leptin facilitated through
balancing mitochondrial morphology and improving
mitochondrial function. J Neurochem. 2020;00:1–16. https://
doi.org/10.1111/jnc.15003

