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Abstract

Amyotrophic lateral sclerosis (ALS) is characterized by progressive motor neuron

(MN) degeneration. Various studies using cellular and animal models of ALS indi-

cate that there is a complex interplay between MN and neighboring non-neuronal

cells, such as astrocytes, resulting in noncell autonomous neurodegeneration.

Astrocytes in ALS exhibit a lower ability to support MN survival than nondisease-

associated ones, which is strongly correlated with low-mitochondrial respiratory

activity. Indeed, pharmacological inhibition of pyruvate dehydrogenase kinase

(PDK) led to an increase in the mitochondrial oxidative phosphorylation pathway

as the primary source of cell energy in SOD1G93A astrocytes and restored the

survival of MN. Among the four PDK isoforms, PDK2 is ubiquitously expressed in

astrocytes and presents low expression levels in neurons. Herein, we hypothesize

whether selective knockdown of PDK2 in astrocytes may increase mitochondrial

activity and, in turn, reduce SOD1G93A-associated toxicity. To assess this, cul-

tured neonatal SOD1G93A rat astrocytes were incubated with specific PDK2

siRNA. This treatment resulted in a reduction of the enzyme expression with a

concomitant decrease in the phosphorylation rate of the pyruvate dehydrogenase

complex. In addition, PDK2-silenced SOD1G93A astrocytes exhibited restored

mitochondrial bioenergetics parameters, adopting a more complex mitochondrial

network. This treatment also decreased lipid droplet content in SOD1G93A astro-

cytes, suggesting a switch in energetic metabolism. Significantly, PDK2 knock-

down increased the ability of SOD1G93A astrocytes to support MN survival,

further supporting the major role of astrocyte mitochondrial respiratory activity in

astrocyte-MN interactions. These results suggest that PDK2 silencing could be a

cell-specific therapeutic tool to slow the progression of ALS.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenera-

tive disease characterized by the gradual loss of motor neurons

(MNs) in the spinal cord, brain stem, and motor cortex, which in

turn induce voluntary muscle atrophy (Al-Chalabi et al., 2016). The

cellular mechanisms determining neuronal death are still under

research, and many have been proposed, including mitochondrial

dysfunction (Smith et al., 2019). In ALS patients and animal models

of the disease, reactive astrocytes surround both upper and lower

degenerating MNs, and evidence indicates that they play a crucial

role in the pathology (Taylor et al., 2016). Successive studies have

shown that surrounding glial cells, particularly astrocytes, critically

influence MN survival (Clement et al., 2003). Co-culture assays have

clearly stated a reduced ability of astrocytes to support MN survival

in ALS models, whether the cells originate from embryonic stem

cells (Di Giorgio et al., 2007), human induced pluripotent stem cells

(IPSC) (Haidet-Phillips et al., 2011), mice (Nagai et al., 2007), or rat

cells (Vargas et al., 2006). We have previously described that a met-

abolic switch characterized by reduced mitochondrial respiration

underlies the astrocyte-mediated toxicity to MNs (Miquel

et al., 2012). In primary astrocyte cultures obtained from the trans-

genic (Tg) ALS-linked mutated SOD1G93A rats (SOD1G93A astro-

cytes), treatment with the metabolic modulator dichloroacetate

(DCA) enhanced both their mitochondrial respiratory activity and

ability to support MN survival in co-culture. In addition, DCA

administration to SOD1G93A mice reduced neuronal death and

increased survival (Miquel et al., 2012). DCA is an inhibitor of the

pyruvate dehydrogenase kinases (PDKs), which phosphorylate the

E1α subunit of the pyruvate dehydrogenase (PDH) complex (PDC)

and suppress the catalysis of pyruvate to acetyl-CoA (Holness

et al., 2003). Inhibition of PDK keeps most of PDH in the active

form, and therefore, pyruvate metabolism switches towards glucose

oxidation to CO2 in the mitochondria. The PDH/PDK system acts

as a key regulator of mitochondrial respiration. It plays an essential

role in the metabolic switch from oxidative phosphorylation

(OXPHOS) to aerobic glycolysis that accompanies malignant trans-

formation in cancer (Zhang et al., 2015).

PDC is a multisubunit protein that is composed of PDH (E1), dihy-

drolipoyl acetyltransferase (E2), dihydrolipoyl dehydrogenase (E3), and

E3-binding protein (E3BP) subunits that concertedly convert pyruvate

to acetyl-CoA (Patel & Roche, 1990). All subunits are expressed in

astrocytes and neurons, but astrocytes show significantly higher

immunoreactivities for all of them than neurons (Halim et al., 2010).

Besides the differential expression of its constituent proteins, PDC

activity is regulated by several mechanisms, such as allosteric inhibition

by acetyl CoA and NADH. However, the main mechanism for maintain-

ing long-term control over metabolic processes is through covalent

modification of the enzyme. The reversible phosphorylation of PDH-

E1α that regulates PDC activity (Patel & Korotchkina, 2006) is accom-

plished by four different PDKs (PDK1-4) and two different phospha-

tases (PDP1-2), which are all differentially expressed in mammalian

tissues (Bowker-Kinley et al., 1998). The regulation of PDC at the

protein expression or activity levels contributes to the differential meta-

bolic phenotype of neurons and astrocytes (Halim et al., 2010). In addi-

tion, there are different expression levels of PDH kinases and

phosphatases between both cell types (Halim et al., 2010). Indeed, con-

trol of PDK expression levels allows cells and tissues to regulate PDC

activity and, therefore, glucose oxidation rates and mitochondrial respi-

ration (Lydell et al., 2002). While PDK1 and PDK3 are present in both

cell types, with slightly higher expression of PDK1 in neurons, PDK2

and PDK4 levels are significantly superior in astrocytes compared with

neurons (Halim et al., 2010), which is consistent with the higher PDHα

phosphorylation status, lower PDC activity, and higher lactate produc-

tion displayed by these cells (Pellerin & Magistretti, 2012). These differ-

ent profiles of PDK isoform expression between astrocytes and neurons

offer a key target to regulate mitochondrial respiration specifically in

astrocytes. In particular, the PDK2 isoform has been previously reported

to be enhanced in astrocytes during diabetes, where it determines

phosphorylated-PDH (p-PDH), causing a glycolytic metabolic shift along

with substantial inflammation (Rahman et al., 2020,) which prompted us

to select this isoform for this study.

Here, we tested the hypothesis of whether silencing PDK2 may

enhance mitochondrial respiratory function in SOD1G93A expressing

astrocytes and, in turn, improve their capacity to support MN survival.

2 | MATERIALS AND METHODS

2.1 | Materials

Culture media and serum were from Gibco (Thermo Fisher Scientific).

Culture flasks and plates were from Nunc (Thermo Fisher Scientific).

siRNAs were purchased from Ambion (Thermo Fisher Scientific). DCA

and all other reagents were from Sigma-Aldrich (Merck) unless otherwise

specified.

2.2 | Ethics statement

Procedures using laboratory animals were in accordance with interna-

tional guidelines and were approved by the Institutional Animal

Committee: Comisi�on Honoraria de Experimentaci�on Animal de la

Universidad de la República (CHEA; https://chea.edu.uy/); proto-

col # 1038.

2.3 | Animals

Rats (Rattus norvegicus) were housed (up to six female or male animals

per cage) in a centralized animal facility with a 12-h light–dark cycle with

ad libitum access to food and water. Male hemizygous NTac:SD-Tg

(SOD1G93A) L26H rats (RRID:IMSR_TAC:2148), obtained from Taconic

(Hudson, NY), were bred locally with outbred Sprague–Dawley back-

ground. The progenies were genotyped by polymerase chain reaction

(PCR), as previously described (Howland et al., 2002).
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2.4 | Primary cell cultures

Neonatal rat astrocyte cultures were prepared from Tg SOD1G93A

or non-Tg 1-day-old pups (without regard to sex) genotyped by

PCR, according to the procedures of Saneto and De Vellis (1987)

with minor modifications (Cassina et al., 2002). Briefly, spinal cords

were dissected, meninges were carefully removed, and tissue was

chopped and dissociated with 0.25% trypsin–EDTA for 25 min at

37�C. Trypsinization was stopped with high glucose (4.5 g/L),

pyruvate-free Dulbecco's modified Eagle's medium (DMEM) supple-

mented with 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid

(HEPES, 3.6 g/L), penicillin (100 IU/mL), streptomycin (100 mg/mL),

and 10% (v/v) fetal bovine serum (FBS) (s-DMEM medium) in the

presence of 50 μg/mL DNase I. After mechanical disaggregation by

repeated pipetting, the suspension was passed through an 80-μm

mesh and spun for 10 min at 300 � g. The pellet was resuspended

in s-DMEM medium and plated at a density of 1.5 � 106 cells per

25-cm2 tissue culture flask. When confluent, cultures were shaken

for 48 h at 250 rpm, incubated for another 48 h with 10 μM cyto-

sine arabinoside, and then plated at a density of 2 � 104 cells/cm2

in 4-well plates for co-cultures, Seahorse xFE24 plates for respi-

rometry assays, or Lab-Tek 4-well chambered cover glass for mito-

chondrial or lipid droplets imaging studies.

Astrocyte-MN co-cultures: MN preparations were obtained from

embryonic day 15 (E15) rat spinal cord by a combination of optiprep

(1:10, SIGMA St. Louis, MO) gradient centrifugation and immunopan-

ning with the monoclonal antibody IgG192 against p75 neurotrophin

receptor as previously described (Cassina et al., 2002), then plated on

rat astrocyte monolayers at a density of 300 cells/cm2 and maintained

for 48 h in Leibovitz's L-15 medium supplemented with 0.63 mg/mL

bicarbonate, 5 μg/mL insulin, 0.1 mg/mL conalbumin, 0.1 mM putres-

cine, 30 nM sodium selenite, 20 nM progesterone, 20 mM glucose,

100 IU/mL penicillin, 100 μg/mL streptomycin, and 2% horse serum

(s-L15 medium) as described (Cassina et al., 2002). Astrocyte treat-

ments were done 24 h prior to MN addition, and the astrocyte mono-

layers were washed twice with phosphate-buffered saline (PBS) to

remove traces of the different treatments before plating the MNs.

2.5 | siRNA transfection

A total of 80% confluent spinal cord astrocyte monolayers were chan-

ged to DMEM supplemented with 2% FBS before treatment. siRNA

transfection was performed using Lipofectamine 2000 (Invitrogen)

according to the manufacturer's instructions. Astrocytes were trans-

fected with 40 nM of Silencer Select predesigned siRNAs (Ambion)

targeting PDK2 mRNA, PDK1 mRNA, or negative control siRNA

(NC siRNA no. 1) 24 h before either total RNA isolation using TRIzol

reagent (Invitrogen) for quantitative PCR or 48 h before lysis for west-

ern blot or before co-culture experiments. Three different siRNA for

PDK2 were tested, and the sequence that achieved a more pro-

nounced reduction of PDK2 expression was selected for the rest of

the studies.

2.6 | Western blot

Astrocyte monolayers were treated with siRNA as described above, or

5 mM DCA. After 48 h of treatment, proteins were extracted from

cells in 1% sodium dodecyl sulfate (SDS) supplemented with 2 mM

sodium orthovanadate and complete protease inhibitor cocktail

(Roche). Lysates were resolved by electrophoresis on 12% SDS-

polyacrylamide gels and transferred to a nitrocellulose membrane

(Thermo). The membrane was blocked for 1 h at room temperature

(RT) in 5% bovine serum albumin (BSA) in PBS-T (PBS with 0.1%

Tween). The membrane was then probed overnight with primary anti-

bodies in 5% BSA in PBS-T at 4�C, washed in PBS-T, and probed with

the appropriate secondary antibodies for 60 min at RT. Primary anti-

bodies were rabbit polyclonal phosphodetect anti-PDH-E1a (pSer293)

(AP1062; Calbiochem; RRID:AB_10616069; 1:800), mouse anti-PDH

E1-alpha subunit (Abcam Cat# ab110334, RRID:AB_10866116; 1:800),

and mouse anti-β-actin (Sigma-Aldrich Cat# A5441, RRID:AB_476744;

1:4000) as loading control. The secondary antibodies used were

IRDye® 800CW goat anti-mouse IgG antibody (LI-COR Biosciences

Cat# 926-32210, RRID:AB_621842) and IRDye® 680RD goat anti-

rabbit IgG antibody (LI-COR Biosciences Cat# 925-68071,

RRID:AB_2721181). Detection and quantification were performed

with a LI-COR Odyssey imaging system and included software. The rel-

ative levels of pSer293 E1a PDH and total E1a PDH were quantified.

The pSer293 to total E1a ratio was calculated and normalized against

vehicle-treated cells.

2.7 | Quantitative polymerase chain reaction

Total astrocyte RNA was isolated using TRIzol reagent (Thermo Fisher

Scientific), followed by chloroform extraction and isopropanol precipi-

tation. Possible DNA contaminations were eliminated with DNase

treatment using DNase-free kit (Thermo Fisher Scientific). RNA qual-

ity was evaluated by agarose gel electrophoresis followed by ethidium

bromide staining and quantified using a NanoDrop 1000 Spectropho-

tometer (Thermo Fisher Scientific; RRID:SCR_016517). A total of

500 ng of this total RNA was reverse-transcribed using 200 U

M-MLV-reverse transcriptase (Thermo Fisher Scientific) following

manufacturer instructions. A total of 25 ng of the resulting cDNA was

diluted in Biotools Quantimix Easy master mix (Biotools) in 10 μL vol-

ume. All reactions were performed in triplicates in strip tubes

(Axygen), using specific forward and reverse primers. The sequences

of the quantitative polymerase chain reaction (qPCR) primers (IDT,

Integrated DNA Technologies) used were as follows: for GAPDH F:

50-CAC TGA GCA TCT CCC TCA CAA-30 and R: 50-TGG TAT TCG

AGA GAA GGG AGG-30 , for PDK2 F: 50- TCA GCT AGG GGC CTT

CTC TT-30 and R: 50- CCG TAC CCC AGG GGA TAG AT-30. According

to the sample, we used cycles 15–23 (the threshold cycle, Ct) to calcu-

late the relative amounts of our gene of interest. PCR amplification

was done over 40 cycles using a Rotor-Gene 6000 System (Corbett

Life Science), and data were analyzed using Rotor-Gene 6000 soft-

ware (Corbett Life Science; RRID:SCR_017552). Quantification was
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performed with the ΔΔCt method using astrocytes treated with vehi-

cle as a NC and GAPDH mRNA as reference.

2.8 | Oxygen consumption rate assays

Oxygen consumption rate (OCR) and extracellular acidification

rate (ECAR) were measured simultaneously in a Seahorse XFe24

extracellular flux analyzer (Agilent; RRID:SCR_019539). Before the

experiment, the culture medium was replaced with an unbuffered

medium (DMEM pH 7.4, supplemented with 5 mM glucose, 1 mM

sodium pyruvate, 32 mM NaCl, and 2 mM glutamine) and incubated

for 1 h at 37�C without CO2. Basal oxygen consumption measure-

ments were taken at the beginning of the assay, followed by the

sequential addition of oligomycin (0.5 μM), carbonyl cyanide

4-(trifluoromethoxy)phenylhydrazone (FCCP; 2 μM), and antimycin

A (AA; 1 μM) + rotenone (1 μM). The following bioenergetics

parameters were determined: basal respiration: (last OCR measure-

ment before oligomycin injection)—(minimum OCR after rotenone/

antimycin A addition); proton leak: (oligomycin-resistant respira-

tion)—(minimum OCR after rotenone/antimycin A addition); respira-

tion linked to ATP production: (last OCR measurement before

oligomycin injection)—(minimum OCR after oligomycin addition);

maximal respiration: (maximum OCR after FCCP addition)—(mini-

mum OCR after rotenone/antimycin A addition); spare respiratory

capacity: maximal respiration—basal respiration. After each assay,

protein content (in micrograms) per well was determined with the

bicinchoninic acid technique. OCRs and ECARs were normalized

considering protein content (in micrograms). Respiratory Indexes

were determined as ratios between the respiratory rates obtained

in different conditions, which are therefore internally normalized

and independent of cell number or protein mass (Brand &

Nicholls, 2011). These include coupling efficiency (ratio between

respiration linked to ATP synthesis and basal respiration) and respi-

ratory control ratio (RCR; the ratio between maximum

and oligomycin-resistant respiration rates).

2.9 | Fluorescent labeling of mitochondria

Confluent astrocyte monolayers seeded on 4-well Nunc™ Lab-

Tek™ chambered cover glass (Thermo Scientific) were treated as

indicated above with vehicle, NC siRNA, PDK2 siRNA, or 5 mM

DCA. After 48 h, the cells were incubated with 100 nM Mito-

Tracker Green FM (Thermo/Invitrogen, Cat# M7514) in DMEM

for 30 min in a 37�C incubator at 5% CO2 and 95% humidity. Fol-

lowing incubation, cells were washed in warm DMEM and visual-

ized by confocal microscopy. Confocal image stacks were acquired

with a Leica TCS-SP5-II confocal microscope (Leica Microsystems)

using an HCX PL APO 63x/1.40 oil immersion objective, with

0.2 μm z-stack slice intervals and at least 10 slices per cell.

Images were obtained for at least 25 cells per group from four

independent experiments.

2.10 | Mitochondrial morphology analysis

Confocal image stacks were deconvolved with Huygens Professional

version 19.10 (Scientific Volume Imaging, the Netherlands). Mitochon-

drial morphology was analyzed using Fiji (ImageJ) software (NIH;

RRID:SCR_002285) as follows: image stacks corresponding to individual

cells were extracted from each confocal stack. Images were converted to

binary by thresholding and processed to remove noise and outlier voxels.

Mitochondrial skeleton profiles were obtainedwith the built-in skeleton-

ize feature, andmorphology was analyzed with the skeleton analysis plu-

gin, which measures the length of each branch and the number of

branches in each skeletonized feature, fromwhich parameters describing

mitochondrial network morphology were calculated. Distinct mitochon-

drial morphologies were identified and classified as individuals (puncta

and rods) or networks as previously reported (Leonard et al., 2015;

Valente et al., 2017): punctate mitochondria are defined as small point-

like structures, whereas rods are elongatedwithout being branched. Net-

works are characterized by connected branches. In the skeleton analysis,

individuals (puncta or rods) have no junctions, while networks are struc-

tures with at least one junction. We quantified the number of “individ-
ual” structures with no branches (puncta and rods), the number of

networks, mean mitochondrial length, and mean length of rods/network

branches (mean rod/branch length). For this last parameter, we consid-

ered rods and network branches together (puncta are not included), as

the biological forces increasing rod length and those increasing the

length of network branches should essentially be the same (Valente

et al., 2017). Data from at least 25 cells per treatment were analyzed and

repeated in four independent experiments.

2.11 | Lipid droplets labeling and quantification

Subconfluent astrocyte monolayers seeded on 4-well Nunc™

Lab-Tek™ chamber slides (Thermo Scientific) were treated as indicated

above with vehicle, NC siRNA, PDK2 siRNA, or 5 mM DCA in DMEM

with 2% foetal bovine serum. Fourty-eight hours later, cells were

washed with PBS, fixed with 4% paraformaldehyde in PBS for 18 min

on ice, and washed twice with PBS. Then, cells were permeabilized

with 0.2% Triton X-100 in PBS for 30 min followed by incubation with

blocking solution (BS): 10% goat serum, 2% bovine serum albumin,

0.1% triton X-100 in PBS for 1 h at RT. Cells were incubated overnight

with rabbit anti-glial fibrillary acidic protein antibody (1:500; Sigma-

Aldrich #G9269, RRID:AB_477035) in BS at RT, followed by washing

three times in PBS and incubation with Alexa Fluor 488-conjugated

goat anti-rabbit IgG secondary antibody (1:1000, Thermo Fisher Scien-

tific, # A-11034, RRID:AB_2576217) for 1 h at RT. After washing twice

with PBS, cells were incubated for 30 min at RT with Oil Red O (ORO)

working solution (ORO stock solution: 0.625% ORO in 99% [vol/vol]

isopropyl alcohol prepared by stirring for 2 h at RT; ORO working solu-

tion: 1.5 parts of ORO stock solution to one part of distilled water,

incubated for 10 min at 4�C, and filtered through a 45-μm filter to

remove precipitates). Following incubation, cells were washed thrice

with deionized water, incubated with Hoechst 33342 (1 μg/mL; Sigma-
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Aldrich #14533) for 15 min at RT to label nuclei, and mounted in 80%

glycerol in PBS. Cell images were acquired using a Nikon Eclipse E400

epifluorescence microscope (Nikon) coupled with a Nikon Ds-Fi3 cam-

era, using a 40� objective. At least 25 images were obtained per group

from three independent experiments. Lipid droplet (LD) quantification:

LD images were binarized by thresholding using Fiji (ImageJ) software

(NIH; RRID:SCR_002285), followed by watershed processing to resolve

overlapping structures. Particles in each image were counted and

analyzed using the “analyze particles” command. The number of LD

per cell was estimated as the ratio of LD to the number of nuclei in

each image.

2.12 | MN survival assay

Co-cultures were fixed (4% paraformaldehyde plus 0.1% glutaralde-

hyde in PBS, 15 min on ice) and washed twice with PBS. Then, cells

were permeabilized with 0.2% Triton X-100 in PBS for 30 min fol-

lowed by incubation with BS: 10% goat serum, 2% bovine serum albu-

min, 0.1% triton X-100 in PBS for 1 h at RT. Cells were incubated

overnight with rabbit anti-beta-III tubulin antibody (1:3000; Abcam,

#ab18207 RRID: AB_444319) in BS at 4�C. After washing three times

with PBS, cells were incubated with horseradish peroxidase-

conjugated goat anti-rabbit IgG secondary antibody (1:500, Thermo

Fisher Scientific, #31,460, RRID: AB_228341) for 1 h at RT, followed

by three washes with PBS and 3,30-diaminobenzidine developing. MN

survival was evaluated by direct counting of cells displaying neurites

longer than four cell bodies diameter (Cassina et al., 2002; Martínez-

Palma et al., 2019) using a Nikon Eclipse TE 200 microscope.

2.13 | Statistics

All data analysis and statistics were performed using GraphPad Prism

9 software (RRID:SCR_002798). Data are presented as mean ± SEM

of values obtained from at least three independently prepared cul-

tures performed in duplicates or triplicates. Tests used were ordinary

one-way ANOVA followed by Tukey's post hoc multiple comparisons.

Statistical signification was determined at p < .05.

3 | RESULTS

3.1 | Silencing PDK2 mRNA reduced
phosphorylated PDH in cultured astrocytes

To downregulate PDK2 expression in cultured astrocytes, confluent

astrocyte monolayers were incubated with siRNA for PDK2, PDK1, or

NC siRNA without targets, then, PDK2 mRNA expression was

detected by qPCR. A reduction in PDK2 mRNA expression was suc-

cessfully achieved only when siRNA against PDK2 was employed

(Figure 1a). Neither PDK1 siRNA nor the NC demonstrated any down-

regulation of PDK2 mRNA expression.
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F IGURE 1 Pyruvate dehydrogenase kinase 2 (PDK2) siRNA
treatment reduced PDK2 mRNA expression and PDK activity in
astrocytes. (a) PDK2-relative mRNA expression in astrocytes treated
with PDK2 siRNA, PDK1 siRNA, negative control siRNA (NC siRNA),
and control astrocytes, quantified by qPCR. (b) Relative levels of
phosphorylated pyruvate dehydrogenase (PDH) and total PDH in
cultured astrocytes. Top pane: representative western blot using
antibodies against phosphorylated PDH (PDH PSer293), total PDH E1α,
and α-tubulin as loading control of protein samples of astrocytes treated
with PDK2 siRNA, PDK1 siRNA, and NC siRNA of vehicle. Bottom pane:
phosphorylated PDH/total PDH ratio quantification. (c) PDK4-relative
mRNA expression in astrocytes treated with PDK2 siRNA, NC siRNA, or
in control astrocytes. All data are presented as mean ± SEM from 4 to
5 independent experiments. *p < .05; **p < .01; ***p < .001.
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Notably, PDK activity, assessed as the ratio of phosphorylated to

total PDH measured by immunoblotting against specific antibodies,

was significantly decreased in PDK2 siRNA-treated astrocytes with

no variation in total PDH immunoreactivity (Figure 1b). No phosphor-

ylated/total PDH ratio difference was found in PDK1 siRNA or NC

siRNA-treated astrocytes.

Furthermore, PDK2 siRNA specifically targeted the PDK2 isoform

and did not affect PDK4 mRNA expression, which is the other

isoform highly expressed in astrocytes (Guttenplan et al., 2020; Halim

et al., 2010; Hasel et al., 2021; Zhang et al., 2014) (Figure 1c).

3.2 | PDK2 mRNA knockdown in SOD1G93A
expressing astrocytes increases mitochondrial
bioenergetic parameters

To study whether PDK2 knockdown could increase the mitochondrial res-

piration of SOD1G93A astrocytes, confluent SOD1G93A astrocytes were

incubated with siRNA for PDK2 or NC siRNA, and OCR was measured

before and after the addition of specific inhibitors and an uncoupler of the

respiratory chain and OXPHOS as indicated in methods. As previously

reported (Miquel et al., 2012), reduced respiratory capacitywas detected in

SOD1G93A astrocytes compared with non-Tg astrocytes. Silencing PDK2

mRNA or DCA exposure enhanced OCR in SOD1G93A astrocytes to the

extent found in the non-Tg ones (Figure 2a).

SOD1G93A astrocytes exhibited reduced basal, ATP production

linked, and maximal respiration compared with non-Tg astrocytes

(Figure 2b), as previously reported for other SOD1G93A-expressing cell

types (Pharaoh et al., 2019). Upon PDK2 siRNA or DCA treatment, ATP

production linked and maximal respiration were significantly increased in

SOD1G93A astrocytes (Figure 2b). No significant change in basal respi-

ration was observed following PDK2-siRNA or DCA treatment. No

changes were seen in nonmitochondrial or proton leak respiration in any

treatment group. In addition, spare respiratory capacity and the respira-

tory indexes coupling efficiency and RCR were reduced in SOD1G93A-

expressing compared with non-Tg astrocytes (Figure 2c). This indicates a

reduced ability of the electron transport chain to respond to an increase

in energy demand, a lower coupling of the electron transport chain to

ADP phosphorylation, and a diminished overall mitochondrial respiratory

function, respectively (Brand & Nicholls, 2011). PDK2 knockdown or

DCA treatment showed a significant increase in all these indexes to the

level shown by non-Tg astrocytes.
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F IGURE 2 Pyruvate dehydrogenase kinase 2 (PDK2) knockdown improves the mitochondrial function of SOD1G93A-expressing astrocytes.
(a) Representative slope curves of the oxygen consumption rate (OCR) for non-Tg and SOD1G93A astrocytes (control and treated with PDK2
siRNA or dichloroacetate [DCA] over time). Arrows indicate the time of addition of oligomycin, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), and rotenone + antimycin A (AA). (b) Respiratory parameters (basal respiration, proton leak respiration, respiration
linked to ATP production, maximal, and nonmitochondrial respiration) obtained from the OCR profiles of the different treatment groups. Data are
expressed as % of non-Tg control. (c) Spare respiratory capacity, coupling efficiency, and cell respiratory control ratio (RCR) of the same treatment
groups. All data are presented as mean ± SEM from three independent experiments. *p < .05; **p < .01; ***p < .001.
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3.3 | PDK2 mRNA knockdown in SOD1G93A
astrocytes modifies mitochondrial network
morphology

The improvement of mitochondrial respiratory function in PDK2-silenced

SOD1G93A astrocytes was associated with morphological changes in the

mitochondrial network as detected by live confocal microscopy with

mitotracker green labeling (Figure 3). After imaging processing involving

binarization and skeleton analysis, two types of mitochondrial structures

were recognized: networks (mitochondrial structures with at least three

branches) and individuals (isolated mitochondria, which could be punc-

tate —a single pixel in the skeletonized image— or rods —unbranched

structures with two or more pixels in the skeletonized image—), as pre-

viously reported (Bakare et al., 2021; Valente et al., 2017). Smaller

individual mitochondria and more fragmented networks were found in

SOD1G93A astrocytes compared with the filamentous mitochondrial

network morphology exhibited by non-Tg astrocytes (Figure 3a). This is

in agreement with previous reports on SOD1G93A-expressing glial cells

(Jiménez-Riani et al., 2017; Joshi et al., 2019; Martínez-Palma

et al., 2019). In contrast, when treated with DCA or PDK2 siRNA,

SOD1G93A astrocytes exhibit a mitochondrial network morphology

reminiscent of that of non-Tg astrocytes (Figure 3a). Consequently,

mean mitochondrial length (including all branches), as well as mean

mitochondrial rod/branch length (mean length of rod-like mitochondria

or branches in mitochondrial networks), was significantly reduced in

SOD1G93A astrocytes compared with non-Tg ones (Figure 3b). These

parameters were increased in PDK2 siRNA or DCA-treated SOD1G93A

astrocytes to the level of non-Tg astrocytes but were not in NC siRNA-
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F IGURE 3 Effects of pyruvate dehydrogenase kinase 2 (PDK2) silencing on SOD1G93A-expressing astrocyte mitochondrial network
structure. (a) Representative images of mitotracker green-labeled non-Tg or SOD1G93A astrocyte mitochondria in control conditions or treated
with negative control siRNA (NC siRNA), PDK2 siRNA, or dichloroacetate (DCA). Scale bar: 10 μm. (b) Mitochondrial network morphological
parameters: mean mitochondrial length, mean mitochondrial rod/branch length, and percentage of mitochondria forming networks (three or more
branches), obtained from the different treatment groups. All data are presented as mean ± SEM from four experiments. *p < .05;
**p < .01; ***p < .001.
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treated SOD1G93A astrocytes (Figure 3b). In addition, the percentage

of mitochondria adopting a network-like interconnected morphology

was reduced in SOD1G93A astrocytes (where there was a higher per-

centage of isolated mitochondria) compared with non-Tg astrocytes,

and it was significantly increased in the case of cells treated with PDK2

siRNA or DCA, to a similar level as in non-Tg astrocytes.

3.4 | PDK2 knockdown reduced lipid droplets
accumulation in SOD1G93A astrocytes

Inhibition of mitochondrial respiration is associated with lipid droplet

accumulation in various cell types, including glial cells (Liu

et al., 2015). In addition, SOD1G93A-expressing glial cells exhibit

increased lipid inclusions (Jiménez-Riani et al., 2017). Therefore, we

analyzed whether PDK silencing may affect these organelles in

SOD1G93A astrocytes. Examination of ORO-stained astrocytes

showed cytoplasmic accumulation of labeled round bodies of varying

size surrounding the cell nucleus, an image consistent with LD

(Figure 4a). LD exhibited a heterogeneous distribution across the

astrocyte monolayer. Quantification of the number of LDs per cell

revealed the previously reported increase in the number of LDs in

SOD1G93A astrocytes (Velebit et al., 2020) relative to non-Tg astro-

cytes. Importantly, there was a significant reduction in LD following

silencing or pharmacological inhibition of PDK2 in SOD1G93A astro-

cytes (Figure 4b).

3.5 | PDK2 knockdown enhanced the ability
of SOD1G93A astrocytes to support MN survival

Next, the effect of PDK2 silencing on SOD1G93A astrocyte toxicity

to MNs was assessed. As previously reported (Vargas et al., 2006),

SOD1G93A astrocytes exhibited a reduced ability to support MN

survival compared with non-Tg ones. The number of MNs that

survived after 72 h on top of SOD1G93A astrocyte monolayers

was reduced by �50% compared with that obtained from non-Tg

astrocyte/MN co-cultures. Silencing PDK2 mRNA on SOD1G93A-

expressing astrocytes significantly increased MN survival in co-culture

to the level reached on top of non-Tg astrocytes or DCA-treated

SOD1G93A astrocytes. In addition, incubation of SOD1G93A with

NC siRNA had no effect on MN survival (Figure 5a).

4 | DISCUSSION

Herein, we demonstrate that downregulation of the major astrocytic

PDK isoform (PDK2) expression in SOD1G93A-bearing astrocytes
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F IGURE 4 Pyruvate dehydrogenase kinase 2 (PDK2) knockdown alters lipid droplet accumulation in SOD1G93A astrocytes.
(a) Representative images from non-Tg or SOD1G93A astrocyte monolayers treated as indicated, stained with Oil Red O to label lipid droplet
(LD) (red), and processed for glial fibrillary acidic protein (GFAP) immunofluorescence (green) and Hoechst 33342 for nuclei labeling (blue). Scale
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mean ± SEM from three independent experiments. *p < .05. DCA, dichloroacetate; NC siRNA, negative control siRNA.
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modulates the energy phenotype profile, inducing a metabolic switch

characterized by an increase in mitochondrial respiratory function and

a remodeling of the mitochondrial network morphology to the level

of non-Tg astrocytes. Importantly, this selective mRNA knockdown

improves the ability of SOD1G93A astrocytes to support MN survival.

Our results further strengthen the hypothesis that mitochondrial func-

tion in astrocytes is crucial to sustaining MN survival in ALS.

Cell-to-cell communication critically influences MN survival in

ALS. We and others have reported that SOD1G93A astrocytes and

aberrant glial cells selectively kill surrounding MN (Di Giorgio

et al., 2007; Díaz-Amarilla et al., 2011; Nagai et al., 2007; Vargas

et al., 2006). We have proposed that a metabolic reprogramming

characterized by reduced mitochondrial respiratory activity with a

decreased capacity to respond to energetic demands occurs in

SOD1G93A expressing astrocytes, which is critically associated with

the reduced ability to maintain MN survival (Cassina et al., 2021). This

was supported by the results of treating SOD1G93A astrocytes with

the metabolic modulator DCA (Miquel et al., 2012). DCA-treated

astrocytes presented increased mitochondrial bioenergetics and

improved MN survival in co-culture. On top of that, oral administra-

tion of DCA to SOD1G93A animals increased survival associated with

higher mitochondrial respiratory activity in the spinal cord and

delayed MN survival, suggesting that metabolic modulation may offer

a new therapeutic target to delay disease progression.

A key target in metabolic modulation is the PDC, a mitochondrial

gatekeeping enzyme that links glycolysis with the citric acid cycle and

the subsequent OXPHOS (Patel & Roche, 1990; Takubo et al., 2013).

PDC is a large complex containing three core enzymatically active

subunits: PDH, dihydrolipoamide acetyltransferase, and dihydrolipoyl

dehydrogenase (Hiromasa et al., 2004; Hitosugi et al., 2011). PDH

directly oxidizes pyruvate (Fan et al., 2014) and harbors regulatory

serine residues that act as phosphorylation targets (Kolobova

et al., 2001). The PDC is under tight and complex regulation by PDK

isoforms 1–4, with expression in peripheral and central tissues (Jha

et al., 2012). The previously mentioned role of DCA as a metabolic

modulator is based on its known action as a PDK inhibitor, with posi-

tive effects on ALS models (Martínez-Palma et al., 2019; Miquel

et al., 2012; Palamiuc et al., 2015). A more recently described PDK

inhibitor, phenylbutyrate, has also shown promising effects in ALS

(Del Signore et al., 2009; Paganoni et al., 2020; Ryu et al., 2005), even

exhibiting a synergistic effect with DCA (Ferriero et al., 2015). The

PDK2 isoform is one of the most abundant in astrocytes (Halim

et al., 2010) and exhibits negligible expression levels in neurons.

PDK2 isoform knockdown resulted in reduced PDK2 expression in

cultured astrocytes and, more importantly, diminished PDH phosphor-

ylation, leading to increased OXPHOS activity. Indeed, bioenergetic

mitochondrial parameters and indexes were significantly increased by

PDK2 knockdown or DCA treatment in SOD1G93A astrocytes. These

results indicate that SOD1G93A astrocytes either have fewer mito-

chondria or their mitochondria undergo reduced respiratory activity,

showing decreased ability to respond to energy demands. Signifi-

cantly, this was reverted by the specific PDK2 siRNA treatment.

These results indicate that the PDK2 isoform is a major determinant

of astrocytic PDH activity state, as previously shown (Rahman

et al., 2020).

Besides increasing mitochondrial respiratory function, the knock-

down of PDK2 mRNA expression in SOD1G93A-bearing astrocytes

modified their mitochondrial network morphology. During glial reac-

tivity in ALS, astrocytes undergo a metabolic shift from OXPHOS

to glycolysis, associated with mitochondrial morphology changes
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F IGURE 5 Pyruvate dehydrogenase kinase 2 (PDK2) knockdown
recovers the ability of SOD1G93A astrocytes to support motor
neuron (MN) survival. (a) Representative image of an astrocyte-motor
neuron co-culture processed for βIII-tubulin immunocytochemistry for
motor neuron survival quantification. Scale bar: 100 μm. (b) Non-Tg
motor neuron survival on top of non-Tg or SOD1G93A astrocyte
monolayers following incubation with PDK2 siRNA, negative control
(NC) siRNA, or dichloroacetate (DCA). Data are presented as the
percentage of MN survival on top of a non-Tg astrocyte monolayer
(control). All data are presented as mean ± SEM from three

experiments. *p < .05; **p < .01; ***p < .001.
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to adapt to the new metabolic system (Cassina et al., 2021).

Mitochondria switches from a branched connected respiratory active

elongated network into clustered, fragmented organelles with

decreased OXPHOS, which has been previously described in several

cell types (Galloway et al., 2012; Sauvanet et al., 2010) including

SOD1G93A aberrant glial cells (Martínez-Palma et al., 2019). The sig-

nificant decrease in mean mitochondrial length and the mean

mitochondrial rod/branched length displayed by SOD1G93A astro-

cytes compared with non-Tg ones, along with fewer mitochondrial

networks, indicates a higher organelle fragmentation in SOD1G93A

astrocytes. PDK-silencing or DCA treatment induced a significant

increase in the mentioned parameters, suggesting that mitochondria

have coalesced into a complex network structure when increasing

OXPHOS. Taken together, the detailed morphologic description and

the respirometry data provide a complete overview of astrocyte mito-

chondria that may assist in identifying the subtle differences between

healthy control and disease-associated SOD1G93A astrocytes.

The metabolic switch induced by PDK2 silencing reduced LDs con-

tent in SOD1G93A astrocytes. LDs are dynamic organelles that are

regulated in response to different cellular and physiological conditions,

including mitochondrial dysfunction (Renne & Hariri, 2021). The mito-

chondrial respiratory activity provides ATP and NADPH to support the

synthesis of fatty acids and glycolytic precursors from the tricarboxylic

acid cycle (e.g., citrate) for esterification into triacylglycerides in the

endoplasmic reticulum and for the storage in LDs (Smolič, Zorec, &

Vardjan, 2021). LDs increase in astrocytes submitted to hypoxia

(Smolič et al., 2021) or ROS toxicity (Islam et al., 2019). Interestingly,

SOD1G93A astrocytes have been shown to increase ROS formation

(Vargas et al., 2006), and SOD1G93A aberrant glial cells exhibit a high

amount of LDs by transmission electron microscopy (TEM) (Jiménez-

Riani et al., 2017). Lipidomic analysis in the spinal cords of SOD1G93A

rats showed an accumulation of lipids, mainly cholesteryl esters and

ceramides, with further alterations linked to disease progression and a

reduction in cardiolipin levels, reflecting mitochondrial adaptations

(Chaves-Filho et al., 2019). The sequestration of lipids in droplets could

reflect a protective mechanism against oxidative stress and lipotoxicity,

avoiding lipid membrane peroxidation (Bailey et al., 2015; Olzmann &

Carvalho, 2019). Our observation of LD reduction associated with an

increase in mitochondrial OXPHOS activity further supports that a

metabolic switch is occurring in SOD1G93A astrocytes after

treatment.

A major finding of our work is that silencing PDK2 in SOD1G93A

astrocytes restored their ability to support MN survival to the same

extent achieved previously with mitochondrial-targeted strategies

such as DCA or MitoQ (Cassina et al., 2021). The exact mechanism by

which PDK2 inhibition is protecting MN survival needs further

research. The link between mitochondrial OXPHOS and astrocyte-

dependent trophic activity to MNs has been previously demonstrated

with DCA (Martínez-Palma et al., 2019; Miquel et al., 2012), antioxi-

dants, and nitric oxide synthase inhibitors (Cassina et al., 2008). As

mitochondrial OXPHOS activity is a main source of reactive oxygen

and nitrogen species (RONS) production, RONS-mediated signaling

pathways may be involved in the trophic activity of astrocytes. In this

sense, the antioxidant response mediated by the nuclear factor ery-

throid 2–related factor 2 (Nrf2) has been shown to maintain the

capacity of astrocytes to support MN survival (Díaz-Amarilla

et al., 2016; Vargas et al., 2006). Taken together, these studies sug-

gest that “mitochondrial dysfunction” in SOD1G93A astrocytes is not

due to irreversible damage to the organelles but rather a metabolic

adaptation to the neurodegenerative microenvironment. DCA is a

PDK inhibitor (Stacpoole, 2017) with the same inhibitory action

between different enzyme isoforms. Higher expression of PDK2 and

PDK4 is revealed in astrocytes compared with neurons (Halim

et al., 2010), which is consistent with the higher PDHα phosphoryla-

tion status, lower PDC activity, and higher lactate production dis-

played by cultured astrocytes (Pellerin & Magistretti, 2012). Then,

PDK2 arises as a key target to modulate astrocytic mitochondrial

function, reducing surrounding MN loss and inducing a disease-

modifying effect in ALS.

Previous transcriptomic analysis of glial and neuron from mice

expressing enhanced green fluorescent protein (EGFP) under the con-

trol of cell-specific regulatory genes reported higher expression of

PDK4 mRNA in astrocytes compared with neurons (Zhang

et al., 2014, 2016). However, in astrocytes, higher expression levels of

PDK2 compared with PDK4 have been reported in ALS mice

(Guttenplan et al., 2020). In addition, the fact that PDK2 siRNA had

no effect on PDK4 mRNA expression in astrocytes provides additional

support for the choice of PDK2 as a target for regulating metabolic

status in astrocytes.

Our results emphasize that mitochondrial function in astrocytes is

a critical feature in maintaining the survival of neighboring MNs and

indicate that inducing a cell-specific metabolic switch may offer a new

therapeutic window to modulate astrocyte-mediated toxicity in ALS.
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Velebit, J., Horvat, A., Smolič, T., Prpar Mihevc, S., Rogelj, B., Zorec, R., &

Vardjan, N. (2020). Astrocytes with TDP-43 inclusions exhibit reduced

noradrenergic cAMP and Ca2+ signaling and dysregulated cell metab-

olism. Scientific Reports, 10(1), 6003. https://doi.org/10.1038/s41598-

020-62864-5

Zhang, W., Zhang, S.-L., Hu, X., & Tam, K. Y. (2015). Targeting tumor

metabolism for cancer treatment: Is pyruvate dehydrogenase kinases

(PDKs) a viable anticancer target? International Journal of Biological Sci-

ences, 11(12), 1390–1400. https://doi.org/10.7150/ijbs.13325
Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R.,

Keeffe, S. O., Phatnani, H. P., Guarnieri, P., Caneda, C., Ruderisch, N.,

Deng, S., Liddelow, S. A., Zhang, C., Daneman, R., Maniatis, T.,

Barres, B. A., & Wu, X. J. Q. (2014). An RNA-sequencing transcriptome

and splicing database of glia, neurons, and vascular cells of the cerebral

cortex. Journal of Neuroscience, 34(36), 11929–11947. https://doi.org/
10.1523/JNEUROSCI.1860-14.2014

Zhang, Y., Sloan, S. A., Clarke, L. E., Caneda, C., Plaza, C. A.,

Blumenthal, P. D., Vogel, H., Steinberg, G. K., Edwards, M. S. B., Li, G.,

Duncan, J. A., 3rd, Cheshier, S. H., Shuer, L. M., Chang, E. F.,

Grant, G. A., Hayden Gephart, M. G., & Barres, B. A. (2016). Purifica-

tion and characterization of progenitor and mature human astrocytes

reveals transcriptional and functional differences with mouse. Neuron,

89(1), 37–53. https://doi.org/10.1016/J.NEURON.2015.11.013

How to cite this article: Miquel, E., Villarino, R.,

Martínez-Palma, L., Cassina, A., & Cassina, P. (2024). Pyruvate

dehydrogenase kinase 2 knockdown restores the ability of

amyotrophic lateral sclerosis-linked SOD1G93A rat astrocytes

to support motor neuron survival by increasing mitochondrial

respiration. Glia, 72(5), 999–1011. https://doi.org/10.1002/

glia.24516

MIQUEL ET AL. 1011

https://doi.org/10.1016/j.stem.2012.10.011
https://doi.org/10.1016/j.stem.2012.10.011
https://doi.org/10.1038/nature20413
https://doi.org/10.1038/nature20413
https://doi.org/10.1016/j.acthis.2017.03.001
https://doi.org/10.1111/j.1471-4159.2006.03742.x
https://doi.org/10.1111/j.1471-4159.2006.03742.x
https://doi.org/10.1038/s41598-020-62864-5
https://doi.org/10.1038/s41598-020-62864-5
https://doi.org/10.7150/ijbs.13325
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/J.NEURON.2015.11.013
https://doi.org/10.1002/glia.24516
https://doi.org/10.1002/glia.24516

	Pyruvate dehydrogenase kinase 2 knockdown restores the ability of amyotrophic lateral sclerosis-linked SOD1G93A rat astrocy...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Materials
	2.2  Ethics statement
	2.3  Animals
	2.4  Primary cell cultures
	2.5  siRNA transfection
	2.6  Western blot
	2.7  Quantitative polymerase chain reaction
	2.8  Oxygen consumption rate assays
	2.9  Fluorescent labeling of mitochondria
	2.10  Mitochondrial morphology analysis
	2.11  Lipid droplets labeling and quantification
	2.12  MN survival assay
	2.13  Statistics

	3  RESULTS
	3.1  Silencing PDK2 mRNA reduced phosphorylated PDH in cultured astrocytes
	3.2  PDK2 mRNA knockdown in SOD1G93A expressing astrocytes increases mitochondrial bioenergetic parameters
	3.3  PDK2 mRNA knockdown in SOD1G93A astrocytes modifies mitochondrial network morphology
	3.4  PDK2 knockdown reduced lipid droplets accumulation in SOD1G93A astrocytes
	3.5  PDK2 knockdown enhanced the ability of SOD1G93A astrocytes to support MN survival

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


